
Questa – DRA-30 Simple Thermodynamic Models of Solution Chemistry 

Geochimica, Inc. p 1 of 23 3-Feb-09 
 

1. AQUEOUS SPECIATION OF ROCK-PILE WATERS 

Mark Logsdon, Rev02  30-Jul-08 

2. STATEMENT OF THE PROBLEM  

How can models for the thermodynamic distribution of aqueous species and activity-activity 
diagrams be used to relate aqueous chemistry of rock-pile waters and observed mineralogy in 
GHN and alteration scars, and how is this relevant to evaluation of mineral stabilities that 
could affect friction angle or cohesion? 
 
Working with seepage chemistry defined in DRA-28, objectives of the study include: 
 

• Calculating the distribution of aqueous species in the major water types 
• Calculating mineral saturation species for the waters 
• Considering the differences in model outcomes depending on which thermodynamic 

database is used 
• Considering the differences in model outcomes as a function of assumed 

temperature over a range from 10 C (near average annual temperature) to 70 C (the 
maximum observed temperature in any of the front rock piles.  

• Relating the aqueous stabilities to mineral stabilities within the rock-pile 
environment. 

• Constructing an activity-activity diagram for the system K-Al-Si-O-H2O that is 
relevant to an aqueous system of an oxidizing rock pile (as represented by the base-
case water from Goathill Spring)  

• Relating the calculated mineral stabilities within the rock-pile environment to Project 
data on mineralogy, specifically of clay minerals. 

 
3. PREVIOUS WORK 

The only previous related work on water chemistry in the rock piles was by URS (2002), in 
which URS considered water chemistry from the site in terms of activity/activity diagrams 
that treated total molalities of analytical components as if they were activities of free ions 
(Fig, 1). 

Site-wide chemistry of ground and surface water has recently been evaluated in great detail 
by the U.S. Geological Survey (Nordstrom et al., 2005; Nordstrom, 2007).  Among the 
Survey’s specific evaluations were speciation models for surface and ground waters of the 
Red River drainage, exclusive of obviously mining-impacted zones.  Their evaluations do 
include shallow, well-oxygenated waters with low pH that have solution chemistries that are 
broadly similar to the Soathill Spring water. 
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Figure 1  Activity-Activity Diagram: Rinse Waters from Questa Site [URS, 2002, Fig.1] 

 

Other DRAs related to aspects of water chemistry that are closely related to this include 
DRA-28 (Water Chemistry – Goathill Spring), DRA-29 (Conceptual Model of 
Hydrogeochemistry), DRA-31 (Simple models of Acid-Base Balance: Controls on pyrite 
oxidation and neutralization by carbonates and silicates), DRA-32 (Simple Geochemical 
Model of Formation of Evaporite Crusts on Rock-Pile Surfaces), and DRA-33 (Inverse Mass 
Balance Model - Goathill Spring). 

4. TECHNICAL APPROACH 

4.1  Method 
 
The approach used in this study is: 
 
4.1.1 Common Steps and Distribution of Species Model 
 

• Compile the available water chemistry data collected by this project and other 
relevant water chemistry for the site. 

• Calculate the distribution of aqueous species using a computer program designed for 
this purpose.  The program used was React, from the Geochemist’s Workbench 



Questa – DRA-30 Simple Thermodynamic Models of Solution Chemistry 

Geochimica, Inc. p 3 of 23 3-Feb-09 
 

suite of geochemical models (Bethke, 2006).  As the base case, we used the 
WATEQ4F thermodynamic database.  

• Calculate saturation indices (i.e., logarithm of the ratio of the ion-activity product to 
the solubility constant for given minerals), again using a computer program designed 
for this purpose.  The calculations also were made using React, with the WATEQ4F 
database.   

• Test the distribution-of-species and saturation-index calculations using a second 
thermodynamic database, one developed by Lawrence Livermore National 
Laboratory and distributed with Geochemist’s Workbench software. 

• Calculate the distribution-of-species and saturation indices for the base-case water at 
temperatures of 10 C, 25 C, 45 C and 70 C to test the effect of temperature on the 
thermodynamic calculations. 

 
4.1.2 Activity-Activity Diagrams 
 

• Calculate a diagram for the system K-Al-Si-O-H2O that plots log [aK+ /aH+] vs            
log aSiO2(aq).  The diagram is calculated twice.  Initially, we specify a naïve solution 
chemistry (i.e., assume the aqueous solution is pure water, and the activities of all 
solids are 1.)  This was the technique used by URS to calculate the mineral phase 
boundaries in Figure 1.   

• Next the system is re-calculated using the activity values for all major ions – Na+, 
K+, Ca2+, Mg2+, Cl-, SO4

2-, F- - present in the Goathill Spring base case.  [Note that 
because of the low pH, 2.78, there is no titratable carbonate alkalinity in the 
solution.]   

• Plot the locus of Goathill Seep water in the activity-activity space of the revised 
diagram. 

• Consider the results of the revised activity-activity diagram in light of Project data on 
mineralogy in the Goathill North rock pile and the nearby hydrothermal alteration 
scars, which the Project considers to be local natural analogs developed over tens of 
thousands to millions of years of ambient weathering of pyrite-bearing 
hydrothermally altered rock initially equivalent to that in the Questa rock piles 
(DRAs-18, -19, and -20). 

