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ABSTRACT

Fens are abundant in the San Juan Mountains. By exploring the geomorphology
and geochemistry of fen wetlands, the functions that fens serve can be better understood.
In this research, two main studies were conducted involving the geomorphology and
geochemistry of fens.

The first study involved a complex investigation of the geomorphology of five
fen sites in the San Juan Mountains near Silverton, Colorado. Geomorphic maps were
constructed for each fen site at a scale of ~1:3,000. A geomorphic classification scheme
was then made based on fen location, and fens were placed in one of three categories: 1)
valley-bottom, 2) valley-side, and 3) terrace. Fen circularity and elongation values were
calculated for thirty fens to determine morphometry. A pattern for elongation of fens
emerged between the three types of alpine fens with valley-bottom fens having an
average elongation value of 1.7, valley-side 2.4, and terrace 1.9. Valley-side fens are
more elongated than valley-bottom and terrace fens, which exhibit similar elongation
values.

In addition, sediment samples at each site were sectioned along visual breaks in
the sediment column and were sieved. Mean phi values were calculated for each section
and at each site. The mean phi values at California Gulch, Glacial Lake Ironton,
Howardsville, Red Mountain Pass North, and Red Mountain Pass South, are 0.2112,
0.9045, 1.6028, 0.0178, and 1.0516, respectively. Overall, coarse-grained particles are
associated with valley-side fens, and medium-grained particles are associated with

valley-bottom and terrace fens.



The second part of the study involved investigating the geochemistry of fen
sediment. The geochemistry portion of this research focused on concentration and
isotopic ratios of Pb and the amount of *¥'Cs in fen sediment to better understand
variations of Pb with depth and calculate approximate sedimentation rates. Based on
isotopic ratios of Pb, binary mixing was determined with the presence of ore mineralized
Pb and non-ore mineralized. Binary mixing of two types of ore-mineralized Pb is present
at the Howardsville fen and both ore-mineralized and non-ore mineralized Pb is present
at the Red Mountain Pass North fen. Based on **'Cs in fen sediment at Howardsville, an
average rate of deposition of sediment is approximately 0.16 cm/yr, with a visible

change in sedimentation rates pre- and post-1960s.
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CHAPTER |

INTRODUCTION AND PROBLEM STATEMENT

INTRODUCTION

Fens are dynamic systems which are thought to be heavily influenced by multiple
parameters such as geomorphology, hydrology, geochemistry, climatology, and ecology.
The San Juan Mountains in Colorado contain thousands of fens, yet unfortunately, few
studies have been conducted that explore beyond the vegetational aspects of these forms.
Understanding the geomorphology and geochemistry is necessary to appreciate the role
fens play in alpine environments.

This research is two-fold and seeks to answer two main questions: 1) What
geomorphic function do fens serve in alpine environments? 2) Is land use change
associated with lead (Pb) deposition in alpine fen systems? These research questions are
accompanied by three objectives.

OBJECTIVES

Three main objectives were used to answer the research questions: 1) evaluate
the impact of changing land use on fens, 2) establish a geomorphic classification of fens
in alpine environments, and 3) determine the rate of the deposition of fen sediments.

To complete the objectives and answer the two main questions, the following
tools were used: 1) geomorphic maps to determine inputs and outputs from surrounding
landforms, 2) soil lithology and grain-size analysis to determine sedimentary
characteristics, 3) refractive seismic profiling to determine the underlying shape and

depth to bedrock, 4) Pb isotopes and concentrations as indicators of source (ore
1



mineralized Pb versus non-ore mineralized Pb), 5) **’Cs and **°Pb,s from fen sediments
to estimate rates of sedimentation.
STUDY AREA LOCATION

Five study sites containing fens in the San Juan Mountains of southern Colorado
were chosen for this research (Figure 1). The San Juan Mountains have elevations in

excess of 4,300 m with numerous fens situated along valley floors and adjacent slopes.

Denver
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& 0 50
Durango I km icii

FIGURE 1. Location map of research area with the study sites outlined with a red
box.



Fen sites are located in San Juan and Ouray Counties and are within the Animas
and Uncompahgre watersheds. Each study site contains at least one fen and is located
around the Silverton Caldera, near Silverton, Colorado (Figure 2), which is situated at an
elevation of 2,800 m. The study sites are located in areas near streams and former

mining operations.

5 P

~.§§~ :":‘f#fomon- y

FIGURE 2. Study sites in reference to Silverton, Colorado and the Silverton
Caldera (Google Maps, 2012).

Fens are found in the following localities: California Gulch, Ironton,
Howardsville, and Red Mountain Pass. The following names were given to each fen site:
California Gulch, Glacial Lake Ironton, Howardsville, Red Mountain Pass North, and

Red Mountain Pass South.



CHAPTER II

LITERATURE REVIEW

INTRODUCTION

The study of fens extends across the globe with much research devoted to the
ecology and restoration of fens. Unfortunately, few studies have been conducted that
explore beyond the vegetational aspects of these forms. A review of fens in terms of
ecology and restoration, geomorphology and hydrology, geomorphic mapping, trace
metal geochemistry, and land use was conducted for this thesis.

FENS
Ecology and Restoration

Vegetation and restoration of fens are important aspects of peatlands. Some types
of flora are found exclusively in fens, hence why many restoration efforts have been
conducted to restore fens. Much research has been conducted evaluating fens for type of
vegetation present (Austin, 2008) and restoration of damaged peatlands (Johnson and
Valppu, 2003; Cooper and MacDonald, 2000).

Austin (2008) surveyed 88 fens for vegetation and impacts resulting from human
activities. The author determined that nearly half of the fens were affected by humans in
the form of ditches, drainages, floods, and damage from use of vehicles. Austin (2008)
concluded that restoration opportunities for fens are plentiful.

Johnson and Valppu (2003) sought to investigate the success of a sedge meadow
restoration. The authors were primarily concerned with looking at the donor soil and

crop cover within small-scale plots, plant transplants, and monitoring of large-scale soil
4



applications. Johnson and Valppu (2003) were then able to make recommendations for
the restoration of peatlands.

Cooper and MacDonald (2000) sought to develop restoration methods for
extensively-mined peatlands. The purpose of their research was to figure out what fen
species naturally recolonize on mined surfaces and to test revegetation techniques. The
authors tested restoration methods in 27 plots. The study by Cooper and MacDonald
(2000) was designed to evaluate the recovery of mined fens in addition to testing
techniques for the restoration of dominant plant species within mined areas.
Geomorphology and Hydrology

The understanding of geomorphology of fens varies around the world. Much of
the work involving fens has been carried out in the central United States.

Some researchers studying fens use a hydrogeomorphic approach (Brinson,
1993; Hauer and Smith, 1998; Faber-Langendoen, 2005), whereas others use a
combination of, or solely a geomorphic or hydrologic approach (Almendinger and Leete,
1998; Rocchio, 2005a; Watters and Stanley, 2006; Warburton and Evans, 2010; De Mars
and Garritsen, 1997; Devito et al., 1997; Vitek and Rose, 1980). Researchers conclude
that changes to the fens, whether anthropogenic or not, via hydrology, glaciation, and
geomorphology affect fens.

Almendinger and Leete (1998) seek to understand rare fen vegetation by
acknowledging the role of hydrology. Six calcareous fens were surveyed in the
Minnesota River Basin, where the authors determined that hydrogeology, geology, and

landforms affect calcareous fens (Almendinger and Leete, 1998).
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Fen research outside of temperate areas of the Midwestern United States, such as
in alpine regions, has been conducted, with much work completed in Colorado (Austin,
2008; Chimner et al., 2008; Cooper et al., 2006). As with post-glaciated Midwestern
states, glaciation greatly affects high elevation landforms via erosion and deposition,
affecting the formation of fens (Rocchio, 2005a).

Geomorphology and hydrology are combined by Brinson (1993) to provide an
additional view of the formation and sustainment of fens. Brinson (1993) coined the
term “hydrogeomorphic approach” (HGM), which incorporates hydrology and
geomorphology. The HGM approach encompasses three aspects: hydrological source,
hydrological regime, and geomorphic setting. This method of assessing wetlands is often
used to analyze and mitigate wetlands that are damaged by anthropogenic activities
(Hauer and Smith, 1998).

A hydrogeomorphic approach was applied in a study of riverine wetlands by
Hauer and Smith (1998). The function of fens in alluvial floodplains is listed in four
main categories: 1) hydrological, 2) biogeochemical, 3) vegetation maintenance, and 4)
faunal maintenance and provision. In summary, Hauer and Smith (1998) found fens to
perform a variety of functions including: 1) dynamic and long term surface and
subsurface water storage, moderation of groundwater flow of discharge, 2) nutrient
cycling, removal of imported elements and compounds, retention of particulates, organic
carbon export, 3) maintenance of characteristic plant community and characteristic

detrital biomass, and 4) provide habitat for wildlife, maintain faunal food webs along



with regional and landscape biodiversity. According to Hauer and Smith (1998), wetland
function is greatly influenced by the hydrology and geomorphology of the region.

Fens were studied by Faber-Langendoen (2005) from a hydrogeomorphic
perspective. These fens formed in depressions and along slow moving rivers and lakes,
which provided the necessary water supply required to sustain them.

Fens have a fluctuating water table, which is affected by geomorphology,
climate, local weather, and subsurface flow; therefore, a fluctuating water table
influences local groundwater flow to the fen system (Faber-Langendoen, 2005). A
hydrogeomorphic approach was effective in assessing fens.

Hydrology and geomorphology are addressed by Rocchio (2005a) in an
assessment of fens, which examines post-glaciated regions. These regions create viable
geomorphic features, such as moraines and kettle lakes, which create ungulating
topography suitable for fen formation. Rocchio (2005a) included a geomorphic
assessment in his review of Rocky Mountain fens in addition to an in-depth look at fen
ecology.

Rocchio (2005a) addresses key issues such as land use change and how it affects
fens. For example, Rocchio (2005a) discusses the anthropogenic impacts of water
diversions, ditches, peat mining, and livestock management on the hydrology of fens. By
altering hydrology, peat oxidation and decomposition, subsurface water storage capacity,
landforms (the fens themselves), and ecological aspects (such as vegetation) are all

negatively affected by a change in the hydrologic regime.



Geomorphology has been used to explain fens from an ecological perspective
(Watters and Stanley, 2006). Understanding of surface drainage networks in peatlands is
limited; thus, Watters and Stanley (2006) attempt to better understand the
geomorphology and hydrology of fens by studying the flow of water through fens.

Peat deposits are found to affect cross-sectional and planform features of streams
by influencing the path, velocity, and stability of streams. The rate of erosion of peat
deposits was investigated and the impact of transport of peat blocks on fluvial systems
was studied by Warburton and Evans (2010). The authors illustrate that these blocks
create obstacles in channels and influence local flow, channel bed topography, bank
stability, and physical habitat of streams; thus, peat blocks are important
geomorphologic components of fluvial systems that affect an array of geomorphic and
hydrologic properties of these systems (Warburton and Evans, 2010).

Water quality and groundwater flow were found to affect a fen meadow reserve.
Water quality and groundwater flow are interrelated and affected the fen meadow over a
65 year period (De Mars and Garritsen, 1997). The hydrological setting was modeled in
detail using FLOWNET® to simulate groundwater flow, and water samples were
analyzed using Inductively Coupled Mass Spectrometry (De Mars and Garritsen, 1997).
De Mars and Garritsen (1997) used this information to investigate impacts on fen
meadows from changes in water management and groundwater pollution. Water quality
was found to affect the type of vegetation within the fen meadow, but overall, polluted
waters and groundwater flow were not a major threat to the fen during the time of study

(De Mars and Garritsen, 1997).



Devito et al. (1997) conclude that hydrology greatly affects the function of fens.
Fen studies demonstrate that local groundwater systems are directly related to hydrologic
flow in peatlands (Devito et al., 1997). For example, when a water deficit occurs during
drought conditions or lack of local groundwater flow, the direction of subsurface water
flow can be reversed (Devito et al., 1997). If water is exiting the fen via
evapotranspiration and subsurface flow, and no water is entering the fen, then the flow is
out of the fen rather than into it (Devito et al., 1997). Devito et al. (1997) demonstrate
the important link between hydrology and wetlands.

Vitek and Rose (1980) studied a fen by investigating a variety of parameters
including: fen morphology, hydrology, solifluction, peat thickness, and erosion and
deposition rates. The authors attempted to conclude how the Ute Creek patterned fen
formed after investigating the geomorphology and hydrology of patterned fens.
Geomorphic Mapping

Mapping is an integral part to understanding landscapes and landforms at a
variety of spatial scales. One method of assessing fens is geomorphic mapping.
Geomorphic mapping has been conducted at a variety of scales for a variety of purposes
(Vitek et al., 1996; Mihai, et al., 2008; Griffiths and Abraham, 2008; Demek et al.,
1972). According to Vitek et al. (1996) maps are a fundamental, time-tested tool used to
analyze landscapes.

Geomorphic maps are key to any regional landscape study (Mihai, et al., 2008).
Mihai (et al., 2008) explore the use of standardized legends and GIS to construct

geomorphic maps. As geomorphic mapping evolved over the last fifty plus years, the
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IGU congress of 1956 attempted to standardize map legends and encourage the use of
standard geomorphic methods (Mihai, et al., 2008). Since that time, geomorphic maps
have evolved; however, deviations from standardized legends are necessary to convey
data from a variety of landscapes.
Trace Metal Geochemistry

Trace metal geochemistry is an integral part of understanding fens as archives of
Pb. The literature incorporating Pb and fens is not very extensive. Though several
articles discuss the interaction of geochemistry and vegetation, few directly focus on the
geochemical characteristics of Pb in fen sediment like that of Stanton et al. (2007).

Bendell-Young and Pick (1993) found that components such as the geochemistry
of peat and fen waters affect the release and uptake of heavy metals in fens.
Concentrations of aluminum (Al) within fens were measured in peat, surface water, and
pore-water. The authors concluded that variable amounts of Al exist in each fen
(Bendell-Young and Pick, 1993). Furthermore, the concentrations in each of the
previous components are influenced by the role of hydrology in these fens (Bendell-
Young and Pick, 1993). In this study a link was found between peat acting as a reservoir
for elements, such as Al, rather than a permanent sink which suggests there may be some
recycling of Al back into surface waters (Bendell-Young and Pick, 1993). Thus, the link
between wetland geochemistry and the release and uptake of heavy metals was
confirmed by Bendell-Young and Pick (1993).

A multi-faceted study was prompted highlighting peat pore-water and solid-

phase geochemistry because of the lack of occurrence of trace metals versus depth in a
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profile that incorporates nutrients, major elements, and redox-sensitive species (Koretsky
et al., 2007). Lateral variations among peat pore-water and solid-phase geochemical
profiles were found to exist in addition to the possibility for trace metals to be
remobilized after deposition (Koretsky et al., 2007). Remobilization depends on a
variety of factors including hydrology, geomorphology, climate, macrofauna, and
macrophytes (Koretsky et al., 2007). This study highlights the interconnectedness of
components in fen systems.

Stanton et al. (2007) analyzed sediment cores and water samples in five wetlands
to determine the capability of the wetlands to retain and/or release metals in an area with
extensive acid mine drainage. Heavy metal content in sediments (within the Animas
watershed of Colorado) varied with Pb concentration ranging from 190 ppm to 1,600
ppm (Stanton et al., 2007). Stanton et al. (2007) determined that the wetlands appear to
concentrate some of the trace metals with enrichment of elements in the upper 60 cm and
greater than 80 cm in depth.

Additionally, Stanton et al. (2007) concluded that wetland sediments vary in their
ability to act as sinks for dissolved metals, and wetlands around Mineral and Cement
Creeks contain non-mining and mining related acid mine drainage, in addition to eolian
deposition of mining material from mine and mill waste areas.

