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SANDSTONE FORMATION

An analogy of sandstone would be a bowl full of marbles, each marble
would represent an individual grain of sand. Then one would add a binding
material which would form crystals around the individual grains. In our case
the binding material is predominately calcium carbonate. The uranium and
other minerals precipitated out onto the surface of the grains and then was
held in place by the calcium carbonate binder. To release these minerals a
leaching agent is required which dissolves the calcium carbonate allowing
the minerals to be released into the water. The proposed agent is carbonic
acid which is produced by adding carbon dioxide to water. Oxygen
( hydrogen peroxide ) is also added to keep the minerals in solution once
they are released from the grains. This solution ( lixiviant ) will be injected
into the sandstone under pressure resulting in a three dimensional teardrop
shaped cone with the small end at the recovery well. All of the sandstone in
this cone will experience dissolution of the binder. No data is provided
characterizing the changes in flow caused by this disturbance of the
formation, however one should assume increased flow rates. No data is
provided characterizing the effect of the solutions on flow rates through
existing fracture zones or the possibility of opening of new paths between
aquifers.
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Follow Reuters
Drop in U.S. underground water levels has
accelerated -USGS
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May 20 (Reuters) - Water levels in U.S. aquifers, the

vast underground storage areas tapped for
agriculture, energy and human consumption,
between 2000 and 2008 dropped at a rate that was
almost three times as great as any time during the
20th century, U.S. officials said on Monday.

The accelerated decline in the subterranean reservoirs is due to a

combination of factors, most of them linked to rising population In the

United States, according to Leonard Konlkow, a research hydrologist at the

U.S. Geological Survey.

The big rise in water use started In 1950, at the time of an economic boom

and the spread of U.S. suburbs. However, the steep Increase in water use

and the drop in groundwater levels that followed World War 2 were eclipsed

by the changes during the first years of the 21st century, the study showed.

As consumers, farms and industry used more water starting in 2000,

aquifers were also affected by climate changes, with less rain and snow

filtering underground to replenish what was being pumped out, Konikow

said in a telephone interview from Reston, Virginia.

Depletion of groundwater can cause land to subside, cut yields from

existing wells, and diminish the flow of water from springs and streams.

Agricultural irrigation is the biggest user of water from aquifers In the United
States, though the energy Industry, including oil and coal extraction, is also

a big user.

The USGS study looked at 40 different aquifers from 1900 through 2008

and found that the historical average of groundwater depletion - the amount

the underground reservoirs lost each year - was 7.5 million acre-feet (9.2

cubic kilometers).

From 2000 to 2008, the average was 20.2 million acre-feet (25 cubic
kilometers) a year. (An acre-foot is the volume of water needed to cover an

acre to the depth of one foot.)

One of the best-known aquifers, the High Plains Aquifer, also known as the

Oglala, had the highest levels of groundwater depletion starting in the
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Graphic: Uranium Mining at a Wyoming Ranch - ProPublica I I
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Injection Wells
The Hidden Risks of Pumping Waste Underground

Graphic: Uranium Mining at a Wyoming Ranch
A battle over uranium mining at Christensen Ranch, a remote 35,ooo-acre tract in Wyoming, could shape decisions nationwide as mining surges in drought-stricken areas.
Below see how uranium mining at the Wyoming ranch could affect drinking water resources. I Related story
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GILLETTE REGIONAL WATER SYSTEM MASTER PLAN

TABLE 7.2

CITY OF GILLETTE SOURCE WATER PRODUCTION 1978- 2007

Wasatch Ft. Union Fox Hills Madison Total
Formation Wells Formation Wells Formation Wells Formation Wells Production

Year 1 2

% Of % of % of % of
(MG) Total (MG) Total (MG) Total (MG) Total (MG)

