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Memorandum

To: Alexco Keno Hill Mining Corp.

From: Access Consulting Group

CC:

Date: March 20,2013

Re: 2012 Dry Stack Tailings Facility Cover Trial

Alexco Resource Corp. (Alexco) through its wholly owned subsidiary Alexco Keno Hill Mining Corp. owns and
operates the Bellekeno Mine located in the Keno Hill Silver District. The Bellekeno Mine is licenced under
Quartz Mining License QML-0009 and Water Use Licence QZ09-092.

Progressive reclamation of the Dry Stack Tailings Facility (DSTF), one of several mine components licenced
under the authorizations above and shown in Figure 1. The reclamation was initiated during the summer of
2012 as outlined in the Reclamation and Closure Plan (Access, 2012) to prevent infiltration of meteoric water
and prevention of dusting and erosion of exposed tailings slopes. The progressive reclamation included four
areas (block A, B, C, & D) on the DSTF to be covered with granular material and seeded to test various cover
trials.

Progressive reclamation of the DSTF is scheduled to occur after mill generated tailings are deposited,
followed by recontouring of the slopes, and placement of a cover consisting of course soil and seeding with
suitable vegetation. Reclamation was initiated in 2012 and on schedule with the year 2 start date (EBA
2010b). Ground surface preparation of the tailings prior to soil cover placement was not necessary (EBA
2010a) given that tailings are hauled from the mill at least once daily, and compacted with a drum packer to
ensure proper compaction.

Phase 1 of the progressive reclamation tailings program covered an area of approximately 2,188 m?
(~0.22 ha) which would correspond to a volume of ~547 m3 of cover material for a cover thickness of 0.25 m.
There was sufficient suitable granular material in the area of the DSTF to allow for construction of the
proposed evapotranspiration cover. A conceptual evapotranspiration cover design is shown in Figure 2 and is
based on the successful cover design constructed at the Brewery Creek Mine.
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In general, there is no dominant type of cover specifically designed for cold climates; rather, the type of cover
design is site specific depending on the physical and chemical characteristics of the tailings facility (SRK,
2009). The cover design in this instance is defined as a store-and-release cover, which makes use of a
generally thick layer of soil to store water until it can be taken up and evapo-transpired by plants (SRK,
2009).

As stated above and in the Preliminary Engineering Design and Management Plan of the DSTF (EBA, 2010b),
progressive reclamation consists of placing an evapo-transpirative cover (a minimum of 0.25 m of loosely
placed gravel soil) over the surface of the compacted tailings to temporarily store runoff and allow it to
evaporate or be used by plants. Analogous to the successful results realized at the Brewery Creek Mine, the
Reclamation Plan includes re-vegetation of the DSTF with plants that promote soil evapo-transpiration such
that pore water is released to the atmosphere reducing the net infiltration across the soil system (Tremblay
et al, 2001). The performance results of those covers indicate precipitation infiltration rates between 7% -
22% with the variation related to differences in cover thickness and site topography (Access, 2010).

The four stockpiles of growth media that were set aside during development of the mill site and ancillary
support buildings (for the future use as DSFT cover material) were surveyed and the volumes calculated
(Table 1). To prepare for the upcoming cover program activities over the summer, samples were obtained
from each pile and sent to an outside laboratory for analysis of available nutrients, metals and physical
properties in late spring, 2012. Nutrient levels ranged from very low to moderate as shown in the Appendix A
laboratory analysis while soil pH ranged from neutral to mildly acidic. Physical locations, soil properties, and
volumes of the piles are presented below in Table 1.

Table 1 Stockpiled Growth Media for Use as DSTF Cover

Stock Pile Number Location Soil Type Volume (m3)
1 483987E, 7087017N Loam 205.5
2 484007E, 7086993N Loam 301.3
3 483770E, 7086777N Sandy Loam 3102.9
4 483750E, 7086744N Sandy Loam 615.0
Total 4,224.7

The DSTF was constructed to the preliminary engineering design specification and as such has a slope of 3:1.
The cover therefore, has a similar slope except in Block D where a small area, by design, has a steeper slope.

As discussed above, the area requiring a cover was estimated to be 2,188 m2 Block A of the cover trial
received a minimum cover thickness of 0.5 m, whereas Blocks B, C and D had a minimum cover thickness of
0.25 m. The actual thickness of the cover on the individual Blocks will vary due to the various types of surface
landscaping included in the trial Blocks. The minimum total volume of material used for placement on the
DSTF was calculated to be 687 m3 using the above compacted thicknesses; however, the actual volume of
growth media placed is most likely greater due to a compaction factor and the surface landscaping, where the
cover was placed thicker than the minimum thickness specification. This cover material was transferred from
the stock piles to the DSTF using the Volvo trucks, which have a capacity of 17 m3 per load. It should be noted
that unsuitable material such as boulders and organics were set aside and not used in the construction of the
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cover. After the material was placed and profiles construction completed, the growth media was compacted
by backtracking the hoe parallel to the slope which also created an irregular surface and therefore limiting
the susceptibility of soil erosion. Prior to seeding, the dimensions of the individual blocks were measured
(Table 2) to determine the appropriate mass of seed required per section. Cross sections of the individual
block are presented in Appendix B and a photo log of the cover trial is presented in Appendix C.

Table 2 Area by Section of DSTF Cover

Block Dimensions (m) Area (m?) Minimum Cover Thickness (m)
A 155m x36m 558 0.50
B 16.75mx37.5m 628.13 0.25
C 12mx37.5m 450 0.25
D 16 mx34.5m 552 0.25
Total 60.25mx~36 m 2,188.13 0.25

The Keno District Dry Land Seed Mix (Table 3) was selected using a blend of suitable species seeded at the
Brewery Creek and Minto mine sites, which was custom mixed by Brett-Young Seeds of Alberta and was
applied using a seeding rate of 35 kg/ ha. All species used in the seed mix are Yukon natives except for Sheep
Fescue which is native to Eurasia; however, it resembles many tufted fine-leaved fescues in North America
(Matheus and Omtzigt 2011). This species was chosen because it is closely related to the Yukon native alpine
fescue (Festuca brachyphylla) which is an ideal native fescue to sow on acidic alpine and subalpine sites;
however this seed is not currently available commercially (Matheus and Omtzigt 2011).

Table 3 Seed Mix Used on DSTF (Matheus and Omtzigt 2011)

Common Name Botanical Name Origin Seeds per kg Percent Mix (%)
Violet Wheatgrass Elymus alaskanus native to Yukon 330,000 40.0
Sheep Fescue Festuca ovina not native (Eurasian) 1,100,000 23.5
Rocky Mountain Fescue Festuca saximontana native to Yukon 1,430,000 23.0
Glaucous Bluegrass Poa glauca native to Yukon 2,907,000 13.5

Fertilizer was applied at a calculated rate of 130 kg/ha (Matheus and Omtzigt 2011). In total, 25 kg of 19-19-
19 was used. Individual blocks were seeded and fertilized using a grid and track-back method, using hand
held hoppers for dispersal. Seeded areas that had been constructed with a slope greater than 3:1 were raked
to ensure good seed-soil contact was made and to reduce the risk of seeds washing downslope in the event of
a high intensity rainfall.

A follow up site visit was conducted in August 2012 to assess the progress of the seeding program. Seedlings
were present on the cover and areas where seed had been raked into the soil appeared to a higher density of
seedlings.
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Follow up monitoring later spring 2013 will assess winterkill and survival rates. At this time additional
seeding and fertilizing application rates will be calculated. The blocks will also be inspected for signs of rill
erosion and will be mitigated should any be present
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Your Project #: ALEX-12-BELLE-02
Your C.O.C. #: 08351389

Attention: Scott Davidson
ACCESS CONSULTING GROUP
#3 Calcite

151 Industrial Road
WHITEHORSE, YT

CANADA Y1A 3C8

Report Date: 2012/05/28

CERTIFICATE OF ANALYSIS

MAXXAM JOB #: B241340
Received: 2012/05/18, 08:30

Sample Matrix: Soil
# Samples Received: 4

Date Date
Analyses Quantity Extracted Analyzed Laboratory Method Analytical Method
Cation Exchange Capacity (1) 4 2012/05/25 2012/05/25 AB SOP-00009 SSMA 18.2, EPA 200.7
Conductivity (Soluble) 4 2012/05/24 2012/05/24 BBY6SOP-00029 SM-2510 B
Elements by ICPMS (total) 4 2012/05/24 2012/05/24 BBY7SOP-00001 EPA 6020A
Potassium (Available) (1) 4 2012/05/25 2012/05/25 AB SOP-00042 EPA 200.7
Nitrate-N (Available) (1) 4 2012/05/25 2012/05/25 AB SOP-00023 SM 4110-B
Phosphorus (Available by ICP) (1) 4 2012/05/25 2012/05/25 AB SOP-00042 EPA 200.7
pH (2:1 DI Water Extract) 4 2012/05/24 2012/05/24 BBY6SOP-00028 Carter, SSMA 16.2
Saturated Paste 4 2012/05/24 2012/05/24 BBY6SOP-00030 Carter SSMA 18.2.2
Total Organic Carbon LECO Method () 4 2012/05/25 2012/05/25 CAL SOP-00243 LECO# 203-821-170
Texture by Hydrometer (1) 4 N/A 2012/05/25 AB SOP-00030 MMFSPA Ch9
Texture Class (1) 4 N/A 2012/05/25 AB SOP-00030 MMFSPA Ch9
Total Nitrogen in Soil by LECO (1) 4 2012/05/28 2012/05/28 CAL SOP-00243 LECO# 203-821-170

* Results relate only to the items tested.

(1) This test was performed by Maxxam Calgary Environmental

Encryption Key

Please direct all questions regarding this Certificate of Analysis to your Project Manager.

LANOY LUANGKHAMDENG, Burnaby Project Manager
Email: LLuangkhamdeng@maxxam.ca
Phone# (604) 638-2636

Maxxam has procedures in place to guard against improper use of the electronic signature and have the required "signatories", as per section
5.10.2 of ISO/IEC 17025:2005(E), signing the reports. For Service Group specific validation please refer to the Validation Signature Page.

Total cover pages: 1

Maxxam Analytics International Corporation o/a Maxxam Analytics Burnaby: 4606 Canada Way V5G 1K5 Telephone(604) 734-7276 Fax(604) 731-2386
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ACCESS CONSULTING GROUP
Maxxam Job #: B241340 Client Project #: ALEX-12-BELLE-02

Report Date: 2012/05/28
Sampler Initials: LK

NPK (AVAILABLE)

Maxxam ID DL5561 DL5562 DL5563 DL5564
Sampling Date 2012/05/14 2012/05/14 2012/05/14 |2012/05/14
13:30 13:30 13:30 13:30

Units WP1 (DSTF)| RDL WP2 (DSTP)| RDL WP3 (MILL [WP4 (MILL RDL QC Batch
WASTE) WASTE)

Nutrients
Available (NH4F) Nitrogen (N) mg/kg <10(1) 10 <2.0 2.0 11 <101 10 5868444
Available (NH4F) Phosphorus (P) mg/kg 10 5.0 <1.0 1.0 17 77 5.0 5867906
Available (NH40Ac) Potassium (K) | mg/kg 52 10 29 2.0 25 29 10 5867902
RESULTS OF CHEMICAL ANALYSES OF SOIL
Maxxam |ID DL5561 DL5562 DL5563 DL5564
Sampling Date 2012/05/14 |2012/05/14 2012/05/14 2012/05/14
13:30 13:30 13:30 13:30
Units WP1 (DSTF) WP2 (DSTP) | WP3 (MILL QC Batch WP4 (MILL RDL QC Batch
WASTE) WASTE)

Elements
Cation exchange capacity | cmol+/Kg | 24 [ 13 | 33 | 5867085 | 13 | 10 | 5867085
Soluble Parameters
Soluble Conductivity uS/cm 197 2540 512 5863576 276 1.0 5863576
Saturation % % 90.5 53.0 88.7 5863551 74.8 1.0 5863551
Physical Properties
% sand by hydrometer % 44 53 58 5866937 50 2.0 5866937
% silt by hydrometer % 44 37 31 5866937 43 2.0 5866937
Clay Content % 12 11 10 5866937 6.9 2.0 5866937
Texture N/A LOAM LOAM SANDY LOAM [ 5860280 [SANDY LOAM N/A 5861607

N/A = Not Applicable
RDL = Reportable Detection Limit
(1) - Detection limits raised due to sample matrix.
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Maxxam Job #:. B241340
Report Date: 2012/05/28

MISCELLANEOUS (SOIL)

ACCESS CONSULTING GROUP
Client Project #: ALEX-12-BELLE-02

Sampler Initials: LK

Maxxam ID DL5561 DL5562 DL5563 DL5564
Sampling Date 2012/05/14 2012/05/14 2012/05/14 2012/05/14
13:30 13:30 13:30 13:30
Units WP1 (DSTF)| RDL WP2 (DSTP)| RDL WP3 (MILL RDL WP4 (MILL RDL QC Batch
WASTE) WASTE)

Misc. Inorganics
Total Nitrogen % 0.28 0.20 <0.20 0.20 0.25 0.20 0.23 0.20 5871016
Total Organic Carbon (C) % 7.4(1) 0.040 2.4 0.020 5.8(1) 0.20 4.0 0.020 5867097

RDL = Reportable Detection Limit

(1) - Detection limits raised due to dilution to bring analyte within the calibrated range.
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ACCESS CONSULTING GROUP
Maxxam Job #: B241340 Client Project #: ALEX-12-BELLE-02
Report Date: 2012/05/28
Sampler Initials: LK
CSR/CCME METALS IN SOIL (SOIL)

Maxxam |ID DL5561 DL5562 DL5563 DL5564
Sampling Date 2012/05/14 2012/05/14 |2012/05/14 13:30 |2012/05/14 13:30
13:30 13:30
Units WP1 (DSTF) [WP2 (DSTP) WP3 (MILL WP4 (MILL RDL QC Batch
WASTE) WASTE)

Physical Properties
Soluble (2:1) pH | pHUunits | 5.67 |  6.33 | 7.25 | 5.53 [ 0.010 | 5863833
Total Metals by ICPMS
Total Aluminum (Al) mg/kg 12100 9370 9130 11500 100 5863755
Total Antimony (Sb) mg/kg 1.10 39.5 2.01 2.32 0.10 5863755
Total Arsenic (As) mg/kg 29.2 712 65.1 58.2 0.50 5863755
Total Barium (Ba) mg/kg 217 182 188 289 0.10 5863755
Total Beryllium (Be) mg/kg <0.40 <0.40 <0.40 <0.40 0.40 5863755
Total Bismuth (Bi) mg/kg 0.19 1.03 0.44 0.21 0.10 5863755
Total Cadmium (Cd) mg/kg 1.17 148 2.13 2.66 0.050 5863755
Total Calcium (Ca) mg/kg 4750 5760 10400 4050 100 5863755
Total Chromium (Cr) mg/kg 19.0 15.9 17.2 20.5 1.0 5863755
Total Cobalt (Co) mg/kg 7.39 11.6 9.73 9.90 0.30 5863755
Total Copper (Cu) mg/kg 19.0 87.0 35.4 28.0 0.50 5863755
Total Iron (Fe) mg/kg 23200 47000 23300 27600 100 5863755
Total Lead (Pb) mg/kg 38.9 3730 50.2 134 0.10 5863755
Total Lithium (Li) mg/kg 11.7 10.1 11.2 11.9 5.0 5863755
Total Magnesium (Mg) mg/kg 3400 4050 4960 3790 100 5863755
Total Manganese (Mn) mg/kg 597 7790 610 674 0.20 5863755
Total Mercury (Hg) mg/kg 0.057 0.223 <0.050 0.062 0.050 5863755
Total Molybdenum (Mo) mg/kg 1.20 1.66 1.63 1.50 0.10 5863755
Total Nickel (Ni) mg/kg 15.5 20.7 22.1 21.3 0.80 5863755
Total Phosphorus (P) mg/kg 469 511 685 659 10 5863755
Total Potassium (K) mg/kg 494 394 402 435 100 5863755
Total Selenium (Se) mg/kg 0.72 1.19 0.91 0.76 0.50 5863755
Total Silver (Ag) mg/kg 0.491 29.0 0.921 1.79 0.050 5863755
Total Sodium (Na) mg/kg <100 <100 <100 <100 100 5863755
Total Strontium (Sr) mg/kg 18.7 15.4 29.0 18.5 0.10 5863755
Total Thallium (TI) mg/kg 0.116 0.131 0.101 0.127 0.050 5863755
Total Tin (Sn) mg/kg 0.42 11.0 0.93 0.44 0.10 5863755
Total Titanium (Ti) mg/kg 226 197 197 238 1.0 5863755
Total Uranium (U) mg/kg 0.609 0.643 0.835 0.706 0.050 5863755
Total Vanadium (V) mg/kg 39.5 28.1 29.0 34.3 2.0 5863755
Total Zinc (Zn) mg/kg 123 11800 219 251 1.0 5863755
Total Zirconium (Zr) mg/kg 0.55 <0.50 1.32 <0.50 0.50 5863755

RDL = Reportable Detection Limit
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ACCESS CONSULTING GROUP

Maxxam Job #: B241340 Client Project #: ALEX-12-BELLE-02
Report Date: 2012/05/28

Sampler Initials: LK

Sample
Sample
Sample
Sample
Sample

Sample

| Package 1 | 1.7°C |

Each temperature is the average of up to three cooler temperatures taken at receipt

General Comments

NPK (AVAILABLE) Comments
DL5561-01 Phosphorus (Available by ICP): Due to the sample matrix, sample required dilution. Detection limit was adjusted accordingly
DL5563-01 Phosphorus (Available by ICP): Due to the sample matrix, sample required dilution. Detection limit was adjusted accordingly
DL5564-01 Phosphorus (Available by ICP): Due to the sample matrix, sample required dilution. Detection limit was adjusted accordingly
DL5561-01 Potassium (Available): Due to the sample matrix, sample required dilution. Detection limit was adjusted accordingly
DL5563-01 Potassium (Available): Due to the sample matrix, sample required dilution. Detection limit was adjusted accordingly

DL5564-01 Potassium (Available): Due to the sample matrix, sample required dilution. Detection limit was adjusted accordingly

Page 5 of 8
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Maxxam Job #:. B241340
Report Date: 2012/05/28

QUALITY ASSURANCE REPORT

ACCESS CONSULTING GROUP
Client Project #: ALEX-12-BELLE-02

Sampler Initials: LK

Matrix Spike Spiked Blank Method Blank RPD QC Standard
QC Batch |Parameter Date % Recovery |QCLimits |[%Recovery |QC Limits | Value Units Value (%) | QC Limits | % Recovery [QC Limits
5863551 [Saturation % 2012/05/24 99 80 -120 <1.0 % 0.4 30
5863576 _ [Soluble Conductivity 2012/05/24 111 70-130 <1.0 uS/cm 25 35
5863755  [Total Antimony (Sbh) 2012/05/24 NC 75-125 93 75-125 <0.10 mg/kg 39 N/A
5863755 [Total Arsenic (As) 2012/05/28 NC 75-125 102 75-125 <0.50 mg/kg 0.5 30 192 N/A
5863755  [Total Barium (Ba) 2012/05/24 NC 75-125 97 75-125 <0.10 mg/kg 470 N/A
5863755  [Total Beryllium (Be) 2012/05/24 104 75-125 106 75-125 <0.40 mg/kg 1.8 N/A
5863755 [Total Cadmium (Cd) 2012/05/24 98 75-125 105 75-125 <0.050 | mg/kg 5.0 N/A
5863755  [Total Chromium (Cr) 2012/05/24 100 75-125 97 75-125 <1.0 mg/kg 72 N/A
5863755 [Total Cobalt (Co) 2012/05/24 96 75-125 98 75-125 <0.30 mg/kg 25 N/A
5863755 [Total Copper (Cu) 2012/05/24 NC 75-125 99 75-125 <0.50 mg/kg 367 N/A
5863755 [Total Lead (Pb) 2012/05/24 NC 75-125 97 75-125 <0.10 mg/kg 274 N/A
5863755  [Total Lithium (Li) 2012/05/24 95 75-125 96 75-125 <5.0 mg/kg 31 N/A
5863755 |Total Manganese (Mn) 2012/05/24 NC 75-125 98 75-125 <0.20 mg/kg 1060 N/A
5863755  [Total Mercury (Hg) 2012/05/24 111 75-125 109 75-125 <0.050 | mg/kg 44 N/A
5863755  [Total Molybdenum (Mo) 2012/05/24 98 75-125 88 75-125 <0.10 mg/kg 29 N/A
5863755 [Total Nickel (Ni) 2012/05/24 88 75-125 95 75-125 <0.80 mg/kg 104 N/A
5863755 [Total Selenium (Se) 2012/05/24 117 75-125 118 75-125 <0.50 mg/kg 1.3 N/A
5863755 [Total Silver (Ag) 2012/05/24 83 75-125 89 75-125 <0.050 | mg/kg 20 N/A
5863755 [Total Strontium (Sr) 2012/05/24 NC 75-125 91 75-125 <0.10 mg/kg 417 N/A
5863755  [Total Thallium (TI) 2012/05/24 94 75-125 88 75-125 <0.050 | mg/kg 43 N/A
5863755 [Total Tin (Sn) 2012/05/24 NC 75-125 85 75-125 <0.10 mg/kg 33 N/A
5863755 [Total Titanium (Ti) 2012/05/24 NC 75-125 94 75-125 <1.0 mg/kg 2070 N/A
5863755 [Total Uranium (U) 2012/05/24 99 75-125 94 75-125 <0.050 | mg/kg 2.7 N/A
5863755 [Total Vanadium (V) 2012/05/24 NC 75-125 97 75-125 <2.0 mg/kg 82 N/A
5863755 [Total Zinc (Zn) 2012/05/24 NC 75-125 115 75-125 <1.0 mg/kg 981 N/A
5863755  [Total Aluminum (Al) 2012/05/24 <100 mg/kg
5863755 [Total Bismuth (Bi) 2012/05/24 <0.10 mg/kg
5863755  [Total Calcium (Ca) 2012/05/24 <100 mg/kg
5863755 [Total Iron (Fe) 2012/05/24 <100 mg/kg
5863755 [Total Magnesium (Mg) 2012/05/24 <100 mg/kg
5863755 [Total Phosphorus (P) 2012/05/24 <10 mg/kg
5863755 [Total Potassium (K) 2012/05/24 <100 mg/kg
5863755 [Total Sodium (Na) 2012/05/24 <100 mg/kg
5863755  |Total Zirconium (Zr) 2012/05/24 <0.50 mg/kg
5863833 [Soluble (2:1) pH 2012/05/24 101 96 - 104 0.2 20
5866937 _ [% sand by hydrometer 2012/05/25 17.9 35 99 75-125
5866937 [% silt by hydrometer 2012/05/25 11.1 35 108 75-125
5866937 _ [Clay Content 2012/05/25 3.3 35 85 75-125
5867085 [Cation exchange capacity 2012/05/25 NC 35
5867097 _ [Total Organic Carbon (C) 2012/05/25 100 75-125 <0.020 % 7.7 50 108 75-125
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ACCESS CONSULTING GROUP
Maxxam Job #: B241340 Client Project #: ALEX-12-BELLE-02
Report Date: 2012/05/28
Sampler Initials: LK
QUALITY ASSURANCE REPORT

Matrix Spike Spiked Blank Method Blank RPD QC Standard
QC Batch |Parameter Date % Recovery |QCLimits |[%Recovery |QC Limits | Value Units Value (%) | QC Limits | % Recovery [QC Limits
5867902  [Available (NH4OAc) Potassium (K) 2012/05/25 105 80 -120 <2.0 mg/kg 3.4 35
5867906 [Available (NH4F) Phosphorus (P) 2012/05/25 102 80-120 <1.0 mg/kg 12.6 35
5868444  [Available (NH4F) Nitrogen (N) 2012/05/25 NC 80-120 100 90-110 <2.0 mg/kg NC 35
5871016 [Total Nitrogen 2012/05/28 100 75-125 <0.20 % NC 35 101 75-125

N/A = Not Applicable

RPD = Relative Percent Difference

Duplicate: Paired analysis of a separate portion of the same sample. Used to evaluate the variance in the measurement.

Matrix Spike: A sample to which a known amount of the analyte of interest has been added. Used to evaluate sample matrix interference.

QC Standard: A blank matrix to which a known amount of the analyte has been added. Used to evaluate analyte recovery.

Spiked Blank: A blank matrix to which a known amount of the analyte has been added. Used to evaluate analyte recovery.

Method Blank: A blank matrix containing all reagents used in the analytical procedure. Used to identify laboratory contamination.

NC (Matrix Spike): The recovery in the matrix spike was not calculated. The relative difference between the concentration in the parent sample and the spiked amount was not sufficiently significant to permit a reliable recovery
calculation.

NC (RPD): The RPD was not calculated. The level of analyte detected in the parent sample and its duplicate was not sufficiently significant to permit a reliable calculation.
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DSTF PHOTO LOG — PHASE | RECLAMATION SUMMER 2012

Photo 1: Growth Media Pile 1 Photo 2: Growth Media Pile 2
Photo 3: Growth Media Pile 2 Photo 4: Growth Media Pile 3
Photo 5: Growth Media Pile 4 Photo 6: Growth Media Pile 4




DSTF PHOTO LOG — PHASE | RECLAMATION SUMMER 2012

Photo 7: Covered DSTF toe looking north Photo 8: Covered DSTF mid-slope looking south
Photo 9: Covered DSTF crest looking north Photo 10: Covered DSTF crest looking south
Photo 11: Grass sprouts DSTF looking south from crest Photo 12: Grass sprouts DSTF looking west from crest
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Memorandum

To: Elsa Reclamation and Development Company Ltd.

From: Andrew Gault, Jim Harrington (Alexco Environmental Group)
CC: Linda Broughton, Kai Woloshyn (Alexco Environmental Group)
Date: October 24, 2016

Re: Silver King In Situ Treatment Test Update: March - August 2016

Deliverable 2016-17-033-2_07

# 3 Calcite Business Centre, 151 Industrial Road
- — Whitehorse, Yukon Y1A 2V3
o e Phone (867) 668-6463 Fax (867) 633-4882
- www.accessconsulting.ca

1 INTRODUCTION

This memorandum provides an overview of the work performed and results collected for the Silver King (SK)
in situ treatment test between March 2016 and August 2016. It serves to provide an update to INAC on the

latest results from the in situ treatment pilot test that was initiated in September 2014.

2 AcTIVITY AND RECENT DATA

2.1 SILVER KING DEWATERING AND GROUNDWATER LEVEL

An overview of the Silver King site is displayed in Figure 2-1. The groundwater level within the SK flooded
workings is plotted in Figure 2-2 alongside flow rates of mine pool water pumped from the dewatering well to
the SK water treatment plant (WTP) and water that is reinjected to create a recirculation loop within the
flooded mine workings. The mine pool elevation varied between 728 and 738 masl for the majority of the March
to August 2016 period. Overall, the dewatering rate ranged between 5 and 15 L/s, with approximately 3 L/s
returned to the Silver King pit between March and the end of April, 2016. The reinjected water was amended
with methanol to stimulate subsurface sulphate- and metal-reducing bacteria between January 22 and April 2,

2016.
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SILVER KING IN SITU TREATMENT TEST UPDATE: MARCH — AUGUST 2016
Elsa Reclamation and Development Company Ltd.
SLE - - OCTOBER 2016

Between March and late April 2016, the groundwater level in the SK workings was maintained at 727 - 730
masl by dewatering at 5 - 6 L/s and reinjecting back into the SK pit at ~3 L/s (Figure 2-2). The effects of freshet
and the associated increased recharge rate were first observed on April 25, 2016, when the groundwater level
started to increase sharply. In response to this, on May 2, 2016 the recirculation of water to the Silver King pit
was suspended and the dewatering well pumping rate was increased to run at between 9 and 15 L/s to
accommodate the high volumes. Since no water was being injected into the mine, methanol amendment was
also suspended at this time. All dewatering flows were directed to the Silver King water treatment plant (WTP).
The increased dewatering rate slowed the water level rise in the mine workings and managed to maintain the
groundwater level at 731 - 735 masl between May and mid-July 2016. As such, the pilot test remained under
hydraulic control, largely due to the increased pumping rate that could be achieved with the replacement pump
installed in November 2015. This represents an improvement in the test conditions when compared with the
freshet event of 2015 when the previous dewatering pump could not adequately maintain hydraulic control
during this period of high recharge rate, leading to full flooding of the mine workings and overflow of water
from the adit in the spring of 2015.

Extended precipitation in late summer and fall of 2016 also caused a spike in the recharge to the mine working,
leading to a second rise in the groundwater level (735 - 739 masl) between mid-July and the end of August
despite dewatering at 11 - 15 L/s. By maintaining a high rate of pumping, overflow of the adit was prevented
during this period. However, on August 28, 2016 the motor in the dewatering pump failed, leading to full
flooding of the workings by the end of August. During this period that water discharged from the SK100 adit it
has been directed to the SK water treatment plant for secondary treatment as necessary.
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Figure 2-2: Response of groundwater level in SK mine pool during dewatering only and dewatering-
recirculation phases of testing at different pumping flow rates. The level of the end of the Vein 5
stopes, top of the 100 ramp and SK100 adit are shown for reference.

2.2 SILVER KING MINE POOL GEOCHEMISTRY

Although the March to August 2016 dataset is the primary concern for this update memorandum, the full
dataset collected since the start of the SK in situ treatment pilot test is displayed for selected constituents of
interest in Figure 2-3 and Figure 2-4 in order to place the data in context.

A sustained rise in dissolved organic carbon (DOC) concentrations in the SK dewatering well water (SKDW;
which extracts water from the base of the Vein 5 workings) was observed approximately one month after the
start of methanol injection into the SK pit (which infiltrates into the Vein 1 workings). Dewatering well DOC
levels peaked (16 mg/L) 3-4 weeks after methanol injection was halted and declined to pre-injection levels
approximately 2 months after the end of methanol injection;
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The peak in dewatering well DOC concentrations in April-May 2016 coincided with the following trends in the
dewatering well water which are consistent with the onset of sulphate-reducing conditions:

e Arisein alkalinity (200 - 240 mg/L over April - June 2016 versus 146 - 160 mg/L prior to April 2016)
since metal and sulphate reduction coupled to the oxidation of organic matter produces alkalinity;

e Arise in sulphide concentrations (0.02 - 0.06 mg/L versus non-detect (<0.02 mg/L) in the previous
two months) and concomitant decline in sulphate levels (300 - 320 mg/L versus >390 mg/L for
duration of test prior to April 2016) consistent with the transformation of dissolved sulphate to
sulphide by sulphate-reducing microorganisms; and

e A fall in the total and dissolved concentrations of zinc, cadmium and thallium to their lowest
concentrations observed to date as these chalcophile metals reach with the biogenic sulphide to form
insoluble metal sulphide phases which precipitate out of the water column.

Following the decline in DOC concentrations to pre-injection levels, the zinc, cadmium, and thallium
concentrations have slowly increased between May and August 2016. However, five months after the
suspension of soluble carbon injection, the concentrations of these chalcophile metals still remain well below
those present prior to the start of in situ treatment, and discharge water from the pumping well has remained
below the water licence thresholds for these metals (there is no threshold criteria for thallium).

The ORP increased markedly in July-August 2016, from ~+10 mV in May 2016, likely due to the ingress of
oxidizing surface waters from elevated precipitation in late summer/fall as indicated by the rising groundwater
level. A similar spike in ORP was observed during the 2015 freshet event with temporarily re-flooded the mine
workings. Although this likely prompted the oxidation of some reduced metal sulphide phases, the slow rise in
the dissolved zinc and cadmium concentrations suggests that this process did not result in a rapid rebound in
chalcophile metal concentrations. It is inferred that the longer treatment of the Vein 1 workings (Jan - April
2016 carbon injection via SK pit) increased both the treated water volume and the treated surface area within
the mine pool, allowing it to effectively treat the increased metal loading from the higher rate of recharge that
the mine received during freshet and the summer rainy season.

Iron and arsenic concentrations were closely correlated and exhibited spikes in March and May 2016, typically
following the decline in sulphide levels following organic carbon injection. The March peak is interpreted as
the onset of stronger reducing conditions in March 2016 during the methanol injection period. Influx of
particulate iron and arsenic into the mine during freshet and rinsing of unsaturated surfaces as the
groundwater level rose may partly explain the spike in iron and arsenic concentrations observed in May 2016.
Alternatively, the dissolved sulphide produced from microbial sulphate reduction may have caused “abiotic”
reductive dissolution of more recalcitrant iron (oxyhydr)oxides, releasing iron and associated arsenic to
solution. However, at all times during the 2016 organic carbon injection period and the passive treatment
phases since organic carbon addition ceased, arsenic concentrations have remained well below (i.e., 10% or
less) the water licence discharge thresholds (there is no threshold criteria for iron).

Manganese concentration showed little change between March and August 2016, ranging between 2.1 and 2.8
mg/L with no clearly discernable trend. Temperature increased between March and August 2016, but only over
a relatively narrow range (2.8 to 5.4°C).
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Figure 2-3: Change in selected constituents in SK mine pool water (collected via the dewatering borehole) during the dewatering and
molasses amendment phases of the in situ mine pool treatment testing. The shaded areas indicate when continuous injection of molasses
(brown) or methanol (grey) was ongoing with recirculation to either the shaft or pit; data collected prior to this were sampled when the mine
pool was undergoing dewatering only.
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Figure 2-4: Change in zinc, cadmium, sulphur species, and thallium concentrations in SK mine pool water (collected via the 2011 dewatering
borehole) during the dewatering and molasses amendment phases of the in situ mine pool treatment testing. The shaded areas indicate
when continuous injection of molasses (brown) or methanol (grey) was ongoing with recirculation to either the shaft or pit; data collected
prior to this were sampled when the mine pool was undergoing dewatering only. EQS = effluent quality standard.
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2.3 SILVER KING MINE PooL MICROBIOLOGY

Dewatering well samples were collected for microbial community profiling in April 2016. These were
submitted to Contango Strategies (Saskatoon, SK) for genomic analysis. Further details regarding this analysis
are reported in AEG (2016). In brief, DNA was extracted from the water samples and portions of the 16S rRNA
gene, which can be used for taxonomic classification, were sequenced and matched against known
microorganisms. Similar sequences (97% similarity or higher) were grouped together into operational
taxonomic units (OTUs) and compared against a microbial database for classification at the genus level.
Following classification, the matched genera were grouped into the following categories according to their
ability to mediate redox transformations of sulphur and/or iron:

e Iron reducing bacteria (FeRB);
e Sulphur-oxidizing bacteria (SOB); and
e Sulphide-producing bacteria (SPB).

Many microorganisms are capable of both sulphide production and iron reduction; such genera were grouped
together. The November 2015 and January 2016 data are also presented in order to provide some context for
the April 2016 data (Figure 2-5 to Figure 2-7).

Microbes capable of sulphide production were present in the SK mine pool for all three sampling events.
Although the proportion of microorganisms capable of sulphide-production appeared to have declined in the
April 2016 sampling event relative to January 2016 (Figure 2-5), the inferred abundance of SPBs, which is based
on most probable number measurements of heterotrophic bacteria present in each sample, increased markedly
from January to April 2016 (Figure 2-7). The lower proportion of sulphide-producing bacteria in the April 2016
sample is likely exacerbated by the proliferation in methylotrophic bacteria (24% of OTUs) in the April 2016
sample, compared to the November 2016 (3% of OTUs) and January 2016 (1% of OTUs) samples. The sharp
rise in methylotroph abundance is due to the methanol injection into the SK mine workings (via the SK pit) that
took place from late January to early April, 2016. Of those OTUs that were most closely matched with SPBs, the
majority were associated with the Desulfosporosinus genus in the January and April 2016 samples (Figure 2-6).
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Figure 2-5: Percentage of OTUs assigned as FeRB, SPB and SOB in SK mine pool water samples.

SILVER KING MAR_AUG 2016 IN SITU TREATMENT UPDATE MEMO AGG JM 9



ALEXCO

ENVIRONMENTAL
GROUP

SILVER KING IN SITU TREATMENT TEST UPDATE: MARCH — AUGUST 2016

Elsa Reclamation and Development Company Ltd.

OcToBER 2016
Nov 2015

Jan 2016

Others (each < 1% or
not identified to the
genus level)
54%

Others (each < 1% or
not identified to the
genus level)

48%

Desulfosporosinus
3%

— Geobacter
5%
Clostridium
4%

T Sulfuricurvum
- 1%

1%

1%

Desulfobulbus
Apr 2016

Flavobacterium
Paludibacter m Cl 3%
1% 1% 3% 1%

Gallionella
1%

Desulfosporosinus
8%

Flavobacterium
4%
Sulfuricurvum
1%

Caulobacter
1%

Others (each < 1% or
not identified to the
genus level)

85%

Figure 2-6: Highest percentage of organisms identified to genus level for November 2015, January 2016, and April 2016 sampling events
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Figure 2-7: Inferred abundance of microorganisms with ability to produce sulphide determined for
November 2015, January 2016, and April 2016 sampling events

2.3.1 345-S04 Isotopic Analysis

The relative differences in stable isotope ratios are reported relative to a standard reference material and in
delta notation:

6= [ (Rsample - Rstd)/Rstd] x 1000

where Rsample and Rsta are the ratios of the abundance of the heavy to light isotope (3¢S and 32S, respectively) for
the sample and the standard reference material (Canyon Diablo Troilite for 634S), respectively. Laboratory
delays have limited the amount of stable isotope data for evaluation with only samples collected between
November 2015 and March 2016 available. This small sample set limits the conclusions that may be drawn
from the data; however, the data collected to data are discussed below.

During microbial sulphate reduction, the 32S-O bond is more easily broken than the 34S-0 bond. As such, the
sulphate that remains during microbial sulphate reduction is expected to become progressively enriched in the
34S isotope, leading to an increase in the §34S-SO4 value (i.e. become more positive). This may provide a
secondary tool to indicate the development of microbially-induced sulphate reducing conditions in the SK mine
pool.

The SK mine pool §34S-SO4 data (-1.6 to -3.2%o) lie within the range observed along Galena Creek (-1.2 to -
1.9%o0 at KV-60A and -3.4 to -3.8%o0 at KV-60), and are higher than the §345-S04 measured in groundwater
samples from SK-MW-1 (-5.6 to -6%o) (Figure 2-8). This is consistent with the 8D and &80 stable isotope data
that suggest the majority of the SK mine pool is supplied by Galena Creek (Section 2.4.2).

SILVER KING MAR_AUG 2016 IN SITU TREATMENT UPDATE MEMO AGG JM 11



SILVER KING IN SITU TREATMENT TEST UPDATE: MARCH — AUGUST 2016
Elsa Reclamation and Development Company Ltd.
OcTOBER 2016

v

./

Measurable sulphide was detected in the SK mine pool between late December 2015 and January 2016 (Figure
2-4), which coincided with a rise in the 634S-S04 ratio between January and mid February, 2016, however, the
634S-504 data for this period were largely within the range of values observed prior to the detection of sulphide.
Furthermore, the dissolved sulphate concentration showed little change over this time, suggesting that any
change in the §34S-S04 signature was likely masked by the large sulphate pool. Further data, especially in April
and May, 2016, when a marked drop in the SK mine pool dissolved sulphate concentration and concomitant
rise in sulphide levels were observed, are required to evaluate the utility of 63*S-SOs4 measurements in
identifying microbially mediated sulphate reduction in this system.

