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1.0 Introduction

Louisville,
Colorado, in cooperation with Heath Hydrology, Inc. (HHI) of Boulder, Colorado, was tasked to
complete the series of Geographic Information System (GIS) maps to be used in conjunction
with a previously developed groundwater resources evaluation procedure as decision/landuse
Under an agreement with Pitkin County, Integral Consulting Inc. (Integral) of

two major elements: 1) conducting

management tools by Pitkin County. The project consists of

a Hydrologic and Environmental Systems Analysis (HESA) and preparing supporting GIS maps
of
the area covered by the watersheds the Central Roaring Fork Tributaries (CRFT) between the
towns of Basalt and Aspen, Colorado, including the Fryingpan River, Maroon Creek, Castle
Creek, Hunter Creek, Woody Creek, and the City of Aspen; and 2) integrating these new HESA
results and GIS maps with the GIS maps developed in previous studies to provide county-wide
coverage. The study area for the focused HESA is located in the central and eastern section of

Pitkin County (Figure 1). The maps, in conjunction with the groundwater resources evaluation
procedure, identify locations in designated areas of Pitkin County:

A. Where groundwater resources are: 1) available in reasonable, sustainable quantities at
reasonable depths; 2) available in reasonable quantities at reasonable depths, but
(potentially) not sustainable because of current landuse or future land use changes;
and 3) not available in reasonable quantities at reasonable depths.
high, moderate, low)

B. Where groundwater resources are vulnerable (using a rating of

to contamination from human activities.
C. Where the groundwater table is likely to fluctuate significantly (e.g., because of

snowmelt, spring runoff, or upland flood irrigation).

GIS maps follow the same approach taken in previous studies
performed by Hydrologic Systems Analysis, LLC in cooperation with HHI for the Crystal River
and West Sopris Creek areas (CRWS; Kolm and others, 2008); for the Upper and Middle
Roaring Fork areas (URF/MRF; Kolm and van der Heijde, 2006), and for the Snowmass and
Capitol Creek areas (CSC; Kolm and Others, 2007) (see Figure i for location).

The HESA and production of

SA formulation of groundwater system
conceptual models, and development of a supporting database for the CRFT area; 2)
development of a coherent and consistent county-wide hydrogeological nomenclature, updating
county-wide maps and
the GIS maps of
the MRF and URF study areas, and preparation of
databases of
the major hydrogeological units; 3) preparation of county-wide GIS maps showing
aquifer presence and characteristics, as well as showing groundwater resource sustainability and
vulnerability, and production of a short outreach document describing the past and current GISbased groundwater resources evaluation studies; and 4) presentations to the Board of Pitkin
County Commissioners and staff and to the public. This report presents the results of Phase 1 of
this study: HESA and the formulation of the conceptual models for the groundwater subsystems
of the CRFT study area. These conceptual models wil provide the basis for the development of
The current project consists of four phases: 1) HE

the hydrogeologic and hydrologic system layers of
availability, sustainability, and vulnerability of

the GIS maps and the evaluation of

the

the groundwater resources in the CRFT area.
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Figure i. Location of the Central Roaring Fork Tributaries (CRFT), Crystal River and West Sopris Creek
(CRWS); Capitol and Snowmass Creek (CSC), Middle Roaring Fork (MRF), and Upper Roaring Fork (URF)
Study Areas, Pitkin County, Colorado.
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2.0 Development of Conceptual Models of the CRFT Study Area

HESA is an approach used to conceptualize and characterize relevant features of
hydrologic and environmental systems, integrating relevant considerations of climate,
topography, geomorphology, groundwater and surface water hydrology, geology, ecosystem
structure and function, and the human activities associated with these systems into a holistic,
three-dimensional dynamic conceptual site model (CSM). This watershed-based, hierarchical
approach is described by Kolm and Langer (2001) and codified in ASTM D5979 Standard Guide
for Conceptualization and Characterization of

Ground Water Systems. The CSM of

the CRFT

study area covers, in a qualitative manner, elements of climate, topography, soils and
geomorphology, surface water characteristics, hydrogeologic framework, hydrology, and
anthropogenic activity as related to the groundwater systems in the study area.
Based on field surveys and a preliminary HESA, a number of hydrogeologic subsystems
these subsystems has a unique
hydrogeologic setting and groundwater flow system and is described in detail in forthcoming
were identified within the CRFT study area. Each of

sections of this report. Furthermore, anthropogenic modifications of the natural hydrologic

features in these subsystems were identified, including groundwater recharge from irrigation
return flow and leaking irrigation ditches, groundwater discharge from wells, and modification of
natural flow pattern by underground and surface mining works.
2.1 Climate

The climate in the study area has both local and regional components and includes effects
of elevation and slope aspect (i. e., the steepness and orientation with respect to the prevailing
winds and sun exposure). In addition, the presence of nearby ridges and mountain ranges may
also influence the climate at the lower elevations, causing local rain and sun shadows. There are
the National Weather Service (NWS) Cooperative Network in
four relevant weather stations of
interest to the northern section
or near the study area: 1) Basalt (station 050514), specifically of
of
the study area including the Fryingpan River watershed below Ruedi Reservoir; 2) Aspen
(station 050370), relevant to the central Roaring Fork River and tributaries area between the
lower section of Woody Creek and the City of Aspen, and the lower sections of Maroon Creek,
Castle Creek, and Hunter Creek; 3) Meredith (station 055507), relevant to the Fryingpan River
watershed above the Ruedi Reservoir; and 4) Independence Pass (station 054270), relevant to the
mountainous areas of Pitkin County. Figures 2, 3, 4, and 5 summarize the average total monthly
precipitation (i.e., rain and snowfall snow water equivalent (SWEJ), snowfall (i.e., thickness of
freshly fallen snow), and snow depth (i.e., snow pack) for Basalt, Aspen, Meredith, and
Independence Pass climate stations.
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Figure 2. Average Total Monthly Precipitation, Snow Fall and Snow Depth for Basalt (station 050514),
Colorado for Period 7/1/1965 - 5/31/1972
(source: Western Regional Climate Center, Desert Research Institute, Reno, Nevada).
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Figure 3. Average Total Monthly Precipitation, Snow Fall and Snow Depth for Aspen (station 050370),
Colorado for Period 8/1/1899 - 11/30/1979

(source: Western Regional Climate Center, Desert Research Institute, Reno, Nevada).
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Figure 4. Average Total Monthly Precipitation, Snow Fall and Snow Depth for Meredith (station 055507),
Colorado for Period 8/1/1963 - 7/31/2007
(source: Western Regional Climate Center, Desert Research Institute, Reno, Nevada).
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Figure 5. Average Total Monthly Precipitation, Snow Fall and Snow Depth for Independence Pass (station
054270), Colorado for Period 7/1/1947 -1/31/1980
(source: Western Regional Climate Center, Desert Research Institute, Reno, Nevada).
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Figure 6 compares the average total monthly precipitation at the Basalt, Aspen, Meredith,
and Independence Pass stations. Detailed climate data can be found in Appendix i. Note that
the average annual precipitation at the Aspen station is significantly more than at the Basalt
station, and that the average annual snowfall at the Aspen station is almost three times that at the
Basalt station. These data provide estimates for the actual precipitation and snowfall in the study

area and were used by the Natural Resources Conservation Service to prepare a map of spatially
distributed precipitation corrected for elevation (see Figure 7; NRCS, 2005).
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Figure 6 Comparison between the Average Total Monthly Precipitation at the Basalt, Aspen, Meredith and
Independence Pass stations for the Period 1/1/1971 - 12/31/2000.

(source: Western Regional Climate Center, Desert Research Institute, Reno, Nevada).
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2.2 Topography and Geomorphology

The surface elevation in the CRFT area ranges from 1900 m (6235 ft) to 3860 m
the CRFT area has three distinct terrains: 1) well(12660 ft) (Figure 8). The topography of
dissected uplands and hill-slope terrains; 2) connected and disconnected, continuous and
discontinuous terraces and landslides; and 3) well-dissected valley bottoms. The well-dissected
uplands indicate that surface water and shallow groundwater systems will be localized by
topography (subregional system). However, those deeper groundwater systems not
topographically dissected by the surficial processes will be continuous and regional in nature.
these regional systems are observed in western Pitkin County, such as the Green
Examples of
River, Wasatch, and Mesa Verde formation aquifers associated with the Piceance basin; in much
of central Pitkin County, such as the Leadville limestone; and in the northern Crystal River area,
the Carbondale Collapse feature. The glacial and alluvial
such as the Tertiary sediments of
terraces, by comparison, are often topographically isolated, representing discrete, localized
groundwater systems. The topographic gradients in the CRFT study area can be divided into two

types (Kolm and Gilson, 2004): steep gradient hilslopes (greater than 2 percent slope); and 2)
low gradient valley bottoms and terrace levels. The topographic gradient is useful in estimating
water table surfaces, and estimating the amount of infitration versus the amount of overland
flow
and interflow.
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Figure 8. Topography and Surface Water in CRFT Study Area, Pitkin County, Colorado.
(source: Pitkin County GIS Department, 2007).
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2.3 Surface Water Characteristics

The study area contains five distinct watersheds (Figure 9): 1) Fryingpan River (Figure
10), which covers the northern and northeastern part of the study area; 2) Woody Creek; 3)
Maroon Creek; 4) Castle Creek (Figure 11); and 5) Hunter Creek. The study area also contains a
small section of
the upper reach of
the Eagle River in the far northeast corner of
the county. The
Fryingpan River discharges into the Roaring Fork River near Basalt in Eagle County, outside the
CRFT study area; Woody Creek
joins the Roaring Fork River a few miles north of
the Pitkin
County airport, also outside the CRFT study area, while Maroon, Castle, and Hunter Creeks join
the Roaring Fork River within the CRFT study area in or near the City of Aspen (Figure 9).
Streams can be gaining (from groundwater) or losing (to groundwater), dependent on local
hydrology and the time of year. The study area also contains various ponds (primarily from
beaver activity, landslides, or ranchland modifications and (sub- )urban development
requirements), and local networks of irrigation and water diversion ditches (Figure 9). Although
some of
these ditches flow more or less continuously (at least during part of
the year) others are
only used when fields are being irrigated. Springs, seeps, and most wetlands in the study area
are indicators of groundwater discharge to the land surface. The irrigation ditches located on the
terraces often contain phreatophytes and seeps, which are indicative of leaky, unlined ditch
perimeters. Non-bottomland ditches can transport water over long distances from the diversion
points. In addition, there are several ditches that provide trans-watershed boundary transport of
water, primarily in the lower sections of the study area watersheds. Trans-mountain diversions
also occur in the upper Fryingpan River, which transport water from the Roaring Fork watershed
into the upper Arkansas River system. These diversions must be accounted for in the water
balance calculations of
the Fryingpan and Hunter Creek hydrologic systems, and in water
balance calculations that characterize the entire Roaring Fork watershed up
gradient from the
town of Basalt.
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Figure 9. Streams and Watersheds in CRFT Study Area, Pitkin County, Colorado.
(source: USDA-NRCS Data Gateway, 20 I 0).
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Figure to. View of the Fryingpan River east of Basalt, Pitkin County, Colorado.
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Figure i i. View of Upper Castle Creek, Pitkin County, Colorado.

2.4 Hydrogeologic Framework

Depending on their capability to provide sufficient water for irrigation and industrial and
municipal consumption, bedrock and unconsolidated materials have traditionally been classified
as either aquifers or as aquitards. Here, an aquifer is a permeable body of rock that is saturated
with water and is capable of yielding economically significant quantities of water to wells and
springs. A low-permeability formation overlying an aquifer is often called an aquitard or a
confining unit. Because the terms "aquifer" and "aquitard" are rather ambiguous (e.g., .what are
economically signifcant quantites? Or how confining is a low-permeabilty unit with respect to
the transport of contaminants?), the use of

these terms is increasingly replaced by

hydrostratigraphic unit or hydrogeologic unit in combination with terms qualifying the
permeability and/or saturation of

the unit (e.g., saturated, high-permeable hydrogeologic unit). A

hydrogeologic unit is a geologic formation, part of a formation, or a group of formations with

similar hydrologic characteristics (e.g., similar permeability characteristics and storage capacity).
It should be noted that hydrogeologic units often do not equate to geological units such as
the frequently encountered
formations,formation members, andformation groups because of
variability of the flow characteristics of such geologic units. Here, the term aquifer is used to
indicate a significant source of water supply from hydrogeologic units, and may include the
qualifier potential (ie., potential aquifer) when parameter uncertainty exists, especially with
respect to saturated thickness and water table fluctuations.
The most important property of
rocks for groundwater flow and water supply is the
incorporated pore space and related permeability. The pore space, which defines the amount of
water storage within a hydrogeologic unit, may be contemporaneous with the rock formation
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(primary or matrix porosity), or due to secondary geological processes, such as fracturing,
faulting, chemical solution, and weathering (secondary porosity, fracturelkarst porosity). The
degree of connectivity and the size of the pore openings define the permeability of the rock, that
is, the ease with which fluid can move through the rock. As with porosity, permeability may be
primarily matrix-based (matrix permeability), fracture- and/or karst-based (fracture/karst
permeability), or may be a combination of

both (Davis and DeWiest, 1966).

