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ABSTRACT: From 1965 to 1983 large-scale open pit mining at the Questa mine, located in the Sangre de
Cristo Mountains, New Mexico, produced over 300 million tonnes of mine rock, which was end-dumped into
severa steep valleys adjacent to the open pit. As a result, the mine rock piles are in general at angle of repose
and vary in aspect and elevation (2,440m — 3,050m). Results of a detailed drilling program indicated signifi-
cant variations in moisture contents between different rock piles (Shaw et al, these proceedings). Detailed
monitoring of local climate conditions at six sites and measurements of net infiltration into the mine rock pro-
file using four lysimeter test plots at three sites was carried out to evauate the influence of local microclimate
and physical mine rock properties on net infiltration. Initial results for the first year of monitoring indicated
large variations in net infiltration. The local micro-climate at the high elevation site, in particular the devel-
opment of a snow pack during the winter months, was found to result in significant net infiltration (~30% of
annual precipitation). In contrast, warmer air temperatures combined with strong winds prevented the devel-
opment of a continuous snow pack at the mid and low elevation sites resulting in higher actual evaporation
and much reduced net infiltration (<6% of annual precipitation). The physical properties of the mine rock
(particle size distribution, moisture retention capacity, Ksat) also influence net infiltration but to a lesser ex-
tent than the local microclimate.

naissance and sampling of mine rock, physical and
geochemical testing in the laboratory, as well as test
plot and numerical model studies (RGC, 2000c).
This paper focuses on the infiltration test plot study,
which was initiated as part of this comprehensive

1 INTRODUCTION

The Questa molybdenum mine, owned and operated
by Moalycorp Inc., is located 5.8 km east of the town
of Questain Taos County, New Mexico. From 1965
to 1983 large-scale open pit mining at the Questa
mine produced over 300 million tonnes of mine
rock, which was end-dumped into various steep val-
leys adjacent to the open pit (Figure 1). As a resullt,
the mine rock piles are typically at angle of repose
and have long sope lengths (up to 600m) and com-
paratively shallow depths (~30-60m). These condi-
tions have large implications with respect to long-
term oxidation and acid mine drainage from these
rock piles and require definition and evaluation be-
fore appropriate mine closure measures can be de-
veloped.

Molycorp Inc. initiated a comprehensive charac-
terization program in 1998 for the mine rock pilesin
order to provide a basis for the development of a
closure plan (see Shaw et al., these proceedings).
This characterization program included field recon-

characterization program (RGC, 2000a).

The principa objective of the infiltration test
plot study is to collect site-specific data for estimat-
ing the net infiltration rate into the mine rock piles
(i.e. rate of infiltration into the mine rock to a depth
where it is no longer available for evapotranspira
tion). These estimates will provide the basis for es-
timating seepage from the rock piles and developing
awater and load balance for the mine site.

2 SITE DESCRIPTION

The Questa mine site is located on the south facing
dopes of the Sangre de Cristo Mountains in the
middle reach of the Red River Valey (Figure 1).
The mine rock piles cover a surface area of about
275 ha and extend vertically from just above the
elevation of the Red River (~2,470m amdl) to about
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Figure 1. Location map of Questa showing mine rock piles and infiltration test plots.

elevation 2,990m amd, resulting in some of the
highest mine rock pilesin North America.

The physical and geochemical characteristics of
the Questa mine rock are described in Shaw et al.
(these proceedings). Briefly, the Questa mine rock
can be divided into four broad categories (i) well-
graded (finer) mixed volcanics; (ii) poorly-graded
(coarser) aplite/black andesite; (iii) fine-grained ero-
sion materia (typically gap-graded); and (iv) very
coarse rubble material (predominantly aplite/black
andesite). Typicdly, the ‘mixed volcanics are com-
posed of hydrothermaly atered and highly weath-
ered andesitic rock (including “scar materia”). The
erosion material represents mixed volcanic materia,
which was mobilized upsope and re-deposited fur-
ther downdope during heavy rainstorm events
(RGC, 2000b). This erosion material typically forms
a very thin “crust” (~0.3-0.6m) in the up- and mid-
dope areas but can be severa meters thick near the
toe of the rock slopes. The aplite porphyry and the
black andesite are relatively competent, coarse rocks
with little visual evidence of sulfide oxidation proc-
esses and physical weathering.

