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PREFACE

The 11th biannual High Altitude Revegetation Workshop was held at the University Park
Holiday Inn, Fort Collins, Colorado on March 16-18, 1994. The Workshop was organized by the
High Altitude Revegetation Committee in conjunction with the Colorado State University
Agronomy Department. The Workshop was attended by more than 200 people from a broad
spectrum of universities, government agencies and private companies. It is always encouraging to
have participants from such a wide range of interests and application needs for reclamation
information and technology.

Organizing a two-day workshop is a difficult task made relatively easy by the sharing of
responsibilities among the members of the HAR Committee.

In 1994, in addition to the papers presented on March 16-17, provisions were made to tour
the National Seed Storage Laboratory on the campus of Colorado State University. The tour
included a presentation by Steve Eberhart which has been included as part of this proceedings.

This proceedings also includes the third installment of the Index to the Proceedings for
Workshops 1 - 10 (1974-1992). This third part includes references to species. The subject and
" author indices were included in the registration materials at the Workshop.

The most important contributors to the conference were the speakers. These Proceedings
are their product, and we express our gratitude to them.

The Editors
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THE ECOLOGY OF ALPINE PLANTS: THEIR ROLES IN HIGH MOUNTAIN
ECOSYSTEMS IN A CHANGING BIOSPHERE

W. D. Billings
Department of Botany
Biological Sciences Building
Duke University Durham, North Carolina 27708

ABSTRACT

Above timberline, the cold-adapted low vegetations of alpine
meadows and fellfields are open to great changes in biotic structure:
environmentally, floristically, vegetationally, metabolically, and
faunistically. These once pristine and relatively isolated places are
now subject to disturbance due to increasing human population pressure
and atmospheric changes. The plants dominating alpine and arctic
vegetation differ in one fundamental way from all other plants on earth:
they can carry on metabolic and reproductive processes during short
growing seasons at temperatures only slightly above or even below
freezing. If growing seasons become longer and warmer, how will these
species and populations fare? Fortunately, through many millienia, most
alpine plant taxa have evolved fitness to natural rapid and cyclic
environmental changes. But new biological and physical changes are
apparent that can disturb alpine ecosystems. Such disturbances may be
the triggers that initiate far-reaching future ecosystemic change.
Ecological science in this century has been surprised often by the
delayed effects of biospheric "surprises". Examples are the increase of
atmospheric C02, radiocactivity, destruction of stratospheric ozone, and
biological invasions that have occurred when nobody was aware of the
ecosystemic consequences. What environmental surprises await alpine
ecosystems in the next century? And what can be done now to avoid
surprises?

INTRODUCTION

The distinguished ecologist William S. Cooper (1926) suggested the
analogy that change in vegetation is similar to a braided glacial river
flowing through time. The diversions, rejoinings, and new combinations
of plant and animal species are almost infinite and filled with
unpredictable surprises. The key word in this present essay is
"change". It is universal through the "life history" of any biome and,
of course, of all alpine ecosystems

One cannot view the biosphere provincially either in space or
time. This is true, also, of any regional ecosystem including mountain
ecosystems. Within ecosystems and the biosphere itself, trigger factors
may initiate far-reaching changes through time requiring biological and
physical re-adjustments within the system. Such triggers may be changes
in a limiting factor or episodic events in the environment on various
time scales.

During recent centuries, much global change has resulted from an
increasing series of natural and industrial "surprises" that have
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triggered a "new" and different earth ecologically, economically, and
politically. The recent increase in atmospheric carbon dioxide within
this century is but one example. Some of these changes had been
predicted, but most had not. And, of course, almost none had been
planned for or remedial actions prepared. The result, in both alpine
and arctic ecosystems, could lead to local and general extinctions of
populations of plant and animal taxa. For example, James Brown's (1971,
1978) "alpine islands™ of mammals in the western North American ’
mountains with their already partially depleted alpine biota could be
doomed in a warming climate. In alpine ecosystems, such local and
general extinctions are a real possibility unless preventive measures
are taken in time.

ALPINE-ARCTIC ENVIRONMENTAL GRADIENTS

Three main environmental gradients interact to govern biological
and physical systems on the earth's mountain ranges: latitudinal,
elevational, and topographic. Each of these large gradients consists of
many interacting factors that vary quantitatively along the gradient.
Figure 1 (from Billings, 1979) diagrams, in a qualitative way, relative
values of a few of the important factors that govern arctic-alpine
environments along American mountains from the Arctic to the equatorial
Andes. Only daily mean air temperature is relatively uniform along this
gradient of 70 degrees of latitude. At any latitude, the interacting
factors create a unique mountain environment. This, in turn, is further
complicated by the effects of the elevational topographic gradient and
the continually changing altitudinal atmospheric gradients.

Superimposed on these complications are the effects of topography as
they affect wind and the drifting of snow.

The topographic gradient, in turn, consists of two main
subdivisions differing in scale: a larger "mesotopographic" and a
smaller "microtopographic™ (Billings, 1973). Figure 2 diagrams a
typical alpine mesotogtaphic gradient and its effects on water, snow,
and vegetation. Within any repeatable mesotopographic unit,
microtopographic gradients reflect the effects of boulders, treeline
krummholz, and cryopedogenic patterning on soil characteristics and snow
depths and time of snowmelt.

ALPINE FLORAS AND VEGETATIONS

There are two main mountain systems in western North America: the
Rocky Mountains on the east and the Sierra Nevada-Cascades axis on the
west. At latitude 38 N, the main crests of the two systems are about
800 miles or more than 1300 kilometers apart. Between them lie many
other mountain ranges, some as isolated as islands and others connected
to each other or to one of the main systems. Almost all these ranges
trend north and south. Exceptions are the Uinta Mountains of
northeastern Utah and the transverse ranges of southern California that
lie in an east-west direction.

On most American mountain ranges, the elevational topographic
macrogradients are steep compared to latitudinal gradients. The higher
mountains are characterized by an alpine timberline of one or more tree



CONTINUOUS SOME ARCTIC-ALPINE ENVIRONMENTAL
PHOTOPERIOD GRADIENTS DURING THE GROWING SEASON
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Figure 1. Relative values of six principal environmental factors in alpine and arctic ecosystems along a latitudinal macrogradient from

the Arctic to the equatorial mountains in North and South America (from Billings, 1979).
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Figure 2. Diagram of a typical alpine mesotopographic gradient unit from the upper windward slope to the lee valley. The vertical scale can
vary from about 50 m from ridge to bog to as much as 500 m or more (from Billings, 1973).




species as they reach their tolerance limits to wind, low temperatures,
and snowblast. Beyond this forest limit, the truly alpine herbaceous
and low shrubby vegetation faces an even more severe environment
characterized by blowing and drifting snow of the alpine mesotopographic
gradient (Figure 2) and its ridgetop cushion plants, fellfields, and
moist meadows.

Alpine vegetations and their floras superficially resemble those
of the arctic tundras. Actually, however, they are much different. The
local alpine environments are windier, rockier, snowier, with more
intense solar radiation (both visible and ultraviolet wavelengths), more
scattered and shallower permafrost, and shorter summer daylengths. But
beyond these physical environmental factors are the far richer alpine
floras with their genetic relationships to the floras and vegetations of
the lower mountain slopes (Chabot and Billings, 1972) rather than to
those of the Arctic.

In the alpine ecosystems of the middle latitudes of both North
America and Eurasia, there are some floristic relationships with the
smaller arctic flora. Such relationships are closer on the older
mountain ranges with longitudinal ties to the Arctic. The great
Cordillera of the Rocky Mountains leads directly to the mountains of the
Alaskan Arctic. This cordillera is an ancient and well-travelled
migration pathway. For example, 50 per cent of the alpine flora of the
Beartooth Mountains is made up of plant species that also occur in the
Arctic (Billings, 1978). Conversely, the alpine flora of the southern
half of the Sierra Nevada of California from Piute Pass to Olancha Peak
has only 10 to 13 percent arctic-alpine taxa. The remainder are Sierran
or western North American endemic mountain species (Billings, 1978;
Chabot and Billings, 1972; Howell, 1951). But, the Sierra is a young
and high mountain range strategically located between the
"mediterranean" vegetation of California and the Great Basin desert to
the east. It has the largest and richest montane and alpine flora on
this continent (Major and Taylor, 1977; Billings, 1988).

Quite similar to the alpine floristic richness of the California
Sierra Nevada is that of the Hindu Kush Range of eastern Afghanistan
(Breckle, 1974). The floristic relationships of that alpine flora show
only weak genetic ties with that of the Arctic (13-17 %) but close
relationships with the alpine and montane floras of the high mountains
of central Asia. However, at elevations of over 5,000 meters (the nival
flora) there are fewer endemics (less than 10%). These nival species
are widely distributed on the high mountains of Asia, Europe, and into
the Arctic. At elevations of 4,000 meters, the alpine flora of the
Hindu Kush is several orders of magnitude richer than that of the
European Alps (ca. 350 species of vascular plants as compared to only 15
or 20 species in the eastern Alps at elevations over 4,000 m.). See
Figure 3.

ADAPTATIONS OF PLANTS TO THE ALPINE ENVIRONMENT
Evolution of arctic and alpine plant taxa north of Latitude 30

North requires adaptation to chilling and freezing temperatures during
the growing season and to bitterly cold weather and soils during the
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winter dormant season. The very low number of vascular plant species
and the floristic zonation in the Arctic attest to low growing season
temperature as a stressor of first rank.Such plants differ in one
fundamental way from all other plants on earth: they can metabolize and
reproduce during very short growing seasons at soil and air temperatures
near freezing and below. And yet, most of these taxa are so well~
adapted to functioning at low temperatures that they are really limited
in their local distributions and activity by other factors such as soil
nitrogen, phosphorus, permafrost, water table, and soil moisture.
(Chapin, 1978, Billings,1987b, Shaver, et al.,1992).

Morphological Characteristics (Life Forms)

A typical alpine vascular plant is a small, even dwarf,
angiosperm. Over 95% of these angiosperms are perennial plants that
take several years from seed to become established. Once established,
however, they break dormancy and grow rapidly during the first half of
the alpine growing season at low temperatures after snowmelt. A number
of monocot and dicot species also spread into clones through vegetative
reproduction from rhizomes or stolons.

The number of life form types, and even leaf shapes is small. The
following list indicates those forms that are most common:
Perennial herbs
graminoids
rosette plants (acaulescent)
cushion plants
dicotyledonous "forbs™ (not rosettes,gramincids,or cushions)
Annual herbs (usually rather rare)
Prostrate shrubs
evergreen
deciduous
Caulescent woody rosette plants (tropical mountains)
Lichens
Bryophytes
Macrofungi

Perennial vascular herbs are are the most common both
florisically and vegetationally. In most places, they dominate the
vegetation. The four main life forms in this class are usually distinct
from each other, but not always. There are all sorts of intermediates
such as "“graminoid rosettes", "rosette cushions™, and "forbs with basal
rosettes™. Graminoids are typefied by almost all grasses, sedges, and
rushes. Graminoids are common in almost almost all parts of the
mesotopograhic gradient. They tend to be larger and have more coverage,
however, in the wetter parts.

Cushion and rosette plants often are pioneers in habitats of low
graminoid competition such as ridgetops or snow-blasted windward upper
slopes (see Billings, 1988). They also are common on disturbed areas
along trails and casual automobile parking pulloffs.

In many alpine regions, prostrate shrubs are next in abundance to
perennial herbs. These are long-lived and may be deciduous as are Salix



arctica and some other low shrubby willows. Or, they are evergreen such
as Salix cascadensis, Cassiope mertensiana, and Rhyllodoce

Lichens are almost everywhere in alpine regions. All the
principal forms are present. Caloplaca elegans (crustose,
nitrophilous), Cetraria islandica (foliose), Cladonia (fruticose), and
Thamnolia vermicularis (vermiform) are all ubiquitous. Mosses are also
abundant in the wetter places.

Growth and Metabolism

. The ability of an alpine plant to adapt to the short, bright
alpine growing season lies primarily in being able to operate its
metabolism and water balance at low temperatures under a high solar
radiation load during a relatively short daylength as compared to that
of arctic ecosystems. These physiological adaptations have been
described in terms of vascular plant life cycles by Billings and Mooney
(1968), Bliss (1971), and Billings (1974). Therefore, they will be
summarized only briefly here.

Seedling Ecology:

Seed dormancy in most alpine species is under environmental
control. Germination, if other conditions are right occurs soon after
snowmelt when there is considerable diurnal temperature fluctuation even
though the mean temperature may not be much above freezing. The right
combination of fertile seeds and suitable temperature and moisture
conditions may not occur every year.

Seedling establishment is only occasional in most alpine species
populations. Even so, the availability of viable seed makes such
establishment more common in alpine regions than in the Arctic where
most species produce seed rarely and vegetative reproduction is the
general rule except in certain genera of small dicots. Seedling growth
is usually very slow. Much of the first year's photosynthate goes into
the development of a root system which is insurance against death of the
seedling by late season drought. The root system also serves as a
carbohydrate bank for the next season's growth.

Vegetative Growth:

In the second year, and from then on, vegetative regrowth of
shoots is rapid from a perennating bud that is usually very close to the
ground surface This growth begins very soon after snowmelt when, the
soil temperature rises above freezing.'

The growth rates of roots and rhizomes in alpine plants is
relatively unknown as compared to these rates in arctic plants. There is
little reason, however, to believe that it is much different than in
those far northern species. Billings, et al. (1973, 1978) found that
root growth in three species of tundra graminoids near Barrow, Alaska,
can take place at rates of 1 to 2 mm per day at temperatures of 0 C or
even slightly below that.

Photosynthesis and Respiration:



The real heart of adaptation in alpine plants to short, cold
growing seasons is the ability to carry on photosynthesis rapidly at low
temperatures. This ability is genetically determined (the C3 pathway) as
coupled, in a strong interaction, with the rapidly changing diurnal and
seasonal environment. This allows alpine plants to acclimate in regard
to both photosynthetic and respiratory rates. Mooney and Billings
(1961) demonstrated that arctic and alpine ecotypes of QOxyria digyna
differ from each other in these rates. This was confirmed for
many populations of Qxyria experimentally under more controlled
conditions by Billings, et al. (1971). This latter research also found
that low and high temperature acclimation regimes have very marked
effects not only on photosynthesis and respiration as measured by gas
exchange (Figure 4) but also on the Hill reaction and mitochondrial
activity. They showed that acclimation ecotypes exist, and that alpine
ecotypes of Qxyria acclimate metabolically more rapidly and ideally
than do arctic ecotypes of the same species. Chabot, et al. (1972)
found that this acclimation effect in QOxyria metabolism extends also to
the activity levels of the principal carboxylating enzyme, ribulose 1,5
biphosphate carboxylase (Rubisco).

Alpine populations of arctic-alpine species appear to have higher
light-saturation values in photosynthesis than do the arctic ecotypes
and related lowland plants. This is not surprising in view of the high
light intensities at high elevations in most tropical and middle
latitude mountains. Light saturation and maximum net photosynthetic
rates, however, are closely dependent upon temperature (Scott and
Billings, 1964).

One great need to the understanding of photosynthesis and
respiration in alpine plants is more measurements under actual field
conditions. We made the first cones in 1958 using an infrared gas
analyzer at an elevation of 3,300 meters in the Medicine Bow Mountains
(Billings, Clebsch, and Mooney, 1966). BAmong the best of such field
measurements are those of Moser (1973) on Ranunculus glacialis,
Cerastium uniflorum, and Saxifraga bryocides on the Hoher Nebelkogel at
3,184 meters in the Austrian Tyrol above the village of Solden in the
Otztal. The value of these data lies in the detailed measurements for
periods of one to several weeks. More than 60% of the measurements were
made at temperatures ranging from -5 to +5 C.

Carbohydrate and Lipid Storage:

Characteristic of all alpine plants except the rare annuals is the
ability to store carbon compounds that are used in the following
season's growth. Most of these compounds are in the form of
carbohydrates stored in the roots and rhizomes of herbaceous perennials
(Mooney and Billings, 1960). Dwarf evergreen shrubs store a
considerable amount as lipids in old leaves (Hadley and Bliss, 1964).

Drought Resistance:
Alpine areas in western North America are prone to late growing

season drought. It should be possible to find drought-resistant
ecotypes along alpine mesotopographic gradients. In fact, Klikoff
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Effects of growth temperature on net photosynthesis (triangles) and dark respiration (dots) of three alpine and three arctic

Figure 4.

populations of Oxyria digyna. The dotted lines connect the mean growth temperatures {cold and warm) with the gas exchange

rates at those same temperatures.

Level connecting lines indicate that compensation is “ideal” in net photosynthesis of alpine

populations; the steep angle of the dotted lines in net photosynthesis of the arctic populations indicates only “partial” compen-

sation. Dark respiration compensates about the same in all populations; it is “partial” but approaches “ideal”.

1971).

{From Billings, et al.



(1965) found that photosynthesis in Calamagrostis Breweri in a moist
alpine site in the Sierra Nevada decreased almost to zero at leaf water
potentials below 1 MPa. On the other hand, Carex exserta from drier
sites on the same gradient was still photosynthesizing at 25% of maximum
at water potentials as low as 2 MPa. Oberbauer and Billings (1981)
measured plant water potentials on alpine plants of 29 species at 3,300
meters elevation in the Medicine Bow Mountains of Wyoming for an entire
growing season. Leaf water potentials were lowest in ridgetop plants
and highest in wet meadow plants. These latter showed leaf death at
water potentials below -1.5 MPa But, deep-rooted Trifolium Parrvi
plants on ridges and high windward slopes had maximum conductance at
water potentials as low as 1.7 MPa. We found that in conjunction with
leaf characteristics, root system patterns are very important. These
rooting differences and the diversity of habitats across topographic
gradients, along with summer reainfall, interact to permit the
maintenance of a diversity of species and water use patterns.

Onset of Dormancy:

As the summer wanes, plants rather quickly go into vegetative
dormancy. In QOxyria, we have found that arctic ecotypes begin to form
perennating buds at daylengths as long as 14 to 15 hours. Alpine
ecotypes under the same temperature conditions do not do this until the
daylength is down to 12 to 13 hours. No matter what the temperature,
all Oxyria plants will be dormant when the decreasing daylength reaches
about 11 hours. Daylength may be the principal dormancy cue in Qxyria
but it is not independent of low temperatures and/or drought. This
latter situation may be true of most alpine plant species. Without this
dormancy or hardening, alpine plants would not be in condition to
withstand the rigors of winter.

Reproductive Characteristics:

Almost all alpine plants produce flower primordia at least the
year before flowering and sometimes 2 to 3 years before. These pre-
formed flower buds insure that there is no delay in flowering after
snowmelt and that there is time for seed-set assuming that all other
environmental conditions are met. The pre-formed flower bud is an
almost universal arctic-alpine-subantarctic adaptation. Mark (1970) has
found them to be almost ubiquitous in the alpine plants of New Zealand;
these have evolved from an entirely different mountain flora from those
in the Northern Hemisphere.

Flowering in most alpine plants occurs from the pre-formed flower
bud within 10 to 20 days after snowmelt; it can be even quicker in those
around or beneath late-lying snowbanks. The speed and time of flowering
depends greatly on the time of snowmwlt in a given year and the air and
soil temperatures that follow. 1In QOxyria, and perhaps some other
species, daylength is also involved in the breaking of dormancy of the
flowering bud (Billings, in manuscript). Alpine ecotypes of Qxyria
bloom at photoperiods approximating the maximum daylength of the
latitude at which the population occurs. Those Oxyrias from the Arctic
require continuous light to break floral dormancy.
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PEOPLE AND ALPINE ECOSYSTEMS

People have been living or traveling through the high mountains of
the Northern Hemisphere for thousands of years, probably for much of the
Holocene, after the continental ice melted in Europe. However, there
are relatively few concrete details in time and space on true alpine
populations of human beings. Therefore, the discovery of a frozen
mummified man, complete with gear, exposed in September, 1991, at an
elevation of 3,200 meters, by the peripheral melting of the Similaun
Glacier inthe Tyrolean Alps is significant. The discovery site is not
far below the 3,525 m peak of the Finailspitze near the head of the
Otztal. Thus,the nickname "Otzi™ has been applied to him. The
discovery is the first solid evidence of the kind of people who lived
and hunted in these high mountains more than 5,300 years BP (Eijgenraam
and Anderson, 1991; Harrigan, 1992).

In Europe, particularly in the Swiss Alps and the mountains of the
Austrian and Italian Tyrol, people have lived for a long time in small
village populations as high as timberline. These higher slopes near
timberline and above provided transhumance pasturage for their sheep,
cattle, and goats during the summers. This latter activity led to
cutting of the trees for fuel and timber; such tree-cutting also
increased alpine pasturage. The net result is that the actual forest
limit today is about 100 to 200 m below potential forest line under the
present climate (Walter, 1973). The farmers still harvest the native
mountain meadow hay to feed the animals in small, stone-roofed "barns"™
during the long snowy winters. All of this is done very carefully by
these people who live in these mountains and know them very well --
as did their ancestors.

About the middle of the 19th century, two things happened which
resulted in some changes in this way of life. The first was the
introduction of the American potato which caused a minor population
explosion in the villages. The second was the beginning of an influx of
tourists during the summers and later during the winters as well:
climbing and downhill skiing. Tourism has continued to increase and has
brought in enough additional money to make certain lands more valuable
for hotels, lifts, and ski runs than for agriculture. Similar
situations in regard to tourism have brought financial gains but
vegetational damage throughout the Alps.

The village of Obergurgl at 2,000 meters elevation near the head
of the Otztal in the Austrian Tyrol is an example of how a changed
economy is affecting the life of the people and use of high mountain
lands in the Alps. Economic growth, spurred by an increase in tourism
after about 1950, has been expressed largely in the form of hotel
construction. Such construction not only has impinged upon the
surrounding agricultural meadow land but the increased number of
tourists is having considerable impact upon the alpine ecosystems.
Bunnell, et al. (1974) have produced the "Obergurgl Model" which could
be useful as a starting point in understanding how such modified high
mountain ecosystems will fare environmentally and economically under the
impact of increased numbers of people. It is important to maintain
alpine meadows not only for grazing but for the prevention of erosion
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and mudslides, and also for their aesthetic values. As in other high
mountain regions, increased pressure from people and domestic animals
and no increase in carrying capacity could lead to decreased
vegetational cover, an increase in ersosion, and loss of the native
biota. More recently, Moser and Moser (1986) have made a very thorough
study of the human and natural ecology of Obergurgl and its alpine
ecosystem. Their study could serve as an excellent model for similar
research on the places of people in our western mountains in this
country.

As contrasted with the Alps, the Rocky Mountains of western North
America were almost untouched by modern man until the middle of the 19th
century. Except for relatively slight effects by American Indian tribes
crossing these mountains during summers, these alpine ecosystems evolved
in the absence of man -- but in the presence of natural fires caused by
lightning. The small populations of migrating Indians probably did have
some influence in reducing populations in a few species of large
mammals. But, their major influence was probably within the fabric of
the natural ecosystem in regard to increased frquency and extent of
forest fires. Revegetation by forest after such fires is a matter of
two or three centuries except near timberline where revegetation is very
slow because of post-fire changes in snowdrift patterns resulting from
exposure to winter alpine winds (Billings, 1969; Earle, 1993).

European man's earliest influences during the first half of the
19th century were relatively slight and involved mostly the trapping of
beaver. The mountains remained wild. Mining and timbering activities
appeared in the latter half of the century. These were accompanied by
establishment of high mountain towns and mining camps. In addition to
local destruction of rock and soil, mine tailings, forest cutting, and
fires increased markedly. So, also, did hunting of large native
herbivores: deer, wapiti, mountain bison, bighorn sheep. Introduction
of domestic sheep at this time also subjected the alpine and subalpine
meadows to severe grazing pressure and erosion.

Alpine vegetation is very susceptible to trampling by people and
hooved animals, both domestic stock and native ungulates. The effects
of the many thousands of visitors to the National and State Parks in
North America and Europe lead to trail proliferation and eventually to
erosion especially in snowdrift areas and in some kinds of wet meadows.
Pioneer research on these effects on alpine vegetation in our western
National Parks include those of Willard and Marr (1970) in Rocky
Mountain National Park, Bell and Bliss (1973) in Olympic National Park,
and Hartley (1976, 1980) in Glacier National Park. Hartley's research
still continues. In Europe, Grabherr's (1982) pertinent paper describes
quantitative results on trampling on Hohe Mut, a mountain ridge at an
elevation of 2,550 to 2,650 m accessible by cable car from near
Obergurgl in the Tyrolean Alps of Austria. Grabherr foun that the most
sensitive plants on Hohe Mut were fruticose lichens. The dominant
angiosperms, Carex curvula and _Ligusticum mutellina did not disappear
completely even at a tourist frequency of 150 per meter of trail per
day.
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The most thorough field research on trampling effects on alpine
vegetation and trail formation by people is that of Hartley (1976) in
the meadows east of Logan Pass in Glacier National Park. His research
involves quantitative tourist load sampling, quantitative vegetation
mapping, and experimental trampling effects. He started his research
there in 1967 and still continues; the latest measurements on damage
and recovery were taken in July, 1992. It is truly long-term ecological
research.

