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APPENDIX 2

MINE WASTE CHARACTERIZATION

As described in Section 10 of the PTM, over the last ten years, PolyMet has conducted a mine
waste characterization program to support the Project in consultation with MDNR. This Appendix
2 presents additional information relating to the mine waste characterization program, and the
results of that program, to further demonstrate compliance with the nonferrous mining regulations
and support PolyMet’s PTM Application (Application) for the Project. This Appendix provides
additional detail regarding the process of developing the mine waste characterization program, the
contents of the mine waste characterization program, and summary of key outcomes to-date.
References are provided to additional documentation of the mine waste characterization program
and results. These documents have already been provided to DNR as part of the collaborative
development and implementation of the mine waste characterization program among PolyMet, its
consultants, and DNR.

2.1. Development of the Mine Waste Characterization Program

Minnesota law requires that an applicant for a PTM meet with the DNR "to outline chemical and
mineralogical analyses and laboratory tests to be conducted for mine waste characterization,"”
which the DNR will then use in "evaluation of the applicant's mining and reclamation plan”
(Minnesota Rules, part 6132.1000, subpart 1). In addition, the mine waste characterization must
“be conducted by persons with demonstrated proficiency in such analysis and approved by the
commissioner” (Minnesota Rules, part 6132.1000, subpart 2).

In accordance with these regulatory requirements, in 2004, PolyMet initiated a series of
characterization conferences and other exchanges with the Lands and Minerals Division of DNR
to develop a mine waste characterization program for the Project. These interactions included
PolyMet’s primary mine waste characterization consultant, SRK Consulting (SRK), with
demonstrated proficiency in conducting mine waste characterization,! as documented in
Appendix 1.10 of the Application.

PolyMet's technical expert, SRK, worked directly with DNR from 2004 to 2010 to develop the
geochemical characterization plans that served as the primary documents outlining the parameters
of the waste characterization program for the Project for the following mine waste:

— Mine Site waste rock and ore geochemical characterization work

— Flotation Tailings and Hydrometallurgical Residue geochemical characterization work

— Mine Site overburden geochemical characterization work

— other targeted studies and analyses to support the waste characterization program
(collectively, characterization work).

! PolyMet first notified DNR of its intent to utilize SRK to work with DNR to develop the mine waste
characterization program at a meeting in late 2004.



The individuals who participated in the development of the characterization work are qualified
specialists, proficient in their fields. The primary individuals that participated in the conferences
and other exchanges and contributed to the characterization work, including representatives from
DNR, are identified in the characterization work reports. Additionally, other entities that supported
the implementation of the waste characterization program, such as laboratories used to perform
the analyses, are identified in the characterization work reports and were subject to the review and
approval of DNR. See Sections 1.5 and 1.6 in Reference (1); Section 1.5 and 1.6 in Reference (2);
Section 5.1.5 and 5.2 in Reference (3); Reference (4), and Reference (5). Following development
of the characterization work, PolyMet and its consultant, SRK, continued to work directly with
DNR throughout implementation of the characterization work.

Development of the waste characterization program was an iterative process with DNR in which
DNR reviewed the plans for characterization work and evaluated results of preliminary sampling
and testing, requested that PolyMet provide supplemental information in certain instances,
provided PolyMet with comments and requested revisions to the characterization work, and
provided PolyMet with further direction on sampling and testwork. DNR continued to provide
PolyMet input throughout implementation of the waste characterization program. An overview of
the timeline and steps involved in this iterative process for characterization of each of the mine
wastes is provided below, with references to supporting documentation, as applicable.

2.1.1. Overview of Consultation with DNR on the Characterization Work

Mine Site Waste Rock and Ore Characterization

e Preliminary Meetings (2004). A series of meetings with DNR were held in the second
half of 2004 during which PolyMet? and DNR had preliminary discussions related to
mine waste management and mine waste characterization. Based on the information
exchanged during the preliminary meetings, SRK developed a draft work plan for
geochemical characterization, which was submitted to DNR and other state and federal
agency officials. PolyMet also met with these officials to present and discuss the draft
work plan. At this meeting, PolyMet notified DNR that it intended to use SRK to
develop and finalize the characterization work.