The climate is semi-arid with mild summers and
cold winters. The average monthly temperature is

below freezing for five months of the year (Novem-
ber through to March). The long-term average an-
nual precipitation at the mill site (located at the base
of the mine sSite) is approximately 400mm (15.8
inches). Lake evaporation (large free-water surface)
and actua evapotranspiration (land surface includ-
ing transpiration from vegetation) on site are esti-
mated to be 1000mm (39.4 inches) and 400mm
(15.8 inches), respectively (RGC, 2000c).

3 DESIGN OF TEST PLOT STUDY

In genera, the amount of net infiltration into mine
rock piles is controlled by (i) loca climate condi-
tions (precipitation and potential evaporation); (ii)
physical properties of the mine rock (e.g. grading,
moisture retention, permeability); and (iii) geometry
and structure of the rock pile (e.g. slope angle, layer-
ing).

The key climate parameters influencing net infil-
tration (i.e. precipitation and potential evaporation)
can be expected to vary significantly at a high-relief
site such as the Questa mine. Long-term climate data
from regiona weather stations suggest a genera in-



Table 1. Summary of instrumentation at primary and secondary stations.

In-situ
Station Lysimeter Test Plot Instrumentation | Monitoring | Met Station I nstrumentation (dedicated)
L ocation D Material Soil
Suction | Soil Moisture| Drainflow | Soil Moisture
Sensors | Access Tube | Monitoring | Access Tube PREC | RH& T | wSP NET R
Primary Stations
upper bench on Sugar Shack . well-graded (finer) mine
South (near WRD-5) Th-4 rock 10 1 yes 1 X X X X
top of Capulin (near WRD-8)| TP-5 We'"grad‘fm(fk' ner) mine 10 1 yes 1 X X X X
TP6 poorly;grr?gfgéfoarse) 1 yes N/A
lower bench on Sugar Shack X X X X
South (near WRD-3) 1ft of finer sediment over
TP-7 poorly-graded (coarse) 1 yes N/A
mine rock
Secondary Stations
! poorly-graded (coarse)
mlgju(':ﬁe(r?garsuv?/aRria)Ck ST-1 mine rock covered with N/A 5 X
fine sediment layer
! well-graded (finer) mine
mlﬁg?ﬁ;rss\?gos.g?k ST-2  |rock covered with sediment N/A 5 X
layer
plateau areain Spring Gulch g well-graded (coarser) mine
(near WRD-1) ST-3 rock N/A 5 X

N/A = not applicable
X =tobeinstaled
- =nottobeinstalled
5 = number of sensors/instruments

Legend

crease in precipitation with elevation (approximately
43mm for every 90m increase in elevation, Wels et
al, 2001). In addition, the duration of snow cover
and the depth of snowpack generally increases with
higher elevations, which may also significantly in-
crease the amount of net infiltration (RGC, 2001b).
Potential evaporation also shows a relationship with
elevation (i.e., a decrease with increase in elevation)
a a regiona scale. However, potential evaporation
is influenced by a variety of climate parameters (air
temperature, relative humidity, net radiation and
wind speed) and as such can be expected to deviate
from this regional trend depending on local site con-
ditions (e.g., aspect, ground cover, location aong
slope).

The physica properties of the mine rock near the
surface are also expected to influence the amount of
net infiltration. Field reconnaissance and laboratory
testing indicated that the particle size distribution
and associated hydraulic properties (soil water char-
acteristic curve (SWCC) and hydraulic conductivity
function) of the Questa mine rock varied signifi-
cantly (see RGC 2000b, Wels et a., 2001). Hence,
the rate of net infiltration can also be expected to
vary sgnificantly among those material types.

Finaly, the geometry of the mine rock pile, in
particular dope angle and layering, may aso influ-
ence the amount of net infiltration. The major differ-
ence between infiltration on a doped surface and a

Abbreviations:

PRECIP = Precipitation (tipping bucket w/ snowfall adaptor)
RH & T = Relative humidity and temperature (RH/T sensor)
W Sp = Wind Speed (Wind Monitor)
NET R = Net Radiation (net radiometer)

flat surface is the potential for greater surface runoff
and capillary break effects on the dope resulting in
lateral flow pardlel to the slope. These factors
would tend to result in lower rates of net infiltration
along the dopes relative to the flat top of the mine
rock piles.

