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1. DRA-28. WATER CHEMISTRY – GOATHILL NORTH ROCK PILE 

Mark Logsdon, Rev05 02 January 2009 (reviewed by A. Campbell) 

2. STATEMENT OF THE PROBLEM  

What is the nature of water chemistry collected by the QRPWASP project from the 
Goathill North rock pile, and how is this relevant to evaluation of mineral stabilities that 
could affect friction angle or cohesion? 
 
Objectives of the study include: 
 

• Documenting the observed water chemistry within Goathill North rock pile 
• Placing the observed water chemistry in the geologic and geochemical context of 

the Goathill North rock pile 
• Placing the observed water chemistry in the context of other water chemistries 

observed in the vicinity of the Questa Mine. 
 
3. PREVIOUS WORK 

The previous compilations and initial analyses of water chemistry in the Questa rock 
piles were by URS (2000), McLemore et al, 2006, and SRK (2007).  Stable isotope 
geochemistry of oxygen and hydrogen in the unsaturated zone of Goathill North rock pile 
has been evaluated by Campbell and Hendrickx, 2006. The hydrogeologic conditions of 
Goathill North are described and evaluated by SRK, 2007.   

Site-wide chemistry of ground and surface water has recently been evaluated in great 
detail by the U.S. Geological Survey in a sequence of reports that are subsets of a project 
titled “Questa Baseline and Pre-Mining Ground-Water Investigation”.  The relevant 
Survey results are summarized in Nordstrom et al., 2005 and Nordstrom, 2007, both of 
which cite the more detailed sampling and analysis reports in earlier investigations of the 
program, including the historical summary by LoVotere et al. (2004) 

Other DRAs related to aspects of water chemistry and its potential impacts on mineral 
stabilities and rock weathering, including clay-mineral formation, include DRA-29 
through 33. 

4. TECHNICAL APPROACH 

The approach used in this DRA is: 
 

• Compile the available water chemistry data for the Goathill North rock pile. 
• Evaluate the range of the observed analyses. 
• Relate the observed data to the geologic and geochemical context of the zone(s) 

from which the samples flowed.  
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• Propose a specific water chemistry – i.e., that associated with the Goathill Spring 
(SRK, 2007) - that can be taken as representative of geochemical conditions 
within Goathill North rock pile.  
 

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-28b, 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 (McLemore et 
al, 2007; Attachment 1) are believed to be long-term features, representing a nearly 
steady-state evolution of seepage, both physically and chemically.   

Figure 1  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. 
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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 tortuously 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). 
 
The physical conceptual model of the flow system is derived from the Project’s overall 
hydrogeologic conceptual model, which is consistent with the information and analyses 
in SRK (2007).  The conceptual model is consistent with the physics of flow for a porous 
medium on the surface of a relatively impermeable layer (bedrock) in a climate such as 
that of the Questa region (see for example, Cathles and Apps, 1975, Cathles, 1994).  
Because natural precipitation (as rain or snowmelt) is very dilute, the elevated solute 
concentrations and low pH of the GHN Spring water and other toe seeps require mass 
transfer from the minerals of the rock pile to the accumulating water that is present in the 
pore space.  
 
6. STATUS OF SOLUTION-CHEMISTRY EVALUATION  
 
6.1  Sampling 
 
The Project has evaluated fourteen separate samples of liquid water collected at Goathill 
North1.  Eight of the samples were collected at Goathill Spring (GH Spring), another four 
were collected from toe seeps at the base of Goathill North, and in 2008 a new seep 
appeared in quantities that could be collected and tested in the regarded portion of the 
upper part of GHN..  The fourteenth is a single water sample (GHN-VTM-0617) of 
seepage that flowed into the NMT sampling trench LFG-021 on the upper, unstable 
portion of Goathill North.  Trench LFG-021, was about 525 feet (160 m) higher elevation 
than the GH Spring, and within 30 m vertically of the rock-pile crest.  All samples for 
GH Spring were analyzed on both a total and dissolved basis.  Although total and 
dissolved basis values are very similar, the data used here were from water samples 
filtered at 0.45 um; sub-samples for cations were acidified to pH <2 to prevent 
precipitation before analysis, and all field samples were maintained cool (nominally < 4 
C) until analyzed.  The samples on which we report in this DRA, therefore, are 

