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Brine is aerosolized when it is spread on public dirt and paved roads.

To Whom It May Concern:

I fully support the anti-roadspreading bill Rep. Vitallti has brought
forward, HB 84.

Wikipedia defines the aerosolization of a fluid as converting a liquid
into a fine mist or the suspension of tiny droplets in air and capable of
being carried in the airflow(my words).

I began capturing the indiscriminate road dumping of oil and gas waste-
water, also known as brine, beginning in 2011. I have presented the PaDEP
with hundreds of photographs documenting the careless and casual pracice of
road dumping brine on both dirt and paved roads. To a picture, to a compia-
int, to a report, the PaDEP has denied roadspreading of brine is occurring:on
the roads of the Commonwealth of Pennsylvania.

Despite the evidence provided by my photos, the PaDEP has repeatedly
challenged that brine dumping was occurring on the road in front of my house.
Two years ago, my husband and myself began the process of having a professional
security camera system installed to prove to the PaDEP what we had been saying
was true. Fortunately for us, those cameras immediately curtailed the whole-
sale, flagrant use of our roadspace as a dumpsite for brine. But-it did not
completely halt-it, the classic "midnight dumping" still occurred. What my
cameras caught was the indisputable evidence that when brine is "spread" or
dumped, brine is aerosolized.

I asked Microsoft's AI search program, Copilot, a question, "Why Aeroso-
solizing 0il and @Gas WaStewaterffromsa"mcvipgttrUCkfis‘Dangerous". In fairness
Copilot’'s answer was much more succint than mine would have been so I quoted
their answer verbatim. And I provided 2 sets of pictures from my camera sys-
tem to show the gravity of another facet of brine spreading. My husband and
I have severe respiratory and cardiovascular issues that are well documented
Our animals and personal property have suffered extensive damage from the brine
dumped on our road. Aerosolized oil and gas wastewater carries severe rami-
fications for us and every other resident of Pennsylvania that lives on a public
paved or dirt road. The ease with which Copilot ansered my question and its
specificity demands both consideration and explanation from the PaDEP and the
State of Pennsylvania. How dangerous is aerosolized oil and gas wastewater?

There is a finite number of ways brine can be disgourged from a vac truck
or more recently, pick-up trucks. Brine can be disgorged in a flood of fluid.
I have seen brine dispersed in macro amounts from spray nozzles. I have photo-
graphed directional sprays and gushes. Last year I began photographing the
disposal of brine, spraying from fast moving pick-ups, a regulation nightmare
I was told by the NW PaDEP . Every roadspreading brine disposal method has
one constant. A large portion of the brine being disposed is aerosolized.

It is my belief that oil and gas watewater disposal by roadspreading pre-
sents multiple pathways of harm to me, residents of any road where well-head
brine is dumped and the environment. My pictures show brine fluid is aeroso-
lized when road dumped. This fact demands a answer from both PaDEP and the
Commonwealth as to what harm it presents to residents and the environment.




Copilot Search from Microsoft pg 2 Lawson comment-Vitalli

Sources: Canadian Occupational Safety, The Frontier, Earthjustice,
USGS.gov;, Center for Justice

Question: "Why Aerosolizing 0il and gas Wastewarer from a Moving Truck is
Dangerous" date 9/26/26.

From Copilot: Aerosolizing o0il and gas wastewater from a moving truck is
dangerous because it releases toxic, flammable, and sometimes
radioactive vapors into the air creating immediate and long-
term health hazards for people and the environment.

1)Toxic and hazardous vapors

0il and gas wastewater often contains hydrocarbons, benzene, radium-226.
radium-228, lead-210 and other contaminants from drilling fluid, sludge
and brine. When the liquid is aerosolized, these contaminants vola-
tilize, creating airborne gases and fine particulates that can be in-
haled. Some vapors like hydrogen sulfide(H2S), can cause eye irritat-
~ion, nausea, dizziness at low levels, and unconsciousness at high levels
Others, such as benzene are known carcinogens. (Earthjustice, Canadian
Occupational Safety)

2)Flammability and explosion risk
Many of these vapors are highly flammable. Aerosolizing from a moving
truck can send combustible gases into the air, where they may ignite
from a spark, hot surface or the truck's own engine intake. In docu-
mented cases, off-gases from vacuum trucks have entered engine intakes
and cagsed flash fires, leading to serious burns. (Canadian Occupational
Safety

3)Radioactive Contamination
Some wastewater contains naturally occurring radiocactive materials from
rock formations, such as radium isotopes. aerosolizing can spread these
particles into the air, increasing the risk of inhalation and internal
expoiure » which can damage organs and increase cancer risk.(Earthjus-
tice .

4)Environmental and community hazards
Aerosolized waste can disperse over a wide area, contaminating air,
water, and soil. Spills or leaks from a moving truck can also pollute
surface and groundwater, affectin drinking water sources for rural
communities. (Center for Justice%

5)Operational and safety risks
Doing this from a moving vehicle increases the likelihood of uncontrolled
dispersion and exposure during transport. The "slosh and surge" effect
of liquid loads in trucks can also make handling hazardous materials
more unstable. Without proper HAZMAT training, protective equipment and
‘containment systems, the risk of acute injury or chronic illness rises
sharply. (Earthjustice)

In Summary:
Aerosolizing oil and gas wastewater from a moving truck is dangerous
because it creates a cloud of toxic, flammable, and sometimes radio-
active vapors and particles that can cause immediate harm, ignite, or
contaminate the environment. safe handling requires containment, ven-
tilation, and compliance with hazardous materials regulations, not open

aerosolization in transit. (Earthjustice)
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Appendix for Written Testimony submitted by Dr. William Burgos to PA House ERE Committee

Item 1 - Stallworth et al. 2020
key finding: lab method to measure dust from road materials treated with dust suppressants

validated by on-road measurements
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Laboratory Method to Assess Efficacy
of Dust Suppressants for Dirt and
Gravel Roads

Audrey M. Stallworth', Eric H. Chase?, William D. Burgos',
and Nathaniel R. Warner'

Abstract

Particulate matter (PM) generated from dirt and gravel roads is a concern for both human and environmental health. To help
reduce the amount of PM generated, many states allow the use of water coproduced from oil and gas wells (i.e., brines) as
road dust suppressants. However, few methods exist to quantify the effectiveness of these brines and other dust suppres-
sants. Here we designed and tested a bench-scale method to test the efficacy of dust suppressants on dirt and gravel road
materials. The Standard Proctor test was modified to create discs of road aggregate that could be treated with dust suppres-
sant, dried, and then tumbled in a mechanical drum attached to an aerosol monitor that measured PM generated within the
drum. Using two types of road aggregate (DSA and 2RC) and a combination of nine simulated brines, the effects of brine total
dissolved solids (TDS), and sodium adsorption ratio (SAR) on dust suppression were calculated. The effects of moisture con-
tent and aggregate type were also observed. Higher TDS and lower SAR were found to be good predictors of dust-
suppression effectiveness, with the degree of effectiveness partially dependent on the type of road aggregate. The test
method provides a means to quickly and reproducibly compare effectiveness of dust suppressants, with other variables such
as aggregate type and moisture content, to accurately estimate dust suppression. Comparisons of dust measurements col-
lected within the laboratory and vehicle-based measurements offer the ability to relate laboratory results to conditions

encountered on dirt and gravel roads.

Dust generated from dirt and gravel roads accounts for
the emission of an estimated 35% of total particulate
matter (PM) with a diameter of 10 wm or less (PM;) in
the United States (/, 2), where around 40% of roads are
unpaved (3). PM can be generated from the road surface
as a result of vehicle traffic, where large amounts of PM
reduce visibility (4) and the deposition on private prop-
erty can be an aesthetic issue for community members.
Roads generate varying amounts of PM based on road
maintenance, vehicle traffic, relative humidity, and road
aggregate material. Although much of the PM creates
hazards locally, PM |, or less can travel tens to thousands
of kilometers (5). The U.S. Environmental Protection
Agency (EPA) regulates both PM;y and PM, 5, PM with
a diameter of 10 or 2.5um or less, respectively. The
deposition of suspended PM is of concern to aquatic and
vegetative health (6-8), as is the interception of airborne
PM by the human respiratory system (9). Although
PM, is referred to as the “coarse particulate” fraction, it
can settle into the trachea or bronchi, exacerbating con-
ditions such as asthma, chronic obstructive pulmonary

disease, and emphysema (5, /0). Particles between 1 pm
and 5um are small enough to enter the bloodstream
through the lungs, where they can cause cardiovascular
issues and contribute to premature death (5).

The negative impacts of PM from dirt and gravel
roads have motivated the usage of dust suppressants,
which through several means control the generation and
release of PM from a road surface. Water, the most basic
suppressant, temporarily aggregates small particles, mak-
ing them harder to entrain; organic (both petroleum and
non-petroleum) products bind small particles; lignin
products (such as paper industry byproducts) physically
suppress dust by creating a barrier between the road
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surface and vehicle impact (/7). One of the most com-
mon dust suppressants is brine (/7). Brines contain high
concentrations of metal salts (>34,000 parts per million
total dissolved solids [TDS] [/2]), including cations such
as calcium, magnesium, and sodium. These ions are
hygroscopic, and retain ambient moisture on the road
surface (4), which aggregates smaller particles. Because
of their divalent charge, calcium and magnesium can
bridge/flocculate clay particles by attaching to negative
binding sites on more than one clay particle (/3). Typical
commercial brine dust suppressants include magnesium
chloride (MgCl,) and calcium chloride (CaCl,). In con-
trast, sodium chloride (NaCl) is not as hygroscopic as
the divalent cations and cannot bridge clays; instead,
monovalent sodium neutralizes clays as a result of the
single-bond limit, which can cause dispersion (/3), mak-
ing it easier for these particles to be released as dust (/4).

Although effective, commercial dust suppressants can
be expensive, with in-place costs ranging from $4,000 to
$10,000 per mile per application. For comparison, the
Pennsylvania gas tax provides rural townships with
approximately $4,000 per mile of road, annually (75).
Dirt and gravel roads occur primarily in rural areas, and
the townships in charge of maintaining these roads often
have small budgets and other priority road maintenance
tasks, such as deicing and repair. Therefore, commercial
products are seldom used. The need for low-cost dust
suppression has led to a less expensive alternative—
byproduct usage. In states with oil and gas development,
regulations have developed to allow the disposal of oil
and gas-produced water (OGPW) on dirt and gravel
roads (16—18). OGPWs are fluids that often contain high
concentrations of salts, natural radioactivity, and trace
metals of concern that are brought to the surface along
with the oil or gas that is extracted. Oil and gas drilling
in the United States generates large volumes of produced
water, around 21 billion barrels annually (in 2011) (/9).
The majority of OGPW is disposed via injection back
into the ground, but in some areas disposal of this water
can be challenging because treatment can be costly, and
well injection options may be limited depending on the
state (20). Use as a dust suppressant is an attractive ben-
eficial use of OGPW because although its composition
varies by source and region (19, 21, 22), it is generally
high in TDS (21), and often contains high concentrations
of calcium and magnesium.

Although OGPW may contain high concentrations of
calcium and magnesium, several other constituents have
led to concerns over its use on rural roads. First, natu-
rally occurring constituents in OGPW such as lead,
arsenic (/7), diesel range organics (/7, 23), and radium
(12, 21, 22, 24) pose potential health risks to exposed
populations near the treated roads. Although recent
studies have investigated the health and environmental

risks of OGPW spreading (17, 25), it appears that little
to no historical evidence exists on the efficacy of using
OGPW as a dust suppressant (16, 26). The composition
of OGPW varies widely by region (21, 27), and therefore
the effectiveness of dust suppression likely also varies
regionally (16, 26). For instance, OGPWs from the
Appalachian Basin are typically high in sodium, which is
not an effective dust suppressant. Although valuable, the
current research method of field application and vehicle-
based dust-generation measurements has limitations.
Field studies are expensive, require large volumes of dust
suppressant, do not always provide equivalent conditions
for each test section, and can expose the environment to
controversial test materials such as OGPW. A laboratory
method was recently developed by University of Alaska
Fairbanks to test dust-suppressant efficacy using dust
column settling times (28). In this test, dust suppressants
are added to road aggregate, the dust is released from
the top of an 8-in. air-filled column, and the settling
times for PM, are measured. The faster the PM, con-
centrations return to background levels, the greater the
efficacy of the dust suppressant. For a more robust
understanding of dust suppressant efficacy, additional
test methods are needed.

The objectives of this study were: (1) design a bench-
scale method to evaluate the efficacy of dust suppres-
sants, (2) evaluate the method relative to vehicle-based
methods, and (3) determine predictors of brine dust-
suppressant effectiveness, to inform the potential for
beneficial use of OGPW as a dust suppressant across the
United States.

Materials and Methods

Materials

Two road aggregate materials were obtained for this
study (Table 1). The first, driving surface aggregate
(DSA), is a high-quality aggregate that meets
Pennsylvania Department of Transportation (PennDOT)
specifications for the distribution of particle sizes, as well
as other quality and characteristic standards (29, 30). The
DSA used in this study was mined from a limestone
quarry in central Pennsylvania. The second road aggre-
gate, specified by PennDOT as 2RC (29, 30), was
obtained from a quarry in NW Pennsylvania where the
majority of OGPW spreading for dust suppression his-
torically occurred. DSA material was the aggregate to
which suppressants were applied for all conditions, with
the exception of six test conditions that were applied to
discs made of 2RC material to examine the effects of
road aggregate on dust generation. DSA has strict quality
specifications on distribution of fine particle sizes,
whereas 2RC specifications are more relaxed (29). Road
aggregates DSA and 2RC were measured to quantify
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Figure |. (a) Percent passing sieves for both driving surface aggregate and 2RC material and (b) volume density of the sand, silt, and clay
fractions from Malvern Mastersizer. DSA is represented in red; 2RC is represented in light red.

Table |. Particle Size Distributions of DSA and 2RC Road Aggregate Materials Used to Create Discs for Dust Generation Measurements

Bulk aggregate analysis® DSA

2RC

% Passi
Mesh Size (mm) assing

% Passing

Original sample

Corrected sample

Original sample Corrected sample

2" 50.8 100 na 100 na
3/8" 9.51 62 100 63 100
No. 4 4.76 40 40 49 49
No. 16 1.18 19 19 32 32
Pan <1.18 0 0 0 0
Fine-grain particle analysis DSA 2RC

Classification Size range (mm)

Volume density (%) Volume density (%)

Sand 0.05-2.00
Silt 0.002-0.05
Clay <0.002

58 62
37 35
5 3

Note: DSA = driving surface aggregate; na = not applicable.
?Based on averaged samples (npsa=45, nrc=37).

bOriginal sample analysis discards any material < 50.8 mm; thereby none is present in the corrected sample analysis.

bulk aggregate and fine-grain size distribution. For bulk
aggregate size distribution, during road aggregate disc
synthesis (detailed in the following section), mass retained
on the 50.8 mm (2"), 9.51mm (3/8"), 4.76 mm (No. 4),
and 1.18mm (No. 16) sieves, and mass passing the
1.18 mm sieve were measured (Figure la and Table 1).
For fine-grain particle size distribution, samples were first
sieved to < 1.18 mm and sonicated for 1 min before anal-
ysis. Sand (0.05-2.00 mm), silt (0.002—-0.05 mm), and clay
(<0.002mm) size fractions were then measured by laser
diffraction using a Malvern Mastersizer 3000 (Figure 15).

Both DSA and 2RC road aggregate material had rela-
tively even distributions of the sieved size fractions

>1.18 mm, as well as silt, sand and “clay”-sized fractions
(Table 1). The DSA material is almost exclusively lime-
stone, so although clay-sized particles were detected,
these particles are fine limestone. Compared with the
DSA, the 2RC material is more heavily weighted to both
the larger size fraction (>9.51 mm) and sand, silt, and
clay-sized fractions. Within the sand, silt, and clay frac-
tions, the 2RC had a higher percentage of sand (62%),
but less clay (3%) than the DSA. As the 2RC material is
primarily glacial till, the clay-sized fraction should repre-
sent specimen clay minerals (e.g., illite, smectite).

Metal chloride salts (NaCl, MgCl,, CaCl,) were pre-
pared at varied concentrations and compositions with
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Table 2. Composition of Simulated Brines used in this Study

TDS Ca Mg Na Cl Ca Mg Na
Brine ID SAR mg/L mg/L mg/L mg/L mg/L meq/L megq/L megq/L
CaCl, 0.12 614,000 222,000 0 0 392,000 11,100 17 9
MgCl, 0.13 422,000 0 108,000 0 314,000 10 8,860 9
NaCl 1,410 299,000 0 0 118,000 181,000 10 17 5110
High SAR 79 181,000 15,700 5,740 45,300 114,000 784 472 1,970
Mid SAR 14 163,000 40,900 5610 11,100 106,000 2,040 462 482
Low SAR 2 160,000 48,300 5,570 1,830 104,000 2,410 458 80
Mid SAR-High TDS 15 299,000 69,900 15,700 17,300 196,000 3,490 1,290 751
Mid SAR-Low/Mid TDS 14 75,100 10,900 6,660 7,440 50,100 542 548 324
Mid SAR-Low TDS 15 24,400 3,000 1,550 3,940 15,900 150 128 171

Note: SAR = sodium adsorption ratio; TDS = total dissolved solids.

Figure 2. Road aggregate disc synthesis method; from (l) stock material collection and sieving; (Il) moisture content equilibration; (llI)
modified Proctor compaction; and (IV) drying (finished road aggregate disc).

I8 MQ ultrapure water to represent commercial dust
suppressants and OGPW, hereafter referred to as simu-
lated brines. Nine simulated brines with a varying range
of ratios of sodium, magnesium, and calcium chlorides
were created to mimic combinations of TDS and sodium
adsorption ratio (SAR) that might be encountered in
OGPW. Concentrations of major elements in both milli-
grams per liter (mg/L) and milliequivalents per liter
(meq/L) for each simulated brine are included in
Table 2. Three different variables influencing brine dust-
suppression effectiveness were investigated using simu-
lated brines: moisture content of the road aggregate, the
SAR of the brine, and the TDS of the brine. Moisture
tests were conducted by adding water to oven-dried,
desiccated road aggregate discs. The SAR was calculated
based on dissolved metal concentrations as follows:

Na* ()
V0.5 (Ca? = (262) + Mg? + (%20))

SAR = (1)

TDS was calculated based on the sum of all dissolved
ion concentrations (all in mg/L). Although the moisture
content of the road and the SAR and TDS of a brine will
likely covary across field sites, these variables were inde-
pendently fixed for method development purposes.

Methods

Road Aggregate Discs. Cylindrical discs of road aggregate
material were created using a modified version of ASTM
D698, the Standard Proctor test, in conjunction with
PennDOT PTM-106, to model a gravel road surface
(Figure 2). First, 100 g of dry aggregate was sieved using
the 50.8 mm (2"), 9.51 mm (3/8"), 4.76 mm (No. 4), and
1.18 mm (No. 16) sieves. Material greater than 50.8 mm
was discarded. The mass of material greater than
9.51 mm was recorded, discarded, and replaced with a
stock material of the aggregate with particles less than
9.51mm and greater than 4.76 mm, biasing each disc
toward smaller grain sizes than the true distribution of
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the raw material, but maintaining the ratio of dust pro-
ducing clay and sil-sized fractions to larger material. The
mass retained on each sieve was recorded for one of
every five discs synthesized to approximate the average
distribution of particle sizes for each aggregate material
(Table 1). The dried and sieved aggregate was then
wetted, using 18 MQ ultrapure water, to a specified
moisture content, based either on specification or opera-
tional/field conditions. For DSA, samples were wetted to
5% moisture content, and 2RC samples were wetted to
8% moisture content (each approximately 1% lower
than optimal field-recommended moisture content).
Wetted samples were stirred to homogenize the water
and aggregate. Homogenized samples were transferred
to a mold with a diameter of 6.35cm (2.5in.) and an
average height of 1.5cm. Molds were created by wrap-
ping aluminum foil around a steel cylinder. Once trans-
ferred, samples were then compacted using a soil Proctor
hammer to provide a standardized application of com-
paction effort. The compaction effort was calculated as
follows:

BxWyxH
g = B Wa+Hp

- @

where

E = Compaction Energy(

B = No. of hammer blows(per layer of material)

L = No.of layers of material

Wy = Weight of hammer(kN)

Hp = Height of drop(m)

Var = Volume of mold(m?)

A compaction energy of 13,000kN-m/m’ was deliv-
ered to all road aggregate discs. For a 100 g sample (L =
1; total aggregate volume, Vyy = 6.0 X 10°m?), a total
of B = five blows was used, where the hammer weight
was Wy = 24.47 N, and the hammer drop height was
Hp = 304.8mm. The Standard Proctor compaction
energy is 12,000 kN-m/m*(ASTM D698). Once samples

were compacted, they were dried for 24h at 60°C until
samples reached constant weight. Dried samples were
stored in an airtight container with desiccant until use.

Application of Dust Suppressants. Three variables influen-
cing brine dust-suppressant effectiveness were investi-
gated: road moisture content (» = 6 test conditions),
SAR (n = 6), and TDS (n = 4). All test conditions were
conducted in duplicate. For the moisture content tests,
DSA samples were treated topically by wetting to 5%
moisture content with 18 MQ ultrapure water, allowing
time for these, and then drying at 60°C until the discs
were either 0.0%, 0.25%, 0.75%, 1.5%, 2.3%, or 3.0%
moisture content (m/m). Moisture content tests did not
include the addition of any salts. Six simulated brines
were created to model a range of SAR values (Equation
1), from 0.12 to 1,410, and common commercial dust-
suppressant products such as calcium chloride, magne-
sium chloride, and sodium chloride (Table 2). The Ca,
Mg, and Na concentrations in the simulated brines were
calculated based on the mass of calcium, magnesium,
sodium chloride, or any combination of these, added to
18 MQ ultrapure water. SAR values for simulated brines
that did not contain Na, Ca, or Mg were calculated using
a minimum detection limit in a brine of 100 mg/L for
sodium, calcium, or magnesium. Three additional simu-
lated brines were created to represent a range of brines
with similar SAR values (14-15) but with varied TDS
values (24,400-299,000 mg/L). In each simulated brine,
major element ratios were chosen to mimic combinations
of TDS and SAR that might be encountered in OGPW.
Road aggregate discs were topically treated with
simulated brines in 1mL increments using a pipette
(Figure 3), allowed time for treatment to fully penetrate
the road disc, and then oven-dried. For each material
(DSA or 2RC), the amount of liquid required to pene-
trate a 100 g sample disc without causing liquid pooling
at the bottom of the sample was operationally defined

Figure 3. Dust-suppressant efficacy testing method; from (l) treatment of road aggregate discs with dust suppressants; (Il) sample setup
in rotary drum; (lll) vehicle impact simulation and aerosol measurement, and (V) aggregate disc at conclusion of test.
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(analogous to water-holding capacity). For DSA discs, Treated and dried road aggregate discs were
SmL of brine was applied and allowed to absorb for at unwrapped from aluminum foil molds, placed into the
least 10 min before drying. For 2RC discs, 8 mL of brine tumbler, and once the faceplate was secured, a 3/16"
was applied and allowed to absorb for 40 min. These val- (4.76 mm) inner diameter hose was attached to the
ues were similar to application rates proposed by regula- barbed nozzle on the faceplate (Figure 3). The hose con-
tory agencies. For example, the recommended CaCl, nected to an aerosol monitor (DustTrak II Aerosol
spreading rate is 1.6 L/m? (4). For a 6.35cm disc as used Monitor 8530; TSI) with an impactor plate attached to
in this study, this corresponds to a volume of SmL. The exclude particles greater than PM;,. The rotary drum
recommended rate for MgCl, is 2.3 L/m? (4), which cor- and aerosol monitor were positioned as to minimize
responds to an applied volume of 7mL. Former kinks in the tubing. The DustTrak sampling rate was
Pennsylvania regulations for OGPW spreading specified 3 L/min, and measurement frequency was every second.
0.5 gal/yd® (2.3L/m?) (17), which corresponded to 7mL Background concentrations inside the tumbler were mea-
for a 6.35cm disc. Following application of the simu- sured for 30s before starting the tumbler. Once the tum-
lated brines, samples were dried for 24 h at 60°C. bler was rotating, aerosol concentrations were measured
for 3min before ending aerosol sampling and tumbling.
Three minutes was operationally defined to allow sam-
ples to reach a local equilibrium of dust generation as
well as to avoid overwhelming the filter capabilities of
the DustTrak, for maintenance purposes. The tumbler
rotational speed was approximately 21 rpm. Ambient
humidity in the lab was monitored using a digital hygro-
meter; although most tests were run at 25% humidity or
less, values ranged from 25% to 70%.

Mechanical Rotating Drum and Aerosol Measurement. A
mechanical rotating drum (Model B Rotary Tumbler;
Thumler’s Tumbler) was chosen to model the impact of
vehicle tires on a dirt and gravel road surface. The tum-
bler consisted of a hexagonal steel barrel with a remova-
ble rubber liner (20cm deep, 9.53 cm each side). A hole
was drilled into the center of the faceplate of the
tumbler to attach a barbed nozzle, which did not rotate
with the tumbler. A 3.18 mm hole was also drilled into

the back of the tumbler liner to allow air entry. Data Processing. With this laboratory setup, dust genera-
Mechanical rotating drums have been used in other stud- tion typically asymptotically approached a maximum
ies to generate dust from rock samples (37). Other lab value within 3min (Figure 4). Based on this temporal
techniques that have measured dust-suppressant effec- response, dust-suppressant efficacy was calculated as the

tiveness either did not model vehicle traffic, or used  operationally defined “Average Maximum PM,, or AM
vehicle-based instrumentation that may be difficult to PM;,.” For each road aggregate disc, the dust concentra-

obtain (32-34). tion readings recorded every second between run time
(a) (b)
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Figure 4. Schematic of data processing to compare dust-suppressant efficacy. Panel (a) shows results from nine replicate samples of the
untreated control. Panel (b) shows results from four replicate samples of the CaCl,-treated samples. All readings were collected from
individual road aggregate discs of driving surface aggregate (shown as unique colors). For the untreated samples, the mean * standard
deviation of the Average Maximum PM,o was 68 * |5 mg/m?>. For the CaCl,-treated samples, the mean = standard deviation of the
Average Maximum PM o was 0.4 = 0. mg/m’.
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2:00 and 3:00 min:sec were averaged (i = 61) to calculate
the “Average Maximum PM;,.” For most samples, this
value represented a local maximum level of dust genera-
tion (Figure 4). However, other samples did not reach a
plateau or in some cases dust concentrations exceeded
the upper detection limit of the DustTrak instrument
(400 mg/m*). For both cases, the AM PM,, was still cal-
culated as the average of i = 61 readings. For very dusty
samples, the maximum detection value of 400 mg/m® was
input for every data point missing within the 2:00-
3:00 min run time for that sample.

Statistical Analysis of Results. Several representative test con-
ditions (e.g., no-treatment control or treatment with cal-
cium chloride brine) were tested with several replicates to
ensure repeatability of the method. In these cases the 61
readings of dust concentration (mg/m’) reported from
2:00 to 3:00 of the test were averaged to determine AM
PM, for each test condition. Each individual test condi-
tion had an AM PM,( and associated standard deviation.
In cases in which multiple samples under the same test
condition were averaged to present a mean AM PM;,
value, the standard deviation was calculated. Subsequent
test conditions were run in duplicate. A linear regression
was completed for the SAR, TDS, and moisture variables
on the AM PM using the Data Analysis Toolpack from
Microsoft Excel. Field moisture and aggregate material
comparisons were also analyzed using linear regression.
A p-value < 0.05 was considered significant.

Field Comparison Test. Field measurements of dust produc-
tion from a DSA-surfaced road at different moisture con-
tents were conducted to compare with laboratory-based
measurements. Dust production was measured along a
DSA-surfaced road in the Penn State University
Experimental  Forest in  Huntingdon  County,
Pennsylvania using an integrated vehicle-mounted parti-
culate-monitoring system. The primary monitoring instru-
ments consist of two TSI DustTrak 8530 aerosol monitors
(same model used for aerosol measurements in the labora-
tory), which have been used successfully by other
researchers to assess dust emissions from unpaved roads
(35-39). The integrated dust-monitoring system captures
dust generation from both aerosol monitors, GPS loca-
tion, and speed of the vehicle, as well as infrared road sur-
face temperature and ambient air temperature. All data
streams were processed through an Arduino microcon-
troller, compiled into a single data string, and recorded
every second on a laptop computer (Figure 5).

During this study, the aerosol monitors were mounted
on the back of a Chevy Traverse with the inlets set at
approximately 1 m above the road surface to measure the
dust concentration within the wake of the vehicle, similar
to Edvardsson and Magnusson (38). The aerosol monitor

N\

Computer

—r

Arduino

s A\
[ RS 232—1‘I’LJ GPS [ Voltage J
module Sensor
e W,
Dust
Sensor

Figure 5. Schematic of data collection sensors for field aerosol
monitoring.

Temperature
Sensor

was equipped with an impactor plate to exclude particles
greater than PMq. The vehicle maintained an average
speed of 40 km/h (25 mph) during each test to control one
variable known to increase dust generation (35). All testing
was conducted between 1:00 p.m. and 3:00 p.m. each day
to control weather variables such as temperature and
humidity as presented in Table 3. Dust monitoring was
conducted on three different days, and each day three con-
secutive vehicle sampling runs were made all in the same
direction. The values for the three runs each day were then
averaged to create spatially located data that represented
the PM,, for each approximately 35 ft interval along the
road. The road surface samples were sealed in airtight con-
tainers and returned to the laboratory, where moisture con-
tent (m/m) of the material was determined by oven-drying
samples at 60°C until samples reached constant weight.

Results and Discussion

Variables Influencing Efficacy

Three primary variables influencing dust suppression
effectiveness—maoisture content of the road surface, and
the SAR and TDS of the brine—were investigated using
simulated brines. These factors were systematically varied
to validate our proposed method of measuring dust gen-
eration potential, and to establish a baseline for future
comparisons of OGPW dust suppression efficacy.

Moisture. Water, a dust suppressant in its own right,
reduces dust generation by aggregating particles so that
they are less likely to become airborne (/7). Based on six
laboratory test conditions with moisture contents that
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Table 3. Shading, Moisture Content, Road and Air Temperature, and PM,o Generated during Field Tests on DSA Road Aggregate

Shading Road moisture content (%) PM,o (mg/m®) Average road temp. (F) Average air temp. (F)
No canopy 1.25 1.57 11 73
No canopy 0.73 .51 127 87
No canopy 0.67 1.47 121 87
Full canopy 298 0.04 78 73
Full canopy 2.95 0.0l 87 87
Full canopy 2.29 0.01 9l 87
Full canopy 1.88 0.23 83 87
Note: DSA = driving surface aggregate; PM = particulate matter; temp. = temperature.
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Figure 6. Summary of the effects of dust-suppressant treatments on dust generation. Factors varied in each test are plotted on the x-
axis, and Average Maximum PM,g values (AM PM,) are plotted on the y-axis. All test conditions were carried out in duplicate with DSA
or 2RC aggregate, as noted. Factors tested include: (a) Moisture content of untreated road aggregate (in %), (b) SAR, and (c) TDS. In (a),
dark blue circles represent values collected using the laboratory method and light blue circles represent values collected using the field
method. In (b), dark red circles represent DSA samples, and light red squares represent 2RC samples, with empty symbols representing
data from untreated control samples (arbitrarily plotted at log [SAR] = —2). In (c), orange circles represent TDS test conditions, and
empty circles represent data from untreated control samples.

Note: AM PM,, = average maximum particulate matter with a diameter of 10mm or less; DSA = driving surface aggregate; PM = particulate matter; SAR =
sodium adsorption ratio; TDS = total dissolved solids.

Table 4. Summary of Mechanistic Controls (Moisture Content, SAR, TDS) on Dust Generation for Both DSA and 2RC Road Aggregate

Variable Aggregate material AM PM o (y) Variable (x) Model equation p-value R2
Moisture DSA (lab) log linear y=—14Xx + 22 |1E-06 0.92
Moisture DSA (field) log linear y=—10Xx + 1.1 |1E-03 0.83
SAR DSA log log y=071 Xx + 042 2E-09 0.96
SAR 2RC log log y=041 Xx + 1.6 2E-03 0.73
TDS DSA log linear y= —6.6E—06 Xx + 2.3 3E-03 0.80

Note: DSA = driving surface aggregate; SAR = sodium adsorption ratio; TDS = total dissolved solids.

ranged from 0% to 3.0%, dust generation decreased as
moisture content increased (Figure 6a). The relationship
appears to be significant (p < 0.05) and log-linear; linear
changes in water content correspond to log change in
dust generation, and can be modeled by the regression
equation presented in Table 4. Samples that had a 0%
moisture content had an AM PM;, of 248 + 11 mg/m’

dust (n = 2). At a relatively low moisture content of
1.5%, the dust generation was minimal (PM;q of
0.4 = 0.6mg/m’), plateauing at a minimum dust genera-
tion between 2.3 and 3.0% moisture content (Figure 6a).
Our results for samples with moisture contents of 1.5—
3% correspond well with field results for suspended PM
near gravel roads reported in Roberts et al. that showed
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mean dust from 0.05 to 0.46 mg/m* (40). Unfortunately,
no moisture contents were reported in Roberts et al.
(40). Road aggregate moisture content is pertinent to
brines because they are aqueous solutions; roads newly
wetted from the application of brines and OGPWs
would produce less dust than roads that had not been
treated for several days, weeks, and so forth. Likewise,
small rain events that increase the moisture content of
the road aggregate will suppress dust until the water eva-
porates. Based on these results with DSA aggregate,
increasing moisture content to = 2.3% will lead to essen-
tially complete dust suppression with quantifiable sup-
pression at moisture contents as low as 0.25%. Trends
measured in laboratory tests (dark blue circles) were con-
sistent with the field tests (light blue circles) (Figure 6a,
discussed below).

SAR. Six different simulated brines with SAR values that
ranged from 0.12 to 1,410 were used to determine if SAR
could predict dust-suppressant efficacy. As the ratio of
monovalent sodium to divalent calcium and magnesium
(i.e., SAR) increased, dust generation was also expected
to increase (13, 14). As expected, the application of the
magnesium and calcium chloride brines with no measure-
able sodium (lowest SAR values) resulted in the lowest
dust generation (Figure 6b); 0.4 = 0.1 mg/m® and
0.5 = 0.1mg/m?, respectively. In contrast, a concentra-
tion of 317 = 17mg/m’ dust (n = 2) was measured after
treating with sodium chloride, a value that surpassed
even that of the untreated control (248 *= 11 mg/m’). In
other words, sodium chloride destabilized the road
aggregate or potentially crystalized and became part of
the PM ;o measured in the instrument. The relationship
between SAR and AM PM,, follows a log-log relation-
ship and can be modeled by the regression equation pre-
sented in Table 4. The relationship was significant
(» < 0.05). These results are consistent with previous
field-based studies (/4) and highlight that the sodium
content of dust suppressants must be considered in prod-
uct selection. The influence of SAR applied to an alterna-
tive aggregate type (2RC) (Figure 6b, light red squares)
was consistent with results from DSA (discussed below).

TDS. Although the effect of increasing SAR (and
sodium) on dust generation was expected (13, /4), TDS
values should also influence dust generation. Increasing
the total application of calcium and magnesium can
cause flocculation of fine particles (/3). Four simulated
fluids with similar SAR values (14-15) but varying TDS
values (24,400-299,000 mg/L) were applied to road
aggregate discs and tested for dust production. Overall,
for brines with similar SAR, dust generation decreased
as TDS increased (Figure 6¢). The relationship follows a
somewhat linear-log trend, is significant (p < 0.05), and

can be modeled by the regression equation presented in
Table 4.

Field Test: Relating Lab Measurements to Field
Measurements using Moisture Content

A field test was conducted to compare dust concentra-
tions generated with the laboratory method with dust
concentrations generated from an unpaved road. The
road aggregate material (DSA) was the same for both
laboratory and field tests with the notable exception that
the laboratory aggregate was augmented as described in
the methods (above). The moisture content of the DSA
material was used to compare between field and labora-
tory tests. The trend of decreasing PM;, generation with
increasing moisture content was also observed in the field
and is modeled by the relationship presented in Table 4
(» < 0.05). Notably, PM, levels generated in the labora-
tory were similar to PM levels measured in the field at
moisture content between 1% and 2%, but slightly
higher than field measurements at both low (~0.7 %)
and high (~3%) moisture content (Figure 6a). The esti-
mation of PM;, from the laboratory indicates that this
method is valuable for providing relative comparisons
between different dust suppressants and road conditions,
and should not be used to predict exact concentrations of
dust generated from unpaved roads. Importantly, the
relative humidity could influence the dust generated from
treated roadways (28).

Influence of Aggregate Material

The type of road aggregate material varies nationwide,
based on locally available materials (47), and therefore
the distribution of particle sizes, mineral composition,
and interaction of aggregate particles with a dust sup-
pressant may influence dust generation differently
nationwide. It is desirable to maintain a small percentage
of fines in a road aggregate to bind larger particles
together, but too many fines in an aggregate leads to
dust production when the road aggregate dries (4, 42,
43). To examine the effect of road aggregate material on
dust generation, the same six simulated brines with vary-
ing SAR values that were applied to DSA samples were
applied to 2RC road aggregate discs and measured. In
all cases, the 2RC road aggregate discs generated more
dust than the DSA road aggregate discs (Figure 6b). As
with DSA, increasing dust generation with increasing
SAR was observed with the 2RC road aggregate.
However, at the high end of the SAR spectrum (NaCl),
one of two 2RC road aggregate discs tested produced
more dust than the maximum detection limit of the
instrument (400 mg/m?®) within the 3 min run time. Based
on visual observations, the 2RC road aggregate discs
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generally held together after mechanical impact, whereas
the DSA samples tended to disintegrate. This was true
even though the DSA samples produced less aerosol dust
as compared with the 2RC samples. The greater mechan-
ical integrity of 2RC could reflect its greater clay mineral
content (Table 1). Although DSA had a higher content
of clay-sized particles, these particles were fine limestone
particles. Clay-sized particles in the 2RC samples
included a high fraction of specimen clay minerals. We
note that aggregate type could include many sub-factors,
including clay content, optimal moisture/compaction
conditions, and liquid-suppressant retention capacity.
Our results reinforce the presumption that road aggre-
gate material is a factor in dust generation. Therefore, it
is necessary to test specific road materials with candidate
dust suppressants because results will vary across road
material.

Limitations

Future experiments could help eliminate limitations of
the current method. First, in some cases the PM;, gener-
ated from an aggregate sample, usually in the case of the
2RC material, reached the DustTrak’s upper limit of
detection. The decision to input the maximum value,
400 mg/m’® for any data points unable to be collected in
the 2-3min window may skew results for more dusty
materials. Therefore, smaller cut points (PM, 5, PM| ) in
the aerosol-monitoring equipment could be used, as these
particles are usually generated in smaller quantities than
PM,q (almost 40% the level of emissions) (44). Another
factor to consider when comparing dust suppressant
effectiveness is relative humidity. Not presented in the
main work, several test conditions run during a period of
higher relative humidity within the laboratory produced
similar trends, but with a narrower distribution of results
between the two extremes of dust generation, calcium
chloride-treated versus sodium chloride-treated samples.
Relative humidity has implications for future laboratory
tests, as well as the prediction of brine dust-suppressant
efficacy. An expansion of aggregate materials tested with
this method would also be beneficial. Finally, a more
robust comparison across a variety of dust-suppressant
candidates should be completed between the laboratory
method presented here and dust measured in the field.
For laboratory testing, it would serve the user best to
test batches of suppressants consecutively to limit vari-
ables such as ambient humidity and temperature.
Performance controls should also be run with each batch
of test conditions; for example, “new” batches of runs
should include untreated control, NaCl, and CaCl,-
treated samples to correct for changes in PM;, genera-
tion resulting from varying testing factors, such as ambi-
ent humidity. We estimate that researchers could
perform the tumbler aerosol measurements on roughly

four discs per hour. Discs could be prepared and com-
pacted in batches of 24-30, dried overnight, and then
treated with dust suppressant. Thus, over a 3-day period,
24-30 road disc samples could be prepared, tested, and
data analyzed.