The test plot study was designed to evaluate all
three factors controlling net infiltration, i.e. climate
conditions, physica material properties and rock
pile geometry. A total of three primary stations and
three secondary stations were instrumented (see Fig-
ure 1 for locations). Table 1 summarizes the instru-
mentation at the various locations. At each primary
gtation, an instrumented lysimeter and a detailed
weather station were set up. The lysimeter tank,
which has a diameter of 2.4m and a depth of 2.3m,
was placed in an excavation and backfilled with
mine rock material from that location (Figure 2).
The base of the excavation was prepared as a conical
depression (about 5-20cm dip over the radius of
excavation) to allow the tank to develop a dight
slope towards the 50mm diameter drain in the center
of the tank. The lysimeters are free-draining and out-
flow is monitored continuoudy using a tipping
bucket and a data logger (see RGC, 2000d for more
details).

Note that construction of such lysimeters was
only feasible on flat surfaces. Attempts were made
to install moisture content sensors into the angle-of-
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Figure 2. As-Built drawing for test plot lysimeter TP-5.

repose rock slopes (at the secondary stations) in or-
der to measure in-situ moisture contents. However,
these sensors did not provide reliable field data
(Wels et d, 2001). Therefore, the net infiltration for
doped surfaces will have to be modeled using a soil-
atmosphere model calibrated using the soil monitor-
ing data from the lysimeter test plots and climate
data from the secondary stations.

The four lysimeter test plots at the primary sta-
tions were designed to alow a detailled assessment
of net infiltration of four different scenarios (see
Fi gure 1 for location):

well-graded (finer) mine rock material a mid-

elevation (El. 2820m) (TP-4 at upper bench of

Sugar Shack South rock pile);

well-graded (finer) mine rock materia at high-

elevation (El. 2990m) (TP-5 on top of Capulin

rock pile);
poorly-graded (coarse) mine rock material at low
elevation (El. 2660m) (TP-6 at lower bench of

Sugar Shack South); and

poorly-graded (coarse) mine rock covered with
0.3m (1ft) of fine-grained sediment materia at
low elevation (TP-7 at lower bench of Sugar

Shack South).

Note that the lysimeter test plots were not revege-
tated. For more details on the design, construction

and instrumentation of these test plots the reader is
referred to Wels et al. (2001).

4 15" YEAR MONITORING RESULTS

Table 2 summarizes the monitoring results at the
four lysimeter test plots for the first year of monitor-
ing (August 2000 — July 2001). The first year sum-
mary data indicate a very large difference in lysme-
ter outflow ranging from insignificant or no outflow
for TP-4 and TP-7 to 115.8mm (4.56 inches) in TP-
5. The differences in tota precipitation and potential
evaporation was comparatively small (<25% be-
tween any two stations) and showed no clear
correlation with the outflow data (Table 2).

These summary statistics indicate that factors other
than precipitation and potential evaporation such as
material properties and/or other climatic factors
must influence net infiltration into the mine rock
piles. A detailed analysis of the climate and lysme-
ter data (including regression analysis and time trend
analysis) was carried out to determine the factors
controlling net infiltration into the mine rock.

4.1 Climate Data

Figure 3 shows scatter plots of daily precipitation
measured at the primary stations TP-5 and TP6& 7
versus those measured at TP-4. The results of a lin-
ear least sguare regression anaysis are also shown
(see solid line). The 1:1 line is shown for compari-
son (dashed line). The scatter plots suggest relatively
uniform rates of precipitation across the mine site.
The linear regression explains between 75-82% of
the variation between any two sites.

The high elevation site (TP-5) recelved system-
atically lower precipitation during the few mid to
high precipitation events (>10mm/day); however the
opposite trend was observed for low precipitation
events (Figure 3). In generd, the low elevation site
(TP6/7) matched precipitation rates observed at the
mid-elevation site (TP-4) very wel (Figure 3).
However, TP6/7 received significantly more precipi-
tation during some of the winter snowfall events re-
sulting in higher total precipitation for the year (Ta
ble 2). In summary, the first year monitoring data do
not support the general trend of increasing precipita
tion with higher elevation observed for the regional
climate stations (Wels et al., 2001).