Unconsolidated sediments and clastic materials, as found in the mountain valleys of
Pitkin County, are geologically very young and consist primarily of silts, sands, and gravels.
They are generally very porous and permeable, but can be quite variable in their thickness,
the unconsolidated sediments
continuity, and hydraulic properties. For example, the thickness of
in the CRFT study area ranges from less than 1 ft to greater than 100 ft. Estimates of hydraulic
conductivity (K) range from 10 to 100 ft per day (Harlan and others, 1989). These
hydrogeologic units most likely contain the greatest amount of groundwater.
By comparison, consolidated sedimentary rock is often quite porous, but variable in
permeability. Most fine-grained detrital rocks, such as shale, claystone, and siltstone, have
relatively high matrix porosities, but very low permeabilities (Davis and De Wiest 1966). These
shale bedrock hydrogeologic units are the dominant confining layers of sedimentary groundwater
systems, with small hydraulic conductivity values typically less than 0.01 ft per day. Coarsergrained sedimentary rock, such as sandstone, can pair relatively high matrix porosity with
significant matrix permeability, and may contain significant amounts of groundwater.

both types of sedimentary rock may be largely enhanced
when fractures are present. As a case in point, most of the sandstones in the CRFT study area
are of older geologic age. As a result, the matrix porosity of these sedimentary hydrogeologic
units is greatly reduced as a result of cementation, but the permeability is enhanced because of
their fracture and fault density and connectivity. The original porosity and permeability of
carbonate sedimentary rock (predominantly limestone and dolomite) are often modified and
overlying
reduced rapidly after deposition because of cementation and pressurization from new
The hydraulic properties of

deposits. However, other forms of porosity and permeability become more important with time,

such as faults, fractures and bedding plane openings that may be enhanced by karst processes,
which is defined as the groundwater dissolution of carbonate rock.
Most metamorphic and igneous rock has very low matrix porosities and any open pores
in such rock tend to be very small, sparsely distributed, and not well connected. As a result,
matrix permeability is also very smalL. Significant secondary porosity and permeability,
however, are developed through faulting, fracturing, and weathering of the rock, especially in
association with active faults, fracture zones, and near-surface stress-release (Davis and De Wiest
1966). The average porosity and permeability of igneous and metamorphic rocks decreases
the weight
rapidly with depth. Joints, faults, and other fractures tend to close at depth because of
these rocks at a depth of500 ft is only a
of
the overlying materiaL. Typically, permeability of
fraction of the permeability near their outcrops. However, some openings exist at all depths,
especially in active fault zones.
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2.4.1 Regional Hydrogeologic Units

From a regional perspective, the CRFT study area is located near the western margin of
the Southern Rocky Mountains physiographic province, just east of the Colorado Plateau
physiographic province boundary (Topper and Others, 2003). The Southern Rocky Mountains

in this area are characterized by Laramide mountain ranges and localized Tertiary intrusions
(e.g., Elk Mountains, Sawatch Range, and Mount Sopris) and are intersected by stream valleys
the Colorado Plateau is
(e.g., Roaring Fork, Crystal, Fryingpan). In contrast the eastern part of
characterized by structural basins and valleys (e.g., Piceance Basin and Eagle Basin) and
surrounded by Laramide uplifts (e.g., White River Uplift). The study area in central and eastern
Pitkin County straddles the northern sections of the Elk Mountains and Sawatch Range (Figure
l2).
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Figure 12. Generalized Map Showing Regional Geographic and Geological Features.
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Given the regional geology of Pitkin County, as depicted in Figure 13 (see Table 1 for
ally significant geologic units), the hydrogeologic framework
present in the CRFT watersheds is complex and has many of the elements encountered in
previous studies (Kolm and Van der Heijde, 2006; Kolm and others, 2007; Kolm and
explanation of hydrogeologic

others, 2008). The CRFT study area hydrological systems have multiple, distinct hydrogeologic

structural units, including unconsolidated units consisting of various Tertiary- and
Quaternary-aged highly permeable deposits, multiple water-bearing and confining bedrock units,

and hydro

and highly transmissive fault and fracture zones (Figures 14, 15, and 16; Table 1) (Bryant, 1969,

1970, 1971, 1972a; Bryant and Martin, 1988; Freeman, 1972a, 1972b; Freethey and Cordy,
1991; Geldon, 2003a, 2003b; Mutschler, 1970; Olander and others, 1974; Streufert and others,
1998; Streufert, 1999; and Tlveto and others
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Figure 13. Generalized Geology Map (Based on Leadvile 1 x 2 Degrees Quadrangle; Tweto et al 1978).
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Qog

Qls

Qm

Poorly sorted sands and gravels;
pebbles and cobbles in sand to silt
matrix

mixed matrix composition (sandclay) on valley sides, valley floors
and hillslopes; depOSited by
gravitational processes

Loose gravels and rock debris with

silt and clay

deposits of boulders, gravel, sand,

Heterogeneous, poorly sorted

matrix; forms terraces above
current Roaring Fork River level

Integral Consulting Inc. - page /4

location in topography precludes any significant
groundwater presence.

Although having high matrix-based permeability,

be prone to significant (seasonal) water table
fluctuations.

dependent on underlying bedrock characteristics; may

anthropogenic recharge mechanisms and may be

Potentially good, highly localized phreatic aquifer with
high matrix-based permeability and high water table
gradients; sustainability depends on local natural and/or

significant water table fluctuations.

anthropogenic recharge mechanisms; may be prone to

matrix-based permeability and high water table
gradients; sustainability depends on local natural and/or

Potentially good local phreatic aquifer with variable

significant (seasonal) water table fluctuations.

supported by underlying bedrock; may be prone to

and/or anthropogenic recharge mechanisms; may be

table gradients; sustainability depends on local natural

with high matrix-based permeability and small water

Potentially good, spatially continuous phreatic aquifer

often sustained by local and sub-regional discharge to
adjacent stream or directly by stream.

Generally good local phreatic aquifer with matrix-based
permeability; limited variations in groundwater levels;

Hydrogeological Characteristics

Table 1. Correlation of Geological and Hydrogeological Units in Pitkin County.
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slopes (Ts) - see also Ts for basin filL.

on ridges and higher elevations of

Older ridge top sands
and gravels

OldlOlder gravels (Qog, Qgo);

Quaternary colluvium
and landslide deposits

deposits

Quaternary glacial

Tertiary (unconsolidated) sediments

deposits (Qs)

Talus (Qt); Landslide deposits (QI,
Qls); Colluvium (Qc, Qco); Hillslope
sheetwash deposits (Qh, Qsw);
debris flows (Qdf); solifluction

undifferentiated (Qu)

(Qr, Qor, Qrg); Quarternary deposits

Glacial deposits (Qma, Qmb, Qmbc,
Qmc, Qmd, Qme); (Old) rock glacier

Qgc, Qgd); Morainal deposits (Qm);

Glacial drift, till (Qd, Qdo, Qti);
Glaciofluvial deposits (Qga, Qgb,

Local origin gravels (QgI)

Qfo, Qfa, Qfb); Terrace gravel
deposits (Qte, Qty, Qtm, Qto, Qtg);

Qgf

Poorly sorted sands and gravels;
pebbles and cobbles in sand to silt

fans and terraces

High level alluvium (QTa); Gravels
(Qg, Qga, Qgb, Qgc, Qgd); (Older)
alluvials fan deposits (Qf, Qof, Qfi,

(Qalo)

Alluvium (Qal); Older alluvium

Quaternary gravels,

Poorly sorted riverine gravel, sand
and silt deposited mainly in stream

channels and floodplains in major
stream valley bottoms; moderately
to well bedded deposits

Qal

Composition

(Qa); Younger alluvial deposits (Qy);

Alluvium (Qa); Stream channel,
floodplain and low terrace deposits

lx2 degrees map) *
Modern alluvium

Unit Symbol

Unit

(from USGS & CGS quads and

Leadville

Hydrogeological

Hydrogeological

Geological Unit

Mesa Verde Group

Mesa Verde Group or Formation
Kmv

Two

Tmi

Taf

permeability; may locally be a good water producer;

Conceptual Models for the Central Roaring Fork Tributaries (CRFT) Study Areas
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outcrops are recharge areas for regional flow to the west
across county border.

at moderate elevations in western part of county;

shales are confining layers; regionally sustainable aquifer

coals have both moderate matrix- and fracture-based
shales and coals

Good regional bedrock aquifer system; sandstones and

to the west across county border.

county; outcrops are recharge areas for a regional flow

sustainable at moderate elevations in western part of

moderate to good matrix- and fracture-based
permeability; may be a locally good water producer;
siltstones and shales are confining layers; aquifers are

adjacent Quarternary aquifers. These characteristics may
extend into adjacent rocks metamorphosed during the
Tertiary intrusion.
Overbank sandstones form a good aquifer system with

locally water in concentrated fracture zones and support

Fractured crystalline system with very low matrix
permeability; not a (sub-)regional aquifer; may produce

Interbedded sandstones and
siltstones, shales and carbonaceous

siltstones and shales;
conglomerate; carbonaceous sha les
and lignite near base

Channel sandstones and overbank

may occur as dikes and sills

Granodiorite and quartz monzonite;

cemented, non-welded ash-flow
tuffs; some thick, vesicular, locally
dense basalt

Massive, fractured, bedded, well-

present in some adjacent areas

Potentially good local bedrock aquifer with fracture
based permeability; sustainability depends on elevation
and local recharge mechanisms,

high matrix-based permeability; regionally sustained by
direct recharge and recharge through adjacent bedrock;
significant subregional flow exiting Pitkin County to the
North.

(pebbles and cobbles in a matrix of
silty sand) filing the Carbondale
Collapse subsidence feature and

In the basins and valleys near the north-central boundary
of county it is a good continuous, very thick aquifer with

Hydrogeological Characteristics

Weakly indurated to
unconsolidated fluvial deposits

Composition

Table i continued. Correlation of Geological and Hydrogeological Units in Pitkin County.

Creek Formations

(Kmv, Kmvu, Kmvl)

Wasatch and Ohio

(Two)

rocks

Tertiary intrusive

Tertiary ash-flow tuffs
and basalts

basin fill deposits

Wasatch and Ohio Creek Formations

TKd, TKq, TKa, TKap

(Hornblende) Granodiorite (Tg), and
Phorphyritic Granodiorite (Tgp); also

Intrusive rocks (Tmi, TKi); Mount
Sopris Granodiorite (Tgs),

Tb)

Ash-flow tuffs (Taf, Tsf); Basalt (Qb,

Sedimentary deposits (Ts) in basins

lx2 degrees map) *
Ts

(from USGS & CGS quads and

Tertiary sedimentary

Unit Symbol

Unit

Leadville

Hydrogeological

Hydrogeological

Geological Unit

limestone near base; Entrada Form.

(Je): fine-grained, well-sorted

Formations (JTrmc)
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dependent on local recharge conditions.

Entrada is a very good, regionally sustainable aquifer
with moderate to good matrix- and fracture-based
permeability. Morrison shales are confining layers while
the lower Morrison sandstones and limestone may serve
as local to sub-regional aquifers with sustainability

Table l continued. Correlation of Geological and Hydrogeological Units in Pitkin County.

sandstones; Je is overlain by Jm

common in lower sections, and

Morrison, Entrada and Chinle

Morrison Form. (Jm): Siltstones and
claystones throughout with
sandstones becoming more

Jme

Shale except for outcrop areas,

outcrop areas; mostly protected by overlying Mancos

both moderate matrix- and fracture-based permeability;

sub-regionally sustainable aquifer with recharge in

well-cemented thick beds and
conglomerate with occasional
siltstones and carbonaceous shale

Good regional bedrock aquifer system; sandstones have

highly dependent on local recharge mechanisms.

areas with sand lenses and sandy beds; sustainability

(sub)regionally sustainable aquifer.
Mostly very low permeability aquitard; however, locally
moderate aquifer conditions when highly fractured or in

regional flow to the west across county border;

Good local or regional fractured-flow aquifer; however,
generally covered by many hundreds of feet of shale
except near outcrops; outcrops are recharge areas for a

Locally moderate aquifer conditions; sustainability highly
dependent on local recharge mechanisms.

grained quartzose sandstones in

Well indurated, medium to coarse

Silty shale with sandstone beds

Formations - undivided (KJde);

Formations

Kdb

Kml

Dakota, Morrison and Entrada

Morrison and Entrada

Formations undivided (Jme);

Burro Canyon
Formation

Dakota Sandstone and

Shale unit

Mancos Shale - Lower

Morrison Formation and Entrada

Dakota Sandstone (Kfd)

Shale (Frontier Sandstone) and

Dakota Sandstone (Kd), Dakota
Sandstone and Burro Canyon
Formation (Kdb); Lower Mancos

Lower Mancos Shale, including
Frontier Sandstone and Mowry
Shale members (Kml)

Hays Limestone

member

Thick-bedded coarse-grained
limestone

Mancos Shale - Fort

Outcrops of local or discontinuous
sandstone beds in Upper Mancos

mechanisms.

below)

Mancos Shale (Kmf)

Kmf

Kms

beds; sustainability highly dependent on local recharge

limestone (see separate section

Shale unit

Members of Mancos Shale (Kms,

highly fractured or in areas with sand lenses and sandy

lower section includes Ft Hays

sandstone beds; when undivided,

Mostly aquitard with very low permeability serving as a
confining layer for underlying or embedded aquifers;
however, locally moderate aquifer conditions when

Silty to sandy shale with bentonites

Hydrogeological Characteristics

with minor limestone- and

Composition

Fort Hays Limestone Member of

Mancos Shale -

Sandstone members

Upper and Lower Sandstone

Km

Unit Symbol

Hydrogeological

Kmsl)

Mancos Shale
(undivided)

Hydrogeological
Unit

Mancos Shale (Km, Kmu)

lx2 degrees map) *

Leadville

(from USGS & CGS quads and

Geological Unit

Maroon and Minturn

Maroon Formation (PPm), Maroon
Formation and Weber Sandstone
(PPwm). Minturn Formation (Pm).
Gothic Formation (Pg)

Formation and Eagle

Leadville Limestone

Precambrian Granites
and Gneisses

Mississippian, Devonian, Ordovician,
and Cambrian Rocks (MCr) including
Mississippian Leadville Limestone.

Precambrian Granites and Gneisses

(Xb, Xfh, Xg, Xgl, Xh, yg, pCr)

YXg

MI

Pb

Pe

PPmm

and constitutes a major regional confining layer with
respect to underlying aquifers. Local sandstone units in
the Chinle and State Bridge Formation near outcrops
may provide a local water source.

Arcosic sandstones, conglomerate, and limestone form a
tight bedrock aquifer with primarily fracture based

Granites and gneisses

dolomite)

(dolomitic sandstone to sandy

Sandstone member at the base

Thick-bedded massive limestone in
upper part; thin- to thick-bedded
dolomite in lower part; Gilman

Shales interbedded with limestone
and dolomite and some sandstone

higher formations.
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locally water in concentrated fracture zones and support
adjacent Quarternary aquifers.

Fractured crystalline system with very low matrix
permeability; not a (sub-)regional aquifer; may produce

outcrops provide significant additional fracture-lOne-like
permeability; interconnected and scattered
nonconnected mineworking tunnels are present in the
vicinity of the Leadville outcrops.

Sandstone; presence of extensive mining tunnels near

Significant regional, fractured permeability aquifer with
local karst; local aquifer conditions in fractured Gilman

Mostly
a very low permeability aquitard; may act as the
confining unit for underlying Leadville Limestone.