Conclusion

The amount of PM generated from dirt and gravel roads
can be reduced with dust suppressants. Decreased emis-
sions of PM from roadways can reduce safety and human
health risks, but few methods exist to quantify the effi-
cacy of treatments in a relatively quick, economical, and
reproducible method. Here, we designed a bench-scale
method to test the efficacy of dust suppressants on dirt
and gravel road materials. Field measurements of dust
production at different moisture contents compared
favorably with laboratory-based measurements. The
results demonstrate a reproducible and efficient labora-
tory evaluation procedure that could analyze several test
conditions per day. Higher TDS and lower SAR in simu-
lated brines applied to road aggregate material generated
less dust than fluids with lower TDS and higher SAR.

Dust-suppressant efficacy is affected not only by the
chemical composition of the dust suppressant (e.g., SAR,
TDS) but also by characteristics of the road aggregate
material (e.g., particle size distribution and mineralogy).
OGPWs that are candidates to be applied as dust sup-
pressants should be tested in the laboratory before field
applications. Laboratory test conditions should be per-
formed with specific combinations of suppressants and
road aggregates to mimic expected field conditions and
demonstrate effectiveness on a case-by-case basis. This
type of testing will save money relative to field testing
methods, improve transportation safety by reducing dust
generation, and protect the environment by limiting the
application of ineffective suppressants.

Author Contributions

The authors confirm contribution to the paper as follows: study
conception and design: AMS, EHC, WDB, and NRW; data
collection: AMS, EHC; analysis and interpretation of results:
AMS, EHC, WDB, and NRW; draft manuscript preparation:
AMS, EHC, WDB, and NRW. All authors reviewed the results
and approved the final version of the manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this



198

Transportation Research Record 2674(6)

article: Partial student support for this project was supported
by the Penn State CTSI Grant (UL Tr000127) from the

National

Center for Advancing Translational Sciences,

National Institutes of Health.

References

1.

10.

11.

12.

Rao, V., L. Tooly, J. Drukenbrod, and E. P. Agency. 2008
National Emissions Inventory. Review, Analysis and High-
lights. EPA-454/R-13-005. U.S. Environmental Protection
Agency, Office of Air Quality Planning and Standards, Air
Quality Assessment Division Emissions Inventory and
Analysis Group Research Triangle Park, NC, 2013.

U.S. Environmental Protection Agency. 2014 National
Emissions Inventory, Version 2: Technical Support Docu-
ment. Research Triangle Park, NC, 2018.

. Forman, R. T. T., D. Sperling, J. A. Bissonette, A. P. Cle-

venger, C. D. Cutshall, V. H. Dale, L. Fahrig, R. France,
C. R. Goldman, K. Heanue, J. A. Jones, F. J. Swanson, T.
Turrentine, and T. C. Winter. Road Ecology: Science and
Solutions. Island Press, Washington, D.C., 2002.

Bolander, P. Dust Palliative Selection and Application
Guide Application Guide. Project Report. 9977- 1207-
SDTDC U.S. Department of Agriculture, Forest Service,
San Dimas Technology and Development Center, San
Dimas, CA, 1999, p. 20.

Kim, K. H., E. Kabir, and S. Kabir. A Review on the
Human Health Impact of Airborne Particulate Matter.
Environment International, Vol. 74, 2015, pp. 136-143.
https://doi.org/10.1016/j.envint.2014.10.005.

. Rai, P. K. Impacts of Particulate Matter Pollution on

Plants: Implications for Environmental Biomonitoring.
Ecotoxicology and Environmental Safety, Vol. 129, 2016,
pp. 120-136.

. Trombulak, S. C., and C. A. Frissell. Review of Ecological

Effects of Roads on Terrestrial and Aquatic Communities.
Conservation Biology, Vol. 14, No. 1, 2000, pp. 18-30.

U.S. Environmental Protection Agency. National Air Qual-
ity and Emissions Trends Report, 1998. EPA 454/R-00-003.
U.S. Environmental Protection Agency, Office of Air
Quality Planning and Standards Emissions Monitoring
and Analysis Division Air Quality Trends Analysis Group
Research Triangle Park, NC, 2000.

Hong, K. Y., G. H. King, A. Saraswat, and S. B. Hender-
son. Seasonal Ambient Particulate Matter and Population
Health Outcomes among Communities Impacted by Road
Dust in British Columbia, Canada. Journal of the Air
and Waste Management Association, Vol. 67, No. 9, 2017,
pp- 986-999. https://doi.org/10.1080/10962247.2017.1315348.
U.S. Environmental Protection Agency. Particle Pollution
and Your Health. EPA 452/F-03-001. U.S. Environmental
Protection Agency, 2003.

Piechota, T., J. Van Ee, J. Batista, K. Stave, and D. James.
Potential Environmental Impacts of Dust Suppressants:
“Avoiding Another Times Beach.” EPA/600/R-04/031. Las
Vegas, NV, 2002.

Haluszczak, L. O., A. W. Rose, and L. R. Kump. Geo-
chemical Evaluation of Flowback Brine from Marcellus
Gas Wells in Pennsylvania, USA. Applied Geochemistry,

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Vol. 28, 2013, pp. 55-61.
j.apgeochem.2012.10.002.
Warrence, N. J., J. W. Bauder, and K. E. Pearson. Basics
of Salinity and Sodicity Effects on Soil Physical Properties.
Department of Land Resources and Enviromental Science.
Montana State University, Bozeman. 2002, pp. 1-29.
http://waterquality.montana.edu/energy/cbm/background/
soil-prop.html.

Graber, K., C. L. M. Hargiss, T. DeSutter, Y. He, and J.
E. Norland. Dispersion of Gravel Road Fine-Fractions as
Influenced by Oil-Well Produced Water and Simulated
Solutions of Various SAR, EC, and Ca/Mg Ratios. Water,
Air, and Soil Pollution, Vol. 230, No. 3, 2019. https://
doi.org/10.1007/s11270-019-4111-3.

Municipal Liquid Fuels Program. Pennsylvania Department
of Transportation.

Payne, B. F. Oil and Gas Well Brines for Dust Control on
Unpaved Roads — Part 1: Ineffectiveness. European Scien-
tific Journal, Vol. 14, No. 27, 2018, p. 398. https://doi.org/
10.19044/esj.2018.v14n27p398.

Tasker, T. L., W. D. Burgos, P. Piotrowski, L. Castillo-
Meza, T. A. Blewett, K. B. Ganow, A. Stallworth, P. L.
M. Delompré, G. G. Goss, L. B. Fowler, J. P. Vanden
Heuvel, F. Dorman, and N. R. Warner. Environmental
and Human Health Impacts of Spreading Oil and Gas
Wastewater on Roads. Environmental Science and Technol-
ogy, Vol. 52, No. 12, 2018, pp. 7081-7091. https://doi.org/
10.1021/acs.est.8b00716.

Kell, S. R., D. A. Hodges, and T. E. Tomastick. Spreading
Oil-Field Brine for Dust and Ice Control in Ohio: A Gui-
dance for Local Authorities. Ohio Department of Natural
Resources, Division of Mineral Resources Management,
2004.

Lee, K., and J. M. Neff. Produced Water - Environmental
Risks and Advances in Mitigation Technologies. Springer,
New York, 2011.

Rahm, B. G., J. T. Bates, L. R. Bertoia, A. E. Galford, D.
A. Yoxtheimer, and S. J. Riha. Wastewater Management
and Marcellus Shale Gas Development: Trends, Drivers,
and Planning Implications. Journal of Environmental Man-
agement, Vol. 120, 2013, pp. 105-113. https://doi.org/
10.1016/j.jenvman.2013.02.029.

Vengosh, A., R. B. Jackson, N. Warner, T. H. Darrah,
and A. Kondash. A Critical Review of the Risks to Water
Resources from Unconventional Shale Gas Development
and Hydraulic Fracturing in the United States. Environ-
mental Science and Technology, Vol. 418, No. 15,
pp- 8334-8348.

Fisher, S. R. Geologic and Geochemical Controls on Natu-
rally Occurring Radioactive Materials (NORM) in Pro-
duced Water from Oil, Gas, And Geothermal Operations.
Environmental Geosciences, Vol. 5, No. 3, 1998,
pp- 139-150.

Hayes, T. Sampling and Analysis of Water Streams Associ-
ated with the Development of Marcellus Shale Gas. Final
Report for Marcellus Shale Coalition, Gas Technology
Institute, Des Plaines, IL, 2009, p. 249.

Rowan, E. L., M. A. Engle, C. S. Kirby, and T. F. Krae-
mer. Radium Content of Oil-and Gas-Field Produced Waters

https://doi.org/10.1016/


https://doi.org/10.1016/j.envint.2014.10.005
https://doi.org/10.1080/10962247.2017.1315348
https://doi.org/10.1016/j.apgeochem.2012.10.002
https://doi.org/10.1016/j.apgeochem.2012.10.002
http://waterquality.montana.edu/energy/cbm/background/soil-prop.html
http://waterquality.montana.edu/energy/cbm/background/soil-prop.html
https://doi.org/10.1007/s11270-019-4111-3
https://doi.org/10.1007/s11270-019-4111-3
https://doi.org/10.19044/esj.2018.v14n27p398
https://doi.org/10.19044/esj.2018.v14n27p398
https://doi.org/10.1021/acs.est.8b00716
https://doi.org/10.1021/acs.est.8b00716
https://doi.org/10.1016/j.jenvman.2013.02.029
https://doi.org/10.1016/j.jenvman.2013.02.029

Stallworth et al

199

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

in the Northern Appalachian Basin (USA): Summary and
Discussion of Data. Scientific Investigations Report 2011—
5135. U.S. Geological Survey, Reston, VA, 2011.

Skalak, K. J., M. A. Engle, E. L. Rowan, G. D. Jolly, K.
M. Conko, A. J. Benthem, and T. F. Kraemer. Surface Dis-
posal of Produced Waters in Western and Southwestern
Pennsylvania: Potential for Accumulation of Alkali-Earth
Elements in Sediments. International Jowrnal of Coal Geol-
ogy, Vol. 126, 2014, pp. 162-170. https://doi.org/10.1016/
j-c0al.2013.12.001.

Graber, K., C. L. M. Hargiss, J. E. Norland, and
T. De Sutter. Is Oil-Well Produced Water Effective in
Abating Road Dust? Water, Air, and Soil Pollution, Vol.
228, No. 11, 2017, p. 449. https://doi.org/10.1007/s11270-
017-3640-x.

Kelly, V. R., S. E. Findlay, and C. Harris. Chemical Com-
position of Rock Salt Brine Compared with Brine from Oil
and Gas Wells. Journal of Environmental Engineering, Vol.
144, No. 9, 2018, p. 06018006. https://doi.org/10.1061/
(ASCE)EE.1943-7870.0001421.

Barnes, D. L., and B. Connor. Guidelines for the Use of

Synthetic Fluid Dust Control Palliatives on Unpaved Roads.
Center for Environmentally Sustainable Transportation in
Cold Climates, 2017.

Center for Dirt and Gravel Road Studies. PA Road Aggre-
gate 101. The Pennsylvania State University, 2012.
Commonwealth of Pennsylvania Department of Transporta-
tion Publication 408/2016 Specifications. Pennsylvania
Department of Transportation, 2016.

Gill, T. E., T. M. Zobeck, and J. E. Stout. Technologies for
Laboratory Generation of Dust from Geological Materials.
Journal of Hazardous Materials, Vol. 132, No. 1, 2006,
pp. 1-13. https://doi.org/10.1016/j.jhazmat.2005.11.083.
Bae, S., H. L. Inyang, T. C. De Brito Galvao, and G. E.
Mbamalu. Soil Desiccation Rate Integration into Empirical
Dust Emission Models for Polymer Suppressant Evalua-
tion. Journal of Hazardous Materials, Vol. 132, No. 1, 20006,
pp- 111-117. https://doi.org/10.1016/j.jhazmat.2005.11.088.
Epps, A., A. M. Asce, and M. Ehsan. Laboratory Study of
Dust Palliative Effectiveness. Journal of Materials in Civil
Engineering, Vol. 14, No. 5, 2002. https://doi.org/
10.1061/ASCE0899-1561200214:5427.

Rushing, J. F., and K. Newman. Investigation of Labora-
tory Procedure for Evaluating Chemical Dust Palliative
Performance. Journal of Materials in Civil Engineering,
Vol. 22, No.11, 2010. https://doi.org/10.1061/ASCEMT.
1943-5533.0000122.

Etyemezian, V., H. Kuhns, J. Gillies, M. Green, M. Pitch-
ford, and J. Watson. Vehicle-Based Road Dust Emission

36.

37.

38.

39.

40.

41.

42.

43.

44.

Measurement: I - Methods and Calibration. Atmospheric
Environment, Vol. 37, No. 32, 2003, pp. 4559-4571. https://
doi.org/10.1016/S1352-2310(03)00528-4.

Gillies, J. A., V. Etyemezian, H. Kuhns, D. Nikolic, and D.
A. Gillette. Effect of Vehicle Characteristics on Unpaved
Road Dust Emissions. Atmospheric Environment, Vol. 39,
No. 13, 2005, pp. 2341-2347.

Fitz, D. R., K. Bumiller, V. Etymezian, H. Kuhns, and G.
Nikolic. Measurement of PM10 Emission Rates from
Roadways in Las Vegas, Nevada using a SCAMPER
Mobile Platform with Real-Time Sensors. Proc., Air and
Waste Management Association’s Annual Conference and
Exhibition, Clark County, NV, Vol. 2005. 2005.
Edvardsson, K., and R. Magnusson. Monitoring of Dust
Emission on Gravel Roads: Development of a Mobile Meth-
odology and Examination of Horizontal Diffusion. Atmo-
spheric Environment, Vol. 43, No. 4, 2009, pp. 889-896.
https://doi.org/10.1016/j.atmosenv.2008.10.052.

Kunz, B. K., and E. E. Little. Dust Control Products at
Hagerman National Wildlife Refuge, Texas. Transportation
Research Record: Journal of the Transportation Research
Board, 2015. 2472: 64-71.

Roberts, J. W., H. A. Watters, C. A. Mangold, and A. T.
Rossano. Cost and Benefits of Road Dust Control in Seat-
tle’s Industrial Valley. Journal of the Air Pollution Control
Association, Vol. 25, No. 9, 1975, pp. 948-952. https://
doi.org/10.1080/00022470.1975.10468117.

Langer, W. H. Natural Aggregates of the Conterminous
United States. US Government Printing Office, Denver,
Colo., 1988.

Edvardsson, K., and R. Magnusson. Impact of Fine
Materials Content on the Transport of Dust Suppres-
sants in Gravel Road Wearing Courses. Journal of
Materials in Civil Engineering, Vol. 23, No. 8, 2011,
pp. 1163-1170. https://doi.org/10.1061/(ASCE)MT.
1943-5533.0000282.

Jones, D., and P. Paige-Green. Limitations of using Con-
ventional Unpaved Road Specifications for Understanding
Unpaved Road Performance. Transportation Research
Record: Journal of the Transportation Research Board,
2015. 2474: 30-38.

Chase, E. H., and E. A. Heness. Real-Time Monitoring of
Dust Generation from Driving Surface Aggregate in Penn-
sylvania. Presented at 97th Annual Meeting of the Trans-
portation Research Board, Washington, D.C., 2018.

The content is solely the responsibility of the authors and does
not necessarily represent the official views of the NIH.


https://doi.org/10.1016/j.coal.2013.12.001
https://doi.org/10.1016/j.coal.2013.12.001
https://doi.org/10.1007/s11270-017-3640-x
https://doi.org/10.1007/s11270-017-3640-x
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001421
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001421
https://doi.org/10.1016/j.jhazmat.2005.11.083
https://doi.org/10.1016/j.jhazmat.2005.11.088
https://doi.org/10.1061/ASCE0899-1561200214:5427
https://doi.org/10.1061/ASCE0899-1561200214:5427
https://doi.org/10.1061/ASCEMT.1943-5533.0000122
https://doi.org/10.1061/ASCEMT.1943-5533.0000122
https://doi.org/10.1016/S1352-2310(03)00528-4
https://doi.org/10.1016/S1352-2310(03)00528-4
https://doi.org/10.1016/j.atmosenv.2008.10.052
https://doi.org/10.1080/00022470.1975.10468117
https://doi.org/10.1080/00022470.1975.10468117
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000282
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000282

Appendix for Written Testimony submitted by Dr. William Burgos to PA House ERE Committee

Item 2 - Farnan et al. 2024
key finding: as a dust suppressant, oil & gas produced waters failed to meet the

USEPA's criteria for beneficial use of industrial waste



Science of the Total Environment 919 (2024) 170807

Contents lists available at ScienceDirect

Science orre
Total Environment

Science of the Total Environment

A

ELSEVIER journal homepage: www.elsevier.com/locate/scitotenv

Oil and gas produced waters fail to meet beneficial reuse recommendations [ &&
for use as dust suppressants

James Farnan®', Andrew Eck?, Andrew Kearney °, Frank L. Dorman ™ 21 Hassan Ismail %,
Eric Chase “, Xiaofeng Liu“, Nathaniel R. Warner °, William D. Burgos ™

& Department of Civil and Environmental Engineering, The Pennsylvania State University, University Park, PA 16802, USA

b Department of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park, PA 16802, USA

¢ Center for Dirt and Gravel Road Studies, Larson Transportation Institute, Department of Civil and Environmental Engineering, The Pennsylvania State University,
University Park, PA 16802, USA

HIGHLIGHTS GRAPHICAL ABSTRACT

e Commercial dust suppressants were
more effective than oil and gas produced
water.

e High sodium concentrations in pro-
duced water destabilized the roadbed.
e All radium in produced water applied to
roads was mobilized during storm

events.

e Most salt ions were flushed from brine-
treated roadbeds during storm events.
e Produced water does not meet the rec-

ommended criteria for beneficial reuse.
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ARTICLE INFO ABSTRACT

Editor: Ashantha Goonetilleke Produced water from conventional oil and gas wells (O&G PW) is beneficially reused as an inexpensive alter-
native to commercial dust suppressants which minimize inhalable particulate matter (PM;) from unpaved roads.

Keywords: The efficacy and environmental impacts of using O&G PW instead of commercial products have not been

Road runoff extensively investigated, although O&G PW has been used for dust suppression for decades and often has

Freshwater salinization
Radium

Trace metals

Particulate matter

Oil and gas produced water

elevated concentrations of environmental pollutants. In this study, the effectiveness of O&G PW is compared to
commercial products under variable humidity conditions by measuring total generated PM;( emissions from
treated road aggregate discs. To measure environmental impacts, model roadbeds were treated with six 0&G PW
and commercial products then subjected to a simulated two-year, 24-h storm event. Generated runoff water was
collected and characterized. In efficacy studies, O&G PW offered variable dust reduction (10-85 %) compared to
rainwater controls under high humidity (50 %) conditions but performed similarly or worse than controls when
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humidity was low (20 %). Conversely, all but two commercial products reduced dust emissions by over 90 %
regardless of humidity. In rainfall-runoff experiments, roads treated with O&G PWs and CaCl; Brine generated
runoff that was hypersaline, indicating that mobilization of soluble salts could contribute to freshwater salini-
zation. Though most runoff concentrations were highest from roadbeds treated with CaCl, Brine, runoff from
roadbeds treated with O&G PW had the highest concentrations of combined radium (83.6 pCi/L), sodium (3560
mg/L), and suspended solids (5330 mg/L). High sodium concentrations likely dispersed clay particles, which
increased road mass loss by 47.2 kg solids/km/storm event compared to rainwater controls. Roadbeds treated
with CaCl; Brine, which had low sodium concentrations, reduced solid road mass loss by 98.1 kg solids/km/storm
event. Based on this study, O&G PW do not perform as well as commercial products and pose unique risks to

environmental health.

1. Introduction

Industrial processes in the United States generate approximately 7.6
billion tons of waste and byproducts each year (Beneficial Use of Waste
Materials: State of the Practice 2012, 2013). These waste streams can be
difficult and expensive to manage, but they offer an opportunity for
significant materials recovery. Rather than send these products directly
for disposal, usually by landfilling (U.S. Environmental Protection
Agency, 2006), they can be beneficially reused for energy production,
construction materials, or as a substitute for raw materials in
manufacturing operations. Beneficial reuse of waste products can reduce
costs for both the waste generator and the manufacturer while
decreasing energy usage and the need for continual extraction of virgin
materials, resulting in significant environmental benefits. Guidance
from the United States Environmental Protection Agency (US EPA)
recommends that waste products proposed for beneficial reuse meet two
criteria: 1) they perform as well as or better than the material being
replaced, and 2) using the waste product does not increase the risk of
harm to either the environment or human health (Methodology for
Evaluating Beneficial Uses of Industrial Non-Hazardous Secondary Ma-
terials, 2016).

The oil and gas industry beneficially reuses approximately 47 % of
the 3.3 trillion liters of produced water generated each year in the
United States (Veil, 2015). Produced water returns to the surface
alongside the extracted hydrocarbon after a well has been in production
for a few weeks, and the composition of produced water typically re-
flects the source rock of the target formation (Tasker et al., 2020). Most
(46 %) of the reused produced water is reinjected into producing wells
for enhanced oil recovery (Veil, 2015). The remaining 1 % of recycled
produced water is beneficially reused outside of the energy industry in a
variety of ways, including irrigation, stream augmentation, livestock
watering, and wildlife propagation (Veil, 2015; Cooper et al., 2022;
Appendix B to 10 CFR 20, n.d.). Because the composition of produced
water is highly variable both within and between formations, its man-
agement is a function of the water quality, location where it was
generated, and regulations regarding its disposal or reuse.

As of 2018, 13 states permit produced water from conventional wells
(wells drilled into permeable formations that permit hydrocarbons to
readily flow to the surface) to be spread on roads for dust suppression
(Tasker et al., 2018). An additional four states permit road spreading of
conventional oil and gas produced water (O&G PW) on a case-by-case
basis (Tasker et al., 2018). Where road spreading is permitted, O&G
PW is often offered as a low-cost alternative to commercial dust sup-
pressants which can be prohibitively expensive. The cost of calcium and
magnesium brines, the two most common commercial dust suppres-
sants, ranges from $283-$2020/acre. Organic products, such as ligno-
sulfonate, vegetable oils, or petroleum emulsions, are more expensive
($6700-$24,300/acre) (Piechota et al., 2002). Annual dust suppression
operations using commercial products can cost between $4000 and
$10,000 per road mile per application (Chase, 2022). Over 1 million
miles of unpaved roads in the United States could be treated with dust
suppressants (Bureau of Transportation Statistics, 2020), and oftentimes
unpaved roads require multiple treatments per dry season. Therefore,
cost effectiveness is the primary consideration when selecting a dust

suppressant (Kociolek, 2013), and cheaper alternatives to commercial
products are desirable.

Though expensive, reducing dust emissions from unpaved roads is
critical in order to minimize the negative human and environmental
health impacts of particulate matter (PM). Unpaved roads generate over
one-third of inhalable PM (<10 pm, PMjg) in the United States (Bureau
of Transportation Statistics, 2012), which can aggravate respiratory
illnesses (U.S. Environmental Protection Agency, 2023a). PM smaller
than 2.5 pm (PMj5) can penetrate deeper into the lung tissue, posing
more serious health risks including decreased lung function (Zhang
et al., 2020a), heart arrhythmia (Zhang et al., 2020b), heart attacks
(Khosravipour et al., 2022), and premature death in at-risk populations
(Fang et al., 2013). PM specifically from roadways has been shown to be
more toxic than PM from other sources because of the co-contaminants
associated with vehicular traffic (Park et al., 2018) such as trace metals
from brake wear and corrosion of vehicle components (Haynes et al.,
2020; Huber et al., 2016), tire wear particles (Baensch-Baltruschat et al.,
2020), or toxic organic compounds from exhaust emissions (Hou and Li,
2020). To reduce human health risks from exposure to PM, the US EPA
established 24-h average National Ambient Air Quality Standards
enforceable through the Clean Air Act for PM;( (150 pg/m3) and PM; 5
(35 pg/m>) (40 CFR 50, n.d.).

Dust suppressants reduce the amount of PM mobilized from the
roadbed by changing the physical nature of the road surface. Generally,
dust suppressants increase moisture retention or bind dust particles
together (Piechota et al., 2002). O&G PW typically has high total dis-
solved solids (TDS) concentrations in states where it can be spread on
roads (Veil, 2015), and is therefore assumed to be a suitable replacement
for commercial brines (e.g., calcium and magnesium chloride). The salts
in these brines are deliquescent and hygroscopic (Piechota et al., 2002),
which improves the moisture retention of the roadbed and reduces dust
emissions. Additionally, divalent cations like calcium and magnesium
can act as bridges between negatively charged clay particles (Payne,
2018), further stabilizing the roadbed. Organic-based products, how-
ever, do not improve moisture retention but instead agglomerate road
particles together and form a crust on the driving surface. This crust acts
as a barrier between fine particles and vehicle tires or wind (Piechota
et al., 2002; Steevens et al., 2007).

Although O&G PW has been used as a dust suppressant for the last 70
years (Payne, 2018), no scientific study has evaluated how well 0&G PW
meets the two criteria of beneficial reuse. O&G PW often contains
elevated concentrations of environmental pollutants like radioactivity
(mean 1095 pCi/L) (Blondes et al., 2019), TDS (100-400,000 mg/L)
(McLaughlin et al., 2020), and petroleum hydrocarbons (up to 2000 mg/
L) (Benko and Drewes, 2008) which complicates its reuse for other ap-
plications. Most recent studies focus on treatments like advanced
oxidation processes (Alomar et al., 2022) or membrane technologies
(Amakiri et al., 2022; Chen et al., 2022; Goh et al., 2022) to remove
these contaminants of concern from O&G PW prior to reuse to reduce
pressure on freshwater resources. Most discussion on potential reuse
applications focus on agriculture (Samuel et al., 2022) or future drilling
operations (Zhang et al., 2022) and only one recent review article
mentions spreading O&G PW on roads for dust control (Cooper et al.,
2022). Reuse of O&G PW as a dust suppressant remains understudied
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despite its potential risks to environmental and human health.

Studies conducted in the last 5 years have begun to cast doubt on the
effectiveness of O&G PW as a dust suppressant. One study found that
roads treated with O&G PW in North Dakota produced the same amount
of dust as roads left untreated (Graber et al., 2017). Similarly, Stallworth
et al. (2020) determined that O&G PW underperformed compared to
calcium and magnesium brines and organic products using a field-
validated laboratory method that could be used to determine the effi-
cacy of dust suppressants (Stallworth et al., 2020). However, those au-
thors noted that variable humidity conditions could have affected some
of their measurements (Stallworth et al., 2021).

While fugitive dust emissions pose risks to air quality and respiratory
health, no study has investigated the fate of O&G PW-associated con-
taminants from roadbeds during storm events under real-world condi-
tions. Tasker et al. (2018) found that pollutants in O&G PW (Cl, Br, Ca,
Mg, Na, Sr, Ra) were leachable from loose road aggregate mixed with
synthetic rainwater (Tasker et al., 2018), though the experimental
conditions of this study were designed to maximize mobilization from
the aggregate during multiple leaching events. Similarly, previous
research has shown that the conductivity of surface water and ground-
water increases near roads treated with commercial chloride brines and
0&G PW (Goodrich et al., 2009a; Bair and Digel, 1990). However, the
mobilization of contaminants from unpaved roads during single storm
events is still unknown.

The objective of this study was to determine if O&G PW meets the
recommended criteria for beneficial reuse, i.e., effective dust suppres-
sion with no increased risk to human health or the environment. In this
study, experiments were conducted to evaluate: 1) dust suppressant
efficacy and 2) mobilization of contaminants in runoff from treated
roads during rain events. For efficacy experiments, O&G PW were
compared to commercial dust suppressants using a modified method (i.
e., with humidity control) based on the one presented in Stallworth et al.
(2020) (Stallworth et al.,, 2020) to measure PM;y emissions from
roadbed aggregate. To test the second objective, a model roadbed was
constructed and subjected to a simulated storm event. The generated
runoff was collected and analyzed for a variety of chemical parameters
to characterize the potential threats to water quality in freshwater re-
sources adjacent to treated unpaved roads. The parameters for both ef-
ficacy and runoff experiments were chosen to reflect conditions in
northwestern Pennsylvania, though the results are applicable to the
broader Appalachian region and beyond. A portion of these data were
compiled into a report submitted to the Pennsylvania Department of
Environmental Protection (Burgos et al., 2022).

2. Methods
2.1. Dust suppressants

Twenty-one dust suppressants were evaluated that represent some of
the major classes of dust suppressants used in the United States
(Table S1). Five of the dust suppressants were calcium and magnesium
chloride brines. One of these, CaCl, Brine, was prepared in the lab by
dissolving solid calcium chloride (Fisher Science Education, >95 %
mass/vol assay range) in distilled water. Because of kinetic limitations,
this solution did not reach full saturation (~35 % m/m). Instead, the
concentration of the CaCly Brine ranged from 17.2 % to 25.4 %. The
other four brines were commercial products sourced directly from the
manufacturers (Commercial Brine 1-4). Ten dust suppressants were
0&G PWs from Pennsylvania and acquired under nondisclosure agree-
ments. Prior to use in efficacy experiments, the pH of acid-preserved
0&G PW was increased to >4.2 with a combination of sodium hy-
droxide and calcium carbonate to minimize any effect on dust sup-
pression. Addition of sodium hydroxide and calcium carbonate resulted
in TDS increases of 1.3-4.0 % and changes in the sodium adsorption
ratio (SAR) of +0.03-0.32 %. The remaining five dust suppressants were
organic products. Soybean Oil was reported as mechanically extracted,
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degummed, and > 95 % fatty acid. The remaining four commercial
organic products were either mixtures of hydrocarbons or synthetic
polymers sourced from the manufacturers (see Table S1 in Appendix A
for more details). Finally, Synthetic Rainwater was prepared by adding a
60/40 % (wt/wt) mixture of sulfuric acid/nitric acid to distilled water
until pH = 4.2 according to US EPA Method 1312 (U.S. Environmental
Protection Agency, 1994a). Experiments using synthetic rainwater
represented natural wetting of the roadbed in dust suppression efficacy
experiments and runoff generated from untreated roadbeds in rainfall-
runoff experiments and was therefore used as a control for all
comparisons.

2.2. Dust suppressant efficacy experiments

In efficacy experiments, road discs were tumbled and the PM;o
emissions were measured as described in Stallworth et al. (2020)
(Stallworth et al., 2020). 2RC roadbed aggregate (100 g) was compacted
into road discs using a modified Standard Proctor test. 2RC aggregate is
a well-graded mix of crushed stone (48.3 % m/m), sand (42.2 % m/m),
silt (6.6 % m/m), and clay (2.9 % m/m) sourced from a quarry in
northwestern Pennsylvania. The dominant mineral phases were albite,
calcite, clinochlore, dolomite, kaolinite, muscovite, and quartz. Gravel
>9.51 mm prevented adequate compaction and was replaced with an
equivalent mass of material in the second-largest size fraction (4.75 to
9.51 mm). The compacted disc was treated with 6 mL of dust suppres-
sant, reflecting a 2 L/m? application rate. This application rate falls
within the recommended range (1.4 to 4.5 L/m2) for most commercial
dust suppressants (Piechota et al., 2002). The treated disc was then dried
in a 60 °C oven until constant weight.

Experiments were conducted in a humidity-controlled chamber that
was constructed from a plastic container securely attached to the labo-
ratory bench equipped with a humidifier regulated by a humidity
feedback sensor (Fig. S1). A mechanical rotating drum (Model B Rotary
Tumbler, Thumler's Tumbler) was placed inside the chamber and con-
nected to an aerosol monitor (DustTrak II Aerosol Monitor 8530; TSI)
outfitted with an impactor plate to exclude particles >10 pm. The
manufacturer-supplied impactor plate controls the airflow into the in-
strument so that 50 % of particles below the threshold (i.e., 10 pm) enter
the photometer while the remaining particles are retained on the plate.
The mechanical rotating drum was left open to equilibrate with the
chamber's humidity level before sealing the tumbler and starting the
test.

The aggregate disc was tumbled until PM; measurements stabilized,
which usually took between two and three minutes. These data were
averaged according to Eq. (1) to determine the Average Maximum PM;q
(AMPMlo):

61 )
AMPM o (mg/m*) =" 7(0[“”?? P,

i=1
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where (Observed PM;g); is the PMio (mg/mg) measured i seconds be-
tween the two- and three-minute marks (n = 61). For some tests,
generated dust concentrations exceeded the maximum detection limit of
the aerosol monitor (400 mg/m3). In these instances, the instrument
detection limit was used to calculate AMPM;, and for total PM;ogen-
eration calculations.

Total PM; generated was calculated with a mass balance according
to Eq. (2):

180

Total PM, Generated (mg) = Z Cousti X Vi 2)
pm

where Cgqyst,i is the dust concentration and V; is the volume of air
measured at time i seconds throughout the entire 3-min test. The flow
rate for the aerosol monitor was set to 3 L/min and the test was run for
180 s.
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Efficacy experiments were conducted under low (20 %) and high (50
%) relative humidity conditions to represent roadbeds exposed to direct
sun and those that are partially shaded, respectively. Ambient humidity
partially controls roadbed moisture, which in turn affects dust genera-
tion. To determine the most representative daytime summer month
humidity conditions for dust generation testing, historical climatolog-
ical data were analyzed within northwestern Pennsylvania (see Appen-
dix A).

2.3. Rainfall-runoff experiments

A laboratory-scale, stainless steel-lined frame (2.7 m long, 0.9 m
wide, 0.3 m tall) was used to construct roadbeds for all rainfall-runoff
experiments (Fig. S2). The 2RC aggregate used in the efficacy experi-
ments was also used to construct each roadbed. The roadbed frame was
initially filled with 23 cm of loose lift aggregate (6.5 % moisture con-
tent), then compacted to a 15 cm depth (95 % compaction minimum)
using a motorized vibrating plate compactor. Roadbed compaction was
verified in accordance with ASTM D6938 — Density and Moisture Con-
tent of In-Place Soil and Soil Aggregates Using Nuclear Methods
(Shallow Depth). During compaction, a solid plastic insert was placed at
the downgradient end of the frame to retain the aggregate. After
compaction, the plastic insert was removed, and the aggregate was
retained by a heavy gage stainless-steel screen with 6.4 mm openings.

A subset of six dust suppressants used in the efficacy experiments
were chosen for rainfall-runoff experiments: 0&G PW1, 0&G PW2, 0&G
PW3, CaCl2 Brine, Soybean Oil, and Synthetic Rainwater (as the control;
Table S1). Dust suppressants were chosen based on sample availability,
and in the case of the three O&G PWs, SAR and TDS values represen-
tative of O&G PW across the Appalachian Basin. The dust suppressant
was applied to the constructed roadbed at a rate of 2.7 L/m? except for
Soybean Oil, which was heated to 49 °C and applied at 1.4 L/m? to
reflect typical field conditions (Chase, 2022). Once the roadbed was
constructed and treated, it was positioned at a 5 % slope, representing
the typical grade of an unpaved road from the crown to the edge. The
treated roadbed rested under ambient conditions for ca. 20 h before the
start of the rain event.

A rainfall simulator was designed to spray rainwater evenly over the
roadbed, simulating a 2-year, 24-h, National Resources Conservation
Service (NRCS) Type-II storm event (6.2 cm total precipitation) for
Warren County, Pennsylvania (Technical Release 55: Urban Hydrology for
Small Watersheds, 1986). A NRCS Type-II storm event was selected
because: 1) it allowed contaminant mobilization to occur under varied
rainfall intensities (starting at 0.62 mm/h, increasing to 26 mm/h, and
ending at 0.62 mm/h; Table S3) and 2) its extended duration allowed
long-term contaminant fate to be evaluated. The rainfall simulator
included a supply tank, submersible pump, constant head feed tank with
supply tank, diaphragm pump, manifold, pressure gauges, solenoid
valves, and spray nozzles (details in Appendix A). To ensure the amount
of rainwater delivered at a given time corresponded to the Type-II storm
event, the hyetograph (Fig. S3) was discretized into 5-min intervals to
calculate the volume of rain to be delivered during each interval. A
microcontroller was programmed to open the solenoid valves at the start
of each 5-min interval, hold the valves open until the calculated rainfall
volume was delivered, then close the valves for the remainder of the 5-
min interval. Generated runoff was directed into a flow-through sam-
pling bucket connected to a stainless-steel chute at the downstream end
of the roadbed frame (Fig. S2).

A model 6712 Portable ISCO sampler collected 500 mL grab samples
after every 1/24th of the total storm volume (ca. 6.4 L) was applied to
the roadbed (Table S3). Runoff samples collected using the ISCO sampler
were analyzed for a variety of water quality parameters (Table S4). Since
the ISCO sampler was programmed to collect a sample after every 1/
24th of the storm volume had been distributed, the time between sam-
pling events was variable. This time was shortest (ca. 6 min) during peak
rainfall intensity and longest (up to 3.6 h) during the initial and final
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phases of the rainstorm event (Table S3).

2.4. Chemical analyses

For the entirety of each rainfall-runoff experiment, a Hanna HI98195
Multiparameter Waterproof Meter positioned in the flow-through sam-
pling bucket measured pH, electrical conductivity (EC), and tempera-
ture every 10 s.

Dust suppressants and runoff samples collected with the ISCO
sampler were filtered (>0.45 pm) and acidified (pH < 2) prior to metals
analysis. Major cations (Ca, K, Mg, Na, Sr) were measured using a
Thermo iCap 7400 Inductively Coupled Plasma-Optical Emission Spec-
trometer (ICP-OES) and trace metals (Al, As, B, Ba, Co, Cr, Fe, I, Li, Mn,
Ni, Pb, V, Zn) were analyzed using a Thermo iCap RQ Inductively
Coupled Plasma-Mass Spectrometer (ICP-MS) (U.S. Environmental
Protection Agency, 2018; U.S. Environmental Protection Agency,
1994b). Dissolved anion (Cl™, Br, SO%_, NO3) concentrations were
analyzed on a Dionex ICS 1100 ion chromatograph using filtered
(>0.45 pm) but unacidified samples (U.S. Environmental Protection
Agency, 1993). Internal standard solutions (Lu and Sc) were used to
monitor ICP instrument performance. Certified reference materials
(CRM; USGS M-220, EPA 200.7, and NIST 1640 A) were used to confirm
instrument accuracy (<10 % difference from reported values) for all
analyses.

Bulk solids were characterized for all runoff samples. TDS were
calculated from the sum of the concentrations of Cl~, SO%’, Br-, Ca2+,
Mg2+, Na®, K, Sr?*, Ba®* and reported as mg/L TDS. Total suspended
solids (TSS) were measured photometrically with a portable HACH
DR2800 spectrophotometer following HACH method 8006.