Figure 4 shows scatter plots of daly potentia
evaporation at the primary stations TP-5 and TP6& 7



Table 2. Summary of Climate Data (July 23, 2000 — July 23, 2001).

| T4 TP5  TP6  TP7
Cumulative precipitation (mm)* 380.0 395.5 462.3
Cumulative Potential Evaporation (mm)* 1213.7 931.7 1143.8
Lysimeter Outflow (mm) 0.055 115.92 25.90 0

Notes:

1. Missing data were patched with data from nearest weather station where required.

versus those measured at TP-4. Note that potentia
evaporation was calculated using the Penman
method, which requires daily average air tempera
ture, relative humidity, net radiation, and wind speed
(Penman, 1948). The scatter plots indicate a very
good correlation between the mid and low elevation
sites on Sugar Shack South (TP-4 and TP-6&7). In
contrast, the high elevation site on Capulin (TP-5)
recorded significantly lower potential evaporation
rates, in particular during the winter months (cir-
cles). The lower potential evaporation rates at the
high elevation site are predominantly a result of
lower air temperature combined with lower net ra
diation (due to a continuous snow pack for most of
the winter months, see below).

Snow surveys were carried out at the primary and
secondary stations between January and May 2001
to estimate the accumulation and ablation of the
snowpack across the mine site. Figure 5 shows the
measured snow water equivaents (average of 10
point values per site) for the spring of 2001. Note
that some snow accumulation occurred in November
2000 (not shown). However, most of this snow had
disappeared by early January 2001, when the first
snow survey was taken. The snow survey data indi-
cate sgnificant differences in snowpack develop-
ment across the site. As expected the largest snow-
pack was observed at the high elevation site (TP-5)
with a peak snow water equivalent (SWE) of
107mm (4.2 inches) in late March 2001. Some, al-
beit smaller, snowpack development was aso ob-
served at the secondary station ST-3 (Spring Gulch)
(see Figure 1 for location). At the other three pri-
mary stations on Sugar Shack South (TP-4 and TP-
6/7) the winter snowfall did not result in any signifi-
cant snowpack accumulation (presumably due to the
warmer temperatures/higher net radiation on these
south-exposed dopes). These differences in snow-
pack development were found to have a strong in-
fluence on the rate of net infiltration into the mine
rock piles (see below).

4.2 Test Plot Response

Figure 6 shows the time trends of soil suction at -
lected depths for the first year of monitoring in test
plots TP-4 and TP-5. Soil suction was measured in

these lysimeter test plots using a thermal conductiv-
ity type sensor (Campbell Scientific Inc. model
229). Similar measurements could not be taken in
test plots TP-6 and TP-7 due to the coarse nature of
the backfilled mine rock in those lysmeters (Wels et
al., 2001).

The time trends in soil suction illustrate the dif-
ference in the wetting of the two mine rock profiles.
In test plot TP-5, the heavy rains in August 2000
(78.7mm fell between August 13-29) resulted in a
rapid wetting of the top 0.75m (note steep declinein
soil suction at 0.76m depth around late August). The
wetting of the deeper mine rock profile of TP-5 oc-
curred more gradual. By mid-December the entire
mine rock profile had “wetted up” and soil suction
had reached values near saturation (<1 kPa). Note
that the soil suction remained near saturation
throughout the spring runoff and early summer
2001, except for some drying in the near-surface
layers (<0.30m).

In test plot TP-4, the heavy precipitation in Au-
gust and October-November 2000 also resulted in a
significant reduction in soil suction (wetting) in the
near-surface (e.g. a a depth of 0.15m, Figure 6).
However, the near-surface layers did not remain
near saturation for any prolonged period of time, but
instead, increased again within days after precipita
tion to higher suctions. The drier near-surface condi-
tions resulted in a much slower wetting of the deeper
mine rock profile. For example, a 0.76m depth a
significant decrease in soil suction was only ob-
served in mid-November. In the deeper mine rock
profile (>1.40m below surface) the suction actually
increased temporarily during the winter months sug-
gesting a dlight drying trend. The soil suction near
the base of the lysimeter (at 2.24m depth) at the end
of the first year of monitoring was still >70kPa, i.e.
well below saturation.