Hartley's main conclusions as of 1976 and 1980 are:
(1) The local landscape at Logan Pass has changed conspicuously due to
building of amenities, educational facilities, and water supplies for
tourists.
(2) Animal life has been affected in various ways by the continued
closeness of people. This is true of grizzly bears, mountain goats, and
mountain sheep. Smaller animals including Columbian ground squirrels
and hoary marmots have adjusted to the presence of people, as have a
number of bird populations including the white-tailed ptarmigan.
(3) The herbaceous plant cover near Logan Pass has been reduced by human
activity, and the floristic composition has been changed by such
activity through the years. Aside from permanent structures, paved
roads, parking lots, and constructed trails, much of the remaining
vegetation has been trampled to some extent. Such damage is
particularly severe along trails and close to them. The degree of
vegetational damage depends on foot traffic interacting with the kind of
vegetation, slope, and wetness of soil. Wet meadows are often damaged
severely but may recover more rapidly also. Only a few people walking
in single file can create a new trail. If this is followed by other
groups, the damage is started. Some plant species are very sensitive
and can disappear very soon even under light use.
(4) Hartley constructed a useful model of the effects of trampling on
the physioclogical status of alpine vegetation under the stress of
trampling. Billings (1983) modified this model slightly; it appears
here as Figure 5. Primarily, it starts through physical damage to the
plants and the loss of photosynthetic tissue. Secondarily, then, energy
capture by leaves and thence by translocation to carbohydrate storage in
roots, rhizomes, and bulbs is severely hampered or stopped. Since these
are the perennating organs of the herbaceous plants, lack of re-growth
and reproduction can cause the local extinction of susceptible species.
These include Phyllodoce empetriformis, Senecio resedifolius, and to
some extent, the bulbiferous Ervthronium grandiflorum.
(5) The soils of the research area were damaged by trail traffic
resulting in compaction and subsequent erosion. Such soil destruction
makes vegetational re-establishment very difficult and slow. Depending
upon degree of soil damage and loss of plant reproduction potential,
revegetation and soil development may take centuries or even tens of
thousands of years in alpine ecosystems of the type near Logan Pass.

ALPINE ECOSYSTEMS OF THE NEXT CENTURY?

What are the problems likely to be? What environmental
"surprises™ await for these mountain ecosystems either locally or
globally? As Rosenberg (1986) entitled his paper, "A Good Crystal Ball
is Hard to Find!™. Will the global climate of the mid-~2lst century be
warmer than now as the carbon dioxide, methane, and other greenhouse
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Rate controller model of the impact of trampling by people on photosynthesis
and carbohydrate storage in subalpine and alpine vegetation near Logan Pass
in Glacier National Park, Montana. Slightly modified and redrawn from
Hartley (1976) and published in Bilings (1983). W = water status;
N = nutrient status; D = disease; H = herbivores; M = people.
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gases increase in atmospheric concentration? Or, what are the the
uncertainties in this regard? Local mountain environments will
certainly vary plus or minus in temperature trends from global means.
Some mountain regions possibly will be more cloudy or snowier than now;
others may be less cloudy and perhaps drier.

It is difficult enough to predict what the climates of the
lowlands will be in the next century with their thousands of first class
and long-term weather observing stations. But, as Barry (1992) reminds
us, there are relatively few mountain weather stations. These are
usually far between, and with records mostly spanning only the last
century or less. In the western North American mountains, there are
very few observing stations at all, and only two or three sufficiently
equipped with first rate instruments and personnel. One of these is the
INSTAAR station on Niwot Ridge established by Dr.John Marr in 1952.
Switzerland has many more and has had them for a longer time.

Good past records of weather observations at a given site are the
foundations upon which climatic predictions for that site can be made
from the best models. Therefore, we face a handicap in trying to
predict what the alpine weather and climate will be like in our
mountains in the middle of the next century.

Greenhouse Gases and Possible Climatic Change

Within this century, it is apparent that the global mean air
temperature is increasing. But, global warming, in spite of much
research and modeling efforts, is still rather unpredictable (Jones and
Wigley, 1990). True, atmosphéric carbon dioxide levels have increased
in the last two centuries from ca. 280 ppm by volume to almost 360 ppm
now. However, the longest consistent and detailed record in one place
(Mauna Loa, Hawaii) began only in 1958 (Keeling, et al., 1982) when the
CO2 concentration there was 315 ppm. There are now a number of other
global stations continuously monitoring atmospheric CO2 but with far
shorter records. '

Even though CO2 is the main and most abundant "greenhouse" gas,
there are several others of importance. Notable among these are methane
(CH4) which has more than doubled in the last several decades to over
1700 ppb (although within the last year its increase seems to have
slowed or stopped), nitrous oxide to 310 ppb, and the man-made
chlorofluorocarbons that did not even exist during the first half of
this century and now are ca. 1 ppb. The CFCs, of course, are also
primarily the causes of the breakdown of the stratospheric ozone layer
and the ultraviolet-B irradiation problem. (Rowland, 1989). The UV-B
problem itself is intensified in alpine regions especially in the
tropical high mountains (Caldwell,et al., 1980).

Jones and Wigley, (1990) calculate that the present global air
temperature is ca. 0.75 degree C warmer than it was in the early part of
this century. However, the yearly means are rtather erratic. All
models predict that warming will accelerate in the first half of the
21st century. But, there is considerable uncertainty as to how much of
an increase. By the year 2050, global mean air temperature could be
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somewhere between 2.0 to over 4.0 degrees C warmer than now on a global
basis. What does this mean for the high mountains of the earth?

Aside from the effects of global warming on the earth's alpine
ecosystems, there are the direct effects of increasing C02 levels on
photosynthesis and growth of mountain plants. Almost all plants at
high elevations in the mountains of the middle latitudes have the C3
photosynthetic pathway. Plants with the C4 mode of photosynthesis do
not operate well in thse cold summer temperatures, and are therefore
absent or extremely rare. Also, the direct effects of increasing
atmospheric CO2 on photosynthesis and growth favor C3 plants over those
with C4 metabolism (Strain, 1987). Strain also reports that water-use
efficiency increases as atmospheric C02 concentration increases. This
leads to stomatal closure causing transpiration to decrease at the same
time that photosynthesis is increasing. This improved plant water
balance in the C3 vegetation is estimated to increase water yield in
some mountain watersheds. This is yet to be proven.

Korner (1992) has studied the effects of climatic warming on
alpine vegetation in the Tyrolean Alps with special attention to the
interactions between rising C02 and temperature. He concludes that the
extent to which rising CO2 levels will result in increased primary
production and consequent changes in alpine vegetational patterns will
depend on trends in atmospheric and soil temperatures.

Recently, Korner (Korner and Diemer, 1994) has followed up on the
earlier research of Billings, Clebsch, and Mooney (1961) in comparing
high and low elevation populations of alpine-arctic plant species in
regard to photosynthesis under actual CO2 volumetric concentrations in
the atmosphere. Billings, et al. (1961) found that the high elevation
alpine populations of QOxyria digvna were more efficient in
photosynthetic utilization of low concentrations of C02 than sealevel
populations of the same species. Korner and Diemer, after their
experiments comparing high elevation populations of related species in
the Alps, conclude that alpine populations, because of their greater
photosynthetic efficiency at low CO2 concentrations, may obtain
relatively greater carbon gains in the CO2-enriched atmosphere of the
next century than comparable and closely related lowland species.

Increase in Ultraviolet-B (UV-B) Irradiation

The high mountains of the middle latitudesand the tropics have
always had an environment with strong fluxes of incoming solar
ultraviolet radiation. This downward flux is in spite of the screening
out of such radiation, especially UV-B, by the stratospheric ozone
layer. A key environmental danger is, therefore, severe sunburn or skin
cancer of many people who inhabit the mountains or ski and climb in them
in the clear, transparent air. Snow cover and ice, by reflection,
increase the irradiation of UV-B as received on the skin. Plants also
receive this irradiation; some leaves reflect it while others screen it
out by compounds such as flavonoids in the epidermis.

While this ultraviolet irradiation hazard has been present as

long as there have been high mountains, the UV-B gradient between the
polar mountains and those in the tropics increases curvilinearly toward
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the tropics. The Andes, the Himalayas, the Hawaiian volcanoes, and the
equatorial mountains of east Africa are examples of the steepness of
this gradient (see Figure 1). This increase toward the Equator is due
to a combination of increased mountain elevation, a thinner ozone layer
over the tropics as compared to that over the polar regions, and the
steeper angle of incidence of solar radiation as received at the earth's
surface in the tropics (Caldwell, et al. 1980).

The 20th century has seen drastic increases in UV-B irradiation
not only in the mountains but also at sealevel. It is now known, of
course, that the stratospheric ozone screen is breaking down, not just
over the tropics, but also in the polar regions over Antartica and the
Arctic. The cause is the continued accidental release of a product of
the mid-20th century, the man-made chlorofluorocarbon gases (CFCs or
"Freons"). As Molina and Rowland (1974) and their colleagues
discovered, these chlorine compounds escaping from aerosol cans,
refrigerators, and air conditioners into the atmosphere, rise to high
altitudes where they break down the stratospheric ozone molecules. This
is summarized in Rowland (1989). We still know relatively little of the
effects of solar and sky UV-B irradiation on the growth and
physiological processes of plants. However, Caldwell‘'s (1968) pioneer
work has set the stage for what we do know at present. And, his
research group and ours has continued to work on these problems with
particular reference to alpine and crop plants (Caldwell, et al., 1980,
1982; Billings,1984).

Reflectance of UV-B is generally less than 10% from glabrous
leaves. However, some species with glaucous or pubescent leaves reflect
a considerable fraction of the UV-B irradiance. In the very high UV-B
environment on the alpine summit of Haleakala (3,024 m.) on Maui, the
light-colored pubescent leaves of Geranium tridens reflect ca. 20% of
the ultraviolet irradiance across the UV spectrum from 290-400
nm. (Robberecht, et al., 1980) 1Its neighboring species in that barren,
open landscape, Argyroxiphium sandwicense (silversword or "ahinahina"),
reflects from its silvery appressed pubescence about 40% of the UV
across the same spectral gradient. Modification of epidermal
transmittance either by reflectance or absorbance resulting in lower UV-
B irradiance at the level of the mesophyll may represent one mechanism
toward acclimation by plants to UV-B radiation. It appears that plants
growing in a naturally high UV-B environment have developed genetic ways
that maintain reproductive phenology and carbon uptake in spite of
increased UV-B

Caldwell, et al. (1982) found experimentally, with several
ecotypic or species pairs from the arctic-alpine zone along the
Cordillera, that UV-B radiation inhibits photosynthesis. These taxa
included arctic and alpine ecotypes of Qxyria digvpa, the arctic
Taraxacum lateritium and a
Taraxacum sect. Mexicapum from 4,000 m. elevation in the Peruvian
Andes,and Lupinus arcticus from northern Alaska vs. L. meridanus from
the Venezuelan Andes at 3,000 m. .They found that the arctic ecotypes of
Oxyria, the arctic Lupinus, and the arctic Taraxacum were consistently
and significantly more sensitive to UV-B iiradiation than their southern
Rocky Mountains or Sierran ecotypes (Qxyria) or Andean counterpart
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species (Taraxacum, Lupinus) in regard to inhibition of
photosynthesis.The arctic taxa exhibited short-term fluorescence
transients indicating damage to the oxidizing side of Photosystem II in
the photosynthetic light reaction. There was no indication of this in
the alpine taxa.

Essentially, we can conclude that middle-elevation and tropical
alpine plants have evolved in the presence of high UV-B irradiation and
reflect or screen it out epidermally. Nevertheless, alpine UV-B is
likely to increase in the next decades. We do not know for sure what
this will actually mean in regard to the ecophysiology of alpine plants.

Possible Changes in Snowfall and Runoff

wind, snowdrift patterns, and meltwater runoff govern the local
distribution and community structure of most alpine-subalpine herbaceous
- and woody alpine plants since all can metabolize, grow, and reproduce
at low temperatures after thaw. Referring back to Figure 2 on the
effects of topography and wind force on snow, one can deduce that the
mountain mesotopograhic snow gradient controls alpine community
structure and vegetational pattern (Billings, 1973). Meltwater meadows
lying below relatively early-melting snowdrifts are the most
productive alpine and subalpine ecosystems (Billings and Bliss, 1959).

Precipitation types and regimes of the next century are more
difficult to predict than atmospheric C02 concentrations or changes
in temperature.in regard to the earth as a whole. Such predictions
are even more difficult in mountains than elsewhere because of the
complexity of topographic, geographic, and atmospheric factors
involved. Certainly, whether or not precipitation, particularly
snowfall, increases or decreases in the western North American
mountains, there will be considerable impact on runoff as it affects
urban water supplies and agricultural irrigation water in these arid
and semi-arid lowland regions. 1In all such dry regions in the
middle latitudes, water supply is largely dependent on mountain
snowpacks, and especially so now that subterranean aquifers are
being depleted.

Migrations of Species in Response to Warming

The upward movement of timberlines in the western North
American Cordillera could eventually result in smaller and less
continuous mountain peak and high ridge "islands"™ that would decrease
the opportunities for migration of the alpine biota either north or
south. In colder climates of the past, these Corxdilleran routes
were open and available to many cold-tolerant species of plants,

a situation that has already been reduced in the last two or three
centuries. Some species will become extinct, locally at least,

but others migrating up from below may take their places and change
the composition and functioning of the ecosystem.

As an example, Hofer (1992) has tabulated lists of vascular
plant species on 14 peaks in the Bernina region of the Swiss Alps
between the years 1905 and 1985. On 12 out of the 14 peaks, in the
subnival and nival zones, significant immigration of species from
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below has occurred in that period of 80 years in this century. All
the adventive species now present at the end of those 80 years are
typically alpine or arctic taxa with seeds mostly distributed by

wind. The average number of species per peak has increased from

16 to 28. Hofer attributes this increase to the rise in temperature
on these mountains in this century and the retreat of glacial and firn
ice. The rise in temperatures between 1911 and 1990 in the higher
zones of the Alps is ca. 0.6 to 0.8 degrees C. Rubel (1912) reporting
on'his 1905 survey that is the initial basis of Hofer's comparison,
listed 70 species of vascular plants above timberline on 20 Bernina
peaks. Hofer, using only 14 of these 20 peaks, now has found 108
species. Only. one peak, Piz Languard at 3,261 m.,has fewer species
now than found by Rubel in his 1905 census. Apparently, in the
Bernina Alps, immigration from below has dominated considerably

over extinction during this century.

MOUNTAIN CLIMATIC CHANGE? THINGS TO DO NOW

1. Establish, census, and maintain permanent plots and transects on LTERs and
elsewhere.

2. Remote sensing of larger areas.

3. Continuous ground truth documentation of vegetation, flora, and biotic
populations.

4. All of the above, both within ecosystems and across ecotones.

5. Continuous measurements of environmental factors with attention to notable
changes in temperature, precipitation, and runoff.

6. Make predictive models using all physical and biotic information from the
above data.

MY GENERAL BIOSPHERIC CONCLUSIONS

In the last two or three centuries, within the span of the Industrial Revolution,
there has been a "speed up” of environmental and biospheric change that, in many cases,
is almost logarithmic in progression. Much of his acceleration has been caused by
well-documented changes in composition and temperature of the atmosphere. Extinction
and migration of the biota are also increasing; much of this is due to deforestation. As a
result, these latter centuries have been filled with biospheric "surprises” that were not
expected, not predicted, and that have changed our world. These surprises also include
human population increases and wars.

In the last decade, much attention has been given to the question "Are ecosystems
and the biosphere sustainable?” (Clark and Munn, 1986; Lubchenco, et al., 1991).
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This is not a trivial question. The future of the earth as a habitable place depends upon
the answer. Lubchenco and her committee propose three research priorities: (1)
Ecological causes and consequences of global change in all its aspects; (2) Ecological
determinants and consequences of biological diversity and the effects of global and
regional changes on such diversity; (3) The management of sustainable ecological
systems and the interface between ecological processes and human social systems.

The implementation of this very important and complex research program on earth
ecology is spelled out in detail in Lubchenco’ committee report.

The most succinct and to the point approach to the question of the principles
of ecosystems sustainability is that of Chapin (1993). He defines "a sustainable
ecosystem as one .... that maintains its characteristic diversity of major functional
groups, productivity, and rates of biogeochemical cycling in the face of some
disturbance". Such a system occurs when negative feedbacks tend to maintain the
current characteristics of an ecosystem; positive feedbacks hasten change away from
stability and the status quo.

Can future biospheric characteristics and interactions be predicted? At this
period in time, estimates of approximate values and fluxes can be attempted by
monitoring changes of all kinds on a global basis by experiments both in the field and
under controlled conditions using intact or synthetic microcosms of native species
and by mathematical modeling. Facts are necessary to all of these approaches. We must
conserve all sources of these facts ("information") before they are lost forever:
genetic,environmental, populational, communities, ecosystemic, and people, all in the
broadest sense. And, we must be ready for surprises.

Beyond all this, cooperation is needed between and among all the sciences
including ecology and economics, between the sciences and politics ("governments”), and
among nations. The "braided stream" flows on, and ever faster.
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ABSTRACT

Numerous anthropic disturbances have occurred in Rocky
Mountalin Natlonal Park (RMNP). A goal of the National Park
Service is to restore these disturbed areas to late-seral
conditions. In order to minimize further anthropic
influences, the restoration technique of choice is natural
secondary succession. We began studies in 1991 to evaluate
patterns and rates of secondary succession in RMNP. We
located 58 sites where anthropic disturbances such as
homesteads, sawmills, and lodges had occurred and selected 18
for sampling. We evaluated recovery by comparing vegetation
and soll characteristics on these sites to those on nearby
reference areas.

our results suggest that natural secondary succession is an
effective method of vegetation restoration on many sites in
RMNP, but that successional dynamics are influenced by
intensity and size of disturbance. Our data indicate that
unaided secondary succession requires approximately 100 years
in grasslands and shrublands and 200-300 years in forests to
redevelop appropriate late-seral communities. Sites that have
been intensively impacted may require some artifical
restoration efforts to redevelop appropriate communities
within these time spans.

INTRODUCTION

Rocky Mountain National Park was established in 1915 to
perpetuate the natural ecosystems within the Park in as near
pristine conditions as possible. Prior to its establishment,
numerous anthropic disturbances occurred on sites now within
RMNP. In addition, some settlement and private recreational
activities continued after 1915, and some privately-owned
properties still remain within Park boundries. It has been
the policy of the National Park Service (NPS) since the
earliest days of RMNP to acquire these properties whenever
possible and to remove most buildings after acquisition.

The anthropic disturbances varied considerably as to type,
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intensity, and duration of disturbance. Disturbances included
mines, homesteads, sawmills, roads, settlements, lodges,
cabins, camps, a ski-slope and 1lift, a golf course, livestock
grazing, haying, and an asphalt mixing plant. Some of these
activities began in the 1870s. Logging and most mining
operations ended around 1920, but ranching operations
continued on some homesteads until the mid-1930s. Large-scale
removal of settlements, lodges, and cabins began in the 1930s
and continued through the 1960s. This process of removal of
buildings continues to date as additional sites are acquired
by the NPS.

A primary goal of the NPS is to restore disturbed sites to
apropriate late-seral conditions with a minimum of additional
human impact. To do so, it 1is necessary to reasonably
estimate the rate and degree of recovery via natural secondary
succession. If secondary succession on anthropic disturbance
sites 1s progressing at an acceptable rate and in an
acceptable direction, natural secondary succession would seem
to be the restoration technique of choice because it would not
further contribute to human impact. However, if mnatural
secondary succession proceeds too slowly, or if it results in
an undesirable plant community occupying the site, artifical
restoration efforts, of some degree, are required.

In 1991, RMNP funded a set of research projects to study
successional dynamics on anthropic disturbance sites in the
Park. In particular, RMNP personnel were interested in
developing quantitative estimates of the rates and patterns of
secondary succession on as many anthropic disturbance sites as
possible in RMNP and determining if abandoned roadways
provided unique or especially difficult sites for vegetation
restoration via natural secondary succession. In this report,
we will present results of a preliminary analysis of data from
our study of rates and patterns of secondary succession on
anthropic disturbance sites.

OBJECTIVES
There were three objectives to this project: 1) to locate
and mark as many anthropic disturbance sites as possible, 2)
to compare vegetation and soil characteristics of these sites
with adjacent reference sites, and 3) to estimate successional
dynamics and recovery rates from these data.

METHODS

An inholding file is maintained in the RMNP Library. This
file contains historical information on most properties in
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RMNP acquired by the NPS after establishment of the Park and
information on many of the sites included in RMNP at the time
of establishment. We used information contained in these
files to determine specific locations of some anthropic
disturbances and general locations of a number of others. The
files contained information on a total of 166 anthropic
disturbances. A list of 85 possible initial sampling sites
was compiled from the larger list .and consisted of 10
settlements, 7 sawmills, 12 lodges or major homesteads, 19
cabins or minor (short-term) homesteads, 33 shelters or
temporary cabins, and 4 roads or major ditches. Discussions
with Park personnel were conducted relative to sampling
priorities based on these two 1lists. A short-list was
developed from the list of 85 sites and was used to establish
sampling priorities.

A total of 58 disturbance sites were located in the field
and each site was marked with a steel rebar-stake. One of
three criteria were considered necessary to establish a
disturbed site location. 1) The inholding files contained
photographs of some of the structures, taken while the
structures were in use or at the time of removal. If these
photographs were available, verification of the site could
often be made based on landscape features in the photograph.
However, we also required physical evidence at the site (e.g.,
cans, broken glass, foundation stones) before we considered
the site to be verified. 2) Physical evidence of a building
(e.g., boards, nails, broken window glass, foundation stones,
sheet metal) was considered sufficient to establish a site
location. 3) Other types of debris were considered sufficient
if they were of a type consistent with the disturbance (e.g.,
broken tools, saw blades, broken dishes, pieces of furniture).
Perhaps the most common types of debris were cans, wire, and
broken glass. However, these were not considered sufficient
evidence unless in large quantities (suggesting a dump site)
or in association with other debris (such as boards or window
glass) because cans and bottles could have been transported to
the site by water or cast down by campers or hikers.

The 58 sites consisted of 13 homesteads, 5 sawmills, 4
camps, 7 lodges, 23 cabins, 2 mines, and 4 stores. Elght of
these sites had not been previously recorded, the precise
locations of another 10 had not been previously recorded, and
the locations of another 2 had been incorrectly mapped. Time
limitations precluded sampling on the west side of RMNP, all
but one of the 58 sites being east of Milner Pass.

Eighteen of the 58 sites were selected for sampling. These
conslsted of 6 grassland, 6 shrubland, and 6 forest sites
(Table 1). Selection of these sites was based on ecological
and management goals. Effort was made to include as many
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Table 1. Descriptions of 18 disturbance study sites, Rocky
Mountain Natiomnal Park, Colorado.

Site

Ecosystem Elevation Years Since

Type of

Type (m) Disturbance Disturbance
Barnes Homestead Grassland 2570 59 Homestead
Osborn Homestead Grassland 2570 59 Homestead
Horseshoe Cabins Grassland 2580 62 Cabins
Horseshoe Inn Grassland - 2590 60 Lodge
Ashton Homestead Grassland 2640 46 Homestead
Mill Creek RngSta Grassland 2750 33 Ranger Sta
Hupp Homestead 1 Shrubland 2560 59 Homestead
Hupp Homestead 2 Shrubland 2560 59 Homestead
Hollowell CCC Shrubland 2590 48 Camp
Mill Creek Sawmill Shrubland 2600 101 Sawmill
Allens High Drive Shrubland 2620 60 Store
Lynch Cabin Shrubland 2770 33 Cabins
Hollowell Cabin Forest 2600 101 Cabin
Mill Creek Cabin Forest 2620 84 Homestead
Horseshoe Rng Sta Forest 2650 64 Ranger Sta
Hidden Valley Swm Forest 2690 82 Sawmill
Bear Lake Lodge Forest 2910 29 Lodge
Fern Lake Lodge Forest 3000 17 Lodge

Table 2.

Mean canopy cover (%) of lifeforms and mean species

richness on reference (Refr) and on disturbed (Dstr)
sites in three types of ecosystems in Rocky Mountain
National Park. Values are means of 6 sites per column.

Grassland Shrubland Forest Total

Refr Dstr Refr Dstr Refr Dstr Refr Dstr
Trees 3.4 6.4 5.9 4.6 59.3 29.4 24.4 13.5
Shrubs 0.9 2.1 21.0 16.9 5.9 6.8 9.7 8.6
Grasses 35.2 41.1 28.8 33.1 4.3 12.4 22.0 29.0
Forbs 32.5 25.4 14.4 13.6 10.6 18.9 18.4 19.3
Lichens/moss 1.7 1.9 3.5 2.8 3.1 7.2 2.8 5.1
Total 74.6 79.1 74.6 71.0 83.0 74.8 77.6 75.0
Species 34.6 36.6 - 33.0 35.7 18.8 26.2 28.5 32.8
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sites as possible in order to increase the scientific value of
the sampling and the usefulness to the NPS in making
management decisions. Important considerations in site
selection included: 1) a gradient in general landscape types
was desired, 2) sites were selected to allow for maximum
chronosequence gradient sampling, 3) sampling was concentrated
on a single type of disturbance (i.e., buildings), 4)
sufficient replication for adequate statistical analysis was
required, and 5) specific sites important in Park management
considerations were included.

At each site, the disturbed area was delineated on the
ground as clearly as possible, based on historical information
and visual evidence. Ten permanent line transects were placed
at each sampled site, with the transects placed equidistantly
along, and perpendicular to, the longest axis through the
site, and extending across the disturbed area. Care was taken
to assure, as much as possible, that the entire area within
the grid was within the disturbed area.

Canopy cover, by species, was estimated at 1-m intervals
along seven of the ten transects per site. - These seven
transects were randomly selected and the remaining three
transects were used for biomass and soil sampling. Two 10-cm
deep so0il samples were taken from randomly located points
along each of the three biomass/soil transects and the sample
analyzed for texture and chemical properties (pH, CEC, % OM,
available N, and available P). The plant biomass and soil
data will not be presented in this report.

A reference area was selected near each sampled disturbed
site such that the two areas (disturbed and reference) were as
ecologically similar as possible except for the disturbance.
The vegetation and soils of the reference area were sampled in
the same manner as for the disturbed area. It should be noted
that the reference area can not be considered an undisturbed
area. It likely was disturbed to some degree by activities
associated with the nearby disturbance. For example, if the
disturbance was a homestead, the reference area was probably
impacted by grazing. If the disturbance was a sawmill, the
reference area may have been logged. However, there was no
evidence, physical or vegetative, that structures were located
on, or adjacent to, the reference area. The purpose of the
reference area was to provide a measure of what the disturbed
area might have been like had the disturbance structure not
been present.