                                                 
1 Additional samples, collected from fine-grained, soil-like rock fragments  in fine-grained matrix materials in 
trenches in the upper part of the rock pile, were analyzed for stable isotopes of hydrogen and oxygen, but those 
samples were too small in volume to also permit chemical analysis (DRA-12).  Sampling information and 
isotopic results for those samples are provided in Campbell and Hendrickx (2006). 
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considered to represent the dissolved chemistry of the seepage water, although some 
colloidal solids (e.g., of SiO2) could have passed the standard filter.  Analytical methods 
are listed in SRK (2007) and NMT SOPs for this project, and include varieties of ICP-
spectroscopic analysis for cations, and chromatography, ion-specific electrode, and 
gravimetric analysis for anions.  Precision of analyses for most parameters is considered 
to be +/- 10% of the reported value (2s).  Note that for all data currently available, iron is 
reported as total iron (in mg.L), without speciation of Fe2+ and Fe3+.  This is discussed 
further in Section 6.2 below. 
 
The location of GHN Spring is shown in Figure 2.  Goathill Spring is located at elevation 
near 9175’ (2797 m) AMSL.  As shown in SRK (2007), the bedrock potentiometric 
surface at this location is 8700’ (2652 m) AMSL, so the spring is not an expression of 
local groundwater.  
 
Figure 2   Location Plan of Goathill North Rock Pile (outlined in green).  Goathill 
Spring, labeled in light blue, is located near center of figure, just above mid-point.  
Contour interval is 50 feet (15.24 m), with Goathill Spring at elevation 9175’ (2797 m) 
AMSL.  [Figure from SRK, 2007). 
 

 
 
 
Figure 3, from SRK(2007), shows the detailed location and nature of the spring seepage 
on the rock pile face.  Although flow is concentrated in two zones about 15 feet (4.5 m) 
apart, there is a broader zone of dampness around and largely connecting those specific 



Questa – DRA-28 

Geochimica, Inc. p 5 of 17 January 2, 2009 
 

seeps.  The spring discharges approximately 8 feet (2.5 m) above the base of the rock 
pile, and about 15 feet (4.5 m) inboard of the rock-pile/colluvium contact on the south 
side of GHN.  Note the darker range staining of the rock-pile below the left-hand spring 
in the left-hand photo of Figure 2.  The discoloration is caused by precipitation of ferric 
minerals on the surface of the rock pile.  
 
Figure 3   Photographs of Goathill Spring discharge.  Note darker orange staining down 
rock-pile sediments in left-hand photo, immediately below the left-hand  discharge area.  
Position above local base-level of incised drainage shows that flow is not surface water 
nor flow from base of pile. [Figure from SRK, 2007] 
 
 

 
 
6.2  Water-Chemistry Data 
 
Attachment A to this DRA compiles the available water-chemistry data, representing 
fourteen (14) samples for the Goathill North rock pile.  Major chemical features of the 
water chemistry for GHN Spring are summarized in Table 1.  Table 1 focuses on the 
water chemistry relevant to rock-forming minerals in the Questa system, but includes 
data for copper and zinc to show that dissolved metals also are comparable; additional 
trace-metal data are included in Attachment A.  Table 1 includes summary statistics for 
each parameter from the GHN Spring set in the six-sample data set collected in 2001-
2002, showing the narrow variance for all parameters.  We include also separate samples 
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of the GHN Spring water, collected in May 2007 and March 2008, to show that the 
longer-term variance in water chemistry is small.  We have highlighted a specific 
sampling event, November 2001, to use as the base-case chemistry for subsequent 
speciation calculations of well-evolved infiltration waters.   
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As can be seen In Table 1 and Attachment A, the proposed base-case sample is very close 
to the median value for all parameters and does very well to represent all water chemistry 
from this spring.  Attachment A shows that the toe seeps collected in another exercise 
altogether (by NMT field teams as part of the current project) in 2004 have such similar 
water chemistry to that of GH Spring that they do not need separate calculations.  In 
addition, the level of documentation of the hydrogeology of those four toe seeps is not as 
complete as is the documentation for GH Spring. 
 