The total outflow observed at the base of test
plots TP-4 and TP-5 is consistent with the soil suc-
tion trends shown in Figure 6. In test plot TP-4 no
discharge was observed in the first 12 months of
monitoring (Table 2). In contrast, the total (cumula
tive) outflow collected from test plot TP-5 was
116mm (or ~30% of total precipitation, Table 2).
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Figure 7 shows the daily and cumulative outflow
from test plot TP-5 for the period January 1 — July
20, 2001 (lower panel). The snow water equivalent
of the snowpack in this area is shown for compari-
son. Daily precipitation and average air temperature
a this site are also shown (upper panel). The first
significant outflow from TP-5 occurred in mid-
March following severa days of air temperatures
above the freezing point (Figure 7). A detalled
analysis of hourly outflow rates and climate data
suggested a lag time of 24-36 hours between days of
significant snowmelt and/or precipitation and in-
creased outflow at the base of the lysimeter (RGC,
2001c). The outflow from the lysmeter gradualy
declined to very low rates (<0.254mm/day) after fi-
nal depletion of the snowpack in mid-May. Note
that the heavy precipitation events in June-July did
not produce any significant outflow from the lysme-
ter. The data strongly suggest that the vast maority
of net infiltration into the mine rock profile occurred
during the snowmelt period.

Figure 8 shows the outflow data for test plot TP-
6, located at the low elevation site. Outflow from
test plot TP-6 was sgnificantly lower (33mm) and
more delayed than at TP-5 (c. Figures 7 and 8). This
result was somewhat unexpected considering that
test plot TP-6 was backfilled with much coarser,
more permeable, mine rock than TP-5 (Wels et al.,
2001). The much lower outflow rates are a result of
higher storage requirements in the coarser mine rock
and/or higher evaporative losses (relative to TP-5)
resulting in reduced rates of net infiltration.

The main difference in climate conditions be-
tween the high and low elevation sites was the mag-
nitude and duration of snowpack development (Fig-
ure 5). The lack of any snowpack at TP-6 likely
alowed significant evaporation to occur from the
mine rock surface throughout the winter and spring
period. In contrast the development of a snowpack at

TP-5 prevented evaporation until late into the spring
season while, a the same time, delivering a large
amount of melt water (up to 104mm of water
equivalent) during a very short snowmelt period (~3
weeks). The amount and duration of a snowpack is
believed to have a mgor control on the rate of net
infiltration into the Questa mine rock piles.

Note that no outflow was observed in test plot TP-7
which only differed from TP-6 in the presence of a
thin (0.3m) layer of finer-grained erosion materia
on top of the coarse-grained mine rock (Table 2). A
comparison of these two test plots suggests that even
a thin layer of finer-grained material can reduce the
rate of net infiltration (under these climate condi-
tions).

5 CONCLUSIONS

This paper describes the design and initial monitor-
ing results of lysmeter test plots designed to study
the net infiltration into mine rock piles a the Questa
mine. Initial test plot data collected during the first
year of monitoring illustrate the large variability in
infiltration that might be expected under field condi-
tions on the mine rock piles. The lysmeter test plot
located at the high elevation site (El. 2990 m amdl)
wetted up within 5 months and experienced 114mm
(4.5 inches) of outflow during the spring runoff pe-
riod. In contrast, the lysimeter test plot at the mid
elevation site (El. 2820 m amdl) did not show any
outflow within the first year despite smilar physical
properties of the mine rock profile. The lysimeter
test plot located at the low devation site (EI. 2660m
amgl) showed an intermediate response with some
outflow (38.1mm (1.5 inches)) late in the spring
runoff period.
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The much higher rates of net infiltration a the
high elevation site are attributed to the development
of a continuous snowpack. The snowpack prevents
any evaporation from the mine rock surface during
the winter and spring months. In addition, melting of
the “ripe” snowpack during spring runoff results in
prolonged, high rates of infiltration (e.g. 104mm of
snow water equivalent melted in ~21days).

