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DRA-35. HUMIDITY CELL TESTING OF SELECTED ROCK PILE SAMPLES 
FROM THE QUESTA MINING SITE 

 
E. Trujillo, K. Lapakko, B. Parry, P. McSwiggen, D. Garcia, S. Kaiser, S. Sunkavalli, A. 
Olufeko, P. Evans, D. Lund, G. Olson, M. Niewiadomski 
 
1. STATEMENT OF PROBLEM 
Can the results of humidity cell testing of selected rock pile samples from the Questa 
mining site provide insight to the weathering mechanisms that might be expected in the 
field and can those results be used to estimate reaction rates and reactive surface areas as 
well as provide input to possible changes in cohesion or friction angle over time? 
 
2. PREVIOUS WORK 
Humidity cell or kinetic tests have been use for many years, primarily to assess the water 
quality to be expected from rock pile material or tailings.  More recently, the tests have 
been used to understand the geochemical mechanisms involved in the ARD process and 
to obtain some quantitative data on the various geochemical reaction rates, particularly 
that of the sulfide minerals such as pyrite. Many publications have reported on the results 
of testing but it is difficult to compare results from these studies because the experimental 
procedures and conditions are not exactly the same.  Several years ago, an ASTM 
standard was published and has since been updated a few times (ASTM, 2000; ASTM, 
2007).  While this has established a suggested standard for this type of testing various 
modifications are still being made as the objectives change from study to study. Various 
papers have been written on humidity cell testing or dissolution testing and the 
interpretation of the results (Lapakko, 1994; White, 1999; Lapakko, 2000; White, 2000; 
Lapakko, 2003; Lapakko, 2006a; Lapakko, 2006b). 

There have been two humidity cell studies that are pertinent to this study. One 
was conducted by Robertson Geoconsultants Inc. (Robertson Geoconsultants, 2003) and 
involved six samples taken from the Questa mining site, none of which were taken from 
the Goat Hill North Pile. The objectives of that study were “(1) to provide the data 
required to establish a typical sulfide oxidation rate under laboratory conditions and 
(2) to determine if certain geochemical units classified as ‘uncertain’ with respect to 
acid generating potential (based on static test results) could be re-classified based on 
kinetic tests. The samples tested are not considered to be a complete or representative 
suite of material found on the site, but are specific samples selected to satisfy these two 
primary objectives.”  They reported an oxidation rate of  3 x 10-10 kg O2/m2-s which they 
admit was two orders of magnitude lower than the rate they used for air flow and 
temperature field modeling, which was necessary to match the field data.  Although a 
detailed mineralogical analyses was not available for their samples, we were able to 
obtain samples that were very close to theirs and NMT conducted mineralogical tests for 
this study. 

The other study was conducted by Golder and Associates in 2006-2008 and, 
although a final report was not available, preliminary results were made available in the 
form of tables and figures. We were given a copy of the proposed work and had an 
opportunity to comment on the proposal.  The purpose of the study was to do additional 
testing on two samples to determine the suitability of the Spring Gulch mine rock as a 
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soil cover.  Various mineralogical tests were conducted prior to testing and, in addition, 
samples were pretreated with acid to remove any neutralizing material and these samples 
were run at room temperature and elevated temperatures. An analysis of the preliminary 
results was done as part of this study. 
 
3. TECHNICAL APPROACH 
For this study humidity cell testing was completed using 14different rock pile samples 
from the Questa mining site in 32 humidity cells (see Table 1) in a modified humidity cell 
testing program (SOP-78v2, SOP-79v3, SOP-85v2, see final report for details) over a 
time period of 52 weeks. Two lithologies were tested – Amalia and Andesite, at two 
different degrees of weathering as observed visually – weathered samples and fresh 
samples. Four fresh Amalia and four fresh Andesite samples were chosen with various 
pyrite concentrations and three weathered Amalia and three weathered Andesite samples 
were chosen also with various pyrite concentrations.  

Choosing samples for this study proved rather difficult since the amount of pyrite 
for each sample was not known until after the testing period and, in general, it was found 
that the amount of pyrite in Goat Hill North samples is rather low, some samples with no 
detectable pyrite. The fifteenth sample was a control, crushed quartz sample constructed 
with the same particle size distribution as the other samples. Weathered Andesite 
presented an opportunity to look at bacterial acceleration of uncoated pyrite and 
inhibition of pyrite oxidation by coating formation.  Three samples have similar sulfur 
contents and presumably different degrees of coating, assuming paste pH reflected 
coating. Samples were prepared for testing (SOP-79) and fines less than 80 mesh were 
removed (SOP-85) for all samples except two (cells G27 and G28) since there was some 
indication that the large amount of fines might plug the felt pad at the bottom of the 
humidity cells. These humidity cell data provided information that is more pertinent to 
Goat Hill North.  Previous humidity cell work by others provided data for other rock piles 
at Questa.   

Table 2 lists the 15 samples and the conditions of the 32 humidity cells that used 
these 15 samples. Note that two duplicate cells, G1 and G2, used a synthetic water based 
on the composition of the first wash water for that sample. Thermal properties within 
several humidity cells were obtained for the first time by collecting transient temperature 
data and water saturation data and under various repeatable conditions and using these 
data to calibrate mathematical models. The fitted parameters, evaporation rate, mass 
transfer coefficients, effective solid thermal conductivity, effective solid heat capacity, 
etc.,  from these models could be related to a particular sample to determine the effect of 
the various lithologies and mineralogies on those parameters. This is described in more 
detail in DRA-37. 
 
Table 1.  Selection of samples for weathering cell testing:  6/25/06. Red=biological 
samples 

Sample WC 
ID 

Prelim 
WI 

Paste 
pH  

%S, 
wet 

Comments 

FRESH AMALIA
It is assumed that the pyrite present in these samples is uncoated and that pyrite oxidation rates in humidity cell tests will 
be dominated by abiotic oxidation by oxygen.  Need to verify that samples are largely Amalia and that pyrite is not 
coated. 
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PIT-RDL-0005 ND 2 4.6 0.21 Amaila Tuff, light yellowish color 
GHN-JRM-0009 ND 4 3.97 2.05 Amalia Tuff, slight yellow, gypsum xtals, tarnish py? 
ROC-NWD-0002 ND 2 4.41 4.00 Amaila Tuff clean pyrite 
PIT-RDL-0006 ND 4 4.6 4.49 Amaila Tuff, light gray yellow color, didn’t see pyrite 

WEATHERED AMALIA
For the three samples below, it is assumed that pyrite is not extensively coated and that pyrite oxidation will be 
dominated by microbially accelerated oxidation by ferric iron.  Additional examination is required to verify that these 
samples are Amalia tuff and that the pyrite present is not coated. 
GHN-KMD-0096 ND 4 2.56 0.56 Amalia no visible pyrite, Fe/Mn black oxides 
PIT-RDL-0007 ND 5 2.29 2.68 Amaila Tuff, clean pyrites, yellow color, crusts 

Bacteria inoculum from GHR-VWL-0005 
GHN-JRM-0001 AM

W 
4 2.14 3.49 Amalia tuff, clean pyrite 

This sample is coated to some degree and the degree of coating and lithology should be verified.  The sulfate release 
rates in dissolution testing will provide an empirical relationship between coating thickness and oxidation rate.  It is 
presently assumed that oxidation of pyrite present in this sample will be controlled by oxygen and reaction product 
diffusion through the iron oxyhydroxide {assumed composition} coating on the mineral surface. 

FRESH ANDESITE 
MIN-VTM-0021 ND  5.62 0.027 Bucket sample corresponding to VTM-0020 
GHN-KMD-0057 ND 2 7.96 0.21 Clean pyrite, andesite 
SPR-JWM-
0002 

ND 1 5.7 1.18  

PIT-VTM-0600 ND 2  0.47 Bucket sample corresponding to VTM-0010 
WEATHERED ANDESITE    

Microbial acceleration, no coating.   
GHN-JRM-0002 ND 2 2.15 0.06 Gypsum crystals, Fe stains, orange color 
GHN-KMD-0088 ND 2 2.63 1.44 Gpysum crystals, andesite QSP overprint? 