Paired-t tests were used to determine if there were
significant differences between mean canopy cover of each
major species and each soill variable from disturbed and
reference areas at each site. Differences in means of minor
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speclies were not tested for significance because of the high
probability that these values are not normally distributed.
Analysis of variance (ANOVA) was used to test the significance
of differences among sites.

A similarity index was computed for each disturbed site to
estimate recovery. Canopy cover, by species, was compared
between disturbed and reference areas at each site. The
smaller values of each pair were summed and the sum divided by
the total canopy cover of the reference area. This quotient
was termed the recovery index score for that site. This
results in a very conservative estimate of recovery because it
requires the disturbed area to return to exactly the same
species composition as the reference area. This is not likely
to happen since no two portions of the reference area itself
are likely to be exactly the same.

A second index was therefore computed for each site, in
which the recovery standards were not as strict. The second
index was computed in a similar manner to the first, except
that the canopy cover value, by species, on the disturbed area
was compared to the 95% confidence interval of the mean canopy
cover value for that species on the reference area. This
method allows for some variation among transects to be
included in the index score. However, only the first index
will be presented in this report.

Recovery rate (% per year) was estimated by determining mean
annual rate of recovery (recovery index/number of years since
disturbance) and multiplying this number by 100. This value
assumes a linear relationship between rate of secondary
succession and time, which may not be accurate (Whipple and
Dix 1979, Leps 1987). Studies of rate of successional
recovery 1in other ecosystems give mixed results, some
suggesting more rapid rates initially (Aplet et al. 1988),
some slower initial rates (West et al. 1984), and some
relatively constant rates (Collins et al. 1987). However,
since the values used in this study were point estimates
(sampled at only one point in time), only these simple
estimates are possible from the data set. More complex
response curves can be estimated from the literature or could
be computed if data are collected from these sites over time.

Estimated time to full recovery was computed from recovery
rate. Recovery rate, expressed as percent, was divided into
100 to give number of years for full recovery of the disturbed
site. Like the recovery rate estimate,  this was a simple
linear relationship, which is probably too simplistic.
However, it is a quantitative estimate that can be recomputed
as additional data become available. Simple linear regression
analysis was then used to test the significance of the model:
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Percent recovery = a + b(years since disturbance).

RESULTS AND DISCUSSION
Species Composition

Overall, composition by lifeforms was similar between
reference and disturbed areas 1in grassland and shrubland
ecosystems after an average of 57 years of secondary
succession (Table 2). Webb et al. (1987) reported a similar
recovery time for structural redevelopment in arid shrublands
in the Mojave Desert (46-64 yr).

Disturbed forest ecosystems had not recovered as well as
grassland and shrubland ecosystems. Canopy cover of trees was
less than half that of reference areas and canopy cover of
herbaceous species was twice that of reference areas after an
average of 63 years (Table 2). Species richness between
reference and disturbed areas was similar in both grassland
and shrubland ecosystems but was higher on disturbed forest
sites than on reference forest sites (Table 2). .

Although there were only minor differences between reference
and disturbed grassland and shrubland areas based on lifeform,
there were major differences based on species composition
(Table 3). Reference grassland areas had higher amounts of
the native grasses Bouteloua gracilis and Muhlenbergia montana
and lower amounts of the non-native grasses Bromus inermis and
Poa pratengsigs and the native grass Stipa comata than did -
disturbed grasslands. Reference shrubland areas had higher
amounts of the late-seral shrubs Artemisia tridentata and
Purshia tridentata, the late-seral grasses Agropyron spicatum
and Muhlenbergia montana, and the forbs Potentilla pulcherrima
and Thermopsgis rhombifolia than did disturbed shrubland areas.
Disturbed shrubland areas supported higher amounts of the
grasses Agropvron smithii, Festuca ovina, and Stipa comata and
the early-seral forbs Artemisia ludoviciana and Grindelia
squarrosa than reference shrubland areas.

Reference forest areas had higher amounts of the trees Abies
lasiocarpa, Picea pungens, Pinus contorta, and Pinus ponderosa
than disturbed forest areas and disturbed forest areas had
higher amounts of Populus tremuloides (Table 3). Although
both areas had the same amount of shrub cover, species
composition was different. Vacclnium sp. was most abundant on
reference areas and Juniperus communis on disturbed areas.
Disturbed forest areas also had more herbaceous cover than
reference areas (Table 2). Eight species contributed most of
this difference: two grasses Agropyron spicatum and Poa
pratensis and six forbs Achillea lanulosa, Artemisia
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Table 3. Mean canopy cover (%) of major species on reference
(Refr) and on disturbed (Dstr) sites in three types
of ecosystems in Rocky Mountain National Park. Values

are means of six sites per colummn.

a trace amount (< 0.05%).

indicates

Grassland
Refr Dstr

Shrubland
.Refr Dstr

Forest
Refr Dstr

Abies lasiocarpa
Picea pungens

Pinus contorta

Pinus ponderosa
Populus tremuloides
Pseudotsuga menziesii
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ludoviciana, Aster foliaceous, Carex sp., Chrysopsis villosa,
and Solidago spathulata.

These results suggest two important aspects of successional
dynamics on these sites. First, disturbed grassland and
shrubland ecosystems may recover thelr primary structural
characteristics fairly rapidly (< 50 yrs) as evidenced by
similar canopy cover of lifeforms hetween reference and
disturbed areas, but species composition takes much longer to
recover. This may also be true of disturbed forest
ecosystems, but the time required for even structural recovery
is longer than that sampled in the chronosequence reported
here. Second, non-native and "weedy" species are much more
abundant on anthropic disturbance areas than on reference
areas, even after an average of 60 years. Of the four non-
native grasses listed in Table 3, disturbed areas had an
average canopy cover of 16.4% compared to 8.6% on reference
areas. Of the five forbs normally considered to be early-
seral or "weedy", disturbed areas had an average canopy cover
of 5.0%, compared to 3.6% on reference areas.

Recovery Rates

Overall, the mean time since disturbance was 59 years and
the mean recovery index score was 0.442, suggesting a mean
recovery time of 161 years (Table 4). Disturbances occurred
on the grassland sites 33 to 62 years ago and recovery rates
ranged from 1.2% per year on the most recently disturbed site
to 0.7% per year on the oldest (Table 4). Mean estimated time
to recovery of disturbed grassland sites was 112 years (Table
4). Based on soil organic matter, Dormaar et al. (1990)
estimated that recovery of previously cultivated grasslands in
southern Alberta through natural succession may take 75-150
years.

Shrubland sites, which were all dominated by big sagebrush
(Artemisia tridentata), had a longer period of disturbance and
a rate of recovery that was approximately equal to that of the
grassland sites. Mean estimated time to recovery of disturbed
shrubland sites was 119 years (Table 4). This compares
favorably with the rate of recovery (130 years) estimated by
Carpenter et al. (1986) for upper elevation sagebrush/juniper
shrublands in the Mojave Desert.

Forests had slower rates of recovery, although the
differences between forests and grasslands and forests and
shrublands were not sgignificant because of the high
variability in the forest data set (Figure 1). Three forest
sites had estimated recovery rates similar to those of
grassland and shrubland ecosystems and three forest sites had
much slower recovery rates (Table 4). Two of the forested
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Figure 1. Mean annual recovery rates, overall and by ecosystem type,

of disturbed sites in Rocky Mountain National Park.
Values are means of 18 sites overall and 6 sites for each
ecosystem type. Error bars represent 95% confidence
intervals of the means. Letters above bars indicate
significance of differences in means (95% level, Tukey's
Mean Separation Test).
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Table 4. Recovery index scores and rates of recovery for 18
disturbed sites in Rocky Mountain National Park,
Colorado. Years refers to number of years since
disturbance. Recovery rate is the recovery index
score divided by number of years since disturbance,
multiplied by 100 (mean annual percent basis).
Estimated years to full recovery is number of years
from disturbance, based on recovery rate. '

Site Ecosystem Years Recovery Recovery Estmtd
Type Index Rate Years
Score (%/yr) To Full
Recovery
Mill Creek Ranger Sta Grassland 33 0.394 1.19 84
Ashton Homestead Grassland 46 0.438 0.95 105
Barnes Homestead Grassland 59 0.447 0.76 132
Osborn Homestead Grassland 59 0.579 0.98 102
Horseshoe Inn Grassland 60 0.565 0.94 106
Horseshoe Cabins Grassland 62 0.420 0.70 143
Lynch Cabin Shrubland 33 0.214 0.65 154
Hollowell CCC Camp Shrubland 48 0.321 0.67 149
Hupp Homestead 1 Shrubland 59 0.542 0.92 109
Hupp Homestead 2 Shrubland 59 0.573 0.97 103
Allens High Drive Inn Shrubland 60 0.693 1.15 87
Mill Creek Sawmill Shrubland 101 0.898 0.89 112
Fern Lake Lodge Forest 17 0.187 1.10 91
Bear Lake Lodge Forest 29 0.257 0.89 112
Horseshoe Ranger Sta Forest 64 0.677 1.06 94
Hidden Valley Sawmill Forest 82 0.344 0.42 238
Mill Creek Cabin Forest 84 0.133 0.16 625
Hollowell -Cabin Forest 101 0.282 0.28 357
Mean of grassland sites 53 0.474 0.92 112
Mean of shrubland sites 60 0.540 0.88 119
Mean of forest sites 63 0.313 0.65 253
Overall mean 59 0.442 0.82 161
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sites with rapid recovery rates, Fern Lake Lodge and Bear Lake
Lodge, were relatively recent disturbances (Table 4) and the
sites were at relatively high elevations (Table 1). This
suggests that there is a rapid initial recovery pulse under
upper elevation climatic conditions. This rate of recovery
may slow significantly as the trees begin to mature.

The third forest site with a rapid recovery rate, Little
Horseshoe Ranger Station, was at a lower elevation (Table 1),
but was a relatively small disturbance surrounded by an intact
lodgepole pine forest. Lodgepole pine (Pinug contorta) has a
relatively rapid initial recovery rate compared to spruce
(Wwhipple and Dix 1979, Romme and Knight 1981) which, with the
small area involved, might explain the rapid recovery rate at
this site.

The remaining three forest sites were at approximately the
same elevation as the Little Horseshoe Ranger Station site,
but were in (Hidden Valley Sawmill and Mill Creek Cabin) or at
the edge of (Hollowell Cabin) spruce forests. Their rates of
recovery were much slower than the other three forest sites,
but were similar to values reported in the literature for
western coniferous forests (Whipple and Dix 1979, Romme and
Knight 1981, Aplet et al. 1988, Boone et al. 1988).

A simple linear regression analysis of percent recovery as
a function of time since disturbance was highly significant
and resulted in an r? of 0.81 (Figure 2), when using the 15
sites with recovery rates > 0.7 (Table 4). A second linear
regression using five of the six forest sites (excluding the
Little Horseshoe Ranger Station site) also resulted in a
highly significant regression, but one with a slope much less
than that of the first regression (Figure 2). These results
suggest that there is a major difference between recovery
rates on forests and those on grasslands and shrublands.

CONCLUSIONS

‘Our results indicate that natural secondary succession is an
effective method for vegetation restoration in RMNP on sites
where the primary anthropic disturbance was a building. We
estimate that such sites in grassland and shrubland ecosystems
will take approximately 100 years to recover to a level
similar to the vegetation on adjacent sites that did not
support such buildings. Disturbed sites in forest ecosystems
will take longer to recover, perhaps on the order of 200-300
years.
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ABSTRACT

Plant community development was examined in response to various restoration
approaches on an abandoned road in Grand Teton National Park in northwestern
Wyoming. Various restoration methods, ranging from minimal to intense manipulation,
were tested over a four year period. Experimental treatments included seedbed
scarification, fertilizing, seeding (indigenous vs. commercial natives), topsoiling and
mulching. Plant cover and production were estimated and soil physical attributes (bulk
density, infiltration, aggregate stability) were tested to determine the effect of soil
properties on restoration efforts. The specific vegetation data from the fourth year of the
study are presented, along with seasonal plant community trends from the entire study.
Soil properties have been identified that contribute to restoration success on various
treatments.

In summary, four years of study has identified several experimental treatments
which are capable of restoring the disturbed plant community to a composition and
appearance that is similar to the undisturbed community. The use of topsoil in
conjunction with indigenous seed and natural recolonization were successful in achieving
an acceptable plant community. In absence of topsoil, soil ripping and seeding with
indigenous plant materials were successful in developing a plant community that should
approximate undisturbed community characteristics, with time.

INTRODUCTION

Disturbances within National Parks may occur both npaturally and anthropogenically
within the same ecosystem. Disturbances typically vary in both intensity and size and
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may require different restoration approaches to restore natural plant communities which
represent local genetic resources. The National Park Service (NPS) philosophy for plant
community restoration varies from Park to Park; however, the underlying theme is to
utilize natural regeneration; or, if seeding is desired, the seed should originate from local
plant communities. The NPS has recently developed cooperative agreements with
various SCS plant materials centers to propagate and increase seed stocks of a select
group of species to facilitate restoration.

Considerable research has been conducted regarding traditional reclamation
techniques for disturbances in the western U.S. Research has concentrated on the
positive effects of topsoil (Packer and Aldon 1978 and Hargis and Redente 1984); amount
of topsoil required (Barth and Martin 1982 and Schuman et al. 1985) and the relationship
between topsoil and plant community development (Stark and Redente 1985, Depuit 1984
and Pinchak et al. 1985).

Cultural practices such as scarifying (Hodder 1975, 1978, 1979 and Richardson
1979) pitting and furrowing have also been evaluated relative to moisture conservation,
increased infiltration, and compaction reduction. These techniques have proven
successful in providing increased soil moisture, reducing compaction, and improving
seedbed characteristics in semiarid environments. Various mulching materials have also
been evaluated (Packer and Aldon 1978 and Cook et al. 1974) relative to erosion control,
moisture conservation, and nutrient cycling relationships.

The appropriate selection of plant materials has been a long standing dilemma
facing restoration/reclamation specialists. Plant material selection for disturbed lands
should ultimately be based on climate, soils, adaptability to disturbed conditions, and
management of reclaimed lands (Thornsburg and Fuchs 1978 and Depuit 1988). These
considerations perpetuate the use of introduced materials combined with commercially
available natives for successful revegetation. Very little research has been conducted
relative to the use of indigenous (locally collected) plant materials.

The objectives of this research were intended to evaluate common reclamation
approaches and identify suitable methods for restoring abandoned roads in Grand Teton
National Park, Wyoming. The specific objectives included the following: 1) determine
if topsoiling, scarifying, and mulching can promote community development similar to
undisturbed conditions, and 2) compare the response of indigenous plant materials
(collected locally) to commercial natives.

METHODS AND MATERIALS
Study Site
The study was conducted in Grand Teton National Park near Jackson, Wyoming;
T.44N., R.115W., Sec. 31, west of the 6th Principal Meridian (Figure 1). The test plot

was located within the disturbed tracks of an existing abandoned homestead road at an
elevation of 2075 m.
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Location of Study Area in Grand Teton National Park.
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Local Climate, Soils, and Vegetation

The climate of the study area is typically semiarid with hot, dry summers and cool wet
winters. Average annual precipitation is 68 cm (486 cm of snowfall) with a mean annual
temperature of 2.2° C. Soils characterizing the site are classified as loamy-skeletal,
mixed typic Cryoborolls and sandy-skeletal, mixed typic Cryoborolls. The soils have
formed on stream terraces and alluvial fans as well as glacial outwash materials from the
Teton Range (Soil Conservation Service 1982). The soils of this area are characterized
as being well drained with moderate permeabilities. The topography is nearly level to
gently sloping. The undisturbed plant community surrounding the study site was
described by Sabinske and Knight (1978) as a low sagebrush - big sagebrush mosaic.

Experimental Design

The study was designed as a completely randomized block, with 14 treatments replicated
four times. The dimensions of treatments 1-8 are 0.6 m x 6 m to fit within the
individual road tracks. Treatments 9-14 were 2.5 m x 6 m or the entire width of the
road. The 14 treatments tested are listed below.

Treatments

Control

Control and aspen/cedar woodchip mulch (=45 Mg ha)

Indigenous seed (collected within the Park) and brush beating

Commercial seed

Scarifying (30 cm)

Scarifying and rock raking

Scarifying, 55 kg P ha, indigenous seed and brush beating

Scarifying, 55 kg P ha’, commercial seed

Topsoil (15 cm), scarifying

10. Topsoil (15 cm), scarifying, 55 kg P ha

11. Topsoil (15 cm), scarifying, 55 kg P ha’, indigenous seed and brush beating
12. Topsoil (5 cm), scarifying, 55 kg P ha’, indigenous seed and brush beating
13. Topsoil (15 cm), scarifying, 55 kg P ha'!, commercial seed

14. Topsoil (15 cm), scarifying, 55 kg P ha”, indigenous seed and mulch

WO N R W=

Test Plot Construction

The test plot was constructed in October 1988. The vegetation separating road
tracks was removed from those areas designated for treatments 9-14 and topsoil was
placed on the respective subplots and spread to either 5 or 15 cm. Topsoil was obtained
from exposed lake bottom soils during reconstruction of the Jackson Lake dam. Soil
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analyses indicated that topsoil and road substrate materials were similar both texturally
and nutritionally (Table 1).

Respective treatments were scarified to a depth of 30 cm with a motor grader.
Scarification was included as a treatment to reduce compaction. Phosphorus (triple
superphosphate) was applied across all treatments (except treatments 1 and 2, control and
mulch) at 55 kg P ha!. A subset of these treatments received an additional 55 kg P ha
as a fertilizer treatment. Nitrogen was applied at the rate of 22 kg N ha! to all
treatments to serve as a source of available N for initial growth. Rock raking was
included as a treatment to asses the impact of surface rock on recolonization. A hand
rake was used to remove the large cobble and rock from the treatment.

The seeded treatments were broadcast at approximately 35 kg of pure live seed
per hectare. The seed was covered by raking to assure adequate seed burial. The
seeding treatments consisted of plant materials from indigenous sources of seed and from
a commercial source (Table 2). The indigenous seed came from seed collections and
brush beating operations within the Park in 1988, while the commercial seed represented
improved cultivars or was obtained from similar environments (i.e. elevation and
climate). A brush beating operation was included as an attempt to incorporate additional
seed materials to respective treatments. Plant materials in the adjacent sagebrush
community were mowed, gathered and distributed on the test plot.

Experimental plots were mulched using woodchips consisting of 2 parts aspen and
1 part red cedar shredded to approximately 5 cm in diameter. Mulch was applied at
approximately 45 Mg ha! which resulted in uniform soil coverage to a depth of 2.5 cm.

Vegetation Sampling

Plant cover on the test plot was estimated by species during four growing seasons
from 1989-92 and production was estimated during the 1992 growing season. Sampling
was conducted during the period of peak growth in late July. Plant cover was visually
estimated to the nearest one percent using a 20 cm x 50 cm quadrat (0.10 m?) randomly
placed along a transect through each treatment (Bonham 1989). Production was
estimated by clipping all plant materials within a 20 cm x 50 cm quadrat at ground level.
All treatments were sampled until sample adequacy was met. Treatment mean cover
values were generated by averaging all quadrats within each treatment and replicate to
develop species mean cover values and total foliar cover values. Cover values estimated
at less than one percent were recorded as trace values.
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Table 1. Soil analysis comparisons between topsoil and roadbase soil materials.

Paste E.C. Lime oM. NO,- Pa K Zn Mn Cu
N
Sample pH rﬁmh(l)s cm (est.) % ug g! ug g
Topoil b 6.8 03 Low 2.0 1 11.0 95 2.0 59 2.1
Roadbaseb 5.6 0.3 Low 23 1 50 130 14 55 15
Sample Sand Silt Clay
% % % Texture
Topsoil 55 28 17 Sandy
Loam
Roadbase 54 27 19 Sandy
Loam
a NH,HCO’-DTPA Extract
b Average of 4 composite samples
Table 2. Homestead plot seed mixtures.
Indigenous Mixture Rate Commercial Mixture Rate
(Origin: Teton Park) (kg PLS/ha) (Variety or Origin) (kg PLS/ha)
Agropyron trachycaulum 1.8 Agropyron trachycaulum (Revenue) 1.6
Bromus carinatus 5.3 Bromus carinatus (Bromar) 3.3
Poa ampla 0.26 Agropyron spicatum (Secar) 1.8
Artemisia tridentata 0.25 Poa compressa (Reubens) 0.07
Purshia tridentata 14.4 Agropyron smithii (Rosanna) 0.87
Lupinus sericeus 16.7 Artemisia tridentata (Utah) 0.37
Artemisia ludoviciana (Utah) 0.10
Achillea millefolium (Idaho) 0.06
Purshia tridentata (Nevada) 7.2
Total 38.71 Total 29.67
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Soil Physical Attributes

Field infiltration (Haise et al. 1953 and Wani 1987) and bulk density (Blake 1973)
tests were conducted to assess the effect of soil scarifying and topsoiling on infiltration
and bulk density characteristics.

Bulk density and infiltration tests were conducted on treatments that were
topsoiled and scarified (2 cm and 15 cm topsoil additions), scarified, the control, and the
undisturbed areas along the road. Ring infiltrometers were used to perform infiltration
tests (Haise et al., 1956). The rings were a variation of the standard ring infiltrometers
commonly used for infiltration analysis. The rings were 30 cm deep with a radius of 3.6
cm and were driven into the soil to a depth of 15 cm. Known volumes of water were
poured into the ring and infiltration times were recorded. A total volume of 250 mls
were poured into the ring infiltrometer for each test.

Bulk density tests were conducted using a volumeasure apparatus (Blake, 1973).
A volume of soil was excavated and stored in a soil bag. The volumeasure was placed
on the excavated hole and the volume was determined. The collected soils were sieved
through a 2 mm screen to separate the coarse fragments from the fine portion of soil
materials. The soils were oven dried and weighed to determine the amount of soil
occupying the volume removed (the volumes of coarse fragments were subtracted from
the total volumes). The bulk density equation is presented below.

Bulk Density = Weight of oven dried soil
Bulk volume of soil

Aggregate stability analyses were completed on soils from the ripped roadbase and
the ripped topsoil treatments. The aggregate analyses employed a soil wetting technique
described by Kemper and Rosenau (1986) and a wet sieving technique used by Elliot
(1986).

Statistical Analysis

Plant cover and production data were analyzed using the Analysis of Variance
procedure (ANOVA). Significant differences among treatment means were determined
using the Least Significant Difference (LSD) test at the 5% level.

The Friedman Block/Treatment nonparametric analysis of variance test (Zar 1984)
was also conducted to determine the effect of violating parametric ANOVA assumptions
(normality and homogeneity of variance) on probability levels. Tests indicated similar
probability levels between parametric and nonparametric analysis techniques. Results
indicated that violation of several parametric ANOVA assumptions were not critical in
determining significant treatment differences. Parametric ANOVA results were selected
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for presentation in this paper for ease of understanding because of greater reader
familiarity with this statistical approach.

Soil infiltration and bulk density measurements were subjected to the ANOVA
procedure. Significant differences among treatments were determined using the Single
Degree of Freedom mean separation test at the 5% level.

Statistical analyses were not conducted on the aggregate data. The main objective
of conducting the evaluation was to understand the relationship between bulk density,
infiltration, and aggregate size and stability of the soils in question.

RESULTS AND DISCUSSION
Topsoiling

Plant cover was significantly greater in all topsoiled (9-14) treatments following
the fourth growing season compared to non-topsoiled treatments (1-8) (Figure 2). Non-
topsoiled treatments did produce a plant community; however, the plant communities
supported considerably less plant cover than the topsoiled treatments. In general, the use
of topsoil improved the seedbed environment which tended to favor seed germination and
contributed to more favorable soil/moisture relationships.

The seeded, topsoiled treatments (Treatments 11-14) were dominated by perennial
grasses which accounted for approximately 15% of the total cover. Treatment 12 (5 cm
of topsoil, indigenous seed), produced the greatest plant cover (29%) compared to other
topsoiled, seeded treatments 11, 13, and 14 which had covers of 21%, 22%, and 24%
respectively. In this case, the treatment with 5 cm of topsoil produced more plant cover
than treatments with 15 cm of topsoil. It is assumed that over time both the 5 cm and
15 cm topsoil depths will respond similarly. However, the results indicate that a 5 cm
topsoil addition was adequate to promote acceptable plant growth under the conditions
found at the study site.

Topsoiling without seeding was a treatment tested to determine if natural invasion
would be an acceptable means of restoring a natural plant community provided site
conditions were favorable. Sousa (1984) suggested that physical manipulation (i.e.
topsoiling, ripping) is a mechanism which can generate conditions favorable for
recruitment, establishment and growth. Non-seeded, topsoiled treatments (9-10)
produced a plant community composed of locally invading species and species whose
seeds were present in the topsoil prior to replacement. Artemisia tridentata was the most
dominant species to naturally colonize non-seeded, topsoiled treatments. In fact,
treatments 9 and 10 contained a significantly greater sagebrush cover than topsoiled
treatments that were seeded (Table 3). Non-seeded topsoiled treatments 9 and 10
supported 6.1% and 7.3 % sagebrush cover while seeded treatments (11-14) had 2.1%,
2.3%, 3.9% and 1.2% sagebrush cover respectively. Perennial grasses and forbs were
beginning to colonize the non-seeded treatments as well; however, the pattern of
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Table 3. Plant life form and dominant species cover data in a 1992 sampling of the Homestead Plot.