o Plan Development (2005 — 2006). PolyMet and DNR worked together to develop the
waste rock characterization work plan. Through a series of meetings, teleconferences,
and correspondence, DNR provided comments to PolyMet’s proposed waste rock
characterization work, and PolyMet responded to DNR comments and provided
additional information when requested. DNR and PolyMet developed a sample
selection matrix and testwork design (Reference (6)). PolyMet submitted the final
waste rock characterization work plan in May of 2006 (Reference (1)).

e Implementation, Adaptation, and Reporting (2005 — 2015). Implementation of
initial testing began as early as mid-2005, as the final details of the waste rock
characterization work were being finalized. At this time, PolyMet and DNR also

2 References to PolyMet in these consultation timelines refer to PolyMet employees or their consultants or
representatives.



developed outlines to serve as templates for the progress reports to be submitted by
PolyMet regarding the work completed for waste rock and other geochemical
characterization work. PolyMet submitted the first of multiple progress reports
regarding the characterization work to DNR in mid-2006, and PolyMet continued to
submit additional progress reports and/or updates to progress reports through 2014.
During this time, PolyMet and DNR continued to evaluate and modify the kinetic
testing portion of the waste characterization program as testing continued through the
development of the FEIS (See References (7), (8), (9), (10), (11), (12)). While
recommendations for a reduction in the kinetic test program were provided in
Reference (12), no action has been taken on these recommendations as of the date of
this Application. The Kinetic test program continues, as described in Reference (12).

Flotation Tailings and Hydrometallurgical Residue Geochemical Characterization

Plan Development (2005 — 2006). Building on the work completed in the agency
consultation on the waste rock characterization work, PolyMet and DNR began to work
on the Flotation Tailings and Hydromet characterization work in the second half of
2005. As with the waste rock characterization work, PolyMet and DNR held a series
of meetings, and exchanged comments and responses on drafts of the Flotation Tailings
and Hydromet characterization work plan. PolyMet also consulted DNR on the design
of preliminary testing used to inform plan development, and on the sample analysis
parameters for the plan. The final version of the Flotation Tailings and Hydromet
characterization work plan was submitted concurrently with the final waste rock
characterization work plan (Reference (2)).

Implementation and Reporting (2005 — 2015). PolyMet began pilot plant testing to
support the Flotation Tailings and Hydromet characterization work in mid-2005, and
submitted results of that testing beginning in early 2006 (Reference (13)). As the
Flotation Tailings and Hydromet characterization work was being finalized, PolyMet
and DNR also developed outlines to serve as templates for the progress reports to be
submitted by PolyMet regarding the Flotation Tailings and Hydromet characterization
work and other characterization work. PolyMet submitted the first of multiple progress
reports regarding the work completed under the characterization work to DNR in mid-
2006, and PolyMet continued to submit additional progress reports and/or updates to
progress reports through 2015. The kinetic test program continues, as described in
Reference (12), and updates will be provided to DNR in PolyMet’s PTM annual
reports, if a PTM is issued.

Mine Site Overburden Geochemical Characterization

Plan Development & Supplementation (2007 — 2008, 2010). In the second half of
2007, DNR requested that PolyMet also prepare a work plan for characterizing
overburden material. PolyMet consulted with DNR on development of the overburden
characterization work plan and supporting analytical testing through meetings and
exchanges of comments and responses. PolyMet and DNR agreed initially to develop
a work plan sufficient to support environmental review. PolyMet submitted the initial



overburden characterization sampling and analytical plans to DNR in early 2008
(References (3) and (14)). Following on this initial effort, PolyMet and DNR
subsequently coordinated on supplementing the overburden characterization work with
a sump soil sampling program to collect additional data on the geochemical
characteristics of unsaturated overburden for the purposes of supporting Project
permitting. As a result of this collaboration, PolyMet provided an updated Overburden
Sampling Plan (Reference (4)), and an updated Overburden Sampling Analysis Plan to
DNR in early 2010 (Reference (5)).

e Implementation, Adaptation, and Reporting (2008 — 2015). PolyMet began
implementation of the initial testing and analysis under the overburden characterization
work in 2008, and submitted initial drilling program results in October 2008
(Reference (15)) and initial pebble chemical analysis results in mid-2009
(Reference (16)). Following the 2010 supplementation of the overburden
characterization work, PolyMet submitted additional characterization results of the
sump soil sampling in late 2010 (Reference (17)). Additional sampling of the
unsaturated overburden will be conducted to confirm the prior characterization work,
either prior to or concurrent with future geotechnical studies at the Mine Site, as
described in Section 4.2.4 of the Rock and Overburden Management Plan
(Reference (18)), and the results will be provided to DNR in PolyMet’s PTM annual
reports, if a PTM is issued.