 
4.2  Discussion 
 
The K-aluminosilicate system is crucial to evaluation of rock-pile stability at Questa because 
of the ubiquitous presence of K-bearing silicates in source rocks (i.e., primary igneous K-
feldspar and K-mica (“sericite/illite”) from the QSP alteration). The [K+/H+] vs SiO2 
diagram is particularly apt given the acid-generation known to occur for oxidation of the 
sulfides present in the rock pile, and it also considers the possible stability of a wide-range of 
clay minerals, including smectites and kaolinite, the development of which might affect shear 
strength of rocks because of the low angle of internal friction of these clay minerals.  The 
application of activity-activity diagrams has been a standard tool of aqueous geochemistry, 
including economic geology as well as low-temperature evaluations, since the 1960’s (e.g.,  
Garrels and Christ, 1965; Helgeson, 1967; Meyer and Hemley, 1967; Reed, 1997).   

 



Questa – DRA-30 Simple Thermodynamic Models of Solution Chemistry 

Geochimica, Inc. p 4 of 23 3-Feb-09 
 

Typically, such diagrams, originally formulated and applied to high-temperature systems, are 
calculated by implicitly assuming that the solution chemistry accompanying the solids is 
dilute, i.e., assuming that molality and activity can be used interchangeably.  Figure 1 (URS, 
2002) was computed in this way.  Such activity diagrams and the expectations derived from 
them, however, need to be re-evaluated for low-temperature, high ionic-strength, low-pH 
solutions such as those generated during the weathering of sulfide-bearing ores.  As shown 
in DRA-28a, pH of seepage from Goathill North rock pile is approximately 2.8, with a total 
dissolved solids concentration of approximately 20,000 mg/L.  There is extensive formation 
of aqueous complexes that dramatically change the aqueous activities of free ions, the basis 
of the mineral-stability calculations (e.g., DRA-28a, Figure 2), and it is critically important 
that the diagram be calculated using the relevant activities, not on the basis of molalities. 
 
Note that the WATEQ4F database calculates the activity of dissolved silica by reference to 
H4SiO4, whereas Act2 (Bethke, 2006, used to calculate the activity-activity diagram) refers 
silica to SiO2(aq).  Because H4SiO4 contains one mole of SiO2, the absolute value of the 
activity of SiO2(aq) can be substituted directly for the purpose of constructing the diagram. 
 
 
5. CONCEPTUAL MODEL 

The conceptual model of water chemistry in Goathill North is that springs and seeps at the 
rock pile represent the accumulation of long-term seepage of infiltrating water that has 
accumulated in saturated (probably perched) zones above the base of the pile (Figure 1).  A 
much fuller development of the hydrogeochemical model is presented in companion DRA-
29, and the reader is directed to that document for additional detail and support.  The 
observed seepage is meteoric water (Campbell and Hendrickx, 2006) that has infiltrated 
through the rock pile.   The seepage zones for the GHN Spring, and other seeps at the toe 
of Goathill North that have been sampled by this project (DRA-28; McLemore et al, 2007) 
are believed to be long-term features, representing a nearly steady-state evolution of seepage, 
both physically and chemically.   

Water chemistry in the pile evolves due to water-rock chemical interactions in pore spaces 
along flow path.  In Figure 1 rock clasts and minerals of ranging composition are shown 
schematically in colors.  Pore space, shown in light blue is under negative pressure, but there 
can be film flow across solid surfaces and intra-rock pores (and some very small inter-rock 
pores) may be saturated or nearly so.  Clast-supported boulder layers have inter-rock voids 
too large to allow significant saturation, and these zones, which are connected tourtuously in 
the pile, are the locus of convective air flow.  Flow of liquid water in the coarse layers is 
limited to film-flow across boulder surfaces. Although the rock pile is unsaturated, water 
percolates downward through the pile under gravity, primarily in fine-grained materials.  At 
depth within the pile, the unsaturated flow accumulates in a saturated zone that integrates 
the water chemistry as well as the physical flow.  The accumulation of infiltration is 
concentrated at the interface of the rock pile with underlying, fine-grained and poorly 
transmissive colluvium, the permeability contrast allowing a perched zone of hydraulic 
saturation to form and persist (SRK, 2007). 
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Figure 2  Conceptual Model of Fluid Flow, Goathill North Rockpile, with Goathill Spring.  
Net Precipitation = [Ppt-(Runoff +Evap)] = Infiltration.  Counter-current flow of water 
downward (gravity) and air upward (buoyancy).  Additional O2 flux by diffusion across 
surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The conceptualization of the computational computer model for distribution of species and 
saturation indices is described in Norsdtrom and Alpers (1999) and also in the recent USGS 
evaluations.  The computer model React (Bethke, 2006) uses Debye-Hückel theory applied 
to a generalized ion-association model for aqueous chemistry, and the modeler chooses the 
thermodynamic database best suited to the problem; for this study, the WATEQ4F and 
LLNL databases return comparable results.  The computer model Act2 (Bethke, 2006) was 
used to calculate the activity-activity diagrams; the conceptual basis for such diagrams is 
available in many sources, such as Garrels and Christ (1965) and Reed (1997). 

