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1.0 INTRODUCTION

The Canyon Fuel Company, LLC (CFC) Sufco Mine surface facilities are located
approximately 25 miles east of Salina, Utah and about 9 miles west of Emery, Utah in the
Wasatch Plateau coal mining district (Figures 1 and 2). The mine produces bituminous coal
and has been in operation since 1941. Coal mining operations at the Sufco Mine are carried
out using longwall mining and continuous miner techniques. Continuous mining techniques

are primarily utilized to construct the development entries for the longwall panels.

CFC has recently been awarded the rights to mine in the Federal Greens Hollow Tract (UTU-
84102), which is contiguous with the existing Sufco Mine permit area (Figure 1). Itis
proposed that the existing underground Sufco Mine workings be extended into the Greens
Hollow Tract. Access to the Greens Hollow Tract will be made using the existing mine

portals and surface facilities in Convulsion Canyon.

Canyon Fuel is seeking to obtain a permit from the Utah Division of Oil, Gas and Mining
(DOGM) to conduct mining and reclamation activities in the Greens Hollow Tract. This
report contains a description of groundwater and surface-water systems in the Greens Hollow
Tract and a description of the probable hydrologic consequences of coal mining in the Greens

Hollow Tract and adjacent areas as required by Utah Coal Mining rule R645-301-728. This
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report is written in support of Chapter 7 (Hydrology) of the Mining and Reclamation Plan

(MRP) for the Sufco Mine.

2.0 METHODS OF INVESTIGATION

The hydrology and hydrogeology of the Greens Hollow Tract and adjacent areas has been
evaluated based on an analysis of: 1) solute and isotopic compositions of groundwaters and
surface waters, 2) surface water and groundwater discharge data, 3) piezometric data, and 4)

geologic information. Specific methods of investigation are described below.

Maps and reports

Existing published and unpublished hydrologic, hydrogeologic, and geologic maps were
obtained and reviewed. Several investigations of the hydrogeology and hydrology of the
Sufco Mine permit and adjacent areas have been completed prior to this investigation. The
USGS, in cooperation with the BLM (Thiros and Cordy, 1991), described the hydrology and
potential effects of mining in the Quitchupah and Pines Tract. Mayo and Associates (1997)
described surface water and groundwater systems and mining-related hydrologic impacts in
the adjacent existing SUFCO Mine permit area. The US Forest Service (1999) completed a
Final Environmental Impact Statement and Record of Decision (2011) fcr the Greens Hollow
Tract. The US Forest Service completed a supplemental Environmental Impact Statement in

2014. Petersen Hydrologic (2009) characterized groundwater and surface-water systems and
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evaluated the effects of subsidence of Castlegate Sandstone springs and streams in the East

Fork of Box Canyon Creek drainage.

Collection of water quality and flow data

Beginning in 2001, a spring and seep survey and baseline monitoring program was
performed in the Greens Hollow Tract and adjacent areas by Cirrus Ecological Solutions, LC
(Cirrus) of Logan, Utah. These investigations were performed for the Manti-LaSal National
Forest in conjunction with NEPA analysis for the Greens Hollow Tract. As part of these
activities, discharge rates and field water quality parameters were measured (including water
temperature, pH, specific conductance, turbidity, and dissolved oxygen). Spring and seep
locations were determined in the field using hand-held GPS units. Baseline monitoring for
laboratory water quality parameters was performed by Cirrus personnel at selected spring and
stream monitoring stations through the second quarter of 2004. Details of the Cirrus
monitoring activities are included in the Technical Report for Groundwater and Surface

Water for the Greens Hollow Tract (USFS, 2005).

Monitoring of springs, seeps, and streams located in and around the Greens Hollow Tract has
been performed by Petersen Hydrologic, LLC through 2016. The specific methods of study
utilized by Petersen Hydrologic personnel to collect groundwater and surface-water quantity

and quality data in the Greens Hollow Tract area are described below.
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Discharge Measurements

Discharge measurements for springs were typically performed using a calibrated
container and a stopwatch. Generally, spring discharge measurements were performed
by damming and diverting the spring discharge through a pipe. Using an appropriately
sized container, time-to-fill measurements were typically performed at least 3 times at
each location. An average time-to-fill value was used to calculate the reported discharge
measurement. In a few instances where the discharge from a spring was diffuse and the
discharge rate was very low, discharge rates were approximated (i.e. providing “less

than” values).

Discharge measurements on streams were typically performed using a Marsh-McBirney
brand electromagnetic current velocity meter and wading rod using methods described
by the United States Geological Survey (1995). In instances on Muddy Creek where
stream discharges exceeded rates where streams could safely be waded, surface-water
discharge velocities were sometimes measured by timing the passage of a floating object

as it passed through a specified distance of the stream course.

Discharge Temperature Measurements

Temperature measurements were performed using a Taylor brand electronic digital
thermometer. Temperature measurements on streams were performed in actively
flowing, shaded areas where possible. Discharge temperature measurements at springs

were performed as close to the spring discharge locations as possible.
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Specific Conductance Measurements

Specific conductance measurements were performed using an Extech brand model
EC400 conductivity meter or a Hanna brand conductivity meter, both with automatic
temperature compensation. The instruments were regularly calibrated using traceable

ASTM conductivity standard solutions.

pH Measurements

pH Measurements were performed using an Oakton brand Acorn 6 model electronic pH
meter with automatic temperature compensation, an Oakton model pH Testr 30 with
automatic temperature compensation, or a Hanna brand pHep 5 pH meter with automatic
temperature compensation. The instruments were regularly calibrated using traceable

ASTM pH standard solutions.

Water Quality Laboratory Measurements

Water quality laboratory analyses were performed by SGS Minerals Services of

Huntington, Utah and Chemtech-Ford Analytical Laboratories of Sandy, Utah.

Dissolved Oxygen

Dissolved oxygen measurements were performed using a YSI brand Model 55 dissolved

oxygen meter. The meter utilizes a replaceable membrane and was regularly calibrated.
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Collection and analysis of isotopic data

Water samples from the Greens Hollow Tract and the surrounding Sufco Mine permit area
were collected by Cirrus Ecological Solutions personnel during low-flow conditions in 2001
for stable and unstable isotopic analysis. Samples for radiocarbon were analyzed using
Accelerator Mass Spectrometry (AMS) by Geochron Laboratories of Cambridge,
Massachusetts. Tritium analyses were performed using direct counting methods by
Geochron Laboratories (with error of +/- 2.7 TU). Stable isotopic carbon-13, deuterium, and

oxygen-18 analyses were also performed by Geochron Laboratories.

Groundwater samples were also collected from the Greens Hollow Tract and adjacent areas
by Petersen Hydrologic, LLC and Mayo and Associates, LC personnel. Samples were also
collected from the underground Sufco Mine workings adjacent to the proposed Greens
Hollow Tract mining areas. Isotopic samples were collected in appropriate, tightly sealed
HDPE or glass sample bottles. Radiocarbon analyses on these samples were performed by
Geochron Laboratories and the BYU Geology Department Isotopic Laboratory using either
Conventional methods, or by AMS. Tritium analyses for the Mayo and Associates and
Petersen Hydrologic samples were performed by the Tritium Laboratory at the University of
Miami, Florida and BYU Geology Department Isotopic Laboratory using electrolytic

enrichment and low level counting methods (with error of +/- 0.1 TU). Stable isotopic 8*H

and 5'%0 analyses were performed by Mountain Mass Spectrometry of Evergreen, Colorado.

Groundwater mean residence times were determined using methods described by Pearson

and Hanshaw (1970), Fontes (1980), and Mookes (1980).
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Data compilation
Data used in this study were obtained from several sources. Water quality and water quantity

data were downloaded electronically from the DOGM on-line hydrology database located at

http://ogm.utah.gov/coal/edi/wqdb.htm. Additional data were compiled from electronic
media provided by the Manti-LaSal National Forest. Data were also obtained in paper-copy
and electronic format laboratory reports from the Sufco Mine. The data were compiled into a
coherent electronic database for analysis. Hydrologic monitoring site details are presented in
Table 1. A compilation of baseline monitoring data from the Greens Hollow Tract and

adjacent area is presented in Table 2.

Data analysis

Geochemical, isotopic, discharge rate, and other data were analyzed by graphical and
statistical methods. Solute compositions were graphically analyzed using Stiff (1951)
diagrams. Mineral saturation indices were calculated using the computer code WATEQF

(Plummer et. al, 1976).

