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PO Box 5513
Farmington, NM 87499

‘ " RE CE |V ED (505) 325-5449
Synergy Operating, LLG MRRALIE

0il Conservation Commission

New Mexico Oil Conservation Division
Attn: Ms. Davidson ‘

1220 South Saint Francis Drive

Santa Fe, NM 87505
(505-476-3462-fax)

RE: Case No. 14015 Rule 50: Application of the New Mexico
Oil Conservation Division for Repeal of Existing Rule 50
concerning pits and below grade tanks and adoption of a new
rule governing pits, below grade tanks, closed loop systems and
other alternative methods to the foregoing, and amending
other rules to conforming changes, Statewide,

Ms. Davidson:

Synergy Operating, LLC (Synergy) is a Farmington, New Mexico based independent oil and gas
company that has six (6) employees. We are a member company of the Independent Petroleum
Association of New Mexico (IPANM) and the New Mexico Oil and Gas Association (NMOGA)
and support both organizations recommendations regarding this important rule. Synergy was not
a direct member of the Industry Committee (IC), but we have reviewed their materials and have
actively participated with members of this group on drafting the response and we fully support
their recommendations. We have been safely and efficiently drilling oil and natural gas wells for
almost twelve (12) years, epitomizing the type of small business that New Mexico relies upon for
sustaining and growing high paying industry jobs.

Synergy has two (2) New Mexico registered professional engineers on staff in the discipline of
Petroleum Engineering who have actively developed our state’s oil and gas resources for a
combined thirty (30) plus years. It is Synergy’s recommendation that the Oil Conservation
Commission (OCC) vote to vacate the application of the New Mexico Oil Conservation Division
(NMOCD) with regard to the matter at hand, as being unnecessary for continued development of
oil and gas, with insufficient technical justification warranting its adoption as a Rule. This
application appears to address a concern or problem that does not exist.

Furthermore adoption of this proposed application will negatively impact the development of the
public’s State and Federal mineral estate upon which the foundation of our state government is
financed and would negate the OCC’s principal respons1b1hty to encourage the orderly
development of this valuable resource.

Although the NMOCD has the responsibility to regulate the disposition of nondomestic wastes
resulting from the exploration, development, production or storage of crude oil or natural gas to
protect public health and the environment; The proposed Rule attempts to “Redefine” waste toa
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standard that will undoubtedly-interfere with the NMOCD’s primary responsibility to prevent -
~waste and protect the correlative nghts as provided under the Oil and Gas Act, Section 70-2-12.1
NMSA 1978 and potent1aally the: proposed rule will atfempt to negate the RCRA waste
exemptions specifically allocated to our industry. The correlative rights of the State and Federal
mineral owners would undoubtedly be negatively affected by this redefinition of the waste
standards by the NMOCD, and arguably could be outside of the statutory authority of the
NMOCD.

The economic argument that some parties make in support of this matter is, “Industry can afford
it”. It is interesting to identify that these economic arguments are promulgated by i
environmentalists. The NMOCD should be concerned when an environmental stakeholder
organization must rely solely upon their economic arguments for endorsement of added
regulation. The superior question to the OCC remains identifying the benefit of this rule with
regard to the protection of public health and the environment. It is clear from the technical
evidence,that regardless of the economic impact of this proposed regulation, no positive
qualitative, nor positive quantitative benefit can be determined from adoption of the proposed
rule over the existing rule.

If the rule is adopted as proposed, economics will undoubtedly drive investment to more
favorable locations beyond the state of New Mexico. As an independent oil and gas company
with investment opportunities in Utah, Colorado, and Wyoming, I can confirm that Synergy will
be forced to reduce our capital investments in New Mexico. This saddens me, as I would prefer
to work and invest our organization’s profits at home. Some interested parties in this matter
suggest that the added costs associated with this unnecessary rule will somehow create additional
jobs?, this assertion is beyond conventional economic reality, but must assume a captive
socialistic marketplace. It is obvious that by increasing economic burdens from unnecessary
regulation, that fewer wells will be drilled.

The OCC should request from the NMOCD an explanation as to why with § 90 oil and $ 6.00
natural gas, the number of new wells being drilled in New Mexico is declining? Synergy
contends that the added regulation from the recent solid waste rule, the revised enforcement rule,
the proposed adoption of this “Pit Rule”, and the stated intention to revise eighteen (18)
additional rules will accelerate the decline in new well applications. Synergy has reviewed
numerous industry calculations regarding closed loop requirements and associated dig and haul
costs, and we concur with their data and expected range of cost results. We offer our specific
example for the record.

Synergy is currently developing a shallow marginally economic Fruitland Coal project in the San
Juan Basin. Synergy believes that over the next 2 to 5 years, we can drill up to sixty (60) new
wells to an approximate depth of one-thousand feet under the existing requirements of Rule 50.
The “New” Rule 50 is overly burdensome, unnecessary for the protection of the public health
and the environment and negatively impacts Synergy and other independent small businesses.

The small footprint of our well locations in Northwest New Mexico will undoubtedly have to be
expanded with additional surface disturbance area to handle the closed loop equipment and or
deep trench burial methods in a safe manner. These trenches may interfere with the tight room
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that is currently available at many locations due to the “twinning” with existing locations and the
existing surface equipment, including separators and tank batteries. In effect, all cuttings would
need to be hauled away from the location. The industry has taken great steps to reduce our
environmental footprint from an aerial extent, adoption of this rule will expand the area required
to safely and adequately develop oil and gas reserves defeating industry’s good work.

It should be noted that the safe cost effective industry practice to drill a shallow Fruitland Coal
well, is to drill without solids control equipment (i.e. a shaker, cone system, nor centrifuge).
This differs from deeper wells where solids control equipment is traditionally employed. These
wells utilize the cost effective gravity segregation method for removal of solids. This gravity
segregation method is safe, mother nature provides it, and has been proven effective for many
years.

During the three (3) days of drilling, Synergy typically utilizes up to thirty — fifty pound sacks of
bentonite clay and three (3) five-gallon jugs of polymer in our mud system to drill these shallow
wells. It should be noted that the constituent make-up of polymer is 30 % water (MSDS sheets
attached) thereby reducing the effective non-aqueous additive volume. Our reserve pits for these
shallow wells are small, typically containing 800 barrels of useable capacity. These additives are
mixed with fresh water, are circulated down the drill string, and coat the sides of the borehole
thereby allowing adequate cuttings removal and sufficient gel strength for safe drilling
operations to occur. These are the same additives utilized to drill drinking water wells.
Assuming incorrectly that there is no retention of the non-aqueous phase, 10 gallons of chemical
is diluted into 16,800 gallons (400 bbls) of fresh water. This yields a concentration of non-
aqueous product of 0.059 percent (six one-hundredth’s of one percent) in the drilling mud.

Bentonite clay, the principal constituent of drilling mud, will expand when fully hydrated up to
18 times its solid volume. This clay along with naturally occurring clays found in the
sedimentary rock (sandstones, silts, and shales) cause the cuttings material from a borehole to be
greater than the calculated hole diameter might indicate. This is one of the reasons that the
volume of drill cuttings is greater than would be expected and corroborates the industry
calculations of expected solids volume. Synergy’s solid cutting volume estimate utilizes a 10 to
1 ratio of solids magnification.

On a per well basis, Synergy anticipates that implementation of this rule will add $ 1,500 to our
liner and location costs, $ 2,000 to our drill equipment mob/demob costs, $ 15,000 to our solids
-equipment control cost, $ 8,000 solids trucking cost (8 trucks - $ 1000 round trip), $ 2,800 in
solid waste disposal costs, $ 1,000 in soil testing costs, and $ 1,500 backhoe/operator charges.
This anticipated total of $ 31,800 would be added to our existing drilling phase cost of $ 100,000
yielding a new drilling phase cost of $ 131,800 (32% cost increase). The completion phase of
our operation would again be impacted with need to haul solid quartz sand returns to a landfill at
approximately $ 4,000. Estimated financial impact upon each of our shallow 1000 foot Fruitland
Coal wells is $ 35,800. This shallow well example demonstrates that this the one size ﬁts all
regulation impact is ill advised.

As the OCC is well aware, marginal Fruitland Coal wells initially produce high water volumes,
with little gas production. Gas production improves as the reservoir pressure is lowered over

Synergy
Rule 50 Comments
Page 3 of 10



time. Due to the longer dewatering times anticipated in our project area, a thirty-percent cost
increase in the initial investment will extend the time to reach payback of our investment and
cripple the economic viability of our project. This proposed rule fails to protect our rights and
the rights of the Federal mineral estate from whom we had planned to develop these gas reserves.
The economic viability of our leases is placed in jeopardy.

I want to briefly discuss temporary lined workover pits, as the majority of the focus has been
placed upon temporary lined drilling pits. The dimensional requirements imposed upon a
temporary lined workover pit in the proposed rule are not practical. The only requirements a
temporary lined workover pit should have is that it have sufficient freeboard to allow
containment of fluids, be properly bermed to not allow surface waters to enter the pit, and be
adequately fenced under the standard New Mexico definitions of a fence to protect wildlife. The
current Rule 50 with “12-mil liners” is adequate with regard to temporary lined workover pits.

These pits are often located in difficult size restricted locations. Most temporary lined workover
pits are utilized to contain frac sand returns and cement returns during workover operations, with
all fluids properly removed and disposed prior to the solids (quartz sand and portland cement)
burial. There are currently over one-hundred-twenty operational workover rigs employed in the
San Juan Basin. These workover operations will now be subject to the same closed loop '
requirements as drilling operations. The unintended consequence of adoption of this proposed
rule (targeting drilling pits) will be significantly increased costs of maintaining production at
existing wells, and clearly add to the administrative burden of the NMOCD staff.

Often during remedial cementing operations, the quantity of cement that will be returned to the
surface cannot be predicted. Current regulations require operators to circulate cement to surface
as a best management practice, and a temporary lined workover pit of sufficient capacity allows
an operator a cost effective method to achieve this goal. Under the proposed regulation, this
cement material, along with any sand material from stimulations will now be required to be .
hauled to an approved facility. Furthermore testing of the soil will be required beneath this
cement filled liner, which clearly seems. inappropriate and unnecessary. It should be noted that
no samples have been analyzed regarding temporary workover pits by either the NMOCD or
industry for evaluation. No background soil or fluid data has been provided. Furthermore no
samples have been taken from underneath a lined reserve or workover pit. It is clear that this
rule as written has not taken into account impacts relating specifically to the workover operations
on existing wells in New Mexico.

Assuming that twenty-five percent of the workover operations in Northwest New Mexico are
performing remedial activity, the expected workover related cuttings volumes when added to the
drilling rig related cuttings volumes would effectively double the quantity of material that will be
hauled to an approved landfill site in the Northwest. This unnecessary burden will in particular
impact smaller independent operators in New Mexico, as they acquire “legacy” wells from larger
operators who will move their operations out of state or overseas. The cost to workover a well in
New Mexico will be increased unnecessarily.
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Well abandonment operations also require a temporary lined workover pit in order to circulate
the excess cement out of the well. Under the proposed regulations this non-toxic and immobile
cement and the liner containment material would be required to be transported to a landfill.

It should be noted that the movement of drill cuttings and wastes on location induces additional
safety hazards to equipment and personnel onsite in addition to placement of additional traffic
and dust on our roadways to and from wellsite locations. The probability of solids transfer
equipment.(such as a backhoe) inadvertently damaging wellsite production equipment will
increase. This will increase the likelihood of a spill or unintentional gas release.

Synergy specifically objects to the request by the New Mexico Department of Game and Fish
(NMDGF) for the imposition of netting requirements and eight foot tall “chain link™ fence
requirements on all reserve and workover pits. No information, nor examples are presented by
NMDGF justifying this request and it is offensive to our industry that the historic cooperation
and habitat improvements made by our industry are not reflected in their comments. Under the
existing rule, netting and cover of tanks and production pits are required. Industry has supported
reasonable seasonal activity restrictions (Timing Limitations) to benefit big game, even though
the biological record of benefit is weak. A chain link fence installation requirement is beyond
reason, would entail significant cost, offer no improvement over the existing fencing
requirements on temporary pits, and one would hope viewed by the OCC as unreasonable.

The United States Geological Survey (USGS) has conducted and is conducting long term
analysis regarding of the effects upon waste burial in arid environments and the movement of
hydraulic fluids. The results of these studies are summarized in a fact sheet whose link is
embedded below. A significant conclusion is summarized here in this sentence: “A study of
chloride concentrations in the unsaturated zone indicates that deep percolation of water was
limited to the upper 30 feet during the past 16,000 to 33,000 years.” Modern day analysis at the
site is capable of monitoring “present-day” flow processes to a depth of 45 feet in great detail.
http://water.usgs.gov/wid/FS _179-95/ ‘

Monitoring has included both disturbed areas and undisturbed areas. It has been shown that in
arid environments water movement in both the liquid and vapor phase has consistently been
upward. Areas of soil disturbance are protected further through the installation of an
impermeable synthetic liner as is currently utilized with temporary oil and gas reserve and
workover pits. The probability of leachable salts, metals, and organics impacting the ground

- water in areas of deep ground water (defined as greater than 50 feet) is conclusively
infinitesimal.

Another peer reviewed reference regarding Non-Aqueous Phase Liquid (NAPL) mobility limits
in soil is detailed in the Soil and Groundwater Research Bulletin No. 9 prepared in June 2000
http://www.api.org/ehs/groundwater/bulletins/index.cfm. This document discusses the soil
saturation limits for vartous chemicals and hydrocarbons including miscible hydrocarbons. It is
clear from analysis of Table 2 of this document that the saturation concentration limits in mg/Kg
that are retained through adsorption, surface tension, and capillary forces are quite high. This
would indicate the concentration of specific NAPLs retained in drill cuttings must exceed these
values and be in direct hydrologic communication with groundwater to facilitate their mobility. -
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Furthermore when a comparison is made of the concentrations present in the publicly available
data on solids (soils) within the liners of reserve pits most concentrations are well below these
saturation limits. Once traditional soils are mixed with the cuttings and are utilized to bury
(cover) industry temporary lined reserve and workover pits, the probability of mobile NAPL
constituents becomes infinitesimal. The current Rule 50 practices regarding lined reserve and
workover pits adequately protect groundwater resources, the public health, and the environment,
without requiring closed loop drilling, deep trench burial, and associated testing.

As a side note to the lay reader, our industry works diligently to recover the maximum amount of
oil contained inside of reservoir rock. It is important to state that under primary recovery
operations, with our best efforts, industry may recover ten (10) percent of the oil in place. With
significant expense and effort, attempting to strip the remaining oil from this reservoir rock
(called Secondary and Tertiary recovery), industry often achieves only a few percentage points
of additional recovery. Hydrocarbons and NAPLs have resilience in their ability to remain
within the pore space.

It should be mentioned that “Closed Loop” drilling practices actually require the use of
additional chemicals to help separate fine particulates from the mud assisting the centrifuge. By
not utilizing the “Closed Loop” drilling process, fewer NAPL chemicals will be in the mud, and
by default fewer NAPL chemicals will be in the solids. Closed Loop drilling is not the panacea
that some may believe.