6. STATUS OF SOLUTION-CHEMISTRY EVALUATION  
 
6.1  Data 
 
Water chemistry for fourteen samples of water that have been collected and analyzed from 
Goathill North are compiled and evaluated in detail in DRA-28.  Major features of the water 
chemistry for GHN Spring are summarized in Table 1.   
 

BEDROCK

ROCK 
PILE

Saturated ZoneGH Spring 

Net Precipitation

See Figures 3 and 4, 
DRA-29

Advective Flux of Air 

Diffussive 
Flux of O2 
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Table 1   Model Chemistry – Goathill Spring (See DRA-28).  [Values in mg/L, except pH in 
s.u. and Alkalinity in mg CaCO3eq/L.  SO4 adjusted for ion balance as explained 
in DRA-28.  For full analyses, see DRA-28, Attachment A] 

pH Total 
Alkalinity 

TDS Si Ca Mg Na K

2.78 < 5 22000 50 370 740 9.4 2.1
    

Cl F SO4 Al Cu Fe 
(total) 

Mn Zn

29 91 13,750 1400 10 690 430 100

 
6.2 Results –  
 
6.2.1 Distribution of Species and Saturation Indices 
 
Attachment A presents the calculated distribution of species and saturation-index 
calculations  for the base-case water (Goathill Spring water of November 2001 at 10 C).  The 
base-case calculates the thermodynamics using the WATEQ4F database.  Results using the 
Lawrence Livermore National Laboratory database (Bethke, 2006) also are included in 
Attachment 2.  There are no significant inconsistencies between the results using the two 
different databases1, and only the WATEQ4F results will be considered further. Attachment 
B presents the equivalent concentrations, using only the WATEQ4F database, for the GH 
Spring water at temperatures of 25C, 40C, and 70C.  Graphical  representation of the 
distribution of species results are provided in Attachment C. 
 
Major results of these calculations are presented in Tables 2 through 4 and Figure 2 below.   
 

                                                 
1 The LLNL database has an apparent error in the log K values for nontronite (see Logsdon, 2006). 
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Table 2  Distribution of Aqueous Species GHN Spring – Base Case [React (Bethke, 2006, 
WATEQ4F database; Log Activity > -6; Full results in Appendix A] 

 
Species   molality   mg/kg sol'n   act. coef.   log act. 
------------------------------------------------------------------------------------------------------------------------------- 
SO4--   0.05484     5175.    0.2804    -1.8132 
AlSO4+   0.02758     3333.    0.7450    -1.6873 
Mg++   0.01723        411.4    0.3378    -2.2351 
MgSO4   0.01321     1562.    1.0571    -1.8550 
Al(SO4)2-  0.01246     2682.    0.7450    -2.0323 
FeSO4+  0.008426  1257.    0.7450    -2.2022 
Al+++   0.007335    194.4    0.0707    -3.2851 
Ca++   0.005140    202.4    0.3142    -2.7919 
Mn++   0.004921    265.6    0.3081    -2.8193 
AlF++   0.004272    193.0    0.3081    -2.8807 
CaSO4   0.004044    540.8    1.0571    -2.3691 
MnSO4   0.002901    430.3    1.0571    -2.5133 
Fe(SO4)2-  0.002665    649.1    0.7450    -2.7022 
HSO4-   0.002453    233.9    0.7450    -2.7382 
H+   0.002090        2.069   0.7942    -2.7800 
H4SiO4   0.001124    106.1    1.0571    -2.9253 
Cl-   0.0008112     28.25    0.7032    -3.2438 
Fe+++   0.0007469     40.98    0.0707    -4.2772 
Zn++   0.0006425     41.26    0.3081    -3.7035 
ZnSO4   0.0005977     94.78          1.0571    -3.1994 
CO2   0.0005089     22.00    1.0571    -3.2692 
Na+   0.0003824      8.636    0.7399    -3.5483 
Zn(SO4)2--  0.0002894     73.20    0.3081    -4.0498 
FeOH++  0.0002624     18.78    0.3081    -4.0924 
O2(aq)   0.0002446      7.690    1.0571    -3.5874 
AlF2+   0.0002275     14.52    0.7450    -3.7708 
FeHSO4++  9.461e-005     14.21    0.3081    -4.5354 
Cu++   8.643e-005      5.395    0.3081    -4.5747 
CuSO4   7.091e-005     11.12    1.0571    -4.1252 
FeF++   5.955e-005      4.378    0.3081    -4.7365 
K+   4.985e-005      1.915    0.7032    -4.4553 
CaHSO4+  4.762e-005      6.415    0.7450    -4.4501 
Fe2(OH)2++++ 3.750e-005      5.367    0.0090    -6.4713 
NaSO4-   2.648e-005      3.096    0.7450    -4.7050 
Fe(OH)2+  1.186e-005      1.047    0.7450    -5.0539 
AlHSO4++  8.872e-006      1.081    0.3081    -5.5633 
MnCl+   4.729e-006      0.4199   0.7450    -5.4530
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Figure 2  Graphical Summary of Aluminum Speciation – Base Case  
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Table 3  Saturation Indices, Base Case (T= 10C)  – Clay Minerals, Sulfates, Oxides, and 
Pyrite at 10C [S.I.= Log(IAP/Ksp); At Equilibrium, S.I. = 0 (±0.25); Positive values 
are supersaturated; negative values are undersaturated.  React (Bethke, 2006, 
WATEQ4F database] 