3.0 PHYSIOGRAPHIC SETTING

The Greens Hollow Tract is situated in the Wasatch Plateau region of central Utah.
Important physiographic features in the tract area include the deep Muddy Creek and

Cowboy Creek canyon areas that form the approximate northern and northeastern boundary
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of the area. North of the tract area, the land surface rises precipitously towards Heliotrope
and Ferron Mountains, with maximum elevations on those peaks of 11,130 feet and 10,678
feet, respectively. The northwestern portion of the tract is bordered by the generally north-
sloping upland areas that drain toward the South Fork of Muddy Creek. The southern
portions of the tract area include the eastward and southward sloping flanks of White
Mountain that drain to the North Fork of Quitchupah Creek. To the west, White Mountain
rises precipitously to elevations exceeding 10,800 feet. In the southeast portion of the tract
area, Big Ridge is a prominent east-west trending ridge that rises to more than 9,200 feet and
separates the Muddy Creek drainage to the north from the Quitchupah Creek drainage to the
south. In the northern portions of the tract area are broad expanses of gently sloping plateaus
of generally low relief that are vegetated primarily with grasses and sage brush. These
relatively smooth features are dissected abruptly by the deeply incised, steep walled Muddy
Creek Canyon, Greens Canyon, and the North and South Forks of Quitchupah Canyon. The
east-west trending Greens Hollow Creek and Cowboy Creek drainages cut across the central
portions of the Greens Hollow Tract, dividing the northern from the southern portions of the

tract area.

Topographic elevations within the delineated Greens Hollow Tract range from about 7,440
feet in the bottom of Muddy Creek canyon along the eastern margins of the tract, to about
9,720 feet where Big Ridge merges into thz flanks of White Mountain along the western

margin of the tract. Total surface relief in the tract is about 2,280 feet.
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The upland plateau area rolls gently and is vegetated primarily with sagebrush, grasslands,
and isolated stands of Ponderosa Pines. The mountainous regions are vegetated primarily
with conifer and aspen forests interspersed with sagebrush and grasslands. Vegetation on the
sheer rock cliff faces in the deep canyons is sparse. The narrow canyon bottoms are

commonly more heavily vegetated with bushes and grasses.

4.0 CLIMATE

Precipitation in the vicinity of the Sufco Mine area is dependent on elevation. Annual
precipitation in the vicinity ranges from 12 inches in the lower elevations to more than 20
inches in the higher elevations. Localized thunderstorms occur from July through November
and contribute about half of the total annual precipitation (Thiros and Cordy, 1991). Mean
monthly temperatures measured at the Emery 15 SW weather station, located about seven
miles southeast of the study area, are below freezing from November to March. Snow depths
measured between 1945 and 1985 at the Blacks Forks snow course, located about six miles
northwest of the study area at an elevation of 9,200 feet, averaged 44 inches, with a water
content of 14.4 inches (Whaley and Lytton, 1979). Historic precipitation data from the
NOAA Salina 24E weather station, which has been maintained at the Sufco Mine surface

facilities area since 1984, is presented in Table 3.

Climatic conditions in the study area have varied substantially during the period of baseline

monitoring at the Greens Hollow Tract (2001 —2016). This is illustrated in a plot of the
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Palmer Hydrologic Drought Index (PHDI) for Utah Region 4 (Figure 3). The PHDI is a
monthly value generated by the National Climatic Data Center using a variety of hydrologic
parameters that indicates wet and dry spells. The PHDI is calculated from several hydrologic
parameters including precipitation, temperature, evapotranspiration, soil water recharge, soil
water loss, and runoff. Consequently, it is a useful tool for evaluating the relationship
between climate and groundwater and surface water discharge data. It is apparent in Figure 3
that from late-2000 through mid-2001 the region was experiencing a period of mild to
moderate wetness. Beginning in mid-2001 the region began to transition to a notable period
of drought that persisted until late-2004. The region then rapidly transitioned to a period of
extreme wetness that peaked in mid-2005. The four-year period from 2006 through 2009
was characterized by generally dry conditions with mild to moderate drought prevailing. By
mid-2010 the region was transitioning to a period of extreme wetness that peaked in mid-
2011 and continued through the end of 2011. By early 2012, the region had returned to dry
conditions with varying drought intensity. Other than a five-month period during the winter
of 2015-2016 when conditions were mildly wet, the region has recently experienced a
prolonged period of dryness. During the fifty-seven month period from early 2012 through

the end of 2016, fifty one of those months had negative PHDI values (Figure 3).

5.0 GEOLOGY

Four Cretaceous- to Tertiary-age bedrock formations crop out in the Greens Hollow Tract.

These include, in descending order, the North Horn Formation, Price River Formation,
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Castlegate Sandstone, and the Blackhawk Formation. The Flagstaff Limestone is present on
mountain tops adjacent to the Greens Hollow Tract. The Star Point Sandstone and Masuk
Member of the Mancos Shale are present beneath the Blackhawk Formation within the tract
area. Deposits of Quaternary alluvium are also present within and adjacent to the Greens
Hollow Tract. These geologic formations are shown on a geologic map in Figure 4, in cross-
section on Figure 4a, and on a stratigraphic column in Figure 5. These geologic formations

are described below.

Quaternary deposits

The most significant quaternary deposits in and adjacent to the Greens Hollow Tract area
include landslide deposits and stream alluvium. Landslide deposits are most common along
steep slopes that are underlain by the North Horn Formation, which is known to be prone to
slope failure and slumping regionally. A large landslide deposit is mapped along the steep
margins of White Mountain immediately west of the Greens Hollow Tract and also on the
steep slopes north of Muddy Creek (Figure 4). Quaternary alluvium is present locally
throughout the tract. Significant alluvial deposits are present along the major stream valleys.
The quaternary alluvial deposits consist of clays, silts, sands, gravels, and boulders derived

from the erosion of the geologic strata in the area.

Flagstaff Limestone
Although not present within the Greens Hollow Tract boundary, the Flagstaff Limestone is
present immediately east of the tract where it forms the conspicuous white cap rock on White

Mountain and the surrounding high mountain peaks. The Flagstaff Limestone consists of
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freshwater limestone with some interbedded sandstone, shale, and volcanic ash. The
formation is commonly light gray to white in color where it is exposed in the mountainous

regions that surround the Greens Hollow Tract.

North Horn Formation

The North Horn Formation consists of variegated (mainly shades of red) shales with minor
sandstone, conglomerate, and freshwater limestone (Doelling, 1972). It is estimated to be
about 1,490 feet thick in the study area, although no drilling in the area has penetrated both
the upper and lower contacts of the formation. The lower contact of the formation is
transitional with the underlying Price River Formation. The formation is vulnerable to mass

movement, slope failures, and landslides (USFS, 2005).

Price River Formation

The Price River Formation consists of gray to white gritty sandstone, interbedded with shale
and conglomerate deposited in a fluvial environment. The unit forms ledges and slopes
below the North Horn Formation due to interbedding of resistant sandstones with less
resistant shales and claystones. The Price River Formation is present at or near the surface
over most of the broad gently sloping plateau surfaces below the adjacent mountainous
regions. The formation is reported to be approximately 550 feet thick in the existing Sufco

permit area (Figure 4a).

While individual fluvial sandstones (paleochannels) in the Price River Formation are capable

of transmitting water, groundwater is typically not transmitted over great vertical or
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horizontal distances in the formation. This is because of the lenticular geometry of the
sandstone units and the interbedded low-permeability shales and claystone layers present in

the formation.

Castlegate Sandstone

The Castlegate Sandstone is present disconformably beneath the overlying Price River
Formation. The Castlegate Sandstone is a cliff-forming unit that comprises the rim rocks and
near-vertical walls of the deeply incised canyons in the northern and northeastern portions of
the Greens Hollow Tract and adjacent area (Figure 4). The Castlegate Sandstone is also
present at the surface along the cliffs of the North Fork of Quitchupah Canyon area
immediately southeast of the tract (Figure 4). Commonly, the sandstone is directly exposed
or covered by only a thin soil veneer on the plateau along the rims of the canyons. The
Castlegate Sandstone, which is about 200 feet thick in the study and adjacent area, is
predominately massively bedded, coarse-grained sandstone with some interbeds of shale,
siltstone, and conglomerate. Pervasive silica and carbonate cement makes the formation well
indurated and brittle. The Castlegate Sandstone was formed in a braided fluvial depositional

system.

Blackhawk Formation
The Blackhawk Formation consists of lenticular, discontinuous bzds of sandstone, siltstone,
mudstone, shale, and coal. Within the Greens Hollow Tract, the Blackhawk Formation is

exposed in the bottom of Muddy Creek Canyon along the northern and northeastern portions
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of the tract. In areas adjacent to the Greens Hollow Tract, the Blackhawk is exposed in the

bottoms of the North and South Forks of Quitchupah Creek and also Box Canyon.