Water is an important resource to all the citizens of New Mexico. It is my belief that industry
has been a good steward of water resources in New Mexico. An understanding of both surface
water quality and ground water quality standards and the likely mobility contaminants within
drill cuttings is warranted. Chemists understand that when you mix two (2) substances of
different salinity in equal parts that the salinity of the composite solution will reach equilibrium.
It is also well understood that if brine water evaporates that the salts are left behind as
precipitants. What is difficult to model and predict with regard to drill cuttings is the percentage
of salts, and other metals, that can be placed back into solution following their precipitation due
to the presence of bentonite, other clays, silts, and sand grains, which preferentially adsorb and
retain salts and minerals?

Under current regulations the fluids remaining in a reserve pit or workover pit are removed and
disposed of properly. The salts remaining associated with these drill cuttings can be utilized to
estimate the concentration of salt should fresh (low salt) water (i.e. rain water) filter through the
material. Although detailed soluble fraction tests were not performed on any of the NMOCD
samples, it is possible to infer or estimate the salt concentration of the leachate. I will reference
the soil sample taken by the NMOCD from the reserve pit of the Hare # 14M well (Sample DP3-
01-Work Order # 7060415) located in Northwest New Mexico (Sec 10-T29NR10W). The
Chloride concentration is listed as 704 mg/Kg. The salts are listed as Total Calcium 14200
mg/Kg, Total Mg 2790 mg/Kg, Total K 1230 mg/Kg and Total Sodium (Na) 1570 mg/Kg.

The Chloride figure is determined by taking 1 part soil and 2 parts distilled water and mixing
them together (shaking vigoursly) for an extended period of time. This typically places the
soluble portion of Sodium, the most soluble salt into solution. This would indicate that
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approximately 704/1570 or 44% was soluble. It also indicates that 56% of the NaCl salt
remained bound in the soil material. It also indicates that the Calcium Chloride (CaCl2),
Magnesium Chloride (MgCl2) and Potassium Chloride (KCl) were not soluble or as soluble and
hence likely immobile in this sample. The Calcium in particular is likely associated with the
immobile cement. It is possible to perform detailed resoluble fraction tests for these salts, but as
stated above these tests were not performed for the NMOCD samples, and their performance
would be critical to accurately determine resoluble salt concentrations.

Continuing with our example, one must now assume that rainwater now contains NaCl (Table
Salt) leachate 704 mg/Kg (above the proposed limit of 250 mg/Kg), we must assume that at
some point another drop of fresh rainwater (2™ drop) will mix with the 1% drop of rain water.
This will immediately dilute the concentratmn in half, reaching an equilibrium of 352 mg/Kg.
Adding one more drop of water (3 raindrop) will now allow the leachate (176 mg/Kg) to meet
 the proposed standard. This natural dilution process occurs in all soils.

The challenge now is to reconcile the probability that this leachate, continuing to be diluted by
freshwater (since rain will occur) will somehow migrate through the remaining soil (note the
remaining soil does not contain this high concentration of salts as it is “division-prescribed soil
cover”, native soil; or top soil to reach the public and harm the environment. Furthermore the
assumption must occur that through all of the remaining soil pore throats, the leachate will
remain unchanged (no outside impacts positively or negatively changing the salt concentration)
until harming the public or the environment. I almost forgot to discuss the synthetic liner which
will inhibit flow. The probability of this leachate, as demonstrated in this example, reaching
groundwater is minimal, and if it did reach ground water its effect would be infinitesimal.

I would like to review a second Northwest New Mexico public data sample of drilling mud
(water) taken directly from the mud tank on the BHGR-Many Canyons 29-04-11 # 34H well
(sample T3-01, Work Order 7060432). Review of this document’s results are focused upon
Total Petroleum Hydrocarbons (TPH), as well as Total Dissolved Solids. The three (3) reported
columns regarding TPH at the top of the analysis indicate different hydrocarbon constituents.
The TRPHC reading of 385 mg/l is a heavy hydrocarbon reading typically > C35. This material
has little mobility. The DRO reading of 18.6 mg/1 covers mid-range hydrocarbons from C12 to
C28, and also has little mobility. The GRO reading of 0.713 mg/l covers hydrocarbons that have
higher mobility C6 to C12. The footnote on this sample at the bottom of page one indicates that
the sample had to be diluted due to the amount of solids in the sample. This is reflected when
comparing the Chloride reading of 2050 mg/1 to the Total Dissolved Solids Reading of 17200
mg/l. This difference demonstrates that a significant portion of the sample material is actually
solids, not salts, and would undoubtedly separate from the liquid if given sufficient time. As an
engineer, it appears to me that after the drilling fluids are disposed of properly under the existing
Rule 50, that the remaining solids in this reserve pit, properly covered and revegetated W111 not
be of harm to the public nor the env1ronment

A summary spreadsheet of the samples taken by the NMOCD for Northwest New Mexico is
attached indicating TPH and chloride concentrations. Most of these items meet New Mexico
ground water quality standards without dilution.
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Detractors will continue to show pictures of “Legacy Sites” (older sites) whose surface locations
contain little to no vegetation, principally in Southeast New Mexico. It should be noted that
these reserve pit sites were closed out in accordance with the regulations in place at that time.
Current regulations and current re-vegetation practices have improved surface characteristics
substantially. It should be referenced that Marathon Oil recently received the 2007 NMOCD
Environmental Merit Award for re-habilitating unattractive “Legacy Sites”. I would again make
the statement that the pictures may not look nice, but the hazard to the public and the
environment is not demonstrable. Industry truly is a good neighbor and not the villain portrayed
by some, and industry continues to work to improve the condition of “Legacy Sites” and improve
forage for wildlife.

Current regulation under Rule 50 adequately protects shallow groundwater. It may surprise the-
OCC that the average salt concentration in the San Juan River at Bluff, Utah as measured by the
Bureau of Reclamation over the past sixty years is 441 mg/l. (See Chart)
http://www.usbr.gov/uc/progact/salinity/excel/CRBannual_salinity data.xls The Bureau of
Reclamation also has analyzed the water quality in the San Juan River below Navajo Reservoir,
near Archuleta, NM, specifically for salts since 1940. This data is not available in a chart
format. http://www.usbr.gov/uc/progact/salinity/pdfs/SanJuanRivernearArchuletaNM.pdf

The TDS salinity readings are slightly lower, since it is downstream of the reservoir. The
salinity of the Colorado river below Hoover dam is 723 mg/l.

As many New Mexicans know during severe rain events and during the spring run-off, the rivers
and washes of New Mexico flow with debris, sediment, and solids. The data regarding
turbidity in these washes and the rivers is limited, although quite interesting. The viscosity due
to the sediment load of the river must be thicker than a drilling mud at times! It is difficult to
reconcile that the NMOCD is requiring a “clean” threshold for reserve pit solids and salts that
would often be exceeded in our rivers. N

I do not want to leave the impression that drilling fluids and cuttings should be de-regulated or
unregulated, rather I believe the technical evidence and my cursory discussion of the technical
information demonstrates that the current Rule 50 practice in place regarding the management of
oil and gas pits of all types is appropriate, and unnecessary of repeal and/or modification as
requested by the NMOCD in this matter.

The oil and gas industry has a long history of cooperative regulatory reform evidenced by the
rule changes associated with oil and gas production pits. In Northwest New Mexico, these
unlined earthen pits were utilized to dispose of small volumes of produced water. In areas of
shallow groundwater, especially along river corridors, associated hydrocarbons came in contact
with the ground water and migrated. Industry and regulators investigated this matter and
implemented a closure program to eliminate the use of these unlined earthen pits. Remediation
activity was performed at dehydration and separation pits throughout the Northwest. It was
estimated in 1993 that there may have been up to 62,900 such pits in operation. Although the
technical information did not warrant elimination of all earthen pits, principally those where
ground water was shallow, industry has been actively working under the existing Rule 50 to
remove all these earthen pits and replace them with steel and fiberglass tanks. It should be noted
that earthen pit discharges were the rule at that time, but no longer. When analyzed statistically,
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the contaminant occurrences represent a small fraction of the earthen pits in use at that time.
Although an updated list is unavailable from the NMOCD website, the majority of these sites
have been properly remediated by industry.

Long term use of production pits is different from the short term use of lined reserve and
workover pits. To equate uses and potential impacts of these pits is not appropriate. Liner
materials, secondary containment, quantity, and duration of use, among other items clearly
disqualify some parties attempts to equate these pit types. Earthen pits have direct hydrologic
communication with the soil. This is not the case with temporary lined reserve and workover

pits.

The historic record in New Mexico indicates that industry has been a good neighbor with regard
to all types of oil and gas pits. The technical information regarding the materials within a
temporary lined reserve pit, both solids and fluids, do not warrant a change in the exiting rule.

In conclusion, Synergy supports the specific recommendations made by IPANM, NMOGA, and
the Industry Committee (IC) as we have participated in their preparation. This letter is supported
by the entire staff of Synergy, as well as several New Mexico small businesses such as TPC,
Inc., Delhi-Trading, Inc., and Mullins Energy, Inc. Ilook forward to personally discussing this
matter with you and answering any questions you may have regarding my comments.

As a technical professional working daily to produce clean burning natural gas and oil, while
protecting the environment, I respectfully recommend that the OCC vacate this application as

proposed and direct the NMOCD to continue effective enforcement of the existing pit rule.

I can be reached at (505) 566-3725, or tom.mullins@synergyoperating.com.

Thomas E. Mullins, P.E.
Engineering Manager

attachments ,

cc: Karin Foster — IPANM
Stephanie Reid - NMOGA
William Carr — IC
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Listing and Order of Exhibits/Attachments
Synergy Closed Loop Impact Spreadsheet — 1 Page
Synergy Summary of NW New Mexico‘Public Pit Samples — 1 Page (legal)
M-I Drilling Fluid MSDS Sheet (Beﬁtonite “Max-Gel”) — 6 Pages
M-I Drilling Fluid MSDS Sheet (Poly-Plus) — 3 Pages

San Juan River, Bluff Utah Salinity — 1 Page Chart
bttp://www.usbr.gov/uc/progact/salinity/excel/CRBannual_salinity data.xls

USGS Fact Sheet 179-95 — 4 Pages
http://water.usgs.gov/wid/FS_179-95/

API Soil and Groundwater Research Bulletin No. 9 prepared in June 2000 — 9 Pages
http://www.api.org/ehs/groundwater/bulletins/index.cfm.

Specific Sample BHGR Many Canyons 29-4-11 # 34H (Sample T3-01) — 5 pages

Specific Sample COPC-Hare # 14M (Sample DP3-01) — 5 pages
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Synergy Operating, LLC

Closed Loop Drilling Impacts

Synergy Operating, LLC

Shallow 1000' Fruitland Coal Calculations
Closed Loop Analysis ’

Cement Calculations

12.25" Hole Size
8-5/8" Casing Size
ANNULAR AREA CEMENT CALCULATIONS
12,25 ID OF HOLE
8.625 OD OF PIPE
0.073504 Bbls per Ft
0.412722 Ft3 per Ft

1.42 Cement Yield (ft3 per sack)
0.290649 Sacks per Ft

120 DEPTH OF CASING
8.820423 BBLS OF CEMENT 100%
49.52667 FT3 OF CEMENT NEEDED 100%
34.87794. SACKS OF CEMENT PER 100%

17.64085 DOUBLED BBLS OF CEMENT
99.05335 FT3 OF CEMENT (W EXCESS)
69.75588 SACKS WITH EXCESS

7" Hole Size
5-1/2" Casing Size

ANNULAR AREA CEMENT CALCULATIONS:

7.88 ID OF HOLE

5.50 OD OF PIPE
0.030855 Bbls per Ft
0.173253 Ft3 per Ft

1.39 Cement Yield (ft3 per sack)
0.124642 Sacks per Ft

1000 DEPTH OF CASING
30.85539 BBLS OF CEMENT 100%
173.253 FT3 OF CEMENT NEEDED 100%
124.6425 SACKS OF CEMENT PER 100%

61.71078 DOUBLED BBLS OF CEMENT
346.506 FT3 OF CEMENT (W EXCESS)
249.2849 SACKS WITH EXCESS

Drilling Phase Costs

Grand Total Estimated Impact 35,800

Location Size Adjustment & Liner change 1,600
Trucking Charges Mob/Demob 2,000
Solids Equipment (3 days @ $ 5,000) 15,000
Trucking Solids (8 trucks @ $ 1,000) 8,000
Solid Waste charges from landfill 2,800
Soil Testing Costs 1,000
Backhoe/Loader wf operator 1,500
Subtotal through Drilling - 31,800
Mob/Demob/Backhoe (Combined) 2,000
Trucking Solids (2 trucks @ $ 1000) 2,000
Subtotal on Completion 4,000

Rule 50 Comments

Hole Calculations

0.1457625 bbls/ft 12.25" hole

17.49 bbls of surface hole exact waste
10 Multiplier Waste 10 times
174,92 bbls of surface hole waste expected

Historical Estimate
15 bbls surface cement waste expected

0.0602386 bbls/ft 7-7/8" hole size

53.009966 bbls of production hole exact waste
10 Muitiplier Waste 10 times
530.09956 bbls of production hole waste expected

Historical Estimate
15 bbls production hole cement waste expected

. 735.01 Total bbls of solid waste @ 22.4 ppg when dry
4,127.11 cubic feet of solid waste (5.615 ft3 per bbt!)
152.86 cubic yards of solid waste (27 ft3 = 1 yd3)
7.6 Number of 20 yard trucks to use
$2,751.40 Cost $ 18/yd Waste Cost

No NM Gross Receipt Taxes Estimated

Prepared by TEM, 10-27-2007



MSDS NO. 10618

Trade Name:
Chemical Famlly:
Product Use:
Emergency Telephone (24 hr.):

Supplied by:

Telephone Number:
Contact Person:

Revision Number:

HMIS Rating
Health: 1*

Flammability: 0

MATERIAL SAFETY DATA SHEET
Trade Name: MAX GEL*

Revision Date: 12/17/2004

MAX GEL*

Mixture

Oil well drilling fluid additive.
281-561-1600

M-l HDD MINING & WATERWELL
A Business Unit of M-I L.L.C.

P.O. Box 42842

Houston, TX 77242
www.drilling-fluids.com

281-561-1512
Joanne Galvan, Product Safety Specialist

4

Physical Hazard: O PPE: E

HMIS Key: 4=Severe, 3=Serious, 2=Moderate, 1=Slight, 0=Minimal Hazard. *Chronic effects - See Section 11. See
Section 8 for Personal Protective Equipment recommendations.

Emergency Overview:

Canadian Classlfication:
UN PIN No:

Physical Powder
State:

Potential Health Effects:
Acute Effects

Eye Contact:
Skin Contact:
Inhalation:
Ingestion:

Carcinogenicity & Chronic
Effects:
Routes of Exposure:.

Not reguiated

Caution! May cause eye, skin, and respiratory tract irritation. Long term inhalation of
particulates may cause lung damage. Cancer hazard. Contains crystalline silica
which may cause cancer.

WHMIS Class: D2A

Odor: Odorless Color: Tan to grey

May cause mechanical irritation

May cause mechanical irritation. Long term contact can cause skin dryness.
May cause mechanical irritation.

May cause gastric distress, nausea and vomiting if ingested.

See Section 11 - Toxicological Information.

Eyes. Dermal (skin) centact. Inhalation.



MSDS NO. 10618

Target Organs/Medical
Conditions Aggravated by
Overexposure:

MATERIAL SAFETY DATA SHEET

Trade Name; MAX GEL*
Revislon Date: 12/17/2004

Eyes. Skin. Respiratory System.