Fens often act as sinks and filters for contaminants, so investigating isotopic
ratios of Pb in the sediment sheds light on the source (i.e., atmospheric, natural
particulate, or ore) of Pb and indicates the history of deposition of the various sources of

Pb to the fens. Pb is found in natural forms and isotopic ratios act as tracers of eroded
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material, showing that natural Pb contains a higher ?®°Pb/?°’Pb ratio and a lower
concentration than contaminant ore Pb (Marcantonio et al., 1999).

In addition to using Pb in fen sediment as an archive of deposition, **'Cs can be
utilized as a method for estimating rates of deposition of sediment.

No natural form of '*'Cs exists; therefore, *'Cs is an effective tool for
determining sedimentation and erosion rates in a variety of environments (Ritchie and
McHenry, 1990). *’Cs, which originates from radioactive fallout, strongly adheres to
sediment particles making it a useful chronostratigraphic tool (Ritchie and McHenry,
1990). Determining the peak in **'Cs allows it to be used as a means of dating sediment
from 1963 +/- 2 years (Robbins and Edginton, 1975).

LAND USE

Prior to mining, the San Juan Mountains were inhabited by people of a different
culture. Ute tribes extended across much of Colorado and into northern New Mexico and
Utah (Blair et al., 1996). The Utes operated in small, family units and migrated
seasonally. As the Ute community evolved, partially as a result of trade with Spanish
settlers, four tribes became established in southwest Colorado: the Muache, Capote,
Weeminuche, and Tabeguache (Uncompahgre; Blair et al., 1996). As white settlers
moved to the area, the Utes were eventually forced to disperse or be displaced to allow
room for settlers and mining communities (Blair et al., 1996).

Land use in the San Juan Mountains evolved with the dispersal of the Utes and

onset of mining in the late 1800s. During times of mining, populations were booming in
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the communities around the Silverton Caldera. Settlements closest to the fens included
Ironton, the Red Mountain District, Silverton, Howardsville, and Animas Forks.

Ironton Park and the Red Mountain area were full of mining activity from 1888-
1893. Settlements at Ironton and Red Mountain boomed after the railroad made its way
to Ironton Park in 1888. Both settlements had a population of approximately 1,000
people (Blair et al., 1996). Animas Forks, nearest to the California Gulch fen, was
established in 1877 and reached a population of nearly 1,500. The town of Silverton
grew to 3,000 in the late 1800s (Blair et al., 1996). After mining ceased, populations
dispersed and now only Silverton is left with permanent residents, approximately 600
people year-round.

Though mining has ceased, over 5,400 inactive mines, prospect pits, and other
mining-related features are present in the Animas watershed of southwest Colorado
(Wright et al., 2007). These features have lasting effects on the environment, including
flora and fauna.

Many sources of Pb are found in streambeds in the Animas watershed. A mixture
of mineral deposits, unmined altered rock, unmineralized rock underlying the watershed,
mine waste, and tailings are all present in the streambeds (Church et al., 2007b). Because
of a high silver (Ag) association with galena (PbS), galena has been mined in all of the
local mining districts since mining began (Church et al., 2007b).

Church et al. (2007b) found that mining and milling practices affected the
geochemistry of streambed sediment in the Animas River more than the sediment in

Cement and Mineral Creeks. The authors found that isotopic compositions of Pb in
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deposits are closer in value to that found in mill tailings than pre-mining streambeds.
The pre-mining geochemical baseline for Pb downstream from the former town of
Eureka is approximately 400 ppm, with the amount of Pb post-mining being greater than

400 ppm (Church et al., 2007Db).
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CHAPTER Il

STUDY AREA DESCRIPTION

INTRODUCTION

The study sites are within the San Juan Mountains of Colorado, near the town of
Silverton, which sits at the southern edge of the Silverton Caldera. Each study site is
situated around the Silverton Caldera, with the exception of California Gulch to the west
of the caldera rim.

Roads tend to follow the caldera rim; therefore, each study site is easily
accessible by Highway 550 or a county road.

Bedrock is exposed across the landscape. The landscape is dotted with fens,
which are situated in valleys that were carved out by glaciers. The fens reside on
alluvium, which later filled the valleys after glaciation. Depth to bedrock in the valleys
varies with location as does depth to the water table.

GEOLOGY AND GEOMORPHOLOGY OF THE SAN JUAN MOUNTAINS

The San Juan Mountains in southwest Colorado consist of Precambrian
crystalline basement rocks that are overlain by Paleozoic, Mesozoic, and Eocene-aged
sedimentary rocks along with a Tertiary-aged volcanic covering (Church et al., 2007b).
Though now eroded, a complex of calderas (including the San Juan and Silverton
Calderas) produced an Oligocene-aged volcanic layer approximately 1 km thick. The
volcanic layer was heavily faulted, altered hydrothermally, and mineralized in the
Oligocene and Miocene which resulted in the deposition of sulfide minerals (Church et

al., 2007h).
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The formation of the Silverton Caldera, which encompasses the area of research,
produced faults and fractures essential to the flow of water, including the migration of
water high in mineral content and acidity (Blair et al., 1996). Such features provided
hydrothermal solutions that led to the deposition of minerals, such as galena (PbS),
pyrite (FeS,), and milky quartz (SiO,; Blair et al., 1996). Weathering of these sulfide
minerals, above ground and within mines, leads to the release of sulfuric acid which
dissolves other sulfide minerals and releases trace elements into the environment
(Church et al., 2007a). Transported via water flow, trace elements such as Pb are carried
across the landscape and to other streams, often times accumulating in toxic levels.

Pb within galena is abundant in the San Juan Mountains, especially around Red
Mountain Pass (Moore, 2004), and is found in two main forms: ore mineralized Pb and
non-ore mineralized Pb. Both ore mineralized and non-ore mineralized are natural forms
of Pb found within the surrounding rock. Ore mineralized Pb is released pre- and post-
mining activities via smelters and the transportation of ores, waste rock, and tailings.
Non-ore mineralized Pb is released via erosion of bedrock. Though Pb can be released as
non-ore mineralized rock, the San Juan Mountains have a rich history of sulfide mineral
mining dating back to1871 (Church et al., 2007a).

After the formation of the Silverton Caldera, glaciation took place in the
Pleistocene and later carved out valleys in the San Juan Mountains (Vincent et al., 2007).
In the Quaternary, uplift continued and streams continued to cut canyons that were later
filled with glaciers (Moore, 2004). After the retreat of glaciers, streams shaped the

landscape (Moore, 2004).
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Based on Carbon-14 dating of bog and lake sediments, it is postulated that
deglaciation took place approximately 18,000-15,000 years ago (Maher, 1972; Carrara et
al., 1984). Since that time, weathering, erosion, and deposition have reshaped the
landscape, resulting in mass movement, canyons, and terraces, providing areas for
wetlands to form.

HYDROLOGY

Hydrology is a major process affecting the formation and survival of fens in this
post-glaciated region. Flowing water influences the formation of landforms in the San
Juan Mountains via erosion and deposition. Valleys are filled with alluvium, and
features resulting from glaciation remain, which are all conducive to the formation of
fens (Rocchio, 2005a). The survival of fens in alpine environments can be attributed to
large valleys where wetlands are sustained by hydrology via alluvial aquifers and springs
(Rocchio, 2005a; Rocchio, 2005b).

Hydrology in the San Juan Mountains is controlled by climate and
geomorphology (Rocchio, 2005a). Summer precipitation and snowmelt replenish
groundwater and surface water, which allow fens to thrive. Groundwater levels are
important in sustaining fens and are dependent upon factors such as bedrock,
topography, soil, and seasons. In areas with deep alluvium, surface water can collect in
alluvial aquifers to support fens (Rocchio, 2005b). Fens are most likely to form near
confining beds, groundwater discharge areas, and permanent bodies of water (i.e., lakes,
ponds, and streams; Rocchio, 2005a). Permanent bodies of water, such as Mineral Creek,

Red Mountain Creek, and the Animas River, are confined by the Silverton Caldera and
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flow nearly parallel along the boundary of the caldera (Stanton et al., 2007). Along the
margins of these streams, you will find fens.
CLIMATOLOGY

Average annual maximum and minimum temperatures in Silverton, Colorado are
11.2° C and -7.5° C, respectively (WRCC, 2006). Mean annual precipitation and annual
air temperature varies with location of each fen site. Mean annual precipitation at
California Gulch, Glacial Lake Ironton, Howardsville, Red Mountain Pass North, and
Red Mountain Pass South are 76 cm to 114 cm, 76 cm to 107 cm, 51 cm to 102 cm, 66
cm to 94 cm, and 76 cm to 114 cm, respectively (NRCS, 2011). The average annual
temperature ranges between 0°-3° Celsius with frost free days ranging from 30-75
(NRCS, 2011).

SOILS

Soil in the fen study sites are characterized by parent material, slope,
composition, drainage, depth to restrictive features and the water table.

Parent material is primarily from alluvium with slopes of 0°-3°, with the
exception of the Red Mountain Pass North area, which has greater slopes. Composition
varies at sites from a combination of partially decomposed plant material (peat), loam,
sand, clay, gravel, and cobble (NRCS, 2011).

Drainage is generally poor to very poor (with the exception of Red Mountain
Pass North) and depth to bedrock is usually greater than 203 cm with the exception of

Glacial Lake Ironton, which has a depth to bedrock of 102-203 cm (NRCS, 2011). Depth
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to water table is approximately 15-51 cm, with the exception of the Red Mountain Pass
North area, which can be up to 203 cm (NRCS, 2011).

VEGETATION

Fen vegetation in the study area varies with elevation but overall is dominated by
sedges (Carex spp.) and willow shrubs (Salix spp.). In addition to grasses (Carex spp.).
and shrubs (Salix spp.), forbs, flowers, and trees and abundant. Forbs include woodland
strawberries (Fragaria vesca), shrubby cinquefoil (Potentilla fruticosa), and Parry’s
goldenrod (Oreochrysum parryi). Trees vary and are dependent on elevation but include
spruce (Picea spp.), pine (Pinus spp.), aspen (Populus spp.), and birch (Betula spp.).

Flowers are present along the margin of some fens and include blue columbine
(Aquilegia coerulea), fireweed (Chamerion angustifolium), bluebell (Mertensia spp.),
buttercup (Ranunculus spp.), geranium (Geranium spp.), senecio (Senecio spp.), queen’s
crown (Clementsia rhodantha), aster (Erigeron spp.), and cow parsnip (Heracleum
sphondilium).

ACCESS TO STUDY AREA

Five study sites were selected in the San Juan Mountains south of Ouray,
Colorado to analyze the geomorphology and geochemistry of fens. Fen sediments were
used to measure the concentration of 2*°Pb, ’Pb, *®®ph, #°Pb, and **'Cs, and
characterize the soil. Each fen site is part of a larger fen complex, with each fen site
approximately 0.0003 km? to 0.18 km? in area and 3,000 m to 3,600 m in elevation. The
fen complexes are located in San Juan and Ouray Counties which are within the Animas

and Uncompahgre Watersheds.

19



Of the five selected study sites, one fen, the Glacial Lake Ironton fen, does not
exhibit the characteristics of a true fen. For example, the first 40 cm of the soil profile is
not rich in peat.

California Gulch

Near the origin of the Animas River sits California Gulch at an elevation of
approximately 3,600 m with an area of 0.002 km? (Photograph 1). The California Gulch
fen complex is located northwest of Animas Forks at 37°55°47” N, 107°36°16” W. This

fen complex is reached by traveling north of Silverton on County Road 2, then by

traveling northwest on County Road 19 once reaching Animas Forks.

PHOTOGRAPH 1. Looking south-southwest at California Gulch, including the
West Fork Animas River.
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Glacial Lake Ironton
The Glacial Lake Ironton fen complex rests on alluvium in a former lake bed

within a glacial valley at an elevation of approximately 3,000 m and 0.0003 km? in area

(Photograph 2).
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HOTOGRAPH 2. Glacial Lake Ironton fen, surrounded by willow shrubs a
covered in grasses and exposed soil. Photograph taken looking to the north-
northwest.

b
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Numerous fens are located within the Glacial Lake Ironton fen complex, but the sample
site chosen is likely a former fen, located at 37°56°22” N, 107°40°19” W, west of
Highway 550 (Million Dollar Highway). Highway 550 cuts through the fen complex to
the west of Mineral Creek in an area surrounded by former mining efforts.
Howardsville

At an elevation of 3,000 m and area of 0.005 km? sits the Howardsville fen

complex between the former mining towns of Eureka and Howardsville (Photograph 3).

PHOTOGRAPH 3. Howardsville fen site, looking upstream, with the Animas
River on the left side of the photograph.
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This fen complex is located west of County Road 2 at 39°50°39” N, 107°35°6” W. The
Howardsville fen complex is reached by traveling north of Silverton on County Road 2.
Red Mountain Pass North and Red Mountain Pass South

Located less than 700 m from the Red Mountain Pass North fen complex,
(Photograph 4) is the Red Mountain Pass South fen complex (Photograph 5), both of

which sit at an approximate elevation of 3,400 m.

PHOTOGRAPH 4. Looking to the north at Red Mountain Pass North fen.

23



PHOTORAPH 5. Mountain Pass South fen, with roche moutonnée in the
background. Photograph taken looking to the west.

The northern fen complex is 0.018 km? in area and located at 37°54°10” N, 107°42°31”
W. The fen is cut by, but predominantly east of Highway 550. The southern complex is
0.014 km? in area and located at 37°53°44” N, 107°42°50” W, west of Highway 550. Red
Mountain Pass South is within the Animas Watershed, unlike Red Mountain Pass North

which is within the Uncompahgre Watershed.
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CHAPTER IV

METHODS

INTRODUCTION

This research seeks to better understand the function fens serve in alpine
environments by looking at landforms and deposition of sediment containing heavy-
metals. Geomorphic and topographic maps are used to better understand the influence of
landforms, and Pb isotopic ratios and concentrations are used as indicators of source of
Pb (ore mineralized Pb versus non-ore mineralized Pb), along with *¥'Cs and °Pb from
fen sediments to estimate rates of sedimentation.

Three primary objectives were used to evaluate the geomorphic function fens
serve in alpine environments: 1) evaluate the impact of changing land use on fens, 2)
establish a geomorphic classification of fens in alpine environments, and 3) determine
the rate of deposition of sediments in fens. To fulfill the first objective, Pb concentration
and isotopic ratios of fen sediment were measured, the presence of binary mixing was
analyzed, and changes in land use were evaluated. The second objective was fulfilled by
mapping geomorphic features, analyzing fen morphometry, collecting and evaluating
sediment, and refractive seismic profiling. The third objective was fulfilled by
calculating the rate of sedimentation using **’Cs and #°Ph.

To complete the objectives, the following tools were used: 1) geomorphic maps
to determine inputs and outputs from surrounding landforms, 2) soil lithology and grain-
size analysis to determine sedimentary characteristics, 3) refractive seismic profiling to

determine the underlying shape and depth to bedrock, 4) Pb isotopes and concentrations
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as indicators of source (ore mineralized Pb versus non-ore mineralized Pb), 5) **'Cs and
219pp, from fen sediments to estimate rates of sedimentation.

GEOMORPHOLOGY

Geomorphic Mapping

Knight et al. (2011; p. 179) state: “Landforms are the building blocks of
landscapes.” Geomorphic mapping is a very practical method used to evaluate
landscapes. Knight et al. (2011) suggest that geomorphic mapping helps to do the
following: 1) identify and interpret landscape patterns, 2) identify geomorphological
processes and events, resulting in geohazards, and 3) evaluate sensitivity of relict
landscapes to climate. Based on geomorphic mapping, morphometry of landforms can be
delineated by researchers.

Geomorphic maps in the study area were mapped at a scale of 1:3,000. Symbols,
legends, and field methods were modeled after de Graaff et al. (1987), Demek (1972),
Federal Geographic Data Committee (2006), and Gardiner and Dackombe (1983).

