_ﬂ UTAH GEOLOGICAL SURVEY

~ Water-related issues affecting conventional oil
and gas recovery and potential oil shale
development in the Uinta Basin, Utah

" Uintah
County

Pl: Michael D. Vanden Berg

Project website: geology.utah.gov/emp/UBwater_study www.geology.utah. gov



el UTAH GEOLOGICAL SURVEY

]

Overall Goal #1

Assess groundwater aquifers in the Uinta Basin to help facilitate prudent saline
water disposal

Burean of Indian Affairs - Oil and Gas Development |
on the Uintah and Ouray Reservation - 4899 wells

| Greater Natural Buttes Area Gas
Development Project - 3675 wells

- Facilitate increased petroleum development —_— e—
- Protect freshwater resources oo o e MOk i\, e vt |
- Reduce the need for evaporation ponds \ "D”f"_E\S"E ‘\,,_\ CU St G el e
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Natural gas, crude oil, and water production in
the Uinta Basin, Utah, 2002-2011
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Big Pack Natural Gas Develop-
ment Project- 664 wells
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300 -  s0 Developoment Project - 626 wells

? Area currently leased for oil River Bend Field Develop-
[ and gas development | ment Project - 484 wells
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10-year increase in natural gas production - 189%
10-year increase in crude oil production - 159%

10-year increase in water production - 87%
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Natural gas production (billion cubic feet)
Crude oil and water production (million barrels)

More than 25,000 o1l and gas wells are currently
Hm 2002 J{F‘!J.‘] ZD‘!]'I Z{F‘!]ﬁ Zﬁ‘llﬁ 2{?‘!]7 J{P‘(}S Z[l‘!]? Z{P‘I{P 2[!110 proposed fOr drilling in the Uinta BaSin

Source: Usah Divisian of 04, Gas, and Mining

This future drilling will greatly increase the amount of produced water
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Overall Goal #2

Establish baseline surface and shallow groundwater chemistry data for lands
with oil shale development potential
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- Lands designated by BLM in PEIS \ 7
- Pre-development data

- Bi-annual sampling
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Explanation

Oil shale deviopment potential
— Mahogany zone outcrop
— River l

— Road -T..;

Township and Range
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3 Main Tasks

Task 1: Project Management — PI: Michael Vanden Berg, UGS

Task 2. Re-map the base of the moderately saline water

Task Leader: Paul Anderson, Consulting Geologist
Scale: Basin-wide

Task 3: Geologic characterization of the Birds Nest aquifer

Task Leader: Michael Vanden Berg, UGS, Energy and Minerals Program
Scale: Regional (central Uintah County)

Task 4. Baseline water chemistry database for lands with

oil shale development potential

Task Leader: Janae Wallace, UGS, Groundwater Program
Scale: Regional (central Uintah County)

Task 5: Analysis of produced water from simulated in-situ oil shale extraction
technologies - Collaboration with University of Utah

Task 6: Technology Transfer

www.geology.utah.gov
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Total Funding = $860,279
- 20% UGS cost share
- $243,966 subcontract to Paul Anderson (Task 2) (billed out)
- ~$32,000 remaining (to be spent January-April 2012)

Timeline:
- Original time frame: October 1, 2008 to September 30, 2011
- First no-cost extension: Extended project to December 31, 2011

- Second no-cost extension: Extended project to April 30, 2012

Task updates:
- Task 2 — draft final report finished, in review
- Task 3 —draft final report 25% finished
- Task 4 — draft final report finished, in review

- Task 5 — experiments completed, report in prep.

Project Funding and Deadlines

www.geology.utah.gov
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Mapping the base of the moderately saline
water In the Uinta Basin, Utah

www.geology.utah.gov
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EOLOGICAL SURVEY

A lack of saline water disposal options is a significant limiting factor with regard to
increases in oil and gas production in the Uinta Basin, Utah

Saline water from oil and gas wells can only be injected into aquifers containing water
that is >10,000 TDS salinity

- Protection of “freshwater” (0-10,000 TDS) is a priority
Current disposal wells are at or near capacity

Evaporation ponds can not handle the increase in saline water and pose several
environmental challenges T —————