Bacteria inoculum from GHN-KMD-0082 
BCS-VWL-0004  4 4.29 0.65 Virgil collected from scar, coated pyrites 

 
WEATHERED ANDESITE- SPECIAL BACTERIA STUDY – 2 CELLS 

GHN-KMD-0088 ND 2 2.63 1.44 Gypsum crystals, andesite QSP overprint? 
Bacteria inoculum from GHN-KMD-0082 

BACKUP SAMPLES 
Coating, constant S content for three samples, 2 reactivities suggested by paste pH 
GHN-KMD-0062 ND 3 4.43 0.28 Altered py.  Unit N 
GHN-KMD-0073 ND 2 6.55 0.29 Andesite, loose clean pyrite in matrix 
GHN-KMD-0055 ND 4 4.27 0.31 Pitted py.  Unit I 
GHN-KMD-0071 ND 2 4.35 1.02 Visible py oxidation (rinds).  Unit UV. 
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Table 2. Sample Summary, Cell Number, Lab Conditions, Molycorp Project, University 

of Utah Humidity Cell Experiments 
Sample Cell 

No. 
Temp. Leach Water Inocu-

lated 
Temp 
Probes 

Pre
ssur
e 
Pro
bes 

Comments 

GHN-KMD-0088 G1 RT Synthetic Yes T20, T16, T17, 
T19, T18-air in 

P1  

 G2 RT Synthetic Yes  P2  
 G19 50C DDH2O Yes T-Omega P3  
 G20 50C DDH2O Yes T-Omega P4  
 G25 RT DDH2O Yes T4,  

T3-air in 
P8  

 G26 RT DDH2O Yes  P7  
 G27 RT DDH2O No  P6 No felt pad 
 G28 RT DDH2O No  P5 No felt pad  
QUARTZ G9 RT DDH2O No T10, T12, T13, T9, 

T11-air in 
P8  

 G10 RT DDH2O No  P7  
SPR-JWM-0002 G3 RT DDH2O No  P3  
 G4 RT DDH2O No  P4  
 G17 50C DDH2O No T22, T6-air in P1  
 G18 50C DDH2O No T-Omega P2  
PIT-RDL-0006 G21 50C DDH2O No T21 P5  
 G22 50C DDH2O No T-Omega P6  
 G29 RT DDH2O No  P4  
 G30 RT DDH2O No  P3  
GHN-JRM-0001 G23 50C DDH2O Yes T-Omega P7  
 G24 50C DDH2O Yes T23, 

T1-air in 
P8  

 G31 RT DDH2O Yes  P2  
 G32 RT DDH2O Yes T5,  

T2-air in 
P1  

MIN-VTM-0021 G5 RT DDH2O No  P5  
GHN-KMD-0057 G6 RT DDH2O No  P6  
PIT-VTM-0600 G7 RT DDH2O No  P7  
GHN-JRM-0002 G8 RT DDH2O Yes T8,  

T7-air in 
P8  

BCS-VWL-0004 G11 RT DDH2O Yes  P6  
PIT-RDL-0005 G12 RT DDH2O No  P5  
GHN-JRM-0009 G13 RT DDH2O No  P4  
ROC-NWD-0002 G14 RT DDH2O No  P3  
GHN-KMD-0096 G15 RT DDH2O Yes  P2  
PIT-RDL-0007 G16 RT DDH2O Yes T15,  

T14-air in 
P1  

Note:  T24 measures room or ambient temperature next to high cell temperature cells 
 
 

Dry air permeability measurements of the humidity cell samples were conducted 
several times during testing to record any significant dry air permeability changes over 
time. These data were coupled with the particle size and mineralogy data to determine if 
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permeability changes were caused by mineralogical changes and/or if any of those 
changes could be related to cohesion or friction factors.  In addition, quantification and 
mineralogical analyses of the fines that emanated from the humidity cells were done to 
see if there were any changes in fines output with time that relate to the kinetics and/or to 
the change in permeability.  This additional information provided a better understanding 
of the physical changes (migration of fines) that might be occurring within the humidity 
cell (and presumably in the field under similar conditions) in addition to the chemical 
changes.   

At the end of testing, cells were deconstructed in layers and photographs and 
observations of the cell contents were taken at various distances from the top layer.  
Samples from each cell were then divided into two portions – a top portion containing the 
upper half of the rock sample and a bottom portion containing the lower half of the rock 
sample.  The photographs and observations were taken to determine if any cohesion or 
cementation developed over the testing period. A qualitative estimate of the degree of 
cohesion was recorded and various mineralogical analyses and SEM quantitative analyses 
were used to identify the cementing material.  The tests were difficult to perform due to 
the lack of a sufficient amount of cementing material available.  Several mineralogical 
analyses were performed on the top and bottom portions of each cell.  Pyrite oxidation 
rates were determined on several of the smaller sized fractions to understand the relation 
between sulfate release rates and pyrite oxidation with particle size. 

Particle size distributions were measured for all 32 humidity cell samples using 12 
different-sized meshes at the beginning of the testing period both before the <80 mesh 
fines were removed and after the fines were removed.  At the end of the 52 week 
humidity cell testing period particle size distributions were measured again.  However, 
this time there were two particle size distributions for each cell – one for the top portion 
and one for the bottom portion.  An overall particle size distribution of the cells after 
testing could be obtained by combining the results of the two separate particle size 
distributions.  
 
CONCEPTUAL MODEL 
It is hard to say if the changes in mineralogy over a 52 week time period for each sample 
will be significant enough to determine trends and if those changes will affect the 
cohesion and friction angle.  We don’t expect any formation of clays to occur during that 
time, but migration of fines might be significant enough to change the overall mineralogy 
(we will measure the mineralogy of the upper portion and the lower portion of the sample 
after testing).  Pyrite oxidation/acid neutralization might not be measurable based on 
changes in mineralogy but can be deduced through water chemistry. It is not known if a 
change in particle size distribution will be measurable or not, whether due to geochemical 
changes, physical changes or redistribution of fines. These data have not been available 
in humidity cell work before.  

It is expected that there will be some changes in permeability due to changes in 
mineralogy, migration of fine, and/or onset of cementation in some samples versus 
others. Question is whether the changes in mineralogy, fine migration are significant or 
measurable and if the cementation can be observed and significant enough to affect the 
dry-air permeability. These data have not been available in humidity cell work before 
either. 
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It is expected that, although the magnitude of fines in leachate may be small in 
terms of weight, there might be some significant changes in the particle size distribution 
and mineralogical composition over time due to fine migration or redistribution.  More 
specifically, the composition of the fines will be determined and redistribution of fines 
within the humidity cell  from top to bottom could be significant.  This could be 
important to slope stability if the fines all migrated to one level and created a layer of 
very fine material within the rock sample. It depends, of course, on fluid flow and may be 
restricted to the top layers of a rock pile where higher saturations are experienced or this 
may occur upon initial placement. 
           Comparing the high temperature results with room temperature results for the 
same sample will indicate the dependence of the kinetic parameters with temperature.  If 
there is a change in water saturation over time it might be related to a change in particle 
size distribution, mineralogy and/or fine migration.  Bacterialogical samples taken from 
the humidity cells will be analyzed by Jack Adams in his study and may lead to some 
insight into the bacteria effects on the kinetics of weathering. 
 
4. STATUS OF COMPONENT INVESTIGATIONS 
Humidity cell testing began on February 19, 2007 and ended on March 2, 2008.  
Although the humidity cell experiments were completed several months ago, the analysis 
of those results is taking several months and, while most of it is completed, there are a 
few studies that remain. We have learned quite a lot about the weathering mechanisms 
for the humidity cell samples and have measured the water quality emanating from the 
various samples and how that is affected by environmental conditions. Detailed 
mineralogical work is completed and is reported in other DRAs by NMT.   