  
Mineral S.I. Mineral S.I.
Goethite +4.1142 Smectites -7.4936 to   -

10.8314 
Jarosite-K +3.7541 K-feldspar -7.9378
Silicagel +0.2678 Calcite -9.0436
Gypsum -0.0178 Halloysite -11.0321

Am. Silica -0.0810 Illite -18.2332
Gibbsite -3.9445 K Mica -18.9974

Al(OH)3 am -6.7782 Chlorite – 14A -59.0026
Pyrophyllite -3.6826 Chlorite – 7A -62.5202

Kaolinite -5.7897 Pyrite -235.3
 
 
Table 4.  Saturation Indices for Key Minerals at T 10 to 70 C  [React (Bethke, 2006, 
WATEQ4F database [Kaolinite at 70 C highlighted for emphasis] 
 

Mineral 10 C 25C 40C 70C 
Jarosite-K +3.7541 +4.5177 +5.1670 +6.0966 
Kaolinite -5.7897 -3.2823 -2.1370 -0.1450 

Illite -18.2332 -10.7914 -9.4465 -7.2064 
Chlorite – 14A -59.0026 -50.8920 -46.0388 -37.6904 

 
 
6.2.2 Activity-Activity Diagrams  
 
For the purposes of calculating activity diagrams for the model rock pile, we have used the 
following results from the calculations shown in Table 2 (Table 5).    K+, H+, and H4SiO4 are 
variables in the diagram, but are included in the table so that the location of Goathill Spring 
on the diagrams can be computed.  The other major ions are used to condition the diagram 
for the aqueous phase about which we are actually concerned: the high TDS, acidic water of 
Goathill Spring. 
 
Table 5  Log Activity Values for Major Ions in Goathill Spring Water (see Table 2 above) 

H+ Ca2+ Mg2+ Na+ K+ H4SiO4 

-2.7800 -2.7919 -1.6873 -3.5483 -4.4553 -2.9253

   

Cl- F- SO42- Al3+ Fe3+ Mn2+

-3.2438 -6.8922 -1.8132 -3.2851 -4.2772 -2.8193

 



Questa – DRA-30 Simple Thermodynamic Models of Solution Chemistry 

Geochimica, Inc. p 10 of 23 3-Feb-09 
 

Figure 3 is the naïve diagram for Al-bearing species in K+/H+ vs H4SiO4 space, with no 
solution chemistry speciated (i.e., assuming dilute water as the only aqueous phase).  The 
location of Goathill Spring on the diagram is shown.  Note that this is in the stability field 
for pyrophyllite (which might more realistically, at 25 C, be thought of as kaolinite).  Also 
note that, compared to the range of log a (K+/H+) and log a H4SiO4 values shown in Figure 
1, the diagram is shifted to lower values for log a (K+/H+) and higher values for log a 
H4SiO4.  For both parameters, the change is due to the much lower pH of the Goathill 
Spring samples (pH 2.78) compared to the URS rinse waters, which reduces the ratio by 
orders of magnitude and also is responsible for the much higher solubility of silica (e.g., 
Holland and Malinin, 1979).  
 
Figure 3  Activity of [K+/H+] vs a SiO2(aq) for System K-Al-Si-O-H2O at 25 C, with solution 

assumed to be pure H2O.  [Bethke, 2006; Diagram calculated with Act2; Water 
speciated with React using WATE4F database]. Light brown signifies the domain 
of solid phases. 
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Figure 4 is the activity diagram for Al-bearing species K+/H+ vs SiO2 space, but calculated 
using the actual Goathill Spring water chemistry.  Note that in this diagram, the Goathill 
Spring water plots outside the stability field for any solid phase, in particular that kaolinite is 
not a stable phase on the diagram. 
 
Figure 4  Activity of [K+/H+] vs a SiO2(aq) for System K-Al-Si-O-H2O at 25 C.  Star plots 

the location of the Goathill Spring Water.  [Bethke, 2006; Diagram calculated with 
Act2; Water speciated with React using WATE4F database].  Light brown indicates 
domain of solid phases; light blue indicates domain of aqueous solutions. 
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6.3  Consistency of the Results with the Conceptual Model 

Stable isotope geochemistry of pore water within the pile shows it to be of meteoric origin, 
modified by evaporation before or during the infiltration (DRA-12, -29; Campbell and 
Hendrickx, 2006).  Because meteoric water that initially infiltrates the rock pile is very dilute 
(DRA-28), essentially all the solutes in water samples must derive from water-rock 
interactions along flow paths in the rock pile.  Goathill North rock pile was constructed 
between 1969 and 1982, and pre-mining records do not show a pre-existing spring in this 
location; indeed, the potentiometric surface of bedrock is 475 feet (145 m) below the spring 
elevation (SRK, 2007).  We conclude that the spring has developed over a period of 25 to 40 
years due to infiltration of local precipitation through the rock pile (DRA-28, -29).   
 