Most of the coal production in the Greens Hollow Tract will occur in the Upper Hiawatha
Seam of the Blackhawk Formation. Some mining (mostly development entries) will also
occur in the Lower Hiawatha Seam. The Upper Hiawatha Coal seam is underlain in the
region by a sequence of shaley lagoonal deposits, ranging in thickness from 2 to 29 feet,

which includes the Lower Hiawatha Coal Seam (Mayo and Associates, 1997).

In the Sufco Mine area, the upper 500 feet of the formation generally has massive, fine- to

medium-grained, cliff-forming sandstone units (Thiros and Cordy, 1991). The number and
thicknesses of sandstone units decreases toward the base of the unit. The lower 300 feet of
the formation contains thinly-bedded sandstone and shale. The thickness of the Blackhawk

Formation in the region is about 800 feet.

Star Point Sandstone

The upper Star Point Sandstone consists of three massive sandstone layers, the uppermost of
which intertongues with the Blackhawk Formation (Thiros and Cordy, 1991). The Star Point
does not crop out in the Greens Hollow Tract, but it is exposed in the bottom of Muddy
Creek Canyon near the confluence with Box Canyon and in regions south and east of the
tract along the margins of the Wasatch Plateau escarpment. The Star Point Sandstone is a tan

to gray, fine- to medium- grained, friable, usually well-sorted sandstone containing minor
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thin interbeds of siltstone or claystone. The lower Star Point Sandstone is an upward
prograding sequence that intertongues with the underlying Masuk Member of the Mancos

Shale. The thickness of the Star Point Sandstone is about 200 feet in the region.

Mancos Shale, Masuk Member

The Masuk Member of the Mancos Shale is 500 to 600 feet thick in the Muddy Creek
Canyon area. It does not crop out in the Greens Hollow Tract, but is visible regionally along
the margins of the Wasatch Plateau escarpment. It consists of blue-gray fissile claystone or
silty claystone which weathers light blue-gray to light tan. The unit contains thin calcareous
sandy or silty interbeds that increase in frequency toward the top of the unit. The member
forms the lower slopes of Muddy Creek Canyon and the surrounding lowlands. It forms
steep, barren, easily eroded slopes with occasional ledges of more resistant fine-grained

sandstone, siltstone, or sandy claystone.

Structure

Major faulting has not been identified in the Greens Hollow Tract. However, small
displacement faults with apparent vertical displacement of about three feet or less have been
encountered in the Sufco Mine. Rarely, some faults with somewhat greater displacements
have also been encountered within the mine. The faults in the Sufco Mine area most
commonly strike approximately N10° to 15°W and are inclined nearly vertical. Joints are
both parallel and normal to the prevailing fault trend. Both minor faults and joints likely

exist in the Greens Hollow Tract area. Joints in the Castlegate Sandstone are common. The

Probable Hydrologic Consequences of 15 29 April 2017
Coal Mining in the Greens Hollow Tract



PETERSEN HYDROLOGIC, LLC

surface traces of these joints are up to a 1,000 feet in length and are spaced about 16 to 33

feet apart.

In the Acord Lakes area along the western margins of the Sufco Mine lease, an
approximately north-south trending normal fault has been mapped along the eastern edge of
the valley that has created a closed basin with at least 200 feet of vertical offset (Thiros and
Cordy, 1991). This structural feature is likely responsible for the impoundment of water that
creates Acord Lakes (i.e. in the absence of the fault uplift, the surface water would have
drained eastward into Convulsion Canyon). The Joes Valley Fault system, which has a
displacement of several hundreds of feet, trends along the eastern margins of the Sufco Mine

permit area and is visible in outcrop in the Muddy Creek Canyon area.

Rock units in the study area strike roughly 40°E and dip 1 to 2° (about 250 feet per mile) to
the northwest. Local dips of the coal seam may range up to 10 degrees in areas where

underlying paleochannels caused significant differential compaction.

6.0 PRESENTATION OF DATA

Baseline hydrologic monitoring location details are listed on Table 1. Information presented
in Table 1 includes monitoring site geographic coordinates, elevations, associated geologic
formations, monitoring periods, baseline monitoring parameters, and information on water

usage. Monitoring locations are plotted on Figure 2. Discharge and water-quality data for
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springs and streams in the study area, including field and laboratory water quality
measurements are presented in Table 2a (major ion chemical compositions), and Table 2b
(trace constituents). Discharge hydrographs for springs in the study area are shown on
Attachment A. Discharge hydrographs for streams are shown on Attachment B. The
information plotted on Attachments A and B also includes plots of temperature, pH, specific
conductance, and the Palmer Hydrologic Drought Index. A geologic map of the Greens
Hollow Tract and surrounding area, that also includes spring and stream monitoring
locations, is presented in Figure 4. A southeast-northwest geologic cross-section through the
tract area is presented in Figure 4a. A stratigraphic column is presented in Figure 5.
Average discharge and solute compositions and mineral saturation indices are listed in Table
5. Stiff diagrams depicting the solute compositions of streams and springs are presented in
Figure 6. A map showing the surface water drainages in the Greens Hollow Tract and
adjacent areas is presented in Figure 7. Stable and unstable isotopic compositions and

groundwater mean residence times for springs and in-mine locations are presented in Table 6.

7.0  GROUNDWATER AND SURFACE-WATER GEOCHEMISTRY
Stiff diagrams depicting the solute chemical composition of groundwaters and surface waters
in the Greens Hollow Tract area are shown on Figure 7. Stiff diagrams are a useful analytical
tool that allows the graphical representation of water solute compositions. The shape of the
Stiff diagram is a reflection of the geochemical type, while the size of the diagram is related

to the total dissolved solids concentration of the water.
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Groundwaters discharging from springs and flowing in streams in and adjacent to the Greens
Hollow Tract commonly acquire their solute compositions through a series of well-

documented chemical reactions. These are summarized below.

Carbon dioxide gas is produced naturally in the soil at concentrations greatly exceeding
atmospheric concentrations by root-zone respiration and also by the decay of organic matter.
Recharge water (rain and snow melt), upon entering the soil mantle, reacts with CO, to

produce carbonic acid according to:

CO; + HyO = HyCO3 (carbonicaciay ~ (Equation 1)

The produced carbonic acid subsequently dissociates into hydrogen ions (acid) and

bicarbonate according to:
H,COs; =H'+HCO;"  (Equation 2)

The H" produced from Equation 2 reacts with carbonate minerals that are pervasive in the
rocks of the Wasatch Plateau coal field, yielding calcium and magnesium ions and additional
bicarbonate ions to the water according to:

CaCO3 (calcite) + H = Ca®* + HCO;”  (Equation 3)

and
CaMg(CO3); (dolomite) + 2H" = Ca®* + Mg?* + 2 HCO;™  (Equation 4)

Because of the limited solubility of calcite and dolomite in the absence of an additional

source of CO,, waters acquiring their solute compositions through the geochemical
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evolutionary pathway described in Equations 1 through 4 typically have relatively low TDS

concentrations.

Groundwaters from formations containing soluble evaporite minerals often acquire a
different solute geochemical type, and dissolved solids concentrations that are sometimes
appreciably greater than that typically resulting from geochemical evolutionary pathway as
described by equations 1-4 above. Surface waters flowing over sediments containing soluble
evaporite minerals may also acquire elevated TDS concentrations and changed solute
geochemical type. The geochemical reactions often responsible for these changes in

chemical composition include:

CaSOy * 2H0 (gypsum) = Ca** + S04 + 2H,0  (Equation 5)

NaCl gnaiiy = Na" + CI"  (Equation 6)

Waters rich in Ca”* resulting from the dissolution of gypsum (Equation 5) may undergo ion
exchange on clay minerals, resulting in an increase in Na* concentrations at the expense of

exchanged Ca®" ions according to:

Ca?* + Na-clay =2Na’ + Ca-Clay  (Equation 7)

Ion exchange may also occur on zeolite minerals such as the sodium zeolite analcime

according to:

2NaAlSi;Og - H,O + Ca?* = Ca(AlSi,06), - H;O +2Na"  (Equation 8)
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Ratios of chloride to sodium (Table 5) indicate that most of the sodium contained in
groundwaters and surface waters is likely acquired through ion exchange reactions described
in Equations 7 and 8 above. This is evident in the fact that the sodium concentrations
(expressed as milliequivalents per liter) greatly exceed the chloride concentrations in both
groundwaters and surface waters (Table 5). If halite dissolution (Equation 6) was the

primary source, it would be anticipated that the ratios of chloride to sodium would be near

unity.