There is a tremendous amount of data collected from all 32 humidity cells on 
leachate water chemistry.  The detailed results for each humidity cell will be reported in a 
final report in the form of a table and several graphs for each cell as well as combined 
graphs showing a particular aspect or species of the test.  A good distribution of pH was 
obtained for the various cells, some were acidic, some were mildly acidic while others 
were neutral or slightly basic. Most of the cells behaved as expected, with most of the 
various ions reaching a steady value after about 10 weeks. Analyses of the leachate 
provided evidence of mineral dissolution, such as, for jarosite, comparing the molar ratios 
of potassium over sulfate for some cells for which pyrite was very low or nonexistent. 

For the most part, however, duplicate samples in this study gave duplicate results, 
thus attesting to the reproducibility of the results.  The exception was the results for the 
duplicate cells G1 and G2, GHN-KMD-0088, in which synthetic water was used for 
flushing the cells at room temperature.  After about 24 weeks, cell G2 showed a marked 
increase in ferric ions and the pH dropped significantly more than cell G1.  This lasted 
for only about 10 weeks and then the G2 ferric ion concentration dropped and the pH of 
G2 started to rise to equal that of G1 again. This is the first time, to our knowledge, that 
this has been observed in humidity cell testing experiments and shows the increase in 
ferric ions associated with a decrease in pH over a relatively short period of time.  These 
results are important because they show the variability in weathering, even for similar 
samples, that is probably caused by the presence of bacteria even though bacterial 
analyses did not produce significant differences in these two samples.  This has 
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implications in the field and indicates why hot spots develop in some areas and not 
others, the presence and growth of bacteria is hard to determine or predict. 

Cementation was not evident at the start of humidity cell testing (all samples were 
loose rock material placed carefully into the cells) but was quite evident in many of the 
samples after the 52 week period.  Based on available data, it appears that the cementing 
material is probably a combination of very fine quartz particles, jarosite, iron 
oxyhydroxides and/or calcite.  No measureable amounts of soluble sulfates, other than 
gypsum, were detected.  Some of the cemented material, in the dry phase, could easily be 
broken up while others were fairly hard. Cementation was only observable in the dry 
state and was evidently caused by the evaporation of water during the dry air phase. As 
reported by Bill Parry: 

“Three samples contain traces of the mineral calcite (CaCO3).  This 
mineral is a possible candidate for cement in these samples.  All samples 
contain fine-grained clay minerals that could be translocated downward 
during operation of the cells.  Concentration of the clays could bind the 
larger particles together.  No evidence of ferric sulfate mineral cements 
was observed.  Jarosite is common among the sample set.  Cementing 
material is probably a minor constituent of the samples subjected to x-ray 
diffraction analysis and present in an insufficient amount to be observed 
in the binocular microscope or the x-ray diffraction patterns.” 
Most of the samples produced very little fines in the leachate during the 

experiment, around 0.2 gram total out of about 1000 g rock sample initially.  However, as 
expected, Cells G27 and G28 in which the original fines were not removed produced 
quite a bit more, on the order of 10-15 grams total, although the amount of fines per week 
decreased in the last 20 weeks.  For the most part, water saturation also decreased over 
time, some cells showing a greater change than others.  Some cells show significant 
scatter in the saturation data and thus the data are difficult to interpret.  We are trying to 
see if these changes in water saturation can be related to particle size distribution and/or 
cementation. 

Temperature effects during drying were somewhat variable due to the weekly 
variability in water saturation.  The high temperature cells, while having some heating 
problems after week 25 or so, did show some minor changes in the steady state values of 
some ions from the room temperature cells. This difference was measureable and, 
surprisingly, was reproducible when the temperature was changed. Based on available 
bacterial analyses, it appears that the high temperature, 50C, killed most, if not all, the 
bacteria and, as a result, the results from those cells can be interpreted to be strictly 
abiotic. 

Dry air permeabilities indicate no significant changes over time, indicating that 
cementation or temperature didn’t affect the measurement of dry-air permeabilities. This 
may have been due to the high gas flow rates used in the measurement. In retrospect, it 
would have been better to measure the change in water permeabilities over time, which 
might have been affected more by cementation.  The presence of fines < #80 mesh, 
however, did lower the permeability of one sample by at least an order of magnitude. 

All in all, the experiments were successful in understanding the various 
weathering mechanisms that might be occurring for these particular Questa rock samples 
and provided very useful data that could be used for field modeling. 
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5. RELIABILITY ANALYSIS 
For the most part, quality assurance and quality control procedures for the analytical 
results are described in several SOPs that are a part of this project.  The reader is referred 
to those SOPs for a detailed description of those procedures – SOP78, 79 and 85.  The 
fact that duplicate results were obtained from duplicate samples, except for one set, 
however, attests to the reproducibility of the humidity cell experiments.  Unfortunately 
the pyrite concentration of several of the samples used for the humidity cell tests was 
very low or not measurable.  Thus, we were not able to get data at a high pyrite oxidation 
rate or at very low pH values.  Also, many of the measurable ions were either below or 
close to the detection limit, thus contributing to the variability in the steady-state values 
for those ions and increasing the error. The amount of fines for most of the cells was 
small and also close to the detection limit but that was expected since the samples were 
washed and most of the fines were supposedly removed at the beginning of the 
experiment.  However, the amount of fines from the two samples that were not washed 
was significant and was a good indication of what might occur with unwashed samples. 

Identification of the fines in the leachate was also prone to some error.  As stated 
by Bill Parry, 

 “The samples did not meet the criteria of uniform preferred orientation, 
presence of higher order diffractions, and infinite sample thickness for 
precise quantitative analysis so the values presented in the table, while 
rounded to the nearest percent, are comparable with one another, but not 
to analyses obtained on more suitable material.” 
Cementation was limited to visual observations at the beginning and end of the 

experiment and it was difficult to identify the cementing material (in part due to the small 
amount of material) or estimate the rate of cementation. While some quantitative 
measurements of the cementing material were made, the results should be considered to 
be more of a qualitative nature than quantitative.  

Temperature measurements were conducted with RTDs rather than thermocouples 
and thus the accuracy was better than usual, ±0.1 C.  Control of the high temperature 
cells was good for the first 25 weeks, but after constantly disconnecting the probes for 
weekly weighings, the wires became frailed and shorted-out, causing some cells (2) to 
overheat. It took several weeks before all the wiring could be replaced and the 
temperature to be restored to all cells.  As a result there is a period of time, about 9 
weeks, where the cells were not heated and cooled to room temperature.  While this was 
unfortunate, it actually provided some additional data at room temperature and confirmed 
the reproducibility of the results at high temperature, once the temperatures were 
restored. 
 
6. CONCLUSIONS 
Based on the results and the analyses obtained to date, the following observations can be 
made. 

• A new modified humidity cell testing program was designed and tested to obtain 
more information about the weathering mechanisms for various rock types and 
their importance to cohesion and friction angle. 



DRA-35 
 

Questa Weathering Study p 9 of 47 December 13, 2008 

• Cementation developed in some cells over the testing period. An attempt to 
identify the cementing material by XRD was not successful due to the small 
amount of material, but based on visual observations and other measurements it 
appears that the material is composed of very fine quartz, jarosite, iron 
oxyhydroxides and/or calcite.  No measureable amounts of metal sulfates, other 
than gypsum and/or jarosite, were detected.  Some of the cemented material, in 
the dry phase, could easily be broken up while others were fairly hard. 
Cementation was only observable in the dry state and was evidently caused by the 
evaporation of water during the dry air phase. It is difficult to say how long this 
cementation will last and how it is affected by a leaching water phase, but based 
on the solubilities of the various minerals involved, it appears that cementation 
will be present for at least 100 years and probably more than 1000 years, 
depending on the composition. 

