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Purpose

Luca Technologies Inc. has developed technology for creation of biogenic gas in real
time from in situ conversion of hydrocarbon substrates through the stimulation of native
communities of microorganisms. This technology has been field-tested in a number of
coal seams in Wyoming’s Powder River Basin (PRB), and is now poised for large-scale
commercial implementation in the PRB. Staff members of the Bureau of Land
Management (BLM) have requested that Luca comment on the possibility that the
operation of Luca’s process could liberate trace elements from the coal. An unrelated
study of the chemistry of coal cores taken from the Wyodak seam near the Black Thunder
Mine in Campbell County detected the presence of metals in coal, which are deleterious
to human health above low levels of concentration in groundwater, apparently bound into
the coal by processes associated with groundwater flow and geochemistry. In response to
BLM’s inquiry and request that Luca review potential impacts for both the near term and
the long term, Luca has prepared this report.

Summary and Conclusion

Luca’s conclusion is that it is unlikely that trace metals will be released from the coals or
become more concentrated in coals as a result of Luca enhancing methanogenesis. This
conclusion is supported by laboratory studies, field data, and by considering that
stimulating methanogenesis will not significantly alter the chemical environment relative
to native conditions where substantial methanogenesis in the PRB has already occurred.
In laboratory experiments, methanogenesis' supported by PRB coal did not result in the
liberation of metals into PRB formation water. The lack of mobilization of metals from
coal during methanogenesis implies that impacts to groundwater resources from the
methanogenesis process are unlikely. This is an expected result from both geochemical
and biological considerations. The native geochemical environment within the PRB coal
seams is not conducive to the chemical liberation of the trace metals from the coals, and
Luca’s process does not change those conditions. In addition, since trace metal
concentrations in PRB waters typically exceed concentrations required for supporting
populations of microorganisms necessary for methanogenesis, trace metal augmentation
is not part of Luca's process and there is no apparent need for microorganisms to obtain
trace metals from those held in the coals. Therefore the uptake of these metals by
microorganisms (for their growth and activity) should not result in the cycling and
reconcentration of trace metals in PRB coal. In laboratory experiments, the dissolved
concentration of some metals decreased, probably as a result of partitioning to coal
surfaces. Trace metal adsorption to coals has also been reported in the literature, and
likely plays a key role in maintaining low trace metal solubility in PRB waters, in
conjunction with other factors usually required for methanogenesis, including near-
neutral to slightly-alkaline pH and reducing conditions.

'Methanogenesis is the production of methane and carbon dioxide from complex hydrocarbon substrates by
biological processes carried out by communities of microorganisms, including methanogens. These
microbial communities produce methane only when conditions are anaerobic, or devoid of oxygen.
Biogenic breakdown of hydrocarbons in aerobic environments on the earth’s surface produce carbon
dioxide, but not methane.



A comparison of field samples obtained by Luca with others obtained by USGS shows
that metals concentrations in Luca’s post-treatment water samples fall within the
background concentration ranges for PRB coals from the broader USGS sample set.
Concentrations of chloride, selenium, barium, arsenic, zinc, mercury, lead, copper
cadmium and aluminum were all below EPA drinking water standards in all Luca
samples. Concentrations of dissolved ferrous iron and manganese were consistent with
the range of background concentrations for PRB waters, which often exceeded the
MCL’s. It is concluded that Luca’s treatment of these wells did not result in changes to
the measured inorganic water compositions relative to native PRB water compositions.
The continuation of methanogenesis and Luca’s stimulation thereof in PRB coals over
what we consider to be the long term for commercial and regulatory planning (tens to
hundreds of years) is unlikely to significantly alter trace metal solubility and cycling
relative to the native methanogenic process that has already operated over a much longer
time frame in the PRB.

Luca concludes it is unlikely that these trace elements will be released from coals acting
as substrate for Luca’s biogenic process. Important considerations are the technical
aspects of the processes that could mobilize and cycle these metals, and the geochemical
environment and the waters and the cells present in the coal seams. This position is
supported by Luca laboratory studies, and by field data via samples taken by Luca and
USGS. However, theoretical mechanisms by which anaerobic biodegradation could
potentially increase dissolved trace metal concentrations exist, and hence periodic
analysis of metals in a small number of post-treatment samples is suggested for continued
confirmation.



Background

The distribution and mineral form of metals in coals are important considerations for
evaluating metal mobility and cycling. Increased concentrations of trace metals of
environmental concern in PRB Wyodak and Big George coals have been associated with
clay partings and high ash zones. Increased concentrations at the base and top of the coal
beds and in adjacent detrital rock have been attributed to detrital sedimentation (Stricker
et. al., 2007) and increased groundwater transport (Drever et. al, 1977). Trace metals are
also heterogeneously distributed in Black Warrior Basin coals of Alabama, and are
associated with pyrite with increased abundance along faults, veins, and in directly
adjacent coal (Diehl et al., 2004). These distributions are believed to have originated from
deformation events leading to faulting that allowed the influx of metal-rich fluids. Metal
sulfides (including pyritic) are predominant forms of metals in coals (Swaine and
Goodarzi, 1995) and are often associated with increased trace metal concentrations in
coals (Zhang et. al, 2007, Liu et. al, 2006, Diehl et. al, 2004). Some of the variables
known to impact the solubility, mobility, and cycling of these metal species are discussed
below.

A multitude of physiochemical factors regulate the solubility, cycling, and transport of
metals as summarized thoroughly in Hullebush et. al, 2005. These include Eh, pH, ionic
composition, the chemical form of the metal, adsorption, precipitation, and the formation
of inorganic and organic complexes. Microbial activity can impact metal solubility and
mobility directly wherein some metals are oxidized (including various iron and
manganese minerals) generally in the presence of molecular oxygen, or reduced for
energy gain by anaerobic microorganisms (including chromium reduction) (Hazen and
Tabak, 2005). Microbial activities can also impact metal solubility indirectly through the
alteration of the surrounding chemical conditions. Although the impact of these chemical
and microbiological factors varies with specific metals, some generalities can be gleaned
as discussed below in the context of metal cycling.