It is apparent in the Stiff diagrams plotted in Figure 6 and from the solute chemical
compositions listed in Table 5 that the solute geochemical types of groundwaters vary
appreciably over the Greens Hollow Tract and adjacent area. Chemical variability is present
spatially within individual geologic formations (Table 5). This observation suggests the
likelihood that groundwaters discharging to springs in the tract area are sourced by local type
groundwater systems that are highly influenced by variability in the local hydrogeochemical
regime. If the springs were discharging from large-scale, regional type groundwater system
(i.e. appreciable flow over long distances with groundwater flow potentially through multiple
stratigraphic units) , it would seem likely that groundwater discharging from various
locations sourced by the regional system would have a more homogeneous and uniform
composition. The notion of local groundwater flow cond:tions at the springs (i.e. shallow
groundwater flow with groundwater recharge and groundwater discharge locations being

near each other) is also supported by the active-zone characteristics of the spring discharges,
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including appreciable tritium contents and rapid response to seasonal and climatic recharge

variability.

8.0 ISOTOPE GEOCHEMISTRY

Radiocarbon (14C) and tritium (3H) isotopic information have been used together in this

investigation to determine groundwater mean residence times.

8.1 Carbon-14

Carbon-14 analyses have been performed on 12 springs in the Greens Hollow Tract study
area (Table 6). Additionally, carbon-14 analyses have been performed on groundwater
samples from several underground inflow locations in the Sufco Mine (Mayo and Associates,
1997, 1999; Petersen Hydrologic, 2005, 2016). In considering the radiocarbon “age” of
groundwater it is important to consider that groundwater arriving at groundwater discharge
points (i.e. springs or wells) rarely travels via pure piston flow (i.e. pipe-like flow conditions
where all flowpaths are the same length with equal travel times along flowpaths). Rather, it
is not uncommon for the water molecules discharging at springs or wells to have migrated to
the discherge point from several different recharge locations, each having recharged at
different times. Consequently, the term “mean groundwater residence time”, which is the
average age of all of the water molecules sampled, is commonly used when evaluating the

age of groundwater.
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The radiocarbon (**C) content of a groundwater is used to calculate the number of years that
have elapsed since the groundwater became isolated from soil-zone gasses and near-surface
groundwaters. Groundwaters with radiocarbon activities greater than about 50 pmC in
carbonate-rich terrains are usually indicative of modern groundwater. Groundwaters with
radiocarbon activities significantly greater than about 50 pmC can indicate the presence of
anthropogenic carbon that is typically associated with atmospheric thermonuclear weapons

testing, which also suggests a modern origin.

Based on the known half-life of radiocarbon (approximately 5,570 years), it is possible to
calculate the time since a groundwater became isolated from soil-zone CO; gas and shallow
recharge sources. However, estimating the radiocarbon age of groundwaters is not as
straightforward as estimating the age of dead organic matter. This is because groundwater
acquires carbon from numerous sources, each of which must be accounted for in calculating
a groundwater age. These sources may include “live” carbon from biogenic production of
CO;, in the soil zone, “dead” carbon from the dissolution of carbonate minerals in the soil
zone, and the addition of both “live” and “dead” carbon by other processes. In the Wasatch
Plateau region, groundwater commonly acquires its carbon through the series of chemical

reactions described below.

The partial pressure of CO; in the soil zone, which is largely derived through root-zone
respiration, greatly exceeds that of the atmosphere. The CO; reacts with water to produce

carbonic acid according to:
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CO, + H,O = H,CO;3
Carbonic acid dissociates to produce acid (H') and bicarbonate according to:

H,CO; = H" + HCO5
In western coal mines, where carbonate rocks are pervasive, the acid produced from the
above equation rapidly reacts with carbonate minerals, which releases additional bicarbonate

and calcium and/or magnesium ions according to:

CaCO; (calcitey T H+ = C32+ + HCO5"
Or

CaMg(CO3)2 olomite) +2H" = Ca** + Mg®* + 2HCO5’

Thus, groundwater that follows this evolutionary pathway will acquire 50% of its carbon
from soil-zone CO, and 50% of its carbon from the dissolution of carbonate minerals near the
recharge zone. Because soil-zone CO; typically has a 8"3C value between about —18 and —27
%o, most groundwaters that follow this geochemical evolutionary pathway have a 8C value
in the range of approximately -9 to -13 %o (Mayo and Associates, 1999). The fact that the
8'*C values for most radiocarbon samples analyzed in this investigation are in or near this
range supports the conclusion that groundwaters in the study area likely follow this
geochemical evolutionary pathway. Where the dissolved inorganic carbon 813C falls
appreciably outside of this range, other factors in the water’s carbon evolutionary pathway

must be considered to determine a groundwater mean residence time.
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Like tritium, radiocarbon can also be used to determine whether groundwater has a
component of recent anthropogenic (human induced) carbon. As a result of atmospheric
thermonuclear weapons testing, atmospheric 14¢ levels increased dramatically above
background levels. C levels reached a peak of approximately two times background levels
(200 pmC) in 1963. Thus, groundwaters with '*C contents significantly greater than about 50
percent modern carbon (pmC) have a component of carbon with an activity significantly
greater than 100 pmC. Groundwater that acquires its carbon through the dissolution of
carbonate minerals in the presence of soil-zone CO, should have an A,near 50 pmC (50%
“live” soil-zone carbon with = 100 pmC, and 50% “dead” carbonate mineral carbon with = 0
pmC). As a result of above-ground thermonuclear testing, the 14C activity of the atmosphere
increased significantly above 100 pmC (with the modern 100 pmC standard being based on
the 1950 radiocarbon activity; Clark and Fritz, 1997). Thus, it possible for a groundwater
that recharged after about 1950 to have a e activity greater than 50 pmC. For this reason,
groundwater age dating models that do not take this into account may not correctly determine
the actual residence time of the groundwater, sometimes even calculating a recharge date in

the future (Mayo and Associates, 1999).

As indicated in Table 6, all springs analyzed for carbon-14 composition in the Greens
Hollow Tract study area have modern radiocarbon ages and most contain appreciable
anthropogenic carbon. In contrast, all groundwaters analyzzd for radiocarbon content in the
underground Sufco Mine workings in the study area are of ancient origin, with mean

residence times ranging from about 4,000 to 15,000 years (Table 6).
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It should be noted that the radiocarbon ages determined for groundwater from springs in the
Greens Hollow Tract as reported in the Groundwater Technical Report for the U.S. Forest
Service are substantially different from those reported in Table 6 (see Technical Report for
the Environmental Impact Statement for the Greens Hollow Tract; 2005) . The groundwater
ages reported in the Technical Report are generally much older than those determined in this
investigation. We suspect that this is because the carbon history and geochemical
evolutionary pathways of groundwaters in the study area were apparently not incorporated
into the calculation of groundwater ages in the investigation (i.e., all the carbon in the water
was apparently assumed to have been derived from “live” sources, while not considering the
dilution of "*C from “dead” sources in the recharge zone). Consequently, while the
groundwater ages (uncorrected) of springs in the Greens Hollow Tract were determined to
range from 0 to 3,830 years in the Technical Report, all spring waters in the Greens Hollow
Tract area (as calculated by Petersen Hydrologic) were determined in this investigation to be

modern in origin based on radiocarbon compositions.

Groundwater has been sampled from the Sufco Mine underground workings previously and
also as part of this investigation. The underground sampling locations include mining areas
underlying the Quitchupah area, Box Canyon area, Big Ridge area, and locations adjacent to
proposed mining areas in the Greens Hollow Tract. Radiocarbon compositions and
groundwater mean residence times (“ages”) for these samples are listed in Table 6. It is
evident from the information in Table 6 that the groundwaters intercepted during mining
operations at the Sufco Mine are of ancient origin, with radiocarbon mean residence times

ranging from about 4,000 to 15,000 years.
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8.2 Tritium (3H)

Tritium is a radioactive isotope of hydrogen that is commonly used in groundwater
investigations to identify recharge components that are less than about 50 years old. In
previous decades, the presence of appreciable tritium concentrations has been used to
identify groundwaters that recharged prior to or after the advent of atmospheric
thermonuclear weapons testing. During the period from 1952-1962, large quantities of
tritium were released into the atmosphere as a result of atmospheric thermonuclear weapons
testing. After peaking in 1962, in 1963 a Soviet-American atmospheric nuclear weapons test
ban treaty went into effect, which reduced in rapid declines in the atmospheric tritium
concentrations. It is noted, however, that minor amounts of tritium continued to be released
to the atmosphere as a result of minor French and Chinese testing until 1980 (Clark and Fritz,
1997). Tritium, whose half-life is 12.43 years, forms naturally in the upper stratosphere by
the interaction of "*N with cosmic ray neutrons. Tritium is rapidly incorporated into water
molecules and is removed from the atmosphere by precipitation. As several decades have
now past since the cessation of atmospheric thermonuclear weapons testing, the tritium
concentrations in the atmosphere have now largely declined to near natural cosmogenic
background levels as a result of radioactive decay. In continental regions, current tritium
concentrations are on the order of 5 — 15 TU (Clark and Fritz, 1997). Similar (or somewhat
lower) tritium concentrations have been routinely measured in streams and lakes in the
Wasatch Plateau coal district of central Utah in recent years. Consequently, tritium
concentrations in groundwaters and surface waters are now generally evaluated in the context

of the natural cosmogenic production of tritium (background levels) rather than the
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identification of a thermonuclear weapons peak in groundwater as was done in previous

decades.