® KV-60 O KV-60A 0O SK-MW-1 A SKDW

0
-1 -. o
A
o
2 4 A
A A
3 ] A a
o _3 -
S A A .
Q A
@ ) I
5 4
0
5 -
] 0
6 | m|
_7 L] L) L] | L) L] L} | L) L} L] T T L) L} | L] T L)
% Y N o NG X
X RS & B M K\
> ' 03 v 43 N

Figure 2-8: §3%5-SO, measurements from water samples collected from Galena Creek (KV-60 and KV-
60A), the flooded SK mine workings (SKDW), and local groundwater (SK-MW-1).
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2.4 TRACER ANALYSIS

2.4.1 Dye

Fluorescent tracer (18 L of 20% Rhodamine solution) was injected into the SK workings via the SK pit on
February 24, 2016. An inline fluorimeter was placed at the mine water discharge at the treatment plant to
provide high resolution data regarding the arrival of the injected dye at the dewatering well. No dye
breakthrough has been detected, suggesting that either too little dye was added to the workings, or that the
dye was significantly attenuated within the workings.

2.4.2 Stable Isotope (2H and 120)

Samples for deuterium (2H or D) and oxygen-18 (180) analyses were collected periodically from the SK
dewatering well in addition to Galena Creek (KV-60A and KV-60) and the nearby groundwater monitoring well
(SK-MW-1). This work is not intended to provide a quantitative measure of the precise contributions of surface
and groundwater sources to the SK workings since the time and budget required for such a study are outwith
the scope of the SK in situ treatment pilot test. Nevertheless, stable isotope analyses of water samples from the
SK workings, and from likely recharge sources to the SK mine such as Galena Creek and local groundwater, may
provide information regarding the dominant source of recharge to the flooded SK workings.

The relative differences in stable isotope ratios are reported relative to a standard reference material and in
delta notation:

6= [ (Rsample - Rstd)/Rstd] x 1000

where Rsample and Rsta are the ratios of the abundance of the heavy to light isotope for the sample and the
standard reference material (standard mean ocean water for both 6D and 6180), respectively. Long analytical
delays at the specialist laboratory responsible for the isotopic analysis have resulted in the analysis of only the
March, 2016 sample in the March-August, 2016 period; further data are awaited.

Plotting of the 8D and 6§80 data collected to date indicates that the Galena Creek samples largely share a similar
isotopic signature with the global meteoric water line (GMWL; Figure 2-9), suggesting that local precipitation
that ultimately feeds Galena Creek has not undergone substantive subsequent isotopic fraction (e.g. via
evaporation and/or mineral-fluid interactions). The SK-MW-1 groundwater samples are generally located
further right of the GMWL than the Galena Creek samples, suggesting they have experienced some evaporation
and/or mineral-fluid reactions (Figure 2-9). The mine pool samples collected via the dewatering well (SKDW)
plot between the Galena Creek and local groundwater data, and are closest to the Galena Creek stable isotope
dataset (Figure 2-9).

Examination of temporal trends in the stable isotope data (Figure 2-10) indicates that the Galena Creek and SK
flooded mine workings samples have exhibited minimal variation over the sampling period (November 2015
to March 2016); however, an increase in the 6D and 6180 values for the local groundwater (SK-MW-1) was
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observed in the February and March, 2016 samples. Given the limited dataset available, it is unclear if this
increase represents a seasonal trend.
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Figure 2-9: 8D versus 8§20 plot of water samples from Galena Creek (KV-60 and KV-60A), the flooded
SK mine workings (SKDW), and local groundwater (SK-MW-1).
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Figure 2-10: Temporal changes in hydrogen (left) and oxygen (right) isotope ratios measured in water
samples collected from Galena Creek (KV-60 and KV-60A), the flooded SK mine workings (SKDW), and
local groundwater (SK-MW-1).
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Since the start of collection of samples for isotopic analysis (November 2015), four paired sampling events are
available (collected within 5 days of each other) for evaluation (Table 2-1). In order to estimate the relative
contribution of Galena Creek and local groundwater to the SK workings, a two component mixing model was
assumed where KV-60A data were used for the Galena Creek endmember and SK-MW-1 for the local
groundwater endmember.

Table 2-1: Stable isotope and tritium date-paired data collected to date from sampling locations at the
SK site

Sample location Date 6D 6180 Tritium
%0 %0 TU
KV-60 23-Nov-15 -171 -22.3 -
SKDW 22-Nov-15 -172 -22.4 54
SK-MW-1 24-Nov-15 -181 -23.5 -
KV-60A 15-Dec-15 -171 -22.5 -
KV-60 15-Dec-15 -171 -22.5 -
SKDW 17-Dec-15 -173 -22.5 -
SK-MW-1 20-Dec-15 -181 -23.6 -
KV-60A 04-Feb-16 = -169.9 -22.36 -
KV-60 04-Feb-16 = -169.8  -22.49 -
SKDW 08-Feb-16 = -172.6 = -22.72 -
SK-MW-1 06-Feb-16 = -176.4  -23.03 -
KV-60A 04-Mar-16 ~ -168.2  -22.21 -
KV-60 04-Mar-16 ~ -170.8  -22.45 -
SKDW 04-Mar-16 -172.3 -22.75 -
SK-MW-1 03-Mar-16 = -175.4  -22.64 -

The proportions of each endmember were varied such that:
x*8Dkv-60a + (1-x)*6Dsk-mw-1 = 8Dskpw

Where x and (1-x) denote the fractional proportion that Galena Creek (KV-60A) and local groundwater (SK-
MW-1) contribute to the SK mine pool. This assumes a two component endmember system.

No KV-60A data were available for the November 2015 sampling event, so KV-60 was used instead; the use of
either KV-60 or KV-60A in the mixing model returned largely similar results. The same mixing model exercise
using 6180 also returned similar results.
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This two-component mixing model indicated that Galena Creek provided the majority of recharge in November
(90%) and December (80%) 2015. This is consistent with the November 2015 SK dewatering well tritium data
(Table 2-1), which indicated that 5.4 TU of tritium was present, suggesting that the mine workings had been
recharged with relatively young water.

Although Galena Creek was still the predominant source of recharge in the February and March 2016 sampling
events, its relative contribution had declined to 58% and 67%, respectively. While this might reflect the lower
recharge that may be expected during the winter months when flow in Galena Creek is at its lowest, the increase
observed in the 6D and 6180 SK-MW-1 data complicates this assessment since this is responsible for the higher
apparent groundwater proportion of the inferred recharge from the mixing model calculation. Further data
may help clarify any seasonality in waters from each sampling station and provide additional information
regarding source apportionment to the flooded SK mine workings.

3 SUMMARY

e Methanol injection via the SK pit resulted in development of sulphate-reducing conditions in the SK
mine pool as indicated by the fall in chalcophile metal and sulphate concentrations alongside a rise in
sulphide and alkalinity levels;

¢ Ongoing monitoring over the 5 months following the suspension of carbon injection indicates that zinc
and cadmium concentrations in the SK mine pool remain substantially lower than those present prior
to in situ treatment and have exhibited only a slow rate of increase over this time;

e Microbial profiling continued to indicate the presence of bacteria with a close genetic similarity to
known sulphate-reducing microorganisms, and suggested that their inferred abundance had increased

over the course of the in situ treatment program; and

e Limited data precludes an in depth assessment of the stable isotope data, however, 6D and 6180 data
suggest that Galena Creek is the principal source of recharge to the SK mine workings.

4 REFERENCES

Alexco Environmental Group (AEG) (2016) ERDC Task 033-2 Silver King In-Situ Treatment FY2015-16
Summary. Memorandum prepared for Elsa Reclamation and Development Company Ltd., April 1, 2016.
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1 EXECUTIVE SUMMARY

Alexco Environmental Group has operated a test bioreactor at the Galkeno 900 mine site since October 2008.
Bioreactor technology is considered a closure option for some adit drainage sites in the Keno Hill Silver
District (KHSD) and this closure pilot study has been performed to validate the effectiveness of this treatment
technology with special consideration of engineering a stable bioreactor for the KHSD climate. In general,
once sulphate reduction onset occurred after a commissioning period, effective treatment (significant mass
reduction averaging over 90% during operational periods, and achieving discharge criteria at lower flow
rates) was accomplished with a test flow rate range of 0.5-1.0 litres per second (lps). The configuration of the
bioreactor was suboptimal due to the very limited footprint available near the Galkeno 900 adit, and the
regulatory requirement to operate the bioreactor upstream of the lime treatment system. However, the key
objectives of the study were accomplished; specifically sulphate reducing rates were determined across year-
round operation, and it was demonstrated that the sulphate bioreactor technology could achieve under some
operational flow rates discharge water quality standards as set under the existing water licence QZ06-074.
The primary failure mode of the bioreactor was failure of the pumping systems due to power outages, which
happened several times during the study, which led to freezing of the antisiphon valves and loss of water by
siphoning from the bioreactor.

During the operational treatment phase at 0.5 Ips, results showed removal of close to 99.8% zinc was
achieved (5-6 mg/L reduced to 0.011 mg/L). During the operational treatment phase at 1.0 Ips a maximum of
97.8% removal was occasionally achieved. Section 6, Bioreactor Performance, provides additional
information concerning other metals that have also been substantially removed in the bioreactor at flow rates
between 0.5 lps and 1.0 Ips respectively. While zinc is the primary Constituent Of Concern (COC), the
reduction of these other constituents will have beneficial effects in the reduction of toxicity where elevated
metals have a combined toxicity more than any one metal alone. Iron and manganese, which had good
removal during the recirculation phase (99% for both metals) showed a dissolution and production from the
bioreactor during the reduction onset and initial through flow phases. Manganese currently passes through
the reactor unchanged, while iron is still slowly releasing from the reactor. Conservative elements show less
than 10% change during passage through the bioreactor, including calcium, magnesium, silica, sodium and
strontium, demonstrating that dilution is not a significant factor causing metal removal in the reactor.

Mineralogical analysis was performed on materials removed from the bioreactor to identify minerals and
mineral phases that had been formed in the bioreactor. The purpose of this work was to strengthen the
conclusions about the ultimate fate of metals removed in the bioreactor, and to determine if the inferences
about removal mechanisms are confirmed when examining the solid phases formed. The results showed that
micron sized grains of ZnS were precipitated with a molar ratio of 1:1 indicating bacteriological sphalerite
(ZnS) was being formed. The sphalerite formed bands which were indicative of biofilm deposition in
successive layers. Some of the ZnS layers were immediately adjacent to or surrounding layers of Fe and Mn
oxide or hydroxide, which is consistent with the operational phases of the bioreactor which initially had zinc
removal coinciding with manganese and iron removal. When the bioreactor became anaerobic the Mn and
later Fe was partially mobilized but the Zn which was removed with Mn and Fe became bacterially
sequestered as ZnS. These results show that Zn removal in carbon source-fed bioreactors is predominantly
performed by microbial sulfate reduction, producing predominantly a biofilm-enclosed ZnS phase.

BIOREACTOR SUMMARY REPORT MARCH-12 FINAL <>1



<GALKENO 900 SULPHATE-REDUCING BIOREACTOR 2008-2011 OPERATIONS>
FINAL REPORT

ELSA RECLAMATION AND DEVELOPMENT CORP.

MARCH 2012

2 BACKGROUND

A bioreactor was constructed and operated in the Keno Hill Silver District (KHSD) at the Galkeno 900 adit
beginning in May 2008. The bioreactor ceased operations in late Spring 2011.. These results demonstrate
the viability of sulphate reduction technology for the removal of metals, especially zinc and other metals that
react with aqueous sulphide, in the KHSD.

The bioreactor solid phase substrate utilized to construct the bioreactor was coarse rock from a nearby
placer mining operation. Solid organic carbon forms were not utilized to allow for the simplest assessment of
metals removal due to sulphate reduction only. The organic substrate supplied to the bioreactor included
dissolved organic carbon forms, with sugars, alcohols and complex carbohydrates and proteins from milk
used during the growth phase of the bioreactor operation, and sugars and alcohols used during the
maintenance phase. The purpose of the organic substrate was initially to support microbial growth until
sulphate reduction became the predominant microbial activity in the reactor, and during the treatment phase
to support microbial sulphate reduction. Sulphate reduction is a chemical transformation performed by
microbes that transfers electrons from organic carbon to sulphate, causing sulphate to be reduced to
sulphide. Sulphide then reacts with many dissolved metals, forming very insoluble metal precipitates. The
reactor also had the potential for other reactions to occur as a result of alkalinity being generated from the
oxidation of organic carbon, and such as carbonate mineral formation within the bioreactor.

The bioreactor demonstration is part of a multipurpose program to assess the potential of adding an organic
substrate to mine adit water to support metals removal, whether within a constructed bioreactor, within a
mine pool, or in a naturally permeable zone outside a mine such as in a naturally occurring bog or gravel bed.
Conceptually, the sulphide- and carbonate-based mineral precipitation that occurs in a bioreactor is similar to
what would occur in a mine pool or natural sulphate reduction zone outside of a mine pool. The sulfate
reduction rate observed in the bioreactor is similar to what would be achieved in these other settings.

Alexco has extensive experience with these types of in situ sulphate reduction systems, and owns six patents
and has additional patents allowed and pending for the in-situ use of organic substrates and nutrients in
earthen materials to stabilize metals. Alexco's technologies and patents provide in-situ encapsulation
technologies, whereby soluble toxic metals including arsenic, cadmium, nickel, selenium, and zinc are
geochemically encapsulated by more benign minerals within the groundwater aquifer or within and
downgradient of sources of contamination such as within a pit lake, tailings impoundment, heap leach pad, or
waste storage area. One patent that is applicable to this treatment approach is US patent #5,710,361, which
describes amendment of metals-containing water with a carbon source to cause precipitation of metals
during flow through rock or earthen materials via sulphate reduction.

Several adit discharge locations are being considered in the Closure Option assessment process for treatment
in a bioreactor (Alexco Environmental Group, 2011). At this time, Silver King 100, Bermingham 200, Ruby
400, No Cash 500, Galkeno 900, Onek 400, Sadie Ladue 600 and Keno 700 are all considered as possible
locations where bioreactor technology could be employed. Galkeno 900 has water chemistry and flow
characteristics that are typical of these other adits in the KHSD. This test was of sufficient scale and operated
long enough to provide design information that allows for the design of either a large scale bioreactor or an
in-situ reduction field at several other adit drainage locations in the KHSD. The test was operated in a lined
bioreactor allowing for the performance of the technology to be assessed while still in containment, but the
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results of the tests (reaction rates and stoichiometry) can be extended in the design of either a lined or an
unlined system. The operation of the reactor continued through the winter season to demonstrate durability
of metals removal mechanisms. During the course of the bioreactor demonstration, the conventional lime
treatment system was maintained to ensure water license discharge compliance criteria were met.
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3 GALKENO 900 TREATMENT LAYOUT

Figure 1 shows the piping and instrumentation setup of the bioreactor and treatment facility at Galkeno 900.

Figure 1 - Galkeno 900 Layout

Water drains from the Galkeno 900 adit at an average annual rate of 4 litres per second (Ips). This water is
collected in a pipe and gravity flows away from the adit. Before the bioreactor system was installed, the
water traveled directly to the treatment facility where it was mechanically agitated in a mix tank and dosed
with lime slurry through a metering pump. Then the water was

discharged to a sludge pond where the heavier particles where allowed

to settle at the bottom in the form of sludge, and clean water was

decanted and released. When the bioreactor treatment system was

installed, additional valves and piping were added upstream of the lime

treatment system so that a portion of the untreated adit water could pass

through the bioreactor system for the purposes of this study.

Water is supplied to the bioreactor through an initial valve that when
opened allows water to travel to the bioreactor’s influent sump. Because
of the harsh conditions in the Yukon, this valve, and all piping used in
this setup was buried over 1 meter below surface, thereby reducing the
possibility of freezing. Figure 2 shows the buried vertical pipe that

contains this initial valve. In this figure, water travels downward from .
Figure 2 - Inlet Valve
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the adit to the lime treatment area. Opening this valve allows water to flow into the bioreactor’s inlet sump.

The bioreactor inlet sump, shown in Figure 3, has a 48 inch diameter and is also located below surface. It is
accessed through a cover that allows for reagent addition and water sampling as needed. Normal operation
of the bioreactor requires the frequent dosing (constant dosing up to as infrequently as every two weeks,
depending on flow rates) of a carbon source such as sugar, ethanol, or methanol. These reagents are slowly
added to this sump via a metering pump for the liquids, or as dry powder for the sugar. During initial start-
up, and on a few other occasions, an addition of milk sugars/protein as dry milk powder was required to aid
the growth of microbes in the bioreactor. These reagents were also added at this location.

Within in the bioreactor inlet sump is a 1-
horsepower submersible pump. The cable
seen in Figure 3, stretching from lower left
to upper right, attaches to a chain allowing
the pump to be removed from the mix
tank for servicing and/or replacement.
The discharge from this pump is shown in
Figure 4.

From the bottom of Figure 4 moving
toward the top is a blue datalogger
attached to the black Magnetic Flowmeter
(Magmeter), a throttling globe valve, and
finally a vertical anti-siphon standpipe.

Figure 3 - Bioreactor Influent Sump The datalogger records and stores the

flow rates from the magmeter, allowing
the system’s operation rate to be tracked
and analyzed. The globe valve is used to
adjust the flow rate into the bioreactor.
The vertical anti-siphon standpipe is
exposed to the atmosphere. The system is
designed so that in the event of pump
failure, air will be pulled into the pipe and
breaks the siphon. This series of
instruments and valves is also located
below grade in an insulated box and can
be accessed through a cover.

The bioreactor is roughly 90 feet by 100 feet and has a liquid-filled portion that is 10 feet deep. It was dug
partially into the native ground with an excavator, and the remaining depth was created by forming a berm
around the excavated area. The bermed/excavated area was lined with 0.060 inch thick HDPE liner to form a
pond, and then filled with waste rock recovered from a local placer mine. Figures 5 and 6 were taken during
construction of the bioreactor and Figure 7 shows the overall design.

Figure 4 - Bioreactor Inlet
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After the pond was filled with placer oversize rock, a geofabric was laid across the bioreactor, and soil from
the excavated area and hillside was used to provide a 4 foot soil cover over the bioreactor. This soil cover
layer acted as an insulating layer, minimizing the amount of ice formation in the top layer of the bioreactor.
When the bioreactor solids were sampled in March 2011, the ice layer was approximately 18 inches to 2 feet
thick.

Water enters the bioreactor through an inlet pipe that transports water to the far side of the bioreactor (see

Figure 7 for an overall view of the layout). The last half of the pipe is perforated with 34” holes, allowing
water to fill the bioreactor and flow back and forth before final release.

Figure 5 - Bioreactor Construction

BIOREACTOR SUMMARY REPORT MARCH-12 FINAL <>6



<GALKENO 900 SULPHATE-REDUCING BIOREACTOR 2008-2011 OPERATIONS>
FINAL REPORT

ELSA RECLAMATION AND DEVELOPMENT CORP.

MARCH 2012

Figure 6 - Bioreactor Standpipe

Figure 7 - Bioreactor Layout
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Baffling was installed in two locations to create a torturous flow path and increase the contact time of the
water with the media within the bioreactor,. This forces the water to travel a greater distance within the
bioreactor before final release and to contact a greater fraction of the media. Also present at the center of the
bioreactor is a sampling standpipe that can be seen in Figure 6. This allows samples to be collected and
analyzed once water has passed midway through the bioreactor.

The discharge from the bioreactor is collected in a pipe and can then be either sent back to the bioreactor
influent sump for recirculation or mixed with untreated adit water from the Galkeno 900 adit. This co-
mingled water then passes through the lime treatment system mentioned earlier and is released into a sludge
pond where heavy particulate settles and clean water is decanted and released. Figure 8 is the bioreactor
discharge valve set-up. Water travels from the bioreactor on the right (not shown) and can either be sent up
(as shown in the photo) to the bioreactor influent sump or to the left (as shown in the photo) to be co-
mingled with adit water from the Galkeno adit. This setup is below surface grade and is accessible through a
cover.

Figure 8 - Bioreactor Discharge Valves

Overall, the system was constructed to provide the operator with the maximum amount of flexibility to study
the performance of a bioreactor without introducing the risk of releasing untreated water from the adit.
Based on the positions of several valves, the system could be run in one of the following operation modes:

1) Bioreactor influent valve closed - collected adit water bypasses the bioreactor and is treated
at the lime treatment facility.
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2) Bioreactor influent valve and discharge valve closed - water pumped from the bioreactor
influent sump fills the bioreactor and once filled, this mode allowed the water in the
bioreactor to be continuously re-circulated. This was important to allow for the initial
growth phase of the bioreactor, allowing the carbon source to be consumed in the bioreactor
rather than being released from the discharge.

3) Bioreactor influent valve open and discharge valve open - untreated adit water was pumped
into the bioreactor, sampled along several key locations, then discharged from the bioreactor
and co-mingled with the untreated adit water where it was transferred to the lime treatment
facility.

The water from the adit was a significant heat source for the bioreactor; therefore some amount of influent
water from the adit was desired even during the initial growth phase of the bioreactor. In a full scale
installation without the requirement of the downstream secondary treatment plant, these valving systems
would not be required other than to provide a bypass from the adit if desired, and a temporary recirculation
loop to allow discharged water to be sent back to the influent sump.

BIOREACTOR SUMMARY REPORT MARCH-12 FINAL <>9



<GALKENO 900 SULPHATE-REDUCING BIOREACTOR 2008-2011 OPERATIONS>
FINAL REPORT

ELSA RECLAMATION AND DEVELOPMENT CORP.

MARCH 2012

4 BIOREACTOR OPERATIONAL SUMMARY

Operational notes are included in this report to capture a few of the issues experienced during construction
and operation of the bioreactor. The bioreactor construction began in the summer of 2008 with operation
starting soon after. The following timeline outlines milestones, as well as issues, that were noted during
operation:

. July-August 2008: Pond constructed and lined (see Figures 5 & 6).

. September 2008: Pond filled with oversize rock from a local placer mining operation (some
small amounts of fines were present).

o October 4th, 2008: Start filling the bioreactor with untreated adit water.

o October 10th & 11th, 2008: Started recirculation of bioreactor water, added 182 kg sucrose
to support microbial sulfate reduction.

o October 16th, 2008: 110 gal methanol and 1.8 kg dried milk solids added.

. October 2008: Bioreactor covered with geofabric and several feet of topsoil.

. October 2008 through May 2009: Occasional “top up” of untreated mine water to maintain

full conditions in bioreactor. Make-up water averages ~ 1 m3/day or approximately 1 liter
per minute average.

. January 23rd, 2009: 110 gal methanol added.
. January 2009: Determination of slow leakage rate from bioreactor ~ 1.09 m3/day.
. February 19th, 2009: Anti-siphon valve on the return recirculation line iced over, draining

the bioreactor and flooding covers/box. Estimated ~135 m3 water was lost from the
bioreactor through overflow of the tank.

. April 8th, 2009: Bioreactor standpipe blocked with ice - unable to sample.

. May 17th, 2009: Began adding methanol at the bioreactor influent sump at a rate of 1.0 litre
per day.

. July 11th & 12th, 2009: Added 10 kg sucrose each day to jumpstart reduction, continued

methanol addition at 1.0 litre per day.
. August 25th, 2009: Installed totalizer and flowmeter on the inlet to the bioreactor.

Once methanol was added at a constant rate, the bioreactor began through-flow operation. During that time,
the following events occurred:

. October 8th, 2009: Initiated flow-through at a rate of 0.5 litre per second.

. December 18th, 2009: Initiated flow-through at a rate of 1.0 litre per second.

. January 7th-20th, 2010: Valve box flooded and frozen, thawed and repaired on January 20.
. February 15th, 2010: Power loss to submersible and metering pump.
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. February 16th - 18th, 2010: Power loss while anti-siphon frozen which resulted in the loss of
approximately half the bioreactor water volume through the sump; power restoration and
line thawed; refilled bioreactor.

. August 6th, 2010: Reduced flow rate to 0.75 1/s to improve treatment.

. March 17th &18th, 2011: Return line frozen.

. May 11, 2011: cessation of active operations; bioreactor sampled for solids mineralogical
analysis.

A review of the operator’s log provides some important details that will guide future design. On February
19th 2009 and February 16th 2010, loss of power and a lack of continued pumping of water, which
maintained heat in the bioreactor lines, resulted in ice formation in the anti-siphon valve. With the transfer
pump stopped, the bioreactor siphoned water into the sump, which overflowed on the ground around the
sump.
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5 METALS REMOVAL MECHANISMS IN BIOREACTOR TREATMENT

The removal of metals from mine waters by bioreactors is done around the world, utilizing a variety of
approaches. Doshi (2006) summarizes the many different types of bioreactors that are in operation, and
discusses the relative advantages and disadvantages of these different bioreactor systems. The bioreactor
utilized at Galkeno 900 is one type of reactor, where the only carbon source added to the bioreactor was
added in a dissolved form semi-continuously during the operation of the bioreactor. Bioreactors are often
constructed utilizing a mixture of substrates which either act as a carbon source for microbial reactions, or
these substrates can act as sorptive surface for metals precipitation. However, bioreactors with solid phase
carbon sources are often limited in their sulphate reduction rates by the availability of soluble organic carbon
(Buccambuso et al, 2007) indicating that the constant supply of a carbon source as was done in Galkeno 900
bioreactor will tend to prevent microbial limitations on treatment.

For context of this discussion, the operation of the Galkeno 900 bioreactor can be divided into three distinct
time periods. They are:

. Recirculation Phase - Operation Mode 2 (October 2009 - July 2009): During this period,
the bioreactor was placed into service with water from the adit entering at an average rate of
one litre per minute (1 Ipm), which provided makeup water to replace slow leakage, and also
to provide some heat from the adit water during the cold season. An initial carbon source
addition consisting of (1.8 kg) milk powder and (182 kg) table sugar (sucrose) and (110 gal)
methanol was added to provide an energy and nutrient source for an initial microbial
growth phase. No source of microbes other than what was present on the placer rock and
what is carried in the mine water was added to the bioreactor. However, researchers
studying mine water and sediment at the Penn Mine Church et al (2007) showed that mine
water even in an pH 4 mine drainage with high concentrations of heavy metals contained
sulphate reducing bacteria and accounted for metals removal processes. The water in the
bioreactor was re-circulated at a rate of one to two liters per second to mix and distribute
water in the bioreactor. The water was periodically sampled to evaluate microbial growth
and activity indirectly by evaluating water quality changes that could be inferred to be
caused by microbial action. During this period there was incomplete formation of reducing
conditions and the bioreactor likely had both aerobic and anaerobic zones. During the
recirculation phase, metal concentrations were decreased over several months (discussed
more below) and the removal mechanisms during this time may have included oxidative
mechanisms (iron and manganese oxide formation) with metal co-precipitation on the iron
and manganese oxides, carbonate mineral formation, and microbial sulphate reduction and
metal sulphide precipitation.

. Reduction Onset Phase - Operation Mode 2 (July 2009 - September 2009): During this
period, water within the bioreactor continued to be re-circulated while additional carbon
sources were added at the bioreactor influent sump. This resulted in elevated carbon
concentrations and the onset of more strongly sulphate-reducing conditions. During this
time, the development of stronger reducing conditions were observed, characterized by
greater sulphate reduction, the dissolution of manganese and iron from the reactor solid
phase (likely manganese and iron oxides formed during initial bioreactor operations, as well
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as structural iron and manganese minerals in the placer rocks), and greater metals removal
as sulphides.

. Operational Treatment Phase - Operation Mode 3 (October 2009 - May 2011): An
initial flow rate of 0.5 litre per second (lps) was established into the reactor, and after stable
metal removal conditions were observed this flow rate was maintained for several
consecutive bimonthly samples. Soon after, the flow rate was increased to one litre per
second (Ips) in December 2009. In August 2010, the flow rate of the bioreactor was reduced
to 0.75 lps, or approximately 19% of the adit flow. This flow rate was then maintained for
the remaining operation of the bioreactor.

The results displayed in this report focus primarily within the operational treatment phase. The other
phases, while important, are reflective of treatment performance during the transition of the bioreactor from
construction to operation.

5.1 LITERATURE REVIEW AND BACKGROUND DISCUSSION

The formation of metal precipitates in a bioreactor that has carbon sources added to or present in the solid
phase of the bioreactor has been extensively studied for 30+ years. There are several different styles of
bioreactors, both in terms of carbon sources and flow dynamics. Some very large bioreactors have been
created to treat flows as large as 20 lps or greater, and some bioreactors are designed to treat very acidic or
concentrated metal-containing mine drainage. Each bioreactor must be designed to reflect the environmental
conditions, the water chemistry of the mine water being treated, and other relevant variables as discussed in
this report.

To understand the processes that occur in bioreactors many studies have attempted to identify directly by
examination of mineral formation or by inference from water chemistry signatures what primary
mechanisms are responsible for metals removal. When complex carbon sources are added as a solid phase in
the bioreactor construction (i.e., peat, straw, compost, wood chips, etc.), a broad range of mechanisms has
been documented (Gusek, 2002; Doshi, 2007; Gusek et al, 2008), that include:

. Sorption of metals on organic matter.

. Precipitation of iron hydrous oxides including ferric and mixed valence minerals, which then
provide mineral surfaces for sorptive removal of metals, or metals can also be co-
precipitated within the iron mineral matrix.

. Precipitation of manganese oxides including manganese (IV) oxides and mixed valence
(Il1/1V) oxides and manganese carbonates, which then provide mineral surfaces sorptive
removal of metals, or metals can also be co-precipitated within the manganese mineral
matrix.

. Precipitation of metal sulphides, including primary metal sulphides such as ZnS or CdS, as
well as precipitation of iron sulphides such as amorphous FeS and co-precipitation of metals
within the FeS matrix. Depending on the pH of the bioreactor and the availability of
structural iron, a very large amount of FeS minerals can be formed by aqueous sulphide
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formed by microbes reductively dissolving iron from the rock matrix, creating a “bank” of
amorphous sulphide which has reactivity toward dissolved metals.

o Precipitation of some metals in their reduced forms, for example selenium reduction from a
Se(VI or IV) anion to elemental selenium precipitates Se.

. Precipitation of metals as carbonate minerals. Some of the relevant metals have somewhat
soluble carbonate minerals (e.g, zinc carbonate minerals including smithsonite, and
hydrozincite) which are relatively more soluble than sulphides. When sulphide is not
present, these minerals may provide a precipitation-removal mechanism.

Sorption of metals on organic matter is not a relevant metals removal mechanism by design in the Galkeno
900 bioreactor because only coarse rock was used as a solid substrate. The metal removal mechanisms in
this reactor appear to initially relate to removal of iron and manganese during the recirculation phase, and
then over time the removal mechanism transitioned to a metal sulphide removal mechanism (inferred
because metals removal continued to occur when iron and manganese ceased being removed and actually
increased in concentration during flow through the reactor). The precipitation and removal of metals in their
reduced forms is not a significant potential mechanism for most of the metals present in Galkeno 900 adit
water, with the potential exception of uranium which was only present in very low concentrations in the
influent water. Consequently, the formation of sulphide from sulphate, which is a chemical reaction that is
catalyzed by microbes and relies on the availability of organic carbon, is the primary performance variable
that is relevant in the Galkeno 900 bioreactor performance evaluation. In typical evaluation of bioreactors
where sulphate reduction/sulphide precipitation is a dominant mechanism, the Sulphate Reduction Rate
(SRR) is determined as a primary design variable.

In a bioreactor with available sulphate and a soluble carbon source added, Dar et al (2007) showed that
sulphate reducing bacteria (SRB) are the dominant microbe that accumulates in the bioreactor, and by
inference the vast majority of the carbon consumption is performed by SRB. In their study, only a few
different strains accounted for the majority of the cells present, indicating that microbes capable of utilizing
the carbon source and reduce sulphate will become dominant in the bioreactor.

After the bioreactor entered stable operation, metals removal mechanisms appear to have shifted from the
mixed reaction that were discussed in the prior report (Alexco Resource US Corp, 2009) to primarily a
sulphide-based precipitation process. The stability of metals removed as sulphides are consequently an
important consideration for the performance of the bioreactor. Jong and Perry (2004) studied the form of
metals that were precipitated from solution as a result of the sulphate reduction process, and determined that
arsenic, copper, iron, nickel, and zinc were primarily bound up in a sulphide phase that was also associated
with residual organics, and that carbonate or hydroxide phases were relatively minor phases that held the
metals removed from solution. The United States Environmental Protection Agency SITE program studied
the stability of these sulphate-reducing bioreactor precipitates at the Leviathan Mine, in California. Using a
series of different tests, the EPA determined that the metals in the bioreactor precipitates were below
regulated total metals thresholds (California standards), the WET extraction test showed that the metals in
the bioreactor did not leach above regulated soluble threshold standards, and that as defined by TCLP
extraction testing the bioreactor solid materials were not hazardous.

BIOREACTOR SUMMARY REPORT MARCH-12 FINAL <>14



<GALKENO 900 SULPHATE-REDUCING BIOREACTOR 2008-2011 OPERATIONS>
FINAL REPORT

ELSA RECLAMATION AND DEVELOPMENT CORP.

MARCH 2012

The effectiveness of this sulphate reduction bioreactor process is sensitive to important variables including
the hydraulic residence time in the bioreactor, the sulphate reduction rate, and the filtration capacity of the
media.

Because the products of the sulphate reduction reaction include both sulphide and bicarbonate alkalinity, it is
possible that carbonate precipitation is also an important mode of precipitation for some of the metals
removed in the reactor. However, for most of the metals being removed in the bioreactor, including
antimony, arsenic, cadmium, cobalt, iron, nickel, and zinc, a sulphide precipitation mechanism appears more
likely because sulphide precipitates are less soluble than the carbonate precipitates of these elements. The
mineralogical analysis discussed in Section 6.2.1.1 confirms that sulphide is the solid phase form of zinc
precipitates formed in the bioreactor. Thus the sulphate reduction reaction is the primary reaction that we
will focus on optimizing in the bioreactor operations.

5.2 DETERMINATION OF THE SULPHATE REDUCTION RATE

Microbial production of sulphide from sulphate is dependent on the presence of sufficient numbers of
sulphate-reducing bacterial (SRB) cells, and the availability of organic carbon, according to the following
reaction:

4 moles methanol + 3 moles sulphate = 3 moles sulphide + 4 moles bicarbonate

The rate of the reaction is nearly the same at temperatures in natural environments where the long-term
temperature is around freezing (-29C to 20C) as it is in natural environments where the long-term
temperature is around 20 °C when the abundance of SRB is the same (Knoblauch, Jorgensen, and Harder,
1999). This is due to the development of psychrophilic (i.e., ‘cold loving”) SRB. The growth rate of
psychrophilic SRB is typically far slower than temperate SRB, which is reflected in the long growth period
(October 2008 to August 2009) required for the Galkeno 900 bioreactor to reach maturity so that it could
sufficiently treat mine water. However, once the bioreactor was competent to perform sulphate reduction (as
evidenced by net sulphide concentrations leaving the reactor in the 1 to 10 uM range, indicating that there is
excess aqueous sulphide created above what was required to react with the soluble and solid phase metals)
then the bioreactor SRR could be assessed. (Note: it was possible to add more organic carbon to the reactor
and support additional sulphate reduction, however it would result in higher dissolved sulphide which would
not be required for metals precipitation, and could result in reduction of oxygen in the surface receiving
streams. At the amount of sulphide precipitation that was achieved (1 to 10 pM range) dissolved oxygen
consumption would be less than 1 mg/L, or less than 10% of what is normally in surface water.)

The SRR is measured in terms of mM sulphate reduced per m3 of bioreactor substrate per day. The influent
sulphate compared to the effluent sulphate is compared to determine the amount of sulphate removal. The
average sulphate removal amount during the treatment phase was 128 mg/L, or 1.33 mM. With a known
bioreactor volume of approximately 2,550 m3, and a flow rate of 1 Ips, the total sulphate removal per day was
115,200 mM, which yields a SRR of 45 mM/m3/day. For comparison, artic ocean sediments have SRRs in the
range of 5-40 mM/m3/day (Knoblauch, Jorgensen, and Harder, 1999), showing that the bioreactor has a
similar rate as natural systems that have long term adaptation to cold environments.
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The SRR calculated for the Galkeno 900 bioreactor is conservatively calculated based on dividing the amount
of sulphate reduced by the volume of the entire bioreactor. However, less effective treatment zones or “dead
zones” are identified in Figure 7 and were expected based on the sub-optimal configuration that was available
at Galkeno 900. These areas can limit the exchange of organic carbon and therefore it is likely that
minimization or elimination of these dead zones will improve the performance of the bioreactor.

5.3 RECIRCULATION DYE TEST

The volume of the bioreactor voids needed to be determined independently to assess residence time and
other performance characteristics of the bioreactor. The dimensions of the reactor were measured to be
approximately 100 feet by 90 feet and 10 feet in depth. Assuming an estimated porosity of 0.35, the volume
was calculated to be roughly 890 m3 or approximately 235,000 gallons. Starting on August 25th, 2009, a dye
test was completed to independently assess the volume in the reactor.

Roughly eight ounces of rhodamineWT dye was added to the bioreactor on August 25 2009, and water was
re-circulated in the bioreactor at a rate of two litres per second. After equilibrium conditions were reached in
six days, a final dye concentration of 0.25 ppm dye was measured. The volume of the bioreactor was
determined by the following formula:

Volume of reactor =mass of dye added+concentration measured

Using this formula, the volume of the bioreactor was calculated to be approximately 909 m3, or approximately
240,000 gallons, which is consistent with the estimated volume based on the dimensions of the bioreactor
and the estimated porosity of the rock.

Understanding the volume of the bioreactor is necessary to understand the potential hydraulic residence time
for water passing through the reactor. At 0.5 Ips, assuming the total porosity of the bioreactor is utilized,
approximately 21 days of residence time is available, and at 1.0 lps, approximately 10.5 days of residence
time is available. A 2 Ips flow rate should result in a residence time of approximately 5.25 days.

The dye test was run under re-circulating conditions at a relatively fast rate (2 1/s). By definition, when the
peak concentration of dye is measured in the effluent, 50% of the dye has passed through the reactor. The
time for the peak dye to exit the bioreactor at 2 lps recirculation was determined to be approximately 1.03
days into the bioreactor operation. This much faster flow rate indicates breakthrough of the dye along flow
paths that “short circuit” i.e.,, do not interact with the entire porosity of the bioreactor. Figure 9 shows
conceptualization of flow in the bioreactor.

BIOREACTOR SUMMARY REPORT MARCH-12 FINAL <>16



<GALKENO 900 SULPHATE-REDUCING BIOREACTOR 2008-2011 OPERATIONS>
FINAL REPORT

ELSA RECLAMATION AND DEVELOPMENT CORP.

MARCH 2012

Figure 9 - Conceptualization of Flow Path in the Bioreactor

The “less effective treatment zones” are where water entering the bioreactor does not interact as much with
the media and hence these zones are likely to only minimally contribute to the treatment performance. The
activity in these areas is dependent on the availability of carbon sources diffusing from the actively flowing
areas to support sulphate reduction. The practical residence time in the bioreactor can be estimated as two
times the breakthrough time of the dye peak. This residence time corresponds to the volume of the reactor
that participates in rapid exchange of influent water to the bioreactor discharge (this will be termed the
“effective residence time”). (Note, in most porous media, there is a tailing phenomenon, where dye
concentrations do not behave “normally” in a bell shape curve, but the second half of the curve “tails”, i.e,,
there is a slow bleed out of dye from slower flowing zones in the reactor which increases the time required
for the washout of the dye. For the design of bioreactors these less effective zones cannot be relied upon for
treatment and hence the 2X dye peak is used for design purposes.)

Table 1 — Residence Time within the Bioreactor per Flow Rate

Flow Rate Residence time (total porosity) Residence Time (active porosity)
0.51ps 21.0 days 9.00
1.0 Ips 10.5 days 4.50
2.0 lps 5.25 days 2.25
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6 BIOREACTOR PERFORMANCE

The performance of the bioreactor with respect to water chemistry is summarized in the following tables,
graphs, and discussion. To better understand the treatment goals, Table 2 provides the Galkeno 900 effluent
quality standards per the Conditions of Water Licence QZ06-074. In order to release water from any adit in
the KHSD that is currently under the Care and Maintenance of ERDC, the water discharge must meet these
standards. It is important to note that some sites such as Keno 700 do not need to meet discharge standards
in order to attain aquatic standards in the receiving environment (Lightning Creek) Targeting a mass
reduction goal of 90% may be more relevant for some sites of this nature.