Page 2/6

Comments:

Ingredient CAS No. Wt. %
Bentonite . 1302-78-9 80 -95 No comments.
Silica, crystalline, quartz 14808-60-7 2-15 No comments.
Gypsum (Calcium sulfate)  [13397-24-5 0-1 No comments.
(CAS 7778-18-9 also

pplies.)
Silica, crystalline, Tridymite  [15468-32-3 -1 No comments.

Eye ('_.:ontact:

Skin Contact:
Inhalation:
Ingestion:

General Notes:

Promptly wash eyes with lots of water while lifting eye lids. Continue to rinse for at
least 15 minutes. Get medical attention if any discomfort continues.

Wash skin thoroughly with soap and water. Remove contaminated clothing and
launder before reuse. Get medical attention if any discomfort continues.

Move person to fresh air. If not breathing, give artificial respiration. If breathing is
difficult, give oxygen. Get medical attention.

Dilute with 2 - 3 glasses of water or milk, if conscious. Never give anything by mouth
to an unconscious person. If signs of irritation or toxicity cccur seek medical |
attention. ,

Persons seeking medical attention should carry a copy of this MSDS with them.

Flammable Properties

Flash Point: F (C):
Flammable Limits In Air - Lower (%): NA
Flammable Limits in Air - Upper (%): NA
Autoignition Temperature: F (C): NA

Flammability Class:
Other Flammable Properties:
Extingulshing Media:

NA

NA

ND ,

This material is not combustible. Use extinguishing media appropriate for
surrounding fire. :

Special Fire-Fighting Procedures: Do not enter fire area without proper personal protective equipment, including
NIOSH/MSHA approved self-contained breathing apparatus. Evacuate area and fight fire from a safe distance. Water
spray may be used to keep fire-exposed containers cool. Keep water run off out of sewers and waterways.

Hazardous Combustion Products: Not determined.

Personal Precautions:

Spill Procedures:

Environmental Precautions:

Use personal protective equipment identified in Section 8.

Evacuate surrounding area, if necessary. Wet product may create a slipping hazard.
Contain spilled material. Avoid the generation of dust. Sweep, vacuum, or shavel
and place into closable container for disposal.

Waste must be disposed of in accordance with federal, state and Jocal laws. Do not
allow to enter sewer or surface and subsurface waters.
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Handling

Storage:

Put on appropriate personal protective equipment. Avoid contact with skin and eyes.
Avoid generating or breathing dust. Product is slippery if wet. Use only in a well
ventilated area. Wash thoroughly after handling.

Store in dry, well-ventilated area. Keep container closed. Store away from
incompatibles. Follow safe warehousing practices regarding palletizing, banding,
shrini-wrapping and/or stacking.

Ingredient CAS No. Wt. % ACGIH TLV | OSHA PEL Qther Notes
Bentonite 1302-78-9 80 - 95 NA| NA NA| (1)
Silica, crystalline, quartz 14808-60-7| 2-15 0.05 mg/im3see Table Z-3] NIOSH: 0.05 (R}

mg/m?® TWA|
(10H day/40H
wk)
Gypsum (Calcium sulfate) 13397-24-5 0-1 10 mg/m? 15 mg/m NA| None
(CAS 7778-18-9 also {total); 5
applies.) mg/m?
(respirable)
Silica, crystalline, Tridymite 15468-32-3 0-1 0.05 mg/m¥see Table Z-3 NA (R

Notes

(1) Control as an ACGIH particulate not otherwise specified (PNOS): 10 mg/m? (Inhalable); 3 mg/m? (Respirable) and an
OSHA particulate not otherwise regutated (PNOR): 15 mg/m? (Total); 5 mg/m? (Respirable).

(R) Respirable fraction (ACGIH});

Table Z-3: PEL for Mineral Dusts containing crystalline silica are. 10 mg/m? / (%Si02+2) for quartz and 1/2 the calculated
quartz value for cristobalite and tridymite.

Engineering Controls: Use appropriate engineering controls such as, exhaust ventilation and process enclosure, to
ensure air contamination and keep workers exposure below the applicable fimits.

Personal Protection Equipment

Eye/Face Protection:

Skin Protgction:

Respiratory Protection:

General Hygiene Considerations:

Dust resistant safety goggles.

Wear appropriate clothing to prevent repeated or prolonged skin contact. Chemical
resistant gloves recommended for prolonged or repeated contact. Use protective
gloves made of: Nitrile. Neoprene.

Use at least a NIOSH-approved NS5 half-mask disposable or reuseable particulate
respirator (dusk mask).

in work environments containing oil mist/aerosol, use at least NIOSH-approved P95
half-mask disposable or reuseable particulate respirator.

For exposure exceeding 10 x PEL use a NIOSH-approved N100 Particulate
Respirator.

Refer to Exposure Limits table (Section 8) for component specific respiratory
protection recommendations.

Work clathes should be washed separately at the end of each work day. Disposable
clothing should be discarded, if contaminated with product.
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Color: ' ) Tan to g

y

Odor: Odorless
Physical State: Powder
pH: ND
Specific Gravity (H20 = 1); 23-26
Solubllity (Water): Insoluble
Melting/Freezing Point: ND
Boiling Polnt: ND
Vapor Pressure: NA
Vapor Density (Air=1): NA
Evaporation Rate: NA
QOdor Threshold(s): ND

Chemical Stability

Conditions to Avoid: ND

Materials to Avoid: ND. :
Hazardous Decomposition For thermal decompasition products, see Section 5.
Products:

Hazardous Polymerization: Will not occur

Component Toxicological Data: Any adverse component toxicological effects are listed below. If no effects are listed,
no such data were found.

Ingredient Component Toxicological Summary ‘
Silica, crystalling, Crystalline silica is the most widely occurring of all minerals. The most common form of silica is
quartz sand. The international Agency for Research on Cancer (IARC) has designated crystalline silica

in the form of quartz or cristobalite a Group 1 (carcinogenic to humans). This designation was
based on an increased risk of lung cancer among crystalline silica exposed workers. |ARC did
note that carcinagenicity of crystalline silica in humans was not detected in all industrial
circumstances studied. Further, carcinogenicity of crystalline silica may be dependent on
inherent characteristics of the crystalline silica or external factors affecting its biological activity or
distribution of polymorphs. (IARC Vol. 68, 1997, p. 41).

The National Toxicology Program (NTP) classifies crystalline silica as "reasonably anticipated to
cause cancer in humans” (6th Annual Report an Carcinogens, 1991). Long term inhalation of
crystalline silica can also resuit in the lung disease, silicosis. Symptorns of this disease include
coughing and shortness of breath. (NJ HSFS, January 1996)

Product Toxicological Information:
Long term inhalation of particulate can cause irritation, inflammation and/or permanent injury to the lungs. liinesses such
as pneumaoconiosis ("dusty lung"), pulmonary fibrosis, chronic bronchitis, emphysema and bronchial asthma may develop.

Product Ecotoxicity Data: Contact M-l Environmental Affairs Department for available product ecotoxicity data.
Biodegration: ND .

Bioaccumulation: ND

Octanol/Water Partition ND

Coefficlent:
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Waste Classification: ND

Waste Management: Under U.S. Environmental Protection Agency (EPA) Resource Conservation and
, Recovery Act { RCRA), it is the responsibility of the user to determine at the time of
disposal, whether the product meets RCRA criteria for the hazardous waste. This is
because product uses, transformations, mixtures, processes, etc., may render the
resulting materials hazardous. Empty containers retain residues. All labeled
precautions must be observed.

Disposal Method: . Recover and reclaimn or recycle, if practical. Should this product become a waste,
dispose of in a pemitted industrial landfif. Ensure that the containers are empty by
the RCRA criteria prior to disposal in a permitted industrial landfill.

U.S. DOT Shipping Description: Not regulated for transportation by DOT, TDG, IMDG,
‘ ICAO/NATA.

Canada TDG Shipping Description: Not regulated.

UN PIN No: Not regulated

IMDG Shipping Description: Not regulated.

ICAO/IATA Shipping Description: Not regulated.

SARA 311/312 Hazard Catagories:Delayed (chronic) health hazard.

SARA 302/304, 313; CERCLA RQ,Note: If no components are listed below, this product is not subject to the referenced

California Proposition 65: SARA and CERCLA regulations and is not known to contain a Proposition 65 listed
chemical at a level that is expected to pose a significant risk under anticipated use
conditions.

ngredient SARA 302 | SARA 313 [CERCLA CA 65 CA 65 CA 65 CA 65

I TPQs RQ Cancer | Dev. Tox. | Repro. F Repro. M
Silica, crystalline, quartz - — -— X - - -
Silica, crystalline, Tridymite -—- — -— X -— -— -—

International Chemical Inventories

Australia AICS - Components are listed or exempt from listing.

Canada DSL - Components are listed or exempt from listing.

China Inventory - Components are listed or exempt from listing.

European Union EINECS - Components are listed or exempt from listing.

Japan METI ENCS - Components are listed or exempt from listing.

Korea TCCL ECL - Components are listed or exempt from listing.

Philippine PICCS - Components are listed or exempt from listing.

U.S. TSCA - Components are listed or exempt from listing.

U.S. TSCA - No components are subject to TSCA 12(b) export notification requirements.

Canadian Classification:

Controlled Products Regulations Statement: This product has been classified in accordance with the hazard criteria of the
CPR and the MSDS contains all the information required by the CPR.
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WHMIS Class: D2A

The following sections have been revised: 1, 2, 3, 16
NA - Not Applicable, ND - Not Determined. -
*Amarkof M-I L.LC.

Disclaimer: :
MSDS furnished independent of product sale. While every effort has been made to accurately describe this product, some of the data are obtained from
sources beyond our direct supervision. We can not make any assertions as to its reliability or completeness; therefore, user may rely on it only at user’s
risk. We have made no effort to censor ar conceal deleterious aspects of this product. Since we cannot anticipate or control the conditions under which
this information and product may be used, we make no guartantee that the precautions we have suggested will be adequate for all individuals and/or
situations. It is the abligation of each user of this product to comply with the requirements of all applicable laws regarding use and disposal of this

~ product. Additional information will be furnished upon request to assist the user; however, no warranty, either expressed or implied, nor liability of any
nature with respect to this product or to the data herein is made or incurred hereunder. -



SAFETY DATA SHEET
POLY-PLUS (LIQUID)

PRODUCT NAME POLY-PLUS (LIQUID)
APPLICATION Flocculant

SUPPUER M-l Drilling Fluids UK Ltd,
Pocra Quay,
Foatdee,
Aberdean. AB41 SDQ
T -44 (0y1224-584336
F 44 {0)1224-576119

EMERGENCY-TELEPHONE +44(0)208 762 8322

DISTILLATES (PETROLEUM),

HYDROTREATED LIGHT: KEROSINE-

UNSPECIFIED

SYNTHETIC COPOLYMER 30-60% |-

WATER ’ 30-60% |- !

The Fuli Text for all R-Phrases are Displayed in Section 16
COMPQOSITION COMMENTS
The Data Shown is in accordance with the latest EC Directives.

INHALATION

Move the exposed person to fresh air at once. Keep the affected person wamm and at rest. Get prompt medical attention.
INGESTION

Do not induce vomiting. Rinse mauth thoroughly with water and give large amounts of milk or water to people not unconsclous. Get medical
attention immediately!

SKIN CONTACT .
Remove contaminated clothing immediately and wash skin with soap and water. Get medical attention if irritation persists after washing.
EYE CONTACT

Promplly wash eyes with plenty of water while lifting the eye lids, Continue to rinse for at least 15 minutes. Get medical attention if any
discomfort continues.

EXTINGUISHING MEDIA

Water spray, foam, dry powder or carbon dioxide.

SPECIAL FIRE FIGHTING PROCEDURES

Use water to keep fire exposed containers cool and disperse vapours.
SPECIFIC HAZARDS

Fire or high temperatures create: Oxides of: Carbon. and Nitrogen.
PROTECTIVE MEASURES IN FIRE

PERSONAL PRECAUTIONS
Wear protective clothing as described in Section 8 of this safety data sheet.



POLY-PLUS (LIQUID)
ENVIRONMENTAL PRECAUTIONS

Do not allow to enter drains, sewers or watercourses.,
SPILL CLEAN UP METHODS

Stop leak if possible without risk. Absorb spiliage with non-combustible, absorbent material. Shovel inte dry containers. Cover and move
the containers. Flush the area with water. May be s!lppery when wet.

USAGE PRECAUTIONS

Do not use contact tenses. Avoid spilling, skin and eye conlact. Provide good ventilation. Avoid inhalation of vapours.
STORAGE PRECAUTIONS

Store in tightly closed original container in a cool, dry well-ventilated place.

SYNTHETIC COPOLYMER 4 mg/m3 resp.
dust
DISTILLATES (PETROLEUM), WEL 5 mg/m3 10 mg/m3
HYDROTREATED LIGHT; KEROSINE-
UNSPECIFIED
INGREDIENT COMMENTS

WEL (LT. EXP) = 5mg/m3 and (ST. EXP) = 10mg/m3. Oil mist, mineral workplace expasure limits are currently under review by legislative
authorities. Workplace exposure level (WEL) standards applicable to highly refined mineral olls are provided as guidance limits only.

Because this product is a liquid, the dust-related WEL'S (workpiace exposure limits) for the components do rot apply.
PROTECTIVE EQUIPMENT

ENGINEERING MEASURES
Provide adequale general and focal exhaust ventilation.
-RESPIRATORY EQUIPMENT )
- Respiratory prolection must be used If air contamination excseds acceptable level. Wear mask supplied with: Gas cartridge suitable for
organic substances.
HAND PROTECTION
Use protective gloves made of: Impermeable material. Rubber, neoprene or PVC.
EYE PROTECTION
1f risk of splashing, wear safety goggles or face shield.
OTHER PROTECTION

Wear appropciate clothing to prevent any possibility of liquid contact and repeated or prolonged vapour contact. Provide eyewash station.

APPEARANCE

Viscous liquid
COLOUR Milky.
ODOUR Asphaltic
VAPOUR PRESSURE 0.002 mmHg @ 20 ¢ pH-VALUE, CONC. SOLUTION 6-8 @ 5gh for product series
VISCOSITY >7 ¢St @ 20°C FLASH POINT ("C} >212°F (100°C)

AUTO IGNITION TEMPERATURE (*C>392°F (200°C)

STABILITY

Stable under nonmal temperature conditions.

CONDITIONS TO AVOID

Avoid extremes of temperature,

HAZ ARDOUS POLYMERISATION

Will not polymerise.,

MATERIALS TO AVOID

Strong oxidising substances.

HAZARDOUS DECOMPOSITION PRODUCTS

Fire or high temperatures create: Oxides of: Carbon. and Nitrogen.

213



POLY-PLUS (LIQUID)

TOXICDOSE 1 - LD 50 > 5000 mg/kg (oral rat)
INHALATION

Gas or vapour may irritate respiratory system.
INGESTION

May cause discomfort if swallowed,
SKIN CONTACT

Irftating to skin. Repeated exposure may cause skin dryness or cracking.
EYE CONTACT

Spray and vapour in the eyes may cause imitation and smarting.

ECOTOXICITY
Contact M-l Swaco's QHSE DBepartment for ecological information.