Generally poor aquifer except where local karst and/or

extensive fracturing have developed.

sandstone, limestone and
conglomerate (Minturn/Gothic)

siltstone, gypsum and carbonate
rocks. Evaporite contains anhydrite,
halite, gypsum and light colored
mudstone. May have intruded in

provide good aquifer conditions. May sustain adjacent or
overlying Quarternary aquifers.

interbedded shale, siltstone,

Tan, reddish brown, reddish grey

permeability; is an aquifer where metamorphosed and

well cemented. At the local scale fracture zones may

conglomerates (Maroon);

silt- and mudstones, and

Interbedded arkosic sandstones,

(State Bridge)

more clayey towards the base

unconformily on top of interbedded
siltstone and sandstone becoming

becoming sandy near base (Chinle)

The Chinle Formation is a very low permeability aquitard

calcareous siltstone and mudstone

Hydrogeological Characteristics

Thin even bedded red beds of

Composition

Table i continued. Correlation of Geological and Hydrogeological Units in Pitkin County.

Belden Formation

Belden Formation (Pb)

Valley Evaporite

Eagle Valley

Eagle Valley Formation (Pe), Eagle

Valley Evaporite (Pee)

Formations

Chinle and State
Bridge Formations

Chinle Formation (TRc), State Bridge
Formation (TrPs). Chinle and State
Bridge Formations undivided (TrPcs)

lx2 degrees map) *
T rPcs

Unit Symbol

Unit

Leadville

Hydrogeological

Hydrogeological

Geological Unit

(from USGS & CGS quads and
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Figure 14. Detailed Map Showing the Unconsolidated Surface Hydrogeologic Units in the CRFT Study Area.
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Figure is. Detailed Map Showing the Major Bedrock Hydrogeologic Units in the CRFT Study Area.
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Figure 16. Generalized Map Showing Major Faults and Fracture Zones in Pitkin County.
(Based on Tweto et aI, 1978).

2.4.2 Hydrogeologic Units of the CRFT Study Area

There are two significant groups of hydrogeologic units in the CRFT study area: 1)
Quaternary unconsolidated clastic materials (Figure 14; Table 1), which are predominantly

glacial deposits (moraine and some outwash gravels), colluvial (landslides), and alluvial fans,
and alluvial valley bottom deposits that overlay 2) Pre-Quaternary bedrock units (Figure 15;
the
Table 1), that include the following potentially water-bearing units: localized sandstones of
State Bridge, Maroon, Minturn, Gothic, and Eagle Valley Formations; lower Paleozoic
carbonates and quartzites, including the Leadville limestone; Tertiary granodiorites and
porphyries with surrounding metamorphosed sedimentary bedrock formations; and Precambrian
granites and gneisses; and the intervening shale and gypsum that may be poorly transmissive
confining layers. From a water supply perspective, the unconsolidated clastic sediments may
provide a significant and easy-to-tap water supply when composed of larger size particles
(::2.5 mm or 0.1 in) and have suffcient saturated thickness and horizontal continuity.. The water
supply function of bedrock units, by comparison, is largely dependent on rock type, structure and
degree of fracturing, geometry, the geologic and geomorphologic processes of formation, and the
spatially variable hydrologic inputs and outputs, and may vary significantly with location.
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The Quaternary unconsolidated clastic units (Qal, Qgf, Qm, Qls, and QoglTs in
Table land Figure 14) are locally heterogeneous, with predominantly coarser materials in the
glacial and landslide deposits and a mix of coarser and finer materials in the alluvial deposits.
These deposits, which are moderately to highly permeable, are recharged by infitration from
precipitation that is non-uniformly distributed because of slope steepness, slope aspect, and
position in the landscape, and by the incidental
The unconsolidated units are variably to fully saturated, based on spatial

leaky irrigation ditch and irrigation return flow.
location and seasonal

precipitation events. There may be a lateral and vertical connection (upward or downward
groundwater flow, depending on position in the hydrologic system) between the unconsolidated
materials and the local sandstone units in the State Bridge, Maroon, Minturn, Gothic, and Eagle
Valley Formations, the Leadvile limestone, the Tertiary intrusions, and the crystalline granites
and gneisses in some locations.
Locally, the sandstone units in the State Bridge (TrPcs), Maroon-Minturn, Gothic
formations (PPmm), and Eagle Valley (Pe) formations may serve as minor aquifers in areas
where Quaternary unconsolidated clastic units are not adequate for water supply (Figure 15;
Table 1). These sandstone units occur as gently to steeply tilted and dipping sedimentary beds
on the valley bottoms, hilltops, and hillslopes and have a combination of matrix and fracture
permeability. Because the thickness and hydraulic properties of
these units are based on the
local geologic materials, geologic structure, and topography, they display a large spatial
variability resulting in complex groundwater flow patterns, There are some locations in the
CRFT study area where these units are located directly underneath unconsolidated materials,
such that the unconsolidated and sandstone units may be in direct hydraulic connection.
The carbonate units in the Lower Paleozoic formations (Ml in Table 1 and Figure 15),
including the Leadville limestone, may serve as significant local aquifers in areas where
Quaternary unconsolidated clastic units are not adequate for water supply. These carbonate and
quartzite units are observed at the land surface as steeply tilted and dipping sedimentary beds
along the Elk Range Thrust and Castle Creek Fault zones in the Castle Creek, Woody Creek,
Hunter Creek, and Upper Fryingpan River areas. The quartzites have fracture permeability, and

the carbonates have karst and fracture permeability, locally enhanced by extensive faulting,
Because the thickness and hydraulic properties of these units are based on the local geologic
materials, geologic structure, and topographic geometry, they display a large spatial variability
resulting in complex groundwater flow patterns, In addition, these units are in mining districts
where additional groundwater flow paths are associated with tunnels, adits, and shafts. The
Leadvile limestone (MI in Table 1 and Figure 15) is located deep in the subsurface across most
of
western Pitkin County, and in areas not made discontinuous by faulting, this hydrogeologic
unit is a significant regional aquifer that may be a source of significant water supplies.

The Tertiary Intrusive and surrounding metamorphosed sedimentary bedrock (frequently
the Maroon, Minturn, and Gothic formations in the CRFT study area), and the granites and
gneisses in the Precambrian formations, as well as the lower section of the Lower Paleozoic
carbonate and quartzite units, may serve as minor local aquifers in areas where unconsolidated
clastic units are not adequate for water supply (Figure 15). These units are rather impervious,
except for localized areas with fracture permeability. Because of
the localized nature of
the
fracture zones, the thickness and hydraulic properties of these units display a large spatial
variability, resulting in complex groundwater flow patterns.
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2.4.3 Hydrostructural Units of

the CRFT Study Area

Hydrostructures may exist subregionally and locally (Figure 16). Hydrostructures are
associated with folds, along fault and fracture zones that are observed or hypothesized to
transmit groundwater either vertically or laterally along the fold axis of competent units, and
along fault or fracture planes or zones. These structures may serve as distinct hydrogeologic
units, may enhance the permeability of sections of hydrogeologic units, or may connect multiple
hydrogeologic units together.
Each fault zone should be evaluated in the context of the field site for the following
characteristics: 1) Fault plane geometry, including the vertical or horizontal nature of the fault
plane and the relations of rock types and geometry on both sides of the fault; and 2) the
transmissive nature of the fault plane or fault zone, including the nature of fault gauge (clay,
gravel) and tectonic setting of fault plane or zone (extension or compression). The fault plane
geometry is important to evaluate if groundwater can move horizontally across the fault zone
from one transmissive unit to another, perhaps to a different unit, or whether the groundwater is
forced to move vertically upward to the surface (in many cases) or downward into a different
hydrogeologic unit. The tectonic setting helps determine whether the fault plane is "open" (able
to easily move water (extension D, or "closed" (not able to easily move water (compression D.

Two broad hydrostructures occur in the CRFT area: the Elk Range Thrust Zone and
associated faulting (Castle Creek Fault zone) and the Castle Creek Fault zone and syncline
(Figure 16). The Elk Range Thrust tends to be horizontal and inhibits the vertical transmission
of groundwater from above or below the fault plane. However, in the more limited areas where
the Elk Range Thrust has been faulted into a vertical position, the horizontal transmission of
groundwater tends to be inhibited. By comparison, the Castle Creek Fault zone and the Castle
Creek syncline axes tend to be vertical and parallel, and can define a highly transmissive vertical
and horizontal hydrostructural area similar to a hydrogeologic "unit," as discussed later in the
Castle Creek section of this report (Figure 16). Given the complex fracture flow nature of this
"hydrogeologic unit," it has variable thicknesses and hydraulic properties based on the respective
landscape location and geometry of

the fault zone. The area along the axis of

the Castle Creek

Valley southeast of Aspen is a location where the unconsolidated, bedrock, and fault zone
enhanced aquifers are most likely in direct hydraulic connection because of this type of faulting
and fracturing (Figure 16).

2.5 Groundwater Flow Systems
water from the Earth's surface into the subsurface
(groundwater infitration and recharge), through the subsurface materials (groundwater flow and
storage), and from the subsurface back to the Earth's surface (groundwater discharge) and is
flow directions, patterns, and velocities. The driving force for groundwater
expressed in terms of
flow is a difference in (piezometric) "head" or groundwater levels, as expressed, for example, by
the groundwater flow system
the water table (van der Heijde, 1988). The general CSM of
Groundwater flow is the movement of

consists of

water inputs (recharge), storage in and movement through subsurface hydrogeologic

units (groundwater flow), and outputs (discharge) based on climate (infiltration of precipitation
and snowmelt), interaction with streams (gaining streams (i.e., groundwater discharging to
streams or springs), or losing streams (i.e., surface water recharging groundwater system)),
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vegetation (groundwater discharging as evapotranspiration), and human activity (irrigation
OS), wells, mine
tunneling); and of topography (steepness, aspect, degree of landscape dissection),
geomorphology, and soil and rock properties. Because of
these
the time-space variance of
inputs and outputs, a groundwater system often shows significant variations in water levels (or
which
depth-to-water), velocities, storage, saturated thickness, and flow pattern in time, some of
are seasonal while others may be related to multi-year periods of above-average or belowaverage precipitation. This results in variations in the availability of water from these
hydrogeologic units.
ditches and irrigation, urbanization, individual sewage disposal systems (IS

Kolm and Langer (2001), one regional system
(Leadville Limestone identified as MI on Figures 13 and 15, and Table 1) has been identified in
the CRFT area, but subregional and local scale (typically less than 100 square miles)
groundwater flow systems dominate. The broad hydrologic system inputs include infiltration of
precipitation as rain and snowmelt, areas oflosing streams and water bodies (reservoirs, ponds),
upland irrigation areas (leaking ditches, irrigation return flow), and snowmaking (snowmelt).
Hillslope subsystems consist of
the hydrologic processes of
surface runoff
(overland flow) and
rapid near-surface runoff (interflow or shallow through flow); saturated groundwater flow in
parts of
the bedrock units, landslides, terraces, moraines, and valley bottoms; and discharge to
springs and seeps, graining streams, and by plants as evapotranspiration (Figure 17). In general,
groundwater flow in these systems is toward the valley bottoms, perpendicular to the major
Based on the hierarchical approach of

streams. Where permeable bedrock units intersect hillslopes, local recharge may force the

groundwater into a more regional pattern determined by geological structure and independent
from local topography and hydrography.
The terrace subsystems, located in close proximity to the valley subsystems, have a
unique and sometimes complex groundwater story, often resulting from human interference as
described in the central Roaring Fork and Crystal River study areas (Kolm and others, 2008;
Kolm and others, 2007). Under natural conditions, these subsystems have hydrologic system
inputs and outputs, as well as location in the landscape, similar to hilslope subsystems.
However, anthropogenic influences have frequently attached these subsystems hydrologically to
adjacent valley bottom subsystems.
The valley bottom subsystems, where stream-aquifer-wetland interactions occur, are
areas of both groundwater recharge and discharge (Figure 17). Here, groundwater flow can have
a diffuse character and often aligns more or less with the streams. These subsystems depend
primarily on interactions with the Roaring Fork and Fryingpan Rivers; Maroon, Castle, Express,
Conundrum, Woody, and Hunter Creeks; and subsidiary tributaries.
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Figure 17. Generalized Representation of Groundwater Flow in Unconsolidated and Bedrock Hilslope and
Valley Bottom Subsystems in the CRFT Study Area.

The wetlands associated with the hydrogeologic subsystems in the Fryingpan River
system and in the upper Castle Creek system are predominantly of the slope-type with some
riverine-type classifications given the groundwater support of various bedrock groundwater
systems. High-gradient, mass wasting/landslide groundwater systems are observed on the

the Fryingpan River, Woody Creek, Maroon Creek, Conundrum Creek, Castle
Creek, and Hunter Creek canyons. The wetlands associated with these tributaries are
predominantly of the slope-type. However, in areas where the bedrock system beneath the
streams is a confining hydrogeologic unit, such as the Belden Shale, these wetlands wil be of the
riverine-type because there is a lack of supporting regional or subregional groundwater derived
from bedrock or hillslope subsystems.
hillslopes of

2.6 Groundwater System Conceptual Site Models bv Tributarv
Based on the presence and orientation of various hydrogeologic and hydro

structural units,

hydrography and topography, six CSMs have been identified spanning five Roaring Fork
tributaries and one major urban area in the CRFT study area. The CSMs are discussed in the
context of subsystems based on tributary: 1) Upper Fryingpan River (UFPR) Subsystem east of
the
Meredith; Woody Creek (WC) Subsystem east of
Ruedi Reservoir, including the town of
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Roaring Fork confluence, including the town of Lenado; and Lower Hunter Creek (HC)
Subsystem north and east of Aspen; 2) Maroon Creek (Me) Subsystem; 3) Upper Castle Creek
(UCC) Subsystem from the Elk Range divide to Ashcroft; 4) Middle Castle Creek (MCC)
Subsystem from Ashcroft to Conundrum Creek Junction; 5) Lower Castle Creek (LCC)
Subsystem from Conundrum Creek Junction to the City of Aspen; and 6) City of Aspen (CA)
Subsystem. Several of these subsystems have groundwater systems that are quite similar. Note
that most of
the lower portion of
the Fryingpan River watershed is located in Eagle County,
outside of the CRFT study area. Also note that the terraces, fans, and alluvial deposits in the
central Roaring Fork valley, including the lower section of Woody Creek, have been described in
a previous study (Kolm and van der Heijde, 2006). The location of representative, generalized
cross-sections for these tributary-based CSMs are shown in Figure 18. The conceptual models
are discussed in forthcoming sections.