During the SRK monitoring program, flow at GH Spring was consistently near 7 USgpm 
(0.44 L/s) (DRA-28, -29).  Assuming that the measured flows represent about half of the 
total diffuse seepage, Goathill Spring accounts for at least 50% (and perhaps much more) of 
the total infiltration through the entire rock pile, and therefore must integrate a substantial 
sample of flow paths that exist throughout the entire rock pile.  Flow values are not a part of 
the computations of this DRA, but they are relevant to the consistency of the data set we are 
using, because they indicate that the waters for which these calculations are made represent a 
significant amount of the total flow through the rock pile, and therefore are reasonable 
surrogates for pore water conditions in the rock pile at large.   
 
The use of activity diagrams to show that kaolinite, gibbsite and other clay and clay-sized 
minerals often expected in weathering studies (which usually involve near-neutral pH 
copnditiosn where the dominant weathering acid is carbonic) are not stable in waters like 
Goathill Spring is entirely equivalent to the use of Saturation Indices above.  Only the 
formalism of graphs vs tables differs.  
 
Petrographic evaluations of GHN rocks and also of weathered, QSP-altered andesite and 
rhyolite in natural alteration scars have not identified kaolinite or other clay minerals that can 
be recognized as newly formed in the weathering zone (DRA-3; DRA-20).  Furthermore, 
detailed analysis of stable isotopes of clay mineral separates from both these environments 
shows that they have not formed at low T, because they do not have the oxygen-isotope 
shift that characterizes low-T clay minerals (DRA-3; Campbell et al, 2008).  Therefore the 
activity diagrams, like the saturation-index calculations are consistent with the information 
from the field, as interpreted in laboratory analyses.  Existing clay minerals in the Goathill 
rock pile are residual hydrothermal clays, which are not thermodynamically stable in the low-
pH, highly complexed waters of Goathill Spring. 
 
As were the saturation-index values, the activity diagrams are entirely consistent with the 
hydrogeochemical conceptual model of the Questa rock piles.  Oxidation of sulfide minerals 
has produced a low-pH, high-sulfate (and fluoride) water that is undersaturated with respect 
to clay minerals and other Al-bearing phases that might have low angles of internal friction 
(DRA-29). 
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6.4  Assumptions 
 
The major assumption of the DRA-30 analysis is that the water analyses are sufficiently 
accurate and precise to be useful and that the thermodynamic data use dint he computer 
calculations are reliable.  The water chemistry has been developed under established quality-
assurance and quality control programs at laboratories that have records of reliable analytical 
chemistry.  The two thermodynamic databases used have a long record of application in 
peer-reviewed studies.  The computer program that calculated the distribution of species and 
saturation indices also is widely used in peer-reviewed studies. 
 
We assume for the base-case water chemistry that the GH Seep is characterized by a 
temperature of 10 C, the average of measured values and close to expected average-annual 
temperature for Questa.  Although there are no data of specific high-temperature zones 
within GHN, there is anecdotal information that “fumeroles” have been observed during 
cool to cold weather (which may or may not indicate elevated temperature in the subsurface: 
see DRA-29 for discussion).  There are well documented data of elevated temperatures 
within the front rock piles.  To address uncertainty in the assumption of a base case at 10 C, 
we include results of solution calculations and saturation indices at temperatures of 25 C, 40 
C and 70 C. 
 
   
6.5  Major Results Affecting  Understanding of Mineral Stabilities in the Rock Pile 
 
6.5.1  Base Case: Distribution of Species and Saturation Indices at 10C 
 
The full calculations for distribution of species and saturation index calculations for all 
samples are provided in Attachment A.  Table 2 presents the distribution of species results 
for the base-case water sample (i.e., for GHN Spring) from Table 1 at 10 C (average annual 
temperature) for all species calculated to be present with log activity values greater than -7.  
Table 2 shows that these are complex solutions, containing a wide range of complex ions.  
Figure 2 shows the distribution of species results graphically for aluminum in GHN Spring.  
Additional graphs for SO4 and F are included in Attachment C, and these have been 
discussed previously in Logsdon (2007). 
 
The major result of the distribution of species calculations is that the activity of free Al3+ ion 
in these waters is only a small fraction (about 2%) of the total analytical concentration.  The 
quantitatively most important complex ions are between Al3+ and SO4

2- and between Al3+  
and F-.  This implies that ion-activity products for aluminum-bearing minerals will be much 
lower than would be the case if all the dissolved aluminum were available to react 
stoichiometrically with respect to known mineral phases.   
 