Table 2 - Effluent Quality Standards per Water Licence

Parameter Maximum Concentration
in a Grab Sample
Measured in mg/L

pH 6.5 - 9.5 pH units
Suspended Solids 25.0 mg/L
Arsenic (total) 0.50 mg/L
Cadmium (total) 0.05 mg/L
Copper (total) 0.30 mg/L
Lead (total) 0.20 mg/L
Nickel (total) 0.50 mg/L
Silver 0.10 mg/L
Zinc (total) 0.50 mg/L

6.1 GENERAL PARAMETERS

The pH of the reactor did not substantially change through the operational period, with the inflow and
outflow from the reactor in the same range as the pH of the adit drainage. Figure 10 illustrates the pH of the
influent and effluent from the reactor.
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Figure 10 - Comparison of Galkeno 900 Adit pH and Bioreactor pH vs. Temp

In addition to pH, Figure 10 also displays water temperatures of the bioreactor influent water recorded
during operation. Notice how the influent water temperature decreases to less than 2°C from October
through April each year. This emphasizes how important it is to keep water moving through both the
bioreactor and the piping systems at all times to avoid freezing.

6.2 DISSOLVED METALS

The primary metal that exceeds discharge criteria at the Galkeno 900 adit is zinc, which is true of most of the
adit discharge locations in the KHSD. There are other metals that potentially contribute to the toxicity of
water and this and other discharge locations, and hence the water chemistry of all dissolved metals present in
the Galkeno 900 water has been evaluated.

To better understand the performance of the bioreactor during operation, several graphs have been
generated that plot each constituent of concern. These graphs display the results of samples taken at the adit,
midway through the bioreactor, and at the discharge from the bioreactor. Within each graph, a blue and
green transparent box was added to signify flow rates during operation. Within the blue box, the average
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flow rate through the bioreactor was 0.5 Ips. Within the green box, the flow rate was increased to 1.0 Ips and
then subsequently to 0.75 Ips.

6.2.1 Zinc

The concentrations of zinc in the bioreactor were approximately 90% reduced during the recirculation phase
where only minor additions of water (approximately one litre per minute) was being added to the reactor.
During the onset of more strongly reducing conditions in the summer of 2009, dissolved zinc concentrations
were decreased to below detection limits (0.01 mg/L). After this removal was confirmed for several
consecutive sampling periods, the bioreactor treatment phase was initiated at 0.5 lps in October 2009. Figure
11 illustrates the removal efficiency of the bioreactor during both treatment periods, including the 0.5 Ips
flow rate (blue rectangle), and the 1.0 lps flow rate (green rectangle). During the 0.5 lps time period
approximately three pore volumes were exchanged (calculated on a total porosity basis) and when calculated
on a reactive volume estimated by 2X the dye peak, nearly eight pore volumes would have been exchanged
during this period. This shows that the treatment cannot be attributed to dilution by previously treated
water.

During the 1.0 Ips treatment phase, approximately six pore volumes (calculated on a total porosity basis)
passed through the bioreactor prior to the loss of power and pump failure that led to the bioreactor being
back-siphoned out. The loss of complete treatment that occurred after the refilling of the bioreactor is
attributed to the refilling of the bioreactor with approximately half of the volume of the reactor in February
2010. However, even with this refilling, the bioreactor still removed over 95% of the zinc in the sample taken
immediately after refilling. (Note: data from the period after refilling the bioreactor indicates that the
removal efficiency dropped to closer to 60-80% in the period immediately after the bioreactor siphoned out
and was refilled, indicating that the pipe freeze-up and refilling of the reactor has temporary negative effects
for a period of a few weeks after an upset.) This rapid reactivity of the bioreactor to recover from upset
conditions indicates a residual treatment phase, most likely an amorphous FeS phase, has been formed in the
bioreactor, which provides for rapid reaction with soluble zinc.

The conclusions that can be reached from the bioreactor’s operation, before the pump failure, are that
dissolved zinc can be effectively removed at 0.5 Ips flow rate with an effective residence time of nine days, or
a total residence of 21 days, and the first two months of operation at 1.0 lps also effectively removed
dissolved zinc. However, there was a difference between dissolved zinc removal and total zinc removal
within the bioreactor at the faster flow rate. Table 3 outlines the difference between dissolved and total zinc
removal during the different operational phases.

Table 3 - Total vs. Dissolved Zinc per Operation Phase

Average total zinc Average dissolved zinc % total zinc that is
concentration (mg/L) concentration (mg/L) dissolved
Recirculation phase 0.64 0.65 100%
Reduction onset phase 0.32 0.27 86%
0.5 Ips treatment phase 0.28 0.012 4%
1.0 Ips treatment phase 0.74 0.13 17%
0.75 lps treatment phase 0.29 0.018 6%
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Figure 11 - Zinc removal by the Galkeno 900 Bioreactor

The difference between total and dissolved zinc is that total zinc can be filtered out, i.e,, it is the particulate
zinc in the bioreactor samples that has been reduced from the soluble phase and become a solid zinc phase.
Because of the coarseness of the bioreactor rock (see Figure 5) the media does not act as a very good filter.
This is consistent with what was observed at a bioreactor in Montana (Gammons and Frandsen, 2001), where
fine ZnS particulates passed as colloids through the reactor but could be filtered out with a 0.45 um filter. As
discussed later, design of future bioreactors would include finer grained rock than coarse oversize placer rock
to encourage some filtration. In addition, freshly formed sulphides are very fine particulates. In rapidly
flowing systems, small or colloidal particles can remain suspended and exit the bioreactor without being
agglomerated into larger particles that would drop out via gravity or by being caught in bioreactor media
pore throats. Dissolved zinc averaged below the discharge treatment objective of 0.5 mg/L during both the
0.5 and 1.0 lps treatment regimes. However, the treatment objective was not achieved for total zinc for the
higher flow rate (1.0 Ips) regime (0.74 mg/L) except for the final two data points collected in January and
February 2011. This indicates that additional residence time may be required in the bioreactor to filter the
particulate materials, or a subsequent filtration treatment step could be taken in the discharge if the higher
flow rate were to be used. An example of natural filtration is a wetlands or bog system, or infiltration into an
underground porous aquifer. Active semi-passive or passive filtration systems such as sand filters,
multimedia filters, or sedimentation ponds are other alternatives that could improve filtration.
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6.2.1.1 Mineralogical Analysis of Zinc Precipitates

After decommissioning the bioreactor in the spring of 2011, samples were removed of the solids formed in
the bioreactor utilizing a backhoe to dig through the cover layers into the bioreactor media. Bioreactor solids
were preserved in epoxy to keep sulphide minerals stable which might be affected by exposure to oxygen.
Preserved samples were evaluated with electron microprobe analysis using backscattered electrons and
mapped for Mn, Fe, S, and Zn to examine elemental associations. Quantitative analysis of areas with elevated
levels of zinc was further performed to determine elemental ratios, which allowed for mineralogical
determination.

Micron-sized ZnS particles were found extensively within a biofilm layer on the bioreactor media. Appendix
A “Summary Report on optical and electron microprobe analysis of Galkeno 900 Bioreactor at Keno Hills”
shows the visual evidence of the biofilm containing the zinc sulphide materials. Consistent with the inference
of the formation of iron sulphides, iron was observed coincident with the ZnS phases within the biofilms, as
well as more broadly spread throughout the bioreactor materials. The atomic proportions of Zn:S of 1:1 was
at a very high level of correlation (R? 0.98) which verified the identification of sphalerite as the mineral into
which zinc was being sequestered in the bioreactor.

The significance of ZnS as the storage phase for zinc in the bioreactor is that in a saturated setting it will
remain stable and at a very low solubility. A buried, lined bioreactor is a feature that can readily be closed in
place if desired, with no route for metals remobilization due to the physical encased (by liner and capping)
structure of the reactor, and further certainty about the long term stability is provided by the very low
solubility geochemical phases that the metals are stored in.
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6.2.2 Antimony

Antimony concentrations declined approximately 80% during the test (0.0025 mg/L reduced to below the
detection limit (0.0005 mg/L) for most of the phases of the test (See Figure 12). Antimony removal in an
organic carbon-rich reducing system is typically attributed to an antimony sulphide phase, or by sorption to
iron or manganese oxides, carbonates, or sulphides that are stable in reducing conditions.
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Figure 12 - Antimony Removal by the Galkeno 900 Bioreactor
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6.2.3 Arsenic

Arsenic concentrations declined approximately 97% (0.068 mg/L reduced to 0.0015 mg/L average of last two
months) during the recirculation phase (See Figure 13). Arsenic concentrations increased during the
reduction onset phase, indicating a temporary dissolution of arsenic-bearing mineral phases during this
transition period. During both treatment phases, arsenic removal increased again as sulphate reducing
conditions were established. During the treatment phases, arsenic removal averaged 58% for the 0.5 Ips
period, and 80% during the 1.0 lps. The performance during the 0.5 lps period was likely affected by the
residual washout of dissolved arsenic released during the reduction onset period, so a long term average

removal would more likely be similar to the 1.0 Ips performance.
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Figure 13 - Arsenic Removal by the Galkeno 900 Bioreactor
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6.2.4 Cadmium

Cadmium concentrations declined approximately 60% (0.0015 mg/L reduced to 0.0005 mg/L average of last
two months) during the recirculation phase (See Figure 14). After the beginning of the reduction onset phase,
cadmium has been removed to below the detection limit and has remained at those levels during all the

recirculation phases.
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Figure 14 - Cadmium Removal by the Galkeno 900 Bioreactor
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6.2.5 Iron

Iron concentrations declined approximately 97% reduction (1.75 mg/L reduced to 0.032 mg/L average of last
two months) during the recirculation phase (See Figure 15). During this phase, iron appears to have been
removed primarily by precipitation as an oxide. During the reduction onset phase, iron dissolved from the
reactor and has been released at a rate higher than the amount entering the reactor through the recent
operations.

Iron removal in the bioreactor provided sorption and co-precipitation phases for other trace metals removal
during the recirculation phase. Some of the iron was likely also removed as sulphides in their initial
amorphous precipitate form (operationally called Acid Volatile Sulphides or AVS). The rate of formation of
this phase may be limited by the residence time provided in the bioreactor. An operational objective could
include operating the reactor to create AVS.
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Figure 15 - Iron Removal by the Galkeno 900 Bioreactor
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6.2.6 Manganese

Manganese concentrations declined approximately 98% (18 mg/L reduced to 0.25 mg/L) during the
recirculation phase (See Figure 16). During the reduction onset phase, some manganese was released from
the bioreactor, indicating that some of the manganese removal in the recirculation phase was as a manganese
oxide. In through flow treatment phases the manganese concentrations entering the bioreactor and exiting
the bioreactor were nearly the same, indicating manganese is not being removed from the reaction in the
bioreactor under the more strongly reducing conditions and at the hydraulic residence times provided under
the current flow regime.

Similar to iron, manganese removal in the bioreactor has important effects for other metals. Manganese
carbonates and oxides that may have formed during the initial bioreactor operation phase have good sorption
capacity for trace metals. Manganese precipitates may play a significant role in the removal of metals in the
bioreactor.
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Figure 16 - Manganese Removal by the Galkeno 900 Bioreactor
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6.2.7 Nickel

Nickel concentrations declined approximately 80% (0.2 mg/L reduced to 0.04 mg/L average of last two
months) during the recirculation phase (See Figure 17). During the reduction onset, a portion of the nickel
was returned to solution, but during the slower flow periods, the nickel concentrations decreased to
detection limits. Nickel removal during the 0.5 lps was 97.5%, but declined during the 1.0 Ips flow rate. The
treatment capacity of the reactor appears to be more sensitive for nickel than some other metals, as the mid-
reactor sample increased during the switch to the higher flow rate. If nickel removal were an objective,
operation of the bioreactor at a slower flow rate appears to be beneficial. However, the transition back to
0.75 Ips improved the nickel removal.
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Figure 17 - Nickel Removal by the Galkeno 900 Bioreactor
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7 BIOREACTOR ENGINEERING DISCUSSION

Evaluation of the metals removal obtained in the bioreactor and determination of the SRR that can be
achieved in the wintertime at the 0.5 and 1.0 Ips flow rates enables an evaluation of the potential scaling
factor for the size of the bioreactor that could treat the entire flow from the Galkeno 900 adit. Design
improvements would focus on increasing contact with all of the bioreactor, and decreasing ‘dead zones'.
Experience at other sites has shown an elongated rather than square bioreactor has better contact
parameters and fewer dead zones. In rough parameters, the flow from the Galkeno 900 adit is approximately
4 1ps and remains consistent throughout the year and with the improvements and balancing the appropriate
conservatism in design an approximate scale factor of four times the volume of bioreactor media would be
used to design and cost a bioreactor for a full scale at Galkeno 900.

The minimum goal of 0.5 mg/L zinc was consistently achievable during normal operation of the bioreactor as
long as the system remained in operation without interruptions. As shown in the data, a pump failure and/or
pipe freezing can have a detrimental effect on the water quality results. This experience has shown the
improvements to the design must focus on ensuring flow at all times, not dependent on power availability,
and further improvements to insulation could also achieved.

The removal of other metals was also consistently achieved with the exception of a short period when
reduction onset occurred, when some metals were released with the reductive dissolution of iron and
manganese.

7.1 GENERAL BIOREACTOR DESIGN IMPROVEMENTS

The following is an assessment of the Galkeno 900 design components that worked well and design
components that did not work well. This information will provide the basis of design and inform the
construction of future bioreactors within the district.

The following components worked well and should be repeated in future designs:

1) Torturous Path - Creating a torturous path within the bioreactor using liner for baffling was
needed with the Galkeno 900 design to minimize short-circuiting and increase residence
time. However, the use of baffling created zones that did not provide effective treatment and
these zones should be minimized or eliminated in future designs if possible. One way to do
this is to create a bioreactor that is laid out as a long, gently sloping trench sections. Finding
land where trenches could be constructed near adits in the Keno Hill area may be difficult in
some areas.

2.) Bioreactor Dead Zones - As discussed earlier, approximately 60% of the media appears to
be actively participating in treating the water as it passes through the bioreactor. The
remaining volume is for practical purposes considered as dead zones. These dead zones can
be minimized by creating longer and narrower flow paths. This design improvement should
be considered for future bioreactors.
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3)

4)

Flowing Water - Water must be kept flowing - This is critical during the winter months in
the Keno Hills district. Mine drainage and groundwater is above freezing, and the water
temperature must be maintained while passing through the bioreactor. As long as the pump
was working and water was continuously flowing through the bioreactor, freezing was
avoided. Every freezing failure of the bioreactor was caused by power failures which lead to
cessation of pumping and a loss of the heat capacity of the adit influent water. In future
bioreactor designs, allowing adit water to flow via gravity through a bioreactor will
eliminate the potential for pump failure and maintain flow through the bioreactor. The exact
design for each bioreactor will be carefully considered to minimize power usage and prevent
the potential for power interruptions to cause treatment failures.

Back-up Treatment System - During this study, the discharge from the Galkeno 900
bioreactor was co-mingled with the untreated raw water from the adit. This combined
water was then treated with a lime slurry and allowed to decant from a settling pond. It is
possible to have a mobile system to treat water while the bioreactor until the discharged
water meets the applicable standards or performance objectives. Once the bioreactor can
demonstrate effective treatment with discharged water meeting standards, the treatment
system could be removed or placed on stand-by.

The following components were sources of problems and should be eliminated or redesigned for future
bioreactors in the district:

1

2)

3)

Fill Material - The fill material used in the Galkeno 900 bioreactor was too coarse. As seen
in Figure 5, the material was a mixture of larger, broken rocks mixed with smaller pebbles
and sand. By using a consistent fill material that is a smaller, crushed rock (between 3/8” to
2” diameters) additional surface areas will be available for bio-growth and will help avoid
short circuiting.

Metering Pump - If the metering pump that provided a carbon source to the bioreactor
stopped working, there was at best a limited stored carbon source available within the
media. For future bioreactor designs, a limited amount of solid phase carbon source such as
course sawdust or wood chips, and/or peat should be mixed with the media to provide a
secondary source of carbon to sustain the bioreactor if the soluble/primary carbon source is
interrupted.

Pumps and Heat Trace - As mentioned earlier, power failures were not planned for in the
existing design. Inclusion of heat trace lines and backup power to pumps could have avoided
the problems experienced in the Galkeno 900 bioreactor. In most cases, the location of the
bioreactors could be placed in a downgradient location where power would only be required
for the addition of a soluble carbon source. The carbon source could be designed to not
require power by using an educator system where flow from the adit would draw in the
carbon substrate by a venturi force. If utilized for backup power, a generator would be a
very minimal size. The design would also consider placing the valves and controls inside the
adit to minimize freezing.
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Neither iron nor manganese were removed by the reactor during through flow operational phase. The
natural attenuation studies in the district shows that these are readily removed in a very short distance by
turbulent flow creating a natural oxidation system. This could be a designed as a cascading discharge or
could be performed in a natural setting such as an existing stream.
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8 DiscussioN AND CONCLUSIONS

When continuous flow was maintained to the bioreactor at acceptable flow rates, effective treatment was
maintained. At higher flow rates the transformation of metals from their dissolved forms to an insoluble form
was accomplished, but the filtration efficiency of the coarse rock in the bioreactor did not filter the insoluble
precipitates effectively. Full scale application of the sulphate reduction bioreactor technology appears
feasible if slight design modifications are made to ensure gravity flow from the adit, avoidance of siphoning
due to freezing, and improved sizing of the bioreactor media.

Evaluation of longer term bioreactor studies have been conducted at the Leviathin mine since 1997 by the US
EPA. The US EPA SITE program (2006) ranked the bioreactor technology for metals treatment at the
Leviathan mine using the criteria shown below. The Discussion of the Galkeno 900 bioreactor in terms of
how it performed is presented relative to the same evaluation criteria.

. For Overall Protection of Human Health and the Environment, it was determined that the
sulphate reducing bioreactor was effective for reducing metals concentration, and produced
non-toxic and stable precipitates. A similar conclusion can be reached for the Galkeno 900
bioreactor; confirmation of stable non-toxic precipitates is underway in additional was
confirmed with the mineralogical studies. , but with lower influent metals concentration in
the Galkeno 900 bioreactor it is reasonable to believe similar results will be determined.

. For Compliance with Applicable or Relevant and Appropriate Requirements (ARAR), it was
determined that the bioreactor generally produced compliant discharge, and with minor
adjustments compliance was improved further. Similar conclusions can be stated for the
Galkeno 900 bioreactor.

. For Long Term Effectiveness and Performance, it was determined that the bioreactor
consistently met the applicable standards over many years, and suggested that with
additional engineering a more passive (wind and/or solar powered) system appeared to be
feasible. The strength of this conclusion for Galkeno 900 reactor is weakened primarily due
to power and freezing issues, but these issues can be engineered in future applications to be
less significant and thereby increase the long term effectiveness and performance.

. For Reduction in Toxicity, Mobility, or Volume through Treatment, it was determined that
the bioreactor concentrated the metals in a stable form. Similar conclusions can be reached
for the Galkeno 900 bioreactor: on average over 90% of the metals were removed from
solution and filtered out of the bioreactor during operational times. Confirmation that zinc
was removed in a ZnS precipitate also shows that the bioreactor created a dense, low volume
precipitate; compared to zinc precipitated as metal hydroxides, ZnS is multiple times denser
and therefore lower volume.

o For Short Term Effectiveness, it was determined that the bioreactor effluent was protective
of human health, and that the chemicals required for bioreactor operation could be handled
safely with the appropriate engineering controls. Conclusions for the Galkeno 900
bioreactor are that it had short term effectiveness when operating at lower flow rates, and
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consequently that by appropriate sizing and cold weather engineering a bioreactor can have
high short term effectiveness in the KHSD.

. For Implementability, it was determined that the technology is simple, could be operated
with limited operator involvement, and that it was stable over a long time. For the Galkeno
900 bioreactor, the technology is very simple and required little operator involvement, and if
pumping and siphoning the bioreactor could be avoided through gravity feed, the Galkeno
900 bioreactor process has a high implementability ranking.

. For Cost, it was determined that it cost approximately $15 per 1000 gallons to operate the
Leviathan bioreactor. By way of comparison, the Galkeno 900 bioreactor costs are in the
range of $5 per 1000 gallons. The main difference is the lower level of reagent requirements
due to lower metals concentration and neutral pH at the Galkeno 900 bioreactor.

. For Community Acceptance, it was determined that the operation of the bioreactor
presented minimal risk to the community, with diesel generation and transportation of
chemicals to the bioreactor being the main risks. With the lower chemical usage required for
a bioreactor in the neutral drainages in the KHSD, and the availability of line power the
Community Acceptance criteria should be even better in the KHSD.

. For State Acceptance, it was noted that California has allowed it to be the only water
treatment technology used year-round at the Leviathan Mine site. The Galkeno 900
bioreactor is currently approved for pilot scale trials on the Keno Closure program and was
approved as part of the environmental assessment and water licencing ofat the Bellekeno
Mine.

The bioreactor testing program is now considered complete. If desired, a subsequent study utilizing a buried
trench design without the use of power could be considered for a next phase of testing to demonstrate the
effectiveness of this approach for sites where power is available only by generator.
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Executive Summary

Samples of sediment from the Galkeno Bioreactor and also from a column experiment were analyzed
using optical microscopy and an electron microprobe at the University of Manitoba. The first samples
from the column experiment and from the Galkeno Bioreactor were oven dried in an aerobic environment
prior to making polished thin sections. The second set of Galkeno Bioreactor sediments were kept in a
wet anaerobic state before being sealed in epoxy resin.

Column samples contained Mn and Zn coatings on lithic grain.

The results showed that micron sized grains of ZnS were precipitated with a molar ratio of 1:1 indicating
bacteriological sphalerite was being formed. The samples preserved anaerobically contained significantly
more sphalerite than the first set of samples. The sphalerite formed bands indicative of biofilm
deposition. Some if the ZnS layers were immediately adjacent to or surrounding layers of Fe and Mn
oxide or hydroxide. This result fits with the water data from the Bioreactor. During the initiation the reactor
was in an aerobic state and Mn and Fe oxides and hydroxides were deposited sequestering some Zn.
When the Bioreactor became anaerobic the Mn and later Fe was mobilized but the Zn was now
bacterially sequestered as ZnS. Some of this was formed on the remaining FeOOH biofilm layers.



1. Introduction

This study was initiated to investigate the form of Zn that was attenuated in column tests and in the
Galkeno 900 Bioreactor. The initial set of samples had been oven dried prior to making the polished thin
sections. This set consisted of duplicate thin sections (A and B) from 6 samples from the upper, middle,
and lower section of four column tests (samples #3-8) and of two other samples from the bioreactor
sediments (Sherriff 2011a) .

A second set of samples were obtained during the decommissioning of the Bioreactor (BioR Sed., and
GK900 Sed.) These samples were sent to Vancouver Petrographics in jars as slurries. They were air
dried and immediately sealed in eposxy resin to preserve minerals that might be unstable in an oxidizing
environment. Two thin sections were made of sample BioR (A and B) (Sherriff 2011b).

2. Methodology

Polished thin sections were made by Vancouver Petrographics. The thin sections were examined
optically to determine overall composition and delineate areas of interest. Selected areas were imaged on
the electron microprobe (EMP) at the University of Manitoba using back scattered electrons (BSE) and
mapped for Mn, Fe, S, and Zn. Points of further interest were the quantitatively analyzed.

The microprobe was operated at an acceleration potential of 15 kV and a beam current of 3 nA measured
on the Faraday cup, with a 1 um diameter beam. The standards for the quantitative analysis were albite
(Na), olivine (Mg), andalusite (Al), diopside (Si, Ca), pyrite (S , Fe), orthopyroxene (K), sphene (Ti),
spessartine (Mn), pentlandite(Ni), chalcopyrite (Cu), Gahnite (Zn), cobaltite (As), barite (Ba), chromite
(Cr), and galena (Pb). The results of quantitative point analyses are given in wt. % elements with oxygen
added to the Mn coating analyses to balance the cations.

3. Results
3.1 FM Column Tests

Only samples #5A FM Peat Bottom and #8A FM Silt and Clay Bottom were analyzed using the electron
microprobe. Under optical microscopy thin section #5A FM Peat Bottom showed just plant fragments in a
red mud whereas thin sections 8A FM Silt and Clay Bottom had lithic grains in fine grained matrix. The
results from the column samples were rather ambiguous. Small areas (~1um) in sample 5A had high Zn
and S with Zn:S molar ratio of about 1:1 indicating possible precipitation of sphalerite. Sample 8A had a
thin black coating of Mn and Zn around lithic grains with an average concentration is 8.1 wt. % Mn and
1.2 wt. % Zn giving an average Mn:Zn molar ratio of 3.4 (Figure 1)



Figure 1: BSE images and element scans of Sample 8A FM Silt and Clay Bottom showing Mn and Zn rich
coating around a lithic grain

3.2 Galkeno Bioreactor

The first set of Galkeno Bioreactor samples showed a few small areas that contained micron sized areas
of Zn and S in a ratio of about 1:1indicating the presence of ZnS (Figure 2).

Figure 2: 1B G900 BIO BSE images and element maps

The second set of Galkena 900 samples (BioR Sediment and GK900 sediment) were kept under water
and hence in an anaerobic environment until analyzed. These have a much higher concentration of
micron sized ZnS grains, many of which formed bands indicating bacterial precipitation of sphalerite
within a biofilm layer (Figure 3).



Figure 3 GK900 Bioreactor sample. (A) BSE image showing extensive bright bands of ZnS and Fe(B)
BSE image and element scans of area in red box in (A) (C) BSE image and element scans of area yellow
box in (A)

There were also areas containing Fe and Mn but not Zn or S (Figure 4). An elemental line scan across
this area indicates regions rich in Zn and S adjacent to areas rich in Fe and Mn. Scatter plots of the
quantitative analyses along the same line show that firstly Zn and S are related in atomic proportions of
1:1 (R? 0.98) verifying the presence of sphalerite (ZnS) and secondly that Fe and Mn are precipitated
together in a separate band (R2 0.83). The concentrations of Mn are very low and there is no correlation
between Fe and Zn or between Mn and Zn.



Figure 4: GK900. BSE image and element scans of area in yellow box in Figure 3 Element scans along
the yellow line in BSE image (A)

In thin section BioR sediment A, a number of areas were imaged and mapped. A total of 160 points were
selected within areas rich in Zn and S for quantitative analysis. In one area, two ZnS regions in the image
have a thin band of Fe through the centre (Figure 5). The ZnS and Fe-rich bands were analyzed
separately. A scatter plot of the concentrations of the ZnS band gives a 1:1 molar ratio of Zn to S
indicating the presence of sphalerite. The Fe-rich bands have much lower concentrations of Zn and S and
higher Fe and Mn. A plot of molar proportions of Zn and S indicates that there are still some grains of
sphalerite in this region (Figure 5). In the Fe-rich band, there is a weak positive trend between the values
of wt. % Fe and Mn (Figure 5).



Figure 5: BioR sediment: BSE image and element maps showing the relation ship of Fe and Mn, Zn and
S. Plots of molar Zn:S in the ZnS rich band and Mn:Fe wt % in the Fe rich band.

4, Discussion

The chemical analytical data from the samples GK900 and BioR Sediment can be interpreted in light of
the composition of water exiting the Bioreactor (Alexco Resource US Corp. 2011). When the reactor was
initially established, from September 2008 to October 2009, the environment was aerobic, Mn, Zn and Fe
were removed from the adit water probably as Zn absorbed on Mn oxide and FeOOH. In October 2009
the reactor became anaerobic and there was an immediate increase in the Mn concentration in the
water. This would have been due to the dissolution of the Mn oxide. For the rest of the operation of the
bioreactor, Mn was not removed from the mine water. Zn was then precipitated as ZnS by sulphate
reducing bacteria with residual FeOOH acting as a template for the formation of a ZnS biofilm.

5 References
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Ms. Fougere:

Re: Keno Hill Silver District — Preliminary Assessment of Performance for Closure Cover
Systems for Waste Rock Storage Areas

O’Kane Consultants Inc. (OKC) was retained by Alexco Environmental Group (AEG) in February 2015 to
provide technical support related to cover system designs for closure of waste rock storage areas (WRSAs)
at the Keno Hill Silver District (KHSD) in the Yukon. This report outlines the project context, objectives, and
work scope, followed by preliminary estimates of hydrological performance for three different cover system
types.

Project Context, Objectives, and Work Scope:

Approximately 60 WRSAs exist within the KHSD, ranging from a few thousand tonnes from exploration
trenches to 1.5 M tonnes. They are located in five different drainages; namely, Flat Creek, Christal Creek,
No Cash, Sadie Ladue, and Lightning Creek. Based on previous characterization work, about 25 WRSAs
have been prioritized for some type of re-contouring / cover / revegetation. Of those, about 10 WRSAs
merit consideration of a lower net percolation cover system on some or all of the surfaces. Waste material
in the WRSAs is not considered to be net acid-generating; the primary concern is metal leaching with Zn
and Cd being of greatest concern. Much of the waste material is unmineralized quartzite or greenstones;
the vein structures and schists are the primary sources of metal leaching and acidity. The surrounding peat
landscape provides relatively good attenuation within a short migration flowpath.

The KHSD WRSAs are >30 years old and many have vegetation established on some or all of the surfaces.
This is considerable time for generation of oxidation products, but on the same hand, the pore spaces have
been flushed thoroughly as a result of percolating meteoric waters. Most WRSAs have angle-of-repose
slopes on steeper slopes adjacent to adits. Considering the relatively low environmental impact to surface
waters or groundwater from most WRSAs, it is difficult to justify the increased footprint, disturbance, and
release of stored soluble load that a very low net percolation cover system would incur.

OKC Head Office: Additional Office Locations:
112 — 112 Research Drive Calgary, Cranbrook, Fort McMurray, Fredericton, CANADA
Saskatoon, SK, CANADA S7N 3R3 Anaconda, MT, USA

T: 306-955-0702 F: 306-955-1596 Brisbane and Perth, AUS and Christchurch, NZ
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The currently planned end land-use for the reclaimed WRSAs is natural habitat (wilderness). Given this
and the geochemical conditions of the waste materials, the primary design objectives of the KHSD WRSA
closure cover systems are to:

a) provide an adequate rooting zone for growth of native plants;

b) eliminate dust emissions from the waste deposits;

c) prevent direct contact between waste material and incident meteoric waters; and

d) reduce net percolation rates and thus seepage flows to the greatest extent possible.

The overall objective of OKC’s work was to develop conceptual-level or indicative cover system design
alternatives for closure cover systems for WRSAs at KHSD. Specifically, AEG requires preliminary
estimates of hydrological performance (i.e. long-term net percolation rates) and construction costs for three
difference cover system types. This information is required to support an update to the KHSD ESM
Reclamation Plan. Preliminary costs for remediation of the WRSAs were submitted to AEG in a separate
memorandum.

The following tasks were completed to address the above project objectives:

e Project orientation including review of pertinent background information and participation in a
project planning / kickoff meeting in Vancouver on February 19, 2015;

e Development of a conceptual model of hydrological performance of a typical soil cover system for
the KHSD site;

e Base case numerical simulations of cover system performance using the soil-plant-atmosphere
(SPA) model VADOSE/W?,

e Provision of technical support on various matters related to cover system design; and

o Development of indicative-level cost estimates (-20% to +30%) for cover system construction.

Conceptual Model of Cover System Performance:

A conceptual model of hydrological performance of cover systems for KHSD was developed prior to the
start of SPA numerical modelling. This required consideration of the following water balance fluxes:

e precipitation (Ppt),

e potential evapotranspiration (PET),
e actual evapotranspiration (AET),

¢ runoff (RO),

e sublimation (Sub), and

e net percolation (NP).

The mean annual precipitation (MAP) for the KHSD and how it is influenced by elevation was previously
estimated by Clearwater Consultants in 1996 (Access, 1996)2. Clearwater Consultants developed a linear
relationship between elevation and MAP:

MAP =0.27 * Elev +190

" Geo-Slope International Ltd. 2014. GeoStudio 2012. Version 8.14.1.10087. Online. www.geo-slope.com.

2 Access Mining Consultants Ltd., 1996a. United Keno Hill Mines Limited, Site Characterization Report, Report No. UKH96/01.
Prepared for United Keno Hill Mines Limited.
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where:
MAP = mean annual precipitation (mm/yr); and

Elev = elevation above sea level (masl).

OKC performed their own review of the MAP estimate and found it reasonable. Hence, the equation above
was used to estimate MAP. Three elevations were simulated for this project: 750 masl, 1,000 masl, and
1,500 masl. Hence, the MAP at each elevation is estimated to be 390 mm/yr, 460 mm/yr, and 530 mm/yr,
respectively.

Given the relatively high latitude of KHSD, slope aspect and angle highly influences the amount of solar
energy and resultant PET applied to various areas of the site (MEND, 2012)3. Hence, for an exposed
plateau (i.e. a flat area with no slope influences) or east- or west-facing slope (referred to hereinafter as a
middle aspect), average annual PET is estimated to be 370 mm/yr with an annual range from 200 mm/yr
to 1,400 mm/yr. However, PET is estimated to be 60% less on north-facing aspects and 50% more on
south-facing aspects, resulting in average annual PET rates for these two aspects of 150 mm/yr and
560 mm/yr, respectively.

In general, the ratio of annual AET to precipitation ranges from 40 to 60% for study areas similar to KHSD
(Kane and Yang, 2004)*. This results in a typical AET:PET ratio of 50 to 70%. However, it must be noted
that results for north or south aspects may be outside of the general ranges.

Runoff to precipitation ratios for northern sites typically have an increasing trend with increasing latitude
(Kane and Yang, 2004). A runoff rate of 0 to 20% of precipitation is expected for KHSD given the latitude
at which the site is located combined with the current knowledge of locally available materials and the range
of vegetation conditions.

Sublimation and redistribution of snow constitutes a significant portion of the water balance in several
seasonally snow-covered areas of the Canadian North such as KHSD (Pomeroy et al., 1995)5. Snow
interception and sublimation are important hydrological processes that occur as a result of complex mass
and energy exchanges. Comparing KHSD to other northern sites at a similar latitude, a sublimation rate of
25 to 35% of annual snowfall is expected (Kane and Yang, 2004). This corresponds to a sublimation rate
of approximately 10 to 15% of total annual precipitation.

NP is a vital component of the water balance for northern climates. Basic water balance accounting of the
estimates supplied above leaves between 5 to 50% of precipitation available for NP for a middle aspect.
NP is functionally halted during the winter months due to frozen ground conditions. In general, the majority
of NP at the KHSD site occurs during spring-melt. Through the summer months, NP rates are lower due
to the store and release function of a vegetated soil profile. NP rates generally increase in the fall due to
lower PET rates.

3 MEND (Mine Environment Neutral Drainage). 2012. Cold regions cover system design technical guidance document. Canadian
Mine Environment Neutral Drainage Program, Project 1.61.5¢c, March.

4 Kane, D. and Yang, D. 2004. Northern Research Basins Water Balance. International Association of Hydrological Sciences.
Oxfordshire, United Kingdom.

5 Pomeroy, J., Hedstrom, N., and Parvianinen., J. 1995. The Snow Mass Balance of Wolf Creek, Yukon: Effects of Snow
Sublimation and Redistribution. National Hydrology Research Center. Environment Canada: Saskatoon.
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Preliminary Estimates of Cover System Performance:

Cover Systems Modelled:

Four reclamation scenarios were evaluated with SPA models (see Figure 1); namely, three cover system
types as well as a ‘do-nothing’ scenario (i.e. bare waste rock with no revegetation effort). A description of
the modelled scenarios is as follows:

e Type la — Very Low Net Percolation Cover System: 0.3 m of compacted silty-clay material
underlying a 1.0 m well-graded local soil layer. Surface re-graded to promote runoff, then
revegetated with native plants;

e Type 1b — Lower Net Percolation Cover System: 0.3 m well-graded local soil layer. Surface re-
graded to promote runoff, then revegetated with native plants;

e Type 3 — Revegetation Cover System: direct seeding of waste rock to promote revegetation
(assumes sufficient fines content to support plant growth). Scarifying and contouring of surface to
promote vegetation and enhance physical stability of landform.

o Type 4 — Bare Waste Rock Surface: no cover system or site preparation.

1.4 Waste
Rock

Type la Type 1b Type 3 Type 4
Depth '
(m)
— /€|~ G '€ (| — |
0.2  _ ., —
Local SOil E— LOCAI SOl — ——
——— ——— ————
Em—— I I
[ Compacted — —— —
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S —_— I
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v = Rooting Depth

Figurel  Schematic of four reclamation scenarios modelled for possible closure of WRSAs.

OKC was provided with particle size distribution (PSD) data for various potential borrow materials for cover
system construction as well as waste rock materials. For the current SPA modelling program, OKC focused
on PSD data for soil samples collected at the Husky site. OKC developed estimates of hydraulic material
properties for a growth medium layer based on the following PSD, with the range of percentages for each
particle size provide in parentheses:

Report No. 961/1-01 O’Kane Consultants Inc.
March 30, 2015
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e Gravel, cobbles, and boulders: 29% (13 to 36%);
e Sand: 32% (26 to 40%);

e Silt: 30% (18 to 40%); and

o Clay: 9% (6 to 14%).

A growth medium layer with the above average PSD is ideal for supporting plant growth as well as storing
and releasing meteoric waters back to the atmosphere. However, a growth medium layer with a 39% fines
content (i.e. material finer than 0.075 mm) could be susceptible to higher, and potentially unacceptable,
rates of erosion and frost action, both of which could result in higher rates of net percolation. Frost action
may not be an issue given the drained nature of most WRSAs and thus limited water supply in the
subsurface to generate frost action. Nonetheless, some caution is required when evaluating potential
borrow sources within or near the KHSD site for WRSA cover system construction; ideally, growth medium
layers would consist of well-graded glacial till material with a fines content in the range of 20 to 35%.

Key Inputs and Assumptions:

The inputs into a SPA model can be divided into five categories; namely, geometry, lower and edge
boundary conditions, initial conditions, material properties, and upper boundary conditions.

All the models simulated a one-metre-wide column of waste rock overlain with one of the four reclamation
scenarios described above. The base of the waste rock was simulated as a unit hydraulic gradient, with
the edges of the models simulated as no flow boundaries (i.e. no lateral flows) to simulate a one-
dimensional (1D) system. The initial model profiles were started at a constant pressure head of -2 m.
Waste rock below a depth of 1.5 m was set at a constant temperature of 2°C so that permafrost would not
form in the models. It is presumed that discontinuous permafrost exists at some locations on the KHSD
site, particularly at higher elevations and for north-facing slopes; hence, net percolation rates estimated by
the SPA models and presented herein are conservative for areas with discontinuous permafrost.

Three materials were defined for SPA modelling; namely, waste rock, well-graded local soil, and compacted
silty-clay soil. The required properties or functions for each material are as follows:

e water retention curve (WRC - suction versus volumetric water content);

¢ hydraulic conductivity function (k-function - suction versus hydraulic conductivity);

o thermal conductivity function (volumetric water content versus thermal conductivity); and

¢ volumetric specific heat function (volumetric water content versus volumetric specific heat).

Hydraulic properties (i.e. WRCs and k-functions) for each of these materials were estimated by comparing
previously measured PSDs and other geotechnical properties to materials in the SoilVision® and OKC
material databases with similar geotechnical and known hydraulic properties. The hydraulic properties from
the databases were compared with those previously measured for each material and found to be similar.
Each material was then defined using the van Genuchten? or Durner® method. A summary of the hydraulic
properties estimated for the three materials is provided in Table 1. The thermal properties were estimated
using modules included in the VADOSE/W software.