- Brine concentration

- Potential for contaminating shallow groundwater

- Wildlife hazard

- Potential for increased ozone and VOC emissions

Re-using water is an option, but treatment is expensive

Quality groundwater data is lacking, delaying approval of disposal permits

- Original reference map is 25 years old - >8000 wells have been drilled since
www.geology.utah.gov
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EOLOGICAL SURVEY

Provide reliable and accurate groundwater data to operators and regulators to facilitate
prudent saline water disposal plans

* New GIS-based map showing the base of the moderately saline water within the
Uinta Basin, Utah (10,000 TDS surface)

- Below which, saline water can be injected without compromising “freshwater” resources

» Database of water quality information (ground truth)

- ~2800 water analyses from ~1500 individual wells throughout the basin

» Five geologic cross sections showing the saline water transition and its
relationship to the subsurface geology

www.geology.utah.gov
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EOLOGICAL SURVEY

Operator: / Service: Company/:

- Alta-Blue - EOG Resources - Pendragon Energy Partners

- Anadarko Petroleum Corp. - FMIL Natural Resources - Questar Energy Co.

- Anschutz - Flying J - Robert L. Bayless Production
- Berry Petroleum Co. - Forest Oil Corp. - Rosewood Resources

- Bill Barrett Corp. - GASCO Inc. - Royale Energy Inc.

- Blue Tip Castlegate Inc. - Halliburton - Summit Operating

- Devon Energy Production Co. - JW Operating - TCC Royalty Corp.

- El Paso E&P Co. - McElvin Oil & Gas - Whiting Oil & Gas Corp.

- EIk Resources - Mustang Fuel Corp. - Wind River Resources Corp.
- Enduring Resources - Newfield Production Corp. - XTO Energy Inc.

Government / Academia:

- Kansas Geological Survey - U.S. Bureau of Land Management
- University of Utah - Utah Division of QOil, Gas, and Mining
- University of Wyoming - Utah Division of Water Resources

- U.S. Geological Survey
www.geology.utah.gov
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» Downhole water chemistry
- “Ground truth”
- ~2800 analyses from ~1500 different wells

- Data mostly from oil and gas operators and DOGM well files

 Data from original mapping effort (TP-92)
- This data was re-evaluated and corrections where made when appropriate

- Revised mapping rules applied

 Evaluation of geophysical logs from select wells throughout the basin
- 259 wells were examined
- Examination of resistivity logs as a proxy for salinity (Archie’s equation)

- Digital log files were donated by companies (70%), the remainder were purchased or digitized in-house

www.geology.utah.gov
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Task 2: Re-map the base of the moderately saline water
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® Water chemistry data

X TP-92 data
X New data

Task 2: Re-map the base of the moderately saline water
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Definition of base of moderately saline water (BMSW) 500 ft “‘window” test
<10,000 mg/L TDS permeable bed
e <+— = saline
>10,000 mg/L TDS permeable bed = “non-saling”"—s
s s Land surface
\

Section dominated by “non-saline” permeable beds

= ey Less than 50%

:r saline permeable
beds

Less than 50%

permeable saline beds s =
T Fam=—_1
| ————— — —— | More than-50%
— S — saline permeable—
beds
e
W bounda
— : 2 === —_— - Unprotected zone of
“non-saline” permeable beds
= =
u g e
— BMSW mapping rule:
o - . The base of the moderately saline water (BMSW)
Section dominated by saline permeable beds boundary is identified in a well log by the shallowest natural

occurrence of the first 500 foot gross interval or “window” contain-
ing a net thickness of saline permeable beds greater than 50 per-
cent. Other "non-saline” permeable beds may be present in the
500 foot “window” but must represent less than 50 percent of the
total net permeable beds. The BMSW boundary is placed at the
base of the first moderately saline or fresher permeable bed above
the gross 500 foot saline “window.”
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Base of the moderately
saline water — Depth map

GEOLOGICAL SURV!
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Base of the moderately
saline water — Depth map
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Base of the moderately
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EOLOGICAL SURVEY

« BMSW is a transition zone, not a single boundary
e The BMSW is influenced by:

- Recharging fresh groundwater (especially in the north)
- Saline stratigraphy (Birds Nest aquifer, bedded salines in the northwestern Green River Formation)