• There were some changes in particle size distribution over the 52 week period, 
particularly between the upper and lower halves of the cell, indicating some 
migration of fines, but not for all cells.  Several cells showed the movement of 
fines to the lower half of the cell.  A general relationship between cementation 
and change in particle size distribution for all samples could not be found. The 
migration of fines is obviously the result of weekly saturated flow conditions but 
indicates the magnitude of the migration under these conditions and indicates that 
the distribution of fines occurs mostly during initial placement and climatic 
conditions at that time. Most of the fines consisted of smectite, chlorite, illite, 
kaolinite and quartz.  

• Pyrite oxidation rates and pyrite reactive surface areas can be obtained from the 
humidity cell data and preliminary data show that they appear to be in line with 
literature values within reasonable uncertainty. Most of the oxidation in these 
humidity cells was apparently abiotic, due to the low pyrite and bacterial 
concentrations, even though some were inoculated with native bacteria.  
However, in one case, evidence of increased oxidation caused by an increase in 
ferric ions (most likely from bacterial action) occurred over a period of ten weeks. 
This showed the variability in pyrite oxidation rates and weathering in general. 
Conditions are never exactly the same, even in the small samples used in humidity 
cell testing, and, as a result, there will be a variation in weathering rates and 
formation/dissolution of secondary minerals due to small differences in 
mineralogy and bacterial content.  The reliability of results can be improved and 
the uncertainties decreased further with more repeating experiments. 

• Mineral dissolution rates and reactive surface areas can be obtained from the 
experimental humidity cell leachate data for most minerals and there is evidence 
that the rates for some of the mineral dissolutions increased in the high 
temperature cells by a factor of 2. Several of the cells containing jarosite but very 
little pyrite indicate that there may be some slow dissolution of jarosite over time 
that is in line with its solubility and the lower pH values for those cells can be 
attributed to this jarostie dissolution.  There is also evidence that the quartz in the 
control cell was contaminated with minor amounts of some minerals. 

• It appears that there were some small changes in mineralogy over the duration of 
the experiment (see DRA-5).  
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• Transient temperature data taken during the dry-air phase of humidity cell testing 
was measurable and significant although not consistent in many cases.  Modeling 
of the data indicated areas of preferential air flow and almost all cells dried 
completely within the three-day period. 

• Running humidity cell tests at 50C did not show any major changes in the quality 
of the leachate over time. However, some small differences in some ions were 
noted that can, perhaps, be related to the dissolution of certain minerals at those 
temperatures. The high temperature killed most, if not all, of the bacteria and thus 
the oxidation in those cells was abiotic. 

• It appears that bacteriological changes, for the most part, did not affect the 
reaction rates over the 52 week period except, perhaps for one or two cells, but 
results indicate that some heterotrophic species grew over time.  Reducing 
microenvironments in the humidity cells are evident based on the types of species 
identified.  No bacteria survived in the high temperature cells and a fair amount of 
bacteria grew in the control quartz cell. 

• Humidity cell testing for one year was not sufficient to measure changes in total 
overall volume over time but some reduction in volume is expected since pyrite 
oxidation generally results in the breakup of rock fragments into smaller 
fragments and there is continual removal of material through the leaching process. 
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8. TECHNICAL APPENDICES 
 
TASK 1:  Determine the change in mineralogy of the humidity cell samples before 
and after testing and relate that change to the water chemistry data. 
 
Detailed mineralogical work is completed and is reported in other DRAs by NMT (DRA-
5 for example).  The objective of the humidity cell testing for this study was to determine 
if there are any significant differences over the 52 week period and compare those 
mineralogical changes with the water chemistry data and perform material balances.  
Additional mineralogical studies were needed to determine pyrite oxidation and mineral 
dissolution rates.  

Mineralogies of the Robertson and Golder humidity cell samples are given in 
Table 1-1. while the starting mineralogies of the 15 samples for this study are given in 
Table 1-2.  While it was not possible to analyze the humidity cell samples after testing for 
the Robertson and Golder samples, it was possible for the samples used in this study and 
the results are reported in another DRA. 
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Table 1-1 Mineralogical Analyses of the Field Samples used in the Robertson 
Geoconsultants and the Golder humidity cell testing programs 
 

RGC humidity cells Golder humidity cells

SPR-
KMD-
0001

SPR-KMD-
0002

SPR-KMD-
0003

SSS-KMD-
0001

SSS-KMD-
0002

SSW-KMD-
0001

SPR-OTH-
0001

SPR-OTH-
0002

Amalia 50 10 0 30 0 10
andesite 50 90 40 50 90 90
intrusive 60 20 10
QSP 50 15 65 40 35 15
propylitic 2 2 5 2
argillic 3
SWI
QMWI 4 1 1 4 4 1 4 1
MINERALOGY
quartz 26 28 31 28 26 25 27 33
K-spar/orthoclase 33 23 36 21 26 21 31 31
plagioclase 9 16 12 18 17 16 13 15
biotite 0.01 0.01 0.01 1 0.01
illite/sericite(muscovite) 10 10 7 15 6 18 10 6
chlorite 5 9 2 5 7 6 6 4
smectite 7 1 1 2 1 2 1 2
kaolinte 1 1 4 1 1 1 1 1
epidote 0.01 6 3 1 7 3
magnetite 0.01 0.01 0.01 0.01
Fe oxides 0.6 0.01 0.01 2 1 5 1 0.01
rutile 0.7 0.7 0.5 0.5 0.6 0.5 0.6 0.6
apatite 0.01 0.7 0.3 0.4 0.6 0.4 0.7 1
pyrite 2 1 0.8 2 1 1 1 2
calcite 5 4 2.2 2 3 0.7 4 4
detrit gyp 0.2 0.2 0.14 1.4 2.3 3.2 0.3 0.4
auth gyp 0.06 0.002 0.7 0.3 0.4 0.08 0.04
zircon 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03
sphalerite 0.01
molybdenite 0.01 0.01 0.01
fluorite 0.03 0.05 0.05 0.14 0.01 0.01
jarosite 0.01
copiapite
chalcopyrite 0.01 0.01
TOTAL 99.68 100.702 100.05 100.04 99.99 100.23 100.74 100.13  
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Table 1-2 Mineralogical Analyses of the Field Samples used in the University of Utah humidity cell testing programs (before testing) 
 
 

Mineral
BCS-VWL-
0004-8

GHN-JRM-
0001-8

GHN-JRM-
0002-8

GHN-JRM-
0009-8

GHN-
KMD-0057-
8

GHN-
KMD-0088-
8

GHN-
KMD-0096-
8

MIN-VTM-
0021-8

PIT-RDL-
0005-8

PIT-RDL-
0006-8

PIT-RDL-
0007-8

PIT-VTM-
0600-8

ROC-
NWD-
0002-8

SPR-JWM-
0002-8

quartz 32 36 28 44 27 30 51 34 49 51 54 27 19 26
K-spar/orthoclase 5 22 21 14 19 26 24 13 33 25 19 18 26 17
plagioclase 12 8 18 5 25 19 0.01 0.01 1 0.3 16 31 30
biotite 0.01 0.01 0.01 0.01
illite/sericite(muscovite 33 19 15 26 8 13 19 40 13 18 21 18 11 5
chlorite 2 3 6 3 7 4 1 4 0.7 1 1 6 4 9
smectite 1 1 1 1 1 1 1 1 1 1 1 1 1 1
kaolinte 1 1 1 1 1 1 1 1 1 1 1 1 1 1
epidote 0.01 0.06 0.01 0.01 7 0.01 0.01 0.01 0.01 0.01 5
magnetite 0.01
Fe oxides 10 2 7 0.2 2 3 0.4 5.5 1 1 0.01 4 1 2
rutile 0.01 0.5 0.5 0.4 0.6 0.4 0.2 0.4 0.1 0.1 0.1 0.5 0.7 0.7
apatite 1 0.5 0.7 0.2 0.8 0.3 0.01 0.3 0.01 0.01 0.01 0.1 0.6 0.8
pyrite 0.1 3 2 1 0.1 0.01 0.01 1 2 4 0.6
calcite 0.2 0.5 0.3 0.5 1 0.3 0.2 0.9 0.3 0.2 0.2 2 0.1 1
gyp 0.4 0.8 1.5 0.8 0.2 1 0.5 0.1 0.08 0.06 0.02 4 0.1 0.1
zircon 0.03 0.03 0.03 0.04 0.03 0.03 0.06 0.03 0.06 0.06 0.06 0.03 0.03 0.03
fluorite
jarosite 2 2 0.01 1.7 1.4 0.1 0.7 0.8 1 0.6 0.01
chalcopyrite 0.01 0.01
organic C 0.5
TOTAL 100.26 99.4 100.06 99.85 99.63 100.04 99.9 100.34 99.97 100.25 99.7 99.65 100.13 99.26  
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TASK 2:  Determine the pseudo-steady-state leachate water chemistry from each cell and 
from that data and other mineralogical data determine the overall pyrite oxidation rates 
 
