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MINERAL WEATHERING IN RED DOG SOILS: LEACHING

SUMMARY

Mineral weathering in soils collected in the vicinity of Red Dog Operations in 2005 was studied.
Diagnostic leaching techniques were used to estimate the distribution and extractability of metal
ions. Kinetic and static methods evaluated the potential for long-term leaching.

The proportion of extractable zinc in samples close to the mill was 4.2% in standard diagnostic
leaching testing. The proportion of extractable lead from these tests was an order of magnitude
lower. The potential to produce acidic leachates was evident in one sample obtained close to the
mine and mill. The pH of a surface sample close to the mill was less than 3 over the 37 week testing
period. There is evidence of preferential leaching of zinc from the samples, consistent with a
microbially mediated process. The kinetic test results are consistent with oxidative products being
washed out of the sample over time. The continuing oxidation of lead, zinc and iron, however may
still be occurring. The quantity of sulfate leached could not generally be accounted for by the
concentrations of lead, zinc or iron. This result suggests that sulfate is leached from other minerals
present in the soils.

Metals leaching is possible from soil samples close to the mine and mill. The effect of metals
leaching on the environment and tundra require field testing under controlled conditions. The
impacts of metals leaching on the tundra ecology are also required.

BACKGROUND

The Red Dog mine is located in the DelLong Mountains in the Western Brooks Range. The Red Dog
mine has been in operation since late 1989. On-going work at the mine site has resulted in significant
decreases in the release of zinc and lead-containing particulates to the environment.

Teck Cominco Alaska Red Dog mine conducted soil and vegetation investigations in 2003 and 2004
to evaluate the extent of the lead and zinc deposition. Emission inventories and air dispersion models
were developed and are being used to understand historic and existing fugitive particulate deposition.
The data collected is intended to provide the State and Teck Cominco with information pertaining to
the relative contributions of different sources of fugitive particulates.

Attention has been focused previously on quantifying fugitive particulates and evaluating sources.
The potential of the particulates to affect local vegetation has not been studied in detail, but is
planned in 2006. High lead to zinc ratios were observed in soils sampled around the Red Dog mill,
crushing and tailings areas [Brienne, 2007]. The higher lead to zinc ratios in the soil samples
compared to the ore suggests selective sphalerite oxidation is occurring, possibly through a galvanic
mechanism. One result of the mineral oxidation is release of metal ions to and a change in soil pH in
the surrounding environment. The presence of weathered mineral grains was confirmed in previous
testing at ART [Brienne, 2007]. The present investigation focuses on the investigation of the
potential of metals release as a result of weathering processes.
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OBJECTIVES
The proposed study is designed to answer the following questions:

e (Can metals leach from dusts surrounding the Red Dog mine and mill?

e  What is the potential for leaching from the minerals present in the soils around the Red Dog
mine and mill?

e  What is the potential for acid generation in the soils around the Red Dog mine and mill?

DETAILS
Sampling

The samples used in the investigation were already described [Brienne, 2007]. An additional sample
was collected close to the mine and mill to provide material for diagnostic leaching. The sampling
location is given in Figure 1. One sample was collected close to the mine and mill (Proximal
sample). This sample was equivalent to the Triangle sample used in previous testing [Brienne, 2007].
The sample was collected on June 20, 2006.

The samples were collected at two depths:

e A “surface” sample representing the top 1 inch was collected. The “surface” samples contain
potentially 90% vegetation/detritus and 10% inorganics.

¢ A second “mineralized” sample was collected one foot below the surface. The “mineralized”
sample represents the naturally mineralized soil; approximately 90% clay and other
inorganics.

Test outline

Testing took place using two protocols:
® Leaching testing using the California WET method [EPA, 1996]. The 2006 sample was used
in this testing.
¢ Kinetic testing was performed using the Standard Test Method for Accelerated Weathering
of Solid Materials Using a Modified Humidity Cell [ASTM, 1996]. A modified version was
required due to the small sample size received. The 2005 samples were used in this testing
[Brienne, 2007].

