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December 10", 2021

Richard Dwyer

Manger of Licencing
Nunavut Water Board
P.O. Box 119, Gjoa Haven
Nunavut, XOB 1J0

RE: Meliadine Mine 2020 Annual Report Agnico Eagle Mines Limited water licence 2AM-
MEL1631

Dear Mr. Dwyer,

Agnico Eagle Mines Limited thanks the Nunavut Water Board (NWB) for the opportunity to
address follow-up comments received for Agnico Eagle Mines Limited’'s Meliadine Gold Mine
Project 2020 Annual Report.

The following information and comments are intended to address comments outlined in the below
referenced letters.

210928 2AM-MEL1631 2020 Annual Report AEM Response ECCC Reply-iMLE
211004 2AM-MEL1631 CIRNA Reply to AEM Response on 2020 Annual Report-IMLE

Should you have any questions or require further information, please do not hesitate to contact
us.

With our best regards,

(e LP&\Q(U@R"

Anne-Laurence Paquet
anne-laurence.paguet@agnicoeagle.com
RMMS & Compliance Technician

oot

Sara Savoie
sara.savoie@agnicoeagle.com
819-759-3555 x 4608143

RMMS & Compliance Coordinator
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Crown-Indigenous Relations and Northern Affairs (CIRNA)

CIRNA-01: Higher than Expected TDS in CP1 (Follow-up on 2019 report comment)

Recommendation(s)

Provide information with the 2021 Annual Report on the nature and make-up of “rest of site” (as
per the SNC upper bound model report) areas/facilities that contributed so significantly to the TDS
loadings to CP1.

Agnico Eagle Answer

As per 2020 Annual Report Answers provided to the NIRB on July 28™ 2021 (CIRNAC-1.8), the
term “rest of site” is a grouping of the areas and facilities on site where runoff reports directly to
CP1 and not the other containment ponds’ catchment areas (CP3, CP4, CP5, and CP6). The
following facilities are included in the ‘rest of site” and contribute discrete TDS loadings to the
CP1 watershed: natural ground with vegetation, disturbed ground, a portion of Waste Rock
Facility 1 (WRSF1), a portion of the Tailings Storage Facility (TSF), the Landfill area, and the Ore
Stockpile (OP2). Additionally, treated effluent produced by the Sewage Treatment Plant (STP),
Landfarm Oil-Water treatment, and Reverse Osmosis Plant (RO) are also included in this list.

CIRNAC Comment to AEM Response

AEM has provided a list of what facilities comprise the “rest of site” area, specifically: all areas
and facilities on site where runoff reports directly to CP1 including natural ground with vegetation,
disturbed ground, a portion of Waste Rock Facility 1 (WRSF1), a portion of the Tailings Storage
Facility (TSF), the Landfill area, and the Ore Stockpile (OP2) and additionally, treated effluent
produced by the Sewage Treatment Plant (STP), Land farm Oil-Water treatment, and Reverse
Osmosis Plant (RO).

While this information provides slightly more description of the components that make up the “rest
of site”, additional information is required by CIRNAC to understand potential sources of TDS
loadings from these areas. For example, AEM states that the “rest of site” included,

e “a portion of Waste Rock Storage Facility 1 (WRSF1)” - how large an area and a
description of the condition of the pile? (Was it an active with fresh waste rock, was it
compacted, etc., anything that would help in understanding how the runoff from this portion
of the site might have contributed concentrations and loadings..)

e “a portion of the Tailings Storage Facility pile” — as per WRSF1 above, no information is
provided on how large an area, or the condition of the area that was draining to CP1.

o “the ore stockpile” — no information is provided on the size or amount of ore in the ore
stockpile.
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Given the significant contribution of the “rest of site” to CP1 loadings, a more fulsome
understanding of the components that make up the “rest of site” would help to assess how the
unexpected elevated TDS situation arose. For example, was it related to the pre-start of milling
operations (buildup of ore stockpile, etc.) and would not continue during operation or whether
these sources could be expected to continue to contribute TDS loadings in future. Note that the
SNC model shows significant reduction in future loadings from the “rest of site”.

CIRNAC recommends that to obtain a better understanding of the contribution of the “rest of site”
going forward, information on the concerns stated above should be provided and monitored.

Adgnico Eagle Follow-Up Response

AEM recognizes that CIRNAC is seeking further clarification of the term “rest of site”, which was
used in the report memorandum titled “Assessment of Water Balance and Water Quality Forecast
around pond CP1 at Meliadine” provided during the NWB Water Licence amendment process.
AEM would like to specify that this terminology was used during NWB Water Licence amendment
process only and not the 2020 Annual Report. However, AEM clarifies that “rest of site” within the
aforementioned memorandum refers simply to the CP1 catchment (i.e., runoff reporting directly
to CP1 without being pumped from CP3, CP4, CP5 or CP6). AEM recognizes that the terminology
generated confusion and that “CP1 catchment to CP1” would have been a more appropriate term.

To address CIRNAC's request for better understanding of TDS loading contributions, AEM will
work towards a model reporting method within annual reports with a focus on improving clarity.
Discussion will focus on behavior of TDS concentrations in surface Contact Water reporting to
CP1 during the reported year, and, if any TDS concentration peaks are observed, identification of
potential sources that might have contributed to higher loads of TDS. This will be adopted with
the 2022 submission of the updated Water Balance and Water Quality model as per Schedule B
and Part E Item 13 of the Amended Water Licence.

With respect to the requested information regarding areas and conditions of facilities such as

WRSF1 and OP2, this information is provided in the most up to date versions of the Mine Waste
Management Plan and Ore Storage Management Plan.

CIRNA-02: Higher than Predicted Acid Rock Drainage (ARD) Potential of Filtered Tailings
(Follow-up on 2019 report comment).

Recommendation(s)

Provide the report on the laboratory findings regarding the determination of Neutralizing Potential
Ratio (NPR), whenever it is completed.

Agnico Eagle Answer

As per 2020 Annual Report Answers provided to the NIRB on July 28" 2021 (CIRNAC-1.7), the
laboratory investigation confirmed that that SGS Lakefield was biasing results low for carbonate
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and Agnico Eagle now have supporting information from the analytical laboratory. This report is
available in Appendix.

CIRNAC Comment to AEM Response

In response, AEM provided an SGS letter dated 27 April 2021 which provided the results of a
comparison of the Carbonate Analysis carried out by SGS Lakefield in 2020 (using a pyrolysis
technique as referenced in ASTM E1915) compared to a Carbonate Analysis carried out by SGS
Burnaby (using a coulometric titration (MEND-2009).The test noted that both laboratories reported
equivalent total carbon values, but that the carbonate values reported by the Burnaby Laboratory
was consistently higher than those reported by Lakefield. On the basis of these findings, SGS re-
analyzed all 2020 tailings samples to compare acid leaching values to the pyrolysis values and
found the same results.

Based on these finding SGS stated that using the ASTM pyrolysis method was not ideal for tailings
samples and the coulometric techniques provided a more robust analytical method. Per the SGS
letter the pyrolysis results in the Annual Report did contain a bias toward low the carbonate results
for the site tailings samples analyzed.

CIRNAC is satisfied with AEM'’s response.

Agnico Eagle Follow-Up Response

Agnico Eagle thanks CIRNAC for their feedback and considers the issue is solved.

CIRNA-03: Surface Disposition of Waste Rock

Recommendation(s)

e Provide additional discussion/information in the Annual Report with respect to the
distribution by location and quantity of waste rock used for construction and placed in the
waste rock storage facilities;

e Provide information confirming that waste rock used for construction was Non-PAG;

e Provide summary tables of annual and cumulative waste rock volumes in the Annual
Report that use the same formats as Tables 3.3 and 4.3 of the Mine Waste Management
Plan; and

e Provide plans and sections illustrating the status of the WRSFs as at the end of 2020.

Agnico Eagle Answer

Agnico Eagle thanks CIRNAC for their comment.

Agnico Eagle refers CIRNAC to the Mine Waste Management Plan (Version 7) for the quantities
of waste rock per major location (including waste rock storage facilities) and summary tables of
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annual and cumulative waste rock volumes and will improve referencing to the relevant sections
of the Mine Waste Management Plan in future annual reports.

With regards to the waste rock used for construction, Agnico Eagle wishes to clarify that relative
to ARD potential, as stated in the 2020 Annual Report, findings are consistent with predictions
that the majority of operational waste rock would be non-PAG and that ARD potential is low. The
small number of samples with NPR less than 1 are considered as low risk given the excess
neutralization in all other samples collected.

As per the plans and sections illustrating the status of the WRSFs as of the end of 2020, Agnico
Eagle will liaise directly with CIRNAC to clarify what type of information CIRNAC wishes to see
on the plans and sections and ensures it provides the appropriate information.

CIRNAC Comment to AEM Response

Bullet 1 — AEM has stated that the information requested is provided in the Mine Waste
Management Plan Version 7 and has committed to providing more details and referencing in the
Annual Reports going forward.

CIRNAC notes that the details are at times not provided, or not clear in the MWMP, given the
commitment that AEM has provided CIRNAC is of the opinion that this response is sufficient to
address the concern raised.

Bullet 2 — AEM has stated that the findings of predictions for the waste rock derived as part of
this mine development will be non-PAG with a low ARD potential. No reference to the report where
these results were presented has been provided. AEM is reiterating a summary from the
document that was used to report the analytical work done in this regard.

CIRNAC would like AEM to provide results of the non-PAG with a low ARD potential.

Bullets 3 & 4 — AEM has committed to liaise with CIRNAC on the format for the presentation of
information with respect to the placement of material into the WRSFs. It is not clear if AEM plans
to complete this work for the 2020 Annual Report or going forward with future Annual Reports.
CIRNAC'’s opinion is that this response only partially addresses the concern raised. It is not clear
if AEM would like to discuss this with CIRNAC in the future. More clarity is required for these
identified concerns.

Agnico Eagle Follow-Up Response

Relative to Bullet 1, Agnico Eagle takes note CIRNAC considers the answer provided by Agnico
Eagle on September 10" to fully address the concern raised.

Relative to Bullet 2, Agnico Eagle would refer CIRNAC to the 2020 Annual Geochemical Report,
included as Appendix 11 of the 2020 Annual Report.

Section 4 presents the results and discussion on ARD potential for the waste rock:
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¢ from underground: “The classification of all Meliadine waste rock samples from
underground since testing began in 2017 are provided in Figure 4 and a summary of
ratios are provided in Table 1. As predicted by Golder (2014), the majority of
operational waste rock (i.e. muck) samples collected to date are non-PAG. Samples
from 2017, 2018 and 2019 have also been included for ease of comparison to historical
results.

There were a few samples with a NPR less than 1. These samples are considered a
low risk given the excess neutralization in all other samples collected.”

e from open pit (Tiriganiag Pit 2): “Mining for Tiri 2 began in 2020 and the ARD results
followed similar trends with the underground waste rock results with the exception that
all ratios were greater than 2 indicating non-PAG.”

o from SP4 Containment Pond: “The potential for SP4 to produce ARD was based on
NPR ratios, but also a sulphur limit of 0.1%, meaning that any samples with 0.1% or
less, sulphur would be non-PAG regardless of the NPR ratio. Based on the two criteria,
there was no samples collected that were classified as PAG. However, there was one
sample that would be classified as uncertain, which had an elevated sulphur content
of 1.34%. This one sample does not appear to be consistent with all other samples
collected to data and is not a material risk for water quality given the excess of
carbonate in all other rocks tested in 2020.”

Hence, 2020 geochemical findings are consistent with the Final Environmental Impact
Statement (FEIS) (Golder 2014) predictions that the majority of operational waste rock would
be non-PAG and that ARD potential is low (SD 6-3 Geochemical Characterization of Waste
Rock, Ore, Tailings and Overburden, Meliadine Gold Project, Nunavut).

Relative to Bullets 3 & 4, as per December 3", 2021 teleconference call with CIRNAC, Agnico
Eagle will improve referencing to relevant sections of the Annual Geotechnical Report in future
annual report.

As per the Meliadine 2020 Annual Report, Agnico Eagle welcomes the opportunity to clarify that
information relative to the status of the WRSF at the end of 2020, including plans and sections
can be found in the following sections of the 2020 Annual Geotechnical Inspection Report
(Appendix 06 of the Meliadine 2020 Annual Report):

e Executive summary

e Section 14.0

e Appendix Q (provides plan views, sections, detailed designs, photographs and ground
temperature profiles).

CIRNA-04: Tailings Storage Facility (TSF) Capacity

Recommendation(s)

e Provide a discussion of 2020 placement that includes reference to how and where
materials were placed along with “as built” plans or sections as at the end of 2020;
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¢ Provide additional information in the Annual Report verifying placement was in accordance
with the Mine Waste Management Plan; and

e Provide plan(s) and section(s) illustrating the physical status of the TSF as at the end of
2020.

Agnico Eagle Answer

Agnico Eagle thanks CIRNAC for their comment.

As per answer to CIRNAC-03, Agnico Eagle refers CIRNAC to the Mine Waste Management Plan
(Version 7) for material quantities per major location (including tailings storage facilities) and will
improve referencing to the relevant sections of the Mine Waste Management Plan in future annual
reports.

Agnico Eagle will provide a statement in future annual report to indicate if placement was in
accordance with the Mine Waste Management in future annual reports.

As for the plans and sections illustrating the status of the TSF as of the end of 2020, Agnico Eagle
will liaise directly with CIRNAC to clarify what type of information CIRNAC wishes to see on the
plans and sections and ensures it provides the appropriate information.

CIRNAC Comment to AEM Response

Bullets 1 & 2 — AEM has stated the information requested is provided in the Mine Waste
Management Plan Version 7 and has committed to providing more details and referencing in
the annual reports going forward.

CIRNAC notes that the details are at times not provided, or not clearly provided in the MWMP,
CIRNAC is satisfied that this response is sufficient to address the concern raised.

Bullet 3 — AEM has committed to liaise with CIRNAC on the format for the presentation of
information with respect to the placement of material in to the TSF. It is not clear if AEM plans
to complete this work for the 2020 Annual Report or going forward with future Annual Reports.

CIRNAC's opinion is that this response only partially addresses the concern raised. It is not
clear if AEM would like to discuss this with CIRNAC in the future. More clarity is required for
this identified concern.

Agnico Eagle Follow-Up Response

Relative to Bullets 1 and 2, Agnico Eagle takes note CIRNAC considers the answer provided by
Agnico Eagle on September 10" addresses the concern raised.

Relative to Bullet 3, as per December 3™, 2021 teleconference call with CIRNAC, Agnico Eagle
will improve referencing to relevant sections of the Annual Geotechnical Report in future annual
report.
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As per the Meliadine 2020 Annual Report, Agnico Eagle welcomes the opportunity to clarify that
information relative to the physical status of the TSF at the end of 2020 can be found in the
following sections of the 2020 Annual Geotechnical Inspection Report (Appendix 06 of the
Meliadine 2020 Annual Report):

e Executive summary
e Section 6.0
o Appendix | (provides plans, photographs and ground temperature profiles).

CIRNA-05: Reporting on Milling Operations

Recommendation(s)

e Add a section to future annual reports describing mill operations at the Meliadine site (e.qg.,
days of milling, tons of ore processed, tailings generated, water used, and related activities
on cyanide management and consumption and tailings detoxification, etc.); and

e Provide information regarding 2020 milling operations and activities at the Meliadine Mine
for review by interested parties.

Agnico Eagle Answer

As per 2020 Annual Report Answers provided to the NIRB on July 28", 2021 (CIRNAC-1.5),
Agnico Eagle wishes to clarify that mill operations do not fall under critical infrastructures.
Licenced and regulatory mill related reporting requirements are addressed in the annual report
and other sectoral reports submitted to regulators throughout the year.

CIRNAC Comment to AEM Response

AEM'’s response makes it clear that AEM does not plan to provide the information requested in
this comment within the context of the Annual Report but rather points out that this information is
provided in other submissions provided to the regulator throughout the year.

CIRNAC's opinion is that AEM’s response does not address the concerns raised in the CIRNAC

Annual Report review. CIRNAC reiterates the request that this information be summarized in the
Annual Report.

Agnico Eagle Follow-Up Response

Agnico Eagle thanks CIRNAC for their comment and as per as per December 3, 2021
teleconference call with CIRNAC, Agnico Eagle wishes to clarify that information requested by
CIRNAC can be found in the 2020 Annual Report and in operational management plans:

e Section 2.1.3 of the 2020 Annual Report provides information on mining activities and
Agnico proposes to add information on days of milling in future reports

8
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Section 4.4. of the 2020 Annual Report provides information related to tailings

Section 3 of the 2020 Annual Report provides information related to water usage

The Mine Waste Management Plan provides information relative to tailings management
Information relative to cyanide management is in management plans referenced in answer
to CIRNA-08. This information is being regrouped in a cyanide management plan which
will be submitted in 2022.

The structure of the Meliadine Annual Report was developed to facilitate assessment of
compliance with applicable Water Licences and Project Certificate. Due to the large number of
stakeholders involved in reviewing the Meliadine Annual Report — and the fact the required
reporting requirements are already addressed — Agnico Eagle does not feel restructuring of the
Annual Report is required at this time.

CIRNA-06: Tracking Acid Rock Drainage (ARD) Classified Waste Rock Volumes

Recommendation(s)

In all future Annual Reports, track volumes of waste rock classified as PAG and uncertain ARD
from the underground mine and open pits.
Agnico Eagle Answer

As per 2020 Annual Report Answers provided to the NIRB on July 28" 2021 (CIRNAC-1.1),
Agnico Eagle is implementing changes regarding tracking volumes of waste rock classified as
PAG and uncertain ARD potential and will report on these in the 2021 Annual Report.

CIRNAC Comment to AEM Response

As per earlier comments, AEM asserts that the information is contained in the Mine Waste
Management Plan but has committed:

e future Annual Reports will have: improved referencing to the MWMP; a statement if
placement was in accordance with the MWMP; and

o that AEM will liaise directly with CIRNAC with respect to the type of information CIRNAC
wishes to see on the plans and sections to ensure appropriate information is provided.

CIRNAC is of the opinion if all aspects are implemented, that the commitments provided address
the recommendations.

Agnico Eagle Follow-Up Response

Agnico Eagle thanks CIRNAC for their comment and considers the issue is solved.
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CIRNA-Q7: Geotechnical Concerns / Issues

Recommendation(s)

e Add a section to the Geotechnical Inspection Report that provides clear and concise
information on the status of any permafrost degradation that may be occurring on site; and
¢ Include reporting of piezometric and inclinometer measurements in the Annual Report.

Agnico Eagle Answer

Agnico Eagle thanks CIRNAC for their comment.

As per 2020 Annual Report Answers provided to the NIRB on July 28" 2021 (CIRNAC-6.1),
Agnico Eagle wishes to clarify both the Annual Geotechnical Inspection and related report are
carried out according to Agnico Eagle's Water Licence and Project Certificate requirements.

Agnico Eagle monitors and maps permafrost conditions through its thermal monitoring program,
results of which are in the Annual Geotechnical Inspection Report.

For consistency purposes and to facilitate yearly comparisons between the reports, Agnico Eagle
does not believe CIRNAC's proposed change to the structure of the Annual Geotechnical Report
is necessary at this time.

Currently, there are no piezometers (due to permafrost conditions) or inclinometers used on site.
Agnico Eagle is currently assessing the possibility of installing inclinometers or similar alternatives
and should they be installed following this assessment, Agnico Eagle will include this information
in future annual reports.

CIRNAC Comment to AEM Response

Bullet 1 — AEM states that the Annual Geotechnical Report provides the required information
regarding monitoring and mapping of permafrost conditions. It was not clear from CIRNAC’s
review of the Annual Geotechnical Report that there was a summary discussion regarding
permafrost degradation nor comment on any locations where this may be of concern other than
to say some was observed.

CIRNAC'’s opinion is that a summary of the Annual Geotechnical Report, that includes a section
specific to CIRNAC’s requests with respect to permafrost degradation should be provided with
specific references.

Bullet 2 — AEM states that there are currently no operational inclinometers or piezometers on
site. Once this instrumentation is present and operational then AEM will report on the monitoring
results.

CIRNAC is satisfied with the response. Would like to know the timing to have these instruments
installed and when reporting will be initiated by AEM.

10
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Agnico Eagle Follow-Up Response

Relative to Bullet 1, Agnico Eagle would like to reiterate that the 2020 Annual Geotechnical
Inspection (Appendix 6 of the 2020 Annual Report) presents the information relative to permafrost
degradation, whenever observed on the site’s infrastructures.

The geotechnical inspection is required to be conducted on Agnico Eagle’s facilities by a
geotechnical engineer and in accordance with the Canadian Dam Association (CDA) Dam Safety
Guidelines (CDA 2013) where applicable. The inspection includes the observation of the
geotechnical aspects of the Mine facilities/structures, as well as the review of the associated
instrumentation data.

The performance of each facility/structure inspected is presented and discussed in distinct
subsections of the report. Permafrost conditions (including degradation or thaw settlement issues,
when observed), are reported for a given structure in its specific subsection. Below are 2
examples:

e Collection Pond CP4, Associated Channels, and Berms (section 3.4.5, p.10): “Collection
Pond CP4 and its associated infrastructure is performing adequately. Thaw settlement
has occurred in the original ground above the pond rockfill slope protection, but the slopes
appear to be stable. The thaw settlement is like that observed in 2019. The settlement and
the impact on the pond should continue to be monitored to determine if any remedial action
is required.”

o Channel 3 (section 5.2, p. 17): “The road adjacent to the channel has some cracking and
slumping on the side slopes adjacent to the channel. There was also settlement and
slumping on the east side of the channel in the native ground. Both the settlement on the
road slope and in the native ground is attributed to the thawing of permafrost due to ground
disturbance.”

In addition, measured ground temperatures from instrumentation are also provided in Appendix
of the Annual Geotechnical Inspection, and results are discussed throughout the report, for each
structure, as applicable.

Agnico Eagle will improve referencing to the Geotechnical Inspection Report in future annual
reports.

Relative to Bullet 2, Agnico Eagle considers the issue is solved.

CIRNA-08: Cyanide Management and Use Handling

Recommendation(s)

Provide a discussion of cyanide management practices and use in all future Annual Reports
complete with appropriate appendix details as needed with respect to cyanide source,
transportation to site, on site handling and storage, and emergency procedures.

11
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Agnico Eagle Answer

As per 2020 Annual Report Answers provided to the NIRB on July 28", 2021 (CIRNAC-5), Agnico
Eagle thanks CIRNAC for their comment and understands cyanide management remains a
concern within the modern gold mining industry — as such, Agnico Eagle is a signatory of the
International Cyanide Management Code (ICMC) and Meliadine is currently working towards
ICMC certification, with the first certification audit planned for 2022.

As is the practice with the ICMC, once certified, Meliadine cyanide practices, sourcing,
transportation to site and all other details related to ICMC requirements will be publicly available
in the certification audit report online.

Agnico Eagle wishes to clarify that cyanide management practices for the Meliadine Gold Mine
are discussed in various operational management plans, rather than being part of the annual
report process. For more details on its cyanide management practices, Agnico Eagle refers
CIRNAC to its Hazardous Materials Management Plan, as well as to the Spill Contingency Plan
and the Risk Management and Emergency Response Plan. Should these documents be updated
as part of the ICMC certification process, they will be submitted to regulators as per usual
procedure.

CIRNAC Comment to AEM Response

AEM states that they are working to have the site certified under the International Cyanide
Management Code (ICMC) and once this is in place the reporting of cyanide management will be
a matter of public record. AEM state that at present, while not included in the Annual Report, the
information requested is provided throughout the year in other regulatory submissions.

CIRNAC'’s opinion is that a summary of this cyanide management procedure should be provided
in the Annual Report, that may reference other submissions provided throughout the year.

Agnico Eagle Follow-Up Response

As clarified during the December 3, 2021 teleconference call with CIRNAC, cyanide
management practices for the Meliadine Gold Mine are discussed in management plans rather
than being part of the annual report process — similarly to other operational management
practices.

As part of its ICMC certification process, Agnico Eagle is working on a comprehensive Cyanide
Management Plan which will be submitted to regulators in 2022 and once Agnico Eagle is ICMC
certified, all ICMC requirements will be publicly available in the certification audit report.

Agnico Eagle is looking forward to sharing its cyanide management plan with CIRNAC and other
stakeholders and will be reporting on the 2022 ICMC certification audit in its 2022 Annual Report.

12
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CIRNA-09: Reporting on flow volumes of any watercourse diverted during
construction activities

Recommendation(s)

e Provide information with respect to “Schedule B, Iltem #1(e) of the Water Licence 2AM-
MEL1631 that includes expected or projected consequences of the newly constructed
access road to water balance and water quality of all freshwater bodies located south of
Dike D-CP5 for 2020 Annual Report; and

e Provide information with respect to “Schedule B, Item #1(h)” of the Water Licence 2AM-
MEL1631 on whether or not, any water course(s) was diverted during the construction of
the new access road downstream of Dike D-CP5 for 2020 Annual Report. If no
watercourses were diverted during construction, this should be specified.

Agnico Eagle Answer

With the construction of the of the Access Road on the downstream (south) side of D-CP5 and
north of Tiriganiag 02 Pit, there will be no impact on the water balance of freshwater bodies
located south of D-CP5, as the surface water runoff in that area will remain within the Tiriganiaq
02 Pit catchment area.

Similarly, there is no expected impact on water quality of the freshwater bodies south of D-CP5,
as surface water runoff between the downstream side of D-CP5 and Tiriganiaq 02 pit will be
collected in Tiriganiaq 02 Pit. This water is then pumped to CP5 hence contained within the site’s
surface contact water system catchment.

No watercourses were diverted for the construction of this road.

CIRNAC Comment to AEM Response

Further clarification in this regard has been provided by AEM who have stated that no
watercourses were diverted for the construction of the Access Road on the downstream side
of D-CP5.

Based on this information CIRNAC’s opinion that these concerns have been addressed.

Agnico Eagle Follow-Up Response

Agnico Eagle thanks CIRNAC for their comment and considers the issue is solved.

13
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CIRNA-10: Tracking Volume of Freshwater obtained from other permitted locations
for Road Dust suppression activities

Recommendation(s)

Provide information with respect to “Schedule C, Item #1 (Amend)” of the Water Licence 2BB-
MEL1424 for 2020 Annual Report that includes breakdown of the monthly and annual volumes of
freshwater obtained from other permitted freshwater bodies (locations) other than the Meliadine
Lake; used for the purpose of road dust suppression activities.

Agnico Eagle Answer

From Agnico Eagle’s records, 108 m® (6 truckloads of 18 m? each) of water was withdrawn from
small ponds proximal to the All Weather Access Road (AWAR) for dust suppression activities
during the month of August 2020.

CIRNAC Comment to AEM Response

AEM’s response provided the volume of water recovered from small ponds proximal to the
All Weather Access Road for dust suppression in the month of August 2020 and as such has
answered the questions regarding timeline and volume. However, the location of the ponds
from which water was collected is not defined.

CIRNAC’s opinion is that more detailed information should be provided on the locations from
which water was taken and the volume collected from each of these locations should be
detailed in a matrix provided in Annual Reports moving forward (it is understood that AEM
would not likely be able to provide the location of all the small proximal ponds along the
AWAR).

Agnico Eagle Follow-Up Response

AEM thanks CIRNAC for their comment and will implement better tracking quantity and locations
of water taking activities along the AWAR for the purpose of dust suppression. However, as
mentioned by CIRNAC, it is possible that Agnico Eagle will not be able to provide the location of
all the small proximal ponds along the AWAR.

14
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Environment and Climate Change Canada (ECCC)

Agnico Eagle thanks ECCC for their feedback, following which it considers issues discussed in
ECCC-1, ECCC-2, ECCC-3, ECCC-4, and ECCC-7 solved.

ECCC-5: Non-PAG Classification Criteria

ECCC recommended that AEM provide a discussion about reconsidering the non-PAG
classification criteria reconsideration for samples with NPR<2, as expressed in the ECCC'’s
comment:

“ECCC is of the view that Neutralization Potential Ratio (NPR) indicates the relative magnitude of
the neutralization potential (NP) and acid potential (AP) expressed by the ratio of NP/AP (or NPR).
The values of NP and AP are based on the acid base accounting (ABA) process, therefore, the
rock unit that contains 0.1 wt. % of sulphur but not enough neutralization potential such that its
NPR is equal to or less than 2, that unit or rock type should be classified as PAG. With this in
mind, the statement by the proponent that “any samples with 0.1%, or less, sulphur would be non-
PAG regardless of the NPR ratio” does not appear to align with that classification principle.”

Agnico Eagle Answer

As per 2020 Annual Report Answers provided to the NIRB on July 28th 2021 (ECCC-5), Agnico
Eagle thanks ECCC for the above comment and recommendation. Agnico Eagle wishes to clarify
that the 0.1% sulphur value is used at Meliadine as one approach to assess mine waste reactivity.

The value is used at many other mine sites and project development studies as well because it
has been shown to be a conservative sulphur value below which other mineral components in the
rock (i.e. silicates) can consume the minor amounts of acidity that would get produced. Globally
this is a commonly used approach and has been demonstrated at other sites and in other
guidance documents:

e Price W.A. (1997); MDNR (2004); Smith et al (2013).
Agnico Eagle believes acid-base accounting and relatively low sulphur are both useful ways to
characterize mine waste on site. It should also be noted that these tests are only for comparison

with project development studies and are not being used to drive management decisions.

Agnico Eagle remains available to further discuss issues related to mine waste characterization
with ECCC at ECCC'’s convenience.

ECCC Comment to AEM Response

ECCC agrees that weight percentage of sulfide content in a waste rock is used as one of the tools
to determine whether waste rock is PAG or non-PAG; however, the percentage adopted as a cut
off criteria also depends on the amount of neutralization potential available in the rock unit, or
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where there has been a static test conducted to determine a threshold that is an appropriate cut
off point.

ECCC acknowledges that use of the sulphur content is a recognized method of screening
samples, but does not agree with the statement by the proponent that “any samples with 0.1%,
or less, sulphur would be non-PAG regardless of the NPR ratio”. Therefore, ECCC reiterates that
any sample with NPR less than 2 should be treated as PAG or uncertain based on the generally
accepted classification scheme.

AEM also cited three publications but did not provide any references for the published articles.

Agnico Eagle Follow-Up Response

The studies from Price (1997) and from the Minnesota Department of Natural Resources (MDNR,
2004) were shared with ECCC by email on October 23, 2021 and are included in Appendix.

Agnico Eagle continues to support that rocks with less than 0.1% sulphur will not produce ARD
regardless of there being any carbonate in the rock. The references provided support this
approach. If rocks have more than 0.1% sulphur, then NPR is used to classify the material.

As briefly noted in the initial response, the reason for the 0.1% sulphur criterion being appropriate
is that other mineral components (i.e. alkaline-earth silicates) in the rock can consume acidity
when carbonates are absent.

Sulphur is present at varying degrees in all rocks on the planet, with an average crustal
abundance across the globe in rocks similar to those found at Meliadine (i.e. basaltic) of around
0.03% (Price 1997). Silicate weathering and acidity neutralization is one of the key mechanisms
that maintain the planets streams, rivers, lakes, etc, at neutral pH with excess alkalinity despite
incident precipitation being mildly acidic due to carbonic acid in rainwater (i.e. pH 5.6) and
containing no alkalinity.

Weathering of silicate minerals due to meteoric water occurs independently of sulfide mineral
oxidation and results in release of the major elements associated with the minerals (mainly
calcium, magnesium, sodium, iron, aluminum and silicon) and bicarbonate. The latter is formed
as a result of exchange of protons in meteoric water formed by dissolved carbon dioxide with
alkali and alkali earth cations in the minerals. Secondary minerals formed by this process are
expected to include clay silicates (e.g. kaolinite, brucite, iron oxyhydroxides) and carbonates
(magnesian calcite). These processes might be represented by reactions like:

CaAlSi-0Og + H,O + 2H,CO3° > Ca? + AleizOs(OH)4 + 2HCOx3

Ca?" + HCOs »CaCOs + H*

Due to the large reservoir of silicate minerals in Meliadine rocks, these processes are expected
to persist over geological time scales with rate of reaction being slowly limited by silicate
dissolution rates and the formation of clay minerals on silicate surfaces.
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Any acidity formed in rocks lacking carbonate minerals at Meliadine is expected to be buffered by
three processes listed below: (1) mixing with dissolved alkalinity formed by weathering of silicate
minerals; (2) by reaction with the solid weathering products formed my silicate weathering; or (3)
by direct reaction with silicate minerals.

(1) H* + HCOs>H.CO3
2) H* + CaCO3> Ca?* + HCOs"
3) CaAl,Si»,Og + 8H*> Ca?* + 2A3*+ 2Si0,° + 4H,0

The silicate reservoir is large at Meliadine and is expected to effectively buffer acidity generation
from sulfide oxidation to at least 0.1% S. Based on testwork in the Duluth complex, Minnesota
(MNDNR 2004), where the rocks are effectively devoid of carbonate, upper limit of sulphur content
that does not result in acidic conditions has been shown to be greater than 0.2%. There are also
no known instances of mine waste rocks with sulphur less than 0.1% that have generated acidity.

Based on experience at other mine sites, laboratory testwork, and first principles in aqueous
geochemistry, Agnico Eagle continues to support the use of 0.1% sulphur criterion for rocks to be
classified as non-PAG regardless of the carbonate content.

Reference:

Stumm, W. and Morgan, J.J. (1996) Aquatic Chemistry, Chemical Equilibria and Rates in Natural
Waters. 3rd Edition, John Wiley & Sons, Inc., New York.

ECCC-6: Acid Rock Drainage

Explain the rationale for the following statement when the majority of the tailings have been
classified as uncertain in the PAG and non-PAG classification scheme:

“if ARD could develop, permafrost will develop at least one hundred years before the onset of ARD
due to the amount of carbonate in the tailings and arctic climate slowing reaction rates”.

Agnico Eagle Answer

As per 2020 Annual Report Answers provided to the NIRB on July 28th 2021 (ECCC-6), the
statement relating to the potential onset of acidic conditions is based on the slow oxidation rate
of sulphides, and therefore slow rate of neutralization consumption of carbonates and if slow
enough, silicate neutralization. Therefore the statement refers to all tailings as while they may be
classified as uncertain, they still contain enough carbonate to neutralize the acidity produced until
many decades after operations have ended. It is also worth noting that the analytical laboratory
recently completed an investigation showing that past carbonate analyses were biased low,
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meaning that there is more carbonate than previously shown, which would only extend the delay
to consumption of carbonate. The report from the analytical laboratory to this effect is available in
appendix.

ECCC Comment to AEM Response

ECCC acknowledges the SGS letter indicating that the Pyrolysis method to determine the
carbonate content is biased low, however, no results were provided after the re-analysis of the
samples.

Samples are classified as uncertain because there is not enough neutralization potential in the
rock to make them non-PAG. Therefore, unless the classification is revised, the Proponent’s
statement that “refers to all tailings as while they may be classified as uncertain, they still contain
enough carbonate to neutralize the acidity produced until many decades after operations have
ended” contradicts the generally accepted classification criteria, which is based on neutralization
potential.

Agnico Eagle Follow-Up Response

A comparison of the analytical results with calculated Relative Percent Difference (RPD) between
the two SGS laboratories of Lakefield (pyrolysis method, initial analysis) and Burnaby (coulometry
method, re-analysis) for the tailings samples collected in late 2019 and 2020 are presented in
Table 1 below.

Table 1: Comparison of Carbonate Analysis Results

SGS Laboratory | Lakefield | Burnaby

TIC TIC RPD %

kg kg Burnaby-
Sample ID CaCOslt CaCOsft Lakefield
2019
Tailings-solid Dec 01 69 88 25%
Tailings-solid Dec 19 73 97 28%
2020
Tailings-solid Jan 5 77 103 29%
Tailings-solid Jan 19 78 118 40%
Tailings-solid Feb 2 76 104 31%
Tailings-solid Feb 15 80 107 28%
Tailings-solid Mar 1 76 102 30%
Tailings-solid Mar 15 81 107 28%
Tailings-solid Mar 29 72 103 36%
Tailings-solid April 12 80 103 26%
Tailings-solid April 26 75 97 25%
Tailings-solid May 10 76 104 32%
Tailings-solid May 24 68 105 43%
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Tailings-solid June 8 76 98 24%
Tailings-solid Jun21 76 109 36%
Tailings-solid Jul 5 74 98 27%
Tailings-solid Jul 18 90 110 20%
Tailings-solid Aug 2 77 99 25%
Tailings-solids Composite Aug 10 - 23 88 118 29%
Tailings-Solid Sept 13 73 100 31%
Tailings-Solid Sept 27 86 108 22%
Tailings-Solid Composite, Sept 20 - Oct 4 79 98 21%
Tailings-solid Oct 4 78 96 21%
Tailings-Solid Composite, Oct 4 - 18 77 99 25%
Tailings-solid Oct 18 77 99 25%
Tailings-Solid Composite Oct 18 - 31 74 103 33%
Tailings-Solid Composite Nov 15 - 29 69 105.8 42%
Average 77 103 29%
Median 76 103 28%
5t percentile 68 91 21%
95" percentile 89 118 42%

The comparison of the results shows a systematic bias low for SGS Lakefield results (pyrolysis
method). On average, the RPD bias was 30% between the two laboratories, with a range from
20% to 40% based on the 5" and 95" percentile values, respectively.