Tritium has been widely utilized in the hydrogeologic community using both qualitative and
quantitative dating approaches (Clark and Fritz, 1997). However, in this investigation, tritium
has been used only as a qualitative tool to determine whether a modern component of
recharge (< ~50 years old) is present or whether the groundwater has been isolated from the
surface for at least the 50 year period. No attempt to calculate an absolute “age” of
groundwater has been attempted using tritium content. This is primarily because of

uncertainties determining the initial tritium input level of the recharge water source(s).

Tritium concentrations in groundwaters sampled from 12 of the 13 springs analyzed for
tritium content in the Greens Hollow Tract study area range from 2.8 to 14.6 TU (Table 6),
indicating modern recharge components at each of these springs. Groundwater sampled from
spring M-SP18 contained no tritium (Table 6), potentially indicating that the groundwater
system that supports discharge at the spring has been isolated from the surface for at least
approximately 50 years. However, because the tritium analysis for this sample was
performed using direct counting methods (with an error range of +/- 2.7 TU), the
interpretation of the measured low tritium result is somewhat ambiguous. The modern
radiocarbon age and anthropogenic C content in spring M-SP18 (Table 6) considered
together with the assumed absence of tritium, may suggest a mean groundwater residence

time on the order of about 50 years.
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The appreciable tritium concentrations measured in the groundwater from all but one of the
13 springs, considered together with the modern radiocarbon mean residence times and the
presence of anthropogenic € in the springs, are supportive of a determination of modern
groundwater flow. This also indicates that the springs are from active-zone groundwater

systems in the Greens Hollow Tract area.

The lack of appreciable concentrations of tritium, combined with the radiocarbon mean
residence times of several thousands of years in the groundwaters sampled within the Sufco
Mine underground workings is supportive of a determination of ancient groundwater with no
communication with the overlying surface for at least 50 years or more. Accordingly, the

deep in-mine groundwaters are classified as being from inactive-zone groundwater systems.

The finding that the springs in the Greens Hollow Tract area discharge modern water,
primarily from shallow groundwater systems, while the groundwater encountered in the
underground mine workings is many thousands of years old and is not in communication
with shallow groundwaters, is consistent with conditions noted elsewhere in the Wasatch

Plateau coal district (Mayo et. al 2003).

9.0 DESCRIPTION OF GROUNDWATER SYSTEMS

Baseline information quantifying seasonal variation in water quality and water quality in the

groundwater resources in the Greens Hollow Tract and adjacent areas is presented in Table 2.

Probable Hydrologic Consequences of 28 29 April 2017
Coal Mining in the Greens Hollow Tract



PETERSEN HYDROLOGIC, LLC

Monitoring site locations are shown on Figure 2 and monitoring site details are listed on

Table 1.

Groundwater in the Greens Hollow Tract naturally discharges from springs and seeps from
the North Horn Formation, Price River Formation, and the Castlegate Sandstone.
Groundwater discharge from the Blackhawk Formation and Star Point Sandstone occurs in
surrounding regions at the Sufco Mine permit area. Additionally, groundwater discharges
from the Blackhawk Formation in the Sufco Mine underground workings in response to
human activities (i.e. the creation of mine voids and the pumping of accumulated

groundwater from the mine workings to the surface).

Discharge hydrographs for selected springs in the Greens Hollow Tract and surrounding
areas are presented in Attachment A. Discharge hydrographs for selected streams in the
Greens Hollow Tract and surrounding areas are presented in Attachment B. Also plotted in
Attachments A and B are water discharge temperatures, specific conductance values, and, for
reference, plots of the Palmer Hydrologic Drought Index. Water level hydrographs for wells

in the study area are presented in Attachment C.

Groundwater has been encountered in the Sufco Mine in moderate quantities in sandstone
channels in the mine roof. These groundwater inflows are commonly short-lived and do not
exhibit seasonal or climatic variability in discharge rates (Personal communication, Mark

Bunnell, 2017; Mayo and Associates, 1997, 1999). Groundwater sometimes also discharges

Probable Hydrologic Consequences of 29 29 April 2017
Coal Mining in the Greens Hollow Tract



PETERSEN HYDROLOGIC, LLC

from fault zones that are intercepted by the mine workings. Groundwater inflows into the

mine through the mine floor are not common.

The following discussion of the characteristics is based in large measure on concepts
described by Maye et al. (2003). In 2003, Mayo et al. (2003) authored a peer-reviewed
professional paper that presented the findings of a comprehensive, multi-year investigation of
groundwater flow patterns in the mountainous terrain of Utah’s Wasatch Plateau and Book
Cliffs coal mining districts. This investigation describes a conceptual model of active and
inactive groundwater flow regimes in the Utah coal mining districts that is directly applicable
to groundwater flow regimes in the Sufco Mine and adjacent area. The Mayo investigation
was based on analysis of a large volume of geologic, hydrogeologic, and hydrologic data
from the study area. This included analysis of discharge data from 123 springs for which
long-term discharge data were available, 1,930 sets of major ion water sample analyses,
Carbon-14 and tritium analyses from 132 sampling locations, and 5°H and 8'*0O analyses
from 329 sampling locations. Much of the hydrologic data as well as information on
historical mining practices discussed in the Mayo investigation was obtained specifically

from the Sufco Mine area.

Groundwater systems in the Sufco Mine are associated with one of two fundamental types of
groundwater flow regime. These two regimes are described by a fairly simple conceptual
model that includes “active” and “inactive” groundwater flow regimes (Mayo et. al, 2003).
The operation of these two regimes is fundamentally a consequence of the vertical and

horizontal heterogeneity and discontinuity rock strata in the region. A discussion of the
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active- and inactive-zone groundwater regimes in the Greens Hollow Tract at the Sufco Mine

is presented below.

9.1 Active-Zone Groundwater Systems

Active zone groundwater systems are characterized as having good hydraulic communication
with groundwater or surface-water recharge sources and having active groundwater flow
from recharge to discharge areas. Thus, they are dependent on annual recharge events and
are affected by short-term climatic variability. The elevated tritium concentrations measured
at 12 of the 13 spring monitoring sites (which are indicative of groundwaters that are less
than about 50 years old) and the modern radiocarbon ages of all spring waters sampled in the

study area indicate these springs discharge from active-zone groundwater systems (Table 6).

Discharge hydrographs for springs in the study area are presented in Attachment A. It is
apparent in the spring hydrographs of Attachment A and the discharge data presented in
Table 2a that most springs exhibit seasonal variations in discharge rates and also respond to
short-term climatic variability. This supports the conclusion that these springs discharge
from active-zone groundwater systems, and are not related to the deep, inactive-zone
groundwater systems that are encountered in the underground workings of the Sufco coal

mine (discussed below).

It is noted that the discharge hydrograph for spring M-SP18 (which contained no tritium
when sampled) shows pronounced responses to climatic variability, with the response to

seasonal recharge being muted or non-existent (See Attachment A). Such conditions are
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suggestive of good hydraulic communication with active recharge sources, but perhaps
longer groundwater flow paths which buffer the seasonal response. Similar conditions are
observed at spring M-SP10. A relatively large storage capacity relative to the spring
discharge rates in the groundwater systems that support these springs may also buffer the

discharge from the springs.

Active-zone groundwater systems exist in the Greens Hollow Tract area primarily where 1)
there is adequate precipitation to facilitate groundwater recharge, 2) there is sufficient storage
capacity in the near surface soils, porous rock units, and/or shallow, fractured bedrock
horizons to sustain groundwater discharge for significant periods, and 3) there is a
competent, impermeable perching layer present in the subsurface that prohibits the
downward migration of groundwater. Downward migration of active-zone groundwaters
into deeper horizons is prevented by the presence of low permeability bedrock horizons that
are widely present in the North Horn and Price River Formations in the study area, creating
perched groundwater conditions. The perched groundwater systems, being constrained
largely by surface topography, are usually of limited aerial extent. (i.e., groundwater

discharge locations are commonly near recharge locations).