CA - City of Aspen Subsystem
LHC - Lower Hunter Creek Subsystem. Also

N

-l-

UCC2

Subsystems
MC - Maroon Creek Subsystem
LCC - Lower Castle Creek Subsystem

MCC - Middle Castle Creek Subsystem

o 1 2 3 4 Miles

Ii1iIiIiI

Figure 18. Map Showing the Locations of

Representing Upper Fryingpan
(UFPR) and Woody Crook (WC)

UCC - Upper Castle Creek Subsystem

the Cross-sections Representative for the Conceptual Site Models in

the CRFT Study Area.
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2.6.1 Upper Fryingpan River (UFPR)/Upper Woody Creek (WC)/Lower Hunter Creek (HC)
Subsystems

There are two significant groups of hydrogeologic units in the UFPRlWC/HC areas: 1)
Quaternary unconsolidated materials, which are predominantly glacial, colluvial, fan, and
alluvial deposits, which overlay 2) Pre-Quaternary bedrock units, including localized sandstone
the State Bridge, Maroon, Minturn, Gothic, and Eagle Valley Formations, lower
and limestone of
Paleozoic carbonates (including the Leadville limestone), and the Precambrian granites and
gneisses that may be water-bearing, and the intervening shale and gypsum that may be poorly
transmissive confining layers (Figures 14, 15, and 19; Table 1).
The Quaternary unconsolidated materials in the UFPRlWC/HC subsystems includes: 1)
Quaternary landslide, hillslope and sheet wash deposits, and colluvium; 2) glacial gravel
deposits, terraces and fans; 3) glacial moraines; and 4) alluvial deposits (Figure 14; Table 1).
These highly permeable deposits are locally heterogeneous, with predominantly coarser
materials in the glacial moraine and landslide deposits, and a mix of coarser and finer materials
in the alluvial deposits (Figure 14).
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Figure 19. Conceptual Model of the Upper Fryingpan River-Woody Creek-Lower Hunter Creek Subsystems
as Represented by the Lower Hunter Creek Subsystem (LHC).
(see we on Figure 18 for representative location).
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Locally, the sandstone and limestone units in the State Bridge, Maroon, Minturn, Gothic,
and Eagle Valley 'Formations may serve as minor aquifers in areas where glacial gravels are not

adequate for water supply (primarily TrPcs, PPmm, and Pe in Figures 15 and 19; Table 1).
These sandstone and limestone units occur as gently to steeply tilted and dipping sedimentary
beds on the valley bottoms, hiltops, and hilslopes along the Fryingpan River around Ruedi

Reservoir, and in the lower reaches of Woody Creek west of Lenado. There are some locations
where these bedrock units are located directly underneath the unconsolidated materials of the
main valleys, and the unconsolidated sediments and the sandstone and limestone units may be in
direct hydraulic connection (Figure 19).
The carbonate and quartzite units in the Lower Paleozoic formations, including the
Leadville limestone, may serve as significant, local aquifers in areas where glacial gravels are
not adequate for water supply (MI in Figures 15 and 19; Table 1). These carbonate and quartzite
units occur as steeply tilted and dipping sedimentary beds along the Elk Range Thrust Fault zone
in the Fryingpan River area around the town of
Meredith, in the Woody Creek area around the
town of Lenado, and in the Lower Hunter Creek area. These units have karst and fracture
permeability, locally enhanced by extensive faulting. Furthermore, these units are in mining
districts where additional groundwater flow paths are associated with tunnels, adits, and shafts.
the western Colorado,

Usually, the Leadvile Formation, considered a regional aquifer in parts of

the costs of
acquisition, drilling depths to water, and low well yields. However, the Leadville Formation is
considered a viable water source in the vicinity of the outcrop area, which is also part of the
recharge zone for the regional system. The area around the towns of Meredith and Lenado are
locations where the unconsolidated and Lower Paleozoic carbonate and quartzite units may be in
direct hydraulic connection (Figure 19).
is not considered viable as a water source in most of

the CRFT area because of

The granites and gneisses in the Precambrian formations may be used as a localized water
resource in areas where glacial gravels do not provide for an adequate water supply, similar to
the Upper Roaring Fork watershed east of the City of Aspen (YXg in Figures 15, 19; Table 1).
These crystalline units occur to the east of
the Elk Range Thrust Fault zone in the Fryingpan
River area east of Meredith, in the Woody Creek area east of Lenado, and in Lower Hunter
Creek. These units are rather impervious except for localized areas with some fracture

Lower Hunter Creek are
locations where the unconsolidated sediments and the Precambrian units are most likely in direct
hydraulic connection (Figures 14 and 15).

permeability. The areas east of

Meredith and Lenado and most of

The general aspects of groundwater flow in the Quaternary unconsolidated materials have
been discussed in Section 2.5 (Figure 17). The UFPR/WC/HC areas have limited anthropogenic
influences except for those related to mining. There may be lateral and vertical connections
between the local sandstone and limestone units of the State Bridge, Maroon, Minturn, Gothic,
and Eagle Valley Formations, the Leadville limestone, and the crystalline granites and gneisses
and the unconsolidated materials in some locations (Figure 19). The conceptual model of
the
Quaternary unconsolidated materials in the Lower Woody Creek watershed has been described
as part of
the Middle Roaring Fork conceptual model in a previous study (Kolm and van der
Heijde, 2006).
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The bedrock system in the UFPR/WC/HC areas is complex and needs to be evaluated on
the State Bridge, Maroon,
Minturn, Gothic, and Eagle Valley formations are located on both sides of the Fryingpan River,
Woody Creek, and Hunter Creek valleys, and dip to the west underneath the valley floors as
represented in Figure 19. These sandstones would be recharged by direct infitration of
precipitation, or by groundwater moving through the overlying colluvium and unconsolidated
glacial materials. Groundwater would flow down, dip in these sandstones, and would then
the Fryingpan River, Woody Creek, and Hunter
discharge into the unconsolidated materials of
Creek valley floors. The Paleozoic carbonate aquifers, particularly the Leadvile limestone,
outcrop near the Elk Range Thrust Fault zone near Meredith, Lenado, and Aspen. Locally,
recharge to the Leadvile limestone system occurs at these outcrops, and the groundwater would
flow vertically downward with topography, and then laterally into the Quaternary sediments.
This groundwater would then discharge into the Fryingpan River, Woody Creek, and Hunter
the Elk Range Thrust Fault
Creek (represented in Figure 19). The great structural complexity of
and the steeply dipping Leadville limestone generally inhibits the loss of shallow groundwater
into a deep regional Lower Paleozoic aquifer system in these locations. Similarly, the
Precambrian crystalline units, located east of Meredith, Lenado, and Aspen, would be recharged
by infiltration of precipitation (particularly snowmelt). The groundwater would flow vertically
a site location basis. Generally, the sandstone and limestone units of

with topography and fractures, and then laterally into the Quaternary sediments. This

groundwater would then discharge into the Fryingpan River, Woody Creek, and Hunter Creek
(Figure 19). Figures 20 and 21 provide a landscape view of the topography, geomorphology, and
topography,
the UFPR subsystem. Figure 22 and 23 provide a landscape view of
hydrography of
the WC and HC subsystems.
geomorphology, and hydrography of

Figure 20. Coogle Earth View of the Upper Fryingpan River (UFPR) Subsystem (looking east).
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Figure 21a. Photograph of the Upper Fryingpan River (UFPR) Subsystem (looking east toward Meredith).
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Figure 21 b. Photograph of the Upper Fryingpan River (UFPR) Subsystem looking east, upstream
from Thomasvile).

Conceptual Models for the Central Roaring Fork Tributaries (CRFT) Study Areas

Integral Consulting Inc. - page 28

Figure 22. Google Earth View of

the Woody Creek (We) Subsystem (looking north).

Figure 23. Google Earth View of the Lower Hunter Creek (HC) Subsystem near the Confluence with the
Roaring Fork River (looking east).
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2.6.2 Maroon Creek (MC) Subsystem

There are two significant groups of hydrogeologic units in the MC area (Figure 18):
Quaternary unconsolidated materials and Pre-Quaternary bedrock units. The Quaternary
unconsolidated materials consists predominantly of glacial (moraines and till), colluvial
(landslides), and alluvial deposits. These units overlie pre-Quaternary bedrock units, including

the Dakota/Burro Canyon sandstones and lower Morrison/Entrada sandstones at the mouth of
Maroon Creek Canyon near the City of Aspen; the localized sandstones of the State Bridge,
Maroon, Minturn, and Gothic Formations observed throughout most of
Maroon Creek Canyon;
the intervening shale that may be poorly transmissive confining layers; and the localized Tertiary
intrusive sills, dikes, and surrounding methamorphosed sedimentary rocks (Figures 14 and 15;
Table 1).

The Quaternary unconsolidated materials in the Maroon Creek subsystem consists
primarily
of: 1) Quaternary landslide, hillslope and sheet wash deposits, and colluvium (Qls); 2)
glacial gravel deposits, terraces, and fans (Qgf); and 3) glacial moraines (Qm). Near the City of
Aspen, some alluvial deposits are present (Qal) (Figure 14; Table 1). These highly permeable
deposits are locally heterogeneous, with predominantly coarser materials in the glacial moraine
and landslide deposits, and a mix of coarser and finer materials in the alluvial deposits
(Figure 14).

Locally, the sandstone units in the Dakota/Burro Canyon units, the lower
Morrison/ntrada units, and the sandstone units in the State Bridge, Maroon, Minturn, and
Gothic Formations may serve as minor aquifers in areas where glacial gravels are not adequate
for water supply (Kdb, Jrne, TrPcs, and PPmm in Figure 15; Table 1). These sandstone units
occur as gently to steeply tilted and dipping sedimentary beds on the valley bottoms, hilltops,
and hilslopes along Maroon Creek southwest of
the City of Aspen, and have combined matrix
and fracture permeability. As most of
the Maroon Creek watershed area is covered by
Quaternary sediments, these bedrock units are directly underneath the unconsolidated materials,
and the unconsolidated and sandstone units may be in direct hydraulic connection (Figure 24).
The general aspects of groundwater flow in the Quaternary unconsolidated materials have
been discussed in Section 2.5. The MC area has limited anthropogenic influences, except for
some irrigation, ditches, and wells in the lower reaches near Aspen. The unconsolidated units
are variably to fully saturated based on spatial
location and seasonal precipitation events. There
may be lateral and vertical connection between the local sandstones of

the Dakota/urro Canyon,

lower Morrison/ntrada, State Bridge, Maroon, Minturn, and Gothic Formations (Figure 24).

Sandstone hydrogeologic units along Maroon Creek generally have a northeasterly dip;
therefore, groundwater in these units would tend to recharge the overlying unconsolidated
materials. Otherwise, the intervening shale does not allow significant movement of groundwater

from these localized sandstone units into the unconsolidated materials. Thus, the local
groundwater flow is from the colluvial materials into alluvium and, finally, to springs, seeps, or
Maroon Creek and tributaries. Some of
the groundwater entering the alluvium may flow parallel
to the stream for some distance before discharging to the stream (Figure 24).
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Figure 24. Conceptual Model of the Maroon Creek (MC) Subsystem
(see Figure 18 for location of cross section).

The bedrock system in MC is complex, and needs to be evaluated on a site location basis.
the Dakota/Burro Canyon, lower Morrison/Entrada, State Bridge,
Generally, the sandstones of
Maroon, Minturn, and Gothic formations are located on both sides of

the Maroon Creek Valley,

and dip to the northeast underneath the Valley floor. These sandstones would be recharged by
direct infiltration of precipitation, or by groundwater moving through the overlying colluvium.
Groundwater would flow down dip in these sandstones and would discharge into the
unconsolidated materials of the Maroon Creek Valley floor. Figures 25 and 26 provide a
the MC subsystem.
the topography, geomorphology, and hydrography of
landscape view of
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Figure 25. Google Earth View of the Maroon Creek (MC) Subsystem (looking south).
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Figure 26. Photograph of the Maroon Creek (MC) Subsystem (looking south)
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2.6.3 Upper Castle Creek (UCC) Subsystem

The Upper Castle Creek (UCC) subsystem covers the Castle Creek watershed from the
Elk Range divide to Ashcroft (Figure 18). There are two significant groups of hydrogeologic
units in the UCC area: 1) Quaternary unconsolidated materials, which are predominantly glacial,

colluvial, and fan deposits that overlay 2) Pre-Quaternary bedrock units. These bedrock units
the Maroon and Gothic Formations, lower
include localized sandstone and limestone of
the
Paleozoic carbonates (including the Leadville limestone and carbonates and quartzites of
Chaffee, Manitou, Peerless, and Sawatch Formations; the Tertiary granodiorites and porphyries
with surrounding metamorphosed sedimentary formations; and the Precambrian granites and
gneisses that may be water-bearing), and the intervening shale units (for example the Belden
formation (Pb)), which may be poorly transmissive confining layers (Figures 14 and 15; Table
1). The Quaternary unconsolidated materials are locally heterogeneous, with predominantly
coarser materials in the glacial moraine and landslide deposits, and a mix of coarser and finer
materials in the fan deposits.
Locally, the sandstone and limestone units in the Maroon and Gothic Formations may
serve as minor aquifers in areas where glacial gravels are not adequate for water supply
(primarily PPmm in Figure 15; Table 1). These sandstone and limestone units occur as gently to
lopes along
steeply tilted and dipping sedimentary beds on the valley bottoms, hiltops, and hills
Castle and Express Creeks south of Ashcroft, and have a combination of matrix and fracture
permeability. There are some locations where these units are located directly underneath the
the valley, and the unconsolidated and bedrock units may be in
unconsolidated materials of
direct hydraulic connection (Figures 27 and 28). Note in Figure 27, these units are
predominantly located in the hillslopes to the west of Castle Creek, and the hydrologic systems
are combined with those in the glacial/colluvial unconsolidated materials. By comparison, in
Figure 28, the Maroon and Gothic Formations are an integral part of

the entire Castle Creek

hydrological system (mountain top, hilslope, and valley bottom) and, combined with the
overlying unconsolidated deposits, makes a viable groundwater flow system as evidenced by the
extensive aspen stands observed in the area (Figures 29 and 30).
The carbonate and quartzite units in the Lower Paleozoic formations, including the
Leadville limestone, may serve as local aquifers in areas where glacial gravels are not adequate
for water supply (MI in Figure 15 and in Table 1). These carbonate and quartzite units occur as
steeply tilted/dipping sedimentary beds along the top and west side of Richmond Hill and
McArthur Mountain in the Castle Creek Valley area south of Ashcroft (Figure 27), and along the
bottom of the Express Creek Valley (Figure 28). The Lower Paleozoic formations may have
karst and fracture permeability, locally enhanced by extensive faulting. In addition, these units
are in mining districts where additional groundwater flow paths are associated with tunnels,
adits, and shafts. Most of the UCC is a location where the unconsolidated, carbonate, and
quartzite bedrock units may be in direct hydraulic connection (Figures 27 and 28).
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Figure 27. Conceptual Model of the Upper Castle Creek Subsystem - Section 1 (UCCl).