Agnico Eagle does not dispute the classification of the samples once the updated carbonate
values have been used. For samples that remain in an uncertain category, it is important to put
context on the classification in terms of the management and closure plan for the tailings. The
classification indicates that there is an uncertain chance that the tailings samples in question have
the potential to produce ARD. This classification of uncertain potential is also for sulphidic material
that is in a fully oxygenated atmosphere and above freezing conditions. The management of the
tailings in a dry, compacted, filter pressed, and frozen facility will ensure that the potential of these
tailings to produce ARD is inhibited. The tailings will be progressively covered during operations,
with limited in oxygen availability and out of contact with water, all further ensuring ARD cannot
develop.
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APPENDIX — Acid Rock Drainage References (Price, 1997 and MDNR, 2004)
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DRAFT
Guidelines and Recommended Methods
for the Prediction of Metal L.eaching and
Acid Rock Drainage at Minesites in British Columbia

Dr. William A. Price

As a direct result of requests for advice and frequent errors in prediction™ laboratory
analysis and data interpretation, MEI has produced this Prediction Manual entitled
"Guidelines and Recommended Methods for the Prediction of Metal Leaching and Acid
Rock Drainage at Minesites in British Columbia.” Users of: this dogutnent are reminded
that these are just guidélines. The prediction questions and the site-specific conditions and
materials must be considered when deciding which rules and procedures should apply and
whether to use the recommended methods.

To fucilitate review and discussion of all aspects of the General Guidelines, MEI
established an expert advisory committee in 1996. This committee consists of leading
practitioners in industry, public interest groups, and the BC Ministry of Environment,
Lands and Parks. The advisory committee is presently reviewing this draft report. The
final report will incorporate their suggestions along with 2 technical edit to improve the
report’s clarity.

The report should be used with this in mind and is not for distribution.
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PREFACE

The Mine Reclamation Section (MRS) of the British Columbia Ministry of Employment and
[nvestment have produced this manual with the objective of improving the practice of metal
leaching and ARD prediction, enabling the Ministry’s goal of supporting the productive use
of the province’s mineral resources where it occurs in a manner that protects land and
watercourses. More effective prediction should result in quicker mine reviews, less
conservative depositional criteria, greater public trust and consequently a more profitable
mining industry. :

The MRS’s goal in prediction is informed material excavation and deposition, with the
necessary level of understanding provided by comprehensive monitoring and testwork.
Assistance is provided in this document in the form of a tool box of procedures for laboratory
analysis and data interpretation, and a proposed framework for testing. While the final
decision about which tests and analysis are required to build the necessary level of
understanding should be based on the specific site conditions, there are some generic tests
that are almost always needed to provide the required information.

One can never completely remove the uncertainty surrounding metal leaching and ARD. The
objective in drainage prediction is to reduce the uncertainty to a level at which the liability
can be identified and the appropriate monitoring, mitigation and contingency plans can be
selected.

Detailed methodologies are provided for analyses that may not be standard laboratory
procedures. Detailed explanations or descriptions are provided where additions or
modifications are suggested to standard laboratory analyses, tests or terminology, and for
controversial items that are presently the subject of debate. In some cases, such as NP
(neutralization potential), there is no one clearly best method. There are a number of
procedures, all with strengths and weaknesses. The recommended method has some clear
advantages. However its disadvantages are also noted. In other cases, such as the prediction
for mine walls, there is presently only one field measurement procedure, which despite its
flaws can provide valuable information about the metal leaching from that source.

The length and level of detail in this document reflects the complexity of this topic. No
apology-is made for this. It reflects the level of knowledge required of researchers and of
those carrying out prediction work for major mines. A table of contents is provided to assist
those who are only interested in a portion of prediction.

Much s still to be discovered about minesite weathering, and future improvements in the
matenals and methods are expected from the world-wide research and detailed minesite
monitoring. Consequently this is by nature a working document. Additions and revisions
will be made to reflect changes in technology and the expenences of practitioners.
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The Manual attempts to provide clear, comprehensive guidance without limiting the options
and approaches. Critical guidance is provided as to the methods, the manner in which they
are used and reported, their limitations and how the tests may be used to address overall
project prediction needs. Hopefully the document will be a usefut reference tool.

Readers should not conclude that the authors are of the opinion that there is only one right
way of doing things, and all other approaches are wrong. The authors are however of the
opimon that: .

* users of the Manual should consider the specific site conditions and materials when
deciding which and how rules and procedures should apply,

» the prediction questions should be clearly understood prior to sample selection and
analysis,

= the selected materials and methods should be defensible,

o the terminology must be clear and :

» predictions should be informed by comprehensive measurement, thorough data
interpretation and all available knowledge about the site and metal leaching/ARD.

Lastly and perhaps most importantly, this document was produced to allow the public and
industry to see how prediction testwork and individual projects are reviewed by the MRS. It
is a lot of work to write it all down, and perhaps that is why MRS’s efforts in this regard are
somewhat unique. However it is part of the MRS’s policy to be transparent with regards to
the rationale for its decision making. It is hoped that this open approach will help prevent the
repetition of past mistakes and that the subsequent review of this working document will
provide a clearer understanding of where improvements are required. '
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1. INTRODUCTION
1.1 Rationale and Objective

Mining is an tndustrial activity that exposes, comminutes and redistributes bedrock and
overburden. The exposure of bedrock to oxygen and water can cause significant changes in
mineral stability. Physical changes to the landscape, and the movement and alteration of
materials will alter the hydrological conditions. The combined effects of mineral instability
and changes in drainage will result in the weathering processes and leaching that can
dramatically change site drainage chemistry. The primary concems addressed in this
document are acidic rock drainage (ARD) and metal leaching, both of which can have a
major environmental impact.

In British Columbia, 37 existing mine sites either had or have a potential for significant metal
leaching and acid rock drainage (ARD). Metal leaching is also 2 concemn at a large
proportion of new projects, with fourteen advanced exploration projects rated as potentially
ARD generating (PAG). Consequently acid rock drainage (ARD) is the major environmental
concern for the B.C. mining industry. Due to the inherent uncertainty and past mistakes in
prcd10t10n metal leaching is one of the most contentious, complicated and costly issues faced
by the mining industry. :

The British Columbia Ministry of Employment and Investment’s (BC MEID) legal
requirement to prevent ARD problems is contamed in the B.C. Mines Act: Health, Safety and
Reclamation Code, which states:.

"All potential acid generating material shall be placed in.a manner which minimizes the
production and release of acid mine drainage to a level that assures protection of
environmental quality (Section 10.6.16)."

In practuice this requirement is extended to all aspects of metal leaching, and all British
Columbia mines with a potential to generate significant ‘metal leaching must develop
acceptable plans for prediction and if necessary mitigation. The overall goals in prediction
planning are to prevent significant off-site impacts, to minimize onsite impacts and to
identify the risks and possible consequences of the mine plan for land and watercourses. To
achieve this goal requires an understanding of the metal leaching potential of all the matenals
that will be affected or disturbed by mining. Because weathering conditions and the
consequent drainage chemistry may change over time, a prediction of future performance is
required.

Proposed mines must predict future water chemistry to identify the magnitude of potential
risks and to determine what mitigation is necessary to protect the surrounding environment.
Operating mines need monitoring and on-site testwork to verify laboratory predictions with
field data, to determine the performance of mitigation works, to determine if additional
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measures are needed to protect, maintain, or restore the local environment, and to allow
timely implementation of cost-effective mine-closure strategies. Closed mines must continue
prediction/monitoring to inform site management, to increase understanding of matenials or
mitigation strategies whose performance is still uncertain and to verify that the implemented
closure strategies has resulted in the predicted long-term environmental protection and
reclamation success. '

From previous project review, regulation and research, the Mine Reclamation Section (MRS)
of BC MEI has developed a set of guidelines that guide its assessment of projects with issues
involving ARD and other metal leaching concerns. To advise regulators, mining companies
and the public, and to improve existing practices, MRS publishes and periodically updates
them. As a result of the frequent errors in prediction laboratory analysis and data
interpretation and-the many requests for advice, this year MRS has also produced this
“Manual of Guidelines and Recommended Methods for the Prediction of Metal Leaching and

This manual was developed in conjunction with the MRSs® General Metal Leaching and
ARD Guidelines and in recognition of both the importance of drainage-chemistry predictions
and the frequent errors and omissions by proponerits when they do the work. Prediction to
enable prevention is critical because once ARD starts, it may persist for hundreds of years .
Past errors coupled with the severe consequences when things go wrong have resulted in
conservative depositional criteria, a lack of public confidence and overly long regulatory
reviews. To counteract this, the MRS promotes a philosophy of informed decision making,
- recommending thorough, ongoing material characterization and weathering studies, and
monitoning of the resulting minesite drainage.

The guidelines outline the common questions and discuss the materials and methods
appropriate to each phase of a prediction project. The proper program planning, testwork and
the interpretation of the resulting data requires the following:

a) A basic understanding of mining, geology, weathering and environmental chemistry.

b) Selection of test materials and methods.

c) Interpretation of the test results. _

d) An understanding of the limitations and potential flaws in test procedures.

€) Adequate sample characterization, particularly with regards to mineralogical data.

f}: Consistency in test procedures if one is comparing results and learning from previous
experiences at similar sites.

This manual attempts to address the items listed above for the information and procedures to
be used when carrying prediction work. This includes generic questions, policies, screening
criteria and recommended procedures for laboratory analysis and for interpretation of the
resulting data. The guidelines are intended to assist regulators, mining companies and the
public, to improve the standard of work, to reduce the uncertainty and make the resulting
product more accurate, to avoid unnecessary work and to permit constructive criticism of the
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MRS practices.

Adherence to the recommended methods in this manual should lead to faster regulatory
reviews, more dependable prediction and less onerous waste-handling strategies.
Nevertheless, there is clear recognition that much still remains lots to be leamt and new
research developments will undoubtedly require changes and refinements. Site-specific
factors may sometimes justify a deviation from the recommendations in this manual. Such
deviations should be discussed with regulatory agencies early in the predictive studies to
maintain timely reviews and to ensure that the necessary information is collected.

The suggested procedures presented here were derived from experience gained in Brnitish
Columbia and some items may not apply to other biogeoclimatic conditions. Users of the
guidelines both in this province and in other jurisdictions must consider the specific site
conditions and materials when deciding which and how rules and procedures apply.

Comments and suggestions on the guidelines and any related issue should be directed to th
authors at the following address: )

Dr. William A. Price

Ministry of Employment and Investment
Energy and Minerals Division

Bag 5000

3793 Alfred Avenue

Smithers, British Cotumbia

Canada VO0J 2NO

1.2 Summary

The suggested procedures are divided by topic into several chapters. Each of these chapters.
is summanzed below and the overall approach to prediction is illustrated in Figure 1-1. The
suggestions are consistent with the general principles of the main Metal Leaching/Acid Rock
Drainage Guidelines (Price and Errington, 1997), which provide general, overall guidance on
this complex topic,

Chapter 2 introduces the general questions associated with the prediction of ARD and metai
leaching, and the generic techniques used to answer the questions.

Chapter 3 provides some general background information and theory on weathering and
drainage chemistry, information needed in the selection of procedures and fon_' the

proper interpretation of test results.

Chapter 4 outlines the geologic information required to initially identify the rock and waste
units that will form distinct portions of the mine components described in Chapter 5.
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Chapter 5 explains the information needs for each mine component, such as physical and
geochemical inventories and the manner in which water and solids (Chapter 4) are
exchanged among them and the surrounding environment,

Chapter 6 provides recommendations on the number, size, description and handling of
samples for each rock, waste unit and mine component discussed in Chapters 4 and 5.

Chapter 7 lists the rationale and recommended procedure for each of the static tests
recommended for drainage-chemistry predictions, conducted on samples collected
under Chapter 6.

Chapter 8 provides recommendations on the proper presentation and interpretation of the
results from the static tests outlined in Chapter 7.

Chapter 9 lists the rationale and recommended procedure for each type of kinetic test
recommended for drainage-chemistry predictions. Kinetic tests are conducted on
samples collected under, the precepts outlined in Chapter 5 and selected for further
testing based on results discussed in Chapter 8.

Chapter 10 provides recommendations on the proper presentation and interpretation of the
results of the kinetic tests outlined in Chapter 9.

Chapter 11 describes some basic geochemical models that can be used to interpret the resuits
of static and kinetic tests (Chapters 8 and 10) and to predict of drainage chemistry.

Chapter 12 provides examples of how to predict the drainage chemistry for each mine
component (Chapter 5), based on the results of static and kinetic testwork (Chapters 8
and 10), the geochemical modeling (Chapter 11) of the selected samples (Chapter 6)
and expected degree of aeration or submergence.

Chapter 13 contains a list of references used in the development of this manual.

Chapter 14 contains a glossary for some terminology used in this manual.
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Recommended Flowchart the Prediction of
Minpesite-Drainage Chemistry in British Columbia

Review and understand the general questions (Chapter 2) and
the general background information (Chapter 3) before proceeding.

Identify rock and waste units exposed or disturbed by mining,
milling, concentrating and construction (Chapter 4).

¥

Determine the form and extent of each rock and waste unit that will occur in
each mine component, such as tailings and waste-rock dumps, and describe
how water will move through and over the components (Chapter 5).

Collect samples of rock and waste units that are representative of the units
and the mine components they form, following recommendations
on sample mumbers, size, mass, description and handling (Chapter 6).

V ®

Conduct (Chapter 7) and interpret (Chapter 8) static tests
to determine the composition of samples selected in Chapter 6.

V ®

Conduct (Chapter 9) and interpret (Chapters 10 and 11) kinetic tests
based on static-test resuits (Chapter 8) for selected sampies (Chapter 6).

@

Predict drainage chemistry through time for each mine component
(Chapter 12), based on adjustments to static-test and kinetic-test results
(Chapters 8, 10 and 11) for the expected flow, contributing mass and degree’
of aeration or submergence.

@

@ Carry out after each phasc:

» Revise classification of rock and waste units .
* Tentatvely creatc management units and determioe their lmmwnng

mitigation and materials handling requiremenats, and the resulting exposure

conditions
Figure 1-1. Overall Recommended Approach to Drainage-Chemistry Predictions o
British Columbia
British Columbla Ministry of Empioyment sad Investment, Energy sod Minerals Division
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i.3 General Principles

To operate a mine in an informed, environmentally responsible manner, a proponent must
predict the metal leaching potential of all the materials excavated, exposed or otherwise
disturbed. Prediction information will be required to determine the potential environmental
impact and the (if-necessary) extraction, waste handling and mitigation conditions requlrcd to
prevent unacceptable impacts.

The overall goal is to prevent metal leaching and ARD through prediction and design,
avoiding long-term mitigation and risk wherever possible.

The mitigation requirements will be determined according to the available information, with
precautionary conditions based on conservative assumptions established in the absence of
refuting data. The use of onerous conservative depositional criteria is not a valid excuse for
uninformed materials handling. Better prediction work will be required where conservative
prevention strategies may sterilize ore and/or create additional risk.”

Conservative screening criteria based on worst-case assumptions are used to prevent
uninformed material use. Screening criteria should be used to determine whether additional
testwork is required. The final criteria used for waste handling and remediation decisions
should be based on site-specific test results.

‘The required materials and methods will vary according to the questions being asked and the
phase of the operation.

Because there will always be a degree of uncertainty regarding material composition and the
potential for metal leaching and ARD, post-extraction QA/QC, drainage collection and
ongotng monitoring and test work will usually be required. Sampling and analysis are
required both to predict and verify the composition of all excavated and exposed matenal.
Ongoing testwork and monitoring are required to check the rate and form of weathering and
the resuiting drainage chemistry, and to refine predictions.

To avoid testwork for its own sake, to identify the critical management/mitigation questions
and to ensure that the resources are used efficiently, each phase in the testwork selection and
data evatuation should be done with an eye towards possible waste handling and mitigation
strategies. A preliminary evaluation of different mitigation strategies will be crtical in
identifying significant information gaps and in developing a work plan that is compatible
with the entire project.

ARD and metal leaching prediction studies tend to be jargon-filled, highly technical and
detailed affairs carmied out by specialized consultants. Despite the prohibitive level of
technical detail, 1t is critical that the mine operator stay intimately involved and informed,
and be the pnmary contact for communication between regulators and their consultants.
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The persons responsible for metal leaching and ARD data, interpretation and conclusions
must be clearly identified at the front of reports submitted to the MRS,

Due to the significant time required to do the predictive work, the cost, and the site-specific
needs of each mining project, a proponent is advised to carefully review its prcdtctlon plans
prior to their implementation.

The onset of metal leaching is controlled by geochemical thresholds which may take many

years to reach. Consequently, the absence of acidic conditions, both on-the mine site and in
testwork, does not in itself prove that there will not be future metal leaching or ARD.

These guidelines are an attempt to provide clear, comprehensive guidance, while not iimiting

" the options and approaches. Users must consider the specific site conditions and materials

when deciding which and how rules and procedures apply. While modifications or additional
requirements for individual mines may result from their site specific conditions, there is some
generic information which almost all mines require. It is for this reason that the following
guidelines are provided and methods are recommended.

Through research, the MRS will continue to assist the development of improved metal
leaching/acid rock drainage technology and will revise the guidelines to reflect changes in
technology.

Most methods provided here have been used at mines in British Columbia for many years,
and are accepted by regulatory agencies in the province. All methods have strengths and
weaknesses, and both are noted.

1.4 Overall Approach

To determine the metal leaching potential and euwronmcntal protection requlrements for
each waste material or exposure type, it will be necessary to:

1. Identify all the different areas and geological materials potentially affected by the mine
and determine the manner in which they will disturbed. For each impacted geological
material and area, the proponent should provide a description of the. general geological
parameters and a map showing its size, shape and location. _

2. Predict the metal leaching/ARD potential of each different geological material in the
form(s) (for -example, waste rock, tailings and mine walls) and environmental
condition(s) in which it is or will be exposed (for example, deposited aerially or
underwater). This is the main phase of a prediction program and includes the static and
kinetic testing.
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3. Create management units and determine their requirements for monitoring, mitigation,
and materials handling based on the site conditions, the metal leaching potential and the
environmental protection needs. Management units should consist of waste
type/exposure type/geological material combinations that will perform alike, and that can
and should be handled together.

While Step 2 includes the static and kinetic testwork which comprises much of any
prediction program, proponents are cautioned not ignore Steps 1 and 3, which provide terms
of reference and the means for properly interpreting the testwork results. Step 3 should
include consideration of cost and risk reducing avoidance or mitigation measures which
would preclude a need for detailed prediction.

The questions to be answered and the procedures used in prediction will depend on the
biogeoclimatic conditions, the status of the operation, the waste and exposure types, the post-
excavation environment and the availability of test materials such as drill core. To carry out
the prediction work in a cost effective manner, a proponent should focus on the questions
critical to their particular waste handling and remediation options. For example, if there are
no dissolution concerns, the critical ARD prediction question for flooded tailings will be the
effectiveness and long term maintenance of the oxygen barrier rather than the composition of
the waste.

1.4.1 Phased Approach

The large number of factors to consider (geological, mining, environmental, and ARD-
specific information requirements) and the long duration of some of the testwork can make
prediction an onerous undertaking, both in the time and the resources necessary for data
collection, and the expertise necessary for its interpretation. Commonly the most efficient
and effective way to characterize geological units, create management units, and determine
disposal needs wiil be an iterative process of testwork; analysis and review, similar to that
used to determine other geological characteristics such as ore reserves. An iterative or
phased approach should help ensure that the proponent:

Detects all potentially problematic materials.

* Avoids unnecessary work on materials for which there is no concern.

e Makes informed . decisions regarding the materials and methods for-more costly, ume
consuming test procedures, such as kinetic tests, with cheaper, more easily collected Acid
Base Accounting (ABA) and elemental data.

» Implements timely refinements in response to unforeseen conditions.

Each phase in the prediction program should be informed by the preceding work. Based on
the results of the first round of sampling and analysis, it may be necessary to further
subdivide some of the original geological classification units, to refine the prediction
questions and to modify the test procedures. Conversely, it may be possible to reduce the
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. number of management units by compiling geological materials whose differences are not

significant with regards to mitigation and waste handling,

1.4.2 Avoiding Errors

- At every iterative stage, the proponent must detenmine the applicability of the testwork,
~ samples, and analysis to the questions being asked. Metal leaching tests, which are often
' misused or misinterpreted, provide very specific information. Common errors include testing

unrepresentative samples, incomplete analysis of the test materials and erroneous
assumptions pertaining to the parameters measured by the test. All test assumptions, rules,
and analyses, including those provided here, should be verified for their applicability to the

specific project, site conditions and prediction questions.

The screening criteria, outlined later in this manual, should be used to avoid unnecessary
" ‘work and to focus the effort on the materials of greatest concem or uncertainty. The

screening criteria, which are based on a few simple tests, are not intended to serve as final
prediction criteria.

Owing to the significant analytical costs, the potential for delays, the site-specific
requirements and the uncertainty regarding proper test protocols, the proponent shouid
carefully review each phase of the prediction program with the responsible regulatory

. agencies prior to its implementation and as testwork progresses.

1.4.3 Mixed Wastes

Assessments of the potenual for metal leaching and amd rock drainage are typically done in
two steps:

1. Assessment of potential for individual samples; and

2. Assessment of potential for mixed wastes.

“ A description of the information requirements for mixed PAG and non-PAG are provided in

the Section on Blending to Create a Benign Composite in the Mitigation Portion of the
General Metal Leaching and ARD Guidelines.
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2. GENERIC PREDICTION QUESTIONS AND TEST PROCEDURES

2.1 Questions

Prediction is one word which covers a wide range of procedures and objectives.
Consequently, before proceeding with the sampling, analysis and other testwork that form the
bulk of any prediction program for ARD or metal leaching, a practitioner or a researcher
should consider what questions need to be answered by their “prediction”. Of course, the
kinds of questions will depend on the mine, whether it is closed, operating or proposed,
whether ARD is present, probable or uncertain, the types of wastes and depositional
environments, and the present knowledge. For example, an active-ARD producer where
much of the rock is potentiaily acid generating (PAG), like Equity Silver, may be primarily
concermed with predicting the amount and source of future loadings, to reduce them, and to
determine the size of the financial security. A proposed mine like Hucklebémry may be
looking to distinguish PAG from non-PAG rock in order to prevent ARD and to reduce the
costs of disposing of the non-PAG rock.

As the degree of knowledge increases regarding the geological materials, the mine
components, their performance and mitigation constraints, the questions will become more
refined. To maximize the effectiveness of the prediction work, a proponent should consider
all relevant questions as soon as possible. In some cases it may become apparent that
avoidance or mitigation are more effective uses of resources than refined prediction.

Generic prediction procedures and questions faced by mining operations are as follows.

Step 1: Determination of the spatial and geological varability of ‘the excavated, exposed, or

otherwise disturbed matenals.
Identify all the different areas and geological matenals potentially affected by the mine and
determine the manner in which they will disturbed. For each impacted geological matenial
and area provide a description of the general geological parameters and a map showing its
s1ze, shape and location.

. What is the range in geological vanability laterally and vertically?

Step 2. Predict the Extent of Metal Leaching and Potential for ARD Potential

Determine the metal leaching/ARD potential for each different geological matenal, in the
forms (for example, waste rock, tailings and mine walls) and conditions (for example,
deposited aerially or underwater) in which they are or will be exposed.

Questions to be addressed at this stage include:
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Which trace elements occur in abnormally high concentrations and what is the
potential for significant release under the different possible geochemical conditions?

[n what minerals do the metals, trace elements, acidity and neutralization potential
(NP) occur? The mineral source, along with the magnitude and the geochemical
conditions, will determine the rate of release.

What are the critical weathering reactions? For example, is dissolution a concern?
Will primary metal release occur almost entirely from sulphide oxidation?

Under what physical and geochemical conditions does present, and will future,
weathering occur? Some parameters, such as redox, will be largely determined by the
depositional environment and mitigation procedures. Other parameters will be
controlied by concument weathering reactions. Ome of the most important
determinants of the rate of metal leaching is whether there will be ARD.

What is the expected present and future metal loadings from each mine
component/geologic unit?

What criteria should be used to identify and separate problematic materials? A most
important issue is what criteria should be used to distinguish materials capable of
producing acidic drainage.

Step 3. Determine the Mitigation and Materials Handling Requirements

Based on the site, the metal leaching potential and the environmental protection
requirements, determine the mitigation and materials handling requirements for waste
type/exposure type/geological unit combinations that will perform alike, and that can be
handled together. Mitigation and materials handling prediction questions include:

What disposal/remediation methods are needed? This will depend on the prediction
answers to questions regarding the critical weathering reactions and the potential
drainage quality and quantity (sgg Step 2).

_What are the volume and area requirements for waste disposal? This requires a
determination of the mass or volume of material with the critical composition. For
lime treatment, this will require an evaluation of total acidity and metal loadings, and
the sludge disposal requirements.

What. QA/QC procedures will be required for the extraction, waste handling and
disposal operations? The sampling requirements and the laboratory and data analysis
procedures will be determined from the results of previous testwork and from the
operational and environmental requirements.
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. How long will it take for significant metal leaching/acid drainage to develop in
materials for which there will be a delay prior to the application of remedial
measures? This question, pertinent to most prevention measures, is particularly
important for the PAG mine walls or for PAG wastes back-filled into active or slowly
filling pits or underground workings. For mine wastes, the kinetic testwork required
to answer this question should include humidity cells. Wall washing stations are
presently the recommended kinetic procedure for mine walls.

The questions listed above pertain both to proposed and existing mines. An additional
question for existing mines with ARD is:

» What portion and mass of the component in question is generating ARD?

While Step 3 is the last stage in prediction, proponents should start considering the materials
handling and deposition conditions, constraints and questions as soon as possible after the
nitial static test information has been collected from each of the impacted areas -and
geological units (Step 2), and before proceeding with more detailed testwork. There is
something of a chicken and egg relationship between Steps 2 and 3, as all stages of research
and planning should include a consideration of cost effectiveness, and of the limitations,
needs and opportunities provided by management and mitigation. The final assessment of
mitigation requirements will be based on the metal leaching potential and the environmental
protection requirements determined in Step 2. However the probable mitigation requirements
* (Step 3), along with the geological variability (Step 1), must also be considered in the design
of the testing program. Considered hypothetically at first, the mitigation requirements wil}
become more refined as testing proceeds.

2.2 Procedures

To predict the metal leaching/ARD potential and to address the prediction questions listed
previously, the proponent is advised to carry out a program of testwork and analysis.
Although there are generic procedures that will be common to all programs, each mine must
consider the effects of its unique site and geological conditions. Prediction criteria should be
based on site-specific factors such -as the mine plan, weathering environment, the
composition of exposed surfaces and the rates of critical reactions.

Prediction data may be obtained from a great variety of materials and methods, including
detailed mineralogical characterization, comparisons with other sites, drainage monitonng,
static laboratory tests, kinetic laboratory tests and on-site field trials. Usually, there is no one
piece of evidence or conclusive test, and the proponent must combine information from a
variety of sources. For example, the drainage chemistry from historic sites might be
presented with detailed ABA and geological data showing that the rock types and exposure
conditions are very similar to the site in question.
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While a degree of site-specific interpretation is always necessary, generic prediction methods
will almost always be required. These procedures provide a compiementary mix of
geological and kinetic information which can be used to answer the major prediction

_ questions listed above. At a minimum, the following generic procedures are recommended:

Static Testing

a) Trace Element Content
° Total Concentration
. Soluble Concentration

b) Acid Base Accounting

. Total-Sulphur, Sulphate-Sulphur and Sulphide-Sulphur

. Bulk Neutralization Potential
. Carbonate Neutralization Potential
. pH

¢) Mineralogy and Other Geological Properties
. Mineralogical Examination

d) Particle Size Separation and Determination (for unconsolidated and crushed materials)

Kinetic Testing

- a) Reaction Rates and Drainage Chemistry

. Pre-Test and Post-Test Characterization

. Humidity Cell '

. On-Site Test Pads ‘

. Minewall Stations (for existing rock exposures)
Site Drainage Monitoring

More detailed descriptions of these procedures, their use, the methods of data analysis and
interpretation, and other recommended methods are provided in subsequent-chapters. Clearly
there are situations where site-specific factors may justify deviation from the standard
procedures. To ensure their acceptability, such deviations should be discussed with the

" - regulatory agencies prior 1o use.

- -
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3. BACKGROUND KNOWLEDGE

Metal leaching and ARD result from the combined effects of mineral weathering, drainage
geochemistry and site hydrology. Persons or groups of persons carrying out major prediction
studies need to have an understanding of mineral weathering processes, such as dissolution,
oxidation/reduction and of the possible effects of important geochemical parameters like pH
(Section 7.8).

The major factors contributing to ARD or metal leaching which are commonly measured in a
prediction program can be divided into five categories;

I. The potential acidity, alkalinity and metals in physically exposed, rapidly weathering
minerals. This is measured using static test procedures.

2. The amount of drainage. This can be estimated from site hydrology and climate data.

3. The reactivity of the acid producing and neutralizing minerals.

4. The geochemical conditions under which weathering will occur. Particularly whethet the
material will generate net acidity, which can be predicted from the rates of acid
generation and neutralization under non-acidic conditions (#3), and the amount of acidity
and aikalinity (#1). ‘

5. The rates of metal leaching and loadings for the probable geochemical condition(s). This
can be predicted from the rates of primary-mineral metal release and degree of secondary
mineral precipitation or dissolution.

A proponcntrshou]d have an understanding of the inter-relationship between these factors
before they start excavating material.

Drainage chemistry is primnarily determined by secondary mineral solubility. Even under
acidic conditions, much of the released primary reactants may precipitate as secondary
minerals. It is the dissolution of the primary reactants and precipitation of the secondary
precipitants that determine drainage chemistry.

The main factors influencing the rate at which aerobic weathering products are created and
the magnitude of secondary mineral precipitation/dissolution are the original metal
concentration, the minerals forms, and the environmental conditions, particularly pH. Other
factors-sometimes affecting the concentrations of trace elements are concentrations of other
elements, drainage quantity, temperature and oxygenation.

Pnimary minerals often react under kinetic conditions and thus generate aqueous
concentrations (mg/L) that depend on the amounts and ratio of water and minerals. On the
other hand, secondary minerals often react under equilibium conditions and thus generate
concentrations (mg/L) that are not affected by the amounts and ratio of water and minerals.
Morin and Hutt {1997) used these general features to divide the evolution of drainage
chemistry into three stages (Figure 3-1), although complexities such as the flow of water can
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affect interpretations (Table 3-1).

Three Stages of Acidic Drainage

First Stage

Second Stage

Third Stage

I [
~ (Reactive Primary : (Reactive Primary : (Reactive Primary
Minerais Present) | Minerals | and Secondary
Dissolution of I Exhausted) | Minerais
Reactive Primary | | _ | Exhausted)
I | Dissolution of !
RATE1 || Secondary Minerais and || { Slow Dissolution of
I| Slow Dissolutionof |l | Less-Reactive Primary
Precipltation of I| Less-Reactive Primary || [and Secondary Minerais
Secondary Minerais I Minerals i
{retention of | I
reaction products) | [
l RATE2 | RATEZ
1
o { ;
EarlY‘Term M]ddle-Tal'm ! Late_'rerm Dralnage
(Drainage Chemistry Drainage Chemistry] | Chemistry
I
- RATE1 | :
! i
3 RATE2 RATE2 |
(4

Time R

Figure 3-1 Three Stages in Minesite Drainage Chemistry (from Morin and Hutt, 1997);

The First Stage begins when sulphide and metal-bearing primary minerals are first exposed o
air and precipitation. Because primary minerals are often far from equilibrium, their kinetic
dissolution rates are relatively high (Ratel, First Stage, Figure 3-1). Over this period, the
primary rates typically exceed the solubility of various secondary minerals like sulphates,
carbonates, and hydroxides, causing them to precipitate within or below the mine component.
The precipitation of secondary minerals is purposely avoided in kinetic tests like humidity
cells in order to obtain primary rates (Ratel). However, it is the metals and acidity remaining
in the drainage after secondary-mineral precipitation that create the measurable drainage
chemistry flowing from each minesite component (Rate2, Figure 3-1). This first stage can
reportedly last for years to millennia.

After most of the reactive pnmary minerals have been dissolved, the accumulated secondary
minerals begin dissolving (Figure 3-1). Because the precipitation and dissolution of many
secondary minerals is an equilibium process, Rate2 (Figure 3-1) is expected to remain

British Columbis Ministry of Empleyment and lovestment, Esergy and Minerals Divisloa



* r
-

-

Culdeilnes sad Recommended Methods for the Prediction of Metal Lenching sod A¢ld Rock Dralnage - DRAF!‘ #1 16

relatively constant and predictable for specific geochemical conditions. The First and Second
Stages of drainage chemistry can apparently last for decades to millennia.

TABLE 3-1
Kinetic vs. Equilibrium Mineral Reactions
. - Kinetic g Equilibrium
aqueous concentrations (mg/L) change with aqueous concentrations (mg/L) do not
“time change with time
aqueous concentrations (mg/L) can be . aqueous concentrations (mg/L) are
dependent on the ratio of water to mineral | - independent of the amount of mineral and
' water
if water remains in contact with minerals if drainage moves into contact with other
long enough (stagnant drainage), equilibrium | minerals, equilibrium will change, resulting
will eventually be reached in either new equilibnum or kinetic
conditions

The Third Stage of drainage chemistry involves the dissolution of only Iow-reacﬁvity
pnmary and secondary minerals like quartz. As a result, drainage concentrations fall to
relatively low levels and there is no acidic drainage.

Predictive modeling of elemental concentrations in drainage during the first two stages must
therefore focus on Rate2, whereas predictive modeling of duration of drainage chemustry up
to Stage 3 must focus on the cumulative difference between Ratel and Rate2 dunng the First
Stage (Chapters 9 and 10).

Because of the large ranges in contaminant concentrations found in drainage chemistry, the
prediction of minesite drainage is difficult and must include significant uncertainty. The
objective in drainage prediction is to reduce the uncertainty to a level at which the hability
can be identified, and the appropriate monitoring, mitigation and contingency plans can be
selected.
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4. GENERAL GEOLOGICAL INFORMATION

4.1 Introduction

This chapter focuses on the critical first task in any prediction program; that is, the
identification, general description, and mapping of all the bedrock and overburden that will
be (for new mine proposals) or have (for existing or historical mines) been affected by
mining (Step 1 in Chapter 2). Since most of the variability in metal leaching and ARD
results from, or is associated with, differences in the spatial distribution and properties of
geological materials, this information is required to ensure that all the possible sources of
metal leaching are evaluated. The form and hydrology of mine components composed of
these umts will be discussed in Chapter 5.

The information required in this initial reconnaissance of the rock and overburden types can
- generally be derived from existing terrain mapping, drill logs, exploration reports,
metallurgical testwork and other relevant geological studies. While often overlooked in the
rush to do more problem-specific testing, this reconnaissance is necessary to ensure that the
entire range of spatial and geological variability is addressed, and that the subsequent
testwork is representative and comprehensive. Usually one or more of the properties used to
separate different geological units directly affect or are correlated with the occurrence of
weathering processes like ARD.

The following subsections provide more detailed explanations of the minimum description
expected for vanious geologic materials.

4.2 Genesis of the Ore, the Surrounding Waste Rock, and the Overburden

A detailed description of the paleoenvironment and the geologic procmseé_ that formed the
ore, the surrounding rock, and any overlying unconsolidated overburden 1s usually required.
This information may suggest both micro and/or macro depositional patterns which could be
expected in acid-generating and acid-neutralizing minerals. The macro depositional pattermns
of minerals, such as calcite and pyrite, could affect the distribution of potentially acid
generating (PAG) bedrock. The micro spatial distribution of minerals in relation to each
other and to fractures could affect their relative exposure and subsequent reactivity. This
information should be used when designing a sampling plan (Chapter 6).

4.3 Identification and Classification of Geological Units
For the purposes of this manual, the most useful delineation of geologic units would be

according to their effect on drainage chemistry. For example, Unit 1 may be capat;lc of
generating acidic drainage, whereas Unit 2 would consistently yield pH-neutral drainage.
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However, mining companies usuaily delineate rock units on the basis of other factors, such as
minerzlogy, physical appearance, origin, or whether the rock is ore or waste. As a result,
metal lcaching-speciﬁc information is initially not available.

The basic separation or differentiation of units at an early stage will be into categories such as
sedimentary, igneous, or metamorphic rock and basal till. Within each of these categories
there will be subcategories, such as intrusive, extrusive, and pyroclastic for igneous rocks,
and the various forms of alteration that can transform part of one rock unit inté another
distinct type. The delineation of units is not a simple matter and should be carried out with
the assistance of a Professional Geoscientist registered with the British Columbla Assomanon
of Professional Engineers and Geoscientists.

Ideally the geological materials can be separated into discrete, homogeneous materials or
“geological units”. However, it is recognized that both bedrock and overburden can be
highly vaniable, with changes occurring over small distances. Several mining projects and
mines i British Columbia have found that some portion of each unit is capable of acidic
drainage and another portion maintains pH-neutral conditions. This variation within rock
units greatly complicates the prediction of future drainage chemistry.

Where changes occur irregularly, along continuems or so often that it is impossible to
separate the overburden or rock mass into discrete homogeneous units, the proponent should
divide the rock mass into “manageable” units, based in part on size and location. For
example, bench or adit heights may be used to divide separately manageable units of waste
rock.

4.4 Spatial Distribution

In some cases, spatial distribution 1s a crntical parameter and the recognition of spatial
differences can significantly increase predictive accuracy and greatly reduce the amount of
PAG waste . For example, the sulphide content in till overlying mineralized bedrock is often
only significant in the 1 or 2 m above the bedrock contact.

The possibility of spatial differences should always be.considered when extrapolating sample
results from available near-surface areas to unsampled, deeper occurrences of the same
lithology.. Spatial effects on the metal leaching potential may depend on the proximity to the
source of ore mineralization. In other cases the primary control is some other distal source of
alteration.  Spatial differences may only be significant in one or two adjacent waste
lithologies. An example of where location may be significant are porphyry systems where
discrete pyrite alteration halos occur outside the zone of economic mineralization. This may
be an important consideration if, as is sometimes the case during mine development, dnll
- core 1s not available beyond the ore penmeter.
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4.5 Mapping

Geologic cross-sections and plan maps shouid be presented to show the location and
distribution of all significant geologic units. The mapping should show the proposed open-
pit excavation, other mine features, the shape and location of all impacted bedrock and
overburden, and the proximity to sources of mineralization, alteration, weathening, or
leaching.