This finding is consistent with initial soil atmos-
phere modeling carried out for the Questa mine rock
piles which indicated that the rate of net infiltration
is most sensitive to the amount of “effective precipi-
tation” (i.e. snowmelt and rainfall) occurring during
the spring runoff period (RGC, 20014).

The physical properties of the mine rock, in par-
ticular in the upper 0.3m, were aso found to have an
influence on net infiltration, albeit to a lesser extent
than the climate conditions. The presence of a thin
(0.3m) layer of well-graded (finer) erosion material,
commonly found on the dopes of the Questa mine
rock piles, significantly reduced the rate of net infil-
tration at the low elevation site (no outflow has yet
been recorded).

The results of this infiltration study are consis-
tent with field observations which suggest signifi-
cantly lower rates of seepage from the mine rock
piles a mid to low elevations (e.g. Sugar Shack

South) compared to those at high elevation (e.g.
Capulin and Goathill). The spatia differences in lo-
cal microclimate and net infiltration will have to be
taken into consideration when developing a water
and load balance for the Questa mine site.

Modeling work is currently in progress to cali-
brate the soil-atmosphere model SOILCOVER
(Geo-Analysis 2000 Ltd., 2000) using the observed
test plot data (RGC 2001b). Once cdlibrated, this
soil atmosphere model can be used to assess the in-
fluence of local climate conditions, material proper-
ties and slope angle on the rate of net infiltration.

6 ACKNOWLEDGEMENTS

The test plot study was funded by Molycorp Inc. and
could only have been completed with their large and
dedicated commitment to understanding the physical
and geochemica processes that are active on the
Questa mine site.  We would like to acknowledge
the extensive contributions by both Molycorp per-
sonnel, in particular Geyza Lorinczi, David Shoe-
maker, and Anne Wagner; and the constructive
comments during the development of work plans
from personnel from both New Mexico Mining and
Mineras Division and Environmental Department.



REFERENCES

Geo-Analysis 2000 Ltd. (2000), SOILCOVER User’'s manual,
May 2000.

Penman, H.L. 1948. Natural evapotranspiration from open wa-
ter, bare soil and grass, Proc. Royal Soc. London Ser. A
193: 120-145.

Robertson GeoConsultants Inc. 2000a. Work Plan for Waste
Rock Water Balance Study, Questa Mine Site, New Mex-
ico, RGC Report 052008/4 prepared for Molycorp Inc.,
February 2000.

Robertson GeoConsultants Inc. 2000b. Progress Report: Re-
sults of Phase 1 Physical Waste Rock Characterization,
Questa Mine, New Mexico. RGC Report 052007/4 pre-
pared for Molycorp Inc., June 2000.

Robertson GeoConsultants Inc. 2000c. Interim Mine Site Char-
acterization Study, Questa Mine, New Mexico, RGC Report
052008/10 prepared for Molycorp Inc., November 2000.

Robertson GeoConsultants Inc. 2000d. As-Built Report — Infil-
tration Test Plots for Mine Rock Piles, Questa Mine, New
Mexico, RGC Report 052008/11 prepared for Molycorp
Inc., November 2000.

Robertson GeoConsultants Inc 2001a. Initial Soil-Atmosphere
Modeling for Mine Rock Piles, Questa Mine, New Mexico.
RGC Report 052008/14 prepared for Molycorp Inc., Janu-
ary 2001.

Robertson GeoConsultants Inc 2001b. Progress Report on Wa-
ter Balance Analysis for Mine Rock Piles, Questa Mine,
New Mexico. RGC Report 052008/17 prepared for Moly-
corp Inc., February 2001.

Shaw, S., C. Wels, A. MacG. Robertson and G. Lorinczi 2002.
Physical and Geochemical Characterization of Mine Rock
Piles at the Questa Mine, New Mexico: An Overview, 9"
International Conference on Tailings and Mine Waste ’ 02:
Rotterdam: Balkema.

Wels, C., M. O’'Kane, S. Fortin and D. Christensen 2001. Infil-
tration Test Plot Study for Mine Rock Piles at Questa Mine,
New Mexico. Proceedings of the 9" Annual Conference of
the American Society for Surface Mining Reclamation, Al-
buquerque, June 2001: 195-209. New Mexico: The Ameri-
can Society for Surface Mining and Reclamation.