6 SoilVision Systems Ltd., 2005. Software. SoilVision 4.23. www.soilvision.com

7 van Genuchten, M. Th., A closed-form equation for predicting the hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am. J.,
44, 892-898, 1980.

8 Durner, W., Hydraulic conductivity estimation for soils with heterogeneous pore structure, Water Resour. Res., 32(9), 211-223, 1994.
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Table 1
Summary of key properties for materials included in the SPA modelling program.
. Van Genuchten or Durner parameters
K . Residual
Material Type o Porosity VWC
(cm/s) (m3/m3) (m3md) wl al nl ml | w2 a2 n2 m2
(cm™) (cm™)
Waste rock 1.0X10" 0.28 0.0 0.5 1.0 135|026 | 0.5 20 40 | 0.75
Well-graded 5.0X10% 0.33 0.0 - 3X10* | 1.25 | 0.20 - - - -
local soil
Compacted 1.0X107 0.40 .0.0 - 1X10% | 115|013 | - - - -
silty-clay

The upper boundary conditions can be divided into two parts: climate and vegetation. To define the climate
for KHSD, a synthetic 80-year climate database was developed by comparing measurements from the
Galena Hill weather station (also referred to as the Calumet weather station) to measurements taken at the
Environment Canada weather station in Mayo, YT, between 2007 and 2012. Based on this comparison,
the Mayo climate data from 1934 to 2012 were adjusted to represent conditions at Galena Hill. Climate
data from Galena Hill were also compared to the Valley Tailings and Flame and Moth weather stations to
determine additional variations required to account for elevation. These comparisons indicated that only
precipitation needed to be varied with elevation using the linear relationship provided in the conceptual
model section. Finally, potential evaporation rates were estimated for three slope aspects (i.e. north, south,
and middle aspect). Table 2 provides the monthly average climate estimated for the KHSD site.

Table 2
Monthly average values for the 80-year synthetic climate database developed for the KHSD site.
Temperature | RH Precipitation (mm) for each Wind Potential Evapotranspiration
Month (°C) (%) Elevation (masl) Speed (mm) for each Aspect
(m/s)
High | Low % 750 1,000 1,250 North Middle South

January -22 -26 80 27 32 37 1.6 0 0 0

February -16 -21 79 23 27 31 1.8 0 0 0

March -8 -15 76 21 24 28 2.3 0 0 0
April 2 -3 73 19 23 26 2.3 0 5 10
May 10 4 64 29 34 40 2.2 30 70 100
June 16 9 70 41 49 56 1.8 40 95 140
July 17 10 73 51 60 69 1.8 40 100 150
August 14 7 77 48 56 65 1.8 30 70 105
September 7 2 79 39 46 53 1.6 10 30 50

October -3 -5 84 34 40 46 1.6 0 0 5

November -15 -17 85 30 35 41 1.6 0 0 0

December -21 -24 83 28 34 39 1.0 0 0 0
Annual -1 -7 77 390 460 530 1.8 150 370 560

Report No. 961/1-01 O’Kane Consultants Inc.
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Vegetation was simulated as grasses and shrubs, with each growing season starting seven days following
spring-melt and ending when daily low air temperatures consistently stay below 0°C. The vegetation was
simulated as having a rooting depth the thickness of the well-graded local soil layer or 0.15 cm for the bare
waste rock scenario. The vegetation was estimated to have a maximum ground cover of 50%. Vegetation
was assumed to have its transpiration rate limited when the suction within the growth material increased
above 100 kPa. Transpiration was estimated to cease when suction conditions in the growth material
increased above 1,500 kPa.

Key Modelling Results:

Tables 3 provides average annual, long-term water balance fluxes for all the model scenarios completed
for this project. All modelling completed for this project used the computer modelling program VADOSE/W?.
The estimated net percolation rates are summarized in Figure 2. It must be emphasized that the values
provided in Table 3 and Figure 2 are averages; the components of the water balance will vary greatly from
year-to-year, and during any given year. For example, RO averages 175 mm/yr for the Type 1a cover
system at 1,000 masl, but ranges from 40 to 360 mm/yr with most of the RO occurring during spring-meilt.

Practical Construction Issues for Consideration:

The current stage of this project is to provide conceptual or indicative-level design details for reclamation
of the KHSD WRSAs. However, based on OKC’s experience with cover system design and performance
in cold regions, the following guidelines are provided for consideration as the state of the WRSA closure
cover system designs progresses:

o Avoid north-facing slopes to the greatest extent possible due to higher available waters for net
percolation.

o Different moisture regimes will exist on south and north slopes; therefore, use natural analogues at site
to determine revegetation plans for different slope aspects.

e North slopes should be steeper than south slopes to promote additional runoff and thus reduce net
percolation; however, this needs to be balanced against the potential for soil erosion.

¢ Drainage channels, particularly bench / lateral channels, should be avoided on north slopes to the
greatest extent possible due to higher potential for glaciation (this is the formation of ice features in a
drainage course as defined in MEND (2012)).

e Plateau catchments should not drain to the north to avoid potential effects of glaciation.

o Coarser-textured materials are preferred on north slopes to reduce potential for solifluction (i.e. silts
and clays are more prone to solifluction due to higher water retention).

9 Geo-Slope International Ltd. 2014. GeoStudio 2012. Version 8.14.1.10087. Online. www.geo-slope.com.
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Table 3
Summary of average annual water balance fluxes for 80-year model scenarios.
Aspect Elevation / PPT Reclamat.ion Water Balance Flux as Percent of PPT (mm/yr in brackets)
(masl / mm/yr) Scenario Sub RO AET NP

1a 5% (60) 30% (117) 33% (130) 21% (83)

7501390 1b 16% (61) 5% (21) 33% (128) 46% (180)

3 16% (61) 1% (4) 32% (126) 51% (199)

4 16% (61) 1% (4) 27% (105) 56% (220)

1a 14% (62) 38% (175) 27% (125) 21% (98)

North 1,000/ 460 1b 14% (62) 4% (20) 27% (124) 55% (254)
3 14% (62) 1% (4) 26% (122) 59% (272)

4 13% (61) 1% (3) 22% (103) 64% (293)

1a 12% (61) 45% (241) 22% (119) 20% (109)

1250/ 530 1b 12% (62) 4% (20) 22% (118) 62% (329)

3 12% (62) 1% (4) 22% (116) 66% (347)

4 12% (62) 1% (4) 19% (100) 69% (364)

1a 16% (61) 9% (35) 73% (283) 3% (12)

750 /390 1b 16% (61) 3% (10) 67% (261) 15% (58)

3 16% (61) 1% (3) 57% (221) 27% (105)

4 16% (61) 1% (3) 51% (199) 33% (128)

1a 14% (62) 18% (84) 62% (285) 6% (29)

Middle 1,000/ 460 1b 14% (62) 3% (13) 58% (269) 25% (117)
3 14% (62) 1% (3) 50% (228) 36% (167)

4 14% (62) 1% (3) 44% (204) 41% (191)

1a 12% (63) 27% (141) 53% (278) 9% (48)

1 250/ 530 1b 12% (62) 3% (15) 50% (266) 35% (186)

3 12% (62) 1% (4) 43% (230) 44% (234)

4 12% (62) 1% (4) 39% (206) 49% (258)

1a 16% (61) 5% (19) 78% (306) 1% (4)

2501350 1b 16% (61) 2% (10) 73% (284) 9% (35)

3 16% (61) 1% (3) 63% (244) 21% (82)

4 16% (61) 1% (3) 57% (224) 26% (103)

1a 14% (62) 10% (46) 74% (341) 2% (11)

South 1,000/ 460 1b 14% (62) 2% (10) 67% (305) 18% (83)
3 14% (62) 1% (3) 56% (257) 30% (138)

4 14% (62) 1% (3) 51% (236) 35% (159)

1a 12% (62) 18% (95) 67% (356) 3% (16)

12501530 1b 12% (62) 2% (10) 61% (322) 25% (135)

3 12% (62) 1% (4) 50% (265) 38% (199)

4 12% (62) 1% (3) 46% (244) 42% (220)

Conceptual Model* 10% - 15% 0% - 20% 40% - 60% 5% - 50%

*Conceptual model is based on general water balances for the area; hence, more comparable to middle aspects.
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Figure 2  Annual average net percolation rates estimated for range of reclamation scenarios, elevations,

and slope aspects.

The following issues should be taken into consideration when developing final landforms for larger WRSAs:

The maximum slope recommended to support construction and long-term sustainability of a barrier
layer such as a compacted silty-clay layer is 3H:1V.

Slopes to support a simpler cover system can be steeper (e.g. range of 2H:1V to 2.5H:1V), but the
potential for soil erosion to occur should be considered, which is generally a function of slope length,
vegetation type and time to establishment, rainfall intensities, and texture of surface material.

Concave slopes are preferred over linear slopes, and most definitely over a benched-landform slope
profile.

Upper slopes can be steeper and coarser-textured, while lower slopes can be flatter and finer-textured,
if material availability / balancing requires this flexibility.

A cover system profile can be thinner in upper slopes, but must be thick enough to support growth of
the anticipated climax vegetation species.

Plateau surface waters must never be allowed to discharge over the crest of a slope without a properly
engineered channel.

A common location for failure of drainage channels is where plateau channels transition to slope
channels; an intermediate-slope is recommended at these locations with additional riprap protection.

Report No. 961/1-01 O’Kane Consultants Inc.
March 30, 2015
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Closure:

Thank you for the opportunity to assist AEG with closure planning at the KHSD site. Please do not hesitate
to contact the undersigned should you have any questions or comments.

Sincerely yours,

pra

Brian Ayres, M.Sc., P.Eng.
Senior Geotechnical Engineer / Chief Operating Officer

cc: Linda Broughton — Alexco Environmental Group
Robert Shurniak and Mike O’Kane — O’Kane Consultants Inc.
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1 INTRODUCTION

1.1 REPORT OBJECTIVES

The Natural Attenuation Project is a multi-disciplinary, multi-year scientific study that has been
developed and implemented to support the Elsa Reclamation and Development Company
(ERDC) closure obligations at the Keno Hill Silver District (KHSD) near Elsa, Yukon Territory
(YT). This Summary Report was written to provide a concise summary and point of reference
for project-related activities conducted since 2009. This report relies on, and condenses, the
significant amount of scientific work done by ERDC and Interralogic in collaboration with the
Edmonton Waste Management Centre of Excellence, Sherriff Environmental, and Queen’s
University, as well as previous and parallel work conducted in the area. This report summarizes
and brings together the wide variety of data from the diverse disciplines addressed and then
focuses conclusions on issues and findings most relevant to closure issues that will be faced

during the options evaluation and selection process.

1.2 PROJECT OBJECTIVES

The purpose of the Natural Attenuation Project is to evaluate the technical suitability of a
managed natural attenuation approach as a closure option, or as part of a closure option, for the
No Cash Creek mines (No Cash 500, Ruby, and Bermingham), Husky SW, Sadie Ladue, and
Silver King adit discharges. The option selection process will evaluate the other factors beyond
technical feasibility that may affect the use of natural attenuation processes in the closure of
mine components in the KHSD. The technical suitability of natural attenuation as a closure
option depends on meeting criteria that were developed in consultation with interested parties

(team) including:

e ERDC/Alexco Resource Corp.

e AANDC

e Environment Canada

o First Nation of Na-Cho Nyak Dunn (FNNND)

e Yukon Government

Plans for field work were developed and initiated in 2010 and are currently ongoing. The natural

attenuation evaluation was conducted through the following iterative/phased approach:

¢ Evaluation of available historical water quality data for the target sites
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o Development and execution of initial phase of field and laboratory activities
¢ Interpretation of data and presentation of results and conclusions to team members
¢ Incorporation of team input to develop the next season’s field and laboratory activities

o Report development to inform the closure options process.

The technical objectives of natural attenuation relate to the observed decrease in metals
(specifically zinc and cadmium) concentrations in adit discharge water, as it flows along the
stream course. The observations along No Cash Creek indicated significant attenuation of zinc
and cadmium in a relatively short stream reach. The technical goal was to understand the
nature of the natural attenuation mechanisms, its seasonality, if there were any environmental
constraints or limitations, the sustainability of the processes, and its reliability as part of a
potential closure option for the target areas. The technical tasks involved work by field
samplers, ecologists, hydrologists, geochemists, mineralogists, microbiologists, water treatment
experts, engineers, and others. These technical tasks are described in the specific target area

sections below.

1.3 PROJECT OVERVIEW

Reclamation and closure studies of historical United Keno Hill Mines (UKHM) facilities in the
KHSD are ongoing. Detailed descriptions of the current environmental issues in the KHSD, as
well as climate and general site conditions are provided in ERDC (2006) and Access (2011).
The geology is summarized in Cathro (2006) and Interralogic (2012a) which also contains a list
of references with more detailed KHSD geology. The KHSD contains over 65 silver ore
deposits and prospects that were first mined in 1913. Most mining operations took place on the
north-facing slopes of Galena Hill and also in areas to the east on Keno Hill (Figure 1). Both the
Galena Hill and Keno Hill mines are within the South McQuesten River watershed. Many of the
smaller watercourses, including those draining the northwest side of Galena Hill, terminate in
wetlands in the South McQuesten River valley prior to reaching the South McQuesten River
(Figure 1). Elevated metal concentrations occur in surface waters and sediments of many of the

drainages associated with past mining operations (Kwong et al., 1994; 1997).

There are ten adits/shafts in the KHSD that are known point sources of metal loads to the

surface environment. These are listed below with the common name in parentheses:
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. Silver King 100 (Silver King Adit)
. Galkeno 300

. Galkeno 900

. No Cash 500 (No Cash Adit)

. Bermingham 200

. Ruby 400
. Onek 400
. Sadie Ladue 600 (Sadie Ladue Adit)
. Keno 700

. Husky SW (Husky SW Shaft')

Zinc and cadmium are the metals of concern in the adit discharges of this area, although

variable concentrations of manganese and iron are also present in some adit discharges.

The average adit outflows and selected metal concentrations of the 10 known point source adits
in the KHSD are summarized in Table 1. Of these metals, only zinc and cadmium have been
identified as contaminants of concern in the KHSD (Minnow 2013a). Six of these adits, Silver
King 100, No Cash 500, Bermingham 200, Ruby 400, Husky SW Shaft, and Sadie Ladue 600,
are located upstream of areas with the potential to attenuate chemical mass in the adit

discharge through natural processes.

The mechanisms of natural attenuation have been evaluated and described by Interralogic
(2010, 2012a) specifically for the No Cash Adit discharge, which is a significant zinc source in
the KHSD (Table 1). For the purpose of this investigation, the Ruby and Bermingham adits are
included under the No Cash description because they drain into No Cash Creek (NCC) and
become part of its combined flow. The No Cash 500 adit provides the majority of zinc and
cadmium to the No Cash bog, although the Bermingham adit is a significant secondary source

of cadmium (Table 1). The remaining adits, specifically Galkeno 300, Onek 400, Galkeno 900,

" While Husky SW Shaft is technically a shaft, it passively drains like an adit and will be included in the discussion as an adit for the

purpose of this report.
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and Keno 700, are not suitable for natural attenuation as a closure option because of overly-
elevated zinc/cadmium concentrations, unfavorable hydrologic flow characteristics, and/or the
adit discharge does not flow through wetlands where attenuation processes are most effective.
The Galkeno 300, Galkeno 900, and Silver King 100 adit discharges are currently collected and
actively treated to reduce metal loads. According to the most recent water treatment records,

the water treatment systems remove about 80 percent of the total zinc load in the KHSD.

Table 1 - Average adit flows and metals concentrations at the discharging adits?

Onek No Cash i i

Parameter Ga?l’l(()t(e)no 400° 500° Gasl;ggno Keno 700 Kisrll;/i(r)o Laijsleeoo H;ivky Bermingham Ruby

Average Adit Flow (2004 — 2010) (L/s) 9.2 2.3 5.5 3.1 3.4 5.6 7.6 0.4 2.0 1.0

Concentration (mg/L) 125 85 13.2 6 3.5 1.65 0.9 1.3 3.7 1.5

Zn Load (kg/yr) 36266 6165 2260 587 375 291 216 16 231 38
Percent of Total Load 78.1% 13.3% 4.9% 1.3% 0.8% 0.6% 0.5% 0.0% 0.5% 0.1%
Concentration (mg/L) 0.11 0.02 0.09 0.02 0.03 0.19 0.08 0.17 0.09 0.28

Al Load (kg/yr) 32 2 20 2 3 34 19 2 7 7

Percent of Total Load 25.2% 1.3% 15.5% 1.6% 2.2% 26.5% 15.1% 1.7% 5.7% 5.3%
Concentration (mg/L) 0.160 0.058 0.015 0.087 0.034 0.079 0.004 0.018 0.043 0.049

As Load (kg/yr) 46.4 4.2 2.7 8.5 3.6 14.0 0.8 0.2 2.2 1.3
Percent of Total Load 55.2% 5.0% 3.2% 10.1% 4.3% 16.6% 1.0% 0.3% 2.7% 1.5%
Concentration (mg/L) 0.330 1.671 0.141 0.001 0.013 0.010 0.004 0.014 0.182 0.018

Ccd Load (kg/yr) 96 121 26 0.1 1.4 2 1.1 0 13 0.5
Percent of Total Load 36.7% 46.4% 10.1% 0.1% 0.5% 0.7% 0.4% 0.1% 4.9% 0.2%
Concentration (mg/L) 0.0017 0.0008 0.0007 0.0014 0.0020 0.0014 0.0007 0.0010 0.0006 0.0009

crd Load (kg/yr) 0.49 0.05 0.12 0.14 0.21 0.25 0.17 0.01 0.04 0.03
Percent of Total Load 32.5% 3.6% 8.2% 9.0% 14.1% 16.3% 11.0% 0.8% 2.6% 1.7%
Concentration (mg/L) 0.012 0.018 0.032 0.002 0.002 0.025 0.004 0.005 0.006 0.005

cu® |[Load (kgryr) 35 1.3 5.5 0.2 0.2 4.4 1.0 0.1 0.6 0.1
Percent of Total Load 20.6% 7.8% 32.5% 0.9% 1.4% 26.2% 5.8% 0.4% 3.6% 0.8%
Concentration (mg/L) 154.00 8.45 10.57 17.90 0.17 2.90 0.04 5.20 1.30 3.00

Mn Load (kg/yr) 44680 613 1956 1750 18 512 1" 66 80 64
Percent of Total Load 89.8% 1.2% 3.9% 3.5% 0.0% 1.0% 0.0% 0.1% 0.2% 0.1%
Concentration (mg/L) 0.033 0.008 0.011 0.002 0.005 0.001 0.008 0.011 0.022 0.034

Pb Load (kg/yr) 9.6 0.6 1.9 0.2 0.5 0.2 1.8 0.1 1.8 0.1
Percent of Total Load 56.7% 3.5% 11.4% 1.3% 2.9% 1.5% 10.9% 0.8% 10.4% 0.5%

@ Compiled from flow rates and metals concentrations measured by Alexco personnel on behalf of ERDC. Gray
shading indicates adits with water treatment systems; BOLD indicates potential natural attenuation site.

b Assumes an average flow rate of 2.3 L/s although this value varies significantly seasonally.

¢ "Non-detects” included in calculations at one-half the detection limit.
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Figure 1 - Site Map and Attenuation Area Location
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1.4 NATURAL ATTENUATION TARGET AREAS

The areas originally targeted for evaluation for natural attenuation were NCC, Husky SW, Silver
King, and Sadie Ladue. Each of these had low to moderate zinc mass loading, low to moderate
flow, had a hillside (i.e., faster moving) reach where aeration could occur, and also flowed
through peaty areas. These criteria indicated the potential for natural attenuation similar to that
observed at NCC and were therefore included for evaluation. The Sadie Ladue adit, located on
the northwest flank of Keno Hill, was removed for further consideration after initial surveys in
2010 indicated significant quantities of dispersed tailings materials were distributed along much
of the length of the stream both within and outside the channel (Interralogic, 2011a). This
distributed source of metals and the initial water quality data indicated no significant natural
attenuation of metals was occurring in this drainage, or, if natural attenuation was taking place,
it was being masked by ongoing mass loading by the dispersed tailings. Sadie Ladue is not

discussed further in this report although all data are presented in Interralogic (2012a).

NCC, Husky SW, and Silver King areas all drain historical mine adits located on the northwest
flank of Galena Hill near Elsa, and flow down Galena Hill toward the S. McQuesten River Valley
(Figure 1). Distances, elevations and water sampling locations are marked on the figures for

each watercourse.

1.4.1 NO CASH CREEK AREA

The NCC drainage is located on the northwest side of Galena Hill (Figure 1). Figure 2 shows a
plan view and profile section of the drainage from the adit to the terminal pond. NCC is a
natural stream that receives water from the historic No Cash, Ruby, and Bermingham mines via
the No Cash 500, Ruby 400, and Bermingham 200 level adits, respectively. At each adit, water
is discharged directly from the adit and additionally through a culvert from the adit onto the
surrounding waste rock (No Cash 500 example shown in Figure 3). The discharge water flows
across a waste rock bench and cascades down the side of the waste rock and enters NCC
about 0.5 km downstream of the natural headwater source of NCC (Figure 2). Measured flow
rates at the surface water monitoring location KV21, where NCC passes the Silver Trail
Highway, have ranged from 3 to 15 L/s, based on sampling conducted during July of 2007,
2008, and 2009 (Access 2011).
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Figure 2 - No Cash Plan and Profile
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Downstream of the confluence of the 500-adit discharge and NCC (which is carrying discharge
from the Ruby and Bermingham mines), the channel flows in a northwesterly direction, crossing
the Silver Trail Highway in a culvert, and through boreal forest on Galena Hill (Figure 4). It then
intersects the No Cash Diversion Ditch and then runs through a poorly drained valley containing
extensive areas of heavily-vegetated peat bog/marsh. A series of other seeps and
disconnected streams drain Galena Hill parallel to NCC, toward a large peat bog in the South

McQuesten River valley (Figure 5).

NCC is not a direct tributary of any other streams but instead terminates in a small pond in a low
lying boggy area of the valley approximately 2 km south of the South McQuesten River. Much
of the NCC drainage and surrounding wetland area is underlain by thick deposits of peat (up to
just over 3 m thickness observed in NCC drill holes), glacial-related sediments and
discontinuous permafrost of variable extent and thickness. While there are seeps along the
south and east sides of the South McQuesten River that may be down gradient of the terminus
of NCC, there is no surface connection between the two areas due to a topographic high north
of the terminal pond of NCC. The seep survey of the South McQuesten River did not show any

elevated mine-related constituents to be present on the south bank seeps (Interralogic, 2010).

Adit water from the No Cash mine contains elevated levels of metals, namely cadmium,
manganese, and zinc, as well as sulphate (Kwong et al. 1994; 1997; MERG 2000; ERDC 2006).
The sources of these constituents are oxidative dissolution of metal sulphide minerals and
dissolution of metal carbonate and silicate minerals associated with mineralized zones of the No
Cash mine. Oxidative dissolution of sulphide minerals has not resulted in acid mine drainage
from the No Cash Adit due to high levels of carbonate (mostly calcite) in the major lithologic
units that host the mineralization (Kwong et al. 1994; 1997). Major lithologic units in this mine
include the Keno Hill Quartzite (Mississippian Era), and Earn Group metavolcanics and
metasediments (Devonian-Mississippian Eras). Kwong et al. (1994) reports net neutralization
potentials (NNP) ranging from 105 to 934 kg CaCOs/tonne for these rock types. Rock types
with NNPs in that range have a very low probability of generating acid rock drainage; except
possibly in localized areas of high sulphide mineral content. Water flowing directly from the adit

and upper NCC has pH values between 7 and 8.3, and alkalinity measurements of 85 to 286

QZ09-092-2 - YWB - May 30/17 (Exhibit 6.8.1.1)



Natural Attenuation Project

Summary Report
November, 2013

mg/L CaCOs;equivalent. These high alkalinities are indicative of a strong influence of carbonate
mineralogy on water chemistry (Kwong et al.1994; 1997; MERG 2000).

Figure 3 - Sampling at No Cash Adit - October, 2010
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Figure 5 - No Cash Bog

1.4.2 HUSKY SW AREA

The Husky SW site (Figure 6) conditions are similar to those of the No Cash drainage, where
natural attenuation processes are effective for improving water quality. The Husky SW mine
site comprises a group of historical structures, a waste rock pile, a low-grade stockpile, and fill
material. Seepage from the shaft is conveyed beneath the fill material to a dilapidated crib
structure (Figure 7) from which water flows into a narrow surface drainage (Figure 8). From this
point, the discharge flows northward down Galena Hill toward Flat Creek similar to that of NCC
except: 1) the high-energy, cascading reach present at No Cash does not exist downstream of
the Husky SW area and, 2) the Husky SW drainage connects with Flat Creek (Figure 9),
whereas NCC ends at a terminal pond. However, the extensive forested slope and peat bog

area along Husky Creek (Figure 10) are similar to the No Cash bog area.

The water quality of the Husky SW adit seepage is similar to that of the No Cash adit, with
elevated zinc, manganese, cadmium, and sulfate. However, zinc and cadmium concentrations
are an order of magnitude lower at Husky SW (Table 1). The water is circumneutral with a pH
between 7.5 and 8.0 and alkalinity between 250 and 300 mg/L as CaCOs. So while other
metals and major ion concentrations are similar to those observed at No Cash, the flow from
Husky SW adit is about an order of magnitude lower, resulting in an overall much lower mass

loading from Husky SW.
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Figure 6 - Husky SW Plan and Profile
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Figure 9 - Intersection of Husky SW and Flat Creek Drainages

N
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Figure 10 - Husky SW Bog Reach

1.4.3 SILVER KING AREA

The Silver King mine is located west of Elsa about 4 km where the Silver Trail Highway crosses
Galena Creek (Figure 11). The mine workings straddle the highway, with the open pit, the 75-
level adit, vents and other structures on the south side of the highway; and waste rock (Figure
12), the 100-level adit, various historical structures, lime treatment system/ponds, and the
treatment plant outflow on the north side of the highway. The treated water is discharged to

ground surface north of the treatment area and west of Galena Creek.

The Silver King 100 adit and drainage has site conditions that are similar to those at the Husky
SW drainage where natural attenuation reduces metal concentrations along the stream reach.
Similar to Husky SW, the mine is lower on Galena Hill and has no cascading section, but is
located in the transition area between the cascading and bog reaches. Flow from the Silver
King Mine is treated, and currently discharges at the base of the northernmost waste rock dump
into forested and permafrost ground. The treated discharge then flows parallel to Galena Creek
in a narrow channel that exhibits thermokarst features, particularly in the autumn when flow is
often observed percolating up out of the ground and subsequently disappearing again (Figure
13). The treated discharge stream then intermingles with a complex of braided channels
associated with Flat Creek (Figure 14).

Nine samples were collected along the treatment system decant discharge stream downslope of

Silver King Adit (Access 2008). Laboratory results from these samples suggested that natural
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attenuation was occurring along the flow path as shown by further reductions in metals
concentration compared to what was achieved by the active lime treatment system, but also
indicated areas of complex flow paths and hydrogeochemical processes were occurring near
the confluence of Galena Creek and Flat Creek. A more thorough investigation of water quality
trends and soils characterization was conducted to develop a baseline dataset. The following
sections describe the data collection and results, followed by an assessment of how conditions

in the Silver King area compare to the NCC area as a potential natural attenuation area.

The water quality of the Silver King adit seepage is similar to that of No Cash adit, with elevated
zinc, manganese, cadmium, and sulfate but with lower zinc, manganese and cadmium
concentrations at Silver King. The water is circumneutral with a pH between 7.5 and 8.0 and
alkalinity between 250 and 300 mg/L as CaCOs. The flow rate is similar to the No Cash adit at
around 5 -6 L/s.

Galena Creek chemistry is generally good quality above the mine but reflects the presence of
the mine workings and waste rock adjacent to the Creek as it passes by. Relatively small
increases in metals concentrations such as zinc and cadmium are accompanied by small
increases in sulfate in the creek water downstream of the mine. pH is circumneutral and

alkalinity present at 50 to 250 mg/L as CaCOs.
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Figure 11 - Silver King Plan and Profile
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Figure 12 - Wooded Area North of Silver King 100
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Figure 14 - Silver King Bog Reach

2 STUDY METHODS

Project design was conducted in year-to-year phases. The initial work design was based on a

review of historical data and publications including, but not limited to, the investigation

conducted in 2009 and reported in Interralogic (2010). Peer review comments provided by Dr.

Kwong (personal communication 2010), who has conducted geochemical and natural

attenuation research in the KHSD, were also used to design the investigations. Results from

previous year’s work, and feedback from team members, were also used to guide subsequent

year’s field work and technical analysis. A list of completed (or ongoing monitoring) field studies

is presented below.

e Geochemistry of Natural Attenuation

(0]

o

(¢]

Peat sampling and analysis including carbon-14 age dating at NCC

Soil sampling and geochemical analysis (NCC, Husky SW, Silver King)

Soil water sampling and analysis (NCC, Husky SW, Silver King)

Sediment sampling and geochemical analysis (NCC, Husky SW, Silver King)
Water sampling and analysis (NCC, Husky SW, Silver King)

Seasonal (winter and freshet) water sampling (NCC, Husky SW)

Ice sampling (NCC, Husky SW)

Microbial evaluation of NCC attenuation and Galkeno 900 bioreactor
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o Detailed mineralogical assessment of attenuation-related mineral phases
including optical petrography, scanning electron microscopy, electron microprobe
analysis, and high energy synchrotron x-ray elemental and mineralogical
analyses (NCC, Husky SW)

o Metal mineral phase stability testing (NCC)

NCC Surface Water Pathway Evaluation

o Summer survey

o Winter survey

o Freshet survey

NCC Groundwater Pathway Evaluation

o Well Installation

o Well monitoring (ongoing)

NCC Surface Peat and Vegetation Sampling

o Peat thickness/accumulation study including carbon-14 age dating

o Peat chemistry variations with depth

o Vegetation sampling (completed as part of KHSD wide study of soil and
vegetation metal study (Access, 2012, 2013))

Closure support
o Engineering survey of NCC

o Hydrologic, geochemical, and closure conceptual model development

Table 2 shows the schedule of the field program at each area by year and field element.
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Table 2 - Summary of Field Activities at Natural Attenuation Targe Areas

Event Date No Cash Creek |Husky Southwest Silver King Sadie Ladue
May-2007
June-2007 v
July-2009
September-2009
; v v v
Surface Water October-2010
Sampling March-2011 v v
May-2011 v v
August-2011 v v
January-2012 v
July-2012 v v
February-2013 v v
. March-2011 v v
Ice Sampling
January-2012 v
Stream Sediment
Sampling (Alluvium | October-2010 v 4 4
& Peat)
Soil Sampling October-2010 v
P Wat
ore vater October-2010 v v v
Sampling
Vv tati
ege allve 2012 v v v
Sampling
Monitoring Wells 2010 v
Microbial Sampling 2011 v
Precipitat
reC|p|.a e 2012 v v
Sampling
Peat (Carbon-14)
. 2012
Sampling
Engineering Survey 2012

Surface water samples were collected at sampling locations in the three natural attenuation

areas to represent spatial, temporal, and seasonal changes in water chemistry.

Industry

standard field practices were implemented in collecting grab samples directly from flowing creek

water. Samples were filtered in the field and field parameters measured. Total and dissolved

metals were analyzed using a certified laboratory. Standard quality assurance methods were

implemented including the collection of field and laboratory blanks and duplicates.
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Groundwater wells were installed in the NCC area to monitor water levels and to collect
groundwater quality samples. Industry standard methods were used in well installation and well

purging and sampling.

Channel sediment, alluvium, and peat samples were collected in all areas with as many as
possible being collected at the locations where water samples were also collected. Sampling
locations are shown in Figure 2, Figure 6, and Figure 11, with stream profiles to indicate sample
locations with respect to stream reaches. Alluvium and peat samples were collected from
stream banks except for C-14 samples, which were collected from a test pit excavated in the
central area of the NCC bog. In some cases peat and alluvium were mixed with vegetation and
root mats. Samples of precipitate, where present, were collected from the stream bed

sediments.

Analytical results for sediment, soil, and peat samples collected include:

¢ Multi-element analysis (aqua regia digestion followed by ICP-AES/MS analysis)

e Acid base accounting parameters (sulphur species, carbonate neutralizing potential
(NP), paste pH)

e Mineral stability testing

e X-ray diffraction (XRD) analysis

e Optical microscopy

e Scanning electron microscopy, and electron microprobe analysis

e Synchrotron-based X-ray analysis

o (C-14 age date analysis

2.1 ANALYSIS OF ZINC AND CADMIUM GEOCHEMISTRY AND MINERALOGY

Polished thin sections were prepared from sediment samples collected along the NCC reach in
2011 and 2012. A smaller suite of thin section samples were prepared from sediments collected
along the water course of Husky SW in 2012. These were examined by a range of electron-,
laser- and X-ray-based analytical techniques to determine the element associations, the

mineralogy and major hosts of zinc within the sediments.
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Electron microprobe (EMP) analyses were used to collect major element maps (zinc,
manganese, iron, sulphur, silicon) across zinc-bearing grains in the thin sections (typically a few
hundred microns in diameter) to show element association, while line scans were run across
grains to demonstrate changes in element composition. Spot analyses were obtained to
determine major element concentrations and extract element ratios to yield insights into
possible mineralogical hosts of zinc. The detection limit of this technique is = 600 mg/kg
depending on the element and although it can yield accurate concentration measurements, it is
best suited to the analysis of major elements (Sherriff, 2012). This made mapping the cadmium
distribution difficult, partly due to the short counting times necessitated by timely map collection,
however, spot analyses were able to determine cadmium concentrations in some samples.
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is considerably
more sensitive than EMP and was used to obtain major and trace element information in

transects run across grains of interest in the thin section samples.

Synchrotron-based X-ray analytical tools were used to probe the zinc and cadmium
associations in the No Cash and Husky SW samples. X-ray absorption near edge structure
(XANES) spectroscopy was performed to determine the speciation of zinc and cadmium in
selected bulk sediment samples from NCC and Husky SW. This technique is element specific
(i.e. it only “sees” zinc- or cadmium-bearing phases in the sample) and works by collecting the
XANES spectra of a range of zinc- and cadmium-bearing mineral phases and sorption
complexes and matching these in various proportions to produce the best fit to the sample
XANES spectrum. Micro-focused synchrotron-based X-ray techniques were also applied to the
thin sections. Prior to such work, the thin sections were inspected by scanning electron
microscopy coupled with energy dispersive X-ray analysis (SEM-EDX) in order to identify zinc-
rich grains to investigate further at the synchrotron. At the synchrotron, micro-X-ray
fluorescence (U-XRF) maps were collected to image the distribution of major elements within the
sample, primarily concentrating on manganese, iron and zinc, with more recent work including
cadmium. Using these maps, areas of variable (high, mid, low) zinc concentrations were
targeted for further examination by micro-X-ray diffraction (u-XRD) alongside zinc and cadmium
M-XANES. Micro-XRD analysis is similar to conventional XRD, except a much smaller X-ray

beam spot size is used (ca. 5 x 9 ym), allowing minerals present at <5 wt.% in the bulk sample
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to be detected that would otherwise be missed by bulk XRD. For good diffraction to occur, the
crystallites in the sample should be randomly oriented and at least an order of magnitude
smaller than the beam diameter. In this sense, the mineral spot under the beam acts like the
powdered samples used in conventional XRD analysis. Thus, synchrotron-based u-XRD is best
suited for nanocrystalline materials and will not work well for coarser mineral crystals which are
unlikely to diffract under the microfocused monochromatic X-ray beam. Further details regarding
synchrotron-based analysis of environmental materials are well described in recent review
papers by Lombi and Susini (2009), Lanzirotti et al. (2010), and Jamieson and Gault (2012).

Mineral liberation analysis (MLA) was also used to construct mineralogical maps of portions of
the thin section samples. MLA employs SEM imaging, EDX spot analyses and proprietary
software to characterize the variety of minerals present in the sample. Thousands of mineral
particles are first sorted based on their back-scattered electron intensity then an EDX spectrum
is rapidly collected for each different particle. These particle EDX spectra are matched offline
against a mineral reference database, building a mineralogical map of the portion of the thin
section analyzed. This makes it possible to find zinc hosts that may have been overlooked by
other analytical methods, and also has the potential to measure the relative proportions of
metal-bearing minerals, assuming that the metal concentration in each library phase is well

constrained.

3 RESULTS

3.1 WATER CHEMISTRY

3.1.1 NO CASH CREEK

No Cash 500 adit discharge water has a Ca-HCO3-SO4 composition with pH typically from 7.2 to
8.0. The adit discharge contains elevated concentrations of cadmium, manganese, and zinc.
The concentration of zinc has decreased over time from a high of 32 mg/L in 1987 shortly after
mining ceased to a typical range of 11 to 13 mg/L in 2009 to 2011 (Figure 15). Cadmium
concentrations have decreased from a high of 0.8 mg/L in 1982 to 1987 to 0.1 to 0.2 mg/L in
2009 to 2011. This pattern is not atypical of abandoned mine discharges. Younger (1997)
showed that mass loading (as acidity) in abandoned mine drainage starts off relatively high

(termed “vestigial”’) related to flooding of mine voids and release of readily soluble reaction
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products. This is typically followed by a “juvenile” phase of relatively lower concentrations
related to long-term, slower primary reactions, which are slowed by factors such as loss of
source mineral phases, formation of secondary mineral coatings, or burial or saturation of

potential source phases.

Data from water samples collected in the adit and also from downstream locations indicate a
high degree of correlation between zinc and cadmium (Figure 15), implying that the samples
have a similar origin within the mine workings, and similar processes control their environmental
fate and transport. Sphalerite is a major ore mineral in the KHSD and is presumed to be the
primary source of zinc and cadmium through oxidative dissolution processes in the workings of

No Cash Mine and the other mines being evaluated.

Figure 15 - Historical Zinc and Cadmium Concentrations in No Cash Adit Discharge
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Trends in metals (zinc, cadmium, manganese, and iron), sulphate, and bicarbonate with
distance from the No Cash 500 adit are shown in Figure 16. Total and dissolved concentrations
for most metals (except for iron) are very similar, indicating that suspended particulates are not
a major component of the water quality analyses. The concentrations of zinc and cadmium
(Figure 16) decrease rapidly with distance from the adit particularly within the first kilometer.
The zinc concentration shows about a 100-fold decrease and cadmium concentration shows a
100- to 1000-fold decrease along the total flow path, depending on the sample set.
Concentrations during winter (March 2011, January 2012 and February 2013 samples) and
during freshet (May 2011 samples) are typically about half of the summer/fall concentration at

the adit but still show decreases with distance from the adit that are similar to decreases that
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occur in other times of the year (summer and fall). Overall, there appears to be no distinct
seasonality effect to the extent and magnitude of decreases in metal concentrations in our data
sets for zinc and cadmium; rather, these metals removal trends occur for all seasons. The
median zinc and cadmium concentrations in the terminal pond at the end of the NCC reach are
slightly above the CCME guidelines, but are in line with the proposed water quality benchmarks

and well below the KHSD water use licence effluent quality standards (Table 3).