9.2 Inactive-Zone Groundwater Systems

Inactive-zone groundwater systems are characterized by old groundwater (commonly from
about 2,000 to 19,000 years in the Wasatch Plateau coal mining district) and a general lack of
hydraulic communication with the ground surface or active recharge sources (Mayo et. al,

2003). This condition is the result of the lack of recharge potential to deeper groundwater
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systems, either vertically or horizontally, because of 1) the abundance of low-permeability
rocks in the rock sequence, and 2) the lenticular, discontinuous nature of the interbedded
more permeable horizons that limits the extent of potential groundwater movement.
Inactive-zone groundwater systems are not influenced by either annual recharge events or by
short-term climatic variability. This is evidenced by the lack of seasonal or climatic
discharge responses of groundwater inflows into the Sufco Mine. Rather, groundwater
inflows encountered in the Sufco Mine typically drain rapidly after first being encountered
(Personal communication, Mark Bunnell, 2017). All groundwater inflows into the Sufco
Mine have been from inactive-zone systems, as evidenced by the radiocarbon ages of the
waters and the lack of tritium in in-mine groundwaters (Table 6), and the lack of seasonal or

climatic response in discharge rates.

Inactive-zone groundwaters in the Blackhawk Formation in the study area are not part of a
regionally continuous aquifer. Groundwater in the inactive zone occurs primarily in isolated
partitions created by the discontinuous nature of bedrock hydrostratigraphic horizons.
Because these partitions are isolated both vertically and horizontally by low-permeable strata,
lateral migration of groundwater in the deep Blackhawk Formation is limited. Historically,
mining operations in the Sufco Mine have encountered groundwater in some portions of the
mine, while other nearby locations have been dry. This condition demonstrates the limited
zroundwater recharge potential and the limited potential for lateral groundwater migration in

the lenticular rock bodies of the Blackhawk Formation.

Probable Hydrologic Consequences of 33 29 April 2017
Coal Mining in the Greens Hollow Tract



PETERSEN HYDROLOGIC, LLC

The groundwater flow characteristics within individual geologic formations present in the

Greens Hollow Tract are summarized in the following section.

Quaternary Alluvium

Groundwater is likely present in the Quaternary alluvial deposits that exist in the bottoms of
the major surface-water drainage in the Greens Hollow Tract and adjacent areas. Where the
alluvial deposits are comprised of permeable sediments (sands and gravels), the shallow
alluvial groundwater is commonly in good hydraulic communication with overlying surface
waters. In areas where the alluvial deposits are comprised mostly of low permeability clays
and silts that are common in alluvial sediments derived from erosion of the North Horn and
Price River Formations (such as that identified in the South Fork of Quitchupah Creek;
Petersen Hydrologic, 2012), surface streams are sometimes perched above the underlying

low-permeability sediments.

North Horn Formation

Because of the pervasiveness of low-permeability shale horizons in the North Horn
Formation, the potential for vertical migration of groundwater through the formation into
deeper strata is low. Consequently, groundwater recharge through the North Horn Formation

to the underlying Price River Formation is minimal.

Groundwater flow in the North Horn generally occurs as shallow flow within sandstone
paleochannels in the unit. Locally, groundwater flow in the minor limestone units may also

support groundwater flow to springs and seeps. Recharge to the sandstone paleochannel
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systems likely occurs where the up-dip ends of the sandstones are present at or near the
surface in recharge areas. Groundwater then flows laterally through the sandstone channels
under perched conditions until the unit intersects the land surface in down-gradient areas,
forming a spring. Because of the pervasiveness of low-permeability shales in the formation
that encase the sandstone members both vertically and horizontally, groundwater flow
directions are largely constrained by the sinuous geometry of the sandstone paleochannels.
In other words, the groundwater in the North Horn does not widely flow throughout the
formation, but rather areas of appreciable groundwater flow to springs and seeps are
concentrated only within the sandstone channels. The potential for groundwater flow
through sandstone channels is enhanced locally by bedrock fracturing. Thus, areas of
groundwater flow in the North Horn Formation are limited to perched, local, partitioned
groundwater systems that are generally not mappable. Groundwater aquifers (i.e. zones of
continuous saturation over broad lateral extents that are capable of yielding water to wells)

are generally not present in the North Horn Formation.

Price River Formation

Groundwater discharge from the Price River Formation in the Greens Hollow Tract is
meager (Table 2a). Baseflow discharge rates at the three springs identified in the Price River
Formation in the Greens Hollow Tract are usually less than one gallon per minute at each of
these springs (Table 2a). This condition is likely the result of the pervasive presence cf low-
permeability shales in the formation which impedes the potential for groundwater flow in the
formation. Additionally, where the Price River Formation is overlain by the North Horn

Formation, the potential for vertical recharge from the overlying formation to the underlying
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Price River Formation is low because of the poor vertical groundwater transmitting

properties of the overlying North Horn Formation.

Mayo and Associates (1997) noted that boreholes penetrating the Price River Formation in
the Sufco Mine lease area have not encountered water in this unit. Mayo and Associates
attributed the general lack of groundwater recharge in the Price River Formation to the
combined factors of low precipitation, evapotranspiration of soil-zone moisture, and the

presence of near-surface clayey horizons.

The presence of the Price River Formation at the land surface over significant portions of the
Greens Hollow Tract and adjacent areas (Figure 4) limits the potential for groundwater

recharge to underlying strata regionally.

In the Greens Hollow Tract and adjacent existing Sufco Mine area, groundwaters from the
Price River Formation often contain higher concentrations of dissolved salts than do
groundwaters from the overlying North Horn Formation (Table 5). This is likely due to the

increased presence of soluble minerals in the formation.

Castlegate Sandstone

The Castlegate Sandstone is a massive, cliff-forming sandstone unit. In many locations, the
intergranular spaces in the sandstone are filled with calcite or silica cement, which decreases
the primary porosity and permeability of the formation. Consequently, groundwater flow in

the Castlegate Sandstone in the study area occurs primarily thorough fracture and joint
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systems and along bedding planes. Although some of the sandstone rocks in the Castlegate
are sufficiently permeable to transmit appreciable groundwater, groundwater flow through
the pore spaces in the formation is limited. This is due primarily to the presence of low-
permeability mudstone drapes and bounding layers that are interbedded in the formation.
Near cliff exposures and in stream bottoms, the Castlegate Sandstone sometimes becomes
friable due to the dissolution of the carbonate cement and the unit is more capable of

supporting shallow, active groundwater systems.

Near-vertical jointing in the Castlegate Sandstone is pervasive and readily observable where
the formation is exposed at the surface in the region (notably in the Pines Tract area east of
the Greens Hollow Tract). Groundwater flow commonly occurs along the joints and
fractures, and also locally along bedding planes where permeable strata are sometimes
underlain by the thin clay or shale perching layers that exist locally in the formation. The
direction of bedding plain groundwater flow in the area is controlled by the local dip of the
stratigraphic bedding horizons (which is generally toward the north-northwest in the Greens
Hollow Tract). Because of the discontinuous nature of the shale layers, and the fact that
individual permeable sandstone strata are not continuous over significant distances, long,
regional-type flow systems generally do not develop in the Castlegate Sandstone. Rather,
Castlegate Sandstone groundwater systems, where they exist, are typically local in nature

with small to moderate quantities of groundwater commonly being discharged.

Where the Price River Formation, which generally does not support vertical migration of

fluids, is present above the Castlegate Sandstone, the potential for recharge to the Castlegate
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Sandstone is minimal. This conclusion is supported by the observation that there are only
three Castlegate Sandstone springs and the identified combined discharge from the
Castlegate Sandstone is meager in the Greens Hollow Tract (See Tables 2a and 5).
Accordingly, recharge to the Castlegate Sandstone commonly likely occurs where the
formation is directly exposed at the surface, or where it is covered only by a thin covering of
sandy sediments (as is the case in the Pines Tract area to the east of the Greens Hollow
Tract). In the Greens Hollow Tract and adjacent area, the Castlegate Sandstone is exposed
along the rims of the deeply incised canyons (which include the North Fork of Quitchupah,
South Fork of Quitchupah, Box, and Muddy Creek Canyons), but the total surface area of the
exposure is small (Figure 4). Thus the potential for recharge to the Castlegate Sandstone
within the Greens Hollow Tract is not appreciable. The Castlegate Sandstone is underlain by
the Blackhawk Formation, which acts as a basal confining layer, preventing appreciable
vertical migration of groundwater from the unit into deeper strata. Consequently, it is
common regionally for springs to originate near the base of the Castlegate Sandstone (Thiros
and Cordy, 1991), or occasionally where thin shaley perching interbeds within the Castlegate

Sandstone intersect the land surface.

Blackhawk Formation

Because of the presence of interbedded low-permeability units in the Blackhawk Formation
and the vertical and lateral discontinuity of sandstone horizons, the potential for vertical and
horizontal movement of groundwater within the Blackhawk Formation is limited. For this
reason, it is observed that groundwater flow in the formation occurs primarily through

sandstone paleochannels, or occasionally through faults and fractures, while regional
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migration of groundwater across lithologies (either vertically or horizontally) is minimal.
The direction of groundwater flow within permeable sandstone channels is largely
constrained by the geometry of the sinuous sandstone paleochannel structures and also by the
structural dip of the strata. Because of the lenticular nature of the permeable strata in the
Blackhawk Formation (both at a micro and macro scale), and the fact that individual
sandstone channels often interpenetrate and are truncated, regional type groundwater flow

regimes typically do not form in the formation.