- Faults / groundwater flow paths
o Salinity is poorly correlated with depth (except in some specific formations)

» Differences between old and new maps are attributed to abundant new data and a
revision of mapping rules

- Changes in subsurface water chemistry due to abundant saline water disposal over the past 25 years can
be demonstrated, but only in a few specific wells and fields

- The volume of disposed water is very minor compared to the storage space available within the basin,
and therefore is not expected to affect large areas

» This new map should be used for planning purposes, as a first-pass guide to finding
appropriate depths for saline water disposal, but should always be accompanied by water
chemistry analyses from the proposed disposal intervals

www.geology.utah.gov
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GEOLOGICAL SURVEY

Geologic characterization of the
Birds Nest aguifer

www.geology.utah.gov
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EOLOGICAL SURVEY

The Birds Nest aquifer has been identified by Uintah County natural gas producers as a zone
suitable for large-scale saline water disposal; however, this aquifer is poorly understood and
needs further study to determine potential impacts of proposed/active disposal

« Unresolved questions at the beginning of the study:
- Geologic character of the aquifer
- Areal extent
- Thickness
- Water chemistry
- Potential disposal related impacts to oil shale deposits

- Impact of cross-cutting gilsonite veins

www.geology.utah.gov
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EOLOGICAL SURVEY

Detailed geologic characterization using well data, cores, outcrops, and available water
chemistry

Annotated bibliography

- 38 references (very limited data)

» Well information database — aquifer tops, formation tops, etc.

- 322 oil/gas and oil shale wells evaluated

o Water chemistry database

- 208 analyses from 161 different wells (majority of data from Anadarko)
o 21 detailed core descriptions — including photos
» 4 measured sections and numerous field observations in other locations
o 5 detailed regional cross sections

» Maps — outcrop, areal extent, thickness, water quality, overburden, interburden

www.geology.utah.gov
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The Birds Nest aquifer formed from the dissolution of saline minerals (mostly
nahcolite) within the upper Green River Formation oil shale zone
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The Birds Nest aquifer formed from the dissolution of saline minerals (mostly
nahcolite) within the upper Green River Formation oil shale zone
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T represents a 0.5-
to 1-foot gap

www.geology.utah.gov
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GEOLOGICAL SURVEY

The Birds Nest aquifer formed from the dissolution of saline minerals (mos'; &3

nahcolite) within the upper Green River Formation oil shale zone

Extensive fractures formed within
the weakened rock, creating the
aquifer’s permeability

>4 u_.dw\.\
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AN EESS e is key to understanding the Birds Nest

GEOLOGICAL SUR
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' Core is key to understanding the Birds Nest
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' Core is key to understanding the Birds Nest
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' Core is key to understanding the Birds Nest
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QOutcrop is also important
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Regional cross sections

GEOLOGICAL SURVEY

gov

www.geology.utah



UTAH GEOLOGICAL SURVEY Task 3: Geologic Characterization of the Birds Nest aquifer

Blue shading = extent of large
saline nodules and area with
disposal potential
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Isopa
ch of lower BN zone
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Isopach of upper BN zone
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- S Birds Nest and 25 GPT oil shale zone
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Birds Nest aquifer water chemistry
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Birds Nest aquifer water chemistry —
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Birds Nest aquifer water chemistry —
DUCHESNE CO. | UINTAH CO. Area with saline water disposal potential
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——— Mahogany zone outcrop
—— Saline zone outcrop
—— Major river

eologic Characterization of the Birds Nest aquifer
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Birds Nest aquifer water chemistry —
Volume calculations
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Well with BN water chemistry data, but with possible
dilution of fresher water from above BN zone

o Well with BN specific water chemistry data




——— Mahogany zone outcrop
—— Saline zone outcrop
—— Major river

eologic Characterization of the Birds Nest aquifer

Birds Nest aquifer water chemistry —
Volume calculations
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Well with BN water chemistry data, but with possible
dilution of fresher water from above BN zone

o Well with BN specific water chemistry data
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Approximate space for saline water:

Upper BN zone

Area = 359.0 miles?