Prior to fieldwork, topographic and geologic maps were scanned from original
copies at a scale of 1:24,000. Digital topographic maps and orthorectified aerial
photographs at a scale of 1:3,000 were utilized using ArcGIS® and used as a mapping
reference in the field and were compared with topographic and geologic maps to create
preliminary working maps prior to fieldwork.

The geomorphology of the San Juan Mountain study sites was mapped using
hundreds of photographs and a compilation of sketches. Upon returning from fieldwork,

aerial photographs were printed at a scale of 1:3,000 on 140 cm x 90 cm paper and
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geomorphic features were drawn on the aerial photographs, followed by hand drawing
each geomorphic map using a Wacom Tablet® and Adobe Illustrator CS5°.
Morphometry

Fen morphometry was calculated at a scale of ~1:10,000 using ArcGIS® and
orthorectified photographs from the NRCS (2011). Fen length, width, perimeter, and
area were calculated using ArcGIS®. Upon collecting the data, the circularity of thirty
fens, including five fens from the study sites, and elongation of each fen were calculated.

Circularity is based on the area of each fen divided by the area of a circle,

replacing the circumference with the perimeter of each fen (Equation 1).

EQUATION 1
Circularity of a fen.

Where:
Ay is the area of the fen
A, is the circularity of the fen based on fen perimeter

A value of zero indicates a line and a perfect circle is indicated by a circularity value of
one. Though perimeter was incorporated into the equation of circularity, it was not used
in the equation for elongation because the perimeter of each fen is not actually a perfect

circle. A better estimate of elongation is one that does not incorporate perimeter.
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Elongation was calculated for each fen based on the length of each fen divided

by the width (Equation 2).

EQUATION 2
Elongation of a fen.

F_L
e w

Where:

L is the length of the fen based on the long axis
W is the width of the fen, perpendicular to the long axis

The larger the value of elongation, the more elliptical the fen is. In theory, when the
length of the fen equals the width, a circle is present. By calculating the elongation and
circularity of each fen, the general shape of each fen can be determined.
Sediment Sampling

Soil varies across landscapes. A multitude of parameters must be taken into
account when describing soils. This includes topography, parent material, climate, and
time (SSDS, 1993). In addition to the aforementioned properties, vegetation is a good
descriptor of soils as it varies throughout the landscape (SSDS, 1993). Sediment
sampling was conducted following Goudie et al. (1981) and SSDS (1993).

At each sample site, a hole ~40 cm in diameter was excavated to a depth of 100
cm. Sediment was removed at each sample site using a sharpshooter shovel. Varying
compositions (i.e., dense peat and roots) caused difficulty in sediment extraction and

dictated how much sediment from each site was able to be extracted. After removing
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sediment, it was immediately sealed with plastic wrap and labeled. Upon returning from
the field, the basic sedimentological characteristics of each sample were evaluated by
using photographs, a Munsel chart, and cutting into each soil sample to produce a fresh
surface. Soil samples from each of the five sites were compared with soil data from the
NRCS (2011), and sub-basin soil maps were created using ArcGIS®.

Each sample was then subsampled based on visual changes in color and
lithology. Subsamples were weighed and then sieved with U.S.A. Standard Testing
Sieve screens with mesh sizes of 1.19 mm, 0.59 mm, 0.42 mm, 0.25 mm, and 0.07 mm
(#16, #30, #40, #60, and #200). From these data, cumulative frequency diagrams were
produced for each subsample using an Excel® program created by Balsillie et al. (2002)
to show the distribution of grain-size and calculate the standard deviation and mean phi.
Refractive Seismicity

Following Pelton (2005) and Burger et al. (2006) a seismic refraction profile of
three fens was conducted using a StrataView® seismograph. Seismic lines with up to 24
geophones were utilized and placed parallel to the long and short axes of each of the
three fens. A large hammer and metal plate were used to trigger ground vibrations on
each side of the seismic lines with approximately seven hits being used 2 m to 3 m from
the end of each line. Depending on the sample site, geometric settings varied.
GEOCHEMISTRY
Sampling of Fen Sediments for Pb and Cs

To understand how land use change is associated with the deposition of heavy

metals in alpine fens, Pb isotopic ratios and concentrations were used as indicators of
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source (ore mineralized Pb and non-ore mineralized Pb). **’Cs and *°Ph,s from fen
sediments were used to estimate rates of deposition.
Approximately 36 cm of sediment was removed from each fen study site using a

sharpshooter shovel (Photograph 6).

PHOTOGRAPH 6. Removal of sedlment usmg a sharpshooter shovel.
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Each sediment sample was further subsampled in 2 cm increments with
approximately 15-18 subsamples per sediment sample (Photograph 7). Samples were
immediately sub-sampled after extraction to avoid compression and expansion. To
prevent contamination of samples, tools were thoroughly cleansed three times using
distilled water between sampling. At a later time, an additional 30-40 cm of fen sediment

was extracted at each fen sample site for analysis of **’Cs and #°Pb,, following the

aforementioned procedure.

PHOTGRAPH 7. Sediment sample from the California Gulch fe with top of the
unit on the left side of the photograph.
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Pb Concentrations and Isotopic Ratios

Sediment samples were prepared for analysis in a Class 1000 R. Ken Williams
Radiogenic Isotope Geochemistry Facility. A portion of each sediment sample was dried
in 50 ml plastic centrifuge tubes using an oven heated to approximately 55°C for two
days, then ground to a consistent grain-size using a metal spatula. Sample weight was
recorded and sediment samples were transferred to small plastic containers and a few
drops of concentrated HNO3 were added to each container.

After adding acid to each container, the containers remained sealed overnight and
were heated to approximately 50°C on a hot plate. The next day, container lids were
removed and the samples were heated overnight to approximately 32°C to allow the acid
to evaporate. Using a small amount of 2% HNO3, samples were transferred to clean 50
ml plastic centrifuge tubes. From that point, samples were diluted to 50 ml using 2%
HNO3, and centrifuged for approximately 20 minutes at 1500 rpm to remove any
remaining suspended solids.

Once centrifuging was complete, approximately 0.3 g of *®Pb spike was added
to clean 50 ml centrifuge tubes. Following this step, 50 pl of each solution was pipetted
from the centrifuge tubes and placed into the tubes containing the ®Pb spike, then
further diluted to 30 ml using 2% HNOg3. Next, 10 ml of the diluted and centrifuged
solution was pipetted and added to clean centrifuge tubes.

Samples were analyzed using Inductively Coupled Plasma Mass Spectrometry
(Element XR ICP-MS at Texas A&M University). The ICP-MS measured the isotopic

ratios of 2°Pb/*’Pb and “°Pb/?%Pb, and Pb concentration in each sample. The
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fractionation factor for each sample set was determined by running multiple NIST 981
standards during each sample run (approximately 1 standard was run per 5 samples).
137Cs and ?°Ph,s Detection

To analyze for **’Cs and #°Pby in the sediment, samples were transferred to 50
ml centrifuge tubes. Samples were positioned in drying racks which were then placed in
an oven at 50°C for one to two weeks until samples were dry. After drying, samples
were weighed and ground to an even consistency using a clean mortar and pestle which
was thoroughly cleaned using distilled water before proceeding to the next sample.
Sediment samples were then transferred to the University of Texas-Austin for analysis
using standard methods (Alison et al., 2007). Organic matter was removed via burning
and the remaining sediment was tested for **’Cs and **°Pb by using gamma spectrometry
and low-energy germanium planar detectors. Samples were placed in petri dishes and
counted 24-48 hours after >°Pb was allowed to ingrow, then the amount of °Ph,s was

calculated. *¥'Cs activities were determined using various keV photopeaks.
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CHAPTER V

DESCRIPTION OF FENS

INTRODUCTION

The term wetland encompasses a variety of landforms, but two more prominent
types of wetlands include bogs and fens. Fens are found throughout the world and are
sustained by groundwater and surface water, unlike bogs which are sustained by surface
water (Bedford and Godwin, 2003). Fens must additionally contain at least 40 cm of peat
within a soil profile. In the San Juan Mountains of Colorado, the majority of wetlands
are fens, not bogs, and do not necessarily contain water at the surface year-round. Fens
in the San Juan Mountains generally form on or near slopes, or low lying areas where
water is discharged and often remains on the surface (Rocchio, 2005a).

Wetlands provide an environment to support a variety of functions which benefit
not only flora and fauna, but also humans. Wetlands provide transition zones between
landscapes, habitat for a variety of flora and fauna, and recreational and educational
areas (Hite and Cheng, 1996). Wetlands often serve as environmental buffer zones,
which assist with flood control, and protect property. Additionally, wetlands filter
contaminants that are found in municipal waste water, acid mine drainage, agricultural
runoff, and are recharge zones for local water systems (Hite and Cheng, 1996).

More notably, wetlands function as contaminant traps from surface runoff.
Sediment containing contaminants, such as heavy metals, get trapped along with grease

and oil from highways.
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The ability of wetlands to act as traps varies seasonally with the fluctuating water
supply (Mulamoottil et al., 1996). Wetlands are additionally influenced by the input and
output of materials, which varies with a several factors such as landscape, season, and
water supply.

Fens are dynamic systems found throughout the world, including alpine
environments. In contrast to bogs, which are fed by atmospheric and surface water, fens
are additionally fed by groundwater (Bedford and Godwin, 2003). Fens have the
potential to be composed of 95% water (Charman, 2002), and fens contain at least 40 cm
of organic material (Rocchio, 2005a).

Fens are recorders of landscape history. Fens perform multiple functions within
their environment such as recording rates of sedimentation, acting as sources and sinks
for sediments containing heavy metals, and providing buffer zones and habitat to a
variety of flora and fauna. In general, fens are viewed as recorders of information
regarding the past and present environment in which they reside (Charman, 2002).

The function of fens is greatly influenced by the geomorphology, hydrology
(Charman, 2002), and geochemistry of the region. Multiple factors, such as mining,
construction of major roads and trails, animal grazing and burrowing, and altering of the
landscape by humans, impact the natural function in of a fen. It is of the utmost
importance to understand the role and interactions of geomorphology and geochemistry

in fen environments to better understand the past, present, and future of these systems.
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FEN SYSTEMS
Fens serve as sources and sinks for material. Essentially, fens act as regulators of

material and energy flowing into and out of them (Figure 3).

Atmospheric

Surface Water Flow
uriace Water Sediment Input

Sediment Input

—.Surface Water Flow

| A

Croundwater Flow

FIGURE 3. Fens as sources and sinks, featuring atmospheric water, surface water,
and groundwater inputs and outputs.
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For example, atmospheric water can enter a fen and stay there or become part of the
groundwater system, evaporate, be taken up by plants and transpired, or continue as
surface water. Similarly surface water can flow through a fen, into it and remain there, or
have the same fate atmospheric water might. In terms of groundwater, it can stay in the
form of groundwater, come to the surface of the fen, evaporate, be taken up by plants
and transpired, or enter stream water and travel laterally through and out of a fen.
Additionally, sediment containing Pb and other heavy metals can be deposited in a fen

and stay there or travel via wind or surface water flow.
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CHAPTER VI

DATA

INTRODUCTION

Data were collected at all sample sites and analyzed for Pb and Cs content, along
with a grain-size analysis and the compilation of geomorphic maps and photographs.

Photographs and field sketches were compared to create maps at a scale of
~1:3,000. Grain-size from one soil sample taken at each site was analyzed and plotted as
a cumulative frequency graph. The geochemical data was compiled and graphed to
analyze isotopic ratios and composition of Pb and Cesium within the fen sediment.
GEOMORPHOLOGY
California Gulch

The California Gulch fen (Photographs 8 and 9) slopes to the east-southeast at 2°
to 4° (NRCS, 2011), draining into the West Fork Animas River. A large pond marks the
uppermost portion of the fen. The California Gulch fen resides on the slope of a glacial
valley, south of the headwaters of the west fork of the Animas River, and is surrounded
by former mines and adits. The landscape is above the tree line with a wide valley floor
and steep valley slopes inclined 5° to 8° (NRCS, 2011). The valley floor slopes 1° to 3°
(NRCS, 2011) and is covered sporadically with fens containing sedges and small ponds,
wildflowers, and exposed igneous bedrock. The West Fork Animas River flows through
the valley, which cuts through exposed extrusive igneous bedrock of the Eureka and

Burns Members (Luedke and Burbank, 1987).
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PHOTOGRAPH 8. The upper portion of the California Gulch fen, including the
upper-most pond. Photograph taken looking to the east-southeast.
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PHOTOGRAPH 9. View of the California Gulch fen, looking to the west-
northwest. Past mining activity is visible in the background along with orange-
colored water draining to the West Fork Animas River in the foreground.

Though dominated by extrusive igneous rocks, California Gulch contains
intrusive igneous features such as dikes and/or sheets of porphyritic quartz latite,
mineralized faults, and surficial deposits composed of alluvium, colluvium, talus,
alluvial fan deposits, and glacial drift (Luedke and Burbank, 1987).

Glacial Lake Ironton
Glacial Lake Ironton is a former glacial lake composed of alluvium, sloping to

the north-northeast at approximately 2° with valley slopes ranging from 4° to 8° (NRCS,
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2011). The Glacial Lake Ironton fen complex (Photograph 10) contains a variety of

sedges, willow shrubs, and pines within the alluvium substrate.

OGRAPH 10.ew from Glail ake Ironton en a
towards Red Mountain.

mpling site looking

A variety of igneous and surficial deposits are present on the surrounding slopes,
with the former glacial lake bed dominated by alluvium. Extrusive igneous rocks, such
as the Henson, Burns, Eureka, and San Juan Members are visible along with mineralized
veins, faults, and hydrothermally altered rock (Burbank and Luedke, 1964). As shown
by geologic and topographic maps, the northern downslope end of the former glacial

lake bed is cut and covered on the surface by an alluvial cone deposit. Additional
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surficial deposits, such as talus and glacial drift, are present along the base of the slopes
surrounding the fen complex (Burbank and Luedke, 1964).

Unlike California Gulch and Howardsville, sedimentary units such as the Molas
Formation and Ouray Limestones, and mineralized sedimentary rock units of the
Leadville and Ouray Limestones, are visible (Burbank and Luedke, 1964).

Howardsville

The Howardsville fen complex is situated on a river terrace east of the Animas
River (Photograph 11). Valley slopes range from 4° to 8° (NRCS, 2011). Slopes are
mostly bare northwest of the fen complex with grasses and a forested area to the

southeast. The Howardsville fen is covered primarily with sedges and willow shrubs.
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PHOTOGRAPH 11, Looking east towards the Howardsville
of the Animas River.

Upper valley slopes to the northwest and southeast are dominated by extrusive
igneous rocks such as the Burns and Eureka Members, some of which were
hydrothermally altered (Luedke and Burbank, 2000). The lower portion of valley slopes

and the river terrace are dominated by surficial deposits such as alluvium, talus, alluvial-
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cone deposits, alluvial-fans, and glacial drift. The eastern slope is cut by a
hydrothermally altered intrusive igneous dike and mineralized faults and veins (Luedke
and Burbank, 2000).

Red Mountain Pass North

The Red Mountain Pass North fen is predominantly sloping 1° to 4° degrees to
the south-southwest (NRCS, 2011). The fen complex contains three small ponds and
drains to the southwest, then slopes to the north at the lowermost pond into a tributary of
Red Mountain Creek. The lowermost pond contains orange-colored water that can be
seen draining from the pond to Red Mountain Creek though a small stream, which runs
north through a culvert under County Road 31.

The Red Mountain Pass North fen is situated on alluvium, which lines the lower
portion of valley slopes and the glacial valley, and extends from Red Mountain Pass
South to the area nearest the National Bell Mine.

The surrounding slope of the Burns Formation is composed of breccias, tuffs,
and rhyodacitic bedrock. The far eastern portion of the fen complex is influenced by
colluvium and the Burns Formation, whereas west of the National Bell Mine, the fen
complex is influenced by the Burns Formation that contains intensely altered bedrock
resulting in ore bodies.