The quantitative effect of complexation in this low-pH water is seen by considering the 
saturation indices (SI) for geochemically plausible mineral species (Attachment A).  A 
summary of SI values for relevant oxides, sulfate and silicates is presented in Table 3 above 
for the base case of 10 C.  The saturation index (S.I.) is defined as: 
 
SI = log [ ]Ksp

IAP , 
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where IAP  is the ion activity product for the relevant mineral based on the solution 
chemistry of the water being considered, and Ksp is the experimental solubility product for 
the mineral (Nordstrom, 1999).   It is critically important to recognize that the calculation is 
with respect to the thermodynamic activity of the relevant ions in solution, not to the 
analytical concentrations of chemical components (e.g., the total analytical concentration of 
Ca).  There are three possible classes of outcomes for the calculation, each having a 
significance with respect to the potential for a mineral to persists or dissolve: 
 

• SI > 0, indicates that the mineral is supersaturated in the solution.  There would be 
a tendency for the mineral to precipitate from solution (which may or may occur 
because of kinetic constraints), OR such a mineral if present in a heterogeneous 
system would not dissolve. 

 
• SI = 0, indicating that the mineral is thermodynamically saturated in the solution.  

The mineral could precipitate, and a mineral of this composition would be stable in 
such a solution.  However, small changes to solutiomn chemistry (e.g., due to 
dilution opr mixing with another water) could readily move the saturation state.  
Because there is analytical uncertainty in the solution chemistry and also uncertainty 
in the thermodynamic data used to calculate both the distribution of species and the 
Ksp measurements, it is usual to assume that and SI of  0 ± 0.25 for a given mineral 
indicates a high probablity of a saturated solution. 

 
• SI < 0, indicating the mineral is thermodynamically undersaturated in the solution.  

There is no thermodynamic tendency for such a mineral to precipitate form solution, 
AND the solution is capable of dissolving the mineral if it exists in a heterogeneous 
system. 

 
As with all thermodynamic functions, the SI values do not guarantee the existence or 
complete dissolution of any solid, the existence of which may be kinetically controlled, either 
retained in solution by an inability to nucleate or in the mineral mass as a meta-stable phase, 
which may be undergoing dissolution but at a rate sufficiently slow to leave some of the 
mineral in the rock.  SI values provide no information whatsoever about the amount of solid 
mineral that exists in a heterogeneous system such as a rock that is in contact with water. 
 
Using the calculated distribution of species, one can then consider the saturation state of 
minerals that are part of the igneous-hydrothermal system at Questa and that could be 
important as alteration products generated during hydrolysis.  Table 3 summarizes for 
relevant minerals the saturation indices, also calculated using React.  As expected for a well-
oxygenated, vadose-zone rock pile, pyrite is very greatly undersaturated, and its oxidative 
dissolution is the source of the low pH, high acidity, and very high total SO4

2- in the seepage 
water.  At a pH of 2.8, calcite also is very strongly undersaturated. 

Table 3 also highlights two important features: 
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A. All clay minerals as well as the parent silicate from which clays might, in some 
circumstances, be generated are undersaturated by several orders of magnitude.  The 
undersaturation of feldspars and micas is consistent with the elevated values of 
dissolved Al and Si in the Goathill Spring water, and it is likely that at least a portion 
of the dissolved F in the water also is the dissolution of fluoride present in the 
hydroxyl position in the ubiquitous sericite of the hydrothermal alteration 
assemblage.  Note that not only clay minerals, but also aluminium hydroxides, 
including gibbsite, are significantly undersaturated, consistent with thermodynamic 
data showing that the first hydrolysis constant for gibbsite has a pH value of 
approximately 5.  For groundwaters, like those at Goathill Spring, with pH < 3, an 
aluminium-hydroxide precursor to clay minerals will not form as a shrinking-core  
shell around dissolving silicate minerals, as originally proposed by Wollast (1967), 
even in zones of restricted transport. 

B. There are secondary minerals that would be stable and could form from low-
temperature solutions, specifically iron hydroxides and hydroxysulates (identified 
here as goethite and jarosite, respectively, based on detailed mineralogical data for 
this Project).  The calculated saturation indices also suggest that an amorphous silica 
phase and gypsum are at or very close to equilibrium.  Gypsum is identified in rock 
samples and at field scale.  Amorphous silica is difficult to identify petrographically 
and usually also by X-ray diffraction, but electron microprobe data of project 
samples have identified “excess” silica in places, and amorphous silica is well 
documented in some porphyry-copper rock piles, such as Bingham Canyon and Ray 
(Unpublished data, L.M. Cathles, personal communication, May 2006). 

 
The saturation index values agree very well with the observed petrography of GHN (DRA-
29 and DRA-3, -4, and -5) and alteration-scar samples (DRA-20, Campbell et al., 2007). 
 
Therefore, there is potential for such waters, rather than reducing shear strength by 
formation of low-friction clay minerals, instead to increase shear strength by producing 
chemical cements that add cohesion.  
 
6.5.2  Distribution of Species and Saturation Indices at 25C, 40C, 70C 
 
To address the robustness of the conclusions of Section 6.4.1, we have recalculated the 
distribution of species and SI calculations for the base case water chemistry at temperatures 
of 25C, 40C and 70C.  The results are compiled in Attachment B to this DRA.  Table 4 
summarizes the outcomes for key minerals jarosite, kaolinite, illite, and chlorite.  Results for 
all SI calculations are presented in Attachment B. 
 