Mean thickness = 81.7 ft

Total volume = 8.2 x 10! ft3

Macro pore volume (at 2.5%) = 20,436,482,303 ft°
Macro pore volume (at 2.5%) = 469,157 acre feet

Lower BN zone

Area = 498.6 miles?

Mean thickness = 85.2 ft
Total volume = 1.2 x 102 ft3
Macro pore volume (at 2.5%) = 29,616,785,540 ft3
Macro pore volume (at 2.5%) = 679,908 acre feet

3: Geologic Characterization of the Birds Nest aquifer

Birds Nest aquifer water chemistry —

Volume calculations
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Approximate space for saline water:

Upper BN zone

Area = 359.0 miles?

Mean thickness = 81.7 ft

Total volume = 8.2 x 10! ft3

Macro pore volume (at 2.5%) = 20,436,482,303 ft°
Macro pore volume (at 2.5%) = 469,157 acre feet

Lower BN zone

Area = 498.6 miles?

Mean thickness = 85.2 ft

Total volume = 1.2 x 102 ft3

Macro pore volume (at 2.5%) = 29,616,785,540 ft3
Macro pore volume (at 2.5%) = 679,908 acre feet

3: Geologic Characterization of the Birds Nest aquifer

Birds Nest aquifer water chemistry —

Volume calculations

Complications:

* Does not take into account fracture porosity and micro porosity |

- Highly variable and hard to quantify

e Large areas display no saline mineral dissolution

- These areas are very difficult to quantify
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may wash fardown hill firom pi.
an outcropping vein. jt“ b
_}"’li_—,.,-.d"'{nﬂ ’
wr - . . ;
M Weathered gilsomita vein near the surface
2 et has a typical “pendillated” fracture structure,

This ore generally has a higher melt point
and is called “seconds.”

Most veins thin
gradually upward
until they thin to
extinction in the
upiper Linta or

Duchesne River o
Formations. The unweathered massive gilsonite generally

hias a lower mealt point and is callsd “select.”

Sandstone walls of 3
vein ane very firm
and in clean contact
with the gilsonite,
with very littha
penatration.

Typical gilsonita vein reaches its maximum
width in tha vicinity of the Uinta-Grean River

Uinta Formation formaticnal comtact.

Green River
Formation

Debris tends to collect at the bottom of a vein
where it begins to split upon entering the shale
beds, making clean mining at this level difficult.

M5t viins have their “roots™in the r'u:ﬁ .
el "il-shale bads ofthe Grean River Formation.
A fewr veins extend downward into the

i underlying Wasatch Fomation.

Figure 6. Cross section of a typical gilsonite vein (from Eldridge, 1301). www.geology.utah.gov



UTAH GEOLOGICAL SURVEY Task 3: Geologic Characterization of the Birds Nest aquifer

GEOLOGICAL SURVEY

www.geology.utah.gov



UTAH GEOLOGICAL SURVEY Task 3: Geologic Characterization of the Birds Nest aquifer

GEOLOGICAL SURVEY

A A 5
-1 [ M % 5
Www.gcblugjy:utén.guv




Task 3: Geologic Characterization of the Birds Nest aquifer

UTAH GEOLOGICAL SURVEY

>
fr}
>
=
2
a
3
=
It}
Q9
=
=1
W
o




UTAH GEOLOGICAL SURVEY Task 3: Geologic Characterization of t

GEOLOGICAL SURVEY




UTAH GEOLOGICAL SURVEY Task 3: Geologic Characterization of the Birds Nest aquifer

GEOLOGICAL SURVEY

S o o
. WhiteRiver -

25 GPT Isopach [ 40-60 ft

>0-5 ft I 60-80 ft

5-20 ft I 80-100 ft

20-40 ft I 100-130 ft
— Gilsonite vein

Approx. structure contour - Base of BN
— Mahogany zone outcrop

Saline zone outcrop

BLM RD&D oil shale lease (OSEC)
—— Major river




UTAH GEOLOGICAL SURVEY Task 3: Geologic Characterization of the Birds Nest aquifer

— Gilsonite vein
Approx. structure contour - Base of BN
— Mahogany zone outcrop
Saline zone outcrop
BLM RD&D oil shale lease (OSEC)
Major river




S UTAH GEOLOGICAL SURVEY Task 3: Geologic Characterization of the Birds Nest aquifer