Radioactivity was measured in the dust suppressants and select
runoff and roadbed samples using a Canberra small-anode germanium
gamma ray spectrometer. Acid-preserved, unfiltered runoff samples and
dust suppressants were transferred to 24 mL plastic tubes sealed with
paraffin tape. Loose aggregate samples were collected before roadbed
construction (pre-treatment), after the dust suppressant was applied
(post-treatment), and after the rainfall-runoff experiment (post-rainfall).
All samples were dried overnight in a 60 °C oven, crushed in a mortar
and pestle, and sieved to four size fractions: bulk material (<1.18 mm),
sand (90 pm to 1.18 mm), silt (between 45 and 90 pm), and clay (<45
pm). Only data from the clay fraction are presented. Each size fraction
was packed into 24 mL plastic tubes and sealed with tape. All sealed
samples were incubated for at least 21 days to establish secular equi-
librium (Parekh et al., 2003). 2?°Ra was measured using the average
214pp (351 and 295 keV) and 2'*Bi (609 keV) peak activities. 228Ra was
measured using the 2287¢ (911 keV) and 2'?Pb (239 keV) peaks. Samples
were counted until all counting errors were typically <5 % for all energy
channels and the Gaussian ratio was between 0.9 and 1.1. Efficiencies
for each energy peak were calculated using standards measured in the
same geometry, volume, and matrix.

2.5. Mass balance calculations

A mass balance approach was used to calculate the retention of
chemicals from the dust suppressants applied to the roadbed after the
rainfall event according to Eq. (3):

24
M; rerainea = Vps X Cips — Z CiixV; 3)

where M retained is the mass of element j retained in the roadbed (g), Vps
is the volume of dust suppressant applied to the roadbed (L), C; ps is the
concentration of chemical j in the dust suppressant (g/L), G;; is the
concentration of chemical j in the it runoff sample (g/L), and V; is the
volume of runoff (1/24th of the total storm volume; L). In cases where
Mjiretained Was <0, the roadbed aggregate was considered the source of
chemical j.
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3. Results and discussion
3.1. Dust suppressant efficacy

0&G PW did not reduce PM; o emissions as effectively as commercial
brine (CB) or commercial organic (CO) products, though most road discs
treated with O&G PW did reduce PM;y compared to discs treated with
synthetic rainwater at 50 % humidity (Fig. 1). The effectiveness of the
0&G PW was highly variable. 0&G PW-treated road discs reduced dust
emissions between 10 % and 84 % compared to road discs treated with
synthetic rainwater. However, when humidity was low (20 %), 0&G PW
did not significantly reduce PM;( compared to rainwater controls, and in
some cases, increased total PM;q generation (Table 1). The 50 % and 20
% relative humidity levels represent shaded and unshaded portions of an
unpaved road, respectively, during summer months in Pennsylvania (see
Appendix A for further discussion).

Most of the commercial products effectively suppressed PM;( emis-
sions regardless of ambient humidity. CB were the most effective class of
dust suppressants. Road aggregate discs treated with CB reduced PMjg
by at least 99.4 % compared to discs treated with synthetic rainwater at
50 % relative humidity (Fig. 1), and over 90 % less PM; at 20 % relative
humidity (Table 1). Though the CB were the most effective class of dust
suppressants, three of the CO products performed comparably. In fact,
road discs treated with CO2 generated the least amount of PM;q and
reduced 100 % of PM;o emissions compared to discs treated with syn-
thetic rainwater (Fig. 1). CO3 and CO4, however, were the least effective
commercial products and only reduced dust emissions by 41 % and 53 %
relative to synthetic rainwater, respectively.

Relative humidity influenced the total mass of dust generated during
the experiment. Generally, experiments run at 50 % relative humidity
had less PM;( production from discs treated with CB and O&G PW
compared to 20 % relative humidity (Table 1). This effect was strong and
independent of other factors such as aggregate moisture content. The CO
products were less affected by changes in relative humidity (Table S5).

3.2. Dust suppressant influence on road stability

While dust suppression goals may not be directly tied to achieving
roadbed stability, commercial products do often influence roadbed
strength. In fact, commercial calcium chloride brines are often marketed
as soil stabilizers or for road refurbishment projects. Previous studies
have shown that untreated unpaved roads can lose mass up to three
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Fig. 1. Average total generated dust calculated for each dust suppressant ac-
cording to Eq. (2) at 50 % relative humidity. Error bars are standard error of the
mean (n = 2 to 5). Bolded dust suppressants were used in rainfall-runoff
experiments.
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Table 1

Total dissolved solids (TDS) and sodium adsorption ratios (SAR) for the brine-
based dust suppressants used in this study. Organic products did not have
measurable concentrations of dissolved ions and are not shown. Total generated
PM; calculated at 20 % and 50 % relative humidity conditions were averaged
across all trials and reported errors represent standard error of the mean (n =1
to 4).

Total PM;, (mg)

Dust Suppressant TDS (g/L) SAR

20 % Humidity 50 % Humidity

SR 0.0 0.0 2.5 £0.09 3.28 + 0.05
CaCl;, Brine 270 1.4 0.072 £ 0.04 0.001 + 0.000
CB1 380 17 0.020 + 0.02 0.005 + 0.002
CB2 390 2.1 0.045 £ 0.02 0.020 + 0.009
CB3 340 1.4 0.220 + 0.05 0.007 + 0.002
CB4 370 0.2 0.170 £ 0.03 0.010 + 0.002
0&G PW1 84 67 2.80 +0.21 2.30 £ 0.26
0&G PW2 82 68 3.20 £+ 0.00 2.90+0.18
0&G PW3 85 69 3.10 £ 0.12 2.00 + 0.09
0&G PW4 140 83 1.80 + 0.52 1.40 + 0.47
0&G PW5 330 89 2.00 + 0.05 0.54 + 0.16
0&G PW6 51 50 3.10£0.10 2.20 +1.00
0&G PW7 300 84 2.20 +0.15 0.70 + 0.05
0&G PW8 280 80 2.00 1.30 £0.17
0&G PW9 340 110 2.60 0.84 +0.28
0&G PW10 140 63 3.00 + 0.02 2.00 + 0.00

times faster than those treated with chloride salts for dust suppression
(Gravel Roads Construction and Maintenance Guide, 2015). Therefore, the
ability to stabilize roadbeds should be considered when assessing dust
suppressants' efficacy.

The calcium chloride brine (CaCl, Brine) was the only dust sup-
pressant to significantly reduce the TSS concentrations in runoff and
material loss from the roadbed during the rainfall-runoff experiments
compared to the rainwater control (Fig. 2; P < .05). On average, CaCly
Brine reduced total material loss from the roadbed by 16 %, and the
maximum runoff TSS concentration from roadbeds treated with the
CaCly Brine was 60 % lower than the rainwater control (2510 mg/L
compared to 4290 mg/L; Fig. 2). The high concentration of divalent
calcium ions (78,200 mg/L; Table 2) could explain why CaCl; Brine was
the only dust suppressant to significantly reduce total solids loss from
the roadbed. Divalent metals can serve as a cation bridge between
negatively charged clay particles, which improves the bulk strength of
the roadbed and makes finer particles more difficult to mobilize even
under the high flow conditions during maximum rainfall intensity
(Payne, 2018). The O&G PWs and Soybean Oil had relatively minor
concentrations of divalent cations, and the bridging effect was therefore
diminished (Table 2). The maximum TSS concentrations in runoff
samples for roadbeds treated with soybean oil (4460 mg/L), O&G PW1
(4550 mg/L), 0&G PW2 (5330 mg/L), and O&G PW3 (4480 mg/L) were
not significantly different than roadbeds treated with rainwater (Figs. 2
and S11).

Though soybean oil effectively reduced dust generation (Fig. 1), it
did not lead to improved road stability like CaCl, Brine (Fig. 2). This
could be due in part to the experimental design. Many of the CO product
application notes specify a “grow in” time of up to two weeks before the
dust suppressant achieves maximum effectiveness. In this study, road-
beds were dried at ambient conditions for only 24 h, so it is possible that
the soybean oil was not fully cured at the onset of the rainfall simulation.
Nonetheless, previous studies on organic-based dust suppressants have
reported increased TSS concentrations in runoff which could have
resulted from larger clods of aggregate being mobilized from the road-
beds during higher rainfall intensities (Singh et al., 2003).

The differences in solids lost or retained in the roadbed with different
dust suppressants become ecologically and economically important at
scale. Increased turbidity in surface waters can decrease light penetra-
tion into the water column, which in turn decreases the productivity of
aquatic ecosystems. Additionally, elevated suspended solids have been
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Fig. 2. (A) Total Suspended Solids (TSS) measured in runoff from gravel
roadbeds treated with synthetic rainwater, CaCl, Brine, and averaged TSS
concentrations across all 0&G PW experiments. Samples were collected after 1/
24th of the storm volume was rained onto the roadbed. Results shown are
average values across all trials, and error bars are not shown for clarity. (B)
Extrapolated mass lost from roadbed during one storm event calculated from
volume-integrated TSS concentrations (Eq. (3)) with roadbed dimensions
adjusted to 5.4 m wide and 1 km long. SB represents Soybean Oil. Different
letters denote significant differences from the synthetic rainwater (SR) control
at the 95 % confidence level.

o

shown to decrease the survival of salmonid eggs, serve as vectors for
environmental pollutants, and reduce the efficiency of water treatment
operations (Bilotta and Brazier, 2008; U.S. Environmental Protection
Agency, 2012). Significant material losses from unpaved roads can in-
crease the frequency of road maintenance and associated annual main-
tenance costs. Unpaved roads lose an estimated one ton of aggregate per
road mile per vehicle passing daily (Gravel Roads Construction and
Maintenance Guide, 2015). Though many factors control material losses
(rainfall, traffic, gravel quality, etc.), improving aggregate retention
through effective dust control can result in significant cost reductions for
road managers (Légere and Bradley, 2019).

Solids lost per Type-II storm event per kilometer of two-lane gravel
road were calculated from these lab tests by accounting for the length (i.
e., doubled for 5.4 m wide carriageway) and width (i.e., 0.9 m extended
to 1000 m) of the test frame. Compared to solid mass lost from the
rainwater control, calcium chloride brine reduced solid mass loss by 98
kg solids/km/storm event while O&G PWs increased solid mass loss by
47 kg solids/km/storm event (Fig. 2, panel B). During the latter part of
the rain event, the export of solids from roadbeds treated with CaCl,
Brine was comparable to the rainwater control, suggesting that loss of
calcium during the first flush reduced its stabilization effects on the
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roadbed (Fig. 2, panel A). Previous work has shown that dust suppres-
sants with soluble components (i.e., 0&G PW and brines) lose efficacy
after storm events, and often these products need to be applied multiple
times per dust season (Stallworth et al., 2021).

3.3. Predicting dust suppressant efficacy

The chemistry of a brine-based dust suppressant can be used to
predict its efficacy. A high dissolved ion concentration (i.e., EC or TDS)
is considered the first measure of a brine's potential effectiveness as a
dust suppressant. High salinity is required to induce the “salting out” of
clays (Payne, 2018), which typically happens in soil solutions above 4
mS/cm (Graber et al., 2019).

A low SAR can also be used to predict the efficacy of a brine as a
potential dust suppressant (Stallworth et al., 2020; Graber et al., 2019).
The SAR is a measure of the abundance of divalent ions (i.e., calcium and
magnesium) to monovalent ions (i.e., sodium; Eq. (4)):

[Na']

SAR =
V05 x ([ca] + [Mg*])

G

where all concentrations are in meq/L. Previous research has consis-
tently shown that brines dominated by divalent cations are the most
effective (Edvardsson et al., 2012; Monlux and Mitchell, 2007; Rushing
and Tingle, 2007). Brines with a low SAR have higher concentrations of
divalent cations which act as a cation bridge between negatively
charged clay particles and can lead to roadbed stabilization and
improved dust suppression.

The ten evaluated O&G PW samples had lower TDS concentrations
and SAR values approximately 500-times greater than the CB samples
(Table 1), which could explain why they did not effectively reduce total
PM; emissions or solids losses from treated roads (Figs. 1 and 2). Of all
0&G PWs, those with TDS concentrations comparable to the CB (O&G
PW 5, 7, 8, and 9; Table 1), were the most effective at 50 % relative
humidity (Fig. 1). Notably, these samples did not have the lowest SAR of
the O&G PW, suggesting that SAR may be secondary to TDS when
predicting efficacy when ambient humidity is high.

TDS concentrations also explain the variability amongst O&G PW
evaluated in the efficacy studies. There was a strong negative correlation
between TDS and total PM; generated at 50 % relative humidity (12 =
0.82, P < .001). The relationship between SAR and TDS was weaker ?
= 0.59) but still significant (P = .009). Together, these data further
support the hypothesis that, while both influence efficacy, TDS is more
important than SAR when predicting the effectiveness of a dust
suppressant.

SAR did however play more of a role under low humidity conditions
(20 %). 0&G PW9, which had both the highest TDS concentration (343
g/L) and SAR value (110) of the tested O&G PW, reduced dust emissions
by 75 % when the humidity was high but increased emissions by 4 %
when the humidity was low. 0&G PW8, which had both the lowest TDS
(278,000 mg/L) and the lowest SAR (79.7) of the four effective O&G
PW, reduced total PM;( emissions by 59 % under high humidity con-
ditions but still reduced total emissions by 19 % when the humidity was
low (Table 1).

CaCly Brine had the lowest TDS concentration (272 g/L) that still
reduced nearly 100 % of all PM;( emissions relative to the synthetic
rainwater control. O&G PW8 had the highest SAR value (79.7) that was
still able to offer some amount of dust suppression regardless of ambient
humidity conditions. Using these conditions as minimum criteria that
would indicate modest dust suppression under high and low humidity
conditions, only 17 % of O&G PW in Pennsylvania listed in the USGS
Produced Water Database (Blondes et al., 2019) would be predicted to
be moderately effective. Further, no O&G PW found in the database
have SAR and TDS values that would indicate dust suppression efficacy
comparable to any of the CB tested in this study.
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Table 2
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Chemical characterization of dust suppressants applied to a gravel road constructed for the rainfall-runoff experiments.

Analyte 0&G PW1 0&G PW2 0&G PW3 CaCl, Brine Soybean Oil Synthetic Rainwater Regulatory Criteria
EC (mS/cm) 120 + 1.4 120 + 1.1 125 + 1.5 197 + 4.0 NA 0.023 + 0.0 3.0¢

TDS* (mg/L) 84,100 + 988 82,000 + 1090 85,300 + 6610 272,000 + 41,700 0.14 £+ 0.0 2.39 + 0.1 500"

22Ra (pCi/L) 212 + 118 52+ 2 1800 + 929 159 + 42 BQL BQL 60°

228Ra (pCi/L) 148 + 88 33+6 696 + 455 72 + 42 BQL BQL 60°
Combined Ra (pCi/L) 360 + 147 8446 2500 + 1035 230 + 59 BQL BQL 5°

Chloride (mg/L) 49,700 + 1250 48,000 + 1330 49,000 + 6630 176,000 + 30,000 NA BQL 250", 230°
Bromide (mg/L) 922 + 188 753 + 253 592 + 110 3770 + 1071 NA BQL 6°

Todide (mg/L) 14 +0.37 11+1.3 15 + 0.72 0.22 + 0.04 NA 0.0 + 0.0

Nitrate (mg/L) 324 +78.7 BQL BQL 735 + 242 NA 0.7 + 0.02 10!

Sulfate (mg/L) 1480 + 407 1350 + 389 2000 + 291 7210 + 1680 NA 2.14 + 0.06 250"
Calcium (mg/L) 6760 + 116 6860 + 48 7150 + 66 78,200 + 9400 0.41 + 0.0 BQL 401¢
Magnesium (mg/L) 1360 + 26 1310 + 8 1310+ 5 BQL 0.10 + 0.004 BQL 61°¢
Strontium (mg/L) 112+ 2 112+ 2 453 + 4 1480 + 113 BQL 0.0 + 0.0 4thi

Barium (mg/L) 1.58 + 0.1 4.38 £ 0.1 417 £ 19 1.57 + 0.9 BQL 0.0 + 0.0 20

Sodium (mg/L) 23,600 + 410 23,500 + 230 24,300 + 31 1460 + 265 BQL 0.14 + 0.01 20", 920°
Potassium (mg/L) 117 + 1.6 125 + 2.3 132 + 8.8 3120 + 550 BQL 0.1 + 0.01

Lithium (mg/L) 2.48 + 0.1 2.92 4+ 0.1 13.3+0.1 58 +9 BQL BQL 0.01%, 0.069'
SAR’ (meq/L)!/? 69 + 0.6 68 + 0.5 69 + 0.2 1.4 +0.2 NA BQL 9¢
Aluminum (mg/L) BQL BQL BQL BQL BQL BQL 0.05 to 0.2"
Manganese (mg/L) 42+0.1 48+0.1 49+05 0.1+0.1 BQL BQL 0.05" 0.3
Iron (mg/L) 15+ 16 1.4+ 0.9 44 + 43 3.4+ 1.4 BQL 0.02 + 0.0 0.3",1°
Nickel (mg/L) 0.09 + 0.04 0.09 + 0.01 0.05 + 0.01 0.04 + 0.01 BQL BQL 0.052¢, 0.1
Zinc (mg/L) 1.83 + 0.09 1.93 + 0.19 2.21 +0.15 1.84 + 0.75 BQL 0.44 + 0.02 5% 0.12, 2"
Lead (mg/L) 0.11 + 0.00 0.13 + 0.02 0.11 + 0.00 0.4+ 0.63 BQL BQL 0.015%, 0.0025"
Boron (mg/L) 0.77 + 0.11 0.99 + 0.15 1.26 + 0.01 22 + 3.65 BQL BQL 2.4%, 6™
Arsenic (mg/L) 0.06 + 0.00 0.05 + 0.00 0.05 + 0.00 0.02 + 0.01 BQL BQL 0.01%1, 0.15¢
DRO (mg/L) 14.7 + 3.2 10.8 + 0.2 1650 + 322 0.5 + 0.0 6.5+ 0.7 1.1+09

GRO (mg/L) 1.3 + 0.04 2.6 + 0.08 1.1+ 0.27 0.6 + 0.06 22.8 + 6.98 BQL

TOC (mg/L) 88.3 + 8.33 81.1 +11.7 76.6 + 14.5 8.27 +1.29 NA 1.75+ 0.5

TIC (mg/L) 11405 1.5+ 0.9 13.1+8.3 0.6 + 0.02 NA 0.6 + 0.7

pH (std units) 6.42 + 0.16 6.15 + 0.14 6.50 + 0.04 9.95 + 0.19 NA 4.29 + 0.10 6.5-8.5"

*Calculated as sum of Cl, SO4, Br, Ca, Mg, Na, K, Sr, Ba concentrations.
BQL - Below quantification limit.
NA - Not analyzed.
“Calculated using Eq. (1).
@ EPA and DEP Primary Drinking Water Standard.
> EPA and DEP Secondary Drinking Water Standard.
¢ EPA Aquatic Life Criteria.
4 WHO Drinking Water Quality Guideline.
¢ Appendix B to 10 CFR Part 20.
f USGS Human-Based Screening Level.
8 USDA Irrigation Water Quality Guidelines.
" EPA Drinking Water Health Advisories for lifetime exposures.

! Medium-Specific Concentrations for Inorganic Regulated Substances in Groundwater 25 PA Code Chapter 250 Appendix A Table 2.

3.4. Risks to water quality from treated roads

3.4.1. Chemical composition of dust suppressants

The chemical compositions of the investigated dust suppressants
and, when applicable, regulatory criteria for each analyte are presented
in Table 2. Criteria for drinking water, aquatic life, irrigation water, and
groundwater were all considered because roadway runoff could impact
each of these systems. CaCly Brine and the O&G PWs had the highest
salinity levels. Though CaCl, Brine never reached full saturation, it was
4- and 8-times more saline than average seawater when comparing EC
and TDS, respectively. Typical seawater has an EC of 55 mS/cm and a
TDS concentration of 35,000 mg/L (State Water Resources Control
Board, D. 0. W. Q, 2004) compared to an EC of 197 mS/cm and TDS of
272,000 mg/L measured in the CaCl, Brine (Table 2). Calcium was the
dominant cation, with relatively minor amounts of potassium, sodium,
and magnesium (Table 2). The cations were primarily balanced by
chloride and, to a lesser degree, bromide. The O&G PWs had similar
salinities to each other and were not as saline as the calcium chloride
brine. The EC of the 0&G PWs ranged from 120 to 125 mS/cm while the
TDS concentrations ranged from 82,000 mg/L to 85,300 mg/L (Table 2),
approximately two-times more saline than typical seawater. Sodium was
the dominant cation for each O&G PW, counterbalanced primarily by
chloride and bromide. Notably, the O&G PWs used in this study are

roughly two times less saline than O&G PWs typically generated in the
Appalachian Basin (Tasker et al., 2020; Tasker et al., 2018). The soybean
oil and synthetic rainwater both had very low dissolved ion concentra-
tions (Table 2).

The calcium chloride brine and O&G PWs had elevated concentra-
tions of trace metals that exceeded regulatory thresholds (Table 2).
Radium is a naturally occurring radioactive metal with a primary
drinking water standard of 5 pCi/L and an industrial effluent standard of
60 pCi/L for 228Ra and ?%°Ra (Table 2) (Appendix B to 10 CFR 20, n.d.;
U.S. Environmental Protection Agency, 2023b). O&G PW3 had a com-
bined radium activity of 2500 pCi/L (summed 22®Ra and 2?°Ra activ-
ities), which was the highest of all tested dust suppressants, but still
representative of O&G PWs from the Appalachian Basin. For compari-
son, the 25th, 50th, and 75th percentile values (n = 25) for combined
radium activity in Appalachian O&G PWs were 961, 2030, and 4220
pCi/L, respectively (Tasker et al., 2018; Rowan et al., 2011). Another
study on O&G PW in NW PA reported an average (n = 38) combined
radium activity of 1418 pCi/L (NORM Survey Summary, 1992). O&G
PW1 and CaCly Brine had lower combined radium activities of 350 pCi/L
and 230 pCi/L, respectively, while O&G PW2 had the lowest radium
activity of the measured brines at 84 pCi/L (Table 2).

Strontium, barium, iron, and manganese concentrations in CaCly
Brine and O&G PWs also exceeded regulatory criteria. These metals are



J. Farnan et al.

commonly reported in conventional produced waters from the Appala-
chian Basin (Tasker et al., 2018), but their abundance in CaCl; Brine was
surprising. To ensure that the calcium chloride brine used in this study
was representative of calcium chloride brines used in the field, two other
commercial calcium chloride brines (CB1 and CB2) were characterized
(Table S1). The compositions of the commercial products and CaCly
Brine were comparable (Table S6), suggesting that commercial brine
products contain impurities that may be of concern. Neither the soybean
oil nor rainwater had measurable trace metal concentrations (Table 2).
While soybean oil did not have high concentrations of inorganic
analytes, it did have the highest concentration of gasoline range organics
(22.8 mg/L; Table 2) and the second highest concentration of diesel
range organics (6.5 mg/L; Table 2). More discussion on the organic
composition of the dust suppressants can be found in Appendix A.

3.4.2. Water quality of runoff from treated roads

The water quality of runoff was generally proportional to the dust
suppressant applied to the roadbed. For example, the EC was highest in
runoff waters from roadbeds treated with CaCl, Brine (59 mS/cm; Fig. 3)
followed by runoff from roadbeds treated with each of the O&G PWs
(0O&G PW1: 23 mS/cm, O&G PW3: 20 mS/cm, O&G PW2: 19 mS/cm;
Fig. 3). Roadbeds treated with soybean oil had the lowest EC (0.1 mS/
cm). The EC of runoff from roadbeds treated with CaCl, Brine and O&G
PW was significantly higher than the rainwater control (0.2 mS/cm; P <
.05) which was expected because the composition of the calcium chlo-
ride and O&G PWs was dominated by highly soluble salt ions that are
easily mobilized from the roadbed during storm events. Conversely, the
soybean oil had minimal dissolved ions and the EC of runoff from these
roads was not significantly different than the synthetic rainwater control
(P > .05).

The shapes of the EC curves highlight important stages of runoff
water quality during the storm event (Fig. 3). Initially, no runoff was
generated because small volumes were rained onto the roadbed. After
this lag period, the initial runoff from the roadbed had high concen-
trations of dissolved ions reflected by the sharp increases in runoff EC
(Fig. 3). High concentrations during this “first flush” period were pri-
marily caused by the dissolution and mobilization of chemical constit-
uents from the dust suppressant and possibly caused by secondary
reactions (e.g., ion exchange) with roadbed minerals. Though the soy-
bean oil and rainwater contained small amounts of dissolved ions, the
highest EC and TDS concentrations also occurred in the initial runoff
samples, likely from the dissolution of minerals in the road aggregate
material (Fig. S4). As rainfall intensity increased, the concentration of
ions in the runoff decreased, reaching a minimum during this “maximum

60 e O&G PW1
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E 20 0&G PW3
(72} L CaClz Brine
é 4 Soybean Oil
230 ® Synthetic Rainwater
.g — — Regulatory Threshold
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Fig. 3. Electrical conductivity of runoff from gravel roadbeds treated with
various dust suppressants. Results shown are average values across all trials,
and error bars are not shown for clarity. The regulatory threshold shown is 3.0
mS/cm from USDA Irrigation Water Quality Guidelines. The EPA chronic
aquatic life benchmark value for conductivity in central Appalachian streams is
0.30 mS/cm.
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flush” period. Decreased EC during the maximum flush period could be
due to dilution during heavier rainfall, the loss of easily soluble ions
following the first flush period, and a decreased rainfall residence time
in the roadbed. The inverse relationship between EC and rainfall in-
tensity is consistent with results from a US EPA report on potential water
quality impacts from dust suppressants used in the southwestern US (U.
S. Environmental Protection Agency, 2008).

Similarly, the concentrations of individual ions in runoff from treated
roads was proportional to their concentration in the original dust sup-
pressant (Fig. 4; note data are plotted against sample number collected
after every 1/24th of the storm volume, not time. See Fig. S5 in Ap-
pendix A for more details). For example, calcium was most concentrated
in CaCl; Brine, and runoff from these roadbeds had significantly higher
maximum calcium concentrations than any other treated roadbed
(14,800 mg/L; Fig. 4; P < .05). Conversely, the O&G PWs were sodium-
dominated, and runoff from roadbeds treated with the O&G PWs had
significantly higher sodium (2500 to 3500 mg/L; Fig. 4; P < .05).

Chloride was the dominant anion in the brine-based dust suppres-
sants (Table 2), and chloride concentrations in runoff from roadbeds
treated with these dust suppressants were significantly higher than the
rainwater control (Fig. 4; P < .05). CaCl, Brine had the highest chloride
concentrations (176,000 mg/L; Table 2), and runoff from roadbeds
treated with this dust suppressant also had the highest chloride con-
centrations (26,100 mg/L; Fig. 4). The chloride concentrations in the
0&G PWs were comparable to each other, and chloride concentrations
in runoff from roadbeds treated with these dust suppressants ranged
from 6800 to 8500 mg/L (Fig. 4). Soybean oil was not analyzed for anion
concentrations because it is a non-aqueous phase liquid, but runoff from
roadbeds treated with this dust suppressant contained very little chlo-
ride. Low chloride concentrations in these samples suggests soybean oil
added negligible amounts of these ions to the roadbed. Runoff from
roadbeds treated with soybean oil, however, did have the highest con-
centrations of organic compounds, which notably occurred during both
the first and maximum flush periods of the storm event (see Appendix A
for more detailed discussion).

The ecological impacts resulting from freshwater salinization have
long been recognized as a threat to environmental health (Kaushal et al.,
2018; Hintz and Relyea, 2019; Roadspreading of Brine for Dust Control
and Road Stabilization, 2011), though the contribution from chloride-
based dust suppressants has been relatively understudied compared to
salt applied to paved surfaces for snow and ice management in colder
climates. Runoff samples from roadbeds treated with CaCly Brine and
0&G PWs were hypersaline (Figs. 3 and 4). High salinity in soils can
reduce soil permeability (Singh et al., 2003), hinder plant growth (van
den Ende et al., 1975), and induce foliar burns in roadside vegetation
(Goodrich and Jacobi, 2012; Goodrich et al., 2009b). Chloride is of
particular concern because elevated concentrations in surface water
resulting in salt application to roadways alters aquatic systems at the
species, community, and ecological levels (Hintz and Relyea, 2019). The
EPA guideline for chloride concentrations in freshwaters is 230 mg/L to
protect the health of aquatic systems (Table 2), suggesting the runoff
waters from roadbeds treated with the calcium chloride brine in this
study would have to be diluted up to 113-fold and those treated with
0&G PWs would require a 37-fold dilution (Tables S9 and S10). How-
ever, chloride has been shown to induce toxic effects on aquatic or-
ganisms at concentrations far below the current 230 mg/L limit (Arnott
et al., 2020), suggesting that episodic pulses of hypersaline runoff water
could negatively impact sensitive aquatic organisms even after antici-
pated mixing and dilution with receiving waters (Bair and Digel, 1990).

Though the chemistry of the dust suppressant originally applied to
the roadbed often reflected the concentration of contaminants of
concern in the runoff, this was not the case for every analyte. Secondary
geochemical reactions with roadbed minerals could occur during the
storm event to mobilize contaminants from the aggregate used to
construct the roadbed. For example, roadbeds treated with CaCl, Brine
generated runoff that had the highest concentrations of barium (31 mg/
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Fig. 4. (A) Chloride, (C) calcium, (E) sodium, and (G) magnesium measured in runoff from gravel roadbeds treated with various dust suppressants. Samples were
collected after every 1/24th of the storm volume. The regulatory thresholds shown are (A) 250 mg/L Cl from EPA Secondary Drinking Water Standards. The EPA
chronic aquatic life benchmark value for chloride is 230 mg/L, (C) 401 mg/L Ca, (E) 920 mg/L Na, and (G) 61 mg/L Mg from the USDA Irrigation Water Quality
Guidelines. Masses of (B) chloride, (D) calcium, (F) sodium, and (H) magnesium retained, flushed, or sourced from the roadbeds.

L) even though the concentration of barium in the calcium chloride
brine was low relative to the other brines (Table 2, Fig. S8). High cal-
cium concentrations in this dust suppressant could have displaced
barium from sorption sites in the aggregate through competitive ion
exchange (Bair and Digel, 1990). While chemical characterizations of
the dust suppressants help predict runoff concentrations, the mineralogy
of the aggregate and site-specific conditions may contribute other un-
suspected contaminants to the runoff.

3.4.3. Fate of radium

Because radium is a known hazard to human health, it is important to
understand its fate in the roadbed during a storm event in areas where
O&G PWs are used as dust suppressants. The O&G PWs and calcium
chloride brine were enriched in radium, yet 0&G PWs from the Appa-
lachian Basin can have much higher radium activities than the brines
used in this study (Tasker et al., 2020). Radium activities in the roadbed
aggregate were measured before and after treatment with each dust
suppressant and at the conclusion of the rainfall-runoff experiment.
Only O&G PW1 and O&G PW3 added a measurable amount of combined
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radium activity to clay-sized particles (<45 pm) in the roadbed aggre-
gate (Figs. 5 and S9). Focus was given to the radium activities of clay-
sized particles because they preferentially sorb radium (Chen and
Kocar, 2018) and, because of their small size, are more easily mobilized
in runoff and as dust. All other dust suppressants did not raise the
combined radium activities above the background roadbed aggregate (4
pCi/g; Fig. S9). At the end of the experiments, the radium activity of
roadbed samples from roadbeds treated with O&G PW1 and O&G PW3
were comparable to background road aggregate, suggesting that most or
all added radium was flushed from the roadbed (Fig. 5).

Radium activities in runoff were analyzed for samples corresponding
to the first flush (sample numbers 1 and 2) and maximum flush (sample
numbers 7 and 8) periods of the storm event (Figs. 5 and S10). 0&G PW3
had the highest combined radium activity, and roadbeds treated with
0&G PW3 generated runoff with the highest measured combined
radium activities which occurred during the first flush (72 pCi/L) and
maximum flush (83 pCi/L) periods (Fig. 5). 0&G PW1 had the second
highest combined radium activity (Table 2), and roadbeds treated with
this dust suppressant generated runoff with elevated radium activities,
but only during the maximum flush period (62 pCi/L; Fig. S10). Com-
bined radium activity in runoff from roadbeds treated with CaCl;, Brine
and soybean oil ranged from 18 to 48 pCi/L and 16 to 39 pCi/L,
respectively (Fig. S10), which were not significantly different from
combined radium activities measured in runoff from the roadbed treated
with rainwater (40 to 52 pCi/L; P > .05; Fig. 5).
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Mobilization of radium from the roadbed during storm events likely
explains why previous radiation surveys of unpaved roads in north-
western Pennsylvania found little radiation above background readings
(NORM Survey Summary, 1992; Protection, P. D. o. E, 2016). The
transport of radium in the environment is controlled by sorption to
mineral phases or mineral precipitation (Tasker et al., 2018). Transport
by clay minerals is likely a dominant mechanism of radium transport
from the roadbed. However, the high ionic strength of porewater during
the first flush period could increase the solubility of free Ra**, allowing
for advective transport of dissolved radium (Chen and Kocar, 2018).
Similarly, the pH runoff water can control the transport of radium.
Radium tends to exist in the dissolved phase in water with pH < 5 (Beck
and Cochran, 2013). Though the pH of the various dust suppressants and
0O&G PW varied (pH = 4.3 to 10; Table 2), the pH of runoff water was
similar (Appendix A, Fig. S12). Therefore, mobilization of radium-laden
clay particles and high-salinity porewater are likely the dominant
mechanisms controlling the transport of radium from the roadbed.

Once geochemical conditions change, i.e., dilution of high-salinity
runoff, radium could sorb to clay minerals or metal (hydr)oxides or
could co-precipitate with insoluble sulfate minerals like barite (Warner
et al., 2013; Van Sice et al., 2018). Radium has been shown to accu-
mulate in soils adjacent to roads treated with O&G PWs as deicing agents
(Skalak et al., 2014). Long-term spreading of O&G PWs could raise
radium activities to levels that harm roadside ecosystems.
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Fig. 5. Combined radium activities measured in runoff from roads treated with (A) O&G PW 3 and (C) synthetic rainwater. Results shown are from single tests and
error bars illustrate instrument uncertainty. Blue dashed line represents the EPA and PA DEP Primary Drinking Water Standard for combined radium activity (5 pCi/
L). Combined radium measured in roadbed samples (< 45 pm) treated with (B) O&G PW 3 and (D) synthetic rainwater collected before dust suppression application,
after dust suppressant application, and after the simulated storm event. Results are shown for triplicate samples collected from the roadbed at each stage. Grey shaded

area represents the average activity of untreated 2RC aggregate (4 pCi/g).
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3.5. Evaluation of the beneficial reuse of O&G PW for dust suppression

For a waste product to be a suitable candidate for beneficial reuse, it
should meet two criteria: 1) the waste product performs as well as or
better than the product it is replacing and 2) use of the waste product
presents no greater risk to human or environmental health (Methodol-
ogy for Evaluating Beneficial Uses of Industrial Non-Hazardous Sec-
ondary Materials, 2016). Based on results of this study, O&G PW does
not meet either of the recommended criteria for beneficial reuse as a
dust suppressant.

To study efficacy, an improved version of the procedure presented in
Stallworth et al. (2020) that controlled for humidity was developed,
improving method precision and detection limits. Using this refined
method, the road discs treated with O&G PW samples did not perform as
well as the commercial brines or commercial organic products. Under
high humidity conditions, road discs treated with O&G PW generated
between 10 % to 84 % less PM;o compared to road discs treated with
synthetic rainwater (Fig. 1). However, under the same humidity con-
ditions, the commercial brines and three of the commercial organic
products reduced total PM;o emissions over 99 %.

The chemistry of the O&G PW likely explains why they were inef-
fective at suppressing dust compared to most of the commercial prod-
ucts. Though the O&G PW were hypersaline, which is critical for dust
suppression using brines, they had high SAR values, meaning sodium
ions were more abundant than divalent calcium and magnesium ions.
Divalent cations are critical for adequate dust suppression because they
bridge negatively charged particles together, stabilizing the roadbed.
Because sodium is monovalent, it does not bridge road particles together
and instead can lead to destabilization of the roadbed. Based on TDS and
SAR values of effective dust suppressants in this study, few O&G PW
listed in the USGS Produced Water Database could be predicted to offer
even modest dust suppression.

Spreading O&G PW on roads could decrease roadbed stability
because the high sodium concentrations present in 0&G PW can cause
clay dispersion. Destabilization of the roadbed was observed during the
rainfall-runoff experiments. On average, runoff from roadbeds treated
with O&G PW had higher TSS concentrations and did not reduce total
solids lost from the roadbed compared to roadbeds treated with syn-
thetic rainwater. In contrast, CaCl, Brine significantly reduced solids lost
during the storm event compared to the rainwater controls (Fig. 2).

0&G PW also pose unique risks to environmental and human health
compared to the commercial products. The O&G PW3 used in the
rainfall-runoff experiments was enriched in radium, a known carcin-
ogen. All the radium from O&G PW3 that was added to the roadbed
during application was mobilized in the runoff, suggesting that roadbeds
treated with O&G PW could be a source of radium to adjacent freshwater
resources or roadside soils following rain events.

It is important to note that roads treated with either CaCl, Brine or
0O&G PW both generated runoff that poses risks to adjacent freshwater
quality, either through salinization or transport of trace metals (Figs. 3,
4, and S8). Contaminant concentrations in runoff exceeded thresholds
designed to protect human and environmental health for over 8 h during
the storm event. Because the chemistry of runoff waters generally re-
flected the original composition of the dust suppressant applied to the
road, any brine-based dust suppressant, including commercially avail-
able CaCl, and MgCl, products, should also be evaluated for contami-
nants of concern (e.g., radium) prior to use.

Roadbeds treated with Soybean Oil, however, did not generate
runoff that contributed appreciable amounts of salinity, trace metals, or
radioactivity observed for the brine-based dust suppressants. Despite the
lack of inorganic contaminants, runoff from the roadbeds treated with
Soybean Oil contained elevated concentrations of organic compounds
relative to the rainwater controls (Fig. S6). Runoff with high concen-
trations of labile organic molecules can increase the oxygen demand of
receiving waters, potentially inducing eutrophic conditions. However,
the organic compounds measured in runoff were closely associated with
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the road aggregate (Figs. S6 and S7). Solids laden with organics are
likely to be trapped in roadside ditches typically constructed alongside
unpaved roads rather than exported to adjacent water resources.
Though Soybean Oil did not appear to stabilize the roadbed during
storm events, it is possible this is due to insufficient curing time. Longer
curing times before the onset of precipitation could lead to less solids
losses. Therefore, runoff from roadbeds treated with Soybean Oil likely
poses little environmental harm.

Nonetheless, it is important to consider the limitations of this study
and the applicability of these results to other environmental settings.
First, all experiments were conducted with one road aggregate repre-
senting a limited geographic region (northwestern Pennsylvania). In-
teractions between contaminants and the mineral assemblage of this
road aggregate may affect contaminant retention. Second, experiments
were conducted with O&G PWs representative of the Appalachian Basin.
The chemical characteristics of O&G PWs vary considerably between
formations and across regions. Therefore, different 0&G PWs may pre-
sent different contaminants of greatest concern. Third, all experiments
were conducted using a single storm event. Different rainfall patterns
may affect contaminant retention, runoff, and material loss from the
roadbed. Future work investigating these variables is necessary to better
understand the transport of dust suppressants' constituents from un-
paved roads.

