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Abstract:

A study was carried out at the Golden Sunlight Mine tailings impoundment, near Whitehall, Montana,
to investigate the effectiveness of three different tailings cover treatments in preventing precipitation
from reaching tailings material. Tailings water content change was measured from July 1992 to July
1993 (the first year following construction), and also during a 15 day period following a simulated 10
year, 24 hour precipitation event of 4.6 cm. The tailings cover treatments and mean average material
depths were as follows: Coversoil/Waste Rock ¢ 71 cm of coversoil.

* 139 cm of waste rock.

Coversoil/Clay Cap/Waste Rock ¢ 69 cm of coversoil.
* 70 cm of clay cap.

* 82 cm of waste rock.

Coversoil/Borrow Material * 94 cm of coversoil.

* 128 cm of borrow material.

Control * no cover.

Water content changes in the first 61 cm of coversoil, the total cover material, and the first 91 cm of
tailings material were used for statistical comparison.

During the July 1992 to July 1993 period, water in the tailings below the covers decreased over time
and did not show recharge during periods of high rainfall (May to July 1993). Despite isolated cases of
significant differences in coversoil and total cover material water content change, no significant
differences were found between cover treatments regarding tailings recharge, but the covered tailings
were significantly different than the controls.

Following a 10 year, 24 hour precipitation event, no significant differences were found in coversoil,
total cover material, and tailings water content changes between treatments. With the exception of the
coversoil/borrow material treatments at 2, 3, and 5 day periods, the tailings below the treatments
showed significantly less recharge than the controls.

It can be concluded that under historical conditions, and the cover material used in the appropriate
depths, no significant differences will be found between tailing cover treatments, during the first
year(s) of existence.
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The tailings impoundmént is 50 ha in size, located
1,440 m above sea levelh and is‘underlined by native
rangeland. The site receives an average annual
precipitation of 25.4 to 30.5 cm (MAPS 1990) . -Thé majority
of the precipitation occurs as rainfall during fhe spriﬁg
and early summer’ months. The mines milling process.grindé
oré to <0.02 cm diameter and uses sodium éyanide to extract:
gold and silver. The’tailings can be expected fo
approkimate the same particle size.

Bond felease requires that the'impoundment\be co&éred
for revegetation purposes, and that tailings recharge from
precipitation and the consequent acidification broughp on by
the oxidation of iron pyrite (Fesz) be_minimized. Because
of the investmeq; involved in covering‘the impoundment, it
is important Ehat an effective.cover'be designed. An
evaluation of cover treatments was made to determine if-a
clay cap underlying a vegetated coversoil layer is necessary
to éignificantly reduce infiltrétion compared‘ﬁo less costly
designs. The alternatives/designs:contaih waste rock or

borrow material (native subsoil) as the underlying material.




LITERATURE REVIEW

The purposes of tailings covers is to stabilize the
surface, to prevent oxidation of sulfides, and to provide
for aesthetics..,Possible'covers include the following
(Ritcey 1989) :

vegetative - growth of plants on péilings

physical - éoverihg taiiings with soil, rock, or other

material —
chemical .- use of material to interact with fine-sized
minefals to. form a qfust. |
However, a vegetative cover from direct seeding in tailings
is usually impractical bgcause of toxicity, low organic
matter, absence of mulch, and low levels of nutrienté-
(particularly nitrogen.and phosphorus) (Ripley et al.1978).

Désigning a universal tailings coﬁer is not poséible,
‘because of the wide range of available soiljmaterials/
climate, and topographic conditions. Models used to predict
the effectiveness of tailings éovers, such as‘RATAP (Senes
~and Black 1986 cited in: Robertson 1987) and HELP (Schroeder
et al. 1984 éifed in: Robertson 1987), are unrefined and
useful only for comparison purposes (Robertson 1987)'3
Barton-Bridges and Robertson (1989) state that bresent
knowledge doeé hot:allow for accuraté prediction of acid

mine drainage rates from covered tailings material without.
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field tests. Acid mine drainage predictions are subject to
error Because of highly variable field parameters,
‘undetermined chemical parameters associated with kinetiés,
sampling errorslattributablé to assumptions of pyritié
material distribution, and failure to incorporate
probability theofy (Rymer et al. 1991).

sulfuric acid (H,S0,) is produced by the oxidation of
iron pyrite through the following reactions (Stumm and
Morgan 1970) :

FeS, + 7/20, + H,0 = Fe* + 280,% + 2H

Fe?* + 1/40, + H' = Fe** + 1/2H0

Fe® + 3H,0 = Fe(OH), (s) + 3H'

FeS, (s) + 14Fe™ + 8H,0 = 15Fe? + 250,% + 16H
The sulfite oxidation requires water and oxygen and the
process is accelerated by wetting aﬁd drying cycles. Water
passing through the system wili remove ‘oxidation products
from the reaction site, leaving cleén surfaces on which
reactions may occur (Ritcey 1989). Oxygen is the rate
limiting factor of the reaction and can be excludea using
subaqueous tailings deposition or maintaining a moist
tailings cover (Collin and Rasmuson 1990). However in drier
regions, such as the Rocky Moﬁntain‘Region of the United
States, inhibiting the reaction through the removal of water
is ﬁore practical than limiting oxygen supply.

The soil hydrologic cycle can be stated as follows

(modified from Hanks and Ashcroft 1980)3




D. =P, + I - R, - aD, - E,,
where D  is drainage, P, is preéipitation, I is irrigation,
Ro_is net runoff, aD, is change in water storage, and E, is
evapotranspiration. When runoff and change in water storage
are expected to be insignificant over time and irrigation
nonexistent, and because precipitation cannot be controlled,
it becomes important to maximize evapotranspiration from
 tailings covers to minimize infilfration (drainage) into
tailings:' Below the 25 cm depth, in noncracking soils,
‘roots must be relied upon to remove soil moisturé (Hanks and
Ashcroﬁt, 1980) . Leroy (1973) reported that a vegetated

acre will transpire 5,000 to 10,000 gallons of water per

day.

Tailings Cover Desidgn

Robeftson (19875 stateé that tailings covers composed
of soil act as moderate inhibitors of moisture infiltration.
A cover’s effectiveness in reducing water infiltration is
debendent upon its ability to resist erosion, provide\for
runoff,_preveht moisture loss and the resulting cracking;
and minimize infiltration (Barton-Bridges and Robertson,
1989). Steffen, et al. (1987) (cited in: Robertson 1987)
state that infiltration through capping ma;erial ig affected
by cracks, settlement, pipihg, root penetration, and
burrowing creatures...And Robertson (1987) found that

infiltration rate is dependent upon precipitation patterns
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as well as material properties.

Barton-Bridges and Robertson (1989) state that
multilayered covers composéd of soil materials of differing
hydraulic properties ére more effective in preventing
moisture infiltration than are single soil layers.
Furthermore multilayéréd covers hold moisture'ionger than
single soil layer covers, preventing desiccation, while
promoting vegetative growth . According to Collins and
Rasmuson (1990), a soil cover should be désigned~to.reduce
drainage but maintain high moistureAin part of the cover in
order to reduce oxygen infiltration. In areas Where
infiltration exceeds evapétranspiration, this can be done by
placing fine material over coarse material, but only when
ponding do§s not occur on the low-permeability layer
(Nicholson ét al. 1989). However the prevention of ponding
is difficult to-achieve in practice (Barton-Bridges and
Robertson 1989). The design of coarse material placed over
fine material (Nicholson et al. 1989) is suppofted by Yanful
and St-Arnaud (1991). They found that satufated fine:
grained soils placed over coarse-grained layers will remain
saturated for approximately.ldo days after the CQérse—
grained material has drained of residual water.