In the absence of oxygen and under more reducing conditions (lower Eh) that are typical
in deep subsurface environments especially the methanogenic carbon-rich environments
targeted by Luca, many metals are present as near insoluble forms including metal
sulfides (Erses and Onay, 2003). In the absence of significant environmental changes
including pH reduction or oxygen input, significant changes in the solubility of metal
sulfides is unlikely given their stability under anoxic conditions. However, upon
oxidation via natural weathering at redox interfaces including in shallow aquifers (Ulrich
et al, 1998), or upon excavating anoxic sediments, rock, or coal, metal sulfides are readily
oxidized often resulting in acid mine drainage or groundwater that can contain elevated
metal concentrations (Ibeanusi and Wilde, 1998; Globitza, 2000; Cook and Fritz, 2001).
The metal sulfide leaching process is catalyzed by a combination of aerobic iron and
sulfur-oxidizing microorganisms coupled with abiotic oxidation leading to acidic
conditions that further increase metal solubility (Aroklasamy and Dodge, 1989). Sulfate
and dissolved iron concentrations derived from pyrite oxidation can be exceptionally high
in these leachates.



Variables that can have strong impacts on the transport of solubilized metals include pH,
pH buffering capacity, the Eh of the environment receiving acidic metal leachings, and
hydrogen sulfide presence that is often attributed to microbial sulfate reduction (Cook
and Fritz, 2001; Anderson et. al, 1991; Bozkurt et. al, 1999). At a pH >6, free metal
cation concentrations are decreased due to increased adsorption, chelation by organic
matter, or precipitation (Hullebush et. al, 2005). Where microbial sulfate reduction occurs
in the receiving environment, many of the liberated metals can be re-precipitated as metal
sulfides, thus completing a cycle of metal mobilization via oxidation, then reduction and
precipitation upon entering reducing conditions.

Notable exceptions to the generalization that anaerobic conditions are associated with
reduced metal solubility include increasing dissolved ferrous iron (Fe*?) and dissolved
manganese (Mn*?) concentrations that can be associated with microbial reduction of
nearly insoluble oxidized iron and manganese oxide minerals respectively (Crowe et al,
2006). The reduction of iron oxides can result in the release of arsenic adsorbed to the
iron oxides (Stuben et al., 2003; Hullebush et. al, 2005). Upon reduction, including by a
variety of anaerobic microorganisms and methanogenic consortia, more mobile As Il is
produced (Field et al., 2004). Similarly, laboratory experiments have demonstrated that
cobalt, nickel, and aluminum can be released from the microbial reduction of iron oxides
containing these metals (Zachara et. al, 2001; Quantin et. al, 2001). Iron reduction and
the liberation of trace metals associated with iron oxides is unlikely to be significant in
PRB coal seams due to the excess in carbon available to fuel biodegradation activities
that deplete electron acceptors including iron oxides. Readily utilizable oxidized iron
forms have likely been exhausted. For example, reactive iron oxides in peat sediments
were shown to be limited to the upper 10-15 cm sediment interval and are depleted with
depth where trace metals were largely associated with sulfides and organic phases
(Koretsky et. al, 2006). The notion that iron oxides and iron reduction is unlikely in PRB
coals is consistent with laboratory observations detailed below.

Results and Discussion

Laboratory Experiments.

Several trace elements are components of cells, and are essential to cellular functions
such as metabolism. They have long been recognized as effective stimuli of microbial
activity in culture, and are included in medicinal preparations for humans such as multi-
vitamins. In its studies of the functionalities of microbial consortia native to PRB coals,
Luca has conducted many experiments utilizing amendment formulations which include
many trace elements, although Luca does not employ trace metals in the amendment
formulations utilized in the field in the PRB.

A) Stability of the solubility of trace elements during methanogenesis. In 2005,
laboratory experiments were conducted to identify whether methanogenesis supported by
PRB coal is associated with trace element liberation from coal into water. The
partitioning of primary cations (Mg, Ca, and K), ammonium, and several trace metals
(Co, Cu, Fe, Mn, Mo, Ni, Se, and Zn) between PRB water and coal was also evaluated.
Sample collection, experiment preparation, and incubation were conducted under strict
anaerobic conditions and at a temperature similar to in-situ conditions. The experimental



bottles consisted of five grams of ground coal and 15 ml of anoxic formation collected
from the same well supplying core in 36 ml serum bottles sealed with stoppers. The
headspace contained mainly nitrogen with 5% carbon dioxide to further replicate in-situ
conditions including pH. It should be noted that grinding coal will expose coal surfaces
that are unlikely to be in direct contact with groundwater flow in-situ. Thus, it is likely
that these experimental conditions created the potential for increased trace metal contact
and partitioning between water, cells, and coal relative to in-situ conditions.

Monarch coal and water experiments. The first set of experiments evaluated dissolved
trace metals, major cations, and ammonium concentrations after methanogenesis
occurred in coal slurries prepared with Monarch coal and water collected from the
Western PRB. These data are compared with abiotic incubations that were autoclaved
(120°C, 15 minutes) to inhibit microbial activity and with no coal controls (Monarch
water only). After methanogenesis occurred in methanogenic coal slurries, concentrations
of major cations, trace elements, and ammonium were similar to autoclaved controls and
no coal controls (Figure 1). Methanogenesis did not result in the liberation of metals,
into formation water. Trace concentrations (ppb) of copper, molybdenum, and nickel
were decreased in the methanogenic incubations suggesting microbial utilization
although abiotic partitioning is also a possibility as detailed below.

Figure 1. Comparison of inorganic water composition in water from Monarch
methanogenic coal slurries, autoclaved controls, and no coal controls.
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Carney coal and water experiments. Similar experiments were conducted with coal
and water from the Carney seam from the Western PRB. The same constituents were
analyzed immediately after preparing the slurries (To is the start of the experiment) and
after methanogenesis supported on coal occurred (Tf is the last sample from the



experiment). Results were compared with autoclaved controls. Concentrations of major
cations, trace elements with the exception of iron, did not increase in the aqueous phase
after methanogenesis occurred; again indicating that methanogenesis did not result in the
liberation of elements from coal into formation water (Figure 2).