Table 3 - Zinc and cadmium concentrations in terminal pond at end of NCC reach

Zinc (mg/L)  Cadmium (mg/L)

Range 0.047 -0.067 0.0001 - 0.0005
Average 0.054 0.00028
Median 0.052 0.00026
QZ12-057 EQS® 0.5 0.05
Proposed KHSD benchmark® 0.075 0.0003
CCME-PAL® 0.03 0.000158¢

@ Quartz mining water licence — effluent quality standard

b Proposed water quality benchmarks for site closure evaluation (Minnow, 2013b)

¢ Canadian Council of Ministers of the Environment — Protection of Aquatic Life

d Based on draft cadmium October 2012 CCME-PAL guideline at 100 mg/L hardness (NCC waters typically >100
mg/L hardness)

Manganese and iron concentrations also decrease initially within the first kilometer from the adit
(Figure 16), then increase slightly or remain approximately constant with further distance, but
maintain concentrations that are 1 to 2 orders of magnitude less than in adit discharge. Iron
concentrations show more variability than manganese concentrations along the entire length of
NCC. The dissolved iron concentrations are high given the neutral pH conditions, implying it
may be at least present partially as ferrous iron that persists metastably until oxidized to ferric
iron. Slower ferrous iron oxidation is observed in natural environments where organic carbon is
present. Dissolved iron concentrations are also generally lower than total iron concentrations,
indicating that a significant fraction of the iron is transported as particulates, which might also
suggest that a significant fraction of the “dissolved” iron (<0.45 pm filtered) is nanoparticulate.
Overall, manganese concentrations show an average of a 20-fold decrease. In contrast to the
metals, sulphate concentrations decrease by only about 20 to 80% with distance from the adit

(Figure 16), and bicarbonate generally shows little variation (Figure 16).
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Sulphate is assumed to be conservatively transported for the most part with the exception of
slow flowing areas in the bog where sulphate reduction may be observed; hence, the small
decreases in concentration observed with distance for sulphate are expected to be due to
dilution from groundwater and side channel inflows. While these dilution effects will also cause

small decreases in metal concentrations, the much larger decreases in zinc, cadmium, and

manganese  concentrations relative

to

attenuation/precipitation processes are also involved.

sulphate

indicate that

Figure 16 - Selected water chemistry trends along the No Cash Creek drainage (note

logarithmic scale on y-axis)
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3.1.2 HUSKY SW

Six sampling events were conducted along the Husky SW drainage, from 2007 through 2013.
Water samples were collected along Husky SW Creek between the Husky SW crib structure
and the confluence with Flat Creek. Field parameters were measured at each location. Figure

17 shows key metals concentrations along the Husky SW drainage.

Husky SW Creek has sections that split and braid. During sampling, the main stream of this
creek was not always apparent, and in some cases samples were collected from parallel
drainages. The difficulty in tracing the main drainage resulted in sporadic increases and
decreases in metal concentrations in lab results. The graphs in Figure 17 suggest a continuous
flow path exists between subsequent samples down the flow path due to the line drawn
between data points. In the case of Husky SW, however, this may be inaccurate because

multiple flow paths exist on the hillside below the mine area.

Samples collected within the first 500m of the adit indicate strong attenuation of metals including
zinc, cadmium, and manganese. Zinc and cadmium concentrations decrease over this reach
from two to three orders of magnitude and manganese decreases about one order of
magnitude. Downstream sampling locations show inconsistent and sometimes higher
concentrations of many metals than upstream samples suggesting an unclear or mixed flow
path.

32
QZ09-092-2 - YWB - May 30/17 (Exhibit 6.8.1.1)




Natural Attenuation Project
Summary Report
November, 2013

Figure 17 — Selected analyte trends along the Husky SW drainage
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3.1.3 SILVER KING

Twenty water sampling stations were located along two profiles; the Galena Creek profile which
follows Galena Creek on a westerly then easterly arc toward Flat Creek, and the Silver King
profile which follows the fall line north directly toward Flat creek. The Silver King profile includes
the decant water discharge area and ftributaries to Galena Creek. In addition to the 2007
sampling round, five additional rounds of sampling were conducted: October 2010, May 2011,
August 2011, July 2012, and a winter event in February 2013. Field parameters were measured

at all locations.

Figure 18 shows the metals concentrations along the Galena Creek profile. The Galena Creek
profile shows effects of the Silver King operations including waste rock and potential mine
(groundwater) seepage. Zinc concentrations along Galena Creek increase between near the

mine area but then decrease gradually with distance along the creek.

Figure 19 shows the Silver King treated water profile. The treated water decant discharges
immediately north of the site at the base of the waste rock dump into the forested area. Zinc
concentrations decline with increasing distance from the discharge pipe by a factor of about 4
within 100 m of the pipe. Tributaries located downstream of the discharge pipe (and mine area
in general) showed highly variable chemistry including some areas that were elevated
compared to initial concentrations at the pipe discharge. This was also observed at the Husky

SW site where multiple flow paths preclude an assumption of a single, continuous flow path.
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Figure 18 - Selected water chemistry trends along the Galena Creek drainage
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Figure 19 - Selected water chemistry trends along the Silver King decant drainage
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3.2 SOLID PHASE GEOCHEMISTRY

3.2.1 NO CASH CREEK

3.2.11 GEOCHEMICAL AND MINERALOGICAL CONTROLS ON ZINC AND CADMIUM
ATTENUATION

Field data indicate that the zinc and cadmium attenuation is occurring along the entire reach of

NCC. Approximately 90% of the zinc and cadmium is sequestered in the initial “cascading” part

of the NCC reach. The watercourse then transitions to a low energy, slower flowing stream that

passes through an organic-rich wetland. The peaty sediments in this “bog” reach act as a

polishing step to the initial attenuation, resulting in an overall removal of >99% of zinc and

cadmium from adit discharge water.

3.2.1.2 ZINC AND CADMIUM SEQUESTRATION IN UPPER “CASCADING” REACH

Imaging of 23 thin sections by backscattered electrons using SEM and EMP revealed a
preponderance of lithic, and occasionally organic particles that were partially or fully encrusted
with banded manganese-zinc-rich coatings (Figure 20; Sherriff 2011a-e, 2012, 2013). These
were most noticeable in samples collected close to the adit. The abundance of such colloform
coatings declined with distance downstream, and were often found in downstream sediments as
detached colloform material rather than grain rims, suggesting that this material has travelled
downstream from its precipitation locus near the adit (Sherriff, 2013). EMP and LA-ICP-MS line
scans, in addition to synchrotron y-XRF maps, indicated that manganese, zinc and cadmium
concentrations were closely correlated in these coatings (Figure 21), which appeared to be the
most visible source of zinc and cadmium in the thin sections. Zinc and cadmium were relatively
poorly correlated with iron, although arsenic and iron concentrations appeared to be closely
related (Figure 21). Hundreds of spot EMP analyses on the manganese-zinc-rich colloform
coatings in samples resulted in a typical manganese/zinc molar ratio of 1.5 — 4, with linear
regression lines of such data revealing a manganese/zinc trend of ~3 (Sherriff 2011e, 2013).
This is similar to the mean manganese/zinc molar ratio of the bulk sediments (2.9), suggesting
that the colloform coatings are the major repository of zinc in the sediments. The relatively low
and consistent manganese/zinc ratio suggests that the zinc may be structurally incorporated in

a zinc-bearing mineral. By contrast, the manganese/cadmium molar ratios were much higher
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and more variable, typically ranging between 170 and 600 (Sherriff, 2012, 2013), making a

cadmium mineralogical control unlikely.

Synchrotron-based u-XRD and zinc and cadmium y-XANES were employed to obtain direct
information on the mineralogy and zinc and cadmium speciation within these colloform grain
coatings. The only zinc-bearing phases that were consistently identified across numerous
colloform coatings were hydrohetaerolite (Zn.Mn40s.H20) and hetaerolite (ZnMn;04) (Gault et
al., 2012, 2013; Figure 22 and Figure 23). Birnessite (nominally (Na,K,Ca)MnO..xH>0O) was also
tentatively identified. Zinc uy-XANES identified hetaerolite and hydrozincite (Zns(COz3)2(OH)s) as
the major mineralogical hosts of zinc, while zinc sorbed and/or co-precipitated with ferrihydrite
(Fe10014(0OH)2-xH20) was also well fitted (Figure 23). No clear trends with sample depth or
distance downstream could be discerned from the zinc y-XANES data. It should be noted that
only randomly oriented nanocrystalline phases will diffract under y-XRD conditions; crystallites
similar in size to the p-X-ray beam (~5 x 9 ym) will not diffract well, if at all, perhaps explaining
the lack of hydrozincite and birnessite detected by y-XRD, while ferrihydrite is poorly crystalline
and diffracts only weakly. MLA analysis of complementary thin section samples collected
proximal to the adit also identified zinc-manganese-oxides as the primary zinc host by surface
area, followed by zinc-bearing birnessite and an unidentified zinc-bearing multi-element
aluminosilicate, hypothesized to reflect a mixture of clay minerals (e.g. illite) and

iron/manganese (oxyhydr)oxides.

Interpretation of the cadmium y-XANES data was limited by the spectral similarity of a range of
cadmium sorption complexes, however, the XANES patterns for cadmium-bearing minerals
such as otavite (CdCO3) and CdS were unique, thus the likely mineralogical hosts of cadmium
could be distinguished from cadmium sorbed on mineral substrates. The cadmium p-XANES
collected from cadmium-bearing colloform coatings indicated that cadmium was present as a

sorption complex, in line with the EMP data.
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Figure 20 - Backscattered (a, b) SEM and (c) EMP images of colloform manganese-zinc-
rich coatings on lithic and organic grains observed in No Cash Creek thin sections.
Numbers in images (a) and (b) indicate points where energy dispersive X-ray spectra

were collected, while the distribution of zinc, manganese, iron, sulphur, and silicon is

mapped in (c)

Intensity (cps)

4000

3000

2000

1000

O Ka

P ——
Mn.
2n

MnKp/ Fe K

Energy (keV)

Intensity (cps)

MnKp/ FeKa

—sSpot 1
—Spot 2
—spot3
—Sspotd

39

QZ09-092-2 - YWB - May 30/17 (Exhibit 6.8.1.1)



Natural Attenuation Project
Summary Report
November, 2013

Figure 21 - (a) EMP and (b) LA-ICP-MS line scans across colloform particle coatings
observed in No Cash Creek thin sections. Note the close correlation between
manganese, zinc and cadmium. Little correspondence was observed between cadmium,

zinc and iron, although arsenic concentrations appeared to follow those of iron.

100000

N
i Zn il o | 10000 + Mn
i A M MMINY U AN
2 AWMV ! ST ey MY I = 5
i AN o\ Py Vi Al ] AN a n
o +3 ) U\ N £ 1000 4
0 100 200 200 k-
k)
5001 100 4
| |
4 Fo ] W«i
| I | . 10 . ; .
o AN A AL AN A 0 100 200 300
A AN 2 = S WAL VV Y I"\AS s PNoants W N Distance (um)
0 100 200 300
100000
30001 Fe
Mn I I 10000 +
g I A |
100 AJ’/‘WL/M | L\ & 1000 ]
0 100 200 300 gﬂ A
& 100 1w/\_/\¢/\/\\‘}\ B
i S 10 . . .
: 0 100 200 300
| | | | Distance (um)
[ et et it Tttt Rttt Sttt
0 100 200 300

i 40
QZ09-092-2 - YWB - May 30/17 (Exhibit 6.8.1.1)




Natural Attenuation Project
Summary Report
November, 2013

Figure 22 - (a) Backscattered electron and (b) associated synchrotron-based p-XRF

tricolor element map showing the distribution of iron (red), manganese (green) and zinc

(blue) in a colloform rim on a lithic particle in a thin section sediment sample collected

close to the No Cash Creek adit. Numbers denote points where (c) u-XRD measurements

were collected, which indicated that hydrohetaerolite (Zn.Mn4Og.H20) was the primary

nanocrystalline phase present in the manganese-zinc-rich coating.
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Figure 23 - (a) Synchrotron-based p-XRF maps of zinc, cadmium, manganese and iron
distribution in the colloform rim imaged by backscattered electrons in Figure 20 (b).
Numbers denote spots where (b) u-XRD and (c) zinc p-XANES measurements were taken.
Red dotted lines to sample p-XANES data represent the best fit listed in (d)
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While zinc and cadmium were predominantly associated with oxidized phases in the colloform
coatings, sphalerite ((Zn,Fe)S) grains were also observed occasionally (Figure 24). These
appeared to be primarily detrital based on particle morphology and the presence of weathering
rims, however, small spheres (1 — 3 ym diameter) of putatively biogenic sphalerite were also
observed in one sample collected at 8" depth (Gault et al., 2012, 2013; #38NC12). These were
associated with organic structures, perhaps suggesting the presence of micro-niches of
microbial sulphate reduction, which may offer added redundancy in zinc (and cadmium)
sequestration should reducing conditions develop deeper in the sediment column and further

downgradient into the No Cash wetland area.

Zinc and cadmium XANES analyses were also performed on the bulk sediments to evaluate the
average speciation in the sediments. Only the adit sediment had a high enough cadmium
concentration for cadmium K-edge XANES to be collected, and this was again indicative of a
cadmium sorption complex. Zinc bulk XANES were obtained from sediments collected along the
watercourse (Figure 25, Table 4). Close to the adit, the data were best fitted with zinc sorbed on
ferric oxyhydroxides and birnessite with additional hetaerolite and hydrozincite contributions.
Moving downstream zinc was still associated with ferric oxyhydroxides, while zinc-humate
complexes became more prominent components as the creek moved into the more organic rich,

boggy portion of its reach.
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Figure 24 - (a) Backscattered electron image of small (1 —3 pym diameter) electron dense particles within an apparent
organic (cellulose?) matrix found in a No Cash Creek thin section. Red numbers denote spots where (b) energy dispersive
spectra were collected, indicating the dominance of zinc and sulphur. (c) Corresponding synchrotron-based y-XRF maps of
zinc, cadmium, manganese and iron distribution and (d) zinc pg-XANES and (e) cadmium p-XANES point analyses, which
suggest the zinc and cadmium is present as sulphide phases.
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Figure 25 - (a) Zinc K-edge XANES spectra of model zinc-bearing phases used in fitting

sample spectra. (b) Zinc K-edge XANES spectra collected for bulk No Cash Creek

sediments. Black, solid lines represent sample data and red, dotted lines the best fit
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Table 4 - Best fits for bulk zinc K-edge XANES data collected for No Cash Creek bulk surficial sediment samples?

Proportion of Zn present as:

Zn Coppt Sorbed Sorbed Zn- Sorbed . . Sorbed . . Zny g-kerolite

(mg/kg) LF® OLF goethite humate birnessite Hetaerolite Chalcophanite calcite Hydrozincite Sphalerite (talc)
NC-1-0-1" 41,100 - 24 49 - 29 - - - -
NC-2-1" 3,800 - 17 26 17 - 17 - - 23
NC-4-1" 3,540 32 - 28 15 - - - 24 - -
NC-15-1" 2,020 - 38 11 42 - - - - - 7
NC-17-1" 1,760 44 - 37 - - - - 20 - - -
NC-ditch 186 11 - - 71 - - 11 - - - 6

@ The components were not forced to sum to 100% during the fitting process (typically 97 — 103%)
b “2LF” denotes 2-line ferrihydrite; “coppt” indicates “co-precipitated with”

3.2.1.3 ZINC AND CADMIUM SEQUESTRATION IN LOWER “BOG” REACH

Approximately 1,000 m downstream of the adit, NCC transitions from its steep “cascading” reach into the much flatter “bog” reach as
it travels through a peaty wetland. In the subsequent 2,500 m of the bog reach, aqueous zinc and cadmium concentrations decline
further as this portion of the watercourse acts as a polishing step to the rapid zinc and cadmium removal observed upstream. It is
hypothesized that the zinc and cadmium are removed via sorption on the peat, although co-precipitation with iron/manganese
(oxyhydr)oxides and reductive precipitation as sulphide-bearing phases are also possible. Visual and smell-based observations of

black sulphides in quiescent sediments along the saturated bog areas have also been noted throughout the No Cash wetland areas.

Column experiments using peat collected from the NCC wetland have been conducted to assess the role of peat in zinc and
cadmium attenuation (Alexco Environmental Group, 2011). Two metre columns were packed with peat from the No Cash area and
operated under (i) Column experiments using peat collected from the NCC wetland have been conducted to assess the role of peat
in zinc zinc and cadmium attenuation (Alexco Environmental Group, 2011). Two metre columns were packed with peat from the No

Cash area and operated under (i) saturated conditions, where water flowed upwards from the bottom, filling the column and was
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sampled at the top; and (ii) unsaturated conditions, where water was added to the top and
allowed to percolate through the column before collection at the base. Water from the Galkeno
900 adit was passed through the columns, which contained initial zinc and cadmium
concentrations of 5.76 and 0.0014 mg/L, respectively. Two pore volumes of water were passed
through the columns per week and 54 pore volumes were run in total. Zinc and cadmium
removal by the peat column was >99% and 94%, respectively, for both saturated and
unsaturated experiments for the entirety of the experiment. Significant manganese removal
(94%) was also observed for the unsaturated column, with minimal loss of sulphate (<2%),
suggesting that aerobic processes such as co-precipitation with manganese (oxyhydr)oxides
may have been the primary driver of zinc and cadmium removal, alongside sorption on organic
matrices. In the saturated column, manganese removal was much less pronounced (16%),
while 22% of the sulphate was removed, indicating that microbial sulphate reduction and the
associated precipitation of zinc and cadmium as sulphide phases may be a prominent

sequestration process in this column.

Similar attenuation of cadmium and zinc has been observed in twinned wells in the Valley
Tailings Facility screened above and below the peat layer that underlies the tailings. Here,
groundwater concentrations of zinc and cadmium are more than three orders of magnitude
lower beneath the peat layer than in the tailings porewater (SRK, 2009). This was recorded in
an area where tailings have been present for at least 50 years with zinc and cadmium tailings
porewater concentration orders of magnitude higher than those in the lower reach of NCC,
demonstrating the longevity of the natural metal attenuation offered by this peat layer. The
penetration depth of metal contamination into the peat layer is typically <0.5 m (Interralogic,
2012b).

3.2.1.4 MICROBIOLOGY OF NO CASH CREEK SEDIMENTS

Sediments were collected near the No Cash 500 level adit and approximately 250 m
downstream for microbiological examination. They were incubated under anoxic conditions in
the presence of a variety of organic electron donors in order to assess the importance of such
substrates to the onset of microbial sulphate reduction (Londry, 2013). Similar experiments were
also conducted at 4 and 20°C to evaluate the role of temperature. Minimal microbial sulphate

reduction was observed in both the adit and downstream sediments (Figure 26), ascribed to the
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high sedimentary metal concentrations which may hinder microbial activity. The addition of an
electron donor such as methanol or acetate enhanced the extent of sulphate reduction, while
colder temperatures delayed the onset of sulphate reduction by approximately 3 months (Figure
26d), but once established, the rates of sulphate reduction at both 4°C (1.8 mg/L/d) and 20°C
(2.2 mg/L/d) were comparable (Londry, 2013). That organic electron donor amendment was
required to initiate marked microbial sulphate reduction suggests that the sediments were
deficient in the labile organic carbon required to drive this process, however, the work did show
that a small community of sulphate-reducing bacteria was present in the NCC sediments. This
was reflected in the 16S rRNA profiling work, which indicated that 0.4 — 0.8% of the 16S rRNA
gene pyrotags were matched to the Deltaproteobacteria, known to host a wide range of
sulphate-reducing bacteria. Thiobacillus (9%) species were prominent in the adit surface
sediment, suggesting that metal oxidation is likely an important biogeochemical reaction
occurring at this site. Psychrophilic Polaromonas (9%) species were also prominent in the adit
sediment samples, and their presence is consistent with the culturing experiment results that

demonstrated sulphate reduction at 4°C.

Given the low abundance of sulphate-reducing bacteria in these sediments, it is unlikely they
play a significant role in zinc and cadmium sequestration in the aerobic, upper cascading reach
of NCC, but microbial sulphate reduction is likely an active process and an important

mechanisms of zinc and cadmium attenuation in the shallower, peaty bog portion of NCC.
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Figure 26 - Sulfide production in cultures established from the No Cash Creek (a) adit
surface sediment, (b) adit 18" depth sediment, and (c,d) sediment collected 250 m

downstream of the adit
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3.2.1.5 STABILITY TESTING OF NO CASH CREEK SEDIMENT

Although the streambed precipitates appear durable under the prevailing geochemical
conditions (Interralogic, 2012a), future potential changes in temperature, pH or redox conditions
along NCC could possibly change their stability. In this work, precipitate collected from close to
the No Cash 500 adit was subjected to a variety of environmental stresses, ranging from
changes in temperature and pH, to more aggressive (and less likely) tests such as strongly
reducing conditions. Such information will help frame the geochemical window of stability for
these precipitates, and aid future monitoring and adaptive management programs by identifying
geochemical conditions under which metal remobilization might be expected.

Sediment was collected within a few metres of the No Cash 500 adit, mixed with water collected
further downstream, and subjected to shake flask style experiments (Gault and Jamieson,

2013). The sediment-water slurry was mixed at 200 rpm on an orbital shaker at 4°C for 48 h,
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then a sample was taken to establish the baseline analyte conditions. An environmental variable
(Table 5) was then changed, the sample shaken for a further 48 h, and a final sample collected

to examine the impact of the environmental variable on the mobility of zinc and cadmium.

A temperature rise of 5°C resulted in the mobilization of some zinc and cadmium, whereas a
rise of 10°C caused a reduction in soluble zinc concentrations and had negligible impact on
cadmium (Figure 27). Such contrasting results are likely due to the competing effects of
enhanced mineral dissolution rates and lowered metal carbonate solubility with increasing
temperature. Threefold and twofold rises in zinc and cadmium concentrations, respectively,
were noted at the end of a rapid freeze thaw experiment. This was attributed to enhanced CO:
solubility during the cooling step of the experiment, which likely drove the 0.5 pH unit drop
observed and promoted partial metal carbonate dissolution and desorption of zinc and cadmium

from iron/manganese (oxyhydr)oxide surfaces.

Equilibrium pH increases of 0.5 and 1.2 pH units (from a starting point of pH ~7.2) caused
marked drops in dissolved zinc and cadmium due to precipitation as/with metal hydroxide and
carbonate phases (Figure 27). Lower pH systems were not examined directly since the NCC
watercourse is well buffered and not expected to become acidic. Experiments were conducted
that involved some removal of alkalinity (up to 56%), resulting in reductions in aqueous zinc and

cadmium levels (Figure 27).

50
QZ09-092-2 - YWB - May 30/17 (Exhibit 6.8.1.1)




Natural Attenuation Project
Summary Report
November, 2013

Table 5 - Stability test environmental variables.

TestID  Variable Description

NC-1a Temperature Increase temperature by 5° C

NC-1b Temperature Increase temperature by 10° C

NC-1c Temperature Freeze/thaw

NC-2a pH/alkalinity Titrate out 33% of alkalinity

NC-2b pH/alkalinity Titrate out 66% of alkalinity

NC-2c pH/alkalinity Raise pH by 1 standard unit

NC-2d pH/alkalinity Raise pH by 2 standard unit

NC-3a Redox Oxidation — bubble with air

NC-3b Redox Mild anoxia — lower dissolved Oz concentration by bubbling with N2
NC-3c Redox Reduction — add sodium dithionite to create reducing conditions

NC-4a Biological activity Inhibit biological activity

Bubbling with air or nitrogen, intended to simulate strongly aerobic and mildly anoxic conditions,
respectively, caused diminutions in soluble zinc and cadmium concentrations (Figure 27), likely
due to the removal of dissolved CO. which would have favoured the precipitation of metal
carbonate phases. Amendment with 50 mM sodium dithionite, designed to stimulate reducing
conditions, resulted in extensive mobilization of manganese (from <0.001 mg/L to 300 mg/L)
and cadmium (from 0.012 mg/L to 0.24 mg/L), and more moderate solubilisation of zinc (from
2.1 mg/L to 3.4 mg/L). While the establishment of manganese-reducing conditions was clear
from the dissolved manganese concentrations, the lack of soluble iron suggests that iron(lll)-

reducing conditions were not attained.

The maximum cadmium and zinc concentrations released to solution in these experiments was
relatively minor, equivalent to 0.2% and <0.05% of the sedimentary cadmium and zinc content.
The freeze-thaw experiment caused the largest release of zinc to solution, alongside a marked
rise in cadmium, however, freeze-thawing in the field occurs over longer timescales and may
not have been representatively simulated in this experiment. Observations from the field data
indicate somewhat lower-than-average metals concentrations in liquid water sampled during
winter events. Freshet waters generally have the lowest metals concentration and the late

summer water have the highest overall concentrations of metals.
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Figure 27 - Changes in selected analyte concentrations for stability experiments NC-Ctl
(no environmental changes), NC-1a (+5°C temp rise), NC-1b (+10°C temp rise), NC-1c
(freeze-thaw), NC-2a and NC-2b (alkalinity lowered), NC-2c and NC-2d (pH increased), NC-
3a (bubbling with air), NC-3b (bubbling with nitrogen), NC-3c (dithionite reduction), and
NC-4a (azide microbiocide). Blue and orange bars indicate analyte concentration after 48

h of baseline equilibration and a further 48 h after the environmental variable was
changed, respectively. Data label above orange bars indicates percentage change; for
NC-3c, additional number indicates analyte concentration, which was off-scale in this

expt. Where no data are shown, the analyte was below the limit of detection
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Most cadmium mobilization and a sizeable increase in dissolved zinc were observed when
manganese-reducing conditions were imposed on the sediment. This is in line with zinc and
cadmium XANES data which suggest that a sizeable portion of the solid phase zinc is sorbed on
manganese oxyhydroxides, while cadmium is also present as a sorption complex (Gault et al.,
2013). The limited zinc remobilization (<0.02% of the sedimentary zinc inventory) likely reflects
re-sorption of the zinc onto other mineral phases such as ferric oxyhydroxides that appear not to
have been targeted by the dithionite reagent. Thus, although a pulse of elevated zinc and
cadmium concentrations might be expected during manganese- (and iron(lll)-) reducing
conditions, re-adsorption on secondary mineral assemblages, and precipitation as authigenic
sulfide minerals under subsequent sulfate-reducing conditions would be expected to limit
dissolved zinc and cadmium concentrations. Given the low organic carbon concentrations in the
No Cash sediments (<0.5 wt. %; Interralogic, 2011b), it seems unlikely that such reducing
conditions would develop, while a pulse of reducing water emanating from the mine is also
thought implausible, making such a scenario a very extreme event. Any zinc and cadmium that
is released under reducing conditions that diffuses up the sediment column towards the surface
would also be expected to be scavenged by the manganese (and iron) oxyhydroxides that

would re-precipitate upon meeting the oxidizing surface conditions.

3.2.2 HUSKY SW
3.22.1 GEOCHEMICAL AND MINERALOGICAL CONTROLS ON ZINC AND CADMIUM
SEQUESTRATION

The majority of zinc-rich areas in the Husky SW thin sections were present as discrete particles
or bands within particles (Gault et al., 2012; Sherriff 2012, 2013). Colloform coatings on grains
were observed only occasionally, although a few of the discrete manganese-zinc-bearing
particles had a colloform appearance, perhaps suggesting they had become detached from the
particles around which they formed. Zinc and cadmium concentrations followed those of
manganese most closely (Figure 28 - Figure 30), often in particles that appeared to show
successive manganese- and iron-rich banding (e.g. Figure 28). Birnessite, goethite (FeO(OH)),
and possibly manganite (MnO(OH)) were the most common nanocrystalline phases identified by
u-XRD, while zinc y-XANES were generally best fitted with a mixture of zinc hosted in
hetaerolite and co-precipitated with calcite (CaCOs) and/or ferrihydrite (Figure 31; Gault et al.,
2013). SEM-EDX, EMP and LA-ICP-MS spot analyses showed that the manganese/zinc ratios
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in the zinc-bearing particles were much higher for samples from Husky SW compared with
NCC, in line with bulk sediment manganese/zinc ratios (Sherriff, 2012, 2013). The tentative
identification of birnessite and other manganese oxide phases in the Husky SW samples is
likely responsible for the higher manganese/zinc ratio observed for these samples, and might
suggest that zinc sorption complexes are more prevalent for the Husky SW samples. Detrital
sphalerite was also observed occasionally, but the small spherules of biogenic sphalerite were
absent from the few Husky SW thin sections examined to date. Similar to NCC, multiple
cadmium p-XANES point analyses suggested cadmium was present as a sorption complex, but
the similarity of the standard spectra precluded a more detailed examination of cadmium

speciation.

Zinc and cadmium XANES spectroscopy were also performed on bulk sediments collected from
Husky SW (Gault et al., 2013). The cadmium concentration was only high enough in the Husky
SW adit sediment for cadmium XANES analysis, which again indicated that cadmium was likely
present as a sorption complex. Relatively poor fits were obtained for the bulk zinc XANES,
suggesting a model zinc phase was missing from our standard library, however, zinc sorbed on
ferric oxyhydroxides comprised a sizeable fraction of the zinc inventory in most of the sediments
analyzed. Chalcophanite ((Zn,Fe,Mn)Mn307.3H.0O) accounted for up to a third of the zinc
speciation in the adit sediment, while moving downstream, zinc complexed with humic acid

became more prominent, perhaps reflecting more organic-rich conditions.
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Figure 28 - (a) EMP images of banded iron- and manganese-rich areas within particles in

a Husky SW thin section sample collected close to the adit. The distribution of zinc,

manganese, sulphur and iron are also mapped. The red arrow indicates where (b) the

EMP linescan was conducted, showing a close correlation between manganese and zinc

concentrations.
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Figure 29 - (a) Backscattered electron image of a zinc-bearing particle in a Husky SW thin
section sample collected close to the adit. (b) LA-ICP-MS raster line scan demonstrating

the correlation between manganese, zinc and cadmium concentrations. Lead and arsenic

concentrations also appear to follow those of iron.
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Figure 30 - Synchrotron-based p-XRF imaging of the distribution of zinc, manganese and
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iron in a particle in a Husky SW thin section sample collected close to the adit.
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Figure 31 - Synchrotron based (a) p-XRD and (b) zinc p-XANES collected for the spots

marked in Figure 30 for a Husky SW thin section sample collected close to the adit. The

solid, black lines in (b) represent the sample data and dashed, red lines the best fit based
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3.3 VEGETATION METAL ACCUMULATION

A baseline study of metal concentrations in soil and vegetation samples collected in the KHSD
was initiated in 2011, comprising two sampling seasons during the summers of 2011 and 2012
(Access, 2012, 2013). Alongside soil samples, leaves were collected from willow (Salix sp.) and
Labrador Tea (Ledum sp.). These plant species were selected due to (1) their common
occurrence across the KHSD; (2) their consumption by local wildlife that may in turn be
consumed by humans (e.g. moose); (3) their use in traditional medicine; and (4) their ability to
tolerate elevated metal concentrations in soils allowing them to grow along mine drainage
impacted watercourses. Sampling sites included the natural attenuation study areas of No Cash
Creek, Silver King and Husky SW, alongside off-claim control areas for use as background
comparators. Only one bog blueberry (Vaccinium uliginosum) and one scrub birch (Betula
glandulosa) leaf sample were collected near the NCC, Husky SW and Silver King watercourses,
and no samples were collected at control sites, so these sparse data are not discussed further

here.

3.3.1 NO CASH CREEK

Zinc concentrations in willow leaves collected along the reach of NCC (62 — 1820 mg/kg) were
two to forty-nine fold higher than the average zinc concentration in willow leaves from the
control sites (37 mg/kg). Cadmium concentrations in NCC willow leaves ranged from marginally
above (1.1 mg/kg) to thirty-four times (34 mg/kg) the control site average concentration (1
mg/kg). Values for arsenic and lead followed similar trends. By contrast, metal concentrations in
Labrador Tea leaves collected along NCC showed more limited extremes, ranging between two
(17 mg/kg zinc) and eight (0.065 mg/kg cadmium) fold higher than the average metal
concentrations of control site Labrador Tea leaves (8.9 mg/kg zinc; 0.008 mg/kg cadmium). This

reflects the ability of willow species to hyperaccumulate cadmium and accumulate zinc.

3.3.2 HUSKY SW

Similar trends were observed in samples collected along the Husky SW watercourse. Willow
leaf zinc (16 — 540 mg/kg) and cadmium (0.1 — 16 mg/kg) concentrations were up to fifteen and
sixteen fold higher than the respective control site willow leaf average levels. However, the zinc
and cadmium concentrations in Labrador Tea leaves collected in the Husky watershed were

generally comparable to the control site average concentration.
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3.3.3 SILVER KING

Zinc concentrations in willow leaves collected near the Silver King adit (59 — 210 mg/kg)
exceeded the control site willow leaf average by two to six fold, while only one Silver King willow
leaf sample (4.3 mg/kg) exceeded the cadmium control average. The highest willow leaf zinc
and cadmium concentrations were found closest to the adit, and exceeded the associated soil
metal concentrations, illustrating the (hyper)accumulator characteristics of willow species. The
metal concentrations in Labrador Tea leaf samples collected near the Silver King adit were
similar to those collected at the control sites. Willow leaves collected further downstream in
Galena Creek also showed elevated zinc and cadmium concentrations that were up to five and
seven times higher than the control sites, respectively. Willow leaves obtained from the tributary
channels to Galene Creek generally contained similar metal concentrations to the control
samples. Labrador Tea leaves exhibited background metal concentrations, regardless of their

sample location within the Galena Creek watershed.

3.4 PRELIMINARY ENGINEERING SURVEY AND CLOSURE CONCEPTUAL
MODEL

Figure 32 illustrates the closure conceptual model of the NCC natural attenuation area. This

model summarizes the key closure concepts and considerations that could be incorporated into

a designed natural attenuation treatment system. Some of the closure concepts are not

exclusive to a natural attenuation closure scenario but were included below because they would

be part of the natural-attenuation closure plan. The recommended engineering design should

include:

1. Adit reclamation activities to effectively minimize mass load and control flow including:
a. refurbishing the adit portal and discharge area to achieve safety goals. The
refurbishment requirements for a natural attenuation scenario would include

integration of a suitable flow capture structure (item “c” below).
b. establish a flat discharge area near the adit to encourage local mineral
precipitation reactions and to allow removal of precipitated solids

c. design of an effective adit-flow capture and conveyance structure
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d. regrading of the waste rock dump and removing waste rock from the NCC
channel to eliminate the waste rock as a potential direct source of additional
metals mass.

Road crossing refurbishment to minimize ice-damming, scour, and road damage.
Maintaining a consistent flow through potential bottlenecks will limit surges to the
downstream natural attenuation areas.

No Cash Ditch refurbishment:

a. Channel stabilization

b. Reclamation of the catchment area to minimize metals loading to the ditch (and
therefore to NCC)

Additional settling pond installation to capture particulate metals mass and minimize
metals loading to the lower NCC. This could be a location for long term
maintenance/sediment removal if desired or shown to be necessary by monitoring.
Long-term monitoring of the system at key locations along the flow path:

a. Source term flow and chemistry at the adit

b. Surface water chemistry along NCC at selected locations

c. Groundwater chemistry in monitoring wells

d. Vegetation (health and metals uptake)

Adaptive management to learn and react to the system as it is implemented and to
potential changes in the future. Potential adaptive management activities include:

a. Additional or reduced monitoring type and frequency

b. Design adaptations to increase performance of engineered facilities such as
settling ponds, conveyance structures, and water spreading areas. These would
be considered on a case-by-case basis to considering cost-benefit and potential
effects of additional disturbance due to access and construction.

c. Short- or long-term active treatment with mobile units in response to upsets or
long-term changes in the source term

d. Alternative short or long-term passive treatment system (e.g. bioreactors)
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Figure 32 - Natural Attenuation Closure Concepts for No Cash Creek
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4 SUMMARY OF FINDINGS

4.1 NATURAL ATTENUATION PROCESSES

The primary hydrologic and (bio)geochemical processes responsible for metals attenuation are
summarized in the following two sections. As the most intensively studied system, most
attention is focused on NCC, however, the hydrological and (bio)geochemical processes that
aid the natural attenuation of zinc and cadmium are similar at NCC and Husky SW. Since the
adit water discharging from Silver King is already treated by a conventional lime water treatment
plant, the processes responsible further attenuation of zinc and cadmium observed downstream

are harder to discern, but are expected to be broadly similar.

4.1.1 HYDROLOGIC

Figure 33 illustrates the hydrologic mechanisms model of the NCC natural attenuation area.
This model summarizes the key surface and groundwater processes related to metals
attenuation and corresponding closure issues. These issues are described below and

correspond to numbered points on the profile in Figure 33.
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Adit Reach (surface water)/Upper Hydrologic Area (groundwater) - Water
discharging from the adit spreads out on the waste rock bench and iron and manganese
precipitates are formed as mats and sediment. The water cascades down the sides of
the waste rock slopes and joins the NCC. Groundwater recharge occurs on Galena Hill,
including from NCC where permafrost is not present. Minor increases in flow from the
adit occur during freshet resulting in a slightly larger wet area on the waste rock bench.
Winter conditions result in no surface flow from the adit portal, however, small flows
were observed emanating from the waste rock lower on the slope.

Cascading Reach (surface water)/Upper Hydrologic Area (groundwater) -
Cascading water results in highly aerated water and oxidized conditions, even during the
winter months. Freshet flows are significantly higher yet still confined to the well-defined
creek channel. Hydrologic conditions are very well suited to precipitation of metal
oxyhydroxides. Depth to groundwater is generally shallower in the valley than on
hillsides and mine workings.

Transition and Bog Reaches (surface water)/Middle-Lower Hydrologic Area
(groundwater) - Braided and intermittent stream patterns dominate in these reaches
Permafrost is ubiquitous in the bog reach. The resulting low-permeability permafrost
horizon separates the shallow active zone and surface water flow from the deeper
aquifer in the glacial sediments below. Freshet melt conditions result in the bog area
becoming completely saturated and with larger areas of standing water in the lowlands.
Winter conditions result in ice damming and complete blockage of the NCC channel in
some areas, with flow being forced into shallow sediments beneath the ice. Bedrock
groundwater discharges into the valley fill glacial sediments and generally flows toward
the South McQuesten River.

The surface expression of the Terminal Pond Area - The NCC ends at the terminal
pond, where the NCC water evaporates and infiltrates. Groundwater in this area is
assumed to flow in a northerly direction toward the South McQuesten River.
Groundwater monitoring wells completed in the terminal pond area show no chemical
impacts from NCC infiltration; metals concentrations are low in the NCC terminal pond
and groundwater is good quality.

Terminal Pond to South McQuesten River - Hummocky/thermokarst terrain between

the terminal pond and the South McQuesten River has no developed surface drainage

QZ09-092-2 - YWB - May 30/17 (Exhibit 6.8.1.1)



Natural Attenuation Project
Summary Report
November, 2013

pattern and limited, if any significant runoff. The area is characterized by thick forest and
well drained soils where infiltration of snowmelt recharges the glacial sediments below.
The South McQuesten River serves as the discharge area for the basin for both

groundwater and surface water.

4.1.2 (BIO)GEOCHEMICAL
The key geochemical mechanisms responsible for metals attenuation and relationship to
potential closure issues are described below and correspond generally to numbered points on

the profile in Figure 33.

1. Iron, manganese and zinc (oxyhydr)oxide minerals, notably ferrihydrite, birnessite and
(hydro)hetaerolite, precipitate out of adit discharge water quickly resulting in significant
dark orange/black sediment near the adit portal. These mineral reactions occur
regardless of hydrologic or seasonal variability. Zinc is present as authigenic zinc-
bearing mineral phases ((hydro)hetaerolite, hydrozincite), or co-precipitated/sorbed on
iron and manganese oxyhydroxides. Cadmium is almost exclusively present as a
sorption complex and although the sorbent could not be directly elucidated, the strong
correlation between cadmium and zinc in the sediments suggests they have similar
mineralogical hosts (likely iron and manganese oxyhydroxides). Surficial sediments, as
well as buried sediments are of similar mineralogy and environmental stress testing of
these sediments has indicated that elevated temperatures, pH and lowered alkalinity do
not significantly impact the precipitate stability. A switch to reducing conditions in the
stability testing did result in marked zinc and cadmium release to solution, however, the
low organic carbon content of sediment in the adit reach/upper hydrologic area
effectively restricts the development of such conditions within the sediment column.
Furthermore, microbiological testing of these sediments indicated they had limited
populations of metal- and sulphate-reducing bacteria.