DISPOSAL METHODS
Recover and reclaim or recycle, it practical. Dispose of waste and residues in accordance with local authority requirements.

“The product is not covered by intemational regulation on the transport of dangerous goads (IMDG, 1ATA,
ADR/RID).

RISK PHRASES

. NC Not classified.
" SAFETY PHRASES

NC Net classified.
UK REGULATORY REFERENCES

Chemicals (Hazard Information & Packaging) Regulations. The Contral of Substances Hazardous to Heaith Regulations
EU DIRECTIVES

Dangerous Substance Directive 67/548/EEC. Dangerous Preparations Directive 1999/45/EEC
GUIDANCE NOTES

Waorkplace Exposure Limits EH40.

GENERAL INFORMATION

HMIS Health - 1 HMIS Flammability - 1 KMIS Physical Hazard - 1 J - Splash Goggles, Gloves, Synthetic Apron, Dust and Vapor
Respirator.

INFORMATION SOURCES

Material Safety Data Sheet, Misc. manufacturers, Sax's Dangerous Properties of industrial Materials, 10th ed., Lewls, R.J, Sr., {ed.).
REVISION COMMENTS

The following sections have been revised: 1, 2, 4, 5. 6, 7, 8 9, 12, 13, 14, 15and 16. Revised by Bill Camefon
ISSUED BY

Sam Hoskin

REVISION DATE 25-10-05
REV. NOJ/REPL. SDS GENERATED 5

SDS NQ. 10086
RISK PHRASES (N FULL

NC Not dlassified.

DISCLAIMER

MS3DS fumished independent of product sale. While every effort has been made to accurately describe this product, some of
the data are obtained from sources beyond our direct supervision. We cannot make any asserions as to its reliability or
completeness; therefore, user may rely only at user's risk. We have made no effort to censar or conceal deleterious aspects of
this product. Since we cannot ann(:pate or control the conditions under which this information and product may be used, we
make no guarantee that the precautions we have suggested will be adequate for all individuals and/or situations. It is the
obligation of each user of this product to comply with the requirements of all appriicable laws regarding use and disposal of this
product. Additional information will.be furnished upon request to assist the user; however, no warranty, either expressed or
implied, nor liability of any nature with respect to this product o to the data herein is made or incurred hereunder.
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Waste Burial in Arid Environments— Arers uls
Application of Information From a Field ‘
Laboratory in the Mojave Desert, Southern Nevada G S

U.8. Department of the Interlor—U.S. Geological Survey

Accumulation and management of waste is a pressing
problem facing the United States today. Improper disposal of
hazardous wastes poses a threat to public health and environ-
mental quality. As arid sites increasingly are being sought for
disposal of the Nation's radioactive and other hazardous wastes,
concern about the potential effect of contaminants on water re- .
sources in the arid western United States is being raised. -In
addition, volumes of locally generated municipal and industrial
wastes are increasing because of rapid population growth and
industrialization of the region.

The suitability of a waste-burial site or landfill is a function
of the hydrologic processes that control the near-surface water
balance. Precipitation that infiltrates into the surface of a burial
-trench and does not return to the atmosphere by evapotrans-
piration from the soil and plants can percolate downward and
come in contact with buried waste. Water that contacts the
waste can enhance the release of contaminants for subsequent
transport by liquid water, water vapor, or other gases.

A prevalent assumption is that little or no precipitation will
percolate to buried wastes at an arid site. Thick unsaturated
zones, which are common to arid regions, also are thought to
slow water movement and minimize the risk of waste migration
‘to the underlying water table. On the basis of these assump-
tions, reliance is commonly placed on the natural system to
isolate contaminants at waste-burial sites in the arid West.

Few data have been available to test the validity of assump- -
tions about the naturel soil-water flow systems at arid sites, and
even less is known about how the construction of a waste-burial
facility alters the natural environment of the site. The lack of
data is the result of (1) technical complexity of hydraulic char-
acterization of the dry, stony soils and (2) insufficient field

Figure 2. Undisturbed, vegetated area near waste burial site,
Qctober 1991 (A); low-level radloactive waste burial trench (5), and
.nonvegetated surface of backfilled was’te—bunal trench with identifying
monument, June 1988 (C).

studies that account for the extreme temnporal and spatial
variations in precipitation, vegetation, and soils in arid regions.
In 1976, the U.S. Geological Survey (USGS) began a long-
term study at a waste-burial site in the Mojave Desert near
Beatty, Nev., to collect the necessary data and evaluate un-
tested assumptions. This fact sheet summarizes the findings of
Figure 1. Location of waste-burial site, Death  investigations at the site and discusses how this information is

\sltaa"t?; and Mojave Desert of southwestem United important to issues of waste burial in an arid environment.




Mojave Desert Waste-Burial Site

The waste-burial site, 30 miles east of Death Valley National
Park, is in one of the most arid parts of the United States
(fig. 1). Precipitation in the area averages about 4 inches per
year. The water table is about 360 feet below land surface.
Vegetation in the area is sparse (fig. 24). Burial trenches at the
site have been used for disposal of low-level radioactive waste
(1962-92) and hazardous-chemical waste (1970-present). -
Burial-trench construction includes excavation of native soil,
emplacement of waste, and backfilling with previously stock-
piled soil (fig. 28). The surfaces of completed burial trenches
and perimeter aréas are kept free of vegetation (fig. 2C).
Regulations governing burial of low-level radioactive waste do
not require that trenches be lined with impervious materials.
Prior to 1988, linings were not required for chemical-waste
trenches. As a result, only the most recent chemical-waste
trench at the site is lined.

Field Laboratory Established

Recognizing the need for long-term data collection, the
USGS established a study area adjacent to the waste-burial site
through agreements with the Bureau of Land Management and
the State of Nevada. This 40-acre area serves as a field labora-
tory for long-term data collection and the study of hydrologic
processes under natural-site and waste-burial conditions.

Lessons Learned to Date

Early (1962) evaluation of the general hydrologic conditions
at and near the waste-burial site suggested that low average
annual precipitation and high average annual evapotranspira-
tion would prevent water from percolating downward more
than 1 or 2 feet below land surface. This assumption, however,
did not consider the extreme annual and seasonal variations in
a desert climate. During 1985-92, annual precipitation mea-
sured at the USGS study site ranged from 0.55 to 6.51 inches
and monthly precipitation ranged from 0 to 2.34 inches.
Monthly average temperature ranged from 38 to 92 degrees
Fahrenheit. Most of the precipitation falls during the cool

TOTAL ANNUAL PRECIPITATION, IN INCHES
25 133 2.97 5.37 4.1 0,58 1.28 4.08 6.51 100

MONTHLY TOTAL PRECIPITATION, IN INCHES
MONTHLY AVERAGE TEMPERATURE,
IN DEGREES FAKRENHEIT

198% 1986 1987 1588 1980 1990 1891 1992
YEAR

Figure 3. Annual and monthly total precipitation and monthly average
temperature measured at U.S. Geological Survey field laboratory
during 1985-92. :

winter months when evaporative demands are low (fig. 3).
Initial water-balance modeling by the USGS demonstrated
that, under particular climate and soil-moisture conditions, the
potential for deep percolation does exist, in spite of high
annual evaporative demands (Nichols, 1987).

Field investigations to define the rates and directions of
water movement through the deep unsaturated zone beneath an
undisturbed, vegetated area began in the early 1980's and con-
tinue today. A study of chloride concentrations in the unsatur-
ated zone indicates that deep percolation of water was limited
to the upper 30 feet during the past 16,000 to 33,000 years
(Prudic, 1994a). To monitor present-day flow processes, an
instrument shaft was installed that allows access for operation
of electronic devices to a depth of 45 feet (fig. 4; Fischer,
1992). Additional] instrumentation has been installed to study
flow processes throughout the unsaturated zone (Prudic, in
press). Meteorological data are collected by an automated

weather station (Wood and Andraski, 1995).

Water movement in the unsaturated zone is complex.
Several variables—water content, water potential, humidity;
and temperature—must be moenitored to define rates and

Figure 4. (nstallation of veitical shaft used for soil-moisture
monitoring in upper 45 feet of unsaturated zene beneath
undisturbed, vegetated area. Photograph by David S.
Morgan, U.S. Geological Survey, August 1983.



directions of water movement. Water content indicates how
much water is held in the soil. Water potential indicates how
tightly the water is held by the soil matrix. Water moves
through soil in liquid and vapor form, and the two forms can
move simultaneously as a consequence of water-potential,
humidity, and temperature gradients in the soil.

Ongoing investigations at the undisturbed, vegetated site
indicate that the natural soil-plant-water system effectively
limits the potential for deep percolation. During more than
5 years of momitoring, downward percolation was limited
to the upper 3 feet of soil (Fischer, 1992; Andraski, 1994).
Between the depths of 40 and 160 feet, water movement, as
liquid and as vapor, is consistently upward. Preliminary evi-
dence indicates that upward flow of water vapor through the
thick unsaturated zone may potentially serve as a contaminant-
release pathway (Prudic, 1994b; Prudic and Striegl, 1994).

Little is known about how, or to what degree, features of
the natural system may be altered by installation of a disposal
facility. Investigations to determine the effects of disturbance
on s0il properties and the long-term soil-water balance began
in 1987. Two nonvegetated test trenches and an area of bare
soil are monitored (fig. 5; Andraski, 1990). The effects of
disturbance are evaluated i terms of observed differences
between data collected at the undisturbed, vegetated site and
data collected at the disturbed sites. '

Accurate characterization of hydraulic properties is critical
to calculations of water movement through soil. Characteriza-
tion data normally are measured to a minimum water-potential
value referred to as the permanent wilting pont for crops.
Below this value, water is held so tightly by the soil matrix that
a crop plant cannot extract the water and will wilt and die. Data
collected by the USGS at the Mojave Desert site, however,

NONVEGETATED
TEST TRENCH 2
{drums randomly placed)

UNDISTURBED SOIt;
VEGETATION REMOVED

EXPLANATION

Drum filled with sell
(simulated waste)

' Neutron access tube for -
monitering soll-water
content

l Subslidence plute and rod
»  Thermocouple poychrometer

for monitoring soll-water

A  Surface subsidence/
potantizl and tem perature

erosion pin

Figure 5. Schematic diagram of instrumertation used to determine
effects of vegetation removal and trench construction on water
movement through unsaturated zone. Subsidence and erosion are
monitored to determine changes in structural integrity of test trenches.
In second test trench (not shown), soitilled drums are stacked in
orderly faghion.

CUMULATIVE CHANGE IN WATER STORAGE, IN PERCENT
. N
=3

show that this lower limit is not adequate for nonirrigated,
desert soils and plants, nor is it appropriate for the extremely
dry backfill material produced by trench construction. Thus,
characterization of hydraulic properties at the site has been
extended to include data measured over a soil-moisture range
that is representative of seldom-studied arid conditions

(Andraski, in press).

Backfilling with very dry material will, at least initially,
increase the importance of vapor flow as a potential transport
mechanism in the trench fill (Andraski, in press). These initial
dry conditions can change substantially, however, in response
to subsequent precipitation and a lack of vegetation. On an
annual basis, no water accumulates in the vegetated soil
because water is removed by the plants (fig. 6). In contrast,
even under conditions of extreme aridity, water accumulates in
the nonvegetated soil and test trenches. Water that has accumu-
lated at the three disturbed sites 1s continuing to percolate
downward (Andraski, 1994). Thus, the construction of waste-
burial trenches and removal of native vegetation markedly
alters the natural site environment and may increase the
potential for release of contaminants (Gee and others, 1994).
Surprisingly, such changes typically are not considered in the
evaluation of a proposed waste site and may not be considered
in management of existing sites.

Well-Informed Decisions Needed

Regulations governing the licensing of solid-waste landfills
and hazardous-waste sites require an assessment of the potential
for deep percolation of water through buried waste before
disposal operations can begin. Numerical models commonly
are relied on for this assessment. For a proposed low-level
radioactive waste site, 1 year of preoperational monitoring of
site conditions also is required. Thus, data used in numerical
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Figure 6. Cumulative changes in quantity of water being held in
uppermost 4 feet at four monitoring sites: undisturbed, vegetated soil;
undisturbed soil where native vegetation was removed; and two
nonvegetated test trenches. Values are based on measurements
during first 5 years following vegetation removal and trench
construction at disturbed study site in October 1987.



analysis of a proposed waste-burial site may be based solely on
hydraulic information available in the literature, or the data may
include some site-specific information, which typically is limit-
ed to natural conditions and a short period of time. This ap-
proach is of particular concern for waste sites in arid regions
because, compared with the amount of information available
for more humid sites, the amount of hydraulic-property data
and long-term field data for arid sites is negligible. In addition,
although significant advances have been made in the develop-
ment of soil-water flow models, the lack of long-term field data
has resulted in these models rémaining largely untested as to -
how well they represent flow systems at arid sites.

Long-Term Benchmark Information

Ongoing work by the USGS at the Mojave Desert field
laboratory continues to provide long-term, quantitative "bench-
mark" information about the hydraulic characteristics, water
movement, and the potential for release of contaminants
through the unsaturated zone in an arid environment. Monitor-
ing methods developed and tested at the Mojave Desert site
have helped others in their study and evaluation of waste-
1solation processes at the Nevada Test Site, and at proposed
waste sites in Texas and California. The U.S. Nuclear Regula-
tory Commission and Pacific Northwest Laboratory have cho-
sen the Mojave Desert waste site for use in numerical medeling
of infiltration because it is representative of burial operations in
an arid environment. Data collected at the USGS field labora-
tory are being provided for this effort. The National Academy of
Sciences also has used information from the site in the evalua-
tion of issues related to waste disposal in an arid environment.

Because of the potentially harmful effect of improper waste
disposal on water resources i the arid West, comprehensive
laboratory and field studies are critical to identifying likely
contaminant-release pathways and the potential for waste

“migration at arid sites. However, the quandary for those charged
with assessment of the suitability of potential disposal sites is
that site characterization and evaluation must be accomplished
in a relatively short period of time—only 1 to 2 years.

Data collection at the Mojave Desert field laboratory -
provides the needed long-term benchmark against which short-
term data from proposed and sites can be compared. The dala
base and monitoring facilities developed at the field laboratory
also provide an excellent foundation upon which to build col-
laborative efforts with universities and local, State, and other
Federal agencies to further the study and understanding of
hydrologic processes in an arid environment.

—B.J. Andraski, David E. Prudic, and Willian D. Nichols
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ABSTRACT

Conservative screening concentrations for non-aqueous phase
liquids (NAPL) that could be considered immobile in unsaturat-
ed zone soils are presented. Total concentrations measured at a
crude oil or petroleum product release site (using total petrole-
um hydrocarbon [TPH] or a similar analysis method) can be
compared to the screening concentrations to determine the
potential for NAPL to migrate in soil. The screening values are
based on an analysis of published data for a range of soil texture
classifications and a range of NAPL density from 0.7 to 1.5
g/em3.

The paper includes summary tables and histograms of residual
NAPL void fraction, St, as a function of soil type. These provide
a basis for selecting conservative values used in calculating
screening concentrations for immobile NAPL. For example, in
medium to coarse sands, with St = 0.06 cm3-oil/cm3-void, one
would expect that NAPL would be immobile in 90% of samples
with equivalent NAPL concentration levels for this soil type.