Red Mountain Pass North contains primarily sedges, with shrubs and wildflowers
along the margin of the fens. The surrounding landscape reaches slopes up to 8° (NRCS,
2011). Former mines can be found sporadically throughout the landscape which is

dominated by extrusive and intrusive igneous rocks, such as the Burns Formation and
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porphyritic quartz latite. Colluvium, mineralized rock, and mineralized faults and veins
are also visible. The fen complex is covered with surficial deposits that are exclusively
alluvium (Burbank and Luedke, 1964).

Material inputs, such as bedrock and sediment, west of the fen tend to be
intercepted by Highway 550, but materials transported by wind and water appear to be
delivered to the fen. The majority of material inputs appear to be from the eastern slopes.
Evidenced by ponds, seeps, and potential flow paths, materials such as bedrock and
sediment are capable of being transported to the fen via water erosion.

Red Mountain Pass South

Further south, the Red Mountain Pass South fen slopes 1° to 3° to the south-
southeast and surrounding landscape reaches slopes up to 8° (NRCS, 2011). The fen
complex contains primarily sedges, with shrubs and wildflowers along the margin of the
fen. The fen complex is cut by an old dirt road and human-made ditches, which separate
the eastern portion of the fen complex from the western portion. A small stream runs
from the southwest portion of the fen and converges with water in the ditches and a
stream that flows parallel to Highway 550. Once flowing together, the water crosses
under the highway via a culvert and flows together with an orange-colored tributary of
Mineral Creek.

The orange-colored tributary of Mineral Creek flows through colluvium and the
Burns Formation before joining with water from the fen complex. Longfellow Mine and
Koehler Tunnel are east of the fen complex and drains orange-colored waters into a

retention pond and Mineral Creek (Photographs 12 and 13).
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PHOTOGRAPH 6. Photograph of Longfellow Mine and a retention pond at the
base of the mine and Koehler Tunnel. Photograph taken looking to the north-
northeast.
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PHOTOGRAPH 7. F"‘hotograph of Koehler Tunnel“vvifh»acid mine drainage
flowing into the retention pond at the base of the tunnel and Longfellow Mine.
Photograph taken looking to the east.

Former mines can be found sporadically throughout the landscape which is
dominated by extrusive and intrusive igneous rocks, such as the Burns Formation and
porphyritic quartz latite. Colluvium, mineralized rock, and mineralized faults and veins
are also visible. Red Mountain Pass South contains surficial deposits that are exclusively

alluvium (Burbank and Luedke, 1964).
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SEDIMENT
Characteristics

At the California Gulch sampling site, sediment to a depth of 65 cm was
extracted downslope of one of the major ponds within the fen complex. The surface of
the fen complex is covered with sedges and sphagnum moss, with wildflowers along the
margins. The root zone extends approximately 10 cm below the ground surface into very
moist soil with non-living roots present to a depth of 25.5 cm. Peat is present to a depth
of 65 cm.

According to the Munsel classification scheme, the color of the soil is very dark
gray (10YR/3/1). The California Gulch sediment sample contains fine-grains with a
lighter colored band around 26 cm. This is consistent with the Henson Unit, which
contains slightly decomposed plant material at the surface, and transitions into a stoney
sandy clay loam (NRCS, 2011).

The Henson unit is present at elevations ranging from 3,500 m to 4,100 m on
mountain slopes and in mountain valleys, receiving 90 cm to 115 cm of precipitation per
year into well-drained soil (Soil 339; Figure 4). Depth to water table is greater than 203
cm. Slopes range from 17° to 31° on parent material consisting of colluvium and/or

slope alluvium that is derived from rhyolite (NRCS, 2011).
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California Gulch and Howardsville Soil Sub-basin
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FIGURE 4. Sub-basin soil map of California Gulch and Howardsville, with key.
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SOIL SLOPE
NUMBER SOIL NAME )
53 Cryaquolls-Typic Cryaquents complex 1-3
54 Quazar very cobbly loam 3-14
56 Typic Cryaquents-Cryaquolls-Cryofibrists 0-3
complex
121 Henson very gravelly loam 17-31
145 Rock outcrop 0-50
150 Rubble land 0-50
171 Whitecross-Rock outcrop complex 24-37
254 Cryorthents-Rubble land complex 17-37
331 Needleton stony loam 17-33
335 Whitecross-Rock outcrop complex 17-37
337 Whitecross-Rock outcrop complex 24-37
339 Henson very gravelly loam 17-31
341 Moran very gravelly loam 17-33
343 Telluride-Rock outcrop complex 24-37
381 Needleton-Snowdon-Rock outcrop complex 17-39
496 Rock outcrop 0-45
497 Rubble land 9-45

FIGURE 4, continued

The Glacial Lake Ironton sampling site was fairly dry when a sediment sample

was extracted; therefore, it was difficult to extract sediment to a depth greater than 40

cm (Photograph 14).
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PHOTOGRAPH 8. Sediment sample of the Glacial Lake Ironton fen with the top
of the unit on the right side of the photograph.

Sedges and shrubs were thick, covering a hummocky terrain. Plant tops and roots are
contained within the first 3 cm of fine-grained to sandy sediment and the bottom portion
of the sediment sample increases in sand content and the is yellowish-brown (10YR/5/6).
With depth, orange streaks are present in the sediment. There is a lack of 40 cm of peat
upon analyzing sediment from Glacial Lake Ironton, therefore it appears that the sample
was not extracted from a fen, but from the outskirts of an area containing multiple fens
within a fen complex.

Sampled sediment was extracted from the Cryaquolls-Borohemists complex,

which is present in the valley floor (Soil 109; Figure 5). Elevations range from 3,000 m
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to 4,300 m on slopes of 0° to 3°. Average precipitation is 75 cm to 105 cm into poorly
drained soil, with a depth to the water table approximately 15 cm to 90 cm below the
surface. Parent material consists of alluvium and herbaceous organic material covering

alluvium (NRCS, 2011).
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Glacial Lake Ironton and
Red Mountain Pass North Soil Sub-basin
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FIGURE 5. Sub-basin soil map of Glacial Lake Ironton and Red Mountain Pass
North.
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SOIL

NUMBER SOIL NAME SLOPE (°)
56 Typic Cryaquents-Cryaquolls-Cryofibrists 0-3
complex
109 Cryaquolls-Borohemists complex 0-3
111 Cryoborolls-Cryaquolls association 0-9
112 Cryorthents-Rock outcrop complex 27-50
113 Cryorthents-Rubble land complex 17-37

114 Dumps, mine

120 Henson loam 17-37
130 Moran-Telluride-Rock outcrop complex 3-22
137 Needleton-Snowdon complex 14-33
142 Quazar, cool-Varden complex 9-33
145 Rock outcrop 0-50
149 Rock outcrop-Telluride association 22-50
150 Rubble land 0-50
156 Scout family 6-31
170 Whitecross-Rock outcrop complex 9-24
171 Whitecross-Rock outcrop complex 24-37

FIGURE 5, continued

The Howardsville fen complex contains very wet, fine-grained sediment, with a

covering of sedges. Near 35 cm depth, gravels are present and as digging continued,

standing water filled to 40 cm and rocks and sand prevented further digging at 50 cm

(Photograph 15). Sediment to a depth of 36 cm was extracted. The sediment sample

contained organic-rich sediment with orange streaks and sand (Photograph 16). Overall,

the color is very dark brown (10YR/3/2).
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PHOTOGRAPH 15. Sample extraction at the Howardsville fen with standing

water and gravels present.
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unit on the left side of the photograph.

The Howardsville sediment sample is part of the Cryaquolls-Typic Cryaquents
complex, which is present on flood plains and valley floors at elevations ranging from
2,600 m to 3,000 m with slopes of 0.5° to 3° (Soil 53; Figure 4). The Cryaquolls-Typic
Cryaquents complex receives 50 cm to 100 cm of precipitation per year in poorly
drained soils with average depth to the water table between 15 cm and 50 cm. Soils are
derived from alluvium (NRCS, 2011).

At Red Mountain Pass North, sediment was sampled upslope of the pond nearest

the road and is covered in sedges with flowers and shrubs along the fen margin.
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Approximately 70 cm of sediment at depth was extracted and contains a root structure

less dense than that of the Red Mountain Pass South site, and is only approximately 5 cm

thick (Photograph 17). The coloring is very dark grayish brown (10YR/3/2).

M - =3 o\ T : <L)
PHOTOGRAPH 9. Sediment sample of the Red Mountain Pass North fen with the
top of the unit on the left side of the photograph.

Fine-grained sediment, along with woody debris and dense roots, are present in
the organic brown sediment to a depth of 13 cm. Sediment began to crumble between 35

cm and 37 cm, followed by a clay layer with a root zone around 40 cm depth. Large
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samples of wood were found at 64 cm depth. As digging continued, a strong sulfur smell
was present and the sampling hole began to fill with water.

A sub-basin soil map (Soil 137; Figure 5) reveals that Red Mountain Pass North
is characterized by the Needleton-Snowdon complex situated at slopes of 14° to 33° at
elevations of 2,700 m to 3,600 m, respectively. This complex is found on mountain
slopes, alluvial fans, and ridges. Annual precipitation into well-drained soils is 66 cm to
94 cm, with depth to the water table between 0 cm and 200 cm. The Needleton-Snowdon
complex is derived from parent material of slope alluvium and/or colluvium both from
non-volcanic breccia, and slope alluvium derived from rhyolite (NRCS, 2011).

Approximately 68 cm of very dark gray (10YR/3/1) sediment at depth was

extracted from the Red Mountain Pass South fen complex (Photograph 18).
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PHOTOGRAPH 18. Sediment sample of the Red Mountain Pass South fen with

the top of the unit on the left side of the photograph.

The sediment is characterized by a very dense root system to a depth of 8 cm
with gravel, potentially from road construction, appearing around 6 cm in depth. Peat is
present in the fine-grained sediment with another layer of gravels appearing at 40 cm. As
digging continued the sampling hole began to fill with water until a depth of 60 cm was
reached. At 60 cm from the surface, wood was found along with more gravel.

The Red Mountain Pass South fen complex is part of the Typic Cryaquents-

Cryaquolls-Cryofibrists complex (Soil 56; Figure 6). Very low slopes of 0° to 3° are
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present at an elevation of 2,800 m to 4,000 m. Parent material consists of alluvium and

organic material. Additionally, depth to the water table is 0 cm to 91 cm. (NRCS, 2011).

Red Mountain Pass South Soil Sub-basin

N

A
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Kilometers

FIGURE 6. Sub-basin soil map of Red Mountain Pass South.
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SOIL SLOPE
NUMBER SOIL NAME ©)
53 Cryaquolls-Typic Cryaquents complex 1-3
54 Quazar very cobbly loam 3-14
56 Typic Cryaquents-Cryaquolls-Cryofibrists 0-3
complex
121 Henson very gravelly loam 17-31
145 Rock outcrop 0-50
150 Rubble land 0-50
171 Whitecross-Rock outcrop complex 24-37
254 Cryorthents-Rubble land complex 17-37
331 Needleton stony loam 17-33
335 Whitecross-Rock outcrop complex 17-37
337 Whitecross-Rock outcrop complex 24-37
339 Henson very gravelly loam 17-31
341 Moran very gravelly loam 17-33
343 Telluride-Rock outcrop complex 24-37
381 Needleton-Snowdon-Rock outcrop complex 17-39
496 Rock outcrop 0-45
497 Rubble land 9-45
606 Snowdon-Needleton Complex 24-42

FIGURE 6, continued

Grain-Size Analysis

Grain-size analysis was used to evaluate the texture and mean grain-size in one
soil profile at each study site and within subsamples at each study site. The grain-size
analysis method was used to better understand grain-size distribution throughout the soil
column at each fen site.

Mean grain-size (¢) and standard deviation varied at each study site (Table 1;
Appendix A). Sample means ranged from 0.0178 ¢ to 1.6028 ¢, and standard deviation

from 1.0182 to 1.8092. Grain-sizes ranged from medium-grained to coarse-grained sand.
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Subsample means ranged from -0.2277 ¢ to 1.5100 ¢, and standard deviation from

0.6657 to 1.8060. Sand sizes ranged from very coarse to fine-grained.

TABLE 1
Sieve data for all sample sites and sections
Depth | Mean Standard

Sample (cm) (P) Deviation (o) Grain-size

CG 0-65.5 |0.2112 1.1985 coarse-grained sand

CG 0-25 |0.4560 1.2822 coarse-grained sand

CG 25-36 |0.3952 1.3326 coarse-grained sand

CG 36-43 |0.0951 1.1236 coarse-grained sand

CG 43-50 10.1572 1.1781 coarse-grained sand

CG 50-55 ]0.1353 1.1645 coarse-grained sand

CG 55-65.5 |0.1351 1.1576 coarse-grained sand

GLI 0-16 |0.9045 1.4853 coarse-grained sand

HV 0-36 |1.6028 1.8092 medium-grained sand

HV 0-9 0.6466 1.5466 coarse-grained sand

HV 9-31 |1.5100 1.8060 medium-grained sand

HV 31-36 |2.4122 1.6233 fine-grained sand
RMP N 0-70 |0.0178 1.0182 coarse-grained sand
RMP N 0-15 ]0.1351 1.1345 coarse-grained sand
RMPN | 15-60 [-0.2277 0.6657 very coarse-grained sand
RMP N | 60-70 |-0.0881 0.8868 very coarse-grained sand
RMP S 0-68 |1.0516 1.7385 medium-grained sand
RMP S 0-38 |0.0852 1.6891 coarse-grained sand
RMPS | 26-28 |1.5343 1.7035 medium-grained sand
RMPS | 38-68 |1.3245 1.7706 medium-grained sand

Italics indicates data for entire profile

At the California Gulch fen site the soil profile (0-65.5 cm) consists entirely of

coarse-grained sand with a mean of 0.2112 ¢ and a standard deviation of 1.1985.

Subsamples at depths of 0-25 cm, 25-36 cm, 36-43 cm, 43-50 cm, 50-55 cm, and 55-
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65.5 cm have means of 0.4560 ¢, 0.3952 ¢, 0.0951 ¢, 0.1572 ¢, 0.1353 ¢, and 0.1351 ¢,
respectively. Standard deviations range from 1.1236-1.3326.

The Glacial Lake Ironton soil profile (0-16 cm) contains medium-grained sand.
The mean and standard deviation are 0.9045 ¢ and 1.4853.

The Howardsville soil profile (0-36 cm) contains medium-grained sand with a
mean of 1.6028 ¢ and a standard deviation of 1.8092. A subsample from a depth of 0-9
cm contains a mean of 0.6466 ¢ and standard deviation of 1.5466. From 9-31 cm, the
mean and standard deviation are 1.5100 ¢ and 1.8060. At a depth of 31-36 cm the mean
and standard deviation are 2.4122 ¢ and 1.6233.

At Red Mountain Pass North, the soil profile (0-70 cm) is coarse-grained sand
with a mean and standard deviation of 0.0178 ¢ and 1.0182. Subsamples at depths of 0-
15 cm, 15-60 cm, and 60-70 cm have means of 0.1351 ¢, -0.2277 ¢, and -0.0881 ¢,
respectively. Standard deviations range from 0.6657-1.1345.

The soil profile at Red Mountain Pass South consists of medium-grained sand
and has a mean of 1.0516 ¢ and a standard deviation of 1.7385. A subsample from 0-38
cm has a mean of 0.8523 ¢ and a standard deviation of 1.6891. From 38-68 cm, the
mean and standard deviation are 1.3245 ¢ and 1.7706.