Treatment *

1 2 3 4 5 6 7 8 9 10 11 12 13 14
%

Life Form 1
Grasses 1.2ef 1.5¢f 3.8de 0.7f 0.4f 0.2f 71.7c l.4ef 6.2¢d 7.5¢ 149ab 1742 12.7b 15.8ab
Shrubs 0.8¢c 0.8¢c 1.5bc  0.2¢ 0.3c 0.4c 1.1bc 0.7c 10.1a 10.8a 3.0bc 7.3ab 5.3abc  3.5bc
Forbs
annual 0.6cde  0.2¢ 0.4de 1.2a-e 2.3ab 1.8ae 0.6cde 2.labc 2.5a 1.6a-¢ 0.9bcde 0.2e 1.7a-e 0.4de
perenn 0.1ef 0.3def 0.3def 0.5def 0.2ef T.f 2.4abc 1.2cdef 1.6bcde 1.2b-e 1.8bcd 3.5a 2.2abc  3.0ab
Dominant Species
Slender wheatgrass 0.0c 0.0c 0.2¢c 0.0c 0.0c 0.0c 0.4c 0.1c 0.7c 0.9¢ 5.1a 5.0a 2.5 3.4b
Mountain brome T.e T.e 2.7d T.e 0.0e 0.0e 5.3¢ 0.1e 0.1e 0.3e 89b 10.0ab 3.8cd 11.7a
Big sagebrush 0.1c 0.3bc  0.0c T.c 0.3bc  0.0c 0.5bc 03bc 9.8 10.6a 2.7bc  6.5ab  5.1abc  2.9bc
Lupine ' 0.1b 0.3b 0.3b 0.3b 0.1b T.b 2.4a 0.3b 0.1b 0.0b 1.7a 232 0.6b 24a
TFC 2.7d 2.8d 6.1d 2.6d 3.2d 2.5d  11.9¢ 54d 202b 21.6b 2076 28.8a 22.0b 23.6b
* Treatment: 1= Control; 2= Control with mulch; 3= Native seed; 4= Commercial seed; 5= Ripping; 6= Ripping and rock raking; 7= Phos., ripping, native

seed and brush beating; 8= Phos., ripping, commercial seed; 9= Topsoil (15 cm), ripping; 10= Topsoil (15 cm), phos., and ripping; 11= Topsoil (15 cm), phos.,
ripping, native seed and brush beating; 12= Topsoil (5 cm), phos., ripping, native seed and brush beating; 13= Topsoil (15 cm), phos., ripping and commercial

seed; 14= Topsoil (15 cm), phos., ripping, native seed and mulch.
1 Treatments with the same letter are not significantly different at the P<0.05 level.

T Trace (< 0.10%).



Percent Cover

30

25 ,
.
l ST %7;
- / s N
15 e <
‘ 7
10 é? ggg

d

d

6 7 8 9 10 11 12 13 14
Treatment

B Pcrennial Grasses
RS Annual Forbs

\\] Perennial Forbs
Shrubs

Figure 2. Total plant cover from a 1992 sampling of the Homestead Plot.
Treatments with different letters show signficant differences at P<0.05.
Scarifying (30 cm); T15: Topsoil 15 cm; T5: Topsoil 5 cm; P: Phosphorus.

1. Control -
2. Control and mulch
3. Indigenous seed

4. Commercial seed
5. Scarifying, no seed

6. Scarifying, rock raking
7. Scarifying, P, indigenous seed

-50-

8. Scarifying, P, commercial seed
9. T15, scarifying
10. T15, scarifying, P
11. T15, P, scarifying, indigenous seed
- 12. TS, P, scarifying, indigenous seed
13. T15, P, scarifying, commercial seed

14. T15, P, scarifying, indigenous seed
mulch



establishment has favored shrubs first and grasses/forbs second. The seeded topsoiled
treatments favored the establishment of grasses/forbs first, and shrubs second.

Oliver (1981) suggested that the establishment period for woody plants is limited
to a short time frame following a disturbance. Those species which are intolerant of
shade may be outcompeted when seeded with other rapidly growing species. Sagebrush
plants in treatments 9 and 10 appeared taller than plants which grew on the seeded
treatments. This may indicate that the seeded treatments possessed plant competition
factors (among species) which slowed sagebrush development.

The success of the non-seeded, topsoiled treatments suggests that seeding may not
be a required component for the restoration of disturbances of this nature (Cotts 1990).
The establishment of grasses, forbs and shrubs in the non-seeded treatments indicates that
natural invasion has occurred at a rapid rate considering the dry environment. One
primary reason for this success is because of the small width of the abandoned road
which probably facilitated plant establishment via seed rain from the surrounding intact
plant community. These results provide support for the idea that a properly prepared
seedbed will be receptive to natural revegetation processes and perpetuate natural
colonization (Richardson 1979).

Non-topsoiled treatments (1-8) showed various plant community development
responses and produced an average of approximately 5% cover. The non-topsoiled
treatment seeded to indigenous plant materials (Trmt. 7) produced a significantly higher
plant cover than all other non-topsoiled treatments. These results indicated that
commercially available native seed does not perform as well as indigenous seed when
used in the absence of topsoil. In addition, seeding directly onto the road surface with
indigenous seed (not scarification) produced a similar plant community as scarification
and seeding with commercially available native seed.

Soil analyses of the topsoil and the existing road substrate indicated that both
chemical and physical properties were almost identical. This result provided evidence
that nutrients may not be an important factor in explaining the differences between
topsoiled and non-topsoiled treatments. If this hypothesis is true, then water availability
may be the factor most responsible for the differences in plant growth between these
treatments (Cotts 1990). Plant cover on non-topsoiled treatments were always
significantly lower than the topsoiled treatments (Figure 2).

Indigenous vs. Commercial Seed Mixtures

Questions regarding the selection of genetically adapted species (Bengson 1986;
Thornsburg and Fuchs 1978 and NPS 1988) as well as the use of indigenous versus
commercially available native plant materials for revegetation has long been a concern
for reclamation specialists and more recently for those involved in restoration projects.

During the fourth growing season, topsoiled treatments seeded to the indigenous
mixture produced similar plant cover as the treatment seeded to the commercial natives
(Trmt. 13) with the exception of treatment 12 (5 cm of topsoil, indigenous seed).
However, the plant community on the commercial native treatment had a much different
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composition and was composed of invading perennial grasses and shrubs. Treatment 13
resembled the non-seeded, topsoil treatments (Trmts. 9 and 10) moreso than the other
seeded treatments. This seemed to indicate that the commercial seed mixture was not
persistent and quickly gave way to invasion from the surrounding plant communities.
The commercial native treatments had less perennial grass cover, but appeared to support
more shrub cover. The indigenous treatments averaged 20% perennial grass cover while
the commercial treatments averaged only 12% perennial grass cover.

There was a significant difference among indigenous plant materials and
commercial natives in the non-topsoiled treatments. Treatment 7 (scarifying, indigenous
seed) produced a greater plant cover than treatment 8 (scarifying, commercial seed)
following four growing seasons. Treatments 3 (indigenous seed) and 4 (commercial
seed) were not significantly different; however, it was difficult to locate many surviving
plants in the commercial treatment while the indigenous treatment contained actively
growing plants. These results indicate that commercially available native seed does not
perform as well as indigenous seed when used in the absence of topsoil. In addition,
seeding directly onto the road surface with indigenous seed produces a similar plant
community as scarifying and seeding with commercially available native seed.

Overall, the indigenous plant materials outperformed the commercial natives.
Under favorable soil conditions (topsoil), both seed mixtures supported adequate plant
communities; however, under poor soil conditions (no topsoil) the commercial natives
were not able to sustain growth. The decline in plant cover in the commercial treatments
. indicated that these species were not able to survive environmental conditions. In
contrast, the indigenous materials showed continued growth in all lifeform categories.

The differences between the two sources of plant materials is probably an ecotypic
response. The commercial seed mixture consisted of common varieties which were
thought to be adapted to the Teton environment. However, it appears that these common
varieties may not be the most adapted and a different selection of plant materials may
result in a more favorable response (Thornsburg and Fuchs 1978).

Mulching

In general, the use of woodchip mulch significantly delayed plant community
development during the initial growing season, but the suppression was not evident
during the fourth growing season. It is possible that the mulch delayed germination by
maintaining a cool soil temperature as noted by Hopkins (1954). Once established, the
plants were unaffected by the presence of mulch.

It appears that mulch is not an important factor in plant community development
under these growing conditions. Mulch may maintain an increased soil moisture content
during dry periods (McGinnies 1987), but it may also prevent small amounts of moisture
from reaching the soil (interception — evaporation) during low duration-low intensity
rainfall events which are common during the growing season at this site.

-52~



Soil Scarification

Soil scarification produced a positive result when done in conjunction with direct
seeding of the road surface. This result was most evident when comparing treatments
3 and 7 and treatments 4 and 8 (Figure 2). We believe that the positive response to
_scarifying was associated with improved seedbed conditions. Soil scarification has been
shown to improve the probability of adequate seed (Richardson 1979) burial which is
necessary to ensure seed germination. Treatments that were not scarified produced very
little plant cover, while the scarified treatments consistently produced greater plant cover.

Fertilizing, Rock Raking, and Brush Beating

There was no apparent plant response to the addition of P, rock raking, or brush
beating following four growing seasons. These treatments did not improve the physical
plant growth environment which seemed to be the limiting factor controlling plant
community establishment.

Plant Production

Plant biomass samples were collected in 1992 to evaluate the herbaceous
production of each treatment. 1992 was the first year that biomass was estimated and
the results showed that herbaceous production closely followed plant cover/treatment
responses. Topsoiled treatments that were seeded (Treatments 11-14) produced the
greatest herbaceous production. Treatments which were dominated by perennial grasses
showed a significantly greater production than treatments that were dominated by shrubs
(Treatments 9 and 10). Plant production responses are shown in Table 4 and illustrated
on Figure 3.

Since biomass data was only collected in 1992, it is not possible to discuss trends
in production over time. The 1992 production data will provide a baseline that will
become more useful in future sampling events to determine the relative change overtime.
We assume that future sampling will show that as the shrub component continues to
increase, the overall herbaceous production of the test plots will decrease until an
equilibrium is achieved.

Plant Community Trends Over Four Growing Seasons

The effect of different restoration treatments were manifested during the initial
plant community development phase on the Homestead Plot. These differences have
been documented in previous publications (Cotts, 1990; Cotts et al., 1991; Cotts and
Redente, 1991) and will not be reiterated in depth. Dramatic treatment responses
provide insight into restoration techniques which improve initial plant establishment, and
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Table 4. Plant life form and dominant species production data in a 1992 sampling of the Homestead Plot.

Treatment *

1 2 3 4 5 6 7 8 9 10 11 12 13 14
g m*
Life Form 1 )
Grasses 2.5¢ 3.0e 8.0de 1.8¢ 2.5¢ 0.8e 30.3bc 2.3e 20.2cd 44.8b 63.3a 66.0a 41.6b 61.7a
Forbs .
annual 0.9d 2.0cd 1.4d 1.3d 2.8bcd 2.0cd 1.1d 2.0cd 13.3a 49cd 2.1cd 0.7d 7.4bc 7.9ab
perenn 0.8c 0.8¢c 5.5abc 1.4c 0.3c 0.2¢ 4.6bc 3.9¢ 3.4c 6.5abc  4.0c 13.0a 11.9ab 4.Tbc

Dominant Species

Slender wheatgrass
0.0e 0.0e 0.4e 0.0e 0.0e 0.0e 1.0e 0.0e 4.4de 12.7bc  22.8a 20.2a 1l.1cd  19.2ab

Mountain
brome 0.0d 0.1d 47cd  0.1d 0.0d 0.0d 25.8 0.5d 1.2d T.d 38.0a 40.0a 13.4c 41.3a
Lupine 0.3d 0.1d 1.0cd  0.5cd 0.2d T.d 3.9bc l.led Tud 0.5¢cd 3.0bcd 8.1a 5.4ab 3.5bed

Total Productivity

4.2d 5.9d 15.1d 4.5d 5.6d 3.1d 36.1c 82d 37.7c  S7.1b 69.4ab 79.8a © 60.9b 74.2ab

* Treatment: 1= Control; 2= Control with mulch; 3= Native seed; 4= Commercial seed; 5= Ripping; 6= Ripping and rock raking; 7= Phos., ripping, native
seed and brush beating; 8= Phos., ripping, commercial seed; 9= Topsoil (15 cm), ripping; 10= Topseil (15 cm), phos., and ripping; 11= Topsoil (15 cm), phos.,
ripping, native seed and brush beating; 12= Topsoil (5 cm), phos., ripping, native seed and brush beating; 13= Topsoil (15 cm), phos., ripping and commercial
seed; 14= Topsoil (15 cm), phos., ripping, native seed and mulch.

1 Treatments with the same letter are not significantly different at the P.<0.05 level.

T Trace (< 0.1 grams).
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Figure 3. Herbaceous production during 1992 on the Homestead Plot. Treatments
with different letters show signficant differences at P<0.05. Scarifying
(30 cm); T15: Topsoil 15 cm; T5: Topsoil 5 cm; P: Phosphorus.

1. Control

2. Control and mulch

3. Indigenous seed

4. Commercial seed

5. Scarifying, no seed

6. Scarifying, rock raking

7. Scarifying, P, indigenous seed
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8. Scarifying, P, commercial seed

9. T15, scarifying

10. T15, scaritying, P
11. T15, P, scarifying, indigenous seed
12. T5, P, scarifying, indigenous seed
13. T15, P, scanfying, commercial seed

14. T15, P, scarifying, indigenous seed
mulch



treatments which are capable of supporting plant communities that assume a natural
appearance. Plant cover was significantly greater in all topsoiled (9-14) treatments
during the 1992 growing season. Total foliar cover ranged from 20% in the non-seeded
topsoiled treatment (9) to 29% in the seeded (indigenous) topsoiled treatment 12 (Table
3). Topsoiled treatment 12, seeded to the indigenous seed mixture, produced the highest
cover of all topsoiled treatments.

The most interesting treatment response occurred relative to climatic fluctuations
between the 1991 and 1992 growing seasons. In 1991, vegetation in the Homestead Plot,
in general, appeared to be very stressed. The soil surface was extremely dry and dusty
indicating poor soil moisture conditions due to below normal growing season
precipitation levels. In 1992, the overall plant cover for all treatments in the Homestead
Plot increased from 1991 (Table 5, Figure 4). The increases in plant cover were
significant for all topsoiled treatments with the exception of treatment 10. In addition,
a significant increase in plant cover occurred on the non-topsoiled treatment 7. In most
cases, an increase in perennial grass cover was responsible for the increase in overall
plant cover (Table 5 and Table 6).

The topsoiled treatments also showed evidence of increasing shrub cover.
Although not significant, shrub cover continued to increase indicating a successional
gradient towards a shrub dominated plant community. o

These results indicate that the plant communities developing on the Homestead
Plot are dynamically fluctuating in response to climatic variations. This response is
evident for the perennial grass/forb component which is responsible for the changes in
overall plant cover. The shrub component is least affected by the seasonal precipitation
fluctuations as evidenced by a slow, gradual increase in shrub cover.

Shrub density was also estimated across all treatments to evaluate trends. Shrub
density has been decreasing since the initial growing season (Figure 5) as individual
shrub size increases. This change was expected to occur as dominant individuals increase
in size and the demand for resources increases. Smaller, less dominant plants are out-
competed and the overall density tends to decrease. It seems probable that this trend will
continue until only a few dominant shrubs persist.

Total shrub cover continues to increase across all treatments on the Homestead
Plot as density decreases. These results indicate that the developing plant communities
are moving towards a shrub dominated community, consistent with the surrounding
vegetation. The increased shrub cover is progressing at various rates depending upon
the treatment. Treatments 9 and 10 (topsoiled, not seeded) have produced a shrub
dominated plant community that has a minor perennial grass component. The shrub
component established more quickly in these treatments, relative to the seeded topsoiled
treatments, because of less competition from seeded perennial species. The reduced
competition allowed the shrubs to use more available resources and increase
establishment and growth. These treatments will likely approach undisturbed plant
community characteristics more quickly than the seeded topsoiled treatments.

-56-



_LS-

Table 5. Plant life form cover comparison from 1989-1992 on the Homestead Plot.

Treatment *

1 2 3 4 5 6 7 8 9 10 11 12 13 14
%

Life Form '

Grass 89 0.8 0.5 3.0 1.2 0.3 T 5.2%* 2.3 1.1%% 1% 9.7**  14.2%x  52%F  10.1%*
90 0.6 0.8 3.8 0.8 03 0.2 8. 7%+ 2.2 5.0 6.4**+ 193 19.8** 11.6%* 20.7**
91 0.7 0.4 2.8 0.5 0.2 0.2 5.2 1.2 3.7 3.7+ 131 13.0**  7.0%*  12.9%#
92 1.2 1.5 3.8 0.7 0.4 0.2 7.7 1.4 6.2 7.5 14.9 17.4 12.7 15.8

LSD = 2.599.

Shrub 89 0.2 0.3 0.5 0.1 0.2 0.2 0.6 0.2 3.1 3.2 1.7 1.6 2.2 1.5
90 0.5 0.4 0.7 0.1 0.3 0.3 0.5 0.2 6.3 7.6 24 3.0 39 1.8
91 0.6 0.3 0.7 0.1 0.2 0.3 0.4 0.2 6.1 10.0 1.7 34 3.7 1.8
92 0.8 0.8 1.5 0.2 0.3 0.4 1.1 0.7 10.1 10.8 3.0 7.3 53 3.5

LSD = 4.889

Forbs (annual)
89 1.5 0.6 1.0 1.2 23 1.7 3.1 2.4 T.7** T T 3.4%%  3.4%+ 3 6%* 2.2%+
90 1.5 0.1 0.7 0.9 1.4 1.5 1.1 1.6 2.1 2.0 0.3 0.6 1.2 0.2
91 0.4 0.1 0.4 0.7 1.1 1.3 0.4 1.1 1.3 1.3 0.1 0.0 0.3+ 0.1
92 0.6 0.2 0.4 1.2 2.3 1.8 0.6 2.1 2.5 1.6 0.9 0.2 1.7 0.4

LSD = 1.342

Forbs (perennial)
89 0.0 0.1 0.6 0.6 T 0.0 1.1 1.5 0.1%%  0.2%* 1.8 2.2 2.4 1.2
90 0.1 0.0 0.2 0.2 0.1 0.0 1.2 0.8 2.6%*%  2.6%* 1.3 23 25 1.2
91 0.1 0.2 0.2 0.1 0.1 0.0 1.0** 0.7 0.9 0.7 1.5 2.1 20 1.3%%
92 0.1 0.3 0.3 0.5 0.2 T 2.4 1.2 1.6 1.2 1.8 " 3.5 2.2 3.0

LSD = 1.016

Total Cover
89 2.6 1.4 5.0 34 2.9 1.9 10.0 6.3 12.0*%*  12.1**  16.3%* 213 14.0%%  14.8**
90 2.6 1.3 5.4 2.0 21 2.0 11.7** 48 16.1 18.6 23.3%% 25 7%%  19.2%* 23 8**
91 1.7 1.2 4.1 1.3 1.9 1.7 6.9** 33 12.0*%*  15.7%*  16.5 18.4%* 13.1** 15 8**
92 2.7 2.8 6.1 2.6 32 2.5 11.9 54 20.2 21.6 20.7 28.8 22.0 23.6

LSD = 4.444

* Treatment: 1= Control; 2= Control with mulch; 3= Native seed; 4= Commercial seed; 5= Ripping; 6= Ripping and rock raking; 7= Phos., ripping, native

seed and brush beating; 8= Phos., ripping, commercial seed; 9= Topsoil (15 cm), ripping; 10= Topsoil (15 cm), phos., and ripping; 11= Topsoil (15 cm), phos.,
ripping, native seed and brush beating; 12= Topsoil (5 cm), phos., ripping, native seed and brush beating; 13= Topsoil (15 cm), phos., ripping and commercial
seed; 14= Topsoil (15 cm), phos., ripping, native seed and mulch.

** Treatments for that year are significantly different than the following year at the P <0.05 level.

T Trace (<0.10%).
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Table 6. Dominant plant species cover comparisons from 1989-1992 on the Homestead Plot.

Treatment *

1 2 3 4 5 6 7 8 9 10 11 12 i3 14
%
Dominant Species
Slender wheatgrass
89 0.0 0.0 0.7 0.1 0.0 0.0 1.7 0.3 0.9 0.9 2.4%%  33%x ] 6%+ 2.5%*
90 0.0 0.0 0.9 T 0.0 0.0 1.7 0.2 1.0 1.1 5.7  6.8%* 3.2%¢ 5.9%*
91 0.0 0.0 0.4 0.0 0.0 0.0 0.7 0.0 0.8 0.2 44 4.2 0.8** 4.0
92 0.0 0.0 0.2 0.0 0.0 0.0 04 0.1 0.7 0.9 5.1 5.0 2.9 34
LSD = 1.156
Mountain brome
89 0.0 0.0 1.8 0.7 0.0 0.0 3.6%* 1.7 0.0 0.0 7.2%%  10.7 3.1%* 7.5%%
90 0.0 0.0 2.3 0.3 0.0 0.0 6.5 1.4 0.0 0.0 12.4 12.0 5.1 14.0
91 0.0 0.0 1.9 0.0 0.0 0.0 3.7** 0.1 0.0 0.0 8.1%* B 5¥x 3 5%+ 8.4**
92 T T 2.7 T 0.0 0.0 53 0.1 0.1 03 8.9 10.0 3.8 11.7
LSD = 1.730
Big sagebrush
89 0.2 0.2 0.3 0.1 0.2 0.2 0.3 0.2 3.1 3.2 1.4 1.3 21 0.8
90 0.0 0.2 0.3 T 0.1 T 0.5 0.2 6.1 7.3 2.1 2.4 3.9 1.2
91 0.0 0.2 0.5 0.0 0.0 0.0 0.2 0.2 6.1 10.0 1.4 3.2 3.5 1.6
92 0.1 0.3 0.0 T 0.3 0.0 0.5 0.3 9.8 10.6 2.7 6.5 5.1 2.9
LSD = 4.885
Lupine
89 0.0 0.1 0.6 0.5 T 0.0 1.1 1.4 T 0.1 1.8%% 272 1.7 1.2
90 0.1 0.0 0.2 0.2 0.1 0.0 1.2 0.6 0.0 0.0 1.1 1.9 1.3 0.8
91 0.1 0.2 0.2 0.1 0.1 0.0 1.0%* 04 0.0 0.0 1.5 2.0 1.1 1.2%#
92 0.1 03 0.3 0.3 0.1 T 2.4 0.3 0.1 0.0 1.7 2.3 0.6 24
LSD = 0.669
* Treatment: 1= Control; 2= Control with mulch; 3= Native seed; 4= Commercial seed; 5= Ripping; 6= Ripping and rock raking; 7= Phos., ripping, native

seed and brush beating; 8= Phos., ripping, commercial seed; 9= Topsoil (15 cm), ripping; 10= Topsoil (15 cm), phos., and ripping; 11= Tops01l (15 cm), phos.,
ripping, native seed and brush beaung, 12= Topsoil (5 cm), phos., ripping, native seed and brush beating; 13= Topsonl (15 cm), phos., rlppmg and commercml
seed; 14= Topsoil (15 cm), phos., ripping, native seed and mulch.

** Treatments for that year are 51gn1ﬁcantly different than the following year at the P.<0.05 level.

T Trace (< 0.10%).



30 -

25 S
5;
i
] ¢ Vil
20 - | >
N
: N Rl
2 . LSD E
@) . i d % ;=
E 15 PR, g 8
<
8 e 7
i - I
) S
(=W [ ) b
10 \ '
S
P{
| S
M
N |
‘ X
5 g ¥
% [ ) 8
. :E e \
] b
0 : \ :

—_
()
(U]
N
¥

6 7 8 9 10 11 12 13 14
Treatment

Bl 1989 £X3 1990 1991 1992

Figure 4. Total plant cover comparison from 1989-1992 of the Homestead Plot.
Scarifying (30 cm); T15: Topsoil 15 cm; TS: Topsoil S cm; P: Phosporus.

1. Control 8. Scarifying, P, commercial seed

2. Control and mulch 9. T15, scarifying

3. Indigenous seed . 10. T15, scaritying, P

4. Commercial seed 11. T15, P, scarifying, indigenous seed

5. Scarifying, no seed 12. TS, P, scarifying, indigenous seed

6. Scarifying, rock raking 13. T15, P, scarifying, commercial seed

7. Scarifying, P, indigenous seed 14. T15,l P, scarifying, indigenous seed
mulch
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Figure 5. Shrub density comparison from 1989-1992 on the Homestead Plot.
Scarifying (30 cm); T15: Topsoil 15 cm; T5: Topsoil 5 cm; P: Phosporus.

1. Control 8. Scarifying, P, commercial seed

2. Control and mulch 9. T15, scarifying

3. Indigenous seed 10. T15, scaritying, P

4. Commercial seed 11. T15, P, scarifying, indigenous seed

5. Scarifying, no seed 12. T3, P, scarifying, indigenous seed

6. Scarifying, rock raking 13. T15, P, scarifying, commercial seed

7. Scarifying, P, indigenous seed 14. T15iI;l, scarifying, indigenous seed
mulc
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Comparisons to Undisturbed Plant Communities

Data were collected during the 1989 and 1990 growing seasons in the undisturbed
plant community adjacent to the Homestead plot. These data provide baseline
information from which restoration success can be judged.

The undisturbed plant community, which borders the test plot, is dominated by
shrubs (sagebrush species), with perennial grasses as subdominant. This community is
patchy in nature with clumps of shrubs interspersed -with grasses and forbs with
considerable bare ground present throughout the area. This vegetation description
typifies the Teton valley vegetation scheme in dry upland sites.