The Blackhawk Formation is known to contain swelling clays that tend to naturally heal
mining-induced fractures in the formation. Well drilling reports and laboratory analysis of
samples indicate that the claystone layers in the Blackhawk Formation contain swelling clays
which plastically deform when fractured (Mayo and Associates, 1997). Chempet Research
Corporation (1989) found that Blackhawk Formation claystone layers contain up to 58%

montmorillonite.

Effects of subsidence-related fracturing in the Blackhawk Formation

In an attempt to substantiate the conclusion that subsidence-related fracturing has not induced
the downward movement of modern, overlying groundwaters into the Sufco Mine, an
investigation was performed by Mayo and Associates (1997) during which a sample of
groundwatzr which drains an old, sealed longwall gob area was co!lected and analyzed for *H
and '“C. As described by Mayo and Associates, the sample site (1L 8E seals) was
specifically chosen because it underlies a region which is known to have undergone

substantial ground subsidence, and the rocks at the surface contain abundant subsidence-

Probable Hydrologic Consequences of 39 29 April 2017
Coal Mining in the Greens Hollow Tract



PETERSEN HYDROLOGIC, LLC

related fractures. Mining ceased in this area in 1989, and the outflow from this area has
steadily decreased since that time. If groundwaters from shallow, overlying active-zone
systems (which contain abundant anthropogenic carbon and tritium) were being intercepted
by subsidence fractures and flowing downward into the mine, we would expect to find some
of the modern water in this sample. Mayo and Associates found that this was not the case.
The groundwater had a mean ¢ age of 13,000 years, and contained no tritium (0.00 T.U.).
The fact that the discharge from this and other abandoned longwall areas consistently
decrease with time also suggests that there is not good hydraulic communication between

groundwater systems immediately overlying the mine and overlying shallow groundwaters.

Water level hydrographs for wells completed in the Blackhawk Formation at the Sufco Mine
area demonstrate that water levels in these deep groundwater systems do not respond to
seasonal recharge or climatic variability (Mayo and Associates, 1997; Petersen Hydrologic
2010). These conditions suggest isolation from shallow, seasonal recharge sources and are
consistent with the deep Blackhawk Formation being part of the inactive-groundwater system
in the region. However, as mining occurs in areas in close proximity to the locations of deep
monitoring wells, as anticipated water levels in the wells commonly respond to the mining
activity. This condition is not unanticipated, as the ancient, inactive-zone groundwater that is
intercepted by the mine workings is pumped from mining areas, resulting in decreased
hydraulic head on the groundwater system near the wells. It is noted that the deep, inactive
groundwater system monitored at monitoring well 01-8-1 (located on Big Ridge as shown on
Figure 2) responded appreciably to the effects of mining in the vicinity (see Attachment C).

It is noteworthy that spring discharges on Big Ridge, which are derived from shallow, active-
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zone groundwater systems, continued to occur after mining in the area was complete, further
demonstrating the lack of hydraulic communication between the deep, inactive-zone
groundwaters encountered in the underground mine workings and the shallow, active-zone

systems that support springs and seeps.

In the general sense, groundwater flow in the Blackhawk Formation is in the down-dip
direction, with local flow directions being largely constrained by the geometry of the
sinusoidal sandstone paleochannels through which groundwater may flow. Groundwater
flow may also occur along linear, relatively narrow damaged zones associated with faulting.
Consequently, because of the discontinuous, isolated nature of saturated strata in the mine,
and the localized perched groundwater conditions, it is not possible to create a meaningful

potentiometric surface map of the Blackhawk Formation in the vicinity of the Sufco Mine.

Star Point Sandstone
Groundwater flow in the Star Point Sandstone regionally occurs primarily through joints,
fractures, and faults. Appreciable groundwater flow through unfractured Star Point

Sandstone bedrock is generally not observed (Bills, 2000).

No springs associated with the Star Point Sandstone have been identified in the Greens
Hollow Tract and adjacent area. However, springs discharging from the Star Point
Sandstone are present in Convulsion Canyon near the Sufco Mine surface facilities, located
about five miles south of the Greens Hollow Tract. Discharge from one of these springs

(Sufco 047) is used for a water supply for the Sufco Mine surface facilities. Sufco 047
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discharges from a fracture zone in the south-facing Star Point Sandstone cliff below the mine
surface facilities. Discharge from this spring is collected in a buried collection system and
stored in a storage tank for use as the mine surface facilities water supply. It is interesting to
note that the average discharge temperature from Sufco 047 is 26.3° C, which is substantially
elevated relative to the mean annual air temperature in the region. It is considered most
likely that the elevated discharge temperature at this spring is a result of interactions with
bedrock strata that have locally been heated as a result of coal burn near the outcrops. The
measured carbon-14 content of Sufco 047 (25.27 pmC) indicates a mean groundwater
residence time of approximately 7,300 years (Mayo and Associates, 1997). The tritium
concentration at spring Sufco 047 (0.1 to 0.2 TU), which is near the lower laboratory
detection limit, indicates that this spring does not have an appreciable modern recharge
component (within the past approximately 50 years). This finding is consistent with the old

radiocarbon mean residence time determined with the carbon-14 analysis.

Masuk Member of the Mancos Shale

The Masuk Member of the Mancos Shale is composed primarily of fine-grained marine
sedimentary deposits (claystones and shales). Consequently, the Mancos has poor water-
transmitting properties. No springs associated with the Mancos Shale have been identified in
the Greens Hollow Tract and adjacent area. The Mancos Shale is continuous regionally and
the shales of the formation likely form a basement in the Sufco Mine area that prevents

vertical migration of groundwater into deeper strata.
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The Mancos Shale is also known regionally to contain appreciable quantities of soluble
minerals. Consequently, groundwater that interacts with the unit typically acquires elevated

TDS concentrations through the dissolution of these minerals.

10.0 DESCRIPTION OF SURFACE-WATER SYSTEMS

Baseline information quantifying seasonal variation in water quality and water quality in the
surface-water resources in the Greens Hollow Tract and adjacent areas is presented in Table
1. Monitoring site locations are shown on Figure 2 and monitoring site details are listed on
Table 1. Discharge hydrographs for streams, together with plots of temperature, pH and

specific conductance are presented in Attachment B.

Surface-water drainages in the Greens Hollow Tract and adjacent areas are shown on Figure
8. All surface waters draining from the Greens Hollow Tract are tributary to the Muddy
Creek drainage. Muddy Creek flows from its headwaters near the Greens Hollow Tract
towards the southeast where it combines with the Freemont River to form the Dirty Devil
River near the town of Hanksville, Utah. The Dirty Devil then flows southward to its

confluence with the Colorado River near the upper extent of Lake Powell.

Although no land area within the Greens Hollow Tract drains to the Skutumpah Creek
drainage, lands located southwest of the tract drain to Skutumpah Creek. Skutumpah Creek

is a tributary to Salina Creek, which flows to the Sevier River just west of the town of Salina,
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Utah. The Sevier River flows into Sevier Lake in the lowest part of the Sevier Desert in
Millard County, Utah. Sevier Lake has been mostly dry during recorded history with no lake

outflow.

The primary surface water sub-drainages in the Greens Hollow Tract are described below.

Muddy Creek Drainage

Surface-water drainage from most of the Greens Hollow Tract, including the central and
northern portions of the tract, flows into Muddy Creek. Sub-drainages in the tract include the
Cowboy Creek drainage, the Greens Hollow drainage, the South Fork of Muddy Creek
drainage, and a series of unnamed drainages along the northern margin of the tract that drain

directly to Muddy Creek.