Figure 2. Comparison of initial and final water compositions from Carney methanogenic
coal slurries.
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Increased dissolved iron (likely Fe*?) is attributed to lab artifact via liberation from
ground coal on the basis of a similar concentration in autoclaved controls at Tf (Figure 3)
and the observation that the addition of chelators to coal slurries has resulted in the
solubilization of significant iron concentrations (data not shown). The decreased
concentration of copper, manganese, and zinc in Tf methanogenic coal slurries relative to
initial concentrations (Figure 2) is likely due to the abiotic partitioning of these metals to
ground coal on the basis of similar concentrations of all measured inorganics between Tf
methanogenic coal slurries relative to autoclaved controls (Figure 3).

Figure 3. Comparison of final water compositions between methanogenic Carney coal
slurries and autoclaved controls. Note, that iron concentrations were very similar
between autoclaved and methanogenic slurries.
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B) Partitioning of primary cations, trace metals, and ammonium between formation
water and coal. A third laboratory experiment evaluated the partitioning of primary
cations, several trace metals, and ammonium between formation water and coal. These
compounds were added to coal slurries that were then gradually shaken to increase coal-
water contact over a thirty two day period. For comparison, the same compounds were
added to no coal controls. In this case, the PRB formation water used did not match the
coal collection location. Because little methanogenesis occurred during this short period,
changes in aqueous concentrations are likely not attributed to microbial activity. Figure 4
shows that the concentration of many of the compounds including ammonium, copper,
manganese, molybdenum, nickel, and potassium were present at lower concentrations in
the presence of coal. The loss of metals from solution is likely attributed to metal
adsorption to coal surfaces. The efficient adsorption of metals (including Pb, Cr, Cd, Zn,
Ni, Ca) to coals of various rank has been reported (Burns et. al, 1998) and increased for
the lower rank coals tested. Metal binding was so efficient at a pH above approximately
5-6, that coals are considered as potential adsorbent material for waste water metal
treatment.

Figure 4. Comparison of water compositions between slurries with and without coal to
evaluate metal partitioning to coal.
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C) Biological Demand for Trace Elements. The above laboratory results indicate that
metals are not mobilized from coal during methanogenesis implying that impacts to



groundwater resources from the methanogenic process are unlikely. This is an expected
result from geochemical and biological considerations. Trace metal requirements for
microorganisms are very small. For example, an estimate of the quantity of inorganic
elements required to support the growth of methanogenic consortia was made based on
the elemental composition of methanogens (Scherer et al., 1983). Figure 5 illustrates the
theoretical number of methanogen cells that could grow from either the elements in a
Western PRB coal sample that has been used in lab testing and from the median
concentration of elements in Eastern PRB waters measured in USGS samples collected
throughout the basin (Rice et al, 2000). For reference, a total cell population of ~ 1 x 10°
cells/ml water or g coal is often associated with active methanogenesis in PRB samples
(lab and field). Thus, under methanogenic conditions, a driving force for methanogenic
consortia to access and alter a significant percentage of trace metals from PRB coal for
cell growth is not present. Similarly, the median concentration of inorganics including
trace metals in PRB waters exceeds what is estimated to be required to grow
methanogenic consortia. Cobalt was below detection in PRB waters preventing an
estimation of methanogen growth potential for dissolved cobalt. Based on this analysis,
trace metal concentrations in PRB waters typically exceed concentrations required for
supporting populations of microorganisms necessary for methanogenesis, suggesting
little or no apparent need from microorganisms to obtain their requirements for trace
metals held in the coals. Therefore the uptake of metals by microorganisms involved in
methanogenesis for cell growth should not result in the cycling and reconcentration of
trace metals to PRB coal. This is in contrast to scenarios where trace metals could be
mobilized under oxidizing conditions then precipitated under reducing conditions as
described in the background section of this report. The aqueous solubility and transport
of many trace metals would be anticipated to be low based on these early laboratory
results and literature indicating the adsorption of trace metals to coals.

Figure 5. Estimates of the methanogen growth potential for inorganics in PRB waters
and a PRB coal sample. Growth potential is calculated based on the gquantity of these
elements in methanogen cells. For comparison, approximately 10° cells/ml is often
associated with active methanogenesis in PRB samples.
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Field Results

Water samples were collected through 0.45 um filters, preserved with nitric acid, and
analyzed for a suite of inorganic compounds from wells previously treated by Luca with
amendments to stimulate methanogenesis. Five samples were collected from five Eastern
PRB wells by an independent environmental consulting firm as instructed by BLM and
analyzed for a more comprehensive suite of compounds relative to four western PRB
wells sampled by Luca. The percentage of emplaced amended water pumped from the
treated Eastern PRB wells prior to sample collection ranges from 0.4% to 300% of the
emplaced treated water. One untreated Eastern PRB well was sampled for comparison.
Appendix 1 contains plots of the data for each compound. Luca's samples are colored
green for comparison with data in red for forty seven samples collected by the USGS
(Rice et. al, 2000). Primary or secondary drinking EPA drinking water MCL's are
colored red where applicable.

Concentrations of all elements analyzed in all of Luca's amended wells fall within the
background concentration range for PRB values reported by the USGS. Concentrations
of chloride, selenium, barium, arsenic, zinc, mercury, lead, copper, cadmium, and
aluminum were below EPA drinking water standards in all of Luca's samples and USGS
samples. Dissolved ferrous iron (Fe*?) concentrations often exceed the 0.3 mg/L
secondary drinking water standard for both Luca and USGS samples indicating that
background concentrations of Fe*? iron in PRB waters often exceed this MCL. The same
is true for manganese but to a lesser extent.

It is concluded that Luca's treatment of these wells did not result in changes to dissolved
metal concentrations relative to native PRB water composition. These results are
consistent with the laboratory results, that the chemical conditions required for
methanogenesis (no oxygen and near neutral pH) increase the stability of most trace
metals, and the fact that past native methanogenesis has not resulted in high trace metal
concentrations,

Potential for long-term impacts

It is important to note that despite the abundance of research and literature detailing the
role of microbial activities in metal mobility and cycling, such references on
methanogenesis are scarce. To speculate on potential long-term impacts, the influence of
the methanogenic process on factors that could impact metal solubility is considered.