There is a tremendous amount of data collected from all 32 humidity cells on leachate 
water chemistry.  The detailed results for each humidity cell will be reported in a final 
report in the form of a table and several graphs for each cell as well as combined graphs 
showing a particular aspect or species of the test.  Figures 2-1 to 2-6 give the pH, sulfate, 
total iron, ferrous iron, aluminum and calcium for all of the humidity cells over the 52 
week period.  These figures show the distribution of values obtained for all 32 cells.  
Recall that Cells G1 and G2 used a synthetic water (composition given in Table 2-1) and 
thus the composition of the leachate from those cells should be very close to the leaching 
solution.   A good distribution of pH was obtained for the various cells, some were 
strongly acidic, some were mildly acidic while others were neutral or slightly basic. For 
the most part, all cells behaved as expected, with the various ions reaching a steady value 
after about 10 weeks. One sample, GHN-KMD-0088, was used in eight different cells 
under different experimental conditions as indicated in Table 1-2.  

Although there are some general trends that can be observed for similar rock 
material, each sample is unique and minor changes in the distribution of minerals, 
particularly pyrite, can change the composition of the leachate over time.  For the most 
part, however, duplicate samples in this study gave duplicate results.  The exception was 
the results for the duplicate cells G1 and G2, GHN-KMD-0088, in which a synthetic 
water was used for flushing the cells at room temperature.  After about 24 weeks, cell G2 
showed a marked increase in ferric ions as shown in Figure 2-7 below and the pH 
dropped significantly more than cell G1.  This lasted for only about 10 weeks and then 
the G2 ferric ion concentration dropped and the pH of G2 started to rise to equal that of 
G1 again.  

This is the first time, to our knowledge, that this has been observed in humidity 
cell testing experiments and shows the increase in ferric ions associated with a decrease 
in pH over a relatively short period of time and provides some interesting data for 
modeling.   It is thought that this phenomenon might be due to the catalytic activity of 
bacteria and, even though bacterial analyses did not produce significant differences in 
these two samples, the data show a relationship between the presence of ferric ions and a 
drop in pH, probably the result of an increase in pyrite oxidation.  One explanation for the 
short duration is that after a few weeks, pyrite was depleted in the area in which bacterial 
activity was high, and thus the overall oxidation rate resumed to the slower abiotic rate. 
Another explanation could be that a coating developed on the pyrite, thus slowing the 
diffusion of oxygen and the rate of oxidation at the pyritic surface  This shows that pyrite 
oxidation is rather complex and the rate of oxidation depends on the environment in close 
proximity to the pyritic source, which can change over time.  

From the bulk of the data, together with other mineralogical information, pyrite 
oxidation rates will be determined as a function of particle size as well as reactive surface 
areas. Preliminary results from Kim Lapakko are presented below in Figure 2-8 and show 
the pyrite oxidation rate as a function of pH for many of the Questa samples. This shows 



DRA-35 
 

 17

that the oxidation rates are in relative agreement with those from another lithology, the 
Archean greenstone in Minnesota. 
 
Table 2-1 Composition of the Synthetic Water used in Cells G1 and G2 for sample GHN-
KMD-0088 in the University of Utah Humidity Cell Testing Program. 
 

Species mg/L
Mn 35.7
Ca 250
Na 2.58
Mg 100
Al 98
K 2.88
Fe 7
NH3 1.36
SO4 1608  
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Figures 2-1.  pH of all 32 humidity cell samples over time.  pH measured right after 
collection. 
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SO4 NMT vs. Weeks
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Figure 2-2.  Sulfate values for all 32 cells over time. 
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Figure 2-3.  Total iron concentrations for all 32 cells over time. 
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Figure 2-4. Ferrous ion concentrations over time. 
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Figure 2-5. Aluminum concentrations over time. 
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Calcium NMT vs. Weeks
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Figure 2-6. Calcium concentrations over time. 
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Figure 2-7.  Ferric ion (determined as the difference between total iron and ferrous iron) 
as a function of weeks for all 32 cells. 
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Figure 2-8.  Preliminary data for pyrite oxidation rates as a function of pH for the Questa 
humidity cell samples. The data points represent the various humidity cells while the 
regression lines are for all the points.  The regression line for the Archean greenstone 
rock is shown for comparison. 
 
TASK 3:  Determine if cementation develops over the 52 week period 
 
Cementation was not evident at the start of humidity cell testing (all samples were loose 
rock material placed carefully into the cells) but was quite evident in many of the samples 
after the 52 week period.  Table 3-1 gives a brief description of the cementation in all the 
samples and Figure 3-1 below shows photographs for one cell, G7, which was highly 
cemented. Notice that the very top showed very little cementation indicating that the 
cementing material was washed from the vey top surface upon leaching with pure water. 

At one point, it was suggested that the cementing material might be soluble 
sulfates and a reference was provided (Jamieson, 2005).  Prof. Bill Parry attempted to 
identify the cementing material from several of the samples collected after testing that 
had significant cementation taking care not to use water in any sample preparation to 
preserve the soluble sulfates. Samples were taken from the interior of the cell as well as 
from the filter pad at the bottom of the humidity cell. Table 3-2 lists the minerals 
observed. A summary of his study, taken from his report (which will be part of the final 
report for this project), is given below. 
 “Three samples contain traces of the mineral calcite (CaCO3).  This mineral is a 
possible candidate for cement in these samples.  All samples contain fine-grained clay 
minerals that could be translocated downward during operation of the cells.  
Concentration of the clays could bind the larger particles together.  No evidence of ferric 
sulfate mineral cements was observed.  Jarosite is common among the sample set.  
Cementing material is probably a minor constituent of the samples subjected to x-ray 
diffraction analysis and present in an insufficient amount to be observed in the binocular 
microscope or the x-ray diffraction patterns.” 
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Table 3-1. Observations on samples after testing regarding cementation 
Humidity 
Cell 
Number 

Sample Conditions pH 
(first 10 wks/last 
10 wks) 

Cementation Description 

G1 GHN-
KMD-0088 

Synthetic 
Water 

3.132/3.025 
 

No cementation noticed until the very 
bottom.  Loose and rocky all the way 
through. 

G2 GHN-
KMD-0088 

Synthetic 
Water 

3.125/3.015 No cementation noticed until the very 
bottom.  Loose and rocky all the way 
through.  

G3 SPR-JWM-
0002 

 6.639/6.838 No cementation noticed until the very 
bottom and it was very light cementation 
at the bottom, easily broken up. 

G4 SPR-JWM-
0002 

 6.746/7.192 No cementation noticed until the very 
bottom and it was very light cementation 
at the bottom, easily broken up. 

G5 MIN-VTM-
0021 

 6.147/6.946 
 

Very light cementation starting ¼  way 
down.  Easily broken up. 

G6 GHN-
KMD-0057 

 7.021/7.390 Highly cemented, starting ¼ way down.  
Very highly cemented at the bottom. 

G7 PIT-VTM-
0600 

 6.986/7.540 Very highly cemented, starting ¼ way 
down. Clumps of cementation. 

