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DRA-8. CHARACTERIZATION OF ROCK PILE CRUSTS AT 
QUESTA INCLUDING DETERMINATION OF THE CRUSTAL 

EVAPORATION RATE  
 

L. Giese and V.T. McLemore, December 31, 2008, revised March 30, 2009 (reviewed by 
A. Campbell, M. Fredlund, A. Fakhimi, A. Rose) 

 
1. STATEMENT OF THE PROBLEM  
What are the mineralogical and chemical compositions of crusts on the rock piles? How 
does the crust affect evaporation? The quantification of the influence of observed salts in 
the field is extremely important to document the actual evaporation of the rock piles. This 
DRA and Giese et al. (2008) also report the SWCC data of this crustal material. 

 
2. PREVIOUS WORK 

• Several studies have examined the mineralogy and drainage from a crust on the 
surface of mine rock piles (Hurst, S., 2003; Hammarstrom et al., 2005; Joeckel et 
al., 2005; Siegesmund et al, 2006; Wilson et al., 1997; Weeks and Wilson, 2006; 
Yakirevich et al, 1997b.) and are summarized in Giese et al. (2008).  

• G. Wilson (written communication, August 29, 2006, in Giese et al., 2008, 
appendix 3) described the evaporation rates from the surface of the rock-pile 
materials where salts are known to be present and should be quantified before 
hydrologic modeling. Evaluation tests are required to see the influence of salts on 
actual field evaporation rates at Questa.   

• Wilson et al. (1997) conducted a study that measured the actual and potential 
evaporation rate of non-vegetated soil surfaces in the lab to evaluate evaporative 
fluxes and concluded “saturated and nearly saturated soil surfaces evaporate at a 
potential rate approximately equal to the evaporation rate from free water 
surfaces.” The AE (Actual Evaporation Rate) from a soil surface falls below the 
PE (Potential Rate of Evaporation) when the soil becomes unsaturated and the 
value of the total suction exceeds ~3000 kPa. This total suction continues to 
increase while the rate of evaporation continues to decline. Matric suction plus 
osmotic suction (total suction) can be used to describe soil atmosphere 
evaporative fluxes.   
 

3. TECHNICAL APPROACH 
Crust (top 1-2 mm) and subcrust (1-2 inches below crust) samples were collected from 
the surface of different rock piles at the Questa molybdenum mine (SOP 5; Giese et al., 
2008). These samples were collected for pan evaporation tests (SOP 83), X-ray 
fluorescence whole-rock geochemistry (SOP 8), scanning electron microprobe (SOP 26), 
petrographic analysis (SOP 24), clay mineralogical analyses by X-ray diffraction (SOP 
29), paste pH and conductivity (SOP 11), particle size analysis (SOP 33.6), Atterberg 
limits (SOP 54), spectral analysis (SOP 49.1), specific gravity (SOP 75), LOI (loss on 
Ignition, SOP 28), and Net Acid Generation (SOP 52). A separate set of crust samples 
from SSW (Sugar Shack West rock pile) near the location of samples collected for pan 
evaporation tests were collected for Soil Water Characteristic Curve (SWCC) analysis by 
Golder Laboratory. 
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Mineralogical data are obtained from several different techniques, including: 
• Petrographic analysis of a bulk grab sample using a binocular microscope (van 

der Plas and Tobi, 1965). 
• Petrographic analysis of thin sections of the rock fragments and soil matrix using 

a petrographic microscope (including both transmitted- and reflected-light 
microscopy; van der Plas and Tobi, 1965; Delvigne, 1998). 

• Electron microprobe analysis of both the fine-grained soil matrix and the rock 
fragments. 

• Clay mineral determination of a bulk sample split using clay separation 
techniques and X-ray diffraction analysis (Moore and Reynolds, 1989; Hall, 
2004). 

• Other methods of determining mineralogy (spectral analysis, X-ray diffraction, 
fizz test). 