The methanogenic biodegradation of coal is accomplished by a consortium of
microorganisms including "upstream cells” that biodegrade coal compounds to
intermediates and ultimately to acetate, carbon dioxide, and molecular hydrogen (Figure
6). Some methanogens in the PRB convert acetate to methane, while others convert
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Figure 6. Simplified representation of the methanogenic process in PRB coals.
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carbon dioxide and molecular hydrogen to methane. While some of the produced carbon
dioxide is converted to methane by methanogens, both carbon dioxide and methane are
final products of methanogenic biodegradation. The relatively high bicarbonate waters in
the PRB are very likely derived from microbial sulfate reduction (Van Voast, 2003) and
possibly methanogenesis. This bicarbonate in PRB waters, and likely carbonate minerals
in the coals, provides pH buffering capacity in PRB coal seams with pH values typically
slightly above neutrality as confirmed via limited in-situ pH measurements made by
Luca. Thus, as for historical methanogenesis in the PRB, carbon dioxide production
through methanogenesis over the long-term should not result in significantly lower pH
which could increase metal solubility and mobilization. The importance of pH in
governing metal solubility has been observed in waters from coals in Western Canada
where the more buffered Horsehoe Canyon coals that exhibit signatures of
methanogenesis (increased bicarbonate and isotopically lighter methane) contain
decreased metal concentrations relative to more saline lower bicarbonate waters of the
Mannville coals that do not show signatures of methanogenesis (Cheung et al., 2008).
Further, stimulating coal biodegradation through methanogenesis would help maintain
low Eh conditions. In the absence of coal biodegradation, the coals would be more
susceptible to the infiltration of oxidized waters, increasing the potential for increased
metal solubility and mobilization.  Organic acid intermediates produced during
methanogenic coal biodegradation that could reduce pH and complex metals in solution
have been observed only at trace concentrations including post treatment.

The advancement of mining activities could in theory result in locally oxidizing
conditions in the immediate vicinity of the mines and increase metal solubility and
mobilization to down dip regions operated by Luca. Oxygen introduction is anticipated
to be quite localized due to the high capacity of coals to bind oxygen (confirmed for PRB
coal, data not shown). Stimulating methanogenesis should not decrease the pH buffering
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capacity of the waters and is unlikely to diminish the inherent ability of coals to adsorb
metals.

Because trace metals can be associated with dissolved organic carbon (DOC), DOC
concentrations were compared between previously restored and non-restored wells within
the Patriot project area (Figure 7). DOC concentrations in the restored waters fall within
the range observed for the non-restored wells indicating that potential impacts of metal
solubility or mobilization through changing DOC concentration are unlikely.

Figure 7. Comparison of dissolved organic carbon (DOC) concentrations between
restored (treated) and non-restored wells within the South Pronghorn project area. DOC

concentrations in other PRB non-restored waters are shown for comparison.
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As trace metals are not lost upon biodegradation, the trace metal content of remaining
non-biodegraded materials can increase. An extreme example is highly-biodegraded oils
where greater than 50% of the initial mass of hydrocarbon can be biodegraded. A very
different situation exists for coals. The biogenic conversion potential of coal is lower due
to the lower hydrogen-to-carbon content of coal, and the greater complexity of the
chemical structure of coal, which reduces its bioavailability to microorganisms. Even if a
substantial percentage of the hydrogen in coal is eventually converted to methane, the
actual original hydrogen content is a small portion of the coal’s weight, and the
stoichiometric extraction of associated carbon is a small portion of the original carbon in
the coal. As a result, biogenesis of methane from coal will remove a small percentage of
the original coal unit weight, and the relative concentration of trace elements in the coals
should increase only by this percentage.
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Appendix. Comparison of dissolved inorganics between water samples from wells

previously amended by Luca to stimulate methanogenesis in the Eastern PRB (dark

green) and Western PRB (light green) relative to samples collected by the USGS (blue).

EPA's primary or secondary drinking water mcl

s are colored red where applicable.

4.5

[l Luca - Eastern PRB

Luca - Tongue River
[l Maximum Contaminant Limit

P UsSGs

4

3
2

w -
—

3.5
2.5

(71/6w) uoy)

it

GEpl 1asop
£6°ZL uossiad
9ELE U2l

9T ZZ Y

JFLSTOLSE
ALY 2176 13K
€161 92 €€ Youey weying
61-61 oyd3

VO8ZZL 1saM

008z 91s8m

L6 0CGL AUl

ri-vi 8bueq

JTLG0L-9L uueunne|YIs
Lyl @3] s|1epm

¥Z-LZ-1L youey weyng
€217 £ 2 pueliay
LISK 07 LE € youey weying
-1Z spiemp] 1apuny |
€919 els

0DEL9L 159M

t2-¥G BZ-GL uosualo§

AM £106 GEEZ

VELSK 0191 Uueuneyps
VI ELLGITLE
FYC NN

MELSS FL-9 woybuo syiey
NV PL05 ¥ ZE

LEGY -G 1a)oyualsg

€L ES antasay

zrerze Moaion

NV ELLGLZLL

£8ZZ°1a¥E

£2-61 t1-Gl Buosuemsg

VIE 1 ARS X

szzz ey
W
9L-t¢ Alels weying

L8818 9noy
WS €205 SE FE
CL-ZEG 121
dMBZ-9 159

9 £1 Youey weying
V62 6 pholy
VSETL 994 X1
£8LZILY

LI ZF 8 youey weyng
LL-6 616 RIRWaH
i £81720zL
W zz6riic uosuems
| EBLzWLY
I wscnsizie
_ 57:9294 X1

T£158201 phojy
m
i

o

[ Luca - Eastern PRB

0

Luca - Tongue River
[l Maximum Contaminant Limit

W UsGs

0.’

0.’