2.2. Contents of the Mine Waste Characterization Program

Consistent with the regulatory requirements, PolyMet's mine waste characterization program is
"based on chemical, physical, and mineralogical analyses and laboratory tests of material
generated by exploration, preproduction sampling, and process testing” (Minnesota Rules,
part 6132.1000, subpart 2). The mine waste characterization program includes: (1) chemical
analysis of mine waste; (2) mineralogical and petrological analysis of mine waste; and (3)
laboratory tests describing acid generation and dissolved solids released from mine waste.

The design and analyses identified in the characterization work to fulfill the regulatory
requirements identified above are summarized below. Throughout implementation, PolyMet and
DNR continued to evaluate the mine waste characterization program data needs, and adjusted or
supplemented the analyses as needed to ensure the data collected were sufficient to inform the
FEIS, Project design, and management plans.

e Mine Site Waste Rock and Ore Characterization Work. 82 samples of waste rock were
identified for testing using a sampling matrix developed in collaboration with DNR. In
addition, three ore composite samples were selected as part of the same characterization
program. These samples were then analyzed using chemical, physical, mineralogical, and
laboratory tests, including:

o optical mineralogical and petrological characterization: reporting includes mineral
identification, mineral abundance, grain sizes, and petrologic determination



o sub-optical mineral characterization: trace element content of major minerals via
electron microprobe analysis

o acid-base accounting: total sulfur content, carbon content, and paste pH

o bulk chemical composition of whole rock samples: ICP analyses of 27 elements
following four-acid digestion, ICP analyses of 34 elements following aqua regia
digestion; whole rock oxides

o bulk chemical composition of size-fractionated samples: total sulfur and ICP
analyses of 27 elements following four acid digestion

o specific gravity (Gs) and particle size distribution

o laboratory weathering tests (kinetic testing): whole rock samples were subjected
to humidity cell testing (ASTM Procedure D 5744); size-fractionated portions of
splits from five of the whole rock samples were also tested using a laboratory test
method developed by the DNR (DNR Reactor experiments)

See Section 4 of Reference (1), Waste Rock Characterization Work Plan for additional
information.

In addition to the detailed characterization of these 85 samples, the waste rock and ore
characterization includes an evaluation of bulk chemical analyses from approximately
18,800 drill core samples. These chemical analyses are used to identify release rates for
select chemical constituents, the procedure for which was presented by PolyMet for DNR
review during meetings in early 2011. The total sulfur analyses from the drill core samples
are used to estimate sulfur content of waste rock that will be produced from the Project,
which is the primary driver for rock management. These usages of the drill core chemical
data are described in Sections 4.3.1, 4.3.2, and 8.1.2.3 in Reference (19).

Flotation Tailings and Hydrometallurgical Residue Characterization Work: Ore
composites were selected for pilot-plant processing to produce flotation tailings for
characterization. Thirty-three flotation tailings samples were analyzed using the following
methods:

o density determinations and size fraction analysis;
o mineralogical characterization via optical analyses of tailings thin sections;

o acid-base accounting: total sulfur and sulfur speciation, paste pH, neutralization
potential and carbon content;

o bulk chemical composition of whole rock samples: ICP analyses of 50 elements
following aqua regia digestion; whole rock oxides; and



o kinetic testing: whole rock samples were subjected to humidity cell testing
(ASTM Procedure D 5744); in addition, splits from samples were also tested
using DNR Reactor experiments).

Additionally, Hydrometallurgical Residue samples were prepared for analysis. The
hydrometallurgical process will produce five distinct types of residues. The residues were
tested separately and as a combined sample. Two samples of the leach residue (with and
without CuSQO4) and the combined residues (with and without gypsum) were tested, making
for 8 samples total. These samples were analyzed by the following methods:

o mineralogical characterization via quantitative X-ray diffraction to identify major
and minor crystalline phases and estimate relative abundance of each

o acid-base accounting: total sulfur and sulfur speciation, paste pH, neutralization
potential and carbon content

o bulk chemical composition of whole rock samples: ICP analyses of 50 elements
following aqua regia digestion and whole rock oxides

o leachate characterization: chemistry of leachate measured after samples are
subjected to TCLP, SPLP, and a sequential shake flask leach procedure

o Kinetic testing: samples were subjected to humidity cell testing (ASTM Procedure
D 5744); in addition, splits from samples were also tested using DNR Reactor
experiments)

See Sections 3.2 through 3.3 of (Reference (2)), Flotation Tailings and Hydromet
Characterization Work Plan.