Within the Red Mountain Pass South sample, a visual change in grain-size was
noted in the soil profile so a subsample from 26-28 cm was sieved. The mean is 1.5343 ¢

and standard deviation is 1.7035.
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MORPHOMETRY

Some researchers approach wetland classification from a non-geomorphological
perspective, such as Cowardin et al. (1979), who created a hierarchical classification
scheme based on ecology. Few researchers consider the topography, geology, soil, and
geomorphology of a region when classifying wetlands. Euliss et al. (2004) take a spatio-
temporal approach and acknowledge the importance of geomorphology in a spatio-
temporal continuum. The authors suggest that their approach to classifying wetlands can
be used in locations other than prairie pothole regions of the United States. Alternatively,
Evans and Warburton (2007) model mires following Charman (2002), which include
fens and bogs, and include generic hydro-morphological characteristics. At this time, no
classification scheme is universal; therefore, a geomorphic and hydrologic approach was
taken to classify fens at the five study sites in the San Juan Mountains.

Based on an extensive study of the fens, it appears that three types of fens can be
identified. Using geomorphic characteristics, each of the studied fens was placed into
one of three categories: 1) valley-bottom, 2) valley-side, and 3) terrace. The
classification scheme is based on the geomorphic location of each fen.

Fens are affected by surface water and groundwater flow (Figure 7). When water
table levels are high an abundant amount of water enters each fen, but when levels are
low, water flows out of the fen and into the surrounding environment. Fens are very

sensitive to changes in local hydrologic patterns.
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FIGURE 7. Classification of fens based on geomorphic location. (Qa=Quaternary
alluvium, Qh=Quaternary Holocene sediment, Qmm=Quaternary mass movement,
Tv=Tertiary volcanic bedrock).

In the five study sites within the San Juan Mountains, fens are found either in
valley-bottoms where groundwater and surface water flow through, along valley-sides
where groundwater discharges and surface water flows, or on a terrace where
groundwater, surface water, and a river supplies the fens with sufficient water.

Glacial Lake Ironton and Red Mountain Pass South fen complexes are
considered valley-bottom fens. Both complexes formed in alluvium-filled glacial valleys
and are surrounded by fairly steep valley sides.

California Gulch and Red Mountain Pass North fen complexes, which also

formed in alluvium-filled valleys, are considered valley-side fens as they slope towards
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the valley floor. Lastly, the Howardsville fen is considered a terrace fen because it
resides on a terrace adjacent to the Animas River.

In addition to classifying each of the five fen complexes based on morphometry
and geomorphic location (Table 2), an additional twenty-five fens were delineated using
orthorectified photographs and ArcGIS®. A total of ten fens from each of the
classification categories were chosen and morphometric properties were calculated for

all thirty fens (Table 3).

TABLE 2
Site, classification, fen elongation, and area associated with each of the five main
fens.

Site Classification Fe Area (km?)
CG valley-side 2.6 0.002
RMPS valley-bottom 2.1 0.014
GLI valley-bottom 1.2 0.0003
RMPN valley-side 2.6 0.018
HV terrace 1.9 0.005
X 2.1 0.008
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TABLE 3

Fen Morphometry: area, circularity, and elongation values of thirty
ID Ar?ﬁr?:;)fen Circularity Elongation
Valley-bottom 0.001 0.9 1.2
Valley-bottom 0.003 0.3 2.0
Valley-bottom 0.007 0.7 1.2
Valley-bottom 0.007 0.7 2.1
Valley-bottom 0.001 0.7 1.5
Valley-bottom 0.002 0.8 1.8
Valley-bottom 0.014 0.7 2.1
Valley-bottom 0.0003 0.9 1.2
Valley-bottom 0.002 0.6 1.9
Valley-bottom 0.003 0.3 2.2
mean 0.004 0.7 1.7
median 0.003 0.7 1.9
TABLE 3, Continued
ID Ar?ﬁrﬁﬁ)fe” Circularity Elongation
Valley-side 0.005 0.6 2.8
Valley-side 0.001 0.6 2.2
Valley-side 0.004 0.7 2.3
Valley-side 0.004 0.6 2.4
Valley-side 0.002 0.8 2.3
Valley-side 0.004 0.6 2.4
Valley-side 0.002 0.4 2.6
Valley-side 0.018 0.4 2.6
Valley-side 0.001 0.9 2.3
Valley-side 0.005 0.7 2.2
mean 0.004 0.6 2.4
median 0.004 0.6 2.4
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TABLE 3, Continued

ID An(esr?]g)fen Circularity Elongation
Terrace 0.008 0.7 2.2
Terrace 0.003 0.5 2.1
Terrace 0.002 0.6 1.8
Terrace 0.009 0.5 1.9
Terrace 0.008 0.6 1.6
Terrace 0.003 0.5 2.0
Terrace 0.005 0.5 1.9
Terrace 0.001 0.7 1.7
Terrace 0.001 0.7 2.2
Terrace 0.001 0.9 1.7
mean 0.004 0.6 1.9
median 0.003 0.6 1.9

The mean circularity and elongation for valley-bottom fens is 0.7, which is
similar to terrace fens with a mean and median of 0.6. Valley-side fens have a similar
circularity to terrace fens with a mean and median of 0.6. Valley-bottom fens exhibit the
greatest circularity, followed by terrace and valley-side fens. This can likely be
attributed to the degree of slope at each location.

In terms of elongation, valley-bottom fens have a mean of 1.7 and a median of
1.9, whereas terrace fens have a mean and median of 1.9. In contrast, valley-side fens
have a mean and median elongation of 2.4. Valley-side fens are more elongated than
both valley-bottom and terrace fens, which tend to be more circular. This again is likely

attributed to the degree of slope at each location.
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A general trend in the value of circularity between the three types of alpine fens
was not noted, but a pattern emerged for the elongation of fens. Valley-bottom fens have
an elongation value ranging from 1.2 to 2.2. Valley-side fens have elongation values that
range from 2.2 to 2.8, and terrace fens have values ranging from 1.6 to 2.2. Valley-
bottom fens have the greatest range in values, which are more similar to terrace fens than
valley-side fens. Valley-side fens are the only type of fen that has an elongation value
exceeding 2.2. A conclusion can be drawn that states valley-side fens are more elongated
than valley-bottom and terrace fens which exhibit similar elongation values.
REFRACTIVE SEISMICITY

To determine depth to bedrock, seismic data from each seismic channel were
plotted on a point graph to determine the first arrival point of the refractive wave.
Unfortunately, the data were inconclusive. Some channels showed an excellent signal,
whereas others needed extensive filtering. Differences in signals are perhaps a result of a
greater depth of alluvium than previously thought, boulders, thick peat, or amount of
saturation. Unfortunately, this method did not work and depth to bedrock was not able to
be determined.

GEOCHEMISTRY

Pb in the San Juan Mountains is found in two main forms: ore mineralized Pb
and non-ore mineralized Pb. Each is a natural form of Pb found within the surrounding
rock. Ore mineralized Pb is released during mining activities via smelters and the
transportation of ores, waste rock, and tailings. Non-ore mineralized Pb is released via

erosion of bedrock.
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Pb in fen sediment can be found in both ore and non-ore mineralized forms,
which can lead to the presence of binary mixing of Pb, the mixing of Pb from more than
one source. To determine if binary mixing is present, it is necessary to conduct an
isotopic analysis based on 2°°Pb, ?’Pb, and 2°®Pb ratios.

By plotting depth of the sediment layer versus Pb concentration (ppm) and
206p/297pp, the presence of binary mixing becomes visible. This is confirmed by plotting
206pp/207ph versus 1/Pb (ppm™) and 2°°Pb/?®®pPb versus “°Pb/?°’Pb, and calculating r2.

In a plot of concentration and isotopic ratio versus depth, lower concentration
values and higher isotopic ratios are indicative of non-ore mineralized Pb, whereas
higher concentrations of Pb and lower isotopic ratios are indicative of ore-mineralized
Pb. The presence of both scenarios on a graph would indicate multiple sources of Pb.

Binary mixing can be confirmed by plotting *°Pb/?°’Pb versus 1/Pb (ppm™) and
206pp208ph yversus 2%°Ph/’’Ph, then calculating r. A high r? value in a plot of 2*°Pb/*’Pb
versus 1/Pb (ppm™) indicates the likelihood of the presence of binary mixing. A low r?
value indicates the presence of more than two sources of Pb. In a plot of 2°Pb/?’Pb
versus 2°°Pb/?®ph, a high r® value indicates mixing between two sources of Pb.

Lead

Pb isotopic ratios and concentrations are shown in Table 4 for all fen sediments.
Values of depth versus 2°°Pb/**’Pb and Pb concentration were plotted for each fen, with
the exception of California Gulch. 2°Pb/°’Pb versus 1/Pb (ppm™) was plotted for all

study sites (Figure 8).
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TABLE 4

Fen sediment data from isotopic analysis using ICP-MS.

Pb
sAMPLE ~ PEPTH  conceEnTRATION [ MPB - 208ppp07py 208y 208y,
(cm) (ppm™)
(ppm)
CG 1 97 00103 1.1987 0.4868
CG 3 82 00122  1.1940 0.4863
CG 5 89 00113 1.1947 0.4864
CG 7 136 00073  1.1964 0.4872
CG 9 39 00253  1.1992 0.4898
CG 11 106 00095  1.1967 0.487
CG 13 63 00016  1.1959 0.4872
CG 15 52 00193  1.1962 0.4878
CG 17 46 00219  1.1960 0.4877
CG 19 42 00238  1.1992 0.4900
CG 21 56 00178  1.1962 0.4878
CG 23 71 00141 11971 0.4878
CG 25 92 00108  1.1961 0.4871
CG 27 100 00100  1.1970 0.4873
CG 29 91 00110  1.1957 0.4875
GLI 1 383 0.0026  1.1983 0.4886
GLI 3 373 00027 11947 0.4868
GLI 5 210 00048  1.1938 0.4869
GLI 7 203 00034  1.1948 0.4868
GLI 9 317 00032  1.1975 0.4887
GLI 11 393 00025  1.1948 0.4868
GLI 13 276 0.0036  1.1951 0.4874
GLI 15 246 00041  1.1964 0.4870
GLI 17 281 0.0036  1.1962 0.4872
GLI 19 452 00022  1.1953 0.4863
GLI 21 371 00027  1.1938 0.4867
GLI 23 314 0.0032 1.195 0.4864
GLI 25 305 00033  1.1933 0.4872
GLI 27 103 00052  1.1918 0.4868
GLI 29 396 00025  1.1917 0.4863
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TABLE 4, Continued

Pb
sampLE PEPTH - concENTRATION PR 20pp207py 208y 2080y,
(em) (ppm) Pm)
y; 1 169 0.0059  1.1988 0.4870
HV 3 184 0.0054  1.1995 0.4866
HV 5 369 0.0027  1.1999 0.4802
HV 9 251 0.0040  1.1997 0.4855
HV 11 241 0.0042  1.2003 0.4824
HV 13 229 0.0044  1.1979 0.4841
HV 15 204 0.0049  1.1989 0.4865
HV 17 99 00101  1.2031 0.4892
HV 19 137 0.0073  1.2044 0.4895
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A plot of 2°Pb/*’Pb versus 2°°Pb/*®Pb of all study sites is also shown (Figure 9).
Unfortunately, Pb concentration data for California Gulch has a large error when
compared to the other study sites, so a depth versus “°Pb/*’Pb and Pb concentration plot
was not completed for that data set. Analysis of concentration was completed to
determine whether a correlation exists between the variables and if non-ore mineralized

Pb or ore mineralized Pb is present in fen sediments.
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FIGURE 9. Graph of 2®°Pb/?*’Pb versus *®Pb/?°®Pb for study sites, displaying r?
values for Red Mountain Pass North and Howardsville.
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At all sites, except for Red Mountain Pass North and Howardsville, all
206ph/27pp ratios are within error of each other, therefore suggesting little to no variation
of Pb with depth.

California Gulch sediment contains isotopic ratios of ®Pb/”’’Pb ranging from

1.194-1.199 (Figure 10).

California Gulch
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FIGURE 10. Plot of *®Pb/?°’Pb versus depth from surface at California Gulch.

Glacial Lake Ironton sediment contains concentrations of Pb ranging from 192
ppm to 451 ppm (Figure 11). Isotopic ratios vary little and range from 1.192 to 1.198.

Overall, Pb concentrations alternate from 383 ppm at the surface to 452 ppm at 19 cm to
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193 ppm at 27 cm and then greatly increase from 27 cm to 29 cm with values of 193

ppm to 396 ppm.

Glacial Lake Ironton
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FIGURE 11. Plot of >®Pb/?’’Pb and concentration versus depth from surface at
Glacial Lake Ironton.

Howardsville sediment contains concentrations of Pb ranging from 98 ppm to
368 ppm and 2°Pb/?"Ph ratios that vary significantly between 1.198 and 1.209 (Figure
12). A sharp increase in Pb concentration occurs between the surface and 5 cm below the
surface, with an increase of Pb concentration from 169 ppm to 369 ppm. Little variation

in Pb concentration is seen between 5 cm and 15 cm. A gradual decrease of Pb
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concentrations occur from 15 cm to 29 cm with concentrations varying from 204 ppm to

145 ppm, and an increase of °°Pb/?’Ph ratios occurs from 15 cm to 29 cm with values

of 1.199 to 1.209.

Howardsville
206p,,207p,

1.196 1.198 1.200 1.202 1.204 1.206 1.208 1.210
0 1 1 1 1 1 1

10 A

depth (cm)

30 4

T T T T

0 200 400 600 800 1000

Pb concentration (ppm)
FIGURE 12. Plot of 2°Pb/*’’Pb and concentration versus depth from surface at
Howardsville.

Red Mountain Pass North sediment (Figure 13) contains a wide-range of concentrations
of Pb ranging from 6 ppm to 634 ppm and 2°Pb/?’Pb ratios of 1.185 to 1.203. A sharp
increase in Pb concentration and slight increase in 2°°Pb/?’Pb ratios occur between the

surface and 3 cm below the surface. Pb concentration values range from 376 ppm to 634
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ppm. A very sharp decrease in Pb concentration of 634 ppm at 3 cm, to 133 ppm at 5 cm
is apparent. Between 5 cm and 11 cm, Pb concentrations alternate from 133 ppm to 176
ppm, followed by an increase of 2°°Pb/*’’Pb ratios ranging from 1.186 to 1.190. A sharp
decrease in Pb concentration is visible between 11 cm and 13 cm with values of 176
ppm to 34 ppm, followed by a very gradual decrease of Pb concentration from 13 cm to
29 cm, reaching a value of 12 ppm. Alternately, a large increase in 2°Pb/”°’Pb from 11

cm to 17 cm occurs with values ranging from 1.190 to 1.200.
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FIGURE 13. Plot of 2°Pb/*’’Pb and concentration versus depth from surface at
Red Mountain Pass North.
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Red Mountain Pass South sediment (Figure 14) contains highly variable Pb
concentrations ranging from 59 ppm to 1345 ppm and 2°°Pb/*’Pb ratios of 1.187 to
1.197. In general, Pb concentrations greatly increase from the surface to 11 cm with
values ranging from 202 ppm to 1345 ppm then sharply decrease from 1345 ppm at 11
cm to 99 ppm at 29 cm. 2°°Pb/*"Pb ratios tend to increase from the surface with a value
of 1.190 to 7 cm with a value of 1.197. Ratios then decrease to a value of 1.188 at 13 cm,

followed by both increasing and decreasing values to 1.192 at 29 cm.

Red Mountain Pass South
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FIGURE 14. Plot of 2°Pb/*’’Pb and concentration versus depth from surface at
Red Mountain Pass South.
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37Cs and #°Pb

In addition to using isotopic ratios of Pb as environmental tracers, **°Pb and **'Cs
are useful in environmental studies. “°Pb has a half-life of 22.8 years (Church et al.,
2007b). This form of Pb is easily incorporated into sediment being deposited, thus
allowing layers of sediment to be dated consecutively (Church et al., 2007b).

Like 22%Pb, *¥'Cs is considered a reliable method for dating of sediment. **'Cs is
considered a thermonuclear byproduct that is related to nuclear atmospheric testing
during the late 1950s and early 1960s (Church et al., 2007b). There has not been any
atmospheric nuclear testing since this time making **’Cs a reliable method for dating of
sediment.