1978 82.1 13% 393.6 62% 156.1 25% - 631.8
1979 172.0 21% 479.3 58% 172.0 21% - 823.4
1980 172.0 19% 499.2 56% 227.8 25% - - 899.0
1981 116.3 9% 477.4 38% 141.4 11% 505.7 41% 1.240.8
1982 - - 266.5 28% 233.6 25% 445.4 47% 945.6
1983 - - 270.5 23% 266.9 22% 654.3 55% 1191.6
1984 - - 306.6 26% 163.6 14% 691.5 60% 1,161.
1985 - - 481.0 36% 114.0 9% 734.1 55% 1,329.1
1986 - - 427.2 35% 23.5 2% 778.1 63% 1,228.8
1987 - - 359.4 33% 19.9 2% 703.8 65% 1,083.1
1988 - - 321.0 24% 100.7 8% 918.2 69% 1,339.9
1989 - - 270.5 22% 293.3 24% 653.0 54% 1,216.7
1990 - - 336.0 27% 219.0 18% 682.7 55% 1,237.6
1991 - - 298.5 24% 242.1 20% 681.0 56% 1,221.6
1992 - - 220.9 17% 176.1 14% 897.1 69% 1,294.1
1993 - - 259.7 23% 67.8 6% 782.0 70% 1,109.5
1994 - - 264.9 19% 217.3 16% 910.1 65% 1,392.4
1995 - - 295.8 24% 143.9 12% 775.0 64% 1,12-14.7
1996 - - 259.3 22% 143.9 12% 775.1 66% 1,178.3
1997 - - 260.8 21% 109.0 9% 883.4 70% 1,253.2
1998 - - 424.8 30% 25.4 2% 957.9 68% 1,408.1
1999 - - 417.1 30% 25.9 2% 961.0 68% 1,404.0
2000 - - 397.4 23% 59.3 3% 1,259.1 73% 11715.8
2001 - - 351.7 18% 62.7 3% 1,534.3 79% 1,948.6
2002 - - 355.6 22% 60.7 4% 1,191.5 74% 1,607.8
2003 - - 310.7 18% 50.2 3% 1,337.9 79% 1 738.8
2004 - - 373.7 22% 71.2 6% 1,247.7 73% 1,692.2
2005 - - 410.7 22% 57.3 3% 1,418.0" 75% 1,886.0
2006 - - 394.5 22% 71.1 4% 1,296.7 74% 1,762.3
2007 - - 355.8 22% 59.9 4% 1,228.9 75% 1,644.6

Average 351.3 125.9 922.4 1,326.7
Min. % 17% 2% 41%
Max. % 62% 25% 79%
Avg. % 28% 11% 65%_

Wtes:
Wasatch Formation Wells Taken Off Line in 1981.

2 Madison Formation Wells Placed On Line in 1982.
3 2004 Formation Production through August.
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More oil and gas drillers turn to water
recycling

Ap Byr RAMIT PLUSHNICK-MASTI
11 hours ago LJLi

MIDLAND, Texas (AP) - When the rain stopped falling in Texas, the prairie grass yellowed, the soil cracked

and oil drillers were confronted with a crisis. After years of easy access to cheap, plentiful water, the land

they prized for its vast petroleum wealth was starting to dry up.

At first, the drought that took hold a few years ago seemed to threaten the economic boom that arose

from hydraulic fracturing, a drilling method that uses huge amounts of high-pressure, chemical-laced water

to free oil and natural gas trapped deep in underground rocks. But drillers have found a way to get by with

much less water: They recycle it using systems that not long ago they may have eyed with suspicion.

'This was a dramatic change to the practices that the industry used for many, many years,' said Paul

Schlosberg, co-founder and chief financial officer of Water Rescue Services, the company that runs

recycting services for Fasken Oil and Ranch in West Texas, which is now 90 percent toward its goal of not

using any freshwater for fracturing, or 'fracking," as it is commonly known.

Before the drought, 'water was prevalent, it was cheap and it was taken for granted,' he added.

Just a few years ago, many drillers suspected water recyclers were trying to sell an unproven idea designed

to drain money from multimillion dollar businesses. Now the system is helping drillers use less freshwater

and dispose of less wastewater. Recycling is rapidly becoming a popular and economic solution for a
burgeoning industry,

The change is happening so swiftly that regulators are racing to keep up and In some cases taking steps to

13ED
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into injection wells deep underground.

Many companies, each using slightly different technology and methods, are offering ways of reusing that

water. Some, like Schlosberg's Water Rescue Services, statically charge the water to allow particles of
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waste to separate and fall to the bottom. Those solids are

taken to a landfill, leaving more than 95 percent of the water

clean enough to be reused for fracking.

Other operators, such as Walton, Ky.-based Pure Stream,

offer two technologies - one that cleans water so it can be

reused in the oil patch and another more expensive system

that renders it clean enough to be dumped into rivers and

lakes or used in agriculture. A woker looks over tork
h• d 1a.' frachIring Sept

Todd Ennenga, Pure Stream's vice president of business

development, said interest in the technology has doubled In the past year alone.

t9 holo ang waste Worts, f"r,

.24, 2013, i kkdlard, .

Some others tout methods that leave behind no solid waste at all, eliminating the need to transport

anything to a landfill. A few companies insist they can frack without any water.

'It's really taken off," Ennenga said of recycling. Two years

ago, he said, most operators were still vetting the different

systems. These days, they have a plan and are saying, 'We

need to do this right now.I

In Texas, the fracking boom began around 2009, just as the

state fell Into years of drought. Especially hard-hit were

South and West Texas, where rock formations have proven to

be rich sources of oil and gas. Residents who were told to

cut back on lawn watering and car washing grumbled about

drillers hogging water supplies.

Similar issues have arisen in arid parts of Wyoming, North

Dakota, New Mexico and Colorado.

Farther east, states such as Pennsylvania, Ohio and West

Virginia, face different issues. There, water is relatively

plentiful but disposal of wastewater has been

bureaucratically difficult and expensive, while the sites that

can collect it are scarce.