]

20

5

. @ Summer 2009 'L, 4 i:"uur tar
Near agriculture u Fall 2009 T
Alluvial wells A Spring 2010 22. 3?5.";11,
15 Fall 2010 arget 1. Windmill
+ Spring 2011 b

) {F=950, White/Green
> 3 River
E 10 19 Green
8 A "r' River [ “_! Bonanza
8 :

”“'\

Within Green River Fm.
Impermeable marlstone

Yo ™

[ T

|
:

3. Asphall 1 a Watson
- o]
. 4 & e
0 e 1 ‘ iy
0 X : x D - = 85 = LD o = . . =)
o 8 § 8 £ 6 & ES 3 £8 £ £ 2T 2500 £ - Pt
2 21 Qo 5 ¥ EFpFroax g sx g o 3354 Y= 7.E
52523 = TS eoEE Ll
g = = £ 3 »w & 2 T £ = O = 2 ¥ =
o '§'§(,3,<U U)g.‘:(Dm&m: ~
i s g 2 5§ 2
% o 2 g i) Rainbow
0 C el 10 AlC 0 O
<
O cvwale 0 c CO cepP COUuld DE o o
ings
Well
0 c O 0 C VE 0 aAVE 0 e




: Geologic Characterization of the Birds Nest aguifer

30 f;'aemn (Vinta Fm)
gjnér water lnflltratlgn
w (from wall rock) /

25 GPTisopach [ 40-60 1t
>0-5 ft B 0-60 ft
5201t B e0-100 ft
20-40ft  [HI 100-130 ft

— Gilsonite vein
Approx. structure contour - Base of BN
Mahogany zone outcrop
Saline zone outcrop
BLM RD&D oil shale g
Major river

Barrier or conduit depends on tye and thickness of vein



_ﬂ UTAH GEOLOGICAL SURVEY  Task 3: Geologic Characterization of the Birds Nest aquifer

EOLOGICAL SURVEY

» The Birds Nest aquifer has significant potential as a saline water disposal zone...

Currently contains highly saline water in northern areas

Large amount of storage space (on a vacuum) due to the dissolution of saline minerals
Shallow (good or bad?)

Located close to significant drilling activity

Should only affect leaner oil shale deposits with marginal economic potential

» But poses unigue challenges and risks:
- Large areas with no dissolution, reduces potential

- Cross-cutting gilsonite veins (and associated fractures) could transmit water vertically through the
section, posing risks to “fresh” water aquifers and oil shale operations

- Monitoring wells will be key, but add expense

www.geology.utah.gov
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Baseline water chemistry database for lands
with oil shale development potential
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There is a regulatory need for baseline water quality data from lands identified by the BLM
as having oil shale development potential

 Pre-oil shale development, surface and shallow bedrock aquifer water quality

» Groundwater from greater depths in the oil and gas producing zones is more
well known and was not the focus of this study

« Sample water from wells and surface sites bi-annually (5 rounds)

« Database of water quality analyses including:
- general chemistry
- nutrients
- dissolved oxygen
- dissolved metals
- volatile organic compounds
- total organic carbon

www.geology.utah.gov
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Task 4: Baseline water chemistry database
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Only 24 sites were
suitable for sampling
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TDS for sites
sampled spring 2011
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Bi-annual TDS water chemistry for all sites — minimal variation
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www.geology.utah.gov
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Bi-annual TDS water chemistry for all sites — minimal variation
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Bi-annual nitrate water chemistry for all sites — minimal variation
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* New baseline water chemistry database provides GIS-based information to help local
planners and potential oil shale/oil sand developers preserve the quality of ground and
surface water through careful land-use planning

« Minimal seasonal changes in water chemistry
» Highest TDS was 2832 mg/L from Evacuation Creek (flows along outcrop of Birds Nest aquifer)

« Most nitrate concentrations were below detection limits, except in agricultural areas to
the north and Kings well

» Some samples had detectable VOCs, but all were below EPA maximum contaminant
levels

» Most of the water, in terms of being potable, could be used as a source for drinking
water if treated properly, with all having TDS concentrations below 3000 mg/L, the
upper limit set by the Utah Water Quality Board as “drinking water quality”

www.geology.utah.gov
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Analysis of produced water firom simulated
In-situi oll shale extraction technologies