The Tertiary granodiorites and porphyries with surrounding metamorphosed sedimentary
formations may serve as a local aquifer in areas where glacial gravels are not adequate for water
supply, similar to the Middle Crystal River near Mount Sopris (Tmi in Figure 15; Table 1).
the Castle Creek Valley on the HaydenThese crystalline units occur primarily to the west of
Castle Peak mountain crest along the Elk Range Thrust Fault zone west and southwest of
Ashcroft and are rather impervious except for localized areas with some fracture permeability
(Figures 27 and 28). These fractured areas are locations where the unconsolidated and Tertiary
bedrock units are most likely in direct hydraulic connections (Figure 27 and 28).
The granites and gneisses in the Precambrian bedrock may serve as local aquifers in areas
where glacial gravels are not adequate for water supply, similar to the Upper Roaring Fork
watershed east of the City of Aspen (YXg in Figure 15; Table 1). These crystalline units occur
lopes and tops of Richmond Hill and McArthur Mountain to the east the Castle
along the hils
Creek Valley southeast of Ashcroft, and east of Express Creek, and are rather impervious except
for localized areas with some fracture permeability. Because of

the localized nature of

the

fracture zones, the thickness and hydraulic properties of these units display a large spatial
variability, resulting in complex groundwater flow patterns. In the area of Richmond Hill and
McArthur Mountain southeast of Ashcroft, unconsolidated and Precambrian bedrock units are
most likely in direct hydraulic connection (Figures 27 and 28).
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Figure 28. Conceptual Model of the Upper Castle Creek Subsystem - Section 2 (UCC2).

structures occur in the UCC area: the Elk Range Thrust Zone and
Three broad hydro
associated faulting; the Castle Creek fault zone and associated structures; and the Castle Creek
syncline (Figures 16,27, and 28). Both the Castle Creek Fault zone and the Castle Creek

structural area and
hydrogeologic "unit" characterized by enhanced fracture permeability (Figures 27 and 28).
structural unit may provide a significant source of water and
Where saturated, this hydro
represents a distinct aquifer. The area along the axis of the Castle Creek Valley southeast of
Ashcroft is a location where the unconsolidated, bedrock, and fault zone-enhanced
hydrogeologic units are most likely in direct hydraulic connection (Figures 27 and 28).
syncline axis are parallel and define the Castle Creek Valley hydro

The general aspects of groundwater flow in the Quaternary unconsolidated materials have
been discussed in Section 2.5. The UCC area has limited anthropogenic influences except for
some mining works and wells. The unconsolidated units are variably to fully saturated,
location and seasonal precipitation events. There may be lateral and
depending on spatial
vertical connection between the local sandstone and limestone units of the Maroon and Gothic
Formations, the Leadville limestone, the crystalline Tertiary intrusive rocks and associated
metamorphosed sedimentary units, the granites and gneisses and the unconsolidated materials,
and the Castle Creek Fault zone aquifers in some locations (Figures 27 and 28). Sandstone and
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limestone hydrogeologic units along the Castle Creek and Express Creek Valleys generally have
a westerly dip, or are in a sync1ineal geometry with the hydrogeologic units dipping toward the
Castle Creek Valley; therefore, groundwater in these units would tend to recharge the overlying
unconsolidated materials along hillslopes and valley bottoms. Otherwise, the intervening shale,
such as the Belden formation, does not allow significant movement of groundwater from these
localized sandstone and limestone bedrock aquifers into the unconsolidated materials
locally tend to discharge groundwater into the
(Figure 27). The Leadvile limestone wil
overlying unconsolidated sediments. The great structural complexity of the Elk Range Thrust
Fault and the steeply dipping Leadville limestone generally inhibits the loss of shallow
groundwater into a deep regional Lower Paleozoic aquifer system. However, some locations
may be favorable for the overlaying sediments to recharge the regional groundwater, which
includes areas where the unfaulted Leadville limestone is located directly beneath the colluvial
system (Figure 27) or beneath the alluvial system (Figure 28). The unconsolidated units
discharge groundwater locally into Castle Creek and tributaries (Figures 27 and 28). Therefore,
the local groundwater flow is from the unconsolidated glacial and colluvial materials into
unconsolidated alluvium and, finally, to springs, seeps, or Castle Creek and tributaries. Some of
the groundwater entering the alluvium may flow parallel to the stream for some distance before
discharging to the stream.

The bedrock system in the UCC is complex, and needs to be evaluated on a site location
basis. Generally, the sandstone and limestone units of
the Maroon and Gothic formations are
located on both sides of the Castle Creek Valley and dip to the west (Figure 27) or toward the
east and west in synclinal geometry underneath the Valley floor (Figure 28). These sandstones
would be recharged by direct infitration of precipitation or by groundwater moving through the
overlying colluvium and unconsolidated glacial materials. Groundwater would flow down, dip
in these sandstones, and would then discharge into the unconsolidated materials of the Castle
Creek Valley floor. The Paleozoic carbonate aquifers, particularly the Leadville limestone,
outcrop as steeply tilted and dipping sedimentary beds along the top and west side of Richmond
Hill in the Castle Creek Valley area around Ashcroft. Locally, recharge to the Leadvile
limestone system occurs at these outcrops, and the groundwater would flow vertically downward
with topography and then laterally into the underlying Quaternary sediments (Figure 27) or
vertically into the regional system (Figure 28). The shallow groundwater would then discharge
into Castle Creek and tributaries (Figures 27 and 28). Similarly, the Tertiary Intrusive and
surrounding metamorphosed sedimentary hydrogeologic unit, and the Precambrian crystalline
aquifer (observed along Richmond Hill and McArthur Mountain southeast of Ashcroft) would be
recharged by infiltration of precipitation (particularly snowmelt). The groundwater would flow
vertically with topography and fractures and then laterally into the overlying Quaternary
sediments. This groundwater would then discharge as springs and seeps along the hillsides or
into Castle Creek and tributaries (Figures 27 and 28). Locally, the Castle Creek Fault zone
hydrogeologic units underneath the Castle Creek Valley may serve as "French drains" and allow
groundwater from surrounding bedrock units to flow directly into the overlying unconsolidated
materials and then into Castle Creek. Figures 29 and 30 provide a landscape view of the
topography, geomorphology and hydrography of

the UCC subsystem.
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Figure 29. Google Earth View of the Upper Castle Creek (UCC) Subsystem (looking south).

Figure 30. Photograph of the Upper Castle Creek (UCC) Subsystem (looking south).

2.6.4 Middle Castle Creek (MCC) Subsystem

The Middle Ca~tle Creek (MCC) Subsystem covers the Castle Creek watershed from
Ashcroft to Conundrum Creek Junction (see Figure 18 for location). There are two significant
groups of hydrogeologic units in the MCC area: 1) Quaternary unconsolidated materials, which
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are predominantly glacial, colluvial, and alluvial deposits that overlay 2) Pre-Quaternary bedrock
units. These pre-Quaternary bedrock units include localized sandstone and limestone of the
Maroon and Gothic Formations; lower Paleozoic carbonates, including the Leadville limestone;
carbonates and quartzites of
the Chaffee, Manitou, Peerless, and Sawatch Formations; the
Tertiary granodiorites and porphyries with surrounding metamorphosed sedimentary formations;
the Precambrian granites and gneisses that may be water-bearing; and the intervening shale units
that may be poorly transmissive confining layers (Figures 14 and 15; Table 1). The Quaternary
unconsolidated materials are locally heterogeneous and highly permeable, with predominantly
coarser materials in the glacial moraine and landslide deposits, and a mix of coarser and finer
materials in the alluvial deposits.
Locally, the sandstone and limestone units in the Maroon and Gothic Formations may
serve as minor aquifers in areas where glacial gravels are not adequate for water supply
(primarily PPmm in Figure 15; Table 1). These sandstone and limestone units occur as gently to
steeply tilted and dipping sedimentary beds on the valley bottoms, hiltops and hillslopes along
Castle and Conundrum Creeks around Ashcroft, and have a combination of matrix and fracture
permeability (Figures 31 and 32). There are many locations where these units are located
directly underneath the unconsolidated materials of
the valley, and the unconsolidated and
sandstone and limestone units may be in direct hydraulic connection (Figures 31 and 32).
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Figure 31. Conceptual Model of the Middle Castle Creek (MCCI) Subsystem - Section 1.
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The carbonate and quartzite units in the Lower Paleozoic formations, including the
Leadville limestone, may serve as a significant aquifer in areas where glacial gravels are not
adequate for water supply (MI in Figure 15; Table 1). These carbonate and quartzite units occur
as gently to steeply tilted or dipping sedimentary beds along the top and west side of Richmond
Hill in the Castle Creek Valley area around Ashcroft (Figure 31), and in the valley bottom of
hillslopes east of Castle Creek (Figure 32). These units have karst and fracture permeability,
locally enhanced by extensive faulting, and are in mining districts where additional groundwater
the MCC is a location where
flow paths are associated with tunnels, adits, and shafts. Most of
the unconsolidated and bedrock units may be in direct hydraulic connection (Figures 31 and 32).
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Figure 32. Conceptual Model of the Middle Castle Creek (MCC2) Subsystem - Section 2.

The Tertiary granodiorites and porphyries with surrounding metamorphosed sedimentary
formations may serve as aquifers in areas where glacial gravels are not adequate for water
supply, similar to the Middle Crystal River area south of Carbondale (Tmi in Figure 15; Table 1).
These crystallne units occur to the east of Castle Creek on the Richmond Hill area (Figure 31),

the Castle Creek valley and along the
Elk Range Thrust Fault zone west of Ashcroft (Figure 32), and are rather impervious except for
localized areas with some fracture permeability. Both areas are locations where the

and on the Hayden - Castle Peak mountain crest west of
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unconsolidated and bedrock hydrogeologic units are most likely in direct hydraulic connection
(Figures 31 and 32).
The granites and gneisses in the Precambrian aquifer may serve as aquifers in areas
where glacial gravels are not adequate for water supply, similar to the Upper Roaring Fork
watershed east of
the City of Aspen (YXg in Figure 15; Table 1). These crystalline units occur
along the hillslopes and tops of Richmond Hill and McArthur Mountain to the east the Castle
Creek Valley east of Ashcroft (Figure 32), and are rather impervious except for localized areas
with some fracture permeability.
Three broad hydro
structures occur in the MCC area: the Elk Range Thrust Zone and
associated faulting, the Castle Creek Fault zone and associated structures, and the Castle Creek
syncline (Figures 16, 31, and 32). Both the Castle Creek Fault zone and the Castle Creek
syncline axis are parallel, and are defined by the Castle Creek and Conundrum Creek Valleys
hydro
structural area and hydrogeologic "unit" characterized by enhanced fracture permeability
structural area may provide a significant source
(Figures 31 and 32). Where saturated, this hydro
of water. The areas along the axis of the Castle Creek and Conundrum Creek Valleys are
locations where the unconsolidated, bedrock, and fault zone enhanced hydrogeologic units are
most likely in direct hydraulic connection (Figures 3 i and 32).

The general aspects of groundwater flow in the Quaternary unconsolidated materials have
been discussed in Section 2.5. The unconsolidated units are variably to fully saturated, based on
spatial
location and seasonal precipitation events. There may be lateral and vertical connection
between the local sandstone and limestone units of
the Maroon and Gothic Formations, the
Leadville limestone, the crystalline Tertiary intrusive rocks and associated metamorphosed
sedimentary units, and the granites and gneisses and the unconsolidated materials in some
locations (Figures 31 and 32). Sandstone and limestone bedrock units along the Castle Creek
and Conundrum Creek Valleys generally have a westerly dip (Figures 31 and 32), or are in
synclinal form (Conundrum Valley in Figure 31); therefore, groundwater in these units would
tend to recharge the overlying unconsolidated materials along hillslopes and valley bottoms.
Otherwise, the intervening shale does not allow significant movement of groundwater from these
localized sandstone and limestone bedrock aquifers into the unconsolidated materials (Castle
Creek in Figure 32). The Leadvile limestone will
locally tend to discharge groundwater into the
overlying unconsolidated sediments. The great structural complexity of the Elk Range Thrust
Fault and the steeply dipping Leadville limestone generally inhibits the loss of shallow
groundwater into a deep regional Lower Paleozoic aquifer system (Figure 3 i). However, in
some alluvial
locations where the bedrock is relatively unfaulted, the unconsolidated materials
actually recharge the Lower Paleozoic aquifer system, and the groundwater flow becomes
regional (Figure 32). Otherwise, the unconsolidated units discharge groundwater locally into
Castle Creek and tributaries (Figures 31 and 32). Therefore, the local groundwater flow is from
the unconsolidated glacial and colluvial materials into unconsolidated alluvium and, finally, into
springs, seeps, or Castle Creek and tributaries. Some of
the groundwater entering the alluvium
may flow parallel to the stream for some distance before discharging to the stream. Additional
discharges from the unconsolidated units occur as evapotranspiration and well withdrawal
(Figures 3 i and 32).