States are scrambling to draft regulations for the new

recycling systems.

In Texas, requests for recycling permits rose from fewer than

two a year in 2011 to 30 approved applications in fiscal year

2012. So the Texas Railroad Commission, the agency that

oversees oil and gas operations, revamped the rules in

March, eliminating the need for drillers to get a permit if they

recycle on their own lease or on a third-party's property.

Commission spokeswoman Ramona Nye said in an email

that the new rules are designed to "help operators enhance

their water conservation efforts' and encourage recycling.

A la, ht'&a ng waste wata- f'.Yn ryd.,a.. c ftactwng, rrgnt,
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In Ohio, disposing of drilling wastewater has hit some obstacles. Activity at a deep injection well near

Youngstown was tied to one in a series of earthquakes, and a former officer of the firm that ran the

operation has been indicted in connection with a separate dumping incident that allegedly violated the

Clean Water Act. That led to a temporary moratorium on disposal sites in that region, stricter rules and an

EPA review.

Pennsylvania, meanwhile, has few dumping sites, and operators once paid large sums to haul wastewater

to Ohio. Recycling has now become cheaper, and transports to Ohio have dwindled.

Back in Texas, Fasken Oil and Ranch believes it solved many of its early problems with the containment

pools, tanks, pipelines and trailers. Within six months, the company expects to reach its goal of using no

freshwater in its fracking operations - a feat made possible by combining recycled water with briny water

drawn from an aquifer and treated.
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Then Fasken will start applying the same methods at drilling
sites in South Texas and New Mexico, Manager Jimmy Davis
said.

'We face the same problems, `Davis said. "Tere's not an
abundance of freshwiater."

Associated Press writer Julie Carr Smyth contributed to this Ajar rnokzrg waste water from th'darauk ffwcturipg fil

report from Columbus, Ohio upto tre igmtat a rcycf!qsiteinM

Plushnick-Masti can be reached on Twitter at https.//twitter.com/RamitMastiAP

Share this http://news yahoo oomtmnore-oil-gas-drillers-tum-water-recyciing-085648261--financ IL
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Sioux Ranger District

News Release VU
For Immediate Release
Date: September 24, 2013

Contact: Marna Daley, (406) 587-6703

Slumping Road is Closed in North Cave Hills

Camp Crook, SD... The Custer National Forest has closed a portion of Forest Road
#3123 in the North Cave Hills because of road slumping caused by the excessive rainfall that
occurred on September 7 - 8, 2013.

The public safety closure begins at the junction of Forest Roads #3120 (Riley Pass Road)
and #3123 (near Sediment Pond 4) and extends to the top of the hill where a gate is already in
place. In addition to the road slump, the hillside below the road is saturated and unstable
creating additional concerns for public safety.

The Forest will continue monitoring area conditions to re-open the road as soon as safely
possible. Please call the Sioux Ranger District in Camp Crook at (605) 797-4432 for
information.

- FS -

Box 37, Main & First, Camp Crook, SD 57724
http://www.fs, usda.qov/custer

Follow us: Twitter - @CusterNF
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A uranium mining proposal that's larded with snake oil

Iof I images
* )>

I step into an elevator and push the button; the car descends the equivalent of 23 stories in 30
seconds. When survey team members and I step out, we enter Jewel Cave, the third-longest cave in
the world.

Since 2005, I've helped to survey unmapped areas of this subterranean labyrinth on the edge of
South Dakota's Black Hills. The experience has taught me a lot about what lies beneath the earth's
surface.

Solid as a rock - that's how most of us think of our planet. But my underground exploration has
shown me that the earth is anything but solid. It's almost impossible, for instance, to predict what a
cave passage will or will not connect to deep underground.

I nfl 11/14/2013 8:58 AM
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none reason why the British Columbia-based Powertech Corp. proposal for an in-situ uranium
, e in southwestern South Dakota is a bad idea. Here's the Reader's Digest version of the mining
process. In-situ is Latin for in-place, so the uranium is "mined" where it is found, underground.
Powertech plans to drill into the uranium-bearing rock, then pump in fluids that cause the uranium
to bind with the liquid.

That liquid, composed mostly of water, moves through the pervious rock layer. Additional wells
would be placed in the direction that the liquid is expected to travel, and the liquid, now carrying
uranium, gets pumped out. The uranium is then extracted from the liquid and turned into
yellowcake, which is later refined.

Exposure to radioactive uranium, of course, is not good for human health. Conventional mining
leaves behind piles of radioactive waste rock. Open-pit mining stirs up radioactive dust, which can
travel great distances in the wind.

Powertech project manager Mark Hollenbeck, a chemical engineer and a local rancher, claims in-situ
mining is safer and more environmentally friendly than conventional mining. He calls it
"arthroscopic." One could argue that keeping the rock and dust underground is safer.