Topsoiled treatments 10 (not seeded), 12 (5 cm topsoil, indigenous seed), and 13
(commercial seed) were compared to the undisturbed community following four growing
seasons (Figure 6). The non-seeded, topsoiled treatment (Treatment 10) compared most
favorably to the undisturbed community. This treatment was dominated by shrub and
perennial grass species and should approach undisturbed conditions in a relatively short
time period provided the plant community continues to develop along the established
pattern.

The remaining topsoil treatments which were seeded (Treatments 11, 12, 13 and
14) are showing varied responses in community development following four growing
seasons. These treatments are dominated by perennial grasses with a minor shrub
component. It may be speculated that the aggressive nature of resource capture by
grasses will promote their continued dominance over the long term. This response may
be avoided in future restoration efforts by reducing the seeding rates of quickly
establishing species.

The non-topsoiled treatments (Treatments 1-8) were not evaluated with respect to
the undisturbed plant community. Treatment 7 (scarifying and seeding indigenous
mixture) most closely resembles the undisturbed plant community and will most likely
approach "natural" conditions more quickly than any other non-topsoiled treatment. The
scarification provided an improved seedbed for germination and establishment.

Seil Physical Attributes

Infiltration and bulk density analyses were conducted to determine if compaction
was a problem and if the selected experimental treatments of scarifying and topsoiling
improved the physical parameters of the road substrate. It is important to note that both
the road substrate and the topsoil material have the same textural and organic matter
characteristics. These factors eliminate the water holding capacity advantage of the
topsoil material over the road substrate as indicated by these properties.

The infiltration rates and bulk densities for the treatments tested are shown in
Figure 7. The bulk density data followed an expected gradient. The undisturbed soil
had the lowest bulk density while the untreated road surface (control) had the highest
bulk density. This confirms that the road surface had been compacted as a result of
surface activity over the life time of the road.
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Figure 6. Plant life form comparisons (relative cover) between the undisturbed
13: topsoail (15 cm), scarifying, P, commercial seed; Treatment 12: topsoil

community adjacent to the Homestead Plot and the to

; Treatment 10: topsoil, scarifying, P, no

(5 cm), scarifying, P, indigenous seed;

seed.
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Bulk Density (g/cm3)

Infiltration (cm/hr)

2 1 BULK DENSITY

Undisturbed Rip T6-Rip T2-Rip  Control
Test Site

20 —

INFILTRATION

Undisturbed Rip T6-Rip  T2-Rip  Control
Test Site

Figure 7. Soil bulk density and infiltration characteristics of the Homestead
Plot substrate and undisturbed areas. Treatments with the same letter are not
significantly different (P< 0.05). Undisturbed: Soils adjacent to the test plot
Rip: Treatments that were scarified; T15-Rip: Topsoil (15 cm) and scarification;
T2-Rip: Topsoil (5 cm) and scarification; Control: Undisturbed roadbase.
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Infiltration and bulk density are normally correlated as bulk density often controls
the rate of infiltration (Hillel 1982). However, infiltration rates did not parallel the bulk
densities in this case. The infiltration rate of the undisturbed soil was quite high as
expected. The infiltration rates of the topsoil treatments were high as well, due to the
fact that this soil has not been compacted or disturbed in the past. The infiltration rate
of the scarified treatment (without topsoil) was not significantly different than the control.
This indicates that scarifying did not improve the infiltration rate of the soil. The fact
that soil scarification decreased the bulk density of the road substrate, but did not
increase the infiltration rate of these soils suggests that neither the bulk density nor the
textural properties of this soil limit infiltration rates. In our case, infiltration may be
more dependent on aggregate size, pore size distribution, aggregate stability and surface
sealing.

Aggregate stability analyses were completed on soils from the ripped roadbase and
the ripped topsoiled treatments. Results indicated that the topsoil material has more
larger stable aggregates following wet sieving destruction than the roadbase soils (Figure
8). This indicates that soil aggregates in the topsoil material are more resistant to
physical destruction upon wetting and are less likely to break apart. The roadbase soils
have more particles in the silt size range and less soil particles contained in larger stable
aggregates. Aggregates which disintegrate upon wetting result in pore sealing and
ultimately decrease infiltration (Hillel 1982). These soils also have smaller relative
aggregates following wet sieving than the topsoil materials. Smaller soil aggregates are
likely to cause pore plugging and a decrease in infiltration due to the loss of macropores
which occur with macro-aggregate structured materials (Hillel 1982). The aggregate size
relationship between the topsoil and the roadbase soil including pore size variations
explains the observed differences in infiltration rates which were independent of soil bulk
density. :

The relative variations in aggregate size following wet sieving may be explained
by the history of each soil. The roadbase soil has been driven on, puddled, and
physically disturbed since the road was established. This would result in a soil with
smaller inherent aggregate characteristics on the exposed surface. The topsoil material
has not been disturbed as it was taken from exposed Jackson Lake bottom soils. The
topsoil material is actually buried alluvial soils, similar to other soils throughout the
Teton valley, which were inundated with the creation of Jackson Lake. The inherent
aggregate size has not been decreased through disturbance. Therefore, the topsoil used
in this study had more large aggregates than the roadbase soils prior to wetting, which
resulted in better infiltration rates and possibly better soil water relations for plant
growth. This is especially true in the environment of our study site that is characterized
by high intensity, short duration precipitation events.
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Figure 8. Aggregate stability analyses for soils from the topsoil treatment
and the scarified roadbase treatment. Higher percents of soil material in
larger size classes indicates greater aggregate stability.
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CONCLUSIONS

The ultimate goal of restoration is to reestablish plant communities which are
similar in appearance and composition to surrounding undisturbed communities, and in
the case of the National Park Service, to maintain the genetic and ecological integrity of
the community. The Homestead Plot was developed to evaluate commonly applied
reclamation approaches in achieving a restoration objective. The results of this study
indicate that restoration success can be promoted using various approaches. However,
whether reclamation or-restoration, one cannot overlook the basic underlying principle
of understanding the most limiting factors responsible for plant growth. The Teton
environment yielded two limiting factors including soil physical conditions coupled with
natural climatic conditions. Restoration approaches that improved the soil physical
properties resulted in the establishment of plant communities that were capable of
withstanding the natural climatic conditions and are beginning to resemble undisturbed
plant communities.
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Introduction

Reclamation of coal mined lands in the West has been driven by rules and regulations
established under the Surface Mining Control and Reclamation Act of 1977 (SMCRA). Provisions
of this legislation set performance standards for reclamation goals which focused on plant cover,
biomass production, woody plant density and species diversity. Reclaimed lands also must support
defined post-mining land use goals. While restoration was not the intent of SMCRA, it is
interesting that successful reclamation goals closely parallel restoration objectives.

When SMRCA was enacted it was hoped by many reclamation practitioners that plant
communities established on reclaimed areas would be stable, that is resilient relative to severe
environmental perturbations, but would also be capable of allowing for colonization by native
species that could never reasonably be included in reclamation seed mixes. (The underlying intent
was that reclaimed areas would eventually come to resemble the original vegetation that had been
lost during the mining process).

Relationship Between Restoration and Reclamation

In order to understand the relationships between restoration and reclamation it is necessary
to examine the basic goals of each activity.

Goals of Restoration

While it is likely that not all restoration practitioners would agree with one set of goals for
restoration, the following basic objectives and goals summarize the focus of restoration activities:
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Restoration focuses on recreating ecological systems that are comparable to those that
were present on sites prior to disturbance. Restoration tends to focus on the re-
creation of ecosystems rather than on the re-establishment of individual species.

Restored communities should be comparable to original systems both in terms of structure
and composition.

Native species of local genetic origin should be used to repopulate disturbed lands.
Species diversity should be re-established to levels that were present prior to disturbance.

Plant communities should be created so that they include species necessary for the survival
of vertebrate and invertebrate animal populations.

These objectives rarely are given any time constraints. The process of restoration is on-
going. Levels of restoration activity may be driven only by available funds or available time.
Ultimately, restoration is complete when it is impossible to detect differences between restored
lands and native ecosystems.

Goals of Reclamation on Coal Mined Lands

Reclamation goals tend to be not as far-reaching as restoration goals. In general,
reclamation focuses on establishing vegetation on disturbed lands such that erosion is minimized
and land uses consistent with regional practices can be maintained. For surface coal mined lands
these goals have been somewhat more succinctly defined: '

Establish plant communities with cover and production levels that are comparable to
native comparison areas.

Use native species unless the desired post-mining land use is dependent on planting non-
native species.

Establish diverse communities that are climatically resilient and that will support designed
post mining land uses (livestock grazing and wildlife habitat)

Establish shrublands over a portion (for example, ten percent) of the mined lands

It is important to recognize that both reclamation and restoration are linked with the
ecological process of succession. If all disturbed lands were left in their disrupted state, they
would eventually become vegetated, ecologically diverse and capable of supporting a great variety
of animal species. This might, however take 5,000 years. Reclamation and restoration activities
serve to dramatically shorten this time interval. :

-71-



The Black Thunder Mine Study Area

The Black Thunder Mine is operated by Thunder Basin Coal Company and is located in
northeastern Wyoming in the southern part of Campbell County approximately 45 miles south and
east of Gillette. The mine began operations in the late 1970’s and is currently the largest surface
coal mine in the Western Hemisphere. Permanent reclamation was started in 1981 and over the
last 13 years approximately 1800 acres have been reclaimed.

The native vegetation on the mine site and surrounding areas consists primarily of mixed
grass prairie and big sagebrush shrubland vegetation types with less common vegetation types
including bunchgrass prairies, playa grasslands, streamside meadows and areas of broken
" topography with sparse vegetation. The dominant species on upland prairie and shrubland sites
include species of wheatgrasses (Agropyron spp.), needlegrasses (Stipa spp.), prairie Junegrass
(Koeleria macrantha), blue grama (Bouteloua gracilis), big sagebrush (Artemisia tridentata), and
plains prickly pear cactus (Opuntia polyacantha). These species consistently account for more
than 75 percent of the cover by all species on upland areas.

Permanent reclamation of mined areas at the Black Thunder Mine began in the early
1980's. Since that time, reclamation has been conducted concurrently with mining and, monitoring
of revegetation success has been conducted on a regular basis. Results of this monitoring program
have been used to modify seed mixes and seeding techniques.

Reclaimed Areas

Areas_seeded prior to 1986. Disturbed areas that were reclaimed prior to 1986 have a
relatively consistent community structure and species composition. In these early years of
reclamation, the seed mixes contained relatively high seeding rates for cool season perennial
grasses. Dominant species in these areas, once they were established, included thickspike
wheatgrass (Agropyron dasystachyum), western wheatgrass (Agropyron smithii), slender
wheatgrass (Agropyron trachycaulum), and green needlegrass (Stipa viridula). In nearly all of the
. reclaimed areas, it is not uncommon for the vegetation during the first growing season to be
dominated by annual forb species. In succeeding years, however, life form groups other than cool
season perennial grasses (both native and non-native), play minor roles in the functioning of these
reclaimed areas (Figure 1).

The areas reclaimed prior to 1986 have attributes that are consistent with the major goals
of reclamation, that is, the community structure is such that cover and production are comparable
to the native prairie communities and numerous species occur within the reclaimed areas. Shrubs
are scattered. While these areas show high levels of reclamation success, restoration goals are only
partially met.

Areas seeded after 1986. After 1986, certain changes were instituted in the reclamation
techniques at the mine. Modifications were made in the seed mix used on upland sites and changes
were made in the seeding techniques. The seed drill was modified so that light, chaffy seeds and
small seedes were scattered just above the soil surface rather than being drilled into the soil along
with the larger seeded cool season grass species. Seed mixes were altered by increasing seeding
rates for warm season perennial grasses and shrubs and decreaseing seeding rates for cool season
perennial grasses in areas that were to be reclaimed as shrublands.
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Figure 1. Relative Cover for Life Form Groups for Areas Reclaimed in 1981. Based on
Data Collected in 1987.
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Figure 2. Relative Cover for Life Form Groups for an Area Reclaimed in 1986. Based on
data collected in 1988.
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The dominant species in the areas reclaimed after 1986 are also cool season perennial
grasses. Thickspike wheatgrass, slender wheatgrass, western wheatgrass and green needlegrass all
continue to occur as the major species within the reclaimed areas. The difference between these
most recently reclaimed areas and the earlier areas is that other life form groups are present in
great enough amounts that they begin to consistently appear in the sampling data (Figure 2). While
the cover values for warm season perennial grasses are usually low, these species are almost
always present in the reclaimed areas and commonly encountered in the sampling plots. Another
difference between the earlier and later reclaimed areas is the abundance of shrub species. Shrub
species were only occasionally encountered in the older areas. In the more recent areas, shrubs are
commonly encountered. This is especially true for areas that were planted as shrublands where big
sagebrush, rubber rabbitbrush, four-wing saltbush (dsriplex canescens) and Gardner saltbush
(Atriplex gardneri) can account for as much 20 percent of the total cover by all species (Figure 3).
Species density, as measured by the number of species per square meter, is also greater on the
more recently reclaimed areas (Figure 4). The overall trend on the reclaimed areas has been for
increasing species density. The total number of species observed on each of the reclaimed areas
has been relatively constant (Figure 5). Older areas have the same number of total species as the
newer areas, but in the newer areas the species are more widely distributed.

All of the areas reclaimed since 1986 have attributes that are consistent with successful
reclamation. Cover and production values are comparable to native grasslands, species density
values (number of species per square meter) approach values measured in native communities, and
shrub density values (in areas reclaimed as shrublands) approach those measured in native
shrublands. In addition to achieving successful reclamation standards, these areas also approach
meeting the objectives of restoration, especially with regard to species diversity and diversity of
community structure (Figures 6 and 7).

The reasons for the observed changes between the older and newer reclaimed areas relate
to the factors that were mentioned earlier (changes in seed mix and changes in the seeding
methods). Also, yearly precipitation since 1989 has been equal to or above long-term means for
the region, except for 1992 which tended to be a drought year.

Role of Ecological Processes in Creating Change

Once reclamation activities have been completed, increases in species and structural
diversity become dependent on natural processes of colonization and recruitment. Species can be
introduced into reclaimed areas as wind blown seed or by the actions of animals. These processes
are likely to be slow. While grazing animals can commonly be seen on reclaimed areas, their
movement patterns are such that they may not be carrying much seed from the native areas to the
reclaimed areas. During the summer, they tend to stay on the reclaimed areas on a consistent
basis. In winter, they may move off the reclaimed areas and spend more time on native sites. This
pattern reduces the chances of carrying seed from one area to the other. Wind can play an
important role in moving seeds, but in general, the seeds of most plants are not carried very far by
the wind. It is common for large reclaimed areas to be located at substantial distances from native
areas and thereby reduce the potential recruitment by wind blown seed.

Even if seeds of native plants are naturally carried into reclaimed areas, there is also the

problem that many of these sites may not have open spaces where seeds can germinate and grow.
The communities on the reclaimed areas have the potential to quickly become ecologically closed,
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Figure 3. Relative Cover for Life Form Groups in an Area Reclaimed in 1991. Based on
Data Collected in 1993.

-75-



14

12

10

Mean Number of Species per Sq. Meter

1981 1982 1983 1984 1984 1985 1986 1987 1988 1989 1990 1991
Year of Reclamation

Figure 4. Relationship Between the Year of Reclamation and the Mean Number of Species
per Square Meter.
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Figure 5. Relationship Between the Year of Reclamation and theTotal Number of Species
Present in the Reclaimed Area.
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especially if the seedings are successful. Any new seedlings must compete with already established
grasses. These factors serve to reduce the recruitment rate for native species.

Management Activities That Can Create Change

While the ultimate restoration of mined lands could take quite a long time when it is
dependent only on natural recruitment, it is possible to increase the rate of establishment. Some
activities like direct haul of topsoil, using diverse seed mixes, sod transplants and shrub transplants
can be implemented concurrently with other reclamation activities. These practices serve to bring
seeds and plant propagules directly into reclaimed areas and shorten the time period that would be
required to accomplish the same goal by natural recruitment processes.

Summary and Comments

Data collected from reclaimed areas at the Black Thunder Mine suggest that the goals of
reclamation are being met on all the lands that have been evaluated since the mid-1980°s. As well
as mecting reclamation goals, some of the more recently reclaimed areas are also meeting goals
that are consistent with restoration projects. It is interesting to note that the current technology
available for reclaiming large tracts of disturbed lands is such that structurally diverse
communities can be created. The end result of creating these diverse communities is that the total
length of time required for the ultimate restoration of the sites will be reduced.
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SUMMITVILLE: A THIRD PARTY REVIEW

Michael Drozd
Detox and Treatment Consulting, Inc.
Littleton, Colorado

Abstract

The Summitville project has become the center of attention in the mining and environmental
communities since early December, 1992. "Much-to-do" has been made over the management,
operational and regulatory involvement in this "environmental disaster”.

After reviewing the Knight, Piésold and Co. document entitled Chronologic Site History,
Summitville Mine, Rio Grande County, Colorado, indications are that many interpretations have been
colored by emotion rather than fact. The reports submitted to the state appear to report that there was
cyanide, in the french drain water, but the water chemistry seems to discount this possibility. When
mass balance analysis is applied to the submitted data, it appears that early leak information may have
not been correct. A review of the pertinent cyanide chemistry and analysis was conducted to try to
clarify what actually happened on site. The main problems at Summitville are previous mining impacts,
mine waste dumps and communication problems, not cyanide releases.

Using 20/20 hindsight, the events that happened on site are reviewed from a "dispassionate"
point of view.

Introduction

The Summitville project was operated by Summitville Consolidated Mining Company, Inc.
(SCMCI), which was a subsidiary of Galactic Resources, Inc., which was a subsidiary of Galactic
Resources, Ltd. of British Columbia, Canada. SCMCI began development in 1984 and started mining
activities in 1986. The mine is located in South-Central Colorado at an elevation of about 11,500 feet.
The project site is about 25 miles southwest of Del Norte, in Rio Grande County. The mining method
used by SCMCI was open pit mining. The extraction method was cyanide heap leaching, using the
valley-fill technique. The annual rainfall appears to be in question since initially, the precipitation rate
was given as 44.6 inches and the mean pan evaporation was 49 inches per year measured for a time
period between 1950 and 1959. The rate is also later shown as having a 25-year yearly precipitation of
55 inches based on a Wolf Creck Pass location and 24.18 inches of annual evaporation based on Platoro
Reservoir weather station data.

Initial permitting indicated that the project would operate as a "zero-discharge " facility. The
pad site was in an area that had slopes ranging from 5 to 15%. The original pad design contained three
leaching compartments with ore stacked to a height of 60 feet. Before the project start-up, the pad
design was changed to a single cell with ore stacked to a height of 300 feet. The lining system contains
two separate sections, the synthetic liner was originally 30 mil high density polyethylene (HDPE), but
was changed to 60 mil linear low density polyethylene (LLDPE) below 11,560 feet. The natural liner is
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a 16 inch of low permeability clay. The entire liner system is underlain by a french drain system. Above
the clay and under the synthetic liner, there is a leachate collection and recovery system. On top of the
synthetic liner is a friction sand layer, a geotextile, an 18 inch layer of crushed and screened ore and a
final coarse layer of ore.

Precious metal extraction was accomplished by using a sodium cyanide lixivant and
lime/cement pH buffering. The ore is described as being in "porous quartz and quartz-alunite vein
rocks". The primary minerals in the sulfide zone are pyrite and enargite. The oxidized zone extends
down from 300 to 450 feet below the surface. The mine appears to have been excavated to about the
11,500 level. The mining right held by SCMCI are stated as "minerals above a horizontal plane 200 feet
below the floor of the Reynolds Tunnel".

Pad loading commenced in May, 1986, and application of leach solution began June 5, 1986.
On June 10, 1986, cyanide solution was detected by SCMCI in the leak detection system beneath the
primary liner. On June 18, an MLRD inspection found cyanide in the french drain solution beneath the
secondary liner. SCMCI first identified cyanide in the french drain solution on July 11, 1986.

Knight, Piésold and Company put together a three volume chronologic review of the
Summitville operation for the Summitville Study Group. This group included mining executives and
interest groups. This document is the major source of information used to analyze the Summitville
project. ,

Basic Cyanide Chemistry Review

Cyanide has been used in the mining industry since 1898 as a lixivant for precious metals. The
cyanide form normally used in mining application is sodium cyanide. In solution, the sodium cyanide is
normally found as sedium and free cyanide ions

NaCN _ Na' +CN

The free cyanide reacts with hydrogen ions found in the water to form hydrogen cyanide in solution. The
pK. of hydrogen cyanide is 9.21 at 25°C. Figure 1 shows the relationship of HCN and CN" with pH. In
cyanide leaching, the solution pH is usually held above a pH of 10. Cyanide complexes with various
metals to form linear, planar, tetrahedral, square planar, trigonal bipyramidal, and octahedral complexes.
The various compounds and complexes of cyanide are found in Table 1.

Therefore, depending on the pH of the solution, metals will be sequestering cyanide in
complexes. Copper complexes reduce in degree of order as the pH changes. As the pH lowers, the
tricyano cuprite and then the dicyano cuprite complexes become the dominate species. At pH levels
below 4.5, insoluble copper cyanide becomes the prevalent species. At pH levels below 3 the copper
cyanide begins to dissolve and form Cu'? and HCN. Table 2 shows approximate percentages of the
Vvarious copper species.

This relationship of pH and copper species is important because the pH of the solution will

determine the possible ratio of copper concentration and cyanide as measured by Method C (weak acid
dissociable cyanide analysis). This ratio is important when attempting to obtain a mass balance when
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reviewing analysis information. Table 3 contains the molar copper to cyanide ratios of the various
species.

Table 3
COPPER TO CYANIDE MOLAR RATIOS REQUIRED BY THE VARIOUS
COPPER CYANIDE COMPLEXES
Copper Complex Ratio of mg
Cu:CN - Cu Required

by 1 ppm

WAD CN
Cu(CN),* 1:1.64 0.61
Cu(CN);* 1:1.23 0.81
Cu(CN),! 1:0.82 1.22
CuCN 1:041 2.44

Normally, if the ppm of copper is close to the value of WAD cyanide, as measured by Method
C, then the analysis is considered close. As can be seen from Table 2, this is only the case at pH levels
around 7, when the di- and tricyano complexes concentrations are nearly equal.

Using this data, it becomes problematical that any cyanide was present in the early french drain
solution. What may have been reported is the reaction of sulfate with silver chloride rather than with
cyanide. The data in the KP&C report (1986 Environmental Report) shows that there was no gold or
silver present in the french drain solution but there was supposedly cyanide. Precious metals appeared in
the french drain solution in early 1987. The pH of the french drain solution eliminates the possibility of
free cyanide being present in solution. Process solution has significant copper present and therefore
WAD cyanide could be present but only in an equal ratio of copper to precious metals. This is not the
case, because throughout most of 1986 the reported cyanide would have required gold and silver
concentrations of 0.003 rather than none detectable. Ultimately, precious metals did show up in the
french drain solution due to a leaky liner system, but the contamination found in the early days of
leaching was most likely due to using incorrect analytical methods.

Review of the Summitville Pad Design

In 1984, when the initial Summitville design was released, it should be noted that lined
containment systems were used in the mineral industry mainly for evaporation ponds. The lessons
learned since that time have gone a long way to standardize the pad design. Even today, some states
favor certain liner materials and pad designs over others. The SCMCI pad design of choice was a valley
leach pad. This design is usually favored when pad slopes exceed 5%. The valley leach contains all the
ore in a pond and stores the pregnant solution in the heap rather than in ponds. In a normal heap leach
design, the required design for a pond is a double synthetic liner separated by a geo-netting. The side
slopes are usually covered by a geo-textile. A valley leach design would include that same double liner,
plus intemmal slip berms to reduce the possibility of the liner ripping the upper liner, if that liner slides on
the under liner. Additionally, a valley leach design would most likely include a roughened surface liner
instead of a standard smooth surface liner.
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The Summitville design utilized a combination of synthetic and natural (low permeability clay)
liners. This design incorporated a french drain system below the natural liner, 16 inches of low
permeability clay, a two foot leak detection layer above the clay (sand with drain pipe embedded), 30 mil
high density polyethylene (HDPE) below 11,560' elevation and 60 mil linear low density polyethylene
(LLDPE) above 11,560' elevation, a thin layer of friction sand, a 7.5 oz non-woven geotextile and 2 feet
of crushed and screened ore on top of the geotextile. The ore placement was accomplished using truck
dumping and dozer pushing. Permeability ripping was done to a depth of 2 feet from 1986 to 1988 and
to a depth of 5 feet from 1989 to 1991.

Afier the original ore placement (to an elevation of 11,560 feet) intermediate liners were used to
isolate new ore from old ore. Additionally, an area (the "Burner Bowl") was shaped and lined to serve as
a reservoir for french drain pump back solution (from 1988 to 1990). This area was prepared by
trucking clay ore fines and compacting this material via truck traffic. This pond was drained in 1990
and later used as leach area. When the intermediate lining system was used, the leach areas were
designed to act as individual cells.

Summitville Operating Parameters

The Summitville ore placement operations were done on a seasonal basis. 100% of the ore was
mined, crushed and stacked between April and October, weather permitting. Gold recovery operations
were done on an around the clock basis. Due to snow and ice build-up, a solution flooding (drilled
HDPE piping) and later drip irrigation was utilized to wet the ore (when possible) during the winter. The:
 large internal storage of the valley leach design allowed for solution application problems. Gold
recovery was accomplished by using a carbon-in-solution (CIS) system. This system utilized' carbon
columns to absorb the precious metals, a pressure stripping (Pressure Zadra) system, electro-winning
system and doré melting furnace to make ingots for shipping to a refiner.

Site access was a continual problem during the winter recovery operations, requiring substantial
snow removal. Operational philosophy reflected the adverse weather conditions and was quite novel for
an operation of this type. :

Operational Problems

No exact knowledge of the operational problems encountered at the Summitville site is revealed
in this section. This account is pieced together from reports, conversations with both people involved on
site and third parties knowledgeable of the happenings on site.