Conceptual Models for the Central Roaring Fork Tributaries (CRFT) Study Areas

Integral Consulting Inc. - page 40

The bedrock system in the MCC is complex, and needs to be evaluated on a site location
the Maroon and Gothic formations are
basis. Generally, the sandstone and limestone units of
located on both sides of the Castle Creek and Conundrum Creek Valleys (Figure 3 i), and dip to
the west underneath the Valley floor. These sandstones would be recharged by direct infiltration
precipitation, or by groundwater moving through the overlying colluvium and unconsolidated
of
glacial materials. Groundwater would flow down, dip in these sandstones, and would then
discharge into the unconsolidated materials of the Castle Creek and Conundrum Creek Valley
floors. The Paleozoic carbonate hydro-units, particularly the Leadvile limestone, outcrop as
gently to steeply tilted and dipping sedimentary beds along the top and west side of Richmond
Hill in the Castle Creek Valley area (Figure 3 i), or on the hillslopes and valley bottoms
(Figure 32). Locally, recharge to the Leadville limestone system occurs at these outcrops, and

the groundwater would flow vertically downward with topography, and then laterally into the
underlying Quaternary sediments (Figure 3 i) or vertically into the regional system (Figure 32).
The shallow groundwater would then discharge into Castle Creek and tributaries (Figures 3 i and
32). Similarly, the Tertiary Intrusive and surrounding metamorphosed sedimentary rock units,
and the Precambrian crystalline aquifer, observed along Richmond Hill, would be recharged by
infiltration of precipitation (particularly snowmelt). The groundwater would flow horizontally or
vertically with topography and fractures, and then laterally into the overlying Quaternary
sediments. This area is structurally very complex, so this groundwater would then discharge as
springs and seeps along the hillsides, or into Castle Creek and tributaries (Figures 3 i and 32).
the topography, geomorphology, and
Figures 33 and 34 provide a landscape view of
hydrography of the MCC subsystem.
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Figure 33. Google Earth View of the Middle Castle Creek Subsystem (looking south).
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Figure 34. Photograph of the Middle Castle Creek (MCC) Subsystem (looking north).

2.6.5 Lower Castle Creek (LCC) Subsystem

The Lower Castle Creek (LCC) Subsystem covers the Castle Creek watershed from
Conundrum Creek Junction to the City Of Aspen (see Figure i 8 for location). There are two
significant groups of hydrogeologic units in the LCC area: i) Quaternary unconsolidated
materials, which are predominantly glacial, colluvial, and alluvial deposits that overlay 2) Prethe State Bridge,
Quaternary bedrock units; including localized sandstone and limestone of
Maroon and Gothic Formations; lower Paleozoic carbonates including the Leadville limestone;
carbonates and quartzite of
the Chaffee, Manitou, Peerless, and Sawatch Formations; the Tertiary
granodiorites and porphyries with surrounding metamorphosed sedimentary formations; the
Precambrian granites and gneisses that may be water-bearing; and the intervening shale units, for
example the Belden formation (Pb), that may be poorly transmissive confining layers (Figures i 4

and i 5; Table i). The Quaternary unconsolidated materials are locally heterogeneous and highly
permeable, with predominantly coarser materials in the glacial moraine and landslide deposits,
and a mix of coarser and finer materials in the alluvial deposits.
Locally, the sandstone and limestone units in the State Bridge, Maroon and Gothic
Formations may serve as minor aquifers in areas where glacial gravels are not adequate for water
supply (primarily TrPcs and PPmm in Figure i 5; Table i). These sandstone and limestone units
occur as gently to steeply tilted and dipping sedimentary beds on the valley bottoms, hilltops,
and hillslopes along Castle Creek southwest of the City of Aspen, and have a combination of
matrix and fracture permeability. Because the thickness and hydraulic properties of

these units

are based on the local geologic materials, geologic structure, and topographic geometry, they
display
a large spatial variability resulting in complex groundwater flow patterns. There are
some locations where these units are located directly underneath the unconsolidated materials of
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the valley, and the unconsolidated and sandstone and limestone bedrock units may be in direct
hydraulic connection (Figure 35).

w

E
No regional system
Castle Creek Fault Zone

Highland Pt.ak
(nort spur)

Castle Creek Syncline

Hydrostructural Area

Leaend
Oal - Quaterary Alluvium

Groundwater Flow

Qgf - Quaternary Gravels, Fans. and Terraces
Om/Qls - Quaternary Glacial Deposits or Landslide Deposits

Surface Water FlowlRunoff

I Tmi. Tert,ary Intrusive Rocks
_ PPmm. Maroon and Minturn Formations
_ Pb. Belden Formation

Evapotranspiratin
(g Groundwater Flow Perpendicular to Plane of Cross-section
"l Spring
~ Fauli (arrows indicate directÎOri of movement)
Bedding Planes

_ MI - Leadville Limestone

- YXg - Precallbrian Granites and Gneisses

Figure 35. Conceptual Model of

the Lower Castle Creek (LCC) Subsystem.

The carbonate and quartzite units in the Lower Paleozoic formations, including the
Leadville limestone, may serve as a local aquifer in areas where glacial gravels are not adequate
for water supply (Ml in Figure 15; Table i). These carbonate and quartzite units occur as gently
to steeply tilted and dipping sedimentary beds along the top and west side of Richmond Hill in
the Castle Creek Valley area south of Aspen (Figure 35), and have karst and fracture
permeability, which is locally enhanced by extensive faulting. In addition, these units are in
mining districts where additional groundwater flow paths are associated with tunnels, adits, and
shafts. Most of the LCC is a location where the unconsolidated and bedrock units may be in
direct hydraulic connection (Figure 35).

The Tertiary granodiorites and porphyries with surrounding metamorphosed sedimentary
formations may serve as local aquifers in areas where glacial gravels are not adequate for water
supply, similar to the UCC area south of Ashcroft (Tmi in Figures 15; Table 1). These
crystalline units occur primarily to the east of the Castle Creek Valley on the Richmond
Hill! Aspen Mountain crest along the Castle Creek Fault zone south of the City of Aspen, and are
rather impervious except for localized areas with some fracture permeability (Figure 35).
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Because of the localized nature of the fracture zones, the thickness and hydraulic properties of
these units display a large spatial variability resulting in complex groundwater flow patterns.
The granites and gneisses in the Precambrian bedrock sequence may serve as local
aquifers in areas where glacial gravels are not adequate for water supply, similar to the Upper
Roaring Fork watershed east of Aspen (YXg in Figure 15; Table 1). These crystalline units
occur along the hillslopes and tops of Richmond Hil and Aspen Mountain to the east the Castle
Creek Valley south of Aspen (Figure 35), and are rather impervious except for localized areas
with some fracture permeability. Because of
the localized nature of
the fracture zones, the
thickness and hydraulic properties of
these units display a large spatial variability resulting in
complex groundwater flow patterns.
Two broad hydro
structures occur in the LCC area: the Castle Creek Fault Zone and
associated faulting; and the Castle Creek syncline (Figures 16 and 35). Both the Castle Creek
Fault zone and the Castle Creek syncline axis are parallel, and define the Castle Creek Valley
hydro
structural area and hydrogeologic "unit" characterized by enhanced fracture permeability
water
structural unit may provide a significant source of
(Figure 35). Where saturated, this hydro
and represents a distinct aquifer. The area along the axis of the Castle Creek Valley south of
Aspen is a location where the unconsolidated, bedrock and fault zone enhanced aquifers are most
likely in direct hydraulic connection (Figure 35).

The general aspects of groundwater flow in the Quaternary unconsolidated materials have
been discussed in Section 2.5. The LCC area has been subject to limited anthropogenic
influences, including irrigation, ditches and wells, as well as mining development. The
unconsolidated units are variably to fully saturated based on spatial location and seasonal
precipitation events. There may be lateral and vertical connection between the local sandstone
and limestone units of
the State Bridge, Maroon and Gothic Formations, the Leadville limestone,
the crystalline Tertiary intrusive rocks and associated metamorphosed sedimentary units, the
granites and gneisses and the unconsolidated materials, and the Castle Creek Fault zone aquifers
in some locations (Figure 35). Sandstone and limestone bedrock aquifers along the Castle Creek
Valley generally have a westerly dip, or are in a synclinal geometry with the hydrogeologic units
dipping toward the Castle Creek Valley (Figure 35); therefore, groundwater in these units would
tend to recharge the overlying unconsolidated materials along hilslopes and valley bottoms.
Otherwise, the intervening shale, such as the Belden formation, does not allow significant
movement of groundwater from these localized sandstone and limestone bedrock aquifers into
the unconsolidated materials (for example, the Annie Basin (Figure 35)). The Leadville
limestone wil
locally tend to discharge groundwater into the overlying unconsolidated
sediments. The great structural complexity of the Castle Creek Fault Zone and the gently to
steeply dipping Leadville limestone generally inhibits the loss of shallow groundwater into a
deep regional Lower Paleozoic aquifer system (Figure 35). The unconsolidated units discharge
groundwater locally into Castle Creek and tributaries (Figure 35). Therefore, the local
groundwater flow is from the unconsolidated glacial and colluvial materials into unconsolidated
alluvium and, finally, to springs, seeps, or Castle Creek and tributaries. Some of

the

groundwater entering the alluvium may flow parallel to the stream for some distance before
discharging to the stream. Additional discharges from the unconsolidated units occur as
evapotranspiration and well withdrawal (Figure 35).
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The bedrock system in the LCC is complex because of the amount and complexity of
faulting, and needs to be evaluated on a site location basis. Generally, the sandstone and
limestone units of the State Bridge, Maroon, and Gothic formations are located on both sides of
the Castle Creek Valley, and dip to the west, or toward the east and west in synclinal geometry
underneath the valley floor (Figure 35). These sandstones would be recharged by direct
infitration of precipitation or by groundwater moving through the overlying colluvium and
unconsolidated glacial materials. Groundwater would flow down dip in these sandstones and
would then discharge into the unconsolidated materials of the Castle Creek Valley floor
(Figure 35). The Paleozoic carbonate hydrogeologic units, particularly the Leadville limestone,
outcrop as gently to steeply tilted and dipping sedimentary beds along the top and west side of
Richmond Hill and Aspen Mountain in the Castle Creek Valley area around the City of Aspen.
Locally, recharge to the Leadvile limestone system occurs at these outcrops, and the
groundwater would flow vertically downward with topography and then laterally into the
underlying Quaternary sediments or daylight as springs (Figure 35). Because of

the complexity

of faulting, there is very minimal flow vertically into the regional system. The shallow
groundwater would then discharge into Castle Creek and tributaries. Similarly, the Tertiary
Intrusive and surrounding metamorphosed sedimentary rock units and the Precambrian
the City of Aspen,
crystalline unit observed along Richmond Hill and Aspen Mountain south of
would be recharged by infiltration of precipitation (particularly snowmelt). The groundwater
would flow vertically with topography and fractures and then laterally into the overlying
Quaternary sediments. This groundwater would then discharge as springs and seeps along the
hillsides or into Castle Creek and tributaries (Figure 35). Locally, the Castle Creek Fault zone
aquifers underneath the Castle Creek Valley may serve as "French drains" and allow
groundwater from surrounding bedrock units to flow directly into the overlying unconsolidated
materials and then Castle Creek. Figures 36 and 37 provide a landscape view of the topography,
geomorphology, and hydrography of

the LCC subsystem.

Figure 36. Google Earth View of the Lower Castle Creek (LCC) Subsystem (looking south).
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Figure 37. Photograph of the Lower Castle Creek (LCC) Subsystem (looking south).

2.6.6 City of Aspen (CA) Subsystem

hydrogeologic units in the City of Aspen (CA) area
(Figure 18): 1) Quaternary unconsolidated materials, which are predominantly glacial, colluvial,
and alluvial deposits that overlay 2) Pre-Quaternary bedrock units; the Dakota/Burro Canyon
sandstones and lower Morrison/Entrada sandstones at the mouth of Maroon Creek Canyon at the
southwest edge of the City of Aspen; the localized sandstone and limestone of the State Bridge,
Maroon, and Gothic Formations; lower Paleozoic carbonates including the Leadville limestone
and carbonates and quartzite of
the Chaffee, Manitou, Peerless, and Sawatch Formations; the
Tertiary granodiorites and porphyries with surrounding metamorphosed sedimentary formations;
the Precambrian granites and gneisses that may be water-bearing; and the intervening shale units,
for example the Belden formation (Pb), that may be poorly transmissive confining layers
(Figures 14 and 15; Table 1). The highly permeable Quaternary unconsolidated materials are
locally heterogeneous, with predominantly coarser materials in the glacial moraine and landslide
deposits, and a mix of coarser and finer materials in the alluvial deposits.
There are two significant groups of

Locally, the sandstone units in the Dakota/Burro Canyon units, the lower
Morrison/Entrada units, and the sandstone units in the State Bridge, Maroon, Minturn, and
Gothic Formations may serve as minor aquifers in areas where glacial gravels are not adequate
for water supply (Kdb, Jme, TrPcs, and PPmm in Figure 15; Table 1). These sandstone and
limestone units occur as gently to steeply tilted and dipping sedimentary beds on the valley
bottoms, hilltops, and hilslopes on the southwest hills of Aspen by Maroon Creek, and on Red
Mountain northwest of Aspen (Figure 38), and have a combination of matrix and fracture
permeability. There are some locations where these units are located directly underneath the
unconsolidated materials of
the valley, and the unconsolidated and bedrock units may be in
direct hydraulic connection (Figure 38).
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Figure 38. Conceptual Model of the City of Aspen (CA) Subsystem.

The carbonate and quartzite units in the lower Paleozoic bedrock sequence, including the.
Leadvile limestone, may serve as a local aquifer in areas where glacial gravels are not adequate
for water supply (Ml in Figure 15; Table 1). These carbonate and quartzite units occur as steeply
tilted and dipping sedimentary beds along the top and west side of Aspen Mountain south of

the

City of Aspen (Figure 38) and along the Van Horn Range north of Hunter Creek, north of the
the City of Aspen. These units have karst and fracture
City of Aspen, and underlie most of
permeability, which is locally enhanced by extensive faulting. In addition, these units are in
intensive mining districts, particularly on Aspen Mountain, beneath the City of Aspen, and on
Smuggler Mountain where additional groundwater flow paths are associated with tunnels, adits,
and shafts. Most of the City of Aspen is located where the unconsolidated and bedrock units
may be in direct hydraulic connection (Figure 38).