0.14
0.12

0.1
0.08

imit

Detection

0.06

T1On

Vi 0L 6L uueulneps
L8 8L-8 jinoy

€E°Z) uossiad
J¥L S 0191 uueUINEPS

MEL G F19 woybue] ey
SLZES 191N

ZL6ir G anasapy
dMEZ 9 1S9

GEFL 1aso
LTE NN

2161 0EGL AUl
vl 334 sllem

CLEr UIyDa0]] 104 "M
Lz splempy Japuny)
028Z-931S9M
02€L-9L3sam

VI8 ZL 1SaM

£2-6F ¥1-61 Buosuems
919 Aes

L1218 youey
LIS 0Z LE € youey weying
9272 oIy

W ENGLTLE

AM €206 G€7€2

NV E2L51Z 1L

WS €206 5ETE

NV #205 ¥1-2€

WS ELLG LT LE
61-61 0ya3
VoELaleIs X

2z9991 X1

VGE VL 831 X
zrgree fisaiyop
€211 upjuey
29€L-a1eIS X1

$1-¥1L abue

sz-zz biey

FAFLUE]
v£158Z 0L PAol4

9€-1€ wipag)
L6616 BlEWay
€17 €2F pueliay

0.04
0.02
0

(/6w) v

16



—
1=
=

0.005

Luca - Tongue River
[l Maximum Contaminant Limit

[l Luca - Eastern PRB
P UsSGS

0.0045

0.004

0.0035

0.003

=
£
c
]
=
X3
m
[
[s]

L N W T W

(2] [=] - [=] (=]

=] =] o =] o

S = =] = S

o o =

(1/6w) wniwped

a = M A M S S M J N 7757 S T T T I R R kil

Vi G 0LGL v
L8 8L-g I
££°71L uossiag
JPLGFOL9L
VrLGH0L-9L v
JVLSOL-GL uueunne|y2Is
MELSS F1-9 usoybuo syieq
SLZEG 1IN

ZI6YES anasep

dM8Z 9 1IS2Mm

GE ¥l 19so

LV AN

TL 6 0E 6L AUl

vl 33d s|lep

ZI-EV 1UIY22014 j104 "My

ILZ Sp1emp] 1epunyy
008Z91SaIM

0D€L°9L IS8

VOBZ T IS8

€167 F1-GL Buosuemg
919 RS

LEGI LG |2j80yutals
€151 92 E¢ Youey weyng
9¢-€1L Yyouey wewynq
¥ LZ ) Yyouey weying
91-F€ 21815 weying
L1-Z+8 Yyauey weying
LIS 0Z LE'E YIuey weying
9Z°ZC IV
VI EAGLTLE
AM 106 SEEE
NV E2LG 1T L)
WS E205°5EFE
NV 7206112
WS ELLS1TLE
61°61 0ya3
Vg LaeIs X1
299884 X1
VSEFL 934 X1
zrgrz e isarop

296 1S X
$1-tL abueq
Sz-zz wbiey
v6Z 6 pAolY
¥21582 0L pholy
9ELE upaq)
L L6616 BlewaY
€117 E-Tr PuBlIay

[llLuca - Eastern PRB

Luca - Tongue River
[l Maximum Contaminant L

P UsGs

imi

0.0250

0.0200

0.0150
0.0100
0.0050

(7/6w) 1addop

|

0.0000 _.

9e-LE ulaq)

0DEL9L 3Sam

VGEFL 234 X1

dMBZ 9159/

VIB8Z T ISaM

2799234 X1

VoE LS X

Vi G0l L uueunneyps
028Z-9159M

V6Z 6 phot4

6L°GL oy23

Wi -G 0L- 91 UuBUINE|YOS
29E AmISX]

YiIGiroL6 v 428
I ye8Z-GlL uosualos

Ltl a3 s|lem

E£°¢) uossiad
JvLGr0L 91 uueune|YRS

GE¥L 19sol

¥ S 0L GL uueUNE|YOS
MELSCS 1179 woybuo syied
£8LZ20z1

L6 pl-£l Uosuems

FL-v1 abueq

£1-61 116l Buosuems

LI 61 61-6 BlEWSY
v1582°01 pholy
LYZ NN
ZI 6 e S aMasap
€919 els
€15 9Z €Z Yauey weyng
GLZEG 13N
£ ¥ upjuen
ey 22014 Y104 "AA
FLZ Spiemp] 1apuny)
LIGI0Z LEE Yauey weying
VL L Yyauey weying
91-F€ 2e1S weying
zrerze Kisargop
9 EE Yy
L8818 ajnoy
9¢-£1 Youey weying
LL-ZH 8 youey weyng
ALL 6 LG [2)Royuias
SZ-Zz mbrey
TON
VI ELGLELE
AM EL0GGEEZ
WS £4151Z1E
NV F205FLZE
WS £206GEVE
NV ELLG LT LL
E£8ZE1LOVE
EQLTWLY
EBLEDLY

17



[l Luca - Eastern PRB

0.100

Luca - Tongue River
[l Maximum Contaminant L

P USGS

0.090

imi

0.080

0.070

0.040
0.030
0.020
0.010

0.060
0.050

(1/6w) assuebuepy

0.000

¥ 5 8Z-GL UoSUI0G
JvE S 01-GL UueuRnNE YRS
££-7| uossiag
Vg LIRS X

Vi Gir0l-GL uueunneyps
CE vl 13soN
NV 7205 ¥L Z€
JQVLSFOL9L Y
VrIG0L-91 uueWINEYDS
WS E2LG LT LE

LIS 0T LE € Yauey weying
el
tL-tL abueq

MEF GG F1-9 woybuo sueyg
NV €216 LELL
w6z 6 PAoly
EIS 9T ET YD
Vil GroLe
ZL 6 0E 5L AUl
€161 FL Gl Buosuems
ALL6i G 1Rjroyulag
AM €206 GEEZ

e 22014 Y104 "M
9T e P
VOBTZLISaM
028Z-9159M

YD EAGLTLE
ergree fisanon
ZL6EG aniasa
29£1-81LIS X

szze wbiey

WS £206°GE FE

6161 0493
9e-LE upag)
vl 89 s||epm
J2Z99:4X1

tr1gez-0l phoid

ILZ splemp3] 1apuny |
91-vE L3S weyng

VT LZ| youey weying
LG 66 elewsy
FYZNN

0J€1- 91 1sam
ELLVE T PuUR|Iay

€241 upjuey
LG LG 330
veErL 224 X1
22919 A;s
GLZEG IR
ZLBI FI-EL uosuEMS
9 £l Yyauey weying
dM8Z 91saMm