Mine Site Overburden Characterization Work: The characterization work for Mine Site
overburden initially identified 16 drilling locations for collection of samples to be analyzed
as follows:

o Physical analysis including: Atterberg limits, grain size, consolidation,
permeability, and strength

o acid-base accounting: total sulfur content, sulfur speciation, carbon content,
neutralization potential, and paste pH

o bulk chemical composition of size-fractionated samples: ICP analyses of 51
elements following aqua regia digestion and ICP analyses of 33 elements
following 4-acid digestion

o Meteoric Water Mobility Procedure: a standard laboratory test to measure metal
leaching



o petrologic characterization via a pebble counting procedure to identify lithologies
present

After additional access to drilling sites was permitted in 2010, PolyMet collected additional
samples of unsaturated overburden for evaluation using the following analyses:

o Rinse test for pH, oxidation/reduction potential, and specific conductivity
o Particle size distribution

o Meteoric Water Mobility Procedure: a standard laboratory test to measure metal
leaching

o bulk chemical composition of samples: ICP analyses of 51 elements following
aqua regia digestion and ICP analyses of 44 elements following digestion in 1N
nitric acid

o Moisture content

o acid-base accounting: total sulfur content, sulfur speciation, carbon content,
neutralization potential, and paste pH

See References (3), (4), (5) and (14).

In addition, PolyMet's mine waste characterization program provides information regarding the
reagents associated with tailings and leach residue, including their chemical composition, mass of
chemical used, and, where applicable, the degradation and transport characteristics as well as the
effects on mineral dissolution of those reagents, as required by Minnesota Rules, part 6132.100,
subpart 2B. The list of reagents associated with the hydrometallurgical and beneficiation processes
are provided in Table 8-4 and Table 8-5 of the Application, which includes the chemical
composition and mass to be used for each. Only one of these reagents — copper sulfate — is
expected to contribute to metal and sulfate concentrations. Process testwork showed that sulfur
concentrations in the tailings can be expected to vary in response to changes in process conditions,
and that the use of copper sulfate can be expected to lower sulfur content in tailings. Because
PolyMet determined to proceed with the use of copper sulfate in the flotation process, DNR and
PolyMet agreed that characterization testwork would primarily be performed on the residues
generated by leaching of the concentrate that was produced in the pilot plant with the use of copper
sulfate, but both leach residues generated with and without the use of copper sulfate were tested
for evaluation of the effects of copper sulfate. The results of this testing are provided in Section
5.1 of Reference (19), and Sections 5.1.2. and 5.2.1 of Reference (20). Summary information on
reagent usage is provided in Attachment 2-1.

2.3. Mine Waste Characterization Program Implementation and Results

As noted in Section 2.1 above, PolyMet began implementing the analyses and studies that
comprise the mine waste characterization program as early as 2005. As noted in the timeline
above, the process of developing the characterization work with DNR also involved developing
outlines for reporting the results of the characterization work. These outlines were finalized in
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2006, and were followed in preparing progress reports on the results of the work completed under
the characterization work. PolyMet submitted a series of these progress reports and data submittals
on the characterization work results beginning in 2006, as work was completed, to facilitate an
iterative process between PolyMet and DNR in which ongoing data needs regarding waste
characterization were evaluated and adjusted (References (21), (22), and (23)). This iterative
process continued throughout the mine plan development and environmental review processes,
and culminated in the submittal of a consolidated data report, the Waste Characterization Data
Package, first submitted to DNR on February 14, 2011. PolyMet continued to update the waste
characterization data, and provided DNR with twelve revisions of the Waste Characterization Data
Package, the most recent of which was submitted to DNR on February 22, 2015 (Reference (19)).
PolyMet used the data provided in these reports and submittals to develop additional studies, plans,
and models for the Project, including various management plans.