4.6 Description of Each Unit

Written descriptions should be provided for each unit, including the physical appearance, and
the general mineralogy and elemental composition. This information usually available from
the exploration program, is critical in designing an appropriate sampling plan (Chapter 6).

To the degree possible, the description should focus on the central tendency and variability in
properties of importance to metal leaching. Ideally the parameters reported should include
the mass, dimensions, mode of genesis, lithology, bulk and vein mineralogy, sulpiude
mineralization, hydrothermal and supergene alteration features, degree of oxidation, colour,
results of the hydrochloric-acid fizz test, grain size, texture, structure, fracturing, strength,
competency and spatial distribution of the above. Properties such as colour, grain size and
texture will be used in field identification. Mineralogical information should include
descriptions of the primary, secondary and alteration minerals for each significant geologic
unit.

If possible, the description should include the eventual or existing forms of exposure (for
example, pit wall, tailings, ore or waste rock - see Chapter 5).

4.7 Existing Mines

For existing operations and where new mining projects will affect or be affected by historical
mining, geologic descriptions should include the characterization and mapping of existing
mine wastes and excavations. In addition to the properties listed previously, the information
reported for existing mine wastes and naturally unconsolidated materials, like glacial till,
should include the particle size distribution, the mode of deposition and/or exposure, and the
quantity (weight, volume and/or aerial extent). Existing mining-related disturbance should
be mapped in sufficient detail to show the topography of both the mined areas and the
surrounding terrain, the underlying strata and the location of any permanent or intermittent
water courses. The mapping should also indicate if any other mining has or is occurring n
the same immediate watershed.
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5. DESCRIPTION OF THE MINE AND MINE COMPONENTS
5.1 Introduction

Various geologic units (Chapter 4) are disturbed, exposed, excavated, reworked and
deposited, and become various mine components (Table 5-1). In addition to this exchange of
solids, water may also be passed among components until finally discharged to the local
environment. A detailed, but not exhaustive, example of solid and water distribution is
shown in Figure 5-1. ‘

The eventual form and depositional conditions for each waste type/ exposure type/ geological
unit combination, the waste volumes or surface area and the rates of these exchanges, as well
as the overall physical and geochemical inventories of the components, are important in the
prediction of future drainage chemistry. Considerations for each component and the
recommended information for prediction are discussed in the following subsections.

TABLE 5-1
Common Mine Components at Minesites in British Columbia
Open Pits Underground Workings
jWaste-Rock Dumps Low-Grade Ore Stockpiles
Ore Stockpiles Tailings Impoundrnents
Roads . | Disturbed-Rock Foundations for Buildings
Dams surrounding another component if Ditches surrounding or extending between
buiit of different material other components
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Figure 5-1. Schematic Diagram of & Mining Operation (from Morin and Hutt, 1997)..
Interactions among components are indicated by arrows (solid = liquid exchange,
dashed = solids exchange).
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5.2 Waste Rock

The following factors should be considered when predicting the future drainage chemistry
from a waste rock dump.

The coarseness of some waste rock will allow unrestricted air movement. In the absence
of some form of oxygen barrier or sink, aerobic conditions may be expected to persist

“throughout a waste rock dump.

Typically in B.C. more than 75% of the mass occurs as coarse particles in which the
mineralogy is almost entirely occluded from oxygen and water, and thus relatively inert.
Drainage chemistry will be controlled by the relatively small portion of the mass which
occurs as fine-sized particles. The more cohesive the rock, the smaller the proportion of
fines.

The proportional composition of the fine-sized particles may deviate from that of the
whole, with less drainage input expected from more cohesive, stronger grains and a
greater contribution expected from grains along plains of weakness.

While much remains to be understood about waste dump hydrology, evidence to date
indicates that drainage occurs along preferred pathways. Significant volumes of the
dump appear to be hydraulically isolated and thus to varying degrees do not contribute
their weathering products to the effluent drainage.

In typical dump construction, each truck load is dropped or pushed over the advancing
terrace face, where to varying degrees it spreads from crest to toe. As a result, a portion

“of each truckload used to construct a single lift will remain at or near the surface.

Specific prediction needs for waste rock are as follows:

Regular operational sampling and analysis of the fine fraction* is usually necessary to
venfy pre-mining material characterization, and to determine the relationship between the
composition of the fine fraction and whole rock analysis. Predictions based on drill core
should be modified according to observed differences.

For proposed operations which do not yet have wastes to analyze, petrographic methods
can be used to estimate the relative contribution of critical minerals to the fine-sized
fraction and to the surfaces of coarse particles. Comminution effects may also be

* Based on MEI research, the <2mm fraction is suggested as typically being representative of the fine partcle
size and as for sand-sized grains is the particle size in which typically most of the mincral grains will be
exposed. The diameter of the size fraction in which all the grains are exposed and which dominates sample
reactivity is a material specific characteristic, requiring material specific considerations.
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predicted using weathering simulation methods, such as slaking or coarse crushing.

Sampling requirements will depend on the questions béing addressed. However, a
generic- recommendation for drainage-chemistry prediction for a single lift of a waste
rock dump is to sample the fines exposed in shallow surface trenches.

5.3 Tailings

The following factors should be considered when predicting the future drainage chemistry of
tailings.

Pre-mining predictions based on ore should consider the changes in composition that will
result from milling. For example, the milling procedures used by metal mines remove
some sulphides and can add alkalinity, both of which reduce the potential for metal
leaching or ARD. Other milling practices can increase the potential through the addition
of metal-bearing reagents, like copper sulphate. The precise effect on the metal leaching
potential will depend on the milling process, the pcrtment mineralogy and particle
size/grain size relationships.

Tathings are often fine textured with most, if not all, of the mineralogy exposed and able
to contribute to weathering processes.

The fine texture of tailings creates, relative to waste rock, a reduced pore size and a lower
permeability for both air and water. This may result in a raised water table and/or
restricted drainage loss into surrounding, more porous strata. Restricted air movement
may limit the rate of oxygen replenishment, reducing acid generation and metal leaching
and perhaps changing the balance between acid generation and neutralization.

Significant mineralogical and particle-size segregation may occur when the tailings are
deposited. The selective deposition of heavy minerals and the creation of raised sandy
beaches may create zones of higher metal leaching potential close to the deposxtlon pomt
The potential separation of sulphides and carbonates on tailing beaches may result in
localized ARD. _

Specific prediction needs for tailings are as follows:

Regular operational tailings sampling and analysis, necessary to verify pre-mining
matenal characterization, should include monitoring to determine whether mineralogical
and particle size segregation create zones of higher metal leaching potential close to the
deposition point. Predictions should be modified according to observed differences.

Hydrological or gaseous limitations should be investigated whenever prediction tests
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suggest a metal leaching potential.

¢ Pre-mining prediction should include a milling/metallurgical study to determine the
removal of sulphides, additions of alkalinity and-additions or removal of metals for the
range in ore composition, and a detenmination their effect on the metal leaching/ARD
potential. The study should identify the milling process, the pertinent mineralogy and
particle size/grain size relationships.

5.4 Open Pits and Underground Workings _

‘The chemistry of drainage from open pits and underground workings will be determined by
the quality and quantity of waste rock, talus, mine walls and fractures, and the frequency with
which they are drained. In some cases, only a small portion of the mass will be exposed to
weathering processes, so the resulting drainage. chem.lst:y will be generated from a very small
portion of the whole. .

Signiﬁcant amounts of waste materials (waste rock or tailings) or talus from wall collapse

may be present in open pits and underground mines. Often, these materials contribute more

reactive surface area than the mine walls and fractures.

5.5 Stockpiles of Ore and Low Grade Ore

Ore 1s often stockpiled for relatively short periods of time, but can release drainage with
unacceptable chemistry if highly reactive. The composition and fate of low grade ore
stockpiled at a minesite is determined by transitory economic factors and is therefore
somewhat .uncertain. Consequently predictive testwork is required to determine the
composition of any stockpiled materials. If there is a potential for ARD or significant metal
leaching, thorough kinetic testing supported by detailed on-site monitoring wiil be required to
determine the time to initial onset of unacceptable drainage chemistry. In essence this work
should follow the procedure for waste rock (Section 5.2).

5.6 Physical Inventory of Mine Components and Exchange of Solids and Water

The following data must be collected in order to inventory the mine componcnts and the
exchange of solids and water.

e Climatic data, mcludmg tcmperature and precipitation, and the surface and ground
water ﬂows in the area.

« . For each proposed or existing mine component (Table 5-1), the volume/tonnage and
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lateral area at various times in the minesite’s history.

e The amount of each geologic unit {Chapter 4) reporting to, or exposed in, each
component.

The information should be summarized in tabular format. Based on the climatic and water-
flow data, the flows of water into and from each component through time should be
calculated on a monthly or more frequent basis. .

The times at which each unit was/will be exposed and expanded should be tabulated based
on the mine plan and schedule. -

5.7 Geochemical Inventory of Mine Components

Based on the physical distribution of geologic units within each mine component (Chapter
5) and each unit’s overall geological and mineralogical composition (Chapter 4), rough
estimates of each component's composition ¢an be made. Of primary importance is the
inventory through time of all acid-generating and acid-peutralizing minerals as well as
minerals that can leach metals of environmental concern. The level of detail for each
component will depend primarily on its depositional environment and on its potential for
unacceptable drainage chemistry.

. British Columbla Minlstry of Employment.and lnovestment, Energy and Minerals Division



Cruldelings and Recommended Methods for the P[gﬂctign-of Mctal Leaching and Acld Rock Dralasge - DRAFT 4 26 - ’

6. SAMPLING REQUIREMENTS
6.1 Introdunction

One of the most important parts of any prediction program is the sample selection and
preparation prior to analysis. The objective in sample selection is to choose samples
representative of all the different types of materials that will be excavated or exposed.
Without the selection of representative samples, all subsequent analyses and interpretations
may be invalid. This chapter will focus primarily on the purpose and rationale of proper
sample collection, rather than the collection techniques. Appropriate techniques for
extracting rock and tailings have been discussed in various reports for the British Columbia
Acid Mine Drainage Task Force and the federal Mine Environment Neutral Drainage
{MEND) Program.

Every program will be faced with questions regarding the location, number, size and type of
samples to collect. The answer to each of these questions will depend on the prediction
questions, on the particular site, on the mine plan and on what test material is available.
Different materials provide different information. For example, geochemical testwork on
both comparable old and new drill core may provide pre-mining information on mineral
reactivity at the site; testwork on both old and newly exposed tailings may reveal changing
geochemical conditions, how quickly different minerals react and the fate of released metals.

' Owing to the significant cost involved, the impértancc, the complexity and the specific
requirements of each mining project, a proponent is advised to discuss the sampling program
with regulatory agencies prior to its implementation.

6.2 Number of Samples

Every sampling program faces the question of how many samples shouid be analyzed. The
simple answer is that sufficient samples should be collected and analyzed to determine the
statistical distributions (e.g., Table 8-1) of relevant geochemical parameters.

As significant varability can result from differences in mineralization, alteration and
lithology, sufficient samples should be taken to accurately characterize the variability and
central tendency over the entire area of disturbance and for each significant geological unit.
The actual number of samples required for a particular area or material will depend on the
vanability of critical parameters, the questions being asked, and the degree of accuracy
required. Obviously, the answer to the question of how many samples to collect will be
different for each geologic unit and mine component.

A proponent should be guided by all available site specific information and use statistical
guidelines for selecting the appropriate number of samples. Ideally sampling will be an
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iterative task involving several phases of sampling and analysis, with each phase informed by
the results from the previous campaigns. ,

The following arbitrary recommended minimum number of samples from each rock unit or a
mine component based on tonnage of disturbed rock is provided for use in the first phase of
testing, in the rare case where no other guidance is available for initial sampling (Table 6-1).

TABLE 6-1
Minimunm Number of Samples for Preliminary Static Testing
{from Price and Emington, 1997)

Tonnage of Unit (metric tonnes) Minimum Numbcr of Samples
< 10,000 : 3
< 100,000 8
< 1,000,000 ' ' 26
<10,000,000 80

A relatively new technique of ABA interpretation, block modeling, provides a statistical
basis for determining how many samples to collect and generally would require significantly
more samples than indicated in Table 6-1. Block modeling involves the conceptual
. discretization of a proposed pit or underground working into blocks, often several metres in
each dimension. Geostatistical techniques like Kriging are then used with analytical data
from core to designate each block as either ore or waste. Similarly, each block can be
designated net acid generating or net-acid neutralizing based on ABA data. For this to be
statistically significant, ABA core samples must be collected no further apart than 50 m
lateraily and vertically (Morin and Hutt, 1997). For larger pits, this may lead to more than
1000 ABA samples.

6.3 Source of Material to Sample

The second major issue in sample selection is the type of material to sample. Where a mine
component exists, the actual in-situ material should be collected. However, this is not always
possible. For example, a proposed mining project cannot collect samples of non-existent
waste rock. As a result, crushed drill core may have to substitute for blasted waste rock.

One advantage in using drill core is that it is available for all the areas of disturbance.
Another advantage is that the location, grade, and visually detectable geological conditions
have usually been recorded, allowing a preliminary separation into “operational” geological
units (rock types) and management units.

Prior to mining, the choice of test materials for predictive work is often restricted to dnli
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core. Notable exceptions are the tailings created in the pilot scale testing of the mill circuit,
and waste rock and large bulk samples extracted from exploration adits. Exploration waste
rock may provide valuable information on the composition of the fine size fractions and
relative mineral exposure. The analyses of tailings from miill testwork may indicate
proportional sulphide removal and the effect of milling on the ABA characteristics of ore. In
both cases, caution is required in extrapolating thc results from a limited sample population
to the entire range of site conditions.

For existing waste dumps or rock walls, the spatial distribution of composited subsamples
should cover a geochemically functional area or mass. This could be the depth of mixing that
occurs in waste handling, the minimum area that could be handled if separate mitigation were
required (e.g., a pit bench or adit rock face, or one lift of a dump or a muck pile), or the depth
of a significant iron-stained layer.

For most purposes, waste rock dump sampling can be restricted to the fine-grained portion of
the dump, typically the terraced dump bench. -Non-destructive/comminuting sampling
techniques will be required for waste rock or overburden where particle size differences are
important or for weathering studies where surface measurements are required. This generaily
precludes dnlling and may pose an insurmountable problem if the material of interest is
bunied.

Sampling requirements will depend on the questions being addressed. However, a generic
recommendation for drainage-chemistry prediction for a single lift of a waste rock dump is to
~ sample the fines exposed in shallow trenches which presumably will be representative of the
type of fines found throughout the dump. The rationale for this is that, in typical dump
construction, each truck load is dropped or pushed over the advancing terrace face, where to
varying degrees it spreads from crest to toe. As a result, a portion of each truckioad used to
construct a single hift will remain at the surface.

When sampling tailings, a critical factor to consider is the effect of alluvial deposition on
particle size and mineral segregation, and its consequent effects on metal leaching. In a
typical impoundment, discrete samples should be coliected from the slimes in the center and
the sands on the periphery.

Where the objective is to characterize the range, rate and form of weathering at the site,
discrete—geochemical zones are often identified by colour, primarily the red or yellow
discolouration indicating iron release and consequent precipitation. When using colour as an
indicator of weathering, a proponent should be aware that while the assoctation between iron
release and the degree of weathering generally holds true, this rule is not universally
applicable. Leached iron may precipitate in unweathered materials or be completely removed
if the pH is very low.

There are two examples in British Columbia (Cinola and Kitsault) where waste roFk would,
based on its grey, unoxidized colour, be visually classified as unweathered, when in fact the
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opposite is true. In both cases the site has high precipitation, and the materials in question
are hydrothermally altered, with a moderate pyrite content {1 to 3% sulphide-S) and little or
no NP. Upon weathering the leachate pH dropped below 3, so ferric iron remained soluble.
As a result, all the iron released by oxidation has been removed by leaching.

6.4 Sample Size

The issue of sample size involves two separate questions: the area or volume over which a
sample is collected (this section) and the actual mass collected (Section 6.5).

The area, volume or length over which a sample is collected (or subsamples are composited)
should be based on: '

e the proposed modes of extraction, exposure and deposition;
¢ the geochemically functional area;

» the material variability; and

s the prediction questions.

Composting of widely spaced samples is not acceptable. For drill core, the sampled length
(and thus weight) of core for each individual sample should be the proposed bench heights
for open pits or the proposed adit heights for underground workings. Ideally all the core or a
split can be used. Where no continual sample over the desired length is available, discrete-
interval subsamples should be combined to create a representative sample (for example,
compositing three to five subsamples collected at regular intervals over a bench or adit

height).

In general, stratified random subsampling can be used to create a representative sample for a
“mining” functional area or length (e.g., dump height or bench height). The exception to this
is where a sampling unit, such as a bench height, is split to avoid compositing lithologically
or otherwise very different materials, whose performance may be very different and which
occur in volumes large enough to handle separately. Where possible, compositing should be
designed to allow the discrete subsamples to be analyzed separately, if this is required to
determine small-scale variability. For example, a program of testing drill core samples,

prepared by compositing over a length equivalent to the bench height, could include the
occasiomal analysis of discrete subsamplm separated to permit the measurement of
lithological variability. -

6.5 Sample Mass

The minimum sample mass or volume is controlled in part by the laboratory’s requirements
for testing. Additional material beyond the minimum should be collected in case there are
additional analysis or QA/QC requirements (e.g., replicate testing). There is a minimum
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weight of 2 kg needed to conduct all static tests in Chapter 7, with a 4 kg sample preferred.
To conduct the laboratory kinetic tests of Chapter 9, a2 minithum of 2 kg is also required, with
4 kg preferred, in addition to the minimum of 2 kg for pre-kinetic static tests. The field
kinetic tests of Chapter 9 typically require several kg to many tonnes depending on the design
of the test. ‘

6.6 Sample Description

It is very important that a geological description be provided with each sample. This
information can be used for field identification and will show where the sample fits within
the group it represents. Geological information, which for proposed mines can usually be
derived from drill logs, will also be used to reassign samples if the geological units are
reclassified, and can be used 10 explain anomalous ARD test results.

CROSS-SECTION 8500N

, Drillhole
Driflhole
94-10 93'“‘
Overburden 1/
!/
/

Volcanic
Tufls
: Alitered
p Volcanic
_ Tuffs
ABA $4-10-02 I
/
= / 3]
g g
" 4 i)

Figure 6-1. Example of Required Geologic Cross-sections for Core Samples
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In all cases, every sample should be accompamed by a unique sample name, sampling date,
and descriptions of sampling location, sample size, and visual characteristics like Munsell
colour, visible mineralogy and apparent grain size. The Munseil colour chart provides a
standard procedure for reporting the colours of weathered materials. Al this information can
be critical in the correct interpretation of analytical results.

Samples sttes should be plotted and shown on plan and cross-section maps. Where dnll core
is used, the locations of the samples should be plotted on geologic cross-sections (e.g., Figure
6-1). The sections should include 2 depiction of sample intervals along drill holes and rock
units. _

6.7 Particle Size and Exposed Surface Effects

Two factors that should be kept in mind during sample seiection, in samplc preparation pnor
to analysis and in the interpretation of analysis results are that:

* significant mineral reactivity requires exposure to oxygen and/or water, and

 most laboratory analyses do not distinguish the exposed, potentially reactive portion of a
sample from the portion that is physically occluded and at least for now, largely
unreactive.

The requirement for surface exposure is one of the reasons why ore is crushed prior to
milling. Crushing can make physically unreactive grams reactive. It has a similar effect
when the whole sample, stones and all, is crushed prior to bulk assays. Before crushing a
sample, one should consider the effect on the resulting analysis results and whether some

.other analysis would create more accurate information. Considerations include:

® The reactive (exposed) portion may have a significantly dlfferent composition from that
of the whole.

® The proportional magnitude of the reactive fraction should be considered when
extrapolating laboratory results to the field.

¢ The possibility that a lack of physical exposure. prevents chemical reactivity should be
considered when studying mineral wcatherablhty in excavated materials and exposed
surfaces. :

There are two features to consider 1) whether or not mineral grains are exposed, and 2) that
the rate of mineral reactivity is determined in part by the area of surface exposure.

'One of the main parameters controlling surface area and mineral exposure is particle size

(Section 7.9). Surface area increases exponentially as particle size decreases (Brady, 1990).
Consequently most of the surface area and mineral exposure in a stoney unconsolidated
matenial will occur in the fine particles. In contrast to the sand, silt and clay, relatively fe\';v
mineral grains in coarse fragments occur on exposed surfaces. Because most of the mass is

British Columbia Ministry of Employment and Investmeat, Energy and Mioerals Division



ty
f

Guidcllnes and Recommended Mcthods for the Prediction of Metsl Leaching and Acld Rock Dralpage - DRAFT #1 32

physically occluded from oxygen and water, competent coarse fragments and mine walls
typically can contribute relatively little to drainage chemistry.

For matenals like tailings, consisting entirely of finely crushed particles in which almost all
the mineralogy is exposed, the “whole” sample should also be analyzed.

For stony materials like waste rock or till, where only a small proportion of the whole is
physically available to react, greater prediction accuracy will be achieved by selectively
analyzing the “reactive” size fraction. This is particularly important for a waste rock in
which most of the mass occurs in coarse particles. At the Whistle project in Ontario (K. De
Vos, personnel communication) and from the Kitsaunlt mine (McLaren, 1986) less than 3% of
the mass was estimated to occur in the < 2 mm particle size fraction. These two sites are
likely typical of the competent, indurate rock types found at most precious and base metal
mines.

When sampling an existing waste rock, ‘a representative sample of the fines containing
matenal- should be collected (i.e., stones and all). Because of the difficulty in sampling
bouiders, there is generally a particle size cut off around {2 cm. A recommended imitial
particle size separation for waste rock samples is by dry sieving to separate the >12 mm
(stones), 2-12 mm (gravel) and <2 mm fractions.

Depending on the prediction objective, subsequent testing can be carried out on the particle

_size(s) that illustrate the effects of weathering or whose weathering will determine drainage

chemistry. Ideally the decision regarding the upper particle size cut-off for the “reactive”
fraction should be a site specific evaluation that considers a number of features including the
grain size of reactive minerals, the extent of previous weathering and the competency and
porosity of the coarse ﬁ'agmcnts Based on observations of mineral reactxﬂty made on waste
rock with a wide range of grain size (Price and Kwong, 1997), if there is no site specific
information, a general rule of thumb used by MRS is to recommend that the < 2 mm fraction
be considered the reactive fraction, and that this size fraction be separately analyzed
whenever appropriate in static and kinetic test work. The validity of this generalization
should be assessed for each site and material.,

Ideally analysis should be done on stony media and should be done on size fractions
represcntatwc of both the reactive fines {e.g. <2 mm) and the coarse fragments (e.g. > 12
mm).

Some of the possible drawbacks associated with using the < 2 mm fraction to rcpresem the
reactive fraction are that:

e sieving is required, and additional handling could alter the quality of the sample;

o a large enough subsample of the < 2 mm fraction may be unavailable, and too small a
sarnple size may not yield representative data;

e the analysis will not measure the contribution from the coarse fragments, which may be
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significant if coarse fragments are incompetent or porous, or the < 2 mm fraction is
unreactive;

e the analysis assumes that most contaminant release comes from this size fraction. This
assumption may not be correct for historic mine wastes and for naturally weathered
materials in which weathering has progressively removed reactive minerals from the
finer particles;

Other advantages with separately analyzing the < 2 mm size fraction are:

it requires a small mass to provide a representative sample;

discrepancies in the coarse fragment content won’t significantly effect precision;

the smaller sample size requires smaller containers and apparatus;

provided the particle size distribution is known, the results can be applied for a material
which has a widely ranging stone content.

Where pre-mining waste rock characterization was based on some form of total sample
analysis (i.e., drill core or drill chips), QA/QC analysis of the resulting post extraction
“reactive” size fraction is required to verify the predicted composition. Pred1cuons should be
modified according to observed differences.

Historical waste rock and overburden can also contain non-reactive coarse fragments, but
with the extra feature that previous weathering may have removed reactive minerals from the
finest size fraction. An example of this was seen in talus samples at the Red Mountain site
near Stewart, where the finest fraction (< 230 mesh) often had the lowest sulphide content.
Consequently, most of the reactive capability in well weathered samples may be in
intermediate particle sizes (eg, 2 to 12 mm). Depending on the degree of previous

‘weathering, “reactive fraction” analysis should be camried out on a larger particle size

distribution for already strongly weathered materials (e.g., < 12 mm versus < 2 mm).

When only a portion of the whole material 1s collected or analyzed, the proportional amount
should be determined. For rock walls, this may require a visual assessment in the field. For
a waste dump, the proportion of the fines-containing material (versus fines-free stones and
boulders) should be estimated in the field. Laboratory sieve analysis of the *‘total” samples
taken from the fines-containing material should be used to quantify the proportional
contribution of the analyzed size fraction (Section 12.2).

Dlstmgmshmg the composition of the reactive size fraction or surfaces may not be possible
in the pre-excavation prediction of consolidated material like bedrock. For cohesive samples
like drill core, it is usually only possible to analyze the total sample. Where drill core is used
to predict the composition of waste rock, petrographic methods can be used to estimate the
relative contribution of critical minerals to the fine-sized fraction and to the surfaces_of
coarse particles. Comminution effects may also be predicted using weathering stmulation
methods, such as slaking or coarse crushing.
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When attempling to identify the reactive fraction in a particular waste rock, overburden or on
a rock wall, one should consider the composition, porosity, friability, previous exposure and
hydrology. Even for cohesive strata like drill core or rock walls, it might be possible 1o
selectivity sample and analyze the composition of friable, potentially incompetent or water
bearing veins and fractures, if the goal is to make a more refined prediction of the reactivity.

6.8 Sample Preparation

After being collected a sample should be air dried or oven dried at a low temperature. Oven
drying at temperatures no higher than 40 °C will ensure most minerals are not altered. Prior
to drying, the sample should be kept cool. However, drying will cause additional secondary
minerals to precipitate during evaporation of the porewater, which could complicate testwork:
and predictions.

If the sample contains stones, it should be separated by dry sieving into the >12 mm (stones),
2-12 mm (gravel), and <2 mm size fractions. The weight of each fraction should be
measured and recorded. Where particles are cemented together, they may be separated
through some form of mechanical vibration or chemical pretreatment.

Depending on the test requirements, a subsample should be split-off for crushing. Crushing
is required for consolidated, surface-less bedrock samples and for bulk, whole, or total

. sample assays. Depending on the laboratory, crushing is usually to < 74 pm (200 mesh) or
120 pm (120 mesh). Typically crushing occurs to an unspecified degree on an unspecified
particle size distribution. This is no longer acceptable practice.

Crushing the entire sample is said to provide a representative subsample. Since crushing also
creates new surfaces, exposing minerals otherwise occluded from weathering processes, it
should not be done on the test material intended for surface measurements of pH or soluble
metals.

In sample preparation and subsampling prior to analysis, care should also be taken to collect
samples which are large enough to limit “nugget effects” due to the non-uniform distnbution
of minerals in clusters. For example, if pyrite occurs ds large porphyroblasts, the sample
~ volume should be large enough to limit sub-sampling errors due to the random variation of
the number of porphyroblasts in the sample.
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7. STATIC TESTS

7.1 Introduction

Static test is a term used in ARD and metal-leaching studies to describe analyses that
measure the quality and quantity of different constituents in a sample at one point in time, for
example, the total and soluble concentration of a particular metal. There is an almost
unlimited variety of static test analyses. The tests described below, which measure
parameters specific to metal leaching, should be considered for inclusion in any metal
leaching/ARD prediction program.

The information denived from the recommended static tests, in conjunction with preévious
experience, can form the basis for preliminary estimates of metal leaching or ARD. For
example, by comparison with other samples, whose performance is known, static test results
may suggest how a sample has been altered in the past, or may weather in the future. Static
test screening criteria can be very useful for identifying materials with no ARD potential or
elements of little concern. However, the reader is cautioned that given the present ignorance
regarding rock and mineral reactivity, and the lack of detailed historic site characterization
and monitoring, static test criteria are generally coarse and conservative.

A static test result may suggest, but it cannot on its own show temporal performance. Kinetic
tests (experimental designs that simulate or allow the measurement of weathering - Chapter
9), are required to assess or predict reaction rates and geochemical evolution (Chapters 8, 10,
11 and 12). Kinetic testing in combination with static tests, is required to develop more
refined and precise, site-specific estimates.

" This chapter describes recommended analysis procedures for the following 1mportant static
test parameters. These tests include:

a) Elemental Analysis
s  Whole-rock major element analyses by XRF; :
e Muilti-element trace analysis by ICP after strong acid dxgestxon (major, mirior and
trace constituents);
Soluble constituents;
Other selective-dissolution analyses including delineation of accumulated reaction
products;
b) Sulphur species, including sulphide, leachable sulphate and total sulphur;
c) Neutralization potential;
» Sobek neutralization potential; ‘
o Carbonate-based neutralization potential, including detection of iron and
manganese carbonates; |

d) pH
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¢ Surface rinse pH;
» Crushed sample pH (crushed pH);
e) Particle-siz¢ analyses; and
f} Mincralogical determinations/exarminations;

The recommended procedures for whole-rock major element analyses (Section 7.2), multi-
element analyses (Section 7.3), solubility and other selective extraction tests (Section 7.4),
particle-size analyses (Section 7.9) and mineralogical examinations (Section 7.10) follow
generally available procedures commonly used in geology and soil science.

The combined measurements of sulphur species (Section 7.6), neutralization potentials
(Section 7.7), and paste (crushed) pH (Sections 7.8), accompanied by the calculation of net
neutralization potentials (Section 8.1.1) and net potential ratios (Section 8.1.2), are typically
known as acid-base accounting (ABA). There are several variations of ABA. However, the
basic procedure by Sobek et al. (1978), also known as the EPA-600 method, has been the
procedure most commonly used in British Columbia and around the world. Because of it
extensive use, the Sobek procedure permits validation against field observations collected
over the past approximately 20 years.

Many of the static tests discussed in this chapter provide complementary, somewhat
redundant information. These seeming redundancies provide critical cross-checks on
predictive information, with discrepancies pointing to unusual conditions warranting further
examination and clanification. .

The procedures provided in this manual refer to the required particle size by diameter in mm
or um. A conversion table of diameter to U.S. Standard Mesh Sizes can be found in
Appendix 1.

- In order that static test results are properly applied and interpreted for the specific project and
natural site conditions, the results should be evaluated by personnel knowledge of both with
ARD/metal leaching technology and weathering/drainage chemistry-study requirements.
Informed, site-specific decision making requires comprehensive testing and is only possible
if the necessary information is obtained and correctly interpreted.

7.2 While-Rock Major Element Analyses

The objective of whole-rock major element aﬁalys‘es is to measure the total amounts of
common mineral-forming cations. This relatively cheap analysis can be used to:

* Measure the concentration of Al, Ca, Cr, Fe, K, Mg, Mn, Na, P, Si, Ti (all to 0.01%), ‘Ba
(to 5 ppm), Nb, Rb, Sr, Y (all to 2 ppm) and Zr (to 3 ppm), all reported as oxide
equivalents. In samples with a low sulphur content, sulphur can be measured down to
0.01%.
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+ Identify materials with very low levels of matrix aikalinity (little Ca or Mg), a situation
where anomalously low sulphide contents may result in ARD or wherc ARD onset may
be instantanecus.

s Measure the Ba concentration. Assuming that all the Ba occurs in this form, the XRF-Ba
content can be used to estimate the barite content, providing a possible correction to the
sulphide determination (Section 7.6). Ba should only be assumed to be barite if the
geology supports it. Ba may also occur in feldspars to quite high levels. .

 Provide a general measure of chemistry which can be compared to crustal and/or rock
type averages (Append:x 2). This data may be used to check the lithological
classification.

¢ Assist in the determination of all or part of the bulk mineralogy. This ranges from the

“relatively” simple use of elemental data to predict the concentrations of individual
minerals, the only ones in which they occur, to normative computer programs that
attempt to predict the entire mineral suite. Both assessments require additional
mineralogical information showing which minerals are present and the cation ratios in
solid solution minerals. To determine the mineral forms in which various metals occur
requires a mineralogical examination (Section 7.10). While it holds great hope for the
future, normative computer programs are presently unable to account for the
heterogeneous mix of hydrated, alteration minerals common in mined rock.

Due to cost and ability to provide the necessary level of accuracy, XRF is the recommended
procedure for whole-rock analysis. Other low cost options such as wet chemical digestion

~ procedures, may result in incomplete sample dissolution with a resulting biasing of the

results. Another common non-dissolution method, neutron activation NAA - gamma
spectroscopy analysis, is an appropriate exploration tool as it provides gold concentrations in
addition to related gold trace elements. The disadvantage of NAA is the possibility of matrix
interference caused by mineralized samples.

Limitations on the use of XRF are that:

» Sulphides may prevent a clean disk from being produced, causing signal interference in
the analysis which will not allow for the optimum detection limits to be achieved. XRF 15
therefore not recommended for high sulphide samples (usually >5% sulphides).

e Samples with high amounts of Fe can also cause signal interference, and high levels of
metals such as Cu and Zn can cause serious damage to the crucibles used dunng the
analysis. '

¢ XRF 1s not suitable for the detection of elements which occur at low levels in a sample.
Detection of trace (<100 ppm) elements can be done more reliably using other techniques
such as ICP (Section 7.3).

If samples are known to have elevated sulphide and/or metal contents, the proponent should

discuss the nature of the samples with laboratory personnel, and together decide if }CRF
analysis is possible. The recommended option for high sulphide samples is to use a lithium
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metaborate fusion and digestion technique with an inductively-coupled plasma or
inductively-coupled plasma atomic emission spectroscopy (ICP or ICP-AES) analysis.

Whole-rock results are usually reported as oxide equivalents: “Al,0,", “MgQ”, etc. which
show the cation levels balanced with oxygen. This is the traditional way of reporting the data
and does not mean that the cations in the sample necessarily occur in these oxide forms.
Elemental concentrations can be derived from the atomic-weight ratios shown in Table 6-1.
The sum of a whole rock analysis, including loss on ignition (LOI), will typically
approximate 100%. A significant deviation from 100% can indicate an analytical error, or

the presence of large amounts of sulphides, carbonates, phyllosilicates and/or hydrated
munerals.

Table 7-1
Atomic Weight Coaversions of

Oxide Mineral Concentrations to Equivalent Elemental Concentrations
To convert from To equivalent Multiply By

ALQ, _ Al - 0.5292271

Ca0 Ca 0.7146933

Cr,O, Cr 0.3421052

Fe,0, ' Fe 0.3497182

MgO Mg ~ 0.6030761

MnQ "Mn 0.7744572

PO, P 0.2181907

K,0 K 0.4150562

S10, Si 0.4674654

Na,0 Na 0.3709261

Ti0, Ti 0.5994993

The method(s) used for XRF whole rock analysis may vary slightly between laboratories.
This variation in technique may be due to differences in the instruments. For example, one
manufacturer may suggest operational methods and sample preparation techniques which are
different from another instrument manufacturer. Also, a certified laboratory will have
established sample preparation, analysis and' QA/QC procedures which have been developed
over years of performing the analyses and these procedures may vary slightly from other
. laboratories. Despite the slight variations, each laboratory should use similar method(s) for
whole-rock major element analyses.

For whole-rock XRF and ICP methods, as with all multi-element analyses, accuracy requires
careful calibration with a range of appropriate standards. Likewise, analytical precision
requires that the techniques used are consistent between samples and between laboratory
personnel.
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1. A finely ground sample is mixed with lithium metaborate flux and fused in a furnace at

approximately 1000°C.

From the resulting melt a thin glass disk is prepared and analyzed by XRF.

3. 'To analyze for Ba, Nb, Rb, Sr, Y and Zr about 2 g of sample is combined with a liquid
binder, compressed on a boric acid backing in an aluminum mold, dried and analyzed by
XRF spectrometry. '

4. To determine loss on ignition (LOI), approximately 1 g of sample is placed in a dry
porcelain. crucible, weighted, and ashed at 1000°C for about 1 hour. The sample and
crucible are then cooled in a desiccator, re-weighed and the LOI calculated.

~

eneral Procedure - (CP-AES Procedure

l. A finely ground sample is mixed with lithium metaborate flux and fused in a fumace at
approximately 1000°C. '

2. The resulting melt is allowed to cool and is then dissolved in a known volume of ~5%
nitric acid.

3. The resulting solution is analyzed by ICP or ICP-AES techniques with all inter-clement
interference (both major and trace elements) being corrected.

4. To determine loss on ignition (LOI) approximately 1 g of sample is placed in a dry
porcelain crucible, weighted, and ashed at 1000°C for about 1 hour. The sample and
crucible are then cooled in a desiccator, re-weighed and the LOI calculated.

1.3 Strong Acid Digestion Muiti-Element Trace Analysis by ICP

The objective of multi-element trace analysis is to provide a measure of the solid-phase levels
of various metals that maybe of environmental concern. Combined with metal-leaching rates
(Chapter 9) these levels allow the calculation of metal depletion times and can be used as a
screening tool to detect constituents which occur in anomalously high concentrations and
may, under unfavourable geochemical conditions, be a drainage-chemistry concem. It should
be noted that if ARD occurs even elements occurring in “normal™ concentrations may
become a concem. Determination of which elements occur in high concentrations can be
made by comparing the results with the normal range of concentrations found in rock and
soil. A list of normal trace element concentrations is provided in Appendix 3. In weathered
samples, metals below the normal range may indicate previous rapid metal leaching and .
depletion. These results should be used to focus future work on the materials and elements
requiring further investigation.

Where one mineral is the only source for a particular element, trace element concentrations
may be used to estimate this mineral’s concentration. For example, the Pb concentration may
be used to estimate the amount of galena. This procedure should be used with caution as
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many trace elements occur as a trace counstituents in other more common minerals, like
pyrite. Submicroscopic techniques should be used to check the assumption that there is a
sole mineral source. '

All geologic matenials impacted by the mine should be screened using the multi-element
analytical techniques.