2. Zinc and other metals continue to come out of solution along the cascading reach of the
stream as oxyhydroxide phases. Geochemical mechanisms continue during hydrologic
or seasonal variability. Suspended metals transport (as sediment and precipitated

solids) occurs due to the high energy of NCC in this reach.
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Figure 33 - No Cash Creek Hydrologic Profile
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3. Similar geochemical reactions occur in the bog reach as in the upper, higher-energy
reaches. However, the transition to a higher organic carbon content in stream sediment
and surrounding soil horizons results in increased microbial activity and provides
additional potential metals attenuation through sulphate reduction and metal-sulphide
precipitation (e.g. sphalerite). Small (1 — 3 ym diameter) sphalerite granules have been
identified in association with organic material in sediment thin sections and also in the
peat itself. The increase in organic material (peat, wood, grasses, etc) also serve as
important potential nucleation sites and micro-environments for supporting manganese
and iron mineral precipitation reactions. Column experiments indicated that the NCC
peat material is a highly effective sorbent, both in saturated and unsaturated conditions.
It removed 99% of zinc and 94% of cadmium from 54 pore volumes of water pumped
through peat-filled columns. As such, the peat bog may be viewed as a polishing step to
the initial massive metals removal further upstream, adding redundancy to the natural
attenuation process. Seasonal and hydrologic variability do not adversely affect the
metals attenuation in this reach. Carbon accumulation in the bog is robust and
consistent with observations from other comparable bogs, with carbon generation being
more than sufficient for sustainable attenuation of all zinc generated from the No Cash
Adit.

4. The terminal pond area shows very limited accumulation of metal precipitates as
sediment. Total soluble zinc concentrations decline to a relatively constant low at about
0.1 mg/L approximately 1 km upstream of the terminal pond.

5. Elevated concentrations of total or dissolved metals are not observed in the monitoring

wells adjacent to the terminal pond.
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EXECUTIVE SUMMARY

This report meets the requirements for deliverables as specified in the workplans for tasks ERDC 009-7 and
ERDC 009-8 through the provision of the hydrometric monitoring results from the 2016 field season. In
accordance with the work plans eight hydrometric monitoring stations were maintained through semi-annual
visits including winterizing and surveys. Monthly monitoring was carried out by Alexco Environmental Group
Inc. (AEG) Whitehorse personnel with assistance from Na-Cho Nyak Dun First Nation.
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1 INTRODUCTION

This report presents the surface water discharge data collected in the Keno Hill Silver District (KHSD) during
2016 as part of a site wide hydrometric and water quality program. Table 1 lists the discharge site names and
their descriptions as well as the monitoring type and sampling schedule. Most sites require discharge to be
measured whenever possible during monthly water quality sampling events, though conditions may
occassionally not permit discharge measurements during the ice covered season.

There are eight hydrometric monitoring stations with stilling wells and staff gauges. Formerly there were ten
sations, but two stations, KV-62 and KV-47, were not providing reliable data due to unfavourable stream
conditions and were decommissioned in 2016. At the eight operational stations, automated water level
recorders are deployed in stilling wells to provide a continuous water level record during the ice-free season
with interpolated winter data. Alexco Environmental Group Inc. (AEG) personnel from Whitehorse conducted
sampling of these sites, with assistance from Nacho Nyak Dun First Nation (NNDFN) environmental monitors.
Historic data are included in this report for completeness.

The following is a brief overview of the field program followed by results sections describing the continuously
monitored hydrometric stations in more detail. There are four appendices to present that data including:
Appendix A, 2016 discrete measurements; Appendix B, Historic discrete measurements; Appendix C,
Hydrographs; and Appendix D, Photographs. Figure 1 provides an overview of the hydrometric sampling
network.
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Table 1 - Surface water sites sampling schedule and type.

Site

KV-6
KVv-7
Kv-8
KV-9
KV-9A
Kv-12
Kv-17
KVv-18
KV-19
KV-20
Kv-21
KVv-33
KV-35
Kv-37
KVv-38
Kv-41
Kv-47
KVv-49
KV-50
KV-51
KV-52
KV-53

KV-55

KV-56

KV-60
KV-61
KV-62
KV-64
KV-65
KV-66
KVv-72
WILC
FIEC

Description

Christal Creek at Silver Trail Highway
Christal Creek at Hanson Road
Christal Creek at mouth
Flat Creek upstream of South McQuesten River
Flat Creek between Valley Tailings & KV-9
Valley Tailings Pond #3 Decant
Husky Southwest Adit
Bermingham Adit
Ruby Adit
No Cash 500 Adit
No Cash Creek at Silver Trail Highway
Keno 700 Adit
Sadie Ladue Adit
Lightning Creek upstream of Hope Gulch
Lightning Creek upstream of Thunder Gulch
Lightning Creek upstream of bridge at Keno City

Porcupine Diversion Ditch downstream of Upper Flat Creek

Hinton Creek upstream of Christal Creek
Christal Creek upstream of Hinton Creek

Christal Creek downstream of Hinton Creek

Natural Spring to Christal Lake at Old Mackeno Pump house

UN Adit

Sandy Creek at Silver Trail Highway

Star Creek at Silver Trail Highway

Galena Creek upstream of Silver King Adit
Porcupine Gulch at Calumet Road Crossing
Brefault Creek upstream of Porcupine diversion ditch
Flat Creek at Silver Trail Highway
Thunder Gulch upstream of Bellekeno 625
Klondike Keno Adit
South McQuesten River at McQuesten Lake
Williams Creek downstream of Duncan Creek Road

Field Creek upstream of Duncan Creek Road

Sampling
Schedule
monthly
monthly
monthly
monthly
monthly
monthly
monthly
monthly
monthly
monthly
monthly
monthly
monthly
monthly
quarterly
monthly
quarterly
monthly
monthly
monthly
monthly

quarterly

quartrly +
winter months

quarterly +
winter months

monthly
monthly
quarterly
monthly
monthly
quarterly
monthly
monthly
monthly

Continuous
(Y/N)
Y

2 2 2 < 2 2 2 < z2 22 < 22222/ 2 < 2 <

2 2 2 2 2 < 2 2 < 2
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2 METHODS

2.1 DATA COLLECTION OVERVIEW

Discharge measurements and staff gauge observations, if applicable, are taken during scheduled visits to the
stations identified in Table 1. The velocity-area method is used for discharge measurements and taken with an
electromagnetic current meter where and when suitable. Salt slug dilution gauging is used where a current
meter is not suitable. These data are used to develop rating curves for computation of continuous water level
data into derived continuous discharge records for the open water season. Discrete measurements during the
winter allow the estimation of continuous winter low flows by drawing a recession curve through the
observations. Continuous water levels are recorded at thirty minute or one hour intervals using Solinst
Levelogger water level recorders in conjunction with Solinst Barologgers.

A typical hydrometric station installation consists of a cribbing structure (wood or metal) at least one
graduated staff gauge, a stilling well (ABS or PVC), a pressure transducer (Solinst Levelogger), and bench marks
(large spikes in tree bases or 6+ foot angle iron driven into the ground). Solinst Barologgers are used to
compensate the Leveloggers and are shared between multiple stations. An example installation is shown in
Figure 2.

Since 2012, all continuous hydrometric data have been processed using Aquatic Informatics’ Aquarius time-
series software; previous time-series and rating curve development was done in Microsoft Excel and, prior to
2011, by Clearwater Consultants Ltd.

More detailed methodology can be found in the AEG’s Standard Operating Protocol - Surface Water Hydrology
- Data Collection and Management.

2016-17-009-7&8_01 KHSD STREAM DisCHARGE MONITORING 2016_RevO_31JAN16 4



KENO HiLL SILVER DISTRICT STREAM DISCHARGE MONITORING

AND AUTOMATED STREAM DISCHARGE MIONITORING 2016 REPORT
Elsa Reclamation and Development Company Ltd.
JANUARY 2017

Figure 2 — KV-64 hydrometric monitoring station, installed in September 2015, below the Silver Trail
Highway

2.2 FIELD ACTIVITIES SUMMARY

AEG and NNDFN monitors conducted monthly site visits in 2016. Data are recorded manually in field books
and transcribed into Excel templates for discharge calculation. AEG Whitehorse personnel provide data
management and QA/QC for all data collected.

Hydrometric stations were de-winterized in May 2016 and winterized in September 2016. Continuous data are
provided to late September 2016 as loggers are not routinely downloaded in winter due to weather conditions
and complications with electronic equipment. The hydrometric stations are also surveyed during the two bi-
annual maintenance trips. All stations remain in good condition. Data loggers were removed from stations KV-
47 and KV-62 and these stations are now monitored quarterly during routine water quality data collection.

There was a greater emphasis in 2016 on gathering discharge from some historic adits which have few
measurements and on gathering winter low flow discharge measurements on Sandy and Star creeks to better
understand winter baseflow and groundwater. However, it became apparent that these sites lack
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measurements because they go dry or flows are so low measurement is not possible (i.e. less than 1-2 L/s).
Visits to all sites in 2016 are recorded in Appendix A.
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3 RESULTS

3.1 DISCRETE MEASUREMENTS

Appendix A lists discrete discharge measurements taken in 2016 for all sites listed in Table 1. Appendix B
includes all discrete discharge observations to date at those same sites. Site visits in 2016 where no
measurement was taken have also been included in Appendix B when relevant comments on hydrological
conditions are included. Climatic conditions in the region present an exceptional challenge to gathering
discharge measurements year around which can result in no observations during winter months.

3.2 HYDROMETRIC STATIONS AND CONTINUOUS MONITORING

There were eight hydrometric stations active during the 2016 monitoring season including: KV-6, KV-7, KV-9,
KV-21, KV-41, KV-51, KV-60, and KV-64. KV-51 and KV-64 have fewer rating measurements than other longer
term sites and therefore there is greater uncertainty in the rating curves and derived discharge records at these
sites.

All stations remain stable and did not require maintenance beyond surveys and stilling well de-silting. KV-21
requires removal of built up sediment on a monthly basis to ensure the weir pond does not fill up. KV-60, Galena
Creek above Silver King, was relocated in 2014 and though the gradient of the stream lends some uncertainty
to the rating curve it continues to provide a continuous derived discharge record. KV-7 and and KV-41 are both
older stations with wooden cribbing structures. These stations should be replaced with metal cribbing and new
stilling wells and staff gauges in the next 2-3 years to bring them up to the standard of quality of the other
stations and ensure continued stability.

All hydrometric stations now yield year round continuous data; although the winter is estimated based on
monthly discrete measurements. In 2016 continuous discharge data are available for all eight hydrometric
stations.

3.2.1 KV-6 CHRISTAL CREEK ABOVE SILVER TRAIL HIGHWAY

The hydrometric station on Christal Creek at KV-6 is above the Silver Trail highway and several hundred metres
downstream of Christal Lake. The catchment area is ~6.1 km2 with a median elevation of ~1002 metres above
sea level (masl). Instantaneous discharge measurements have been collected since June 2008 on a monthly
basis where possible.

A Solinst water level recorder was deployed at KV-6 in a stilling well on July 20t 2011 and retrieved on October
23rd 2011. There was one discharge measurement taken during the continuous water level record but no staff
gauge was installed.

The 2012 Solinst Levelogger record begins May 1st and extends till mid-October. Ice begins to affect the
pressure readings on October 10t making water levels and derived discharge following that unreliable (Figure
C1, Appendix C). A staff gauge was installed along with the Levelogger on May 1st with a corresponding
BaroLogger (barometric pressure data logger). After mid-July the record becomes unreliable due to a ponding
effect (Figure C1, Appendix C).
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In 2013, the KV-6 station was moved upstream due to the ponding encountered from the road culvert in 2012,
but due to infrequent measurements a continuous record could not be produced. Furthermore, the station was
moved again in September 2013 to a more stable reach with a better control section more favourable to
measuring flow. The current location remains relatively stable and free of backwater effects.

Reliable stage records began at the new location in late May 2014 (Figure C2, Appendix C) and a derived
discharge record has been produced continuously since that time. Winter records are approximated by
drawing a line through discrete measurements as appropriate or manipulation of the record relative to the
discrete measurements, taking into consideration higer winter measurement uncertainty. The peak annual
discharge in 2015 at KV-6 was 0.353 m3/s on May 11th, 2015 (Figure C3, Appendix C). Figure C4 (Appendix C)
shows the 2016 hydrograph including the peak, 0.280 m3/s, on April 27th, 2016.

Table 2 shows instantaneous discharge measurements taken since 2008 at KV-6, while Table 3 shows all

monthly means where continuous data are available. Discrete measurements are included in Appendix A
(2016) and Appendix B (all years).

Table 2 - Instantaneous discharge measurements at KV-6, Christal Creek below Christal Lake (m3/s)

Month

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2008 0.064 | 0.130 ' 0.119 | 0.080 ' 0.161

2009 0.124 | 0.101 | 0.114 | 0.103 ' 0.033

2010 0.071 0.094 | 0.061 | 0.141 | 0.094

2011 0.136 | 0.080 ' 0.091 0.127 | 0.088 | 0.075 | 0.107
2012 0.077 0.062 | 0.126 | 0.089 | 0.095 | 0.091 | 0.089 | 0.076

2013 0.123 1 0.082 | 0.079 ' 0.091 ' 0.093 | 0.080

2014 0.050 0.052 | 0.143 | 0.059 ' 0.100 @ 0.063 | 0.110  0.102 0.080

2015 0.104 0.07 | 0.056 0.324 | 0.106 | 0.100 K 0.125  0.137 H 0.092 | 0.147  0.142

2016 0.130 | 0.067 | 0.086 | 0.071 | 0.170 | 0.104 0.098 ' 0.180 ' 0.122 0.094 @0.087
Mean 0.058 | 0.077 | 0.060 | 0.057 | 0.160 | 0.092 H 0.099 ' 0.093  0.110 0.092 @ 0.096 | 0.068
95%

Confidence @ 0.025 A 0.010 0.020 | 0.008 | 0.069 | 0.017 A 0.009 | 0.027 0.014 @ 0.021 | 0.026 | 0.034
limit

Table 3 — Mean Monthly Discharge at KV-6, Christal Creek below Christal Lake, for months where
continuous data are available (m3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2012 0.123 | 0.089 | 0.102
2013
2014 0.063 | 0.096 | 0.073 | 0.117 | 0.115 | 0.107 | 0.081 | 0.077

2015 0.092 ' 0.078 | 0.066 0.084 @ 0.185  0.110  0.119 @ 0.123 0.128 | 0.116 A 0.115 O0.107
2016 0.101 @ 0.09 | 0.072 0.115  0.127  0.110 | 0.136 @ 0.154 @ 0.127
Mean 0.097 ' 0.084 | 0.069 0.100 @ 0.125  0.101  0.108 A 0.131 0.123 | 0.112  0.098 @ 0.092
95%
Confidence @ 0.009  0.012 | 0.006 | 0.030 0.049 0.010  0.026 A 0.022 0.008 | 0.009 | 0.033 @ 0.029
limit
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3.2.2 KV-7 CHRISTAL CREEK AT HANSON-MCQUESTEN LAKES ROAD BRIDGE

Christal Creek at KV-7 drains an area of ~35.8 km? with a median elevation of ~970 masl and includes KV-6,
KV-51 and Christal Lake. There are a number of old workings within the watershed including Galkeno 300,
Galkeno 900, Brewis Red Lake, Lucky Queen, Klondike Keno and, at least partially, Onek 400. Additionally, the
Alexco District Mill, the Silver Trail Highway and parts of Keno City including the Keno City dump are at least
partially within the watershed. It includes both a major east facing slope of Galena hill and west facing aspects
of Sourdough hill.

Clearwater Consultants Ltd. (CCL) processed and summarized the data for 2004 - 2009 (CCL 2008; 2010). Data
for 2010 and 2011 were processed by AEG following the same methodology as CCL. AEG has utilized Aquarius
time series software since 2012 to manage the hydrometric data at KV-7. Mean monthly discharge is shown
since 2003 at KV-7 in Table 4. Figure C55 to Figure C1011 (Appendix C) show the hydrographs for 2010, 2011,
2012, 2013, 2014, 2015, and 2016, respectively. Discrete measurements are included in Appendix A (2016)
and Appendix B (all years).

The 2016 hydrograph shows a substantial peak in late April associated with freshet as well as a several peaks
throughout the summer and fall associated with storm events. The peak annual discharge was 2.026 m3/s
captured on July 26, 2016 as a result of summer rain storms (Figure C10, Appendix C). KV-6 did not show the
same peak, which is assumed to be as a result of the dampening effect of the lake.

Table 4 — Mean Monthly Discharge at KV-7, Christal Creek at Hanson-McQuesten Road Bridge (m3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2003 0.42 @ 0.51
2004 0.15 ' 0.166 @ 1.153  0.314 | 0.119 | 0.112 H 0.163 A 0.135  0.103 | 0.101
2005 0.122 | 0.112 | 0.391 1.54 | 0.264 | 0.294 | 0.398 A 0.335 | 0.259 0.189 H 0.150
2006 0.166 | 0.138 | 0.117 | 0.124 | 1.089 | 0.519 | 0.397 | 0.278 | 0.415 | 0.368 | 0.203 | 0.142
2007 0.151 | 0.12 0.757 | 0.327 @ 0.54 | 0.218 0.335 | 0.154
2008 0.43 | 0.333  0.352 0.134
2009 0.079 | 0.068  0.048  0.074  1.123 | 0.338 | 0.102 ' 0.183 ' 0.368
2010 0.309 | 0.24 ' 0359  0.23 | 0.232 | 0.186
2011 1.26 | 0.142 | 0.503 | 0.419 0.268 A 0.173 0.126
2012 0.730 | 0.258 | 0.400 | 0.217 | 0.267
2013 0.285 | 0.126 | 0.08 | 0.332 | 0.227  0.140 H 0.110

2014 0.097 ' 0.103 | 0.086 @ 0.077 @ 0.740  0.430  0.195  0.573  0.351 | 0.220 H 0.176 @ 0.140
2015 0.089 ' 0.072 | 0.059 0.165  1.091  0.192 0.368 0.517 0.614 | 0.271 0.165 0.137
2016 0.125 | 0.125 | 0.081 @ 0.268 A 0.580 ' 0.266 | 0.560 @ 0.692 @ 0.541
Mean 0.117  0.099 | 0.093 0.181  0.943  0.298  0.330  0.341 0.362 | 0.231  0.157 0.131
95%

Confidence = 0.025 ' 0.018 | 0.026 | 0.084 @ 0.207 @ 0.057 ' 0.093 0.095 | 0.065 | 0.045 0.027 @ 0.013
limit

Note: Grey numbers are discrete discharge measurements (included in means Oct-Apr).
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3.2.3 KV-9 FLAT CREEK NEAR THE MOUTH

The Flat Creek headwaters originate on the Northwest face of Galena Hill above the former Elsa town site. Flat
Creek at KV-9 also includes Thompson, Galena, Porcupine and Brefault Creeks. Flowing adits and shafts within
the Flat creek watershed include, but are not limited to, Silver King and Husky Southwest. The former Elsa town
site and the Valley Tailings Facility are also situated within the Flat Creek watershed making it one of the more
heavily anthropogenically modified watersheds in the district. The total drainage area of Flat Creek is
~56.5 km? with a median elevation of ~830 masl. Station KV-9 is located just above the confluence of Flat Creek
with the South McQuesten River approximately 10 km east of Elsa. In recent years, Flat Creek at KV-9 has
remained open all winter allowing for accurate low flow measurements with a velocity meter and applicable
stage observations. This is an extremely valuable site because of this feature.

Mean monthly discharge values from derived continuous discharge records for KV-9 are presented in Table 5
with some spot flows included as estimates where noted. Figure C122 to Figure C178 (Appendix C) show the
discharge time series for 2010, 2011, 2012, 2013, 2014, 2015, and 2016, respectively. The 2016 hydrograph
captured the freshet flow with a maximum observed flow of 2.370 m3/s on May 4t, 2016 (Figure C168,
Appendix C). Discrete measurements are included in Appendix A (2016) and Appendix B (all years).

Table 5 — Mean Monthly Discharge at KV-9, Flat Creek near the Mouth (m3/s)

Month

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2004 0.116 | 0.099 @ 0.11 @ 0.046 @ 0.034
2005 0.03 | 0.028 | 0.126 A 0.273 2.077 | 1.017 0.282  0.34 @ 0.33 0.28

2008 0.545 0.375 | 0.448 | 0.129 @ 0.09
2009 0.053 | 0.029 A 0.02 | 0.01 @ 2.155| 0.51 | 0.088  0.092 0.364

2010 0.133 | 0.171 ' 0.086 | 0.118 @ 0.099

2011 1.97 0.349 0.927 0.756  0.364 | 0.299

2012 1.574  0.430 0.208 | 0.361 @ 0.276

2013 2.825 | 0.636 | 0.159 | 0.084 0.102

2014 1.856 H 0.520 | 0.204  0.786 ' 0.535 | 0.559 | 0.06 | 0.015

2015 0.009 | 0.007 | 0.01 | 0.102 | 1.927 | 0.178 | 0.31 @ 0.511 0.873  0.423 @ 0.131 | 0.057
2016 0.021 | 0.009 | 0.001 | 0.538 | 1.011 | 0.202 @ 0.402 0.758

Mean 0.028 | 0.018 | 0.039 | 0.187 | 1.924 | 0.442 | 0.318 0.389 ' 0.352  0.312 @ 0.092 | 0.049
95%
Confidence = 0.018 A 0.012 0.057 | 0.196 | 0.356 | 0.180 ' 0.184 0.172 | 0.144 0.111 | 0.044 | 0.032
limit

Note: Grey numbers are discrete discharge measurements (included in means Oct-Apr).

3.2.4 KV-21 No CAsH CREEK AT THE SILVER TRAIL HIGHWAY

No Cash Creek flows just northeast of Elsa and has a catchment area of ~1.4 km? at the Silver Trail Highway
(KV-21). The median elevation is ~1212 masl and includes the No Cash 500 adit (KV-20), which is free draining.
Calumet Drive (Galkeno 300 Road) bisects the catchment and two culverts convey water at different locations.
The physical area of the catchment is a product of the road cut and associated culverts. It is possible that freshet
flows may be reduced as a result of water bypassing frozen culverts and being directed into Porcupine Creek.
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However, direct observations during this period are absent, but frozen culverts during freshet have been
observed at other sites in and around Elsa (e.g. Porcupine diversion along Calumet Drive). Table 6 shows the
discrete measurements gathered to date at KV-21.

Previous attempts at continuous gauging at KV-21 have not been successful due to heavy icing and a steep
dynamic channel near the Silver Trail Highway. High water velocities, ice and machinery have all contributed
to damage to the stilling wells and general channel instability. In September 2013, AEG and AKHM personnel
installed a new station approximately 150 m below the Silver Trail Highway where the channel has a lower
gradient. An artificial control was installed to create a step pool and provide a convenient place to measure
water level. However, flows were so low in 2014 that stage changes were insufficient to establish a reliable
rating curve. In June of 2015, AEG Whitehorse personnel installed a V-notch weir to garner reliable continuous
data (Figure 3). The weir has provided a high confidence rating curve and continuous discharge has been
successfully derived since installation. The highest discharge measured with the logger was 0.081 m3/s on
August 11th as the weir was not installed until after freshet. Figure C19 (Appendix C) shows the 2015
hydrograph but the freshet peak was not captured; however, a discrete measurement of 0.244 m3/s was
measured on May 14t, 2016 during freshet. Freshet was not as large in 2016 but peaked at 0.164 m3/s on May
2nd, 2016 (Figure C20, Appendix C). Discrete measurements are also included in Appendix A (2016) and
Appendix B (all years).

Table 6 — Discrete Discharge measurements at KV-21, No Cash Creek at the Silver Trail Highway (m?3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2007 0.015
2008 0.007
2009 0.003 0.006
2010 0.010 ' 0.008 | 0.007 0.008
2011 0.020 0.005 ' 0.011
2012 0.002 0.012
2013 0.016 | 0.017 @ 0.004
2014 0.058 | 0.005 | 0.005 ' 0.011 ' 0.026 | 0.013 | 0.007
2015 0.003 0.002 ' 0.244 0.011 0.035 | 0.017 | 0.002 | 0.010

2016 0.005  0.004 | 0.006 | 0.003  0.049 0.016 | 0.022  0.045 0.025 | 0.010  0.006 @ 0.006
Mean 0.004 0.003 | 0.006 | 0.002 0.076 0.010 | 0.010 0.019 @ 0.026 | 0.012 ' 0.005 ' 0.008
95%

Confidence | 0.002 ' 0.002 N/A 0.001 A 0.084 | 0.005 ' 0.005  0.018 | 0.008 @ 0.004 @ 0.002 | 0.004
limit
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Figure 3 — Weir at KV-21, June 2015

Table 7 — Mean Monthly Discharge at KV-21, No Cash Creek at the Silver Trail Highway (m3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2015 0.010 | 0.017 ' 0.020 @ 0.027 | 0.016 A 0.004 @ 0.008

2016 0.005 | 0.004 A 0.005 0.01 | 0.044 0.017 0.019 | 0.019 & 0.019
Mean 0.005 | 0.004 @ 0.005 0.010 | 0.044 0.014 0.018 | 0.020 A 0.023 0.016 | 0.004 @ 0.008

3.2.5 KV-41 LIGHTNING CREEK AT KENO CITY BRIDGE

Lightning Creek at KV-41 has a catchment area of ~59 km? and a median catchment elevation of approximately
~1400 masl. Lightning Creek originates east of Keno City and drains the southern aspect of Keno Hill and the
northern aspect of Mount Hinton. Lightning Creek flows to the south of Galena Hill into Duncan Creek. Within
the Lightening Creek watershed are multiple adits including Keno 200 and 700, multiple old surface workings,
Bellekeno workings and active placer mining on Thunder Gulch.
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Hydrometric station KV-41 is located above the Keno City Bridge, and downstream of the Bellekeno Mine and
local placer mining activity. Figure C2121 through Figure C256 (Appendix C) show the discharge time series
for 2010, 2011, 2012, 2014, 2015, and 2016, respectively. Due to a logger failure in 2013 no continuous
discharge was available.

Figure C256 (Appendix C) shows the 2016 hydrograph at KV-41 which includes the peak annual discharge
6.334 m3/s captured June 7%, 2016. As with previous years the peak occurred later on Lightening Creek,
presumably due to a lag in snowmelt associated with the higher median elevation of the Lightening Creek
Catchment.

Table 8 presents mean monthly data gathered since continuous data collection began and includes discrete
discharge measurements in grey in lieu of monthly means where data are unavailable. Discrete measurements
are included in Appendix A (2016) and Appendix B (all years).

Table 8 — Mean Monthly Discharge at KV-41, Lightening Creek above Keno City Bridge (m3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2004 0.433 ' 0.315 | 0.24 | 0.153 | 0.125
2005 0.098 A 0.067 0.056 | 0.13 H 1.802 1.418 0.989  1.111 | 0.958 0.637  0.452 0.299
2006 0.219 1 0.192 0.194 | 0.272  0.793 A 1.994 ' 1.326 H 0.921 | 1.083 @ 0.889 @ 0.554 @ 0.447

2007 1.231 1 1.926 @ 1.193

2008 1.136 = 0.77 1.03

2009 0.11 | 0.128 | 0.069 | 1.595 | 1.628

2010 1.172 | 1.383 | 1.007 0.76 | 0.57 | 0.457

2011 1.206 | 1.826 @ 1.542 ' 0.926 0.268
2012 2.096 @ 1.404 0.707 @ 0.869

2013

2014 1.746 | 0.703 A 1.264  0.851  0.614 0.336  0.212

2015 0.198 | 0.198 | 0.197 | 0.195 | 2.487 | 1.178 | 1.035 | 1.377 | 1.544 | 0.735 | 0.388 | 0.217
2016 0.201 | 0.211 | 0.21 | 0.217 | 1.27 | 1.862 | 0.924 | 1.246 | 0.785
Mean 0.183 | 0.142 | 0.142 | 0.167 | 1.513 | 1.619 | 1.185 | 1.028 | 0.876 | 0.659 | 0.384 | 0.249
95%
Confidence = 0.044 | 0.039 | 0.044 0.069 | 0.356 @ 0.192 # 0.211  0.220 0.181 | 0.152 ' 0.108 | 0.077
limit

Note: Grey numbers are discrete discharge measurements (Included in means Oct-Apr).

3.2.6 KV-51 CHRISTAL CREEK DOWNSTREAM OF HINTON CREEK

In 2015, a new hydrometric station was commissioned above Christal Lake to better quantify the water balance
of Christal Lake. Provisional data were provided in 2015 and the rating curve was updated for 2016. The 2015
hydrograph begins in early June when the station was established and shows similar event peaks to lower
Christal Creek sites, but unfortunately did not capture freshet. However, a discrete measurement of 0.116 m3/s
was taken May 12t during the freshet period (Figure C27, Appendix C). As at KV-7 freshet did not produce the
peak annual flow at KV-51; peak discharge occurred on July 25, 2016 at 0.136 m3/s (Figure C28, Appendix C).
Table 9 summarizes the continuous data collected to date as mean monthly discharge while discrete
measurements are included in Appendix A (2016) and B (historic).
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Table 9 — Mean Monthly Discharge at KV-51, Christal Creek downstream of Hinton Creek (m3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2015 0.024 | 0.029 H 0.034  0.045  0.038  0.035  0.034

2016 0.033 | 0.031 A 0.031 0.036 | 0.053  0.043 0.052 | 0.067 @ 0.053
Mean 0.033 | 0.031 A 0.031 0.036 | 0.053  0.034 0.041  0.051 0.049 0.038 | 0.035  0.034

3.2.7 KV-60 GALENA CREEK ABOVE SILVER KING ADIT

Galena Creek is southwest of Elsa and the upper reaches of the watershed boarder those of Flat Creek with
northwest aspect. KV-60 is located below the Silver Trail Highway and adjacent to the Silver King 100 Adit.
Treatment water from Silver King does not influence KV-60. The catchment at KV-60 is ~9.4 km? with a median
elevation of ~997 masl. The channel is deeply incised and flows through a rocky canyon just above the Silver
Trail Highway and is characterized by large boulders and step pools, not dissimilar to Flat Creek. The historic
Silver King 75 adit is located in the canyon above the highway.

Continuous hydrometric monitoring at KV-60 has been challenging due to the high gradient and flow velocity
of the site. Large gravel and cobbles are frequently transported at this. The stream morphology can change each
season during freshet compounding data collection challenges. KV-60 was re-established and resurveyed in
September 2013 in conjunction with some channel modifications in an attempt to establish a stable control
using large rocks in the channel. In September 2014 the channel was modified in an effort to minimize
deposition of gravel around the staff gauge, once again altering the stage-discharge relationship. In June 2015
is was found that these efforts had ultimately failed to create favourable conditions for the reach and a decision
was made in the field to establish a new staff gauge in the pool just above without any modifications to the
natural arrangement of the channel as it was observed that this pool seemed to be stable over the preceding
years.

Hydrographs for 2012, 2013, 2014, 2015 and 2016 are included in Appendix C; Figure C29 to Figure C33
respectively. The 2015 hydrograph peaks on May 13t at 4.40 m3/s which is the highest reliable data point
measured to date (Figure C32, Appendix C). Freshet peaked much lower in 2016 at 0.725 m3/s on April 2nd,
2016 (Figure C33, Appendix C). One discrete measurement in August of 2016 appears to disagree with the
derived record, but the measurement showed high uncertainty (45%) so can be disregarded. Table 10 presents
the mean monthly discharge since continuous data gathering began in 2012. Discrete measurements are
included in Appendix A (2016) and Appendix B (all years).

Table 10 - Monthly Discharge at KV-60, Galena Creek above Silver King Adit (m3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2012 0.386 1 0.039 0.095 | 0.046 0.065
2013 0.994 ' 0.891 | 0.315  0.018 0.045
2014 0.039 ' 0.144 0.017 | 0.234 0.104 0.112 0.026 | 0.016

2015 0.010 | 0.006 | 0.037 | 0.149 | 0.354 | 0.055 | 0.143 | 0.206 | 0.185 | 0.084 | 0.035 | 0.017
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2016 0.013 ' 0.009 | 0.012 0.117 @ 0.268  0.058 | 0.094 0.116 @ 0.113
Mean 0.009 ' 0.005 | 0.037 0.572 0.388  0.122  0.073  0.151 0.102 | 0.075  0.031 0.017
95%
Confidence = 0.003  0.003 | 0.024 | 0.563  0.274 0.101  0.048  0.084 0.047 | 0.036 | 0.009 @ 0.001
limit

Note: Grey numbers are discrete discharge measurements (Included in means Oct-Apr).

3.2.8 KV-64 FLAT CREEK AT SILVER TRAIL HIGHWAY

Flat Creek at the Silver Trail Highway is steep, rocky, and unstable. Water Quality measurements are gathered
above the highway, but there is no suitable location for continuous gauging above the highway. Attenuation of
peak flows occurs at the highway were significant deposition has covered older culverts and it is clear that
water levels rise above the top of the culvert during freshet. Perhaps due to this effect or due to lessened
anthropogenic influence the reaches below appear more stable and ultimately a station was established below
the highway in September 2015 (Figure 2). The deposition above the highway was excavated and repairs were
made to the culverts in 2016 to mitigate ponding above the highway during freshet. Continuous discharge was
derived for 2016 and shows a peak on 0.334 m3/s on May 9, 2016 (Figure C34, Appendix C). However, due to
the lower number of rating measurements there is still greater uncertainty at this site compared to other long
term stations in the district. Table 11 presents the mean monthly discharge from the period of the derived
discharge record. Discrete measurements are included in Appendix A (2016) and Appendix B (all available)

Table 11 — Mean Monthly Discharge at KV-64, Flat Creek below the Silver Trail Highway (m3/s)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2015 0.077 | 0.037 A 0.043 0.017
2016 0.007 | 0.004 A 0.003 0.029 | 0.115 | 0.037 @ 0.047 | 0.065 ' 0.048
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APPENDIX A

DiScRETE DISCHARGE MEEASUREMENTS 2016



Station ID  Description

KV-6

KV-7

KV-8

KV-8

Christal Creek
u/s Silver Trail
Highway

Christal Creek at

Hanson Road

Christal Creek at

mouth

Christal Creek at

mouth

Sample Date

06/01/2016
02/02/2016
05/03/2016
06/04/2016
03/05/2016
15/06/2016
14/07/2016
07/08/2016
23/09/2016
22/10/2016
09/11/2016

03/12/2016

09/01/2016
01/02/2016
03/03/2016
06/04/2016
03/05/2016
15/06/2016
14/07/2016
06/08/2016
22/09/2016
22/10/2016
09/11/2016
03/12/2016

09/01/2016
01/02/2016
03/03/2016
06/04/2016
03/05/2016
13/06/2016
14/07/2016
06/08/2016
22/09/2016
22/10/2016
09/11/2016

Measurement

Time
14:45
12:40
15:13
12:22
5:18

10:37
14:20
9:21

10:00
14:50
17:45

Discharge (L/s)

129.6
66.5
86.1
71.3

169.5

103.5
98.1

180.3
112
93.7
86.7

Discharge
RPD (%)
0.1
38.1
2.6
0.2
4.4
7.1
4.4
1.1
2.6
5.1
4.1

Stage (m)

0.265
0.215
0.226
0.294
0.248
0.314

Entire staff gauge is under ice, overflow backed up from
highway, could not find second location with flowing

12:09
12:10
12:18
11:01
14:05
9:03

12:56
16:07
12:32
13:41
13:45
10:54

10:58
10:48
11:09
9:59

12:36
15:34
11:39
13:57
10:05
12:09
11:28

163.3
144.9
110.7
100.1
1006.1
256.5
518.7
574.8
473.4
207.2
188.7
236.5

166.1
106.8
1009.4
330
501.7
748.6
465.7
310.3
141.6

14.5
1.6
3.1
9.6
0.3
3.8
1.2

16.7
0.5
3.9
0.7
0.9

10.2

0.695
0.425
0.54
0.602
0.549



Station ID  Description

KV-9

KV-9A

KV-12

KV-17

Flat Creek
upstream of
South
McQuesten
River

Flat Creek u/s
Galena Creek

Valley Tailings
Pond #3 Decant

Husky South
West Shaft

Sample Date

08/01/2016
02/02/2016
04/03/2016
07/04/2016
02/05/2016
13/06/2016
13/07/2016
05/08/2016
22/09/2016
21/10/2016
08/11/2016
02/12/2016

08/01/2016
04/02/2016
04/03/2016
07/04/2016
05/05/2016
14/06/2016
15/07/2016
05/08/2016
24/09/2016
23/10/2016
08/11/2016
02/12/2016

21/06/2016
19/07/2016
16/08/2016
25/09/2016
20/10/2016
31/10/2016

05/01/2016
03/02/2016
04/03/2016
02/05/2016
14/07/2016
21/10/2016

Measurement
Time

11:13
14:26

9:35
13:37
11:50
13:45
12:18

3:10
13:46
13:08
9:35

10:01
9:55
9:58

14:34
9:21

15:12

Discharge (L/s)

47.4
19.9

20
1740.1
269.2
263
543.6
551.6
93
73.5
30.7

296.8
148
146.2
204.6
162.3

78.3

21.80
16.86
7.87
13.37
12.55
11.92

Discharge
RPD (%)

17.7
7.5

19.2
3.2
2.2
1.6
4.6
1.6
0.8
4.8
4.5

7.6

Stage (m)

0.296

0.282
0.85
0.459
0.451
0.554
0.584
0.46

0.299



Station ID  Description

KV-18

KV-19

KV-19

KV-20

Bermingham
200 Adit

Ruby 400 Adit

Ruby 400 Adit

No Cash 500
Adit

Sample Date

05/01/2016
03/02/2016
05/03/2016
07/04/2016
05/05/2016
15/06/2016
14/07/2016
08/08/2016
24/09/2016
20/10/2016
11/11/2016
03/12/2016

05/01/2016
03/02/2016
05/03/2016
07/04/2016
04/05/2016
05/05/2016
15/06/2016
15/07/2016
08/08/2016
24/09/2016
20/10/2016
11/11/2016
01/12/2016

09/01/2016
03/02/2016
05/03/2016
07/04/2016
05/05/2016
14/06/2016
17/07/2016
05/08/2016
23/09/2016
23/10/2016
11/11/2016
03/12/2016

Measurement
Time

14:38
10:04
14:01
15:54
16:09
14:10
16:18
13:18
15:30
13:12
9:30

13:42

15:26
10:53
13:25
15:06

17:19
13:24
9:24

12:33
14:12
12:35
8:54

15:02

15:27
13:02
12:44
14:12
14:00
14:56
9:02

16:13
13:35
14:27
11:15

Discharge (L/s)

2.4
1.3
1.1
1.3
2.8
2.9
9.9
3.8
2.7
1.8
6.9

2.8
2.7
2.1

2.8
1.3
2.3
2.8
3.1
2.9
2.9
9.2

10.3
4.9
4.1

4.4
10
10.7
13.5
11.5
8.8
5.5

Discharge
RPD (%)

6.3

0.9

10.3

Stage (m)



Station ID  Description

Kv-21

KV-33

KV-35

No Cash Creek
u/s Silver Trail
Highway

Keno 700 Adit

Sadie Ladue 600

Adit

Sample Date

09/01/2016
01/02/2016
06/03/2016
05/04/2016
04/05/2016
16/06/2016
15/07/2016
06/08/2016
23/09/2016
23/10/2016
10/11/2016
01/12/2016

07/01/2016
03/02/2016
05/03/2016
08/04/2016
19/05/2016
16/06/2016
17/07/2016
08/08/2016
21/09/2016
20/10/2016
11/11/2016
04/12/2016

07/01/2016
30/01/2016
05/03/2016
08/04/2016
18/05/2016
14/06/2016
17/07/2016
18/08/2016
24/09/2016
19/10/2016
09/11/2016
04/12/2016