Among the parameters presented in Table 1, sulfate (SO4) requires special discussion.  As 
can be seen from the table, SO4, by an order of magnitude or more, is the highest-
concentration solute in the GHN Spring water and accounts for about 65% of the total 
dissolved solids in the aqueous solution.  Because of the high dilution needed to analyze 
solutions with this chemistry, the SO4 value is the least precise of all the analytes (as 
shown also by the low value of significant figures to which it is reported).  When the 
water chemistry is tested for ion balance, an apparent excess of anions exists.  This is 
commonly observed in acid-rock drainage waters, and because the method-detection 
limits for the ICP analyses on cations are intrinsically much higher than for anions, the 
imbalance strongly suggests that one or more of the anions has been reported at a value 
too high to represent the solution.  Because SO4 is two orders of magnitude higher in 
concentration than any other anion, the lack of precision in SO4 dominates the ion-
balance uncertainty.  It is possible to estimate a value for SO4 by assuming that all the 
error in ion balance is associated with the most uncertain parameter, and calculating a 
value for SO4 that would produce a suitable ion-balance (e.g., Alpers and Nordstrom, 
1999).  When this is done, the “corrected” value for the GH Spring sample of November 
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2001 is about 13,750 mg/L, in good agreement with the most recent values from May 
2007 and 2008.  The change to adjust sulfate is needed computationally to achieve the 
ion-balance criterion needed for subsequent thermodynamic calculations.  The value of 
18,000 mg/L originally reported by the laboratory to SRK would not conceptually change 
the nature of the water, but appears to be an analytical artifact. 
 
It is worthwhile to compare the measured chemistry of the long-term samples at GH 
Spring with that of the new seep, located higher on the slope.  Table 2 presents a 
comparison for selected parameters representing anions, cations and pH. 
 
Table 2  Chemistry of Goathill Spring and New (2008) Seep on Regraded upper GHN.  

The GH Spring sample is the November 2001 sample identified in Table 1, with 
the SO4 value adjusted for ion balance, as described above.  Value sin Mg/L 
except pH in s.u.  

Sample pH Si Al Ca Mg Cl F SO4 
GH 

Spring 
2.78 50 1,400 370 740 29 91 13,750 

New 
GHN 
Seep 

2.7 42 1,300 430 700 9 90 14,000 

 
Across the entire range of analyzed values (See Attachment A), the new seep has an 
aqueous chemistry that is remarkably comparable to that developed in Goathill Spring.  
Because the new seep developed after upper GHN was regarded and disturbed, the 
current flow path for the new seep must have developed in something like the three years 
since regarding, which implies that the essential nature of pore-water chemistry in the 
weathered rock of Goathill rock pile can be established in a matter of years.  Note in 
Table 2 that the Cl value is distinctly lower in the new seep than in the lower-elevation 
(and presumably longer flow path) GH Spring.  The significance of this difference, given 
the very comparable results for the other components is not clear.  If one considered Cl a 
“conservative” tracer and the other components as part of a dynamic water-rock 
interaction sequence, then perhaps the Cl value is a surrogate for relative residence time 
(the shorter flow path), whereas the reactive fraction reflect a steady-state condition for 
waste-rock more generally.  Additional studies, using springs and seeps elsewhere in the 
Questa rock piles would be needed to test this hypothesis.    
 
As noted above, dissolved iron in all QRPWASP samples was not speciated between 
ferrous and ferric states in these data sets.  During sampling of GH Spring in 2001-2002, 
the field team measured dissolved oxygen (DO) in the field.  Six samples, collected from 
19 June 2001 to 01 August 2002, had measured DO ranging from 5.61 mg/L (Aug-02) to 
9.25 mg/L (Mar-02), with DO values co-varying inversely with temperature (and 
seasonality), as expected for oxygen solubility.  The measured values are less than the 
saturation level for O2 in pure water, but the solubility is depressed by TDS, and these are 
all high TDS waters, so we conclude that it is reasonable to assume, for the purposes of 
this evaluation, that GH Spring water is close to equilibrium with atmospheric oxygen.  
This conclusion is substantially in accord with the evaluation of the US Geological 
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Survey of shallow groundwater and surface waters affected by sulfide oxidation.  For 
example, the Survey concluded that the iron in alteration scars is “fully oxidized” 
(Nordstrom, 2007, p. 40) and that the shallow groundwater in Goathill Gulch derived 
from QSP-altered rocks, like that in the intensively studied Straight Creek drainage, also 
would be oxidized (p. 89).  The USGS evaluation treats redox state in terms of Eh, rather 
than DO, but the calculated Eh value of 0.78 V is sufficiently high, even at low pH that 
there is little practical difference, and so we rely on the measured values of DO to support 
our conclusion.  In subsequent calculations (and in computing ion balances) we assume 
that the dissolved iron is present essentially entirely as Fe3+. 
 