Measured concentrations of immobile NAPL reported in the lit-
erature vary considerably with soil type, chemical composition,
and the measurement method. The proposed screening levels
are conservative (lower range) estimates within the range of
measured residual NAPL concentration values. Higher values
could be applicable in many cases, both in unsaturated and sat-
urated soil conditions.

This paper addresses immobile bulk NAPL in scils at concen-
trations up to the threshold of mobility. This document does not
address the movement and flow of NAPL, the dissolution of
NAPL chemical into soil pore water solution, nor NAPL
volatilization into soil pore air. Transport by these mechanisms
may be estimated using other published and accepted methods.

INTRODUCTION

Organic chemicals released to soil may migrate as vapors in soil
" gas, as dissolved constituents in soil pore water, or as a bulk
phase liquid which is imemiscible in water. Assessment of poten-
tial migration pathways for chemical releases into the
environment are discussed in several related documents
(USEPA 1996, 1991; ASTM E1739, PS§104-98). These
migration pathways are important in a general risk-based site

assessment. This paper is confined to discussion of the mobility
of non-aqueous phase liquids, either as pure chemicals or as
chemical mixtures.

Many organic chemicals, including hydrocarbons, are nearly
immiscible in water. Release of a non-aqueous phase liquid
(NAPL) to near-surface unsaturated soil can result in downward
gravity-driven migration of the NAPL towards the water table.
At the water table, light nonaqueous phase liquids (LNAPL),
including petroleum, which are less dense than water, will
mound and spread horizontally. LNAPL may also move with
the groundwater gradient. Dense nonaqueous phase liquids
(DNAPL) will migrate downward, mound, and spread
horizontally, until a path of least resistance further downward
into the saturated region is found. This could be when the
accumulation is great enough to exceed the capillary entry
pressure into the saturated zone, or when the DNAPL mound
reaches a region of high vertical permesbility, or when it reaches
a fracture.

The volume of mobile NAPL depletes as immobile residual
chemical is left behind through the soil column in which the
NAPL is descending. NAPL migration may be limited by this
depletion, or by physical barriers,- such as low permeability
layers. Qur intent in this paper is to determine conservative
NAPL concentrations in unsaturated soil, below which the NAPL
will be immobile. By "conservative” we mean under-predicting
the concentration at which mobility would actually occur.

PRESENCE OF A NAPL IN SoIL

For a pure chemical, NAPL will not be present at concentrations
below the soil saturation limit (USEPA, 1996; ASTM E1739,
PS104-98), defined as:

6w""l’(oci'fcm'p + H;- 8,
ST LS AL R

Ps
with
Coasoi;  S0il saturation limit for chemical 1 (mg/kg)
S; pure chemical aqueous solubilily limit for
chemical i (mg/L)
e, soil water content (cm®-water/cim-50il)



K. organic carbon/water partition coefficient
"~ for chemical i (L-water/kg-oc)
f, mass fraction of organic carbon in soil (g-oc/g-soil)
P. dry soil bulk density (g/cm®)
H, Henry's law coefficient for chemical i
(cm’-water/c-air)
8, soil air content (cm’-air/cm’-soil)

For a pure chemical, C,,.; is 2 value above which the chemical
is present in soil pore water at its aqueous solubility limit, and is
present in soil pore air at its saturated vapor concentration.
Equilibrium partitioning of the chemical between soil (sorbed),
pore water, and pore vapors at concentrations below C,g ., 1S
presumed.

For mixtures of miscible chemicals that are fractionally soluble
in water, including petroleum, the concentration at which NAPL
will be present is a function of the mixture composition. The soil
saturation limit for the mixture, using methods presented in
Johnson et al., (1990), Mott (1995), and Mariner (1997), is:

E [ Cs:t.soil.T ‘X Ps ] =1 [2]

i=1 5 (8, + Kooy TP + Hi»8,)

with

Crumir  S0il saturation limit for the NAPL mixture,
total concentration {mg/kg)

% mass fraction of each chemical i in the NAPL
mixture (kg/kg)

N the number of individual chemicals in the mixture

Note that Eq. [2] simplifies to Eq. {1] for a single chemical. The
component concentration of a chemical i at the soil saturation
limit in a mixture is (C,,ur ~ X The soil saturation limit
calculated for a pure chemical, in every case, will be greater

than the chemical component concentration (C,,,.r * %) calou-
lated for a mixture, that is:

Coroii Z Commity " %

Eq. [1] overstates C,,...; for components in a mixture because it
does not consider effective vapor pressure and solubility limits
(Rault's law) for the mixture components (USEPA, 1996). The
s0i] saturation Hmits for mixtures (and pure chemicals) tabulated
in this paper were calculated with computer codes included with
DeVaull et. al, (1999). This method is consistent with the
references cited above.

ResipuAL NAPL CONCENTRATION

Our intent in this paper is to define a soil concentration, C,., ..
below which the NAPL, if present, will not migrate due to
convection or gravity. This refers to a pure chemical concentration
or a total chemical mixture concentration, as applicable. This
residual NAPL concentration in soil is specified as:

8 P ¢ Mg 3
Cres.seil = [_D,—] 10 kg (3]

with

oo

and

Cuewn Tesidual NAPL concentration in soil (mg-res/kg-soil)

8, residual non-aqueous phase volume fraction
(cm-res/cm?-soil)

P. density of chemical residual non-aqueous phase
liquid (g-res/cm’-res)

P, dry soil bulk density (g-soil/cm’-soil}

8, soil porosity (cm®-void/cm®-soil)

" fraction of residual non-aqueous phase filled void
{em’-res/cm?-void)

Residual non-aqueous phase volume fraction (0,, or retention
capacity) is similarly defined by Cohen and Mercer (1990) and
Zytner et. al,, (1993), but in dimensional units of (cm’-Tes/L-soil).
The value of C..., is generally much larger than the soil
saturation limit, C_ ;. Eq. [3} includes only the residual NAPL
volume. Additional chemical mass within the soil matrix is
contained in soil pore water and soil pore air, and is sorbed onto
soil. These volumes may be included in a slightly more compli-
cated equation consistent with- the assumptions in Egs. [1} and
[2], these terms may generally be neglected. This leaves the
residual NAPL concentration in soil, C,,,., directly related to
the residual NAPL volume fraction in soil, 8,, or the residual
NAPL fraction m the voids, S,.

Below the residual NAPL concentration in soil, C,,,,.;, capillary
relention forces are greater than the gravitational forces which
tend to mobilize the NAPL. These capillary forces (in this
context, including surface tension effects, van der Waals, and
Coulombic forces), particularly at low residual non-aqueous
phase levels, may exceed the gravitational force by several
orders of magnitude. The residual NAPL concentration in soil,
Crenaor» May depend on NAPL properties including liquid density,
surface tension, and viscosity. It also may depend on soil
properties including porosity, organic carbon fraction, moisture
content, relative permeability, moisture wetting history, and soil
heterogeneity.

For concentrations greater than the threshold C_,., level,
capillary retention forces are less than the gravitational forces,
and the NAPL is mobile. Movement of NAPL in soil is beyond
the scope of this paper. It is covered in a number of references,
however, including Charbeneau (1999), Huntley and Beckett
(1999), USEFA (1991), Cohen and Mercer (1990), and
Pfannkuch (1983).

This paper describes the determination of screening vatues for
NAPL immobility in soil. Screening values are expressed as the
residual NAPL concentration in soil, C,,,,, the non-aquecus
phase volume fraction in soil, 8,, and the residual non-aquecus
phase fraction in the soil voids. Our study included a review of
existing measured data on residual NAPL concentration in soil,
published empirical models, and methods of field measurement.

The calculated value, C,,,,;, as previously defined in Eqs. [1]
and [2]) predicts the presence or-absence of a residual NAPL.
Since a NAPL must be present to be mobile, it also represents a
conceivable screening concentration for NAPL mobility.
However, observed residual NAPL concentrations based either
on laboratory measurement or physical removal of NAPL from
impacted sites are typically several orders of magnitude higher
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Table 1. Residual NAPL Concentration in Soil Compared to Soil Saturation Limit.

Name Ref S, Cres,soil Cnuoil Po MW S pvip
residual residnal liquid
NAPL in the NAPL soil chemical |molccular| aqucous | vapor
void fraction | concentration | saturation | densi weight | solubility | pressure
(em*/em®) |in soil (mg/kg)|limit (mg/kg)| (g /fem’) |{g/g-mol}| {mp/L) {(mm Hg)

mchlorocthylene (TCE) | a 02 70,000 1,043 T 146 131 1,100 75
benzene b 0,24 53,000 444 0.88 78 1,750 95
o-xylene c 0.0t 2,000 143 a.88 106 178 6.6
gasoline de 0.02100.6 3,400 to 80,000 106 0.78 99 164 102
diesel d,f 0041002 7,700 to 34,000 18 094 207 39 0.79
fuet oil d.f LOBto 02 17,000 to 50,000 18 .94 207 3y 0.79
mineral oil g 0.1t00.5 20,000 to 150,000 3 0.81 244 036 0.035

Notes: Unsaturated zone fine to medium sand. Nominal values 6, = 0.12 cm” /en?, £, = 0.005 g/g in Ceuni calculation.
a=Lin et al. (1982); b= Lenham and Parker (1987); ¢ = Boley and Overcamp (1998); d = Fussell et al. (1981); ¢ = Hoag and Marley

(1986): I'= API (1980); g = Pfannkuch (1984).

than C,,,.;. The value C, ,, specifies the presence or absence of
a residual phase; it does not address mobility. In this effort, we
have used available data to define values for C,,, which can be
conservatively used to screen sites for NAPL mobility. A
comparison of calculated C,_,, values with measured values
of C,.. 1s shown in Table 1 for selected chemicals and
hydrocarbon mixtures,

The trend of C,, s in Table 1 decreases with decreasing chemical
(or mixture) solubility and vapor pressure. The measured
values of residual NAPL concentration in soil and residual
NAPL fraction in voids do not show a similar decreasing trend.
Therefore, using a calculated C,., ., value as a screening level for
the mobility of a residual phase becomes increasingly and
significantly mere conservative for less soluble, less volatile
chemicals and chemical mixtures.

Screening levels for NAPL mobility consistent with the
definition of residual NAPL concentration n soil, C,,,;, have
already been implemented in a number of programs. The State
of Ohio [OAC 3745-300-08 Generic Numerical Standards] has
promulgated rules, including values of residual NAPL concen-
tration in soil, for several combinations of specified soil types
and petroleum composition ranges. The State of Washington
[WAC 173-340-747 Part VII Cleanup Standards] has proposed
values based on a similar methodology. CONCAWE (1979,
1981) provides residual NAPL concentration in soil values for a
range of petroleum products and soil types.

Existing MODELS AND METHODS

Monographs are available which detail the movement of NAPL
in soils (Charbeneau, 1999; Huntley and Beckett, 1999; USEPA,
1991; Cohen and Mercer, 1993; and Pfannkuch, 1983). Several
investigators have specifically developed empirical models for
predicting immobile NAPL, as a residual NAPL concentration
in soil, C,q,,o, for a limited number of NAPL types in various
soil matrices. Summaries of two published approaches follow.

Hoag and Marley (1986) proposed an empirical method to
estimate residual NAPL saturation values for gasoline in dry
sand and in sand matrices containing moisture at field capacity.
Their equations, which relate measured gasoline retention at
residual saturation with soil particle surface area, are:

=(l.}54-10‘1-dp+ 0,652 10'-‘) ~l°°% [4a]

6
< ‘2854, p,

e8.50il

zero soil moisture

(I.I36- 1074, + 0.131‘10") 108 28

= . _.._——__—6 .
Cressail = 2.65 - d., P kg
field capacity xoil moisture {4b]
with
Cow  Tesidual NAPL concentration in soil (mg-res/kg-soil)
d average sand particle diameter (cm)
P density of water (g/cm®) = 1

Eqs. [4a] and [4b] refer, respectively, to residual NAPL
concentration in dry soil and seil initially at field moisture
capacity. An assumption in these equations is that the soil
particles and soil surface area can be defined by an average soil
particle diameter (Sauter mean diameter). These authors found
that changes in soil surface area adequately predicted changes in
residual NAPL saturation. Smaller soil particles have greater
available surface area in a given volume or weight of soil, and
the associated narrower pores will result in greater capillary
forces. Residual NAPL concentration in soil therefore decreases
with increasing particle size. At field capacity moisture content,
measured C,,,,., was reduced. At field capacity moisture, many
of the smaller pore spaces are saturated with water. This
reduces the overall pore volume available for trapping NAPL.

Eqs. [4a] and {4b] were developed using Comnecticut sands
sieved into three classifications; fine (d, = 0.0225 cm), medium
(d, = 0.0890 ¢m) and coarse (d, = 0.2189 cm ). A fourth set of
experiments was conducted using mixed sands with the mixture
being made from equal portions of each of the above three clas-
sifications. Effectively, Eqs. [4a] and [4b] have been developed
for data in the range of:

0.02cm< d, < 0.22cm

Zytner et. al., (1993) correlated measured soil retention capacity
with soil porosity, soil bulk density, and NAPL density. Their
experiments included several NAPL types in a variety of natural
soils. The soils were air dried (less than 1.5% moisture),
saturated with NAPL, and then allowed to drain. Their empirical
equation, for dry soils is:

Po

Covecoi =( 103-6,- 22 - 0.15 (3]

.10t ME
)l()kg



with
Crasn  residual NAPL concentration in soil (mg-res/kg-soil)
0, soil porosity (cm*void/cr-soil) '

P. density of chemical residual NAPL (g-res/em’res)
dry soil bulk density (g-soil/cm®-soil)

This study was limited (o air dried soils and did not specifically
include sand. It does, however, show a dependence of C,,, ., on_
soil porosity, 6., and chemical density, p,.

A wide range of natural soils was used in the development of
Eq. [5], including sandy loam (6, = 0.45), clay (6, = 0.466),
organic top soil (8, = 0.555), two different peat mosses (8, ~
0.8), as well as mixtures of these soils. Three NAPL types were
included in their work to assess the influence of NAPL density
on retention capacity: tetrachloroethene (p, = 1.622 g/em®),
trichloroethene (p, = 1.456 g/eny®), and gasoline (p, = 0.75 g/em?).
Cruro values obtained in their stmdy ranged from 414,000 to
6,894,000 mg/kg for PCE, 329,000 to 5,219,000 mg/kg for
TCE, and 94,000 to 2,738,000 mg/kg for gasoline. Effectively,
Eg. [5] has been developed for data in the range of:

EEJ < 6.7

023 « (91'9
s

[6]
The broad range of values for C,,,,; can be atiributed to the
range in soil densities, from 0.2 g/om® (peat moss) to 1.5 g/em®
(sandy loam).

Although the C,,,,; measurements used in developing Eqs. [4]
and [5] were conducted by different researchers using different
soils, a comparison of dry fine sand data (Hoag and Marley,
1986; 8: = 0.4, and p, = 1.6 g/cm®) with dry sandy loam data
{Zytneret. al, 1993, 6, = 0.45, p, = 1.5 g/ cm®) show very good
agreement of C,,,,, of 104,000 and 115,000 mg/kg, respectively,
for gasoline.