Obviously total concentrations provide no information about the form in which the elements
exist and therefore are not to be taken as a direct measure of their threat to the environment.
[n many cases the mineral source may be inert or only sparingly soluble. Where elements are
present in high concentrations, further testing and analysis should be done to determine the
mineral source(s) (Section 7.10), the potential rates of release (Chapters 9 to 11) and the
environmental significance (Chapter 12).

Strong Acid Digestion Multi-Element Analyses by ICP

As the recommended XRF procedure for whole-rock major cation analysis (Section 7.2)
cannot detect the required lower concentrations of many trace metals, a strong acid
dissolution using aqua regia, or some other similar concentrated acid combination combined
with low detection ICP analysis is the recommended muiti-element trace analysis procedure.
Advantages of the aqua regia method include the cost, its ubiquitous use and the ability to
detect a large number of elements. Triple-acid or four-acid digestion methods are typically
more expensive but provide a more complete digestion.

For a standard 32 element aqua-regia digestion and low leve! ICP analysis, the optimum
mimimum detection limit varies between elements. Examples of minimum detection limits
that can be expected include Ag to 0.2 ppm; Be and Cd both to 0.5 ppm; Cr, Co, Cu, Hg, Mo,
Ni,; S¢, Sr and V all to 1 ppm; Sb, As, Bi, Pb and Zn all to 2 ppm; Mn to 5 ppm; Ba, Ga, La,
P, Th, W and U all to 10 ppm; Al, Ca, Fe, Mg, Na and Ti all to 0.01%; K to 0.1%. It should
be noted that detection limits and the elements reported may vary slightly between
laboratories due to differences the standards and in the techniques used to calibrate individual
instruments. ‘ : '

[t should also be noted that aqua regia does not dissolve the whole sample, and therefore it
may underestimate the concentration of some elements that dissolve slower or form more
inert minerals. Elements whose concentration may be underestimated include Al, Ba, Be, Ca,
Cr, Ga, La, Mg, Sc, Na, Sr, Th, Ti and W. In many cases, incomplete dissolution during
trace clement measurements may not be much of a concern, as most of the mineral sources
are soluble, and those minerals that remain inert in the test procedure are expected to be
similarly unreactive in the field. However, this is clearly not a total assay and whenever the
resulting concentrations are reported, they should be prefaced by the analytical procedure. If
aqua regia 1s used, the results should be referred to as the aqua regia metal concentrations,
and any unusual problems with incomplete sample dissolution should be reported. A more
complete digestion will occur with the more expensive concentrated triple-acid digestion
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method (perchloric, nitric, and hydrofluoric acids).

The main drawback with the standard 32 element agua-regia digestion and low level ICP
analysis done at some laboratories is that some of the potentially important trace elements are
not assayed (Se) or the detection limits may be too high (As, Hg and Sb). Selenium can only
be reliably determined using alternate digestion/extraction techniques and other non-ICP (i.c.
atomic absorption) detection methods, by analyzing the original sample solution separately
and by using background correction. Detection limits lower than those available with the
standard aqua-regia ICP analysis may also be achieved with alternate digestion techniques
and/or quantitative non-ICP methods. Until it is determined that As, Hg, Sb and Se are not a
concern, modification or additional analyses will be required.

* As with the XRF whole rock major clement analyses (Section 7.2), specific aqua regia - ICP
multi-element analysis methods may vary slightly between laboratories. " Again the reason for
this variation in technique may be due to differences in the instruments used and the certified
laboratory’s established sample preparation, analysis and QA/QC procedures. Despite the
slight variations, each laboratory should use similar method(s).

General Procedure

1. A finely ground sample is placed into a numbered test tube. Every tenth sample should
be a duplicate sample or an internal known reference standard.

2. Add a small known volume of aqua regia solution (concentrated HCL:HNO, - 3:1).

' Place test tubes in racks in a hot water bath making sure that the water level in the pan is

above the level of the sample solution. Digest at approximately 95°C for 2 hours.

4. Cool the sample and bring up to a known volume in a volumetric flask with
demineralized/deionized water. Cap, shake and centrifuge the samples.

5. Using a macro pipettor take an exact aliquot of the sample solution and transfer it to a
clean autosampler tube, adding additional demineralized/deionized water, if necessary,
and shake to mix sample. -’

6. Analyze sample on an Inductively Couplted Plasma (ICP) instrument using matrix
matched calibration standards. The ICP insttument should be calibrated according to
internal laboratory- QA/QC procedures and the instrument Operator’s Manual supplied by
the manufacturer. The analytical results should also be corrected for spectral inter-
element interference. ‘

b

7.4 Analysis for Soluble Constituents

In addition to primary-mineral weathering effects, such as sulphide oxidation, significant
contaminant release may also occur from the dissolution of surface coatings or soluble
minerals, such as carbonates and salts (Chapter 3). Solubility is generally only a concemn
where materials are already oxidized as a result of historic supergene processes, previous
mining or a delay in the use of prevention measures. Metal release through dissolution tends
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to occur as a result of changes in the leaching rate or through the removal of solubility
constraints. These latter processes can result from submergence, cxposurc to precipitation or
movement of material into a drainage path.

The presently recommended solubility testing procedure is a modification of the shake flask,
leachate extraction procedure outlined in the Special Waste Regulation of the British
Columbia Waste Management Act. The sample should be shaken for 24-hours, using
distilled water, at a 3:1 water to solid ratio by weight. The use of a 3:1 solution (excess water
or weak acid) is to ensure all soluble products can dissolve without solubility limitations.
The gentle agitation for 24 hours is to ensure continuous exposure of all surfaces and mixing
of the nnse solution.

To determine the. presently leachable components, the recommended procedure is a distilled
water leach. The distilled water can be replaced with a weak acid solution to determine
solubility under the low pH conditions that would result from ARD.

For unconsolidated materials, the test material should be an “as is” (uncrushed) subsample.
For consolidated matenials like drill core, crushing is required and it is therefore only possible
to measure the “crushed” soluble constituents. For fine textured materials (e.g., tailings) or
pulvenzed bedrock, the analysis should be done on a subsample of the total sample. For
materials containing coarse fragments (e.g., till and waste rock), the analysis should be done
on a subsample of the whole sample or if there are logistical problems on a subsample of a
size fraction that is representative of the reactive material. The drawbacks associated with
-using the < 2 mm fraction to represent the reactive fraction are noted in Section 6.7. The
advantages to the use of the < 2 mm size fraction, in addition to those noted in Section 6.7,
are that a smaller (50 to 100 g) sample is required and therefore smaller containers and
shakmg" apparatus.

Becausc solubility is only a concem in a limited number of situations, soluble-constituent
testing should be used selectively. The potential for metal solubility, and consequent need
for testing, should be determined from the initial characterization of geological matenals
(Chapter 4), the sulphate content (Section 7.6) and the results of petrographic examinations
(Section 7.10).
7.4.1 Distilled Water Extraction

hemical
1. Deiomzed or distilled water (H,0).

Matenals

I. 400 mL polyethylene or glass container.
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2. Rotary cxtractor or shake flask extractor.

Method

1. Weigh a representative 250 g subsample and place into a cleaned 1000 mL container.
Add 750 mL of distilled or deionized water of known chemical composmon, as defined
through chemical analysis, to the container.

2. Gently agitate the samples 6n a rotary extractor for 24 hours. On r_:.ompictlon of the
24-hour agitation, let the samples stand for 2 minimum of three hours allowing suspended
materials to settle.

3. Collect the supernatants, recording their volume. Measure pH of the subsample and then
immediately process the water (filter, preserve, etc.) and submit for chemical analysis
(multi-element analysis, etc.). Dissolved parameters are important to determine readily
soluble components. Total parameters would reflect release of retained products during
handling and physical abrasion of rock or tailings.

4. Transfer the wet solids from the containers to pre-weighed drying trays, ensuring all the
sample has been removed. _

5. Air dry the wet samples for 24 hours, or dry in an oven on low heat (<40°C) if necessary.
If the samples were dried in an oven, cool in a desiccator prior to weighing. - Record the
final weights of the dry samples.

6. Take a representative split from the samples. Submit the splits for desired static tests
such as whole-rock (Section 7.2), total-metal (Section 7.3), sulphur species (Section 7.6)
and NP analyses (Sections 7.7).

Interpretation of the Results

In the absence of site-specific objectives, the elements of potential concem can be selected by
companng the shake flask results with the discharge objectives, such as those reported in
Table V of the provincial Pollution Control Objectives for the Mining, Smelting and Related
Industries (Appendix 4). This comparison is only a screening approach for use prior to the
development of site-specific objectives. Values above or below thé Pollution Control
Objectives have no legal meaning. The determination of potential impact and a need for
mitigation will depend on the site-specific conditions.

Obviously the test results are determined by conditions such as the solid-to-water ratio which
may beé Very different from the actual site conditions.

7.4.2 Weak Acid Extraction

The procedure for the weak acid extraction is identical to that for the distilled water
extraction, except that water is replaced by dilute 0.1 N HCI (pH between 1 and 2). If
significant NP (Section 7.7) is present, additional acid may be required to maintain an acidic
pH.
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7.5 Acid-Base Accounting

The combined measurements of sulphur species, neutralization potential (NP) and pH,
accompanied by the calculation of acid potential (AP), net neutralization potential (NNP) and
neutralization potential ratio (NPR), are known as acid-base accounting (ABA). ABA
provides a useful rough guide as to whether a sample is potentially ARD generating (PAG),
an assessment that can be refined and calibrated with more detailed mineralogical
characterization, site specific observation and kinetic testing. Although universal ABA rules
do not exist, ABA characteristics, particularly the NPR, are often used for operationally
identifying and separating potentially ARD generating (PAG) materials, or as screening
criteria in the early phases of the prediction program.

There are several versions of ABA. The simplest procedure would be to use sulphide-S to
calculate AP and only one procedure to determine NP. The analysis suite recommended is an
expanded version of the Sobek or EPA-600 method (Sobek et al., 1978), which includes a
determination of all sulphur species. Modifications include the additional measurement of
carbonate-carbon, a revision in the procedure for measuring pH and possible corrections for
barite, iron and manganese carbonates, based on refined mineralogical characterization.

The resulting list of recommended ABA analyses are:

o Total-Sulphur, Acid Leachable Sulphate-Sulphur, Acid Insoluble Suiphate-Sulphur and
Sulphide-Sulphur .

'+ Bulk Neutralization Potential

» Carbonate-Carbon (Carb-NP)

. pH

7.6 Sulphur Species

Sulphur minerals are the primary sources of acidity and contaminant trace metals in mined
materials, and their measurement is a critical requirement in minesite drainage chemistry
prediction. The main variables for sulphur species are the various oxidation states and the
bonding with different cations. The chemical behaviour of sulphur depends to a large degree
on its oxidation state. The most oxidized state commonly found in nature is sulphate-S
(SO,")-~The most common sulphate minerals are the Ca sulphates, gypsum and anhydrite.
Under acid pH conditions, sulphate may occur in Al and Fe minerals. Most sulphate
minerals are soluble and acid leachable. However, one of the most problematic sulphate
riinerals from an analytical point of view is barite, which is insoluble and not removed in an
acid leach.

The primary reduced suiphur species, sulphide (§*) and disulphide (S,")t pr@marily occur
combined with Fe in minerals such as pyrrhotite and pyrite, whose oxidation generates
acidity. Notably, pyrite and pyrrhotite may contain other metals as trace constituents or as
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foreign inclusions. Other common sulphide minerals include chalcopyrite (Cu, Fe) and other
Cu specics, arsenopyrite (As, Fe), sphalerite (Zn, Fe), and galena (Pb). Intermediate sulphur
species such as etemental suiphur and thiosulphate are reportedly capable of generating some
acidity upon oxidation, however, they are not common and there are no well documented
examples whcre they have had a significant effect.

The third common category of sulphur species are organic forms which may be common in
coal or in unconsolidated materials that have supported plant growth.

Under acid conditions significant potential acidity may reside in acid sulphate minerals and
in certain forms of iron and aluminium. However, ABA is generally carried out to determine
the likelihood of ARD from neutral pH samples. Under these conditions, the maximum
potential for future mineral acid generation is calculated from the sulphide-S content. Ideally
the sulphide-S content will be determined using the recommended expanded sulphur
analyses. Short-cuts are possible if there is no organic-S or sulphate-S. However, these
assumptions must always be checked. The initial ARD predictions at Huckleberry Mine
were based on the assumption that all total-S and sulphide-S were synonymous. This
assessment was based on the assumption that all the sulphur occutred as pyrite (FeS,). In fact
a large proportion (up to 3% S) occurred in the non-acid generating forms of gypsum and
anhydrite (calcium sulphates). As a result, the mine greatly exaggerated the acid generation
potential (AP), erroneously predicting that all the Main Zone waste rock and all the tailings
would be potentially acid generating {(PAG).

The recommended procedures for determining sulphur species follow the basic procedures of
Sobek et al. (1978), also known as EPA-600 acid-base accounting (ABA). Recommended
expansion and modifications of the EPA-600 method are provided in italics.

Different species of sulphur are isolated using the various leaching procedures prescribed
below. The sulphur concentration in each subsampie is measured with a Leco sulphur
- analyzer, with the results used to determine or calculate:

s total-S,

» sulphide-S,

» acid-leachable Sulphate-§,

e acid-insoluble Sulphate-S and
e organic-S.

The detailed procedures for the preparation and analysis of sulphur with Leco equipment can
be found in the equipment manuals.

For organic-free samples, the sulphide-S content may be calculated from the difference
between acid-leachable sulphate and total-S, with a possible correction for barite. Obviously
this short cut should be avoided for coal samples or samples including roots, woody debns,
leaves, etc. Direct determination of sulphide provides a QA/QC assessment when compared
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to the calculated sulphide.

4.

emical bek et al., 1978

Hydrochloric acid (HC1), 2 parts acid to 3 parts water: mix 400 mL of concentrated HC]
with 600 mL of distilled water.

Nitric acid (HNQO,), 1 part acid to 7 parts water: Mix 125 mL of concentrated HNO, with
875 mL of distilled water.

Silver nitrate (AgNO,), 10%: Dissolve 10.0 g of AgNO, in 90 mL of distilled water.
Store in amber bottle away from light.

Nessler's Solution (Fisher Scientific Co. No. So-N-24 or equivalent).

Materials (from Sobek et al., 1978)

i.

NovA LN

Leco Induction Furnace and Automatic Sulphur Titrator, prepared and operated
according to the Operator’s Manual and internal laboratory QA/QC and opera:mg
procedures. i

Funnels, 28" I.D. polyethylene.

Filter paper, 5.5" glass fibre.

Flasks, Erlenmeyer, 250 mL.

Beakers, 100 ml.

Syringe-

Balance, can be read to 0.001 g.

Procedure (from Sobek et al., 1978)

L

WA

Take three 0.500 g subsamples of less than 60 mesh material.

Total-S (from Sobek et al., 1978)

Take one subsample and analyze for total sulphur.

Acid-Leachable Sulphate-S (from Sobek et al., 1978)

Taking care not to sharply crease the glass fibres, fold filter paper to fit a polyethylene
funnel.

Place second subsample in ﬁlter NOTE: Make sure all material is placed in the filter. -
Place subsample and filter onto funnel holder in sink or other suitable pan which can
receive outflow from funnel.

Using a syringe, pipette, or other graduated dispenser, add 2:3 HCl to almost the top of
the filter paper. Caution: During this step and all other leaching steps, be careful not to
lose any sample by runover, splashing, or breaking through the filter paper.
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10.
11.

12.
13.
14.
15.

16.

17.
18.
19.
20.

21.
22.
23.
24

25.
26.

27.
28.
29.
30.

Zvi

Repeat step 6 unti! a total of 50 mL of acid has been added.

Place funnel holder, containing funnel and subsample, over a 100 mL beaker.

Leach subsample with 50 mL of distiiled and deionized water. Discard leachate. NOTE:
Stop here if procedure cannot be completed in-one day. CAUTION: Samples must be
kept moist. ' :

Leach subsample with another 50 mL of distilled and deionized water. :
Test leachate for chlorides by adding 3 drops of 10% AgNO, with a dropper. NOTE: Th
presence of chlorides will be detected by a white precipitate.

Discard leachate and repeat steps 10 and 11 until no precipitate forms.

Discard leachate.

Air dry subsample and filter ovemight.

Carefully fold glass fibre filter around the sample and transfer to ceramic crucible for
[residual] total sulphur analysis.

Sulphide-S (from Sobek et al., 1978)

Place third subsample in a 250 mL Erlenmeyer flask. NOTE: Make sure all of the
subsample is placed in the flask. '

Add 50 mL of HNO, (1:7).

Let stand overnight at room temperature.

Taking care not to sharply crease the glass fibres, fold a filter to fit a polyethylene funnel.

Place a funnel holder over a sink or other suitable pan which can receive outflow from
funnel.

Carefully pour subsample and acid from the Erlenmeyer flask into the funnel. NOTE: Do
not get material above top of filter paper.

Repeat step 21 using distilled and deionized water to wash all materials remaining in the
Erlenmeyer flask into the funnel.

Place funnel holder containing furmel and subsample over a 100 mL beaker. NOTE: Stop
here if procedure cannot be completed in one day. CAUTION: Sample must be kept
moist.

Leach subsample with 50 mL of distilled and deionized water. Discard leachate.

Leach subsample with another 50 mL of distilled and deionized water.

Test leachate for presence of nitrates by adding 3 drops of Nessler's Solution with a
dropper. NOTE: If nitrates are present, the leachate will tum yellow within 30 seconds
as secn against a white background.

Discard leachate and repeat steps 25 and 26 until no nitrates are detected.

Discard [eachate.

Air dry subsample and fiiter overnight.

Carefully fold glass fibre filter around the sample and transfer to a ceramic crucible for
{residual] total sulphur analysis.

Comment: It is necessary to remove chlorides and nitrates by water leachings after the
hydrochloric and nitric acid (respectively) extractions before running total sulphur.
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1. Total-§(%) = fotal sulphur of untreated sample.
2. Acid-leachable sulphate-S (%) = Total-S (%) minus Total-S after HCI treatment (%).

3. Sulphide-S (%) = Total-S after HC] treatment (%) minus Total sulphur after HNO,
treatment (%).

4. Insoluble sulphate-S (%) = Barium as %Ba from total-metal analyses * (32.06/137.34)
assumes all insoluble sulphate-S occurs as barite and all barium occurs as barite; this
should be confirmed through mineralogical examinations (Section 7.10).

5. Organic-S (%) = Total-S afier HNO, treatment minus Insoluble Sulphate-S (%).

6. Sulphur discrepancy or del-S (%) = Total-S ("/ ) minus (acid-leachable sulphate-§ (%) +
insoluble sulphate-S (%) + sulphide-S (%) + organic-S (%)); if positive in value,
assumed to be acid-generating sulphide unless demonstrated otherwise.

7.7 Laboratory Bulk Neutralization Potentials
-7.7.1 Introduction

The drainage pH of weathering rock is primarily determined by the balance between acid and
alkalinity generating reactions. All materials containing acid generating minerals like pyrite
are acid producing, but ARD will only result if there is insufficient production of neutralizing
alkalinity. Neutralization ability is therefore 2 primary determinant of drainage chemistry
and the static test measure of neutralization potential (NP) is a major part of acid base
accounting (Section 8).

It 1s important to realize the limitations inherent in any “static laboratory measurement”.
This is especially true for Lab-NP, which is a completely different parameter, and should be
clearly distinguished, from the actual production/manifestation of NP ‘in the field -
(Field-NP). However much of what is said below equally pertains to other static tests like
AP. The static test neutralization potential procedure is a measurement of the capacity of a
crushed sample to neutralize strong acidity. Obviously static laboratory NP procedures will
never be able to match all the nuances in contributing mineralogy, the limitations on
physical exposure/availability and the geochemical determinants of reactivity under the site
and mine component specific environmental conditions.

Laboratory neutralizing potential is not intended to be an accurate measurement of the

British Columbia Minlstry of Employmeat aud Investmeat, Energy and Minersls Division



idelin mmen bods ] f hing pnd Acld R aze - DRAFT #1 49

effective “field” neutralization capacity. Rather the goal is to provide a preliminary guide
as to the available NP, a value that, in conjunction with a measure of the maximum
available acidity, can be used to make crude comservative predictions, and that can be
refined and calibrated with more detailed mineralogical characterization, site specific
observation and kinetic test work.

Part of the difficulty in measuring NP compared to AP, for which there is a clearly defined
contributing mineralogy (sulphides) and usually one or two dominant minerals (pyrite or
pyrrhotite), is that most common rock forming minerals are capable of producing some
alkalinity, but in widely varying reactions and rates. Even if the sample remains the same,
alkalinity production can be altered by the measurement procedure, the weathering (or
simulated-weathering) conditions, physical properties, the rate of acid generation and over
time. The amount of variation resulting from changes in the above is strongly affected by the

'potentially NP contributing minerals.

One of the most important concepts to be understood in NP work is the distinction between
effective field NP and other forms of alkalinity generation (e.g., Morin and Hutt, 1994;
Morin and Huu, 1997). Effective NP is defined as the ability of a potential NP source to
maintain a neutral drainage chemistry. Obviously the ability of a potential NP source to
maintain a neutral drainage chemistry depends in part on a the rate of acid generation
(Chapters 6 and 8). To be effective NP, alkalinity must be available to neutralize that
acidity. Alkalinity generated after the onset of ARD is a totally different phenomena. The

- distinction of effective NP and the determination of whether or not a mine component will

produce ARD depends to a large degree on the relative kinetic rates, a factor not measured
in a static NP analysis. ,

The concern regarding a possible discrepancy in relative acid generation and neutralization
rates is generally not significant when the NP comes from carbonate migerals whose

“solubility will be stimulated by a pH decrease. However, it is very important if the NP

comes from slowly dissolving aluminosilicate minerals which will only contribute

* significant, effective Field-NP, if the in-field rate of acid generation is also slow. if the in-

field rate is relatively fast, the aluminosilicate minerals containing lots of alkalinity may oot
react fast enough to neutralize much acidity, and thus these minerals would not represent
significant effective Field-NP. As field performance can depend in large part on the
reaction—rates, the evaluation of Lab-NP results should include an assessment of NP
mineral reaction rates. [f non-carbonate minerals are an important potential NP source the
prediction of the effective Field-NP requires kinetic test information.

The term NP is presently used to refer to a wide range of phenomena. The examples
provided above illustrate the importance of defining the form of NP and the type(s) of
measurements. It is especially important to state whether it is the field or the laboratory
property that is being referred to. One of the objectives of this manual is to encourage
practitioners to be more precise in their NP terminology.
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While there can be various Lab-NP and Field NP predictions, depending on the test
procedures, a sample in a specific depositional environment has only one Field-NP, an
“effective NP", that represents its actual neutralization capacity relative to its rate and total
capacity for acid gencration (Chapter 6). Significant improvements in the measurement of
Lab-NP can really only be achieved if there is an understanding of what mineralogy’s NP
Is being measured and of each mineralogy's field performance under different 51te specific
conditions.

The present best practice for Field-NP prediction is to interpret the Lab-NP measurements
in combination with whatever knowledge exists regarding the:

« resulung manifestation of Field-NP,

» the potenually contributing mincralogy and how its quaniities vary on exposed surfaces
and

» rates of acid and alkalinity generation under the site specific environmental conditions
for the general sample and for specific minerals.

Although the bulk mineralogy remains constant, ihe effective Field-NP will change with
changes to the quantity and quality of exposed surface, and the weathering conditions.
- Changes may result from:

~» the effect of extraction and comminution on surface area and exposure,
» the effect of deposition and previous weathering on the reaction environment and
» changes in environmental inputs.

For example, a material may have different. “effective Field-NP values” as a result of
differences in the rate of acid generation caused by restrictions in the oxygen supply.

The laboratory static test procedures available for measuring NP can be split into two
categories: 1) the traditional procedure of determining bulk neutralization which measures
the samples ability to neutralize an excess of strong acid; and 2) a test, or group of tests,
aimed at measuring the carbonate neutralization potential.

7.7.2 Bulk Neutralization Potential

The critical objective in any bulk laboratory NP measurement is to provide data that can
contribute to and be used in conjunction with the available weathering and mineralogical
data. A standard procedure is necessary so that the test results can be repeated. A
standard procedure also allows a comparison to be made with the results at other sites. To
facilitate calibration, the static NP procedure should measure the possible sources of

British Columbia Minlstry of Employmeot snd [avestment, Energy and Minerals Division



-1

alkalinity. Weathering and mineralogical measurements can then be used to determine the
size, reactivity and significance of the different sources.

The procedure recommended here, the Sobek et al. (1978) procedure, also known as the
EPA-600 method, involves soaking a sample in excess acid, heating the mixture to ensure
good dissolution, and then determining the remaining, un-neutralized acidity. The NP is
then reported in any of three equal units: tonnes (t) of CaCO, equivalent/1000 t of sample,
or kg of CaCO, equivalent/t of sample, or parts per thousand (ppt) CaCO, equivalent. The
Sobek procedure includes an initial determination of the rate of NP dissolution (“fizz rating”
of carbonate dissolution) to ensure sufficient acid is added to dissolve all readily reactive NP.

Possible discrepancies between the Sobek Lab-NP and the Field-NP, that should be
considered in the interpretation of test data, may result from the fact that the Sobek Lab-NP:

1. Is done on a crushed sample, removing surface area and mineral exposure constraints on
reactivity. ‘ :

2. Is only camied out for a limited duration, and thus if the field rate of acid generation is
slow, it may underestimate the NP content of slowly dissolving aluminosilicate
minerals.

3. Involves both a very strong acid and heating, aneither of which occur in neutral pH
weathering, and which may overestimate the contribution of some minerals, like clays,
to provide significant effective Field-NP.

While the Sobek method is the standard procedure, thf:re are a number of altemate methods
for measuring laboratory NP, many. of which are promoted as being more accurate because
they reduce the lab./field discrepancy in one or more of the above. Recently there has been

-support for the use of a modified Sobek Lab-NP test procedures that replaces heating with a

longer acid digestion. Judgment of whether this or other static laboratory methods make
the resulting field-NP- assessments easier or more accurate awaits the proviston of evidence
that they more accurately predict field experience or are more easily calibrated with
mineralogical information and with reaction rates recorded in field and-laboratory kinetic
tests.

To date, most ARD research in British Columbia and in the eastern USA have used or have
been calibrated with the Sobek et al. (1978) NP procedure. The knowledge gained about
the relationship between this form of Lab-NP and the resulting Field-NP more than
compensates for any predicted, but as yet unverified, gains in Lab-NP “accuracy™. Since
there is no body of field evidence with which to interpret other Lab-NP procedures, the
Sobek method remains the recommended procedure. Practitioners wishing to use other
procedures should have a good kinetic/mineralogical basis for interpretation and are
recommended to also carry out the Sobek method on a subset of samples.
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eth: t al., 1978: expansi d ifications in §tali

During digestion, do not boil samples. If boiling occurs, discard sample and rerun. Before
titrating with acid, fill buret with acid and drain completely. Before titrating with base, fill
buret with base and drain completely to assure that free titrant is being added to the sampie.

Chemicals (from Sobek et al., 1978)

L. Carbon dioxide-free water: Heat distilled water just to boiling in the beaker. Allew to
cool slightly and pour into a container equipped with ascante tube. Cool to room
temperature before using.

Hydrochlonc acid (HC1) solution, 0.1 N, certified grade.

3. Sodium hydroxide (NaOH), approximately 0.5 N: Dissolve 20.0 g of NaOH peliets in -
carbon dioxide-free water and dilute to 1 liter. Protect from CO, in the air with ascarite °
tube. Standardize solution by placing- 50 mL of certified 0.1 N HCl in a beaker and
titrating with the prepared 0.5 N NaOH until a pH of 7.00 is obtained. Calculate the
nomnality of the NaOH using the following equation:

el

N2 = (N1V1)/V2, where:
V1= Volume of HCl used.
N1= Normality of HCI used.
V2 = Volume of NaOH used.
N2 = Calculated normality of NaOH.

Note: Other methods of standardizing prepared NaOH solutions, such as the use of triplicate
accurately weighed samples of potassium acid phthalate, can be employed and should be
consistent with a laboratory’s QA4/QC procedures.

4. Sodium hydroxide (NaOH) approximately 0.1 N: Dilute 200 mL of 0.5 N NaOH with
carbon dioxide-free water to a volume of 1 liter. Protect from CO2 in air with ascarite
tube. Standardize solution by placing 20 mL of certified 0.1 N HCI in a beaker and
titrating with the prepared 0.1 N NaOH until a pH of 7.00 is obtained. Calculate the
normality of the NaOH using the equation in No. 3 above.

Note: Other methods of standardizing prepared NaOH solutions, such as the use. of triplicate
accurately weighed samples of potassium acid phthalate, can be employed and should be
consistent with a laboratories QA/QC procedures.

5. Hydrochloric acid (HCI), approximately 0.5 N: Dilute 42 mL of concentrated HCl to a
volume of 1 liter with distilled water. Standardize solution by placing 20 mL of the
known normality NaOH prepared in No. 3 above in a beaker and titrating with the
prepared HCI until a pH of 7.00 is obtained. Calculate the normahty of the HC1 using the
following equation:
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6.

= (N2V2)/V1, where:

V2 = Volume of NaOH used.

N2 = Normality of NaOH used.

V1 = Volume of HCI used.

N1 = Calculated Normality of HC1.

Hydrochlonc acid (HC1), approximately 0.1 N: Dilute 200 mL of 0.5 N HCI to a volume
of 1 liter with distilled water. Standardize solution as in step 5 above, but use 20 mL of
the known normality NaOH prepared in No. 4 above.

Hydrochloric acid (HC1), 1 part acid to 3 parts water: Dilute 250 mL of concentrated HCI
with 750 mL of distilled water.

. Materials {(from Sobek et al., 1978)

ok —

Flasks, Erlenmeyer, 250 mL.

Buret, 100 mL (one required for each acid and one for each base).
Hot plate, steam bath can be substituted.

pH meter equipped with combination electrode.

Balance, can be read to 0.01 g.

Procedure (from Sobek et al., 1978)

o

. Place approximately 0.5 g of sample (less than 60 mesh) on a piece of aluminum foil.

Add one or two drops of 1:3 HCl to the sample. The presence of CaCO3 is indicated by 2
bubbling or audibie "fizz."

. Rate the bubbling or "fizz" in step 2 as indicated in Table 7-2.

TABLE 7-2
Volumes and Normalities of Acid Addition for NP Determination Based on Fizz Rating
(from Sobek et al., 1978)
Fizz Rating - Add mL of HCL Normalit_y of Added HCI

None _ 20 = 0.1

Slight 40 _ 0.1
" [Moderate ' 40 0.5

Strong ~ 80 - 0.5

4. Weigh 2.00 g of sample (less than 60 mesh) into 2 250 mL Erlenmeyer flask.
"S. Carefully add HCI indicated by Table 7-2 into the flask containing sample.

Heat nearly to boiling, swirling flask every 5 minutes, until reaction is complete. NOTE:

Reaction is complete when no gas evolution is visible and particles settle evenly over the
bottom of the flask.
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7. Add distilled water to make a total volume of 125 mL.

8. Boil contents of flask for one minute and cool to slightly above room temperature. Cover
tightly and cool to room temperature. CAUTION: Do not place rubber stopper in hot
flask as it may implode upon cooling. ‘

9. Titrate using 0.1 N NaOH or 0.5 N NaOH (concentration exactly known) to pH 7.0 using
a pH meter and buret. The concentration of NaOH used in the titration should correspond
to the concentration of the HCI used in No. 5 above. NOTE: Titrate with NaOH until a
constant reading of pH 7.0 remains for at least 30 seconds. _ -

10. If less than 3 mL of the NaOH is required to obtain a pH of 7.0, it is likely that the HC!
added was not sufficient to neutralize all of the base present in the 2.00 g sample. A
duplicate sample should be run using the next higher volume or concentration of acid as
indicated in Table 7-1.

I1. Run a blank for each volume or normality of acid using steps 5, 7, 8, and 9 above.

Calculations {(from Sobek et al., 1978)

I. Constant (C) = (mL acid in blank) / (mL base in bilank).

2. mL acid consumed = (mL acid added) - (mL base added multiplied by C),

3. Neutralization Potential (as t CaCO3 equivalent/1000 t material) = (mL of acid
consumed) * (25.0) * (N of acid).

. Interpretation of Results-

Effective Field-NP is a site-specific value, estimated through static and kinetic tests as
explained above and in Chapters 8 and 10. Nevertheless, some general interpretation
guidelines are available.

1. All Lab-NP procedures underestimate Field-NP where aluminosilicate minerals are
sufficiently reactive and alone provide effective neutralization (Morin and Hutt, 1994 and
1997). In these cases, NP should be calculated from whole-rock (Section 7.2), multi-
element (Section 7.3).and mineralogical (Section 7.10) data.

2. For carbonate systems, studies in British Columbia have shown that the NP method of
Sobek et al. (1978) may slightly overestimate Field-NP (e.g. Minesite Drainage
Assessment Group, 1996). .

7.7.3 Carbonate Neutﬁﬁmﬁon Potential

The second recommended Lab-NP determination is based on a measurement of 'u:-orggnic
carbon. The resulting calculation of Carbonate Neutralization Potential (Carb-NP) is a
measure of the maximum theoretical neutralization capacity if all the carbonpates reac;tcd
like calcite. This a useful measure, in part because carbonate minerals are a rapidly
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available NP source, capable of matching the fastest rates of acid generation. However this
generalization is only true of calcium and magnesium carbonates (Table 7-3).

When Fe and Mn carbonates weather, hydrolysis of the Fe and Mn creates acidity, so there
is no net alkalinity generation. Also kinetic dissolution rates can be slow. The possible
contribution of non-peutralizing Fe and Mn carbonate minerals, including commeonly
occurring minerals such as siderite and ankerite, must always be checked when Carb-NP is
used. It should also be noted that Fe and Mn carbonate minerals can distort Sobek NP
measurements (Lapakko, 1994).

Table 7-3
Theoretical Compositions of Some Relevant Carbonate Minerals
(taken from Jambor and Blowes, 1994)

Mineral '| Formula CO, Ca0 ‘MgO FeO MnO
Calcite CaCo, 43.97 56.03 : -
Magnesite MgCO, 52.19 47.81

Siderite FeCO, 37.99 62.01
Rhodochrosite | MnCO, 38.29 . 61.71
Dolomite CaMg(CO,) , 4773 | 30.41 21.86

Ankerite CaFe(COy) , 40.76 25.97 33.27

i:1 Ca(Mg,Fe)(CO,), | 43.97 | 28.01 10.07 17.95
Kutnohornite | CaMn(CO,); 40.93 26.08 ‘ : 32.99

Various procedures are available to measure inorganic carbon (inorganic-C). In organic-
free samples, where all the carbon is inorgagic, a total-C measure can be used to calculate
the Carb-NP. This is the case for most bedrock and subsurface waste samples. However.
organic-C is likely to occur in coal and other organic containing sedimentary rocks or as a
result of plant and microflora growth. One of the easiest total-C procedures uses the same
Leco equipment used for the analysis of sulphur (Section 7.6). If organic-C is present.
either carbonate-C must be measured directly or organic-C must be determined separately
as explained below and subtracted from the Leco total-C value.

Meth

1. Obtain total carbon value from Leco equipment.
2a).If Leco total carbon is reported as %C:
. Carb-NP (as t CaCO3 equivalent/1000 t sample) = (Leco %C) * (100.09/12.01) * (10).
2b).If Leco total carbon is reported as %CO02:
Carb-NP (as t CaCO3 equivalent/1000 t sample) = (Leco %C) * (100.09/44.01) * (10).
3. If there are other significant sources of non-carbonate carbon, an independent

British Columbla Minlstry of Employment and Investment, Energy and Minerals Division




uldelines and R mead hods {or the Predl pofl Drainage - D ]

determination of inorganic carbonate is required. This determination can be made in one
of several ways:

a) measurement of Leco total carbon before and after the bulk NP analysis (Section
7.7.2); the subtraction of the two values provides the amount of carbon dissolved
by acid and assumed to be inorganic carbonate (should be confirmed by
mineralogical examinations - Section 7.10);

b) dissolution of carbonate in acid within a sealed chamber, followed by analysis of

- the evolved gas by Gas Chromatography to determine the original, sotid-phase
carbonate content; or _

c¢) dissolution of carbonate in acid within a sealed chamber; the measurement of gas-
pressure increase will indicate the carbonate content after calibration of the
chamber with known carbonate standards.

interpretation of Results

A comparison of Carb-NP and bulk Sobek NP values can provide useful information about
potential NP sources and the NP capacity of the carbonate minerals (Chapter 8). For
example if Carb-NP is greater than the Sobek-NP, a measurable portion of the inorganic
carbon is not generating alkalinity or is unreactive. This suggests either the presence of
iron- or manganese-rich carbonates or, if a total carbon assay was used, the presence of
organic matter. These possibilities should be evaluated before Carb-NP is used as a
measure of the rapidly available neutralization capacity.

More Sobek-NP than Carb-NP in a sample indicates that there may be significant
neutralization from non-carbonate minerals. Because of the potentially slow reaction rate
and possibly multiple sources of aluminosilicate alkalinity, further work is required to
determine the sources and their reactivity relative to the rate of acid generation, before it
can be concluded that laboratory measured, non-carbonate NP will provide effective Field-
NP.

One clue as to the alkalinity source may be the base cation released in humidity cell testing
(Chapters 9 and 10).

Great care is required when working with rocks containing low AP and NP levels because
minor vanations can significantly alter the interpretation.