1281 81-8 @ moy
£8ZTLAVE

LTI

£81ZZ0ZL

E8LZWLY

LL-Zi 8 Youey weying

Luca - Tongue River
[l Maximum Contaminant Limit

[l Luca - Eastern PRB
P UsSGS

0.0140

0.0120

0.0100

0.0080

0.0060
0.0040

(/Bw) pea

0.0020

mit

0.0000

—
=
=

Detection

JPL G 0L-9L uuel
Vi G 0LGL uuel
VLG 019l uue
€S 9Z-£Z Ypury weying
MELSET1-9 woybuo syied
L8788 BNy
J¥L S OL-GL uuel
££-71 Uossiag
ZI6V DESL @
SLZES 1IN
ZI 6T E G anasa
dMBZ 9153

GE VL 1aso
LYZNN
R LY

ZIE Y2014 jioq "M

L LE Spiempd 1apuny )
0D8Z°9153M

QD€L 9L 1S9M

V08T ZL 1sam

€167 11-GL Buosuems
2919 ;s

V2 VS 8¢ Gl uosualo§
V¥ 5 0L-6 uueupnejyog
ZI 6 bl £l uosuBMS
QLL6F LG |2Je0yuIals
LGV LG 12)2oyuialg
LIS OZ LE € Youey weyng
9€-EL Youey weying

¥ LT L Youey weying
6lL-GL o3

9I-p€ 21e1§ weying

LL- €1 8 Yyauey weying

9T LZ Wi

VI ELSLTLE

AM £10GGEET

NV ELLGLTLL

WS £065CTE

NY 7206 TL-ZE

WS £/15LZ1E

Ve L eeIS X1
2099341
VSETL 334X

zrerze fisainon

€T ey

29¢1-AeIS X

ti-¥1 abueq

STzzbiey

V626 PAoly

vr1582 01 phopy

9€°LE uIaq)

LL 6V 6L 6 B[eWaH
£L11E°2h pue|iay

EIYPRS

18



0.0020

[l Luca - Eastern PRB
[ ]Luca - Tongue River

0.0018

imi

[l Maximum Contaminant L

0.0014 [USGS

0.0016
0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

(/6w) Ainois

Detection

I

1N
VPLGi0L Gl uuewgne|yas
L8 81-8 aynoy
£E°7) uossiag
JPLGi 0L 9L uueUINE|YIS
VPLGi0L-91 uueugne|yas
IFLGOLG) uuBLINE YOS
MEL GG ¥1-9 uioybuo] spey
SLZES 131N
ZLEYEG aMBsIY
dMSZ 9159
SEbL Jaso
VT NN
Zr6Ir0EGH Ul
Iyl @94 sllem
ZU-EF 1WIY320]14 Y104 "M
LLZ spiemp3 1apuny]
028Z 9159/
02EL-91 352
WOBZZL 1SOM
€L 611G} Buosuemsg
7z 919 aIels
VL9582 Gl uosualos
VL G016 UuBWINE|YIS
ZLBIFLEL uosuems
QL6 LG 13g80yuials
L6 1S 13jR0yuIa)s
€151 92 €2 Youey weying
9E-£1 Youey weying
¥Z'1Z'L y2uey weyng
91-v€ B1BIS Weying
L1-Zir 8 youey weying
LIGH0Z LE€ Yauey weyng
9772 YIY
VO ELGIELE
AM €205 GE €2
NV ELLGLZLL
WS £205°GE €
NV ¥205 F1-ZE
WS ELIS LT LE
61-GL 0423
VIEL-ARIS X
2E9991 X1
VGE T 834 X1
ergiree Kisargop
€711 upuel
D9€-L- RIS X
pi-v1L abueq
szzz wbrey
V6Z 6 pAory
1158201 Phol4
9€°LE uIpaq)
LL G616 Bleway
€111 €2 PuelIay

imi

[l Maximum Contaminant L

[l Luca - Eastern PRB
[ ]Luca - Tongue River

3.5

2.5

it

TN
PG 0L9) uueUINR YIS
VPL G0k 9} uueunne|yps

9€°LE uiag|

€812-2021
Dbl G011 uuewINE|PS
ZL6TTL-EL UoSuBmMS
VPL G0k ) uueunne|yps
MEZLGGFL-9 woybuo syed
FE-LE 1L Yyauey weying
6151 0493

L1 234 sjlem
TL VG 825l uosualog
£8LT WLV
E8LZ DLV
216V 0E G Suli
¥1-1592°01 pAoly
ZL6irE G anasay
VFL G016 uueune|yag
GEpl Jasol
i-y) abueq
€67} uossiag
Zrerze hiaaiyon
£L°6F F1-Gl Buosuems
Y9z ZL 159M
0DEL-9L 1S9M
L spiempy 1apuny |

29994 X1
ELITE T puB|ay
LL 6 LG 1380y uIa1g
SLZEG 1IN
LISFOZ LEE Youry weying
L8 81-8 oy
LI G616 BleWway
00282 9159M
dMBZ 9 159M
Z1EF IYd30]4 Y104 "M
Zz919 Aels
aLL 6 -G [2)a0yulals
977 Y1y
WS €105 5E ¥E
€16 92-€ UoueRYy wewyng
9¢°£1 YouRY Weying
NV p10G+1-2€
AM £L06GE€Z
NV ELLG LT LL
WS £2151Z1E
VI ENGITIE
D9 LIS X
V9E LIRS X ]

LYZ AN
€211 upuep
VEETL 394 X1
91-FE RIS weying
L1-Zi§ Youey weying
Gzzz wbiey
V6 6 pAory

Detection

(/6w) ouiz

19



mit

JI

el

tZ 12| Youey weng
NY V205V EE

€161 9¢ £ youey weying
1rLZ spiemp3 1apuny|
AM E10G GE£Z

FAr s JIUIEELIERTCE T Y
9€-€1 Youey weng
141 abueq

92 WP

0D28Z9153M

6L°GL oy23

zreree fsainon

SEPL Jasow

€12 E2Y PuelIay
VFLGF 0L 9} uue
J¥L S 0L-9) uue
VFLSF 0L G) uue
vl @34 s|lep
L6V P EL uosuems
€919 Ams