The choice of soil used in covers will be influenced by
particle size dist;ibution and clay mineralogy. Appropriate
fractions of specific soil material typés are necessary to

ensure plant growth (Ritcey 1989) while reducing
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infiltration. Milington and Shearer (1571) noted that
different soil particle sizes will drain at different rates.
Collin and Rasmuson (1990) fouﬁd that a cover of sandy
moraine material did not substantially reduce water
percolation. Nor did a clayey moraine material reduce
percolation under moderate evaporative conditions.

Clay has desirable characteristies but depending upon
its mineraiogy may bé prone to desiccation and cracking,
making its use questionable (Nicholson et al.'1989). Cléys
and organié matter provide cation exchange capacity. 'Clays
and silts have high water holding capacity relative to sand
and gravél (Ritcey 1989) .  Barton-Bridges and Robertsbn
(1989) found that a fiﬁe texturéd soil, such as clay or
silt, is effective in reducing water infiltration, but may
be susceptible to frost heaving resulting.in'variation of
infiltration capacities. Yanful‘and St-Arnaud (1991) found
that under compacted clay covers moisture values do not
change. |

éollin and Résmuson (1990) indicated that the use of
capillary barriers (coarse—érained layers) below a fine-
grained layér will prevent upward and downward capillary
water flow. A capillary barrier used in multilayered covers
has two functions: to prévenﬁ moisture loss from an oxygen
infiltration barrier and to increase lateral drainage, and
thus reduce infiltration (Barﬁon—Bridges and Robertson

1989) . Upward movement of salts and contaminants can lead
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to cracking of cover material. A single soil cover may not
limit the upward migration of salts in net evaporation |
regions (Barton—Bfidges ana Robertson 1989). Garga (1983)
‘suggested using a layer of gravel between the tailings and
soil to prevent the upward movement of salts, while Hawley
(1972) recommended a bentonite layer.

Ghassemi et al. (1983) recommended a multilayéred cover
consisting of a végetative coversoil layer, a drainage
layer, and an impermeable lower layer, with éllrlayers
having two to five percent slopes.

Soils used in covers. gan be expectéd to change in time.
Soil surfaces can be expected to change as water aroplet
impaét causes aggregate breakdown (Hanks and Ashcroft,
1980). With the use of multilayered covers, the migration of
fine grained méterial into coarse-grained materials must be
prevented to maintain the long-term performance of the
cover. This can be accomplished through the use of filters
(Barton-Bridges and Robertsgon 1989) .

Barton-Bridges and Robertson (1989) state that the
addition of lime céuld be employed in tailingé covers to
reduce acidification in the tailings. However,\if water
penetrates the Cover at depressions or cracks, the lime

would quickly become exhausted at the points of penetration.




9

Vegetative Consgiderations

Properly developed vegetative communities on
multilayered covers are effedtive.in stabilizing and
controlling infiltration. The appropriate vegetative cover
is adapted to climatic change, will repair itself after
'disturbanqe and - persist indefinitely with no maintenance
(U.S. Dept. of Energy 1988). Roots channeling-fhrough soil
will increase permeability in clay or low permeability
layers. But vegetation may decrease .water movement through
the cover, as a result of increased evapotranspiration from
the site KRobertson 1987) .

To optimize vegetative performance on soil éovers,
Black and Trudinger 1976 recommend thaﬁ site data - climate
and tailings characteristics and fopography - be obtained
iﬂitially. This is to be followed by botaﬁical data which
-:includes plant‘cover composition, promising pioneer speciés,
availability of soil and seed. From these an experimental

program is developed and field testing implemented.

Long-Term Maintenance

Prevention of off-site water flow into the. treated
(covered) areas and the collection of drainage from the
contaminated sites needs to be carried out (Barton-Bridges
and Robertson 1989).

Ideally, tailings pond closure should reduce long-term
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monitoring and maintenance of the site. But current levels
of technology are ﬁot sufficiently cost.effective to be '
applied. It continues to be more coét effective to monitoxr

and repair damages than to attempt to construct measures

that will operate without maintenance (Robertson 1987) .
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.and coversoil/clay cap/waste rock treatments. ‘A C/F ratio
was calcglated to aécerﬁain whether the borrow material
would pipe into the waste rock. The definition of the C and
F values are as follows:

C = particle size of the'coarse (unaerlying)‘material
that remains after 15 percent has passed ﬁhroﬁgh a siéve.

F = particle size of Ehe fine (overlyiﬁg) material that-
remains after 85 . percent has passed through a sieve..
Although the target ratio was <4, tﬁe accepted level for
preventing piping (Cedergren 1977), a ratio of 10 was
achieved. Therefore, borrow material may pipe into the

waste rock in the future.

Field Plot Implementation

During the wintér of 1992 a dike was. built across a
corner of the‘Golden Sunliéht Mine’'s tailings impoundment,
separating out an area of one hectare in which to condﬁct
the study. Plo£s were staked according to experimental
design (Figure 2). Tailings coyeré were constructed in the
spring of 1992. Oxidized waste rock was brought from the .
aétive pit by haul trucks. 'All other material was brbught
to the site using scrapperé. The cover material was pushed
into place using a bull dozer. Actual depths of the cover
materials were determined at Ehe time of'neutrén probe

access tube installation, July 1992.
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A Proctor Test (ASTM Method D698-78, American
Society for Testing Métérials 1990) was completed by Braun
Intertec Engineering, Inc., of Billings, Moﬁtaﬁa, in order
to obtain maximum.clay cap compaction and ensure that it had
water percélation in thg order of 10°° cm/sec. After
construction, the same engineering firm conducted a Falling
Head PefﬁeabilitynTest (ASTM D5084,. American Soéiety for
Testing Materials 1956) to ensure project standards of the
permeability rate.

The plots were hydroseeded during fall of 1992 with the
seed mix shown in Table 1. Becaﬁée of slow plant
establishment and the need for a plant cover in whicﬁ to
conduct the simulated 10 year, 24 hour storm event study,
the treated plots were drill seeded with barley (Horaeum
Tabie 1. Fall seeding mix aﬁplied to the'tailihgs

impoundment cover treatments and control plots,
Golden Sunlight Mine.

' Species Common Name J Application

Rate
(kg/ha)

Elymus junceus “ Russian wildrye 6.7
Agropyron trichophorum Pubescent wheatgrass 5.6
A. smithii Western wheatgrass 4.5
A. cristatum : Crested'wheatgrass 4.5
A. trachycaulum . Slender wheatgrass 3.4
Oryzopsis hymenoides ' Indian ricegrass 0.6
' Medicago sativa Alfalfa 2.2
Melilotus officinalis Yellow sweetclover 1.1
Atriplex canescens Fourwing saltbush" 1.1
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vulgare), at 28 kg/hat in the spring‘of 1993. The controls
were not seeded with barley, due to machinery access
problems. Vegetation was sampled for production and cover
on Auguét 13 and 16, 1993. Vegetative production and cover
by species was determined using a 20 x 50 cm Daﬁbenmire

frame, at six sampling locations per plot.