Sample GHN-VTM-0617 was a small seep observed by the NMT field team to debouche 
from bedrock at the bedrock-rock-pile interface in Trench LFG-021 high (ca. 9700’ 
AMSL on the unstable portion of GHN (V.T. McLemore, personal communication, May 
2008).  The higher pH and lower concentrations of solutes is consistent with bedrock 
groundwater documented by the regional USGS studies (LoVetere et al., 2004, 
Nordstrom et al., 2005, Nordstrom, 2007).  Based on site-specific sampling information 
and the solution chemistry, we consider that this sample does not reflect water:rock 
interaction in the rock-pile environment, but rather long residence time under anoxic 
conditions in the regional groundwater flowing system.  Therefore we do not consider the 
water chemistry of this sample further in terms of evaluating or modeling rock-pile 
weathering. 
 
 
6.3  Sample Context and Consistency of the Data 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, Campbell and 
Hendrickx, 2006).  Because meteoric water that initially infiltrates the rock pile is very 
dilute (e.g., Berner and Berner, 1996)2, 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.   
 
The seepage zone for the Goathill Spring is believed to be a long-term feature, 
representing a near steady-state evolution of seepage, both physically and chemically.  
The basis for this chemical interpretation is that the flow and water chemistry did not 
vary significantly during 13 months of time-series synoptic sampling (SRK, 2007).  Four 
additional seeps near the toe of the pile, collected in 2004 in an independent sampling 
program for this Project, have essentially identical chemistry, and the seepage chemistry 
in May 2007 is essentially indistinguishable from that in 2001-2002.   
 
                                                 
2 Average annual precipitation at Santa Fe, NM (1975-1976) in mg/L except pH in su:  Na: 0.06; K: 0.08; Mg: 
0.15; Ca: 3.62; Cl: 0.33; SO4: 2.95; pH 6.7 (Berner and Berner, 1996, Table 3.1, p. 73). Compare Table 1. 
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During the SRK monitoring program, flow at GH Spring was consistently near 7 USgpm 
(0.44 L/s)3.  Based on SRK’s evaluation of the rock-pile hydrogeology, this represents 
about 10% of the total incident precipitation reporting to the entire rock pile.  Current 
estimates by this Project are that 20% to 40% of average annual precipitation reports as 
deep percolation through the rock piles.  Assuming that the measured flows represent 
about half of the total diffuse seepage (both across the pile face and downward, such as 
damp to slightly wet, but non-flowing zones and downward seepage contributing to the 
additional four toe seeps identified by NMT in 2004), 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.   
 
SRK (2007) measured temperatures of GH Spring discharge on six occasions in 2001-
2002, with temperatures ranging from 3.6 C (March 2002 to 16.7 C (August 2002); the 
varying temperatures are consistent with local seasonal climate ranges, and the average 
temperature for the measured set is 10.2 C (s: 5.2 C), which is close to the expected 
average annual temperature at Goathill North.  We considered the possibility that there 
might be higher temperatures within the rock pile, the signature of which might be 
captured by the solution chemistry.  The system is not suitable for application of the so-
called alkali geothermometers used in geothermal applications (e.g., Fournier and 
Truesdell, 1973), because the long-term contact needed to meet the model assumption of 
equilibrium ion-exchange of solutions with feldspars is not plausible as shown by the 
ratio of alkaline earth to alkali metals in the GH Spring water.  The concentration of 
dissolved Si (110 mg/L as SiO2) is high by comparison to most natural waters (Hem, 
1985), but, as will be shown in DRA-30, the water is in equilibrium with amorphous 
silica at 10 C, so an elevated internal temperature in the rock pile is not required.  If silica 
temperature were estimated on the basis of chalcedony saturation instead of amorphous 
silica, the geothermometer would estimate a temperature in excess of 100 C, which is not 
reasonable for a rock pile undergoing oxidation (Cathles, 1994) nor consistent with the 
downhole temperatures (up to 75 C) measured on the front rock piles as part of this study.  
We conclude that the water-rock interactions leading to water chemistry such as that seen 
at GH Spring can be explained without invoking significant “hot spots” within Goathill 
North, although the presence of some such zones of elevated temperature cannot be 
excluded in water-chemistry alone4. Indeed, in the presence of elevated temperature (up 
to 75 C in the front rock piles), it is likely that zones of high enough reaction rate to 
generate such temperatures would (a) have a high air flow (to keep the pyrite oxidation 
process active) and (b) have a low degree of saturation.  In this case, there would be little 
effect of the heating process on the integrated water flow of the pile, most of which 