££-71 uossiag
Faza il

9J-pg LIS weyng

£2-PL upjuep

YIS 0)L-6 uueunnejyas
L6 EG aAasa
9g°LE upaq)

dM8Z 9153

£L6F F1 Gl Buosuemg

¥1 76 82 GL uosualos
6161 0yp3
¥1-¥L abueq

VD ELSITIE

LIS 02 LE€ Youey weying
vl 23qs|lem

NV EZLGLELL

€L-6¥ 11-51 Buosuems
CreroEsl @
€21V EZy PURllaH
VL G0LGL Ul

VFLGFO0L 9L
€IS 97 £ Youey weying
LE6Y LG [34a0yulals
0J€179L 359
VSEFL 934 X1
FarAalll
9E'LE uIaq)

GEFL 1950l

TL6YeG anasay
2161 bl £l UoSUBMS

vIE LraRIs X1

€671 uossiag

el Tard R
VLG 0L 9L UuBWINE YIS
dM8Z 9 1S9

L6616 BleWwSH

20

mn"""""""--------------lllllllllnlll °F

99 BleIs
P ¥G8Z-GL Uosualos Jz9934 X1
IPLGIOL-GL UuRUANE|YRS SI-ZEG AN
02£1-91 1S3M ZI-EF 1UIYI0]4 Y104 A
LB LS [940yuals WS E15 12 1E
VOBZ ZLIS3M = -
- Zell £ 9L-vE @els weying
m ALL 6 G [2)a04uldls u MEL G5 F1-9 uioybuo| syiey
E w6z 6 pholy 0D8Z 9158M
4 YLGBZ 0L POl t AT
e LL6i6L-6 BlRWal - b M IPLEHOLGL Y
© 5z-zz wbrey = NV P2057LZE
1=
m o .m LL-Zirg yauey weying R m m 9€- €L youey weyng
r.2eg WS EASLELE o = 9722 YOIy
o = VI ENGLELE c W c 29¢ LAl X1
c o LIS 0Z'LE€ Youey weying 5 gm V6Z 6 PAolY
H ﬂUH_ [=] WS £205°5EVE wm C LI-ZF 8 ysuey weying
2 e [ 8] L6 0ESL Bul m o E LI8irgl-g aynoy
© G E SLZES 191N _.__h _I. = T T
weE= 5 L8 8L-8 a0y o o .m w ZIerz-g Msaipop
L Em MELSGF1-9 woybua] spey HETEER Y $116:82-01 pholy
@ T-Z0 NY ELLGLZ L 3380 AM E4055E°EE
oo Jd=23
33 ® W 279294 X1 112 SPaeMpT 18puny |
JJd =D VSETL 294 X1 . .. ALE6F LS [Bjaoyuals
. . . 29 1-a1eIS X1 sz-zz wbiey
VO£ L RIS X1 WS £205 56 F€
H
=] 2 @ S Q o < @ o 5 2 ™~ © © = ~ - © © L -]
=] =] =] =] =] =] =] =] =] S o

(7/Bbw) oussiy (1/6w) wnueg



Icn|

[llLuca - Eastern PRB

0.05

Luca - Tongue River
[l Maximum Contaminant L

P UsGs

0.045

imi

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

(/6w) wnjuajas

mit

gell]
£81T°Z0ZL
VG 0l-GlL uueunne|yos
L1-8¥ 818 N0y
£€-71 uossiag
¥4 G 0L 91 uuBRUDNE|YIS
V¥ G 0191 uueunnE|YO g
J¥E G 0L-GL uueunne|yas
MELSGT1-9 uioybuo sieq
SLZES 18I
L6 £ G anasa
zrarze aanan
GE ¥L 18s0p
LFEWNN
€L 6 0ESE AUl
I¥l33d sllem
TL-EF IUIY2201 Y104 "M
FLZ Spiemp3 1apunyj
VIBZ ZLISOM
dM8Z-9152M
028Z°9159M
0DEL9L 1S9y
ZT919 Al
$1- 1682 GL uosualog
VIL Gl 0L 6 UUeunne|ps
LE6Y LG [2J204ulang
£1-6F ¥1-GL Buosuems
€L 6T FI-EL uosuemg
aLL6¥ LG [24204ulans
€TFL unjuep
92 €¢Iy
EBLZWLY
£8LZDLY
¥ 1T | yduey weng
LIGI 0Z LE € Yyouey weying
€16 9Z-£Z Youey weying
9g-€) yauey weyng
VO ELGITLE
AM £205 SEE€E
NV ELLGLELL
WS ELLGLTLE
£8ZT1OTE
WS E£205 5€FE
NV 7206 ¥L-Z€
t1-t1 abueq
9g°LE upaq)
LI 6 6L6 BleWway
VGEFL 294 X1
29¢ L-AEIS X1
VoL L-amIs-X1
JZ924 X1
6161 oy23
9l-F€ 2e15 weying
LL-Zi7 8 Yauey weying
¥L 158201 pRojg
LIV ETr PUBIay
cz-zz ey
V6Z 6 Phold