It bears repeating that effective Field-NP, like the field manifestation of many other static
test measures, depends on mineral abundance and reaction rates and therefore the Field-NP
prediction must include consideration of the mineralogy.and the results of field and
laboratory kinetic tests.
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7.8.1 Intreduction

In addition to sulphur species (Section 7.6) and neutralization potential (Section 7.7), the
measurement of sample pH has traditionally been a fundamental part of acid-base accounting
(ABA). pH is a principal determinant of both primary mineral reaction rates and: secondary
mineral solubility, and therefore can have a large effect on drainage chemistry. For example,
increases in the concentration of potentially biologic limiting trace metals such as Cu and Mo
are often linked to pH changes, with Cu solubility increasing and Mo solubility decreasing as
the pH decreases.

pH is a measure of the hydrogen ion activity of a solution, made with a combination pH
electrode inserted in a test solution. Despite its simplicity and importance, the wrong test
procedure is often used, the results are often misinterpreted and the descriptive terminology is
imprecise or misleading. -

The first considerations in pH analyses are the measurement objective and type. The
objective in most waste characterization programs is to determine the resulting pH of the
corresponding pore water. Measurements can be made:

a) directly on the actual pore water,

b) indirectly on down gradient secepage water, or

¢) on simulated pore water solutions artificiaily created by adding a solvent to a subsample
of the matenal under investigation.

Both a) and b) are made in the field and are radically different parameters from c) which is

generally a laboratory measurement.

Of the different procedures a) is the preferred option. However, in many cases direct pore
water pH measurement is not logistically possible. For example in a waste rock dump, with
hard coarse particies, there is usually no free water to sample and it is practically impossible
to remove water under tension. Usually the only way to collect the actual pore water is with
a lysimeter, an expensive, time consuming, disruptive procedure, which is usually not
available.

The best available procedure for determining the approximate pore water pH is commonly a
measurement made on a simulated pore water solution. In the simulation there are two major
considerations:

» the quality and quantity of the solvent, and
o the origin and any pre-treatment of the sample.

Much of the current confusion and errors in the interpretation of laboratory pH data result

British Columbia Ministry of Employment and [avestment, Energy and Mioerals Division



from the inaccurate descriptive termindlogy and from 2 failure to recognize that variations in
pre-treatment and in the solvent can markedly change the parameter being measured.

PH values reported in ABA testwork are usually recorded as “paste pH” measurements.
According to Sobek et al. (1978) and other standard texts (Page et al.,, 1982b), a paste pH
measurement is made by inserting a combination electrode into a paste created from material
that has a <250 pm particle size. The solid:solution weight ratio is recommended to be 2:1.
- Alternatively, water may be added to bring the paste to “near saturation conditions” where
water should not pond on the surface nor should dry material appear (Sobek et al., 1978).

Disadvantages with the Sobek paste pH procedure include:

» In some cases, solvent quantities may vary from the recommended 2:1 solid:solution
ratto. :

 If the paste is not thoroughly mixed, the procedure of inserting a combination pH

~ electrode into the paste may put the electrode in contact with a limited number of
particles. Depending on the heterogeneity and chemistry of the particles, the resulting pH
measurement may not be reproducible and may not reflect the pH of the entire sample.

* If crushing the sample is.not appropriate it may be difficult to find material which is
<250 pm. For example, the fine particles in waste rock are usually predominantly
sand-sized and thus not conducive to paste formation.

¢ Rough and angular particles may scratch the electrode.

- Although the ABA pH values reported by most laboratories are reported as paste pH, the
procedure used usually contains two significant modifications:

*  The analysis is carried out on a crushed sample, which is a necessity when the analysis is
 carried out on drill core, large rock fragments or if the sample does not naturally contain
enough material with a particle size of <250 pm (-60 mesh). Some laboratories may
crush samples to as fine as < 100 pm (-100 mesh);
»  The solid:solution ratio is increased to 1:1, allowing the electrode to measure the pH of
the overlying supernatant. The increased solid:solution ratio allows the electrode to be
immersed without contacting the charged solid particles.

With regards to estimating pore water pH, the main problem with the so-called paste pH is
that crushing creates new surfaces, exposing minerals occluded from weathering processes,
which can potentially alter the resulting measurement. While the creation of new surfaces is
irrelevant for bulk ABA assays, it may have a large effect on a measurement like pH.

The pH of rock and overburden crushed underwater is called the abrasion pH: underwater
crushing is used to dissipate any heat that may be produced. The results have been used as an
indicator of mineralogy and previous weathering (Clarke, 1900; Stevens and Carron, 1948;
Grant, 1969; Ferrari and Magaldi, 1983). The effect of crushing intensity on the quantity of
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ions released and the resulting pH is also documented in the literature (Grant, 1969). Data
from a number of British Columbia mine sites shows that the pH values of crushed > 19 mm
waste rock material may be three to four units higher than that measured for an uncrushed, <
2 mm surface rinse pH measurement (Price and Kwong, 1997).

Preliminary conclusions that can be drawn from the above and from Price and Kwong (1997)
include:

¢ As the term pH can refer to such drastically different parameters, any reporting of test
results should specify laboratory test procedures, including any pre-test sample
preparation or solvent additions.

* _ Crushed pH values (Section 7.8.2) vary according to the degree of weathering, particle
size, the effects of mineral abrasion and the residual alkalinity.

* A <2 mm size fraction, uncrushed, surface rinse pH (Section 7.8.3) is a recommended
measurement for -weathering studies and drainage chermstry predictions done on
unconsolidated wastes.

e The laboratory pH measurement of a solid material like waste rock is in fact a
measurement of the “associated” solution, and is strongly affected by the quantity and
quality of the solvent, and by any pretreatment that affects surface quantity and quality.
A field pH measurement of pore water or surface drainage is a radically different
parameter from the laboratory measurement, and therefore not directly comparable.

In this manual, we are only going to concem ourselves with pH measurements made on air
dried solid samples tested in the laboratory. As described previously there are several
considerations and interferences which may affect the final pH measurement:

- . whether or not to crush the sample;

e the effect prior wetting and drying has on the sample;

» particle size considerations for unconsolidated samples;

» the solvent;

» the ratio of solid-to-solvent;

e amount of sample handling and preparation; and

o the geochemical effects of particle surfaces and aqueous dlffusmn rates on the
combination pH electrode.

Due to various limitations, pH values cannot be detected to more significant figures than 0.2
10 0.5 pH units.

Two pH measurements are recommended for the laboratory pH procedures: first, a crushed
pH used primarily for bedrock, drill core, minewalls, or other consolidated materials, and
second, a surface rinse pH for waste rock, tailings, overburden, or other unconsohidated
materials. In both cases, the recommended test procedure is to use distilled water as the
solvent and a 1:1 weight ratio of solid to solvent weights.
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The recommended procedure is to measure pH with a glass electrode and meter. The basic
procedure for both crushed pH (Section 7.8.2) and surface rinse pH (Section 7.8.3) have been
modified from Sobek et al. (1978), also known as the EPA-600 paste pH (below).
Recommended modifications to the original procedure are in italics. Adaptations have also
been taken from Page et al. (1982b).

Measurement Methods (adapted from Sobek et al.. 1978: recommended exna.ﬂsions and
meodifications in italics i

Care must be taken to insure electrode life and accurate pH measurements:

1. Electrode should not remain in the sample longer than necessary for a reading, especially
if more alkaline than pH 9.0 or more acidic than pH 2.0.

2. Electrode should be washed with a jet of distilled water from a wash bottle after every
measurement {sample or buffer solution). :

3. Electrode should be dipped in dilute (0./ A) hydrochloric acid for a few seconds and
washed with distilled water to remove any calcium carbonate film which may form,
especially from alkaline samples. '

4. Drying out of the electrode should be avoided.

5. Electrode is cleaned and suspended in distilled water (which is protected from
evaporation) for storage. '

6. Place pH meter in standby position when electrode is not in a solution.

The pH meter and electrode shouid be standardized with buffers differing by 3 or 4 pH units,
such as 7.0 and 4.0, before beginning a series of measurements. After every tenth
measurement, recheck the standardization with both buffers. Care should be taken not to
contaminate one buffer with the other buffer or with the test solution. Never return used
standard buffers to their stock bottles.

Chemicals (from Sobek et al., 1978)

1. Standard buffer solutions, pH 4.00 and pH 7.00.
2. Distilied water (H20).

Materi bek et al., 1978

pH meter equipped with combination electrode.
Paper cups, 30 mL capacity.

Plastic cups.

Stirming rod.

Wash bottle containing distilled water.

Balance, can be read to 0.1 g.

SRl
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Procedure (1:1 Solid:Scolution Ratio

. Tum on pH meter, adjust temperature setting and "zero” pH meter per insttuction manual.
2. Place pH 4.0 and pH 7.0 standard buffers in two plastic cups (one buffer in each cup).
NOTE: NEVER retumn used buffers to stock bottles.
Place electrode in the pH 7.0 buffer.
Adjust pH meter to read 7.0. :
Remove electrode from buffer solution and wash with a jet of distilled water from a wash
" bottle.
6. -Place electrode in the pH 4.0 buffer and check the pH reading. NOTE: If pH meter varies
more than +0.1 pH units from 4.0, something is wrong with the pH meter, electrode or
buffers.

Note; the following adapted from Page et al. {1982b).

7. Weight or measure 20)g of air-dry test material and 20 mL of distilled water.

8. Mix thoroughly for 5 sec, preferably with a portablc mechanical stirrer. ‘

9. Let stand for 10 min.

10. Insert electrode(s) into the container, and stir the supernatant by swirling the electrodes
slightly. Protect the electrodes taking care not to contact settled particles, moving the
electrode carefully about to insure removal of water film around the electrode.
Electrodes are easily scratched.

~ 11. When reading remains constant, record pH and remove electrode from the supernatant.

Carefully wash electrode with distilled water. If all pH measurements are completed, the

electrode should be stored in a beaker of distilled water. NOTE: Afier every 10 samples.

check meter calibration with standard buffers.

bt ol

7.8.2 Crushed pH (Crushed Sample pH)

For crushed pH, the preceding procedure has an augmented sample preparation: pulverization
of the whole sample to a < 100 pm size or smaller. The method can be used on a wide range
of matenals (including waste rock and overburden). It is the only possible approach for
bedrock, dnill core or other consolidated sample materials. The prescribed sample
comminution exposes and abrades previously occluded matenials, creating fresh new surfaces
that wers not previously in contact with drainage. Differences in crushed sample pH can
result from differences in:

¢ mineral alkalinity;
» base leaching and other weathering processes; and
s the size and quality of pre-pulverization surface area.

Although the data resuits from a slightly different procedure (underwater cr}xshing), the
abrasion pH data provided by Stevens and Carron (1948) indicates the pH of various crushed
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minerals (Table 7-4).

Table 74 _
Fleld Test for Minerals by Abrasion pH
{Taken from Stevens and Carron, 1948)

' A = strong acid B =strongbase _a=weak acid _b = weak base

Composition Abrasion pH
Mineral Formuix Type' Acidic T Alkaline
- 1 J2 |3 |4 6 |7 o uTln
Coquimbite Fe,(SO,), 9,0 bA
Alunogen AlL(SO),-16H,0 bA
Pickeringite | MgAlL{SO):22H0 | Bb A
Potash Alum KAKSO),-12H,0 BbA
Aluminite AlLSO9H.0 bA
Scorodite FeAsQ, - H,O b A
Sessolite H,BO, . a2
Jarosite K, Fe(OH) {S0,), ba
Siderite FeCO, = - ba
Gypsum- CasO, 2.0 Ba
Pyrophyillite ALSi, O, (OH), ba
Quartz Si0, a
Gibbsite Al(OH), b
Andalusite ALSIO, ba
Muscovite KAlLSi, 0, JOH), Bba
Calcite CaCOy Ba
Anorthite CaAl,Si.0, Bba
Microciine KAISi,0, Bba
| Tale Mg,Si,0,(0H), Ba
Albite NaAlSi 0, Bba
Dolomite CaMg(00,), BBa
Borax. Na,B,0,-10H.0 Ba
Phlogopite KMg AlSi,0(OH), | BBba
Magnesite MzCO, Ba
Brucite MER(OH), B
Merwinite Ca,Mg(5i0,), BBa
Shertite Na,Ca,(0D,), BBa

7.8.3 <2 mm Surface Rinse pH (1:1 Rinse pH)

For this pH method, the procedure at the end of Section 7.8.1 is carried out on a dry sieve
sorted < 2 mm particle size fraction (no particle comminution). The < 2 mm particle size
fraction is considered to be representative of the fine particles, which due to their
disproportionately greater surface area will determine the pore water chemistry. This type of
pH measurement should be used for all unconsolidated materials. Crushed pH
determinations (Section 7.8.2) should also be carried out on unconsolidated materials, such
as waste rock, if additional information is required on the residual alkalinity within the
particles.
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7.9 Particle-Size Analyses

7.9.1 Introduction

Particle size distribution can play an important role in drainage chemistry prodlctlon because
of its effect on:

. ' mineral reactivity; and
. water and gas movement (Chapter 12).

The effect of particle size on mineral reactivity results from the relationship between particle
size and grain exposure and exposed surface area. For example, in large particles (coarse
fragments) most of the mineral grains are physically occluded and denied access to oxygen
and water, and are thus unable to react. For many chemical processes, the larger the surface
area the higher the reaction rates, and there is typlcally an exponential increase in mineral

exposure (surface area) with a decrease in particle size. The particle size distribution may be

especially critical if the relative proport:ons of cntxcal minerals varies from the fine to the
coarse sized patncles

Factors that will determine the particle size distribution and the proportion of fines in a waste
rock dump include: _

» features of the blast;
methods of materials handling including deposition;
the strength and competency of the rock; and

s weathering.

Compositional differences between particle-size fractions will result from:

» skewed or selective release of different primary minerals, as a result of their strength,
cohesion and distribution in the original rock, during initial mining and from later
weathering of coarser particles.

» weathering effects causing the preferential removal of primary minerals and the
accumulation of secondary minerals and surface coatings in fine particle size fractions.

* grain size may provide a lower limit on the possible particle size in which a mineral may
exist.

For example, a waste-rock boulder may contain a much higher concentration of hard minerals
like quartz and K-feldspar, while softer minerals like calcite, gypsum and phyllosilicates are
concentrated in the fine size fractions. In some cases it is the lack of the cohesiveness
between grains that causes their preferential occurrence in the finer particle size fracm_)ns.
Phenocrysts like quartz and K-feldspar will be largely absent from the < 50 pm size fraction,

British Celumbia Minksiry of Employment sod lavestmeot, Eoergy and Mlaerals Division



which will largely consist of softer, silt-size minerals like the phyllosilicates. The effect of
softness, grain size and spatial distribution in the original rock may play a significant role in
the eventual location and consequent differential reactivity of different sulphide minerals.

Particularly at metal mines, much of the waste rock remains isolated in competent, coarse
fragments. Samples taken from existing waste dumps, should be sieved to pcrrmt separate
analysis of the fine fraction (Section 6.7).

A more refined particle size separation can be used to calculatc “geomelnc" surface areas for
the entire sample based on the assumption that the surface area of each particle is
proportional to the cube of its: diameter/width (Sections 7.9.3 and 8.1.4). Surface-area-
dependent reaction rates for kinetic tests (Chapter 10) can then be calculated and scaled to fit
other particle sizes.

It should be noted that the use of geometric surface areas for calculation of surface-area rates
is prone to significant errors. Since mineral grains are rarely cubes and do not necessanly
have smooth surfaces and regular shapes, the calculated geometric area may be anomalously
low. Other, more direct methods like nitrogen-adsorption BET: (which have their own
problems) have shown that surface areas can be 100-1000 times higher than the geometric
value. On the other hand, studies in British Columbia, particularly for Cinola Stage 01
studies, have shown that normalization of rates to geometric surface area lessens the
discrepancies among samples.

Particle size separation can be divided into three procedures:

» dry sieving which can separate > 100 um particle size fractions, and can therefore be
used to separate stones (> 12 mm), gravel (2 - 12 mm), soil (< 2 mm) and sand (> 2 mm
- 50 um) sized particles (Page et al., 1982a); _

»  wet sieving which is required to separate the silt and clay (< 50 pm) sized particles from
larger > 50 um particles; and

e differential liquid settling procedures to separate different < 50 pm particle sizes, such as
silt (2 - 50 pm) and clay (< 2 um) -sized.

The procedure should be chosen according to the proposed use of the data. Methodology ts
provided here for the separation of:

» soil, gravel and stones; and
» sand from silt and clay.

In both procedures the particles are separated using a nest of sieves. The duration of sieving
will depend, to a degree, on the sample size and the sensitivity of the particles to abrasion.
Reducing the sample size is a preferred option to prolonged sieving. For simil'ar_ Wc'lghts.
more time may be required for smaller particles because of the progressive reduction in the
percentage of open area as the aperture size decreases. According to Allen (1981), for
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routine control purposes the cut-off for machine sieving is recommended to be 20 minutes or
a 1% per minute rate fall. Standardization of the procedure is crucial if one is to get
reproducible results. :

7.9.2 Separation of Soil, Gravel, and Small and Large Stone Size Fractions
Mat_gLaIS

1. At lcast 500 g of air dried sample
2. %", 11 mm and 2 mun diameter sieves: all screens stiould be stainless stee[ as brass sieves
can cause trace element contamination.

Method

1. Ensure that all screens to be used for samplw that will be chemically a.nalyzcd are clean

and made of stainless steel.

Prior to starting separation, record total weight of the sample and each of the screens.

3. Dry sieve for 5 to 20 minutes. Greater time periods may cause significant particle
comnminution and abrasion,

4. Record the resulting weights of each screen. Calculate the welghts for each of the
following size fractions:

&

. > %" large stones

. " - 11 mm small stones
. 2-11 mm gravel

. <2mm soil

Additional Notes:

In strongly oxidized, calcareous or samples with a high organic content, smaller particles
may be cemented or aggregated together. In these cases, a pretreatment will be required prior
to sieving, at least for the soil and gravel fractions to remove the cement. However, it should
be noted that chemical and/or physical pretreatment may alter the original sample by
dissolution-or destruction of some minerals (Page et al., 1982a).

Additiemal sieves may be added to avoid having excess material on the finer screens.

7.9.3 A More Refined Particle Size Separation for Surface Area Determinations

I. Ensure that all screens to be used for the testwork are clean and made of stainless steel.
2. Prior to-starting separation, record total weight of the sample and each of the screens.
3. Wet screen the sample on a 400 mesh screen. If the sample is coarse, pass through a
larger size screen(s) first and report its’ screen diameter or mesh size. ‘Retain the grains
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passing through this fine screen for possible later sizing using an altemative method for
fine silts and clays.

4. Filter and dry the two screen fractions. Flocculating the -400 mesh fraction will enhance

the filtening.

Weigh and record the dry weight of the sands and finer material.

6. Weigh and record the weight of each screen then assemble the nest of screens required for
the test. The mesh size and number of screens will be dependent upon the weight and
coarseness of the sample. For example, a screen nest may start with the largest screen
being 6 mesh or 8 mesh and the smallest screen being 200 to 400 mesh with up to 10 or
12 screens between. In addition to the sample size, weight and coarseness the number of
screens used will be determine by the type of shakmg apparatus available (i.e., how large
a screen nest will fit on the shaking table).

7. Pour the sample onto the top screen and secure the lid. Sample size will be determined
by the size of the sieve apparatus and the amount of the available sample/subsample.

8. Place the nest of screens onto the shaker and secure them to the machine. If grains
agglomerate (clump), add water periodically or continuously.

9. Set timer to 20 minutes duration and turn on the machine. :

10. At the end of the 20 minutes remove the screens. Weigh each of the screens and record
the weights. If the contents are moist, dry and weigh. NOTE: drying, especially above
40°C, can change mineralogy.

11. Subtract the weight of each screen plus sample fraction (dry) from the original weight of
that screen. Record each fraction weight on the screen analysis report.

12. Where assays or other analyses are required each fraction should be prepared as required.

' If no assays or analyses are required the fractions can be recombined and stored as one

sample, or stored separately.

LA

7.10 Mineralogical Examinations
7.10.1 Introduction

Previously described static tests measuring parameters such as trace multi-elements (Section
7.3) and Carb-NP (Section 7.7) provide a measure of the concentrations of vanous elements

in a sample or specific size fraction of the sample. They do not however identify the
" contributing minerals. This maybe a significant limitation for prediction because the
mineralogical form(s) in which the elements occur. in large part determine their contribution
to drainage chemistry. For example, total iron identified by whole-rock analysis (Section
7.2) may occur in acid-generating pyrite, acid-neutralizing calcium-iron carbonate, and/or
some form of iron oxide. Identification of the participating mineralogy is therefore necessary
for interpreting kinetic test results and most other aspects involved in predicting drainage
chemistry. .

Minerals are frequently invoked as critical parameters controlling the type and rate of metal
leaching. Yet despite an almost universal agreement about the importance of mincralogy
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(e.g., Kwong, 1996; Kwong and Ferguson, 1997), it is property that is generally measured
poorly, if at all, and almost never accurately quantified. This results in an often rudimentary
assessment of the roles played by various minerals during chemical weathering.

Omissions in mineralogical measurement are due to 2 number of factors.

a) While mineralogy is a single, simple word, it actually includes a wide range’ of factors
and properties beyond the already very difficult task of assigning a mineral name; critical
parameters include grain size, elemental composition and elemental distribution.

b) Mineralogy terminology is often too imprecise for the purpose of metal leaching
prediction. For example, the term “plagioclase™ covers a range of minerals which differ
greatly in their weathering capability and consequent effective Field-NP. Minerals can be
very difficult to precisely identify.

¢) The available mineralogical procedures all have major flaws or limitations.

d) More accurate and comprehensive methods are prohibitively expensive.

€) Mineralogy is recognized as an independent field of science.

Although it is rarely investigated in any detail, mineralogy plays a Iarge role in deiermining
the rates of metal release, acid generation and neutralization, and is thcrcforc required
information for site-specific predictions of drainage chemistry.

7.10.2 Visual Rock Description

The first comprehensive mineralogical information is usually obtazined from drill logs.
{Chapter 4). This information is usually determined with the naked eye, and implicitly
expressed in a rock name. While a rock name infers some mineralogical composition as well
as textural information, the accompanying notes, should be consulted for a detailed
description of the individual minerals within the specimen.

Geological descriptions based solely on visual examination of hand-specimens are often
comprehensive. However, the procedure is subjective and the accuracy of identification
depends largely on the practitioners’ experience and familiarity with the local geology of the
area hosting the specimen. If highly -altered specimens are involved, correct rock
identification is made even more difficult. '

7.10.3 Detalled Information Requirements

While it can provide a good start, the terminology and information resulting from a visual
assessment is usuaily too vague and of uncertain accuracy for the prediction of drainage
chemistry. Once the’ static testing starts, a more detailed and accurate enumeration of the
component minerals is required to add important weathering information and to fill in any
gaps in the initial characterization of geological materials (Chapter 4). .
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Suggested information requirements include:

+ lIdentify the potential acidity and metal sources, with particular emphasis on sulphide
minerals;

» Determine the potential contribution of barite to the sulphidc-S measurement;

» Identify the potential neutralization sources, with particular emphasize on carbonate
minerals, but also including any potcntlally significant slow alkalinity release
aluminosilicate sources;

» Identify clay or carbonate (e.g., siderite and ankerite) minerals which contribute to the
laboratory NP, but may not provide similar contributions in the field;

¢ Evaluate the potential for the most reactive acid generation and neutralization sources
~ (carbonates and sulphides) to preferentially occur in the finer.particle size fraction, where
they can contribute to geochemical reactions, as opposed to large blocks, where they
would be encapsulated and inert. This will involve consideration of the relative exposure

of sulphides and carbonates along fracture planes;

¢ ldentfy any readily soluble constituents; and,
o [dentify any mineralogical and rock fabric characteristics that will influence weathering.

The properties of interest will depend in part on the questions raised by other testwork and
the specific conditions of each site, material and disposal option.

Some information will be available in existing drill logs, exploration reports, metaliurgical
testwork and academic geological publications, which should be analyzed prior to static
testing. In most cases, it will be necessary to augment this information with prediction-
specific detailed microscopic (petrographic, Section 7.10.4), submicroscopic (for example,
SEM and XRD, Sections 7.10.5 and 7.10.6) and/or geochemical (including both major and
trace elements, Sections 7.2, 7.3, and 7.10.7) analyses. Generally speaking, the more lines of
evidence-available for consideration, the more accurate is the resuitant mineral identification.

Inasmuch as the mineral constituents of a geologic sampie ultimately determine its oycrall
acid generation/neutralization potential (Kwong, 1993), an accurate measure of mmgral
abundance is essential in predicting the metal leaching potential of the sample or interpreting
its ABA characteristics. - The most common techniques to acquire mineral abundance data are
petrographic analysis, XRD analysis and SEM.
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7.10.4 Petrographic Examination

A petrographic examination, traditionally the first method used for determining the
mineralogical compeosition, is a microscopic examination of thin sections, thinly shaved,
translucent slices of rock mounted on glass slides. Petrographic data can come from either a
visual scan or 2 more tedious point-counting procedure. A visual scan can be relatively quick
(30 minutes) and will provide information on the major and minor mineral phases, their
shapes, grain size, spatial relationships and an estimate of their relative proportions.

Disadvantages of petrographic analysis are that:

e Subsampling errors may be large for sections made on coarse fragments and.drill core.

e A thin section is very small and may not be representative.

* Minerals at levels less than roughly 0.5% will not normaily be detected.

* Petrographic techniques cannot be used to detect features smaller than approximately
100 pm. _

e Quantitative analysis is labour-intensive and the results are somewhat subjective.

Incipient alteration of primary minerals may not be readily detected, leading to possible
erroneous predictions with regard to the quantity of, and the minerals accountable for, the
acid neutralization capacity in a test sample.

o Petrographic methods are limited in their ability to determine the precise elemental
composition of minerals, which occur as solid solutions and whose composition can vary
significantly from minesite to minesite. For example, petrographic methods cannot
always distinguish different carbonate minerals.

Despite the disadvantages, petrographic examinations provide useful general information and

it is generally recommended for a subset of representative samples, preferably those samples

for which ABA and elemental data already exist.

Point counting can be used to make a more accurate estimate of mineral percentages. Given

~ that this procedure is very time consuming and with the limitations listed above, point

counting is better carried out using submicroscopic procedures like SEM and microprobe
analysis. ' "

7.10.5X-Ray Defraction

X-ray defraction (XRD) can be used for a general mineralogical assessment or to identify
specific phyllosilicate minerals. Semi-quantitative mineralogical data can be derived through
a direct of comparison of reflection peak sizes. More quantitative information is provided if
the peaks heights are compared to internal/external standards or reduced according to the
corresponding mineral’s absorption characteristics. Unlike petrographic techniques, XRD
detection is not limited to grains larger than 100 pm.
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Disadvantages with XRD are that it has a poor precision, it is unabie.to detect minor mineral
constituents (those occurring in < 5 wt%), some minerals cannot be distinguished and
mineral identification is ofien operator-dependent. For example, biotite may not be readily
recognized in the XRD analyses mainly because of overlapping reflection peaks with those of
iilite/muscovite. Quantitative XRD analysis incorporating corrections for mineral absorption
effects can be quite accurate but remains unable to detect minor mineral constituents. For
ARD assessment purposes, semi-quantitative XRD analysis ranking minerals as major, minor
or trace components does not lead to a more quantitative predictions.

XRD is not recommended for general mineral identification because of the problems with
cost effective accuracy and precision.

7.10.6 Other Submicrosci:opic Procedures

More sophisticated investigative procedures can be used to identify fine-grained minerais, to
describe small, potentially important, mineral alteration features and to identify the elemental
composition of specific minerals. The general availability of SEM instrumentation makes
point-counting using a SEM-EDX setup an increasingly attractive option, especially if it can
be run automatically.

In addition to mineral identity and abundance, mineral grain size and composition are
important factors that affect the reactivity of a mineral, and hence the subsequent acid
generating and metal leaching rates. For example, some researchers have found that fine
grained pyrtite weathers twice as fast as coarse granular pyrite; Kwong (1993 and 1996) and
Kwong and Lawrence (1994) have provided evidence that Co substituting for Fe in pyrite
may retard the weathering rate of the acid-generating sulfide. Mineral grain size,
morphology, and textural relationship with other co-existing minerals are usually assessed by
petrographic analysis or scanning electron microscopy. Image analysis is becoming a
popular way to render the same information (e.g. Kwong and Lawrence, 1994; Mountjoy,
1997). Detailed mineral composition data is most readily determined by electron-probe
microanalysis (EPMA). '

Due to the expense, submicroscopic analysis should be carried out on a small, carefully
chosen; subset of samples.

7.10.7 Mineralogy Calculated From the Whole Rock Geochemical Data

The use of geochemical data can range from the “relatively” simple use of elemental data to
predict the appropriate concentrations of individual minerals to a prediction of the theoretical
mineral assemblage calculated using normative computer programs and all the clement
coucentration data (Sections 7.2 and 7.3). Using optimization techniques and taking the

British Columbla Miaistry of Employment aad Investment, Energy and Mloerals Divistos



-

ety
Y

_7

observed mineral assemblages into consideration, recent research has improved the accuracy
of the theorctical calculation of normative minerals based on whole rock geochemical data
(e.g., de Caritat et al, 1994; Cheng and Sinclair, 1995). However, the computer codes
produced thus far apply only to limited scenarios, typically in sulfide-deficient systems.
Until more work is done on sulfide-rich systems, accurate prediction of mineralogy based on
geochemical ‘analyses for ARD assessments remains a novel idea with great potential for
practical apphcanon :

While it does not yet support quantitative assessment, qualitative differences in critical major
and minor minerals can often be detected in the geochemical data. The ideal situation is
where there is only one source for a particular element. For example, the Pb concentration
can usually be used to estimate the amount of galena. This procedure should be used with
caution as many trace elements occur as a trace constituents in common minerals like pyrite.

Submicroscopic techniques should be used to check assumptions regarding the compos:t:on
of solid solution minerals or the mineral hosts for a particular element.

7.10.8 Conclusion

Depending on the questions and the level of sophistication sought, different forms of
mineralogical data may serve the purpose of an investigation. In the early stage of an
exploration program, implicit mineralogical data based on rock classification may give a
general idea of the overall susceptibility of the country rocks to acid generation or their
capability to neutralize acid. Implicit mineralogical data in the form of a rock name may also
be useful in selecting samples for more detailed analysis (Chapter 6).

More detailed mineralogical information derived from petrographic and submicroscopic
analyses should be used to interpret ABA, elemental concentration and kinetic data. To
accurately predict the weathering behaviour of a mineral, detailed EPMA data may be
required. Until sulphide-rich systems are addressed, however, recasting of mineralogy from
whole rock analyses remains a promising but unreliable tool.

Given the importance of mineralogical information in ARD assessment and the difficulty in
acquiring accurate quantitative mineralogical data, careful planning is required to obtain
useful information at a reasonable cost. As briefly mentioned above, the level of
sophistication of the data required depends on the purpose of the investigation. Whereas
there are currently no firm guidelines specifically requiring the acquisition of mineralogical
data for ARD assessment, a better understanding of the acid generation/neutralization and
metal leaching processes through the application of such data will facilitate devising more
cost-effective preventive and/or mitigation measures for ARD problems.

Taking the above into consideration, a suggested cost-effective strategy for acquinng the
necessary mineralogical data to support predictive testwork is as follows:
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1. Comprehensive coverage can be provided by geochemical analysis, informed by a subset
of petrographic and/or SEM analysis. If supported by mineralogical data, geochemical
assays should permit the detection of pronounced mineralogical differences.

2. Conduct additional SEM-EDX analyses to fill in petrographic blind-spots and as a
confirmation test for assumptions of geochemical composition.

3. Perform quantitative measurement of solid solution and trace contaminant mineral
composition by EPMA only if more accurate mineral weathering rates constitute an
essential component of the proposed ARD prevention/mitigation scheme.

4. Mineralogical and geochemical data are invariably collected during various stages of

mineral exploration and in the metallurgical testwork; as it becomes available this
information should be incorporated into the metal leaching prediction.
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8. PRESENTATION AND INTERPRETATION OF STATIC TEST DATA

8.1 Calculatéed Parameters

. The first phase in the interpretation of static test data is the calculation of a number of derived

parameters:

* neutralization potential ratios;
+ proportion of retained reaction products;
o surface area.

The default paramctcr used to calculate the AP (acid potential) of a sample is sulphide-S. AP
is then used to calculate other ABA parameters. If sulphide-S is not aviilable and total-S is
used to calculate it, the acid potential of thé sample it is known as TAP.

8.1.1 Net Neutralization Potentials

Net Neutralization Potential (NNP) is a traditional part of acid-base accounting, like sulphur
species (Section 7.6), neutralization potential (Section 7.7), and crushed/surface rinse pH
(Sections 7.8). NNP is a calculated parameter and does not requme any unique additional
chemical analysis.

1. Obtain sulphide-S (%), and del-S (%) from Section 7.6.
2. Calculate:
Acid Potential (AP, as t CaCQ,/1000 t) = (sulphide-S (%) + del-S (%))* 31.25

3. Obtain Sobek NP and Carb-NP from Section 7.7.

4. Calculate:
NNP (NNP as t CaCO,/1000 t) = NP - AP
Carbonate NNP (CNNP, as t CaC0,/1000 t) = Carb-NP - AP

The analysis for each of the different sulphur species is done on a separate sub-sample
(Section 7.6). Different extraction methods are used on some of the sub-samples to
differentiate between the sulphur species. After the tests have been completed, sometimes
when suiphide-S, sulphate-S and organic-S are subtracted from total-S some of the sulphur is
unaccounted for. In this case a del-S is reported, and in the calculation of AP is assumed to
be sulphide-S.

[f there is no sulphide-S, sulphate-S and organic-S data availabie, or no sulp!laIC-S and
organic-S in the sample, total-S may be used in place of sulphide-S. If total-S is used the
calculations will be:

1. Obtain total-S (%) from Section 7.6.
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2. Calculate:

Total Acid Potential (TAP, as t CaCO,/1000 t) = total-S (%) * 31.25
3. Obtain Sobek NP and Carb-NP from Section 7.7. ’
4. Calculate:

Total NNP (TNNP, as t CaCO,/1000 t) = NP - TAP

Carbonate TNNP (CTNNP, as t CaCO,/1000 t) = Carb-NP - TAP

8.1.2 Net Potential Ratios

Net Potential Ratio (NPR) is a part of acid-base accounting that is calculated and does not
require any unique chemical analysis. Because it provides a measure of the proportions of
NP and AP, the NPR criteria can be used over the wide range of AP values. Consequently
the NPR rather than the NNP is to be used for operationally identifying and separating
‘potentially acid generating (PAG) materials, and as screening criteria in the early phases of
the prediction program (see Section 8.3.4).

1. Obtain sulphide-S (%) and del-S (%) from Section 7.6.
2. Calculate:
Acid Potential (AP, as t CaCO,/1000 t) = (sulphide-S (%) + del-S (%))* 31.25
3. Obtain Sobek NP and Carb-NP from Section 7.7.
4, Calculate:
NPR (NPR, dimensioniess) = Sobek NP / AP
Carbonate NPR (CNPR, dimensionless) = Carb-NP / AP

If there is no sulphide-S, sulphate-S and organic-S dafa available, or no sulphate-S and
organic-S in the sample, total-S may be used in place of sulphide-S. If total-S is used the
calculations will be:

1. Obtain total-S (%) from Section 7.6.

2. Calculate:
Total Acid Potential (TAP, as t CaCO,/1000 t) = total-S (%) * 31.25

3. Obtain Sobek NP and Carb-NP from Section 7.7.

4. Calculate: '
Total NPR (TNPR, dimensionless) = Sobek NP / TAP _
Carbonate TNPR (CTNPR, dimensionless) = Carb-NP / TAP

8.1.3 Proportion of Soluble Constituents
The interpretation of soluble-constituent static tests (Section 7.4) involves the calculation of

the weight of a soluble-constituent in the sample and its comparison to the total amount
(Secttons 7.2 and 7.3) in the sample.
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Soluble-Constituent Amount (¢.g., Img Cuwkg) =
Concentration (¢.g., mg Cw/L) * Water Volume (L) / Weight of Sample (kg)

Percentage Qf Total Amount of Soluble-Constituent =
(Surface-Retained Amount / Total Amount) * 100%

The percentage of soluble-constituents can be used to estimate metal loadings and the
- drainage chemistry resulting from thorough rinsing by precipitation or after submergence.

- The information is also useful for interpreting the early weeks of humidity cell tests during
which most of the soluble components should be removed.

8.1.4 Particle Surface Area

Particle-size analyses (Section 7.9) are reported in tabular form or graphically. For estimating
surface area, the average weight, volume, and number of particles retained on each sieve is
calculated. The average surface area for each particle is then estimated and summed. This
provides the geometric surface area for the sample and on a per-kg basis. Equations for
calculating geometric surface area are found in the textbooks addressing particle-size area, or
free software like Grain 2.0 provides automatic calculations upon entry of sieve data.

8.2 Data Presentation for Interpretation

The second step in the evaluation of static test data is the presentation of the information in a
form that allows for proper interpretation. In most cases this requires data tabulation,
calculation of descriptive statistics and plotting critical parameters. The calculated
parameters should include means and various percentiles (Table 8-1). Tabulation and
derivation of descriptive statistics should be done for each potentially unique geological unit
and waste or exposure type (Table 8-2).

TABLE 8-1 ' _
Required Statistical Parameters for Static Tests (Sections 7.2 to 7.9)

Percentiles 10%, 50% (median), 90%

Central tendency - moments arithmetic mean, arithmetic standard deviation'

' if the distribution is not normal or log normal, other statistics should be used

Arithmetic means and standard deviations are based on the assumption that data are
distributed normally. This is not always the case. Therefore, the distribution of important
static-test results should be displayed graphically. Based on the observed distribution,
appropriate statistical summaries can be created and, if desired, percentages of statistical
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populations within specified categories (e.g., NPR <.l) can be estimated.