The results, increasing SI values as T increases correspond with effect of T on Ksp for most 
minerals.  For jarosite, the increase in T should correspond with higher degree of 
supersaturation, and an increased potential for precipitation from solution.  For the alumino- 
silicates far from equilibrium, such as illite and chlorite, the changed T would still leave them 
many orders of magnitude undersaturated, and therefore still subject to dissolution. 
 
However, these simple calculations suggest that in “hot spots” at temperatures near 70C, as 
have been observed in some places on the Front Rock Piles at Questa, a solution with 
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chemistry such as that seen in the GH Spring water would approach equilibrium with 
kaolinite (see section 6.4.1 for a proposed equilibrium criterion of SI = 0 ± 0.25).  Although 
the this calculation does not account for issues of nucleation and growth rate, this result 
suggests that a very careful analysis of rock fragments from such hot zones should be 
undertaken to test for possible presence of newly formed kaolinite in such areas.  However, 
the substantial residual undersaturation at 40 C and lower temperatures indicates that 
development of new kaolinite on a wide-spread basis in the rock pile is inconsistent with the 
observed water chemistry. 
 
6.5.3  Activity-Activity Diagrams 
 
The activity diagram for the system K-Al-Si-O-H2O, consistently with the saturation0index 
values calculated above , shows that Goathill Spring water is undersaturated with respect to 
clay minerals and other Al-bearing phases that might have low angles of internal friction.  
Kaolinite and other clay minerals would not precipitate from such solutions.  Existing clay 
minerals and related species (like micas and chlorite) are thermodynamcially unstable in 
Goathill Spring water.  Such minerals, which are present in the Questa rock piles because of 
the hydrothermal alteration of the mineralized rock system prior to mining, would tend to 
dissolve, releasing additional components to solution, for example high Mg form dissolution 
of chlorite or F from dissolution of illite containing F in the hydroxyl position (DRA-29).  
 
The water chemistry, no matter how the thermodynamic analysis is presented, shows clear 
evidence of significant chemical weathering at the scale of the whole rock pile that must 
have occurred in the 25 to 40 years since the rock pile was established (DRA-28).  However, 
that chemical weathering, at least over the seven-year period form 2001-2008 for which we 
have data, is advancing by congruent dissolution, not an incongruent route such as might 
produce kaolinite by weathering of K-feldpsar  under more common near-surface 
weathering conditions.   
 
 
7. RELIABILITY ANALYSIS 

The principal technical uncertainty in this analysis is the extent to which the water chemistry 
obtained from a saturated zone deep in the pile represents the unsaturated-zone pore water 
in shallower parts of the rock pile.  As shown by Nordstrom et al. (2005) and Nordstrom 
(2007) for groundwaters in some portions of the Questa region, if the geochemical evolution 
produces waters that remain at pH > 5 and that have much lower sulfate and fluoride 
concentrations, then water chemistries can approach saturation indices of 0 (i.e., representing 
potential for precipitation) for kaolinite.  If there are portions of a major rock pile for which 
the unsaturated-zone water chemistry is similarly moderate in pH, then the calculations 
summarized here would not apply, and clay minerals could be stable.  The single sample of 
bedrock seepage (GHNVTM0617) collected from Trench No. LFG-021 on the unstable 
portion of GHN may represent such a water.  We do not consider that water chemistry 
representative of conditions within the rock piles after 25 to 40 years (DRA-28, -29). 

At this time, we consider that the balance of the geochemical evidence is that the 
geochemical results calculated here apply to almost all of the rock pile, except for very 
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shallow zones where evaporite minerals precipitate seasonally, for all times beyond a few 
decades.  There are five principle lines of evidence: 

• Paste-pH values from throughout the rock pile are typically < 4, and often 3 or 
lower, indicating that pore water throughout the unsaturated zone has a proton 
condition below the first hydrolysis constant for Al(OH)3. 

• Secondary sulfate minerals, gypsum and jarosite, are ubiquitously distributed, 
indicating that dissolved sulfate at elevated concentrations has been labile throughout 
the pile.  This implies large-scale oxidation of pyrite, which would tend to lower 
system pH in a poorly-buffered water-rock system, and the high concentration of 
SO4

2- implied by the mobile sulfate also suggests high potential for Al-SO4 
complexation.  

• The only observed shallow water is considered on the basis of field observation and 
water chemistry to represent bedrock seepage, not the evolution of water chemistry 
within the rock pile.  Even in this water, however, clay-mineral saturation indices are 
negative (see appendix B). 

• If the system pH is elevated to 5 or higher, clay minerals might approach stability, 
but the rates of dissolution of parent (source) minerals, especially feldspars, will be 
depressed, so the potential to convert parent alumino-silicates to lower shera-
strength clay minerals would be reduced.   

• Detailed petrographic and mineralogical investigations of this project have not 
identified any evidence of clay mineral formation in the weathering environment, not 
only within the rock piles, but also in natural analog systems with ages far greater 
than the 100 – 1000 year framework for this evaluation. 