This research was performed by Dr. Milind Deo and Pankaj Tiwari (PhD student),
Department of Chemical Engineering, University of Utah

UGS role — provide oil shale samples (core plugs) for
all experiments

www.geology.utah.gov
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Simulate in-situ oil shale extraction in the laboratory to:
1) Determine the presence and species of dissolved organics in the water phase post-pyrolysis

2) Determine the affect the presence of water has on retorting and its products

Several experiments were performed:
1) Water-soaked pyrolysis on powdered and whole-rock samples
2) Hydrous pyrolysis experiments at different temperatures

3) Analysis of water-phase products from non-hydrous pyrolysis experiments

Simplified results:

1) Very little water is released during retorting of Utah oil shale, thus reducing the potential
for large volumes of water needing disposal during commercial-scale in-situ retorting

2) Water produced in the laboratory experiments contained only very low to non-detectable
amounts of organic components, reducing the likelihood of severe aquifer contamination

www.geology.utah.gov
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Technology T ransfer

www.geology.utah.gov
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UGS newsletter, published 3 times a year, distributed to over 5000 people

U T A H G EOL OGTICAL 5 LR BV BRF Sy

SURVEY NOTES

Saline water disposal is one of the most pressing
issues with regard to increasing crude oil and natu-
ral gas production in the Uinta Basin of northeastern |
Utah. Corwentional oil fields in the basin provide 67 |
percent of Utah's total crude oil production and 7o
rcent of Utah's total natural gas, the latter of which
as Increased 6o percent in the past o years. Along
with hydrocarbons, wells in the Uinta Basin produce
significant amounts of salty water—nearly 4 million
barrels of saline water per month in Uintah County |
and nearly 2 million barrels per month in Duchesne
County. As hydrocarbon production increases, so does
saline water production, creating an increased need
for economic and environmentally responsible dis-
posal plans. Curent water disposal wells—wells spe-
cifically used to re-inject saline water underground—
are near capacity, and permitting for new wells is being
delayed because of a lack of technical data regarding
potential disposal aquifers and questions concerning
contamination of freshwater sources. Many compa-
nies are reluctantly resorting to evaporation ponds as
a short-term solution, but these ponds have limited
capacity, are prone to leakage, and pose potential risks The Birds Nest aquifir in the eastern Uinta Basin is a pramising reser or the disposal
to birds and other wildlife. Many Uinta Basin opera- f saline waterthat accompanies hydrocarbon mroduction.
tors claim that oil and natural gas production cannot
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A) Birds Nest aquffer in outarop along Evacuation Creek, eastern Uinta Basin. The large cavities resulted from the dissolution of saline minerals, creat
the aqufer’s porasity (percent of pare space) and permeabiliy (o measure of how effectively the pores aré connected). B) Dissolution of saline minerals in
core from central Uintah County (yellow bars equal 1 inch).
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Oil & Natural Gas Technology

. DOE Award No.: DE-NT0005671
Quarterly reports emailed to ~80

Interested individuals from private Quarterly Report
and pUb“C sectors October 2011 - December 2011
) ) Water-related Issues Affecting Conventional QOil and Gas Recovery
October 2009 — Year 1 review meeting and Potential Qil-Shale Development in the Uinta Basin, Utah
- Vernal, Ut NG S?a&?&eﬁk&cal Survey

T P.O. Box 146100
_ 16 parthlpantS o Salt Lake City, UT 84114-6100
Principal Investigator: Michael D. Vanden Berg
Prepared for:

J an u ary 20 1 1 — Year 2 reV| eW meetl n g U_nited States Department of Energy
Mational Energy Technology Laboratory

January 31, 2012

- Vernal, UT
- 33 participants

Final results will be presented at AAPG SN=TL
national meeting — April 2012 Office of Fossil Energy
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« May 2009 — University of Utah Uinta Basin field trip
* October 2010 — 30" Qil Shale Symposium
* November 2010 — UGS board field trip

» May 2011 — University of Utah Unconventional Fuels Conference
» October 2011 — 315t Oil Shale Symposium
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Is it really over.......

....... any more questions

www.geology.utah.gov
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