For numerous reasons, including design changes, financing, permitting and weather, the
Summitville construction was started later than anticipated. During the final stages of the lining of the
pad, snowfall occurred hampering lining operations. If lining operations were not completed, subsurface
soil work would be compromised, therefore the lining contractor erected half tunnels over the seams and
continued the seaming operations in extremely adverse conditions. It has been reported that two
avalanches occurred during this time (on March 5 and again on an unnamed date in April, 1986) which
exposed the liner causing damage. Due to the potential resulting problems caused by the damaged liner,
the pad design consultant, Klohn-Leonoff, subcontracted GeoServices, "to certify the synthetic liner
integrity". GeoServices certified the liner on May 21, 1986, excluding areas that could not be inspected
due to snow accumulations and "... the liners on the east slope and pad bottom, which had been damaged
by several avalanches." It appears that records of a follow-up certification for the excluded areas were
found in the search done by Knight, Piésold and Co (KP&C). The site was inspected on April 2 and

-82-~



May 29, 1986 by Mined Land Reclamation Department (MLRD). During MLRD's last visit, SCMCI
was testing for leaks.

Pad loading of the layer of crushed and screened ore started in May, 1986 (no specific date
given), followed by regular ore placement. This layer acts as a buffer to the synthetic liner. Leach
solution was applied to the ore starting on June 5, 1986. On June 10, 1986, cyanide was detected by the
operator in the leak detection system below the primary liner. On June 18, 1986, an MLRD inspection
found cyanide in the french drain solution beneath the secondary liner. SCMCI detected cyanide in the
french drain solution on July 11, 1986 and reported it to MLRD.

A Critique of the Problems incurred at Summitville

20/20 hindsight is a phenomenon enjoyed by all afer the fact, but unfortunately denied to
anyone doing the work during the event being reviewed. Starting lining operations before a complete
cessation of winter weather is a gamble at anytime. It is reasonable to believe that the gamble was
justified by the site personnel because winter weather can occur at any time (spring or summer) at the
Summitville site. There are many ways that the lining operations can be accomplished under adverse
conditions and most of these were employed at Summitville. Were all the possible precautions taken?
Obviously no, they were not.

Who is to blame? Management for demanding that operations start "as soon as feasibility
possible" to start the ability to repay loans, the banks for pressuring management to meet performance
requirements, management of negotiating performance criteria into their loans, the consultants for not
standing firm under pressure to "get on with it", SCMCI construction management for being willing to
make management happy under any circumstances, the regulators for being inexperienced with the
potential problems and lulled into a false sense of trust "that everything was under control" or all of the
above and more.

Heap leaching was in the early stages of development for high precipitation environments in
1986. This means that many of the mistakes made at Summitville had not yet been identified before they
were encountered at Summitville. Many can point to the fact (using 20/20 hindsight) that these problems
should have been anticipated. This discussion is appropriate is for a boardroom or a bar room, but
definitely not when personnel are barraged from all sides demanding action (dictated by individual needs
and requirements). Maybe if the site personnel had been less concerned with making everyone happy,
things might have been better. If unlimited funds were available, I know that things could have been
different (money does not always make the determining difference).

Summitville's pad lining was the victim of every possible application of "Murphy's Law and
various corollaries”, a limited knowledge of the potential problems and the need of environmentalists to
have a shining beacon to show why mining should not be allowed in the United States.

It is possible that if a different group of individuals has been operating Summitville at that time,
there would not have been any significant difference in the outcome. The problems associated with
Summitville can be pointed to as a example of what not to do, but quite contrary to common belief, the
same problems would most likely have occurred to anyone. Besides all of the rhetoric about the
"perceived” cyanide problem at Summitville, the reason that the creeks are not active fisheries is because
of copper contamination, not cyanide contamination. Cyanide contamination in the creek water would
self detoxify a very short distance from any discharge, either by off-gassing or precipitating out of
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solution. Therefore, reviewing the gold operation at Summitville may give a tangjble target to identify
but that target may only serve as a convenient lightning rod for the public's righteous indignation.

The major problem in the operation was allowing the water management to get out of balance
and allowing water head to build up on the liner. The head on the liner caused significant transmission of
the leach solution to be forced through the secondary liner to the french drain. The operating philosophy
should have been altered to maintain a minimum of head on the liner rather than storing large amounts of
winter melt-off in the heap. If the decision was made to treat or hold the excess water in another facility,
the problems may have been significantly different. The acid generation by the surrounding underground
mines and the open pit mine waste are the true problem at Summitville, although the problems that
received the most press and attention (cyanide) were of little consequence.

The Real Problem at Summitville

The main problem at Summitville is not the cyanide leaking from the SCMCI facilities or the
perceived financial abuses by Robert Friedland. It comes from the copper flowing from the abandon
mine portals and mine waste dumps on site. There were minor discharges of cyanide to surface and
ground water, but if there was any impact on the environment from the discharged cyanide, it cannot be
detected or quantified.

The crecks below Summitville and a portion of the Alamosa River down stream from the
Summitville Mine are devoid of fish because of the acid mine drainage (AMD) from previous mining
~ endeavors dating back to the 1870's. Some AMD is being contributed by the Summitville operation, but

" 'a majority of the impact began long before SCMCI's presence on site. A case has been made that the |

open pit mining activities are impacting the underground AMD, but any statistical evaluation is
hampered by a lack of historical data and any attempt to utilize that non-statistically relevant data base to
draw conclusions can leave the conclusion open to various interpretations. The analysis, that the
increase of copper coming from the Reynold's adit is due to SCMCI activity, does not appear to take
precipitation variations into account. The main basis for the conclusion is that the water quality analysis
from the Wrightman Fork is different from analysis made in October, 1980. No data as to stream flow
rate is given, no evidence of Reynolds adit flow rate or contaminate analysis is given, just an opinion that
the SCMCIT activity has impacted. It cannot be denied that there has to be some impact to the site due to
the AMD coming from the SCMCI mined material, but the "leap of logic" that the increase in the
Reynold's adit contaminate concentration should require more rigorous demonstration that has been
presented in the KP&C document. Ultimately, it may be proven that the mining activity impacted the
AMD from the old workings, but no matter what level of proof surfaces in the future, no thought by the
operator, state or federal authorities brought forth any mention of this possibility. It should be noted that
during the planning stages, it would have taken a rigorous examination of the subsurface hydrology to
identify the potential to cause changes in the old workings' AMD. Additionally, a good enginecring case
could have been made that the potential to cause change was only that, a potential, and could not be
proven one way or other.

The only option open at this time is to work to eliminate the sources of contamination and
attempt to return both the Wrightman Fork and the effected section of the Alamosa River to fishery
potential. The substantial costs associated with accomplishing this effort will have to be borne under
Superfund or some other governmental program, since SCMCI and its parents no longer exist.
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Table 1

Cyanide Species Example
Free Cyanide CN
Readily soluble simple cyanide NaCN, KCN
compounds Ca(CN),, Hg(CN),
Relatively Insoluble Cyanide Zn(CN),, CuCN,
compounds Ni(CN), AgCN
Weak acid dissociable complexes Zn(CN)/?,
(complexes that dissociate above a Cd(CN),",
.pHof7 Cd(CN),*
Complexes that dissociate above a pH Cu(CN),",
of 4 but below a pH of 7 Cu(CN);?,
Ni(CN)?,
Ag(CN)y
Complexes that dissociate below a Fe(CN)s*, Fe(CN)s,
pHof 4 Co(CN)s>, Co(CN)s*,
Au(CN),", Hg(CN);*
Table 2
RELATIONSHIP OF pH AND PERCENT COPPER SPECIES
pH % Cu(CN),* % % % %
Cu(CN),? Cu(CN)," CuCN Cu*?
10 100 0 0 0 0
8 0 100 0 0 0
6 0 40 60 0 0
5 0 0 100 0 0
4 0 0 80 20 0
3 0 0 0 100 0
25 0 0 0 0 100
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The constant cry that the Summitville gold leaching project got away with criminal behavior and
someone should be made to pay is only so much inflammatory rhetoric. Someone is and will continue to
pay, the American taxpayer. When Superfund sites such as Iron Mountain and the Walker Mine were
identified, the Summitville AMD was not, why? What unique knowledge did SCMCI personnel and its
consultants have that makes them to be solely blamed? Why is the state wasting money on a criminal
investigation, when that money could be used to augment the DMG's budget rather than appear to
appease state government critics? Many questions can be asked but few definite answers will ever be
given.

So what, then?

What can be done at Summitville? The old portals can be plugged, the pit reclaimed, the waste
piles isolated, the cyanide water in the heap detoxified and the heap reclaimed. These are all planned to
be accomplished.

The mining regulators have leamed much and will continue to learn from the Summitville
"experience”. This knowledge will be incorporated into future dealings with all mining endeavors in the
state. Industry and industrial consultants will be smarter, due to the knowledge gleaned from this
project. The public will have access to the accumulated knowledge and studies gamered from the
investigation and reclamation efforts, if it wishes to wade through the voluminous data that is yet to be
produced for the public record.

The only thing that can't be predicted with any certainty is will there ever be fish in that 17 miles
of the niver system. The return to fishery status is in question, because there is no guarantee that
plugging the portal will keep the AMD from finding another uncontrolled surface release point. It cannot
be guaranteed that if all the contamination from the Summitville site is eliminated that other natural areas
will not continue contributing enough contaminates to keep the fish from retuming,.

The only certainty is that massive amounts of money will be spent to pay consultants,
equipment operators and lawyers and very few people will be satisfied with any of the final answers.
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The Process at Summitville - Is CERCLA Working?
Timothy R. Gablehouse
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CERCLA was originally crafted to deal with industrial dump sites, things such as Love
Canal or Valley of the Drums in Kentucky. The scheme under CERCLA is designed around a
fairly well defined process of study, evaluation, selection of remedial options and execution of
these options. Liability for the costs associated with the process is placed with the owner of the
site, the operator of the site and those that arranged for hazardous substances to be placed at the
site.

Allocation of responsibility among these parties is not a process defined by CERCLA.
Instead, liability is typically strict, joint and several. Simply put, any person having any liability is
potentially liable for the entire cost without regard of fault or other factors typically considered in
allocating responsibility.

At mining sites, there are CERCLA issues that complicate the process. Obviously, there
has typically been a succession of owners and operators. Many of these entities may not be viable.
Given the succession of mining activities, it is typically unclear what sort of work occurred at
different times. Lastly, mining waste rock is typically not a hazardous substance, thus putting
agencies and responsible parties in the position of trying to evaluate environmental damage without
considering the management of waste rock.

Summitville has been a mining district since the 1870s. Extensive underground workings
were established by a variety of entitics. Substantial ore was removed and tailings were produced.
Adits were dfiven in to remove ore and to drain the mountain, which has resulted in highly acidic
drainage.

There is no evidence that the area streams have never supported fish. Undisturbed
drainages nearby have very low pHs and are known to be impacted by mineral seeps and exposed
sulfur bearing rocks. Even though it is likely that mining activities have had an impact by
increasing the discharge of acidic materials, the magnitude of this impact is unknown and may not
be very significant in comparison to native conditions.

In this century, several mining companies operated on the site. Some held. leases to

evaluate and expand the existing underground workings. Others contemplated more extensive
operations. Ultimately, Galactic resources obtained the assignment of a lease for the property.
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They bought designs for a heap leach operation from a prior operator and set about to obtain the
necessary permits and approvals for operations.

The process of obtaining these permits and the technical quality of the permits is an
example of the regulatory process gone very wrong. In a report entitled The Summitville Mine:
What Went Wrong a member of the Mined Land Reclamation Board, at the time of permitting,
portrayed the situation where no agency exercised regulatory control of the design and installation
of the heap leach operation (Danielson and McNamara 1993). As a result, conditions constituting
permit violations quickly appeared. The agencies attempted to work with the operator; however,
the fixes attempted had the net effect of limiting the economic value of the mine. Ultimately, and
for many reasons, the operator went bankrupt. '

At the time of bankruptcy, the agencies believed that imminent hazards existed at the site.
They believed that water treatment systems would fail causing acidic waters to be discharged at
increasing rates. They also believed that water would overflow the heap leach retention dam
causing a catastrophic failure and the discharge of cyanide and tailings materials into the local
drainage.

EPA came onto the site to run an emergency response action under CERCLA the day after
the bankruptcy. The identified emergencies included not only conditions caused by Galactic by
also discharges from the adits and certain tailing piles that had been present for decades.

Emergency response actions do not follow the typical CERCLA process. Instead, the
agency decides what it wants to do and does it. There is no public oversight. There is no
opportunity for public comment. There is no potential for the review of their activities until the
much later point where they attempt to collect the costs from the responsible parties. EPA simply
sweeps onto the site and excludes past operators and the owner. It does what it feels is necessary,
without consideration of the impacts of these actions save that they address the emergency
conditions.

In the case of Summitville, EPA is treating water from the adits and from the heap leach.
They have moved large quantities of waste rock back into the mining pit. They are plugging adits.
Ultimately, they plan on either moving the entire heap leach or hydrologically isolating it from the
surrounding area.

None of these remedies has been subjected to a public analysis. It is not at all clear that all
these steps are truly necessary to address emergencies at the site. The ultimate environmental goal
of these actions have not been determined. Instead, these activities have been selected because they
seem to be the correct actions given the EPA’s view of proper efforts.

The tax payers are currently paying for these efforts. As such, one would hope that EPA’s
efforts were the bare minimum necessary to stabilize the site as it was in recent decades. Instead,
the EPA seems focused on completing a cleanup of the site within their view of appropriate,
ultimate solutions. These solutions are not consistent with additional mining of the site, but instead
seem designed to achieve EPA’s views on the future use of this property.

The CERCLA process in routine situations is designed to consider future use of the

property and these other factors. Not only would EPA normally consider these factors, but they
would do so with an opportunity for full public comment and review.
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Conclusion

CERCLA itself was never designed for mining sites. Much less, the emergency response
process was intended for quick operations designed to achieve an immediate reduction in risk from
leaking drums or other uncontrolled conditions. At Summitville, the emergency response process is
being used to accomplish cleanup of a site for reasons and to standards that may make no sense in
the context of this site. The emergency response process is being subverted at Summitville to avoid
public comment and input on the appropriate remedies and goals.
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ABSTRACT

Acid rock drainage (ARD) is a persistent problem associ-
ated with sulfide bearing rock and soil. A number of alterna-
tives exist to prevent the onset of ARD; to arrest progress of
ARD at various stages of its development, and to remediate
effects of ARD. This paper provides an overview of the
important chemical and biological processes involved in the
formation of ARD, and uses this framework to review current
engineering approaches to prevention and remediation of ARD
with respect to feasibility, effectiveness, cost, and inciden-
tal impacts. g

Factors which influence the onset, rate, and results of
ARD include availability of oxidants, water and sulfides; net
acid neutralizing potential; and the presence of bacteria of
the genus Ferrooxidans. Approaches to prevention and control
of ARD utilize one or more of these factors. Reactant
availability can be limited by capping, flooding, mixture with
low permeability materials, removal of sulfides, and armoring
reactive sulfides. Acid generation can be controlled or
prevented by chemical means, including admixture with neutral-
izing materials such as lime, limestone and phosphate rock.
Finally, control of ARD can be achieved by preventing bacteri-
ological activity using bactericides, or creating an unfavor-
able environment for bacterial growth.

GEOCHEMISTRY OF ACID ROCK DRAINAGE

Acid rock drainage (ARD) is the result of natural
oxidative weathering of sulfide minerals, primarily pyrite, by
meteoric water to produce an acidic iron sulfate solution.
Mine spoil piles derived from sulfide-bearing ore-minerals are
a common source of ARD, which has proven to be a persistent
environmental problem. To be able to arrest the progress of
ARD at various stages of its progress or remediate its
ultimate effects requires that two fundamental aspects of the
geochemistry of its formation be recognized: the oxidation of
pyrite (sulfide minerals) and the oxidation of iron. The
oxidation of ferrous iron and pyrite are closely linked in the
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ARD environment. The oxidative dissolution of pyrite produces
ferrous iron, which oxidizes to form ferric iron, which in
turn acts as an oxidant for pyrite. Thus, the rate at which
each of these processes occurs is critical to the evolution
and propagation of ARD. Williamson et al. (1994) provide a
detailed comparison of these rates, which is summarized below.

Pyrite Oxidation

The aqueous oxidation of pyrite, FeS,, can proceed with
either dissolved oxygen (DO) or ferric iron, Fe?*. These two
reactions are typically represented as follows

FeS, + 7/2 0’ + H,0 = Fe’* + 280,> + 2H+
FeS, + 14Fe’** + 8H,0 = 15 Fe’* + 2S0,> + 16H+

Although written as equilibrium reactions, the combina-
tion of pyrite with water and either ferric iron or dissolved
oxygen is far from equilibrium and proceeds to the formation
of products. The reactions do not, however, proceed at equal
rates.

The rate at which each pyrite oxidation reaction proceeds
is a direct function of the concentration of the oxidant (Fe**
or DO), and can be expressed mathematically as a rate law.
The derivation of these rate laws must be evaluated experimen-
tally and is discussed in detail by Williamson and Rimstidt
(1994) and Williamson (1992). In general, the rate of
reaction with Fe’* is the faster reaction at pH’s normally
associated with ARD between 2 and 3.5. Figure 1 is taken from
Williamson, et al. (1994) and illustrates the comparison of
pyrite oxidation rates, in terms of their relative rates of
Fe?* production. For the comparison, the total amount of Fe’*
in solution is assumed to be controlled by the solubility of
ferrihydrite (Fe(OH); and the total concentration of DO is set
at 9 ppm, or 2.8 x 10* mol/L). From this figure it can be
seen that the rate of pyrite oxidation is faster with Fe?*
than with DO at pH’s consistent with ARD (2-3.5), due primari-
ly to the strong pH dependance of ferric iron. Thus, the
oxidation of pyrite by DO is an important process only in the
absence of ferric iron, such as at the onset of ARD (pH > 5).

Iron Oxidation

Iron in the pyrite mineral structure is in the reduced,
ferrous (Fe?*) state, which upon exposure to dissolved oxygen
will react to form ferric iron.

Fe’* + 0, + 4H* = Fe** + 2H,0
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As is the case with the aqueous oxidation of pyrite, the
aqueous oxidation of ferrous iron proceeds at a specific rate,
dependant upon the composition of the aqueous solution. The
rate of oxidation of ferrous iron is greatly accelerated by
the presence of the bacterium Thiobacillus ferrooxidans,
commonly found in ARD, compared to the reaction with DO alone.
A detailed comparison of these two rates is presented in
Williamson, et al. (1994) and shown here in Figure 1.

Figure 1 compares the relative rates of Fe’* consumption
during oxidation by DO and by the bacteriologically-mediated
reaction. From this figure it is clear that the bacterially
mediated reaction dominates the reaction with DO at pH below
6. In general, over the pH range normally encountered in ARD
(2-3.5), the bacteriological rate of iron oxidation proceeds
approximately 5 orders of magnitude faster (100,000x) than the
reaction with DO.

The Relationship Between Iron and Pyrite Oxidation

The propagation and evolution of ARD cannot be understood
only in terms of equilibrium concepts generally employed to
evaluate natural water systems. In ARD systems, the oxidation
of Fe?* to Fe?* by the bacterium Thiobacillus ferrooxidans and
the oxidation of pyrite by Fe** are intimately related and
limited by the relative rates of each process.

The rates of oxidation of Fe’* and pyrite illustrated in
Figure 1 can be used to clearly identify the rate determining
step of the propagation of ARD. In this figure, over the pH
range normally associated with well-developed ARD (2-3.5), the
bacteriological production of Fe’* exceed the capacity of
~ pyrite to consume it. Under these circumstances, the aqueous
oxidation of pyrite is the rate-determining step because it
proceeds at the slowest rate. In contrast, however, in the
absence of bacteriological activity, the rate of Fe?’* oxida-
tion is slower than the rate that pyrite will consume the
resultant Fe’*. 1In this instance, the rate of ion oxidation
is the rate determining step (Singer and Stumm, 1970). Thus,
from Figure 1, the important role of Thiobacillus ferrooxidans
is clear and actions that limit the activity of this bacterium
can greatly reduce the magnitude of the effect of ARD.
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Stages of ARD Development

The geochemistry of ARD systems evolves from near-neutral
pH water-rock interactions to acidic conditions. Consistent
with this overall geochemical evolution, Kleinmann, et al.
(1981) presented a model for these systems in terms of three
stages of development. Each of these stages presents specific
requirements for the amelioration of ARD. The three stages of
Kleinmann, et al. (1981) are presented in Table 1.

Table 1. Summary of the three stages of ARD formation
(modified from Kleinmann, et al., 1981).

STAGE | PYRITE IRON CHEMISTRY
1 biotic/abiotic |abiotic with pPH >4.5
with DO DO high so,
Ey< 450 mV
2 biotic/abiotic | biotic/abiotic |pH 2.5 - 4.5
with DO with DO high so,

increasing Fe,,
Eqy = 450 - 600 mV

3 abiotic with biotic by pH < 2.5
Fe’* Thiobacillus high SO,
ferrooxidans high Fe,,

high Ey (>650 mV)

As discussed by Kleinmann, et al. (1981), the importance
of these stages to the prevention, arrest and remediation of
ARD is to recognize the biogeochemical factors that are
dominant at each stage of development, thus encouraging
activities that most directly target the most influential
processes.

From a geochemical standpoint, the prevention, arrest and
remediation of the effects of ARD must include

° limiting the availability of reactants

° limiting the rate of oxidation of pyrite and iron

° amending mine waste rock with excess alkalinity to avoid
acidification-

Prior to acidification, addition of alkalinity will
discourage acid production and limit the transport of con-
taminant metals. Once acidity has exceeded alkalinity,
treatments which target a reduction in the activity of
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Thiobacillus ferrooxidans will reduce the rate of supply of
Fe’*, the dominant oxidant of pyrite in acidic environments.
In conjunction with attempt to reduce the supply of oxidants
to weathering pyrite, strategies to retard the reactivity of
this mineral through isolation or armoring by precipitated
secondary phases are consistent with the general character-
istics of ARD formation outlined here.

Neutralization

Once acid generation has occurred, the acid created can
be neutralized and the formation of further acid prevented or
retarded by neutralization. This can be achieved by a wide
range of materials, including the addition of lime or other
base chemicals, or contact with limestone or other materials
with neutralizing capacity (e.g. feldspars). In particular,
calcite (CaCO,;), dolomite (CaMg(CO,),), and siderite (FeCO;) are
commonly encountered in orebody host rock sequences and along
groundwater flow paths. The reaction of calcite with the H"
ion is typical:

CaCoO; + H* = ca** + HCO;

This reaction solubilizes the calcium and bicarbonate,
while neutralizing the acidity. It proceeds relatively
slowly, and may result in armoring of the remaining active
material to further slow this reaction (particularly true of
the siderite reaction). It requires two moles of calcite to
neutralize the acid generated by a single mole of pyrite.

Due to the armoring.effect on limestone, lime is fre-
quently used to neutralize acid formed from acid mine drain-
age. The gross reaction for this process is:

Ca0 + 2H* = ca** +H,0

Thus one mole of lime neutralizes two moles of H* ion.
The lime can be slurried, and it is very effective in reacting
completely with the acidity in water.

Summary of chemistry of ARD

Based on the above evaluation, the oxidation of one mole
of pyrite: '

1. requires about 3.5 moles of oxygen;
2. requires between 1 and 3.5 moles of water;
3. produces between 2 and 4 moles of H*; and
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4. requires between 2 and 4 moles of CaCO,; or between 1 and
2 moles of CaO to neutralize the acid if completely
consumed.

Converting these values to mass terms, the oxidation of
(say) one ton of pyrite:

1. requires about 0.9 tons of oxygen (200,000 cubic feet of
air); ’

2. requires about 0.3 tons of water (70 gallons);
3. produces about 0.02 tons (50 pounds) of H*Y.
4. requires about 2.5 tons of limestone or about 0.7 tons of
lime to neutralize the produced acid.
PREVENTION OF ARD

Prevention of acid rock drainage depends on control of
the limiting factors associated with the formation of ARD:

pyrite control;
oxygen control;

water control;
bacteria control; and
acid control.

Each of these is considered below.
Pyrite control

The production of acid requires a pyrite mineral.
Clearly, if there is insufficient sulfide in a material to
initiate and sustain ARD, then ARD will not be a problem. As
noted above, ARD occurs as a function of the amount of pyrite
which is present in an exposed material. The pyrite level at
which ARD occurs is site specific: it depends on a range of
factors, including the nature of the mineralization, the
nature of the host rock(s), the climate, and the degree of
fracturing of the rock. A rough rule of thumb is that:

Pyrite Content Likelihood of ARD generation
>10% Very high and rapid

5% - 10% High

2% - 5% Probable

1% - 2% Possible in places

<1% Unlikely
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This suggests three strategies for prevention of ARD by

controlling sulfide concentration:

1.

used;

Removal of sulfide. If sulfide is removed such that the
sulfide concentration in the processed rock is not
greater than the threshold reaction level for the rock,
then ARD is not initiated, and will not in general
proceed. The removal of pyrite is, however, difficult
and expensive, and is not an economic response to sulfide
removal except in a mineral processing context where
flotation or leaching are used. In processing, the rock
is ground and the pyrite is removed by flotation. The
pyrite is then processed for minerals or used to produce
sulfuric acid. In leaching, ARD processes are encour-
aged, the resulting acid and metal products removed,
resulting in sulfide removal.

Removal of "hot spots". It is sometimes possible to
selectively remove those materials which have sulfide
concentrations which are high enough to initiate and
support the creation of ARD. The removed materials can
be either processed or disposed of in such a way to
prevent formation of ARD, and the remaining material will
then not initiate or support the formation of ARD. This
selection is commonly practiced in mining, particularly
for final reclamation of pit slopes and other disturbed
materials, but is less attractive for the control of ARD
in more disseminated sulfide occurrences.