219, is used to validate **’Cs results and it works as an indicator that where it is
present, the sediment is less than 150 years old. Since °Pb has a short half life it should
reach zero relatively quickly (Church et al., 2007b). In terms of concentration of **'Cs at
each study site, a peak of *’Cs is expected with depth before the amount of **'Cs
declines to zero, with a peak indicating the year 1963 +/- 2 years (Robbins and Edginton,
1975).

From the analysis of #°Pb,s and **’Cs, average sedimentation rates were derived
(Figure 15; Table 5). A discernible **’Cs peak was reached in sediment samples at all fen
sample sites, except for Red Mountain Pass North. This was the result of a lack in
sufficient sediment within the sediment sample (non-organic material). Sedimentation
rates based on *¥'Cs range from 0.04 cm/yr to 0.19 cm/yr, whereas, sedimentation rates

based on ?%Ph,s range from 0.04 cm/yr to 0.23 cm/yr (Table 6).
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TABLE S5
Results of ?°Pb, *°Pb,,, and **'Cs analysis in fen sediments at each studly site.

SAMPLE DEPTH
ID (cm) 210pp 20pp . PCs
CG 2 14.27 11.65 1.31
CG 4 33.44 31.58 9.38
CG 6 9.61 7.98 4.74
CG 8 2.30 1.00 0.43
GLI 1 6.27 2.42 0.91
GLI 3 13.39 11.08 6.27
GLI 5 5.52 2.21 6.14
GLI 7 5.10 0.71 0.93
HV 1 12.73 9.88 1.18
HV 3 15.94 13.33 1.33
HV 5 14.40 11.14 2.07
HV 7 11.40 8.59 5.22
HV 9 6.98 3.88 6.99
HV 11 5.13 1.41 0.62
HV 13 4.00 0.57 0.00
RMP N 2 22.26 21.81 1.11
RMP N 4 31.31 30.49 3.17
RMP N 6 23.89 23.34 4.56
RMP S 1 14.22 12.19 0.78
RMP S 3 8.96 5.05 0.73
RMP S 5 7.13 4.08 0.38
RMP S 7 8.81 5.96 0.05
TABLE 6
Average sedimentation rates at each sample site based on ?°Pb,s and *'Cs.
SAMPLE ID *210pp ¢ (cmlyr) **137Cq (cmlyr)
RMP N 0.23 0.13
RMP S N/A 0.04
HV 0.10 0.19
GLI 0.05 0.08
CG 0.04 0.08

* First 21°Ph, value was removed
**137Cs value is based on 1963 +/- 2 years
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The natural log of 2!°Ph, was plotted versus depth on a natural logarithmic scale
to validate sedimentation rates based on **’Cs and to look for natural breaks in average
sedimentation rates. In comparison with ?°Pb,s, Red Mountain Pass North has a *'Cs
based sedimentation rate of 0.13 cm/yr, which is nearly half that of %°Pb, (0.23 cm/yr).
Howardsville has a discernible peak in **’Cs with a sedimentation rate of 0.19 cm/yr,
which is nearly twice that of #“°Pb,s (0.10 cm/yr). Both Glacial Lake Ironton and
California Gulch have sedimentation rates based on **'Cs of 0.08 cm/yr versus *°Pbys
rates of 0.05 cm/yr and 0.04 cm/yr, respectively.

TEMPORAL TIME LINE OF CHANGE

The San Juan Mountains have undergone geologic and human-induced changes
throughout time, with more rapid changes occurring in the last two hundred years (Blair
et al., 1996). The San Juan Mountains were formerly inhabited by Utes until 1873 when
the Brunot Treaty allowed settlement in the San Juan Mountains (Western Mining
History, 2010). Many Ute tribes moved with the onset of mining of ores and coal (Blair
et al., 1996).

Mining was booming in the late 19™ Century (Blair et al., 1996), and continued
to increase with the construction of the railroad in 1882 (Western Mining History, 2010).
Large changes in population were seen as mining increased and the populations grew.

In the town of Silverton, the population was 2,500 in 1883. It remained steady
through 1886, but began to grow with the addition of mines, mills, and smelters
(Appendix B; Sanborn Map Company, 1883, 1886, and 1910). In 1910, the town of

Silverton had a population of 3,000 people with the addition of mining activities.
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Populations dispersed eighty-one years later, in 1991, when Sunnyside Mine closed
(Jones, 2007).

During times when mining was booming, acidic waters seeped into mines and the
surrounding environment, corroding anything made of iron (Blair et al., 1996), and
polluting surface water and groundwater. These effects are visible in the form of orange-

colored streams, even in areas where mining has ceased (Photograph 19).

PHOTOGRAPH 19. Orage-colored stream, east side of Highway 550 and d
Mountain Pass South. Photograph taken looking to the south.
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Pollution of water and sediment continued into the 1970s with the flooding of the
Animas River near Silverton in September of 1970. The Animas River at Howardsville
had a maximum discharge on September 6, 1970 of 33.1 m®/s, with a normal average
discharge of 2.8 m®/s (Roeske et al., 1978). As a result of mining an unknown amount of
tailings on the surface of the landscape became entrained by water, which was then sent
flowing into the Animas River.

Flooding is not an unknown phenomenon to the region. Larger floods have been
recorded on the Animas River. On October 5, 1911 the Animas River had a discharge of
7,079 ft*/s. Whereas, a flood on June 29, 1927 produced a discharge of 566 ft¥/s.
Additional large floods include one on May 14, 1941 with 297 t*/s, June 6, 1956 with a
discharge of 265 ft%/s, and May 25, 2005 with a discharge of 242 ft*/s, to name a few
(USGS, 2012).

Between 1973 and 1974 melting snow pack caused tailing ponds to break, which
released 100,000 tons of tailings and mud into the Animas River, heading towards the
town of Silverton (Evans, 2010). Mining ceased for one month of clean-up, but resumed
for six more years until a similar event occurred again (Evans, 2010).

Mining towns, such as Eureka and Howardsville, collapsed with the cessation of
mining, but Silverton held on by supporting tourism. Land use has changed from the
mining of ores and coals to the mining of peat, creation of off-road vehicles, and the

creation of trails, which have all helped sustain the former mining town of Silverton.
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Though mining has ceased, lasting effects are still visible with abandoned mines,
adits, tunnels, acid mine drainage, waste rock, and tailings dumps. Changes in land use
have greatly impacted the environment and forever changed the landscape.

Mining in the area has ceased and land use has changed with growing tourism.
Land within the United States National Forest allows trails for vehicle use, giving ease
of access to areas containing fens. At each of the study sites in the San Juan Mountains,
off-road vehicles and trails, along with major roadways, cut through fens. Fen systems,
including local hydrologic regime and the surrounding environment, are altered.
Currently, steps are being taken to remediate some of these issues and protect many of
the 2,000 fens located in the San Juan Mountains, in addition to mitigating the lasting

effects of mining (Chimner et al., 2010).
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CHAPTER VII

ANALYSIS

INTRODUCTION

Upon analyzing geomorphic and geochemical data, it has become apparent that
the fen study sites are complex. Fens in each of the five study sites formed in
Quaternary-age deposits and receive input of materials from a variety of sources.

The topography of a region plays a tremendous role as to what enters and exits
fens. Steep slopes tend to funnel material, such as sediment and rocks of a variety of
grain-sizes, via wind and water erosion, to lower-lying areas, whereas low-lying areas,
such as fens, tend to retain material. Landforms, such as roche moutonnée, often block
or alter the transport of material.

The valley-bottom fens, Glacial Lake Ironton and Red Mountain Pass South, are
both surrounded by steep slopes and have water flowing to and through them via surface
water flow. The water is likely to carry loose rocks, sediment, and heavy metals to the
fens, which may or may not reside in the fen. Valley-side fens, such as California Gulch
and Red Mountain Pass North, reside at the base of valley slopes and are greatly
influenced by stream water and form where groundwater flows from the base of slopes.
Howardsville, a terrace fen, is most influenced by the Animas River which supplies it
with water during high flow times.

Both topography and geology influence what materials are input and output from
fens and affect depth to water table. The role of geology within the study sites involves

the type of rock surrounding the fens and available for transport, biproducts of past
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mining, faults and fractures, the ability to transport water, and the material available for
fens to form in.

Elements from the surrounding rock are often leached via water and carried to
fens via streams. Water tends to seep from fractures and into fens. Geology, in terms of
composition of bedrock, directly affects the heavy metal content of water and sediment
within fens.

The depth to the water table for the California Gulch fen is greater than 200 cm
and Red Mountain Pass North fen is up to 203 cm (NRCS, 2011). It is likely that the
depth to the Red Mountain Pass North fen is nearer 203 cm based on the fact both fens
are valley-side fens. The fens are likely sustained by water seeping from bedrock at the
base of slopes. Alternatively, Glacial Lake Ironton has an estimated depth to bedrock of
15 cm to 90 cm and Red Mountain Pass South is up to 91 cm (NRCS, 2011). Both of
these fens are valley-bottom fens, which likely receive their groundwater from directly
below them. Lastly, Howardsville is a terrace fen with an estimated depth to
groundwater of 15 cm to 50 cm (NRCS, 2011).

Geologic influences must be examined in addition to depth to the water table to
understand how the fens are sustained. California Gulch receives surface water
channeled from the igneous rock to the west, whereas Red Mountain Pass North receives
water from the surface which flows around roche moutonnée and bedrock from high
above the landscape. Glacial Lake Ironton and Red Mountain Pass receive additional

water from streams that cut through the alluvium and from streams running down the
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slope of igneous rock. Lastly, Howardsville receives additional water that flows over
Quaternary deposits and across the road to the terrace.

By studying soil maps and soil characteristics, a better understanding of the
sedimentary characteristics of fens can be developed. Characteristics of sediment
influence the ability of a fen to act as a source and a sink for materials and influences
what volume of water can permeate through the fen. Though this study did not focus on
investigating physical properties of soil, it did look at sedimentary characteristics to
attempt to describe sediment layers in the fens.

Inputs into fens varied with location and a variety of lithologic properties were
found. For example, four of the five sediment samples contained at least 40 cm of peat,
which indicates the presence of a fen, whereas another site contained gravels near the
surface, which after a visual examination, appeared to have originated from gravel used
to make Highway 550. Additionally, orange streaks were found in some sediment layers,
which would indicate a time when oxidation occurred and water levels were perhaps
low.

GEOMORPHOLOGY
California Gulch

The geomorphology of the fen complex at California Gulch was mapped at a
scale of ~1:3,000 with a 20 m contour interval. The California Gulch fen is west of the
West Fork Animas River, which flows through a narrow valley bottom (APPENDIX C).
Southwest of the mapping area, large cirques are present along with hydrothermally

altered rock.
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California Gulch is characterized by valley sides with convex and concave
slopes. The western portion of the valley is characterized by convex slopes along County
Road 19. The western slopes contain numerous intermittent areas of exposed extrusive
igneous rock, some of which are along concave slopes. The eastern slopes of the valley
are characterized by a combination of convex and concave slopes.

The eastern edge of the valley contains areas where rockfall, primarily boulders,
provide a path for rainwater and snowmelt to flow and carry loose rock toward the valley
bottom (White, 1981). This pattern can also be seen on the western slopes.

The valley bottom at California Gulch contains numerous outcrops of extrusive
igneous rock and colluvium. Ponds have formed within the colluvium. Numerous minor
stream channels, primarily 1% order, are visible in the eastern portion of the mapping
area, some of which begin on the valley slopes and flow to the West Fork Animas River.

The West Fork Animas River is narrow with exposed bedrock along the margins.
The river flows through Quaternary deposits and igneous bedrock. Igneous rock crops
out along bends within the river with the majority of outcrops on the east side of the
river. Many of the outcrops have slopes greater than 40° and show hydrothermal
alteration. Some of the outcrops are low-lying with rounded tops and contain visible

glacial striae (Photograph 20).
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PHOTOGRAPH 20. Photograph of gIaC|aI striae at Callfornla Gulch W|th field
notebook parallel to striae, facing north-northeast.

Adjacent to the western side of the West Fork Animas River is the California
Gulch fen. The fen is situated on sloping ground adjacent to a large igneous rock outcrop
to the southwest, a smaller one in the center portion of the fen, and a third outcrop on the

northeast lower side of the fen.
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The upper portion of the fen contains a pond with small, empty burrows upslope

of it (Photograph 21).

PHOTOGRAPH 21. Photograph of epty burrows upsloe ofa iIId pond at the
California Gulch fen site. Photo taken looking to the east-southeast.

The burrows potentially contain water during times when excess water is present. At the
time of analysis, the California Gulch fen was very moist at the surface. The fen gently
slopes and drains to the West Fork Animas River. An orange-colored stream, which
originates from a mine adit on the western portion of the valley slope, flows to the

California Gulch fen. The orange-colored stream flows from the adit, over County Road
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19, over a break in slope, and through the fen where it drains into the Animas River

(Photograph 22).

B ARG iyl 4 i o VR 7 VT b L 78 AN -
PHOTOGRAPH 22. Orange-colored stream originating from a mine adit west of

County Road 19, flowing through the California Gulch fen and into the West Fork

Animas River. Photograph taken from across the West Fork Animas River.

Aside from natural landscape features, man-made features such as waste rock

piles and roads are present (Photograph 23).
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PHOTOGRAPH 23. View looking north-northwest at the California Gulch site.
Waste rock and County Road 19 are visible.

County Road 19 parallels the West Fork Animas River along the western valley side and
forks southwest of the fen, leading off-road vehicles around a 180° bend and up the
valley side. East of the fork in the road are three mine adits southwest of the fen,

approximately 5 m to 35 m above County Road 19. The northernmost mine adit nearest
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the road is the one that contains an orange-colored stream flowing from it (Photograph

24).

- [ &

PHOTOGRAPH 24, View of a closed mine tunnel with orne-colored water
flowing from it.
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Glacial Lake Ironton

The Glacial Lake Ironton fen complex is characterized by a valley with slopes
covered in trees. The Glacial Lake Ironton fen complex formed in the alluvium on the
bed of a former glacial lake (APPENDIX C). The sampling site is west of Highway 550
and in an area surrounded by willow shrubs. The sampling site resides west of Red
Mountain Creek, which flows northeast through the eastern portion of the former glacial
lake. Red Mountain Creek and the Glacial Lake Ironton study site are separated by
Highway 550, which traverses right of center through the former glacial lake.

Glacial Lake Ironton slopes are fairly gentle in rise with the western portion of
the mapping area being covered entirely by trees, whereas the eastern portion is fairly
steep, but also covered with trees. Most exposed bedrock is hidden by the trees, but two
extrusive igneous rock outcrops are visible on the western portion of the mapping area.
Trees are encroaching on the former glacial lake on either side of the valley.

The eastern portion of the valley contains an orange-colored stream, which
originates from Gray Copper Gulch on Red Mountain, and flows to the north-northeast
until it enters Red Mountain Creek in the northeast corner of the study area.

Red Mountain Creek is an orange-colored stream that flows on the western
portion of a former tailings pond in the study area, then to the north-northeast. In the
area along the former tailings pond, the creek was straightened and lined with large
cobbles (Photograph 25), now both iron coated and non-iron coated, along the sides of

the stream. The creek passes under a bridge for County Road 20 (Photograph 26). Red
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Mountain Creek then abruptly forms a braided stream, with gravel and sand bars, both

containing iron- and non-iron coated cobbles, gravels, and sands.