Sample textures and compositions of selected phases were examined by thin section and 
electron microprobe techniques. The collected samples from the rock piles consisted of a 
heterogeneous mixture of rock fragments ranging in size from boulders (0.5 m) to <1 mm 
in diameter within a fine-grained soil matrix. A split of the samples tested for SWCC 
collected near the sample locations for the evaporation tests were sent to Mineral 
Services Inc. (2008) for mineralogy and chemical characterization. 

Quantitative mineralogy (observed mineralogy) of the NMIMT samples was 
calculated using the modified ModAn bulk mineralogy method (McLemore et al., 2009). 
Geochemical data used in this model were collected using X-ray fluorescence (major 
elements), infrared detection of the vaporized sample (total carbon and total sulfur) and 
gravimetric analysis (sulfate). The data were then inputted into ModAn, a program 
developed for estimating mineral abundances using geochemical data (Paktunc, 1998, 
2001). Since ModAn is unable to model sulfate minerals, gypsum, jarosite and carbonates 
were calculated using the total carbon and sulfate data. The revised oxide composition of 
each sample was then imported into ModAn for mineralogical modeling. The user must 
consider the lithology of the sample, alteration type and clay mineralogy data when 
assessing the results. Paktunc (1998, 2001) discusses the program at length and 
McLemore et al. (2009) described the modified technique used here. 

The analyses of just the fine-grained soil matrix or of the efflorescent salts that 
form crustations on the rock fragments and boulders are beyond the scope of this 
particular study, because these crustations do not cover the rock piles in sufficient 
quantities to affect evaporation from the rock piles (Fig. 1a). This study was designed to 
examine the entire crust surface that could affect the evaporation from the rock pile. 

The fluids during the evaporation tests were not analyzed; however, a separate DI 
leach (SOP 38) was performed on a split of the material used in the evaporation tests. 
Runoff waters during a rain storm near the sample sites also were collected and analyzed 
chemically. These results are in Giese et al. (2008). 
 
4. CONCEPTUAL MODEL(S) 
This study provides data on the crust of the Questa rock piles that can be used in the 
hydrologic model.  The crust consists of sulfate minerals from evaporation of sulfate-rich 
waters. The amount of crust (thickness and area) changes seasonally and can form in a 
few days after a rain storm or snow melt. Repeated cycles of dissolution and re-
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evaporation lead to the formation of these seasonal sulfide salt crusts that can produce a 
high osmotic pressure across the surface of the rock piles, which will affect evaporation 
of meteoric water out of the rock pile. The osmotic suction also affects rates of 
evaporation and the presence or absence of crusts on the rock piles, which could affect 
their stability through time.   
 
5. STATUS OF COMPONENT INVESTIGATION    
The crust is a hard layer of soil and rock that develops during dry periods. The material 
can become so hard that it takes a hammer to loosen and collect the samples and it 
typically cements rocks up to 0.5 meter in diameter (Fig. 1). The crust is rarely more than 
3-4 cm in thickness. The material beneath the crust layer is typically softer and moist. 
After a sustained period of rainfall or snow melt, the crust disappears and the surface of 
the rock pile becomes soft and moist. The crust has the potential to cover 100% of the 
rock piles during dry periods, but can completely disappear during wet periods, especially 
during snow melt. The use of the term crust in this study differs somewhat from another 
type of crust that forms from the evaporation of water that leaves efflorescent salts, 
forming crustations on rock fragments and boulders (Fig. 1). 

Samples were collected from sites within the Questa rock piles (Fig. 2). The 
mineralogy of the crust samples is summarized in Table 1. Sulfate minerals found in the 
crusts include gypsum, jarosite, and trace amounts locally of copiapite, alunite, 
melanterite, and schwertmannite. Other minerals found include feldspar, quartz, clay 
minerals, Fe oxides, rutile, apatite, and local pyrite; these are predominantly within the 
rock fragments. The soil matrix is composed primarily of gypsum, jarosite, clay minerals, 
feldspar, quartz, and locally copiapite, alunite, melanterite, and schwertmannite. The 
cementing minerals in the soil matrix include gypsum, jarosite, iron-oxides, other sulfates 
and locally clay minerals (Fig. 3, 4). The clay minerals are pre-mining hydrothermal clay 
minerals originally in the mined rock, and not newly formed minerals formed during 
weathering (DRA-3). There were no chloride or nitrate minerals found in these or any 
other samples from the Questa rock piles. The lack of chloride and nitrate minerals is 
supported by the low concentrations of Cl- , NO2

- and NO3
- in the DI leach and runoff 

waters (<50 ppm Cl-, <10 ppm NO2
- and <10 ppm NO3

-). More detailed petrographic 
analyses and water chemistries are in Giese et al. (2008).  