G8 GHN-JRM-
0002 

 3.039/3.837 No cementation noticed. 

G9 Control 
Quartz 

 6.040/5.423 No cementation noticed.  Loose and 
rocky all the way through. 

G10 Control 
Quartz 

 5.911/5.765 No cementation noticed.  Loose and 
rocky all the way through. 

G11 BCS-VML-
0004 

 4.340/4.719 Very light cementation starting ¼ way 
down.  Easily broken up. 

G12 PIT-RDL-
0005 

 4.576/5.628 Very light cementation, starting ¼ way 
down.  Easily broken up. 

G13 GHN-JRM-
0009 

 3.227/3.618 No cementation noticed until the very 
bottom.. 

G14 ROC-
NWD-0002 

 3.496/3.888 No cementation noticed. 

G15 GHN-
KMD-0096 

 3.073/4.149 Highly cemented starting ¼ way down. 

G16 PIT-RDL-
0007 

 2.747/3.302 Highly cemented starting ¼ way down. 

G17 SPR-JWM-
0002 

Heated Cell 6.862/7.442 No cementation noticed until the very 
bottom and it was very light cementation 
at the bottom, easily broken up. 

G18 SPR-JWM-
0002 

Heated Cell 6.969/7.491 No cementation noticed until the very 
bottom and it was very light cementation 
at the bottom, easily broken up. 

G19 Burned Heated Cell 3.059  
G20 GHN-

KMD-0088 
Heated Cell 3.165/3.585 No cementation noticed. 

G21 PIT-RDL-
0006 

Heated Cell 3.901/4.663 Highly cemented starting ¼ way down. 

G22 Burned Heated Cell 4.063  
G23 GHN-JRM-

0001 
Heated Cell 2.690/3.337 Highly cemented starting ¼ way down. 

G24 GHN-JRM- Heated Cell 2.704/3.314 Highly cemented starting ¼ way down. 
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0001 
G25 GHN-

KMD-0088 
 3.193/3.793 Lightly cemented.  Easily broken up.  

Bottom was more cemented. 
G26 GHN-

KMD-0088 
 3.064/3.745 Lightly cemented.  Easily broken up.  

Bottom was more cemented. 
G27 GHN-

KMD-0088 
Fines 3.067/3.870 Loose until ½ way down and then lightly 

cemented. 
G28 GHN-

KMD-0088 
Fines 3.124/3.919 Highly cemented. 

G29 PIT-RDL-
0006 

 4.568/5.237 Loose until ¼ way down, then lightly 
cemented. 

G30 PIT-RDL-
0006 

 4.671/5.561 Loose until ¼ way down, then lightly 
cemented, though harder than G29. 

G31 GHN-JRM-
0001 

 2.797/3.679 Highly cemented. 

G32 GHN-JRM-
0001 

 2.990/3.703 Highly cemented. 
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a b 

c d 

 
 
Figure 3-1.  Photographs of G7, PIT-VTM-0600, taken at the completion of humidity cell 
testing at four stages – (a) top view before removing any part of the sample,  (b) Top 
view after removing ¼ of the sample (c) Top view after removing ½ of the sample (d) 
Top view after removing ¾ of the sample. 
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Table 3-2.  Minerals identified by X-ray diffraction in cementing samples taken from the University of Utah humidity cells. 
  X=present in significant amounts, Tr=trace amount present.  
 
XRD File 
Name 

Sample Number Smectite Chlorite Illite Kaolinite Jarosite Calcite Quartz K- 
feldspar 

Na-Ca-
feldspar 

G1-80- GHN-KMD-0088-90-G1-53TB-80-3 X X X  Tr  X X X 
G6-80- GHN-KMD-0057-90-G6-53TB-80-2, 3 X X     X X X 
G7-80- PIT-VTM-0600-90-G7-53TB-80-3 X X X   Tr X X X 
G8-80- GHN-JRM-0002-90-G8-53TB-80-3 X X   X  X X X 
G13-80- GHN-JRM-0009-90-G13-53B-80-3 X  X  X  X X X 
G-16-80- PIT-RDL-0007-90-G16-53TB-80-   X X X  X X X 
G21-80- PIT-RDL-0006-90-G21-53TB-80-1 X  X X X  X X X 
G25-80- GHN-KMD-0088-90-G25-53B-80- X X   X  X X X 
G32-80- GHN-JRM-0001-90-G32-53T-80-3 X X X  X  X X X 
 PAD Samples          
G7Pad PIT-VTM-0600-53 O-Ring Pad 3/3/081 X X X   Tr X X X 
G6Pad GHN-KMD-0057-53 O-Ring Pad 3/3/083 X X X   Tr X X X 
G23Pad GHN-JRM-0001-53 O-Ring Pad 3/5/083 X X X  X  X X X 
G32Pad GHN-JRM-0001--53 O-Ring Pad 3/6/083 X X X  X  X X X 
 PIT-ROC-0006-53 O-Ring Pad 3/6/08 Not 

analyzed
  

1Sample also contains talc 
2Sample also contains alkali amphibole 
3Sample also contains pyrite 
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SEM studies 
The XRD conclusions were somewhat confirmed by SEM analyses of the same samples, 
showing that the rock samples were coated with very fine material that consisted 
predominately of materials high in silica, aluminum and oxygen with traces of iron.  
These samples were prepared using material from the top of the felt pad or from the 
humidity cell sample itself after testing.  No iron sulfate minerals were ever observed.  
The only sulfate minerals observed were gypsum particles. A photograph from a sample 
taken from G7 is given below. EDS analysis revealed that this area contained about 24 wt 
% Carbon, 34% Oxygen, 18% Silicon, 2% Potassium, 4% iron, 1% Calcium, 9% 
Aluminum, 1.8% Magnesium and 0.7% Sodium .  Many of the samples analyzed by SEM 
were similar in nature to this sample, indicating that cementation was probably due to 
very fine particles of quartz calcite and other minerals, possibly iron oxyhydroxides and 
some clays. The presence of sulfur was rare in the samples tested, although McSwiggen’s 
microprobe study of these samples (McSwiggen, 2008) indicated some cementation by 
jarosite. 
 
 

 
(6-23-08, 1-particle-1.bmp) 
 
Figure 3-2.  SEM photograph of a sample from G7 at low magnification (200X) showing 
the coating texture on all particles (6-23-08, 1-particle-3.bmp). Note the 200 micron scale 
at the lower right as a series of dots. 
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Figure 3-3.  SEM photograph of a sample from G7 showing calcite particles (6-23-08, 1-
particle-3.bmp). Note the higher magnification (1500X) from the previous figure and the 
scale bar at the lower right corner. 
 
PHREEQC studies 
We also used data from the weekly analytical water chemistry from each cell and made 
several runs using the thermodynamic geochemical program, PHREEQC, to see what the 
saturation index, SI,  for certain minerals might be at various stages of testing, in hopes of 
trying to identify the cementing material.  We used the program to also calculate the 
saturation index after 95% of the water had evaporated, being careful not to exceed the 
ionic strength limits of the method of calculation.  We are looking at several minerals – 
gypsum, jarosite, anhydrite, melanterite for example. Figures 3-4 to 3-7 are an example 
of some of the results.  Most of what we learned was that the pore waters were 
successively diluted as humidity cell testing progressed due to the use of distilled water 
as the leachate. Thus, some minerals had a positive SI at week 1 but ended up as negative 
for week 52.  Of course, the exception was for cells G1 and G2 in which a synthetic water 
was used for leaching.  Many of the minerals, while showing a negative SI for the actual 
water composition, developed a positive saturation index after evaporation, indicating the 
possibility of forming secondary minerals on drying.  This was particularly evident for 
gypsum and jarosite as shown in Figures 3-4 to 3-7.  Melanterite, an iron sulfate mineral 
tested negative for all cells throughout the testing period, however some positive indices 
developed for jurbanite, an aluminum sulfate mineral.  We are continuing to analyze the 
leachate data in this manner to get a better understanding of what secondary minerals 
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might be precipitating on evaporation and what effect they might have on the qualitative 
cementation results. 
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Figure 3-4. PHREEQC analysis of the G7 humidity cell leachate analyses at weeks 1 and 
52 run as measured and after 95% of the water was removed. This shows the saturation 
index for jarosite. 
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Figure 3-5. PHREEQC analysis of the G23,24,31,32 humidity cell leachate analyses for 
GHN-JMR-0002 at weeks 1 and 52 run as measured and after 95% of the water was 
removed. This shows the saturation index for jarosite. 
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Figure 3-6. PHREEQC analysis of all eight of the GHN-KMD-0088 humidity cell 
leachate analyses at weeks 1 and 52 run as measured and after 95% of the water was 
removed. This shows the saturation index for gypsum. 
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Figure 3-7. PHREEQC analysis of the G8 humidity cell leachate analyses at weeks 1 and 
52 as measured and after 95% of the water was removed. This shows the saturation index 
for gypsum. 
 