The results of the mine waste characterization program have been submitted by PolyMet to the
DNR, MPCA, and USEPA as part of the EIS process. PolyMet is resubmitting these results as
part of the Mining and Reclamation Plan in its Application (Section 10 and this Appendix). As a
courtesy, a copy of this Appendix will be submitted to the MPCA. A summary of key outcomes
of the characterization work is provided below.

2.3.1.  Summary of Mine Site Waste Rock and Ore Characterization Results

The NorthMet Deposit is hosted by troctolitic and gabbroic rocks of the Partridge River Intrusion
(PRI) of the Duluth Complex, a large igneous intrusive body. In the area of the Mine Site, the PRI
is subdivided into seven igneous stratigraphic units. The lowest unit, Unit 1, directly overlies the
Virginia Formation, a formation of slaty rock which was metamorphosed near the Deposit during
emplacement of the Duluth Complex. Geologic cross-sections and longitudinal sections through
the mine pits are provided in the Application on Figure 7-6 and Figure 7-7. Bedrock geology of
the Mine Site, including the location of the NorthMet Deposit ore body and the cross-sections
through it, is depicted in Figure 7-5 of the Application.

For the purpose of waste characterization, all igneous stratigraphic units of the PRI represented in
the vicinity of the Mine Site, along with the Virginia Formation, are considered potential waste
rock units. A comparison of anticipated future waste rock types and quantities to the samples used
for waste rock characterization are provided in Table 2-1.

Tables 2-2 to 2-6 summarize the mineralogy and bulk chemistry of waste rock and ore. Table 2-7
provides a summary of the particle size distribution for waste rock and ore humidity cell test (HCT)
samples.

With regards to general outcomes of mine waste rock and ore geochemical characterization, the
HCT results supports a waste rock management strategy whereby waste rock is segregated and
managed according to total sulfur content. Key outcomes of the Kinetic test program, as they relate
to waste rock segregation (Section 3.2 of Reference (11)) include:

Category 1 waste rock (sulfur content less than or equal to 0.12%):



2.3.2.

o All Category 1 humidity cells have yielded pH above 6 throughout the
approximately 6.5 years of data evaluated in Reference (11). Initial pH for
drainage of most of the HCTs were above 8 but declined rapidly and have
typically fluctuated between 6.5 and 7.5.

o Sulfate leaching rates have been low throughout the program with most
continuing tests showing rates below 1 mg/kg/week.

o Dissolved metals concentration in the leachate is generally low, but may show
relationship between concentration and fluctuation in drainage pH.

Category 2/3 waste rock (sulfur content greater than 0.12% and less than or equal to
0.60%):

o Five samples showed pH depression below 6, while all other samples have shown
stable pH above 6, with similar trends to the Category 1 samples.

o Sulfate release for Category 2/3 samples varied between 1 and 10 mg/kg/week
with the highest rates being observed for samples containing higher sulfur
contents.

o Dissolved metals concentration is generally higher than for Category 1 waste rock
samples. Several samples showed upwards trends in nickel and cobalt that were
related to pH below 7.

Category 4 waste rock (sulfur content of greater than 0.60% and all Virginia
Formation):

o All tests have shown pH depression to some degree with pH below 4.

o Some increases in sulfate release have been observed as pH decreased. Peak
sulfate release rates have typically been up to five times the initial lower rate.
These peak sulfate release rates have not been sharp but erratic. Decline in sulfate
release has been observed following the peak.

Ore Composites:

Leachate pH trends for the three ore composite samples are nearly identical and show pH
has been stable near 5. Likewise, sulfate release has been similar for all three tests and
has not shown consistent upward or downward trends. As pH decreased, nickel release
accelerated, reaching peak rates after about three years then declining. Copper release
also increased as the tests progressed but the upward trend was delayed compared to
nickel. Copper release reached peak values after more than 4 years of testing and has
subsequently declined.

Summary of Tailings and Hydrometallurgical Residue Characterization Work

Beneficiation of the ore to recover a salable product will also produce tailings and
hydrometallurgical residue as waste materials. The tailings will be stored in the existing LTVSMC
tailings basin, which is composed of and contains LTVSMC tailings. Therefore, the waste
materials associated with processing of ore are the Flotation Tailings, the LTVSMC tailings, and



the hydrometallurgical residue. Tables 2-8 through 2-13 summarize the mineralogy, bulk
chemistry, and particle size distribution of tailings.