Measurement
Time

14:12
13:24
11:01
16:26
12:50
11:30
13:55
17:18
11:59
11:30
17:40
12:24

12:30
15:25

9:30
10:47
11:02
15:11
19:49

9:27
13:22
11:17

14.09
10:51
10:29
9:54

17:36
17:39
15:19
16:23
15:38
17:36
15:56
12:37

Discharge (L/s)

5.4
3.6
5.8
2.7
48.9
16.2
21.6
45.2
25.1
10.2
5.8
6.2

3.2
0.42
2.3
2.3
8.9
5.8
6
7.2
6.6
3.9
4.3
2.5

3.3
3.9
2.8
2.8
29.2
15.8
22.7
47.3
29.7
13.9
13
111

Discharge
RPD (%)

5.1
9.2

6.7
10.4
1.5
2.8
9.1
13.7
3.7
0

3.5

9.4
5.6
15.7
3.3
17.3
4.2
25

0.5

18.07
2.5
3.1
0.4

3.1
5.2
1.6

Stage (m)

0.546
0.458

0.503
0.45

0.156



Station ID  Description

KV-37

Kv-37

KV-38

KV-41

Kv-47

Lightning Creek
u/s Hope Gulch

Lightning Creek
u/s Hope Gulch

Lightning Creek
u/s Thunder
Gulch

Lightning Creek
u/s Keno City
bridge

Porcupine
Diversion Ditch
d/s Upper Flat

Creek

Sample Date

06/01/2016
08/02/2016
02/03/2016
08/04/2016
01/05/2016
16/06/2016
12/07/2016

07/08/2016

22/09/2016
20/10/2016
11/11/2016
04/12/2016

08/02/2016
01/05/2016
12/07/2016
22/09/2016
20/10/2016

05/01/2016
02/02/2016
02/03/2016
06/04/2016
01/05/2016
16/06/2016
12/07/2016
07/08/2016
22/09/2016
20/10/2016
08/11/2016
04/12/2016

04/02/2016
05/05/2016
16/07/2016
21/10/2016

Measurement
Time

11:18
10:24
11:46
13:20
12:31
12:27

Discharge (L/s)

112.2
102.5
78
92.8
1180.2
440.5

Discharge
RPD (%)

3.5

0.5

Stage (m)

Large beaver dam immediately above site, and small dam
below, flooding banks and making poor conditions for
measuring discharge, good spot for Q just d/s of sign

14:01
12:42
14:31
15:15

9:28
11:32
10:35
13:09
10:59

12:03
11:45
9:38
14:46
10:19
9:33
9:45
12:58
11:15
10:10
18:23
14:36

489.6
211.8
187.8
186.6

93.9
156.4
688.6
702.3
342.3

200.3
213
228.8
175.7
236
1801.7
884.1
1365.8
1049.5
521.5
282.2
320.7

2.6

0.9
1.1
5.7
0.8
4.6
2.2
6.1
2.2

0.065

0.144
0.193
0.159

0.208
0.282



Station ID  Description

KV-49

KV-50

KV-51

KV-52

KV-52

KV-53

Hinton Creek
upstream
Christal Creek

Christal Creek
upstream
Hinton Creek

Christal Creek
d/s Hinton
Creek

Natural spring

to Christal Lake

at old
pumphouse

Natural spring

to Christal Lake

UN Adit

Sample Date

03/02/2016
04/05/2016
15/07/2016
23/10/2016

03/02/2016
04/05/2016
15/07/2016
23/10/2016

06/01/2016
03/02/2016
02/03/2016
06/04/2016
04/05/2016
15/06/2016
15/07/2016
07/08/2016
23/09/2016
23/10/2016
11/11/2016
05/12/2016

07/01/2016
03/02/2016
05/03/2016
06/04/2016
04/05/2016
15/06/2016
14/07/2016
07/08/2016
23/09/2016
22/10/2016
10/11/2016
03/12/2016

05/01/2016
05/02/2016
02/03/2016
01/05/2016
15/07/2016
20/10/2016

Measurement
Time

13:48
11:30
14:38
9:47

15:30
13:17
16:13
16:11
10:55
15:48
13:52
10:36
14:48
9:12

16:59
10:01

15:09
11:06
15:53
13:08
9:02

12:40
15:37
10:01
15:19
16:04
18:33
16:33

Discharge (L/s)
0

24.7
28.5
33.1
43.3

37
25.3
25.8
19.2
47
46.7
41.4
78.9
53.2
41.5
29.7
37.1

70.7
a7
41.4
345
294
36.9
40.4
33
41.9
394
41.2
53.3

Discharge
RPD (%)

1.7
4.6
20.3

2.3
9.6
16.6

2.5
10.9
3.2
1.7
4.7

1.5

0.1

Stage (m)

0.451
0.406
0.461
0.513
0.428



Measurement Discharge
Station ID  Description Sample Date Discharge (L/s Stage (m
i ipti P Time i ge (L/s) RPD (%) ge (m)
Conditions not suitable for salt slug, could only find what
01/02/2016 L
Sandv Creek at appears to be overflow water, large ice jam present at
a”.I Y ree.la 02/03/2016
KV-55 Si \./er: Trai 03/05/2016
Highway 13/07/2016 15:47 5.3
23/10/2016
Creek appears to be frozen to the ground, moved up from
01/02/2016 .
Star Creek at culvert but could find water, only stagnant pools near
KV-56 Silver Trail 03/05/2016 16:28 95.3
Highway 13/07/2016 16:26 20.6
23/10/2016
08/01/2016 15:19 13.9 2.4
04/02/2016 12:06 10.1 2.2
04/03/2016 12:44 10.6
Galena Creek | 07/04/2016 12:07 5 1.6
KV-60 upstream of 05/05/2016 11:13 418.6 11.4 0.359
Silver King 100 | 14/06/2016 11:58 58.4 2.6 0.253
adit 15/07/2016 11:10 49.3 0.2 0.248
06/08/2016 9:15 279.6 0.3065
24/09/2016 11:06 82.9 0.9 0.26
23/10/2016 11:56 21.2 0.3
KV-60 Galena Creek 10/11/2016 10:10 17.2 1.4
upstream of 02/12/2016 12:31 12.6 7.2
Porcupine 03/02/2016 11:41 5.4
Gulch at 04/05/2016 15:41 26.8 8.4
KV-61
Calumet Road | 15/07/2016 10:11 10.4
Crossing 20/10/2016 11:05 14
Brefalt Creek 07/02/2016
upstream of 06/05/2016 12:54 65.7 2.7
KV-62 P . 16/06/2016 12:23 1.9
Porcupine
) . 15/07/2016 12:51 1.7 3.0 0.259
Diversion

20/10/2016



Station ID  Description

KV-64

KV-65

KV-65

KV-66

KV-72

FIEC

Flat Creek at
Silver Trail
Highway

Thunder Gulch
upstream of
Bellekeno

Thunder Gulch
upstream of
Bellekeno

Klondike Keno
Adit

South
McQuesten
River at
McQuesten

Field Creek
upstream of
Duncan Creek
Road

Sample Date

09/01/2016
01/02/2016
03/03/2016
08/04/2016
06/05/2016
16/06/2016
15/07/2016
08/08/2016
23/09/2016
23/10/2016
10/11/2016
02/12/2016

06/01/2016
08/02/2016
06/03/2016
07/04/2016
01/05/2016
16/06/2016
12/07/2016
09/08/2016
22/09/2016
20/10/2016
24/10/2016
11/11/2016
05/12/2016

01/02/2016
05/05/2016
16/07/2016
21/10/2016

07/02/2016
03/05/2016
14/07/2016
22/10/2016

10/01/2016
09/02/2016
06/03/2016
08/04/2016
06/05/2016
16/06/2016
16/07/2016
08/08/2016
25/09/2016
23/10/2016
12/11/2016
04/12/2016

Measurement

Time

16:28
10:12
15:56
11:22
10:06
15:07
11:30
10:26
13:29
14:38
16:25
14:57

13:06
13:34
13:10
16:30
14:53
14:35
13:48
8:49

14:58
14:01

15:17
8:54

11:03
16:11
14:11

9:51
9:42
9:49

10:55

8:36
13:41
11:46

8:23
14:16
13:12

9:13

9:29

Discharge (L/s)

Discharge
RPD (%g) Stage (m)
8.8 8.9
4.2 37.6
3.4 2.3
2.7 21.8

142.9 4.7 0.29
44.5 0.2 0.425
38.6 26.1 0.412

130.8 3.6 0.485
64.3 9.4 0.474
21.9 55
15 0.2
11.4 1.4

62.5
47.6 2.9
45.7
35.9
44.8
223.3 0.2
75.4
136.6
97.8
134

90.9
75.6

1.2
1.6

527.1
724.4
357.4

343

931
126.5
467.9

1077.2
222.2
84.6
53
43.1



APPENDIX B

DISCRETE DISCHARGE M EASUREMENTS HISTORIC



Discharge (Flow) (L/s)

Sample Date KV-6 KV-7 KV-8 KV-9 KV-9A KV-12  KV-17 KV-18
01/01/1994

27/01/1994 0.1 3 2
01/02/1994

24/02/1994 0.1 3 2
01/03/1994

28/03/1994 0.1 3 0.5
23/04/1994 1.5 3 1
10/05/1994 2
13/05/1994 2

31/05/1994 12
01/06/1994 2 12
27/06/1994 0.8 2.8 1.5
28/06/1994

27/07/1994 2
28/07/1994

29/07/1994 2 0.4
17/08/1994 0.1 2 0.4
07/09/1994 116

29/09/1994 0.1 2 0.4
27/10/1994

31/10/1994 0.1 2 0.5
29/11/1994 0.1 2 0.5
05/01/1995 0.1 2 0.5
06/02/1995 2 0.5
01/03/1995

29/03/1995 2 0.2
27/04/1995 0.1 1.5 0.5
03/05/1995 298.6 1.3 1.5
06/06/1995 0.7
06/07/1995 18 220 2 2 0.7
11/07/1995 0.5
05/08/1995 236

11/08/1995 0.1 2.5 2
04/09/1995 0.1 25.3 0.2
05/09/1995

11/10/1995 0.1 14.5 0.6
05/11/1995 0.7 3 1
12/12/1995 0.1

01/01/1996 0.1

09/02/1996 0.1

05/03/1996 0.1

07/04/1996 0.1

28/04/1996

24/06/1996 9

18/07/1996 18



Discharge (Flow) (L/s)

Sample Date
02/08/1996
16/09/1996
03/10/1996
30/10/1996
30/11/1996
28/01/1997
26/02/1997
27/03/1997
12/05/1997
25/06/1997
30/06/1997
31/07/1997
20/08/1997
13/09/1997
10/10/1997
21/12/1997
15/01/1998
13/03/1998
25/04/1998
11/05/1998
14/05/1998
23/05/1998
30/05/1998
06/06/2000
07/11/2000
10/07/2001
11/07/2001
02/08/2003
24/01/2004
19/02/2004
23/03/2004
24/04/2004
15/06/2004
20/07/2004
29/07/2004
30/07/2004
25/08/2004
21/09/2004
21/10/2004
29/11/2004
17/12/2004
25/01/2005
26/02/2005
27/02/2005
22/03/2005

KV-6

85

KV-7

92

872
165.7
127
180
150
150
247
108

323
121
149
104
102
259
351.685439

233.065736
290

Kv-8

302

268

347

383

302

KVv-9

40

30
20

109.2
28

293

24.6
28

KV-9A

KV-12
4.9
0.1
0.1
0.1
0.1
0.1
0.1

30

2.8

27

15
10.5

0.33

0.08

10.3
5.6
17
53
32

14

KV-17

0.8

15

1.0

0.1

Kv-18

6.7
2.5

2.5

7.0

0.5



Discharge (Flow) (L/s)
Sample Date KV-6 KV-7 KV-8 KV-9 KV-9A KV-12 KV-17 KV-18
21/04/2005 62.099477 357
22/04/2005 48
27/05/2005 657.269274
30/06/2005 73.7 136 268 1.26
19/07/2005 282
20/07/2005 93 204
22/08/2005 245
23/08/2005 237
22/09/2005 149
25/10/2005 73 186 282
25/01/2006 188 336 117
22/02/2006 117
14/03/2006 23
15/03/2006 159.453969 332
27/04/2006 313
28/06/2006 130 858 221 8.4 0.4
31/08/2006 108.987092 251.196066  263.1
21/09/2006 112 374
25/10/2006 0.5 2
15/06/2007 >20
11/07/2007 >20 3.5
12/07/2007 0.3
13/07/2007 1092.9
15/07/2007
16/07/2007
17/07/2007
18/08/2007 7.5
31/08/2007 159.145
05/09/2007 60.63 189.2 200.28
06/09/2007 166.2
08/09/2007
10/09/2007 1.6 1.5
11/09/2007 2.6
13/09/2007
28/10/2007 3.2
13/03/2008 2
16/05/2008 1137.0

18/05/2008 11:45

03/07/2008 159.4 210 152.2
05/07/2008
06/07/2008 129.6
13/08/2008 437.6 488.35 1020.195
14/08/2008 119.385 15
15/09/2008 80.18
18/09/2008 518.43 412.38 320.64



Discharge (Flow) (L/s)
Sample Date
02/10/2008
03/10/2008
04/10/2008
05/10/2008

26/05/2009 17:15
27/05/2009 14:15
28/05/2009 12:00
05/06/2009 17:00
06/06/2009
04/07/2009 13:45
05/07/2009 14:35
06/07/2009 14:10
07/07/2009 09:30
08/09/2009
09/09/2009
11/09/2009
06/10/2009
07/10/2009
08/10/2009
09/10/2009
03/05/2010
04/05/2010
05/05/2010
26/05/2010
27/05/2010
28/05/2010
08/06/2010
05/07/2010
06/07/2010
07/07/2010
08/07/2010
09/07/2010
04/08/2010
14/09/2010
15/09/2010
05/10/2010
06/10/2010
07/10/2010
09/02/2011 12:00
12/05/2011 15:30
13/05/2011 08:50
25/05/2011 15:20
26/05/2011 11:55
27/05/2011 14:00
21/06/2011 12:00

KV-6

160.71

124.365

101.233

102.54

33.155

71.19

94.01815

61.129433
141.375

94.041

135.975

KV-7 KV-8 KVv-9
419.66
724.44
538.36
1940.275
1421.154
441.74 356.11 474.39
173.93
124.245 94.06
269.23 220.16 253.095
228.95
201.83
612.41
429.36
357.17

287.520533 340.0533

231.0865  230.559
186.5 137.65 136.3
184.638 130.976
109.313
1179.0934
357.0665

KV-9A KV-12  KV-17
3.15
0.16
20
20
0.25
6.487
10
0.5
0.2
0.1
12
10
0.2
0

Kv-18

0.25

12

0.5



Discharge (Flow) (L/s)
Sample Date KV-6 KV-7 KV-8 KV-9 KV-9A KV-12 KV-17 KV-18
22/06/2011 15:20 79.95 104.985 106.99
12/07/2011 13:20 0 2.5
13/07/2011 13:15 90.96
14/07/2011 15:15 540.63
19/07/2011 12:20 15
16/08/2011 14:50
17/08/2011 10:45 127 9
18/08/2011 16:00 258.7 30
17/09/2011 08:25
22/09/2011 15:05
23/09/2011 09:30 286.48
24/09/2011 14:40 127.0575 290.185
25/09/2011 12:55 0
23/10/2011 155
24/10/2011 173 188
25/10/2011
26/10/2011 16:20
27/10/2011
29/10/2011 16:00 88
30/10/2011 14:30
31/10/2011 12:30
20/11/2011 14:25 0 2.6
21/11/2011 11:00 74.8
22/11/2011 10:00
24/11/2011 15:00 137.5
26/11/2011 09:00 125.7
13/12/2011 14:15 0
14/12/2011 16:25 107.2
15/12/2011 12:20 134
16/12/2011 15:10
17/12/2011 09:30 2.1
18/12/2011 12:25
20/12/2011 13:30
21/12/2011 15:20
12/01/2012 15:30 1.3
13/01/2012 12:00 153.7 162.2
14/01/2012 14:40 0
17/01/2012 13:00
18/01/2012 09:40
24/01/2012 15:45
09/02/2012 15:25
11/02/2012 15:30 0
12/02/2012 10:35
13/02/2012 13:30 77.2
14/02/2012 13:40



Discharge (Flow) (L/s)

Sample Date
16/02/2012 13:00
09/03/2012 10:50
10/03/2012 12:50
11/03/2012 10:00
12/03/2012 08:45
14/03/2012 13:30
15/03/2012 12:00
07/04/2012 14:10
08/04/2012 09:25
09/04/2012 13:50
01/05/2012 11:30
03/05/2012 14:07
04/05/2012 11:30
05/05/2012 10:17
06/05/2012 13:28
07/05/2012 09:00
08/05/2012 10:35
09/05/2012 08:45

31/05/2012

01/06/2012

03/06/2012

04/06/2012

05/06/2012
06/06/2012 14:00
07/06/2012 09:05
01/07/2012 10:00
02/07/2012 14:47
03/07/2012 12:05
04/07/2012 13:40
05/07/2012 09:50
07/07/2012 12:00
08/07/2012 14:55
09/07/2012 08:50
10/07/2012 10:30
16/07/2012 15:30
01/08/2012 10:25
02/08/2012 12:30
03/08/2012 10:00
05/08/2012 13:05
07/08/2012 08:10
02/09/2012 08:50
03/09/2012 13:15
20/09/2012 15:10
21/09/2012 14:00
22/09/2012 10:33

KV-6 KV-7 KV-8 KV-9 KV-9A
0
90.4

77.3
0

61.7 11.7

147.0 540.4

1574.2
677.0
104.7 600.0

368.9875 388.94

88.65
221.895
429.68
85.35
243.5 118.2
104.69 205.67
91
258 192
239 115
270.1 97.1
245.2

KV-12

15.66

12.12

13.3

KV-17

Kv-18

15.636

1.6



Discharge (Flow) (L/s)

Sample Date
23/09/2012 08:15
25/09/2012 09:29
10/10/2012 16:40
11/10/2012 14:00
12/10/2012 10:30
14/10/2012 13:30
15/10/2012 10:45
16/10/2012 12:50
17/10/2012 10:34
19/11/2012 13:40
10/12/2012 15:10
12/01/2013 13:30
15/01/2013 09:30
16/01/2013 14:00
08/02/2013 15:30
09/02/2013 10:30
10/02/2013 12:10
12/02/2013 11:10
07/03/2013 15:30
08/03/2013 14:00
12/03/2013 14:00
14/03/2013 12:00
04/04/2013 11:45
06/04/2013 09:15
09/04/2013 12:40
10/04/2013 11:15
02/05/2013 15:25
03/05/2013 09:45
04/05/2013 09:35
07/05/2013 11:50
01/06/2013 12:00
02/06/2013 16:00
03/06/2013 08:45
04/06/2013 11:50
05/06/2013 11:00
07/06/2013 14:50
08/06/2013 09:40
09/06/2013 08:45
01/07/2013 13:45
02/07/2013 13:50
03/07/2013 12:00
04/07/2013 15:00
05/07/2013 10:40
06/07/2013 09:30
07/07/2013 09:45

KV-6 KV-7 KV-8 KV-9 KV-9A
89.1 109.2
84.31
136.8563
73.291
76.18
74.75
65.91
109.69
199.39
765.66
852
122.62
290.41
207.927
223.8
31.968

KV-12

8.7

KV-17

Kv-18

1.18

16.2425



Discharge (Flow) (L/s)

Sample Date KV-6 KV-7 KV-8 KV-9 KV-9A KV-12  KV-17 KV-18
12/07/2013 13:45 81.948
06/08/2013 15:15 12.19
10/08/2013 16:35 128.34
11/08/2013 09:30 101.93

12/08/2013 09:50 107.92

01/09/2013 14:20

02/09/2013 12:30 140.115 147.6
03/09/2013 14:05 87.213

04/09/2013 13:40 526.40
05/09/2013 11:00

07/09/2013 14:30

08/09/2013 10:14

09/09/2013 13:00 11.5
11/09/2013 17:30 91.5

12/09/2013 13:18 434.72 151.6
13/09/2013 14:45

14/09/2013 11:31

01/10/2013 16:15 9.13
03/10/2013 15:55

04/10/2013 10:30 411.02
05/10/2013 12:25 266.14 284.02
06/10/2013 15:00

07/10/2013 10:25

09/10/2013 14:35

10/10/2013 08:30 92.7

04/11/2013 14:30

06/11/2013 10:05 81.17
07/11/2013 10:10

08/11/2013 14:45

09/11/2013 13:30

11/11/2013 11:00 80.2

02/12/2013 13:00

03/12/2013 08:30

04/12/2013 14:40

06/12/2013 13:25 116.82
02/01/2014 16:05
03/01/2014 14:05 106.7

25/01/2014 14:05

02/02/2014 09:55

03/02/2014 10:30 85.7

08/02/2014 12:30

10/02/2014 11:30

11/02/2014 12:50

12/02/2014 12:20

18/02/2014 10:00 0



Discharge (Flow) (L/s)
Sample Date KV-6 KV-7 KV-8 KV-9 KV-9A KV-12 KV-17 KV-18
01/03/2014 11:15 49.5
02/03/2014 13:10
04/03/2014 14:40 0 0
04/04/2014 16:00 51.56
05/04/2014 13:15 97.64
06/04/2014 12:30 0
07/04/2014 12:00 0
03/05/2014 15:35
04/05/2014 09:35
05/05/2014 13:00
06/05/2014 14:50
07/05/2014 11:50
08/05/2014 13:15 1760 1490
10/05/2014 11:25 290
11/05/2014 11:20 0
13/05/2014 10:45 1856.458
14/05/2014 12:00 0
03/06/2014 15:00 0
04/06/2014 11:40
05/06/2014 11:45 120.1
06/06/2014 10:43 80
07/06/2014 12:50
08/06/2014 12:25 58.8 115.6 2.8
09/06/2014 10:45 117.4
10/06/2014 11:00
01/07/2014 11:35
02/07/2014 12:30
03/07/2014 15:35 99.67 203.09
04/07/2014 10:15 193.6 2.5
05/07/2014 13:25 253.82
06/07/2014 09:00 113
07/07/2014 10:00 0
01/08/2014 09:50
02/08/2014 12:00 199.85 201.2
03/08/2014 09:00 63.01
04/08/2014 09:30 141.7 110.6
05/08/2014 16:00
22/08/2014 15:30 0
24/08/2014 11:00 5.5
25/08/2014 09:45 913.555
02/09/2014 14:15
16/09/2014 13:10 17.22
18/09/2014 12:20
19/09/2014 12:00 110.1515 270.11 330
20/09/2014 10:00 3.163



Discharge (Flow) (L/s)
Sample Date
21/09/2014 11:15
22/09/2014 12:45
27/09/2014 09:40
16/10/2014 10:00
17/10/2014 11:00
18/10/2014 14:25
19/10/2014 09:00
20/10/2014 13:20
21/10/2014 14:30
22/10/2014 11:10
23/10/2014 09:40
24/10/2014 14:55
25/10/2014 11:00
26/10/2014 09:00
13/11/2014 13:30
14/11/2014 12:30
15/11/2014 14:20
16/11/2014 14:45
17/11/2014 14:15
18/11/2014 10:00
19/11/2014 14:05
20/11/2014 09:59
21/11/2014 14:00
22/11/2014 14:31
12/12/2014 13:20
13/12/2014 13:20
14/12/2014 11:30
15/12/2014 13:00
16/12/2014 09:50
18/12/2014 14:23
19/12/2014 15:40
11/01/2015 13:16
12/01/2015 11:57
13/01/2015 13:12
14/01/2015 10:13
17/01/2015 13:00
19/01/2015 15:05
22/01/2015 13:24
28/01/2015 10:00
05/02/2015 13:07
06/02/2015 11:50
07/02/2015 14:00
12/02/2015 13:07
14/02/2015 14:47
15/02/2015 11:30

KV-6

102.2

80.1

104.3

KV-7 KV-8 KV-9 KV-9A KV-12  KV-17
11.482
228
493.48
156.1
282.6
309.6
125.2
0
150.2
31.9
0
0
137.1 107.1
0
0
162.7 182.3
0
0
7.8

Kv-18

2.4

1.8



Discharge (Flow) (L/s)

Sample Date KV-6 Kv-7 Kv-8 Kv-9 KV-9A  KV-12 KV-17  KV-18
16/02/2015 15:20 0
17/02/2015 12:50 0.9
18/02/2015 08:00 0

06/03/2015 13:30

07/03/2015 13:00

09/03/2015 10:30 69.8 87.7

10/03/2015 12:05 0 0.9
11/03/2015 14:30 0
13/03/2015 13:00 13

03/04/2015 11:10

06/04/2015 09:40

07/04/2015 13:20 72.5 98.7

08/04/2015 11:30 55.8

09/04/2015 13:25 0 0.9
10/04/2015 12:00 16.7

12/04/2015 10:40

12/05/2015 10:15 324 2540 0
13/05/2015 13:01

14/05/2015 11:30 3682.3

23/05/2015 14:20 738.9

24/05/2015 16:14 266.4
26/05/2015 07:30

27/05/2015 12:34

28/05/2015 12:42

02/06/2015 13:16

03/06/2015 14:30 105.9 233.6

04/06/2015 10:30 242.5 122.4
09/06/2015 13:23

11/06/2015 10:24

12/06/2015 11:48

16/06/2015 08:48 1.7
17/06/2015 08:50 173.9

18/06/2015 10:41

19/06/2015 09:30

23/06/2015 15:05 13.84
09/07/2015 14:56

13/07/2015 12:30

15/07/2015 13:10

16/07/2015 12:15

18/07/2015 14:10 1038.5

19/07/2015 12:20

26/07/2015 09:22

28/07/2015 12:00 218.1 120.8
29/07/2015 10:30 100.0 300.6 19.37
30/07/2015 13:40



Discharge (Flow) (L/s)
Sample Date KV-6 KV-7 KV-8 KV-9 KV-9A KV-12 KV-17 KV-18
06/08/2015 11:05 342.1 332.3
12/08/2015 13:25 2.2
17/08/2015 10:35
19/08/2015 14:30 125.1
20/08/2015 14:20
21/08/2015 11:50 514.8 111.7
22/08/2015 13:00
23/08/2015 14:25
26/08/2015 12:10 11.12
01/09/2015 11:30 138.2
03/09/2015 10:56 1049
04/09/2015 09:15 611.6
10/09/2015 11:59
11/09/2015 15:05 5.6
12/09/2015 13:31
13/09/2015 15:25 640.1 261.2
15/09/2015 14:46
16/09/2015 964.3
17/09/2015 12:07 1.4
18/09/2015 134.5 635.3
19/09/2015 2.5
10/10/2015 15:07
11/10/2015 12:07 329.1
14/10/2015 15:04
16/10/2015 13:45 91.8
17/10/2015 15:30
18/10/2015 10:05 263.9 0 2.8
19/10/2015 12:19 357.1
20/10/2015 13:16 169.1
14/11/2015 14:48
15/11/2015 13:42
16/11/2015 10:57
17/11/2015 14:10 1.8
18/11/2015 10:08 77.0
19/11/2015 10:55 147.3
20/11/2015 15:38
22/11/2015 15:30 178.9
23/11/2015 12:09
24/11/2015 12:50
15/12/2015 11:50
16/12/2015 11:20
17/12/2015 12:00 179.9
18/12/2015 12:15 142.2 2.1
19/12/2015 11:44 47
20/12/2015 09:37



Discharge (Flow) (L/s)
Sample Date
05/01/2016 11:56
06/01/2016 13:00
07/01/2016 15:00
08/01/2016 10:41
09/01/2016 11:50
10/01/2016 10:30
30/01/2016 10:40
01/02/2016 11:30
02/02/2016 14:00
03/02/2016 11:20
04/02/2016 11:45
08/02/2016 13:19
02/03/2016 15:54
03/03/2016 10:45
04/03/2016 12:15
05/03/2016 14:55
06/03/2016 12:45
05/04/2016 16:00
06/04/2016 09:30
07/04/2016 09:10
08/04/2016 12:50
01/05/2016 14:35
02/05/2016 13:00
03/05/2016 12:25
04/05/2016 15:28
05/05/2016 10:20
06/05/2016 10:10
18/05/2016 17:15
19/05/2016 09:42
13/06/2016 11:05
14/06/2016 11:18
15/06/2016 08:37
16/06/2016 14:30
21/06/2016 14:50
12/07/2016 13:30
13/07/2016 13:20
14/07/2016 11:15
15/07/2016 10:45
16/07/2016 15:51
17/07/2016 15:00
19/07/2016 12:15
05/08/2016 11:56
06/08/2016 13:43
07/08/2016 08:59
08/08/2016 10:02

KV-6

129.6

66.5

86.1

71.3

169.5

103.5

98.1

180.3

KV-7

163.3

144.9

110.7

100.1

1006.1

256.5

518.7

574.8

KV-8 KV-9 KV-9A
47.4
19.9
166.1
106.8
20
1740.1
1009.4
296.8
330 269.2
148
263
501.7
146.2
543.6 204.6
748.6

KV-12

21.80

16.86

KV-17

Kv-18
2

2.4

13

11

1.3

2.8

2.9

9.9



Discharge (Flow) (L/s)

Sample Date KV-6 Kv-7 Kv-8 Kv-9 KV-9A  KV-12 KV-17  KV-18
09/08/2016 08:24
16/08/2016 13:25 7.87

18/08/2016 15:54

21/09/2016 17:45

22/09/2016 14:18 473.4 465.7 551.6

23/09/2016 14:20 112

24/09/2016 10:13 162.3 3.8
25/09/2016 09:35 13.37

19/10/2016 17:33

20/10/2016 13:46 12.55 2.7
21/10/2016 13:17 93

22/10/2016 12:10 93.7 207.2 310.3

23/10/2016 14:21

31/10/2016 10:10 11.92

08/11/2016 12:45 73.5 78.3

09/11/2016 10:31 86.7 188.7 141.6

10/11/2016 15:50

11/11/2016 15:06 1.8
12/11/2016 08:56

01/12/2016 12:05

02/12/2016 09:00 30.7

03/12/2016 10:20 236.5 6.9
04/12/2016 14:15

05/12/2016 08:40



Discharge (Flow) (L/s)

Sample Date Kv-19  KV-20 Kv-21 KV-33 KV-35 KV-37 KV-38 KVv-41
01/01/1994 14
27/01/1994 15 5

01/02/1994 14
24/02/1994 1.5 5 14
01/03/1994 10
28/03/1994 15 5

23/04/1994 2 5 12
10/05/1994

13/05/1994

31/05/1994 2 6 16
01/06/1994 2 6 16
27/06/1994 2 6.5

28/06/1994 20
27/07/1994 1 4.2

28/07/1994 12.9
29/07/1994 1 4.2

17/08/1994 1 5 18
07/09/1994

29/09/1994 13 4 18
27/10/1994 3.9

31/10/1994 13 4 12
29/11/1994 1.3 4 12
05/01/1995 1 3 10
06/02/1995 3 10
01/03/1995 15

29/03/1995 1 3 10
27/04/1995 15 2.5 3
03/05/1995 15 3 12
06/06/1995 2

06/07/1995 2 4

11/07/1995 2.5 5

05/08/1995

11/08/1995 2 5 13
04/09/1995 1 3.5 13
05/09/1995 5

11/10/1995 0.8 3.8 6.5
05/11/1995 0.5 4 4.7
12/12/1995

01/01/1996

09/02/1996

05/03/1996

07/04/1996

28/04/1996 7.3

24/06/1996

18/07/1996



Discharge (Flow) (L/s)
Sample Date
02/08/1996
16/09/1996
03/10/1996
30/10/1996
30/11/1996
28/01/1997
26/02/1997
27/03/1997
12/05/1997
25/06/1997
30/06/1997
31/07/1997
20/08/1997
13/09/1997
10/10/1997
21/12/1997
15/01/1998
13/03/1998
25/04/1998
11/05/1998
14/05/1998
23/05/1998
30/05/1998
06/06/2000
07/11/2000
10/07/2001
11/07/2001
02/08/2003
24/01/2004
19/02/2004
23/03/2004
24/04/2004
15/06/2004
20/07/2004
29/07/2004
30/07/2004
25/08/2004
21/09/2004
21/10/2004
29/11/2004
17/12/2004
25/01/2005
26/02/2005
27/02/2005
22/03/2005

Kv-19

0.1
0.1

2.2

0.7

KV-20 KV-21 KV-33
5.7 4.0
7
4.5
3
3
4
8.5
5.0
1.6

KV-35

Kv-37 KV-38

16.0
17

13

10

11

9.7
14.0

423.7 651.4

589 836

KVv-41

641.4
63

961

63



Discharge (Flow) (L/s)
Sample Date KV-19 KV-20 KV-21 KV-33 KV-35 KVv-37 KV-38 KV-41
21/04/2005
22/04/2005
27/05/2005
30/06/2005 1526
19/07/2005 1362
20/07/2005
22/08/2005 963
23/08/2005
22/09/2005
25/10/2005
25/01/2006 192
22/02/2006
14/03/2006 192
15/03/2006
27/04/2006
28/06/2006
31/08/2006
21/09/2006
25/10/2006
15/06/2007
11/07/2007 1
12/07/2007 7.8 5.5
13/07/2007
15/07/2007 15
16/07/2007
17/07/2007
18/08/2007
31/08/2007
05/09/2007
06/09/2007
08/09/2007 1.3
10/09/2007 1.5 6.7
11/09/2007
13/09/2007 6.75
28/10/2007
13/03/2008
16/05/2008

18/05/2008 11:45 225.3 595.72

03/07/2008
05/07/2008 301.1 482.8 664
06/07/2008
13/08/2008 6.5
14/08/2008 1492.925
15/09/2008 713.355
18/09/2008



Discharge (Flow) (L/s)

Sample Date
02/10/2008
03/10/2008
04/10/2008
05/10/2008
26/05/2009 17:15
27/05/2009 14:15
28/05/2009 12:00
05/06/2009 17:00
06/06/2009
04/07/2009 13:45
05/07/2009 14:35
06/07/2009 14:10
07/07/2009 09:30
08/09/2009
09/09/2009
11/09/2009
06/10/2009
07/10/2009
08/10/2009
09/10/2009
03/05/2010
04/05/2010
05/05/2010
26/05/2010
27/05/2010
28/05/2010
08/06/2010
05/07/2010
06/07/2010
07/07/2010
08/07/2010
09/07/2010
04/08/2010
14/09/2010
15/09/2010
05/10/2010
06/10/2010
07/10/2010
09/02/2011 12:00
12/05/2011 15:30
13/05/2011 08:50
25/05/2011 15:20
26/05/2011 11:55
27/05/2011 14:00
21/06/2011 12:00

Kv-19

0.25

0.25

0.5

0.75

0.5

0.2

KVv-20

2.5

15

Kv-21

10

20

Kv-33

10

KV-35 Kv-37 KV-38
4.5 474.275 842.38
7
6 421.55 625.68
7 443.8

10 900.9395

12 594.67633

15 241.745

KVv-41
1190.65

3589.96

718.62

1035.19

645.7

440.68

1675.405

967.45467

818.157667
483.2

415.336

1054.925



Discharge (Flow) (L/s)

Sample Date Kv-19  Kv-20 Kv-21 Kv-33  KV-35 Kv-37 Kv-38 Kv-41
22/06/2011 15:20 4
12/07/2011 13:20 0.5 4 5 10
13/07/2011 13:15 8 1075.31
14/07/2011 15:15 1020.97

19/07/2011 12:20
16/08/2011 14:50

17/08/2011 10:45 1 1713.42
18/08/2011 16:00 2 11

17/09/2011 08:25 347.615 973.035
22/09/2011 15:05 8

23/09/2011 09:30 766.75

24/09/2011 14:40
25/09/2011 12:55
23/10/2011
24/10/2011
25/10/2011
26/10/2011 16:20
27/10/2011 1.69
29/10/2011 16:00 0.181818
30/10/2011 14:30 206 330.5 404
31/10/2011 12:30
20/11/2011 14:25
21/11/2011 11:00
22/11/2011 10:00 162
24/11/2011 15:00 10
26/11/2011 09:00
13/12/2011 14:15
14/12/2011 16:25
15/12/2011 12:20
16/12/2011 15:10
17/12/2011 09:30
18/12/2011 12:25 92.1 205.3 267.6
20/12/2011 13:30
21/12/2011 15:20
12/01/2012 15:30
13/01/2012 12:00
14/01/2012 14:40

17/01/2012 13:00 251.2
18/01/2012 09:40 119.7 100.3
24/01/2012 15:45

09/02/2012 15:25 135.3 168.7

11/02/2012 15:30
12/02/2012 10:35
13/02/2012 13:30
14/02/2012 13:40 2.2



Discharge (Flow) (L/s)

Sample Date Kv-19  Kv-20 Kv-21 Kv-33  KV-35 Kv-37 Kv-38 Kv-41
16/02/2012 13:00
09/03/2012 10:50 1341 182

10/03/2012 12:50
11/03/2012 10:00
12/03/2012 08:45
14/03/2012 13:30
15/03/2012 12:00
07/04/2012 14:10 68.74 107.3
08/04/2012 09:25
09/04/2012 13:50
01/05/2012 11:30 202.2
03/05/2012 14:07
04/05/2012 11:30
05/05/2012 10:17
06/05/2012 13:28 62.1 127.8
07/05/2012 09:00
08/05/2012 10:35
09/05/2012 08:45
31/05/2012 1655.8
01/06/2012 781.25  997.6025
03/06/2012
04/06/2012
05/06/2012
06/06/2012 14:00
07/06/2012 09:05
01/07/2012 10:00 691.05
02/07/2012 14:47 1544.98  1957.63
03/07/2012 12:05
04/07/2012 13:40
05/07/2012 09:50
07/07/2012 12:00
08/07/2012 14:55
09/07/2012 08:50 11.8
10/07/2012 10:30
16/07/2012 15:30
01/08/2012 10:25 7 62 668 884
02/08/2012 12:30
03/08/2012 10:00
05/08/2012 13:05
07/08/2012 08:10
02/09/2012 08:50
03/09/2012 13:15
20/09/2012 15:10 387.1 647
21/09/2012 14:00 795.1
22/09/2012 10:33



Discharge (Flow) (L/s)

Sample Date
23/09/2012 08:15
25/09/2012 09:29
10/10/2012 16:40
11/10/2012 14:00
12/10/2012 10:30
14/10/2012 13:30
15/10/2012 10:45
16/10/2012 12:50
17/10/2012 10:34
19/11/2012 13:40
10/12/2012 15:10
12/01/2013 13:30
15/01/2013 09:30
16/01/2013 14:00
08/02/2013 15:30
09/02/2013 10:30
10/02/2013 12:10
12/02/2013 11:10
07/03/2013 15:30
08/03/2013 14:00
12/03/2013 14:00
14/03/2013 12:00
04/04/2013 11:45
06/04/2013 09:15
09/04/2013 12:40
10/04/2013 11:15
02/05/2013 15:25
03/05/2013 09:45
04/05/2013 09:35
07/05/2013 11:50
01/06/2013 12:00
02/06/2013 16:00
03/06/2013 08:45
04/06/2013 11:50
05/06/2013 11:00
07/06/2013 14:50
08/06/2013 09:40
09/06/2013 08:45
01/07/2013 13:45
02/07/2013 13:50
03/07/2013 12:00
04/07/2013 15:00
05/07/2013 10:40
06/07/2013 09:30
07/07/2013 09:45