The Tertiary granodiorites and porphyries with surrounding metamorphosed sedimentary
formations may serve as local aquifers in areas where glacial gravels are not adequate for water
supply, similar to the UCC area south of Ashcroft (Tmi in Figure 15; Table 1). These crystalline
the
units occur primarily on the Aspen Mountain crest along the Castle Creek Fault zone south of
City of Aspen and underneath the City of Aspen, and are rather impervious except for localized
the fracture zones, the
the localized nature of
areas with some fracture permeability. Because of
thickness and hydraulic properties of these units display a large spatial variability resulting in
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complex groundwater flow patterns. These areas are locations where the unconsolidated and
bedrock units are most likely in direct hydraulic connection (Figure 38).
The granites and gneisses in the Precambrian bedrock sequence may serve as local
aquifers in areas where glacial gravels are not adequate for water supply, similar to the Upper
Roaring Fork watershed east of
the City of Aspen (YXg in Figure 15; Table 1). These crystalline
units occur along the hillslopes and tops of Aspen Mountain and Smuggler Mountain to the south
and east of the City of Aspen, and are rather impervious except for localized areas with some
fracture permeability. Because of
the localized nature of
the fracture zones, the thickness and
hydraulic properties of
these units display a large spatial variability resulting in complex
groundwater flow patterns. The areas of Smuggler Mountain and Aspen Mountain south and
east of
the City of Aspen are a location where the unconsolidated and bedrock units are most
likely in direct hydraulic connection (Figure 38).
Two broad hydro

structures occur in the LCC area: the Castle Creek Fault Zone and

associated faulting and the Aspen Mountain syncline (an extension of

the Castle Creek syncline)

(Figures 16 and 38). Both the Castle Creek Fault zone and the Aspen Mountain syncline axis are
structural areas and
hydrogeologic "units" characterized by enhanced fracture permeability (Figure 38). Where
saturated, these hydro
structural units may provide significant sources of water and represent
distinct aquifers. The Aspen Mountain syncline, in conjunction with the subsurface mining, may
provide a direct groundwater conduit from the top of Aspen Mountain to underneath the City of
parallel, and define the Castle Creek Valley and Aspen Mountain hydro

Aspen, potentially causing geotechnical and groundwater quality problems. The area of

the

Castle Creek Fault zone throughout the City of Aspen is also a location where the
unconsolidated, bedrock, and fault zone enhanced aquifers are most likely in direct hydraulic
connection (Figure 38).

The Quaternary unconsolidated materials are recharged by infitration from precipitation
that is non-uniformly distributed because of the slope steepness, slope aspect, and position in the
landscape as well as some irrigation, the incidental leaky irrigation ditch, and development
related landuse, such as lawn watering and ski slope snowmaking (Figure 38). The
unconsolidated units are variably to fully saturated based on spatial location and seasonal
precipitation events. There may be lateral and vertical connection between the sandstone units in
the Dakota/Burro Canyon units, the lower Morrison/Entrada units, local sandstone and limestone
units of
the State Bridge, Maroon, and Gothic Formations, the Leadvile limestone, the
crystalline Tertiary intrusive rocks and associated metamorphosed sedimentary units, the granites
and gneisses and the unconsolidated materials, and the fault zone hydrogeologic units in some
locations (Figure 38). Sandstone and limestone bedrock hydrogeologic units at Red Mountain
generally have a westerly dip or are in a synclinal geometry with the hydrogeologic units dipping
toward the City of Aspen; therefore, groundwater in these units would tend to recharge the
overlying unconsolidated materials along hillslopes and valley bottoms. Otherwise, the
intervening shale, such as the Belden formation, does not allow significant lateral or upward and
downward movement of groundwater from these localized sandstone and limestone bedrock
aquifers into the unconsolidated materials. The Leadville limestone will locally tend to
discharge groundwater into the overlying unconsolidated sediments. The great structural
complexity of the Castle Creek Fault Zone and the gently to steeply dipping Leadville limestone
generally inhibits the loss of shallow groundwater into a deep regional Lower Paleozoic aquifer
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system. The unconsolidated units discharge groundwater locally into Hunter Creek and

tributaries, and the Roaring Fork River (Figures 38). Therefore, the local groundwater flow is
from the unconsolidated glacial and colluvial materials into unconsolidated alluvium and, finally,
the
to springs, seeps, or Hunter Creek and tributaries, or to the Roaring Fork River. Some of
groundwater entering the alluvium may flow parallel to the stream for some distance before
discharging to the stream. Additional discharges from the unconsolidated units occur as
evapotranspiration and well withdrawal (Figure 38).
The bedrock system in the City of Aspen is complex, and needs to be evaluated on a site
the State Bridge, Maroon, and
the Roaring Fork Valley, and dip to the west, or toward
Gothic formations are located north of
the east and west in synclinal geometry underneath the City of Aspen. These sandstones would
be recharged by direct infiltration of precipitation or by groundwater moving through the
overlying colluvium and unconsolidated glacial materials. Groundwater would flow down, dip
location basis. Generally, the sandstone and limestone units of

in these sandstones, and would then discharge into the unconsolidated materials of

the Roaring

Fork Valley floor and both Hunter and Castle Creeks. The Paleozoic carbonate aquifers,
particularly the Leadvile limestone, outcrop as gently to steeply tilted and dipping sedimentary
beds aIong the top and west side of Aspen Mountain south of the City of Aspen and along the top
Smuggler Creek. Locally, recharge to the Leadville
and west of
the Van Horn Range north of
limestone system occurs at these outcrops and the groundwater would flow vertically downward
with topography, laterally into the underlying Quaternary sediments, and then laterally toward
the City of Aspen or vertically into the regional system. The shallow groundwater would then
discharge into Hunter Creek and tributaries or into the Roaring Fork River (Figure 38).
Similarly, the Tertiary Intrusive and surrounding metamorphosed sedimentary rock aquifer, and
the Precambrian crystalline hydrogeologic unit, observed along Aspen Mountain and Smuggler
Mountain south and east of the City of Aspen, would be recharged by infitration of precipitation
(particularly snowmelt). The groundwater would flow vertically with topography and fractures
and then laterally into the overlying Quaternary sediments (Figure 38). This groundwater would
then discharge as springs and seeps along the hilsides, into Hunter Creek and tributaries, or into
the Roaring Fork River (Figure 38). Locally, the Castle Creek Fault Zone aquifers underneath
the City of Aspen and the Roaring Fork River may serve as "French drains" and allow
groundwater from surrounding bedrock units to flow directly into the overlying unconsolidated
materials and then Hunter Creek and/or into the Roaring Fork River. Figures 39 and 40 provide
the CA subsystem.
the topography, geomorphology, and hydrography of
a landscape view of
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Figure 39. Google Earth View of the City of Aspen (CA) Subsystem (looking south).

Figure 40. Google Earth View of the City of Aspen (CA) Subsystem (looking north).
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2.7 Anthropogenic Influences

Human activity in upland, hillslope, and valley bottom subsystems in the study area has
affected both the surface and subsurface parts of the hydrologic systems. Past land use and
human activity was predominantly associated with agricultural production and underground
mining and has resulted in removal of native vegetation, introduction of irrigation, construction
of irrigation ditches (which often leak), drilling of mine tunnels and production of mine tailings,
and drilling of primarily domestic wells. More recent human activity included the development
of residential subdivisions, especially on the colluvium along the Frying Pan River, Maroon
Creek, Castle Creek, and Hunter Creek and on the terraces in the UFPR, WC, and CA areas.
This activity resulted in changes in ditch water allocation patterns, increased well pumping and
IS OS density, reduced pasture and crop irrigation, increased garden watering, increased soil
vegetative cover and related evapotranspiration (Figures 39, 40, and
erosion, and modification of
41). Other recent human activities affecting the local hydrology include snowmaking

(infiltration of snowmelt) at the ski resorts and the construction of golf courses and augmentation
ponds in new developments.
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Figure 41. Anthropogenic Influences: Subdivisions, Parcels, Roads, and Public Lands in the Central Section
of the CRFT Study Area (source: Pitkin County 2007).
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2.7.1 Effects of Land use Changes on Groundwater Systems
Traditionally, agricultural activities took place on the bottomlands and terraces of
the
valleys, while most hard rock mining activities focused on the uplands in a relative small zone
from the south-central to northeast sections of the county and some coal mining took place in the
western section of
the county. The City of Aspen was the only major urban area in the County.
Agricultural production was supported by surface water irrigation, which was often delivered
through an extensive conveyance system. The main irrigation methods in use were irrigation
with stationar or traveling sprinklers, wheel line irrigation, and flood irrigation, all of which
tended to provide more water to the fields than consumed by vegetation, resulting in seepage of
excess water to the water table and recharging the groundwater system (i.e., irrigation return
flow). The trend from agricultural to non-agriculturallanduse is clearly illustrated by the
reduced irrgation acreage between 1993 and 2005 (Figure 42).

The CRFT study area consists primarily of uplands, which limits the irrigated areas to the
lower portions of the MC and CA subsystems. Here, there are a number of irrgation ditches,
many of which extend into the previously described MRF study area (Figure 42). These ditches
are mostly unlined, and may have been excavated in mostly unconsolidated Quaternary deposits,
weathered shale, or shale bedrock. When carrying water, the ditches may leak, as evidenced by
the phreatophytes often found alongside them. The ditch system in the study area contains two
types of ditches: 1) primary ditches, which carry water during most of the growing season; and
2) secondary ditches, which carry water only during an actual irrigation cycle. The water leaking
from the ditches may be used by vegetation and discharged as evapotranspiration, or may
recharge the underlying groundwater system forming a local ground water mound. Because
most of the groundwater systems in the study area are local in nature, ditch leakage may
contribute significantly to the local water balance, increase the water table elevation, and alter
groundwater flow patterns.

As discussed above, irrigation return flow and leaky irrigation ditches can be a significant
recharge element in the local groundwater balance. Taking irrigated fields out of production and
re-allocating ditch-conveyed water reduces recharge of groundwater resulting in lowered water
tables, reduced groundwater discharges to wetlands and streams, and decreased water supplies.

The wells in the CRFT study area are clustered along the lower and middle sections of
these wells
serve domestic water supply needs, and the effect on the groundwater system is limited.
However, these wells tend to be clustered along the streams and near the City of Aspen, and the
accumulated effect on the groundwater system may be significant, resulting in a possible
lowering of the water table, changes in flow direction, decreasing discharge to streams or
increasing stream loss to ground water, draining of wetlands, or even depleting local aquifers.
Maroon and Castle Creek and in and around the City of Aspen (Figure 43). Most of
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Figure 42. Anthropogenic Influences: Irrigated Areas as of 1993 and 2005 (source: CDWR 2010) and Ditches
(source: Pitkin County 2007) in the Central Section of the CRFT Study Area.

Typically, individual sewage disposal systems (ISOS) are constructed in areas with low
to moderate density of homes away from a community or city waste disposal system. These
homes often use individual wells as a water supply source. A part of the water used in these
locations is returned to the subsurface through the soil-adsorption system or leach/drainage field
of an on-site ISOS. If the source of drinking water for this site is a nearby well, the return flow

from an ISOS may partially compensate the effects of pumping the well, reducing the depression
OS often moves as
interflow in perched layers without reaching the water table, especially in sloping areas with
colluvium-covered bedrock and a deep water table. Here the concern is the rapid lateral
movement of insuffciently treated wastewater to neighboring water supply sources, such as
other wells or streams. The same concern applies when an ISOS is constructed in an area where
the water supply comes from groundwater in fractured rock systems that are lacking a protective
soil cover.

cone caused by the well pumping. However, water discharged by an IS

2.7.2 Mine Hydrology

The hydrogeologic framework and hydrology of a natural groundwater hydrologic system
may be greatly changed by underground and surface mining activity. Subsurface mining by adits
and shafts will greatly alter the amount, velocity, timing, storage, and flow direction of

Conceptual Models for the Central Roaring Fork Tributaries (CRFT) Study Areas

the local

Integral Consulting Inc, - page 53

groundwater system and related groundwater levels and discharges, which may have
geotechnical, geo-hydrological, and legal implications. In addition, subsurface mining tunnels
will most likely expose groundwater to bedrock that contains contaminants that may be leached
and transported to water supplies or the ecosystem.

N

.- Streams and diversion tunnels
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Figure 43. Anthropogenic Influences: Wells in the CRFT Study Area. (source: CDWR 2010).

Underground mine openings can intercept and convey groundwater, often in other
directions than occurred under pre-mining natural conditions. When excavated below the water
table, mine openings serve as low-pressure sinks, inducing water to move to the openings from
the surrounding saturated rock (P DEP, 2011). The result is a (partial) dewatering of surrounding
rock via drainage of fractures and water-bearing units. Drilling during mining operations and
subsidence from collapsing abandoned mining works may enhance the fracture permeability near
the mine openings and reinforce this dewatering process. The extent and severity of the impact

on the local surface water and groundwater systems depends on the depth of the mine, the
topographic and hydrogeologic setting, and the hydrologic characteristics of the adjacent strata
water-bearing
(PDEP, 2011). The increased permeability and enhanced inter-connectivity of
units from mining operations and related subsidence may extend to the surface, which in turn
may increase infitration from precipitation (Hobba, 1993) and provide additional pathways for
ISDS effuent. Wells and springs in the proximity of
mine workings may be impacted by the
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draining of water to the mine works and subsequently lower groundwater levels near the wells
and springs, causing reduced flow and groundwater production (PDEP, 2011).
Surface mining activity, or subsurface materials such as mine tailing deposited on the
surface, will alter the amount, velocity, timing, and storage of surface water, and may create new
local anthropogenic surface "aquifers," such as a tailings pile aquifer, that may have
geotechnical, geo-hydrological, and legal implications. These anthropogenic hydrogeologic
materials wil most likely expose groundwater to contaminants that may be leached and
transported to water supplies or the ecosystem.

The most extensive underground mine workings and affiiated surface mine tailings in the
CRFT study area is found in the CA area, specifically the mining activity of Aspen Mountain
extending under the City of Aspen and the mining activity of Smuggler Mountain (Figures 39,
40, and 44). These underground workings directly affect the groundwater flow system

direction, amount, velocity, storage, and water quality and have related legal and geotechnical
ramifications. Other examples of mining that need to be addressed on a site basis include the
Meredith, Lenado, Conundrum, and Castle Creeks (Ashcroft, for example),
mining districts of
and Richmond Hill (Annie Basin).