Other parameters were measured in order to compare properties of the crust to 
other samples of the rock piles and to characterize the required parameters for modeling. 
Atterberg limits are summarized in Figure 5 and particle size distribution is summarized 
in Table 2 and Figure 6. Density is summarized in Table 3. Atterberg limits, particle size 
distribution, and density are similar to other samples from the Questa rock piles (DRA-2, 
6). All crust and subcrust samples are net acid producing (Giese et al., 2008). A separate 
set of samples was collected for Soil Water Characteristics Curves (SWCC) 
determinations from SSW near the sample locations that were tested for evaporation; 
these results are in Giese et al (2008). Hydraulic conductivity is summarized in Table 5. 

Nine of the 15 pan evaporation tests indicate approximately the same rate of 
evaporation as free water (i.e. potential) and the clean, salt-free, sand. The material 
remaining in the pan after evaporation did have some cementation, indicating the 
formation of a crust. The osmotic suction is not a significant factor in the suppression of 
evaporation from the crust samples. The graphs in Giese et al. (2008) show the actual 
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evaporation is nearly equal to the potential evaporation. Salts will show actual 
evaporation to be less than or equal to potential evaporation. Actual evaporation cannot 
be greater than or equal to potential evaporation unless the water is boiled. The 
hydrologic models show that specifying a large osmotic suction at the surface of the rock 
pile has a great effect on the predicted actual evaporation. 
 
TABLE 1. Mineralogy of crust samples in weight percent as determined by the 
quantitative modified ModAn method (McLemore et al., 2009). *Samples analyzed by 
Mineral Services, Inc. (2008) are modal analyses, supported by Rietveld analyses. nd—
not determined. Trace amounts of alunite, melanterite, and schwertmannite are found in 
some samples. These results include the rock fragment and fine-grained soil matrix 
components of the sample. The mineralogy of the more abundant rock fragments 
dominant the mineralogy shown, although the mineralogy of the fine-grained soil matrix 
is reflected in the mineral abundances shown. There were no chloride or nitrate minerals 
found. The lack of chloride and nitrate minerals is supported by the low concentrations of 
Cl- , NO2

- and NO3
- in the DI leach and runoff waters (<50 ppm Cl-, <10 ppm NO2

- and 
<10 ppm NO3

-). 
Sample number SWI QMWI quartz K-feldspar/ 

orthoclase plagioclase illite chlorite smectite kaolinte epidote 

MID-GJG-
4001 5 7 32 12 12 23 5 3 1 3 

MID-VTM-
4001 5 5 28 18 15 21 5 1 1 0.01 

SGS-VTM-
0024 5 6 33 13 0.1 29 4 2 2 5 

SGS-VTM-
0026 5 7 34 8 7 33 5 2 2  

SSW-GJG-
4000 5 7 28 13 16 23 6 2 1  

SSW-VTM-
0006 5 7 28 20 11 21 5 2 1  

SSW-VTM-
0008 5 7 32 7 15 26 5 3 1  

SSW-VTM-
0010 5 6 38 12 10 25 2 3 2  

SSW-VTM-
0012 5 5 31 30 9 14 2 3 2 3 

SSW-VTM-
0013 5 3 31 7 19 23 4 3 1  

SSW-VTM-
0015 5 6 27 12 19 14 5 4 1 7 

SSW-VTM-
4001 5 7 35 10 15 21 5 3 1  

SWH-GJG-
4000 5 7 35 1 25 25 4 2 1  

SWH-VTM-
4001 5 6 32 5 24 22 5 3 1  

QPS-VTM-
4001 5 7 34 7 16 27 4 2 2  

SSW-DCJ-
0003* nd nd 20.4 9.9 13.5 12.3 1.5 15.4 4.1  

SSW-DCJ-
0004* nd nd 22.2 11.7 15.2 10.3 0.8 15.9 1.5  

SSW-DCJ-
0005* nd nd 19.9 10.6 7.6 13  22.9 3.9  
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Sample number SWI QMWI quartz K-feldspar/ 
orthoclase plagioclase illite chlorite smectite kaolinte epidote 