In addition to tabulation and the calculation of descriptive statistics, preliminary data
evaluation requires the production of scatterplots which graphically iilustrate the relationship
between key parameters. Scatterplots of one parameter against another from whole-rock,
multi-element, and acid-base accounting (ABA) analyses can reveal correlations,
relationships and population differences not apparent in the statistical data. For example, a
scatterplot of surface rinse pH vs. NP may reveal the amount of unreactive NP in weathered
samples after the sample “goes acid”, and a plot of iron vs. sulphide will show any additional
amount of iron not accounted for by iron-sulphide minerals. Mineralogical examinations
(Section 7.10) will also assist in these interpretations.
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The required plots will depend on' the site and the prediction questions. However, there are
some ABA scatterplots that are almost always required and usually should be reported (Table
8-3), while others can be helpful to interpretations and should be checked.

TABLE 8-3
Generically Required Scatterplots for Acid-Base Accounting
Parameter #1 |vs. Parameter #2 Potential Purpose
< 2 mm Surface | Crushed pH comparison of pH methods
Rinse pH
Total Sulphur | Sulphide portion of total sulphur comprised of sulphide;
implications of substituting total sulphur for sulphide
Sulphate (optional) | portion of total sulphur comprised of sulphate;
relationship of sulphate to total sulphur
Sulphide Sulphate oxidative relationship of sulphide to sulphate
- (pH! correlation showing any control by sulphide (for
: weathered materials only) A
Sobek NP Carb-NP portion of NP comprised of carbonate minerals;
(Carb-NP)? general reactivity of carbonate minerals
pH' correlation showing any control by NP; estimation of
unavailable NP (for weathered materials only)
NPR. available NP in samples with high PAG
Sulphide balance between AP and NP
Particle Size for weathered samples shows the contribution of
various particle sizes and possible occlusion
NPR NNP relationship of two bulk-balance parameters;
- substitution of one parameter for another
pH' preliminary adherence to critical NPR values based
on pH (for weathered materials only)
' The use of both < 2 mm surface rinse pH and crushed pH should be reviewed.
! _The use of both Sobek-NP or Carb-NP should be reviewed.

The tabulated raw data scatterplots and descriptive statistics should be examined to:

* determine which if any trace elements occur in anomalous amounts;

¢ evaluate the ABA data to determine which measurements most effectively describe the
AP and NP; ' .

e compare descriptive statistics with ABA screening criteria to provide an inttial
assessment of the ARD potcnnal for 10%, median, and 90% of the samplcs in each
category.

 identify any anomalous sample or sub group of samples whose performance may
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sigﬁiﬁcantly differ from or alter that of the group, and determine whether these matenials
can be “treated” separately.

It should be noted that pertinent geological location and sample type information is required
to carry out the latter. Where possible the data for sample groups whose spatial occurrence,
ore grade, and static test parameters suggest they can ftreated .alike should be combined.
Examples of scatterplots and the resulting data interpretation for mines and mmmg projects
in British Columbia are shown in Figure 8-1 through 8-10.
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8.3 Static Test Screening Criteria

8.3.1 . Introduction

The information denived from recommended static tests, in conjunction with previous
experience, can form the basis for preliminary estimates of metal leaching or the ARD
potential. Static test screening criteria can be very useful for identifying matenals with no
ARD potential or elements of little concern. However, the reader is cautioned that given the
present ignorance regarding rock and mineral reactivity, and the lack of detailed histonc site
characterization and monitoring, static test criteria are coarse and conservative.

8.3.2 Tatal Concentration of Trace Elements

All materials impacted by the mine should be screened using the multi-element analytacal
techniques (Sections 7.2 and 7.3).

Determination of which trace elements occur in high concentrations can be made by
comparing the results with the normal range of concentrations found in rock and soil

(Appendix 3).
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Obviously total concentrations provide no information about the form in which the elements
exist and therefore are not to be taken as a measure of their threat to the environment. In
some cases the mineral source will be inert or only sparingly soluble. Where elements are
present in high concentrations, further testing and analysis should be done to determine the
mineral source(s), the potential rates of release and the environmental significance.

8.3.3 Councentration of Soluble Constituents .

In the absence of site specific objectives, elements of greatest concern can be identified by
comparing the shake flask results with the discharge objectives reported in Table V of the
provincial Pollution Control Objectives for the Mining, Smelting and Related [ndustries:
Ministry of Environment, 1979 (Appendix 4). The determination of potential impact and a
need for mitigation will depend on the site-specific conditions. :

Because solubility is only a concern in a limited number of situations and due to the mmherent
high cost of testwork, solubility testing should be used selectively. The dissolution potential,
and the consequent need for testing, should be determined from the initial characterization of
geological materials, the sulphate content (ABA) and the results of petrographic
examinations.

8.3.4 Acid/Base Accounting (ABA) ARD Screening Criteria

I. No testing is required on unconsolidated materials such as glaciofluvial and fluvial
deposits, derived from wide areas, and having little opportunity for either sulphide or
trace element concentration or deposition.

2. Matenals with a sulphide-S content less than 0.3 % and a subsoil pH greater than 5.5,
require no further ARD testing and, if there is no other metal leaching concemn, will be
considered safe to excavate. A cutoff of 0.3% sulphide-S is appropriate for most
geological conditions. The exceptions are where the rock matrix consists entirely of base
poor minerals (for example, quartz and sericite, in pervasive phyllic alteration) or where
the sulphide minerals contain heavy metals, such as As and Zn, which are soluble in
weakly acidic leachate.

If the sulphide content is 0.3% or more, an ABA assessment is required. Due to the
greater solubility of metals at low pH, if the pH is less than 5.5, a 24 hour shake flask
extraction is required to determine the soluble metal content (see Analysis of Soluble
Constituents, Section 7.4).

"This abbreviated ABA screening criteria is intended for situations, like road coqstrpction
in non-mineralized terrain, where there is no reason to expect a low NP or significant
trace element release. Where materials are likely to be mineralized or hydrothermally
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altered , a proponent is advised to carry out the full ABA/metal leaching analysis, and to
use the NPR screening criteria listed in #3. '

3 ‘Where materials are mineralized, the £ull suite of ABA testing should be carried out
ARD Screening criteria based on the results of standard ABA test results are as follows:

Table 8-4
Acid-Base Accounting (ABA) Screening Criteria

Potential Initial Screening Comments o

for ARD - Criteria

Likely NPR <1 likely ARD generating unless sulphide minerals
are non-reactive

Possibly 1 <NPR <2 possibly ARD generating if NP is insufficiently
reactive or is depleted at a faster rate than sulphides

Low NPR 2-4 not potentiaily ARD generating unless significant
preferential exposure of sulphides along fracture
planes, or extremely reactive sulphides in
combination with insufficiently reactive NP

None .. NPR >4,

The main conclusion to be drawn from the above is that samples with an NPR gréatcr than 4
are judged to be of no ARD concern and no further ARD testwork is required, unless the
materials are to be used as a source of alkalinity.

Theratioof 4:1 152 conservative screening criteria selected to ensure the detection of all sites
where there is an unfavorable balance between acid generation and neutralization reactions of
where the composition of the reactive fraction (for example, 2 waste rock's fine-sized
fraction) varies significantly from the analysis of the entire sample. Itis recognized that a 4:1
ratio is conservative and will be higher than the maximum NPR of acid drainage generating
materials.

Without additional information, samples with an NPR less than 4 will be considered to have
an uncertain ARD potential. Where the acid rock drainage potential of 2 waste matenal ot
geological unit is uncertain, it will be considered acid drainage generating until the prediction
can be refined through further testing. The type and amount of additional testwork required
for material will, to some degree, depend on the ARD potential. For example, the

designation of low ARD potential NPR 2 to 4 will be changed from low (0 non-ARD
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gencrating when it is shown that either the sulphides will not be preferentially exposed or the
NP is sufficiently reactive.

It is cautioned that acid-base accounting on its own provides only a rough assessment of the
potential for acid drainage. More accurate site and material-specific interpretation or testing
should be used to develop less conservative, more refined materials handling criteria.
Typically, the more refined NPR distinction between potentially and non-ARD generating
materials is between 1 and 2. With very slowly reacting sulphides and significant slow
release alkalinity, ARD may not occur in materials with an NPR less than one.

To date the only materials with an NPR greater than 2 reported to have produced ARD or
NP/AP depletion rates that would result in ARD are ficld test pads (Ziemlkiewicz and Meek,
1994) and other forms of testing (Morin and Hutt, 1993b). In other cases where ARD was
inutially ascribed to an NPR > 2 mine component, it was later discovered that the source was
“incorrectly characterized or it was a discrete portion that was NPR < 2 (for example, low
grade ore in a generally benign waste rock dump), and the problem rests with characterization
and matenial handling. -

The present lack of documentation of NPR 2 - 4 materials producing ARD, is qualified by the
understanding that there is a general lack of well characterized minesites in the range of NPR
1 to 4. The shortage of evidence and the hypothetical possibilities of chemically unreactive
NP and of selective NP occlusion in coarse fragments detract from a blanket statement that
ARD is impossible above an NPR of 2 or 3. The MRS therefore requires additional
- evidence to justify the use of less conservative NPR numbers.

The ABA screening criteria listed above apply to individual samples. The development of
criteria for rock dumps containing a mix of potentially acid generating (PAG) and non-PAG
waste is more difficult. Data for predicting acid drainage for mixed waste rock dumps are
limited, especially for hard rock mines.
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9. KINETIC TESTS FOR AERIALLY EXPOSED MATERIALS

Kinetic information is a critical part of drainage chemistry prediction and kinetic testing is
usually required for any project resulting in significant new exposure of potentially metal
leaching rock: - This chapter describes the recommended technique for laboratory and field-
based kinetic tests. The recommended laboratory test for aerially exposed materials is a
humidity cell. The recommended field-based procedures are on-site test pads, wall washing
stations, and:the monitoring of the actual dumps, pits, impoundments or underground
workings.

9.1 Objectives and General Form

Kinetic tests provide a measure of the dynamic performance or “reactivity” of excavated and
exposed materials. The previously described static tests (Chapters 7 and 8) such as acid-base
accounting (ABA) provide data on the composition of the sample. Site specific kinetic
information is required to show how that composition will perform.

The prediction information which kinetic testing is used to provide inc_lude:

l. The relative rates of acid generation and neutralization, which play a major role in
determining the geochemical conditions, including whether the sample will go “acid”.

2. The time to ARD onset, which determines how long a delay is permissible before
prevention measures are required. :

3.-Drainage chemistry and the resulting downstream loadings for each of the probable -
geochemical conditions.

The items listed above can be estimated from measurements of the:

» Reactivity of acidity and metal sources, with particular emphasize on sulphide minerals.

* Reactivity of neutralizing minerals, particularly if non-carbonate minerals contribute
cnitical NP.

» Probable geochemical conditions.

» Solubility of the released metals.

Unlike the relatively simple, single-analysis static tests, kinetic tests are complex procedures
typically requiring; :

a) A field situation (weathering) and/or laboratory test procedures (simulated Wcathcn'ng)
that tllustrate or simulate one or more facets of the weathering of the test materials.

b) Detailed pre-weathering characterization of the test material. This requires thorough
static testing and is needed to determine:
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e If the test sample is the appropriate test material; ‘ :

e Possible mineral sources for critical components identified in the drainage. This
information is required in part to ensure that the desired parameters are measured and
to identify situations where a pretreatment may be required. Pretreatment may be
required when one component or reaction may mask one of the critical features being
measured, for example where gypsum or some other sulphate source masks sulphate
release by sulphide oxidation; :

* Differences between the test material and the actual mine component under
investigation.

¢) A temporal monitorng regime showing the changes in composition as a result of
weathering. Because test material sampling can be destructive to the test, monitoring
usually consists of reguiar geochemical analysis of the drainage. Destructive sampling is
usually not a concern in the monitoring of mine components.

d) Post-weathering characterization of the test material, again requiring thorough static

- testing. A comparison with the results of the pre-test results can be used as a check on
the results of (¢). Testing should also be used to identify any (secondary) weathering
products and to separate them from the unreacted initial or primary mineral content

Kinetic testing includes a variety of procedures, measuring quite distinct parameters. The
tests are not interchangeable and one should be aware of the differences when selecting a test
~and interpreting the results. Test selection should be based on the information requirements,
the site, the exposure environment and the specific materials being tested. One of the most
critical aspects, and a common source of error when it is not recognized, is the distinction
between tests designed to measure the primary weathering reactions and those designed to
mieasure the drainage chemistry resulting from secondary mineral solubility.

9.2 Possible Sources of Kinetic Information
Kinetic data may be obtained from a varielty of sources incfuding:

* Similar materials, at other similar sites, whose performance is already known.

¢ Talus (colluvial) soils and outcrops developed under similar climatic conditions on
similar materials. _

» Existing mine wastes, surfaces and seepage at the same site.

e [aboratory tests.

* Small field tests.

Often, there is no one piece of evidence or conclusive test, and the proponent must combine
information from a variety of sources. For example, experience at other sites might be
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presented in combination with detailed geological data and laboratory kinetic test results that
show that the rock or waste types are very similar. Usually static test data is used in
conjunction with previous industry experience to make preliminary estimates of the potential
for ARD and/or metal leaching. Given the present ignorance regarding the reactivity of rock,
site-specific kinetic testwork are generally required to verify and refine these estimates. In all
but the most éxceptional circumstances, site-specific predictions require a complemcntary
mix of static and kinetic test information.

Any kinetic test information presented for review should generally include:

* Detailed static test information showing that the test material has the same composition as
the material it is purported to represent. Documentation will typically include the ABA,
elemental -and mineralogical data and for waste rock the properties that affect mineral
exposure (e.g., composition relative to planes of weakness and occluslon in coarse
fragments). This data should be used to select the test material.

» The ideitity of minerals contributing to the measured drainage chemistry, and evidence
that the parameters measured are true indicators of the properties under investigation. In
humidity cell testing, this should include data to support assumptions regarding the
mineralogical origins of constituents like sulphate and base cations, the parameters which
are used to estimate rates of acid generation and neutralization.

e Drainage concentration and flow data. The environmental impact of drainage chemistry
will depend on downstream loadings and its effect on receiving water quality. Any
drainage monitoring should therefore include a measure of the flow rate. This applies to
laboratory tests as well as to field monitoring.

 Consideration of the possible differences between the test and the actual deposition,
exposure and leaching conditions, including effects on mineral availability, reactivity,
metal solubiiity and metal concentrations.

The onset of ARD is controlled by geochemical processes, such as calcite dissolution, which
may take many years to complete. Consequently, both on the mine site and in testwork, the
absence of acid conditions does not in itself prove that there will not be future ARD.

Laboratory kinetic tests will be empowered where it can be shown that the test results are
correlated with field rates or that they simulate the actual balance of important processes,
such as oxidation, dissolution and entrainment. :

Depending upon the materials and site, it may be necessary to consider the effect of additions
from biotic and climatic sources.

The major vanables to be considered 1n test selection are:
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Whether the test occurs in the laboratory, at the minesite or at some other suitable field
site. This is particularly critical for direct measurement of drainage chemistry and
secondary mineral solubility.

The scale of the test - real or reduced. Size reduction will alter potentially influential
factors such as heat conservation and drainage heterogeneity, and may preclude large
particles from the test.

Whether the test accelerates weathering ‘proccsscs.

i

Whether the measurement objective is primary mineral weathering or secondary mineral
solubility. Measurement of primary mineral weathering requires an action to remove the
solubility constraints. Usually this is accomplished with aggressive leaching or flushing.-
Measurement of primary mineral weathering and secondary mineral solubility are

- mutually exclusive for obvious reasons.

Large disparities obviously exist between laboratory tests and those carried out at the
minesite due to differences in samplé preparation, climate conditions, sample size, limitations
in scale and, in the case of waste rock, particle size. To distinguish the artificial nature of
laboratory chimate conditions, laboratory induced changes should be referred to as simulated
weathering.

A synopsis of the test conditions for various kinetic tests is shown in Table 9-1. A
comparison of the different procedures is provided in the subsequent sections.

Table 9-1
A Synopsis of the Test Conditions for Various Kinetic Tests
Test Procedure Field/Lab Scale Primary Weather | Drainage Chemistry
Humidity Cell Lab Bench, <6_ Yes With MINTEQ
' nim particles . or site drainage
Column Lab Bench to 1 No Yes
pilot
Soxhlet Extraction Lab Bench Yes No-.
Field Test Pads Field | Pilot No Yes.
‘Wall Washing Field 1 m’ Yes - With MINTEQ
Stations or site drainage
Site Drainage | Field Real No Yes

Three on-site procedures are recommended:

» pilot scale field test pads for waste rock and tailings;
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o wall washing stations for mine walls;
» operational monitoring of the actual mine components.

The recommended procedure for measuring primary reaction rates is the humidity cell.

In an attempt to more accurately predict field weathering, some researchers have advocated
using laboratory test apparatus that more closely mimic field conditions. Examples of this
are the use of real precipitation rates and the use of bigger particles in column studies. Given
the size and climate constraints of 2 laboratory, the laboratory and field conditions will
always be markedly different. Clearly the best place to measure secondary mineral
precipitation and dissolution is at the minesite, using the real climate and, in the case of waste
rock, the real particle size distribution. ~

In some cases, column studies have been used to measure both the primary reaction rate and
the results of:secondary mineral precipitation and dissolution. One critical feature for any
procedure measuring primary reaction rates is the requirement that all the reactants are in.fact
being measured. Without flushing out the products of weathering, it is impossible to measure
the primary reaction rate. Primary reaction rates are required to predict the future balance of
acid generating and neutralizing reactions, conditions which determine whether the material
become acidic. With the present tools, measurements of primary reaction rates and
secondary dissolution are mutually exclusive. '

" Trickle leach column tests have the following disadvantages:

e The primary weathering products may be retained and therefore leachate chemistry
cannot be used as a measure of the relative rates of acid generation and neutralization,
and of times to mineral depletion.

» They are run at the laboratory temperature often with a reduced particle size, and without
seasonal vanation and the extremes of both temperature and precipitation. Consequently,
they provide poor analogues- for heterogeneous drainage and the secondary -mineral
precipitation and dissolution, the controlling factors for metal leaching under all but the -
most acidic pH values. .

+ Without the entire load of primary weathering products, leachate results cannot be used
either with- MINTEQ to predict the extent of secondary precipitation or release, or with
field data to predict metal leaching based on the predicted evolution in drainage
chemistry (i.e. pH conditions).

For these reasons, laboratory columns are not recommended as a primary tool for the

prediction of drainage chemistry. However, column studies may contribute useful drainage
chemistry information if they simulate the critical geochemical conditions.
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9.3 Humidity Cell Procedure

The humidity cell is the recommended kinetic test for predicting primary reaction rates under
aerobic weathering conditions (Figures 9-1 and 9-2). The resulting data provides a measure
. of the rates of metal release, acid generation and acid neutralization under the geochemical
conditions encountered in the test. Measured rates can be used to estimate the time to
mineral exhaustion and the balance between the rates of acid generation and acid
neutralization can be used to predict future geochemical conditions like pH, one of the
crtical information needs for setting site-specific waste disposal criteria (Chapters 7, 8, 10
and 11).

Although it is a secondary consideration, humidity cell results can 'also be used to crudely
predict drainage chemistry. There are two possible approaches.

a) When sufficient parameters are measured to permit geochemical modeling (Section 11.2)
with programs such as MINTEQ, the primary humidity cell weathering data can be used
to predict the resulting secondary precipitation products and their solubility. This
procedure can be used prior to the availability of on-site tests and monitoring.

b) Detailed site monitoring data showing metal concentrations for different pH conditions
can be combined with geochemical conditions predicted by the humidity cell and flow
rates calculated for different mine components (for example, Cu concentrations at
different pH values, as discussed in Morin et.al, 1995a and 1995b; Morin and Hurt,
1997) to predict loadings. This procedure for data analysis is discussed in greater detail
mn Section 11.1. :

Advantages of the Humidity Cell

» Well charactenzed test material. .

¢ The consistent reproducible test conditions of humidity cell testing permit the comparison
with results from other sites.

¢ Weekly flushing permits measurement of the primary reaction rates.

The statement that weekly flushing permits the measurement of primary reaction rates, which
1s the main reason for camrying out the procedure, should be qualified. Flushing will only
remove those weathering products that are water soluble. The assumption that base cations
and sulphate, which are the parameters used to determine the rates of acid generation and
neutralization, are water soluble should be checked as part of the test.

Simulated-Weathering in a Humidity Cell versus Weathering in the Field

» Logistically restnicted to fine particles, typically less than 10 mm in diameter. o
e Room temperature, a regular.cycle of dry and humid air, and regular rinsing with distilled
water.
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s No heterogeneity in leaching.
» No conservation of heat generated by oxidation.
e Minimal accumulation of soluble secondary weathering products.

Because of the.differences noted above, the humidity cell procedure clearly does not simulate
. the precipitation and dissolution of secondary weathering produicts.

Laboratory conditions in tests like humidity cells may enhance or depress rates of sulphide
oxidation, leaching rates and carbonate dissolution relative to field conditions. Some
processes which can cause discrepancies between laboratory and field rates include:

¢ Differences in the accumulation of secondary minerals (e.g., Table 10-3).

+ Pretreatment grinding and crushing may damage mineral grains, exposing soluble base
cations and hydroxides, making the minerals more susceptible to weathering and
creating additional neutralization potential compared to that operationally available.
This is primarily a concem for waste rock and wall rock, where only a limited portion of
the mass ends up in the fines. However, damaged, highly reactive grains normally
dissolve within the first few weeks of testing. This accounts for the often observed peak
concentrations in early weeks of leaching.

e For a similar mass of material, the portion able to contribute to drainage chemistry will
be much larger in a crushed humidity cell sample than in the actual waste rock and pit
walls. Consequently the available amount of sulphide-S and NP will be proportionaily
be much higher in the test sample. |

e  Pretreatment comminution does not discriminate between high and low strength portions
of the rock. Consequently the fines in the test sample may include material that due to
its physical stability would normally occur as coarse fragments or relatively unfractured
mine walls, with its NP effectively inert. This may pose a prediction problem if the
‘usually inert’ material has a higher AP or NP content than the “real operational” fines.

The Procedure

The following description of the humidity cell procedure includes:

the apparatus;

an outline of the general procedure;

sample preparation; and

detailed descriptions of start-up, operating and closedown procedures.

This information follows to the original procedure of Sobek et al. (1978) with a minor
modification to handle larger sample sizes. :
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Apparatus

The recommended humidity cell design is a plexiglass cylinder fitted with a base plate and
equipped with a drain hole, a detachable lid and various other air and drainage ports.
Approximately 2.5 cm (1 inch) from the bottom of the base plate is a removable perforated
plate or screen which supports the sample. Filter materials such as polypropylene landscape
fabric should be used to minimize the amount of fine particles passing through the perforated
plate.

The size and shape of the humidity cell will depend on the particle size of the material being
tested (e.g., waste rock versus tailings). If the sample consists of refatively porous material,
predominantly sand and gravel sized particles, the humidity cell should be approximately 8
inches high and 4 inches wide (Figure 9-1). This tall slender humidity cell is typicaily used
for waste rock samples which are crushed to approximately -6 mm (-Y inch). If the sample-
consists of a material like tailings, with finer particles (approximately 150 um) and less
permeability, a shorter, wider cell should be used to facilitate leaching and aeration (F igure
9-2).
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' W::zr Dry&M.r o .1 m
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Tube ] L
.Il et B v : Waste Rock :
0 Sample Tailings
R : . H-er';f:'__ Sample
B e 2 Perforated "
Dy Alr —  Suppant j
M Aty B Perforated
* erat
la - l%cll;ate l Support
| O
Figure 9-1 Humidity Cell for Rock Figure 9-2 Humidity Cell for Tailings

General Qutline of the Procedure

One cntical requirement for humidity cell testwork that is often, but should never be omitted,
is the pre-test and post-test characterization of the oniginal sample and the resulting residue.
Analyses should include expanded ABA, strong acid digestion multi-element analysis b}{
ICP, mineralogy, whole-rock major-element analysis and particle size (Chapter 7). This
information is used to identify possible sources of element release and to calculate the rates
and times to depletion for different minerals, elements, acidity and alkalinity sources. Post-
test charactenzation is also required to identify any accumulated weathering products.
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Where a component of the pre-test composition will mask a significant weathering reaction, a
pretreatment may be required to remove it. The most common example of this is where a
sample contains a soluble sulphate mineral (e.g., gypsum) whose dissolution products cannot
be distinguished from the sulphate released by sulphide oxidation and the calcium released
from calcite.

After sample preparation and pre-test characterization, approximately 1 kg of the test sample
(dry weight) is placed in the humidity cell and arranged so that it bas a relatively flat surface.
In the mitial week (Week 0) the test sample is wetted and flushed/rinsed (Section 9.3.1).
What follows is a repetitious, weekly cycle of dry air, humid air and flushing (Section 9.3.2).
For the air treatments, air is continuously pumped into and through the cell. A dry-air
manifold is required for the three-day-per-week dry-air treatment. A humidifier is required
for the water-saturated air treatment.

The pattern of air flow differs between the tailings and waste-rock cells. This difference
mirrors differences in field deposition and water-retention characteristics. Tailings are
typically fine materials with a high moisture content and are usually placed as a slurry into an
impoundment. Usually the only “fresh™ air in constant contact with the tailings is that which
passes over the top of the tailings mass. Subsequent air movement into the tailings is through
diffusion, a slow process (Chapter 12) that limits the downward movement of oxygen. Waste
rock, on the other hand, is usually coarser than tailings, and is placed in piles or dumps. The
larger particle size allows for better drainage, more contact between the waste rock and air,
and greater air circulation. As a result, air in a waste rock cell is introduced below the sample
so that it can more freely circulate through it, while in a tailings cell air is passed over top of
the sample. ‘

One testing "cycle" takes place over seven days (Section 9.3.2). The first three days of the
cycle is the “dry" portion during which filtered laboratory air is passed over a tailings sample
or through a waste rock sample. The next three-day period is the "wet" portion of the testing
cycle, when laboratory air is first pumped through a humidifier unit and then into a cell.

On the final day of the testing cycle, 500 mL of distilled/deionized water is added to the top
of the cell and allowed to soak the sample for a specified period to dissolve the accumulated
weathering products. Fine-grained samples should be gently stirred to ensure particle
surfaces are rinsed. The rinse water is then drained for analysis. The purpose of the weekly
rinse/flush is to wash out any weathering reaction products that have accumulated in the cell

- during the wet and dry segments of the cycle. The day after collecting the rinse/flush sample,

another cycle is initiated with the introduction of dry air. A detailed description of the
startup, operating and closedown procedures are presented below.

The weekly "leachate” or rinse water should be analysed for pH, sulphate, conductivity,

acidity, alkalinity, and multi-element ICP analysis. Metal samples should be filtered to
provide dissolved concentrations. From the analyses, leaching rates should be calculated,
typically in units of mg of parameter/kg of sample/week (Table 10-1). Using pre-test static
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tests such as ABA and multi-element [CP analysis (Chapter 7), times to metal depletion can
also be calculated. :

The duration of a humidity cell test is until the rates of sulphate generation and metal
leaching have stabilized at relatively constant rates for at least five weeks. Experience in
British Columbia shows that stabilization often takes 40 weeks, and can sometimes take over
60 weeks, and significant changes may take place even after several years. Therefore, the
criteria on which to close down a cell depend on the sitc-specific objectives and the degree
uncertainty in the predictions. Because of uncertainty and associated tisks, some British
Columbia mines have continued kinetic tests for up to five years {and some are stil|
continuing). o

Sample Preparation

Sample preparation requirements depend on the specific material, site and depositional
conditions. The main guideline is that the test material, particle size and mineral exposure
should, to the extent possible, match the material that will react in the field. General
recommendations for different materials are as follows:

* do not comminute existing fine-grained materials;

o for existing waste rock, use a particle size fraction representative of the “reactive
material” (e.g., the < 2 mm fraction), which can be separated by sieving;

' & for existing tailings use the entire sample;

« for bedrock or drill core samples of future waste rock use a tota] rock sample ground to
80% < 6 mm (< Y inch); and

¢ for bedrock or drill core sampies of future ore, use the entire rock sample ground to 80%

* < 6 mm to simulate ore stockpiles or < 150 pm to simulate tatrlings.

9.3.1 Humidity Cell Startup Procedure

1. A minimum 2 kg of sample is required for humidity cell testing. Record sample

~ information on a humidity cell pre-test sample information sheet (Figure 9-3).

2. The beginning of the humidity cell test program will be Week 0. Humidity cells are

operated on a weekly cycle. ‘

3. If the sample is rock, crush the sample as required above. If the sample is tailings,
~ crushing is not required and the sample is normally, tested as received.

4. Split out sufficient representative portions of the sample and send for all static tests
discussed in Chapter 7. Record information on pre-test sample information sheet. Label
these results “pre-test data”. _

5.- Weigh 1000 g of sample, record the weight and carefully place in the appropnate
humidity cell, either for waste rock or tailings (Figures 9-1 and 9-2). If the sample is
moist, determine water content so a dry weight can be calculated. Ensure the sample has
a relatively level surface in the cell.
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HUMIDITY CELL TESTING PROGRAM
PRE-TEST DESCRIPTIVE SAMPLE INFORMATION SHEET

Company:

Project:

Sample Id.:

Sample Type (waste rock, tailings, etc.):

Sample Submission Date:

Submitted By:

Sample Description (colour, smell, texture, size distributior, moisture content, etc.):

Figﬁre 9.3 Pre-Test Sample Description Form for Kinetic Samples

Procedures For Wecl_c 0

6. Clamp the drain hose at the bottom of the cell. Carefully add a known volume of
demineralized/deionized water, approximately 750 mL, to the top of the humidity cell.
Enough demineralized/deionized water should be added to the sample to thoroughly
moisten the sample and allow for collection of at least 300-500 mL of leachate. Record
the amount of water added on a weekly data sheet (Figure 9-4). Put a collection flask
undet the cell so that the hose drains into it. All of the sample must have good contact
with the water, therefore gently agitate (gently stir so that all of the sample is in contact
with water) fine, low permeability samples for about one minute.

7. Allow rock samples to soak for approximately 2 hour and tailings samples to soak for
approximately 4 hours allowing dissolution reactions to occur and any suspended
particles to settle. Disconnect the hose clamp and drain off the leachate into the
collection flask. If the cell will not drain in a reasonable time (i.e. about an hour) check to
see if the drainage hose is blocked. If the leachate still will not drain carefully decant the
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leachate off the top of the sample. Record the volume of leachate collected (Figure 9-4).

PROJECT: Mine A
CELL NO.: A-4
SAMPLE ID./DESCRIPTION: Sample 45964 (Durmp #6 - Waste Rock)

KINETIC TEST - WEEKLY DATA SHEET

Week/ Date Leachate | Leachate pH Conductivity | Humidificr Comments
Cycle Volume Volume (1S/cm) Water /Analyst
) Added | Recovered Teamp
{mL} (mL) coy -

0 F 12-F b-96 750 430 6.68 4215 30.5 Fikered solids returned
tocell Water drained
well. NH

i 19-Feb-96 560 427 6.96 505 30.5 Filtered solids returned
tocell Water drained
slowly. K M

2 26-F b-96 500 471 1.21 311 30.5 Filtered solids returned

: tocell NH
[ S -

Figure 9-4 Weekly Report Form for Humidity Cell Kinetic Testing

NOTE: if excess solids flow from the humidity cell with the leachate it may be necessary to
filter the leachate, through coarse filter paper into a clean weighed filter flask. Transfer as
miuch of the solids as possible from the collection flask to the filter apparatus by swirling

before transferring. Weigh the filtrate plus the filter flask; record the weight. Record the

volume of the filtrate. Keep a record of all weights and calculations.

8. Immediately filter the leachate through a 45 pm filter into a 500 mL polyethylene bottie
("raw") and a 100 mL polyethylene bottle acidified with HNQ, to a pH < 1.5. Label the
bottles with the project name, sample id., cycle number and date. Record all data for this
initial rinse as Week or Cycle 0. _

9. Place approximately 25 mL of the "raw" leachate in a 30 mL beaker ard perform pH and
conductivity measurements on the sample using calibrated instruments. Record all
results. For all analyses keep a record of the instruments used, all QA/QC procedures,
and any data resulting from calibration.

10. Submut the remaining "raw" leachate immediately for acidity, alkalinity and sulphate

analysts. Submit the acidified sample for [CP metals. This suite of analyses is a standard
request. -Additional work may be required according to the sample and the type of
information needed (i.e. some samples may require low level arsenic and/or mercury
analyses, etc.).
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[ 1. Carefully scrape any residue in the filter apparatus back into the humidity cell. Place the
filter paper on top of the humidity cell to dry ensuring it will not be disturbed. When the
filter paper and residue have dried return any solids back to the humidity cell.

Al or Wee)

12. Take a sample of the demineralized water used as humidity cell rinse water, and process
through a blank cell. Handle and filter the sample as was done with the humidity cell
leachate. Measure pH and conductivity in the sample. Label the sample "Method Blank™
and submit it for analysis.

13. Take a sample of demineralized/deionized water used for leaching the cells (do not
process in any way). ‘Label it “Rinse Water” include the cycle/week number and date,
and submit it for analysis.

9.3.2 Humidity Cell Weekly Operating Procedure

This procedure generally adheres to the objectives of Sobek et al. (1978), but is modified in
places to allow for larger samples

1. For the first three days after the weekly rinse, dry air is pumped into the humidity cell.
Connect the humidity cell to a dry air source, use a gentle flow rate to move the air
through (waste rock) or over (tailings) the sample. If more than one humidity cell is
running, splits can be taken from a main air line leading to each humidity cell. Use hose
clamps to ensure that each cell receives roughly the same rate of air flow.

2. On the moming of the fourth day, a three day wet air cycle begins. Switch the air supply
from a dry source to a humid one. Disconnect each humidity cell from. the main dry air
supply line. Connect each cell to 2 nipple on the humidifier. The humidifier should be
roughly half full of water and contain an immersion heater which is set to 30 °C. The air
from the main dry air supply is switched to pass through the humidifier unit. This air
passes through the humidifier and exits from an aquarium-type diffuser. The air pressure
is adjusted to provide an adequate air flow without causing rolling waves in the
humidifier. Again, if more than one humidity cell is running, use hose clamps associated
with each humidity cell to ensure that each cell receives roughly the same air flow rate.

3. On the seventh day, the rinsing and sampling procedures begin. Shut off the main air
supply. Disconnect the air supply hose from each of the humidity cells and clamp shut.

NOTE: The waste rock cells have the air inlet at the bottom and will allow leach water to
drain back into the humidifier if not clamped. Disconnect the immersion heater and record
the water temperature and pH of each humidifier.

4. Ensure that the drain hose at the bottom of the cell is clamped. Place a clean 500 mL
beaker under each cell with the hose draining into it. Carefully add 500 mL of
demineralized/deionized water, to the top of each humidity cell. Record the amount of
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water added. All of the samples must be in contact with the water, therefore gently
agitate fine, low permeability samples for about one minute before and/or afier the
addition of water. Make note of how each cell is treated in the weekly records (F 1gure 9-
4).

5. Allow rock samples to soak for approximately 2 hour and tailings samples to soak for
approxamately 4 hours to allow complete dissolution and any suspended particles to
seftle. Disconnect the hose clamp and drain off the leachate into the collection flask. [f
the cell will not drain in a reasonable time (i.e. about an hour) check to see if the drainage
hose is blocked. If the leachate still will not drain carefully decant the leachate off the top
of the sample. Record the volume of leachate collected.

NOTE: If excess solids flow from the humidity cell with the leachate it may be necessary to
fifter the leachate through coarse filter paper into a clean weighed filter flask. Transfer as
much of the solids as possible from the collection flask to the filter apparatus by swirling
before transferring. Weigh the filtrate plus the filter flask and record the weight. Record the
volume of the filtrate. Keep a record of all weights and calculations. Return as much of the
solid material as possible back into the humidity cell being careful not to cross-contaminate
the matenal.

6. Immediately filter the leachate through a 45 um filter into two subsamples; a 500 mL
polyethylene bottle ("raw") and a 100 mL polyethylene bottle acidified with HNO, to a
pPH < 1.5. Label the bottles with the project name, sample id., cycle number and date.

7. Place approximately 25 mL of the "raw" leachate in a 30 mL beaker and perform pH and
conductivity measurements on the sample using calibrated instruments. Record all
results. Keep a record of the instruments used, all: QA/QC procedures and any data
resulting from the calibration.

8. Submit the remaining "raw" leachate immediately for acidity, alkalinity and sulphate
analysis. Send the acidified sample for ICP metals, and arsenic and mercury analysis if
necessary. Laboratories will provide analysis of a standard suite of elements (usually
approximately 32 elements) as a standard request and this should always be done.
Additional assays may be added depending on the type of information needed (i.e., some
samples may not require low level arsenic analysis, etc.).

9. Carefully scrape any residue in the filter apparatus back into the humidity cell taking care

- not to introduce contamination into the humidity cell. Place the filter paper on top of the
humidity cell to dry, ensuring-it will not be disturbed. When the filter paper and residue
have-dried, return any solids back to the humidity cell. o

QA/QC Procedures for Weekly Operation

10. Take a sample of the demineralized/deionized water used as humidity cell rinse water,
and process through the blank cell. Handle and filter as was done with the humidity cell
leachate. Measure pH and conductivity in the resulting leachate sample. Label the
sample "Method Blank™ and send it for analysis. '

11. Take a sample of the demineralized water used for leaching the cells {do not process 1n
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any way). Label it “Rinse Water”, include the cycle/week number and date, and submit it
for analysis.

12. Humidifier maintenance: Humidifiers should be cieaned out every three months or if
water appears turbid. Also replace tubing whenever necessary.

13. Interpretation of the results is discussed in Chapter 10.

9.3.3 Humidity Cell Closedown Procedure

1.

When the cell has stabilized geochemically (Chapter 10), it can be terminated if desired.
To allow a proper interpretation of the cell results, specific closedown sampling and
analysis procedures must be carried out and included in data interpretation. :
After the last cycle, rinse and collect leachate as per the humidity cell operational
procedures (Section 9.3.2).

NOTE: The rinse from the last cycle must be submitted for the full suite of analysis.

3.

9.