But there are potential problems underground. The water that's pumped below comes from local
aquifers. Powertech's permit calls for taking 3 million gallons of water every day from this semi-arid
area, which has recurring cycles of drought.

"The proposed water usage is absurd," says Clean Water Alliance spokesperson Rebecca Leas.

After the uranium has been removed from the liquid, the excess, which now contains toxic heavy
metals and radiation, is pumped back into the ground or sprayed on the surface. 'This is a form of
mining that always contaminates, and it's done right in the water supply," says environmental
attorney Bruce Ellison of Rapid City, S.D.

Xf course, the mining company says that the layers of rock above and below the uranium-bearing
Arata are impervious, as dense as if they formed a triple-sealed, underground storage tank. How
.ould anything leak out of solid rock?

"hen I think of Jewel Cave and its 166 miles of passages snaking underneath only six square miles of
ind, and the memory shoots holes through the "solid rock" idea. It makes me wonder how
lowertech can claim that radioactive liquids won't get into the aquifers where drinking water comes
1om.

m well aware that different strata of rock have different characteristics and that some are denser
tan others. But even if a rock layer has been virtually impenetrable in the past, there is no guarantee
at it will continue to be so in the future.

ir planet is neither solid nor is its current form permanent. It's in a constant state of flux. It is
bject to internal and external forces. Groundwater and gravity team up to exploit and penetrate the
tiest crack or weakness in an "impenetrable" rock layer. The wells that Powertech drills will also
anect previously separated layers of rock, providing a way for radioactive water to get where it's
t supposed to go. The history of in-situ uranium mines in Wyoming, Nebraska and Texas shows
tt this is exactly what happens.

I
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.Iiiroblem is that humans looking to turn a profit make ridiculous promises that distort or ignore4efence, history and common sense. Remember the Deepwater Horizon oil rig that British Petroleumclaimed could not fail, or the West, Texas, fertilizer plant that couldn't explode, or theearthquake-proof Fukushima nuclear power plant that continues to spew radioactivity today?

When dealing with the forces of nature, there are no loo percent ironclad guarantees. Anyone whooffers such rock solid assurances is merely peddling snake oil and should not be trusted.
Ken Steinken is a contributor to Writers on the Range a service of High Country News (hcn.org). Hewrites about nature and the environment in Rapid City, S.D.

02005 - 2013 Swift Communications, Inc.
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Water Resources

According to the Draft EIS, the Dewey Burdock project could potentially impact waters of the U.S.
subject to Clean Water Act (CWA) jurisdiction, such as Pass and Beaver Creeks and ephemeral
tributaries to Pass and Beaver Creeks as indicated by the United States Army Corps of Engineers
(USACE). The USACE issues CWA Section 404 permits for the discharge of dredged and fill materia.
into waters of the U.S. including wetlands. The Draft EIS explains that siting welfields within
jurisdictional wetlands and crossing tributaries upstream of jurisdictional wetlands may require the
applicant to obtain USACE permits before construction activities (e.g., drilling wells, laying pipeline,
and constructing access roads). The USACE may be required to conduct additional environmental
impact analyses to support issuance of CWA Section 404 permits associated with the project. --
We recommend including more specific information in the Final EIS such as the status of the USACE
permitting process for the Dewey-Burdock project, specific acreages of wetlands that could be impacte
and identification of mitigation for impacts, including riparian/wetlands that may be banked or
enhanced. A/ ~ r

EPA's Rating and Recommendations .•. ! ,. 2 -

Consistent with Sect ion •0 of the CAA it is the EPA's responsibility to royide an independent reviex
and evaluation of the potential environmental ýimpactýs of -Based on the roc-dures thee EPA

uses die ntrmaion and the pptential envirogenIe imp ats of the.
pr sdactlo E A isia sti Dr as Environmental Concems- Insufficient Information
(0EC-2). The" "rating i ica s tha the EP-Areview has identified environmen impacts thatnneed t
be avoided in order to fully protect the environment. The "2" rating indicates that the EPA review has
identified a need for additional information, data, analysis or discussion In the Final EIS in order for the
EPA to fully assess environmental impacts from the proposed project. A full description of the EPA's
rating system is enclosed.

We hope that our comments will assist you in further reducing environmental impacts of this project.
We appreciate the opportunity to review and comment on the Draft EIS. If we may provide further
explanation of our comments, please contact me at 303-312-6925, or your staff may contact Ken Distler
at 303-312-6043.

Sincerely,

Suzanne J. Bohan
Director, NEPA Compliance and Review Program
Office of Ecosystems Protection and Remediation

Enclosure: EPA's Rating System Criteria

5
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Source: Modified From Powertech (2011).
1
2 suitable for cold water marginal fish life propagation rather than warm water fish life propagation
3 (SDDENR, 2008). Both Beaver Creek and Pass Creek are classified as having the beneficial
4 uses of fish and wildlife propagation, recreation, stock watering, and irrigation near the project
5 site. Beaver Creek is also classified as having the beneficial uses of coldwater marginal fish life
6 propagation and limited contact recreation near the project site (SDDENRr 2008). These
7 creeks, however, are not classified as having the beneficial use of domestic waters.