                                                 
3 Estimated flows in 2001 are systematically lower, by about 50%, than flows measured in 2002, when a flume 
was placed).  For 13 events on which flow was estimated or measured, the average flow value is 7.7 USgpm, 
with a median of 6.02 USgpm.  For the seven events with measured flow, the average flow was 9.6 USgpm, 
with a nearly identical median of 9.5 USgpm ( 0.6 L/s). 
4 There are anecdotes reported to this project of “steam” rising from portions of the rock pile in cold weather.  
As shown by Ritchie (2004) this does not require significantly elevated internal temperatures, only buoyant air 
with a moisture content above the dew point of the fresh air at surface.  Although the buoyancy could be 
generated by heating, there are other explanations and one cannot quantify the degree of heating by the 
qualitative observation of such “fumeroles”. 
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would have bypassed the “hot spots”.  The unsaturated rock has a low enough thermal 
conductivity that temperature anomalies have restricted spatial domains (DRA-9) 
 
In the large-scale trenches in the upper third of the rock pile, only one location yielded a 
small flow, so the hydraulic condition within the overwhelming majority of the rock pile 
is unsaturated.   The near-saturation level of dissolved oxygen in GH Spring water, along 
with the extremely high dissolved sulfate and iron concentrations is irrefutable evidence 
of pyrite oxidation, and these are consistent with there being a high flux of O2 into and 
through the rock pile, consistent with the dual-porosity conceptual model of upward-
flowing air and downward percolating water.  Prior to re-excavation, water flowed 
consistently at Goathill Spring under gravity, indicating a zone of fully saturated 
condition in a restricted, perched  zone near the base of the pile.  Because the GH Spring 
flow is such a large proportion of the total expected infiltration, it is considered to 
represent a long-term record of infiltration that has encountered a wide range of all flow 
paths present in the rock pile as it developed over the 25-40 year lifetime of the pile. 
 
6.4  Assumptions 
 
The major data assumption of this analysis is only that the water analyses are sufficiently 
accurate and precise to be useful.  The water chemistry has been developed under 
established quality-assurance and quality control programs at laboratories that have 
records of reliable analytical chemistry.  The charge balance recalculation actually 
improves the reliability of the data for subsequent geochemical analyses. 
 
The major conceptual assumption of this DRA is that the SRK (2007) hydrogeologic 
study of Goathill North rock pile is a reliable basis for understanding fluid flow in the 
rock pile.  
   
 
6.5  Major Results Affecting  Understanding of Mineral Stabilities in the Rock Pile 
 
For the purposes of evaluating water-rock interaction, we take the narrow ranges of flow 
and water chemistry to represent “steady-state” flow conditions through Goathill North 
rock pile, using the specific solution chemistry for the sample of 14-Nov-01 and a mean 
and median flow rate of 0.6 L/s to represent the accumulated infiltration through the pile.  
In only 25 to 40 years, water-rock interaction, representing chemical weathering of 
sulfide-bearing, alumino-silicate rocks by well-oxygenated waters under unsaturated flow 
conditions has generated a low-pH, high-acidity, high-TDS, high-sulfate water with 
abundant dissolved cations including Al, Fe, Mg, Mn, and Ca; in addition to dissolved 
SO4, the waters are notably enriched in dissolved F, as one would expect for weathering 
of a Climax-type porphyry molybdenum system. 
 