The leaching testing was done at the Teck Cominco Applied Research and Technology (ART) group
in Trail, British Columbia. ART is an independent facility to Red Dog Operations. Kinetic testing
was undertaken by Canadian Environmental and Metallurgical Incorporate (CEMI, Vancouver BC).
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Sample characterization

Representative samples of Proximal surface and subsurface soil were assayed. An additional amount
of each soil sample was passed through a 9500 pm screen followed by a 300 um screen to separate
out the fines. The three different size fractions, unscreened, -9500 um and -300 pm were assayed by
ICP. Assays for the -9500 +300 um fraction were calculated. Results are shown in Table 1.

Table 1. Size assay data and distribution for Red Dog soil samples collected in 2006.

Column Mass (%) Assays (%) Distribution (%)

Iron Lead Zinc Iron Lead Zinc

Proximal surface

-300 pm 47.3 39 3.8 22 42 62 78
-9500 + 300 um 47.5 4.9 1.8 0.6 53 30 22
+9500 pm 52 4.4 4.7 0.0 5 8 -

Head 100 4.4 29 1.3 100 100 100

Proximal sub-surface

-300 pm 22 4.6 0.04 0.14 20 24 21
-9500 + 300 um 73 5.5 0.04 0.17 77 76 79
+9500 pm 5 34 0.00 0.00 3 0 0
Head 100 52 0.02 0.12 100 100 100

The lead to zinc ratio in the Proximal surface sample was higher than that of a typical Red Dog ore.
The mass distribution for the Proximal surface sample was split approximately equally between the
coarser (-9500 +300 um) and finer fractions (-300 pm). The mass was concentrated more Proximal
sub-surface sample in the -9500 pum fraction. The lead, zinc and iron were mainly concentrated in the
-9500 pm fraction.

Leaching

The availability of metal ions and potential of metal ion leaching may be estimated using diagnostic
leaching [EPA, 1996]. Additional amounts of both the surface and subsurface Proximal sample were
requested for this testwork. A known weight of each soil sample passing a 9.5 mm screen was
weighed and transferred to a vessel capable of rotating end over end at 30 + 2 rpm on a roller. Water
acidified to a pH of 5.00 £ 0.05 was used to leach the dust samples. The amount of water used was
equal to 20 times the weight of the test samples. The samples were agitated end-over-end for 18
hours, and then filtered through a glass fiber filter (0.7 um). The pH of each sample was measured.
The surface sample had an average pH of 3.23 and that of the subsurface sample was recorded as
5.95. The samples where then acidified to a pH <2 and sent for analysis. The results of the diagnostic
leaching tests are presented given in Table 2.

Report 2007RR06 - Mineral Weathering in Red Dog Soils: Leaching 4



Table 2. Diagnostic leaching results of the Proximal -9500 um fraction.

Sample Head Assay (%) Leached (%)

Lead Zinc Lead Zinc
Surface 2.9 1.3 0.34 4.22
Sub-surface 0.02 0.12 0.16 4.23

Using EPA method 1312, 4.2% zinc leached from each of the Proximal surface and sub-surface soil
samples, respectively. The lead leaching (0.34%) is approximately an order of magnitude below zinc
for the surface sample. The 0.16% of lead leached from the sub-surface sample is half that of the
surface sample. The results suggest some leaching is possible from the samples, however the overall
quantity is low.

Kinetic testing

Kinetic testing was based on a modified humidity cell tests [ASTM, 1996]. The following 2005
samples were used in the kinetic testing [Brienne, 2007]:

e HCI, TT3 sub-surface distant from the mine and mill

e HC2, TT3 surface distant from the mine and mill

e HC3, Triangle sub-surface close to the mine and mill

e HC4, Triangle surface close to the mine and mill

Given the organic nature of the samples, the standard 1000 g mass was not used in all of the
Humidity Cell (HC) tests. Those containing TT3 sub-surface (HC1) and TT3 surface (HC2) used
weights of 488 g and 152 g, respectively whereas Triangle sub-surface (HC3) and Triangle surface
(HC4) contained 1000 g each. The initial flushing volume was decreased for HC1 and HC2, but all
four cells received a weekly flush volume of 500 mL. The protocol requires that the test period be a
minimum of 20 weeks. The long-range leachablity of metal ions from the samples was determined
by extending the test period 37 weeks. Full experimental results may be found in the in the appendix.