MEASURED DATA AND COMPARISON WITH

MoDELS

Cohen and Mercer (1990) compiled measured residual NAPL
saturation data from several investigators, including residual
NAPL fraction in the voids, S, or residual NAPL volume
fraction, 8,, for a number of organic liquids and soil types. These
velues represent the residual amount of hydrocarbon remaining
in soil pore volume after the soil was saturated with hydrocarbon
and then allowed to drain. Values from Cohen and Mercer, with
additional tabulated data from other references, are included
in Table 2 (see pages 5 and 6). This table also includes
additional values derived from the experimental data, including
the residual NAPL concentration in soil, C,, ...

The values in Table 2 vary considerably between experiments,
soil types, dnd chemicals. While this may be due to differences
in laboratory test methods; it may also indicate the reasonable
range in measured residual NAPL concentration in soils encoun-

tered between different soil types, chemical types, and measure- -

ment observations.

Calculated values for the soil saturation limit, C,,,., for the
indicated chemicals or chemical mixtures, are included in Table
2. These values are plotted in Figure 1. In all cases, C,.,.. is
greater than C,,,., As a measure of immobile NAPL, C, ..,
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Figure 1. Comparison of data for residual NAPL concentration
in s0il, C,,, ., to the calculated soil saturation limit, C,,, .0y All
plotted values are from Table 2. The solid diagonal linc marks a
direct correspondence between residual NAPL concentration in
soil and soil saturation limit. For ranges of residual NAPL
concentration in soil data in the same test series (Table 2), the
upper and lower values are joined by a horizontal line. In all
cases the calculated 30il saturation limit is much less than the
measured residual NAPL concentration in soil.
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Fligure 2. Comparison of data for residual NAPL concentration in
soil, Cy, i, from Table 2 to the models of Eq. [4a] Hoag and
Marley (1986), zero soil moisture; Eq. [4b] Hoag and Marley
(1986), ficld capacity soil moisture; and Eq. [5] Zytner et al.,
(1993). Filled points indicate the data value is within the
intended range of model applicability. For ranges of residual
NAPL concentration in soil data (Table 2), both the upper and
lower velues are shown as points, The solid diagonal line marks
a direot correspondence between measured and modeled residual

NAPL concentration in soil, The plot indicates that the empirical
models generally prediot higher residual NAPL concentration in
so0il than the measured values given in Table 2.
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Table 2. Summary values of residual NAPL concentration in soil, C, ., residual NAPL volume fraction, 8,, and residual NAPL
fraction in the voids, S,. Calculated values for soil saturation limit, C,y ., are also shown. Parameters for the calculations are shown

in the second part of the table.

Notes: | = Fussell et al. (19 ‘
al. (1982); 7 = Cary et al. (1989); 8 = Poulsen and Kueper (1992); 9 = Boley and Overcamp, (1998); 10 = Zytncr et al. (1993).

(a) - Assumed 50:50 mixture diesel and gasolinc to estimate Cop it (b) - NE = Not estimated, composition data not available.
Between reported S, or 6,, the italicized values represent the calculated term. These values were converted to concentrations in soil
using available values for NAPL density, soil bulk density and porosity, as shown in the table.

Ref Measured
Sr 1000 - 90 Cres,soil Csal.r;oil
INAPL Soil Type (cm®/em’) (em’/cm®) (mg/kg) (mg/kg)

1. [Gasolinc coarse gravel [ 0.01 25 1,000 57
2. |Gasoline coarse sand and gravel| | 0.0l 4 1,697 102
3. ]Gasoline medium to coarse i 0.02 75 3,387 143
4. |Gasoline fine to medium sand 1 703 12.5 3,833 215
5. |Gasoline silt to fine sand [ 0.05 20 10,000 387
6. [Middle distillates coarsc gravel ] 0.02 5 2,286 2
7. [Middle distiliates coarse sand and gravel{ | 0.02 ) 3,879 4
&. |Middle distillates medium to coarse 1 0.04 15 1,742 5
9. [Middle distitlates fine to medium sand 1 0.06 25 13,333 9
10.|Middle distillates silt to fine sand 1 0.1 40 22,857 18
11.{Fuel oils coarse gravel 1 0.04 10 5,143 2
12.]Fuel vils . coarse sand and gravel i 0.05 16 8,727 4
13.[Fuel oils medium to coarse 1 0.08 30 17,419 6
14_|Fuel oils fine to medium sand 1 [t} 50 30,000 9
15.]Fucel oifs silt to tine sand 1 0.2 80 51,429 18
16.|Light oil & gasoline  [soil 2 0.18 72 40,800 9 (a)
17.]Dicsel & light fuel oil [Soil 2 0.15 60 34,000 NE (b)
18.[Lube & heavy fuel oil [Soil 2 02 80 53.067 NE
19.|Gasoline coarse sand 3 0.15t00.19 611077 24,954 10 31,609 106
20.{Gasoline medium sand 3 0.12t0 0.27 48 1o 109 19,767 10 44,476 106
21.|Gasoline fine sand 3 019t 0.6 76 to 240 31,065 to 98,100 106
22.{Gasoline Graded fine-coarse 3 046 t0 0.59 184 to 236 £0,500to 103,250 106
23.]Mineral o1l Ottawa sand 4 0.11 39 ~ 20,116 3
24, [Mincral oil Ottawa sand 4 0.14 49 25,602 3
25. [Mineral oil Ottawa sand 4 0.172 60 31,454 3
26. |Mineral oil Ottawa sand 4 0.235 82 42,975 3
27.!Mineral oit glacial till [NA] 4 0.15100.28 3010 56 13,500 t 25,200 3
28.[Mineral oil glacial till 4 0.12t00.21 2410 42 10,800 to 18,900 3
29.[Mineral oil alluvium [NA] /] 0.19 95 61,07 3
30./Mineral oil Altuvium 4 0.19 95 61,071 3
31, [Mincral oil Toess [NA) T [ 04910052 240 154,060 to 163,300 3
32.|Paraftin oil coarse sand S 0.12 48 27,000
33, [Paraffin oil fine sediments BE] 0.52 229 147,086
34.|Pasafhin oil Ottawa sand ] 0.11tc 0.23 39 20,382 (0 42,618
35 | Trichloroethene medium sand 6 0.2 78 70,448 1045
36.|Trichioroethene fine sand 6 0.15100.2 - 651086 62,344 10 83,125 1067
37.|Trichlorocthene ioamy sand 7 0.08 33 30,713 1057
38. [Tetrachloroethene Fine/med. beach sand 8 [0.002t0 0.2¢ 1to 82 830 to 83,025 195
39.]O-Xylene oarse sand 9 0.01 3 1,936 143
40.[Gasoline Sandy loam 10 0.421t0 0.59 189 to 266 94,500 t0 132,750
41 [Tertrachlorocthene Sandy loam 10° 0.85 383 413,000
42, |Trichlorocthene Sandy loam 10 | 0.7510092 33810412 328,000 to 401,208

81); 2 = APl (1980); 3 = Hoag and Marley (1986); 4 = Pfannkuch (1984); 5 = Converly (1979); 6 =Linet
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Table 2. (continued) Values for soil properties used in the calculations.

Hydrocarbon NAPL — [Soil Type 8r 0w foc P Po d,
’ Soil  |Pore Water| Fractionof | Soil [ Liquid { Soil Particle
Porosity | (cm¥cm®) |  Organic Bulk | Density] Size (mm)
(cm’fcm®) Carbon (f.) | Density | (g/cm”)
(g/em’) -
. JGasoline coarse gravel 0.28 0.02 0.001 1.75 0.7 - 2to4
2. |Gasoline coarse sand and gravel 035 0.03 0.002 1.65 0.7 0504
3. |Gasoline medium 10 coarse sand 0.39 0.04 0.003 155 0.7 1t090.25
4. |Gasoline fine to medium sand 041 0.043 0.005 1.5 0.7 0.5100.1
5. |Gasoline silt to fine sand 0.44 0.045 001 1.4 0.7 ]0.25t00.002
6. |Middle distillates coarse gravel 0.28 0.02 0.001 1.75 0.8 2t0 4
7. |Middle distillates coarse sand and gravel 0.35 0.03 0.002 1.65 0.8 0504
%, |Middle distillates mediurn to coarse sand 0.39 0.04 0.003 1.5§ 0.8 1100.25
9. [Middle distillates fine to medium sand 0.4! 0.043 0.005 1.5 08 0.5t0 0.1
10. {Middle distillates silt to fine sand 0.44 0.045 0.01 14 0.8 {02510 0002
11, |Fuel oils coarse grave| 0.28 0.02 0.001 1.75 09 2104
12. |Fuel oils coarse sand and gravel 035 0.03 0.002 1.65 0.9 05104
13. |Fuel oils medium to coarse sand 0.39 0.04 0.003 1.55 0.9 1t00.25
14. |Fuel oils fine to medium sand 0.41 0.043 0.005 1.5 0.9 0.5100.1
15. Fuel oils silt to fine sand 0.44 0.045 0.01 14 0.9 ]0.25t0 0.002
16. [Light oil and gasoline {soil 04 0.04 0.005 1.5 0.75
17. |Diesel and light fuel oil {Sail 0.4 1.5 09
18. [Lube and heavy fuel oit [Soil 04 1.5 09
19. |Gasoline Coarse sand 0.4 0.04 0.002 1.6 0.7 1t 0.5
20. |Gasoline Medium sand 04 0.04 0.002 1.6 0.7 0.5t 0.25
21. [Gasoline fine sand 04 ¢.04 0.002 i.6 0.7 0.25100.1
22. |Gasoline well graded fine-coarse sand 04 0.04 0.002 1.6 0.7 110 0.1
23. [Mineral oil Ortawa sand [NA] 0.35 No water 0.002 1.7 09 0.5
24, |Mineral oil Ottawa sand [NA 0.35 No water 0.002 1.7 0.9 035
25. Mineral oil Ottawa sand [NA 0.35 No water 0.002 1.7 0.9 0.25
26. [Mineral oil Ottawa sand [NA) 0.35 No water 0.002 1.7 09 0.18
27. [Mineral oil glactal till [NAJ 0.2 No water 0.002 2 0.9
28. [Mineral oil glacial till 02 0.02 0.002 2 0.9
29. [Mineral oil alluvium [NA] 0.5 No water 0.002 1.4 0.9
30. {Mineral oil Alluvium 0.5 0.03 0.001 14 0.9
31. [Mineral oil loess [NA) 0.49 No water 0.002 1.4 0.9
32. [Paraffin oil coarse sand 04 1.6 0.9 1t005
33, |Parainin oil Wne sediments 0.44 14 09 |0.05to00.002
34, [Paraffin oil Ottawa sand 0.35 1.7 09 05t00.18
35. |Trichloroethene. medium sand 039 0.04 (.003 1.6 1.46 0.5t00.25
36. |Trichloroethene fine sand 0.43 0.04 (.005 1.5 1.46 02510 0.1
37. |Trichlorgethene toamy sand 041 0.06 $.005 1.4 1.46
38. |Tertrachlorocthene fine to medium beach sand 041 0.04 0.005 1.6 1.62 N5t 0.1
39. [O-Xylene Coarse sand 0.33 - 0.04 0.003 1.6 0.88 1to 0.5
40. |Gasoline Sandy loam 0.45 15 0.75
41, |Tertrachloroethene Sandy loam 045 1.5 1.62
42. ITrichloroethene Sandy loam 045 1.5 1.46

Notes: Porosity data and particle size Information (ranges) estimated from USEPA (1991); pore water data adapted

Parrish, (1988); f,. data adapted from Wiedemeier et al., (1999).

rom Carsel and




underpredicts measured values of C,...a by a factor ranging
from 5 to over 50,000. As was noted in Table 1, the difference
between C,,; and C,,,, increases with deureasmv NAPL
volatility and decreasing aqueous solubility.

A comparison of the data in Table 2 for residual NAPL concen-
tration in soil, C,,,,, to the models of Eq. [4a], [4b], and [5] is

shown in Figure 2. Within the applicable range of values in the

original references, both models predict values of C,, ., which
are, on average, biased high relative to the comparable values
listed in Table 2. In all cases, excepting point 38 (tetra-
chioroethene) in Table 2, for Eq. [4a], the model to data ratio
ranges from 0.7 to 69; for Eq. [4b], the ratio ranges from 0.3 to
27, for Eq. [5], the model to data ratio ranges from 0.3 to 11.
Point 38 has an exceptionally broad range of measured C,,,,,
values in the same soil.

Both the models of Zytner et. af., (1993) and Hoag and Marley
(1986) are coirelations based on measured data. The indicated
bias between the models and data of Table 2 could be due to
differences in data measurements methods, or may indicate the
reasonable range in variability for this type of measurement.

SCREENING VALUES FOR RESIDUAL NAPL

CONCENTRATION

Based on the model to data comparisons of the last section, it is
possible to specify conservative screening values for NAPL
mobility based on a range of qualifying information. In many
cases the screening levels will be very conservative estimates of
mobility. In such cases, site-specific measurements may be used
to refine the estimate, if necessary. Such measurements, for
example, could include observation (or lack thereof) of floating
and migrating hydrocarbon in shallow groundwater wells
surrounding a known NAPL source area.

0.70

Tl ocoarse sandandgavel |
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050 | |
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0.40
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Figure 3. Cumulative distribution for measured residual NAPL
void fraction, S, as a function of soil type. These cumulative
histograms arc based on the data in Table 2. Values for the
"medium to course sand” and the "fine to medium sand" are very
similar over the distribution. The "coarse sand and gravel” shows
much lower values and narrower distribution of S, over the range
of different experiments, Tolerance limits for these distributions
are given in Table 3.

Table 3. Screening values for residual phase void fraction

as a function of soil type. The tabulated values are based on
distributions of data from Table 2 for each scil type. The 95%
statistical tolerance limit indicates that 5% of individual measures
ments showed lower values for S,; the 50% tolerance limit is

the median value for the soil type. The 90% tolerance limit is
sufficiently conservative for most soreening apptications. The
distribution of values is plotted in Figure 3.

Sail type Indicated statistica! tolerance limit
95% 0% $D%
residual NAPI, fractian in the voids, S,, {cm’-reg/em’-void)
coarse sand and gravel 0.0} ! 0.01 0.02
medium to course sand 0.04 i 0.06 0.15
fine o medium sand 0.02 . 0.05 0.19

Table 4. Residual Saturation Screening Values. Values are
tabulated for medium to coarse sand and represent lower limits
from Table 2. If a tolerance limit is needed, or for chemicals
not listed (but with densities in the range of 0.7 to 1.5 g/em’,
including petroleum products and crude oil), we suggest the
use of the S, parameters in Table 3 as screening values.

[Name S Coresnit
residua) NAPL fraction in | residual NAPL concentration
the voids (em'Jem®) in soil (mg/kg)
1) [Gasoline 002 3,000
(@) Middie distillates 0,04 8,000
(13) Fuel oils 0,08 17,000
353 [O-nylene 001 2,000
(3%} [Trichloroethylene (TCE) 02 70,000

[ate: ow fram Table 2 is ndicated.

Several histograms of measured residual NAPL void fraction,
S,, as a function of soil type, are shown in Figure 3. These his-
tograms are based on the relevant data in Table 2 and provide a
basis for estimating conservative values of S, within a specified
statistical tolerance limit. Numerical values are given in Table
3. For example, with a medium to coarse sand, in specifying a
screening level of 8, = 0.06, we would expect 90% of individ-
ual samples with equivalent NAPL concentrations below this
level to be immobile in this soil type.