8
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,PAFT Description of the Affected Environment

There are no known natural springs within the proposed Dewey-Burdock ISR Project area
(poertch,2011). There is one area in the southwest corner of the Burdock area, known as

the "alkali flats" or the "alkali area," where groundwater is discharging to the ground surface
from the Fall River aquifer and Chilson aquifer (Chilson Member of the Lakota Formation)
through improperly plugged exploratory boreholes (Powertech, 2011). Two springs are present
along the Dewey Fault near the town of Dewey approximately 2 km [1.2 mi] northwest of the
proposed project boundary.

The applicant performed floodplain modeling on the stream channels of Beaver Creek, Pass
) Creek, and smaller ephemeral drainages within the proposed project area to determine the
1 extent of inundation from a simulated 100-year flood and evaluate potential adverse impacts to
2 facilities from flooding (Powertech, 2009b, 2011). Results of the modeling showing the areal
3 extent of a 100-year flood with respect to proposed facilities and welifields are illustrated in
4 Figure 3.5-3. The modeling indicates that, with the exception of the plant-to-plant pipeline and
5 small parts of some proposed wellfields, most of the proposed facilities, infrastructure, potential
6 land application areas, and wellfields would be located outside the 100-year flood inundation
7 boundaries of Beaver Creek and Pass Creek. For example, the 100-year floodplain boundary of
8 Beaver Creek would be 668 m (2,190 ft] from the proposed satellite facility in the Dewey area
9 and 664 m [2,180 ft] from the proposed central processing plant in the Burdock area.
0 Conversely, some wellfields and storage ponds in the Dewey area and some wellfields, the
I main access road, and the plant-to-plant pipeline in the Burdock area are located within the

:2 100-year floodplain boundary of ephemeral drainages (Figure 3.5-3).
.3 ..
A4 There are a number of abandoned open pit mines (depression zones) within the project
!5 area stretching from the eastern to the northern boundaries of the site in the Burdock area (see
!6 Figure 3.2-3). With the exception of Darrow Pit #2, the other Darrow pits are usually dry but
!7 occasionally contain water that collects from runoff events (Powertech, 2011). The usual
?8 presence of water in Darrow Pit #2 suggests that the base of the pit may be below the-
?9 potentiometric surface of the Fall River Formation. The Triangle Pit, which lies up dip of the
30 proposed Burdock area wellfields, has permanent water storage at a depth greater than 30 m
31 [100 ft]. The bottom of the Triangle Pit is below the potentiometric surface of the Fall River and
32 is, therefore, hydraulically connected to the Fall River Formation.
33
34 Surface Water Quality
35
36 Water quality in Beaver Creek, Pass Creek, and the Cheyenne River varies considerably and is
37 dependent on flow regime. These streams often experience extended periods of low or no flow.
38 During periods of high flow, relatively high amounts of sediment and low dissolved solids occur
39 in the streams, while less turbid waters with higher dissolved solids occur during periods of low
40 flow. Upstream and downstream of the proposed Dewey-Burdock ISR Project in South Dakota,
41 the Cheyenne River is classified as having the following beneficial water uses: (i) warm water
42 semipermanent fish life propagation; (ii) limited contact recreation; (iii) fish and wildlife
43 propagation, recreation, and stock watering; and (iv) irrigation (SDDENR, 2008). According to
44 the State of South Dakota 2006 303(d) list, from Beaver Creek to the Angostura Reservoir, the
45 Cheyenne River is listed as supporting the beneficial use of limited contact recreation, but is
46 listed as impaired for the other three beneficial water uses due to high total dissolved and
47 suspended solids, high salinity, and high conductivity. Beaver Creek in South Dakota is
48 classified as suitable for the same uses as the Cheyenne River, except it is classified as
49
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Derailment north (west) of Dewey
Photo by Gary Weishaupl

bykAnne Cassens
At about 1:30 a.m. on July 8th, an Edgemont train crew operating Union

Pacific engines approached the 496 mile marker just north past Dewey,
SD, traveling at an estimated 45 mph, when they say what appeared to be
water on the tracks. They immediately began slowing down. Seconds later
a wall of water hit the train.

Very localized heavy rain had swept burned trees and other debris from
the east into the area, washing out ballast below the tracks. Although
Dewey had just around 0.7" of rain, there were places that had nearly 5"

and this water was rushing toward its Beaver
"_- Creek drainage.

The crew managed to get the heavy engines
through the stretch of damaged track, but some
of the empty coal cars were not so lucky. A total
of 37 cars derailed and 13 of those overturned.
Crew members were Edgemont-based Shannon
Clyde and CE MNeyers.,,After the train cama to a
stop, the crew received a flash flood warning on
the radio!!