 
TASK 4:  Measure particle size distributions before and after testing 
 
This work is completed and the results will be reported in detail in the final report. As 
mentioned earlier, at least three different particle size distributions were measured for 
each sample – (1) as received – 15 samples, (2) after removing <#80 mesh fines using a 
washing procedure and before testing – 15 samples, and (3) after testing (top and bottom 
sections) – 60 samples.   The amount of fines removed from the original sample is given 
in Table 4-1 below.  As shown, some of the samples contained a large amount of fines 
less than #80 mesh, 0.180 mm, and, although the bulk of those fines were removed, 
some, adhering to the larger particles, were still present.  Also note that for cells, G27 and 
G28, no fines were removed and the sample as received was placed into the humidity 
cell. 
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Table 4-1. The amount of fines (< #80 mesh, 0.18 mm) removed from the original sample 
before being placed in the humidity cells, except for cells G27 and G28 in which the fines 

were not removed prior to testing. 

SAMPLE ID CELL NUMBER 

FINES REMOVED FROM 
ORIGINAL SAMPLE 

(% by WEIGHT) 
GHN-JRM-0002 G8 21.2 
GHN-JRM-0009 G13 12.8 
PIT-RDL-0005 G12 10.7 

ROC-NWD-0002 G14 2.8 
PIT-RDL-0007 G16 20.9 

MIN-VTM-0021 G5 8.3 
GHN-KMD-0096 G15 18.4 
PIT-VTM-0600 G7 12.3 
QUARTZ STD G9, G10 0.9 

BCS-VML-0004 G11 30.6 
GHN-KMD-0057 G6 7.0 
GHN-JRM-0001 G23,G24, G31, G32 30.4 
SPR-JWM-0002 G3,G4, G17, G18 6.4 
PIT-RDL-0006 G21,G22, G29, G30 12.5 

GHN-KMD-0088 G1,G2,G19,G20,G25,G26 14.8 
GHN-KMD-0088 G27, G28 0.0 

 
An example of the results for several humidity cells is given below in Figures 4-1 

to 4-3.  For some cells there was a significant difference in the distribution, showing the 
migration of fines towards the bottom of the cell during testing, but, for others, there was 
not a significant difference.  Attempts at relating this phenomenon to a sample 
characteristic, such as mineralogy or permeability were not very successful.  Part of the 
problem was that the particle size distributions were conducted in the dry state, facilities 
were not available to do wet-seiving.  Thus, it was observed that some of the finer 
particles adhered to the larger particles more strongly in some samples than others.  
Originally, it was thought that, perhaps those samples showing a high degree of 
cementation would show a difference in particle size distribution, but that was not the 
case. 
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Particle size distribution Percent in each tray vs tray size
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Figure 4-1.  Showing the change in PSD for a sample with very little cementation in 
which the fines migrated towards the bottom of the humidity cell over time. 
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Figure 4-2.  The change in PSD for a sample that showed no cementation and very little 
fines migration. 
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Figure 4-3.  The change in PSD for a sample that showed high cementation and very little 
fines migration. 
 
TASK 5:  Measure dry gas phase permeabilities over time 
 
Analysis shows that, for the most part, the dry-air permeability of each sample did not 
change with time, but that there were significant differences in permeabilities between 
the various rock samples and the presence of fines significantly changed the permeability.  
For example, GHN-KMD-0088 was loaded into eight of the cells but subjected to various 
conditions. Cells G1 and G2 used a synthetic water for leaching instead of distilled water, 
Cells G19 and G20 were conducted at 50C, Cells  G25 and G26 were conducted at room 
temperature and leached with distilled water while Cells G27 and G28, also at room 
temperature, contained the original fines (<80 mesh) and that sample was not washed 
prior to testing.  As shown in Figure 5-1 below, while there is some variation between the 
duplicate cells, it is clear that the presence of the fine material decreased the permeability 
of the sample considerably and it could be that leaching with synthetic water and 
conducting the tests at 50C increased the permeability slightly.  Work is in progress to 
determine if these differences are statistically significant.  Note the relatively consistent 
pattern observed for the quartz control cell in Figure 5-2. 
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Figure 5-1.  Dry air permeability of GHN-KMD-0088 in all eight humidity cells over the 
52-week period of humidity cell testing. 
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Figure 5-2.  Dry air permeability of the quartz control sample in cells G9 and G10 over 
the 52-week period of humidity cell testing. 
 

It is interesting that the dry air permeabilities did not change over time even 
though, as mentioned earlier, some samples developed extensive cementation over the 
same time period.  One of the reasons could be that the measurement of dry air 
permeabilities, using air flow rates of 1-6 liters/min, could not detect the subtle changes 
due to the high flow rates necessary to detect a measurable pressure drop.  In retrospect, 
an alternative method would have been to measure the water permeabilities during the 
leaching cycle by timing how long it takes for the water level to progress through the cell.  
This might be suggested for future humidity cell tests. 
 
TASK 6:  Measure the amount of fines in the leachate and analyze the fines.  
 
This work is completed and details will be reported in the final report. We have estimates 
of the amount of fines in the leachate collected every week for each cell. Some examples 
of the weekly plots are given in Figures 6-1 and 6-2 below.  As expected, since most of 
the fines were removed by prewashing, many of the cells produced very little fines over 
the 52 week-course of the experiment, around 0.2 g, similar to Figure 6-1.  However, as 
expected, Cells G27 and G28 in which the original fines were not removed produced 
quite a bit more, on the order of 10-15 grams total (see Figure 6-2), although the amount 
of fines per week was decreasing in the last 20 weeks.   
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Figure 6-1. Amount of fines on the 0.2 micron filter paper each week in grams for cell 
G20. 

Fines for Cell G-28
Sum of fines = 10.741g

0.001

0.01

0.1

1

10

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
Weeks

Fi
ne

s,
 g

 

 
Figure 6-2. Amount of fines on the 0.2 micron filter paper each week in grams for cell 
G28. 
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In addition we have had the fines that were collected from the leachate on 0.2 
micron filter paper analyzed by Prof. Bill Parry at weeks 1, 25 and 52 to determine the 
mineralogical composition of the fines for a select group of humidity cells (not every cell 
was analyzed in this manner).  A summary of the mineralogical results is given below in 
Table 6-1 with a more detailed explanation to be given in the final report. Most of the 
fines were identified as smectite, chlorite, illite, kaolinite and quartz.  Thus the fines were 
identified and it appears that there is no significant change in the composition of the fines 
over time, although there are some variations. Figures 6-3 and 6-4 are a few examples. 
SEM photos were also taken of the filter samples and analyzed by EDS.  A few examples 
are given in Figures 6-5 and 6-6. 
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Table 6-1.  Summary of Mineralogy of Fines in Leachate collected on 0.2 micron filters 
at various weeks for Selected Samples 
 