Remove the sample from the test cell and place it into a clean 4 L polyethylene rotary jar.
To ensure that the test cell has been thoroughly cleaned and all of the sample and its
precipitates have been transferred to the rotary jar, use a kmown amount of
demineralized/deionized water of known composition to wash the cell. Add enough
additional demineralized/deionized water to the rotary jar so that a total of 3 L of
demineralized/deionized water has been added.

Gently agitate the sample on a rotary extractor for a period of 24 hours. On completion
of the 24 hour agitation, let the sample stand for a minimum of three hours allowing
suspended materials to settle.

Collect the supernatant, recording its volume. Handle and prepare the sample in the same

" manner as was done during normal humidity cell operation. Label the sample "Final

Leach” and submit it for leachate analysis.

Transfer the wet solid from the rotary jar to a pre-weighed drying tray, ensuring all the
sample has been moved. Record the weight of the wet sample.

Air dry the wet sample, or dry in an oven on low heat (<40 °C) if necessary. Record the
final weight of the dry sample. If sample was dried in an oven, cool in a desiccator pror
to weighing.

Take a representative split from the sample and label it "Final Residue”. Submit the split
for all static tests defined in Chapter 7. These analyses will be known as "Post-Test
Data”.

Package the remaining sample, label it "Final Residue”. Place it in cold storage for
possible later examination.

10. Interpretation of the results is discussed in Chapter 10.
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9.4 On-Site Field Tests and Monitoring

Because humidity cells are operated in a laboratory (Section 9.3), they are not subjected to
annual patterns and climatic events that can occur at a minesite. On-site tests and monitoring
provide for site specific verification and calibration of the generic humidity cell results,
particularly with regards to the quality of drainage chemistry and the resulting metal
leaching. Three procedures are recommended: g

* pilot-scale kinetic test pads;
* wall washing stations; and A
* monitoring of the actual mine components. S

9.4.1 On-Site Pilot Scale Kinetic Test Pads

‘On-site field test pads (this section) and wall washing stations (Section 9.4.2) are a
-recommended field tool for keeping track of the drainage chemistry resulting from each
different combination of mine waste and geological materials. Operating mines should
construct on-site leach pads and wall washing stations and carry out ongoing monitoring.

Characteristics of field test pads include:

. » fairly well characterized test material;

* some uncertainty regarding flow paths;

» real particle size distribution;

* natural weather conditions, air temperature, humidity, precipitation rate and quality;

*. irregular, incomplete flushing, allowing accumulation of soluble secondary weathering
products, permitting measurement of resulting drainage chemistry, but preventing
measurement of primary reaction rates; 7

* irregular seepage impedes sample collection; and

» limited conservation of heat generated by oxidation.

Field Test Pads as compared to Humidity Cells

* field-temperature and precipitation; -

* npatural variation and extremes in temperature and precipitation, including seasonal
changes; and _

e natural flushing/incomplete leaching allows accumulation of the soluble secondary
weathering products stable under the given geochemical conditions; therefore permits
medsurement of drainage chemistry.
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Field T mpared to Large Scale Dump or Impoundment

permits drainage collection as compared to the diffuse drainage through a large waste
rock dump;

e  pemnits measurements to be made on a known composition and volume/mass of material

as compared to heterogeneous waste rock dump where it is impossible to tell what
portion contributes what to the eventual output;
e  pemmits more detailed characterization; and
*  may not simulate the large scale features of a large dump _
=> insulation from external temperature variations; importance on ARD
weathering conditions unknown .
= particle size, mineralogy and drainage heterogeneity.

Experience in British Columbia with field test pads has shown that they can behave more or

less like humidity cells (Section 9.3) or full-scale mine components (Section 9.4.4),
depending on the volume of rock and the amount of precipitation (Norecol, Dames and
Moore, 1994; Redfern Resources Lid., 1997). Higher volumes of rock or proportionally less
precipitation lead to significant geochemical retention typical of full-scale behaviour. Lower
volume pads or proportionally more precipitation provide more complete rinsing of reaction
products typical of humidity cells. -

Method

1. Obtain or build a large container, open on top and with a basal drain hole. Some designs
that have been used in British Columbia are:
a) portable drilling mud tanks that hold about 2 t;
b) V-shaped trenches lined with geotextile holding 20 t; and
¢) above-ground wooden cribs holding over 100 t.
The important criteria are:
a) the volume of rock is known;
b) this volume is isolated from runoff and only exposed to precipitation; and
c) all water passing through the rock is collected at one point.

2. Daly measurements of temperature ranges and precipitation are required from a nearby
location.

3. Whenever a significant rainfall event occurs, a clean bucket should be placed at the
discharge point to collect all water. After flow from the container ceases, retrieve the
bucket, determine water volume and process the water for chemical analysis (fiter,
preserve, etc.).

4. Interpretation of the results is discussed in Chapter 10.
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9.4.2 Wall Washing Stations

This Minewall Procedure for using wall washing stations was developed in British Columbia
for the B.C. AMD Task Force and the Caniadian MEND Program. It has been used in British
Columbia at Bell Mine, Island Copper Mine, Equity Silver Mine, Mt. Washington, the
Tulsequah Chief Project, as well as at other sites in Mexico, the USA and Indonesia.
Limitations of the procedure include the difficulties of setting up wall washing stations on
fractured rock and in estimating the source area contribution of unseen fractures.

Small fractures may be sealed to prevent water loss, but to a large degree the requirement for
water retention restricts testing to cohesive walls. Practitioners must therefore determine
whether the sampling sites are representative of the weathering conditions in locations which
cannot be tested. One possible means for collecting information from highly fractured zones
is with complementary humidity cell testing of rock chips. Alternatively, a surface area
correction may be applied to regular humidity cell test results.

Further information on the wall washing stations and the procedure for data analysis and

interpretation may be obtained from the Minewall documentation (MEND, 1995). While still

in its infancy, this procedure provides information that may not be obtained from other

kinetic tests. As with any procedure its strength and weaknesses will become clearer as it is

used at additional sites. Presently the test permits a very useful order of magmtude
- calculation of the contributions from possible contaminant sources.

Equipment (for each station)

3 m of 90E-bent, flexible plastic bathtub edging

2 tubes of pure silicon bathroom sealant (must be pure silicon)

1 sheet of clear plastic l mby 1 m

8 black metal clasps often used for holding unbound reports

1 L of distilled water in a squeeze bottle which allows the direction and pressure of water to
be controlled

bt ol e

lnsiallaﬁon Procedure (see Figure 9-5)

1. Select a relatively flat surface of rock, preferably with no surface fractures, measuning no
more than 1 m by 1 m.

2. Mark the intended perimeter of the station on the surface with a pencil, with three, four, or
five limbs.

3. The lowest, or bottom, limb must slope downwards from horizontal so that all water caught
on it will drain in one direction for collection and later analysis. '

4. Cut the plastic edging to the length required for each limb.

5. Install éach limb by using pure silicon sealant as gle.
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6. Ensure silicon sealant fills all open spaces between the edging and the rock surface so that
no water can pass through.

7. Ensure cach limb overlaps so that no gaps exist at any junction.

8. Ensure the upper limb(s) will divert water around the mdm of the station so that the water
will not flow over the isolated area.

9. With I L of distilled water, wash the cntmc isolated surface within the edging, rinsing out
any loose rock/dust and ensuring all water is caught by the edging and dxrected to the
bottom limb where the water can then be caught in a bottle.

10. Cut the clear plastic sheet to extend 2 cm over cach limb, then loosely attach the plastic
sheet with the metal clasps, ensuring the plastic sheet does not touch the rock surface but
prevents all precnpltanon or runoff from teachmg the Lsolated rock surface.

WATER

/5
H
&

PLASTIC EDGING

Figure 9-5 Diagram of Minewall Station Assembly

Regular Samplin

1. Carefully remove the plastic sheet and place it somewhere clean and dry.
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2. Inspect the station for loose edging and broken seals against the rock; repair any problems
AFTER sampling (below), but avoid losing rinse water through any broken seals.

3. Record 2 nole if there is any condensation and if any water may have condensed and
trickled out of the station between sampling events.

4. Place a calibrated collection bottle at the downstream (outflow) end of the lower limb

- (trough) to catch all subsequent rinse water. -

5. With a calibrated squeeze bottle, spray at least 200 mL onto the isolated rock surface to
rinse the entire area thoroughly; use as little water as possible; it is important to- catch all
rinsc water in the collection bottle; record the volume of water sprayed on the rock.

6. Recond the amount of water recovered in the collection bottle.

7. Analyze the water in the collection bottle like any other water sample. Measurement should
include pH, acidity, alkalinity, sulfate, dissolved metals and total metals as desired.

8. As aquality-assurance procedure, for one round of sampling also filter a similar volume of
the distilled water through a 0.45 um filter, then analyze like all other water samples.

Interpretations of Minewall Stations parallel those of humidity cells (Section 9.3), but rates
are reported as mg/m?/wk, rather than mg/kg/wk as used in Table 10-1.

9.4.3 On-site Monitoring of Mine Components and the Resulting Drainage

Although it is usually not intended as such and is not comimonly recognized as a kinetic test,
on-site monitoring can provide very useful information about;

¢ the range of weathering,

e drainage chemistry under different geochcmlcal conditions,

« trends in metal leaching over time,

» solubility constraints,

« fine particle replenishment, and

¢ the correlation of contaminants with diagnostic drainage parameters.

The accumulated operational drainage:monitdring data collected over the life of a mine 1s
often one of the main sources of prediction data consulted in the review of closure plans.

{ntermittent analysis of the solid phase of tailings and waste rock is reqmred to verify pre-

mining pmdlcuons of the form and rate of weathering.

The main advantage in field monitoring is that the measurements are of the “real” weathenng
and drainage. Pilot scale and smaller testing precludes potentially significant factors such as
the conservation of heat generated by oxidation in acidic dumps.

The prumary disadvantages in field monitoring are that:

 The diagnostic ability is usually limited to the existing geochemical conditions.
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e It is often difficuilt to determine what portion of the whole has contributed to or is
represented by the results.

o It is sometimes impossible to separate additional uncontrolled factors, such as the
contribution of off-site groundwater discharge, which can distort the results.

¢ Natural cohditions such as the wide particle size distribution of waste rock and the

irregularity of natural weather conditions, air temperature, humidity, precipitation rate
‘and quality will introduce variability that may be very costly to remove or impossible to
account for.

[mportant features to consider in analysis of field monitoring results are that:

¢ There may be more than one source of drainage resulting in variable waste flushing and
irregular dilution. All drainage sources should be identified prior to analysis. However
some uncertainty may remain.

¢ One of the most difficult tasks in waste analysis is estimating what portion of the whole a
particular sample or analysis result represents. Given the complexity, the contributing
{test) materials are never going to be completely characterized. ' )

¢ The flow path through mine wastes are uncertain and there is therefore some uncertainty
regarding which portion of whole contribute to the drainage chemistry.

» [Irregular, incomplete flushing, will result in the accumulation of soluble secondary

weathening products.
» [rregular leaching may impede drainage collection.

Both the drainage and the solid phase should be monitored. Drainage monitoring is
facilitated by the drainage collection required whenever there is a potential for significant
metal leaching from a particular mine component. Several valuable observations on the
range in contaminant concentration, the regularity of annual chemical cycles, and the
applicatien of humidity cells for predictions have been gained from the drainage monitoning
at Bell and Island Copper Mines with up to 25 years of drainage monitoring results (Morin et.
al. 1995a, 1995b, 1994, 1993). Any and all water-chemistry data should be regularly
compiled into spreadsheets and regularly examined for trends and revisions of predictions.
The procedure for data interpretation is discussed further in Chapter 11.

In addition to drainage monitoring, intermittent sampling and analysis 1s required to
characterize the form and rate of weathering in the solid phase of tailings, waste rock and
mine walls. When the composition is similar to that of wastes from new mines, field
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evidence from historic mine sites may prov1dc a very good prognostic tool for new mining
developments.

Due to complexities and confounding features such as geochemical retention, various
drainage sources and material heterogeneity (Chapters 7 and 8), site monitoring results must
be interpreted with caution and with the assistance of data from smaller scale tests on more
completely characterized materials (Sections 9.3, 9.4.1, and 9.4.2). Field monitoring and
humidity celi results have been shown to be similar at several sites once weathering product
retention is taken into account (Morin and Hutt, 1997).
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10. PRESENTATION AND INTERPRETATION OF TEST DATA FROM THE
RECOMMENDED KINETIC TESTS

Guidance is given here on the presentation and interpretation of data from the recommended
kinetic tests (Chapter 9). For example, the various equations for calculating neutralization
depletion in a humidity cell, based on pre-test static tests and weekly rinse analyses, are listed
and explained. This interpretation, in combination with general modeling (Chapter 11), leads
to detailed predictions of drainage chemistry through time for each component (Chapter 12).

-10.1 Initial Commments

Kinetic tests (Chapter 9) with supporting static tests (Chapters 7 and 8) can contribute
vaiuable information to the prediction of drainage chemistry at a minesite. However, without
proper interpretation the data can be misleading. Proper interpretation of the test results is
just as important as conducting the tests and using the proper laboratory procedures.

Kinetic tests provide a measure of the reaction rates and a generalized indication of the
potential mineral leaching from the sample. Proper interpretation of this data requires
consideration of the sample type, its physical properties, the depositional environment and
the contributing elements and minerals. As a result, the general guidelines for interpretation
provided here may be adjusted if required by unique site-specific conditions or where
refinements are suggested by previous site experience.

10.2 Interpretation of Humidity Cell Tests

The primary objectives of humidity cell tests are to (a) measure stable reaction rates under
specific geochemical conditions and (b) to calculate depletion times for acid-generating, acid-
neutralizing, and metal-leaching minerals. The first step in the interpretation of kinetic test
results is the calculation of these values.

One of the major problems with humidity cell work in the past was the short duration of the
tests. Kinetic tests should be operated (Chapter 9) until weekly rates become relatively stable.
For humidity cells this can require at least 40 weeks of testing, and may require more than a
year. In order to remove the effect of natural weekly variations, stable rates are arbitrarily
defined as the average of the last five weeks of testing. Stable rates should be compiled into
a table for ease of prediction (Chapter 11) and for reporting.

One of the major weaknesses in the present interpretation of humidity cell results is the lack
of long-term rate data. Calculations of the time to NP depletion and ARD onset include the
inherent assumption that the measured “stable rates” will persist. This allows the results to
be extrapolated into future. Unfortunately, there is very little long-term data to check this
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assumption.

Studies in British Columbia have indicated that stable rates from humidity cells can persist
within a factor of two for at least five years. Other studies at B.C. mines have shown that
stable rates from fresh rock are similar to five-year old rates (Norecol, Dames and Mooré,
1994). Obviously rates will not remain the same forever. However, if the mineralogical data
shows the contributing minerals will not be exhausted, it can be assumed that the calculated
rates, which will be used for predictions of drainage chemistry (Chapter 11), will persist for
decades. Hopefully the accuracy of this assumption will be addressed by future research.

The calculation of stable rates and depletion times are best accomplished by entering all
weekly data into spreadsheets that will allow data manipulation. Recommended equations
for calculating derived parameters are listed in Table 10-1. The Acid Generation section
includes calculations for the rates of total and measurable (remnant) acid generation by
weight and surface area, and the remaining amounts of acid-generating sulphur. The Molar
Ratio section lists two of many possible ratios of NP:AP consumption, based on the
mineralogy of the NP minerals (Section 7.10). The rates for Acid Neutralization and NP
Consumption vary according to the (1) mineralogy of NP minerals and (2) environmental
cond:tions, particulariy whether the system is opened or closed to CO,. Depletion equations
for NP under various conditions are included. The final section of the table on Metal
Leaching provides the basic equations for rate and depletion, which should be applied to all
. metals. Where metai concentrations in mg/L are below detection, one-half the of the limit
can be used for rate calculations.

TABLE 10-1
Recommended Equations for Interpreting Laboratory Kinetic Tests

Acid Generation

Acidity Production Rate (mg CaCO,/kg/wk) = Acidity (mg CaCO,/L) * Volume Leachate
Coliected (L) / Sample Weight (kg)

Sulphate Production Rate (mg/kg/wk) = Sulphate {mg/L.) * Volume Leachate Collected (L) /
Sample Weight (kg)

'Remaifing total-S (% of original) = {[Initial total-S (%) - ((Cumulative Sulphate Production
Rate (mg/kg) * 32.06 / 96.06) / 10000))] / Initial total-S (%)} * 100% |

Retnaining sulphidrc-S (% of onginal) = {[Initial sulphide-S (%) - ((Cumulative Sulphate
Production Rate (mg/kg) * 32.06 / 96.06) / 10000))] / [rutial sulphide-S (%)} * 100%

Sulphate Production Rate By Surface Area (mg/m’/wk) = Sulphate Production Rate
(mg/kg/wk) / Surface Area (m*/kg)
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Carbonate Molar Ratio = [(Ca (mg/L)/40.08) + (Mg (mg/L)/24.31)] / (SO, (mg/L)/96.06)

Other ratios may be used depending on the source of alkalinity, for example:
Anorthoclase Molar Ratig = (Ca (mng/1.)/40.08) / (SO, (mg/L)/96.06) .
Acid Neutralization and NP Consumption

Carbopate Ratio NP Consumption (mg CaCO,/kg/wk) Carbonate Molar Ratio *
Theoretical NP.Consumption (mg/kg/wk); .
based on: .
2H + SO}'+ (Ca,Mg. DCO, = xCa®™ + (1x)Mg™ + SO, +H,CO,° .
2H" + SO+ 2(CaMg, JCO;,, = 2xCa™ + (2-2x)Mg** + SO + ZHCO

Theoretical NP Consumption at pH 6 (mg CaCO,/kg/wk) = Sulphate Production Rate (mg

SO/kg/wk) * 100.09/ 96.06;
based on:
2H" + S0," + CaC0,,, = Ca™ + SO, + H2CO,’

Emping tem onsumptio und neutral pH (mg CaCO,kg/wk) =
Theoretical NP Consumptlon (mg/kg/wk) + Alkalinity Production Rate (mg/kg/wk) - Acidity
Production Rate (mg/kg/wk);

based on:

2H" +80,” + CaCO,,, = Ca™ + SO,* + H,CO,’
plus H,CO," + CaCO,,, ~ Ca’* + 2HCO;y
minus un-neutralized acidity

Theoretical Closed-Syst NP umption _above pH 6.5 (mg CaCOykg/wk) =
[Theoretical NP Consumption (mg/kg/wk) * 2] - Acidity Production Rate (mg/kg/wk);
based -on:
2H" + 2CaC0,,, = 2Ca™ + 2HCOy
minus un-neutralized acidity

Remaining NP (% of original) = {{Initial NP (t CaCO,/1000 t) - (Cumulative NP Depletion
Rate (mg/kg) / 1000)] / Initial NP (tonnes CaCO,/1000 tonnes)} * 100%

Metal Leaching

Metal Leach Rates (mg/kg/wk) = Metal Concentration (mg/L) * Volume of Leachate}
Collected (L) / Sample Weight (kg)
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Remaining Metal (%of original) = {[Initial Metal Content (mg/kg) - Cumulative Meta]
Leach Rate (mg/kg)] / Initial Metal Content (mg/kg)} * 100%

NOTES: At later stages of some humidity cell testing programs, analyses for sulphate, |
alkalinity and metals are not necessarily done on a weekly basis but may be decreased to
monthly. In this circumstance, weekly values for rates can be calculated through
interpolation of the preceding and subsequent measured values.

All the humidity cell data must be submitted in a tabular form both on paper and on a
computer disc. The best way to show trends or the associatior between different parameters
is to plot the results. Examples of plots of the humidity-cell results for pH, rates of sulphate
production (sulphide oxidation), NP consumption rates and metal-leaching rates for British
Columbia mine rock are shown in Figure 10-1 to 10-4. Discussions accompanying these
figures illustrate the interpretations of humidity-cell results. ‘

Near-Neutral pH

Acidic pH Throughout Test Throughout Test
10 00y . +~%m ] ) ’r':cm oo
. —  Sutfem Prodecios Asm .
: %
! ) £f
> % 3 .00~ : E
P | 33
& o0 i ;
H :
i 2001 i
a0 T T 4 ¥ e
a -0 ” 70 wo 00
Wk
. Pre-Tast Dutae
Crasmd pil = 1.37
smw:_u-c-cmuo--_m-x %5 iSalik) = 48%  Sobeh-NP (lowmtct (200} 7 1008 tomncs) = 74
Mg-m‘-hun Saumcn—C-Cmrlmn-:—J—a M—Tﬁ mmomjummp—a
a) waste rock; NP non-existent from start: b) waste rock; NP rate about 50% higher
NP rate always less than sulphate rate than sulphate rate over 210 weeks; rates
during test; sulphate rate increasing and generally stable after Weck 30 with
pH decreasing during test; late-term gradual factor-of-tworrise and fall
sulphate rate around 1000 mg/kg/wk around Week 130; abundant sulphide and

NP remaining after 210 weeks
Figure 10-1 B.C. Humidity Cells that Remained Acidic or Near Neutral, Showing

Leachate pH and Rates of Sulphate Production (Sulphide Oxidation) and NP
Consumption. g :
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Figure 10-2 B.C. Humidity Cells that Remained Acidic or Near Neutral, Showing
Leachate pH and Rates of Copper and Zinc Leaching.
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Figure 10-3 B.C. Humidity Cells that Became Acidic, Showing Leachate pH and Rates
of Sulphate Production (Sulphide Oxidation) and NP Consnmption.
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Figure 104 B.C. Humidity Cells that Became Acidic, Showing Leachate pH and Rates
of Copper and Zinc Leaching.
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After a kinetic test is terminated, the closedown procedure (Section 9.3.3) should include a
final rinse to determine the amount of accumulated reaction products. Detectable retained
weathering products can be redistributed evenly over all weeks of the test. This arbitrary
practice is based on the assumption that the weekly amount of retained product was constant.
As a result, all calculated weekly rates may increase somewhat after the termination of the
test. If the weekly increase is significant, the sample was not properly prepared or was
inadequately rinsed during the test (Section 9.3.2). E

Humidity cell estimates of the relative rates of acidity production and NP consumption
should be used to improve the crude, preliminary estimates of the likelihood of ARD
provided in the ABA screening criteria (Section 8.3.4). For example, if kixietic tests produce
a stable molar ratio of 1.75 NP:AP consumption at non-acidic pH, then all samples with NPR
values less that 1.75 should be considered net acid generating (Table 10-2). This assumption
should of course include the qualifier “if the presently available NP persists”. This
assumption should always be checked. For both preliminary and final interpretations, the
percentage of rock units or mine components falling into each category should be reported,
based on the statistical values (Table 8-1).

TABLE 10-2 ,

Final Criteria for Interpreting Crushed/Rinse pH and xXNPR

Criteria _ | Prediction/Current Condition
Crushed/Rinse pH
crushed/ninse pH < 5.0 currently acidic; future unknown
crushed/rinse pH 5.0 currently near-neutral; future unknown
xNPR

xNPR < safe value’ eventually acidic
xNPR safe value' indefinitely near-neutral or alkaline

' “safe value” is the molar ratio of the rates of acid generation and acid neutralization for a unit
or component obtained from laboratory and field kinetic tests, which defines the minimum
xNPR value needed to maintain non-acidic conditions; any NP which is unavailable will lead
to modification of xXNPR values

10.3 Interpretation of the Drainage Monitoring Results from On-Site Kinetic Tests

As explained in Chapter 9, excavated mine wastes, exposed walls and field test pads are
intermittently and incompletely leached, resulting in at least some retention of the products of
primary mineral weathering. As a result, equilibium solubility processes and reaction-
product retention {e.g., Table 10-3) will play a significant role in determining the chemistry
of site drainage and the drainage from on-site field test pads.
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Table 10-3
A Comparison Between Humidity Cell and Field Test Pad Results Indicates the
Proportional Retention of Wuthaing Products
Pararacter Acidic Conditions . .pH-Neutral Conditions
Cell Rate' Ficid Rate? Retention? Ceil Rate! Field Rate? Retention?

oH' 2.90 2.64.5 7.08 6.3-7.5

Acidity 231 0.318 99.86 0.92 0.00811 99.12
S0, 575 1.74 99.70 12.2 0.188 - 98.46
Ca 8.81 0.144 98.37 5.0 0.0919 98.16
Cd 0.00134 0.000169 94,62 9.60e-05 7.65¢-07 99.20
Cu 0.0793 0.00894 88.73 1.90¢-03 1.31e-05 9931
Ni 0.0161 0.000300 98.14 7.20e-04 . 8.23e-07 99.89
Pb 0.0127 0.000143 98.87 8.70e-04 5.14e-07 99.94
Zn 0.214 0.0351 83.60 4.50e-03 4.33e-05 99.04
' From humidity cells (mg/kg/wk)

! Average rates calculated from ficld-test conccnl:rahons, water reoovered, and weight

(mg/kg/wk)
* Retention Factor = {[Cell Rate - Field Rate}/Cell Rate}*100%
* pH is presented in pH units and not as a rate

Scatterplots showing changes in the data over time and geochemical speciation models such
as MINTEQ (Chapter 11) can be used to identify trends and to assist in identifying
equilibrium conditions (e.g., Table 10-4). While it is often a powerful tool, speciation
modeling will not always be capable of explaining the- observed mine site geochemistry.
Studies at mines in British Columbia have shown evidence of equilibrium processes which
operated for decades, while modeling of the data failed to identify the mineral causing
equilibrium (Morin and Hutt, 1997). Modeling predictions regarding equilibrium solubility
conditions should be interpreted with caution and wherever possible the conclusions should
be supported by long-term monitoring of water chemistry.

Two of the best examples of drainage monitoring are the many years of water chemistry
momitoring at the Island Copper Mine and Bell Mine. Compilations of the data from both
sites have shown that year afier year the elemental concentrations vary within deﬁr_lablc
ranges, for a particular range of pH (Table 11-1). The consistent behaviour is consistent with
equilibrium conditions. MINTEQ identified possible mineral equilibrium for cadmium and
copper, but not for zinc despite its equilibrium-like behaviour. The lack of an identified
mineral for zinc probably reflects weaknesses in MINTEQ and other related programs.
These 1ssues are examined further in Chapter 1 1.
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A Comparl.sbn Between Drainage Chemis

Table 104
try Measured for a Fleld Test Pad and the Equilibrium
Limitation Predicted with an Empirical Model at the Tulsequah Chief Project

Parameter . Acidic Range pH-Neutral Range
Ficld-linetic | Model Control® Field-kinetic Model Control’
range' value? : : range' vatue!
H 2.645 27 6.2-7.5 7.0
Acidity 420-965 1175 7-11 17
S0, 1120-8800 2000 | CaSO,-2H,0; 130-250 225 KAI(SQ )L {OH), (+0.4)
| AIOHSO, .
(+0.5);
jarogites?
Ca 131-286 | 255 | CaSO,2H,0 62-114 0.36
Cd 0.11-0.80 0.58 miceral 0.0005-0.0011 | <0.000 CdCO, (-1.1)
: unidentified N
Cu 4.0-5.2 27 mineral 0.0083-0.016 | <0.000
unidentified 1
Ni 0.069-0.74 1.58 mineral 0.00025- <0000
' unidentified 0.0018 01
Pb 0.07-0.41 0.4 PbSO, (-1.5) <0.0001- 0.004 | PbAL(PO,),(OH),-6H,0
. 0.0016 ' '
Zn 23-162 78 mineral 0.008-0.050 <0.000
unidentified 1
! From bumidity cells {mg/kg/wk)

! Average rates calculated from field-test concentrations, water recovered, and weight (mg/kg/wk)

{ ' From MINTEQ results; values in parentheses reflect adjustments to general solubility values in MINTE
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11. GEOCHEMICAL MODELS

Geochemical models can assist with the interpretation of testwork results (Chapters 8 and 10)
and may improve the prediction of drainage chemistry (Chapter 12). However, models can

_not substitute for good site specific measurement and understanding. They are tools to assist,

but not direct, the work. Only techniques and programs that are widely used and tested
should be employed. Custom or in-house models that are unpublished or are not widely
released will be regarded with suspicion, and will require a great deal of justification and
explanation before acceptance.

11.1 Empirical Modeling

There are two basic requirements for the prediction of acidic drainage and metal leaching.

l. The rates and abundance of primary mineral dissolution from static and kinetic tests
(Chapters 7 and 9).

2. The formation and dissolution of secondary minerals (Chapter 3).

Table 11-1
Annual Statistics for Drainage Chemistry at a Monitoring Statien
at Island Copper Mine
(adapted data from Morin ct al., 1994, and 1995a)

. LOG,; MEAN LOG,, STD DEV :
Year 90-91 91-92 92-93 93-94 90-91 91-92 92-93 93-94
‘pH (arithmenic) 627 | 693 7.08 6.86 0.71 0.85 0.67 0.69
Conductivity 3.06 3.09 3.10 1.16 0.12 0.09 0.11 0.06
Alkalinity (mg/L) 1.74 171 1.70 1.62 0.07 0.45 036 0.35
Acidity (mg/L) 1.32 1.33 1.51 1.60 0.00 0.33 0.24 0.05
Cu(mg/d) -0.94 -1.23 -1.49 -1.43 041 0.46 0.42 0.46
 Zn (mg/L) -0.41 0.22 0.25 0.41 0.8 0.44 0.40 0.34
| Cd (mg/L) -1.74 -1.82 -1.79 -1.72 0.17 0.22 0.23 0.21
Sulfate (mg/L) 2.89 2.90 2.91 2.93 0.06 0.09 0.08 0.08
Ca (mg/l) 237 2.39 2.43 244 0.04 0.09 0.06 0.07
Mg (mg/L) 1.46 1.51 .59 1.60 0.04 0.16 0.07 0.07
(AL (mg/L) ) -0.78 -0.71 -0.56 -0.57 0.68 0.33 0.35 0.37

Morin and Hutt, 1993a; Morin et al. (1993, 1994, 19952, 1995b) found that annual means and
standard deviations of drainage chemistry at Island Copper and Bell mines were relatively
constant as long as pH remained relatively steady (e.g., Table 11-1 and Figure 11-i).
Because the precipitation and dissolution of many secondary minerals are often equilibnum
controlled, a narrow range of concentrations at a particular pH can be observed annually over
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years of monitoring and are thus predictable. The prediction of this range, or Rate2 (as
labeled in Figure 3-1), does not require the identification of the secondary minerals, although
1dcnt1ficat10n may be possible.

A compilation of best-fit lines relating pH or another parameter to aqueous concentrations,
and the corresponding standard deviations, is kmown as an “empirical drainage-chemistry
model” (e.g., Table 11-2). It is important to note that Table 11-2 shows that some parameters
do not correlate well with pH, and instead are relatively constant across the observed range of
pH or correlate better with another parameter like sulfate. Under the assumption that past
processes that created the correlation in various pH ranges will continue, the empirical
drainage-chemistry model becomes a predictive tool. However, such an empirical model
may not be possible for minesites with less than a few hundred data points (Norecol, Dames
and Moore, 1996). More detailed instructions and discussions of empirical drainage-
chemistry models can be found in Morin and Hutt (1993a and 1993b) and Morin et al. (1995a
and b).

Table 11-2
Example of an Empirical Drainage-Chemistry Model Including an Open Pit, Several
Waste-Rock Dumps, and a Tailings Impoundment at a Mine in British Columbia
{adapted from Morin et al.,, 1995b)
Parameter pH Range Best-Fit Equation Log(Std. Dev.)
Acidity - pH<35 log(Acid) = -0.932pH +5.864 0.345
H > 3.5 log{Acid) = -0.360pH + 1.862
Alkalinity pH>4.5 ___log({Alk) = +0.698pH - 3.141 0.654
Diss Aluminuem pH < 6.0 log(Al) =-0.925pH + 4.851 0.429
. pH> 6.0 Al=0.2 mg/L
Diss Arsenic : <0.2 mg/L 0
Diss Cadmium pH<3.0 Cd =0.07 mg/L. ‘ 0
pH>3.0 Cd=0.015 mg/L
Diss Calcium log(Ca) = +0.61910g(S04) + 0.524 0.375
Diss Copper pH<314 log(Cu) =-1.485pH + 6.605 0.692
3.4<pH<54 log{Cu) = -0.327pH + 2.666
pH>54 log(Cu) =-1.001pH + 6.307
Total Copper log(Cu-T) = +0.962log(Cu-D) + 0.180 0.230
Diss Iron pH <4.4 log(Fe) =-1.429pH + 6.286 0.807
~__|pH>44 log(Fe) = -0.455pH +2.000
‘Total Iron If diss Fe>1.0, total Fe=diss Fe 0
Diss Lead Pb=0.05 mg/l. 0
Diss Nickel log(Ni) =-0.317pH + 0.853 0.607
Diss Selenium Se=0.2 mg/L
Diss Silver Ag =0.015 mg/L :
Diss Zinc log(Zn) =-0.441pH + 1.838 0.667
- § Total Zinc total Zn =diss Zn 0.144

British Célumbla Mialstry of Employment and Investment, Energy and Minersls Division



128

" Acldity (pH 8.3) vs pH 20 Variabilty of log{Acidity) Around Best-Fit Line
1032 Datapolnts
- Stendard Devistion = 0.3173
y tog(ACkiity} = 0.932pH + 6381 o 14 Deviae 7
é 1 = 190 —
& . k4
o 1
i 10 E 100
E w
§ 1 1031 Dutapolsts 50 -
L ] ™ &
v t—— 71 7 T T ' 1 o7 -
20 a0 80 a0 100 1240 0 07 0% 0 000 028 0% 075 t0
pH _ LOG{Vartabllity)
a) the empirical relationship of acidity to pH at Island Copper Mine
Dissolved Copper vs Aqueous pH Varablity of log(Dissolved Copper) Around Beet-Fi Line
(1] —_ . 0
- 00—
é ' STI® Datagoinw 200
> 500
$
B g =
3 - 5
B -
oot * o 200 —
100
oo d—————F— 77— o
20 40 a0 O e 12.0 =300 -100 -100 [T ) 1.00 200 300
pH . LOG(Vark biity)
e RS2 1
b) the empirical relationship of copper to pH at Island Copper Mine
Dissolved Zinc vs pH m\_f1aﬂabluy of log(Zinc) Around Bast-Fit Line
00 - pH < L0, ki) & SSS0pH + 142
STTS Datape luu 00 —i
W0
pu g 400 —
4 ) 5
E . »
2 sa<pHass 'y * & 300—)
5] log(Zn) « 0.1450H + 1912, . * o
ot . o |E
200_‘
ot - : . 100 —
o> 08, lagzni = 2 37004 +Rge
a7 0 ‘
0 49 40 a0 wo 7o 500 400 300 200 -1.00 000 100 200 300 40C 500
pH LOG (Vartabiity}

¢) the empirical relationship of zinc to pH at [sland Copper Mine

Figure 11-1. Empirical Drainage-Chemistry Correlations with pH (adapted from Morin

et al., 1995a).
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There are two important issues that should be clarified about the statistical values in the
models (Table 11-2): their physical implications and the frequency of monitoring needed to
obtairn them reliably. The physical implications are derived from the use of probability tables
for predicting maximum or minimum concentrations over a duration of time like one day or
one week. The physical implications also include the probability that a particular
concentration will be encountered through a year. Standard probability tables applied to one
year (Table 11-3) indicate that the maximum concentration of one-month duration will be
1.73 log standard deviations above the best-fit line. With dissolved zinc at pH 4.0 in Table
11-3 as an example, the average annual concentration is:

log(average annual zinc, mg/l) =-0.441pH + 1.838
' =-0.441*4.0+ 1.838
=+0.074
Average annual zinc = 1.19 mg/L.

(11-1)

The corresponding maximum one-month-duration concentration of dissolved zinc at pH 4.0
is: '

log(maximum one-month-duration zinc) = -0.441pH + 1.838 + (1.73*0.667) (11-2)
=-0.441°4.0 + 1.838 + (1.73*0.667)
=+1.23

Maximum one-month-duration zinc =17.0 mg/L

This approach was validated at one site using high-frequency analyses, collected every four
hours at several statiens over three years. - Although normal and lognormal distributions
theoretically continue to positive and negative infinity, distributions of aqueous
concentrations cannot. At lower values, the distribution is truncated by analytical detection
limits. At higher values, the distribution is truncated by the maximum solubility of
secondary minerals, and thus the actual concentrations for one second, one minute, and one
hour durations may be the same despite the differing statistical predictions.

Table 1123 ° :
Probability Levels and Corresponding Time Intervals over One Year
Time interval 1 Year 1 Month - |1 Week 1 Day { Hour
Probability 100% 18.3% 1.9% 0.27% 0.011%
No. of std deviations above mean' +0.00 1+1.73 +2.34 +3.00 +3.85
' obtained from normal-distribution tables {c.g., Pollard, 1977) after dividing by 2 :

The second issue on the annual standard deviation is the frequency of sampling required to
obtain the value. Although two samples a year are adequate for calculating statistical values
of means and standard deviations, these values may be found inaccurate if more frequent
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sampling were conducted. Therefore, high-frequency sampling and analysis are required.
Such studies in British Columbia have shown that, with an acceptabie level of error reflecting
analytical error, weekly to monthly analyses would be sufficient to obtain reasonably
accurate statistical values (Morin et al., 1993 and 1994). No special timing of the sampling
was needed.

1.2 Mineral-Equilibrium Modeling

An important model in the prediction of drainage chemistry involves equilibnum speciation
and calculation of mineral saturation indices. There are many programs in wide distribution
that can perform the calculations, such as MINTEQ (U.S. EPA) and PHREEQE (U.S.
Geological Survey). MINTEQ (Allison et al, 1990) is recommended for drainage
predictions in British Columbia because (1) it is available free of charge, (2) it is not
copyrighted and thus the program and its input/output can be freely distributed and discussed,
(3) it is maintained and occasionally expanded by the U.S. EPA, and (4) training courses in
its use are relatively common and regular.