Along a five mile stretch from Milemarker 496
to 501, there were several sections of rail sus-
pended in the air, with all the ballast washed
away. In just under 30 hours, railroad repair
crews had the five mile piece :repaired. How
many days would this have taken 100 years ago?

Some of the gravel (ballast) washed into John
Holmes' hay field west of the tracks.

Holmes reported that he went to look at the
water at 5 a.m., "I was amazed to see the whole
Line Creek Bottom covered with water. There
was a big river running where there hadn't been
any water all summer." He saw water twelve
feet deep in his hayfield.

He also described the water speed at the dam-
aged track area, "Up where the wreck occurred
they said that the water was so swift that it
washed the train eight feet sideways with the
train still on the tracks. The water was over the
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Figure 14. Cross section through the area Of the gazebo at Cascade Springs showing localities to be examined, and

breccia pipes, believed to be former conduits for the springs, extending up from dissolution cavities in the Minnelusa

Formation at depth. Fractured Minnekahta shown in figure 16 lies about 100 feet above the gazebo at locality B.

Green shale of the Stockade Beaver Member of the Sundance Formation caps the Spearfish west of S.D. highway 71.

The other "pipe", about 150 feet to the west as noted by Hayes (1999), is characterized by a gypsum
bed that is downwarped a few feet, and beds above and below are not affected.

The many veinlets represent a zone where much gypsum has been removed by solution and/or have
been intruded into the surrounding rock from the parent bed by processes not fully understood. Broken
beds of gypsum several feet thick merge laterally into gypsum-red bed breccia (fig. 15SC) and veinlets. The
impression is that the original bedded gypsum at this locality has been modified by solution removal, injec-
tion into veins, contortion by expansion, and brecciation. It is possible that much of the original mass of
gypsum has been removed. Also, anhydrite, which may have been the original form of calcitum sulfate,
when converted to gypsum, may have expanded considerably to create the force for vein injection and bed
crumpling. Howvever, several beds at the northernmost end of the exposure along SD 71 were X-rayed and
no anhydrite was found in veins or beds, only gypsumn (John Johnson, USGS, pers, comm.).

B. Fractures ("pull apart") in the Minnekahta Limestone

Walk several hundred feet to the west along the highway and pass through an open gate before the park-
ing lot at Cascade Springs and climb up the slope. Bedding in the Minnekahta wvobbles a bit, but the dip
averages about 200 to the southwest. Many large fractures (fig. 16 are found in a zone between 70 and 100
feet vertically above the base of the slope in an area about 150 feet long. The fractures are more than 10
feet deep in places, and probably extend the entire 40-foot thickness of the Minnekahta. They are as much
as 10 feet wide and have various orientations, including N. 350 E., E.-W., N. 50o E., and N. 700o E., following
prominent joint directions. There are three possible origins that might be considered for these structures:
(1) subsidence due to solution of gypsum below, (2) gravity sliding on the soft sediments of the Opeche
Shale, and (3) a combination of sliding and wveakening of material below by solution. An initial impression
is that these fractures are caused by tension due to downhill sliding. An interesting comparison with similar
fractures in the Moenkopi Formation related to dissolution of salt at depth in the Holbrook basin (Epstein
arnd Johnson, 2003) will be made. There are many small-scale structures, folds and faults, such as those
described at mileage 4.5, that have been attributed to gravity sliding, believed to have occurred after erosion
had exposed the surface of the Minnekahta (Epstein, 1958; Brobst and Epstein, 1963).
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the Deadwood aquifer, which is containej
within the Deadwood Formation and is used
primarily near outcrop areas. Regionally, the
Precambrian-age rocks act as an underlying
confining unit to the Deadwood aquifer, and
the Whitewood and Winnipeg Formations,
where present, act as overlying semicon-
fining units (Strobel and others, 1999).
Where the Whitewood and Winnipeg Forma-
tions are absent, the Deadwood aquifer is in
contact with the overlying Englewood
Formation, which is considered similar in
hydrologic characteristics to the lower
Madison Limestone.

The Madison aquifer generally occurs
within the karstic upper part of the Madison
Limestone, where numerous fractures and
solution openings have created extensive sec-
ondary porosity and permeability. The entire
Madison Limestone and Englewood Forma-
tion were included in the delineation of the
Madison aquifer for this study. Thus, in this
report, outcrops of the Madison Limestone
and Englewood Formation (fig. 5) are
referred to as the outcrop of the Madison
Limestone for simplicity. The Madison
aquifer receives recharge from streamflow
losses and precipitation on the outcrop. Low-
permeability layers in the lower part of the
Minnelusa Formation generally act as an
upper confining unit to-the Madison aquifer.
However, collapse related to karst features in
the top of the Madison Limestone and frac-
turing related to the Black Hills uplift may
have ieduced the effectiveness of the over-
lying confining unit in some locations.