4. Conclusions

Results from this study demonstrate that O&G PW do not meet the
recommended criteria for beneficial reuse as a dust suppressant. Though
0&G PW did suppress PM;( under high humidity conditions relative to
rainwater controls, commercial brines and most commercial organic
products consistently performed more effectively. Similarly, the high
sodium concentrations present in O&G PW likely led to clay dispersion
and destabilized the roadbed, which could exacerbate dust emissions
during dry conditions or increase TSS concentrations in runoff during
storm events. Both scenarios pose risks to human and environmental
health.

In road-runoff experiments, measured concentrations in runoff
generally reflected the concentration of the dust suppressant originally
applied to the road. The highest concentrations were usually measured
in runoff from roadbeds treated with CaCl, Brine, and runoff from these
roadbeds could contribute to freshwater salinization in roadside
waterbodies. Runoff from roads treated with O&G PW was similarly
hypersaline, though less so compared to roads treated with CaCl, Brine.
0&G PWs from the Appalachian Basin often contain elevated radium,
and all excess radium added to the roadbed during O&G PW application
was mobilized during the storm event. Therefore, runoff from roads
treated with O&G PW could be a significant source of radium to roadside
ecosystems.

Roads treated with Soybean Oil generated runoff that did not have
elevated concentrations of salinity or radioactivity but did have the
highest concentration of organic molecules. Though export of organics
can have environmental consequences, most organic carbon was bound
to solids which are likely to get trapped in roadside ditches typically
constructed alongside unpaved roads. Soybean Oil was also an effective
dust suppressant, reducing over 99.9 % of PM; relative to rainwater
controls. Therefore, Soybean Oil likely poses the lowest risks to human
or environmental health of all dust suppressants and O&G PW evaluated
in this study.
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key finding: produced water from conventional and unconventional oil & gas formations

in Pennsylvania generate produced waters that have very similar compositions
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While development of the Utica/Point Pleasant Shale (UPP) is extensive in Ohio (U.S.) and increasing in
Pennsylvania and West Virginia, few studies report the chemistry of produced waters from UPP wells.
These data have important implications for developing best management practices for handling and
waste disposal, or identifying the fluid in the event of accidental spill events. Here, we evaluated the
elemental and isotope chemistry of UPP produced waters from 26 wells throughout Ohio, Pennsylvania,
and West Virginia to determine any unique fluid chemistries that could be used for forensic studies.
Compared to the Marcellus, UPP produced waters contain higher activities of total radium (*°Ra +
228Ra) and higher 2?®Ra/?*®Ra ratios. As with the Marcellus Shale, elemental ratios (Sr/Ca) and isotope

ratios (875r/%%Sr) can distinguish UPP produced waters from many conventional oil and gas formations.
Received 8th February 2020
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Accepted 14th April 2020 Sr/Ca and ®/Sr/®°Sr ratios can fingerprint small fractions (~0.1%) of UPP produced water in freshwater.

However, because Marcellus and UPP produced waters display similar major elemental chemistry (i.e.,

DOI: 10.1039/d0em00066¢ Na, Ca, and Cl) and overlapping ratios of Sr/Ca and 87Sr/®6Sr, 228Ra/??®Ra ratios may be the best tracer to

rsc.li/espi distinguish these waters.

Environmental significance

It is important to understand the chemistry of Oil and Gas produced water to help (1) identify spatial variability in formation waters, (2) evaluate treatment
strategies, and (3) identify accidental releases and track contamination through the environment. Multiple studies have discussed geochemical signatures of
unconventional oil and gas wastewater, but many focused solely on water from the Marcellus Formation. Now, with the production of hydrocarbons from the
Utica/Point Pleasant Formations (UPP) rapidly increasing along with the volume of produced water, it is vital to evaluate the chemistry of water produced from
these formations. In this study, the chemistry of produced water from the UPP is documented along with elemental and isotopic tracers that could be used to

Published on 23 April 2020. Downloaded by Pennsylvania State University on 7/24/2020 3:41:16 PM.

identify freshwaters contaminated by UPP wastewaters.

Introduction

Oil and gas (O&G) production from low-permeability, uncon-
ventional shale formations continues to rise in the Appalachian
Basin, U.S., generating over 45% of the domestic natural gas in
2018." From 2007 to 2018 annual U.S. natural gas production
from shale plays rose from 36 billion cubic meters (bcm) [1293
billion cubic feet (bcf)] to 617 bem [22 054 (bef)]. During that
same timeframe the percentage produced from the Appalachian
Basin in the states of West Virginia, Ohio, and Pennsylvania
rose from less than 1% to over 45%, largely due to the continued
development of two unconventional shale formations, the
Marcellus and Utica/Point Pleasant (UPP)." O&G development
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was historically limited to permeable reservoirs known as
conventional formations but has expanded into low perme-
ability unconventional O&G formations over the last 20 years
because of technical improvements in horizontal drilling and
hydraulic fracturing. During hydraulic fracturing, large volumes
of water (30 million liters per well for Marcellus and 38 million
liters per well for UPP) mixed with other additives are pumped
into the formation at high pressure causing the rock to fracture
and stimulate hydrocarbon release.> After this process, millions
of liters of a salty and radium-bearing fluid (i.e., flow back and
produced waters) returns to the surface where it is typically
disposed in underground injection control (UIC) wells, reused
to stimulate other wells, or treated for reuse at wastewater
treatment plants.®> Flowback waters are generally defined as
fluids comprising mixtures of in situ formation waters and
hydraulic fracturing fluids that flow from a well shortly after the
stimulation pressure is released. Produced waters often refer to
waters that return after the wells have been in production for
some time and are thought to better represent the in situ

This journal is © The Royal Society of Chemistry 2020
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formation waters or salts from the formation that could have
been mobilized by hydraulic fracturing fluids rather than the
chemistry of the hydraulic fracturing fluids that were injected.

The two largest unconventional shale reservoirs in the Appa-
lachian Basin are the Marcellus and UPP Formations, which are
estimated to contain over 2.4 trillion cubic meters (i.e., 84.8 tril-
lion cubic feet) and 1.1 trillion cubic meters (i.e., 38.8 trillion
cubic feet) of recoverable natural gas, respectively.*> The Mar-
cellus is the oldest organic rich shale in the Middle Devonian
sequence and overlies the Onondoga Limestone. Currently, there
are over 10 000 active Marcellus wells in Pennsylvania.® The UPP
Shale is several hundred meters below the Marcellus Shale and
has been called the “natural gas giant below the Marcellus”.”®
The UPP Formation is present throughout Ohio, Pennsylvania,
West Virginia, New York, Ontario, and Quebec ranging in depth
from 2300 meters in northwest Pennsylvania to 4000 meters in
West Virginia and southern Pennsylvania.” Throughout the
Appalachian Basin, the Utica Shale directly overlies the Point
Pleasant Shale with both formations having variable concentra-
tions of carbonate (20-60%), clay (30-60%), and total organic
content (~1-5%) that is likely related to their geographic location
and varying depositional environments.” Collectively, the UPP is
thickest (120 to 150 m) throughout southwest and northeast
Pennsylvania and gets thinner in eastern Ohio (60-90 m).
Unconventional O&G development in the Appalachian Basin
began in the Marcellus around 2007 but has expanded into the
UPP since 2011.°

Most UPP development has occurred in Ohio but has
recently increased in both Pennsylvania and West Virginia. As of
January 2020, there were over 2700 UPP wells in Ohio and over
160 in Pennsylvania.*® One of the largest environmental
concerns with the increased unconventional O&G production
throughout the Appalachian Basin is the possibility of ground
water or surface water contamination by hydraulic fracturing
fluids or produced waters. In areas dominated by Marcellus
development, there are numerous incidents where spills (1181
spill events in Pennsylvania from 2005-2014),">** surface water
disposal,** improper management at wastewater disposal
facilities,"* and potentially faulty well casings'® caused Mar-
cellus produced waters to migrate to water resources. No similar
incidents have been reported from the more recent growth in
UPP O&G development; however, this could be because there is
only one study that the authors are aware of that has tested
freshwater for UPP produced water contamination."”

Despite the environmental concerns and wastewater
management challenges associated with unconventional O&G
development, UPP produced water chemistry has been pub-
lished for only two wells.'®* Total dissolved solid (TDS)
concentrations in produced waters are highly variable from
unconventional shale formations because of variable amounts
of dilution with injection waters.”**> Therefore, any compari-
sons of elemental concentrations among produced waters from
different formations should be limited to water of similar TDS,
preferably the most saline waters that represent original
formation waters.”**> Comparisons among these high-salinity
waters for different formations in the Appalachian Basin indi-
cate that they can have significantly different concentrations of

This journal is © The Royal Society of Chemistry 2020
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Ca, Sr, Ba, Ra, and B, among other elements. For instance, the
Marcellus has unusually high concentrations of Ba, Sr, and
?2°Ra relative to other formations in the Appalachian Basin.
Formations throughout the Basin also have unique elemental or
isotope ratios (i.e., Sr/Ca, **Ra/**°Ra, ®’sr/*°sr, ''B/'°B, and
Li/°Li) that can identify small quantities (often <0.1%) of
produced water mixed with groundwater, surface water, or
stream sediments."?***” In almost every case study investigating
potential O&G contamination events, unique isotope or
elemental ratios were used as a forensic tool to determine the
source of pollution (i.e., unconventional brine vs. conventional
brine vs. road salt vs. acid mine drainage). As development
expands in the UPP, similar data could be important in
fingerprinting UPP produced waters in the environment,
understanding heterogeneities in the formation, and devel-
oping strategies for managing UPP produced water from various
parts of the play. The existing data for UPP produced water
chemistry is not adequate to conduct this fingerprinting
because it is from only two wells and is limited to a few analytes
(S04, Cl, Na, Ca, Mg, and K).*®*°

The management of UPP produced waters in Pennsylvania,
Ohio, and West Virginia fall under the same regulatory statutes
and disposal practices as Marcellus fluids, which includes
disposal through injection disposal wells, reuse without any
treatment to fracture other wells, or treatment at zero liquid
discharge treatment plants that remove some of the suspended
solids and precipitate out barium-sulfate minerals before reuse
for hydraulic fracturing.”® Current and future concerns with
handling the wastes from UPP development will likely be
related to the proper disposal of radioactive sludge generated
from facilities treating the fluids, faulty casings on gas-
producing wells that may allow fluid migration, or potential
spills at the surface. From 2010 to 2013, approximately 5% of
the Marcellus Shale wells in Pennsylvania received violations for
well cementing issues.” The greatest threat to water quality is
likely from surface spill events which occur at approximately
10% of the unconventional wells each year.*® Therefore, it is
essential to develop forensic tools for identifying potential
contamination from UPP development after the spill is diluted
with freshwater.

The objectives of this work were to (1) document the chem-
istry of liquid wastes from UPP wells, and (2) determine unique
isotope or elemental ratios for tracing UPP releases in the
environment. To address these objectives, liquid wastes from
the UPP were collected from producing wells and analyzed for
inorganic chemistry (Cl, Br, SO,, Na, Ca, Mg, Sr, K, Li, B, Ba, Fe,
Pb, Cu, As, and U), radioactivity (**°Ra and **®Ra), and isotope
ratios (*/Sr/*®Sr). Unique signatures for tracing environmental
contamination from UPP development were identified by
comparing our results to analyses from other O&G formations
in the Appalachian Basin.

Methods

Produced water collection

UPP produced waters were collected from 26 wells throughout
Ohio, Pennsylvania, and West Virginia (Fig. 1). Based on well
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production reports and communication with collaborators from
industry, all wells were in production for over 120 days,
reducing chemical variabilities commonly observed in
produced waters collected early after a well goes into produc-
tion.>*** Produced water samples were collected from O&G
water separators at well heads, stored in 10 liter high-density
polyethylene (HDPE containers), and preserved to pH < 2 with
nitric acid for cation analyses or unpreserved for anion anal-
yses. Thereafter, 100 mL of each sample for cation analysis was
digested with 6 mL of aqua regia for 4 hours at 70 °C. There were
no suspended solids in any of the samples after digestion. Acid
dissolution of suspended particulates could increase the
possibility of excess dissolved Fe (and potentially other metals).
However, because metal precipitation can occur rapidly after
produced waters flow from a gas well,>* all samples were
digested prior to filtering to analyze total metals in solution.
The true vertical depth of the sampled UPP wells varied from
~2300 m in northwest Pennsylvania, ~3500 m in northeast
Pennsylvania, to ~3700 to 4000 m in West Virginia and
southern Pennsylvania (Fig. 1).

Produced water characterizations

Major and minor trace element analyses were performed on
a Thermo Scientific iCAP 6000 inductively coupled plasma
optical emission spectrometer (ICP-OES; Na, Ca, Mg, Sr, K),
Thermo X-Series 2 mass spectrometer (ICP-MS; Li, B, Ba, Fe, Pb,
Cd, Cu, As, U) located at Penn State University's Energy and
Environmental Sustainability Laboratories (EESL), and Dionex
ICS-1100 ion chromatography (IC; Cl, Br, SO,). Before elemental
analyses, samples were filtered (0.45 pm cellulose acetate) and
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diluted in 2% nitric acid or =18 MQ ultrapure water (Cl, Br, SO,)
to reach dilution factors of 2000 for Na, Ca, Mg, Sr, and K, 100
for Cl, Br, and SOy, or 50 for all other metals. Mass interferences
and matrix complications of analyzing high salinity samples by
ICP-MS or ICP-OES were accounted for by using internal spikes
(Sc, In, Re, Y) and high salinity, matrix-matched standards.*
Calibration curves for all analyses were verified by confirming
<5% differences between measured and known elemental
concentrations in check standards (USGS M — 220, USGS T-227,
and SRM1640a).

Isotope analyses were performed using a ThermoFisher
Neptune Plus high resolution multicollector (MC-ICP-MS;
87Sr/%°sr) located at Penn State University EESL and a small
anode germanium detector gamma spectrometer from Can-
berra Instruments at the Tracing Salinity with Isotopes Lab
(SALTs) also located at Penn State University (***Ra/**°Ra).
Radioactivity (**°Ra, **®Ra) was measured in acid digested
produced waters at geometries (20 mL and 3 L geometries)
consistent with well characterized internal standards from an
inter-laboratory comparison that reported most probable
radium activities in three Appalachian Basin O&G produced
waters.”> After a 21 day equilibration, **°Ra was calculated
directly at 186.2 keV and then confirmed from the average
activity of ***Bi (609.3 keV) and >**Pb (295.2 & 351.9 keV). Direct
measurement of *>*Ra were performed using its **Ac daughter
at 911.1 keV. Prior to 3”Sr/*°Sr analysis, strontium was separated
from wastewaters with recoveries of 99% =+ 3.7 using Sr Spec
EICHROM resin and nitric acid (2 N) to yield 0.25 to 1 pg of
strontium. Strontium isotope accuracy was determined by
comparisons to NIST SRM 987. The average *’Sr/*°sr ratio of the
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Fig.1 Sampled oil and gas wells from the Utica/Point Pleasant (UPP) formation in the northern Appalachian Basin, U.S. (A) The UPP play is shaded
gray. (B) Active O&G wells producing from the UPP formation are represented with white circles. Produced waters from 26 of the active wells
were sampled throughout the Basin with well depths indicated by symbols.
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SRM over 41 analyses was 0.710240 with a standard deviation of
0.000002 (actual value = 0.710240).

Additional data sources

Produced water chemistry from the UPP were compared to
existing produced water chemistry from O&G formations in the
Appalachian Basin. Produced water chemistry data from
conventional and unconventional formations were compiled
from the US Geological Survey (USGS) Produced Water Database
version 2.3n.** Produced water chemistry from hydraulically
fractured oil and gas wells is known to vary with time after a well
goes into production. While all of the UPP wells sampled in this
study were over 120 days of production and were believed to have
a fluid chemistry reflective of the formation mineralogy or in stu
formation fluids, an operational chloride threshold was used to
reduce potential unknown sources of error in the UPP produced
water chemistry and to allow for comparisons of produced water
chemistry from different formations. The operational chloride
threshold was defined as only including data from wells where
chloride concentrations were =76 800 mg L~ " chloride (i.e., the
5™ percentile chloride concentration from the 26 UPP samples
collected for this study). This was a reasonable threshold in
limiting potential sources of error (e.g., mixing with hydraulic
fracturing fluids) in the UPP produced water chemistry. One of
the collected UPP samples (UPP 24 in Table S1f) that was
excluded from statistical analyses by this threshold was later
found to be compromised by a local hydraulic fracturing job. The
sample (UPP 24) had lower TDS (e.g., ~71 000 mg L") than was
expected for a well with over 120 days of production. After con-
tacting the oil and gas company about this sample, the company
stated that the produced water chemistry in sample UPP 24 was
likely influenced by fracturing fluids that migrated along a fault
line from the local hydraulic fracturing job.

In order to compare the UPP produced water chemistry to
produced waters from other formations in the Appalachian
Basin, all produced water data collected from the US Geological
Survey (USGS) Produced Water Database was also filtered to only
include samples with =76 800 mg L~* chloride (i.e., the 57
percentile chloride concentration from the 26 UPP samples
collected for this study). While the authors acknowledge that this
data inclusion method could cause potential sources of bias, the
method would likely bias results so formations would appear to
have more similar fluid chemistries; therefore, any observed
differences in fluid chemistries are likely real. The total conven-
tional produced water data set from the US Geological Survey
(USGS) Produced Water Database included 2434 analyses from 84
formations. Conventional wastewater results were reduced to
1122 entries by only including data from wells where chloride
concentration was =76 800 mg L~" chloride. Similarly, data for
the Marcellus Shale were reduced from 448 entries to 128 by only
including wells with =76 800 mg L™~ " chloride.

Elemental and isotope ratios for the formations were also
compared to ground and surface water resources in Appala-
chian Basin using the Water Quality Portal from the National
Water Quality Monitoring Council.** Water quality data for
streams, rivers, and ground water wells were collected from
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2000-2005 (n = 9006). Of the 9006 entries, 5589 included Cl, 460
included Br, 24 included B, 3504 included Na, 5542 included Ca,
348 included Mg, 101 included Ba, 113 included Sr, 25 included
226Ra, and 25 included ?*®Ra. The ®’Sr/*°Sr ratios in freshwaters
were also referenced from additional sources.*

Statistical analyses

All statistical analyses were performed in RStudio.** Shapiro
Wilk tests for normality (Table S77) confirmed that most of the
data was not normal. Therefore, Kruskal-Wallis and Wilcoxon
rank sum tests with Bonferroni corrections were used to
determine if there were any statistical differences between the
produced water chemistry from UPP, Marcellus, and conven-
tional formations. Statistical differences between the compared
formations were interpreted as being significant if p values were
less than 0.05. Elements with concentrations below detection
limits were not included in these analyses.

Results and discussion

Chemistry of produced waters from the Utica and Point
Pleasant Shale

Consistent with produced waters from other O&G formations in
the Appalachian Basin, UPP produced waters are dominated by
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Fig. 2 Produced water chemistry from the UPP (red) analyzed in this
study compared to other formations in the Appalachian Basin.
Produced water analyses from the Marcellus (blue) and conventional
0O&G formations (white) were previously reported in the USGS
Produced Water Database.*®* Numbers above the x-axis represent the
number of analyses for each formation. Green brackets indicate
comparisons between two formations that have significantly different
produced water chemistry (p < 0.05).
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sodium, calcium, and magnesium (accounting for >90% of the
total cation charge equivalents) and are nearly 100% charge
balanced by chloride (Fig. 2). Based on the data inclusion
method used in this study (i.e., wells with over 76 800 mg L ™"
chloride), the UPP and conventional gas formations have
produced waters with higher chloride, calcium, and sodium
concentrations than produced waters from Marcellus wells.
Median bromide concentrations in UPP produced waters were
also 1.6 times higher than produced water from the Marcellus.
These differences in bromide concentrations were greater than
reported levels of analytical inaccuracy (i.e., typically + 20%
accuracy for O&G wastewater®?).

Like the Marcellus, UPP produced waters are characterized
by high concentrations of barium (ranging from 57 to
2700 mg L") and strontium (2000 mg L' to 6500 mg L)
(Table S1 and S37). No sulfate was detected in any of the UPP
produced waters (i.e., all samples < 100 mg L™ * SO,), indicating
strong reducing conditions in the formation. Low sulfate
concentrations allow high concentrations of dissolved alkaline
earth metals that would otherwise precipitate in low solubility
sulfate minerals (e.g., Ky, of barite ~10"%).2° Both the Marcellus
and UPP produced waters have median barium and strontium
concentrations that are greater than the concentrations
measured in produced waters from conventional gas wells
(Fig. 2). High concentrations of these alkaline earth metals in
produced waters are variously attributed to evaporated seawater
brines reacting with local rock formations over geologic time>**”

or reductive weathering of shales during hydraulic

fracturing.***®

UPP produced waters have high radioactivity. While the
median ??°Ra activities in UPP produced water are similar to
Marcellus produced waters (e.g., 1522 pCi L' in UPP and

1417 pCi L " in Marcellus produced waters), the UPP has higher
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?2%Ra activities (e.g., 1566 pCi L™ " in UPP and 228 pCi L ' in
Marcellus Shale produced waters). These differences in **°Ra
and **°Ra radioactivity result in **®Ra/**°Ra activity ratios in
UPP produced waters (i.e., 1.0 to 1.2 based on the 25" to 75™
percentiles; Table S51) that are greater than the values reported
for Marcellus produced waters (i.e., 0.01 to 0.4 based on the 25"
to 75™ percentiles). Differences in *?®Ra/*?°Ra activity arise
from different ratios of their respective radioactive parents
(***Th for **®*Ra and **®U for **°Ra) in the host reservoir rocks.
Typically, the Th/U mass ratios for most silicate rocks fall in the
range of 1.5 to 6.0 and generate ***Ra/**°Ra activity ratios of 0.5
to 2.0 for both the rocks and for equilibrated formation
waters.***? To generate the median **®Ra/**°Ra activity ratio in
UPP waters (1.08, Table S5t), the UPP reservoir rocks would
have to contain a ***Th/**®U activity ratio of 1.0 and a Th/U mass
ratio of 3.0 that is typical of clay-bearing silicate rocks.***!

Elemental and isotopic ratios for identifying UPP produced
water

Several elemental and isotopic ratios could be used to identify
contamination from UPP (Fig. 3). Median Na/Cl, Cl/Br, (Ca +
Mg)/Cl, (Ba + Sr)/Mg, and Sr/Ca molar ratios for all O&G
produced waters from the Appalachian Basin are statistically
different from freshwaters (Fig. 3 and Table S6t). However, the
only ratios that are unique to the UPP produced waters are
ratios that incorporate strontium or radium. For instance, (Ba +
Sr)/Mg and Sr/Ca ratios for UPP and Marcellus produced waters
are not statistically different from each other but are different
from conventional O&G produced waters and freshwater
(Fig. 3). ¥’sr/®°sr ratios for UPP produced waters are also in
a relatively narrow range (e.g., *’Sr/*°Sr = 0.71088 to 0.71143
based on the 25" to 75™ percentiles; Table S5) that could be
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Fig. 3 Comparison between elemental and isotopic ratios in O&G produced waters and freshwaters throughout the Appalachian Basin. Green
brackets indicate comparisons between two fluids that have significantly different ratios (p < 0.05).
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useful in forensic applications. Additionally, the UPP has higher
??8Ra/**°Ra activity ratios than Marcellus produced waters but
lower activity ratios than freshwaters. A framework is illustrated
below that outlines how these different ratios could be used to
identify freshwater contamination by the various O&G forma-
tions in the Appalachian Basin.

Conservative mixing models between freshwater and O&G
produced waters were created in PHREEQC® to test the sensi-
tivity of various elemental and isotopic ratios for identifying
freshwater resources impacted by UPP produced water (Fig. 4).
All produced water with =76 800 mg L' chloride (i.e., the 5T
percentile chloride concentration from the 26 UPP samples
collected for this study) and all freshwater samples from the
USGS Water Quality Portal (n = 9006 from 2000-2005) are
included in Fig. 4 to show the potential endmembers that could
be used in mixing models. For the purposes of identifying ratios
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Fig. 4 Conservative mixing trends between freshwaters (blue) and
produced waters from UPP (red), Marcellus (green), and conventional
(gray) O&G formations. Dashed lines represent mixing trends between
5% and 95" percentile concentrations (or activities for radium) in O&G
produced water and freshwater. (A) The purple shaded area shows Sr/
Ca mass ratios and Sr concentrations that could definitively indicate
contamination from with UPP or Marcellus produced water. (B) Panel B
shows 87Sr/%8Sr ratios and conservative mixing trends between
freshwaters and produced waters from various formations. (C) If
a sampled fluid has a Sr/Ca ratio and Sr concentration within the purple
shaded area, the fluid could be analyzed for 222Ra/?2°Ra activity ratios
to determine if the fluid is contaminated with UPP or Marcellus
produced water. If the 2°®Ra/??®Ra activity ratio and total radium
activity is within the orange shaded area, the fluid is likely contami-
nated by Marcellus produced water instead of UPP produced water.
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that could be used to detect UPP produced waters in freshwa-
ters, mixing models were performed with the 5% and 95"
percentile concentrations for each of the endmembers.

Freshwaters throughout the Appalachian Basin have highly
variable CI/Br mass ratios, ranging from 12 to 1700 (5 to 95"
percentile, respectively). Cl/Br ratios in produced waters are also
highly variable but are generally lower than freshwaters (e.g., 5™
to 95" percentile mass ratios of 52 to 250). Mixing trends
between O&G produced water and freshwater show that the
large variability in Cl and Br concentrations in freshwaters
could make it difficult to utilize Cl/Br ratios in determining
uncontaminated versus contaminated freshwater (Fig. S17).
However, this method could provide an initial indication of
potential O&G contamination if the chloride concentrations
measured in freshwater are greater than 100 mg L™ " and have
CI/Br mass ratios less than ~130 (i.e., the 75™ percentile Cl/Br
mass ratio for Appalachian Basin O&G produced waters).
While Cl/Br ratios could be used as an initial indicator of
potential O&G contamination, they do not provide any speci-
ficity as to the source of contamination (i.e. produced waters
from UPP, Marcellus Shale, or conventional O&G formations).

Many of the same elemental tracers that work for identifying
Marcellus produced waters in the environment also work for
identifying UPP produced waters. For example, UPP and Mar-
cellus produced waters have higher Sr/Ca mass ratios (e.g., 0.10
to 0.53 based on the 5 to 95 percentiles; Fig. 4A) than waters
from conventional O&G formations, which have ratios of 0.01 to
0.07 (5™ to 95™ percentiles; Fig. 4A). Therefore, if sampled
waters have Sr/Ca mass ratios greater than 0.07, this could
indicate that the solution contains greater than 0.5% UPP or
Marcellus water by volume. Smaller additions (i.e., less than
0.5%) result in Sr/Ca ratios that overlap with conventional
formations, making it difficult to distinguish if the contami-
nation is from unconventional shale reservoirs or conventional
O&G produced waters. The purple shaded area in Fig. 4A
represents the Sr/Ca mass ratios and corresponding strontium
concentrations that could definitively indicate contamination
from UPP or Marcellus produced waters. The upper bounds for
this shaded area are the 95™ percentile mixing tends for UPP
and the lower bounds are the 95™ percentile mixing trends for
conventional produced waters. Therefore, if sampled fluids
have Sr/Ca and strontium concentrations that are within the
purple shaded area, it is likely that fluids originate from or are
contaminated by Marcellus Shale or UPP produced waters. The
use of this tracer for detecting freshwater contamination by UPP
produced waters is most applicable in eastern Ohio, where the
current unconventional development is focused on the UPP. In
areas where there is both UPP Shale and Marcellus development
(e.g., West Virginia and Pennsylvania), this tracer is also sensi-
tive in identifying potential contamination events from these
unconventional shale gas reservoirs; however, the overlap in Sr/
Ca ratios between UPP and Marcellus produced waters reduces
the effectiveness of this tracer in differentiating potential
contamination from one of these two sources.

We further evaluated the sensitivity of isotope ratios
(¥’sr/®°sr and **°Ra/**°Ra) as tracers for identifying UPP
produced waters in the environment. These isotope ratios have
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advantages over the elemental ratios described previously as
they are not subject to fractionation from ion exchange equi-
libria, mineral solubility, or changes in temperature and
salinity.’>** Strontium isotope ratios (*’Sr/*°Sr) combined with
Sr/Ca molar ratios are highly sensitive indicators for tracing
Marcellus produced waters, detecting as low as 0.01% produced
water additions to freshwater.>»** Similarly, this same isotope
tracer works to identify contamination from UPP produced
waters. Both the UPP and Marcellus have similar strontium
isotope ratios (e.g., ¥’Sr/**sr = 0.71088 to 0.71143 in UPP
produced waters and #’Sr/*°Sr = 0.71071 to 0.71117 in Marcel-
lus produced waters based on the 25™ to 75" percentiles; Table
S5) that are traceable in freshwater and are distinguishable
from some conventional produced waters that have ®’Sr/*°Sr
ratios as high as 0.7200 (Fig. 4B). However, similar *’Sr/*°Sr
ratios in conventional, UPP, and Marcellus produced waters
(p value = 1; see Table S37) make them difficult to distinguish
from each other if there is suspected contamination. Therefore,
878r/%°Sr are not always an appropriate forensic tool for deter-
mining the source of produced water in the Appalachian Basin
(Fig. 4B).

When it is essential to determine if the suspected contami-
nation is from Marcellus Shale or UPP, radium isotopes are
likely the best tracer (Fig. 4C). UPP produced waters have
228Ra/***Ra activity ratios (i.e., 1.0 to 1.2 based on the 25" to 75"
percentiles) that are greater than the values reported for Mar-
cellus produced waters (i.e., 0.01 to 0.4 based on the 25 to 75™
percentiles). Therefore, to determine if a contamination event is
from UPP or Marcellus Shale produced water, we recommend to
analyze Sr/Ca ratios first to confirm if the fluid contains
produced water from an unconventional shale formation (i.e.,
UPP and Marcellus Shale produced water). Thereafter, if
225Ra/**°Ra activities are less than 1.0 (ie., 25™ percentile
activity ratio for UPP produced waters) and total radium activ-
ities are greater than 4.4 pCi L™" (i.e., the highest radium activity
for freshwater reported on the USGS water quality portal), then
this could indicate that the water contains greater than 1%
Marcellus produced water (Fig. 4C orange shaded area). In
summary, if the Sr/Ca ratio and Sr concentration confirm that
the fluid contains produced water from an unconventional
shale formation and additional analyses show that the fluid has
a **®Ra/**°Ra activity ratio and total radium activity within the
orange shaded region of Fig. 4C, it is likely that the fluid
contains Marcellus produced water instead of UPP produced
water.

Conclusions

Many of the same tracers that distinguish Marcellus produced
waters from freshwater or other conventional O&G produced
waters also work for UPP produced waters. In western Ohio
where there is very little Marcellus development, Cl/Br, Sr/Ca,
and *’Sr/*°Sr ratios can identify potential UPP produced water
contamination events. These isotope and elemental ratios in
UPP produced waters are different than produced waters from
conventional O&G development in Ohio, making them unique
fingerprints that could identify potential contamination events
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from the UPP development. In regions of the Appalachian Basin
with both UPP and Marcellus development, it may be more
difficult to distinguish potential contamination between these
two sources due to their overlapping Sr/Ca and #”Sr/*°Sr ratios.
However, these two formations have Sr/Ca ratios in their
produced waters that are higher than conventional produced
waters. Therefore, basic water quality analyses that utilize ICP
or IC instrumentation to determine Cl, Br, Ca, and Sr concen-
trations can provide useful information in trying to determine if
samples are contaminated with conventional or unconventional
(e.g., UPP or Marcellus) produced waters. These analyses can
also be performed at a lower cost (~$30 to $60) than other
isotopic methods (e.g., gamma spectroscopy, MC-ICP-MS, etc.)
which can cost over $100 per sample. If it is necessary to identify
if pollution is from Marcellus or UPP produced water, the
?28Ra/?*°Ra ratio could distinguish UPP produced waters from
Marcellus produced waters. The ***Ra/**°Ra in UPP produced
waters was the only tracer that was consistently different from
the ratio observed in Marcellus produced waters.

There are also limitations with using elemental and isotopic
tracers that need to be acknowledged before identifying
potential contamination by unconventional or conventional
produced waters. If freshwater is contaminated with UPP
produced water, the resulting elemental ratios in the fluid
mixture will be influenced by the volume of produced water that
was mixed with the freshwater and the elemental concentra-
tions of the two solutions. If no chemical or physical reactions
occur after mixing, the resulting elemental concentrations
could be calculated using a simple mass balance approach (i.e.,
conservative mixing model). However, if the two solutions were
incompatible or mixed together in a complex environment with
multiple phases (ie., air, water, soil, etc.), the elemental
concentrations in the combined fluid would not be explained by
a conservative mixing model.** For instance, mixing strontium
and barium-rich produced waters with sulfate or carbonate-rich
fresh waters can result in mineral precipitation reactions that
influence conservative mixing trends; similarly, cation-
exchange reactions between contaminated freshwater and
bedrock could result in the exchange of calcium (or other
alkaline earth metals) ions in the contaminated water for
sodium ions on clay minerals. While elemental and isotopic
ratios are highlighted in this work as conservative tracers, the
authors recommend that the type of mixing environment (i.e.,
water, subsurface environment, soil, etc.) and the compatibility
of the fluids being mixed together be considered in case-specific
scenarios of suspected freshwater contamination.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors would like to thank all the gas companies who
provided the samples. Partial support for author Travis Tasker
was provided from NSF-CBET 1703412 and NSF:AIR 1640634.
Tasker was also supported by Saint Francis University and the

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0em00066c

Published on 23 April 2020. Downloaded by Pennsylvania State University on 7/24/2020 3:41:16 PM.

Paper

Center for Watershed Research and Service. The authors would
like to thank C.A. Cravotta III for assistance with PHREEQC
modeling.

References

1 EIA, Appalachia region drives growth in U.S. natural gas
production since, 2012,https://www.eia.gov/todayinenergy/
detail.php?id=33972#.

2 K. Schmid and D. A. Yoxtheimer, Wastewater recycling and
reuse trends in Pennsylvania shale gas wells, Environ.
Geosci., 2015, 22, 115-125.

3 B. D. Lutz, A. N. Lewis and M. W. Doyle, Generation,
transport, and disposal of wastewater associated with
Marcellus Shale gas development, Water Resour. Res., 2013,
49, 647-656.

4 J. L. Coleman, R. C. Milici, T. A. Cook, R. R. Charpentier,
M. Kirschbaum, T. R. Klett, R. M. Pollastro and
C. J. Schenk, Assessment of undiscovered oil and gas
resources of the Devonian Marcellus Shale of the Appalachian
Basin Province, 2011.

5 M. A. Kirschbaum, C. J. Schenk, T. A. Cook, R. T. Ryder,
R. R. Charpentier, T. R. Klett, S. B. Gaswirth,
M. E. Tennyson and K. J. Whidden, Assessment of
undiscovered oil and gas resources of the Ordovician Utica
Shale of the Appalachian Basin Province, 2012.

6 PA DEP, PA DEP Oil and Gas Reporting Website: Statewide
Data Downloads by Reporting Period, https://
www.paoilandgasreporting.state.pa.us/publicreports/
Modules/DataExports.

7 Utica Shale Appalachian Basin Exploration Consortium, A
Geologic Play Book for Utica Shale Appalachian Basin
Exploration, Final report of the Utica Shale Appalachian
Basin Exploration Consortium, 2015.

8 H. King, Utica Shale: The natural gas giant below the
Marcellus?, https://geology.com/articles/utica-shale/.

9 Ohio Division of Oil and Gas Resources, Oil and Gas Well
Production, http://oilandgas.ohiodnr.gov/production.

10 B. D. Drollette, K. Hoelzer, N. R. Warner, T. H. Darrah,
O. Karatum, M. P. O'Connor, R. K. Nelson,
L. A. Fernandez, C. M. Reddy and A. Vengosh, Elevated
levels of diesel range organic compounds in groundwater
near Marcellus gas operations are derived from surface
activities, Proc. Natl. Acad. Sci. U. S. A., 2015, 112(13), 184~
189.

11 K. O. Maloney, S. Baruch-Mordo, L. A. Patterson, J.-P. Nicot,
S. A. Entrekin, ]J. E. Fargione, J. M. Kiesecker,
K. E. Konschnik, J. N. Ryan and A. M. Trainor,
Unconventional oil and gas spills: Materials, volumes, and
risks to surface waters in four states of the US, Sci. Total
Environ., 2017, 581, 369-377.

12 N. R. Warner, C. A. Christie, R. B. Jackson and A. Vengosh,
Impacts of shale gas wastewater disposal on water quality
in western Pennsylvania, Environ. Sci. Technol., 2013,
47(11), 961-966.

13 J. M. Wilson, Y. Wang and J. M. VanBriesen, Sources of high
total dissolved solids to drinking water supply in

This journal is © The Royal Society of Chemistry 2020

14

15

16

17

18

19

20

21

22

23

24

25

View Article Online

Environmental Science: Processes & Impacts

southwestern Pennsylvania, J. Environ. Eng., 2013, 140(5),
B4014003.

D. M. Akob, A. C. Mumford, W. Orem, M. A. Engle,
J. G. Klinges, D. B. Kent and I. M. Cozzarelli, Wastewater
disposal from unconventional oil and gas development
degrades stream quality at a West Virginia injection
facility, Environ. Sci. Technol., 2016, 50, 5517-5525.

S. K. Alawattegama, T. Kondratyuk, R. Krynock, M. Bricker,
J. K. Rutter, D. J. Bain and ]. F. Stolz, Well water
contamination in a rural community in southwestern
Pennsylvania near unconventional shale gas extraction, J.
Environ. Sci. Health, Part A: Toxic/Hazard. Subst. Environ.
Eng., 2015, 50, 516-528.

G. T. Llewellyn, F. Dorman, J. Westland, D. Yoxtheimer,
P. Grieve, T. Sowers, E. Humston-Fulmer and
S. L. Brantley, Evaluating a groundwater supply

contamination incident attributed to Marcellus Shale gas
development, Proc. Natl. Acad. Sci. U. S. A., 2015, 112(6),
325-330.

E. C. Botner, A. Townsend-Small, D. B. Nash, X. Xu,
A. Schimmelmann and J. H. Miller, Monitoring
concentration and isotopic composition of methane in
groundwater in the Utica Shale hydraulic fracturing region
of Ohio, Environ. Monit. Assess.c, 2018, 190, 1-15.

R. A. Daly, M. A. Borton, M. J. Wilkins, D. W. Hoyt,
D. J. Kountz, R. A. Wolfe, S. A. Welch, D. N. Marcus,
R. V. Trexler and J. D. MacRae, Microbial metabolisms in
a 2.5-km-deep ecosystem created by hydraulic fracturing in
shales, Nat. Microbiol., 2016, 1, 1-9.

F. B. Woodward, B. E. Schulmeister, C. Caldwell, R. Seeman
and R. S. Hudson, in SPE Hydraulic Fracturing Technology
Conference, 3-5 February, Society of Petroleum Engineers,
The Woodlands, Texas, USA, 2015.

E. Barbot, N. S. Vidic, K. B. Gregory and R. D. Vidic, Spatial
and temporal correlation of water quality parameters of
produced waters from Devonian-age shale following
hydraulic fracturing, Environ. Sci. Technol., 2013, 47, 2562~
2569.