File 
Name 

Sample Number Smectite
% wt 

Chlorite
% wt 

Illite 
% wt 

Kaolinite
% wt 

Quartz
% wt 

   
trj16 GHN-JRM-0001-92-G24-01 2  18 8 73 
trj17 GHN-JRM-0001-92-G24-25 9  64 27  
truj32 GHN-JRM-0001-92-G24-52 5 1 36 17 41 
trj9 GHN-JRM-0002-92-G8-01 39 61    
trj1 GHN-JRM-0002-92-G8-25 59 41    
truj33 GHN-JRM-0002-92-G8-52 61* 39*    
trj21 GHN-JRM-0001-92-G32-01 3  38 14 45 
trj22 GHN-JRM-0001-92-G32-25 8  68 24  
truj24 GHN-JRM-0001-92-G32-52 5 1 37 18 40 
trj12 GHN-KMD-0088-92-G20-01 67 33    
trj13 GHN-KMD-0088-92-G20-25 70 30    
truj29 GHN-KMD-0088-92-G20-52 28   72  
trj18 GHN-KMD-0088-92-G28-01 27 5 68   
trj3 GHN-KMD-0088-92-G28-7 5 2 13  80 
truj23 GHN-KMD-0088-92-G28-25 5 1 8  86 
truj30 GHN-KMD-0088-92-G28-52 6 2 22  69 
trj7 MIN-VTM-0021-92-G5-01 1  66 22 11 
trj8 MIN-VTM-0021-92-G5-25 2  52 19 28 
truj27 MIN-VTM-0021-92-G5-52 3  52 31 14 
trj14 PIT-RDL-0006-92-G21-01 2  23 29 46 
trj2 PIT-RDL-0006-92-G21-13 3  18 36 43 
trj15 PIT-RDL-0006-92-G21-25 3  20 39 38 
truj31 PIT-RDL-0006-92-G21-52 2  13 25 61 
trj19 PIT-RDL-0006-92-G30-01 1  25 29 45 
trj20 PIT-RDL-0006-92-G30-25 4  29 68  
truj25 PIT-RDL-0006-92-G30-52 2  21 42 35 
trj10 SPR-JWM-0002-92-G18-01 5 6 89   
trj11 SPR-JWM-0002-92-G18-25 9 5 87   
truj26 SPR-JWM-0002-92-G18-52 4 4 50  43 
trj5 SPR-JWM-0002-92-G4-01 7 10 83   
trj6 SPR-JWM-0002-92-G4-25 9 7 85   
truj28 SPR-JWM-0002-92-G4-52 14 2 44  41 
       
* very weak x-ray diffraction peaks 
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Figure 6-3.  Mineralogical analysis of the fines collected on 0.2 micron filter paper from 
the  
SPR-JWM-0002 samples at week 1 and week 25. 
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Figure 6-4.  Mineralogical composition of the fines collected on 0.2 micron filter paper 
for Cell G21, PIT-RDL-0006 at week 1, 13, and 25. 
 
 
 
 

 
 
Figure 6-5.  SEM photograph of a sample from G8 showing silica particles (8-15-08, 18-
particle-1.bmp). Note the higher magnification (60,000X) from the previous figures and 
the scale bar at the lower right corner. The filter paper can be seen at the right under the 
particles. 
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Figure 6-6.  SEM photograph of a calcite particle used to calibrate the EDX. Note the 
scale bar at the lower right corner. 
 
 
TASK 7: Measure the transient temperatures of several cells during the dry-air 
phase and use mathematical modeling to determine rock and evaporation 
properties. 
 
This work is in progress and we are beginning to calibrate the model using the dry-air 
phase experimental data for several of the cells.  Preliminary results for the quartz control 
cell are given below in Figure 7-1.  Final results will be included in the final report.  A 
more thorough description of this task is given in DRA-37. 
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Figure 7-1.  A comparison of the measured humidity cell temperature measurements for 
the drying phase in the G9 control cell (crushed quartz particles) with the simulations 
generated by the evaporative humidity cell model.  The temperature drop is the difference 
between the cell temperature at the probe location and the surrounding temperature.  
Total air flow rate was 1.0 L/min for this run and the air was dried before it was 
introduced to the humidity cell and was at ambient temperature. 
 
TASK 8:  Perform humidity cell testing at 50C 
 
This work is completed and the detailed results will be reported in the final report.  
Analysis of the results, shows, surprisingly, that the increase in temperature to 50C did 
not have a large effect on the water chemistry data, however there were some significant 
differences that were noticed for some ions.  During the course of the study the 
temperature control on the high temperature cells was shut off after about 26 weeks for 
maintenance and then turned on again at about week 36.  During this 10 week period the 
high temperature cells were conducted at room temperature.  The steady-state 
concentrations of several ions, such as aluminum, silicon, and others dropped 
significantly during that period and resumed to their higher values when the temperature 
returned to 50C.  Several examples are given below in Figures 8-1 to 8-3. We are 
determining if these differences are statistically significant. 
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Figure 8-1. An analysis of the silicon in the leachate emanating from the high 
temperature cells G23 and G24 versus the room temperature cells G31 and G32 for 
GHN-JMR-0001. 
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Figure 8-2. An analysis of the potassium in the leachate emanating from the high 
temperature cells G19 and G20 for GHN-KMD-0088. 
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Figure 8-3. An analysis of the potassium in the leachate emanating from the high 
temperature cells G23 and G24 versus the room temperature cells G31 and G32 for 
GHN-JMR-0001. 
 

Another interesting discovery was found with the high temperature cells. 
Preliminary data indicate that the high temperature in those cells killed any active 
bacteria that might have been present and thus the pyrite oxidation rates and 
mineralogical changes obtained for those cells could be considered strictly abiotic.   
 
TASK 9:  Measure water saturation over time 
 
This work is almost complete, only the final analysis has yet to be done.  We have found 
that the best way to view water saturation is by plotting total cell weight over time as 
shown in Figures 9-1 to 9-3.  The highest water saturation developed during the leaching 
phase is the difference between the weight of the cell after leaching versus the weight 
either before leaching or after drying.  The weights after drying and before leaching 
should be the same and serve as a check on the data.  For the most part, water saturation 
decreased over time as evident in the figures, some cells showing a greater change than 
others.  Some cells show significant scatter in the data and are difficult to interpret.  We 
are trying to see if these changes in water saturation can be related to particle size 
distribution or cementation. 
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Figure 9-1. Cell weight before the leach, after the leach and after the dry air phase for cell 
G8, GHN-JRM-0002 
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Figure 9-2. Cell weight before the leach, after the leach and after the dry air phase for cell 
G15, GHN-KMD-0096 
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Figure 9-3. Cell weight before the leach, after the leach and after the dry air phase for cell 
G14, ROC-NWD-0002 
 
TASK 10:  Inoculate some humidity cells and perform biological tests on the 
leachate over the 52 week period to determine bacterial populations and try to 
identify the various species.  Perform biological tests on the humidity cell rock 
samples after the 52 week period.  
 
Inoculums were produced from GHN field microbial samples equivalent to the samples 
placed in the humidity cells.  Some humidity cells were inoculated but some were not as 
indicated in Table A-2 in the appendix.  Bacteriological samples were collected from 
those humidity cells that were inoculated as well as the quartz control cell during the 52-
week testing period.  Bacteria grew in the quartz cells as much if not more than the other 
humidity cells.  Samples were collected in February, April, August and November of 
2007 and again on February, 2008. The detailed results are provided in the DRA by Dr. 
Jack Adams.  We received the final report on this study on September 9, 2008 and are 
analyzing the results.  Preliminary information indicates that there are some bacterial 
populations in the leachate that were increasing with time but most were not of the 
Acidothiobacillus ferrooxidans variety. In addition, “new” (not identified) heterotrophs 
that were not present in the inocula grew in large numbers over time and in several 
humidity cells. These heterotrophs do not appear to have affected the water chemistry.   It 
is also clear that the high temperature cells killed off any bacteria that would have been 
present and thus the results from those cells represent abiotic oxidation rates.   
 