N
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Figure 44. Anthropogenic Influences: Mining Claims in the CRFT Study Area (source: Pitkin County 2007)
and Mining Works in the Vicinity of the City of Aspen (source: Bryant i 972b).
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3.0 Summary and Conclusions

the Central Roaring Fork Tributaries study area has
multiple distinct unconsolidated hydrogeologic units, including: 1) Quaternary landslide,
hillslope and sheet wash deposits, and colluvium; 2) glacial gravel deposits, terraces, and fans; 3)
glacial moraines; and 4) alluvial deposits. In addition, the CRFT area has pre-Quaternary
bedrock units, including: localized Tertiary intrusive rocks with associated metamorphosed
sedimentary bedrock; sandstone and limestone of the Dakota/Burro Canyon, Morrison/Entrada,
State Bridge, Maroon, Minturn, Gothic, and Eagle Valley Formations; lower Paleozoic
carbonates and quartzites, including the Leadville limestone; and the Precambrian granites and
gneisses that may be water-bearing, and the intervening shale and gypsum that may be poorly
The hydrogeologic system of

transmissive confining layers. Hydrostructures, which include geologic folds, and fault and

fracture zones are observed or hypothesized to transmit ground water either vertically or laterally
along dip slopes and fault or fracture planes or zones. These structures may serve as aquifers or
connect multiple aquifers together in the CRFT area, or may laterally block local and regional
groundwater flow. Prominent examples of significant hydro

structures include the Castle Creek,

syncline - Castle Creek Fault and fracture zone, and the Elk Range Thrust throughout the CRFT
region.
The general conceptual model of the groundwater flow system consists of inputs and
precipitation and snowmelt); stream functions (gaining
or losing), springs and seeps; vegetation and wetlands (evapotranspiration); topography
(steepness, aspect, degree of landscape dissection), geomorphology and soils; human activity
(irrigation ditches and irrigation, ponds and reservoirs, urbanization, wells and ISDS, mining
activity); and geology. Using the hierarchical approach of
Kolm and Langer (2001), updated as
Hydrologic and Environmental Systems Analysis (HESA), no regional system has been
identified as being easily reached by wells, whereas subregional and site-scale groundwater flow
systems are important in the CRFT study area.
outputs based on climate (infiltration of

Based on field work and HESA, six general CSMs have been prepared that span five
tributaries and one major urban area in the CRFT study area: 1) Upper Frying Pan River (UFPR)

Subsystem east of Ruedi Reservoir and including Meredith, Colorado, Woody Creek (WC), and
Hunter Creek (HC); 2) Maroon Creek (MC); 3) Upper Castle Creek (UCC) Subsystem from the
Elk Range divide to Ashcroft, Colorado; 4) Middle Castle Creek (MCC) Subsystem from
Ashcroft, Colorado to Conundrum Creek Junction; 5) Lower Castle Creek (LCC) Subsystem
from Conundrum Creek Junction to the City of Aspen; and 6) City of Aspen (CA) Subsystem.
Each of these subsystems has a unique set of natural hydrogeologic and hydrologic system
parameters. In general, the most important anthropogenic hydrologic system parameters are
groundwater recharge from irrigation and irrigation ditches, groundwater discharge from wells,
groundwater recharge from ISDS, and alteration of groundwater flow and quality because of
subsurface mining activity, notably beneath the City of Aspen. If
water rights and allocations
should change for these ditches, the groundwater levels, groundwater balance, and groundwater
flow patterns of
the Quaternary glacial and alluvial aquifers would change, and water supplies
from groundwater may decline or vanish.
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Appendix 1

Climate Data for the Aspen, Basalt, Independence Pass and Meredith
Stations, Colorado
(source: Western Regional Climate Center, Desert Research Institute, Reno, Nevada)

Jan Feb Mar Apr May Jun
Average Max.

Temperature (F)
A verage Min.

Temperature (F)
A verage (Mean)
Temperature (F)

Average Total
Precipitation (in.)

Average Total
Snow Fall (in.)
A verage Snow

33.3 37.2 42.8 53.0 63.5 73.6 79.8 77.6 70.6 60.2 44.4 35.5

56.0

9.3 15.2 24.6 32.4 38.4 44.6 43.1 36.6 28.2 16.8

8.7

25.4

19.8 23.2 29.0 38.8 48.0 56.0 62.2 60.4 53.5 44.2 30.7 22.1

40.6

1.47 1.72 1.57 1.56 1.46 1.69

19.31

6.7 17.6 23.1

136.9

6.3

1.83 1.69 1.85 1.75 1.52 1.21

25.2 22.2 24.2 12.5

3.2

0.7

0.0

0.0

1.5

2

0

0

0

0

0

18

Depth (in.)

Jul Aug Sep Oct Nov Dec Annual

23

17

0

3

10

6

Table A.I. Monthly Climate Summary for Aspen, Colorado (station 0503701
for period 8/1/1899 to 11/30/1979.

Jan

Feb Mar Apr May Jun

Jul

Aug Sep

Oct Nov Dec Annual

A verage Max.
31.9 37.4 43.9 52.6 63.8 74.6 80.3 78.1 70.5 60.2 42.1 31.2
Temperature (F)

55.7

A verage Min.

8.7

26.5

2.23 1.75 1.92 1.68 1.50 1.36 1.52 1.45 1.45 1.42 1.75 2.36

20.39

Temperature (F)

Average Total
Precipitation

8.6 11.2 16.8 24.5 33.3 40.0 45.5 43.8 37.3 29.1

17.5

-

(in.)
Table A.2. Monthly Climate Summary for Aspen, Colorado (station 0503701
for period 1/1/197 i to i 2/31/2000.
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Jan
A verage Max.
Temperature (F)
A verage Min.

Temperature (F)
A verage (Mean)
Temperature (F)
Average Total
Precipitation (in.)
Average Total

Snow Fall (in.)
Average Snow

Depth (in.)

Feb Mar Apr May Jun

Jul

Aug Sep Oct Nov Dec Annual

35.2 39.0 45.5 52.4 62.7 72.6 78.2 75.8 68.9 57.5 44.0 34.6
8.9 11.8 19.5 26.2 34.6 41.4 47.1 46.4 39.1 29.4 19.1

55.5

9.6

27.8

22.1 25.4 32.5 39.3 48.6 57.0 62.6 61.1 54.0 43.5 31.4 22.2

41.7

1.83 2.12 2.65 2.49 2.10 1.34 1.87 1.65 2.00 2.02 2.45 2.08

24.61

26.2 27.6 28.1 20.0

176.4

22

29

27

12

7.8

0.8

0.0

0.0

1

0

0

0

1.2 10.8 26.7 27.2
0

1

5

14

9

Table A.3. Monthly Climate Summary for Aspen I SW, Colorado ¡station 0503721
for period 7/111 980 to 9/30/20 I O.

Jan

Feb Mar Apr May Jun

Jul

Aug Sep

Oct Nov Dec Annual

A verage Max.
34.8 39.7 45.5 51.8 61.9 71.9 76.8 75.2 68.5 56.8 42.2 34.9
Temperature (F)
A verage Min.

Temperature (F)
Average Total

Precipitation
(in.)

8.3 12.4 19.2 25.8 34.1 41.0 46.2 45.8 38.8 28.9 17.9

1.76 2.38 2.76 2.56 2.36 1.51

55.2

9.6

27.4

1.72 1.67 1.89 2.21 2.30 1.92

25.04

Table A.4. Monthly Climate Summary for Aspen I SW, Colorado (station 0503721
for period l/l/1971 to I
2/3 l/2000.
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Jan
A verage Max.
Temperature (F)
Average Min.

Temperature (F)
A verage (Mean)
Temperature (F)
Average Total
Precipitation (in.)
Average Total

Snow Fall (in.)

Jul Aug Sep Oct Nov Dec Annual

Feb Mar Apr May Jun

37.7 42.6 50.5 59.2 69.9 78.5 86.6 83.8 75.1 63.0 49.4 36.9

61. 1

7.4 12.2 19.7 25.6 34.4 40.0 46.9 45.4 36.4 25.8 18.7 10.0

26.9

22.4 27.8 35.1 42.5 52.1 59.3 66.7 64.6 55.8 44.4 34.0 23.4

43.2

1.99 1.96 1.57 0.80 1.32

15.10

5.7 17.9

66.3

4

1

0.84 0.79 0.58 1.35 1.02 1.73

1. 14

15.2 12.0

A verage Snow

7

Depth (in.)

6.3

3.4

0.0

0.0

0.0

0.0

0.6

5.2

1

0

0

0

0

0

0

0

3

0

Table A.5. Monthly Climate Summary for Basalt, Colorado (station 0505141
for period 7/1/1965 to 5/31/1972.

Jan

Feb Mar Apr May Jun

Jul

Aug Sep

Oct Nov Dec Annual

Average Max.
38.0 43.8 53.4 61.2 68.8 81.2 86.7 85.0 75.2 66.3 45.0 32.9
Temperature (F)

61.6

8.7

29.2

0.96 0.59 0.46 1.64 1.80 1.04 1.32 2.00

13.54

A verage Min.

Temperature (F)
Average Total

Precipitation
(in.)

11.8 16.0 23.4 30.7 35.5 43.9 48.9 46.4 36.3 30.3 17.7

0.88 0.94 0.77

1. 15

Table A.6. Monthly Climate Summary for Basalt, Colorado (station 0505141
for period 1/1/1971 to 12/31/2000.
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Jan Feb Mar Apr May Jun
A verage Max.
Temperature (F)
A verage Min.

Temperature (F)
A verage (Mean)
Temperature (F)

Average Total
Precipitation (in.)

Average Total
Snow Fall (in.)

Jul

Aug Sep Oct Nov Dec Annual

27.2 30.1 36.2 41.6 50.8 63.3 67.8 66.3 57.4 47.2 34.3 27.2

45.8

6.8 11.7 22.1 30.4 35.9 34.3 28.7 19.9

6.9 -0.2

16.2

12.7 14.7 21.5 26.6 36.6 46.8 51.9 50.3 43.0 33.6 20.7 13.9

31.1

3.51 2.46 3.97 3.48 1.96 1. 11 2.23 1.91 1.70 1.76 2.72 3.02

29.82

4.9 20.3 43.0 50.8

335.9

26

22

- 1.8

-0.8

50.1 38.6 58.8 45.1 20.6

A verage Snow

39

Depth (in.)

48

56

55

3.8

0.0

0.0

1

0

0

23

0

2

12

Table A.7. Monthly Climate Summary for Independence Pass, Colorado (station 0542701
for period 7/111947 to 113111980.

Jan

Feb Mar Apr May Jun

A verage Max.
27.4 30.8 36.2 42.1
Temperature (F)
A verage Min.

Temperature (F)
Average Total

Precipitation
(in.)

Jul

Aug Sep

Oct Nov Dec Annual

51.2 62.6 68.3 66.2 59.2 50.0 33.8 27.0

46.4

22.1 30.1 35.1 34.0 28.2 19.7

-0.5

16.1

4.21 3.08 4.57 3.85 2.04 1.10 1.59 2.09 1.94 2.10 3.32 3.51

33.39

- 1.4

0.4

6.3 12.1

6.8

Table A.8. Monthly Climate Summary for Independence Pass, Colorado (station 054270)
for period 111/1971 to 12/31/2000.
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Jul

Jan Feb Mar Apr May Jun
Average Max.
Temperature (F)
A verage Min.

Temperature (F)
A verage (Mean)

Temperature (F)
Average Total

Precipitation (in.)
Average Total

Snow Fall (in.)
A verage Snow

Depth (in.)

Aug Sep Oct Nov Dec Annual

33.6 36.5 41.6 50.8 62.8 73.2 80.9 78.4 70.7 59.6 43.1 34.7

55.5

4.8

21.4

18.1 20.5 27.1 36.1 45.8 53.6 60.6 58.7 51.5 41.4 28.5 19.8

38.3

1.20 1.03 1.20 1.24 1.32 1.30 1.59 1.71 1.64 1.38 1.23 1.25

16.09

1.5 10.7 18.7

90.2

8

6

2.6

4.5 12.5 21.2 28.8 34.0 40.4 39.0 32.2 23.3 13.9

18.9 17.7 13.8

7.5

1.3

0.1

0.0

0.0

0.0

20

5

0

0

0

0

0

17

23

0

1

Table A.9. Monthly Climate Summary for Meredith, Colorado (station 055507)
for period 8/1/1963 to 7/31/2007.

Jan Feb Mar Apr May Jun

Jul

Aug Sep

Oct Nov Dec Annual

Average Max.
33.7 37.4 42.3 50.4 62.0 73.2 79.6 78.1 70.8 58.8 42.2 34.4
Temperature (F)

55.4

4.6

21.2

1.24

16.82

A verage Min.

Temperature (F)

Average Total
Precipitation

2.2

5.2 12.5 20.5 28.5 34.0 39.1 38.5 31.9 23.2 13.4

1.22 1.22 1.25 1.24 1.61 1.41 1.60 1.79 1.69 1.41

1. 15

(in.)
Table A.I0. Monthly Climate Summary for Meredith, Colorado (station 0555071
for period 11111971 to 12/31/2000.
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Jan Feb Mar Apr May Jun
A verage Max.
Temperature (F)
A verage Min.

Temperature (F)

Average (Mean)
Temperature (F)
Average Total
Precipitation (in.)

Average Total
Snow Fall (in.)
A verage Snow

Depth (in.)

Jul Aug Sep Oct Nov Dec Annual

33.1 36.2 42.7 51.1 60.5 71.8 76.4 74.6 67.0 55.3 39.2 31.5

7.7 11.5 17.3 24.5 31.9 39.4 44.2 43.8 36.7 28.0 17.5

53.3

9.0

26.0

20.5 23.9 30.0 37.8 46.2 55.6 60.3 59.2 51.8 41.7 28.3 20.2

39.6

1.78 2.41 3.09 2.04 2.30 1.48 2.23 1.67 2.98 3.02 2.64 2.03

27.66

6.9 26.4 29.5

1 69.4

26.0 29.9 32.4 12.1
21

16

5

1

5.3

0.5

0.0

0.0

0.5

0

0

0

0

0

0

3

5

1 1

Table A.I i. Monthly Climate Summary for Redstone 4 W, Colorado (station 056970)
for period 6/111979 to 6/30/1994.

Jan

Feb Mar Apr May Jun

A verage Max.
32.7 36.9 43.0 51.1
Temperature (F)
A verage Min.

Temperature (F)
Average Total

Precipitation
(in.)

Jul

Aug Sep

Oct Nov Dec Annual

60.5 71.9 76.5 74.4 66.9 55.4 39.2 32.3

7.7 11.8 17.5 24.3 32.0 39.2 44.2 43.4 36.6 27.9 17.1
1.96 2.68 2.89 2.16 2.44 1.51

53.5

9.5

26.0

1.94 1.99 3.00 3.15 2.77 2.25

28.72

Table A.12. Monthly Climate Summary for Redstone 4 W, Colorado Istation 0569701
for period 1111197 I to 12/3112000.
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