pH

Humidity cells are used to define the acid generation behavior of a sample under aggressive
oxidative conditions over time. The weekly effluent is collected and analyzed for cations and anions
that indicate the presence of solubilized weathering products and trace metals. Another important
parameter analyzed is pH. Table 3 lists the four samples and an overall analysis of the weekly
leachate pH values. The broad acid generating classifications developed by Robertson are also given
in Table 3 for comparison [Robertson et al., 1992]. Leachate pH values as a function of cycle time
are given in Figure 2.
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Table 3. Kinetic cell final leachate pH results.

Classification Kinetic testing final leachate pH Comments
HC1 HC2 HC3 HC4
pH >5 . No significant acid generation or neutralization
pH3to5 . . Likely acid generating and consuming some acid
pH <3 ° Strongly acid generating

20 T T T T T T T
0 5 10 15 20 25 30 35 40

Cycle (week)

Figure 2. Leachate pH obtained from kinetic testing.

The leachate pH values for HC1 (TT3 sub-surface) show an increase over the testing period. This
result indicates that there will be no significant acid generation from this soil. The lowest leachate
pH was observed for HC4 (Triangle surface) where the pH was 3 + 0.2 for the duration of the test.
Oxidative processes within this sample will result in acid leachates. The leachate of HC3 (Triangle
mineral) remained between pH 3 and pH 5.

The leachate pH values for the surface samples (HC2 and HC4) were lower than the sub-surface
samples (HC1 and HC3, respectively). Any modifications of pH as a result of oxidative processes in
the surface appear to be buffered by soil in the sub-surface samples.

Leachate characteristics

The complete oxidation of sulfide minerals produces sulfate as a by-product. The sulfate production
rate can be used as an indicator of the acid generation rate. The leachate sulfate concentration plotted
against time indicates the weathering behavior of the sample. A curve that continues to trend upward
indicates the continuous formation of weathering products, typical of an acid generating material. A
curve that is initially high and then declines indicates the dissolution of previously accumulated ARD
products, followed by little to no new product generation [Robertson et al., 1992].
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The metal or anion concentration as well as the pH of the four soil samples over time are given in
Figures 3 through 6. The metal and anion concentrations are normalized to the mass of the original
sample and for sample volume (mg/L) to provide a basis of comparison between samples.

The weekly quantity of zinc leached generally decreased over the testing period for all cells. The
initial zinc leached for the HC4 was 298 mg/L and this dropped to 46 mg/L for the last test. Similar
results, though with lower zinc extractions were observed for the other samples. The observed trend
suggested flushing of stored oxidation products over the duration of the testing. The possibility of
further weathering cannot be discounted based on the kinetic test results.

The leaching behavior of lead was different to that of zinc. The weekly quantity of lead leached was
lower than that for zinc, reflecting the assay values and lower solubility of lead sulfate. The quantity
of lead leached in HC4 was initially 2.5 mg/kg and 4.3 mg/kg at the end of the test. The amount
leached per week was approximately constant over the leaching period. This result suggests a
different leaching mechanism for lead than that observed for zinc.

The sulfate leaching results for all of the soil samples also indicate the dissolution of stored products,
rather than the generation of new products. The weekly variation in leached sulfate, magnesium and
calcium generally show the same trends. This result may indicate that there are some soluble or semi-
soluble sulfate-containing minerals in the soil that are contributing to the leached sulfate. The final
leachate concentrations of lead, zinc and iron at most account for 50% of the sulfate leached in HC2,
HC3 and HC4. This result suggests other sources of sulfate contribute to the leached sulfate.

Final extractions
The total lead, zinc and sulphur leached over the testing period was calculated from the leachate

concentrations, extraction volumes, initial mass of sample and sample assay. Results for leaching
lead, zinc and sulfur are presented in Table 4.

Table 4. Metals recover from kinetic cell testing.