Material Analysis

Composite samples of each cover material were collected
for laboratory analysis. Field sampies for the coveréoil,
borrow material, and tailings were dried, passed through a
Humbolt sample splitter, and combined to form a composite
sample. The waste rock was crushed to produce a sample with
a diameter ofnless than two mm, before a composite sample
was collected. The composite samples of coversoil, borrow
material, clay cap, and tailings were ground using mortar
and pestle to break aggregates,: and then passed through a 2
mm sieve to defermine coarse fragment percentages.
Saturation percentages were determined and saturated
extracts prepared (Gardner 1956). The samples were analyzed
for the foilowing: PH, electrical conductivity (EC),
magnesium (Mg), sodium (Na), calcium (Ca), sulfate (S04)
(Rhoades ;982). In addition copper (Cu), lead (Pb),
manganese (Mn), zinc (Zﬁ) Qere analyzed for (methdd 3050,
EPA 1986). Particle size distribution was determined by the

hydrometer method (Gee et al 1986) and acid-base accounts
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calculated (EPA 1978). Average dry bulk densities were
determined for éoversoil and téiliﬁgs, using the core method
on saﬁples taken for neutron probe field calibration, and
using the clod method for the clay cap and borrow material
(Blake and Hartge 1986);

Soil water desorption characteriétics of tailings,
coversoil, clay cap and borrow material were determined at
-0.1, -0.3, -0.6, -1.0, and -15.0 bar pressures (Klute
198¢6) . Using‘bulk density, mean average percent volumetric
water content at -15.0 aﬁd -0.3 bar pressures were obtained
for the coversgil, clay cap, and tailings matefials and used
in plotting the soil water content profiles. Permanent
wilting point and fieid capacity were assumed to 5ccur at
-15.0 and -0.3 bar pressures respectively (Nielsen 1993),
for fhese materials. 1In the case of the borrow materiél,
data showed water contents above the -0.3 bar pressure value
for extended periods of time. Therefore, -0.1 bar pressure
was used for field cépacity (Brady 1974) with thé bérrbw
material. The use of the -0.1 bar pressﬁre valﬁe rather
" than -0.3 wvalue is justified because of the coarse nature of
" the borrow matérial (59 perdent éand and 39 percent coarse
fragments) (Table 10). It was assumed that no significant
spatial variation of desorption characteristics was present
within material types. A single sample for each material
‘type, from each treated plot, was used to determine mean

characteristics for each material. Because of drilling
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difficulties, tailings samples were obtained on only seven
of the 12 plots. No tailings samplés wére obtained from
below the coversoil/cléy cap/waste rock treatments and
replications one and two of the coversoil/waste rock

treatments.

Tailings Water Table Depth

AN

To determine depth to and seasonal fluctuation in the
saturated tailings, three piezometers were placed in or next
to the study area (Figure 2). The installation depth was to

7.8 m. Piezometer measurements were taken at time of

' neutron probe readings.

Profile Water Budget

Percent volumetric éoil wate? content was determined by
neutron thermalization(Gardner 1986) using a CPN.
Corporation néutron probe (Model 503). One neutron access
tube, 3.8 cm in diameter, of schedule 10 galvanized steel,
was installed in the center of each plot in July 1992
(Figureé 2 and 3). A tractor mounted "Giddings" hydraulic
soil sampler was uéed to drill through the coverseil, clay .
cap, borrow material, and tailings material. An "Ingersol-
Rand" air rotary drill was used to drill through the waste
rock. To determine volumetric water confent, neutfon probe

readings were taken at 0.15, 0.30, and 0.46 m depths,
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followed by readings.every 0.30 m to a depth of 1.98 m, then
every 0.61 m to the botfom of thé tube (maximum depth of 5.9
m) . Readings were taken every four fo six weeks in the
first year after instrumentation. During .the simulated
rainfall study, July and August 1993, readings were taken
throughout the first dé&, and a ﬁinimum of one and up to
four were taken the second day. Six-daily readings were
taken during the next week.. Subsequently, the number was
reduced to two per week.

The neutron‘probe was calibrated in coversoil apd
tailings material located adjacent to the study plots.
Seven, 2 x 2 m plots were used for the calibration. Four
plots were on tailings and three on coversoil. Water was

ponded on these plots and allowed to percolate into the

material to establish a range of soil moistures. An access:

tube:was placed in the center of each plot. Gravimetric

water content (Gardner 1986) and bulk density (Blake and
Hartge 1986) were determined from twenty-three material
samples, taken at the 15.2, 30.5, 45.7, and 61.0 cm depths

(Table 2). From these data volumetric water content was

calculated and correlated with neutron probe count ratios.

‘A calibration curve was established with linear regression

(Figure 4).
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Simulated Rainfall

To determine the effectiveness of the treatments in
.response to a 10 year, 24 hour peak precipitation event of
4.6 cm (Miller et.al 1973), rainfall was simulated using an
irrigation system. Beginning July 15, 1993, one plot per
day was irrigated. fo avoid affecfing adjacent plots,
adjoining plots were never irriéated within a two day
period. A 10 horsepower centfifﬁgal "Briggs and Stratton"
water pump piovided water to six "Hunter", Professional
Series GM type 4 sprinklers, with No. 7 nozzles. Six
sprinklers were evenly spaged around a test -plot.
'Irrigation amounts were measured, using .10 one-piece clear
styrene ClearVu™ rain gauges plaéed in a grid pattern
throughout the plot. Two of the rain gauges were placed
within one meter of fhe neutron probe access tube and used
to ﬁonitbr irrigation in the proximity of thé plot center.

The eight other rain gauges were used to monitor uniformity

© of irrigation across the entire plot. The pump was shut off

hourly for rain gauge and neutron probe readings. When the
two rain gauges nearest the plot center averaged or exceeded
4.6 cm, irrigation was stopped. Length of irrigation varied

from three to 10 hours.

Statistical Analysis

To determine differences between treatment.means, a
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plot.)

Water Content Profiles

Soil water content pfofiles were plotted to analyze
changes in time. Dates used for the yearly data were July
1992, February 1993, May 1993, and July 1993 for Ehe treated
plots, and July 1992, October_l992, April 1993, and July
1993, for the contrél plots. These dates were chosen.based:
on minimum and maxiﬁum water contents over timéu Times used
for the simulated 10 yeaf, 24 hour eveﬁt were the following:

- immédiately prior to irrigation

- time of peak coversoil recharge

- 24 hours following irrigation

- two days following irrigation

- two weeks following irrigation.

For July and October 1992 volumetric_watér content data
were missing at the 259.1 c¢m depth in all treatments of
replication one, and the coversoil/clay cap/waste rock
treatment of replication two. Because the statistical
program MSUSTAT did not account for misging data, a "dummy
Vériablé" had to be generated. Therefore means were
generated from the subsequent. six monﬁhly readings and used
for miésing aata points in the first two months. This was

justified by standard deviations ranging from 0.1 to 0.7

percent (Table 3)..
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Table 3. Percent water cdntent and mean valﬁes at the 259.1
cm depths used for missing July and October 1992

data.
Date - Treatment
Coversoil/Waste Rock Coversoil/Clay Cap/Waste Rock
R.eplication
1 2 3 2
Volumetric Water Content (%)

December 1992 128 11.7 15.8 . 142
February 1993 12.0 11.3 154 ' 13.9
April 1993 12.0 11.3 14.5 ; 14.3
May 1993 12.5 11.3 14.8 14.9
June 1993 12.1 11.4 148 - T _ 14.6
July 1993 11.6 11.5 © 137 15.1
Mean 12.1 114 14.8 ' : 14.6
Standard Deviation 0.4 ,. 0.1 ’ 0.7 0.4
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RESU_'LTS AND DISCUSSION

Tailing Cover Construction

Because of the equipment used for plot construction,
deviations from the plot design occurred across treatments
" (Table 4). 1In all treated plots, depth of total.cover
material applied exceeded the study design. The mean total
covér depth exceeded the design by at least 51 cm. Only in
one éase, replication one of the coyersoil/borrow material

Table 4. Depth of cover materials applled over talllngs, at
the Golden Sunlight Mine. .