The best approach to resolving the residual uncertainty about vadose-zone water chemistry 
and its implications for clay-mineral stability would be to develop a technique for sampling 
unsaturated-zone water (for example via suction lysimeters in fine-grained zones) for direct 
chemical analysis. 

The reliability of our fundamental understanding of the detailed flow mechanisms within the 
rock pile is less clear.  The QRPWASP Team has consistently considered that water that 
initially infiltrates into the rock pile (past about 2 m depth) moves continuously through the 
rock in a manner that can be described by Richard’s equations for fluid flow, although the 
rock pile is unsaturated and the coarse- and fine-zones of the rock pile have substantially 
different hydraulic properties. The available analysis (DRA-15) indicates that the upper 2 to 
5 m of the rock pile are subject to substantial cycles of drying under the climatic conditions 
of the Questa site, leading to seasonal formation of evaporative salts on as much as 75% of 
the rock-pile surfaces (DRA-8). During wet periods, there is substantial, variable wetting of 
the rock pile down to depths of approximately 10 m.  Below 10 m, the QRPWASP analysis 
infers from numerical modeling and limited field measurements that moisture contents do 
not vary substantially over periods on the order of a year. There is compelling evidence from 
field observations and the large-scale behavior of the rock pile that, in three dimensions, 
there is tortuous connectivity of both the fine (water transmitting) and coarse (air 
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transmitting layers, so that the system behaves continuously with respect to fluid flow at the 
scale of the entire rock pile. 
 
That is not to say that the system behaves as, or has been modeled as, a single equivalent 
porous medium.  There is substantial evidence, from the Questa rock piles (Sections 4.2, 4.4, 
4.6.2, and 5.2; also DRA-29) and other rock piles (e.g., Smith and Beckie, 2003; Ritchie, 
2003), that there are zones of preferential flow, both upward of air and downward of water.  
At the scale of whole rock piles, essentially all applied models use the Richard’s equation 
approach, not only because it produces plausible results, but also because it is the only 
approach to modeling for which practicable programs of data collection are possible. 
The best connection between field observations and modeling as to the physics of flow in 
GHN is the observation of the establishment of a steady flow regime at GH Spring in 
something less than 40 years (the rock pile age is 25 to 40 years), along with the recently 
computed particle-tracking model that shows transit times from recharge to discharge in the 
modeled rock pile ranging from a few to a few tens of years when tested against the best 
estimate range of Questa modeling boundary conditions and hydraulic properties (SVS, 
2008). 
 
However, not all project data are consistent with this approach. The most significant 
anomaly known now is that water collected from GH Spring and other seeps near the toe of 
the rock pile do not show a stable-isotope signature indicating substantial evaporation from 
local meteoric water, although their solution chemistry implies significant exposure to rock-
pile materials. Hydrogeologic modeling and water-balance considerations require that up to 
60% of ambient precipitation does not infiltrate into the pile. There is little evidence of 
overland flow or other runoff beyond small-scale gullying, and the QRPWASP model 
assumes that the overwhelming majority of the water that does not flow into and through 
the rock pile has been evaporated. Additionally, small samples of pore water collected in the 
upper third of the rock pile have stable-isotope signatures for hydrogen and oxygen that 
indicate evaporation, although not to levels of 60% (DRA-12). 
 
If the spring flow at GH Spring represents a well-integrated sample of steady-state flow 
through the rock pile, the lack of an evaporated isotope signature is hard to reconcile with a 
continuum flow model for deep infiltration through the rock pile. The stable-isotope 
signature can be explained if waters rapidly infiltrate along preferential pathways in the 
shallow system, bypassing the portion of the flow domain sampled in the shallow isotope 
studies, then coalesce to form the saturated flow that discharge at the GH Spring.  Although 
this is a physically plausible recharge scenario, it has not been demonstrated or observed at 
GHN and so remains speculative. While other information and inference (DRA-28 and -29; 
SRK, 2007) supports the interpretation of GH Spring as consistent with a dual-porosity 
modeled continuum flow system, the isotopic anomaly needs resolution before  the flow 
modeling and geochemistry of GHN can be fully coordinated. 
 

8. CURRENT CONCLUSION 

Based on current thermodynamic calculations, it is highly likely that water chemistry in a 
mined rock pile such as that at Goathill North will evolve rapidly (over periods of a few 
decades or perhaps even more rapidly) to low-pH, high sulfate and fluoride solutions that 
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would dissolve, not precipitate clay minerals.  Such waters have the potential to precipitate 
secondary cements (ferric hydroxides and hydroxysulfates and silica).  Such mineralogical 
outcomes would be unlikely to reduce internal friction, but rather would tend to increase 
cohesion and therefore total shear strength. 
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ATTACHMENT A  DISTRIBUTION OF SPECIES AND SATURAION INDEX 
CALCULATIONS – Base Case 
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ATTACHMENT B   DISTRIBUTION OF SPECIES AND SATURATION INDEX 
CACULATIONS – 25C, 40C, 70C 
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ATTACHMENT C  GRAPHICAL SUMMARIES OF DISTRIBUTION OF SPECIES 
CALCULATIONS – ALUMINUM, SULFATE, AND FLUORIDE AT 10C 

 
 