Cell Head Assay (%) Total leached (%)

Lead Zinc Sulfur Lead Zinc Sulfur
HC1 0.006 0.002 0.09 0.39 34 10.0
HC2' - - - - - -
HC3 0.09 0.08 0.12 0.40 11.7 15.1
HC4 1.9 0.6 2.0 0.26 30.0 10.2

*: due to the large amount of vegetative matter in this sample, a total assay on the head assay was not available

The percentage of zinc leached from the Triangle soil samples (sub-surface and surface) was much
higher than the percentage of lead leached. The observation of more zinc leaching than lead indicates
some preferential weathering mechanism taking place in the Triangle samples. Preferential oxidation
of sphalerite occurs in Red Dog ores and may account for the relatively higher zinc leached in the
soil samples. The preferential initial leaching of zinc over iron and lead has been observed in the
microbially-mediated oxidation of sphalerite, pyrite and galena-containing ores. The presence of lead
is also due to the lower solubility of the lead sulfate.
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Figure 4. Leachate concentrations from kinetic testing of HC2 (TT3 surface sample).
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Figure 6. Leachate concentrations from kinetic testing of HC4 (Triangle surface).
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The final leaching percentages indicate that the potential for lead leaching will be low. Some zinc
may be leached under the aggressive oxidative conditions of the humidity cell tests.

The final metals leached during the kinetic testing may also be related to the diagnostic leaching
results (Table 2). Similar lead extractions were observed in the kinetic and diagnostic leaching tests.
More zinc leached from the soil samples in the kinetic compared to the diagnostic tests.

Initially high zinc extractions are supported by observations of oxidized zinc-containing mineral
grains from a previous report [Brienne, 2007]. The testing also indicates some follow up oxidative
processes could occur. The previous testing could not confirm that the mineral grains originated from
the mine and mill, or were present due to other factors.

Post mortem analysis
Results from the post mortem analysis are given in Table 5. The organic nature of the TT3 samples is

evident from mass loss on ignition. Photographs of the materials used in the kinetic testing also
indicate high organic content [Brienne, 2007].

Table 5. Post kinetic analysis

Sample Total S (%) NNP Loss on Ignition (%)
(kg CaCO3)/t

HC1 (TT3 sub-surface) 0.07 -6.4 43

HC2 (TT3 surface) 0.08 -29.5 95

HC3 (Triangle sub-surface) 0.11 -0.9 10

HC4 (Triangle surface) 1.38 18.2 19

Static methods have been used to estimate the acid potential for waste materials [Parker et al., 1999].
Prediction of acid potential when the net neutralization potential (NNP) is between +20 and -20 (kg
CaCO3)/t are difficult [EPA, 1994a; MEND, 1995]. Results from the static acid base accounting
testing in Table 5 indicate that samples from HC1, HC2 and HC3 fall in this range. Based on the
kinetic testing, only the HC4 sample is expected to be acid generating.

CONCLUSIONS
The following conclusions can be drawn:

® Assay data indicate the lead concentrations in the Proximal regions close to the mine and mill
15 2.9% and 0.02% for a surface and sub-surface sample, respectively. This suggests lead is
present below the soil surface.

¢ Thelead and zinc extractability was determined for the Proximal samples using a diagnostic
leach procedure. Results indicate that approximately 0.3% of the lead is leached in the
Proximal surface sample. Zinc leaching from the Proximal surface and sub-surface samples
were approximately 4%.

¢ Kinetic testing indicates that only one sample (Triangle surface) has the potential for acidic
leachates over a long time period. Low metals leaching was predicted based on the kinetic
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testing. Approximately 30% of the zinc could be extracted under aggressive oxidative
conditions of a humidity cell test. Preferential leaching of zinc was observed in the testing,
consistent with a microbially-mediated oxidative process.

® Some metal leaching into the environment and pH modification is predicted based on the
kinetic test results.

RECOMMENDATIONS

The following recommendations are offered:

1. The results above indicate mineral weathering is possible for grains under controlled
laboratory conditions. Natural attenuation mechanisms may be present in the environment,
however these have not been explored. A field test will be required to confirm these
laboratory based results.

2. The environmental impact of this weathering has not been determined. A testing programme
is required to determine the effects of the metal ion leaching on the environment surrounding
Red Dog Operations.
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