P. E. Dresel and A. W. Rose, Chemistry and origin of oil and
gas well brines in western Pennsylvania, 2010.

N. R. Warner, T. Darrah, R. Jackson, R. Millot,
W. Kloppmann and A. Vengosh, New tracers identify
hydraulic fracturing fluids and accidental releases from oil
and gas operations, Environ. Sci. Technol., 2014, 48(12),
552-560.

J. D. Johnson, J. R. Graney, R. C. Capo and B. W. Stewart,
Identification and quantification of regional brine and
road salt sources in watersheds along the New York/
Pennsylvania border, USA, Appl. Geochem., 2015, 60, 37-50.
C. A. Kolesar Kohl, R. C. Capo, B. W. Stewart, A. J. Wall,
K. T. Schroeder, R. W. Hammack and G. D. Guthrie,
Strontium isotopes test long-term zonal isolation of
injected and Marcellus formation water after hydraulic
fracturing, Environ. Sci. Technol., 2014, 48(9), 867-873.

L. K. Lautz, G. D. Hoke, Z. Lu, D. I. Siegel, K. Christian,
J. D. Kessler and N. G. Teale, Using discriminant analysis
to determine sources of salinity in shallow groundwater

Environ. Sci.. Processes Impacts, 2020, 22, 1224-1232 | 1231


https://doi.org/10.1039/d0em00066c

Published on 23 April 2020. Downloaded by Pennsylvania State University on 7/24/2020 3:41:16 PM.

Environmental Science: Processes & Impacts

26

27

28

29

30

31

32

33

prior to hydraulic fracturing, Environ. Sci. Technol., 2014,
48(9), 061-069.

B. W. Stewart, E. C. Chapman, R. C. Capo, ]J. D. Johnson,
J. R. Graney, C. S. Kirby and K. T. Schroeder, Origin of
brines, salts and carbonate from shales of the Marcellus
Formation: Evidence from geochemical and Sr isotope
study of sequentially extracted fluids, Appl. Geochem., 2015,
60, 78-88.

N. R. Warner, R. B. Jackson, T. H. Darrah, S. G. Osborn,
A. Down, K. Zhao, A. White and A. Vengosh, Geochemical
evidence for possible natural migration of Marcellus
Formation brine to shallow aquifers in Pennsylvania, Proc.
Natl. Acad. Sci. U. S. A., 2012, 109(11), 961-966.

K. O. Maloney and D. A. Yoxtheimer, Production and
disposal of waste materials from gas and oil extraction
from the Marcellus Shale play in Pennsylvania, Environ.
Pract., 2012, 14, 278-287.

S. L. Brantley, D. Yoxtheimer, S. Arjmand, P. Grieve, R. Vidic,
J. Pollak, G. T. Llewellyn, J. Abad and C. Simon, Water
resource impacts during unconventional shale gas
development: The Pennsylvania experience, Int. J. Coal
Geol., 2014, 126, 140-156.

L. A. Patterson, K. E. Konschnik, H. Wiseman, J. Fargione,
K. O. Maloney, ]. Kiesecker, ]J.-P. Nicot, S. Baruch-Mordo,
S. Entrekin and A. Trainor, Unconventional oil and gas
spills: risks, mitigation priorities, and state reporting
requirements, Environ. Sci. Technol., 2017, 51(2), 563-573.

M. A. Engle and E. L. Rowan, Geochemical evolution of
produced waters from hydraulic fracturing of the
Marcellus Shale, northern Appalachian Basin: A

multivariate compositional data analysis approach, Int. J.
Coal Geol., 2014, 126, 45-56.

T. L. Tasker, W. D. Burgos, M. A. Ajemigbitse, N. E. Lauer,
A. V. Gusa, M. Kuatbek, D. May, ]J. D. Landis, D. S. Alessi,
A. M. Johnsen, J. M. Kaste, K. Headrick, F. D. H. Wilke,
M. McNeal, M. Engle, A. M. Jubb, R. Vidic, A. Vengosh and
N. R. Warner, Accuracy of methods for reporting inorganic
element concentrations and radioactivity in oil and gas
wastewaters from the Appalachian Basin, U.S based on an
inter-lab comparison, Environ. Sci.: Processes Impacts, 2019,
21, 224-241.

Y. K. Blondes, M. S. Gans, K. D. Engle, M. A. Kharaka and
E. A. Reidy, M. E. Saraswathula, V. Thordsen, J. J. Rowan,
E. L. MorrisseyUS Geological Survey National Produced

1232 | Environ. Sci.. Processes Impacts, 2020, 22, 1224-1232

34

35

36

37

38

39

40

41

42

43

44

45

View Article Online

Paper

Waters Geochemical Database ver. 2.3, January, 2018, DOI:
10.5066/F7J964WS8.

National Water Quality Monitoring Council, Water Quality
Data,https://www.waterqualitydata.us/portal.

R. S. Fisher and A. M. Stueber, Strontium isotopes in selected
streams within the Susquehanna River basin, Water Resour.
Res., 1976, 12(1), 061-068.

RStudio, RStudio:Integrated Development for R.http://
www.rstudio.com/.

T. T. Phan, J. A. Hakala, C. L. Lopano and S. Sharma, Rare
earth elements and radiogenic strontium isotopes in
carbonate minerals reveal diagenetic influence in shales
and limestones in the Appalachian Basin, Chem. Geol.,
2019, 509, 194-212.

M. Renock, D. Landis and ]J. D. Sharma, Reductive
weathering of black shale and release of barium during
hydraulic fracturing, Appl. Geochem., 2016, 65, 73-86.

D. Landis, J. D. Sharma and M. Renock, Rapid desorption of
radium isotopes from black shale during hydraulic
fracturing. 2. A model reconciling radium extration with
Marcellus wastewater production, Chem. Geol., 2018, 500,
194-206.

R. A. Zielinski and J. R. Budahn, Mode of occurrence and
environmental mobility of oil-field radioactive material at
US Geological Survey research site B, Osage-Skiatook
Project, northeastern Oklahoma, Appl Geochem., 2007,
22(2), 125-137.

T. F. Kraemer and D. F. Reid, The occurrence and behavior of
radium in saline formation water of the US Gulf Coast
region, Chem. Geol., 1984, 46, 153-174.

A. Vengosh, D. Hirschfeld, D. Vinson, G. Dwyer, H. Raanan,
O. Rimawi, A. Al-Zoubi, E. Akkawi, A. Marie, G. Haquin,
S. Zaarur and J. Ganor, High naturally occurring
radioactivity in fossil groundwater from the Middle East,
Environ. Sci. Technol., 2009, 43(1), 769-775.

D. L. Parkhurst and C. A. Appelo, in U.S. Geological Survey
Techniques and Methods, Book 6, U.S. Geological Survey,
2013, pp. 1-497.

E. C. Chapman, R. C. Capo, B. W. Stewart, C. S. Kirby,
R. W. Hammack, K. T. Schroeder and H. M. Edenborn,
Geochemical and strontium isotope characterization of
produced waters from Marcellus Shale natural gas
extraction, Environ. Sci. Technol., 2014, 46, 3545-3553.

E. L. Gross and C. A. Cravotta, Groundwater quality for 75
domestic wells in Lycoming County, Pennsylvania, 2014.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0em00066c

Appendix for Written Testimony submitted by Dr. William Burgos to PA House ERE Committee

Item 4 - Tasker et al. 2018

key finding: oil & gas brines spread on roads in northwestern Pennsylvania contain
elevated concentrations of radium, a known human carcinogen.

The high salinity of O&G brines was shown to be toxic to the freshwater indicator
organism Daphnia magna.

Organic contaminants in O&G brines were shown to be toxic to humans based on human

receptor gene assays.
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ABSTRACT: Thirteen states in the United States allow the
spreading of O&G wastewaters on roads for deicing or dust
suppression. In this study, the potential environmental and human
health impacts of this practice are evaluated. Analyses of O&G
wastewaters spread on roads in the northeastern, U.S. show that
these wastewaters have salt, radioactivity, and organic contaminant
concentrations often many times above drinking water standards.
Bioassays also indicated that these wastewaters contain organic
micropollutants that affected signaling pathways consistent with Human. £,
xenobiotic metabolism and caused toxicity to aquatic organisms toxiclty £/
like Daphnia magna. The potential toxicity of these wastewaters is © - [ 3
a concern as lab experiments demonstrated that nearly all of the

metals from these wastewaters leach from roads after rain events,

likely reaching ground and surface water. Release of a known

carcinogen (e.g, radium) from roads treated with O&G wastewaters has been largely ignored. In Pennsylvania from 2008 to
2014, spreading O&G wastewater on roads released over 4 times more radium to the environment (320 millicuries) than O&G
wastewater treatment facilities and 200 times more radium than spill events. Currently, state-by-state regulations do not require
radium analyses prior to treating roads with O&G wastewaters. Methods for reducing the potential impacts of spreading O&G
wastewaters on roads are discussed.
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B INTRODUCTION There are over 190 different dust suppressants used to treat
unpaved roads in the U.S.* After application, dust suppressants

Fugitive dust emissions from unpaved roads represent a global
change the physical properties of the road aggregate by forming

human and environmental health hazard. Approximately 34% of

the 6.6 million kilometers of roads in the United States (U.S.) coatings or causing particles to agglomerate together and retain
are unpaved and produce 47% of the annual airborne moisture. It is estimated that nearly 75% of all dust
particulate matter (<10 um size) emissions." Airborne suppressants applied to unpaved roads are chloride salts or
particulate matter from roads can contribute to chronic salt brine products that average around $0.25/L." In regions
respiratory and cardiovascular diseases as well as vegetative

stress in local plant communities.” Throughout the U.S,, road Received: February S, 2018

managers work to alleviate these adverse human and environ- Revised:  April 16, 2018
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where road managers have low annual budgets for road
maintenance, even $0.25/L may be too costly.

A free alternative in many states is to use wastewater from oil
and gas (O&G) wells. The high salt content of the O&G
wastewater is effective in retaining road moisture for
suppressing dust or lowering freezing points for deicing.
Here, road spreading of O&G wastewater in northwestern
Pennsylvania and northeastern Ohio was evaluated as a
demonstrative case study. Much of the unpaved road materials
in this region are from glacial till with fine particulate material
that is mobile in air and rain runoff.” The long history of O&G
development in this region has provided opportunities for well
operators to give O&G wastewater to townships as a free dust
suppressant. In 2015, townships in northwestern Pennsylvania
spread an average of 280,000 L of O&G wastewater on their
roads,” equivalent to saving approximately $70,000 dollars per
township.

There are concerns with spreading O&G wastewaters on
roads. Wastewater contaminants may threaten environmental
and public health by leaching into surface or groundwater,”
accumulating around roads,” modifying adjacent soil chem-
istry,” or migrating in air and dust. The Pennsylvania
Department of Environmental Protection (PA DEP) inves-
tigated the potential for radium, a known carcinogen, to
accumulate around roads treated with O&G wastewaters. Large
variabilities in radium concentrations measured in untreated
and treated roads led to inconclusive results. Further studies
were recommended to evaluate radionuclide concentrations in
O&G wastewaters used on roads and their transport after road
treatment.'

O&G wastewater contaminants not retained in the road or
soils will be transported to water resources and require
significant dilution to prevent the salinization of freshwater
resources. There are two reported cases in Ohio where
spreading O&G wastewaters on roads caused groundwater
contamination and salinization.”"" Salinization of freshwater
resources'”'? is not a new issue as several studies document
increasing chloride and sodium concentrations in fresh water
resources.' ”'> Wastewater pollutants that migrate to water
resources could have toxic effects on fish, macroinvertebrates,
amphibians, and other salinity-intolerant species.'® Therefore, it
is important to assess the extent of O&G wastewater spreading
in the U.S. and its potential impact on human and
environmental health.

The objectives of this research were to 1) identify states that
spread O&G wastewater on roads and then review their
associated regulations, 2) document the spatial and temporal
trends of spreading O&G wastewater on roads in Ohio and
Pennsylvania as demonstrative case studies, 3) determine the
chemical characteristics of O&G wastewater spread on roads,
4) evaluate the mobility of O&G wastewater contaminants after
road application and rainwater leaching, and S) measure the
aquatic and human toxicity potential of O&G wastewaters used
on roads.

B MATERIALS AND METHODS

Regulatory Review and Data Collection. Road spread-
ing and beneficial reuse regulations for all SO states were
reviewed by using the LexisNexis law database and contacting
O&G state regulators throughout the United States. Waste-
water volumes applied to roads were determined by reviewing
data on the PA DEP O&G reporting Web site’ or digitizing
monthly spreading reports collected from Ohio and Pennsylva-
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nia through public records requests. Certificate of analyses for
wastewaters applied to roads in New York and Pennsylvania
were also collected from public records requests.

Inorganic Analyses of O&G Wastewaters Spread on
Roads in Pennsylvania. O&G wastewaters were collected in
10 L high density polypropylene containers from storage tanks
in 14 townships throughout northwestern, PA that were to be
spread on roads in the summer 2017. Elemental analyses of
wastewaters were performed on a Thermo Scientific iCAP 6000
inductively coupled plasma optical emission spectrophotometer
(ICP-OES) for Na, Ca, Mg, Sr, and K, a Thermo X-Series 2
mass spectrophotometer (ICP-MS) for Ba, Fe, Pb, Cd, Cr, Cuy,
and As, and a Dionex ICS-1100 ion chromatograph (IC) with
an AS18 column for Cl and Br at the Pennsylvania State
University. Before elemental analyses, samples were filtered
(0.45 um) and diluted in 2% nitric acid or 18MQ ultrapure
water (Thermo Scientific Barnstead Nanopure) to reach a
dilution factor of 2000 for Na, Ca, Mg, Sr, and K, 100 for CI,
Br, and SO,, or 50 for all other metals. Dilutions were made on
a mass basis but were converted to volume using the specific
gravity of the O&G wastewaters. Mass interferences and matrix
complications of analyzing high salinity samples by ICP-MS or
ICP-OES were accounted for using internal spikes (Sc, In, Re,
Y) and high salinity, matrix matched standards synthesized
from High Purity Standards Inc. Calibration curves for all
analyses were verified with check standards (USGS M-220,
USGS T-227, and SRM1640a). Radioactivity was measured on
a small anode germanium detector (Canberra Instruments) at
geometries consistent with internal standards. After a 21-day
equilibration, *Ra was measured using Bi-214 (609 keV) and
Pb-214 (295,351 keV) decay products. Direct measurement of
22%Ra was performed using its ***Ac daughter at 911.16 keV.

Organic Analysis of O&G Wastewaters Used on
Roads. Organic compounds were extracted from 100 mL of
O&G wastewater sample using 3, SO0 mL aliquots of
dichloromethane (DCM) per pH adjustment to pH < 2 with
H,SO, and pH > 10 with NaOH (EPA method 3510C:
Separatory Funnel Liquid—Liquid extraction). Extracts were
concentrated to 1 mL using a Kuderna-Danish apparatus and
nitrogen gas blow down. Extracts were analyzed for diesel and
gas range organics using comprehensive two-dimensional gas
chromatography coupled to a time-of-flight mass spectrometer
(LECO Pegasus 4D GCxGC-TOFMS). The separation was
performed using a 100 m X 0.25 ym ID X 0.5 ym df RTX-
DHA-100 column in the first dimension followed by a 1.7 m X
0.25 pym ID X 0.25 pm df Rxi-17SiIMS column in the second
dimension using He as carrier gas at 2.0 mL/min. The GC oven
was held at 50 °C for 0.2 min followed by a § °C/min ramp to
315 °C. The secondary GC oven was offset by S °C, while the
modulator was offset by 15 °C from the primary GC oven. A
modulation time of 3.0 s was used. The TOFMS was operated
from 50 to 550 amu at —70 eV at an acquisition frequency of
200 Hz. Diesel and gas range organics were determined using
an Alaska UST Standard (Restek, Bellefonte, PA) and TN/MS
DRO mix (Restek, Bellefonte, PA), with naphthalene-d8
(Restek, Bellefonte, PA) used as an internal standard.

Evaluating Contaminant Leachability after Spreading
0&G Wastewaters on Roads. Laboratory experiments were
conducted to determine the mobility of contaminants in O&G
wastewaters applied to road materials. In the field, roads are
recommended to be treated with 1.6 L of O&G wastewaters
per m* which does not easily translate to a volume per mass of
road aggregate.'” We assumed that the volume of dust

DOI: 10.1021/acs.est.8b00716
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suppressant in contact with a road aggregate would be
influenced by the water retention capacity of the aggregate
itself. For lab experiments, O&G wastewater was applied to
road aggregate collected from Erie County, PA based on the
amount of water that the aggregate could retain. The water
retention capacity was determined to be 0.2 mL/g by mixing
100 g of aggregate (sieve < 1.18 mm) with 100 mL of water and
then measuring the amount of water that could be recovered
after filtering through a glass fiber filter. Three O&G
wastewaters (PAO1, PA02, and PAQ7; Table SS) were applied
to 100 g of the sieved road aggregate at the water retention
capacity (0.2 mL/g), dried (S0 °C), and leached with 2000 mL
of synthetic rainwater (pH = 4.2) for 18 h according to the EPA
synthetic precipitation leaching procedure (SW-846 Test
Method 1312). Experiments were run in duplicate for the
three wastewaters, and leachates were tested for Cl, Br, Na, Mg,
Ca, Sr, Fe, and Pb according to the analytical methods above. A
mass balance was performed to determine the percent of the
contaminant mass that leached from the road aggregate.

A modified leaching method was used to test the mobility of
radium and organics after treating road aggregate with O&G
wastewaters. With the previous method, only 0.2 pCi/g of
radium would be applied to road aggregate from the O&G
wastewaters, making it difficult to measure the fate of radium in
the solid material. Therefore, three O&G wastewaters (PAOI,
PA02, and PA03) were applied to aggregate (30 g) at higher
application volumes (0.9 mL/g) to increase the measurable
radium and organic concentrations in solid and liquid phases.
After drying at 50 °C for 4 days, the treated aggregate was
leached with 25 mL of synthetic rainwater for 18 h. The
leachate was collected, and then the solid was leached 2 more
times with 25 mL of synthetic rainwater to ensure that all
leachable contaminants were removed from the solid material
prior to analysis—similar to leaching procedures reported
elsewhere.'®™*" Leached roads samples were dried at 50 °C and
analyzed for radium using gamma spectroscopy. A mass balance
was performed to determine the amount of radium that could
be retained in roads treated with O&G wastewaters. These
same experiments were repeated to determine the fate of
organic compounds after road spreading. After completing the
leaching experiment, road aggregate and leached road aggregate
were sequentially extracted 3 times for 10 min with 100 mL of a
50:50 acetone:DCM mixture using ultrasonic disruption (Omni
Sonic Ruptor 400 Ultrasonic Homogenizer) in accordance with
EPA Method 3550C. Extracts were analyzed on the LECO
Pegasus 4D GCxGC-TOFMS, and organic concentration
differences between O&G wastewaters, untreated road
aggregates, and leached road aggregates were used for mass
balance calculations.

Multiple road spreading and runoft events were simulated in
lab experiments to better understand the fate of radium. Road
aggregate was treated with O&G wastewater (PA03), dried,
leached (same methods as previous paragraph), and measured
for **Ra retained in the road material. This was repeated four
times to determine how much radium could accumulate in
roads treated multiple times with O&G wastewater. Radium in
O&G wastewaters that leach from the road after rain events
could also attenuate in roadside ditches or soils below the road
surface. Rain events were simulated by mixing road subgrade
and ditch material from Erie County, PA (30 g) with a 200 mL
solution of O&G wastewater diluted (S, 25, and 50 times
dilution) in synthetic rainwater. After 24 h of mixing, samples
were then centrifuged (3,000 rcf; S min), decanted, and rinsed
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three times with 25 mL of ultrapure water (18 MQ). Dried
samples were analyzed for **Ra by gamma spectroscopy.

Evaluating the Potential Human Toxicity of O&G
Wastewaters Spread on Roads. Potential human toxicity of
O&G wastewaters spread on roads was evaluated using five
commercial bioassays. The particular suite of bioassays was
selected to cover the major toxicity pathways commonly
observed in water samples,”" including pathways for induction
to xenobiotic metabolism, specific modes of toxic action, and
induction of adaptive stress responses.”’ Bioassays with the
human aryl hydrocarbon receptor (AhR) and pregnane-X
receptor (PXR) tested for induction to xenobiotic metabolism,
while the human estrogen receptor alpha (ERa) tested for
ability to interfere with hormone action. Bioassays with the
nuclear factor erythroid 2—related factor 2 (Nrf2) and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF«B)
tested for oxidative signaling and inflammatory stress. All
bioassays were purchased from INDIGO Biosciences (State
College, PA) and were used according to the manufacturer’s
protocols (Table S1). Each kit contains a luciferase reporter
gene that is specific for the human form of the signaling
proteins mentioned above. An increase in luciferase expression
is indicative of the signaling pathway.

Prior to bioassay testing, three O&G wastewater samples and
18MQ ultrapure water (PAO1, PA02, PA0O3, and Blank; all 1 L)
were extracted and concentrated in DCM as described above.
Extracts were evaporated with nitrogen gas and then
redissolved in dimethyl sulfoxide (DMSO). Extracted samples
and a reference compound (e.g, 1-methyl-6-bromoindirubin-
3'-oxime—MeBIO for AhR) prepared in DMSO were then
serially diluted in triplicate across a 96 well plate using the
manufacturer’s compound screening media (CSM). The
reference compound (included in each kit) was used as a
positive control, while a solution of 0.1% DMSO diluted in
CSM was used as a negative control. All samples were diluted in
triplicate. Dilution factors for the O&G samples were converted
to the relative enrichment factor (REF) which is calculated as
REF = DCM extraction enrichment factor/dilution factor in
bioassay.”* Diluted samples were transferred to another 96 well
plate containing cells grown from the manufacturer’s cell
recovery media and incubated for 24 h at 37 °C with 5% CO,.
Following incubation, the manufacturer’s luciferase detection
reagent (LDR) was added to each well, and the luminescence
was quantified using a Molecular Devices microplate reader
(SpectraMax i3).

Luminescense results were normalized according to previous
studies.”””* Response data for reference compounds were fitted
to a four parameter sigmoid log—logistic equation where the
minimum response (Min.yo) Was fixed from the negative
control results. The remaining parameters such as the
maximum (Max,) luminesence response, the reference
compound concentration causing 50% of the maximum
response, and the slope of the curve were calculated using
GraphPad Prism version 7.03 (see the Supporting Information
for more details). Thereafter, the responses of the DMSO
extraction control (Blank) and DMSO with O&G wastewaters
extractants were normalized to the response of the reference
compound as follows: % effect = (response — Max,¢)/(Max,.¢
— Minyo)- The limit of quantification (LOQ) for each
bioassay plate was calculated as 10X the standard deviation of
the % effect observed in the negative control according to
previous methods.”” Bioanalytical equivalent concentrations
(BEQs), which normalize the effect observed in unknown
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samples to the effect of a reference compound (1-methyl-6-
bromoindirubin-3’-oxime—MeBIO for AhR), were calculated
for samples inducing responses above the LOQ. BEQs were
calculated using the linear-concentration effect method.”*
Normalized data from 0 to 30% effect were fit to a line (y
intercept = 0), and the slope was compared to the reference
compound to calculate the BEQ as follows: BEQ =
slopeyaknownsample/ SIOP€ eference compound- CONCeNtration units are
the same as the reference compound. Additional descriptions of
these bioassays are provided in the Supporting Information.

Evaluating the Potential Aquatic Toxicity of O&G
Wastewaters Spread on Roads. Toxicity studies on Daphnia
magna were used to assess the potential aquatic toxicity of
O&G wastewaters spread on roads. O&G wastewaters (PAOI,
PA02, and PAO03), saltwater (SW)-matched controls, and
organics extracted from the O&G wastewaters into DCM
(Organics-only controls) were serially diluted with dechlori-
nated Edmonton, Canada city water to reach REFs ranging
from 107" to 10™". Organic extracts in DCM were blown down
with nitrogen and suspended in DMSO prior to dilution with
the water. The SW-matched controls (Table S3) were designed
to have an ionic composition similar to the three O&G
wastewaters but with no organic compounds. Five neonate D.
magna (<24 h old) were transferred from a parental culture
into 50 mL glass beakers with the appropriate dilution of O&G
wastewater or SW-matched control and were maintained at 22
°C. Each series was run in triplicate, and mortality was recorded
at the end of the 48 h exposure according to the Organisation
for Economic Co-operation and Development (OECD)
guidelines.”® Daphnia immobility was also assessed for O&G
wastewaters and Organics-only controls according to OECD
protocols. Immobility was determined on a binary scale and
was scored as immobile if the animal did not locomote within
15 s after gentle agitation.”® The Toxicity Relationship Analysis
Program (TRAP) version 1.30a (EPA, Washington, DC, USA)
was used to calculate the lethal REF that would kill 50% of the
Daphnia (LCsy), the effective REF that would cause 50% of the
Daphnia to be immobile (ECs,), and the associated 95%
confidence intervals (C.I.) for each treatment.

B RESULTS AND DISCUSSION

Oil and Gas Wastewater Spreading on Roads in the
United States. At least 13 U.S. states allow the “beneficial use”
of O&G wastes (e.g, wastewaters, sludges, oils) for road
maintenance, dust suppression, or deicing (Figure 1). To

Permitted wastewater uses

® Dust / De-icing
B Road maintenance

H Land spreading
E Case by case

Figure 1. U.S. states with regulations for spreading oil and gas (O&G)
wastewaters on roads.
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document O&G beneficial use practices, we reviewed
regulations on a state-by-state basis, documenting these
practices for 22 states (Figure 1; Table S4). States not included
in our review either had no O&G development or regulators
could not confirm their state’s beneficial use practices. Most
states attempt to incentivize O&G developers to recycle O&G
wastewater or inject it into subsurface formations;>” however,
the beneficial use of O&G wastes on roads is permitted in 13
states (Figure 1). An additional 4 states may also allow road
spreading under state laws that permit land spreading or
beneficial uses on a case-by-case basis (Figure 1).

A closer review of Pennsylvania and Ohio road spreading
data reveals that there is significant spreading activity in these
states where millions of liters of O&G wastewater are spread
annually (Figure 2). The PA DEP and the Ohio Department of

Counties that spread O&G wastewater
Pennsylvania

—&— Ohio -@— PA 1 2016
(nGO 4 ®6 — ©
:@50— g
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Figure 2. A) Counties in Pennsylvania and Ohio that spread O&G
wastewaters on roads since 2008.° B) Volumes of O&G wastewater
spread on roads in PA and Ohio. C) Monthly volumes of O&G
wastewater spread in NW PA.

Natural Resources (OH DNR) track road spreading by
requiring spreaders to complete monthly reports that document
O&G wastewater volumes spread on roads. More O&G
wastewater is spread on roads in Pennsylvania than Ohio.
Since 2008, an average of 35 million L/year of O&G
wastewater were spread on roads in 21 counties in
Pennsylvania, whereas 5 million L/year were spread in Ohio.
The majority of road spreading in Pennsylvania occurs in the
northwestern part of the state during April to August (Figure
2C). In 2016, there were 42 million L spread in Pennsylvania,
with 96% of this spread on roads in northwest Pennsylvania
(Figure 2). This represents approximately 6% of the total
wastewater volume (633 million L) generated from conven-
tional O&G wells in Pennsylvania.’

The O&G wastewaters spread on Pennsylvania roads are
primarily from conventionally drilled wells. Before the increase
in high volume hydraulic fracturing (HVHF) in 2008,
Pennsylvania’s O&G industry historically drilled vertical wells
into permeable sandstone reservoirs, referred to as conventional
O&G formations. In comparison, low permeability unconven-
tional O&G formations are developed using directional drilling
and HVHF. Current regulations for Colorado, New York,
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Table 1. Contaminants of Concern in O&G Wastewaters Spread on Roads®

pollutant data source % reported % BDL
TDS analyzed 100 0
digitized 68 0
Cl analyzed 100 0
digitized 87 0
Br analyzed 100 0
digitized NR NR
Ba analyzed 100 0
digitized 30 0
Sr analyzed 100
digitized NR NR
Ra analyzed 100 0
digitized NR NR
Cr analyzed 100 93
digitized 19 60
Cd analyzed 100 100
digitized 19 60
As analyzed 100 72
digitized 17 22
Pb analyzed 100 S7
digitized 32 76
Cu analyzed 100 71
digitized 13 S7
benzene analyzed NR NR
digitized 36 S3
DRO analyzed 86 0
digitized NR NR
GRO analyzed 86 0
digitized NR NR

MCL median max median DF max DF
5000 293,000 356,000 590 710
318,000 481,000 640 960
250 183,000 211,000 730 840
185,000 389,000 740 1600
1,950 2,970
NR NR
20 412 22 2.06 11
2.03 490 1.01 245
10 1,270 4,310 130 430
NR NR
50 1,230 2,270 250 450
NR NR
0.1¢%) 0.097 0.097 0.97 0.97
0.019 0.021 0.19 021
0.0050#) BDL BDL
0.009 0.20 1.8 40
0.01¢) 0.147 0.161 16 20
0.087 0.7 8.7 70
0.015) 0.099 0.432 6.6 29
0.086 0.31 57 21
1.3 0.963 327 0.74 2.5
0.094 0.16 0.07 0.12
0.0050+) NR NR
0.023 0.053 4.6 11
341 685
NR NR
7.89 25.9
NR NR

“Results are from 14 O&G wastewaters collected and analyzed from northwest PA and 53 digitized certificate of analyses from NY and PA. The
percent of the wastewater pollutants reported in digitized certificate of analyses are shown along with regulated primary*), secondary(*), or industrial
effluent'™ concentrations for drinking water and/or surface water. Of the values reported, the % of the results below detectable concentrations
(BDLs) are calculated. Dilution factors (DF) represent the amount of O&G wastewater dilution needed to reach the maximum contaminant levels
(MCLs) recommended for a receiving stream. DRO = diesel range organics; GRO = gas range organics; NR = not reported. All values are in mg/L

except radium (pCi/L).

Ohio, Pennsylvania, and West Virginia state that no produced
waters from formations developed with HVHF can be spread
on roads (Table S4). Conventional and unconventional O&G
wastewaters have organic and inorganic constituents that are
similar.”® However, wastewaters from unconventional O&G
development may also include chemicals from the HVHF
process that could be potentially more toxic than the formation
specific constituents.””

Chemical Characteristics of Oil and Gas Wastewater
Spread on Roads. O&G wastewaters spread on roads in the
northeast, U.S. (NY an PA) are chloride-rich fluids with
sodium, calcium, magnesium, and strontium comprising greater
than 90% of the total cation charge equivalents (Table 1; Table
SS). Notably both the TDS and total radium concentrations are
elevated compared to the 500 mg/L TDS and S pCi/L radium
standards for drinking water, with median values over 293,000
mg/L and 1,230 pCi/L, respectively. Previous disposal of these
wastewaters through treatment facilities into streams raised
concerns of metal accumulation in stream sediments,®*°**
salinity-driven toxicity impacts in receiving waterways,”> and
increased potential for disinfection byproduct formation in
drinking water.”* These same concerns also extend to roads
treated with O&G wastewaters.”*""

Chemical characterizations of the 14 O&G wastewaters
collected for this study are consistent with formation brine from

7085

conventional O&G formations. The Sr/Ca molar ratios and
%7Sr/%8r ratios (Table S5; Figure S1) for these 14 O&G
wastewaters indicate that they were likely sourced from Lower
Silurian or Upper Devonian age conventional O&G formations
which generally have Sr/Ca < 0.05 and ¥Sr/*¢Sr between 0.710
and 0.715.*® Therefore, the wastewaters currently spread on
roads in northwest PA appear to be in compliance with state
regulations that only permit road spreading with O&G
wastewaters from conventional gas formations.

Considering the chloride concentrations in the 14 O&G
wastewaters and S3 certificate of analyses (Table 1), these fluids
require 730 to 1,600 times dilution to prevent drinking water
quality degradation around road spreading locations. Compar-
isons to primary and secondary standards show that TDS,
chloride, strontium, and radium are the pollutants in O&G
wastewaters that require the most dilution to reach maximum
contaminant level (MCL) concentrations for drinking water
(Table 1). Based on the data collected from the 14 O&G
wastewaters spread on roads in northwest PA, radium requires
more dilution (250—450 times dilution) than every contami-
nant in the wastewater except chloride and TDS. At least six of
the 13 states with regulations for road spreading require a
certificate of analysis before O&G waste is permitted for use on
roads. However, there are no universal standards that limit the
contaminant concentrations in O&G wastewaters applied to
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roads (Table S4). Chloride concentrations are reported in
nearly 87% of the certificates of analysis for O&G wastewaters
spread on roads in NY and PA, while radium concentrations
were never reported (Table 1).

Mobility of Oil and Gas Wastewater Contaminants
after Road Application. Exposure to pollutants in O&G
wastewaters spread on roads relates to their potential to be
transported from the road. Laboratory experiments were
conducted to determine the mobility of contaminants in
O&G wastewaters applied to road materials (Figure 3). Most
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Figure 3. A) Lab experiments showing the percent of contaminant
mass that was leached from road aggregate after O&G wastewater
application, drying, and leaching with synthetic rainwater. Values
below 100% indicate mass retention in the road aggregate. B) Radium
in road aggregate after multiple O&G wastewater applications and
rainwater leachings. C) Radium in ditch M (red) and subgrade A
(green) materials after reacting with O&G wastewater diluted with
synthetic rainwater. The red and black dotted lines represent
background radium activity in the ditch and subgrade materials,
repectively.

contaminants in O&G wastewater applied to roads were
leached with synthetic rainwater (chloride, bromide, sodium,
magnesium, calcium, and strontium). In contrast, a few
contaminants were retained in the road aggregate at greater
than 99% (iron and lead) after rainwater leaching. Both radium
and diesel range organics (DRO) displayed intermediate
behavior. The majority of DRO (>75%) applied to roads was
retained after rainwater leaching, while 50% of the radium was
retained.

Both sorption and mineral precipitation reactions could be
controlling the fate of iron and lead in the road aggregate.
When O&G wastewaters are applied to roads, iron likely
precipitates as iron oxides that are retained in the road material.
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During leaching experiments, the pH of the synthetic rainwater
(4.2) increased to approximately 7 after interacting with the
treated road aggregate. This increase in pH would promote
precipitation of iron hydroxides. The formation of iron oxides,
which have a high sorption capacity for trace metals,> could
also influence lead and radium retention in road aggregates.
Studies modeling the reactive transport of trace metals in O&G
wastewaters after spill events show that sorption and exchange
processes are important in controlling the mobility of trace
metals.*® These modeling studies also highlight that precip-
itation reactions with hydroxide and carbonate minerals are the
primary factors controlling the fate of trace metals such as
lead.* Lead is known to cause physiological, biochemical, and
behavioral dysfunctions in humans.”” Therefore, further studies
should explore how lead attenuates in road aggregate and if it is
accumulating in dust or fine particulates around roads treated
with O&G wastewaters.

O&G wastewaters used on roads also contain C4—Cs, diesel
range organics (DRO) that are largely retained in road
aggregates even after multiple rainwater leaching events.
Previous research showed that petroleum hydrocarbons in
O&G wastewaters can migrate to drinking water aquifers
following accidental spill events.”® However, the majority of
DRO in O&G wastewaters applied to roads are retained
(>75%) in road aggregate after rainwater leaching (Figure 3A),
potentially limiting migration to water resources. The high
affinity of DRO for road aggregate can be attributed to the low
water solubility of these C4—Cs;, hydrocarbons.”” Dust
originating from roads treated with O&G wastewaters could
contain adsorbed hydrocarbons, representing another exposure
pathway.

Radium in O&G wastewaters will accumulate in roads
following spreading events but likely at concentrations below
regulatory standards. Two previous studies analyzed radium
accumulation around roads spread with O&G wastewaters, but
findings were difficult to interpret because the O&G wastewater
composition was unknown and radium concentrations in the
road aggregate were not measured immediately before and after
spreading.”'’ Leaching experiments with three O&G waste-
waters (PAO1, PA02, and PAO3; Table S2) showed that
approximately 45% of the radium applied to a road aggregate
leached out after one application (Figure 3A). To test radium
accumulation in the road aggregate after multiple applications,
one O&G wastewater (PA03) was repeatedly applied to road
aggregate, dried, and leached with synthetic rainwater. Radium
concentrations in the road aggregate increased following
multiple applications but approached a maximum concentration
of 2 pCi/g after four treatments (Figure 3B).

Radium Release from Spreading O&G Wastewater on
Roads. Radium not retained in the road aggregate will run off
into ditches or underlying soils. To determine the potential
radium concentrations in soils around roads following spread-
ing and rain events, O&G wastewater was diluted with
synthetic rainwater and reacted with ditch and road subgrade
material (Figure 3C). At low dilution with rainwater (4 times
dilution), radium in the O&G wastewaters accumulated up to
3—4 pCi/g in the ditch and subgrade materials. As the
wastewater was diluted with more rainwater (>S50 times
dilution), less radium accumulated. In all cases, radium
concentrations were below the regulatory standard of 5 pCi/g
above background for remediating land surfaces impacted by
radioactive waste materials (40 Code Federal Regulations §
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192.12) or limiting materials that can be sent to landfills [ (Ohio
Revised Code § 3734.02 (P)(2)].

Where all the radium goes after spreading O&G wastewaters
on roads is still an unanswered question. There are numerous
processes that influence the mobility of radium in the
environment, including salinity, pH, coprecipitation with
minerals (e.g., with barite), and sorption onto clays, oxides,
or pyrite."” While this study suggests that radium may not
accumulate to concentrations above regulatory standards in
areas where roads have been treated with O&G wastewaters,
further work is needed to investigate if the radium will migrate
to groundwater or accumulate in areas where mineral
precipitation or sorption processes are favorable. For instance,
radium sorption decreases as salinity increases.’” After rain
events, radium from O&G wastewaters spread on roads could
migrate away from roads, becoming more diluted, and
potentially sorb to clay minerals in a more favorable low
salinity environment.

Spreading conventional O&G wastewaters on roads could
release more radium to the environment than any other O&G
wastewater disposal option. In Pennsylvania, more O&G
wastewater is disposed of by wastewater treatment plants
(180 million L in 2016) than road spreading (40 million L in
2016) (Figure 4). However, treated effluents from these
facilities contain median radium concentrations of 14.5 pCi/
L,*" levels that are close to the national primary drinking water
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Figure 4. A) Volumes of O&G wastewater spread on roads or
discharged through wastewater treatment plants with NPDES permits
in Pennsylvania.® B) Annual radium loads to the environment based
on radium effluent concentrations reported for O&G wastewater
treatment facilities*' and radium concentrations in 14 O&G
wastewaters spread on Pennsylvania roads in 2017 (this study). Blue
and red shaded regions represent loads based on the 25th—75th
percentile radium concentrations. Solid and dotted lines represent
median loads.
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MCL of 5 pCi/L radium. In contrast, the O&G wastewaters
spread on roads in northwest Pennsylvania had a median
radium concentration of 1,230 pCi/L (Table 1; Table SS). For
estimating radium loads to the environment, the known
volumes of O&G wastewater disposed by these different
disposal options were multiplied by the 25th percentile,
median, and 75th percentile radium concentrations in treated
wastewaters’ or wastewaters spread on roads (this study). In
2016, based on median radium concentrations, approximately
52 millicuries (mCi) of radium were spread on roads (Figure
4), whereas 2.6 mCi of radium were discharged through O&G
wastewater treatment facilities. Although less O&G wastewaters
is spread on roads, the release of radium could be much higher
than the release of radium from wastewater treatment facilities.