[l Luca - Eastern PRB

Luca - Tongue River
[l Maximum Contaminant L

B UsGS

imi

60

(=]
N

50
40
30

(/Bw) wniojes

61761 oy23

€16V 92 €2 Yauey weying
vl ea]s|em
VELSFOLGL Uueunne|yps
DFLSH0L-9L uueURNER|PS

LIGY 07 LE £ Youey weying
t2 G 8Z-GL uosualog
Vi-Gi0L-91 uuewneyas
VI ELSITLE

L6V 0ESL AUIIN

LEGY 'S [3420yuials

NV €215 1211

ZI 6Pl €1 uosuems
TLGIE G aMasay

€16 T1-GL Buosuemg
t1-v1 8bue

£6-7) uossiag
PG 0L 6L uuBLNR YIS
Y.L G 0l-6 UUBLLNE|YIS
€11V EZF PuRIaH

L6 616 BleWay

Ve LS Xl

GEpL 1aso
LFYZNN
SLEes 18lm

L7 SPIEMPT 1apuny|

MELSG 1179 woybuoT seg
WS €215 1T 1E

NY 7205 ¥1-2€

VOB8Z L 1seM

ELEV IUIYII014 Y104 "My
ZZ919 A.IS
VSEFL 331 X1

€THL upjuep

0JEL9L ISaM

91-t£ LIS Weying

PZ- L1 youey weying
008Z935am
V62 6 PRold
292941

922 W

9£-£1 youey weyng

LE81 818 noy
ez g Misaigop

L2 8 youey weying
dM8Z-9153M

AM £405°GE €

29e 1ARSX

12158201 PAotd
aLL6F LG 12J0yulals
9gLE uiaq]

WS €206 GETE

£812°20TL

€8LZDLF

szzz wbiey

OLTWLY

€8z 1are

21



8¢ [llLuca-Eastern PRB
Luca - Tongue River
7¢ [lMaximum Contaminant L

imi

P UsGs

C|

600
500
400
100

(=]
(=]
(2]

200

(7/6w) wnipos

02E1-91 Is9M
9€°LE mpag)
£81Z°ZATL
VeETL 334 X1
dMBZ 9153
VI8TZL IS8
£8ZZ'1a¥E
€8LTDLF
2T9934X1
VIE L3RS X
EBLTWLY
008z 91s8m
v6Z:6 Phold
29€ 1-AIS X
ViL G 0L Gl uuew
NV ELLGLZLL
NV v20GvL-ZE
61-61 oyd3
v ¥G BZ-Gl uosualog
ViL G 0L 91 uuew
V4G 0l-6 Uuew
VI ELLGITLE
vl 924 sliem
J¥L G 0191 uuew
€161 115l Buosuemg
MEL GG L9 woybuo] sspey
tl-y1 abue
LLGI LG |9)R0oyuialg
L6 0ESL AUl

WS ELLGLELE
Zr6rE s anesa
€1GH 92 £Z Youey weying

ZLG FL-EL uosuemMg
SLZES 13N

££-7) uossiag

€11 Eey puelay

¥ 158201 pholy

SEplL 1asol

AM €206 € €2

L6t 616 BlRWAH
vz NN

LISt 0Z LE £ Yyouey weng
9L-¥€ AelS weyng
Zz9L9 Aels

zrerze heaiaw
€211 upjuep

WS £206 SEFE

ZU-ER 1NIY22014 104 "M
[ LZ spiemp3 1apuny)
L8 8L-g iney

LI ZF 8 youey weying
ALL 6 £G [3R0YuIlS
9T LT UMY

9¢-£1 youey weying
$Z-12-1 Yyauey weying
sezz wbieq

i
2
1

1 W :: :

1~

[l Luca - Eastern PRB

imi

Luca - Tongue River
[l Maximum Contaminant L

1 JPJUSGS

1

(1/Bw) winissejod

6151 ou23

V1 VS BE Gl uosualos

¥1-#L abue

€167 vL-5L Buosuems
Iyl 834 sllepy

GE Tl 1asol

€LIFETE PURIRH

0D€EL-9L 1S2M
LVZ NN

L6 0E L SUliW
2T 919 Aeig

LL6YEG anasap
LIS 02 LE-€ youey weying
£E°7L uossiag

LI 6V G 12j20yuiag

L6 FL-£L uosuems
SLZES 131N
dM8Z 9 IS2M
994 X1

MEF G5 F1L-9 woybuoq syieq
€8/Z2021

€16 9Z £Z Yyouey weying
VSETL 934 X1

Vg 1AeIs X

9€-£1L yauey weying

0087 9158M

9z IT WY

€THL upjuey

VOBT ZL 1s8M

ZIEY U014 Y104 "M
JVL G 0L 9L uueUINEPS
V6Z 6 Aol

LL 6616 BlEWaH
91-p€ ael§ weyng
29 RIS X

11-Z 8 youey weymng
VELGFOL6
EBLZWLY
€8LZDLY
L8 81 3xpnoy
Yy GroL-9L uueu
YL GroLGL v
I'LZ spiempg 1apu
12 LT L youey weying
rsree bearap
ALL 67 LG 13jaoyuials
£82Z°1a¥E

JvL GOl GL uueunnepS
¥1-15:82-01L pAo4
z-zz wbiey

eu

22



[llLuca - Eastern PRB

240

Luca - Tongue River
[l Maximum Contaminant L

P UsGs

220

imi

200
180
160

140
120
100
80
60
40
20

(1/6w) spuojyo

TN

VLG 0191 UuBWEYDS
VIS 011 uuewneyas
¥rL G016 uuewINE|YDS
€8LEDLY

EBLZWLY

JdMBZ9 159/

91-FE 31elS weying

g€ LE ullaq)

ELTEZY PURlidH

QD€L 91 183M
0289153 Mm
279924 X1

¥ vS 8T 6L uosualos
$1158Z-01 phold

L2 g youey weying

£C ¥l upuey

LIS 0Z LEE Yauey weyng
€461 tl-GlL Buosuems
99 Aes

29e 13RS X1

ZI 6 £ aMasap

w6z 6 Pholy

iz spiempy sepunyy

LL 61616 BIEWAH

ZLEY U201 o] "M
MELSG 119 woybuo syied
$2-1Z-L Youey weying
VA @A LIELITIEI
GL-ZEG 121N

vi-pl abueq

LI 881 8 ajnoy

£E£ ) uossiag

JvL 50191 uueUnEYDS
9¢-€1 yauey weying
ZL6r0EGL SullN

WS £206°6ETE
LvZ NN
Fyl o34 sliem

61-GL o3

L6V FL £} uosuemsg

€81 ¢zl

GE-pl 1aso

Zrerzs Msaiow
J¥LSK 0L Gl uueunne|ydg
VI8ZZL159M

€161 9Z°€Z Youey weying
AM EJ0GGEEZ

WS £/ LTLE

€8¢ 1ave
VSETL 831 X1

VIE 1-RIS X

9 Ze Iy

NV €215 LZ 1L

NV F205¥1-ZE

YO ENGLTLE

sz ze wbiey

ALL6I £G [aje0yuIals

23