LAY
g 2

PHOTOGRAPH 25. Red Mountai reek at Glacial Lake lronton, west of a
former tailings pond, looking downstream.
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POTRP 2. ew of ReMntain Creek atc L ot, tken
from County Road 20, looking upstream.
The western edge of Red Mountain Creek contains bank-cut sides along with
convex and concave slopes. As the gradient decreases, the banks become tree-lined on
both sides of the stream. Between the stream and Highway 550 reside gravels and shrubs
in sporadic locations.
The areas east and west of Highway 550 were dry with areas of mudcracks
(Photograph 27) and gravels. Moving nearer the northern edge of the mapping area, two
ponds with streams flowing north become apparent and grassy vegetation increases, with

wetlands beginning to appear just north of the mapping area.
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PHOTOGRAPH 27. Mudcracks northwest of the Glacial Lake Ironton sampling
site.

In addition to natural landforms and features, anthropogenic processes are
present. Northwest of the former tailings pond are two mine adits, which sit above an
off-highway vehicle trail and County Road 20W, both of which follow along the western
boundary of the former glacial lake. Other human-made features are visible, such as
gravels from the road, which have traveled downslope to the valley floor. East of
Highway 550 and Red Mountain Creek is a small gravel parking lot for off-road
vehicles, which leads to numerous trails up the eastern portion of the mapping area.
North of this area, along Highway 550, is a culvert that is draining orange-colored water

from the western portion of the valley bottom to the eastern half (Photograph 28).
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PHOTOGRAPH 28. Culvert under Highway 550 draining orange-colored water
from the west side to the east side of the former glacial lake.
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From the southern edge of the mapping area to the northern culvert, no other
culverts or outlets are seen that would allow the migration of water laterally across the
valley bottom. Highway 550 impedes flow along with the large, former tailings pond.
Howardsville

The Howardsville fen (Photograph 29) resides in an alluvium-filled valley with
steep cliffs to the west and forested areas to the east (APPENDIX C). The
geomorphology of the area is dominated by stream processes. The Animas River flows
to the southwest in the study area, west of the Howardsville fen. The river is

characterized by alluvial deposits along with sand and gravel bars.
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PHOTOGRAPH 29. The Howardsville terrace fen, with a beaver dam visible in
the center of the photograph. Photograph was taken looking upstream of the

Animas River valley.

The western portion of the geomorphic map (Photograph 30) represents cliffs
covered in talus, specifically alluvial talus. Alluvial talus consists of rocks of a variety of
sizes and shapes, carried by rain and snow melt to valley floors (White, 1981). The talus

extends onto the alluvium-filled valley floor.
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PHOTOGRAPH 30. Phoograph of Howarsville fen with steep cliffs to the north-
northwest along with talus and small trees on the slopes.

The eastern portion of the mapping area represents two debris flows. Both extend
onto the valley floor, into the Howardsville fen.

The Howardsville fen is northwest of Galena Mountain and east of the Animas
River. The fen is situated on very wet alluvium (at the time of analysis) and is almost
entirely surrounded by open water, with the exception of the southeast portion, which is
along the eastern edge of the valley. A beaver dam is present within the waters of the fen
and is surrounded by fine-grained sediment, gravel, and cobble. Numerous water flow
paths start from the fen and extend towards the river. In addition, streams in the northern

portion of the mapping area flow towards the Animas River.
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County Road 2 was constructed through the debris flow and talus on the eastern
half of the valley and parallels the Animas River. During heavy rain mudslides cover the
roadway. Additionally, an off-road vehicle trail parallels the western half of the valley
and cuts through the rockfall and alluvial talus.

Red Mountain Pass North

Dominated by glacial and hydrologic processes, Red Mountain Pass North is
surrounded by extrusive igneous rock, roche moutonnée, and alluvium. The Red
Mountain Pass North fen resides on alluvium (APPENDIX C). The fen complex
contains three ponds, two small ones in the upper portion, and one large pond in the
lower portion. The fen is surrounded by extrusive igneous rock.

West of the fen are numerous roche moutonnée. Potential water flow paths pass
around them. Bedrock and loose debris are exposed at the base of this are with concave,
convex, and slopes greater than 40°. Slopes are gentler to the east, but within the
southeastern portion of the map are breaks in slope along hillsides and rock outcrops,
with an area of rockfall. Mineral Creek flows through the study area to the lower and
largest pond in the fen complex. Mineral Creek then flows through a culvert under
county Road 31 and to the northeast. The upper reach of the creek flows parallel to
Highway 550, which cuts through the fen complex.

Altered igneous rock, associated with ore, is present east of the Red Mountain
Pass North fen. An off-highway vehicle trail is accessed via County Road 31 and
traverses southeast, up the altered igneous rock. The road leads to a deforested area

adjacent to Hero Mine.
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Human-made features other than mines and roads are visible. North of the fen is

an area where gravel has been deposited alongside County Road 31 (Photograph 31).

A8 i ) y 23 s S -
PHOTOGRAPH 31. Piles of gravel along County Road 31, north of the Red
Mountain Pass fen. View of Red Mountain in the background.

An additional old gravel trail, now only suitable for walking, can be followed from
County Road 31, south of the two northern ponds, and adjacent to Mineral Creek
(Photographs 32 and 33). The gravel trail traverses a small hummock that cuts through
the north-central portion of the fen complex, and allows water to seep through it towards

the lower pond.
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PHOTOGRAPH 10. Gravel trail, primarily covered in grasses, along the margin of
Red Mountain Pass North fen. Photograph taken looking to the west-southwest.

¢
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PHOTOGRAPH 33. Gravel on a trail along the margin of the Red Mountain Pass

North fen.

Red Mountain Pass South

The Red Mountain Pass South fen is formed in alluvium beneath steep slopes
containing igneous rock and roche moutonnée to the west and mining activities to the
east (APPENDIX C). The fen complex contains two streams, one originating in the
northeast corner of the fen and the other in the southwest corner, that converge via a
culvert and are channeled under Highway 550 to Mineral Creek. The converged streams
flow south, parallel to Highway 550.

Along the north-northwest portion of the fen are concave, convex, and slopes

steeper than 40°. Igneous rock and loose debris are visible and transported downslope.
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Above the edge of the fen reside many flow paths, areas of exposed igneous rock, and
depressions between roche moutonnée. Along the eastern portion of the fen runs
Highway 550 which includes an abrupt change in slope along the roadway that allows
gravels to enter the fen. East of Highway 550 are steep slopes greater than 40°.

County Road 16 follows the western edge of the fen up and into the steep slopes
to the south and west. An old gravel road cuts through the center of the fen and contains
human-made ditches on either side. One ditch contains flowing water and intersects with
one stream in the southern portion of the fen and one stream flowing in the eastern
portion, parallel to Highway 550. The streams and ditch intersect in the southwest corner
of the fen and flow into Mineral Creek.

Northeast of the fen is a gravel area to the west of Highway 550 for parking off-
road vehicles. East of the fen and Highway 550 is County Road 14, which travels to the
south, away from Longfellow Mine.

Longfellow Mine is situated above an orange-colored retention pond that has
surface water entering it from the base of the Longfellow Mine area. To the east are very
steep slopes with boulders, cobbles, and gravels traveling down slope from exposed
quartz-latite bedrock.

Koehler Tunnel is visible from County Road 14 at the base of the steep and
exposed bedrock. An orange-colored stream flows from the tunnel to the retention pond.
Across from the retention pond is the base of a hill composed of extrusive igneous rock.

The origin of the water is unknown, but a stream of orange-colored water flows around
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the base of the hill to the north then flows into a ditch parallel to Highway 550 and joins
Mineral Creek, which then flows to the southwest.
MORPHOMETRY AND GRAIN-SIZE

Upon analyzing one soil profile from each of the five fen sites and comparing
overall grain-size to fen type, a correlation was found. Valley-bottom and terrace fens
contain medium- to coarse-grained sand and valley-side fens contain coarse- to very
coarse-grained sand particles.

A soil sample 65.5 cm in depth was analyzed for grain-size at California Gulch
and a soil sample 70 cm in depth was analyzed for Red Mountain Pass North. Soil
profiles at California Gulch and Red Mountain Pass North contain coarse to very-coarse
sand grains. Both fens are considered valley-side fens.

A shallow soil sample 16 cm in depth was sampled at Glacial Lake Ironton and
exhibits a coarse-grained texture. Red Mountain Pass South and Howardsville soils were
analyzed to a depth of 68 cm and 36 cm, respectively, and contain medium-grained sand.
The Glacial Lake Ironton sample does not contain as much soil as the other samples,
therefore results from Glacial Lake Ironton may not be reliable.

Glacial Lake Ironton and Red Mountain Pass South are both considered valley-
bottom fens, whereas, Howardsville is considered a terrace fen. Valley-bottom and
terrace fens contain medium-grained sand particles.

Overall, it appears that valley-side fens can be classified as having coarse-
grained sand particles and valley-bottom and terrace fens can be classified as having

medium-grained sand particles.

108



One would suppose that larger grain-sizes would be found in valley-bottom fens
and assume that the larger grains were funneled to the flatter surface; however, this
appears to be incorrect, though a larger number of samples are needed to confirm this
postulation.

In terms of valley-side fens, geomorphic maps in APPENDIX C show the
location where soil profiles were extracted at California Gulch and Red Mountain Pass
North relative to local geomorphic features. California Gulch slopes approximately 2°
where the sample was extracted. The sample location is less than 50 m from a major
break in slope. Red Mountain Pass North slopes 1° to 4°, with a slope closer to 1° where
the sample was extracted.

The possibility arises that surface water flow and slope influence the deposition
of larger grain-sizes in the valley-side fens. The velocity of water slows when it reaches
a break in slope and likely deposits coarse grains on the sloping fens.

The valley-bottom and terrace fens have slopes approximately 1° to 2° where
samples were extracted. However, in contrast, the location of where the samples were
extracted is a much greater distance away from the valley sides, which slope up to 8°.

Fine- to medium-grained sediment is deposited at the terrace fen, Howardsville,
and at the valley-bottom fens, Glacial Lake Ironton and Red Mountain Pass South,
overall medium-sized grains are deposited. The potential exists for water to be able to
carry medium-grained particles to the fens at these sampling localities, but not coarser-

grains.
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It appears that an abrupt change in slope and surface water flow effect the size of
grains that will be deposited in each type of fen.
GEOCHEMISTRY
Binary Mixing

Pb isotopes are essential for use as environmental tracers in wetland sediment. Pb
is found to separate from parent uranium and thorium isotopes when a mineral deposit
forms (Church et al., 2007b). The isotopic composition of Pb within the related
hydrothermal fluid is considered to be “frozen” in the sulfide minerals, which is
generally in the form of galena (Church et al., 2007Db).

To determine the presence of binary mixing (mixing of Pb from two sources) at
each study site, a graph of ®Pb/*’Pb versus 1/Pb (ppm™) was plotted along with
200pp/27ph versus 2°°Pb/%®Ph. Additional plots include Pb concentration and isotopic
ratio versus depth, which were plotted to support findings of ore versus non-ore
mineralized Pb. Simple linear regression (best-fit-line method) was performed to
determine whether there was the presence of binary mixing at each sample site.

Overall, by plotting ®®Pb/*’’Pb versus 1/Pb and calculating the coefficient of
determination, r? (Table 7) at each study site, it was determined that data from Glacial
Lake Ironton and Red Mountain Pass are not significant. At the Howardsville and Red
Mountain Pass North sites, variability is significant and binary mixing is supported by

plotting 2°°Pb/?°’Pb versus 1/Pb and determining the value of r’.
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TABLE 7
Analysis of coefficient of determination for study sites.

r’ of *Pb/?°’Pb vs. r’ of *Pb/*°’Pb vs.
SAMPLE 1/Pb 206ppy208py
RMP N 0.8 0.9
RMP S 0 0.3
HV 0.5 0.7
GLI 0.1 0.5
CG N/A 0.6

Binary mixing is found in fen sediment in the Red Mountain Pass North fen site.
An r? value of 0.83 strongly supports the presence of binary mixing of one ore and one
non-ore mineralized Pb, which is consistent with the 2®°Pb/*”’Pb and concentration
versus depth graph. At Howardsville, an r* value of 0.50 points towards, but does not
strongly support the presence of binary mixing. There are likely more than two ores
present with some non-ore mineralized Pb.

Additionally, in terms of 2°°Pb/*’Pb versus 2°°Pb/*®Pb, Red Mountain Pass
North contains mixing of Pb from two different sources, whereas Howardsville contains
the mixing of Pb from one to two sources. Values of r? at Red Mountain Pass North and
Howardsville are 0.85 and 0.65, respectively. In summary, Red Mountain Pass North
represents fen sediment that contains the mixing of ore mineralized and non-ore
mineralized Pb. The Howardsville fen sediment likely contains ore mineralized Pb from
more than two sources, with some non-ore mineralized Pb. These assumptions are made
based on isotopic data and concentration, along with r> values, with high r* values

indicating binary mixing and low values indicating more than two sources of Pb.
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In analyzing the Howardsville data in more detail, a visible increase in Pb
concentration versus depth is seen at approximately 15 cm and a decrease at 5 cm, with
overall slight changes in isotopic ratios of ~1.198-1.210. At these depths, a change in the
source of ore mineralized Pb likely occurs, and can be associated with the years 1932
and 1985, respectively, based on a depositional rate of 0.19 cm/yr. Keep in mind that
there is uncertainty based in the Pb and Cs chronology, i.e., based on **’Cs data, the year
1963 (+/- 2) should be associated with 13 cm, but based on a depositional rate of 0.19
cm/yr, the year 1943 is derived.

A constant depositional rate should not be assumed at each study site, but for the
purpose of this study it is assumed, and at 15 cm and 5 cm, the years 1932 and 1985
represent a change in deposition of Pb in the form of ore-mineralized Pb.

At Red Mountain Pass North, an increase in Pb concentration is visible at 10 cm
depth and again at 5 cm depth. A large change in isotopic ratios is visible and ranges
from ~1.180-1.210 at Red Mountain Pass North. It appears that at 5 cm there is a change
from the deposition of sediment containing non-ore mineralized Pb to ore mineralized
Pb. The year 1973 is associated with 5 cm depth, and 10 cm depth is associated with the
year 1934 (based on *’Cs data and a depositional rate of 0.13 cm/yr). Thus, the years
1934 and 1973 represent times when a change in deposition of ore and non-ore
mineralized Pb occurred.

Conclusions supporting these data can be made by comparing the proximity of
each fen to mines, smelters, tunnels, and adits. Red Mountain Pass North and is

surrounded by mining features, which drain to the fen. The potential for windblown and
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water eroded Pb is likely causing the presence of multiple ores at the Red Mountain Pass
North fen.

Hero Mine is located directly adjacent to the Red Mountain Pass North fen, with
Red Mountain to the east. An assumption can be made that the ore mineralized Pb,
indicated by plotting 2°Pb/?’Pb versus 1/Pb, is coming from the Hero Mine, which is
topographically higher and to the east of the fen complex. It is probable that the non-ore
mineralized Pb originates from Red Mountain and was carried to the fen via water or
wind transport.

The Howardsville fen complex is located in the Animas River valley, between
the former mining towns of Eureka and Howardsville. Like Red Mountain Pass North,
the Howardsville fen is surrounded by multiple mines, smelters, tunnels, and adits,
which drain to the fen complex and Animas River flowing to the west of the fen. It is
highly likely that multiple ore mineralized Pb sources mixed and were deposited in the
fen sediment. There is the potential for some non-ore mineralized Pb, possibly from
Galena Mountain to the southeast, and ore-mineralized Pb from nearby mining features
to be transported to the fen by wind.

Comparative Data

Data by Church et al. (2007b) was used to calculate ?°*Pb/?’Pb and 2°°Pbh/*®Pb
ratios pre- and post-mining. Sediment from streambeds of the Animas River, Cement
Creek, and Mineral Creek were collected and analyzed for Pb by Church et al. (2007b).
Additionally, pre-mining sediment was collected and analyzed for Pb. Pb concentrations

increased post-mining in comparison to pre-mining geochemical data.
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A plot of 2°Pb/*"Pb versus °Pb/*®®Pb pre-mining indicates a linear relationship
with values of *°Pb/*’Pb ranging from ~1.180-1.220 and *°*Pb/**’Pb values ranging

from ~0.484-0.496 (Figure 16).
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FIGURE 16. Plot of 2°Pb/*’’Pb and *®®Pb/?®®Pb pre-mining based on data by
Church et al. (2007b).
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Additionally, a linear relationship is seen in a plot of 2°Pb/?’Pb versus “®°Pb/?*®Pb post-
mining with ?*Pb/*’Pb values ranging from ~1.176-1.192 and values of “°Pb/*®Pb

ranging from ~0.483- 0.488 (Figure 17).
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FIGURE 17. Plot of *°Pb/?’’Pb and *®®Pb/?*®®Pb post-mining based on data by
Church et al. (2007b).