Dilution of sulfide. A final strategy which can be used
is to dilute the sulfide concentrations in the material
to a level where ARD cannot be initiated or sustained.
This strategy is available particularly if large quanti-
ties of material are disturbed, of which only a small
portion contain sufficient sulfide concentrations to
create ARD. The sulfide-containing material is intimate-
ly mixed with the non-sulfide materials, resulting in a
material which has (generally) 1less than 1% sulfide.
This approach is used in the disposal of mixtures of
mined tailings from which sulfide minerals have been
extracted, with waste rock from which they have not, to
produce a non-ARD producing material.

In general, however, these strategies are not widely -
indeed, sometimes the sulfides separated during the

milling of ores are re-mixed with the tailings, which results
in re-establishing the ARD generating potential of the
mixture.

-97-



Oxygen control

The production of acid from pyrite requires the presence
of an oxidant. In general, the ultimate oxidant is atmospher-
ic oxygen. ©Unfortunately (from the point of view of acid
generation at least) oxygen is ubiquitous in the environment.
It forms 16% of the atmosphere, and is generally present in
water, including groundwater (the saturation concentration of
oxygen in water is about 10 parts per million at normal
temperatures and pressures). Fortunately (from the point of
view of control of acid generation), the oxidation of sulfide
to acid requires a considerable amount of oxygen. Thus it is
attractive to consider oxygen limitation or denial strategies
for control of acid generation.

First, flooding potentially acid generating sites, or
placing them below the groundwater table, essentially guar-
antees cessation of significant acid production. Flooding can
take a variety of forms:

. Underground mines. Flooding requires the plugging of
exit points, and either allowing the void to refill with
water, or filling it from an external source. While this
approach has been very successful in some cases (e.g. the
Walker Mine, California), it has failed in others (e.g.

the Eagle Mine, Colorado). Plugging is a very site-
specific remedy, and requires detailed investigation and
design.

° Surface mines. Surface mine flooding can often be

achieved by simply filling the pit with water, or
allowing it to £ill naturally. Generally this leaves the
rim of the pit unprotected, which may require alternate
ARD protection. Quality of the water which remains in
the pit may be compromised by dissolution of ARD products
from the pit walls, or by inflow of ARD water, but this
can be remedied during the filling process if required.

. Waste rock. Waste rock flooding can be achieved by
placing the waste rock under water, for example in a
worked out, flooded pit or in an existing lake or ocean
disposal area. A less common approach is to reduce the
permeability of the rock so that the rock mass will
resaturate as a result of natural infiltration. This can
be achieved by low permeability additives, cementation,
or co-disposal with low permeability materials (for
example tailings).

Second, prevention of ARD can be achieved by eliminating
air flow through or to the pyritic material. This approach
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also has a variety of applications, depending on the setting
in which the ARD control is required:

Underground mine. Air control involves the blocking of
all points of air ingress and egress, thus preventing air
flow. This is generally achieved by bulkheads, backfill-
ing, or covering or burying the sulfide-containing area
with non-acid generating material. However the control
of air ingress into underground mines has proven to be
difficult, because all subsurface areas "breathe", in
response to diurnal and seasonal air pressure differen-
tials between the mine void and the atmosphere. The most
promising methods of air control in mines have been total
or partial backfilling of the mine; this can sometimes be
achieved by the use of mine development waste, hydraulic
or pneumatic backfill, or mixtures of tailings and waste
rock. The material which is used can be potentially acid
generating, providing the backfilling achieves its goal
of air exclusion.

Surface mine and waste materials. Air control can be
achieved in some circumstances in surface materials by
covering with a material which has low permeability to
air. Air flow through the cover is caused by the
pressure differentials between the air in the subsurface
material and the atmosphere (resulting from diurnal
pressure variations, and buoyant pressure differentials
due to the exothermic ARD process). The rate of flow is
a function of the permeability of the cover to air.
Accordingly, the cover is usually required to be:

- thick (two to three feet of non-acid generating
material is generally needed);

- low permeability (a soil or amended rock which has

a saturated hydraulic conductivity of 1less than
about 107 cm/sec);

- protected (the cover must be protected against
disturbance and erosion by a further one to two
feet of non-acid generating rock, so that the
protection is permanent).

In some cases these requirements can be met by inert
waste material from a mining or other operation; more
often, the materials have to be imported or created,
which adds significantly to the cost of prevention.
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Water control

The next strategy for control of acid generation, and one
which is commonly advocated, is to deny water to the process.
However, this strategy is almost always unsuccessful, for the
following reasons:

. It takes only a very small mass of water to allow acid
generation to occur: the oxidation of a ton of pyrite
consumes only 70 gallons of water (this infiltrates in a
100 square foot area in a year in the west).

° Water is ubiquitous in the environment, so it is always
available at the surface, and must be continually denied
to the process. Further, many materials contain signifi-
cant amounts of water within them, and this water alone
is often sufficient to support ARD (a ton of soil, rock,
or tailings contains in the order of 100 pounds of water,
far more than enough to allow the oxidation of more than
any sulfide in the material).

° There is a strong gravitational gradient driving water
through unsaturated surface materials, and it requires a
very low permeability cover to deny water to a poten-
tially acid generating material (around 10® cm/sec
material is needed, which 1is difficult to obtain,
install, and maintain).

. The humidity present in air generally contains enough
moisture to sustain an acid generation system if the
pyritic materials are present; accordingly, air circu-
lation must also be largely prevented as part of a water
denial strategy (as well as having benefits in denying
oxygen to the system).

Reduction in water flow may serve the purpose of limiting
the amount of water that is impacted by acid generation. The
cost of collection and treatment of this water is to some
extent a function of its quantity, so flow limitation may have
some utility for remedial cost control, even if it does not
fundamentally limit the production of acid.

Biotic control

Biotic control of ARD has as its objective the removal of
the bacteriological assistance to the rate determining step in
ARD, particularly in situations where oxygen is limited. As
noted above, bacterially-aided oxidation increases the rate
of ARD reactions by about 5 orders of magnitude. If the
bacteria can be prevented from assisting this process, the
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generation of acid and the 1liberation of metals can be
dramatically slowed, to the point where the process effective-
ly ceases.

The most common method of treatment is to use dilute
solutions of surfactants (such as detergents, shampoos, and
toothpaste) as bactericides. Concentrations of 10 ppm slow
acid production, while concentrations of 25 ppm generally
sterilize materials (Kleinmann et al, 1981). These have been
able to reduce acid generation by up to 95%, if used frequent-
ly (three times per year). An alternative approach is to use
a time-release capsules of vulcanized rubber and detergents,
which result in a continual dosage of surfactant over a number
of years. After sustained use over a number of years, it is
believed that natural soil bacterial activity will sufficient-
ly limit available soil oxygen to prevent re-population by the
iron-oxidizing bacteria; at this time the treatment could be
terminated.

Acid control

As noted above, the rate of reaction and the amount of
acid produced increases as the pH of the water at the reaction
site drops. This is due to both abiotic and biotic reasons.
Consequently acid generation is a process that "feeds on
itself", using its own acid production to increase the rate
and quantity of the generation of further acid. As a result,
neutralization is both a remedial strategy and a control
strateqy.

The principal approach to neutralization is the addition
of limestone or 1lime to the reaction site. This has the
effect, if done prior to the initiation of acid generation, of
discouraging the lowering of pH which favors acid generation.
If done after the initiation of acid generation, it raises the
pH by neutralizing the acid, and also reduces the rate of
future acid production. 1In neither case can it truly prevent
acid generation: this will take place at some rate regardless
of the pH.

The application of acid control to specific mine elements
is as follows:

U Mines. In-mine neutralization is frequently practiced as
a method of controlling acid generation and acid dis-
charge from mines, by placement of neutralizing material
in the mine openings; neutralization of in-mine water;
directing acid inflow through limestone beds, or addition
of neutralizing materials to influent water. These
measures are generally only partially successful in
preventing ARD.
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° Waste materials. Many mining and processing waste
materials contain within them considerable neutralization
capacity (natural or added), which can assist in reducing
or essentially eliminating the potential for acid
generation. If a waste material lacks this capacity, it
is possible to add neutralizing materials (generally
crushed limestone) to the rock to enhance its ability to
neutralize any acid generated. The cost of doing this
includes the cost of the limestone, and the increased
cost of the disposal facility due to the increase in
volume of waste material. If neutralizing material is
added to the waste rock pile, it is greatly advantageous
if the pile is segregated, so that the treatment is only
applied to the high sulfide portion of the rock.

The gquantity of neutralizing agent required for acid
prevention is difficult to assess. A reasonable approach is
to apply a proportion or all of the neutralizing agent which
would be required to neutralize all of the acid produced if
the entire sulfide mass were oxidized. This involves using
approximately the same percentage of neutralizing material by
weight as the pyrite percentage by weight in the acid generat-
ing material. '

REMEDIATION

Once AMD has occurred, there are a range of remedial
actions that can be undertaken to control the effects, in
circumstances where prevention of further AMD is not desir-
able, possible, and/or economic. There are a number of
remedial actions which can be taken to deal with the effects
of ARD on water, including: neutralization, sulfate reduction,
and metal removal (SME, 1994). All may be followed by further
water treatment to meet discharge or use criteria for the
water.

Neutralization
Active neutralization

Active neutralization involves the addition of limestone
or lime to neutralize the acid. In addition to neutraliza-
tion, dissolved metals may have to be oxidized before pre-
cipitation normally occurs, using aeration or possibly oxidant
addition. Precipitates are settled out and the sludge removed
for disposal, or possible metal extraction. The sludge may be
a characteristic hazardous waste.
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Passive neutralization

Passive neutralization techniques have been developed in
recent years to provide remediation for ARD problems which are
remote, or which are not readily resolved using the active
systems above. These systems generally use anoxic dissolution
of limestone. Mine water is passed through an enclosed
limestone-filled drain before it is exposed to the atmosphere.
The iron is kept in the reduced (Fe?*) state, and the lime-
stone dissolves without becoming armored by ferric hydroxide,
as it would in the oxidized state. A well designed system can
produce about 300 mg/l alkalinity (as cCaCO,) (SME, 1994).
Effluent requires an oxidation/settling pond to allow forma-
tion and precipitation of ferric hydroxide; processed water is
often passed through a wetland for polishing.

Sulfate reduction

If ARD water is passed through a reducing environment, it
is possible to cause the sulfates in the flow to be reduced to
metal sulfides, using biologically mediated reactions. This
technology has been used extensively in the treatment of ARD
from coalfields, using constructed or natural wetlands to
achieve the reducing conditions required to achieve the
fixation. The wetlands generally consist of a substrate of
composted organic material, and may include limestone within
the compost, creating a passive neutralization component in
the anoxic conditions of the wetland.

Passive sulfate reduction wetlands are generally applied
for flows of less than 100 gpm, due to the considerable
acreage which they require for successful long-term applica-
tion. A rule of thumb for size is that each 10 gpm of water
requires approximately one acre of wetland. It is important
to note that the metals captured by these facilities remain in
the wetland, and if it should erode or dry out or erode,
remobilization is possible. As a result, removal of the
metal-bearing substrate materials at some point should be part
of the design of these facilities.

CONCLUSION

Acid rock drainage (ARD) forms when sulfide~bearing rock
is exposed to air or another oxidant in the presence of mois-
ture. Formation of ARD is often mediated by bacterial action,
greatly increasing the rate of oxidation of sulfides. The
products of ARD are acid and mobilized metals, and the
effluent is frequently toxic to aquatic life, and not potable
by humans.
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ARD can be prevented by controlling the reagents:
sulfide, water, and oxygen; or controlling the mediating
bacteria. The most attractive methods have been found to be
removal of oxygen (by flooding or capping), and removal of
bacterial mediation using bactericides. Removal of sulfides
and removal of water are in general found to be ineffective
and/or too expensive.

The products of ARD, metal bearing acidic water, can be
remedied by neutralization or sulfate reduction. Active and
passive methods are available to remove the products of ARD,
and these have proven very effective in controlling relatively
low concentrations of ARD products. Methods include con-
structed wetlands and anoxic dissolution of limestone.

ARD can be treated, but prevention is both easier and
ultimately more cost effective as a way of dealing with the
problem of potentially acid generating waste materials.
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RECLAMATION AT THE RICHMOND HILL MINE
LAWRENCE COUNTY, SOUTH DAKOTA

Todd A. Duex and Myron R. Andersen
LAC Minerals (USA), Inc.
Richmond Hill Mine
P.O. Box 892
Lead, South Dakota 57783

ABSTRACT

Acid rock drainage (ARD) was identified from the waste dump of the
Richmond Hill mine in the spring of 1992. Since that time interim
reclamation measures have been implemented at the mine to prevent discharge
of these waters. Recently, the long term reclamation plan which has been
developed since the identification of ARD has been approved by the State of
South Dakota. Final reclamation will begin this spring.

The reclamation plan consists of the removal of all potential acid
forming material from the waste dump along with sulfide material form the
leach pad area. This material will be back-filled into the Richmond Hill
pit. A complex cap will be placed over this material, and will consist of
a limestone layer, a low permeability clay liner, a 4 foot layer of benign
material for frost protection, and topsoil. The placement of this material
in the pit will isolate it from the shallow ground waster system and reduce
flow into the reactive material thereby reducing discharge to the
environment. The pit impoundment area will be seeded with grasses,
predominantly cool-season, and a legume species. Grasses are being used to
precluded tap-rooted species that could penetrate the clay liner.

INTRODUCTION
Setting -

The Richmond Hill mine is located in western Lawrence County, South
Dakota, about five miles northwest of the city of Lead. It lies in the
extreme northern part of the Black Hills within the Lead gold mining
district. The operation consists of a single open pit mine, located in the
central part of Section 22, T. 5N., R. 2E., a waste dump centered about
1500 feet to the southeast, and a processing area consisting of three heap
leach pads located about 1 mile to the north- (Figure 1). Topography is
moderate to steep with elevations ranging from 5000 to over 6000 feet
within the mine area. Drainage from the Richmond Hill mine area reports to
Squaw Creek in the west, Rubicon Gulch in the north, and Burno Gulch in the
east. The mine itself reports to the Squaw Creek drainage while the
processing facilities report to Rubicon Gulch. Vegetation is typical of
the northern Black Hills and consists of predominantly mature stages of the
climax ponderosa pine forest.

History

The Richmond Hill mine was discovered in 1984, with a Life of Mine
permit granted by the State of South Dakota in March 1988. Mining and
processing were initiated late in 1988 and mining has continued
intermittently through 1993, when ore reserves were exhausted. Processing
of the heap leach pads are continuing at the present time. The majority of
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the Richmond Hill deposit consists of oxidized material, but is underlain
by primary sulfide material. Because of the configuration of the ore body,
minor sulfide-bearing material was encountered early in the mine life, with
later stages of mining becoming increasingly higher in sulfide content. As
part of the mining sequence, a 188,000 ton sulfide ore stockpile was
developed on the waste dump in 1991.

Minor acid rock drainage (ARD) was detected from the toe of the
waste dump in April 1992 within Spruce Gulch, a small intermittent drainage
to Squaw Creek. Acid drainage has continued to the present time, with
flows ranging from a few gallons a minute to over 400 gpm during the spring
freshet. This drainage typically has a pH from 3.0 to 3.5 with moderate to
high metal values. Flow rates and pH have an inverse relationship with
lower pH at higher flow rates.

Richmond Hill temporarily ceased mining, removed the sulfide
stockpile to the processing area, and began interim mitigation measures in
July 1992. The interim mitigation measures, completed in the fall of 1992,
included the construction of a retention pond in Spruce Gulch, treatment of
the discharge from the toe of the waste dump, construction of an anoxic
limestone drain, and diversion of the water from the waste dump to the
storm water pond. 1In addition, the State of South Dakota required a Permit
Amendment to be submitted which would address the long term closure plan to
mitigate ARD from the Richmond Hill mine. This permit amendment was
approved in February 1994.

CURRENT STATUS

Nearly 8 million tons of material have been removed from the
Richmond Hill mine since production began in August 1988. At the present
time 5.2 million tons are contained on the leach pads and 3.65 million tons
are located in the waste dump. Waste production data from the Richmond
Hill pit (Figure 2) shows an increasing proportion of sulfide-bearing waste
through time. Generally speaking, the waste dump development can be
divided into three main stages. An early stage, through late 1989, with
less than 10 percent sulfide material, an intermediate stage with 10 to 20
percent sulfide material, and a late stage, from the latter part of 1991 to
the middle of 1992, containing 30 to 40 percent sulfide material. Overall,
about 883,000 tons of sulfide material (24%) are contained within the
Richmond Hill waste dump.

Composition of the Richmond Hill leach pads show a similar trend in
composition through time (Figure 3). One complicating factor was the
placement of 188,000 tons of sulfide bearing ore from the sulfide stockpile
onto the leach pads in July 1992. While only about 2 percent of the ore on
pads 1 and 2 are sulfide bearing, pad 3 contains over 23 percent sulfide
material, with much higher levels later in the mine life. Of the total of
751,000 tons of sulfide material contained within the leach pad area,
702,000 tons are contained on pad 3.

TEST RESULTS
Static Tests

Because discharge is occurring at the toe of the waste dump and
since the leach pads are under active leaching and are therefore isolated
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from the environment, the primary emphasis of testing to date has been the
waste dump. Over 200 static tests have been conducted on the material in
the waste dump taken from a series of trenches which accurately reflect the
composition of the waste dump. The results of this static testing
correlate well with the geologic observations presented above. The sulfur
data indicates a good differentiation between the oxide and sulfide
material, with the materials averaging less than 1 percent and over 5
percent total sulfur, respectively. The testing also shows 1little
neutralization potential for most of the material. Because of the
sequencing of the waste production with increasing sulfide content through
time, the overall trend in static tests shows a corresponding decreasing
ABA value (Figure 4). As with the geologic description, the three phases
of waste dump construction are well illustrated.

Without a doubt, the latter phases of waste dump construction, from
late 1991 through July 1992, are most certainly acid generating. The
observation of steam vents from this portion of the dumps supports this
conclusion. Conversely, the initial stages of waste dump construction,
through late 1989, have average ABA values which are positive which
suggests that these materials probably are non-acid forming. The material
placed in the waste dump in the intervening period have small negative ABA
values and are at least in part acid generating.

Static test from the leach pad material is limited to 69 grab
samples from the pads and 46 monthly crusher composite samples. Data from
this testing again confirms the overall geologic descriptions of the mine
sequencing, with decreasing ABA values through time (Figure 5). One major
difference of this material has been the lime added to the ore for
metallurgical purposes which raises the corresponding ABA values for
material on the pads. The values given in Figure 5 are for the ore prior
to the addition of lime. The processing of the ore increases the ABA value
by about 20 units. As with the waste dump, a significant portion of the
early phases, most of pads 1 & 2, are believed to be non-acid generating,
while the latter phases, most of pad 3, have significant acid potential.

Kinetic Test;

Kinetic humidity cell tests were performed on 14 samples from the
waste dump, six samples from the pit, and 5 samples from the leach pads.
The results from this testing confirmed the interpretation of the static
testing that the sulfide bearing material was a very active acid former and
therefore is the major contributor to the ARD problem at the Richmond Hill
mine. However, the testing also demonstrated that almost totally oxidized
material could also generate significant acid in of itself. In these cases
the acid former is most probably jarosite which is common in lower portions
of the deposit.

Based on the results of approximately 20 weeks of humidity cell
testing, it was determined that material with ABA values as high as -5
could generate acid. These tests confirmed that the main acid producers
were pyrite/marcasite and jarosite. The only other major sulfur-bearing
minerals, barite and svanbergite, were stable during the kinetic tests.
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Summary

Based on testing to date, it has been determined that approximately
2.7 million tons (75 %) of the waste dump at the Richmond Hill mine is
potentially acid forming. This includes most of the material in the waste
dump placed after late 1989. 1In addition, the vast majority of leach pad
#3, material placed after October 1990, and minor portions of leach pads #1
and #2 have acid formation potential. It should be noted that significant
exposures of sulfide material are present in the pit, which can also
produce acid.

CLOSURE PLAN

The Richmond Hill closure plan was designed to minimize long term
ARD from the waste dump, leach pad, and pit areas. Numerous options were
evaluated to achieve this goal, with the final version being arrived at
after 18 months of evaluation. This option achieves the best balance
between cost and long term liability to Lac Minerals.

Pit Area

The main feature of the closure plan is to back fill the Richmond
Hill pit with the majority of the acid generating material present
throughout the mine site. This will include the up to 2.7 million tons
determined to be acid generating from the waste dump along with 727,000
tons of primarily sulfide material from leach pad #3.

This back filling accomplishes several key items at one time.
Because of its present location in a drainage, the majority of the waste
dump is in contact with surface and near surface ground water, and can not
be isolated from this hydrologic system. By removing this material to the
pit, which is located over 100 feet above the ground water table, it places
the material in a "high and dry" location. Sufficient material will be
placed in the pit to cover all exposed sulfide high walls, and reducing the
acid drainage potential from these areas.

After the selected material is back filled and compacted in the pit,
it will be covered by a complex, low permeability liner system to reduce
infiltration into the back filled material (Figure 6). The lower most
component of this liner system is a 6 inch layer of limestone which will
act as a barrier for acid solutions from the back filled material and the
rest of the liner system. This layer will also serve as a well prepared
base for the remainder of the constructed liner. Overlying the limestone
layer will be 2 feet of compacted, low permeability clay, with a minimum
permeability in the field of 1x10~’ cm/sec. This clay will most likely
come from a nearby native source which is currently being evaluated. On
top of the clay liner will be a minimum four foot layer of benign material
which will act as a frost protection layer to prevent freezing of the clay
liner. This layer will also protect the clay liner from erosion. The most
likely material for this frost protection layer is spent ore from leach pad
#1 or #2. As stated above, most of the ore produced early in the mine life
has no acid generation potential and will be adequate for this purpose.
Lastly, six inches of topsoil will be applied on the frost protection layer
to serve as a growth medium.

-114-



Figure 6.

IYPICAL SECTION-WASTE RUCK CAP SYSTEM

6“ TOPSOIL

4’ SPENT ORE THERMAL BARRIER
2’ COMPACTED NATIVE CLAY
— 6° LIMESTONE BUFFER

— 3'=-5’ LIFTS WASTE ROCK

- PIT FLOOR

s aan
e a s ahdg 444“4 “ " g
o K ig/{‘ﬂ" “ﬁ’ "‘ﬂ

,s}s{s's's's}s{g}

/ /
/- / ."\vA
‘('
K
'
A\ €
D
° A
D
>\ D
'
b
‘ b
b
b A

AN AR N AR /
~ 7 N 7 N 7 \




Because of the need for long term erosion control and to ensure the
integrity of the clay liner, the seed mixture will emphasize the use of
grasses and legumes (Figure 7). This will help to preclude tap-rooted
species which may penetrate the clay liner and compromise the closure plan.

Straw mulch along with hydromulching will be used to enhance revegetation
and minimize erosion prior to the establishment of the vegetation.

Waste Dump

As stated above, approximately 2.7 million tons of material will be
removed from the waste dump as part of the closure plan. This will leave
about 900,000 tons of material in the waste dump area, of which 70,000 tons
are sulfide bearing. The majority of the material remaining in the waste
dump consists of unaltered country rock, which has significantly lower
sulfur values, and therefore lower acid potential, than the majority of the
Richmond Hill deposit. This is evident from the results of the static
testing which shows a weak positive value for this material. Testing shows
that over 90 % of the remaining waste dump material is non-acid forming.
The small portion with some acid formation potential will be thoroughly
sampled via trenches to determine the size and distribution of this
material. If significant quantities of potential acid forming material is
found from this sampling program, it will be removed to the pit impoundment
area during reclamation.

The residual soil in the waste dump area will be neutralized with
limestone and then fertilized prior to the final reclamation of the dump.
The remaining material in the waste dump will then be regraded to a 3:1
slope, have topsoil placed on it, and reseeded. Based on our current
knowledge, the drainage, if any, from the waste dump area should be of high
quality.

Leach Pads

Approximately 728,000 tons of material will be removed from leach
pad #3 to the pit impoundment area. This will represent ore produced in
the April to October 1992 time frame. This ore is easily accessible and
contains some of the higher acid potential present in the leach pad area.
While additional quantities of ore could be removed, the capacity of the
pit impoundment area will have been met from these quantities. About 2.3
million tons of ore would remain on leach pad #3, still containing 277,000
tons of sulfide bearing material (12 %). Based on the static and kinetic
testing, this proportion of sulfide material will most likely generate
acid. Therefore, the closure plan includes a limestone amendment of pad #3
material to achieve a minimum 3:1 Neutralization Potential/Acid Potential
ratio. Kinetic testing is underway to determine the precise ratio of
limestone amendment.

While Pads 1 and 2 have minimal sulfide bearing material, about 2
percent, extensive sampling and testing of this material will be done prior
to closure. The main reason for this testing is to determine whether this
material is suitable for use in the pit impoundment area as the frost
protection layer. Approximately 300,000 tons are needed for this layer and
every precaution must be taken to ensure this material has no chance of
producing acid. It is anticipated that detailed sampling of the material
on pads 1 and 2 will identify small quantities of ore which has acid
potential. These will be moved to pad 3 and amended with limestone.
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SUMMARY

The closure plan to mitigate long term effects of ARD from the
Richmond Hill mine is based on several interrelated solutions. The primary
feature is a pit impoundment area into which potentially acid forming
material will be back filled. This pit impoundment will be covered by a
complex liner system to minimize seepage into this material, and thereby
limit the release of acid and metals into the environment. In addition,
exposed sulfide bearing high walls will be covered by this back filling and
liner system. These materials will be removed from both the waste dump and
leach pad areas where they are currently in potential contact with surface
and near surface ground waters. The remaining material on the leach pads
‘'which have moderate acid potential will be amended with limestone to negate
acid formation and be placed on leach pad #3.