The thermodynamic consequences of this solution chemistry are explored in DRAs 30 
and 31.  Heuristic modeling of acid generation and neutralization is described in DRA 31.  
Heuristic modeling of the weathering of a model Questa rock, a pyrite-and calcite-
bearing andesite that has strong quartz-sericite-pyrite (QSP) hydrothermal alteration 



Questa – DRA-28 

Geochimica, Inc. p 12 of 17 January 2, 2009 
 

superimposed on an earlier propylitic alteration is discussed in DRA – 32.  That model is 
discussed in terms of observed mineralogical reactions in local natural analog sites and 
among samples evaluated on GHN and the local natural analogs.  DRA-33 evaluates the 
GH Spring water chemistry via inverse mass-balance considerations, conditioned on the 
solubility controls described in DRAs 30 and 31.  Finally, DRA-32 evaluates progressive 
evaporation of pore waters with compositions similar to GH Spring in light of observed 
mineralogy of surficial crusts that form at least seasonally on Questa rock piles. 
 
 
7. RELIABILITY ANALYSIS 

Reliability of the Chemical Data  

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. (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.  The single sample of bedrock 
seepage collected from Trench No. LFG-021fromthe unstable portion of GHN may 
represent such a water, or at least a water that evolved in an O2-limited 
environment,never oxidized as much pyrite, and therefore remained at a higher pH.  If 
there are portions of a major rock pile at Questa for which the unsaturated-zone water 
chemistry is similarly moderate in pH, then the GH Spring water chemistry would be an 
inadequate model for pore water in that portion of the aqueous system, and geochemical 
analyses and conclusions developed from the GH Spring water would be poorly posed for 
such subdomains.   

At this time, we consider that the balance of the geochemical evidence is that the 
geochemistry reported here applies to almost all of the rock pile for all times beyond a 
few decades, and perhaps beyond a few years.  There are five principle lines of evidence: 

• Paste-pH values from throughout the rock pile are typically < 5, 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.  Short-term leaching of 
rock samples, including the shallow crusts, with de-ionized water produces 
solution pH values of 2.9 to 3.5, with elevated sulfate, fluoride, Al and, typically, 
Fe (DRA-26).  When the leachate values are considered in terms of water:rock 
ratios that would be characteristic of a variably saturated waste-rock environment, 
the absolute values of dissolved components are of the same order as those 
observed in GH Spring and the new seep high on the regarded zone of GHN.  

• Secondary sulfate minerals, gypsum and jarosite, are ubiquitously distributed 
within the rock pile where it has been smapled (DRA-6), indicating that dissolved 
sulfate at elevated concentrations has been labile throughout the pile.  This 
implies spatially distributed, large-scale oxidation of pyrite, which would tend to 
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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.  Jarosite typically forms only when solution pH is less 
than about 3.5 and iron is predominantly in the ferric state. 

• The only observed water collected at a shallow depth in the rock pile is 
considered by the field team that collected it to represent bedrock seepage, not 
water that evolved within the rock pile.  Even in this water, however, clay-mineral 
saturation indices are negative (DRA-30). 

• If the system pH were elevated to 5 or higher, clay minerals might approach 
stability, but the rates of dissolution of parent (source) minerals, especially 
feldspars, would be depressed compared to rates at pH 3, so the potential to 
convert parent alumino-silicates to lower shear-strength clay minerals at a 
measurable rate would be reduced.   

• Detailed petrographic and mineralogical investigations of this project have not 
identified 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. 

Reliability of the Underlying Hydrogeologic Model 

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 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; 
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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 

For the purposes of evaluating water-rock interaction, we take the narrow ranges of flow 
and water chemistry to represent “steady-state” flow conditions through Goathill North 
rock pile, using the specific solution chemistry for the sample of 14-Nov-01 and a mean 
and median flow rate of 0.6 L/s to represent the accumulated infiltration through the pile.  
The chemistry associated with this representative water, that for GH Spring on 14-Nov-
2001, is:  
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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 

 

The water is well oxygenated.  It is understood, as discussed above, that the SO4 value is 
better represented by a value of approximately 13,750 mg/L, based on ion-balance and 
consideration of the relative precision of the analytical chemistry for the major ions in 
solution.  That value, not the 18,000 mg/L of the data report, is used here as our best 
estimate of sulfate concentration and will be used in further thermodynamic calculations. 
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