Treatment Design Actual Thickness

Material . (cm) " (cm)
Replication = Replication  Replication = Mean
1 2 : 3

Coversoil/Waste Rock

Coversoil . 61 61 69 84 . 71.3

Waste Rock 61 137 . 170 © 109 138.7

Total Cover 122 198 239 192 209.7
Coversoil/Clay Cap/Waste Rock = o o

Coversoil 61 64 81 61 68.7

Clay Cap 46 66 71 74 70.3

Waste Rock 61 71 84 91 82.0

Total Cover 168 - 201 236 226 221.0
Coversoil/Borrow Material ‘

Coversoil 61 85 106 91 94.0

Borrow Material -107 93 168 122 127.7

Total Cover 167 178 . 264 213 218.3
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treatment, did depth of a material applied fall below
design. In this case, 93 cm of borrow material was applied
and the treatment was designed . for 105 cm. - However, total
depth of coversoil and borrow material exceeded the
experimental design by 11 cm.

Total cover material depth averaged 216.3 cm (Tabie 5).
No significant differences were found between treétments in
the total thickness of cover material (Table 17, Appendix
B) .

The total depth of coversoil applied to the treatments
was 61 cm on two of the 12 treated blots and ranged from 64
to 106 cm on the remaining 10 plots (Table 4). Analysié of
variance indicated applied coversoil thicknesses were not |
significantiy diffefent (P=0.05) between treatments (Tables

6 and 18).

Table 5. Treatment means for depth of cover material (cm).

(N = 3).

Treatment Mean (cm)
Coversoil/Waste Rock - , 209.7a'
Coversoil/Clay Cap/Waste Rock 221.0a
Coversoil/Borrow Material 218.3a

Mean _ 216.3

1 Mean values followed by the same letter are not
significantly different at the P=0.05 level.

The specified minimum compacted density for the ciay

material used in the clay cap was 90 percent of the optimum
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density determined by the Proctor test (Figure 28, Appendix

Table 6. Treatment means for depth of coversoil (cm). (N =
3).
. Treatment '~ Means (cm)
Coversoil/Waste Rock " 71.3a]
Coversoil/Clay Cap/Waste Rock 68.7a
Coversoil/Borrow Material 94 .0a

Mean 78.0

1 Mean values followed by the same letter are not
significantly different at the P=0.05 level..

A). The dry densities obtained in the field, 1.48 to 1.53
g/cm® (Table 7), exceeded those obtained in the Proctor

tests, indicating that greater compaction was achieved in

Table 7. Compaction test'! results of clay cap material.

-

Treatment Test Dry Dengity Relatiye
Replication Replication (g/cm™) Compaction
(% of Proctor)

1 ‘ o : 1.56 113.0

2 1.55 112.0

3 1.48 107.0

Mean 1.53 f10.7_

2 ' 1 143 103.5

2 1.46 105.5

3 1.60 115.5

" Mean 1.50 108.2

3 . 1 - 1.51 ) 109.5

2 ’ 1.48 106.5

3 ' 1.46 106.5

Mean 1.48 107.2

1 Field densfty determined using nuclear method (ASTM D2922)
performed at the center and corners of each plot.
2 Specified minimum percent of proctor for project was 90 percent.
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the field than in the laboratory.

» Falling head permeability tests were run on the
constructed clay cap near the centef of each piot. The test
was performed twice on the second replication. Results
ranged from 1.1 x 107 to 3.4 x 1077 cm/sec for an average of
1.6 x 1077 cm/sec (Table 8). This met the specification
that the velocity through the clay cap should not exceed

10°° cm/sec.

Table 8. Permeability test! results of clay cap material.

Trea?men? Tpst_ Vélocity_7 . Mean
Replication Replication (cm/sec x 10 ')
1 !1 2.3°
\ 2 ' 2.4
3 2.3
. ' 2.3
222 1 2.0
2 2.0
3 2.0
- 2.0 ¢
2b 1 c 1.2
2 11
3 1.1 °
1.1
3 1 3.3
2 3.5
3 3.4
3.4

Mean velocity of all repltications 1.6 x 10-7 ch/sec

1 Falling Head Permeability Test (ASTM D5984).

Material Analysis

The material analyses showed the waste rock to be
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slightly acidic, pH of 6.3, and the coversoil, 5orrow
material, clay cap, and tailings were moderately alkaline,
PH ranging between 8.0 and 8.2 §Soi1 Survey Staff 1993)
(Table 9). All cover maferials were nonsaline, having én
electrical .conductivity (EC) less than 2.5 mmhos/cm. The
tailings were slightly saline with an EC of 6.5 mmhoé/cm
(Soil Survey Staff 1993) (Table 9).

The sodium adsorption ratio is defined as the following
(Soil Survey Staff 1993):

Na*

o (catsmg™) /2) .
Values of 2.1 or less were calculated for‘the cover
materials, and 10.8 for the tailings (Table‘9). These all
fall below the SAR level of 12 to 15 at which soil physical
problems-could arise (Munshower 1994).

Total elemental levels of copper, lead, manganese, and
zinc were measured in the borrow material, waste rock, and.
'tailings (Table 9). For copper the range of values was 140
to 190.mg/kg, for lead ievels the raﬁge was 10 to 62 mg/kg,
and zinc 130 to 320 mg/kg.

The waﬁer soluble sulfate levels were hiéh in the
tailings material, 1,429 mg/L. The acid-base account for
the tailings was -53 tons CaCO3/1,OOO tons of material
(Tablé 9). DNone of the cover materials‘féll below -1 ton
CaCO;/1,000 tons. Thesé imply that a fluture acid generation.

problem would be expected from the tailings but not the




Table 9. Results of laboratory analysis of chemical characteristics for tailings and
cover materials. )
Material pH Electrical -Mg Na Ca S0, Cu Pb Mn Zn Sodium Acid-Base
’ Conductivity Adsorption Account
" Ratio
(mmhos/cm) (mg/liter) | (ma/kg) 2 (Tons CaC0/1,000 Tons)
Coversoil 8.0 1.7 41 124 200 17 - - - - 2.1 -
Borrow Material 8.2 3.4 9% 89 404 372 190 62 150 210 1.0 -1
Clay Cap 8.1 0.7 13 59 52 37 - - - - 1.9 1
Waste Rock 6.3 2.0 70 42 268 403 40 10 440 130 0.6 12
Tailings 8.0 6.5 49 1,030 608 1,429 190 50 130 320 10.8 -53

1 Water Extract Method

2 EPA Method 3050

62
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covers.

Soil textural class was determined from the U.S.D.A.
Soil Conservation Service‘textural triangle.(Soil Survey
Staff 1993) using the percent particle size distfibution
(Table 10). The coversoil is a clay loam to sandy clay
loam, the borrow material was a sandy clay loam to sandy
loam, the clay cap a clay, and the’tailings a sandy loam.
The coversoil contained one percent by weight of coarse
fragments. The,borréw material contained 37'percent and the
clay cap two percent coarse fragments. The physical nature
of these materials should not inhibit plént growth. -

Table 10.- Results of laboratory analysis of physical
characteristics for tailings and cover

materials.
Material Dry Saturation Percent % Particle Size Textire
Bulk Percentage Coarse Distribution " Class?
Density Fragment
(@/cmd) - . Sand Silt  Clay -
Coversoil 1.6 - 531 1.1 44 . 22 - 34 Clay Loam/
: Sandy Clay Loam
Borrow Material 1.7 35.8 39.1 59 21 20 Sandy Clay Loam/
’ . Sandy Loam
Clay Cap 1.6 75.6 2.0 26 22 52 . Clay
Waste Rock v - 22.0 . - - - - -
Tailings' 14 25.5 0.0 54 35 11 Sandy Loam

1 Where two texture classes are listed, position on the textural triangle falls between two classes.

Vegetative Factors

While the treatment means for percent cover were

significantly different from the control, there were no
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significant differences between treatménts'(Table 11). Meah
average plant production values ranged from a low of 4,490
kg/ha for the coversoil/borrow material treatment, to 5,260
kg/ha for the coversoil/rock treatments. No significant
differences were found between treatment means for plént
production, but all treatments were sigﬁificantly different
than the céntrol which had no plant production.