This closure plan will accomplish the primary goals of LAC Minerals,
which are to minimize cost and long term liability from the Richmond Hill
mine site. It provides an efficient use of materials at hand and allows
for a walk away reclamation plan in the future and provide adequate long
term environmental safeguards.
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ABSTRACT

Molybdenum mill tailing often has high concentrations of soluble salts,
heavy metals and other chemicals that make reclamation very difficult.
Reclamation of this tailing must be accomplished in such a way as to insure a
naturally-functioning plant community that perpetuates itself through time. This
study was conducted to determine the depth of soil needed to cover Henderson Mill
tailing to maintain a healthy cover of herbaceous vegetation.

Soil that covered tailing became more acidic through time. Lime added to
soil at 6 tons/ac reduced the acidification process. However as soil became more
acidic, plant uptake of copper increased and helped to improve the copper to
molybdenum ratio. Molybdenum concentration in smooth bromegrass (Bromus
inermis) on test plots did not differ through time. No heavy metal was
concentrated in plants to such a level as to be toxic to plants or to be a hazard to
large animals that might graze the reclaimed tailing site. Soil depth of 12- or 18-
inches over tailing resulted in better plant growth, but leaching of salts was less
than for a soil depth of 6 inches.

Herbaceous vegetation cover, plant species diversity, and production
generally increased on the soil-tailing test plots as the depth of soil over the tailing
was increased from 6 to 18 inches. Use of only 6 inches of soil over tailing
resulted in low production, cover, and diversity. However, few differences existed
between measured variables for the 12- and 18-inch depths of soil over tailing.
Therefore, after 11 years of growth, it appears that 12-inches of soil over tailing is
sufficient to maintain a naturally-functioning, sustainable herbaceous plant
community.

INTRODUCTION
The environment surrounding the Henderson Mine and Mill sites is

recognized as being particularly fragile because of the altitude, climate and soils of
the areas. Cyprus Climax Metals Company is interested in maintaining a quality
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environment while conducting mining operations. To assure maintenance of a
quality environment, a study was initiated in 1982 to determine what depth of soil -
would be needed to successfully and permanently revegetate the tailing produced

by the milling operation. Another objective was to determine if addition of lime
was needed to reduce the acidification process and allow for a healthy cover of
herbaceous species to exist on reclaimed tailing. A final objective was to

determine whether heavy metals would be concentrated in vegetation present on
reclaimed tailing that might be detrimental to plants, or to wildlife or livestock
populations that could utilize the area.

Plants vary widely in their uptake and requirements for various macro- and
micro-nutrients (Swaine, 1955). Some essential elements can also be taken up in
excess and may become toxic to the plant (Lindsay, 1979). Even if an element
does not become toxic to plants, it might become toxic to grazing animals that
utilize the forage resource (Gupta and Lipsett, 1981). In addition, some toxic
elements or compounds can be taken up by plants even though they are not
required. Uptake of toxic constituents are often in proportion to their availability
in the immediate environment of the plant. In other cases, plants may concentrate
certain toxic substances to levels far in excess of their availability (Baker and
Walker, 1990). Whether an element or compound is limiting or toxic in many
cases depends upon its availability and concentration. We are only now beginning
to understand the effects -and fate of some potentially-toxic chemicals as they move
through food webs in ecosystems.

A number of metals are required by plants in small amounts and are utilized
as catalysts in chemical reactions, in enzyme molecules, and in other growth
processes. Metals such as iron (Fe), zinc (Zn), manganese (Mn), copper (Cu),
aluminum (Al), and molybdenum (Mo) are all essential to plant growth, but can
become toxic if uptake is too great.

Iron was shown to be an essential element over a century ago and is
required in quantities larger than manganese, zinc, copper, and molybdenum
(Wallihan, 1966). Concentrations of iron in foliage are usually 102 to 10 times
that in the soil in which the plant grows. As a general rule, other elements known
to be essential to plants achieve concentrations in plant tissues that are
approximately equal to or greater than that existing in the soil.

Plant leaves that contain less than 20 pg/g of zinc may be deficient in this
micro-nutrient. Amounts of zinc in excess of 400 pg/g may indicate zinc excess.
Acidification of soils may bring about aluminum, iron, or zinc toxicity in plants.

Plants vary widely in their requirements for molybdenum and in their ability
to extract this metal from the soil (Reisenauer et al., 1973). Absorption of
molybdate by plant roots is markedly affected by soil pH, amount of sulfate
present, soil organic matter content, and soil moisture (Gupta and Lipsett, 1981).
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Increased sulfate and soil acidity depresses molybdate uptake. Molybdate is
strongly absorbed by soil, minerals and colloids below pH 6.0. Available
molybdenum usually increases with soil organic matter content, as does most other
nutrient elements. Plant requirements for molybdenum are met at concentrations of
0.3 to 0.5 pg/g in tissues of legumes, and at less than 0.1 ug/g in tissues of most
other plants. Forage containing more than 10 to 20 pg/g molybdenum may produce
molybdenosis in ruminant animals if the copper concentration is not high. A
copper to molybdenum ratio in forage greater than 2:1 is desirable to prevent
molybdenosis (hypocuprosis) of ruminants.

OBJECTIVES AND PURPOSE

The tailing pond that results from the milling of Henderson Mine ore will
someday be reclaimed. It is desirable to know how much soil will be needed to
cover tailing to establish a naturally-functioning permanent plant community. Lime
additions to soil should also reduce the soil acidification process. But, there is
concern that salts or other contaminants in the tailing might move upward into the
soil and thus adversely affect plants established on the reclaimed tailing. Plant
roots might also take up some metals from the tailing to such levels that they could
become toxic to the plants or to animals grazing on the reclaimed tailing.

A study was, therefore, designed and initiated in 1982 to address the above
concerns. Stockpiled soil and Henderson tailing material were utilized in this
experiment. Plots were seeded and plants were allowed to become established.
Then sampling of both soil and vegetation from these plots was initiated in 1985 to
determine whether chemicals in tailing adversely affected soil and established
plants. An additional objective was to determine if heavy metals would be
concentrated in forage that could be detrimental to wildlife or livestock populations
that might utilize reclaimed tailing.

We also wished to know depth of soil over tailing that would be needed to
maintain production, cover and species diversity of the plant community. Sampling
of plant species, cover, production, and diversity on these plots was initiated in
1991 to determine if differences existed for the three soil depths over tailing on
established herbaceous species. Data for plots of the three depths of soil (6, 12,
and 18 inches) over tailing were compared with data collected from a nearby native
(control) community. An additional objective was to determine whether the one-
time application of varying amounts of lime had affected species cover and
production on these plots.
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METHODS AND PROCEDURES

The Henderson Reclamation Plan stated that the final tailing surface would
be covered with 6 to 18 inches (12-inch average) of soil and revegetated (Brown,
1977). The State Mined Land Reclamation Board (MLRB) accepted this solution,
but the company wanted assurance that a 12-inch depth of soil over tailing would
be adequate. Because of the expense to stockpile soil ($2-3 per cubic yard initial
expense), it is important to determine plant responses to various depths of soil over
tailing so that an appropriate soil depth can be used to cover the tailing prior to
reclamation.

An experiment was initiated in September, 1982, near the existing
Henderson tailing. The experiment was designed to determine: 1) soil depth
needed over tailing to maintain a diverse, functioning, natural plant community, 2)
whether addition of lime to soil or tailing would retard the acidification process,
and 3) various soil and plant chemical changes through time. The experiment was
designed as a randomized complete block with two blocks that served as
replications. Three feet of Henderson Mill tailing was first put down. Then four
depths of soil were put over tailing. Soil depths were 0, 6, 12, and 18 inches.
Lime at 0, 2, 4, or 6 tons/acre was added to the plots. One-half of the lime was
placed at the soil-tailing interface, while the remaining lime was added to the
surface of the soil. Thus, a factorial experiment was created. Only the plots with 0
or 6 tons/acre of added lime were utilized in the present study of soil and plant
chemical characteristics.

A 1% grade was established for the experimental area to reflect the actual
grade of the tailing pond. Berms around the experimental area were established to
hold the tailing. Six-inch perforated plastic pipes were installed beneath the
experimental plots to drain water from the bottom of the tailing. Three feet of
tailing was hauled to the experimental area, levelled, and then a 1% grade was
established.

Experimental plots of 10-x-10 feet were established on top of the tailing.
Large timbers of varying widths were utilized to contain the soil that was to be put
on the tailing. A tractor bucket was used to transport stockpiled soil to the
appropriate experimental plots that had been assigned at random. Lime was added
on top of tailing at 3 tons/acre prior to dumping soil onto the plots for those plots
that were to receive the lime treatment. Then an additional 3 tons/acre of lime was
top dressed onto plots that were to receive the lime. Thus, these plots received a
total of 6 tons/acre of lime.

The soil was then leveled and all plots were seeded in September 1992 with
the Climax seed mix at 50 lbs/acre. Species included in this mixture were: smooth
bromegrass, orchardgrass, timothy, creeping and meadow foxtail, Kentucky
bluegrass, red fescue, hard (sheep) fescue, redtop, crested wheatgrass, white Dutch
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clover, yellow sweet clover, and cicer milkvetch. All plots were then fertilized
with 100 lbs/acre of 20-20-10 (N-P-K) inorganic fertilizer.

Vegetation was allowed to become established from 1983 until 1985 before
plots were sampled. In August, 1985, 25 species were found growing on the soil-
tailing plots; whereas no plants survived on the tailing-only plots (0 depth of soil),
with or without the addition of lime. Of these 25 species, 15 were not present in
the seed mixture. In addition, one of the species was ‘a native shrub (Wood's rose).
By August, 1989, the stands had thinned out somewhat and species diversity had
declined. However, some species lost were weedy species such as peppergrass,
thistle and foxtail barley. Only 14 species were found on these plots in 1989.
Smooth bromegrass had been dominant in 1985, but hard (sheep) fescue and foxtail
were more prevalent in 1989 and 1993.

Soil and Plant Chemistry

Aboveground biomass of smooth bromegrass (Bromus inermis) was
collected in August of 1985, 1989, and 1993 from each plot, dried at 60° C and
ground to pass through a 1-mm screen. Samples were then analyzed for Cu, Zn,
Mn, Fe, Mo, Al, and fluoride (F). It was believed that these chemical constituents
might be modified in the plant if roots grew into the tailing or if these chemicals
moved from the tailing into the soil above. These chemicals are potentially toxic
to both plants and animals if present in excess. Plots that had no soil over the
tailing had no plant establishment, so plant samples could not be collected from
these plots.

Soil covering the soil-tailing test plots was sampled at three profile depths
(top, middle, and bottom) from each of the plots to determine whether salts were
moving from the tailing into the soil and whether addition of lime had reduced this
movement. These samples were air dried, ground to pass through a 2-mm sieve,
and then analyzed for pH, electrical conductivity (E.C.), calcium (Ca), magnesium
(Mg), sodium (Na), sodium absorption ratio (SAR), and base saturation percentage
(% Sat.) by the CSU Soil Testing Lab. Results of these analyses may help to
predict elemental concentrations in vegetation and salinity effects on plant growth.
These analyses should also indicate whether the lime addition had been effective in
reducing the soil acidification process.

Cover, Production, and Diversity

Cover of vegetation was estimated in the present study as a proportion of
ground covered by individual species (Daubenmire, 1959) in each treatment plot
and in a native (control) community. The control community was a relatively
undisturbed grassland site near the Williams Fork River on Henderson property.
Cover of individual species was estimated to the nearest one percent in 20x50-cm
quadrats. Five quadrats were located at random within each of the 10x10-ft. study

-123-



plots. Thus, a total of 20 quadrats within each block was sampled for cover for
each of the three soil depths and four lime application treatments. After estimates
of individual species cover were recorded, then an estimate of total vegetation
cover, litter cover, and percentage of bare ground was made for each quadrat.

Diversity was estimated utilizing individual species cover data. A Shannon-
Weiner diversity index was calculated for each soil depth treatment and for the
native (control) community (Shannon and Weaver, 1949). This diversity index is
an indication of the amount of information content based on the number of
individual species present and their respective canopy coverage. The equation is:

Sp
Diversity Index = - X p; Inp;, ,
i=1

where cover is expressed as a fraction, p, for each (i) species. The summation
extends over all species in the treatments being compared. All species do not have
to occur in all treatments; they assume values of zero when absent from any one
treatment.

Production of vegetation was sampled by a double-sampling procedure
(Pechanec and Pickford, 1937) where three individual 20x50-cm quadrats were
located at random within each of the soil-tailing treatment plots (Bonham, 1989).
Estimates of the total aboveground biomass (production) to the nearest gram were
made for each quadrat and one of the three plots was selected at random for
clipping. All species were clipped at ground level in the sampled quadrat and the
plant material was placed in a paper bag and weighed. Larger samples of
vegetation were collected, weighed, returned to the laboratory where they were
dried at 60°C. These larger samples were then used to convert wet weight
estimates to dry weights. Since no vegetation became established on the tailing
plots without any soil, these plots were not sampled.

A nearby undisturbed herbaceous community was selected to serve as a
control for comparison with data collected from the soil-tailing test plots. This
control area was sampled in a manner similar to that of the treatment plots. Two
blocks were established on the control site and each was sampled for cover and
production. Vegetation sampling of treatment and control plots was conducted on
August 5 and 6, 1991, at about the time of peak standing crop of vegetation.

Data Analysis
Data for soil and vegetation chemical analyses were subjected to a factorial
analysis of variance procedure (Steel and Torrie, 1980). When significant (P<0.05)

differences were detected for years, soil depth, or soil profile level, then Newman-
Keul's Range Test was utilized to separate the significant (P< 0.05) means.
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Otherwise, significant differences (P< 0.05) among two means were tested with the
F-Test. When meaningful significant interactions were found among variables,
these are discussed rather than the main effects.

Because molybdenum concentrations were not significantly different
(P>0.05) among the three soil depths put on top of tailing or between the two lime
treatments (0 or 6 tons/acre), no correlation analyses for soil Mo with plant Mo
were conducted. :

Data for cover and production of soil-tailing plots and the native community
were also subjected to analysis of variance procedures (Steel and Torrie, 1980).
When significant (P<0.05) differences were detected for soil depth or lime
application, then Newman-Keul's Range Test was utilized to separate the three or
four significant (P<0.05) means. Otherwise, significant differences (P<0.05)
among two means were tested with the F-test. When meaningful significant
interactions were found among variables, these are discussed rather than the main
effects.

RESULTS AND DISCUSSION
Soil and Tailing Comparison

Soil placed over tailing in the soil-tailing test plots was sampled in August,
1985. Only plots that had not received the supplemental addition of lime in 1982
were included in the sample. Raw tailing from the Henderson tailing pond were
sampled at the same time. Chemical analyses of these samples revealed large
differences in soluble salts between the soil and tailing (Table 1). The electrical

Table 1. Average chemical characteristics of tailing from
the Henderson tailing pond and soil put over
tailing on the soil-tailing test plots. All samples
were collected in August, 1985.

Variable (units) Soil! (n=18) Tailing (n=3)
pH 53 5.0
E.C. (mmhos/cm) 1.0 9.1
Base Sat. (%) 59.4 359
Ca (meq/1) 9.2 21.8
Mg (meg/l) 3.6 3.6
Na (meg/1) 0.4 66.1
SAR 0.2 18.5

'Data for soils were taken from all three soil depth
treatments without the addition of lime.
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conductivity (E.C.), calcium (Ca), sodium (Na), and sodium absorption ratio (SAR)
were all considerably higher in the tailing than in soils. This might indicate future
salinity problems in soils placed over tailing if salts migrate upward with soil water
evaporation. Salts within the tailing might move with capillary water from tailing
into the soil above, thus increasing the salt content of soil (Millar et al., 1965;
Brady, 1974).

Soil Chemistry

Soil chemical characteristics were often influenced by the depth of soil
(6,12, or 18 inches) put on top of the tailing. Potassium (K), magnesium (Mg),
sodium (Na), sodium absorption ratio (SAR), and base saturation percentage (%
Sat.) were all significantly affected by the depth of soil put on the tailing.
Magnesium (Mg), sodium (Na) and potassium (K) were all less in the 6-inch soil
covering tailing than in the 18-inch soil (Table 2). This may reflect greater
leaching of neutral soluble salts from the 6-inch depth. Lower sodium absorption
ratio (SAR) in the 6-inch soil may also reflect greater leaching of sodium from this
soil. The salinity hazard for all three soils at present is low (Millar et al, 1965). It
was interesting that molybdenum (Mo) concentration was also slightly higher in the
6-inch and 12-inch soil compared with the 18-inch soil covering the tailing (Table
2).

The addition of lime at 6 tons/acre resulted in a significant increase in soil
pH (from 4.9 to 5.9) (Table 2). However, there was a significant interaction
between soil depth, profile level and lime treatment. This interaction indicated that
lime addition to the 6-inch soil was more effective in raising the pH at the soil
profile and tailing interface than when the same amount of lime was added to
deeper (12- or 18-inch) soils (Figure 1). This was to be expected as there was
more lime per weight of soil in the 6-inch depth. Also, as expected, the pH was
lower with increasing depth into the profile. The only other soil variable affected
by the lime addition were slight reductions in base saturation percentage (% Sat.)
and sodium absorption ratio (SAR) (Table 2).

The electrical conductivity (E.C.) (salts) was significantly influenced by an
interaction between lime treatment and level within the profile. When lime had
been added, E.C. was greater near the soil surface than when lime was not added
(Figure 2). However, E.C. was greater at the soil-tailing interface at the bottom of
the profile when lime had not been added compared to when lime was present.
This same interaction was also evident for both calcium (Ca) and magnesium (Mg)
concentrations (Figures 3 and 4). These two cations (Ca and Mg) probably
increased with the lime addition to the soil surface and caused this difference in
E.C.

Sodium (Na) and magnesium (Mg) both increased with depth into the soil
profile and the increase was most pronounced between 1985 and 1989, and then
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Table 2. Chemical characteristics of soil over tailing as influenced by either
soil depth or addition of lime.

- Variable Soil depth
(units) 6 inches 12 inches 18 inches
pH 5.5a! 5.4a 5.5a
E.C. (mmhos/cm) 1.2a l.1a 1.3a
Ca (meq/l) 10.8a 9.8a 11.3a
Mg (meq/l) 3.4b 3.7b 5.3a
Na (meq/1) 0.5¢ 0.6b 0.8a
SAR 0.23b 0.27b 0.32a
% Sat. 57.9b 59.2b 60.6a
K (meg/l) 0.27b 0.31ab 0.34a
Mo (ug/g) 0.14a 0.14a 0.10b

Lime treatment

Lime added
No lime (6 tons/ac)
pH ' o - 4.9b! 5.9a
E.C. (mmhos/cm) 1.2a 1.2a
Ca (meq/l) 10.2a 11.0a
Mg (meq/1) 4.3a 4.0a
Na (meq/l) 0.6a 0.6a
SAR 0.30a ‘ 0.24b
% Sat. 58.5b 59.9a
K (meg/l) 0.31a 0.30a
Mo (ug/g) ‘ 0.14a 0.11a

'Means in a row for either soil depth or lime treatment followed by the same
letter are not significantly different (P<0.05).
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Figure 1. Soil pH as influenced by soil depth, soil profile level,
and addition of lime.
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Figure 2. Electrical conductivity (E.C.) in soil over
tailing at three levels in the soil profile as influenced
by addition of lime.
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Figure 3. Soil calcium (Ca) concentration in soil over tailing at
three levels in the soil profile as influenced by addition of lime.

Mg Concentration (ug/g)

ONo Lime
8 mLime Added

10

Profile Level

Figure 4. Soil magnesium (Mg) concentration in soil over
tailing at three levels in the soil profile as influenced by
addition of lime.
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declined somewhat in 1993 (Figures 5 and 6). The sodium absorption ratio (SAR)
also increased at all three levels in the soil profile between 1985 and 1989, but
declined by 1993 (Figure 7). This increase was particularly great at the soil
surface. Again, this suggests an increase in salts within the soil and upward salt
migration with water that is then evaporated from the soil surface. Possibly more
precipitation between 1989 and 1993 caused the decline in SAR that resulted in
1993 values being similar to those in 1985. Base saturation percentage increased
between 1985 and 1989 at the 12- and 18-inch soil depths, but decreased at the 6-
inch soil depth (Figure 8). Leaching appears to have been effective in removing
base cations from the 6-inch soil depth from 1985 through 1993. Upward salt
migration predominated in the 12- and 18-inch soils between 1985 and 1989, but
leaching predominated between 1989 and 1993. Precipitation at this site may,
therefore, not always be adequate for leaching of salts from the 12- or 18-inch soil
depths.

Molybdenum (Mo) concentrations were highest at the soil-tailing interface,
as would be expected as some mixing probably occurs (Figure 9). Plant root
uptake at the soil-tailing interface may be moving Mo upward in the soil profile to
some extent. This explanation seems probable as the 6- and 12-inch soils had
greater concentrations of Mo than did the 18-inch soil covering the tailing where
rooting depth was less restricted (Table 2).

Plant Chemistry

Zinc (Zn) concentrations in aboveground biomass of smooth bromegrass
were slightly greater in plants that grew in the 6-inch soil over tailing (Figure 10).
The Zn concentration in plants declined somewhat as soil depth increased. This
was expected as plant roots in the 6-inch soil probably were greater at the soil-
tailing interface and tailing concentration of Zn was much greater than the soil Zn
content (Trlica, 1989). Zinc concentrations in smooth bromegrass in 1993 were
only about one-half of those found in 1985 and 1989.

There was a significant interaction between years and soil depth that
affected plant concentration of iron (Fe) and aluminum (Al). Both metals increased
significantly in smooth bromegrass between 1985 and 1989 when plants grew on 6-
and 12-inch soil depth treatment plots as compared with the 18-inch soil-depth
(Figures 11 and 12). However, both metals had declined significantly in the
foliage by 1993. The reason for the increase and then decrease is not readily
apparent, particularly since Fe concentration is greater in soil than in the tailing
(Trlica, 1989).

Fluoride (F) concentrations in plants increased significantly between 1985
and 1993 when plants grew on 12- and 18-inch soils over the tailing (Figure 13).
Fluoride content in plants had increased with decreasing soil depth treatments in
1985, which was to be expected as F levels in tailing was much greater than that in
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Figure 5. Soil sodium (Na) concentration in soil over tailing at
three levels in the profile in 1985, 1989, and 1993.
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Figure 6. Soil magnesium (Mg) concentration in soil over tailing at
three levels in the profile in 1985, 1989, and 1993.
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Figure 7. Sodium absorption ratio (SAR) in soil over tailing at three
levels in the profile in 1985, 1989, and 1993.
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Figure 8. Base saturation percentage at three depths of soil over tailing in
1985, 1989, and 1993.
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Figure 11. Iron (Fe) concentration in aboveground biomass of
smooth bromegrass in 1985, 1989, and 1993 as influenced by depth
of soil placed over tailing.
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Figure 12. Aluminum (Al) concentration in aboveground biomass of smooth
bromegrass in 3 years as influenced by depth of soil covering tailing.
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Figure 13. Floride (F) concentration in aboveground biomass of smooth bromegrass
in 1985, 1989, and 1993 as influenced by depth of woil placed over
tailing.

soil (Trllca 1989). Thus, the reason for the increase in F for plants on the deeper
soils is not known. For some reason the added lime may have interacted with soil
F to result in a large increase in plant F concentration on the 12-inch soil covering
the tailing.

The plant copper/molybdenum ratio improved considerably between 1985 and
1993, particularly when lime had not been used (Figure 14). The foliage of smooth
bromegrass should not cause any copper deficiency or molybdenum toxicity for
ruminants that might utilize it.

Chemistry Changes Through Time

Significant differences were noted in many measured soil and plant
parameters among samples that were collected in 1985, 1989, and those taken in
1993. Some of these differences might be related to laboratory differences as
samples were analyzed at three different times. However, laboratory equipment
and procedures remained about the same at the CSU Soil Testing Laboratory
between 1985 and 1993. Differences resulting from laboratory procedures in the
three different years also may have resulted from different technicians processing
and analyzing the samples. But it is believed that errors resulting from technician
differences were small. Therefore, most of the differences among the 1985, 1989,
and 1993 samples represent true differences among the actual samples.
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Figure 14. Copper:molybdenum ratio in aboveground biomass of
smooth bromegrass in 1985, 1989, and 1993 as influenced by the
application of lime.

Soil samples:

Soil pH, electrical conductivity (E.C.), magnesium (Mg), sodium (Na),
sodium absorption ratio (SAR) and base saturation percentage (% Sat.) varied
significantly between 1985 and 1993. Soil pH became more acidic between 1985
(5.8) and 1993 (5.2). Magnesium in soils increased from 3.4 to 4.2 pg/g between
1985 and 1993 and sodium increased from 0.4 to 0.6 pg/g during this same period.
This probably resulted in the higher electrical conductivity in 1993 (1.3 mmhos/cm)
than in 1985 (1.0 mmhos/cm). Greater salt concentrations in the soil profile
probably affected the sodium absorption ratio and percentage base saturation which
were both greater in 1989 and 1993 than in 1985.

It appears that a slight upward migration of salts from the underlying tailing
has occurred during the past 11 years. This could result in unfavorable plant
growth conditions in the future. However, these salt concentrations are not high at
present, but will be affected by the timing and amount of precipitation received
through time. Therefore, this should be monitored closely to determine fate of
salts in the soil through time.

Plant samples:
Aboveground biomass of smooth bromegrass had significant changes in

several of the metals and fluoride between 1985 and 1993 (Table 3). The
concentration of iron (Fe), zinc (Zn), manganese (Mn), and aluminum (Al) all
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Table 3. Elemental concentrations in aboveground biomass of smooth
bromegrass from the soil-tailing test plots in 1985, 1989, and 1993.
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