The Cowboy Creek sub-drainage includes lands north of Big Ridge and south of the adjacent
Greens Hollow drainage to the north. The watercourse extends from its headwaters along the
northern end of White Mountain eastward for a distance of about three and a half miles
across the North Horn and Price River Formations. The stream channel then flows into the
Castlegate Sandstone escarpment and down the steep-walled canyon across the Blackhawk
Formation to its confluence with Muddy Creek (Figure 8). Long-term monitoring of the
stream has occurred since 2001 at site M-STRO04 (Table 2). A summary of monitoring data
collected at surface-water sites by Cirrus for the period 2001-2004 is presented in Table 4.
Recent monitoring data at M-STR04 indicate that the Cowboy Creek where it enters the

Castlegate Sandstone gorge has usually been dry. Discharge was observed at M-STR04 on
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only one occasion in the previous five years of monitoring, with a flow of 2.25 gpm on that
occasion in June of 2015 (Table 2). A stream gain/loss study of the Cowboy Creek drainage
was performed by Cirrus Ecological Solutions in September of 2001 (USFS, 2005). Maps
and data showing the results of their study are available in the 2005 Groundwater and
Surface Water Technical Report (USFS, 2005). Cirrus found that flow was present from the
headwaters to regions about mid-way through the stream’s traverse through the Price River
Formation. Below that point, the stream was dry as the stream channel crossed the
Castlegate Sandstone until about 300 feet above monitoring station M-STR05, where water
entered the channel from beneath a rock outcrop associated with the Blackhawk Formation.
Below that point, the steam lost flow, and then gained flow from M-STRO0S5 to M-STR02 all

along the Blackhawk Formation with flow disappearing below M-STRO02.

The Greens Hollow sub-drainage extends from the steep slopes on the northwestern flanks of
White Mountain in the North Horn Formation, and eastward for a distance of about two and a
half miles, where the watercourse enters the Castlegate Sandstone gorge near monitoring site
M-STRO6 (Figure 2). The stream channel crosses the Castlegate Sandstone for a distance of
about 0.5 miles to the confluence with Cowboy Creek in Greens Canyon. Cirrus (USFS,
2005) reports that the only inflows to Greens Hollow Creek during their 2001 survey was
from springs M-SP04, M-SP05, and M-SP06. Above these locations, the stream channel was
dry. These same conditions were observed by the author during quarterly mcnitoring site
visits during 2015 and 2016. Cirrus noted in their gain/loss study that the stream continued
to flow from this location to below monitoring site M-STR06. Below that point, the

watercourse was dry to the confluence with Cowboy Creek in Greens Canyon. It has been
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noted during recent monitoring (2015 and 2016) that the stream at M-STR06 was dry on 5 of
the six quarterly monitoring events during this period. The stream was flowing at a low rate

(0.636 gpm) during the 26 June 2015 monitoring event (Table 2a).

The Cirrus study showed losses for both Cowboy Creek and Greens Hollow creek in the
Blackhawk Formation and Castlegate Sandstone (USFS, 2005). Greens Hollow did not flow
in the Blackhawk Formation. Cowboy Creek and Greens Canyon had both gains and losses
in the Blackhawk Formation. Cirrus noted that the results of their gain/loss study might not

be representative of the gains and losses that may occur during other seasons or other years.

Box Canyon Creek is a tributary drainage to Muddy Creek that is situated a considerable
distance east of the Greens Hollow Tract boundary. Box Canyon is mostly isolated from the
Greens Hollow Tract by the upland Big Ridge area and also by the deeply incised Greens
Canyon. Consequently, groundwater and surface-water systems in Box Canyon should not

be influenced by proposed mining activities in the Greens Hollow Tract.

Discharge in Muddy Creek is substantial. The long-term average annual flow rate (1952-
2012) at the USGS gauging station near Emery, Utah (station 09330500) is 37.5 cfs (USFS,
2005). The surface area drained by Muddy Creek at station 09330500 is 105 square miles.
The headwaters of Muddy Creek are situated north of the Greens Hollow Tract in the upland
area bounded by White Mountain, Heliotropoe Mountain, and Ferron Mountain. During the
springtime snowmelt runoff event, discharge in Muddy Creek usually peaks in the late

springtime (May or June) coincident with the peak of the springtime snowmelt runoff with
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discharge rates exceeding 100 cfs. During wet climatic cycles, discharge in Muddy Creek
during the springtime runoff has exceeded 500 cfs. During the late summer and fall monsoon
season, large discharge rates of several hundred cfs also occur occasionally. During
baseflow conditions, discharges of less than 10 cfs in Muddy Creek are not uncommon. It
should be noted that there are several water storage reservoirs in the Muddy Creek
headwaters area (USFS, 2005). The timing of water releases from these reservoirs can affect

the discharge rates occurring in Muddy Creek below the headwaters area.

Historic discharge rates have been measured by the USGS at station 09330500 since 1910.

Field and laboratory water quality parameters have also been analyzed periodically on water

samples from Muddy Creek by the USGS.

Water quantity and water quality in the South Fork of Quitchupah was monitored by Cirrus
personnel at station M-STRO8 from 2002-2004 (Tables 2a, 2b). Water quantity and water
quality measurements have been performed on behalf of the Sufco Mine at various

monitoring stations on Muddy Creek since 1997.

Petersen Hydrologic 2015 Gain/Loss Study on Muddy Creek

A gain/loss study of Muddy Creek was performed by Petersen Hydrologic during low-flow
conditions on 28-29 October 2015. The results of the study, including discharge
measurement locations and measurement results, are presented in Table 7 and also plotted on

Figure 9. Field water quality parameters, including temperature, pH, and specific
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conductance, were measured at each of the stream monitoring stations. The water quality

information is also provided in Table 7.

The purpose of the study was to determine whether Muddy Creek gains or loses appreciably
as the creek flows past the Greens Hollow Tract and downstream to the USGS gauging
station near Emery, Utah. Over this reach of Muddy Creek, the stream crosses the
Blackhawk Formation, Star Point Sandstone, and Mancos Shale. It is acknowledged that
because of the appreciable flow in Muddy Creek and the inherent margin of error associated
with conventional discharge measurement techniques, small gains or losses in the stream

would not be detected in this gain/loss study.

Discharge measurements were performed using the velocity-area method as described in
United States Geological Survey Circular (1995). The measurements were performed using
a Marsh-McBirney model 2000 electromagnetic current velocity meter. Based on our
professional experience and the prevailing stream conditions we estimate that the discharge
measurements are accurate to within about 5 to 10 percent of actual values. It should be
noted that the gain/loss study was performed over a two day period of time. Considerable
effort was taken to select a time for the performance of the test when optimal weather
conditions would prevail in the drainage. The dates chosen for the performance of the study
(28-29 October 2015) were selected after monitoring weather forecasts that predicated a
precipitation-free window at that time that would include the two testing days as well as
several precipitation-free days prior to the test. The testing dates were also selected based on

predicted air temperatures in the area to ensure that air temperatures would remain above
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freezing to minimize the potential influence of freeze/thaw conditions in the watercourse

during the test. Unfortunately, some intermittent light to moderate intensity rain fell during
the period of the test, which could possibly have influenced the discharge rates in the creek.
However, it is our opinion that the effects of the intermittent light to moderate precipitation

likely did not excessively influence the discharge rates in the Muddy Creek drainage.

Discharge rates measured at Muddy Creek gauging Station #1 and Station #2 were 4,320
gpm and 4,580 gpm, respectively. These two discharge measurements vary by 5.7 percent,
which is within the estimated margin of error for the utilized measurement technique.
Accordingly, there is no statistically significant indication of a gain or loss of flow in this
reach of Muddy Creek. Between Muddy Creek Station #2 and Station #3, measured inflows
from side tributaries 2a, 2b, and 2c, totaling 775 gpm, entered Muddy Creek. Thus, if there
was no loss or gain of flow in this reach, the total flow in Muddy Creek anticipated to arrive
at Muddy Creek Station #3 is 4,580 gpm plus 775 gpm, or 5,355 gpm. The discharge
measured at Muddy Creek Station #3 was 5,350 gpm, which is very close to the 5,355 gpm
projected discharge at Station #3. Accordingly, there is no statistical indication of a gain or
loss in the discharge in Muddy Creek in this reach of the watercourse. The measured
discharge at Muddy Creek Station #4 was 4,890 gpm. The discharge measurements for
Station #3 and Station #4 vary by 9.4 percent, which is within the projected statistical error of
these measurements, although it is near the upper limit of the error range. It is possible that
the difference in the measured discharge rates between these two stations is a reflection of
the intermittent light to moderate precipitation that was occurring in the drainage at that time.

The first occurrence of rain in the drainage on 29 October 2015 occurred as monitoring at
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Station #4 commenced. The discharge measurement performed at Station #3 occurred about
four hours later in the day as the light to moderate rain in the drainage had been ongoing. It
is noteworthy that, based on 20 years of monitoring flows under seasonal conditions in
Muddy Creek at Station #3 (Pines 405) and Station #4 (Pines 406b), appreciable gains or
losses of discharge in the creek as it flows between these two stations has generally not been

noted.

The results of the water quality measurements performed coincident with the discharge
measurements do not indicate any unanticipated changes in the water quality parameters that
might be indicative of appreciable groundwater/surface water interactions (gains of water

with varying water quality).

Quitchupah Creek Drainage

The southern portions of the Greens Hollow Tract and adjacent area are within the
Quitchupah Creek drainage (Figure 8). Quitchupah Creek flows into Muddy Creek
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