MINTEQ requires as input water-chemistry analyses of all significant cations, anions and pH,
similar to those measured in kinetic tests (Chapters 8 and 9). The output requires some
knowledge of aqueous complexation and mineral precipitation-dissolution. The output
shows which minerals may be forming or dissolving to account for observed water chemistry
(Table 10-4). The implicit assumption is that minerals will be at chemical equilibrium if
present, which is not correct for kineticaily controlled systems (Chapter 3). Therefore,
equilibrium modeling should be used with caution.

Other, more complex models are available to assist in predictions. A notable example 15
- WATAIL, a physical-chemical program developed for the Canadian MEND Program. This
program simulates some aspects of acid generation and neutralization in tailings, as well as
physical movement of groundwater through a tailings area. WATAIL and related models
have recently been described and reviewed in detail by Perkins et al: (1995). Further
discussion of the application of empirical modeling (Section 11.1) and equilibrium modeling
(this section) to specific mine components is discussed in Chapter 12.
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12. PREDICTION OF DRAINAGE CHEMISTRY WHERE THE
OXIDATION RATE IS LIMITED

12.1 Initial Comments

A common basic ingredient required for sulphide oxidation and acid generation is the
presence of oxygen, whether as a gas or in dissolved aqueous form. If the supply rate of
oxygen to a mine component exceeds the rate of oxygen consumption, then the rate proceeds
unthindered. This is the situation in a humidity cell. However, if the consumption rate
exceeds the supply rate, then the rate of oxidation is reduced and kinetic rates based on
humidity cell testing must be adjusted. The adjustments available for liiiitations in gascous
oxygen are discussed first (Section 12.2), followed by adjustments for subaqueous disposal
(Section 12.3).

Published literature is contradictory on whether ferric iron can also oxidize sulphxde minerals
in the absence of oxygen (e.g., Morin, 1993). The effect of ferric iron is not included in the
following approaches, but should be added if site-specific information indicates that it
contributes to oxidation.

12.2 Components Exposed to Air and Water

~ The supply rate of air with gaseous oxygen can be controlled by air transport or convection,
or by slow diffusion in the absence of convection. No matter which process controls oxygen
movement, there are two basic outcomes. In the first, the supply rate of oxygen exceeds the
consumption rate, and measurable gaseous oxygen exists near the minerals. Alternatively,
the consumptlon rate exceeds the supply rate, and gaseous oxygen is deplcted For portions
of mine components that meet, or are predicted to meet, the first outcome, no adjustments of
reaction rates from humidity cells are necessary. For the second outcome, humidity cell
reaction rates can be set to zero. As cxplamed in Section 12.1, there is some debate on the
extent that other oxidants, like ferric i iron, can oxidize mmcra]s in the absence of oxygen.

Due to thiis uncertainty, the second outcome of zero rates may have to be modified on a site-
specific basis if other oxidants are present in significant quantities.

 For detailed predictions of Ratel (Figure 3-1), the total weight of portions of a component
that witl have measurable gaseous oxygen nearby is multiplied by rates from humidity cells:

Ratel = WT * HCR (12-1)
where Ratel = total reaction rate of a mine component in units of mg/wk (see Figure 3-1)

WT = total weight of oxidizing material in the component in units of kg
HCR = humidity-cell rate for acidic or near-neutral conditions in units of mg/kg/wk
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For example, if cells give a near-neutral rate of 15 mg Cukg/wk and 10,000,000 t of a
30,000,000 t waste-rock dump is expected to be oxygenated and 10% of that physically
exposed (proportion of fines), then Ratel of copper for the dump will be:

Ratel = 1,000,000,000 kg * (15 mg Cwkg/wk)
=15t Cu/wk or 1.5x10"* mg Cu/wk (12-2a)

Of course, a different rate would develop if the dump became acidic. Ratel can be converted
to a hypothetical concentration by division with the expected flow rates through the reactive .
portions, €.g.: o

Concentration based on Ratel = 1.5x10" mg Cu/wk / (10,000,000 L/wk)
=1,500 mg/L (12-2b)

Obviously such a concentration ts prohibited by secondary-mineral solubility. This indicates
a great deal of the copper released from primary minerals in this dump would precipitate as
- secondary minerals. If the on-site solubilities are known (Section 11.1) or are predicted from
MINTEQ (Section 11.2), Rate2 (Figure 3-1) and the degree of retention can be calculated:

Rate2 = EC * Flow | (12-3)

where Rate2 = total release of a component through drainage in units of mg/wk
' (see Figure 3-1) ,
EC = equilibrium concentration in mg/L. (from methods in Chapter 11)
Flow = total flow through reactive portions of the component in units of L/wk

In the preceding example, if equilibrium copper is 100 mg/L, then Rate2 will be 1.0x10° mg
Cwwhk (100 mg/L * 10,000,000 L/wk) as a loading. As a result, the amount retained in the
component will be 99.3%.

As another example, an HCR rate of 2 mg Cu/kg/wk is predicted for a relatively small waste-
rock dump with 100,000 t of rock with 10% physically exposed, for a total weekly
production rate of 200,000,000 mg Cwwk. This dump is located in a wet climate, so it
. receives 2,100,000 L/wk of infiltration. The predicted Ratel is:

Ratel = 20,000,000 mg Cw/wk = 2,100,000 Liwk = 9.5 mg/L (12-4)
Unlike the precediﬁg example (Equation 12-2), this predicted concentration is likely to be
soluble at acidic pH. Therefore, no precipitation of secondary copper and no retention (0%)

may occur in this situation. Again, this should be confirmed by checking on-site solubilities
(Section 11.1) or through MINTEQ modeling (Section 11.2).

These two éxamplcs highlight the importance of not only geochemical rates ?md‘physicai
exposure, but of flow rates when calculating concentrations from - kinetic rates.
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Consequently, the climate, hydrology, and hydrogeology in and around a minesite are critical
in predicting kinetic-based concentrations and determining if any metals will be retained. On
the other hand, concentrations controtled by equilibrium reactions are relatively insensitive to
flow rates.

The remaining issue in the prediction of air-exposed sections of mine components is the
portion of a component that will be in contact with oxygen. Air exposure varies with the
component and its physical and chemical composition. Nevertheless, there are a few general
expectations (Table 12-1). For example, in coarse-grained waste rock without seals and in
open-pit walls, a reasonable assumption is 100% exposure to air. For underground workings,
oxygen availability depends on air circulation and layout of the workings. Oxygen
availability may be uncertain in inactive workings. Active workings wiil normally have full
" oxygen levels for the health of miners.

_/

' Table 12-1
Aunticipated Extent of Air Exposure for Typical Mine Components
in British Columbia
Component . Typical Air Exposure
Open Pits _ fully oxygenated _
Undetground Workings fully oxygenased unless sealed or inactive
Waste-Rock Dumps fully oxygenated if coarsc; limited oxygen if fine
Ore and Low-Grade Ore Stockpiles fully oxygenated if coarsc; limited oxygen if fine
Tailings Impoundments limited oxygen
Roads fully oxygenated
Dams ' fully oxygenated unless fine grain
jDisturbed-Rock Foundatioas for Buildings fully oxygenated '

If there is some oxygen consumption in fine-grained waste rock and tailings, oxygen may be
depleted at some depth below the surface. This situation is illustrated in field studies where
oxygen levels decrease with increasing depth. An oxygen gradient with depth is often
provided as evidence for diffusion, although slow convection is an equally plausible
explanation. For either case, depths of oxygen diffusion and the thickness of material in
contact with sufficient oxygen for reaction can be estimated with relatively simple equations.
More complex models and equations are available, but the required assumptions, boundary
conditions, the need for rarely measured input data and the omission of important processes
like barometric pumping reduce their accuracy.

One difficulty with predicting oxygen diffusion is that there is no agreement in published
literature on whether the rate of pyrite oxidation (1) is independent of oxygen level until a
certain minimum (often reported’ around. 1% O,) is attained, (2) decreases linearly with
oxygen level, or (3) depends on some exponential factor of oxygen level.
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In most cases, of oxygen independence above 1% O, is acceptable for approximate
predictions, even when there is some linear dependence. The following simplified method
assumes this to be the case.

This simple predictive method for the initial depth of oxidation (dZ1) in a vertical column of
1 m’ lateral area (Figure 12-1) begins with an assessment of the effective diffusion coefficient
for oxygen within the mine component. Some literature values and equations are provided in
Table 12-2. These values by definition must range between the diffusion coefficient of
oxygen in air (1.78x10” m’/s) and the diffusion coefficient of oxygen in water (2.1x10” m%s)
with some modification for pore space tortuosity and other factors. Since it is assured that
there is some exposure to air, higher values of the coefficient around 107 to 10® m?/s should
be expected in most situations.

Couceptual Column For Calculating Oxygen Diffusion
and Reaction Rates in Discrete Intervals

/ U e

Interval dZ1

Interval dZ2

) | Interval dZ3 /

Interval dZ4

Figure 12-1 Conceptual Column for Calculating Oxygen Diffusion and Depth of
Oxidation. : :
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Table 12-2 _
Examples of Values and Equations for Effective Diffusion CoefTicients for Gaseous
Oxypen Within Mine-Component Materials

Material Value (m’/s) or Equation Reference

Waste-rock column, Woodlawn | 7.86x107 Jeffery et al.

Mine, Australia _ (1988)

Waste-rock dump, Woodlawn, | 3.49-5.07x10° Ritchic (1994)

Australia

Waste-rock dump, Aitik Mine, |2.25-6.85x10° - Ritchie (1994)

Sweden

Waste-rock dump, Heath Steele, |2.65-3.35x10% . Ritchie (1994)

Tailings D.= tD°(1-8) + D_H David and

Nicholson

where: (1995)

D 4 = effective diffusion cocfficient (m%/s)

t and a = fitting parameters from laboratory
column data of tailings from an Ontario
mine (t =0.27 and a =3.27)

. = coefficient for free diffusion of oxygen in air
(1.78x10* m/s)
.* = coefficient for diffusion of oxygen in water
(2.1x10” m2s)
S = dimensionless degree of water saturation
(dry = 0.0 to saturated = 1.0)
H = modified dimensionless Henry’s constant
{26.32 at 10 °C)

~

Tailings D¢ = 3.98x107{(G-0.05)/0.95]" 'T** ‘| Stuparyk et al.
(1995)

where:

Deff = effective diffusion cocfficient (m?/s)
G = gas-filled pore space

T = temperature (K)

[n an adaptation of Fick’s First Law of Diffusion (e.g., Freeze and Cherry, 1979):
F=D'%/,*C (12:5)

-where F = flux of oxygen in units of mol O,/m*/wk

D = effective diffusion coefficient of gaseous oxygen within a mine
component in units of m’/s (see Table 12-2)

dC = change in concentration of O, from atmospheric to zero in units of mol
O,/m’ (approximately 8 mot O,/m’)

dZ1 = initial depth from the open atmosphere to no oxygen in m (to be
calculated) ' }

TC = conversion factor of seconds in one week (604,800 s/wk)
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Based on the vertical column of material (Figure 12-1), the initial total volume of matenal in
this column that would oxidize according to Equation 12-5 is dZ1 m’.

Based on humidity-cell rates (Ratel, Figure 3-1), the consumption of oxygen by a certain
weight of material is:

CO =HCR * Weight * Conv * Ratio (12-6)

where: CO = consumption rate of oxygen in units of mol O,/wk/column; the column
has a lateral area of 1 m’
HCR = humidity-cell rate (in units of mg SO/kg/wk) for near-neutral pH if
effective NP still present or for acidic pH if effective NP exhausted
Weight = weight of material oxidizing at HCR to consume all oxygen in the
column in units of kg (to be calculated)
Conv = conversion factor for mg SO, to moles S (1/96000)
Ratio = ratio of sulphur in moles to oxygen in moles according to the standard
pyrite equation (15/8) _

When the constants are inserted into Equation 12-6, the result is:

CO = 1.95x10°*HCR * Weight (12-7)

To estimate the depth of oxidation wﬁcn an entire column contains sulphide minerals, that is,

before there is any significant depletion or coating of shallow sulphides, Weight in Equation
12-7 is related to dZ1 in Equation 12-5 through bulk density:

Weight = BD * dZ1 (12-8)

where: Weight = weight of oxidizing material in kg oxidizing in a column of 1 m’
lateral area (to be calculated, see Equation 12-7)
BD = buik density of material in units of kg/m’
dZ1 = depth from the open atmosphere to no oxygen in m (to be calculated,
see Equation 12-5) :

Substituting Equation 12-8 into 12-7 and equating F (Equation 12-5) with CO (Equation 12-
7) yields: '

dZ1 = 4.98x10°*[D/(BD*HCR)]** (12-9)
Equation 12-9 provides a rough estimate of the initial thickness of oxidizing material. W}len
multiplied by total lateral area of reactive portions, the total oxidizing volume and weight

within a component can be determined. Ratel and Rate2 can then be determined from total
weight using Equations 12-1 and 12-4.
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After the uppermost zone (dZ1) is fully oxidized, a deeper interval {dZ2) begins oxidizing
(Figure 12-1). At this point, Equation 12-5 must be adjusted to: :

F=D** g.any*TC ' (12-10)
Equation 12-8 must be adjusted to:
Weight = BD * dZ2 (12-1D)

When the adjusted equations are combined, Equation 12-9 becomes a more complex,
quadratic equation:

(dZ2)* + dZ1dZ2 - 2.48x10"*D/BD*HCR) =0 | (12-12)

in which only dZ2 is unknown. This equation and those for deeper intervals (dZ3, dZ4,etc.)
can be solved as quadratic equations. The time to depletion of sulphide minerals for each
interval can also be calculated based on the initial sulphide content and reaction rates (HCR).
The calculated the thickmess of progressively deeper dZ intervals and their time of activity,
shows that the migration of the oxidation front into the mine component slows with time and
eventually becomes negligible. : '

The thickness of the resulting active dZ interval multiplied by lateral area witl provide an
estimate of Ratel (Figure 12-1) at a particular time. ‘If Ratel, when divided by flow through
 the zone, has a concentration less than secondary-mineral solubility, then Rate2 will equal
Ratel and no secondary minerals will form. If Ratel exceeds Rate2, secondary-mineral
retention will occur, similar to that illustrated in the first example, Equations 12-1 to 12-4.

12.3 Components Exposed to Water Only

The calculation of oxidation rates in the submerged portions of mine components is both
easier and more difficult-than exposed portions. In any case, humidity-cell results will often
be of little value in subaqueous scenarios. '

When a mine component is first submerged, rapid dissolution of soluble minerals will occur

(Section7.4), causing short-term peaks in concentrations in surface and ground waters. [f the

component has been exposed to air for some time, the level of retained secondary minerals

could be high and the high concentrations could persist for weeks to years. After the initial

dissolution peak concentrations have subside, much slower metal-release rates will likely
OCCUL.

Laboratory and field studies of tailings and waste rock he_ive shown that_ metals can migrate
upwards into an overlying water column or downwards into the component depending on the
relative concentrations of pore waters and surface water, and the direction of groundwater
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flow. The chemistry and residence times of surface waters prior to its entry into a component
is relatively easy to estimate. Greater effort must be spent estimating pore water
concentrations and flows. '

Morin (1993) pointed out that unless the grain size of a component is less than most tailings,
around 10-100 pum, dissolved oxygen is supplied primarily by advection of water through,
rather than by diffusion into, the component. Consequently for most mine wastes, physical
factors like hydraulic conductivity and hydraulic gradients will determine the extent of long-
term oxidation and metal release into a litre of pore water, rather than the diffusion
coefficient of oxygen in water (2.1x10” m?s).

At saturation dissoived oxygen can exist in water, at levels of approximately 8 to 10 mg/L.
The standard equation for pyrite oxidation by oxygen shows that the maximmumn amount of
sulphate and acidity that would be created by 10 mg/L dissolved oxygen is 51 mg SO/I. and
33 mg CaCO,/L. If there is no other oxygen supply to a litre of water and no entrained air
bubbles, then acidic conditions cannot develop if alkalinity exceeds the generated acidity of
33 mg CaCO,/L. If ferric iron also contributes to sulphide oxidation, then its effect will have
to be included. However, at near-neutral pH levels, the aqueous concentrations of fermc iron
are often low and thus minor in importance relative to dissolved oxygen.

For submerged matenals with a low hydraulic conductivity, residence times of porewaters
will be relatively high and thus equilibrium chemistry may be attamed. The resulting
concentrations can be predicted based on approaches discussed in Chapter 11. If residence
times are low due to high hydraulic conductivities or gradients, then kinetic conditions may
appty (Chapter 3). Kinetic rates from submerged samples and groundwater flow rates will be
required to predict pore water chemistry. Based on this, the interaction of pore water with
surface waters and overall predictions of surface- and ground-water chemistries can be made.
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13; THE MRS METAL LEACHING AND ARD DATABASES
13.1 The MRS Kinetic Database

Humidity cells have been used in prediction testwork for at least three decades and some of
the test results have been compiled in an international database, providing and opportunity
for comparison with mines with similar geology and/or whose drainage chemistry is known.
To further empower the collective knowledge of metal leaching and ARD in British
Columbia, and our ability for prediction, proponents are encouraged to submit new results for
inclusion in the MRS Kinetic Database. Regular updates of the database will be available to
mines contributing their data to it.

Data for inclusion in the British Columbia Kinetic Database should include the following
. fields of information:

l. General Information - mine name, location, sample id., type of test (humidity cell,
column, on-site leach pad, etc.), type of sample (waste rock, tailings, ore, etc.), number of
weeks test run, sample weight, surface area (m¥kg);

2. Pre-Test Data - total-S (%), sulphide-S (%), S (“0) used for NPR, log' S (%), NP (tonnes
CaCO, / 1000 tonnes), Carb-NP (tonnes CaCO, / 1000 tonnes), crushed/paste pH, NNP,
NPR, mitial metal concentrations (mg/kg) (e.g., Cu and Zn);

3. Data for the Entire Length of the Test - lowest pH, highest pH, average sulphate

production rate (mg/kg/wk), average acidity production rate (mg CaCO,/kg/wk), average
alkalinity production rate (mg CaCO,/kgfwk), average carbonate NP consumption rate
(mg CaCO3/kg/wk), average carbonate ratio ((Ca + Mg)/SO,), feldspar molar ratio ((Ca +
(Na/2) + (K/2))/SO,), metal leach rates (mg/kg/wk);

4. Data for the Late-Stage of the Test After Data Has Stabilized - number of weeks used in
late-stage averages, average pH, average sulphate production rate (mg/kg/wk), average
acidity production rate (mg CaCOykg/wk), average alkalinity production rate (mg
CaCOy/kg/wk), average carbonate NP consumption rate {mg CaCOykg/wk), average
carbonate ratio ((Ca + Mg)/SQ,), feldspar molar ratio ((Ca + (Na/2) + (K/2)/S0,), metal
leach rates (mg/kg/wk);

5. Pogt-Test Data - total-S (%), sulphide-S (%), S (%) used for NPR, log® S (%), NP
(tonnes CaCO, / 1000 tonnes), Carb-NP (tonnes CaCQ, / 1000 tonnes), crushed/paste pH,
NNP, NPR, metal concentrations (mg/kg) (e.g., Cu and Zn).
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Overburden:

Particle:

Soail:

Soil-sized:

Tailings:

Waste rock:

142 .

15. GLOSSARY

Separate crystals in multi-grain consolidated matrix. -

Rock that contains sufficient amounts of the economically valuable elements
to warrant its extraction.

At metal mines, the term overburden usually only refers to "naturally

‘unconsolidated surficial materials. At coal mines, overburden includes both

bedrock and naturally unconsolidated surficial materials on top of the coal
seams. [n this manual the metal mining definition will be used.

Defined as separate fragments in unconsolidated matrix.

The rooting medium, present or potential. Man-made media on the surface
containing soil-sized particles and which can support plant growth are often
called proto-soils. In this manual the term soil was used for both natural and
man-made rooting media.

Particles < 2 mm in diameter:

Matenal remaining afler the economically valuable clements are removed
from the ore. To remove the valuable elements, the blasted rock goes through
several steps of crushing and extraction. The resulting residue or tailings
usually consists of a slurry of sand and/or silt-sized particles in water.

Rock that does not contain sufficient amounts of the economically valuable
elements to warrant its extraction, but which has to be removed to allow
access to the ore. The waste rock is blasted into smaller particles to allow its
removal by truck and shovel.
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Appendix 1
Conversion Table for Standard Mesh Sizes
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U.S. Standard Sieve Series (ASTM Designation E11%)

Sicve Designation Nominal Sieve Nominal Wire
Standard Alternative Opening Diameter
(mm}) (inches) {inches®) {mm®)
125 [ S 3
106 4.24 424 6.4
100 4 4 6.3
90 3.5 3.5 6.08
75 3 3 5.8
63 2.5 2.5 5.5
53 2.12 212 5.15
50 2! 2 5.05
45 175 1.75 4.85
375 1.5 1.5 4.59
315 1.25 1.25 4.23
26.5 1.06 1.06 3.9
25 1 1 3.8
22.4 0.875 0.875 3.5
19 0.75 0.75 33
16 0.625 0.625 3
132 0.53 0.53 275
12.5 0.50° 0.5 2.67
11.2 0.438 0.438 245
95 0.375 0375 227
8 0.312 0312 2.07
6.7 0.265 0.265 1.87
6.3 0.250° 0.25 1.82
5.6 No.3 1/2° 0.223 1.68
4.75 No. 4 0.187 1.54
4 No. S 0.157 1.37
3.35 No. 6 0.132 1.23
238 No. 7 0.111 1.1
2.36 No. 8 0.0937 1
2 No. 10 0.0787 0.9
1.7 No. 12 0.0661 0.81
14 No. 14 0.0555 - 0.725
1.13 No. 16 0.0469 0.65
1 No. 18 0.0394 0.58
0.85 No. 20 0.0331 0.51
0.71 No. 25 0.0278 0.45
0.6 No. 30 0.0234 0.39
0.5 No. 35 0.0197 0.34
0.425 No. 40 0.0165 0.29
0.355 No. 45 00139 0.247
03 No. 50 0.0117 0.215
0.25 No. 60 0.0098 0.18
0.212 No. 70 0.0083 0.152
0.18 No. 80 0.007 0.131
0.15 No. 100 0.0059 0.11
0.125 No. 120 0.0049 0.091




[ E5en

U.S. Standard Sieve Series (ASTM Designation E11") - Continued

Sieve Designation Nominal Sieve Nominal Wire
Standard " Alternative Opening Diameter
(mum) (inches) (inches®) (mm")
0.106 No. 140 0.0041 0.076
0.09 No. 170 0.0035 0.064 .
0.075 No. 200 0.0029 0.053
0.063 No. 230 0.0025 0.044
0.053 No. 270 0.0021 0.037
0.045 No. 270 0.0017 0.03
0.038 No. 270 0.0015 0.025

" For complete specifications including permissible variations from nominal apertures and wire diameters
and method of checking and calibrating, sec the most recent ASTM Designation E11, issued by American
Society for Testingand Materials, [916 Race St., Philadelphia, PA 19103.

I These standard designations cotrespond to the values for test sieve apertures recommended by the
International Standards Organization, Geneva, Switzerland.

" Only approximate equivaleat to the metric values in column 1.

usage.

4 These sicves are not in the standard series but they have been included because they are in common

“ These numbers (3.5 to 400) are the approximate aumber of openings per Lincar inch but it is preferred that

the sieve be identified by the standard designation o millimeters or pm.




ioes and 0 hods for th Y h in -DRAFT#] 148

TSN

Appendix 2
Average Oxide-Equivalent Concentrations in Selected Rock Types
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‘ : Appendix 3
Normal Trace Element Concentrations in Selected Rock Types
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Abundances of Chemical Elements in the Earth's Crust and Chondrites

{in parts per million}

_ Continental Crust as a . ) Continental Crustasa _
Element Crust Whole Chondrites |[|[Element Crust - Whole Chondnites
H (1,530)' 1,520 - Rh - - .
Li . 20 18 3 Pd 0.015 0.01 l
Be 3 2 36 A 0.075 0.08 0.1
B 10 9 2 lfcd 0.15 0.16 0.1
C 200 180 400 i 0.25 0.24 " 0.01

{5.070)" (5,220)" _
N 19 19 1 Sn 23 2.1 1
3) 461,000 456,000 350,000 |[sb 0.2 0.2 0.1
(472,650)" (468,780)"
F 585 544 28 (Te - - 0.5
Na 23,550 22,700 7,000 |r 0.45 046~ 0.04
(22,060)" (21,370)"
Mg 23,300 27,640 140,000 JiCd 3 2.6 0.1
(18.500)" (23.400)' _
Al 82,300 83,600 13,000 {Ba 425 390 6
(80,210)' (80,950)"
Si 281,500 273,000 180,000 [lLa 39 34.6 0.3
(279,380) [ (277.970)' .
P 1,050 1,120 500 Ce 66.5 66.4 0.5
(1,040)° (960) .
S 350 340 20,000 |ipr 9.2 0.1
(530)" (400)"
Ct 145 126 70 Nd - 41.5 39.6 0.8
{620)’ (500)"
K 20,850 18,400 850 Sm 7.05 7.02 0.2
(23,620)" (19,420)' '
Ca 41500 46,600 14,000 [[Eu 2 2.14 0.08
(40,000)" (49,960)" -
Sc 0 25 6  JiGd 6.2 6.14 0.4
Ti 5650 6,320 500 Th 1.2 1.18 0.05
(4,380)' (5,040)" '
v 120 136 70 Dy - - 0.35
fCr 102 122 2,500 |Ho 1.3 1.26 0.07
Mn __950 1,060 2,000 {Er 35 346 0.2
(1,110)" (1,240)' .
Fe 56,300 62,200 250,000 |ITu 0.52 0.5 0.04
(46,8100 (50,880)"
Co 25 29 800 Yb 3.2 3.1 0.2
Ni 84 99 13,500 Jiu - - 0.03
Cu 60 68 100 Hf 3 2.8 0.5
Zn 70 76 50 i{Ta 2 1.7 0.02
Ga - 19 19 3 P 1.25 1.2 0.15
Ge L5 1.5 10 - c 0.0007 0.0007 0.0008
As 1.8 1.8 0.3 ffos - - 0.5




Abundances of Chemical Elements in the Earth's Crust and Chondrites

Continued (in parts. per milllon)

Element Co:(x: st ch;: 3 Chondrites IElcmcnt Cozt::::ml 'C?Vu;:l: a Chondrites
Se 0.05 0.05 10 Mr - - 0.5
Bt 2.4 2.5 0.5 - - - 2
Rb 90 78 5 u ' 0.004 0.004 0.17
St 370 384 10 0.085 0.086 3
Y 33 31 1 0.85 0.72. 0.001
Zr 165 162 30 % 14 13 02
[Nb 20 20 0.3 i 0.0085 0.0082 0.003
Mo 1.2 . 1.2 0.6 9.6 3.1 0.04
Ru - - - w 2.7 2.3 0.015
| The abundance of the main clements abtained by a quantitiative method based on the volume
measurcments are shown in parentheses; Source: Ronov and Yaroshevsky, 1972.

Crustal Abundance of Minerals
Minecral Volume percentage ineral Volume percentage
Plagiociase 42 iotite 4
Potash feldspar 22 [Magnetite, iimenite 2
Quartz 18 livine 1.5
Amphibole 5 , “f\)patite 0.5
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Objectives for the Discharge of Final Effluents to Marine and Fresh Waters
from Polluton Control Objectives for the Mining, Smelting and Related Industries of
Britdsh Columbla, 1979
(Province of British Columbia, Ministry of Environment, 1979)

Y

Range .
Parameter (mg/L dissolved in efflucnt unless otherwise stated’)
Total suspended solids' . 25 75
Total dissolved solids 2500 5000
Toxicity {96-hour LC50 static bioassay’) 100% 80%
pH (pH units) 6.5-8.5 6.5-10
Radioactivity:* Gross Alpha pCi/L. 10 100
Radium™® pCi/L (dissolved in effluent passing less than 10
] th.mugh al pm filter)
Specific ¢lements and compounds:
Aluminum (Al) 0.5 l
Ammonia {as N) 1 10
Antimony (Sb) 0.25 1
Arsenic (as trivalent As) 0.05 0.25
Arsenic (total dissolved) 0.1 1
Cadmium (Cd) 0.01 0.1
Chromium {Cr) 0.05 0.3
Cobalt {Co) 0.5 1
Copper (Cu) 0.05 0.3
Cyanide {as CN) 0.1 0.5
Fiuoride (F) 2.5 10
Iron {Fe) 0.3 1
Lead (Ph) 0.05" 0.2
Manganese (Mn) 0.1 1
Mercury (total) (Hg)* nil 0.005
Molybdenum (Mo) 0.5 3
Nickel (Ni) 0.2 1
Nitrite/Nitrate (as N) 10 25
Phosphate (Total P biologically available in ¢ 2 10
Selenium (s¢) 0.05 0.5
Silver (Ag) 0.05 0.5
Uranyl (UQ,) 2 5
Zinc (Zn) : 0.2 1
Qil and Grease (Total) 10 15

! Not applicabie to approved direct discharge of tailings solids.

’ Variances may be allowed during periods of excess runoff.

i Bioassay on szlmonid species.

[* Natural background concentration will be assessed.

T Analysis for Total Elements in tailings may be required prior to and during operations and
the Director would give consideration to this information when issuing a permit.

‘ To apply 10 operations where the objective is not the mining of radioactive orcs.
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DULUTH COMPLEX MINE WASTE DRAINAGE
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Minnesota

Department of
Natural Resources
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500 Lafayette Road
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INTRODUCTION

The Duluth Complex is a massive gabbroic intrusion in northeastern Minnesota containing low-
grade copper and nickel sulfides, titanium oxides, and platinum group elements. The Complex
contains one of the largest known copper and nickel resources in the U.S. It has also been
developed as a source of dimension stone.

The following information indicates that Duluth Complex rock with sulfur contents exceeding
0.22 wt % produced drainage pH below 6.0 in laboratory tests. Reasonable agreement between
laboratory and field test pile data suggests this value may be a threshold sulfur content in the
field. Sulfur contents exceeding this critical value could produce acidic drainage, while those
below it would not. However, it was not possible to verify this relationship for field-scale wastes
at the Dunka site, due to uncertainty in the waste rock sulfur and carbonate contents. Trace
metal concentrations in neutral drainage have exceeded water quality standards and their
potential impact must also be considered.

FIELD DATA

Operational scale Duluth Complex rock stockpiles are present at LTV Steel Mining
Company’s Dunka Mine. More than 50 million tons of the sulfide-mineral-bearing rock is stored
at the site in stockpiles covering 320 acres. Total flow from the watershed is about one billion
gallons per year, of which drainage associated with stockpiles has contributed roughly 5 to 20
percent. During the period from 1976 to 1993, the majority of stockpile drainage samples had
pH values between 6.0 and 8.5, but values as low as 4.5 were reported.

Concentrations of trace metals (Cu, Ni, Co, Zn) exceeded ambient levels by 10 to 10,000 times.
Nickel contributed more than 90 percent of the trace metal load from the stockpiles, and its
subsequent removal by natural processes in the Unnamed Creek system was less than 40 percent.
Consequently, in the absence of mitigative measures, nickel concentrations would be elevated
downstream from Duluth Complex stockpiles. Concentrations of trace metals from the
stockpiles reached a maximum in 1988, when nickel concentrations were as high as 80 mg/L. By
1993, maximum nickel concentrations had decreased to 10 to 20 mg/L. Concentrations of
calcium, magnesium and sulfate in the stockpile drainage were also elevated. There are
generally fewer environmental concerns with these parameters and elevated concentrations of
calcium and magnesium can reduce the toxic effects of trace metals.

Field test piles containing 820 to 1700 metric tons of low grade copper-nickel Duluth Complex
rock, taken from an exploration shaft, were constructed next to the MINNAMAX test shaft near
Babbitt, Minnesota. Sulfur contents of the test piles were 0.63 (four piles), 0.79 and 1.41
percent. The following conclusions on Duluth Complex rock drainage quality were drawn based
on this small scale field monitoring program.

1. Trace metal concentrations increased as pH decreased. When pH was near 6.0,
maximum nickel concentrations approached 100 mg/L and maximum copper
concentrations were near 10 mg/L (Figure 1).



2. Drainage pH decreased while trace metal concentrations and mass release rates increased
with time and the iron sulfide content of the stockpile (figure 2).

3. For the 16-year period of record, a critical iron sulfide content appears to occur at a
pyrrhotite (Feo9S) content somewhat less than 0.28 weight-percent in the bulk rock (0.6%
total S). Rock of similar mineralogy and particle size distribution containing more than
this critical amount would generate acidic drainage (pH < 6.0).

4. The early drainage quality was not an accurate indicator of longer-term drainage quality.
For the test piles containing 0.6% S (FL1, FL2, and FL3), acid producing conditions did
not occur for five to six years. Even after the 16 years of this study, less than 12% of the
total sulfur was released from the piles as sulfate. Predictions based on data from the first
years of this study would have underestimated acid production and trace metal release.

In late 1991, rock and water quality samples were taken from five abandoned and potential
dimension stone quarry sites in the Ely-Isabella area of northeastern Minnesota. The
abandoned sites and two of the potential quarry sites are located in Duluth Complex rock. Total
sulfur content of the rocks was less than 0.05 % and trace metal levels were low. Consequently,
the pH of water in the abandoned pits ranged from 6.5 to 6.8, and sulfate concentrations were
low. Only copper and zinc levels were higher than background levels in the area. However, all
of these parameters were well within water quality standards. It should be noted that the fine
particle size fraction associated with rock at these sites may have been considerably less than that
at a metal mine.

LABORATORY PREDICTIVE TESTS

The wet-dry cycle dissolution procedure was used to examine the longer-term drainage quality
from sixteen Duluth Complex samples (0.18 < pct S < 3.12) collected from blast holes at the
Dunka site.

Two drainage pH values are of particular interest with regard to managing the associated mine
wastes in an environmentally sound manner. The first is pH 6.0, a common regulatory
requirement for drainages. Waste rock generating drainage pH values greater than or equal to
this value will meet standards for pH. Trace metal concentrations in drainage from this rock may
still exceed regulatory standards. Thus, mine waste management plans for this rock may require
mitigation of trace metal release but not acid neutralization (figure 3).

The second critical pH value is that below which microbial catalysis of sulfide mineral oxidation
accelerates the rate of sulfide mineral oxidation and, consequently, acid production and trace
metal release. Provisionally (pending closer examination of laboratory data on Duluth Complex
dissolution) a pH value of pH 4.0 will be used for this threshold. Drainage with pH values in the
range of 4.0 to 6.0 will have trace metal concentrations exceeding regulatory standards (figure
4). Mine waste management plans for waste rock generating drainage pH values in this range



must mitigate release of both acid and trace metals. Since this type of drainage is not highly
acidic, it may be possible to mitigate the acid release by passive treatment (e.g. limestone beds,
sulfate reduction).

Rock that generates, drainage pH values below 4.0 will also require mitigation of both acid and
trace metal release. In contrast to the previous case, the levels of acidity and metals in this low-
pH drainage may be excessively high for practical application of passive treatment. Thus, rock
that generates drainage of this nature would require the most rigorous management (figure 5).

Duluth Complex Tailing

Teck-Cominco Inc. processed a bulk sample of Duluth Complex rock collected in April 2001.
These tailings were produced from a total sulfide flotation process and contained 0.2% sulfur.
Dissolution tests were conducted on 75-g samples in uncovered and covered reactors (both in
triplicate) and in duplicate 1000-g humidity cells.

Drainage pH from the small cells decreased from 7.9-8.1 at week 0 to 6.5-7.0 at week 110.
Drainage pH values from the 1000-g humidity cells followed a similar decreasing trend and were
at approximately 7.5 at week 110 (figure 6). These results suggest that the potential for acid
production in the early stages of dissolution is low.

If the tailings do not generate acid, trace metal release would potentially be the major
environmental concern. Trace metal release from the tailings showed initial elevations of nickel
and zinc and a subsequent decrease to near the detection limit after approximately one year.
Copper and cobalt were at or near the detection limit throughout the period of record (figure 7).

Particle Size Experiment

Waste rock samples from AMAX test pile FL6 (0.8% S) were selected for the Particle Size
Experiment. The six size fractions arbitrarily selected for examination were: -270 mesh, +270/-
100 mesh, +100/-35 mesh, +35/-10 mesh, +10 mesh/-0.25 inch, and +0.25/-0.75 inch.

The pH of drainage from the FL6 samples decreased as particle size decreased (figure 7).
Release rates of sulfate, calcium, and magnesium increased as particle size decreased. However,
the rate of sulfate release increased to a greater extent, causing the decrease in pH with
decreasing particle size.

ADDITIONAL INFORMATION

The information presented above represents a very brief summary of MN DNR research on
Duluth Complex rock. Additional information available includes details on the aforementioned
studies and results of mitigation experiments designed to prevent, mitigate or treat problematic
drainage from Duluth Complex waste.
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Figure 1. Trace metal concentrations and pH from AMAX test piles (1984-1991).



Figure 2. Drainage pH versus time for the AMAX test piles.
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Figure 3. pH vs. time for Dunka blast hole samples (0.18% S and 0.22%S)
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Figure 4. pH vs. time for Dunka blast hole samples (0.40% S - 0.58% S)
10 I I I I I I I I I I I I I I
9 | Percent Sulfur of rock
e 040%S
e 041%S
8 e 051%S ]
o 0.57% S
S L ° 058%S a
“ \\" | {
6 W1 J —
\V \'«l\-\v'\ It A 7 A\
A } A \/
°I ‘I M y ,M,I? v \/ —
‘ NGNS
3 I I I I I I I I I I I I I I
1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Years

6



pH

Figure 5. pH vs. time for Dunka blast hole samples (0.70% S - 1.64% S)
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Figure 6. Duplicate, 0.2 %S, Cominco tailings from 2001 bulk sample.
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Figure 7. Trace metals vs. time for 0.2% S Cominco tailing (1000g reactor).
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Figure 8. pH vs time for particle size experiment using 0.79% S rock from AMAX test shaft
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