Cover was dominated by barley (Hordeum vulgare) on all

vegetated plots. Barley cover ranged from 30.5 to 74.3

percent (Table 12). Wheatgrasses (Adropyron spp.) were
present at 7.3 to 28.8 percent. Legumes and other species
constituted less than five percent of the cover.

Table 11. Plant cover and canopy production in test plots.

Treatment ) Cover (Percent)

) Replication 1 Replication 2 Replication 3 Mean
Coversoil/Waste Rock ’ 82.0 7 71.5 61.7 73707
Coversoil/Clay Cap/Waste Rock 71.5 61.7 67.5 68.9b
Coversoil/Borrow Material 71.7 73.3 50.8 65.3b
Control ) 0.0 - 0.0 0.0 0.0a
Treatment Production. (kg/ha)

Replication 1 Replication 2 Replication 3 Mean
Coversoil/Waste Rock . 7680 . 5090 3010 526067
Coversoil/Clay Cap/Waste Rock . 5780 5070 4200 5020b
Coversoil/Borrow Material 6170 3370 3930 4490b
Control : 0 0- 0 Oa

1 Values in the same category marked with same letters are not significantly different at P = 0.05 level.
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Table 12. Plant cover' by species for the Golden Sunlight
Mine tailings reclamation test plots.

Plot : . Cover (Percent)
Barley Wheatgrass Legume Other Total
Replication 1

Treatment R
Coversoil/Waste Rock 74.3 73 0.3 0.0 82.0
Coversoil/Clay Cap/Waste Rock 68.0 8.7 0.8 0.0 77.5
Coversoil/Borrow Material 56.7 15.0 0.0 0.0 71.7
Control o 0.0 0.0 0.0 0.0 0.0

Replication 2 ’

Treatment }
Coversoil/Waste Rock 56.3 20.3 0.8 0.0 77.5
Coversoil/Clay Cap/Waste Rock 45.0 15.5 1.2 0.0 61.7
Coversoil/Borrow Material 43.7 ) . 28.8 0.8 0.0 73.3
Control 0.0 0.0 0.0 0.0 0.0

Replication 3

Treatment
Coversoil/Waste Rock . 305 28.3 2.0 0.8 61.7
Coversoil/Clay Cap/Waste Rock ' 35.8 27.0 2.5 2.2 67.5.
Coversoil/Borrow Material ‘ 35.8 10.8 4.2 0.0 508
Control - 0.0 0.0 00 0.0 0.0

1 All values are means of six Daubenmire frames per plot.

Simulated Rainfall

Total water applied in the proximity of the'plot center
during the simulated 10 year, 24 hour precipitatioﬁ event
and the application rate are shown in Table 13. Amounts of
water applied to each plot varied due to wind and iogistics.
The mean value for water applied.was 5.4 cm, and no
significant differences across tréétments were found (Table
37, Appendix D). Abplication ra£es varied from 0.5 cm/hour
the depth to groundwater in the study area. The minimum to

‘1.9 cm/hour, with no significant differences found between
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treatment means (Table 13; Table 38, Appendix D).
Table 13. Total water applied and rate of application,

near plot centers during a simulated
10 year, 24 hour peak precipitation event.

Treatment Replication Total - Irrigation
' Water Application
Applied Rate
(cm) : (cm/hr)

Cover§gil/Waste Rock )
1 4.6 0.9

2 5.7 .18
3 5.8 0.9
Mean 5.4al 1.3a
Coversoil/Clay Cap/Waste Rock
' o 53 1.1
2 _ 5.2 1.0
3 5.7 0.8
' Mean 5.4a 1.6a
Coversoil/Borrow Material ]
1 6.1 - 1.3
2 - 6.6 0.5
3 g 5.7 | 1.9
Mean 6.1a 14a
Control )
1 51 2.3,
2 . 4.6 1.9
3 46 1.5
Mean . 4.8a | . 1.0a

1 Values in the same column marked with same letters are not
significantly different at the P = 0.05 level.
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" Cover Material and Tailings Water Content Monitoring

Depths to.saturation in the tailings impoundment are.

shown in Table 14. The piezometer reading would indicate

Table 14. Depth to tailings water table measured from
ground surface (m).

Date ) Piezometer Location .
North! Center” South?
July 1992 * : * , *
October 1992 6.4 : 6.9 6.5
December 1992 6.6 . | 7.1 6.7
February 199;’: ) 6.4 6.9 6.5
April 1993 6.7 7.0 ' 6.7
May 1993 . 6.6 7.0 6.6
June 1993 ’ 6.6 6.9 - 6.6
July 1993 6.6 7.2 6.6
August 1993 6.7 7.0 6.7

* No available data. .
1 Located in replication one of the control (north end of study area).
2 Located west of the center -of study area.
3 Located outside south end of study area.
.depth to groundwater recorded during the July 1992 to August
1993 period was 6.4 m. The maximum depth of the neutron
probe readings was 5.8 m. Therefore neutron probe readings
were not in the tailings groundwater. -

For statistical purposes, the analyéiS'Of tailings
water content changes was limited to the upper 91 cm. The

analysis of coversoil was limited to 61 cm, the minimum

present on the test plots, to determine differences in water
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permeation into the tailings covers.

Water Content Chandges: July 1992 to July 1993

In general, the change in water content data, for the
year July 1992 to July 1993, did nof show significaﬁt
différénce between treatments for the coversoil, total cover:
material, and tailings (P = 0.05) (Appendix C.)' The five
cases where significant diffefences were found are the
following (Table 15): coversoil (December 1992), total cover
ﬁéterial (June and July 1993), and tailings (October and
December 1992). The coversoil and total cover matefial
cases appear isolated cases.

In December 1992, a significant difference was observed
in the coversoil betwéen the coversoil/waste rock and the
coveréoil/clay cap/waste rock treatments. The
coversoil/waste,rock treatment gained 0.4 cm of water; and -
the coversgoil/clay cap/waste rock treatment lost 0.3 cm of
water measured from the July 1992 levels (Table 15). This
could indicate a difference between the coversoil used on
these two plots, however the difference only occurred énce
during the year of ﬁonitoring.

In June and July 1993, the change in total cover
material water content for the coversoil/waste rock
treatment was significantly different from the other two
treatments (Table 15). The coversoil/waste rock treatment

showed a significantly lower change in water content than
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the others, gaining 1.4 cm and losing 1.8 cm for the

respective months.

treatments had 4.9 cm and 1.0 cm-increases for June and

The coversoil/clay cap/waste rock

July 1993 respectively.

3.4 and 0.9 cm gains for the respective months.

The coversoil borrow material had

Because of

rainfall during June and July 1993, these differences could

be the result of increased drainage through the waste rock.