The Minnelusa aquifer occurs within
layers of sandstone, dolomite, and anhydrite
in the lower portion of the Minnelusa

upper p3rtion. Shale_, in ti-h lo%%er portiioý 07
the Minnelusa Formation act as confining
layers to the underlying Madison aquifer:
however, the extent of hydraulic separation
between the two aquifers varies geatly
between locations and is not well defined.
Collapse breccia associated with dissolution
of interbedded anhydrite in the Minnelusa
Formation may enhance secondary porosity
to the aquifer (Long and others, 1999). The
Minnelusa aquifer receives substantial
recharge from streamflow losses and precipi-
tation on the outcrop. Streamflow recharge to
the Minnelusa aquifer generally is less than to
the Madison aquifer because much stream-
flow is lost to the Madison aquifer before
reaching the outcrop of the Minnelusa
Formation. The Minnelusa aquifer is con-
fined by the overlying Opeche Shale.

The Madison and Minnelusa aquifers
are distinctly different aquifers, but are con-
nected hydraulically in some areas. Many of
the artesian springs have been interpreted as
originating at least partially from upward
leakage from the Madison aquifer; however,
the overlying Minnelusa aquifer and other
aquifers probably contribute to artesian
springflow in many locations. Although the
confining layers in the lower parts of the
Madison and Minnelusa aquifers generally
do not transmit water at a high rate, their
capacity to store water could influence how
these aquifers respond to stress (Long and
Putnam, 2002).

The Minnekahta aquifer, which overlies
the Opeche Shale, is contained within the
Minnekahta Limestone. The Minnekahta
aquifer typically is very permeable, but well
yields can be limited by the small aquifer
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percent recharges the Madison and Minnelusa aquifers.
Springflow was estimated as 219 ft 3/s, of which 94 percent
originates from the Madison and Minnelusa aquifers. Well
withdrawals were estimated as 40 ft 3/s, of which 70 percent
is withdrawn from the Madison and Minnelusa aquifers.
Ground-water outflow from the study area was estimated as
89 ft3/s, of which 65 percent occurs in the Madison and
Minnelusa aquifers. Artesian springflow is the single largest
discharge component for the Madison and Minnelusa
aquifers, and accounts for 38 percent of the total discharge
from these aquifers.

Large outcrops of the Madison Limestone and Minnelusa
Formation occur in the Black Hills of Wyoming and were
included in estimating recharge to the Madison and
Minnelusa aquifers. Recharge to these aquifers for water
years 1931-98 in SOuth Dakota and Wyoming averaged
about 344 ft3/s. Annual recharge rates were highly variable
(fig. 7) and ranged from about 62 ft3/s in 1936 to about 847
ft3/s in 1995.

7/14/2007



Dakota Sandstone (his name for the main
aquifer) underlay most of the state, and
giving the approximate depth required for
wells to reach this aquifer.

.A The main aquifers of the Black Hills are
the sandstones of the Inyan Kara Group
(which include the Fall River and Lakota
Formations), Minnelusa Formation,
Deadwood Formation, and the cavernous
rocks of the Pahasapa (Madison) LimestonE
Figure 3.1 shows a general cross section
across the Black Hills and how these aquifer
units crop out at higher elevations where
they are recharged by rainfall and surface
waters. The higher elevations where water
enters the aquifers provide a gravity or
hydrostatic head which causes the ground
water to move to lower elevations, provided
that the aquifer unit is overlain by an
aquaclude, or an impermeable rock unit.
The movement of water is very slow in
sandstones (as little as a few feet per year),
but in cavernous carbonate rocks or breccia
zones in other rocks, it can travel much
faster. For example, wells in the Pahasapa
Limestone may have yields of several
hundred gallons per minute, in contrast to
wells in sandstone that typically yield tens of
gallons of water per minute,

From Figure 3.1, it is obvious that water
wells drilled outside of the Cretaceous
Hogback reach the various aquifer units at
different depths, with the shallowest being
the Lakota-Fall River sandstones of the
Inyan Kara Group. All of the aquifer units
exposed in the Black Hills, however, do not
extend as a blanket across the state. The
Pahasapa and Deadwood Formations, for
example, pinch out due to unconformities on
the south side of the dome and also farther
to the east.

Although you would assume that the
water should go down the outcrop slope of
the aquifer, this is not always true in small
areas. For example, where Boxelder Creek
disappears in sinkholes in the Pahasapa
Limestone (the Madison aquifer) northwest
of Rapid City, dye added to the water was

t J (:L( C& tL$ §.D-& 4

recovered In wells drilled Into this formation
in Rapid City in the Rapid Creek drainage
basin. This indicates that the water moved
laterally but down slope to the lower
elevation of the cavernous Pahasapa below
Rapid City.