SSW-DCJ-
0006* nd nd 21.8 8.8 6.8 14.3  24.8 3.7  

 
Sample number Fe 

oxides rutile apatite pyrite calcite gypsum zircon fluorite jarosite copiapite 

MID-GJG-4001 1 0.4 0.5 2 0.5 2 0.03  3  
MID-VTM-

4001 5 0.4 0.5 1 0.3 3 0.01    

SGS-VTM-0024 0.1 0.5 0.2 0.4 0.1 3 0.02 0.02 7  
SGS-VTM-0026 0.3 0.6 0.3 0.3 0.1 3 0.03 0.03 5  
SSW-GJG-4000 5 0.5 0.5 0.4 0.1 3 0.03  1 0.01 

SSW-VTM-
0006 5 0.4 0.4 2 0.3 4 0.03  0.3 0.01 

SSW-VTM-
0008 3 0.4 0.3 0.4 0.1 3 0.03  4 0.01 

SSW-VTM-
0010 0.1 0.4 0.01 0.3 0.3 2 0.04 0.01 5 0.01 

SSW-VTM-
0012 3 0.4 0.2 1 0.3 0.9 0.04 0.005  0.01 

SSW-VTM-
0013  0.5 0.3 3 0.1 3 0.03  5 0.01 

SSW-VTM-
0015 1 0.5 0.6 0.7 0.3 3 0.03  4 0.01 

SSW-VTM-
4001 4 0.4 0.4 0.5  3 0.03  2 0.01 

SWH-GJG-4000 1 0.5 0.2 0.3 0.1 1.5 0.03  3.6 0.01 
SWH-VTM-

4001 2 0.4 0.1 0.3 0.2 3 0.03 0.01 2 0.01 

QPS-VTM-4001 4 0.5 0.4 0.2 0.2 1 0.03  2 0.01 
SSW-DCJ-

0003*      8.8   14.1  

SSW-DCJ-
0004*    1.5  6.4   14.4  

SSW-DCJ-
0005*      10.9   11.2  

SSW-DCJ-
0006*      11.3   8.4  

 
 

   
a)      b) 

FIGURE 1. a) Surficial zones of white to yellow-brown soluble sulfate salts, mostly 
gypsum and jarosite on GHN. This material was not sampled for this study, because this 
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type of crust does not cover the rock piles in sufficient quantities to affect evaporation 
from the rock piles. b) Typical crust sampled for this study (photograph no. MID-VTM-
4001-F007). 

 

 
FIGURE 2. Questa rock piles and other mine features, including approximate locations of 
crust samples. 

 

   
a)      b) 

FIGURE 3. Backscattered electron microprobe (BSE) images. a) Photograph is of SWH-
VTM-4001 showing jarosite (bright areas) cementing rock fragments and filling 
fractures. b) Photograph is of SSW-VTM-0015 showing pyrite, gypsum, calcite and iron 
oxides.  
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 a)      b) 
FIGURE 4. Both photographs are using a petrographic microscope. a) Photograph is 
sample SWH-VTM-4001 in plane polarized light showing iron oxides (brown) as a 
cementing agent.  b) Photograph is sample SSW-VTM-0015 showing calcite, gypsum, 
and pyrite in crossed polarized light. Field of view is 1.8 mm. 
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FIGURE 5. Liquid Limits vs. Plasticity Index for crust and subcrust samples. Samples are 
classified as inorganic clay with low swell potential (CL-group), similar to many Questa 
rock-pile samples (URS Corporation, 2003; McLemore et al., 2008). 
 
 
TABLE 2. Particle size distribution for crust and subcrust samples. 