Table 15. Treatment means for change in water content (cm),
' July 1992 to July 1993. Numbers indicate
a gain or loss (-) in water content from July 1992
values.
Water Content Change (cm) From July 1992 Levels
October December February April May . June July
1992 1992 1993 1993 1993 1993 1993
Coversoil
Coversoil/Waste Rock 0.741 2 0.4b 0.3 13a 43z 3.0z  -0.2a
Coversoil/Clay Cap/Waste Rock 0.5a -0.3a -0.2a 0.6a S5.1a 4.6a 0.9a
Coversoil/Borrow Material -0.1a -0.1ab -0.2a 0.7a 3.7a 3.0a 1.1a
Total Cover Material
Coversoil/Waste Rock -0.7a -1.6a - 2.1a -12a  2.5a l4a  -1.8a
Coversoil/Clay Cap/Waste Rock -0.2a ) -1.9a -1.7a -0.4a 5.2a 4.9 1.0b
Coversoil/Borrow Material ‘-0. 6a -1.3a -2.0a -0.8a ' 3.7a 3.4b 0.9b
Tailings

Coversoil/Waste Rock -3.2b -3.2b -3.8a -3.7a  -3.5a -3.6a -3.6a -
Coversoil/Clay Cap/Waste Rock -1.4b -2.1b -2.6a -2.5a -2.2a -2.1a -2.3a
Coversoil/Borrow Material -2.1b -2.8b -3.6a -3.8a -4.0a -4.2a -4.6a
Control -7.4a -6.2a 4.2a 1.6a -1.3a -2.8a -2.3a

1 Means for the same material, in the column, followed by the same letters are not significantly different at the P = 0.05 level.

2 Means of three replications.

Or the water could have been stored in the coversoil and
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lost through evapotranspiration rather than drainage. 1In
either case, a significant difference in change in tailings
water content waé not detected.

The graphical analysié for July 1992 to July 1993
indicates a steady decline in water content in cover
material from July 1993 to February 1993, reaching an
average wéter content decrease of 1.5 to 2.0 ém (Figure 5;
Table 33, Appendix C). By Méy 1993, average cover maferial
water content had increased from July 1992 levels in all
treatments, withhthe coversoil/clay cap/wasté rock
treatments indicating 2.7 cm of water over the
coversoil/waste rock treatment and 1.5 cm over thg
coversoil/borrow material treatmenf. After May 1993 a
decrease in wafer content occurred in all treatments,
although additional precipitation occurred on the site.

This wés_due to increased plant transpiration. The decrease
was most marked between June and July 1993 when plant growth
would be substantially greater than between May and June.

By July 1993, the coversoil/waste rock treatment shoWea é
water loss of 1.8 cm from July 1992 levels. fhe
coversoil/clay cap/waste rock treatment and coversoil/borrow
material treatments indicated a gain of 1 cm from July 1992.

The covered tailings méterial had an initial change in
water content, decreasing July 1992 to October 1992 (Figure
5). After October.1992, the tailings Below the

coversoil/waste rock treatments showed minor fluctuations to
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July 1993. The tailings.under the coversoil/clay cap/waste
rock shoWed minor changes after Decémber 1992. The tailings
under the coversoil/borrdw material treatments showed a
steady decrease in water content throughout the yéar, to a
4.6 cm loss in July 1993. A possible explanation fo£ the
continued ioss in the coversoil/borrow material treatments
was upward movement via capillafy rise.

The tailings in the control plots decreased in water
content throughout the summer months, to a 7.4 cm decrease,
October 1992 (Figure 5). From October 1992 to April 1993,
water content increésed to an 1.6 cm gain over July 1992
levels. After April, the controls decredsed to negative
recharge levels, 2.8 to -2.3 cm, in Juhe and July 1993,
indicating that despite spring precipitation, the  tailings

will dry.

Water Content Profiles: July 1992 to July 1993

The water content profiles for the year Juiy 1992 -to
July 1993 indicate that all treatments were effective in
preventing tailings recharge (Figures 6, 7, and 8). The
tailings below.covers showed no recharge from the July 1992
levels, and little recharge occurred below the coversoil.
On all plots, the coversoil water contents remained in the
22 to 44 percent range (-15.0 to -0.3 bar pressure) water
content range, which was at or lesslthan field capacity (-

0.3 bar). Therefore, any water flow from the‘coversoil to
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the underlying material would be a result,éf differences iﬁ
hydraulic potential. The coversoil rechaygé occurred in May
1993. Although precipiﬁatioﬁ occurred during June and‘Jul§ |
.1993, lack of increased water content was attributed to a
higher evapdtranspirafion level in response.to plant growth.

The waste rock profiies for the coversoil/waste rock
freatments indiqate the waste rock did not gain water, July'
1992 to July .1993 (Figure 6), except for the 76 cm depth in
replication one and two in May'and'June 1993. However
the water did not reéch.the tailings.

The clay cap, waste rock, and tailings, in replications
two and three’of\tﬁe coversoil/clay cap/waste -rock
-treatments did not show a gain in water content, during the
study period (Figure 7). This. indicates the clay»cap was
effective. However the clay cap in replication one showed
an increase in water'cohtent.of two percent at the 76 cm
depth and four percent at the 106 cm'depth. Although the
water content was near or below ;he -15 bar level,'it was én'
indication thap‘the clay cap in replication one permitted
water to move throﬁghfit. A slight increase in water\
content occurred in the waste rock of replication one, but'
no recharge was obser&ed in the tailings.

The borrow material in ali three replications remained
"between the -15.0 and -0.1 bar pressure levels (Figure 8).
Thérefore gravitational water flow would not be expecfed |

through the borrow material. The water content profiles
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indicate ﬁo change in borrow material water content, and the
tailings show no or negative recharge.

Tailings water content profiles for the control plots
indicate that the depth to which recharge occurred varied
between replications (Figure 9).

In replication one of the control, the profile dried
over the coarse of the year, and beloﬁ the 198 cm depth, no
recharge occurred (Figure 9). . By Apfil 1993, water content
lévels were ‘at or below the -0.3 bar pressure (25 percent)
water content level, except at the 289 cm depth which was 29
' peréentl Water content values for April 1993 were higher
than the July 1993 levels to the 76 cm depth. 1In the 76 to
198 cm profile depth, the July 1993 water content values
were higher than the Aprii 1993 values.‘ Because May and
June 1993 were relatively wet months, it appears that Ehe
added precipitation moved through the profile, to a depth at
which rapid evaporation could not occur. |

The profile in replication two of fhe COﬁtrol was
considerably‘wetter than that of replication one (Figure 9).
Above the 106" cm depth, the tailings were near oribelow the
-0.3 bar pressure (25 percent) water content throughout the
year. At the 106 cm depth, the tailings were at 31 percent
water content in July-19?2'and draiﬁed to 20 percent by
October 1992. Below.the 106 cm depth, the tailings were in
the 30 Eo 50 percent watef content range in July 199é and

drained to the 20 to 35 percent range by April"1993. The
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15, 30, and 45 cm depths showed the greatest fluctuation, as
would be expected, fluctuating 10 to 15 percent between
readingsi Between the 76 and the 106 cm depths, the profile
dried quickly betweeﬁ July and Octobér 1992, énd then had
recharge values of less than five pércent in April 1993,
before returning to October 1992 leQels.

Replication three of thencontrol had watef contents
bélow -0.3 bar préssure (25 percent), to a 76 cm depth over
the coarse of the year (Figure 9). Below the 76 cm depth,
July 1992 water content levels were 25 to 40 percent for ali
depths except the 259 cm depth. Between July and October
1992, the profile dried to the 411 cm depth,.ekcept at the
259-cm depfh, whefe aﬁ increase in water content appeared.
The recﬁarge in.replication three was similar to replication
one. In the fifst 45 cm depth, the water conteﬁts for April
-1993 ﬁere higHer than July 1993. From the - 45 to the 289 cm
depth, the July 1993 water céntent values wefé'higher than
the April valﬁes. It appeérs water below‘the 45 cm depth
did not.evaporate. Beléw the 289 cm depth, tﬂe April 1993
-and July 1993 Water contents were the same, except at the

412 cm depth.-

Water Content Changes Following 10 Year Precipitation Event

No significant differences were found across treatments

in mean average coversoil and total cover material water
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content changes (Table 16; Tables 34 to 36, Appendix é).
Significant differences were found in the tailings in four
cases: 24 hours, and 2, 3, and 5 days.