Road spreading may also release more radium to the
environment than spill events. While there is uncertainty in the
number of O&G wastewater spills and their associated
volumes,”” we used previously published data from 2008 to
2014 to estimate the total O&G wastewater spilled from
unconventional O&G development in Pennsylvania. Only
saltwater spill volumes from flowback, recycled, or produced
water were included to reduce the contributions from other
nonformation derived wastes such as hydraulic oils, fracturing
chemicals, etc. From 2008 to 2014, O&G wastewater saltwater
spill volumes were reported for 91 of the 256 incidents, with
median spill volumes of 794 L.** Assuming that unconventional
O&G wastewaters contain a median radium concentration of
1550 pCi/L,** these incidents (from 2008 to 2014) released
approximately 0.3 mCi of radium to the environment (median
spill volume X 256 spills X radium concentration). Allowing for
various assumptions for spill size, radium released from
incidents in 2008—2014 ranged from 0.06 to 1.5 mCi (Table
S6). In comparison, approximately 83 mCi of radium were
discharged to rivers from O&G wastewater treatment facilities,
while 320 mCi were spread on roads during that same seven
year span. Although there has been considerable focus on spill
events and discharges of O&G wastewaters from wastewater
treatment plants into surface waters throughout the U.S.,*" our
results demonstrate that from 2008 to 2014 road spreading may
have released over 4 times more radium to the environment
than O&G wastewater treatment facilities and potentially over
200 times more radium than spill events. In 2016, road
spreading may have released 20 times more radium than O&G
wastewater treatment facilities.

Aquatic and Human Toxicity Potential of O&G
Wastewaters Used on Roads. While radium is a known
carcinogen, organic compounds in O&G wastewaters also
exhibit potential toxicity. Organics extracted from O&G
wastewaters (PAO1, PA02, and PAO3) covering a range of
DRO and GRO concentrations were tested for their potential
to cause human toxicity. Mechanism and human cell-based
assays detected that organic micropollutants in these samples
could induce xenobiotic metabolism associated with the aryl
hydrocarbon receptor (AhR) (Figure S; Figure S2). PXR
activation, which is also involved in regulating xenobiotic
metabolism, was detected in two of the three O&G wastewaters
tested (Figure S3). However, a minor response in the blank led
to uncertainty in these PXR results. Several AhR and PXR
agonists are associated with altering drug and xenobiotic
metabolism in humans and causing hepatotoxicity and liver
tumors in laboratory animals.*”** There were no significant
increases in activity of bioreceptor assays targeting endocrine
disruption (ERa), oxidative stress (Nrf2), and inflammation
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Figure S. Induction to AhR human receptor by O&G wastewaters
(PAO1, PAO2, and PA03). The response curve for the 1-methyl-6-
bromoindirubin-3'-oxime (MeBio) reference compound is shown in
parts A) and B). The % effect curves for the O&G wastewater samples
are normalized to the minimum and maximum responses observed
from the reference compound. Linear response data from 0 to 30%
effect were used for calculating BEQs. PAO1 induced the greatest
response, while PAO3 generated no response (NR).

(NFkB) (Table S7; Figures S4—S6). The absence of induction
in these other bioassays could have been the result of REFs not
high enough to generate responses or the lack of bioactive
micropollutants in the O&G wastewaters.

Induction to AhR was influenced by the DRO and GRO
concentrations in the O&G wastewaters. BEQs for the
bioactive compounds in the samples were calculated in terms
of a reference compound known to interact strongly with the
receptor (MeBIO for AhR) (Figure S). Steeper linear response
curves (Figure SC) from 0 to 30% effect responses reflect
higher BEQs within samples.”* Organic compounds extracted
from PAOI had the highest BEQ value for AhR (6000 pM
MeBio). PA02 was also active toward AhR, while PAO3
generated no AhR response. The BEQ_ values for all three
samples corresponded to their concentrations of DRO and
GRO. PAOI had the highest DRO and GRO concentrations
(684 mg/L DRO; 23.5 mg/L GRO) and induced the greatest
AhR response among the three wastewaters, while PA03 had
the lowest DRO and GRO (0.60 mg/L DRO; 8.11 mg/L
GRO) and generated no response to AhR. These data suggest
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that induction to this potential human toxicity pathway could
be reduced by setting DRO and GRO concentration limits to
less than 10 mg/L for O&G wastewaters that can be applied to
roads.

The O&G wastewater samples (not extracted into DCM
solvent) were also shown to be toxic to Daphnia magna (Figure
6). Daphnia magna, the water flea, is an important aquatic
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Figure 6. Acute lethal toxicity (Figure 6A) in Daphnia magna neonates
after 48 hour exposure to oil and gas wastewater samples. Daphnia
toxicity was also tested after exposure to control samples containing
salinities that matched the O&G wastewaters (Figure 6B). The %
immobile or dead D. magna were also measured after exposure to the
O&G wastewaters.

!
\l

organism in freshwater ecosystems® and a common ecotox-
icological model organism for risk assessment and regulatory
guidelines.” In the current study, all three O&G wastewaters
yielded statistically similar toxicity to Daphnia magna, with LCy,
values ranging between REFs of 107* (PA01) and 1077
(PA02) (Figure 6A; Table S7). Lower REFs reflect more toxic
samples. For PAO1 and PA02, there was no difference in
toxicity between the O&G samples and their SW-matched
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controls. However, for PA03 the SW-matched control was
slightly less toxic (causing 50% mortality at a dilution factor of
10717, relative to 107" for the O&G wastewater). We tried to
determine if this difference in toxicity could be attributed to
organic compounds in the O&G wastewaters that were not in
the SW-matched controls. However, organic compounds
extracted and concentrated by DCM from the three O&G
wastewaters (Organics-only control) had no lethal toxicity
responses to Daphnia magna over 48 h experiments, even in
undiluted samples (Table S7). While these results suggest that
the additional toxicity observed in PAO3 versus its SW-matched
control was not from the organic compounds present in PA03,
liquid—liquid extractions into DCM may not have extracted
polar organic compounds or concentrations of organic
pollutants may have been too low to induce a toxic response.
Overall, these data suggest that the high salt concentrations of
the O&G wastewaters (Table 1) are the most significant factor
for Daphnia magna toxicity, consistent with recent work
examining the toxicity of hydraulic fracturing wastewaters.*’

During these experiments it was observed that Daphnia were
physically immobile at the water surface in incubations with
O&G wastewater. As the traditional toxicity end point of
lethality does not account for physically immobile animals that
are still alive, additional experiments were performed by
measuring the effective concentrations causing immobility or
toxicity. These new effect concentrations (ECs,) values were
significantly higher than the LCy, values for the same samples.
For example, the highest ECy, occurred in PAO1 at an REF of
10727°, a value much greater than the LCgy (107'%). The
physical immobility observed was likely caused by organic
compounds present in the O&G wastewater. Physical
immobility was not observed in SW-controls but was observed
in Organics-only controls (Table S7). No experiments were
performed to identify the specific organic components
responsible for the cessation of movement. However, these
results demonstrate that using lethality as an end point for
Daphnia toxicity studies may not capture the potential toxicity
implications of Daphnia becoming immobile after interacting
with organic compounds in O&G wastewater. Depending on
how the mode of action is defined, normal laboratory
assessments may underestimate the risk associated with
physical immobility from oil and gas wastewaters. Physical
immobilization will likely be a significant mechanism for
potential toxicity to freshwater zooplankton.*’

Implications for Spreading O&G Wastewaters on
Roads. Spreading O&G wastewater on roads can harm aquatic
life and pose health risks to humans. Experiments simulating
the application of O&G wastewater to road materials followed
by leaching with synthetic rainwater demonstrated that the
majority of contaminants are not retained in the road. Despite
the presence of biologically active organic micropollutants that
could promote cancer, the high salt concentrations in O&G
wastewaters transported from the road to surface water after
rain events are likely the major potential threat to aquatic
toxicity. These wastewaters could require up to 1600 times
dilution to reach drinking water quality standards or
approximately 100 times dilution to reduce acute toxicity to
aquatic organisms.

Some contaminants such as lead, radium, and organic
micropollutants may also accumulate in roads treated with
O&G wastewaters. Future work should study roads treated with
O&G wastewaters to see how these contaminants partition into
various grain sizes in road materials. Accumulation in fine
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particulate dust particles could be a potential exposure pathway
not discussed in this current study. This study showed that
radium was partially retained in the road materials, but its
concentration reached a plateau after multiple applications of
O&G wastewater. Additional radium applied to radium-
saturated road materials could be transported to surface water
or groundwater or accumulate in local soils. The release of
radium, a known carcinogen, is a potential threat to human
health. In Pennsylvania, we found that radioactivity associated
with radium released to the environment via road spreading
exceeds the radioactivity of radium released by spill events or
wastewater treatment plants. The spreading of O&G waste-
waters on roads could be a significant contributor of inorganic
and organic micropollutants to the environment and has been
largely ignored in environmental studies on O&G development.

We propose three means to reduce the environmental
impacts associated with spreading O&G wastewaters on roads:
1) Only O&G wastewaters that have been treated at wastewater
treatment facilities should be considered for road spreading.
The high calcium, sodium, and magnesium concentrations in
O&G wastewaters are important for suppressing dust. In
addition to the high salt concentrations, these wastewaters
contain lead, radium, and organic compounds that could be
potentially toxic. Wastewater treatment facilities are not
designed to remove the high salt concentrations in O&G
wastewaters. However, they can effectively remove radium, oil
and grease, and other trace metals. 2) O&G wastewaters
approved for road spreading should contain <60 pCi/L radium
and <10 mg/L of total DRO and GRO, similar to other
industrial wastewater effluent standards. No induction to
human cell receptors was observed at DRO and GRO
concentrations below 10 mg/L. In most cases, the chemical
composition of O&G wastewater intended for road spreading
must be submitted and approved before use. However,
requirements for these chemical characterizations are relatively
modest, vary widely between states, and currently do not
include radium. Having chemical standards for O&G waste-
waters that can be spread on roads could help reduce the
potential toxicity concerns associated with this practice. 3)
Affordable nontoxic dust suppressants should be developed and
used. Many of the townships in Pennsylvania that spread O&G
wastewaters on roads have low annual budgets for road
maintenance. Based on the cost of many commercial dust
suppressants, the annual township budgets would not be
enough to maintain roads and suppress dust using these
products. Solutions to this road maintenance issue could be to
use alternative products or pave roads, but this would require
substantial amounts of money that many townships do not
possess. O&G wastewaters may be a viable and cheap option
for suppressing dust, but as discussed in this study, there could
be potential human and environmental health consequences of
this practice. Some of these concerns could be mitigated by
new regulatory standards as described above or by developing
alternative low-cost products so townships can maintain their
roads without the need to use O&G wastewaters.
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key finding: Both oil and gas brines and commercially calcium chloride brines were
hypersaline and contained elevation concentrations of radium.

Organic contaminants in O&G brines were shown to be toxic to humans based on human

receptor gene assays.
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ABSTRACT

Across the United States, road palliatives are applied to roads for maintenance operations that improve road
safety. In the winter, solid rock salts and brine solutions are used to reduce the accumulation of snow and ice,
while in the summer, dust suppressants are used to minimize fugitive dust emissions. Many of these products are
chloride-based salts that have been linked to freshwater salinization, toxicity to aquatic organisms, and damage
to infrastructure. To minimize these impacts, organic products have been gaining attention, though their
widespread adoption has been limited due to their higher cost. In some states, using produced water from
conventionally drilled oil and gas wells (OGPWs) on roads is permitted as a cost-effective alternative to com-
mercial products, despite its typically elevated concentrations of heavy metals, radioactivity, and organic
micropollutants. In this study, 17 road palliatives used for winter and summer road maintenance were collected
and their chemical composition and potential human toxicity were characterized. Results from this study
demonstrated that liquid brine solutions had elevated levels of trace metals (Zn, Cu, Sr, Li) that could pose risks
to human and environmental health. The radium activity of liquid calcium chloride products was comparable to
the activity of OGPWs and could be a significant source of radium to the environment. The organic fractions of
evaluated OGPWs and chloride-based products posed little risk to human health. However, organic-based dust
suppressants regulated toxicity pathways related to xenobiotic metabolism, lipid metabolism, endocrine
disruption, and oxidative stress, indicating their use could lead to environmental harm and health risks to op-
erators handing these products and residents living near treated roads.

1. Introduction

In colder climates, rock salt is applied to roads to remove the buildup
of snow and ice on the driving surface. The use of rock salt is estimated

There are over 4.1 million miles (6.6 million kilometers) of paved
and unpaved roads in the United States that are critical for the move-
ment of goods and people throughout the country (Bureau of Trans-
portation Statistics, 2020). Large volumes of chemical treatments are
applied to roads during winter and summer maintenance operations to
create a more stable driving surface and improve driver safety.
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to reduce traffic accidents between 42% and 87% (Kuemmel and Han-
bali, 1992; Abohassan et al., 2021), drastically improving the safety of
winter travel (Usman et al., 2010). Because of its effectiveness, the
amount of rock salt used for winter road maintenance (WRM) has
doubled since its widespread adoption in the 1950’s (Kelly et al., 2019),
and in recent years, between 15 and 32 million metric tons of rock salt

E-mail addresses: farnan.james@epa.gov (J. Farnan), jpv2@psu.edu (J.P. Vanden Heuvel), franklin.l.dorman@dartmouth.edu (F.L. Dorman), nrw6@psu.edu

(N.R. Warner), wdb3@psu.edu (W.D. Burgos).

1 Current Affiliation: Department of Chemistry, Dartmouth College, Hanover, NH 03755, USA.
2 Current Affiliation: Oak Ridge Institute for Science and Education, C/o U.S. Environmental Protection Agency, ORD/CEMM/ACESD, 27 Tarzwell Drive,

Narragansett, RI 02882, USA.

https://doi.org/10.1016/j.envpol.2023.122184

Received 8 June 2023; Received in revised form 7 July 2023; Accepted 10 July 2023

Available online 13 July 2023
0269-7491/© 2023 Elsevier Ltd. All rights reserved.


mailto:farnan.james@epa.gov
mailto:jpv2@psu.edu
mailto:franklin.l.dorman@dartmouth.edu
mailto:nrw6@psu.edu
mailto:wdb3@psu.edu
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2023.122184
https://doi.org/10.1016/j.envpol.2023.122184
https://doi.org/10.1016/j.envpol.2023.122184
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2023.122184&domain=pdf

J. Farnan et al.

are applied to roads in the US during the winter months (Kelly and
Matos, 2017). Solid sodium chloride has been the most common salt
used for WRM because of its availability and relatively low cost (Clear
Roads Snow and Ice, 2021). Magnesium and calcium chlorides are more
effective than sodium chloride because of their lower eutectic points and
exothermic dissolution reactions. However, they are less commonly used
for WRM because of more difficult handling procedures and increased
cost ($140/ton and $111/ton for CaCl, and MgCl,, respectively) relative
to NaCl ($42/ton) (Kelting, 2010; Fay and Shi, 2012).

Recently, WRM has transitioned from deicing operations, which fo-
cuses on snow and ice removal as they accumulate, to anti-icing, which
proactively applies a liquid brine solution to the road surface before the
onset of precipitation. Anti-icing practices melt snow and ice immedi-
ately as it lands on the road and weakens attractive forces between any
accumulation and the pavement surface, making it easier to remove by
plow (Shi et al., 2012). Incorporation of anti-icing strategies in WRM has
many advantages, including improved road safety and, because liquid
brine solutions are less concentrated than solid rock salt, less material is
required and total costs are reduced (Claros et al., 2021).

In the summer, unpaved roads are treated with chemical dust sup-
pressants. Unpaved roads, which comprise over one-third of the road
system in the United States (Bureau of Transportation Statistics, 2020),
are a major source of inhalable (<10 pm, PM;o) particulate matter
(Bureau of Transportation Statistics, 2002). Long-term exposure to PM; ¢
has been linked to aggravated respiratory conditions like asthma
(Bhuiyan et al., 2021; Keet et al., 2018) as well as severe health impacts
such as heart attacks and death in at-risk populations (Khosravipour
et al.,, 2022; Fang et al., 2013). When released to the environment,
fugitive dust emissions can harm roadside vegetation and increase the
turbidity of surface water which can impact aquatic biota (Trombulak
and Frissell, 2000). As in winter maintenance, chloride-based salts like
calcium and magnesium chloride are common materials for dust sup-
pression (Piechota et al., 2002). These compounds increase the moisture
content of the roadbed and bridge clay particles together, making it
more difficult for wind and vehicle traffic to entrain fine particles
(Piechota et al., 2002; Payne, 2018). While the exact amount of salt
applied to unpaved roads for dust suppression is unknown (Kunz et al.,
2022), more than 70% of surveyed road managers reported using some
sort of chemical treatment (Kociolek, 2013). Therefore, it is likely that
large volumes of chemical dust suppressants are spread on unpaved
roads throughout the United States each year.

The widespread application of chloride salts to roads during summer
and winter maintenance operations has been linked to the deterioration
of infrastructure and the salinization of freshwater ecosystems across the
United States (Dugan et al., 2020; Dugan et al., 2017; Houska). As the
salts dissolve in snowmelt or precipitation, runoff is generated with
elevated chloride concentrations. Exposure to high-salinity runoff can
corrode metal components on vehicles (Li et al., 2013) and steel bridges
(Krivy et al., 2019) and induce delamination and spalling of reinforced
concrete (Kelting, 2010). Because of their high solubility, salt ions are
mobile in the environment and rising salinity has been documented in
freshwater resources across North America (Dugan et al., 2017). Most
research has focused on salt used for WRM (Fay and Shi, 2012; Hintz and
Relyea, 2019; Asensio et al., 2017; Nazari et al., 2015; Arnott et al.,
2020), but rising salinity in streams and groundwater near roads treated
with chloride-based dust suppressants has also been reported (Goodrich
et al., 2009a; Eckstein, 2011; Bair and Digel, 1990). Freshwater salini-
zation impacts drinking water resources (Eckstein, 2011; Pieper et al.,
2018) and poses risks to roadside vegetation (Goodrich and Jacobi,
2012; Goodrich et al., 2009b) and aquatic organisms at all trophic levels
(Hintz and Relyea, 2019; Arnott et al., 2020; Honarvar Nazari et al.,
2021).

To avoid the negative impacts of chloride-based salts on infrastruc-
ture and environmental health, more attention has been given to
organic-based products such as agriculture byproducts (e.g., beet juice
and soybean processing), acetates, glycols, or succinates for WRM (Terry
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et al., 2020). Vegetable oils, petroleum emulsions, or electrochemical
products are becoming more common for dust suppression, especially in
arid climates (Piechota et al., 2002). Despite their demonstrated effi-
cacy, reduced salt loading to the environment, and decreased corro-
sivity, these products have not been widely incorporated into summer
and winter maintenance strategies.

Because organic-based products are often more expensive than
traditional chloride salts, it is not economically feasible to use them as a
complete replacement for road maintenance. Highway agencies spend
more than $2 billion for winter maintenance annually (FHWA Road
Weather Management), amounting to roughly $750 per road mile for the
whole winter season (i.e., multiple salt applications). In comparison,
dust suppression can cost $4000 to $10,000 per road mile per applica-
tion (Chase, 2022), amounting to possibly $40,000 per road mile for the
whole ‘dust season’ (i.e. one application per month from May to August).

To reduce the costs associated with dust suppression and WRM,
certain states allow produced water from conventionally drilled oil and
gas wells (OGPW) to be spread on roads (Tasker et al., 2018). OGPW is
often offered as a free alternative to commercial products and is typi-
cally hypersaline (across the whole US, the median concentration of
total dissolved solids is 61,600 mg/L) (Blondes et al., 2018). Because of
its high salinity, OGPW retains moisture in the roadbed or lowers the
freezing point of water in the same manner as commercial chloride
products. However, OGPW often has elevated concentrations of heavy
metals (Tasker et al., 2020), radioactivity (Lauer et al., 2018), and
organic compounds (Tasker et al., 2018) that pose additional risks to
environmental health.

The objective of this study was to characterize commercially avail-
able road palliatives used for dust suppression and WRM. Seventeen dust
suppressants and deicing products were collected, and their inorganic
and organic constituents were measured. The potential human toxicity
of each product was characterized using cell-based assays. Results of this
study allow highway agencies, road maintenance managers, and private
landowners to make more informed decisions when selecting chemical
road treatments and developing best management practices to better
protect human and environmental health.

2. Methods and materials
2.1. Road palliative selection

Seventeen deicers and dust suppressants were collected that repre-
sented the major product categories used in the United States (Table 1).
For most products, the supplier was contacted directly. Five products
were OGPWs, two of which are commercially available (AquaSalina and
LS25). The other three OGPW samples were provided under nondis-
closure agreements from sources in northwestern Pennsylvania. OGPWs
are currently proposed as coproducts for beneficial reuse as a dust
suppressant under 25 Pa § 287.8 (Coproduct Determinations). Nine of
the surveyed products are chloride brines marketed for dust suppression
and deicing operations and were either provided by or purchased from
the manufacturer. Three of these products (NaCl rock salt, Nature’s Best,
and Calcium Chloride Brine) were provided as solid materials. Prior to
chemical and toxicological analyses, saturated solutions were prepared
by adding excess product to deionized water (>18.2 MQ) until the
electrical conductivity (EC) of the solution stabilized. Two products
(Soybean Oil and UltraBond) were organic-based dust suppressants.

2.2. Inorganic chemical analysis

The OGPW and brine samples were filtered (<0.45 pm, cellulose
acetate) and acidified to pH < 2 with 1:1 double-distilled nitric acid for
preservation prior to metals analysis. Major metals (>1 mg/L) were
measured on an Thermo iCAP 7400 Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES) and trace metal concentrations (<1
mg/L) were measured on an Thermo iCAP RQ Inductively Coupled-Mass
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Table 1
Product descriptions for road palliatives surveyed in the present study.
Product Name Supplier Composition CAS number
OGPW1 NDA Conventional OGPW None provided
OGPW2 NDA Conventional OGPW None provided
OGPW3 NDA Conventional OGPW None provided
LS25 Seneca Mineral Conventional OGPW 10043-52-4; 7647-14-5; 7447-40-7;
7786-30-3
AquaSalina Nature’s Own Source, LLC Conventional OGPW 7647-14-4; 10043-52-4; 7786-30-3;

Calcium Chloride Brine

Liquid Calcium Gold
Blend

Liquid Snow Shovel

UltraCal

UltraMag

30.7% MgCl2

Brine Before the Storm

23% NaCl Brine
NaCl Rock Salt

Fisher Scientific
Jet Stream Fuels

All Season Innovations, LLC

Environmental Energy Solutions,
LLC

Environmental Energy Solutions,
LLC

Jet Stream Fuels

RoadBrine.com

Penn State University

Penn State University

Calcium Chloride
Blended Chlorides

Calcium chloride with polymer stabilizers, anti-spauling and corrosion
inhibitors
Calcium chloride brine

Magnesium chloride brine

Magnesium chloride brine
Chloride Brine

Sodium chloride brine
Solid sodium chloride

7447-04-7
10043-52-4

7647-14-4; 10043-52-4; 7786-30-3;
7447-04-7

010043-52-4

None provided
None provided
None provided
None provided

None provided
None provided

Nature’s Best Envirotech Services, Inc.

Solid chlorides with proprietary additives

7647-14-5; 7791-18-6; 10043-52-4;

7447-40-7
UltraBond Environmental Energy Solutions, Petroleum extracts; heavy naphthenic distillates 64742-11-6
LLC
Soybean Oil Conneautville Soybean Crushing, Mechanically extracted, degummed soybean oil (>95% total fatty None provided
LLC acid)

Product CAS numbers taken from provided safety data sheets. NDA: information withheld under non-disclosure agreement; OGPW: oil and gas produced water

Spectrometer (ICP-MS) following US Environmental Protection Agency
(US EPA) Methods 6010D (U.S. Environmental Protection Agency,
2018a) and 200.8 (US Environmental Protection Agency, 1994),
respectively. To reduce instrument interferences from the high salinity
matrix of the brines, all samples were diluted up to 100-fold for ICP-OES
and up to 1000-fold for ICP-MS. Consistent instrument performance was
ensured by using internal standards (Lu, Re, In, and Sc). Certified
reference materials (USGS M-220 and SRM 1640A) were used to verify
calibration curve accuracy and to validate calibration curve perfor-
mance throughout the analytical run (<10% difference from expected
values).

Because of matrix incompatibility, the organic samples were digested
prior to metals analysis in a microwave digestor. 0.5 g of Soybean Oil or
5 mL of UltraBond were added to a Teflon digestion vial. Up to 10 mL of
double-distilled nitric acid and 3 mL of trace metal grade hydrochloric
acid were added to each sample to achieve complete digestion. The
temperature of the microwave was raised to 175 °C over a 15 min ramp
with a 20 min final hold period. The digested samples were transferred
to round-bottom Teflon vials, evaporated to a bead on a hot plate, and
resuspended with deionized water to reduce the acid concentration to
<5%.

Anions in unpreserved, filtered (<0.45 pm, cellulose acetate) sam-
ples were measured on a Dionex 1100 ion chromatograph following a
modified US EPA Method 300.1 (U.S. Environmental Protection Agency,
1993). An AG-18 and AS-18 were used as the guard and analytical col-
umns, respectively, and a DRS 600 suppressor and CRD 200 were used to
minimize background conductivity and remove carbonate ion in-
terferences. Because of sample incompatibility with the instrument,
anions were not analyzed for Soybean Oil and UltraBond.

Radium isotopes (**°Ra and ?%®Ra) were analyzed on a Canberra
small anode germanium gamma spectrometer. Unfiltered, preserved
(pH < 2) liquid samples were transferred directly to a 24 mL plastic vial
and solid samples were first crushed in a mortar and pestle then sieved to
<1.18 mm. All vials were sealed with paraffin tape and incubated for at
least 21 days until secular equilibrium was achieved (Parekh et al.,
2003). 2?°Ra was measured indirectly by averaging the activities of
214pp (295.2 and 351.0 keV) and 2'*Bi (609.3 keV). 2?6Ra was measured
using its 228 Ac daughter product (911.1 keV). All samples were analyzed

in the same vial geometries used for the calibration standards, which
were uranium ore tailings with known activities obtained through the
Canadian Certified Reference Material Project.

2.3. Organic chemical analysis

To characterize organic compounds, aqueous samples were extracted
following a modified US EPA Method 3510C (U.S. Environmental Pro-
tection Agency, 1996) using dichloromethane (DCM) as the extraction
solvent. Because of its miscibility with DCM, the Soybean Oil was
extracted according to Wu and Yu (2012) for the determination of
polycyclic aromatic hydrocarbons in edible oils. Each sample was spiked
with three surrogate standard compounds (p-terphenyl-d14, 2-fluorobi-
phenyl, and 2,4,6-tribromophenol) at a final extract concentration of
1000 pg/pL to calculate extraction recoveries. More extraction details
can be found in the supplemental information.

All sample extracts were analyzed using comprehensive two-
dimensional gas chromatography coupled to a time-of-flight mass
spectrometer (Pegasus 4D GCxGC-ToFMS with an Agilent 7890A gas
chromatograph) equipped with a Gerstel Multipurpose Sampler. An Rxi-
58il MS (60 m x 0.25 mm x 0.25 pm df) coupled to an Rxi-17Sil MS (1 m
% 0.25 mm x 0.25 pm df) were used as the column ensemble. For Soy-
bean Oil and the OGPW samples, the column order was switched to
obtain better separations. An IP-deactivated guard column (0.6 m X
0.18 mm ID) was used as the transfer line to the ToFMS. MegaMix 8270
(Restek Corporation, Bellefonte, PA) and a mixture of alkanes ranging
from C10-C28 were used for calibration. Targeted compounds were
quantified using the average response factor (<20% RSD in response
factors for calibration standards) (U.S. Environmental Protection
Agency, 2018b). Method blanks and continuing calibration verification
samples were analyzed to ensure accurate and consistent extraction and
instrument performance. Instrument conditions can be found in the
supplemental information.

2.4. Human nuclear receptor bioassays

Commercially available, cell-based toxicity assays using human
target proteins (INDIGO Biosciences, State College, PA) were used to
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determine the potential human toxicity of organic compounds extracted
from the surveyed road palliatives. Each sample was separately extrac-
ted following a similar protocol used in the analysis of organic com-
pounds. To keep the enrichment factor consistent across all samples and
because it was not necessary to avoid high background concentrations,
200 mL of each sample was extracted and cleanup procedures were not
used. All final extracts were exchanged into 200 pL of dimethyl sulfoxide
(DMSO; 1000-fold enrichment factor). More detailed extraction pro-
cedures can be found in the supplemental information.

The bioassays were conducted using a two-tiered approach. Initially,
the overt toxicity for each sample extract was determined using the
CellTiter Glo 2.0 Cell Viability Assay (Tier 1). Results from first-tier
experiments informed the proper sample dilution for second-tier ex-
periments investigating sub-lethal effects using in vitro assays provided
by INDIGO Biosciences. Induction of five toxicity pathways was inves-
tigated in second-tier bioassays: xenobiotic metabolism (XM), endocrine
disruption (EDC), oxidative stress (OS), basal metabolism (BM), and
lipid and energy metabolism (LEM). For each assay, multiple nuclear
receptors were combined into a single cell line based on their involve-
ment in each pathway (Table S1). The selected bioassays were chosen
because they represent toxicity pathways commonly analyzed in
wastewater and drinking water studies (Escher et al., 2014). Manufac-
turer’s protocols were used to conduct each assay, and more detail can
be found in the supplemental information. Equivalent toxic responses
were calculated using a reference compound analyzed on the same
96-well plate. Calibration curves, ECsg values, and sample quantifica-
tions were performed in Prism 9.0 (GraphPad Software, Inc., San Diego,
CA).

2.5. Statistics

Statistical comparisons made for radium and extract toxicity were
performed in Prism 9.0 (GraphPad Softwate, Inc. San Diego, CA). For
radium, unpaired, two-tailed Mann-Whitney tests were used to deter-
mine statistical significance at the 90% confidence level. For extract
toxicities, a one-way ANOVA was used to compare each sample to a
DMSO background control. Dunnett’s test was used to correct for mul-
tiple comparisons, and comparisons were made at the 95% confidence
interval.

3. Results and discussion
3.1. Inorganic composition of road palliatives

As expected, the OGPWs and commercial brine samples were
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hypersaline. Based on electrical conductivity (EC), the commercial
brines and OGPWs were not statistically different (P > 0.05), though the
average EC value for the commercial brines was higher than for the
OGPWs (195 versus 159 mS/cm; Table 2). The dominant cations were
sodium, calcium, and magnesium which were primarily balanced by
chloride and, to a lesser extent, sulfate and bromide (Table 2). On
average, the OGPWs (159 mS/cm) and the commercial brines (195 mS/
cm) were 2.9- and 3.5-times saltier than seawater (average conductivity
of 55 mS/cm (Clean Water Team (CWT), 2004)), respectively. The
organic products had much lower salinities (Table 2). Because Soybean
0Oil is a non-aqueous liquid, the conductivity was not measured for this
sample. The conductivity for UltraBond, an aqueous petroleum emul-
sion, was 0.2 mS/cm which is typical for freshwater that is likely used to
manufacture this dust suppressant. The measured concentrations of salt
ions agreed with product compositions reported on the manufacturer’s
material safety data sheets.

Widespread application of chloride-based palliatives to roads poses
risks to environmental health that have mostly been attributed to the
hypersaline composition of these products. Salts are highly soluble, and
as a result, tend to be mobilized from roads during precipitation events
and periods of snowmelt (Bair and Digel, 1990; Galella et al., 2021;
Schiff et al., 2016). These impacts tend to be highly localized, as the
highest salt concentrations are often observed nearest to roads
(Uliasz-Misiak et al., 2022; Backstrom et al., 2004; Monlux and Mitchell,
2007). Elevated salt in runoff water or introduced as a road palliative
has been shown to reduce the permeability of roadside soils (Singh et al.,
2003), while the accumulation of salt ions has induced foliar burns in
roadside vegetation (Goodrich and Jacobi, 2012) and could result in
community shifts toward salt-tolerant species (Fekete et al., 2022). Of
particular concern are the high chloride concentrations in these prod-
ucts because of its toxic effects to many aquatic species (Dugan et al.,
2017; Nazari et al., 2015). Freshwater chloride concentrations are ex-
pected to continue to rise in regions where salt is applied to roads and
could exceed current regulatory limits designed to protect aquatic health
by 2050 (Dugan et al., 2017). However, ecological impacts are likely to
be observed beforehand, as chloride concentrations have been shown to
induce toxic effects at concentrations much lower than current regula-
tions (Arnott et al., 2020).

While many metals are essential nutrients in trace amounts, they can
be toxic to aquatic organisms and human health at elevated concen-
trations. The concentration of quantifiable trace metals in the surveyed
road palliatives is presented in Table 3. Regulatory thresholds from
government agencies and guidelines set by Clear Roads and the Pacific
Northwest Snowfighters (PNS), two organizations that develop best
management practices for winter road management, are also shown. To

Table 2
Salinity and major ion concentrations of road palliatives surveyed in the present study. NA: Not analyzed; n.d.: below quantification limit.

Analyte pH EC Ca Mg Na K cl- Br- [Yors
Units std. units mS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Conventional OGPWs OGPW1 6.42 121 6760 1360 23,600 117 49,700 922 1480
OGPW2 6.15 120 6860 1310 23,500 125 47,900 753 1340
OGPW3 6.50 125 7150 1310 24,300 132 49,000 592 2000
LS25 5.82 216 37,000 8920 47,700 4690 182,000 1890 n.d.
AquaSalina 3.48 215 38,300 7450 51,300 2190 182,000 1710 181

Commercial Brines Calcium Chloride Brine 9.95 197 78,200 n.d. 1460 3120 176,000 3770 7210
Liquid Calcium Gold Blend 4.28 216 76,200 14,500 20,000 12,300 251,000 3740 n.d.
Liquid Snow Shovel 9.38 172 108,000 16 2300 6180 273,000 3470 n.d.
UltraCal 6.32 180 105,000 896 2500 5900 267,000 3430 n.d.
UltraMag 5.38 143 218 71,000 1790 1980 234,000 3770 1460
30.7% MgCl, 6.35 120 332 80,400 250 918 273,000 n.d. n.d.
Brine Before the Storm 6.62 188 1530 112 59,900 144 101,000 n.d. 452
23% NaCl Brine 6.42 241 578 22 90,300 213 161,000 n.d. 1250
NaCl Rock Salt 5.70 246 1340 29 102,000 280 183,000 n.d. 3150
Nature’s Best 5.52 243 1390 1620 154,000 12,700 191,000 n.d. 5140

Organic Products Soybean Oil NA NA 0 0 n.d. n.d. NA NA NA
UltraBond 3.99 0 2 0 6 1 NA NA NA
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Table 3
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Trace metal and radium characterizations of road palliatives surveyed in the present study. n.d.: Not detected; NA: Not analyzed; *Radium activities for NaCl Rock Salt
and Nature’s Best were determined on solid samples, and reported values are in pCi/kg.

Analyte Fe Mn Sr Ba Al Zn Li B Cu I Pb 22°Ra 228Ra Combined
Ra
Units mg/ mg/ mg/L mg/L.  mg/L mg/L  mg/ mg/ mg/  mg/ mg/L pCi/ pCi/ pCi/L*
L L L L L L L* L*
Conventional OGPW1 15 4.1 112 1.6 n.d. 1.8 2.5 0.8 NA 13.8 0.1 212 148 360
OGPWs OGPW2 1.4 4.8 112 4.4 n.d. 1.9 29 1.0 NA 11.2 0.1 52 33 84
OGPW3 44 4.9 453 432 n.d. 2.2 13.3 1.3 NA 14.5 0.1 1800 696 2500
LS25 21 0.8 2210 4.6 5.0 1.9 164 119 9.1 23.7 0.1 1780 123 1900
AquaSalina 173 18.6 1250 3.1 10.6 7.0 42.9 18.2 4.5 19.9 0.1 651 392 1040
Commercial Calcium 3.4 0.1 1480 1.6 n.d. 1.8 57.9 22.0 NA 0.2 0.4 159 72 230
Brines Chloride Brine
Liquid Calcium 4.1 1.6 3070 n.d. 5.2 2.2 91.4 520 8.7 47.5 0.1 615 87 702
Gold Blend
Liquid Snow 6.3 n.d. 27340 1.8 7.0 1.7 114 43.2 8.7 4.9 0.1 258 167 425
Shovel
UltraCal 6.5 n.d. 2610 3.9 5.5 3.9 111 42.1 9.0 2.5 0.3 255 163 418
UltraMag 0.5 1.9 6.2 0.3 3.8 3.0 0.6 34.5 5.0 n.d. 0.1 34 32 66
30.7% MgCl2 0.7 n.d. 0.4 3.8 3.0 1.0 n.d. n.d. 4.6 n.d. 0.1 35 24 59
Brine Before the 0.4 0.2 11.6 3.1 2.5 0.9 n.d. n.d. 5.0 n.d. 0.1 30 31 61
Storm
23% NaCl Brine 1.1 0.1 5.1 0.1 2.3 0.8 n.d. n.d. 4.3 n.d. 0.1 34 36 69
NaCl Rock Salt 4.4 0.1 12.6 0.1 2.4 0.8 n.d. n.d. 4.5 n.d. 0.4 37 n.d. 37
Nature’s Best 0.4 0.2 15.3 0.2 2.5 2.5 1.2 1.4 5.8 n.d. 0.1 29 n.d. 29
Organic Soybean Oil n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. NA n.d. n.d. n.d. n.d. n.d.
Products UltraBond 1.1 0.0 0.0 0.0 0.1 0.1 n.d. 0.0 0.1 1.5 0.0 34 n.d. 34
Regulatory Thresholds 1.0°  0.05" 4° 20 0.05-0.2" 0.12*  0.01° 1.3" 0.0025" 60 60 5°
PNS°/Clear Roads Limits 100.0 10.00 1.0 1.0

@ EPA Aquatic Life Criteria.

b EPA Drinking Water Standard.

¢ USGS Human Based Screening Level.
4 Appendix B to 10 CFR Part 20

¢ Pacific Northwest Snowfighters.

be listed on the Qualified Products List (QPL) published by PNS and
Clear Roads, a product cannot exceed 1.0 mg/L for copper and lead or
100 mg/L for barium (Table 3). Of these elements, only copper exceeded
its QPL limit in the OGPW and commercial brine samples. Though the
toxicity of copper is dependent on a variety of water quality parameters
like hardness and pH, chronic exposure to copper can negatively impact
the survival, growth, and physiology of aquatic organisms (U.S. Envi-
ronmental Protection Agencya). Zinc did not exceed its respective QPL
limit but did exceed the US EPA’s recommended concentration for the
protection of aquatic life (Table 3). Notably, the concentration of copper
and zinc in the chloride brines in this study are an order of magnitude
higher than values published in other studies (Li et al., 2019; Backstrom
et al., 2003; Kelly et al., 2018; Titler and Curry, 2011). Otherwise, the
compositions of the surveyed brine products in this study are compa-
rable to what was previously reported, though it is important to note
that only data for sodium chloride solutions have been published (Li
et al., 2019; Backstrom et al., 2003; Kelly et al., 2018; Titler and Curry,
2011). The differences in trace metal concentrations reflect the wide
variability in chemical composition of salts mined from different source
rocks (Levelton Consultants Limited, 2007).