We expect that the tolerance limits in Table 3 and Figure 3 are biased
conservatively, given that the Table 2 data showed lower residual
NAPL concentration in soils than the empirical correlations of Egs.
[4] or [3]. The data in Table 2 is for NAPLs with densities ranging
from about 0.7 to 1.5 glem’. The screening values for residual
NAPL fraction in the voids, S,, in Table 3, should be valid and rea-

> M2

sonably conservative for this range in NAPL density.

Consolidated minimum values for S, are shown in Table 4 for
the various NAPL types in Table 2 listed as "medium sands".
Again, these should be reasonably conservative screening
values for NAPL mobility, for the indicated pure chemicals and

hydrocarbon mixtures. No tolerance limits are specified for the

Table 4 values, given the sparse data available when the screening
values are qualified by both soil type and NAPL composition. If
a tolerance limit is needed, or for chemicals not listed in Table
4 (with densities in the range of 0.7 to 1.5 g/em’ including
petroleum and crude oil), we suggest the use of the S, parameters
in Table 3 as screening values. A tolerance limit of 90% is
reasonable in most cases,

These screening values are intended to be worst-case estimates
for mobility. Higher values may be applicable on a site-gpecific
basis. For example, with an adequate distance in unsaturated



soil between the lower depth of a mobile NAPL and groundwater,
it may also be reasonable to account for potential NAPL redis-
tribution in the unsaturated soil layer. This redistribution would
decrease the concentrations of mobile NAPL to concentrations
in soil equivalent. to S_. After this redistribution, an acceptable
distance between the deepest expected NAPL penetration and
the historical top boundary of the water table capillary fringe
must still remain.

These screening values, as already discussed, are intended for
use in estimating conservative limits of NAPL mobility. The
data of Table 2 may be used for other purposes, such as relating
a known released volume of NAPL to an equivalent soil volume
at the residual concentration level. While it is not the purpose of
this paper to detail this type of calculation, the variability of an
estimated residual concentration level, as illustrated in Figure 3,
clearly needed to be considered.

SUMMARY AND CONCLUSIONS

Screening values describing residual saturation of NAPLs in
unconsolidated vadose zone soils have been tabulated. These
values are proposed for use in estimating concentrations of
immobile NAPL in soil. The values, in Tables 3 and 4, are based
on measured, published values for residual NAPL concentra-
tions in soil, C in the unsaturated soil zone.

ren,p0il>

Another value, the soil saturation limit, C,,,,,;, has already found
use as a screening level for NAPL mobility. C...,.. is a calculat-
ed value estimating the presence of a residual NAPL. Data in
this paper shows C,,,.;, is a factor up to 50,000 times less than
the residual NAPL concentration in soil, C,, ;. For screening
immobile NAPL concentrations the soil saturation limit is
exceptionally conservative. We would instead recommend use
of the values in Tables 3 and 4.

A complete site assessment, in addition, would also include
evaluation of other potential transport mechanisms, including
soluble dissolution into mobile soil pore water, and volatiliza-
tion into soil pore air. These transport mechanisms, as noted
previously, are discussed elsewhere.

Use of residual NAPL concentration in soil values for screening
immobile NAPL presumes homogenous soils and soil properties.
Consolidated soil matrices, macropores, and fractures will
greatly affect the flow and movement of NAPL and must be
recognized when these screening values are applied. Further, we
note that the values have been developed using a limited data
set, from multiple authors, and no attempt has been made to
judge bias or error in the individual measurement techniques.
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Report Date: June 22, 2007 Work Qrder: 7060415 Page Number: 1 of 3
NM OCD Dist TII OCD Pit Sampling

Summary Report

g W
%Ji Ay _ ‘Report Date: Jum??sﬂom '

mofs Smnt Frangis Dr.
Saxta Fe, NM, 87505

Project Location: Q€D Pit Saxipling
Piojort Name:  NM OCD Dist I

Sample Description Matrix Taken Taken Received _
126204 DE301 Sludge 26070530 12:19 20070602

~TPH 4181 TPHDRO- ~ TPH GRO |
R TRPHC DRO GRO
Sample - Field - Code (/) (mg/ig) (/I
126204 - DPEOL. | 2100 <5000 L 28.9

Sample: 126204 - DP3-01

Param Flag - Result Unita: RL
‘Bydroxide Alkaliiity <C1.00 mg/ KgasCa(303 “1.00
Bicarlionate Alkaliiity ' 128 4.00
Total. Alkalinity 870 mg/l(gas CaCos 400
Brouiide | <100 T mgfKg 0:200
Cliloride: 704 sing/Ke' 1.00
Flioride 28.9 mg/Kg’ 0.500
Sulfate. 205 ‘mg/Kg' 2.60
Naphthalene ‘14 mg/Kg 0:170
Avetiaphthyletie: 0,170 g /Kg' 0:170
Aceriaphithene: <0.170 g /Kg 0:170
Dibenzofuran’ <0ATD mg/Kg 0.170
Fhioreie 0.190: mg/Kg 0:170
Anthiscene, 0,405 g [Kg 0170
Phenanthrene L0170 mg/Kg 0:A70
Flubranthene <0170 mg/Kg. 0:170
Pyreiie <0.170 mg/Kg 0:170
Benzo{a)anthraceiie <0.170 ing/Kg 0.170

Chrysene ' <0.170 mg/Kg 0:170
Besizo(bfludrantheie <0.170 mg/Kg, Q170
Besizo(k)fluoraithene 20.170 ng/Kg 0:170
Benzio(a)pytene <0:170. ng/Kg 0.170
Indeno(1,23~od)pyrene <0-170. ‘mg/Kg: 0.170
Dibenzoah)anthracene <0170 g/Kg' Q470
Besuzo(ig;h,i)peiylene <0.170 mg/Kg 0170

conbinued ...
TraaceAnalysls, Inc. & 6701 Aberdeen Ave.; Suite 9 o Lubbock, TX TO424-1515 = (806) T94-1206
This ss-ondy.a summary:. Please; referto the complete. report package for quality control. data,

P




Report Date: June 22, 2007 Work Order: 7060415 Page Number: 2 of 3

NM OCD Dist TIT OCD Pit Sampling
swnple 186204 continued ..
119 0:00
14200 100
2790 100
1230 100
1570 100
<0250 0.250
<0.250 0:250
, . <0250 0:250
Methy, ,l..meﬂlmulfonate <0:250 0.250
Ethyl methanesulfonate <0350 0.250
Phenol. <0.250 0.250
Aniling B« B 250» 0.250
bis{2-cliloroethyTetlier <0.250 0.250
2.Chilorophenol <0.250 0.250
1,3-Dxdﬂmobenm:e (meta) <0.250. 0.250
1,4-Dictilorobénzene (para) <0.250: 0:250
Benzyl alcoliol <0.250 0:250
1,2-Dichlorobenzene (ortho) <0250 0:250
2:Methylpheiiol <0250 0:250
bus(z-&ﬂomaopropyljether <0250 0250
4-Methylphenol | &Methylpliciiol 20250 0:250
Acetophenoné’ <0:250 0:250
N-Nitrosodi-n-propylamine: <0250 0.250
Hexactiloroethane. <0250, 0:250
Nitrobénzéne. <0250 0.250
N-NitrOSOprerldine <0230 0:250
- <0250 0:250
Q-Nlﬁﬂpheno] <0250 0.250
2,4-Dimethylptienol <0250 0.250
bis(2-diloroethaocy )iricthane” <0.250. 0:250
Bengsic'adid <0250 0.250
2;4-Dichldrophetiol . | <0.250 0:250
1,24-Trictilorobenzene <0250 0.250
a,arDmleﬂxylphwﬁﬂl}!mnuw <0250, 0,250
i aledie 112 0.250
Shlaraanilin _ <(L250 0:250
2,6—D1dllmvph¢mol <0250 0.250
Hexachlorobiitadiene <0:250 %250
N-Nitroso-di=ti-biitylarmine <0250, 0:250
4-Chloro-3-miethylphenol . <0250 0:250
1-Methylnaphthalene 1:19; 0.2
2-Methylnaphthalene 1.92
1.2 4,5-’1‘<ztrac}ﬂm0m:zmm; <0250
£0.250. ! '
<0250 0,250
<0250 0:250
N , <0:250 0:250
Dlmethy_ lithalate: <0250 0.250
Acenaplithiylerie ‘ : <0.250. 0.250
2,6:Dinitrotoluesie €0.950. 0.250
3-Nitroatiline <0250 0.250
continucd ...

'I&aceAnalys:s, Ing. o 6701 Aberdeen. Ave ., Suité' 9 e Lubbock; TX TO424-1515 e (806) 794-1296
This 35 endy @ summary.. Plesse; refer to the complete veport package for quality controt data.



Report Date: June 22, 2007 Work Order: 7060415 Page Number: 3 of &

"NM QCD Dist TII OCD Pit Sampling
sample: 126204 continued . ..
"Kcenapmhme ' 0.250
2,_4-Duutmphmol 0.230
0,250
0:250
i() 250
0:250
0.250
0: 250
' J 0.230
Dlethylphth&]ate 0:250
4-Chlorophenyk-phenylether 0:250
L-Nitreaniline 0.250
4, B-Duut:ro-Q-methvlphenol 0‘250
D]phenylamlne 0.250
Diphenylhydrazisie 0:250
&BlomOpherxyl-lﬂxmly]eﬂmr 0.250
Phenacetin 0.250
Heéxachldtobenzene 0.250
4-Aininobiphenyl 0,250
Peintachlorophenol. 0250
Pentachlorcnitrobenizens 10.250
Proriamidé 0:250
Pherianthrene: 0:250
Amnthracene 0.250
Di-n-butylphthialaie 0.250
Flijorarithene’ 0.250
Pyrene: 0:250
p-Dimethylanimoazobenzetie: 0.250
Butylbenzylphtlislate 0.250
Benio(a)arittracerie 6.250
&&Dldllmobetmdme 0.250
Chrysene 0.250
bus(ﬁ-ethvﬂmyl)phthalate <0 250 0:250
Diridotylphthalate: <0250 0:250
Benzo(b)flukanthene <0:250 (.250
7,12-Dimeéthylbeiez(8)anthraceie <0:250 0.250
Benzo(l)flucranthene: €0,250. 0:250
Beizo(a)pyrene <0250 0.250
3-Methiylcholanthirens <0.850 0:250
D:benmo(ag)amdme <0.250: 0.250
Tndesio(1,2,3<cd)pyréne <0250 0.250
D:bemo(a,h)mxt}ume : <0250, 0.250
Bemo(s‘,,)j cylene <0.250. 0,250
Total Arsenic: ' <200 2,00
Total Barium . ‘ 664 1,00
Total Cddmm.m <0.200 0,200
Total: Qh_ronn,um 6.59 10,500
Total Mercury <0:0400. 0.0400
Total Lead 14.3 1,00
Total Selerfurn. <200 -2.00
' continued ...

TraceAnalys sis, Ing. © 6701 Aberdeen Ave., Suite 9 o Lubbock TX. 79424-1515 e (806) 794:1906
Thiis 35 -ondy-a sunanary:- Please; refer to the complete, report: package for quality control date.:



Report Date: June 22, 2007

Work Order: 7060415

Page Number: 4 of 5

Elevated. reporhng Tmit-due to surfactants. o
'IkaceA.nalySJs Inc e 6701 Aberdeen: Ave., Suite. 9 . Lubboc]a:, TX T0424-1515 = (806) 794-1296
T!ns is only ¢ summary. Please, refer to the complete report package for quality conirol data.

NM OCD Dist IIT OCD Pit Sampling

sample 126204 consinued . ..
Param. Flag Reesult Units RL
"Bromochlorgmetliang b <20.0 1e/Kg 10.0
Dichlorodifluoromethane <200 HEJKE. 10,0
Chloromethane (methyl chloride) <200 He/Kg. 10.0
Vinyl Chloride <2040 #8/Kg. 10.0
Bromomethane (ruethyl brmnde), <100 se/Kg 50,0
Chloroethane <200 ug/Kg 10.0
Trichlorofluorométhane <2000 pse/Kg. 10.0
Acctone <200 Le/Kg 100
Todomethane (methyl iodide) <100 pefKg: 50.0
Carboil Disulfide’ <200 Jutg/].’(g’ 10:.0
Acrylonitrile <200 Sg/Kg, 10.0
2-Butanone (MEK) <100 I‘E/ Kg‘ 50.0
4-Methiyl-2-pentanoné (MIBK). <100 - : 50.0
2-Hexanone <100 50.0
trans 1,4-Dictiloro-2-buitene <200 100
1,1-Dicliloroatlicrie <20.0 10.0
Methylene chloride <100. :50.0
MTBE <200 10.0
trans-1;2-Dichlaroethene <20.0 100
1,1-Dichlcroctliane: <20.0 10,0
cxs-l,2-Dxd1!orocth<:ne L2000 10,0
2, Z-Dxchlmvpropmxe <20.0. 10.0
1,2-Dichlorosthane (EDGY <200 10,0
Chiloroforin. <20.0 10.0
1,1,1-Trichloréthane £20.0° 10.0
1,1-Dichloropropéné L2040 ‘100
Berinehe <200 10.0
Carbon. Tetrachloride £20:0 10:0
1,2Diclileropropane <2000 10.0
Trichloroethens (TOE) 20,0 10,0
Dibromoiiethane (methyléene bromiide). <20.0: 11000
Bromodichlorociethane: <200 10.0
-Chlommhyl vmy] ecllm' <100 50.0
‘ ; <200 10:0
<20.0: 10.0
0.8 10.0
1 1,2 Trichloroethadne: L2000 10.0
1,3-Dicliloropropane <200 10.0
Dibroinodhilotornathane. L2000, 10.0
1,2-Dibronioethang’ (EDB) '<20.0 19. 0
Tetrachloroetherie (PCE). <20.0 10.0
Clilorobenzene <20.0 10.0
1,11, 9. Tetrachloroethane <200 10.0
Ethylbmmeue 26.5 - 100
m,p—‘(ylelw 118, 10. 0
Bromofor <200 _10 0
Styretie <20.0: 100
o-Xylene 49, 5 .510.0
1,1,22-Tetrachloroethane <20:0 110.0
2:Chlorotolugne’ <20.0 10.0
1,2,3-Trichloropropane <20.0 100
Isopropyibenzene <20.0- 10:0
continued . - .



Report Date: June 22, 2007

Work Order: 7060415
NM GCD Dist TII

Page Number: 5 of 5
OCD Pit Saunpling

sample 126204 condinued.... .

_Param Flag Result Units: RL
“Bromobenyene <20.0 HE/Kg 10.0
n-Propylbenzene 20.7 1g/Kg. 10.0
1,3,5-Trimethylbermene 35.5 16/ Kg 10.0
tert-Butylbenzene <200 18/Kg 10.0
1,24-Trimethylbeénzene 112 sg/Keg. 10.0
1,4=Dichlorobenzene (pard) <20. 0 ng/Kg 10.0
set-Butylbenzene 20.0 1/ Kg 10.0
1,3 Dichlorobenzene {meta) <00 2E/Kg, 10.0
pIsopropyltahicne <20.0 #g/Kg 100
4-Chilorotcluene: <200 HE/Kg: 10.0
1,2-Dichloroberizene (ortlia) <200 sg[Kg: 10.0
n-Butylbenzene 27:6 ﬁg/Kg- 10.0
1,2-Dibromo-3-chloropropane <100 #8/Kg 500
1,23 Trichlorobenzene <100 Hg/Ke 50:0
1,2 4-Trichlorobenzene <100 18/Kg 30.0
Naphthalene 170 pg/Kg: 50.0
Hexachlorobutadiene <100 ug/Kg 500

TraceAnalysis, Inc. e 6701 Aberdeén Ave., Suite 9 e Lubbock, TX 704241515 e (§06).794-1206
This is-ondy a swnmary. Please, refer to the complete: report package for quality control data.