The control showed an increase of values, while the
tailings below coversoil/clay cap/waéte rock treatment
indicated no recharge, throughout the monitoring period
(Table 16) . At.the 24 hour ﬁeriod, the tailings under the
coversoil/waste rbck and the coversoil/borrow material
Ereatments indicated anlincrease of 0.2 cm. The
coversoil/clay cap/waste rock treatment had a decrease of
0.3 cm.. At the 2, 3, and 5 day periods, the control was
"significantly different from the coversoil/waste rock and
the coversoil/clay cap/waste rock treatments. The control
had an increase in water content over beginning values. The
cap/waste rock treatments lost water during those time
periods. There were no significant diffe?ences between the
control and the coversoil/borrow material treatments at the
2, 3, and 5 day periods. This would imply that the borrow
material drained wéter into the tailings several days
Afollowing a precipitation event.

The graphical analysis of the recharge into the totél
cover material infers that the coversoil/clay cap/waste rock
treatment underwent the quickest change and produced the
highest recharge values (Figurehlo). A recharge value of

6.9 cm was reached at 6 hours, exceeding the 5.4 cm average




Table 16. Treatment means for change in water content (cm) in coversoil (61 cm),
total cover material, and tailings (top 91 cm), following a 10 .year, 24 hour

precipitation event.

Treatment Time From Start of Irrigation
Hours - Days R
1 2 4 6 8 1 24 2 3 4 5 9 12 15
Coversoil
Coversoil/Waste Rock 2.241 2.9a 4.0a 4.5a 4.5a 4.4a 4.1a 3.6a 33a° 3.1a 2.5a 2.8a 1.9a -0.2a
Coversoil/Clay Cap/ 4.7a 5.0a 4.8a 4.7a 4.2a 3.7a 3.4a 4.1a 3.2a 2.8a 2.6a 1.2a -0.2a -1.2a
Waste Rock
Coversoil/ 1.2a 3.6a 3.8a 3.7a 3.6a 3.4a 2.9a 2.7a 2.3a 1.4a 0.9a 1.1a -0.3a -l1.1a
Borrow Material .
Total Cover Material
Coversoil/Waste Rock 2.6a 2.9a 4.7a 5.3a 5.3a 5.0a 4.4a 4.1a 3.4a 3.1a 2.2a 2.5a 1.3a 0.5a
Coversoil/Clay Cap/ 5.3a 5.6a 5.2a 6.9a 5.4a 4.7a 3.9a 5.2a 4.6a 3.8a 3.7a 2.9a 0.8a -0.3a
Waste Rock ’
Coversoil/ 1.2a 4.2a 4.7a 4.8a 4.8a 4.4a 3.4a 2.9a 2.7a Lla 0.5¢  0.5a -1.2a -2.5q-
Borrow Material .
Tailings
Coversoil/Waste Rock -0.0a -0.1a  0.2a 0.4a 0.3a 0.2a 0.2a -1.2a -1.3a -l.la . -1.0a 0.9a " -0.2a -1.4a
Coversoil/Clay Cap/ -0.1a -0.1a -0.2a -0.2a = -0.la -0.1a -0.3a -0.5a -1.6a -1.5a -1.5a -1.4a -1.6a 1.7a
Waste Rock .
Coversoil/ . 0.2a _0.la 0.1a 0.2a 0.2a 0.1a 0.2a 0.3ab 0.6ab 1.7a° 1.3ab 1.3a 1.4a 1.6a
Borrow Material '
Control -0.0a 0.8a 2.4a 2.6a 2.8a 2.8a 2.9a 3.0b 2.8b 3.5a 3.3b 2.5a 1.7a 1.1a

1 Means of the same material, followed by the same letter,in the same column are not significantly different at P=0.05 level.
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of total irrigation. This would indicate. the possibility of
piping or water moving laterally along the clay cap surface.
The iﬁqrease from the 24 hour to the two day measurement
period was the result’of additional rainfall. The
cbvgrsoil/borrow material treatment gxceeded the value of
the coversoil/waste rock treatment at two hoursv but
afterwards lagged below the other treatments. The covers in‘
the coversoil/waste rock and‘coveréoil/clay cap/waste
rocktreatments peaked at 5.3 and 4.8 cm of recharge

respectively. All three treatments dried roughly‘at the

'same rate over the coarse of the first seven days following

irrigation. However, between the 5 and 9 day readings, the

coversoil/waste rock treatment showed an increase. This
could be attributed to a 3.8 com rainfall évent on July 26,
whiqh affected the 9 day reading on the coversoil/waste rock
treatments in replicatioﬁ two. \

The controls showed the most rapid and marked recharge,
with a mean total of 2.4 cm at 4 hdurs, and a 2.9 cﬁ at 24
hours (Figure 11). The recharge level in the controls
peaked at 4 days, due to additional rainfall, and steadily
declined to é net change of 1.1 cm at day 15. |

The tailings below the coversoil/waste rock treatment
fluctuated between —011 and 0.4 cm during the first 24 hoﬁrs
and indicated a negative recharge of -0.2 to -1.4 cm during
the two to 15 day period afterwards (Figure 11). It would

appear that, the treatment - -is an effective cover.
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The coversoil/clay cap/waste rock treatment indicated a
decrease in tailings recharge throughout the measurement
period, down to -0.3 cm at 24 hours and -1.8 cm af 15 days.
This infers that the tailings under the clay cép cén drain
even under precipitation (Figure 11) . |

The tailings beneath the coversoil/borrow material had
.a maximum recharge of less than 6.2 cm during the first 24
hours. However, during the two to 15 day peribd following

irrigation, the tailings recharge increased steadily.

Water Content Profiles Following 10 Year Storm Event

From the water content profiles for ﬁhe treatea plots,
it can be inferred that the majority.of the precipitation
from a 10 year, 24 hour storm remained in the coversoil
(Figure 12, 13, and 14).

The coversoil .profiles for the coversoil/waste rock
treatment indicate that the -0.3 bar pressure (44 percent)
water content was not exceeded on any of the treatments
(Figure 12), and water flow would be attributable to
hydraulic potential differences. ‘The waste rock showed no
water content changes in replications two and three. In
replication oﬁe, at the 76 cm depth, a five percent decrease

.bccurred between the two day and two week measurements.
This water appeared at the 137 cm depth where an incréase
occurred during the same time period; |

In replication one of the coversoil/waste rock
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tréatment, no increase was.noted_in.the tailings except at
the 289 and 350:cm depth where a six ﬁeréent‘incféase in
water content occurred between the two aay and-the two week
measurements (Figure 125.‘ The tailings at the 289 cm depth
were above 25 percent (-0.3 bar preésure) wéter content, but
‘above and below this depth, fhe tailiﬁgs were below the —Q.3
bar pressure (25 percent) level. Therefore the increases at
the 289 could not.be.attributed to gravitational flow, and
cannot be explained in_light_of the fact that the water
content did not change in the 200 to 259 cm‘depth range.
The additional water indicated at the 350 cm depth could
héve been caused by caﬁillary‘water rising from the 472 cm
depth.

. In replication three of the coversoil/waste rock
treatment, a decrease in water content occurred from the
start of ifrigation to the tWo week meésﬁrement throughout'
fhe tailings'profile; except at the 289 and the 472 cm depth
(Figure 12). AE the 289 cm and 472 cm depths, a-foﬁr‘and
nine percent watér content iﬁcrease dccﬁrred fespectively.'
Between the 211 cm and 350 cm_depths, the tailingé were
above the —O.é bar wéte; content level. The increase at the
289 cm Aepth couid'be accounted for by gravitational flow of
pré—irrigation water from the 259 cm‘level. The increase at.
the 472 cm depth could have occurred via_flow.from thé 411
cm depth bécause of-differences in hydraulic potential.