Flotation Tailings:

Mineralogy of flotation tailings is similar to the Category 1 waste rock. Key outcomes
from the kinetic test program (Section 4.2.1 of Reference (11)) include:

©)

Tests started in 2005 and 2006 all have stable or increasing pH (up to 11-12 years).
Tests started in 2008 have reached stable pH with no indication of trends below pH 7.
Sulfate release has stabilized for all tests.

Tests started in 2009 have shown downwards trends in pH with lowest pHs typically
above 7.

LTVSMC Tailings:

Leachate pH have continued to vary in a narrow band between 7.4 and 8 with variable
but non-trending alkalinity and sulfate (Section 4.2.2 of Reference (11)).

Hydrometallurgical Residue:

Conclusions of the characterization work on the hydrometallurgical residue, from Section
6.5 of Reference (19) include:

o

o

2.3.3.

Four of the residues (leach, gypsum, raffinate neutralization, and iron/aluminum) are
expected to be acidic. The magnesium residue will be basic.

The dominant mineral in the leach residue is jarosite, which generates acidic water
when dissolved. The other residues (including magnesium) are mainly gypsum. The
gypsum and raffinate neutralization residues are nearly all calcium sulfate. The
iron/aluminum residue also contains goethite, and the magnesium residue contains
brucite. The iron/aluminum residue also contains iron, probably in amorphous form
that contains co-precipitated metals.

None of the residues were classified as hazardous wastes using the EPA 1311
protocol.

Neutral to basic leachates produced by combined residues are believed to represent
chemical saturation conditions.

The combined residue produced non-acidic leachate during the test but is expected to
become acidic in the future unless additional basic material is added.

Summary of Mine Site Overburden Characterization Work

Results from the initial drilling program and the test pit investigation are consistent in the
conclusion that there is a vertical, rather than a strong lateral, variation in metal and sulfur
concentrations in the mineral overburden. This conclusion supports the categorization of
overburden at the Mine Site into the following three types:
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e Saturated mineral overburden — this includes all mineral overburden (non-peat) that
has remained below the water table, has not been oxidized, and can release metals
when exposed to air and oxidized.

e Unsaturated mineral overburden — this includes all mineral overburden (non-peat)
located above the water table including all topsoil. At the Mine Site, this material has
been oxidized and has low potential for metal release (also referred to as unsaturated
overburden).

e Peat — this includes organic matter, excluding coal, formed by the partial
decomposition of plant material under saturated conditions (as defined in Minnesota
Rules, part 6131.0010, subpart 11)

Saturated mineral overburden tends to contain higher sulfur and metals than the unsaturated
mineral overburden, with greater potential for metal leaching (Sections 2.3, 2.4, and 3.3 of
Reference (17)). Summary tables of overburden chemistry, leach results, and particle size
distribution are provided in Tables 2-14 through 2-17.

2.4. Application of Mine Waste Characterization Results to Water
Quality Modeling

Results from the waste characterization program were used to develop the geochemical parameters
used as inputs to the GoldSim water quality models for the Project (“water models”). Section 2.4.1
lists these geochemical parameters, describes their derivation from the mine waste characterization
program results, provides summary tables showing values of key parameters, and describes
integration of these parameters into the water modeling framework.

2.4.1. Geochemical parameters used for water quality modeling

A summary of the water model input variables relating to geochemical behavior of mine waste is
provided in Table 2-18. As indicated in Table 2-18, the input variables are primarily used to define
three fundamental geochemical parameters that were used by the water models to predict
constituent (e.g., sulfate, calcium, magnesium, nickel) concentrations in water contacting mine
waste (for example, in waste rock stockpiles, the FTB, and pit walls) for the Project. These three
key parameters are solute release rates, scale factors, and concentration caps; each described
below.

Solute Release Rates

Solute release rates define solute mass released from a rock mass per unit time. These are based
on standardized laboratory weathering tests (ASTM D5744-07) and solids characterization of
rock from drill core collected from the Mine Site and processed tailings.

Scale Factors

Scale factors are used in the water models to scale release rates measured in the laboratory to
operational scale features. Scale factors are based on a comparison between an operational-scale
analogue site (Dunka Mine) and laboratory tests on the same material; or on directly
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