Report Date: June 28, 2007 Work Order: 7060432 Page Nwmber: 10f 3
Pits Sau Juan Basin

RA &R
/0’" u/ CA Afor / g - _H
Summary Report < z4--" <

aneﬂpm’e Report Date: ‘Juné 38, 2007
bs Work-Ordest 7060432

S MGRAEm

Project Location: .San Juan Basin

Pigject Nami¢¢  Pits

o o o Date Time Date
Sample Description Maitrix Taken Taken . Received

26262 1301 water 20070531 00:00 2007-06-04

‘TPH 418.1. TP'H DRO TPH GRO
3 N 'TRPHC DRO: GRO
Sample = Field Codé’ | (mg/L) fimg/L): /L)

124262 - 7301, | 3BE ‘18.6 - 0.T13

Parari- Flag Result s o

- Bydnokide Alkalinity <1000 g/l a5 CaCold "1.00
Carbonate Allalinity 352 mgy/L &5 CaCo3 11,00
B:cmbona.te Allmluuty : 874 Hig/T as CaCo3: .00
Fotal. Al g : 1030 mg/L ag CaC'oa-f 400
Broinide: 39.8 .
Chloside: 2080
Fluoride 49.3
Sulfate. wr
Naplthaléene ! 0.0466:
Acenaphthylene: <0.00100
Aceraphittiene: <0.00100
Dibenzofuran : 0-00224
Fluorerie 0.00207
Anthracene 0.00458
Pherianthiene £0.00100 _
Fhioranthesie <0.00100:: . 0000200
Pyreiie <0.00100- 'mg/L. 0.0@200 :
Benm(a)anﬂlraeene <0.00100- mg/L 0:000200°
Chrysené <0.00100 ang/L 10.000200.
Ben.zo(b)ﬂuora.nthmm <0.00100 ing/L *0:000200.
Beaizo{k)fluorarithiene £0.00200 ing/fL 0000400
Benzo(ajjyrene <0.00100 g/l 10.000200:
Indeno(1,2;3-0d)pyrene <0.00200: mg/L. 10,000400;

conitinued ...

]Sn:mple ran at & dilution due to matrix difficultion:
TraceAnalysm, Inc: » 6701 Aberdesn Ave.; Suite' 9 o Lubbock, TX T9424-1515 » (806) 794-1296
This is only a summaery. Please, refer to the complete veport padaage Jor quakiky comirol data.



Report Date: June 28, 2007

* Work Order: 7060432

Page Number: 2 of 5

Pits San Juan Basin
sample 126268 condinvued . ..
Parain. Flag Result Units RL
Dibenzo(a,rjanthracene <0.00100 mg/L 0.000200 -
Benzo{g:h,i)perylene <0.00100 mg/L 0.000200
pH 11.0 Bl Q.00
Digsolvad Calcium 670 mg/L 0:500
Dissolved Magnesium. 233 mg/L 0.500
Dissolved Potassium. 64.1 mg/L 0.500
Dissolved Sodiun 2330 mg/L 0.500
Pyridine 2010250 mig/L 0.00500
N-Nitrosodiméthylamine <0.0250 mg/LL 0:00500
2-Picoline <0.0250 ing/L 10.00500
Methyl methanesulfonate <0.0250 mg/L. 10.00500
Ethyl methanesulfonate <0:0250. mig/L: 1000500
Phénol’ 0.0255 mg/L 0.00500
Aniling <010250 mg/L. 000500
bis(2-ctiloroethylether <0250’ mg/L 0.00500
2-Childroplieniol <0.0250° mgfL 10.00500
1,3-Didhilorobenizene (meta) <0.0250° mg/L 10.00500
1,4-Dichiloroberizene (para)- <0.0250 ~mg/fL: 10:00500
Berizyl alcéohol <0.0250 mg/L 0:00500
1,2-Dichlorobenzene (ortho) <0.0250 mg/L ~0.00500
2-Mettiylphenol <0.0250 g /L 0:00500
bia{2-chlorsisopropyl)ettier <0.0250 mg/L 10.00500
4-Methylphenol /.3-Methylphenol 0.0545 mg/L -0:00500
A-Nitrosodl-n-propyl.amme <0.0250 g/L -0.00500
Hexachkiroethane. <0:0250 mg/L 10:00500
Acetophentre <0.0250- mg/L 0.00500
Nitrobensene: <0.0250 mg/L 0:00500
N-Nitrosopiperiding <0025 mg/L- ~0.00500
Tsopihdnane <0.0250° mg/L 000500
3-Nitrophenol <0.0250. g/ L. :0.00500
2,4-Dimethylphienol £0:0250 mg/L -0.00500
bis(2:chlorogthiossymiethianic. <0:0250 mig/L 0.00500
2,4-Dictilocopheriol <0250 wig/L. 10.00500
1,2 4-Trichlorobenzene < 00250 mg/L 0.005600
Naphthalerie 0.0402 g/l 0.00500
aarDimethylphenethylamine <0.0250 mg/L A0.00500
4-Chloroaititing <0.0250 mg/L 10.00500
2,6-Diclilorophénal <0.0500- Tg/L 00100
Hexachlorobutadiens <0 0250 mg/L. -0.00500
N-Nitroso-di-n<burtylamiiie <0.0250 mg/L: 10,00500
4-Chlom-3~mechylphmol <0 0200' mg/L. 0.00500
2-Methylnaphthalene 0.0299 mg/L. 10.00500
1-Methyliiaphthakne <0.0250 mg/L 10,00500
1,2,4,5-Tetrachlorobenzéne: <00250 mg/L. 0.00500
Hexachlorocyclopéntadiene <0.0250 ig/L. +0.00500
2,4,6-Trichlorophenol <0.0500. mg/L 0:0100
2,4,5-Trichlorophiriol <0.0250 mg/L -0,00500
2-Chloronaphthalene <0.0250 ing/L 1000500
1-Chloronaphthalene <0.0250 mg/L 0.00500
2.Nitroaniling <00250 ing/L -0.00500
Dnnetlxyl]ﬂxthalate <0.0250 mg/L _ 0.00500
Acenaphthylerie: <0.0250 mg/L - 0.00500
continued ...

'ﬁaccAnalyms, Inc. & 6701 Aberdeen Ave., Suite9 o Lubbodk; TX. 79424-1515 . (806) "94-12%
This is ondiy ¢ summary. Please; refer to the complete report package, for quulily condrol data.




Report Dater June. 28, 2007

Work Order: 7060432

Page Nwober: 3 of &

Pits San Juan Basin
sample 126268 continued . .
Param Flag. Result Units RL
2,6-Dinitrotolucne <0:0250 mg/L. 0.00500
02, mg/L. -0.00500
mg/L 0.00500
mg/L 0.00500
mg/L. 10.00500
mg/L 0.0250
mg/L 000500
2.3, 4,6-'lbtrac}dom1ﬂmxol mg/L 0 0100
2-Naplithylariing mgfL -0.00500
Fhiorene: mg/L .0:00500
4-Chlorpplienykplienylether mg/L 10:00500
Dietliylphtlialate mg/li 0.00500
4-Nitroaniline mg/L - '0.00500
Diptieirylhydrazine mg/L 0:00500
4,6-Dhiiitro-2-methylphenol <0.0250 mg/L 0.00500
Diphenylaming <0.0250; 1gfL 000500
4-Bromophenyl-phenylethier <0.0250 mg/L 0.00500
Phedéetin - <0.0250 mg/L 0.00500
Hexachlorobénzene <0.02530 ‘ng/L 0:00500
4-Amiiobiphenyl <00250° ing/L +0.00500
Peitacklorophénol 200500 g/l 0.0100
Arithracerie: <0.0250 mg/L ~0:00500
Peirtachlon@introbenzene <0:0250- gL . 000500
Pronainide <0.0250 mg/L :0.00500
~ Phiénanthrené. <0.0250 ing/L 0.00500
Di-rebiitylphthalate <0.0250 g/ L. 0.00500
Fluoraritheré <0.0250 mg/L 000500
Benzidine <0:125 mgfL 0.0250
Pyrént: £0.0250 mg/L :0.00500
p-Dimethylaminoazobérizene- <0250 mg/L. :0.80500
Biitylbeuzylphthalate <0.0250. mg/L, 0.00500
Beuzo(g)antliraceric <0.0250 1g/L 0.00500
3,3-Dichlorgberizidine. <0.0250 mg/L -10.00500
Chrysérie © 00250 mig/L :0.00500
Ins(Z-eth}l]mcprhthalate <0.0250 mg/L. :0.00500
: ; <0i0250 mg/L -0.00500
Bmuo(b)ﬂuora.nthme 00250 ag/L. -0.00500
Benzo(k)flioranthene: <0.0250 mg/L -0,00500
7.12-Dimethylbenz(a)anthracene. <0.0250 mg/fL. 10.00500
Beuzo{a)pyrene <040250 mg/L - 0.00500
3Methylchdlanthrene <0.0230 mgfL -0.00500
le(mzo(a,,))amdme <0.0250¢ : ;mg/‘L. 0. OOqOO
<0:0250 nig/L 0. 60500
e : : <0:0250 mg/L 0.00500
Total Dissolved Solids > 17200 amgfL 10.00
Total Arseuic <0100 mg/L. 0.0100
Total Bariusi 18.6 mg/L 0:0100
Total Cadmium. <0.0100 mg/L -0.00100
Total Chromiusn: 1.48 mg/L 10.08500 .

“ISample ran out of Told ime at différent dﬂumna fnor accurangy: Filtrate colored pmst"bly ducto particles: pasing though ﬁlwr -
TmceAnalys:s, Inc; o G701 Aberdeeu Ave., Suite 9 « Lubbock, TX 794?41515 o (806) 7‘94-1296
This 18- only a summary. lese, referto the compfete veport patkaye Jor quality conitrol data.



Report Date: June 28, 2007 Wosk Order: 7060432 Page Nunber: 4 of 5

Pits San Juan Basin
samnple: 126262 continyed ...
Patam. Flag Result Vtiits RL
“Total Mercury: 0-000230 mg/L © 0.600200
Total Lead * 187 mg/L 0.00500
Total jSelmumn . <0:100 mg/L 0.0100
Bromochloromethane: % <100 pg/L 1.00
chhlorod.lﬂumomethme <100 pg/L 1.00
Chlorométhane (methyl chloride) <100 1g/L 100
Vil Chloride <100 g/ L 1.00
Bromigrethane. (methyl bromide) <500 : pgfL :5.00
Chloroetharie ‘ <100 pg/L “1.00
Trichlorofluoromettiane: <100 gL 1.00
Acetone <1000 pg/L v "10.0
Todomethane (methyl iodide) <500 £sfL 500
Carbon Disulfide <100¢ pg/L 1:00
Acrylonitrile <100 pgfL "1.00
9-Butanoné (MBK) 500 pg/L 500
4-Metlryl-2-pentanone (MIBK) : <L 500" pgfL 3.00
2-Hexanone <500 pgfL 5:00
tianig 1;4-Dickiloro-2-butene <1000 pe/L 100
1,1-Dichloroethene <100 pg/L 1.00
Metliylene-chloride <300 pig /L 5.00
MTBE <100 pg/L 1.00
trans-1,2-Dichlaroethene <100: 1g/L 1.00
1,1-Dichlgroethane 100 #e/L 1.00
¢ig-1,2-Dichloroethene <100 #igfL 200
2',2-Dich1diﬁpwpdne <100 /L 100
: <100 pe/L "1 go
1,1,1-Trichlorocthane <100 pe/L 100
1,1-Dichloropropene <100 fig/L : 1.00
Benzené ‘ <100 ig/L 1.00
Carbon Tetrachloride 100 pg/L 1.00
1,2-Dighloropropanie ' <100 1g/L 1.00
Trichloroethene (TCE) <100 ig/L 100
Dibromomethane (methylene bromide) <100 vg/L. 1:00
Brosodichiloromethane <100 pgfL 100
9-Chldroethyl vyl ether 2500 pg/L. 5.00
¢is-1,3-Dichloropropere <100 pg/L 1:.00
tranis-1;3-Dichloropropene <100 HE/L 1.00
Toluenc 139 1g/L. 1.00
1,1, > Trichloroethane <100 g/L. 1.00
1,3-Dichloropropané <100 pg/l 1.00
Dibromochlorotiethane <100- pg/L 1.00
1,2-Bibromoethane (EDB) <100 /L 1.00
Tetrachloroethene (PCE) <100 nefL. 1,00
Chlorobeizene <100 pg/L 1.00
1,1,1;2:Tetrachloroethane _ <00 pigfL. 1.00
Bthylbenzene <100 1g/L 1.00
nyp-Xylerie 118 pgfL. © 1,00
Briomioformm: . <100 #g/L. 1.00
Styrene <100 refL 100
o-Xylene ' <100 rg/L "1:00
1,12 2. Tetrachloroethane <100 pg/L 1.00
' contimued ...

3Sampie ran ata dilugion- due to surfada.nta.
'I‘ra.ceAnalys:s, Inc. » 6701 Aberdeeu Ave., Suité 9 e  Lubbock, TX T942£1515 o (806) T94-1296
Tliis is-ondy @ swmmary. Please, refer to the cmnplaete report. prxckaJe Jor quadity condrol dwta




Report Dazer June 28, 2007 Work Qrder: 7060432 Page Number: 5 of 3

Pits San Juan Basin
sutnple 126262 continued ...
Param. ' Flag. Resuly Units: RL
2-Chlorotoluene. <100 pg/L 1.00
1 ,2,3-'I‘nd110ropropmm <100 rg/L 1.00
Isopropylbenzene <100 &/ L . L.00
Bromiobénzene £100: pg/L ‘ 100
Mpylbemem’; <100 : ,ug[L ‘ 1.00
13, o-Tthnethylbaxmene <100 pg/L 1.00
-Butylbe <100 pg/L 1.00
- <100 pig/L 100
1,4-Dichlorobenzene: (para) <100~ pe/L "1.00
sec-Butylbenzéne | <100 pg/L 1.00
1;3-Dichioroberizene (meta) £100° pefL 1200
plaopropyltoliiene: <100 pg/L 1.00
4-Chlorotoluene <£100- jig/L '1.00
1,2-Dichlorobérizene (ortho). <100° pE/L 1.00
n-Butylbenzene <100 ug/L 1:00
1,2-Dibromo-3-chloropropane <500 pg/L 5:.00
1,23 Trichlorobenzene 500 1g/L 5100
1,2,4-Tricklorobenzeric <500 - pg/L 500
Naphthalene <500, peg/L 5.00
Hexachlorobiitadiens <500, jig/L. 5.00

TraceAnalysis, Inc. o 6701 Aberdeen Ave., Suite 9 »  Lubbock, TX T90424-1515 » (806) 794-1296
This is only ¢ summeri. Plegse, refer to the complete report package for qualxty condrol data.