The soil water content profiles for the coversoil/clay




57

cap/waste rock treatﬁents infer that the clay cap was
effective in replications one and three (Figure 13).
However the clay cap did gain water in replication two.

Replication one of the coversoil/clay cap/waste rock
treatment showed that the coversoil exceeded 44 percent
(-0.3 bar pressure) wafer content throughout ité‘profile
(Figure 13). However there was nb<water content change
below the covefsoil. |

In replication two of the coversoil/clay cap/waste rock
treatment, the coversoil water content exceeded 44 percent
(-0.3 bar pressure) water content, a# thé 15 c¢m depth

(Figure 13). Below this depth, the coversoil water content

.remained below 44 percent, and gravitational flow should not

have been a factor. The clay cap, despite having water
contents below the -15 bar preséure (46 percent) level
showed fluctuations of three- and six percent at the 106 and
137 cm depths respectively, which would indicate water
passing thfough the clay.‘ A maximum recharge of five
percent occurred in the top of thé waste rock; éftér several

hours. The first measurement in the. tailings material in

‘replication two (259 cm depth); indicated a three percent

'récharge after several hours. However, below this depth no

recharge was observed, except at the 350 cm depth. This
increase appears to have been caused by gravitatidnal
drainage from the material immediately above.

In replication three of the coversoil/clay cap/waste
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rock treatment, the coversoil remained in the 20 to 30
percent water content range, except for the 15 cm depth
which reached 37 percent immediately following irrigation
(Figure 13).  The clay cap showed no increase in water
content, and the 106 cm depth of the clay cap indicated a
decfeése in Water-content after two weeks; which was noted
in the top of the waste rock. The rest of the waste roék
and tailings, to the 411 cm depth had no real increase in
water content over the tﬁo week period. The increase at the
411 cm depth was the result of gravitational flow from
above. |
The soil water content‘profiles for the coversoil/
borrow material treatments indicate that tailings did not
undergo rechargewin feplications one and three (Figure 14).‘
Except for the 15 cm depth in replicatioﬁ three, the
coversoil brofile’in~the three replications remained below
the 44 percent water content, above which gravitational flow
is expected to occur. |
Replication one of the coversoil/borrow material

tréatment indicated most of the ‘water remained in the upper
"15 to 30 cm depth of the soil-profile (Figure 14). There
. was no change in the water content of the borrow material,
and it remained below the -0.3 bar pressure (31 percent)
water content level. If gravitational wéter flow occurred
through the borrow material, a tailings recharge at the 198

cm depth would have been expected. The increase did not
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occur. However the tailings profile of replication one

‘indicated possible water flow in response to hydraulic

potential differences, from thé 198 cm depth to the 228 cm.
depth and the 411 cﬂ depth, over ‘the course-of the two week
period. | o
Replication two of the covérséi;/borrow material
treatment indicated relatively small increases in coversoil’
water édntent down to the 45 cm depth (Figure 14) .- Below
this no changes in coversdil water content were Qbserved.
The borrow material in replication two’shoWed no increase in
wéter content except at the 198 cm:depth where a five
percent increase occurred between the 2 day and 2 week
measurements. The bprrow material remained below the 31
pércent water content at which éravitational flow would
occur. The bottom of the bqrrow material'(259 cm depth), in
replicétion two, drained betweén the two day to the two week

measurements, and this water appeared at the 289 cm depth of

the tailings.

Replication . .three of the coversoil/borrow material
treatment showed no change in profile water content below
the coversoil, indicating that the coversoil was able to
retain all the precipitation (Figure 14).

The control plots indicated little water drainage)below
the 75 cm depth‘(Figure 15) . In.replication one,,tﬁe 15 cm
depth indicated a 14 percent inérease in water content in

four hours, but the wetting front moved relatively slowly
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through the profile. The 45 cm depth peaked in.two days and
the 75 cm depth in two weeks. Subtle increases occurred
between the th day and the two week measurements, from the
106 cm depth to.fhé 211 cm depth. The water content
increases which occurred after four hours, at the 350 cm and
472 cm depths, cannot be explained in light of the lack of
changes which oécurred in the profile immediately above and
below these aepths. The tailings water content profile for
replication two of the control indicated no or very small
watef content. changes in the initial 24 hour period. This
could be attributed to the irrigation occurring o&er 10 hour
period. Therefore the water had a chance to evaporate
during sprinkler shutdown. Replication three of the control
showed thaﬁlthe applied water was held in the upper 30 cm of
the~profile and -lost through evapératibn. No water changes

were observed below the 45 cm depth.
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SUMMARY AND CONCLUSIONS

Reclamation of tailings impoundments in semiafid‘
regions, such as southwest Montana, requires control of
hydrologiéal influences in tailings. From this study, it
can be inferred that recently-applied tailings covers can
successfully prevent the precipitation from a 10 year, 24

hour event from reaching tailings.

Evaluation of Tailings Impoundment Covers
July 1992 to July 1993

Uncovered tailings show greater seasonal fluctuations
compared to covered tailings. Uncovered tailings reached a
‘minimum water content in.October 1992, three months
following the initiation of the study; Tailings having
covers using wasté-rock as a capillary barrier reached é
minimum water:content.in February 1993, and the water
content remained felatively unchanged.thereafter. Tailings
having covers consisting of coversoil piaced over boriow
material continued to dry throughout the yéar.. Uncovered
tailings showed maximum annual recharge in April 1993. The
covered tailings did not register significant increases,
although‘their covers did. ﬁune and July 1993 had se#eral‘

inches of rainfall on the study site, and yet the cover

material showed negative recharge, because of an increased
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evapotranspiration rate from plant cover.

Evaluation of Tailings Impoundment Covers Following A
10 Year, 24 Hour Precipitation Event

The sﬁudy area before and during monitoring of a 10
year, 24 hour precipitation event, received several inches
of normal precipitation. Consequeﬁtly irrigation was
applied under wet soil conditions. ﬁo significant
differences in tailings recharge were measured between cover
treatments, during a 15 day monitoring period following the
simulated precipitation eﬁent. Except for the second,
third, and fifth days of drainage, there was no siénificant
difference between covered and uﬁcovered plots. During the

second, third, and fifth days of drainage, the

* coversoil/waste rock and coversoil/clay cap/waste rock

treatments had significantly less recharge compared to_the
uncovered tailings. The coversoil/borrow material treatment
during these three days had water recharge into the tailings

not significantly different compared to the tailings.

Effectiveness of Tailings Impoundment Cover Materials

The clay cap underwent water changes . in the course of

tHe study. In replication one, the clay cap had fluctuating

‘water content levels, July 1992 to July 1993. 'In

replication two, the clay cap showed wetting, following a 10

year storm event. However, the bottom of the clay cap in
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replication three dried during the same storm event. The
waste rock femained'dry during the coarse of the study and
appears to have been an effective capillary barrier.
Although the borrow material had no increase in water
content, an increase in tailings recharge would indicate
water passing through the borrow material from the

coversoil.

Results of this iﬁvestigation are from a one year
monitoring period. Additionally, the covers were new and
some changes in the physical nature 6f the covers can be
expectéd té take place in time, because of material
settlement and Vegetation establishment. Further monitoring
should be considered to determine if these changes would |
affect the long term hydrologic characteristics of the

covers.
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APPENDIX A
NEUTRON PROBE ACCESS TUBE DRILL HOLE LOGS
AND

PROCTOR COMPACTION TEST RESULTS
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