Kv-19

KVv-20

Kv-21

Kv-33

2.9

KV-35 Kv-37

261.7388

94.59

134.48

85.132

70.55

2210.99

495.451

KV-38

485.33

127.78

219.42

107.05

575.523

KVv-41

565.65

562.38

2741.2

1018.64

112.26

1900.65

709.583



Discharge (Flow) (L/s)
Sample Date
12/07/2013 13:45
06/08/2013 15:15
10/08/2013 16:35
11/08/2013 09:30
12/08/2013 09:50
01/09/2013 14:20
02/09/2013 12:30
03/09/2013 14:05
04/09/2013 13:40
05/09/2013 11:00
07/09/2013 14:30
08/09/2013 10:14
09/09/2013 13:00
11/09/2013 17:30
12/09/2013 13:18
13/09/2013 14:45
14/09/2013 11:31
01/10/2013 16:15
03/10/2013 15:55
04/10/2013 10:30
05/10/2013 12:25
06/10/2013 15:00
07/10/2013 10:25
09/10/2013 14:35
10/10/2013 08:30
04/11/2013 14:30
06/11/2013 10:05
07/11/2013 10:10
08/11/2013 14:45
09/11/2013 13:30
11/11/2013 11:00
02/12/2013 13:00
03/12/2013 08:30
04/12/2013 14:40
06/12/2013 13:25
02/01/2014 16:05
03/01/2014 14:05
25/01/2014 14:05
02/02/2014 09:55
03/02/2014 10:30
08/02/2014 12:30
10/02/2014 11:30
11/02/2014 12:50
12/02/2014 12:20
18/02/2014 10:00

Kv-19

KVv-20

Kv-21

9.7

22.45

17.36

4.2

Kv-33

KV-35 Kv-37

231.37

305.3

361.17

204.3

174.1

95.6

88.15

KV-38

315.99

427.3

486.49

258

271.97

105.8

73.02

KVv-41

437.14

546.22

1002.36

765.9

420.7

173.65

148.8

125.7



Discharge (Flow) (L/s)

Sample Date
01/03/2014 11:15
02/03/2014 13:10
04/03/2014 14:40
04/04/2014 16:00
05/04/2014 13:15
06/04/2014 12:30
07/04/2014 12:00
03/05/2014 15:35
04/05/2014 09:35
05/05/2014 13:00
06/05/2014 14:50
07/05/2014 11:50
08/05/2014 13:15
10/05/2014 11:25
11/05/2014 11:20
13/05/2014 10:45
14/05/2014 12:00
03/06/2014 15:00
04/06/2014 11:40
05/06/2014 11:45
06/06/2014 10:43
07/06/2014 12:50
08/06/2014 12:25
09/06/2014 10:45
10/06/2014 11:00
01/07/2014 11:35
02/07/2014 12:30
03/07/2014 15:35
04/07/2014 10:15
05/07/2014 13:25
06/07/2014 09:00
07/07/2014 10:00
01/08/2014 09:50
02/08/2014 12:00
03/08/2014 09:00
04/08/2014 09:30
05/08/2014 16:00
22/08/2014 15:30
24/08/2014 11:00
25/08/2014 09:45
02/09/2014 14:15
16/09/2014 13:10
18/09/2014 12:20
19/09/2014 12:00
20/09/2014 10:00

Kv-19

KVv-20

Kv-21

57.6

4.5

4.74

10.744

Kv-33

4.37

4.695

8.7719

KV-35 Kv-37
56.7

60.75

162.9

427.5

134
778.34
12.9

685.51
702.21

KV-38

80.8

77.9

327.3

608

820

392.3

468.00

KVv-41
95.8

519.4

719.5

908

1471

1092.473

429.079

705.20



Discharge (Flow) (L/s)
Sample Date
21/09/2014 11:15
22/09/2014 12:45
27/09/2014 09:40
16/10/2014 10:00
17/10/2014 11:00
18/10/2014 14:25
19/10/2014 09:00
20/10/2014 13:20
21/10/2014 14:30
22/10/2014 11:10
23/10/2014 09:40
24/10/2014 14:55
25/10/2014 11:00
26/10/2014 09:00
13/11/2014 13:30
14/11/2014 12:30
15/11/2014 14:20
16/11/2014 14:45
17/11/2014 14:15
18/11/2014 10:00
19/11/2014 14:05
20/11/2014 09:59
21/11/2014 14:00
22/11/2014 14:31
12/12/2014 13:20
13/12/2014 13:20
14/12/2014 11:30
15/12/2014 13:00
16/12/2014 09:50
18/12/2014 14:23
19/12/2014 15:40
11/01/2015 13:16
12/01/2015 11:57
13/01/2015 13:12
14/01/2015 10:13
17/01/2015 13:00
19/01/2015 15:05
22/01/2015 13:24
28/01/2015 10:00
05/02/2015 13:07
06/02/2015 11:50
07/02/2015 14:00
12/02/2015 13:07
14/02/2015 14:47
15/02/2015 11:30

Kv-19  KV-20 Kv-21 Kv-33
11.864  25.646
10.5 12.5
3.508
2.79
6.7
6.4
2.3
4.3
2.5
7 3.3
0.6

KV-35

29.424

26.1

16.1

13.3

10

6.8

2.7

5.6

Kv-37

348.5

138.2

104.5

91.7

KV-38

457.2

259.2

180.3

164.4

112.8

KVv-41

650.4

186.8

203.4



Discharge (Flow) (L/s)
Sample Date KV-19 KV-20 KV-21 KV-33 KV-35 KVv-37 KV-38 KV-41
16/02/2015 15:20
17/02/2015 12:50
18/02/2015 08:00
06/03/2015 13:30 89.7 122.6 199.6
07/03/2015 13:00 4.2
09/03/2015 10:30
10/03/2015 12:05 35
11/03/2015 14:30
13/03/2015 13:00
03/04/2015 11:10 2.4
06/04/2015 09:40 5.3 76 118.7 122.1
07/04/2015 13:20
08/04/2015 11:30
09/04/2015 13:25 3.2
10/04/2015 12:00
12/04/2015 10:40
12/05/2015 10:15
13/05/2015 13:01 1225.3
14/05/2015 11:30 243.5
23/05/2015 14:20
24/05/2015 16:14
26/05/2015 07:30 5.5
27/05/2015 12:34
28/05/2015 12:42 44.2
02/06/2015 13:16 1349.8
03/06/2015 14:30
04/06/2015 10:30
09/06/2015 13:23
11/06/2015 10:24 10.8
12/06/2015 11:48
16/06/2015 08:48 5.6
17/06/2015 08:50 4.3 7.2
18/06/2015 10:41
19/06/2015 09:30
23/06/2015 15:05
09/07/2015 14:56
13/07/2015 12:30
15/07/2015 13:10 6.67
16/07/2015 12:15 718.4
18/07/2015 14:10
19/07/2015 12:20
26/07/2015 09:22 4.8
28/07/2015 12:00
29/07/2015 10:30
30/07/2015 13:40 0.152 21.8



Discharge (Flow) (L/s)
Sample Date KV-19 KV-20 KV-21 KV-33 KV-35 KVv-37 KV-38 KV-41
06/08/2015 11:05
12/08/2015 13:25
17/08/2015 10:35
19/08/2015 14:30
20/08/2015 14:20 35.6
21/08/2015 11:50
22/08/2015 13:00

23/08/2015 14:25 1319.6
26/08/2015 12:10
01/09/2015 11:30 2057.8

03/09/2015 10:56
04/09/2015 09:15
10/09/2015 11:59
11/09/2015 15:05
12/09/2015 13:31
13/09/2015 15:25 16.3
15/09/2015 14:46 40.1
16/09/2015
17/09/2015 12:07 34.9
18/09/2015 1790.4
19/09/2015
10/10/2015 15:07
11/10/2015 12:07
14/10/2015 15:04 8
16/10/2015 13:45 523.6 735.9
17/10/2015 15:30 19.4
18/10/2015 10:05 1.5 5.8
19/10/2015 12:19
20/10/2015 13:16 16.9
14/11/2015 14:48 9.1
15/11/2015 13:42 408.7
16/11/2015 10:57 7.8
17/11/2015 14:10 1.8
18/11/2015 10:08
19/11/2015 10:55
20/11/2015 15:38 4.1 2.3
22/11/2015 15:30
23/11/2015 12:09
24/11/2015 12:50
15/12/2015 11:50
16/12/2015 11:20 3.4 6.5
17/12/2015 12:00
18/12/2015 12:15 9.5 104 162.1
19/12/2015 11:44
20/12/2015 09:37



Discharge (Flow) (L/s)

Sample Date
05/01/2016 11:56
06/01/2016 13:00
07/01/2016 15:00
08/01/2016 10:41
09/01/2016 11:50
10/01/2016 10:30
30/01/2016 10:40
01/02/2016 11:30
02/02/2016 14:00
03/02/2016 11:20
04/02/2016 11:45
08/02/2016 13:19
02/03/2016 15:54
03/03/2016 10:45
04/03/2016 12:15
05/03/2016 14:55
06/03/2016 12:45
05/04/2016 16:00
06/04/2016 09:30
07/04/2016 09:10
08/04/2016 12:50
01/05/2016 14:35
02/05/2016 13:00
03/05/2016 12:25
04/05/2016 15:28
05/05/2016 10:20
06/05/2016 10:10
18/05/2016 17:15
19/05/2016 09:42
13/06/2016 11:05
14/06/2016 11:18
15/06/2016 08:37
16/06/2016 14:30
21/06/2016 14:50
12/07/2016 13:30
13/07/2016 13:20
14/07/2016 11:15
15/07/2016 10:45
16/07/2016 15:51
17/07/2016 15:00
19/07/2016 12:15
05/08/2016 11:56
06/08/2016 13:43
07/08/2016 08:59
08/08/2016 10:02

KV-19
4

2.8

2.7

2.1

2.8

13

2.3

2.8

KVv-20

10.3

49

4.1

4.4

10

10.7

13.5

Kv-21

5.4

3.6

5.8
2.7

48.9

16.2

21.6

45.2

Kv-33

3.2

0.42

2.3

2.3

8.9

5.8

7.2

KV-35 Kv-37
3.3
3.9
112.2
102.5
2.8
2.8 78
92.8
29.2
15.8
1180.2
440.5
22.7

KV-38

93.9

156.4

688.6

KVv-41
200.3

213

228.8

175.7

236

1801.7

884.1

1365.8



Discharge (Flow) (L/s)
Sample Date
09/08/2016 08:24
16/08/2016 13:25
18/08/2016 15:54
21/09/2016 17:45
22/09/2016 14:18
23/09/2016 14:20
24/09/2016 10:13
25/09/2016 09:35
19/10/2016 17:33
20/10/2016 13:46
21/10/2016 13:17
22/10/2016 12:10
23/10/2016 14:21
31/10/2016 10:10
08/11/2016 12:45
09/11/2016 10:31
10/11/2016 15:50
11/11/2016 15:06
12/11/2016 08:56
01/12/2016 12:05
02/12/2016 09:00
03/12/2016 10:20
04/12/2016 14:15
05/12/2016 08:40

Kv-19

3.1

2.9

2.9

9.2

KV-20 Kv-21 Kv-33
6.6
11.5 251
3.9
8.8 10.2
5.8
5.5 4.3
6.2
2.5

KV-35 Kv-37
47.3

489.6
29.7
13.9

211.8

13

187.8

111 186.6

KV-38

702.3

342.3

KVv-41

1049.5

5215

282.2

320.7



Discharge (Flow) (L/s)

Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
01/01/1994

27/01/1994

01/02/1994

24/02/1994

01/03/1994

28/03/1994

23/04/1994

10/05/1994

13/05/1994

31/05/1994

01/06/1994 0.2
27/06/1994 0.2
28/06/1994

27/07/1994

28/07/1994

29/07/1994 0.2
17/08/1994 0.2
07/09/1994

29/09/1994 0.2
27/10/1994

31/10/1994

29/11/1994

05/01/1995

06/02/1995

01/03/1995

29/03/1995

27/04/1995

03/05/1995

06/06/1995

06/07/1995 0.1
11/07/1995

05/08/1995

11/08/1995 0.3
04/09/1995 0.8
05/09/1995

11/10/1995 0.4
05/11/1995

12/12/1995

01/01/1996

09/02/1996

05/03/1996

07/04/1996

28/04/1996

24/06/1996

18/07/1996



Discharge (Flow) (L/s)
Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
02/08/1996
16/09/1996
03/10/1996
30/10/1996 0.1
30/11/1996 0.1
28/01/1997
26/02/1997
27/03/1997
12/05/1997
25/06/1997
30/06/1997
31/07/1997
20/08/1997
13/09/1997
10/10/1997
21/12/1997
15/01/1998
13/03/1998
25/04/1998
11/05/1998
14/05/1998
23/05/1998
30/05/1998
06/06/2000
07/11/2000
10/07/2001
11/07/2001
02/08/2003 31 0.8
24/01/2004
19/02/2004
23/03/2004
24/04/2004
15/06/2004
20/07/2004
29/07/2004
30/07/2004
25/08/2004
21/09/2004
21/10/2004
29/11/2004
17/12/2004
25/01/2005
26/02/2005
27/02/2005
22/03/2005



Discharge (Flow) (L/s)
Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
21/04/2005
22/04/2005
27/05/2005
30/06/2005
19/07/2005
20/07/2005
22/08/2005
23/08/2005
22/09/2005
25/10/2005
25/01/2006
22/02/2006
14/03/2006
15/03/2006
27/04/2006
28/06/2006
31/08/2006
21/09/2006
25/10/2006
15/06/2007
11/07/2007 0.75
12/07/2007
13/07/2007
15/07/2007 5
16/07/2007 42.22
17/07/2007 3 2.5 5.6
18/08/2007
31/08/2007
05/09/2007
06/09/2007
08/09/2007
10/09/2007
11/09/2007 113.49
13/09/2007
28/10/2007
13/03/2008
16/05/2008 181.5
18/05/2008 11:45
03/07/2008
05/07/2008
06/07/2008 188
13/08/2008
14/08/2008
15/09/2008
18/09/2008



Discharge (Flow) (L/s)
Sample Date
02/10/2008
03/10/2008
04/10/2008
05/10/2008

26/05/2009 17:15
27/05/2009 14:15
28/05/2009 12:00
05/06/2009 17:00
06/06/2009
04/07/2009 13:45
05/07/2009 14:35
06/07/2009 14:10
07/07/2009 09:30
08/09/2009
09/09/2009
11/09/2009
06/10/2009
07/10/2009
08/10/2009
09/10/2009
03/05/2010
04/05/2010
05/05/2010
26/05/2010
27/05/2010
28/05/2010
08/06/2010
05/07/2010
06/07/2010
07/07/2010
08/07/2010
09/07/2010
04/08/2010
14/09/2010
15/09/2010
05/10/2010
06/10/2010
07/10/2010
09/02/2011 12:00
12/05/2011 15:30
13/05/2011 08:50
25/05/2011 15:20
26/05/2011 11:55
27/05/2011 14:00
21/06/2011 12:00

KV-47

KVv-49

KV-50 Kv-51  KV-52 KV-53 KV-55
3.5
2.5
8
10
0.25
0.25
13
33.6
55.918
10 10
30

KV-56

1.5

60

20

KV-60



Discharge (Flow) (L/s)

Sample Date Kv-47  Kv-49  KV-50  KV-51 KV-52  KV-53  KV-55  KV-56  KV-60
22/06/2011 15:20
12/07/2011 13:20 0.4
13/07/2011 13:15 9 7

14/07/2011 15:15
19/07/2011 12:20
16/08/2011 14:50 0
17/08/2011 10:45 2 0.5
18/08/2011 16:00
17/09/2011 08:25
22/09/2011 15:05 31.4265 48.638
23/09/2011 09:30
24/09/2011 14:40
25/09/2011 12:55
23/10/2011
24/10/2011
25/10/2011
26/10/2011 16:20
27/10/2011 28
29/10/2011 16:00 0 20
30/10/2011 14:30
31/10/2011 12:30 0 34 3526 41
20/11/2011 14:25 22.2
21/11/2011 11:00
22/11/2011 10:00
24/11/2011 15:00
26/11/2011 09:00 0 34.6 49.1
13/12/2011 14:15
14/12/2011 16:25
15/12/2011 12:20
16/12/2011 15:10 15.2
17/12/2011 09:30
18/12/2011 12:25

20/12/2011 13:30 0
21/12/2011 15:20
12/01/2012 15:30 0 28.3 46.2

13/01/2012 12:00

14/01/2012 14:40

17/01/2012 13:00

18/01/2012 09:40

24/01/2012 15:45 7.2
09/02/2012 15:25

11/02/2012 15:30 0

12/02/2012 10:35 0 23.1 40.8

13/02/2012 13:30 0

14/02/2012 13:40 0



Discharge (Flow) (L/s)
Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
16/02/2012 13:00
09/03/2012 10:50
10/03/2012 12:50
11/03/2012 10:00 0 21.2 35
12/03/2012 08:45 0 3.6
14/03/2012 13:30
15/03/2012 12:00
07/04/2012 14:10 0
08/04/2012 09:25 0 19.5 30.5
09/04/2012 13:50
01/05/2012 11:30
03/05/2012 14:07 38.9 41.2 40.5
04/05/2012 11:30 0.0
05/05/2012 10:17
06/05/2012 13:28
07/05/2012 09:00
08/05/2012 10:35 105.6
09/05/2012 08:45 387.0
31/05/2012
01/06/2012
03/06/2012 6.741  28.525 40.524
04/06/2012 0.2
05/06/2012
06/06/2012 14:00 75.53
07/06/2012 09:05
01/07/2012 10:00
02/07/2012 14:47 37.41
03/07/2012 12:05 32.23 31.60
04/07/2012 13:40
05/07/2012 09:50
07/07/2012 12:00
08/07/2012 14:55 26.8
09/07/2012 08:50 13.5 40.9
10/07/2012 10:30
16/07/2012 15:30
01/08/2012 10:25 38.24 36
02/08/2012 12:30
03/08/2012 10:00 56
05/08/2012 13:05 0.5
07/08/2012 08:10
02/09/2012 08:50 0.6 100.9
03/09/2012 13:15 28.8 38.7
20/09/2012 15:10
21/09/2012 14:00
22/09/2012 10:33



Discharge (Flow) (L/s)
Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
23/09/2012 08:15
25/09/2012 09:29
10/10/2012 16:40
11/10/2012 14:00
12/10/2012 10:30
14/10/2012 13:30 27.8387 35.13 33.48
15/10/2012 10:45 24.91
16/10/2012 12:50
17/10/2012 10:34 36.17

19/11/2012 13:40 0

10/12/2012 15:10 0

12/01/2013 13:30

15/01/2013 09:30 41.11

16/01/2013 14:00
08/02/2013 15:30
09/02/2013 10:30

10/02/2013 12:10 0 0 0
12/02/2013 11:10 0 19.82 2491 37.25
07/03/2013 15:30 50.98

08/03/2013 14:00

12/03/2013 14:00

14/03/2013 12:00

04/04/2013 11:45 0

06/04/2013 09:15

09/04/2013 12:40 31.58

10/04/2013 11:15

02/05/2013 15:25

03/05/2013 09:45 0 23.57

04/05/2013 09:35

07/05/2013 11:50 0 0
01/06/2013 12:00

02/06/2013 16:00

03/06/2013 08:45 0.24

04/06/2013 11:50 24.64

05/06/2013 11:00

07/06/2013 14:50

08/06/2013 09:40

09/06/2013 08:45 93.025
01/07/2013 13:45

02/07/2013 13:50

03/07/2013 12:00 17.627
04/07/2013 15:00

05/07/2013 10:40  8.897

06/07/2013 09:30 28.238  40.7 21.341

07/07/2013 09:45



Discharge (Flow) (L/s)
Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
12/07/2013 13:45
06/08/2013 15:15
10/08/2013 16:35
11/08/2013 09:30
12/08/2013 09:50
01/09/2013 14:20
02/09/2013 12:30
03/09/2013 14:05 43.68
04/09/2013 13:40
05/09/2013 11:00 4.99
07/09/2013 14:30
08/09/2013 10:14
09/09/2013 13:00
11/09/2013 17:30
12/09/2013 13:18
13/09/2013 14:45
14/09/2013 11:31 20.23 84.93
01/10/2013 16:15
03/10/2013 15:55
04/10/2013 10:30
05/10/2013 12:25
06/10/2013 15:00
07/10/2013 10:25 24.165 78.37
09/10/2013 14:35 14.48 6.02
10/10/2013 08:30 3043 27.36 41.55
04/11/2013 14:30
06/11/2013 10:05
07/11/2013 10:10
08/11/2013 14:45
09/11/2013 13:30
11/11/2013 11:00 53.9
02/12/2013 13:00
03/12/2013 08:30
04/12/2013 14:40 88.69
06/12/2013 13:25
02/01/2014 16:05
03/01/2014 14:05

25/01/2014 14:05 46.1

02/02/2014 09:55 0 0
03/02/2014 10:30

08/02/2014 12:30 0

10/02/2014 11:30 0 7.1 29.1

11/02/2014 12:50
12/02/2014 12:20
18/02/2014 10:00



Discharge (Flow) (L/s)

Sample Date
01/03/2014 11:15
02/03/2014 13:10
04/03/2014 14:40
04/04/2014 16:00
05/04/2014 13:15
06/04/2014 12:30
07/04/2014 12:00
03/05/2014 15:35
04/05/2014 09:35
05/05/2014 13:00
06/05/2014 14:50
07/05/2014 11:50
08/05/2014 13:15
10/05/2014 11:25
11/05/2014 11:20
13/05/2014 10:45
14/05/2014 12:00
03/06/2014 15:00
04/06/2014 11:40
05/06/2014 11:45
06/06/2014 10:43
07/06/2014 12:50
08/06/2014 12:25
09/06/2014 10:45
10/06/2014 11:00
01/07/2014 11:35
02/07/2014 12:30
03/07/2014 15:35
04/07/2014 10:15
05/07/2014 13:25
06/07/2014 09:00
07/07/2014 10:00
01/08/2014 09:50
02/08/2014 12:00
03/08/2014 09:00
04/08/2014 09:30
05/08/2014 16:00
22/08/2014 15:30
24/08/2014 11:00
25/08/2014 09:45
02/09/2014 14:15
16/09/2014 13:10
18/09/2014 12:20
19/09/2014 12:00
20/09/2014 10:00

KV-47

367.42

23.3

26.81

19.419

KVv-49

KV-50

21.9

27.6

Kv-51  KV-52

26.8

30.80

49.4

40

27.5

30.62 34.94

31.99

53

KV-53 KV-55  KV-56
44.4 62.8
7.0
0.67114

KV-60

770

23

18.0

19.73



Discharge (Flow) (L/s)
Sample Date
21/09/2014 11:15
22/09/2014 12:45
27/09/2014 09:40
16/10/2014 10:00
17/10/2014 11:00
18/10/2014 14:25
19/10/2014 09:00
20/10/2014 13:20
21/10/2014 14:30
22/10/2014 11:10
23/10/2014 09:40
24/10/2014 14:55
25/10/2014 11:00
26/10/2014 09:00
13/11/2014 13:30
14/11/2014 12:30
15/11/2014 14:20
16/11/2014 14:45
17/11/2014 14:15
18/11/2014 10:00
19/11/2014 14:05
20/11/2014 09:59
21/11/2014 14:00
22/11/2014 14:31
12/12/2014 13:20
13/12/2014 13:20
14/12/2014 11:30
15/12/2014 13:00
16/12/2014 09:50
18/12/2014 14:23
19/12/2014 15:40
11/01/2015 13:16
12/01/2015 11:57
13/01/2015 13:12
14/01/2015 10:13
17/01/2015 13:00
19/01/2015 15:05
22/01/2015 13:24
28/01/2015 10:00
05/02/2015 13:07
06/02/2015 11:50
07/02/2015 14:00
12/02/2015 13:07
14/02/2015 14:47
15/02/2015 11:30

KV-47

KVv-49

KV-50 Kv-51  KV-52 KV-53 KV-55 KV-56

35.2 32.9 48.2
8.1
47.7
56.9
44.8
0 0

21 l6.4 39.6

KV-60

137.74

57.9

22

9.3



Discharge (Flow) (L/s)

Sample Date Kv-47 KVv-49 KV-50 Kv-51  KV-52 KV-53 KV-55 KV-56 KV-60
16/02/2015 15:20
17/02/2015 12:50 6.3

18/02/2015 08:00

06/03/2015 13:30

07/03/2015 13:00

09/03/2015 10:30 35.1

10/03/2015 12:05

11/03/2015 14:30

13/03/2015 13:00

03/04/2015 11:10

06/04/2015 09:40

07/04/2015 13:20

08/04/2015 11:30 31.7

09/04/2015 13:25

10/04/2015 12:00

12/04/2015 10:40

12/05/2015 10:15 372 1155 95.1

13/05/2015 13:01 1050
14/05/2015 11:30

23/05/2015 14:20 39.6
24/05/2015 16:14 28.9
26/05/2015 07:30

27/05/2015 12:34

28/05/2015 12:42

02/06/2015 13:16 35

03/06/2015 14:30

04/06/2015 10:30

09/06/2015 13:23 71.5
11/06/2015 10:24

12/06/2015 11:48 62

16/06/2015 08:48  71.2 17.7
17/06/2015 08:50

18/06/2015 10:41 34.1

19/06/2015 09:30

23/06/2015 15:05

09/07/2015 14:56

13/07/2015 12:30

15/07/2015 13:10

16/07/2015 12:15

18/07/2015 14:10

19/07/2015 12:20 45.7 275.4
26/07/2015 09:22

28/07/2015 12:00 286  26.1

29/07/2015 10:30

30/07/2015 13:40 12



Discharge (Flow) (L/s)
Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
06/08/2015 11:05
12/08/2015 13:25
17/08/2015 10:35 38.8
19/08/2015 14:30
20/08/2015 14:20
21/08/2015 11:50
22/08/2015 13:00 93.5
23/08/2015 14:25
26/08/2015 12:10
01/09/2015 11:30
03/09/2015 10:56
04/09/2015 09:15
10/09/2015 11:59
11/09/2015 15:05
12/09/2015 13:31 42.3
13/09/2015 15:25
15/09/2015 14:46
16/09/2015 1721
17/09/2015 12:07
18/09/2015 45.7
19/09/2015
10/10/2015 15:07 38.2
11/10/2015 12:07
14/10/2015 15:04
16/10/2015 13:45
17/10/2015 15:30 36.3 37.5
18/10/2015 10:05 0
19/10/2015 12:19
20/10/2015 13:16 12.1 6.2 75.6
14/11/2015 14:48
15/11/2015 13:42
16/11/2015 10:57
17/11/2015 14:10
18/11/2015 10:08
19/11/2015 10:55 70.8
20/11/2015 15:38
22/11/2015 15:30

23/11/2015 12:09 23.3
24/11/2015 12:50
15/12/2015 11:50 17.4

16/12/2015 11:20

17/12/2015 12:00

18/12/2015 12:15 86.7
19/12/2015 11:44

20/12/2015 09:37 34.5



Discharge (Flow) (L/s)
Sample Date
05/01/2016 11:56
06/01/2016 13:00
07/01/2016 15:00
08/01/2016 10:41
09/01/2016 11:50
10/01/2016 10:30
30/01/2016 10:40
01/02/2016 11:30
02/02/2016 14:00
03/02/2016 11:20
04/02/2016 11:45
08/02/2016 13:19
02/03/2016 15:54
03/03/2016 10:45
04/03/2016 12:15
05/03/2016 14:55
06/03/2016 12:45
05/04/2016 16:00
06/04/2016 09:30
07/04/2016 09:10
08/04/2016 12:50
01/05/2016 14:35
02/05/2016 13:00
03/05/2016 12:25
04/05/2016 15:28
05/05/2016 10:20
06/05/2016 10:10
18/05/2016 17:15
19/05/2016 09:42
13/06/2016 11:05
14/06/2016 11:18
15/06/2016 08:37
16/06/2016 14:30
21/06/2016 14:50
12/07/2016 13:30
13/07/2016 13:20
14/07/2016 11:15
15/07/2016 10:45
16/07/2016 15:51
17/07/2016 15:00
19/07/2016 12:15
05/08/2016 11:56
06/08/2016 13:43
07/08/2016 08:59
08/08/2016 10:02

KV-47 KV-49 KV-50 KV-51

37

0 24.7 25.3

25.8

19.2

28.5 47

46.7

331 41.4

78.9

KVv-52

70.7

47

41.4

34.5

29.4

36.9

40.4

33

KV-55  KV-56
953
53 20.6

KV-60

13.9

10.1

10.6

418.6

58.4

49.3

279.6



Discharge (Flow) (L/s)
Sample Date KVv-47 KV-49 KV-50 KV-51 KV-52 KV-53 KV-55 KV-56 KV-60
09/08/2016 08:24
16/08/2016 13:25
18/08/2016 15:54
21/09/2016 17:45
22/09/2016 14:18
23/09/2016 14:20 53.2 41.9
24/09/2016 10:13 82.9
25/09/2016 09:35
19/10/2016 17:33
20/10/2016 13:46
21/10/2016 13:17
22/10/2016 12:10 39.4
23/10/2016 14:21 43.3 41.5 21.2
31/10/2016 10:10
08/11/2016 12:45
09/11/2016 10:31
10/11/2016 15:50 41.2 17.2
11/11/2016 15:06 29.7
12/11/2016 08:56
01/12/2016 12:05
02/12/2016 09:00 12.6
03/12/2016 10:20 53.3
04/12/2016 14:15
05/12/2016 08:40 37.1



Discharge (Flow) (L/s)
Sample Date KV-61 KV-62 KV-64 KV-65 KV-66 KV-72 WILC FIEC
01/01/1994
27/01/1994
01/02/1994
24/02/1994
01/03/1994
28/03/1994
23/04/1994
10/05/1994
13/05/1994
31/05/1994
01/06/1994
27/06/1994
28/06/1994
27/07/1994
28/07/1994
29/07/1994
17/08/1994
07/09/1994
29/09/1994
27/10/1994
31/10/1994
29/11/1994
05/01/1995
06/02/1995
01/03/1995
29/03/1995
27/04/1995
03/05/1995
06/06/1995
06/07/1995
11/07/1995
05/08/1995
11/08/1995
04/09/1995
05/09/1995
11/10/1995
05/11/1995
12/12/1995
01/01/1996
09/02/1996
05/03/1996
07/04/1996
28/04/1996
24/06/1996
18/07/1996



Discharge (Flow) (L/s)
Sample Date KV-61 KV-62 KV-64 KV-65 KV-66 KV-72 WILC FIEC
02/08/1996
16/09/1996
03/10/1996
30/10/1996
30/11/1996
28/01/1997
26/02/1997
27/03/1997
12/05/1997
25/06/1997
30/06/1997
31/07/1997
20/08/1997
13/09/1997
10/10/1997
21/12/1997
15/01/1998
13/03/1998
25/04/1998
11/05/1998
14/05/1998
23/05/1998
30/05/1998
06/06/2000
07/11/2000
10/07/2001
11/07/2001
02/08/2003
24/01/2004
19/02/2004
23/03/2004
24/04/2004
15/06/2004
20/07/2004
29/07/2004
30/07/2004
25/08/2004
21/09/2004
21/10/2004
29/11/2004
17/12/2004
25/01/2005
26/02/2005
27/02/2005
22/03/2005



Discharge (Flow) (L/s)
Sample Date KV-61 KV-62 KV-64 KV-65 KV-66 KV-72 WILC FIEC
21/04/2005
22/04/2005
27/05/2005
30/06/2005
19/07/2005
20/07/2005
22/08/2005
23/08/2005
22/09/2005
25/10/2005
25/01/2006
22/02/2006
14/03/2006
15/03/2006
27/04/2006
28/06/2006
31/08/2006
21/09/2006
25/10/2006
15/06/2007
11/07/2007
12/07/2007
13/07/2007
15/07/2007
16/07/2007 2
17/07/2007
18/08/2007
31/08/2007
05/09/2007
06/09/2007
08/09/2007
10/09/2007
11/09/2007
13/09/2007
28/10/2007
13/03/2008
16/05/2008

18/05/2008 11:45
03/07/2008
05/07/2008
06/07/2008
13/08/2008
14/08/2008
15/09/2008
18/09/2008



Discharge (Flow) (L/s)
Sample Date
02/10/2008
03/10/2008
04/10/2008
05/10/2008

26/05/2009 17:15
27/05/2009 14:15
28/05/2009 12:00
05/06/2009 17:00
06/06/2009
04/07/2009 13:45
05/07/2009 14:35
06/07/2009 14:10
07/07/2009 09:30
08/09/2009
09/09/2009
11/09/2009
06/10/2009
07/10/2009
08/10/2009
09/10/2009
03/05/2010
04/05/2010
05/05/2010
26/05/2010
27/05/2010
28/05/2010
08/06/2010
05/07/2010
06/07/2010
07/07/2010
08/07/2010
09/07/2010
04/08/2010
14/09/2010
15/09/2010
05/10/2010
06/10/2010
07/10/2010
09/02/2011 12:00
12/05/2011 15:30
13/05/2011 08:50
25/05/2011 15:20
26/05/2011 11:55
27/05/2011 14:00
21/06/2011 12:00

Kv-61 KV-62 KVv-64 KV-65 KV-66 KV-72 WILC

1300.56

177.475

3.5

266.785

188.85

25 142.48
527.0095

12 150
221.428067

597.44

246.37

FIEC



Discharge (Flow) (L/s)
Sample Date
22/06/2011 15:20
12/07/2011 13:20
13/07/2011 13:15
14/07/2011 15:15
19/07/2011 12:20
16/08/2011 14:50
17/08/2011 10:45
18/08/2011 16:00
17/09/2011 08:25
22/09/2011 15:05
23/09/2011 09:30
24/09/2011 14:40
25/09/2011 12:55
23/10/2011
24/10/2011
25/10/2011
26/10/2011 16:20
27/10/2011
29/10/2011 16:00
30/10/2011 14:30
31/10/2011 12:30
20/11/2011 14:25
21/11/2011 11:00
22/11/2011 10:00
24/11/2011 15:00
26/11/2011 09:00
13/12/2011 14:15
14/12/2011 16:25
15/12/2011 12:20
16/12/2011 15:10
17/12/2011 09:30
18/12/2011 12:25
20/12/2011 13:30
21/12/2011 15:20
12/01/2012 15:30
13/01/2012 12:00
14/01/2012 14:40
17/01/2012 13:00
18/01/2012 09:40
24/01/2012 15:45
09/02/2012 15:25
11/02/2012 15:30
12/02/2012 10:35
13/02/2012 13:30
14/02/2012 13:40

KV-61 KV-62 KV-64 KV-65 KV-66 KV-72 WILC
20
0
271.9
227.9375
2455
115
0
8.3
213
52.6
20.2
45.7
0
26.5

FIEC

34

25.9



Discharge (Flow) (L/s)
Sample Date
16/02/2012 13:00
09/03/2012 10:50
10/03/2012 12:50
11/03/2012 10:00
12/03/2012 08:45
14/03/2012 13:30
15/03/2012 12:00
07/04/2012 14:10
08/04/2012 09:25
09/04/2012 13:50
01/05/2012 11:30
03/05/2012 14:07
04/05/2012 11:30
05/05/2012 10:17
06/05/2012 13:28
07/05/2012 09:00
08/05/2012 10:35
09/05/2012 08:45
31/05/2012
01/06/2012
03/06/2012
04/06/2012
05/06/2012
06/06/2012 14:00
07/06/2012 09:05
01/07/2012 10:00
02/07/2012 14:47
03/07/2012 12:05
04/07/2012 13:40
05/07/2012 09:50
07/07/2012 12:00
08/07/2012 14:55
09/07/2012 08:50
10/07/2012 10:30
16/07/2012 15:30
01/08/2012 10:25
02/08/2012 12:30
03/08/2012 10:00
05/08/2012 13:05
07/08/2012 08:10
02/09/2012 08:50
03/09/2012 13:15
20/09/2012 15:10
21/09/2012 14:00
22/09/2012 10:33

KV-61 KV-62 KV-64 KV-65 KV-66
4.8
33.7
6.7
83.3
324.91 735.36
147.77
0
283.14
283
10.1 40
8.2 29.6 224.3

KV-72 WILC
3489.7
6461
263.76
220.55
5334.22
4923
98
117.1
2199.4

FIEC

12.2

346.12

399.04

13.8

169.8



Discharge (Flow) (L/s)
Sample Date KV-61 KV-62 KV-64 KV-65 KV-66 KV-72 WILC FIEC
23/09/2012 08:15
25/09/2012 09:29
10/10/2012 16:40
11/10/2012 14:00 1991.792
12/10/2012 10:30
14/10/2012 13:30
15/10/2012 10:45 22.823
16/10/2012 12:50 163.7675
17/10/2012 10:34
19/11/2012 13:40
10/12/2012 15:10
12/01/2013 13:30
15/01/2013 09:30 44.94
16/01/2013 14:00
08/02/2013 15:30
09/02/2013 10:30 39.1
10/02/2013 12:10
12/02/2013 11:10 0
07/03/2013 15:30
08/03/2013 14:00
12/03/2013 14:00
14/03/2013 12:00 71.54
04/04/2013 11:45 30.3
06/04/2013 09:15
09/04/2013 12:40

10/04/2013 11:15 41.23
02/05/2013 15:25 26.38
03/05/2013 09:45

04/05/2013 09:35 0

07/05/2013 11:50

01/06/2013 12:00

02/06/2013 16:00

03/06/2013 08:45

04/06/2013 11:50 313.61 329.448
05/06/2013 11:00

07/06/2013 14:50

08/06/2013 09:40 67.45 575.46

09/06/2013 08:45

01/07/2013 13:45

02/07/2013 13:50 5511.28

03/07/2013 12:00 0

04/07/2013 15:00

05/07/2013 10:40

06/07/2013 09:30

07/07/2013 09:45 44.77 58916



Discharge (Flow) (L/s)
Sample Date
12/07/2013 13:45
06/08/2013 15:15
10/08/2013 16:35
11/08/2013 09:30
12/08/2013 09:50
01/09/2013 14:20
02/09/2013 12:30
03/09/2013 14:05
04/09/2013 13:40
05/09/2013 11:00
07/09/2013 14:30
08/09/2013 10:14
09/09/2013 13:00
11/09/2013 17:30
12/09/2013 13:18
13/09/2013 14:45
14/09/2013 11:31
01/10/2013 16:15
03/10/2013 15:55
04/10/2013 10:30
05/10/2013 12:25
06/10/2013 15:00
07/10/2013 10:25
09/10/2013 14:35
10/10/2013 08:30
04/11/2013 14:30
06/11/2013 10:05
07/11/2013 10:10
08/11/2013 14:45
09/11/2013 13:30
11/11/2013 11:00
02/12/2013 13:00
03/12/2013 08:30
04/12/2013 14:40
06/12/2013 13:25
02/01/2014 16:05
03/01/2014 14:05
25/01/2014 14:05
02/02/2014 09:55
03/02/2014 10:30
08/02/2014 12:30
10/02/2014 11:30
11/02/2014 12:50
12/02/2014 12:20
18/02/2014 10:00

Kv-61 KV-62

3.1

2.09

1.83

KVv-64

30.05

KV-65 KV-66 KV-72 WILC FIEC
2305.59
1936.8
20.74  32.49
4417.87

139.11 175.14

2146

33.2



Discharge (Flow) (L/s)
Sample Date
01/03/2014 11:15
02/03/2014 13:10
04/03/2014 14:40
04/04/2014 16:00
05/04/2014 13:15
06/04/2014 12:30
07/04/2014 12:00
03/05/2014 15:35
04/05/2014 09:35
05/05/2014 13:00
06/05/2014 14:50
07/05/2014 11:50
08/05/2014 13:15
10/05/2014 11:25
11/05/2014 11:20
13/05/2014 10:45
14/05/2014 12:00
03/06/2014 15:00
04/06/2014 11:40
05/06/2014 11:45
06/06/2014 10:43
07/06/2014 12:50
08/06/2014 12:25
09/06/2014 10:45
10/06/2014 11:00
01/07/2014 11:35
02/07/2014 12:30
03/07/2014 15:35
04/07/2014 10:15
05/07/2014 13:25
06/07/2014 09:00
07/07/2014 10:00
01/08/2014 09:50
02/08/2014 12:00
03/08/2014 09:00
04/08/2014 09:30
05/08/2014 16:00
22/08/2014 15:30
24/08/2014 11:00