Of the measured trace metals, Li and Sr exceeded their health-based
regulatory thresholds to the greatest degree (Table 3; 16,400- and 768-
fold, respectively). The United States Geological Survey sets a Human
Based Screening Level for analytes that do not have drinking water
standards to provide a human-based context for potential risks to human
health (United States Geological Survey). It is important to note that
none of these products are intended for human consumption. However,
it has been shown that salts applied to roads have contaminated adjacent
groundwater (Eckstein, 2011). Therefore, risks to human health are
possible in areas where chloride-based road palliatives are applied in
high amounts near drinking water wells.

Many of the surveyed road palliatives had elevated radium activities.
Radium is a naturally occurring carcinogen present in many natural soils

and waters. The highest concentrations were observed for the OGPW
samples (84-2500 pCi/L) and were typical of conventional OGPW pro-
duced in the Appalachian Basin (Table 3) (Tasker et al., 2020). These
activities were higher than those for magnesium chloride and sodium
chloride brines, which ranged from 29 to 69 pCi/L (P < 0.1; Table 3).
The Ra values for sodium chloride brines in this study are much lower
than what was measured in Titler and Curry (2011) after adjusting their
measured activity for a 23% solution (what is commonly used for WRM).
The radium activities were not significantly different between calcium
chloride brines (230-702 pCi/L) and the OGPWs, indicating that when
these materials are used for road maintenance, they could contribute
substantial amounts of radium to the environment.

The PNS/Clear Roads organizations do not set a limit on the radio-
activity for products used in WRM (Clear Roads Snow and Ice, 2021),
and often radium is not required to be analyzed for products used for
dust suppression. Previous work has shown that Ra can be mobilized
from aquifer materials in areas where sodium chloride is used for WRM,
increasing the radioactivity of groundwater (Lindsey et al., 2021;
Mcnaboe et al., 1007). However, little attention has been paid to the
radium activity of materials initially applied to roads. In the case of the
calcium chloride brines and OGPW surveyed in this study, these
anthropogenic inputs could be substantial. For example, Tasker et al.
(2018) determined that between 2008 and 2014, spreading OGPW on
roads in Pennsylvania released 4-times more radium than centralized
treatment facilities and potentially 200-times more than accidental spill
events (Tasker et al., 2018). Therefore, application of OGPW and cal-
cium chloride products to roads for WRM and dust suppression could be
a significant but relatively understudied source of radium to the
environment.

3.2. Organic composition of road palliatives

The organic composition of commercial products used for road
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Table 4
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Targeted semivolatile organic compounds quantified in surveyed road palliatives and known activation of surveyed toxic pathways: xenobiotic metabolism (XM),
oxidative stress (OS), endocrine disruption (EDC), lipid and energy metabolism (LEM), and basal metabolism (BM). Activation of these pathways was determined with
the CompTox Chemical Dashboard available through the US EPA (https://comptox.epa.gov/dashboard/).

OGPW 1 OGPW 2 OGPW 3 Soybean Oil
Compound (pug/L) Predicted Toxic Pathway Average St.Dev. Average St.Dev. Average St.Dev. Average St.Dev.
Alkanes Decane XM, OS 6 1 0.4 0 3220 0.1 0
Docosane 8.8 1.8 18400 4310 1.3 1
Dodecane 11.5 1.7 0.1 16700 12800 0.1
Heptacosane 8.4 0.6 8090 11100 1.1 0.8
Hexacosane 7.2 0.7 14600 7090 3.4 2.9
Hexadecane XM, EDC, OS, LEM 9.8 1.1 7480 2570 0.2 0
Octadecane 10 1.8 3630 784 0.3 0.1
Tetradecane 11.5 2.1 7560 2360 0.1 0
Aromatic Amines Carbazole XM, EDC, LEM 0.6 0.1
Diphenylamine XM, EDC, LEM, BM 8.4 0.6
PAHs Acenaphthene BM, XM, EDC, LEM 4.5 0.6
Acenaphthylene XM, EDC 12.0 6.4
Anthracene XM, EDC, OS 4.8 5.3
Benz [a]anthracene XM, EDC, LEM, OS, BM 1.3
Benzo [b]fluoranthene XM, LEM, EDC, BM 0.9 0.2
Chrysene XM, EDC, OS, BM 8.4 0.5
Fluoranthene XM, LEM, EDC, BM 0.1 10.8 0.1
Fluorene XM, OS, EDC, BM 24.6 29.8
Naphthalene XM, LEM, BM 0.3 87.3 7.4
Naphthalene, 1-methyl- EDC, LEM, BM 173 17.7
Naphthalene, 2-chloro- 3140
Naphthalene, 2-methyl- 229 18.4
Phenanthrene XM, EDC, LEM, BM, OS 0.8 0.1 0.3 0.1 75.8 2
Phenols Phenol, 2-methyl- EDC, OS 6450 2620
Phenol, 2,4-dimethyl- XM, EDC, OS 11.6 0.4 0.3 25.6

maintenance has not been widely investigated, though many of these
products are known to have either natural or added organic compounds
to improve performance. OGPWs have been shown to contain petroleum
hydrocarbons that originate from the formation being extracted (Tasker
et al., 2018; Orem et al., 2007). These compounds include phenols, al-
kanes, and polycyclic aromatic hydrocarbons, which can induce toxic
responses (Table 4). Many commercial brines have proprietary organic
additives that aid in performance (e.g., anti-caking) or act as corrosion
inhibitors (Shi et al., 2012; Schuler and Relyea, 2018a). Organic-based
dust suppressants can be both non-petroleum or petroleum-based (e.
g., Soybean Oil and UltraBond, respectively).

Organic compounds present in the surveyed road palliatives were
analyzed using two-dimensional gas chromatography-time of flight mass
spectrometry (GCxGC-ToFMS) after a liquid-liquid extraction with
dichloromethane. This technique allows for resolution of organic com-
pounds in complex matrices and has been successfully employed in
analysis of OGPWs (Piotrowski et al., 2018). The solvent extraction
demonstrated good recovery, with an average recovery of 66% (range
11-90%). However, surrogates were not recovered for soybean oil
samples, which could be explained by removal during the extract
cleanup step. No target compounds were detected above the limit of
quantification (defined as the lowest calibration level) in any extraction
method blank samples. Of the 83 targeted compounds analyzed, 25 were
detected in the road palliatives surveyed, but only in the OGPW and
Soybean Oil samples (Table 4). Straight-chain alkanes were the most
abundant compound class. Surprisingly, the concentration of these
compounds was lowest in the Soybean Oil which was expected to have
the richest abundance of n-alkanes of all the surveyed products (Srbi-
novska et al., 2020). This is likely due to the Florosil cleanup step per-
formed during the preparation of this sample as nonpolar alkanes would
be poorly retained on this adsorbent.

Notably, polycyclic aromatic hydrocarbons (PAHs), phenolic com-
pounds, and aromatic amines were only detected in the OGPWs, albeit in
low concentrations. Compound classes targeted in this study have been
previously identified in produced water from conventional wells and
likely have petrogenic origins (Orem et al., 2007; McLaughlin et al.,
2020; Frolov et al., 1989). These compounds were found at highest

concentrations in OGPW 3 and OGPW 1 (Table 4). OGPW 3 was an
untreated produced water sample and had a noticeable sheen that was
not present on the other samples, explaining the relatively high con-
centrations of target compounds. OGPW 1 and OGPW 2 were paired
samples, where the former was collected from the influent tank to a
treatment facility and the latter was collected from the treated effluent.
The concentrations of all quantified compounds were less in OGPW 2
relative to OGPW 1, indicating that many of the targeted compounds
were removed during treatment. Assuming OGPW-based commercial
products are treated before they are sold could explain why no targeted
compounds were identified in LS25 and AquaSalina.

3.3. Potential risks of organic compounds in road palliatives to human
health

The organic compounds extracted from road palliatives were tested
for potential human toxicity using commercially available cell-based
bioassays. While radium and salinity arguably pose the largest risks to
environmental and human health because of their elevated concentra-
tions in brines (Tables 2 and 3), the organic fraction of OGPWs and
organic additives in these products have been shown to elicit toxic ef-
fects in human-based and model organism studies (Tasker et al., 2018;
Schuler and Relyea, 2018a). Road maintenance workers are potentially
exposed to organic compounds present in road palliatives during ma-
terial handling and application to road surfaces. Additional exposure
could occur from the inhalation of contaminated particulate matter
released from roads (Honarvar Nazari et al., 2021).

Overt sample extract toxicity was investigated in tier 1 assays. The
two organic dust suppressants, UltraBond and Soybean Oil, the three
OGPW samples, and NaCl rock salt exhibit toxicities significantly higher
than the 0.1% DMSO control (P < 0.05; Fig. S1). All other commercial
brine samples, even ones with proprietary additives, did not induce
significant toxic responses, consistent with the lack of identified organic
compounds present in these samples (Table 4).

Sub-lethal toxic effects were investigated using in vitro bioassays that
contained multiple nuclear receptors associated with a single toxicity
pathway (Tier 2). To make direct comparisons between different road
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Fig. 1. Sub-lethal toxic responses of extracted organic compounds from road palliatives. The organic dust suppressants, Soybean Oil and UltraBond, contained the
most biologically active compounds, while the three OGPWs did activate nuclear receptors related to xenobiotic metabolism. A) Activation of endocrine-disruption
pathways; ECso = 3.48 nM Estradiol, B) Activation of xenobiotic metabolism, ECsy = 25.56 nM GW4064, C) Activation of lipid metabolism, ECsy = 9.45 nM
Triiodothyronine, D) Activation of oxidative stress pathways, ECso = 374.7 nM CDDO Im. Dashed lines represent the limit of quantification. CAS numbers for

reference compounds can be found in Table S2.

palliatives, bioequivalent concentrations were calculated based on
reference compounds used for each toxic pathway panel (Table S2).
Results from these assays demonstrate that extracted organic com-
pounds activated pathways associated with xenobiotic metabolism
(XM), endocrine disruption (EDC), lipid and energy metabolism (LEM),
and oxidative stress (OS) (Fig. 1). Nuclear receptors associated with
basal metabolism (BM) were not strongly activated above the limit of
quantification and are not included in Fig. 1.

UltraBond contained extractable organic compounds that elicited the
strongest toxic responses in the EDC, OS, and XM panels compared to the
other surveyed products (Fig. 1). The highest response relative to the
ECsg of the reference compound was observed for the EDC panel, with an
estradiol equivalent concentration of 42.1 nM. Nrf2, the nuclear factor
used in the OS panel, was also strongly activated by organic compounds
present in UltraBond (506 nM CDDO Im; CAS numbers for all reference
compounds listed in Table S2). The response observed in the XM panel
(15.5 nM GW4064 equivalent concentration) was driven primarily by
activation of the ayrl hydrocarbon receptor (AhR, Fig. S2).

Organic compounds present in the OGPW samples only elicited
quantifiable responses in the XM panel. The GW4064 equivalent con-
centrations for OGPW 1-3 ranged from 1.7 to 4.3 nM. Activation of the

XM panel was possibly driven by the alkanes, PAHs, and phenolic
compounds quantified in the OGPW samples (Table 4). These com-
pounds were measured in the parts-per-billion range, which could
explain the low observed responses.

Organic compounds extracted from Soybean Oil generated the
highest response for the LEM panel. Soybean Oil generated an elevated
LEM response of 21.0 nM triiodothyronine equivalents. The number of
quantifiable targeted organic compounds was limited in Soybean Oil
(Table 4), possibly due to the Florosil cleanup step used during sample
preparation. The manufacturer of the Soybean Oil used in this study
reported it as >95% fatty acid, which is likely a combination of palmitic,
stearic, oleic, linoleic, and linolenic acids (Clemente and Cahoon, 2009).
Peroxisome Proliferator-Activated Receptors (PPARs) comprised the
LEM panel. PPARs are useful in environmental monitoring studies as
they are involved in inflammatory responses to organic contaminants
exposure, but they are primarily activated by lipids, pathogenic lipo-
proteins, and essential fatty acids (Varga et al., 2011). In the case of
Soybean Oil, the high concentration of fatty acids is likely responsible
for the strong activation of this panel.

Though organic compounds extracted from UltraBond induced the
highest toxic responses for the EDC, OS, and XM panels, none were
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Fig. 2. Two-dimensional chromatograms of road palliatives that elicited toxic responses. A) OGPW 3 total ion chromatogram. Circled region indicates resolved but
unidentified petroleum hydrocarbons. B) UltraBond total ion chromatogram. Circled region indicates unresolved matrix, likely heavy naphthenic distillate com-
pounds. C) Soybean Oil extracted ion chromatogram (57 m/z). Circled region indicates heavy alkanes (>C20). Differences in x-axis are reflective of different

chromatographic methods used to analyze samples.

positively identified by GCxGC-ToFMS (Table 4). However, an unre-
solved matrix was detected in the two-dimensional gas chromatogram
(Fig. 2, panel B). In its associated material safety data sheet, UltraBond is
described as a petroleum extract and contains heavy naphthenic distil-
lates and proprietary ingredients. These compounds likely comprise the
observed unresolved matrix. Heavy naphthenic distillates are a complex
mixture of cyclic alkane hydrocarbons typically between C20-C50 (U.S.
Environmental Protection Agencyb). Of particular concern are naph-
thenic acids, a mixture of alkyl-substituted acyclic and cycloaliphatic
carboxylic acids commonly associated with petroleum products and
have many industrial applications (though use for dust suppression has
not been previously reported) (Clemente and Fedorak, 2005). Naph-
thenic acids, specifically pentacyclic and polycyclic monoaromatic
acids, were modeled to have reproductive and developmental affects
(Scarlett et al., 2012). They have also been shown to activate the AhR
nuclear receptor and the nuclear factor Nrf2, indicating induction of
xenobiotic metabolism and oxidative stress pathways, respectively
(Marentette et al., 2017; Wiseman et al., 2013). Naphthenic acids are
analytically challenging to resolve even when using two-dimensional

gas chromatographic techniques (Jones et al., 2012). Though it was
beyond the scope of this study to confirm the presence of naphthenic
acids in UltraBond, it is possible that these compounds are inducing the
observed sublethal effects.

4. Conclusions

Because high volumes of road palliatives are applied to road surfaces
each year, investigation of the chemical composition and toxic effects of
these products is necessary to understand their potential environmental
and human health risks. Salts, the most common material used for road
maintenance, are sourced from geologic formations that may contain
heavy metal impurities (Fay and Shi, 2012). However, few studies report
the concentration of metals in these products (Li et al., 2019) but instead
focus on heavy metal mobilization from roadside soils (Schuler and
Relyea, 2018a). In toxicological studies, toxic effects to aquatic organ-
isms from rising salinity has been well documented (Nazari et al., 2015;
Schuler and Relyea, 2018b; Schuler et al., 2017). The toxic effects of
organic additives or organic products, however, has received less



J. Farnan et al.

attention (Kunz et al., 2022; Schuler and Relyea, 2018a). In this study,
organic and inorganic composition of seventeen road palliatives were
characterized and their potential toxicities were profiled.

Chloride-based products have the highest concentrations of salt ions,
which are necessary for dust suppression and deicing activities. How-
ever, they also have elevated concentrations of trace metals (Cu, Sr, Li,
Zn) that could pose risks to human and environmental health. Radium
was elevated in the OGPWs and calcium chloride brines. Though
elevated radium was not measured in sodium chloride products in the
present study, they have been reported in other studies (Titler and
Curry, 2011). Therefore, chloride-based road palliatives could be a
significant source of radium to the environment because of their wide-
spread application. The organic composition of brine-based products
likely poses little risk to human health. Only organic compounds
extracted from the OGPWs activated nuclear receptors associated with
xenobiotic metabolism at low levels. Conversely, organic-based dust
suppressants induced the highest toxic responses. Soybean Oil activated
nuclear receptors in lipid metabolism, which is likely due to its high
concentration of fatty acids. UltraBond, a petroleum emulsion used for
dust suppression, activated pathways involved in xenobiotic meta-
bolism, endocrine disruption, and oxidative stress, which could be due
to the presence of naphthenic acids. UltraBond likely poses the largest
health risks to road maintenance workers handling the dust suppressant
during application.
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Appendix for Written Testimony submitted by Dr. William Burgos to PA House ERE Committee

Item 6 - Stallworth et al. 2021
key finding: the sodium adsorption ratio (SAR) can be used to predict the efficacy of oil & gas

brines. low SAR are required for effective dust suppression.
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was less than commercial products.
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OGPW with low SAR and high TDS per-
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OGPW treated roadways lost dust-
suppression efficacy following rain
events.
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ABSTRACT

The effectiveness of oil and gas produced water (OGPW) applied to unpaved roads to reduce particulate matter
(PM;0) generation has not been well-characterized. Here we quantify the efficacy of OGPW compared to com-
mercial and alternative byproducts as dust suppressants applied to unpaved roads and estimate efficacy of a
dust suppressant extrapolated from both lab experiments and published data for OGPW across U.S. states.
Both treated and untreated OGPW, simulated brines, and commercial dust suppressants were characterized by
major and trace element composition and then applied to road aggregate in the laboratory. PM;, generation
after treatment was quantified, both before and after simulated rain events to assess the need for multiple appli-
cations. We found the dust suppression efficacy of all OGPW to be less than commercial products and alternative
byproducts such as waste soybean oil. In addition, OGPW lost efficacy following simulated rain events, which
would require repeated applications of OGPW to maintain dust suppression. The dust suppression efficacy of
OGPW can be estimated based on two chemical measurements, the sodium absorption ratio (SAR) and the
total dissolved solids (TDS). OGPW with the lowest SAR and highest TDS performed best as dust suppressants
while high SAR and lower TDS led to greater dust generation.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

There are over one million miles of unpaved roads in the USA
(Forman, 2004). In the United States, unpaved roads contribute heavily
to particulate matter (PM) pollution, amounting to 47% of fugitive
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emissions of particulate matter less than 10 pm (PM;o) (Tasker et al.,
2018; U.S.D. of Transportation, 2017). PM;o emission potential from un-
paved roads is approximately 4-fold greater than paved roads (Kuhns
et al., 2005). Inhalable (<PM;q) and fine PM (<PM,5) have been
strongly correlated with impairment of the respiratory system, higher
mortality rates, decreased cognitive function, and an estimated 10% of
annual deaths worldwide (Dockery et al., 1993; Khan and Strand,
2018; Kim et al., 2015; Zhang et al., 2018).

Suppressing roadway dust can protect human health, improve
driver safety, and eliminate unwanted dust deposition in homes or in
the environment. Calcium chloride and magnesium chloride are com-
mon commercially available dust suppressants; however, the cost of
these materials is usually prohibitive for typical road maintenance bud-
gets in rural areas that need these services the most. In an effort to re-
duce PM;, emission from unpaved roads, at least 13 U.S. States allow
oil and gas produced water (OGPW) to be spread as a dust suppressant
(Tasker et al.,2018). OGPW is economically appealing because it is often
available at no cost to the road maintenance operators and a cheap dis-
posal option for oil and gas operators. OGPW, sometimes salty enough
to be called brine or oilfield wastewater, often contains high concentra-
tions of calcium and sodium (2530-25,800 mg/L and 23,000-57,300
mg/L, respectively -across the United States) (Lee and Neff, 2011).
However, Tasker et al. (2018), showed that some elements of concern,
such as lead and radioactive radium (Ra-226 and Ra-228), accumulate
with even short-term repetitive treatment of road material with
OGPW and have the potential to become airborne; other salts and
metals can leach into waterways (Tasker et al., 2018). Additional
OGPW components of concern for community members living in the vi-
cinity of dirt roads include trace and heavy metal(loid) pollutants, such
as strontium, barium, and arsenic (Pichtel, 2016; Skalak et al., 2014;
Tasker et al., 2018). Not all states that allow OGPW spreading regulate
or require the quantification of toxic trace elements (e.g., As, Pb, Ra-
226, or Ra-228) prior to its use (Goodman, 2017).

There is currently little published research on the effectiveness of
OGPW as a dust suppressant, despite its use for this purpose for up-
wards of 70 years (Payne, 2018). A recent literature review by Payne
(2018) suggests that OGPW is not an effective dust suppressant unless
spread at a rate well above environmental risk standards (Payne,
2018). High sodium content in OGPW might weaken road aggregate
structure and increase dustiness (Payne, 2018; Warrence et al., 2002).
Two field studies in North Dakota examined the practice of spreading
OGPW. Graber et al. (2017) found that roadways in North Dakota both
untreated and treated with OGPW generated similar amounts of PM
(Graber et al., 2017). The overall effectiveness of OGPW may be influ-
enced by both the sodium adsorption ratio (SAR) and the total dissolved
solids (TDS) of the brine, but the road material clay content may also
significantly influence the amount of dispersion of fine materials
(Graber et al., 2019). SAR is a water quality indictor (Eq. (1)) often
used to describe the potential of irrigation water to damage soils due
to high sodium content relative to calcium or magnesium. Stallworth
et al. (2020) observed the effects of SAR, TDS, and road aggregate mate-
rial on synthetic brine dust suppression in a standardized laboratory
setting (Stallworth et al., 2020). The authors found greater dust sup-
pression with synthetic brines that contained higher TDS, but lower
SAR values. To the authors’ knowledge, no studies have systematically
analyzed OGPW effectiveness as a dust suppressant, which is increas-
ingly important as the beneficial use of OGPW is increasingly encour-
aged in research requests for proposals by the U.S. Environmental
Protection Agency, U.S. Department of Energy and the U.S. Geological
Survey. In addition, no studies have analyzed the longevity of OGPW
dust suppressant efficacy following rain events observed in areas
where OGPW are typically applied. In this study, rain events were sim-
ulated to compare the effectiveness that might be expected in field con-
ditions for three types of treatments: calcium chloride, OGPW, and
soybean oil. Finally, if the use of OGPW as a dust suppressant is encour-
aged, radium removal prior to application on the roadway may be
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necessary to meet potential regulatory restrictions and to our knowl-
edge no studies have examined the efficacy of treated OGPW as a dust
suppressant.

There is a clear need for efficacy studies of OGPW and other dust
suppressants as their use may impact human health (Pichtel, 2016).
Regulatory agencies, local and state governments, road mangers and
oil and gas operators could also use the information to make informed
decisions and create regulations regarding beneficial use of OGPW
that are protective of human and environmental health. Therefore, the
objectives of this research were to 1) quantify the efficacy of OGPW as
a dust suppressant compared to commercial and alternative
byproducts, and 2) estimate the efficacy of OGPW as a dust suppressant
throughout the USA based on state-wide averages of OGPW chemistry.
Determining dust suppressant efficacy of treated roadways will help to
determine potential human and environmental health effects of using
OGPW as a dust suppressant.

2. Methods
2.1. Dust suppressant characterization

Three different types of fluids were investigated for dust suppression
efficacy: 1) simulated brines (including MgCl,, CaCl,, and NaCl), 2),
OGPW, and 3) alternative products (Table 1). Twenty simulated brines
were prepared in the laboratory using metal salts (calcium chloride, mag-
nesium chloride, sodium chloride) and ultrapure water to investigate the
mechanistic controls of dust suppression and mimic concentrations of
commercial brines (calcium or magnesium chloride). The simulated
brine formulations were chosen to reflect a range of observations of SAR
and TDS values for OGPW as well as the commercial products such as
CaCl, and MgCl,. Results from a preliminary subset (n = 9) of these sim-
ulated brines were previously published (Stallworth et al., 2020).

Eight OGPWs, including both untreated conventional and treated
unconventional OGPWs were used to benchmark effectiveness relative
to simulated brines and alternative products. Three OGPW from con-
ventional wells (vertical wells) that were used for road spreading
were collected for this study; one was collected in 2018 from a township
in Ohio (identified herein as OHB1) and two were collected from town-
ships in Pennsylvania in 2017, (referred to in this work as PAB1, PAB2).
Two conventional OGPWs from Wyoming were used (WYB1, WYB2)
(McDevitt et al., 2019, 2020b). Although it is not known if these fluids
were ever used for road spreading, Wyoming is a state that allows ben-
eficial reuse of OGPW for agriculture and has a climate that could neces-
sitate dust suppression. Three unconventional OGPW, produced water
from wells that were horizontally drilled and hydraulically fractured,
were tested. One unconventional OGPW from Colorado was tested
(COB1). It was collected from a disposal pond located in Colorado and
was reportedly used for dust suppression. Finally, two treated uncon-
ventional OGPWs from Pennsylvania were utilized to determine the
feasibility of using treated unconventional OGPW as a dust suppressant.
One unconventional OGPW was treated minimally, primarily to remove
organics (PATO), while the second OGPW was treated to remove ra-
dium by mixing with acid mine drainage (PATR) (Ouyang et al.,, 2019).

Three alternative byproducts were tested including a water treat-
ment plant softening sludge (WTP SS), soybean oil (SOY OIL), and a
commercially available product, EnviroKleen®. The water treatment
plant softening sludge, from Ohio, was collected after lime softening
as was suggested in a survey of dust suppressant options by the South
Dakota Department of Transportation (Hua et al., 2016). The pure soy-
bean oil, a byproduct of soybean crushing, is currently used for dust sup-
pression by a township located in northwestern Pennsylvania. The
commercially available EnviroKleen® is a synthetic fluid with an
added binding agent, which has been approved as a dust suppressant
with minimal environmental impacts by the Pennsylvania Center for
Dirt and Gravel Roads (Kunz and Little, 2015; Penn State Center for
Dirt and Gravel Roads, 2018).
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Table 1

Raw data for aerosol generation results of simulated brine-treated, OGPW-treated, and al-
ternative product-treated DSA- road aggregate samples. OGPW include samples from Ohio
(OH), Pennsylvania (PA), Wyoming (WY), and Colorado (CO). Alternative products in-
clude Water treatment plant softening sludge (WTP-SS), commercial dust suppressant
product, Envirokleen, and waste soybean oil (SOY OIL).

Sample ID SAR  TDS Log AMPM;, Std Log Std
(mg/L)  (SAR/TDS) dev AMPM;, error
mg/m>  mg/m?
No dust suppressant added®
Control - 1 - - - 239 16 24 0.03
Control - 2 - - - 258 15 24 0.03
Simulated brines®
CaCly-1 0.12 614252 —6.7 0.5 0.1 —0.3 0.11
CaCl, -2 0.12 614252 —6.7 0.4 0.4 —0.4 0.48
CaCl,-3 0.12 614252 —6.7 04 0.2 —04 0.20
CaCl, -4 0.12 614252 —6.7 1.5 0.3 0.2 0.08
MgCl, - 1 0.13 421,790 —6.5 0.3 0.1 —-0.5 0.15
MgCl, - 2 0.13 421,790 —6.5 0.7 0.2 —0.2 0.15
NaCl - 1 1406 298,701 —2.3 366 33 2.6 0.04
NaCl - 2 1406 298,701 —2.3 267 9 24 0.01
High SAR - 1 79 181,232 —3.4 90 8 2.0 0.04
High SAR - 2 79 181,232 —34 108 20 2.0 0.08
Mid SAR - 1 14 163,453 —4.1 40 6 1.6 0.06
Mid SAR - 2 14 163,453 —4.1 9 2 0.9 0.11
Low SAR -1 2 160,141 —4.9 3 1 0.5 0.18
Low SAR - 2 2 160,141 —49 6 1 0.7 0.11
Mid SAR/Low 15 24,402 3.2 296 14 25 0.02
TDS-1
Mid SAR/Low 15 24,402 —3.2 349 18 2.5 0.02
TDS -2
Mid SAR/Mid 14 75,080 —3.7 20 3 13 0.07
TDS-1
Mid SAR/Mid 14 75,080 —3.7 25 3 14 0.05
TDS -2
Mid SAR/High 15 298911 —43 2 0 0.4 0.07
TDS -1
Mid SAR/High 15 298911 —43 3 1 0.4 0.16
TDS -2
0il and gas produced water samples”
WYBI1 -1 12 5771 —2.7 195 11 23 0.03
WYBI1 -2 12 5771 —2.7 196 23 23 0.05
WYB2 7 1136 —2.2 171 13 22 0.03
OHB1 -1 59 244955 —-3.6 7 3 0.9 0.16
OHB1 -2 59 244955 —3.6 12 3 1.1 0.11
OHB1 -3 59 244955 —3.6 15 3 1.2 0.08
OHB1 -4 59 244955 —-3.6 22 6 13 0.12
PAB1 -1 60 292,000 —3.7 13 4 1.1 0.12
PAB1 -2 60 292,000 —3.7 8 22 0.9 1.18
PAB2 -1 106 356,000 —3.5 25 7 14 0.11
PAB2 -2 106 356,000 —3.5 13 3 1.1 0.11
COB1-1 42 305,000 —3.9 0.1 0.04 —-0.9 0.13
COB1 -2 42 305,000 —3.9 0.1 0.01 —-13 0.12
COB1-3 42 305,000 —3.9 0.02 0.01 —1.6 0.21
PATR -1 28 10,079 2.6 337 20 25 0.03
PATR -2 28 10,079 —-26 266 26 24 0.04
PATO - 1 63 111,073 —-3.2 175 11 22 0.03
PATO -2 63 111,073 —3.2 193 13 23 0.03
Alternative products
WTP SS -1 2 295 —2.2 245 22 24 0.04
WTP SS -2 2 295 —2.2 152 18 22 0.05
WTPSS -3 2 295 —2.2 66 8 1.8 0.05
SOYOIL-1 - - - 0.02 0.01 —1.7 0.23
SOYOIL -2 - - - 0.02 0.01 —-1.8 0.24
EnviroKleen® - - - 0.02 0.00 —1.8 0.07
-1
EnviroKleen® - - - 0.02 0.00 —1.7 0.06

-2

2 Results originally reported in Stallworth et al. (2020).
> TDS and values used to calculate SAR originally reported in Tasker et al., 2018.

2.2. Road aggregate characterization

Driving Surface Aggregate (DSA) was obtained from quarry stock-
piles in Pennsylvania and had not previously been placed on roadways.
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DSA meets specifications for particle size distribution and other aggre-
gate testing parameters as described by the Pennsylvania Department
of Transportation (PennDOT) and was previously characterized, and
consisted almost exclusively of limestone (Stallworth et al., 2020). The
DSA used for efficacy testing had a grain size distribution with 81% of
grain sizes between 1.18 mm and 9.51 mm. Of the material smaller
than 1.18 mm, the grain size distribution for the DSA was 58% sand,
35% silt, and 3% clay.

DSA was used to make representative discs of unpaved road surfaces
using the method developed by Stallworth et al. (2020). To create the
representative discs, 100 g (dry weight) of homogenized aggregate
was moistened to 5% water content, and compacted using a soil Proctor
hammer in a cylindrical mold with a diameter of 6.35 cm and a height of
1.5 cm. Samples were compacted with a consistent compaction energy
of 13,000 kN-m/m? to maintain uniform compression, similar to road
beds. Compacted disc samples were then dried for 24 h at 60 °C prior
to any dust suppressant application.

2.3. Aerosol generation

Dry road aggregate discs were treated with 5 mL of dust suppressant,
using a pipette in 1 mL increments. This application rate corresponds to
regulatory agency recommendation rates of 1.6 L/m? for CaCl, and is
slightly below the State of Pennsylvania's recommended OGPW spread-
ing rates of 0.5 gal/yard? (2.3 L/m?). Treated samples “cured” for 10 min
to allow for liquid penetration through the aggregate, and were then
dried for 24 h at 60 °C. After 24 h, samples were placed in a small rotary
drum (Model B Rotary Tumbler; Thumler's Tumblers) and tumbled for 3
min. During this time, the PM;o concentration in the airspace was mea-
sured using an aerosol monitor (DustTrak Il Aerosol Monitor 8530; TSI).
Measured aerosol concentrations from minute 2:00-3:00 were aver-
aged, resulting in an “Average Maximum PM10” (AM PM;,) concentra-
tion, which was used to compare efficacy between dust suppressant
samples. Road aggregate discs with no dust suppressant treatment rep-
resented control samples. Detailed methods of aerosol generation and
laboratory measurements were previously described in Stallworth
et al. (2020). The 2:00-3:00 min interval generally represented a max-
imum “plateau” in PM;o concentrations that were consistent between
replicate tests. In addition, these bench-top tests of DSA material corre-
lated with field measurements of PM.

2.4. Sodium adsorption ratio and total dissolved solids

OGPWs and alternative treatment samples were filtered using a 0.45
um cellulose acetate filter and then analyzed for cations (Na, Ca, Mg, Sr
and K) by inductively coupled plasma optical emission spectrometry
(ICP-OES) and anions (Cl, Br, SO%", PO3") by ion chromatography (IC).
A single measurement, Log (SAR/TDS) was calculated based on major
anion and cation concentrations in order to evaluate the effects of TDS
and SAR together. TDS was calculated based on the sum of all dissolved
ion concentrations (all in mg/L).

The SAR was calculated based on dissolved metal concentrations as
follows:

Na* (1)

SAR =
/0.5 + (Ca?* ("89) + Mg+ ("51))

(1)

2.5. Simulated rain events

Synthetic rainwater (pH = 4.2) was created following the EPA syn-
thetic precipitation leaching procedure (SPLP; SW-846 Test Method
1312). The volume of leaching solution applied for each event was
based on precipitation records collected by the National Atmospheric
Deposition Program for the Kane Experimental Forest, located in the
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Allegheny National Forest in Pennsylvania (NTN Site PA29; 41.598,
—78.77) that represents an area with historical OGPW application as a
dust suppressant. The 80th percentile rain event was calculated from
daily precipitation records for the months of June - August in the
years 2008-2017. This rainfall depth, 0.43 c¢m, corresponds to a rain
event that would occur once every 5 days. The depth of rain was con-
verted to a volume by multiplying by the surface area of the road
disks (~31.6 cm?) and was approximately 15 mL. For each round of
leaching, the sample was placed in a plastic Buchner funnel, and 15
mL of rainwater solution was poured evenly over the disc. Discs were
equilibrated for 12 h to allow for sufficient rainwater contact time. A
vacuum pump was then used to remove and collect the standing solu-
tion. Next, samples were placed in an oven at 60 °C for 24 h, or until
the sample remained at constant weight. Finally, samples were trans-
ferred into the mechanical rotary drum and tested for suppressant effi-
cacy. This process was completed three times, for a cumulative 45 mL
applied leaching solution to represent moderate rain events over
roughly a two-week period.

2.6. Radium removal

To reduce environmental and human health risk, radium can be re-
moved from OGPW prior to spreading on roads. OGPWSs were character-
ized for radium activities of two long-lived radium isotopes (*?°Ra and
228Ra) using a small anode germanium gamma ray spectrometer (Can-
berra Instruments). Liquid samples (OGPWs and alternative liquids)
were preserved to a pH less than 2 with nitric acid. Solid samples (ag-
gregates) were sieved to <1.18 mm. Samples were equilibrated for 21
days and radium determined using the activity of the daughter prod-
ucts, 21*Pb at energy levels 295.2 keV and 351.9 keV and 2'*Bi at 609.3
keV. 2*®Ra was determined through the activity of decay product *?Ac
at 911 keV. A uranium ore tailing standard (UTS-2) from Canadian Cer-
tified Reference Material Project was used to calibrate detector efficien-
cies (http://www.nrcan.gc.ca/mining-materials/). All methods for
determination of radium, including activity corrections for high TDS
fluids, were previously described in detail (Ajemigbitse et al., 2019;
Tasker et al., 2019).

The dust suppression efficacy of an OGPW, PAB1, was measured be-
fore and after three types of radium removal via chemical precipitation
experiments, 1) sodium sulfate, 2) magnesium sulfate, and 3) barium
sulfate. To remove radium, sodium sulfate or magnesium sulfate solu-
tion was added to 100 mL of PAB1 to co-precipitate radium with barium
and strontium sulfate. The volume of sodium or magnesium sulfate
added was held at 25 mL, and the concentration of the solution
corresponded to a 1:1, 2:1, or 3:1 sulfate:(strontium + barium) molar
ratio, although for each produced water, strontium was present in the
greatest amount. Alternatively, solid barium sulfate was added to the
brine samples at a solid (g barite) to liquid (kg brine) ratio of 4:2 to
4:4, The mixture was then slowly stirred for 48 h, to allow for the incor-
poration of radium (Zhang et al., 2014). The supernatant was then
decanted, filtered through a 0.45 um cellulose acetate filter, and used
to treat road disc samples. Radioactivity of both the untreated and
treated OGPWs was measured using the techniques described above.

2.7. Estimating OGPW efficacy across the USA

OGPW data for states with active conventional oil and gas drilling
was accessed from the publicly available United States Geological
Survey (USGS) Produced Water Database (Blondes et al., 2018). To en-
sure representative data quality, only samples within +/- 15% of the
major ion charge balance were retained (n = 74,312 or 48%). Average
major element concentrations were then used to calculate average
SAR and TDS values for each state. States highlighted include those
which currently regulate the spreading of OGPW for dust/deicing or
road maintenance (CO, IL, IN, KS, MI, ND, NE, NY, OH, PA, SD, WV, and
WY) (Tasker et al., 2018); those which regulate beneficial spreading of
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OGPW not exclusively for road spreading (AL, NM, TN, and VA)
(Tasker et al., 2018); and states which are studying the potential to
increase the beneficial use of OGPW, as encouraged by the U.S.
Environmental Protection Agency (EPA), U.S. Department Of Energy
(DOE), and USGS (e.g., OK, NM, TX) (USEPA, 2019a; USGS, 2020).

3. Results
3.1. Dust suppressant characterization

Three types of dust suppressant fluids (simulated brines, OGPW, and
alternative products) were characterized (Table 1, Table S1). As ex-
pected, the simulated brines created to represent commercial products,
CaCl,, MgCl,, and NaCl had the highest Ca, Mg, and Na concentrations of
any samples in the study, respectively. For the conventional OGPWs,
TDS ranged from 1100 to 356,000 mg/L, and SAR values ranged from 7
to 106. These OGPWs were highest in sodium (mean = 29,000 mg/L)
> calcium (mean = 20,000 mg/L) > magnesium (mean =
3000 mg/L). The Log (SAR/TDS) value varied from —2.2 to —6.7. The
Wyoming brines (WYB1, WYB2) had the lowest SAR values (7 and
12) and TDS (1100 and 5800 mg/L) of all the OGPWs tested in this
study (McDevitt et al., 2019, 2020b). An untreated unconventional
OGPW (COB1, from Colorado) that had been stored in an evaporation
pond had a high TDS (305,000 mg/L) and a moderate to high SAR
(42). Two treated unconventional OGPWs were also studied (PATO
and PATR). PATO had similar TDS (111,000 mg/L) and SAR (63) values
compared to the conventional OGPWs, but PATR had a lower TDS
(10,100 mg/L) and SAR (28). Of the three alternative dust suppressants,
a softening sludge from a water treatment plant had the lowest SAR and
TDS (2 and 295 mg/L, respectively). The soybean oil and the commercial
product EnviroKleen® were not characterized for TDS or SAR because
they are not brines.