Particle Size Range Crust Subcrust 
% Gravel 16.29-39.09 13.4-46.04 
% Sand 55.79-80.24 53.01-84.37 
% Fines 0.95-5.12 0.74-2.71 
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FIGURE 6. Particle size distribution of crust and subcrust samples, which is similar to 
most Questa rock-pile samples (McLemore et al., 2008). 
 
 
TABLE 3. Dry density, water content, and hydraulic conductivity for crust samples as 
determined by Golder Associates Laboratory. 

Sample Number Dry Density (kg/m3) Water Content % Hydraulic Conductivity (cm/s) 
SSC-DCJ-0003 1851 15.2% 2.4E-05 
SSC-DCJ-0004 1789 16.2% 4.8E-04 
SSC-DCJ-0005 1740 10.6% 4.6E-04 
SSC-DCJ-0006 1658 12.8% 3.7E-03 

 
 

6.   RELIABILITY ANALYSIS 
The Questa rock piles are heterogeneous with respect to mineralogy, lithology, particle 
size, and moisture content. The techniques used for this study are not able to detect small 
differences in the abundances of clay minerals. The quantitative mineralogy presented in 
Table 1 is dominated by the rock fragments, although the mineralogy of the fine-grained 
soil matrix is reflected. If just the mineralogy of the fine-grained soil matrix were desired, 
a different sample preparation technique would have to be employed. The mineralogy 
reported in Table 4 is indicative of the fine-grained soil matrix and is supported by DI 
leaching techniques of the material and runoff chemistries (Giese et al., 2008). The 
spectral analysis provides only mineral identification of the soluble salts without any 
qualitative data within the sample. Although, petrography and chemical analyses suggest 
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that these soluble salts are present in only trace amounts, other techniques could be 
employed to identify and quantify these minerals. However, since these soluble salts 
occur in the Questa rock piles in trace amounts, it is unlikely that they have any effect on 
the slope stability. The quantitative mineralogy of the entire sample is required to 
properly characterize the crust that was used for the SWCC analysis.  

Samples collected are complete, comparable, and representative of the defined 
population at the defined scale. Precision and accuracy are measured differently for each 
field and laboratory analysis (parameter), and is explained in the project reports, SOPs 
and DRAs and described in more detail in McLemore and Frey (2008). Most laboratory 
analyses depend upon certified reference standards and duplicate and triplicate analyses 
as defined in the project SOPs. 

The coverage of the crust is based upon field observations from 2003-2007 and 
remote sensing data obtained in 2003-2004. 

The experimental analysis used in this DRA is likely too simple to adequately 
provide evaporation rates that reflect actual field conditions. While the specific data 
cannot directly be used in the numerical hydrological model, the concept that osmotic 
suction is not causing a reduction in evaporation has significant implications on the 
hydrological model, especially in describing the upper boundary conditions (DRA-15). 

 
7.   CONCLUSION OF THE COMPONENT 
The crusts form by evaporation during dry periods and can form within a few days after a 
rain storm or snow melt. The mineralogy and chemistry of the crust/subcrust varies, 
because they are a heterogeneous material (Table 1). The crusts contain gypsum, jarosite, 
and locally trace amounts of other sulfate minerals, along with rock forming and 
hydrothermal minerals; there were no chloride or nitrate minerals found. The lack of 
chloride minerals is supported by the low concentrations of Cl-, NO2

- and NO3
- in the DI 

leach and runoff waters (<50 ppm Cl-, <10 ppm NO2
- and <10 ppm NO3

-). There is no 
systematic variation of the crust and subcrust with respect to paste pH and paste 
conductivity. There also is no discernable difference observed between different sample 
locations and the paste pH and paste conductivity. The evaporation rates for water, wet 
clean sand and seven wet crust samples were compared. The results of the nine tests 
indicated that all of the crust samples show approximately the same rate of evaporation as 
free water (i.e. potential) and the clean (salt free soil) sand. Therefore, the tests indicate 
that osmotic suction is not a significant factor in the suppression of evaporation from the 
crust samples.  
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