It is possible to tell the source of ground
water from its chemistry and also its
temperature. For example, "cold" water in
the municipal wells at Edgemont is too hot
to comfortably shower in during the hot

r summer months, and the water contains
very small amounts of trace elements such
as Li and Cs. The latter elements are not
harmful, but their source is from the
Precambrian rocks which lie at greater
depths than the Minnelusa Formation, which
is the aquifer tapped by Edgemont wells.
Obviously, some water has moved upward
from the "basement" rocks. Precambrian
schists and granite are not good primary
aquifers where they are unweathered, but
deep weathering and fracturing of these
rocks occurred before the younger
Deadwood Formation was deposited across
the weathered zone.

The Deadwood thins and, in fact, is
generally absent (as are lower Paleozoic
rocks in the Edgemont/Hot Springs area),
which permits some water from the
Precambrian weathered zone and along
fractures to move upward into the
Minnelusa and Pahasapa. This "deeper"
water is also warmer, so one can
understand how the town of Hot Springs got
its name.

Some aquifers also "leak" water to
over- fers. vhente southen part
of the Black Hills was mapped in-deta-1'
during the uranium mining in the 1950s, U.S.
Geo-l6ogical Survey geologists noted many
breccia pipes exposed up.the slope of the
Black Hills dome. It was recognized that
these pipes were due to solution of deeper,
buried solube rocks argely gypsum). Thebr- -a pipes ptermitt~d th transfer of water

from deeper aquifers to shallow aquifers
when erosion produced topography similar
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to the present. This upward transfer of
water occurs at Cascade Springesra fewmiiles so•uth (6f~Hbt Sp]'ih-gi- -h-e- fe

springs emerge in the O-eche Formation.
However, the chemistry67ofie water and
included sediment indicate that the water is
also moving through the Minnelusa
Formation, but comes frbM th-d per

Pahasapa aquifer (Hayes, 1999), so the
leakihg-pirdiess istilltaking-place. Many
fO rMbr -ccfa-pipes have apparently

resulted from solution of thick gypsum beds
in the Minnelusa, while others likely may
result from solution of carbonate rocks such
asthe Pahasapa Limestone.

Ground water in the fresh Precambrian
rocks is largely stored in alluvium below the
drainages where it also enters cracks,
fractures, and fault zones in the
Precambrian rocks. In the southern Black
Hills, low-dipping sills of granite or
pegmatite commonly act as aquacludes and
trap water below the sills. Wells are
generally shallow and have limited yields of
only a few gallons per minute.

This brief summary of the hydrology
clearly indicates that the source area for
much of the ground water recovered in wells
around the Black Hills and throughout much
of the state is the surface water of the Black
Hills. Thus, it is absolutely imperative not to
contaminate that water source! This
relationship is generally recognized and has
:ed to much stricter requirements for septic
systems throughout the Black Hills as the
population increases and more homes are
bjilt within the area.

7.0 PRECAMBRIAN ROCKS

The central Precambrian core consists
•a•gely of complexly folded and refolded
-"eamorphic rocks derived from
se .. mentary rocks, pillow basalts,

.aniclastic rocks, tuff, and metagabbro
zs and dikes. These core rocks range in
L:-: Xrcm >2.5 Ga to about 1.86 Ga
-e-::en et al., 1990). Granitic intrusions

are about 2.6 and 1.71 Ga in age. Hence,
both Archean and Proterozoic rocks are
present. The younger Proterozoic Harney
Peak Granite is described in detail in a
following section and more extensively in
Redden and DeWitt (2008).

Metamorphism

The Precambrian rocks have
experienced two separate episodes of
metamorphism. The first, a regional
metamorphic event, affected all of the rocks
older than the Harney Peak Granite (.-1.7
Ga). It produced a general north-northwest-
trending foliation (cleavage or schistosity)
which can be seen in slate, phyllite, and
schist in much of the central and northern
Black Hills. Where the Harney Peak
Granite was later intruded in the southern
Black Hills, however, another dominantly
thermal metamorphism was superimposed
on the earlier metamorphosed rocks. These
rocks were distended by emplacement of
the granite, and locally a younger schistosity
developed which is more or less peripheral
to the main granite mass. New garnet,
staurolite, andalusite, and sillimanite
isograds have been mapped on the general
northerly side of the granite, but are
concealed by the Phanerozoic rocks
elsewhere.

Archean Rocks

Two small areas of Archean rocks
which are partly covered by younger
Phanerozoic rocks are located north of
Nemo along Little Elk Creek and in the Bear
Mountain area about 10 miles west of
Harney Peak (Figure 4.1).

Little Elk Creek Area

The small area of Little Elk Granite
consists of somewhat gneissic augen
granite dated at -2.55 Ga (Gosselin et al.,
1988). However, geophysical data indicate
the Little Elk Granite underlies a roughly
circular area east of Nemo which is about 7
miles across and extends as far east as the
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