In comparison, a plot of 2°Pb/?’’Pb versus ®°Pb/?°®Pb for the five study sites in

this research indicates values of *®°Pb/*’Pb range from ~1.185-1.210 and values of
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206pp/2%8ph ranging from ~0.475-0.500. A linear relationship is seen at Red Mountain
Pass North with a moderate linear relationship at Howardsville, as indicated by r? values.

A plot from data collected by Church et al. (2007b) of “®Pb/?’Pb versus 1/Pb,
pre- and post-mining (Figures 18 and 19) reveals greater concentrations of ore-
mineralized Pb post-mining. Ratios of “°Pb/’’Pb range from ~1.180- 1.220 pre-mining
and ~1.176-1.192 post-mining. Pre-mining 1/Pb (ppm™) concentrations range from
~0.002-0.017, and ~0.0001- 0.0008 post-mining. This supports the findings of Church et
al. (2007b) that Pb concentrations increased post-mining in comparison to pre-mining

geochemical data.
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206p,,207py,
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FIGURE 18. Plot of 2°Pb/?’’Pb versus 1/Pb pre-mining based on data by Church

et al. (2007b).
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San Juan Mountains, Animas Watershed
Post-mining geochemical baseline
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FIGURE 19. Plot of 2°Pb/*’’Pb versus 1/Pb post-mining based on data by Church
et al. (2007b).

In comparison, 2®°Pb/?’Pb at the five study sites in this research range from
1.185-1.209. Concentrations of 1/Pb (ppm™) range from 0.0007-0.158, with the majority
of concentrations of 1/Pb (ppm™) being less than 0.016. In comparison to pre- and post-
mining data from Church et al. (2007b), it appears that the isotopic signature and
concentration in Pb at each study site in this research are closer to the post-mining

concentrations rather than pre-mining concentrations.
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At the five study sites in this research, Pb appears to be coming from three
sources. There appears to be a high concentration and high isotopic ratio of Pb at ~1.19.
At ~1.21 a low concentration and high ratio of Pb appear along with a high concentration
and low ratio of Pb. Data from Church et al. (2007b) was used to attempt to find similar
isotopic signatures.

There are six sites associated with data collected by Church et al. (2007b). The
sites are all upstream of Howardsville, near the former mining town of Eureka. The sites
analyzed by Church et al. (2007b) have “°Pb/*’’Pb ratios between 1.182 and 1.184, and
concentrations ranging from 300 ppm to 400 ppm. The isotopic ratios are lower than
those currently found at Howardsville (1.198-1.208) with overall concentrations greater
than that at Howardsville (98 ppm to 368 ppm).

Based on isotopic signatures at the aforementioned sites, it does not appear that
the Pb from the study conducted by Church et al. (2007b) is the same as the Pb
associated with this study.
1¥7Cs and ?°Pb

Concentrations of **'Cs and ?'°Pb in fen sediments were measured for each study
site, in addition to excess °Pb. As a result of an anomaly in the data, ?°Pb was
calculated with the removal of the first calculated value of °Pb.

Sedimentation rates based on ?°Pb,, appear to be slow prior to 1963 and then
rates dramatically increase at approximately 8 cm depth. A natural break in
sedimentation rate is especially visible in the Howardsville fen sediment. A natural break

indicates a major event or minor events changing the sedimentation rate. The pre-1963
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sedimentation rate at Howardsville is 0.06 cm/yr and post-1963 is 0.28 cm/yr; thus, the
data support a dramatic change in sedimentation rates. By taking the average of the pre-
and post-1963 rates (based on ?!°Ph,), the average rate of sedimentation is 0.17 cm/yr,
which is close to the *¥'Cs calculated rate of 0.19cm/year. In terms of other fen sites,
natural breaks are also visible at Red Mountain Pass North, but more data are needed to
validate pre- and post-1963 sedimentation rates.

With the analysis of **’Cs and ?!°Pb,s an average rate of sedimentation and age
dating of horizons within fen sediment can be calculated. The Howardsville fen complex
sample contained enough sediment to discern a peak in *’Cs. At a depth of 9 cm a peak
of 6.99 dpm/g is reached followed by 0.00 dpm/g at a depth of 13 cm. With the
exception of #°Pb,s at 3 cm, the amount of #°Pb,, gradually decreases, but we do not
reach a point where the value reaches zero. The fact that a value of zero is not reached,
indicates depths representing a time period greater than 150 years from present.

From this information, it can be assumed that 9 cm represents the year 1963 (+/-
2 yrs) and 13 cm represents the year of 1953, before nuclear fallout became discernible.
If this postulation is correct, then an average sedimentation rate of 0.19 cm/yr can be
calculated based on *’Cs. Although an average sedimentation rate was calculated, it is
likely that sedimentation rates varied over time. Nevertheless, we can estimate an age
model based on the sedimentation rates calculated. The interval at Howardsville from 0-
9 cm should represent the years 2011-1964 (+/- 2 years) based on a sedimentation rate of
0.19 cm/yr. The interval from 9-31 cm and 31-36 cm likely represents the years 1964-

1848 and 1848-1822, assuming an even depositional rate. But, sedimentation rates based
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on 2%Ph,s appear to be slow prior to 1963 and then rates dramatically increase at
approximately 8 cm depth.

Data for the other sample sites is not consistent enough to draw conclusions
from, except for fen sediment from Red Mountain Pass North. Although there was not
enough sediment to find a peak in **’Cs, it can be assumed that a peak occurred after 6
cm as discerned by a sharp decline in values of *’Cs and °Ph.

If the assumption is made that a peak in **’Cs is found at all sites, the average
sedimentation rate for each fen complex can be calculated. The following sedimentation
rates were calculated as: California Gulch, 0.08 cm/yr; Glacial Lake Ironton, 0.08 cm/yr;
Red Mountain Pass North, 0.13 cm/yr, and Red Mountain Pass South, 0.04 cm/yr.

To validate findings, the aforementioned data was compared with *!%Ph,s.
Howardsville presents the strongest data with an average sedimentation rate of 0.19
cm/yr (based on **'Cs) and 0.23 cm/yr (based on ?°Ph,s). California Gulch has an
average “°Ph,s sedimentation rate of 0.04 cm/yr and *'Cs rate of 0.08 cm/yr.
Additionally, Glacial Lake Ironton represents an area with a sedimentation rate of 0.05
cm/yr based on #°Pb, and 0.08 cm/yr relative to *¥'Cs testing. Calculations for the other
study sites do not present strong evidence for a valid **’Cs sedimentation rate based on
219pp, < values.

When looking at sedimentation rates, especially when they appear to be slower
pre-1963 and faster post-1963, a question arises: what is causing a difference in
sedimentation rates at each site? It appears that one major event or multiple smaller

events likely occurred in the mid-to-late sixties or early-to-mid seventies.
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In terms of what is responsible for an increase in sedimentation rates at
Howardsville post-1963 based on the availability of data, it is possible that with flooding
of the Animas River north of Howardsville, tailings and other products of mining were
introduced into the river system and deposited at the edge of the terrace where the
Howardsville fen resides. A dam break resulting from melting snow pack between 1973
and 1974, released tons of tailing and mud into the Animas River, which could have
been deposited at the Howardsville fen site.

Location appears to play a role in sedimentation at fen sampling sites. The
Howardsville fen formed on a terrace, which is surrounded by steep valley walls and is
often inundated during large flooding events. The location of this fen allows for an
influx of sediment to enter the fen, likely causing a greater sedimentation rate, and a
differing texture, in comparison with the other sample sites.

The soil profile at Howardsville has an overall medium-grain sand texture. In the
subsamples at Howardsville, texture alternates (beginning at the surface moving
downward) from coarse-grained sand, medium-grained sand, to fine-grained sand.
Different flooding events and downslope movement of material (i.e., mudslides during
large-rain events) could be the reason for differences in grain-size.

Red Mountain Pass North is located on a valley side where materials are often
being transported via water flow and aeolian transport downslope and through the fen,
which would explain an additionally high sedimentation rate. Grain-size at Red
Mountain Pass North ranges from coarse-grained at the surface to very-coarse grained at

depth.
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The soil profile at California Gulch is composed of coarse-grained sand. The fen
receives input from sediment from the valley sides, but the valley sides contain much
more bedrock and much less sediment than is available at Howardsville. Thus, a lesser
amount of fine-grained sediment is available for the California Gulch fen.

The Glacial Lake Ironton soil profile consists of coarse-grained sand. The fen site
is susceptible to surface water flow and the input of sediment from either the western
edge of the former glacial lake area, or windblown sediment from the eastern half.
Highway 550 prevents material from being deposited from the eastern half of the former
glacial lake to the western half and vice versa. It appears that windblown sediment is not
the primary mode of deposition of material.

The soil profile at Red Mountain Pass South has alternating textures of coarse-
grained sand at the surface to medium-grained sand at depth, with a medium-grained
texture layer within the coarse-grained texture.

Red Mountain Pass South fen is located west of Highway 550, in a valley that is
surrounded by roche moutonnée with material being transported via water flow from
streams and ditches in the fens and potentially gravel from the highway.

LAND USE

Land use changes such as the addition of a major highway, trails, county roads,
cattle grazing, and increased precipitation could have caused a change in the
sedimentation rate at each of the fen sites post-1963.

The fen study sites are all affected by anthropogenic influences such as roads,

trails, and mines. By studying aerial photographs, it becomes visible that roads affect
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drainage patterns and impede the free-flow of materials and water across landscapes.
This is visible at Glacial Red Mountain Pass North, and Red Mountain Pass South.
Highway 550 traverses through Glacial Lake Ironton and Red Mountain Pass North, and
appears to have possibly been built atop the eastern edge of Red Mountain Pass South.

Mining activities are apparent at each study site. Orange-colored waters
containing heavy metals, such as Pb, flow from many mine adits. Orange-colored waters
are seen flowing at California Gulch, Red Mountain Pass North, and Red Mountain Pass
South. Adits and tunnels work as direct connections between groundwater and the
surface. Water fills tunnels, which then make their way to the surface as oxidized waters
that are released into the environment through openings at the surface.

Not all orange-colored streams with heavy metals can be attributed to mining.
There is a need to recognize that not all destruction and deterioration results from
humans and that nature plays a role. We cannot always identify the source of destruction
and deterioration: anthropogenic versus natural. For example, at Glacial Lake Ironton,
orange-colored waters are seen flowing from Red Mountain, which contains
hydrothermally altered rock, down Grey Copper Gulch to the former glacial lake.
Though orange-colored waters are flowing from Red Mountain, not all are a result of

human activity.
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CHAPTER VIII

CONCLUSIONS

INTRODUCTION

Changes in land use from mining to tourism appear to have a direct impact on
fens in the alpine regions of southwest Colorado. Difficulties arise when attempting to
draw conclusions as to what specific land use change had an effect on each fen study
site, but assumptions can be made. There are ten main conclusions that can be drawn
from the data.

STATEMENT OF PROBLEM

This research sought to answer two main questions: 1) What geomorphic
function do fens serve in alpine environments? 2) Is land use change associated with
lead (Pb) deposition in alpine fen systems?

After analyzing five alpine fen complexes within the San Juan Mountains of
Colorado, it is more evident as to the association land use change has with the
geomorphic function fens serve and Pb deposition
OBJECTIVES

Land use change has a direct impact on fens. Through this research the following
objectives were accomplished: 1) evaluated the impact of changing land use on fens, 2)
established a geomorphic classification of fens in alpine environments, and 3)
determined the rate of deposition of sediment in fens. These objectives were
accomplished by creating geomorphic maps to determine inputs and outputs from

surrounding landforms, analyzing soil lithology and grain-size to determine sedimentary
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characteristics, using Pb isotopes and concentrations as indicators of source (ore

mineralized Pb versus non-ore mineralized Pb), and using **’Cs and #°Pb,s from fen

sediments to estimate rates of sedimentation.

CONCLUSION

Upon analyzing the topography, geology, and soil of each study site, it is

apparent that they each serve a role in the function of fens. The question remains: what

geomorphic function do fens serve in alpine environments? Based on analyses of data,

the following can be concluded:

1)

2)

3)

4)

5)

6)

Fens serve as sources and sinks for material and act as open systems for the input
and output of material, such as rock, soil, water, and heavy metals.

Fens record events via sedimentation.

Based on location and morphometric properties, such as elongation and
circularity, thirty fens were classified as valley-bottom, valley-side, or terrace
fens.

Valley-bottom fens have an average elongation value of 1.7, valley-side 2.4, and
terrace 1.9. Valley-side fens are more elongated than valley-bottom and terrace
fens, which exhibit similar elongation values.

There is not a lot of variability of isotopic ratios at sites except for Red Mountain
Pass North and Howardsville.

Sedimentation rates based on **'Cs are discernible for all study sites, excluding
the Red Mountain Pass South fen site, with an overall average sedimentation rate

of 0.16 cm/yr.
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7) An average sedimentation rate at Howardsville is 0.19 cm/yr, along with a
distinct change in sedimentation rates pre- and post-1963, 0.06 cm/yr and 0.28
cm/yr respectively.
8) There is evidence for the absence and presence of binary mixing at study sites
and the presence of ore mineralized Pb and non-ore mineralized Pb, based on
graphs of 2°Pb/2’Ph and concentration versus depth, *°Pb/%’Pb versus 1/Pb,
206pp/207ph versus 2°°Pb/*%®Pb, and linear regression values.
9) Land use change has an impact on the geochemistry of fens in alpine
environments, but there is not enough evidence to correlate specific events with
fen sedimentation rates.
10) Proximity of fens to mines, smelters, adits, tunnels, and hydrothermally altered
rock is likely correlated to the presence of ore mineralized Pb and non-ore
mineralized Pb, with the addition of ease of access of materials via water and
wind erosion.
SUGGESTIONS FOR FUTURE STUDY

Much future work exists, especially in terms of determining rates of deposition of
sediment, classifying fens, analyzing grain-size, and analyzing historical data such as
Plat Books and population data. More data, thus more samples, are needed to verify
correlations between fen type and each of these parameters.

In addition, a seismic survey can be conducted that determines depth to bedrock

at a variety of fens.
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Lastly, fen restoration is currently a topic of interest. A multi-variable approach
should be undertaken that includes investigating soil properties, flow regime, depth to
bedrock, land use change, and applied to fen restoration. Fen remediation efforts will
benefit as will the scientific community.

FEN DEVELOPMENT IN THE SAN JUAN MOUNTAINS

The San Juan Mountains have undergone great changes in usage over the last two
hundred years, which in turn has altered fens. Fens develop slowly and are sensitive
systems. It is of the utmost importance to take these data and conclusions and apply
them to fen systems to better understand the direct link between changes in land use and
the effect they have on fens. Fens are dynamic, complex systems that are affected by
many variables and in turn affect the environment in which they form. Fens act as
sources and sinks, which provide an open system for the flow of material and energy.
Fens even record events via soil deposition, though more data is needed to directly
correlate layers to specific events. Characteristics of fens vary across landscapes. It
appears topographic location affects elongation, and fens in the study area can be
classified as valley-bottom, valley-side, and terrace fens, based on morphometric

characteristics.
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APPENDIX B

SANBORN MAPS OF SILVERTON
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Geomorphic map of California Gulch
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Geomorphic map of Glacial Lake Ironton
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