3.2. Aerosol generation

All dust concentrations are reported in terms of the Average
Maximum PM;o (AM PM;,) measured over the last minute (t =
2:00-3:00 min:sec) of the dust generation experiments (Stallworth
et al., 2020). The DSA road aggregate samples that were not treated
with any dust suppressant (control; n = 2) generated 239 to
258 mg/m° of dust (Fig. 1; Table 1). Soybean oil and EnviroKleen®
generated the least amount of dust (0.02 mg/m?), while CaCl,
(0.4 mg/m?) and MgCl, (0.5 mg/m?) also generated very little dust.
WTP SS generated moderately high amounts of dust (AM PM;q =
66 to 245 mg/m>). The road aggregate samples treated with OGPW
(n = 18) varied by five orders of magnitude from 0.02-337 mg/m>
for individual samples. The treated unconventional OGPWs gener-
ated dust between 184 and 301 mg/m?>. Notably, NaCl generated
the largest amount of dust (267 to 366 mg/m>) of any type of
treatment, which was significantly greater than the untreated
control (p = 0.004).

3.3. Sodium adsorption ratio and total dissolved solids

For brines, dust suppression efficacy is influenced by both the SAR
and TDS of the fluid. In a previous study using simulated brines
(Stallworth et al., 2020), strong linear relationships suggested that
dust suppression efficacy of synthetic brines can be predicted if the
SAR or TDS of a simulated brine are known. In this study, the Log
(SAR/TDS) was calculated in order to combine the effects of SAR and
TDS into one value that could estimate an OGPW's efficacy as a dust sup-
pressant. A linear relationship (Eq. (2)) based on this singular value for
the simulated brines supported the applicability of Log (SAR/TDS) to de-
scribe these trends (Table S2). The linear regression using the Log (SAR/
TDS) of twenty simulated brines and the Log AMPM;, generated from
DSA discs produced an r? of 0.87 and a significant p-value (2 x 1079).
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Log (SAR/TDS)

Fig. 1. Lab generated dust concentrations shown on the y-axis as the log of the Average
Maximum PM;o (AM PM;o; mg/m?) plotted against the log of the quotient of SAR
divided by TDS for each dust suppressant. Black squares represent the dust generated by
control samples with no treatment; white squares, simulated brines (Stallworth et al.,
2020); green diamonds, EnviroKleen®; yellow diamonds, soybean oil; red circles,
untreated unconventional OGPW(U); blue circles, treated unconventional OGPW(T);
grey circles, water treatment plant sludge (WTP SS). Control, soybean oil, and
EnviroKleen® samples were assigned arbitrary Log(SAR/TDS) values to allow for
graphing. The dashed horizontal line represents the US EPA 24-h exposure limit for
PM;0, 0.15 mg/m? (Log = —0.92). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Log AMPM o = 0.66 = Log <%§> +4 2)

Based on values from the USGS produced water Database, OGPW
from Texas has an average TDS of 81,064 and an average SAR of 121.
Based on Eq. (2) these values predict an AMPM;q of 126.

3.4. Influence of rain events

Four of the suppressants, CaCl,, OHB1, PAB1, and soybean oil, were
applied to DSA road materials and then subjected to simulated rain
events (n = 3). Generally, more dust was generated following each sim-
ulated rain event. Soybean oil, however, demonstrated minimal dust
generation increase after the first rain event and then little additional
dust generation between rain events 2 and 3 (Fig. 2; Table S3).

The samples treated with OGPWs (OHB1, PAB1) lost efficacy by the
second rain event and generated as much dust as the untreated-control
samples. These samples consistently reached the instrument maximum
detection of 400 mg/m> (Log = 2.60) following a second rain event.
Samples treated with CaCl, lost efficacy with each rain event more
slowly than the OGPW-treated samples and generated nearly as much
dust as the untreated-control samples after three rain events.

3.5. Influence of radium removal

In the conventional OGPWs, total radium (??°Ra + 228Ra) activities
were between 20 and 1440 pCi/L, consistent with previous reported re-
sults (Dresel and Rose, 2010; Haluszczak et al., 2013; McDevitt et al.,
2019; Rowan et al., 2011, 2015; Tasker et al., 2018; Zhang et al., 2014).
PATO had a total radium value of 5900 pCi/L, more than double that of
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Fig. 2. Efficacy of dust suppressants after moderate summer rain events (0.45 cm) that
typically occur every 5-7 days in western PA (i.e., equivalent to the rainfall depth that
would fall in 24-h, every 7-days in NW PA). The y-axis shows the dust generated, as Log
Average Maximum PM10 (AM PM), after cumulative increases in applied precipitation
(in cm), on the x-axis. Black squares represent the untreated control; red circles connected
with a solid line, OHB1; red circles connected with a dashed line, PAB1; white squares,
CaCl,; yellow circles, soybean oil. The dashed horizontal line represents the US EPA 24-h
exposure limit for PM;, 0.15 mg/m>. For all conditions, n = 2. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

the conventional OGPWs used in this study, but similar to results re-
ported for unconventional OGPW (Rowan et al., 2011, 2015). Radium
was not detected (ND < 20 pCi/L) in PATR, nor in any of the alternative
dust suppressants investigated in this study. The complete chemistry
data from the dust suppressant characterizations are presented in
Table S1.

One conventional OGPW, PAB1, was treated to remove radium using
the method described in Zhang et al. (2014) to co-precipitate radium
with barium and strontium sulfate using varying doses of barium, so-
dium, and magnesium sulfate (Zhang et al., 2014). For all doses of bar-
ium, sodium, and magnesium sulfate, the total radium decreased after
treatment. For 1x the calculated sodium sulfate dose, the Ra decrease
was almost 50% (Fig. 3), but activity still remained well above the EPA
industrial discharge limit of 60 pCi/L. In contrast, both barite radium-
removal doses reduced radium to near 60 pCi/L. Overall, the dust sup-
pression efficacy of the treated brine decreased slightly (Fig. 3) for mag-
nesium and sodium sulfate treatments, but barite treatments
demonstrated similar or better reduction of PM;o. Two DSA samples
treated with PAB1 generated 10 and 14 mg/m3 PM;, Following barite
addition to remove radium, discs treated with radium-reduced PAB1
generated only 0.2 and 1.1 mg/m? dust (Fig. 3).

3.6. Estimating OGPW efficacy by state

The USGS Produced Water Database was utilized to calculate a state
average OGPW Log (SAR/TDS) to estimate anticipated dust generation
(in Log AM PM,) if applied as dust suppressants (Table S4). Results of
predicted dust generation from mean values of SAR/TDS calculated for
OGPW from each state are presented in Fig. 4. Results for commercial
dust suppressants and simulated brines are included for comparison.
States were categorized based on the predicted AM PM;q values,
which are shown across the continental USA (Fig. 5).
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4. Discussion
4.1. Dust suppressant efficacy

A total of twenty simulated brines were tested, each with varying
SAR and TDS values (Table 1). Similar to previous studies of synthetic
brines, there was a strong negative relationship between the SAR and
dust suppression efficacy (Graber et al., 2019; Stallworth et al., 2020),
and a strong positive relationship between the TDS and dust suppres-
sion efficacy (Stallworth et al., 2020). Brines highest in sodium (e.g.
NaCl) performed worse than brines with little to no sodium (i.e. CaCl,
and MgCl,).

Eight OGPWs were tested, with ranges of TDS from 1100 to 356,000
mg/L, and SAR from 7 to 106 (Table 1). The results demonstrate the di-
vergent effects on efficacy between TDS and SAR that occurs when
OGPW is used for dust suppression. Generally, the untreated conven-
tional OGPW samples (PAB1, PAB2, OHB1) suppressed dust most effec-
tively (7-25 mg/m>) of the OGPWs. These OGPWs had high SAR values
(59-106) and high TDS (245,000-356,000 mg/L). Among these brines,
while PAB2 had the highest TDS (an indicator of good dust suppression),
it did not out-perform the other two brines. PAB2 also had the highest
SAR (an indicator of poor dust suppression), which could have
counteracted the benefit of high TDS. The OGPWs which suppressed
dust least effectively (PATR, WYB1, WYB2; 171-337 mg/m?>) had low
to mid/high SAR values (7-28), and low TDS (1100-10,000 mg/L).
PATO performed within the range of the least effective OGPWs; how-
ever, it had a much higher TDS and SAR. The contrasts observed with
PAB2 and PATO further indicate that TDS and SAR are both factors in

OGPW dust suppression and suggest there is a limit to the effectiveness
of higher TDS (and higher Ca, Mg dosing) on mitigating the detractive
effects of sodium in higher SAR fluids. The implication for road man-
agers and State agencies is that SAR and TDS calculations need to be per-
formed to demonstrate dust suppressant efficacy of OGPW from an OG
well.

To capture the combined influence of SAR and TDS in one measure-
ment, the Log (SAR/TDS) value was calculated and plotted versus the
log of AM PM; (Fig. 1, Table 1). As the Log (SAR/TDS) becomes smaller
(more negative), the expected dust generation decreases. The applica-
bility of this measurement is demonstrated by comparing results from
the water treatment plant softening sludge (WTP SS) and the NaCl sim-
ulated brine. WTP SS had a very low SAR (2), ideal for dust suppression;
however, it also had very low TDS (295 mg/L). As such, it suppressed
dust minimally (198 + 14 mg/m>) compared to the control (248 + 11
mg/m?). The Log (SAR/TDS) of the water treatment plant softening
sludge was comparable to the sodium chloride simulated brine. The so-
dium chloride brine, while high in TDS (299,000 mg/L), also had a very
high SAR value (1400). In our experiments, the Log (SAR/TDS) ex-
plained a high proportion of total PM;o produced (R> = 0.87)
(Table S2). The utility of Log (SAR/TDS) is a valuable tool for road man-
agers and state regulators seeking to rapidly assess the efficacy of OGPW
within their regions. Of note, the COB1 results do not appear to fit the
Log (SAR/TDS) trend, as this brine suppressed dust more effectively
than predicted. COB1 has a high TDS, and was sourced from an evapora-
tion pond which could lead to better humectant (i.e., moisture reten-
tion) properties. Evaporative concentration of the source-brine until
the time of COB1 collection could have led to better performance, but
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Fig. 4. Dust generated (AM PM ) from laboratory samples during this study and predicted
AM PM;o of OGPW from selected States based on Log (SAR/TDS). White squares represent
simulated brines; red circles, conventional OGPW; blue circles, treated unconventional
OGPW; grey circles, water treatment sludge - all laboratory-measured values. Orange
triangles represent predicted dust generation for States with data entries in the USGS
Produced Water Database. The purple triangle represents the predicted dust generation
of the OGPW used in the Graber et al. study (Graber et al., 2017). The dashed horizontal
line represents the US EPA 24-h exposure limit for PM;o, 0.15 mg/m>. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

one not predicted by SAR/TDS alone. Alternatively, a significant increase
in humidity conditions in the laboratory at the time of testing, as com-
pared to the other samples, could have led to increased suppression ef-
ficacy. These results suggest that further tests with the method are
needed to explore humidity and other site-specific conditions.
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Both the soybean oil (SOY OIL) and EnviroKleen® performed about
four orders of magnitude better than WTP SS and three orders of mag-
nitude better than the best performing OGPW (Fig. 1, Table 1). These
fluids do not have SAR or TDS values; therefore, they were assigned ar-
bitrary Log (SAR/TDS) values along with the control. Soybean oil is per-
haps the most promising alternative product to OGPW because it
worked as well as a commercial product and could likely be obtained
at a lower price as a byproduct of soybean crushing. Although effective
and commercially available, EnviroKleen® would likely be cost prohib-
itive for many rural road managers with in-place costs ranging from
$4000-$10,000 per mile per application (Stallworth et al., 2020). Since
each fluid has organic components that likely enhance their efficacies,
factors not assessed in this study, they should be investigated before
widespread use (i.e., to prevent the potential leaching of organic carbon
and/or nutrients into nearby waterways during storm events).

4.2. Total dissolved solids and sodium adsorption ratio

Based on a ‘state-average OGPW’, New York, Ohio and Pennsylvania
would generate the lowest amount of dust if their OGPWSs were used as
dust suppressants. All three of these states currently or previously
spread OGPW. However, even the best performing OGPW from these
states did not perform as well as alternative waste products such as soy-
bean oil. The regression predicts that Nevada OGPWs would likely gen-
erate the most dust if used as a dust suppressant.

As States seek an inexpensive alternative to commercial dust sup-
pressants and deicing agents, and the U.S. EPA seeks to expand benefi-
cial use of OGPW across the U.S. (USEPA, 2019b), predicting efficacy of
OGPW as a dust suppressant in other geographical areas remains imper-
ative to maintain human and ecological health. Using the Log SAR/TDS
as a predictor of dust generation, we estimated PM;, generation for 37
states (Table S4). We found that the use of OGPW from states such as
NV, NE, and WY are expected to perform similarly to NaCl brine and un-
treated controls. Predicted AM PM;, values for CO and WY (Table S4)
are near the measured values (COB1, WYB-1, and WYB2) (Table 1).
Likewise, OGPW from Appalachian Basin states such as OH, PA, WV
and NY are predicted to be more effective. A direct comparison for pre-
dicted laboratory PM;o dust generation based on the regression calcula-
tion (52-67 mg/m>) for these states was close to the observed

Fig. 5. Predicted dust suppression efficacy across the U.S. based on SAR and TDS values available in the USGS Produced Water Database for each State. States represented in white had less

than 50 entries available in the USGS Produced Water Database.
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laboratory PM;, generation of the tested samples (10-19 mg/m?)
(Table S5). The correlation between concentrations of dust generated
in the laboratory and dust generated on roadways is yet to be defined,
with additional field scale experiments required.

Due to spatial variability in the TDS and SAR of produced waters
across oil and gas plays (Chaudhary et al., 2019; Scanlon et al., 2020),
evaluation of OGPW at a finer spatial scale is recommended when con-
sidering applicability—especially when considering the high degree of
variability within states. States may be able to conduct a similar analysis
on a county-level to identify specific counties and/or formations which
may be best-suited for OGPW road spreading. For example, a recent
field study by Graber et al. (2017) used an ideal OGPW (low SAR, high
TDS) from South Dakota in a field test (Graber et al., 2017). While the
efficacy results cannot be directly compared, inputting the Log (SAR/
TDS) of this OGPW into the regression equation yielded an expected
dust generation that was lower than the range observed with the aver-
age USGS produced water data for South Dakota. Therefore, analysis at
the local level may reveal a wider range of OGPW suitable for use as
dust suppressants. However, suppressants used commercially, such as
calcium chloride, magnesium chloride, and EnviroKleen®, as well as
the alternative soybean oil each outperformed all OGPW tested in this
study, which may indicate OGPW application for dust suppression
may not be beneficial (Payne, 2018).

4.3. Influence of rain events

While dry conditions motivate the use of dust suppressants, rain
events are not uncommon in seasons when suppressants are applied
in some regions (e.g., Pennsylvania and Ohio). Therefore, resilience to
small rain events that typically occur repeatedly during summer
months was investigated for OHB1, PAB1, SOY OIL, and CaCl,. With
each rain event, the efficacy of each dust suppressant decreased, exclud-
ing SOY OIL, which decreased minimally and then leveled off after the
first rain event (Fig. 2, Table S3). The samples treated with OGPW lost
efficacy more quickly and to a greater degree than the CaCl, and SOY
OIL samples; by the second rain event, the OHB1 and PAB1 generated
as much dust as the untreated-control sample. These samples
consistently reached the instrument maximum of 400 mg/m?>. These
results further demonstrate the efficacy of an alternative product
(soybean oil) relative to the OGPWSs, which appear to have limited
capacity to suppress dust after typical rain events observed in the
summer months.

In a previous study by Tasker et al. (2018), road materials treated
with OGPW were leached using the EPA Synthetic Precipitation
Leaching Procedure (SPLP) (Tasker et al., 2018). In these simulated
rain events on road materials treated with OGPW nearly all sodium,
magnesium, and calcium leached out of the road aggregate (Tasker
et al., 2018). However, the test was performed on loose, smaller aggre-
gate, with larger volumes of leaching solution and a rotational shaker for
equilibration. The method used in the current study attempted to simu-
late a leaching event closer to what would be observed on a road sur-
face. It is likely that rain events will result in the loss of the
constituents responsible for dust suppression over time (Warrence
et al., 2002). From this study, roads treated with OGPW may be most
susceptible to this loss compared to commercial grade and non-brine al-
ternatives, requiring diligent maintenance (without over-application).

4.4. Influence of radium removal

While several of the regulations that permit the road or land spread-
ing of OGPW specify only conventional OGPW (as opposed to uncon-
ventional OGPW generated after hydraulic fracturing (Haluszczak
et al., 2013; Tasker et al., 2018)), untreated conventional OGPW still
contains levels of radium above regulatory standards, such as the indus-
trial discharge limit of 60 pCi/L (Tasker et al., 2018). The addition of so-
dium sulfate to OGPW removed about half of the overall radium activity
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(from PAB1), but also added sodium to the solution, increasing the SAR
and limiting its effectiveness as a dust suppressant (Fig. 3). Conversely,
the addition of magnesium or calcium sulfate to an OGPW decreased the
SAR but did not increase dust suppression efficacy. This decrease in effi-
cacy may be due to dilution - the volume of sulfate solution added had
lower TDS and made up 20% of the final volume. Regardless, in all mag-
nesium and sodium sulfate additions, removal of roughly half the ra-
dium from OGPW via co-precipitation with barium and/or strontium
sulfate led to only a slight decrease in dust suppression efficacy. In con-
trast, radium removal was optimized with treatments of pre-formed
solid barite, which removed around 90% of the radium and maintained
SAR and TDS, leading to similar (and in some cases, better) dust sup-
pression efficacy compared to untreated OGPW. Following a single
dose with barite, radium values in OGPW (70-140 pCi/L) were near
the industrial discharge limit of 60 pCi/L.

4.5. Limitations

Additional contaminants found in OGPW, (i.e. lead, arsenic, radium)
may accumulate on roadways and in groundwater (Skalak et al., 2014;
Tasker et al., 2018), which raises concerns about the safety of water re-
sources post-application (Chen and Lippmann, 2009; Kim et al., 2015)
that were not addressed here. Indeed, brines that are used for road
maintenance activities such as deicing and dust suppression raise con-
cerns about increasing the salinity of proximate water resources, be-
cause once applied, much of the salt becomes mobile and travels
offsite with surface and groundwater (Bair and Digel, 1990; Eckstein,
2011; Piechota et al.,, 2002) which has negative consequences for agri-
culture, infrastructure, and aquatic life (Fay and Shi, 2012; Kaushal
et al., 2018; Tasker et al., 2018). The removal of heavy metals from
OGPW, such as arsenic, has been demonstrated (Akhbarizadeh et al.,
2018; Fakhru’'l-Razi et al., 2009; McDevitt et al., 2020a). Therefore, re-
moval of metals prior to application on roadways could reduce some
of the risks without compromising dust suppression efficacy.

5. Conclusions

Road spreading of OGPW is an established practice that is generating
health and efficacy concerns as the practice gains more attention. Com-
pared to commercial counterparts, calcium and magnesium chlorides,
the presence of sodium in an OGPW can render an OGPW less effective
as a dust suppressant. None of the OGPWs assessed performed as well as
the commercial analogs, CaCl, or MgCl,. Based on average TDS and SAR
values for OGPW in each state, the OGPWs tested in this study likely
represent the upper limits of efficacy of OGPW as a dust suppressant.
If the justification for using OGPW is equivalency with commercial
counterparts, evidence points to far less efficacy. However, removal of
radium from OGPW to concentrations below regulatory levels that
will reduce risk is possible, with minimal impact to efficacy.
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Appendix for Written Testimony submitted by Dr. William Burgos to PA House ERE Committee

Item 7 - Walentosky and Waite, 1997
key finding: land application of produced water from conventional oil & gas wells contaminated

shallow groundwater downgradient of disposal pits
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EXECUTIVE SUMMARY

A study was conducted to quantify the iipacts on ground water resoutces by the land surface
discharge of produced water from shallow oil well operations ifi northwest Pennsylvania. The
motivation for the study was to determine if this historically practiced and economically

attractive produced water managemient methodology favored By raany prodieers et the

- regulatory requirement of protecting ground water resolites. I [993; the Fennsylvanis

Diepartment of Environmerital Protection (PA DEP) indicated that impacts to. ground watsr from
produced shallow oil well water discharges. should not exéeed 250 mg/l of ehloride at.a distance

of approximately 50 feet from the point of discharge:

Ten individual operating well sites were selected in the shallow oil fields of Venaugo County

ﬂiﬁt. hada muumumaften '(1"0)" years Gf.ccsﬁfihﬁéﬁs ‘-ﬁ}ﬁéi&fi‘éﬁ, iﬁifﬁdﬁééﬂfwafé? -was—'dfse}iax:geif to

Anda 'Wﬁli"qpsmt@rlmgr wha egapezaied and paﬂlmpatedam: -the study.; A gataggf 51 mamte;mg_—
wells ‘were installed at the ten locations and were designed and Iocated upgradient and

downgradient from the point of dischargs in both the shallow (water table) and next deeper :
ground water flow systems. Soil moisture lysimeters were also installed in a éawrfg_i_tadient-
direction at eight (8). of thesites. The. monitoing wells svere-sampled during a:wet:petiodof the
yéat When vapid ground water recharge “was eceuring: (A pril, 1996 and duing 2 dey period
95
and May, 1996. All ground water arid soil moistute samples, as-well a8 prodieed water-samples
from each well, wete submitted to the-PA DEP laboratory for analysis of the mgjor chloride salt

when water tables were low (July, 1995). The Iysitmeters were sampled during December, 18

compounds, heavy metals, selected organic compounds and general chemical parameters.

‘Seven of the ten well sites evaluated extibited significant shallow ground water impasts: as

defined by chloride congentrations in exeess 6f 250 g/l Similatly, thiee of the sites exhibited
sighificant impacts to-the next deeper ground water flow systenvand four of the eight moritored
sites exhibited significant impacts to s6il moisture, With the exception of fron, manganese, ot
barium, which oceurred in increased concentrations in the downgradient wells at six of the ten.

sites, heavy metal migration did not appear evident. Oil and grease concentrations increased in



[I——

four-of the ten sites, while rio increases in benzéne concentrations were noted at arly of the ten
sites. '

Significant chloride contétitrations (3250 mg/ty oecurred fiv o Jowngradient divection i the
shallow or deep: ground water flow systems at seven. of the ten sites. These conditions do not
meet the standards dissussed by the DEP as diminufive impricts. Lafid surfave ot unlined pit

‘discharges of produced water fromyindividual shallow oil well sites in northwestern Pennsylvariia

has not been demonstrated to be an acceptable matagement alternative.
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INTRODUCTION

P

Senator Peterson's Qil -and Gas Cotmmittes s ari “adhios group® of Penasylvania shallows oif

appropriate; act on problems and difficulties withini the industty. The Cominittee began meeting
in 1993, and quickly focused on waste water management as a key environmental and economie
issue. The Committee recognized that historical methods of production water disposal, which
frequently involved unregulated and uncontrolled discharges to the land surface, were

unacceptable from enivironmental and regulatory perspectives, and that the currently accepiable

. management practices were cost prohibitive.

The issue was broughit to the aitention of the Department of Environmental Protection;, and on
December 10, 1993, Department represenitatives agreed that if it conld be satisfactorily
demonstrated that land surface discharge of shallow oil produced water had a diminutive impact on

the environment, primarily ground water, serious consideration would be given to adopting

-guidelines for this disposal practice. Thrrefore/ the overall puspose of the-sfudy was to condust
-evaluationson gaehi individual site inregaids to:prodicad Watei hovenisntthrough substrface-sails +
and the extent of ground water contamination-fiom land surface discharges of produced water from

shallow oil wells. A compliance boundary of approximately 50 -feet downgradient from the '-;':gi‘zj‘tcof'
discharge had been established. (Chloritle was selected as @ key Water quality parameter and the
secondaty drinking water standard of 250-mg/l was set as a tentative marker level. -

In response to fliese discussions, Seiiator Peteson's O ad Gas Committes developed a work
seope torstudy existing discharges; seeured funding and inJuns-of 1995; undertook evaluations

of tepréseritative sites i the sil:fisld.

This report sufriraarizes this investigation.
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A total of ten (10) study sites were selested as-pdrt of the ground water evaluation portion of this
study. Numerous produced water discharge sites were considered. Ultimately 10 sites were

selected in northwestern Pennsylvariia thiat met the following criteria:

Cutrently operating:shatlow oil well

&

Ten or more years of continous-or neatly continuous well aperation

Well defined topographic gradient

e Point source discharge of produced water to an unlined pit or the ground

sﬁface

¢ Cooperation from oil/gas operatorand the landowher

RE 1. All-oFthese sifes-are loeated

The location:of eachiof the fen siteszatestiown aspait ST FIGU.
in Venange Cotinty and represent four different townships-and tor Individual eil lebsés.

At egch site & series of ground water Hionitoridg wells were installed to evaluate the impacts.or .
lack of impacts on ground water, At a typical site this includéd six ground water monitoring

wells. Two wolls. wete installed fo. the water table. to- quantify: impacts to the shallow grouid

vwatér flow system in an apparent downgradient direction. Tiva despér wells were installed to the
seoorid ¢ of viext desper) Water'beating zone oraquifer fivan: apparent downgiadient dirsction fo
evaluate-water quality fmpacfs gn'the deeper flowsystein. [n-addifion; one-shallow and one degp
monitoring well weté installed i an apparent upgradient direction to characterize grousid water
quality moving irito the study area and establish a baseline or background ground water quality
for the two separate aquifers. All wells were drilled utilizing the air rotary niethod by the Drake

Well Oil and Gas:Cothpany-vindeér sipésvision efan onssite:geologist. These-wells:wete typically
éanstructed as follows:
¢ Drilling 8 inch tothirial diameter open bote hole to-total depth

# Set temiporary 8-inch steel surface casing to comipetent rock if tophole was
collapsing.
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e Set 10 to 20 feet of 4-inch diamster, 20 slot PYC screen along with 4-inch
PVYC riserto approximately two feet dbove ground level.

e Gravel filter pack aronnd slotted screen using.8/12 high silica sand-

s Bentonite pellet seal above:slotted sorgen and gravel pack to prevent surface
water infilttation-or to monitor discreet water biating Zones;.

e Backfill above bentonite seal with drill cittidgs o giounid surface,

s Place an expandable locking well cap at the top of the 4-inch PVC riser pipe.

However, modifications and adjustments to initial ground water monitoring platis were: made in
the field,

Thie Poritiac sité wtllized an-existing: water well for upgradient monitoring pliposes. The physical
setting at this: site allowed for obviols prediction of ground water flow direction and therefor
otily two downgradient (ene shallow and one deep) were installed. Also, at site§ where the depth
to the water table was greater than 50 feet from the ground surface, the number of moniteting

wells on.that particular study site was adjusted,

In addition, Iysinmetets wete installed at eight-of the ten sites to-evaluate watei=quality intpiacts o
soil.moisture. The Iysimefers were installed by reproseritatives from Ferneliff Forestry Services
anid. the Pennsylvania Department of Buvironmental Protection - Burean 6f Oil and, Gas-
Management {PA DEP-BOGM), TABLE 1 ideiitifies the ten study sifes, approximate years of
operation, number of upgradient deep and shallow monitoring wells installed, nuniber of
downgradient desp and shallow mexiitoring wells fnstalled; mumber-of-ld water wells nsed for

groiirid water monitoring and deptiifo water tablein the shallow downgradieritinonitosing wells.

After the titonitafing wells were insfalled at each ‘site; grownd water sampling was inifiated.
Samples were collected on-two separate occasions « July 1993 and April 1996. The July .of 1995
represerits a period of low ground water levels and limited precipitation. The April 1996 samiples

represent a period of heavy precipitation and active ground water zecharge. The purpase of the



.

ontal variability of grotnd water quality inrelation to

produced watet-discharges at each site.

TABLE1
PRODUCED WATER DISCHARGE STUDY
GROUND WATER MONITORING SYSTEMS 7
Study Site Thoimas | Blaho | Pomtlac | Jacoks | Woideck | Woideck | Eiche | Kinley | Walton Paliiter
| _ 43 1 HQ | Dan | Rensina
T [T [N S R U R R A T T B R 2 |

| Downgradient - : \ : :
| Shallon Wells i I N R R _ o
[Wimberot | 2 | 2 T 3] 2 T 3 | 3 = s

e A

- ShallowWell

Mo | | T B [m ] 5 B BB B B
YearsnfOil . } i : .
Wetl Operation

Initially, and in decordance with-the-study: plati;one ipgeadieht patr and two downgradiont pairs

of Tour inch diameter monitoliig. wells were. installed atmost of the produced water discharpe
Sites. The-dowgsadierit pair locations were norally about S0 fect from fhe point of dischargs
and ranged from as close as 19 to as far as 80 fest ffom the discharge point. The shallow
menitoring well depths from all ten study sites normally ranged from 25 to 45 feet froni the
ground. surface. The deep tnonitoring wells were typicdlly installed at depths of 60:to 100 feel
below grotind surface. However, field adjustmarits.fo: these plans were:nade based o fig access
or local aquifer eonditions: 1f the top-of dhe water table way found at depthis more: than 50 feet

below ground surface, only ane waterbeasing zone was monitored at that particular focation.
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Single lysimeters to sample and eva_i;;ate. soil moisture were also installed at-eight of the ten sites,
These units were installed to evaluate the presence of & soil fragipan and its influence on
subsurface flow. The lysimeters were excavated to a depth of approximately two feet below

ground surface directly downgradient from the produced water discherge pit.

BPPENDIX Bit throvgh B. 10 sumimarizes all data pertinent fo-each study Jocation and includes
- the following:

o Site Inforination
-Lease Name
~8ite Location
~Ownerand Operator Data
=Production Schedule
" -Pradiicing Formations
~Well Depth
-Producsd Water Concentrations
~Sugface Soil Types and Characteristics
=Lithology and Adquilfes Charactaristics
-Depth to Water Table
Produced: Water Dischuge Type: _
-Description of Upgradient and Dovngradient Monitoring Wells

e Site Map of the Ten Study Locations
-Oil Well Location
~Poifit 6f Discliags Location
~Monitoring Well/Lysimeter Locations
Caloilated of Infeérred Shatlow-Grourd Water Flow Direotion

'« Soil Mapand Soil Description-of the Ten Study Loeations
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s  Lotal Geologic Descriptions ateach of the ten localities
o Lithologic Logs/Well Construction Diagrams

»  Sité Photographs

- All water quality resnlfs %ill be discussed int the following section in-detail.

PRODUCED WATER CHARACTERISTICS

Produced water from the Venango District of the Shallow: Oil Well Development Field generally
has imilar chemieal characteristioseThe primary paranetets of onestn in, produged waler-ae
sodiiim aid ehloride, vitich-areecagnized.ds priniary indicators of salf concentrations.

The aveiage dhilotide concentratipns of produoed-wates for nine of the ten ground waiter study
gites 18 35855 mg/l. Concentrations range from 12,100 mg/ at the Woldeck 143 site to 57,700

mg/l at the Jacobs site. A produced water sample was not collected at the Painter Rensma site.

Based on theproduget watér analysésfrom nineof the study sites; the heavjumetal paramgters of
Conperh appear fo be dron, Mangansse and barium. Total dron concentrations ranged from 79

mel at the Woideck 143 site to- 140 mg/l ay:the Pontiac site. The average iron goncentration &t

the riine sites is 45.8 mg/l, The U.S, EPA Sécondary Diitking Wates Standagd £6¢ iron.is 0:3
mig/l. Total maiiganese coneentrations range from 0,175 mg/l at the Woideck 143 site to 7.5 nig/
at the Jacobs site. The average manganese conceniration of produced water for the nine study
sites s 2.05 nig/lo The Wi8a BPA Becondary Drinking Water Standard for niangatiese: is 0:05-
mg/l. Barium, levels are typically elevated in produced. water: Total bariun: levels in produced
watsr 1anige from 4.24 mg/lat the-Jacobs site to 217 mgll attheKidley site, The avetage bavton:
denceniration of produced watet from the nine study ssites ¥s 57.7 mg/L. The 10.8. EPA Piimary
Drinking Weater Standard for batiunyis 2 mg/l
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Although volatile organic-compéind (VOGC)aralysis was riot gompleted:on prodused water fromt
the ten study sites;-anmalytical testing from the Drake Well Ofl and Gag wetland treathientsite-had
'héemnnﬂmfedz.f The average concentration of separate samples revealed benzene levels of 2.26:
g/, toldene levels of 2.24 mg/l and xylene levels of 1.25 mg/l. However; ofl anid grease testing
has been completed on produced water froim seven of thie fen sites, The samples ranged.froni less
than 5 mg/l at three sites to 43 mg/| at the Jacobs site,

General water-chemistry paranieters such 45 total dissolved solids (TDS), hardiiess afid specific
condyctance are found at relatively high levels in produced water, Total dissolvedsolids (EDS)Y
concentrations in eight of the ten study sites tanged from 24912 mg/l at the Woideek 71 site to
135506 mgﬂMﬁa The average TDS concentration in produced water at these sites is
76102 mg/!.

Although general produced water quantity information is known for all ten study sites, detailed ddta
‘Was obtuined foronly two sifes=Woideck 143 and Waideck 710. Most of this ten wells-used ficthis
evaliation were-pumped ons fo three hours per day and-three-fo flve-days. Buth of thewellsiwhers:
detailed quantification were fiade were-nprmally puriped thi%e days weelefor approxingately. two ’
tiours 4 day; These wells wers typical crude-oil producers for this study. The following TABLE 2

contains:data from tests conducled fo measure produced watet fo crude oil ratios:

TABLE 2
_ PRODUC .i-—.mrq ':Essz '

| 8/23/95

(872095 |

120 Gallons

30 Gallons

120 Gallons

30 Gallons

9/5/95

120 Ga[lonsi

32 Gallons

B

330allons | 34|
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[ 3Gallons _ S

WGl | 6Galons

81705
%7

o5 T 40Gallons 5 Gallons

18895 |~ - S0Gallons | " “SGallons

8/4/95 60 Gallons 1§ Gallons

8/5/95 55Gallons | 18Gallons

15 Gallons _

Based on these resiilts, a.ratio:of 3 to. 10.gallons-of produced water to obtain 1 gallon.of ctude eil
is expietéd in the shallow oil figlds of northwesterr Perinsylvania. The typicdl ofl ‘well in:this
study produced 300 to 600 gallons of preduced water per week.

GROUND WATER QUALITY EVALUATIONS

Affer itistaliation of the ground waier monftoring wells ot sach of tife- teri.study sites; ground
ie: PA DEP habotatoty
i Waiisbuirg;, Pennsylvania for andlysis, The initial samples were collécted -duging July 1993

water samples were ollected oni two s8parits oeeasions and:suibmitted to

which represerited a velativelydry period of the year and a secotid set of samples wers colteeted
dutity April 1996 which represented a wet period of the yéa¢. Monitoring wells with yields of
one (1) gpm or more were purged of at least three well volumes of water with a stainless steel

submersible pamp priet to sampling. Monitéring wells- with sustainable yield charactoristics of

Tess than one-gpm were:pumped-or haifed dey: and the water levels weie allowed fo-récover prior

To sampliug.
The analytical tests: were divided into four categoties:

Salts: Salts of chloride are tecognized as the dominant dissolved constituents of oil well
produced. water. The primary anion is chloride and the primaty caiion is sodium. Substantial
concentrations of calciuii are also present in produced water and lesser atourits of potassiufi
and magnesium are algo recognized. Chloride: was salected as-the prithary indicator-of produeed
watét migration dnd the secondary deinking water standard of 250 mg/l was Selested 45 a



tentative markei Tevel. Where chloride concentiation in ground water exceedsd 250 mp/l,

impacts were considered to be significarit,

Chlotide is very mobile in the ground water environment and is considered a good indicator of
produced. water migration. Sodium; ealcium; potessium and magnesium are also: relatively
mobils ity the. ground water flow system afid are also used as primayy indicaters of produced:

. water impaets oh ground water;

ls: For this investigation the following ten metals that are commion constituents -of

shallow ofl prodiiced water were identified for evaluation:

_Beryihum (Be)

Each ground water sample collected was tested for thesé paramelers. Althouigh total -and
dissolved metal concentrations were détermined and are presented hefein, only the sdiséélvaﬁ

concentrations are used in the interpretations presented below.

Qrganics: Two orgatics Were :selected for evaluation, The. figst, ol and grease,: includes all
resrduzﬂ srude oil that may ‘be present v gmund fwdfer. -’I‘he second, benzens, is a-cotiponsiit:of

one try: In addition to the épécific salts, metals and organies Hsted above, the
following additional pa.rameteré were included in the analysis as indicators of produgsd wateér

pH

Total Dissolved Solids:(TDS)

Specific- Conductance

MBAS (Methy! Blue Active Substance) indicator of detetgent or surfactants

Hardness



po—

THOMAS

Sulfate (80.)

Phenolics

Irzaddition 1o the groind water samples; soil molsture samiples were tolléeted from lysimeters-at
eight-5f the ten sites on two occasions, Thesé water samples; along with some of the prodiiced
‘water samples, were tested for a condensed list of chemical parateters. However, many of the

-produced water or brine samples were collected from the producing oil well at ¢ach sité and

analyzed for the same ground water list of parameters, with the exception of VOC's. These

samples characterized the potential contamination:source:

The. results 5f the water testing conduted ot sach of the-ten study sites are summarized Belows
tables for each of the ten study sites of ull ground Watér, soil water and produced water samnplés

aré also providad at the end of this report.

Of the fen sites studied, seven were deterniined fo have significant ground water iftipacts based
on chloride values of 250-mg/. orwmore fu-downgrdient miotiteririg Wells; These sites include -
the Thomas; Bldtio, Pontiac, Woideck 71Q; Biche:Dian; Walton and Painter Renstna 5ifEs. Three
sites, fricTuding the Jacobs, Woideck 143, and Kinley sites, did ot have significant ground wates

impacts. However, the Woideck 143 site had ;produced ‘water migration discaversd dn the soil

¥

fidisture or lysimeter samiples,

S STUDY SITE

A total of st hofiltiring wells;and: one soil Iysimeter were installed at the Thoiias lease. Thywells
inoluded one upgradiont shallow well, sne-upgradient deep-well; two downgtadient shallow wells and
two downgradient deep wells, One of the two downigradient shallow smonitoring wells-Had inadequate:
amounts of ground water for proper sampling. Water samples were collécted and laboratory tested
from two upgradient and three downgradient wells on July 12, 1995 and April 10, 1996. Water

samples wete ot collected frorm:thie downgradient shallow well; DG2S as the soreeried-interval was.

10



above the watet table: Water samples wers collécted from the lysimetet on Dieceinber 7, 1995 -and

May20; 1996 and a produced water sanifile was collected on Octobér, ;:1;99&

‘The following was deétérmined:

Chloride salt eoncentrations in the two upgradient wells were within the expeeted

range of ground Water for the aren, All thtés of the downgradient. wells-sampled

hiad chloride salt concentrations that exceeded upgradient levels. Ground watef in
Well DGIS was significantly impacted by produced water, with clioride
concentrations at 955 and t9_6‘.4.m§zfi.. This valte is flearly four times the threshold
valiie of 250 mg/l -and Ts as tuch as 298 fimes higher than the upgradient wells.
The impaets to the shallow ground water flow zone are much greater than the

impacts to:the:desper.ground waterflow zone;

The: Iysimeter also exhibited elevated chloride salt concentrations. which shéws
‘produced water migratioh: theough the soils; The soil impacts: are less severs Bt
December 1995 than the ground water ifvipacts. However, samples. fism May

1996 indicate mote severe impacts in soil than grouad water.

“The-only metal with. an increased dissolved concentration. in: ground water . 4

dawngridient direction js bérium. However, while barjun levels in Monitoring
Well D@18 are higher than the upgradient:-wells, the dissolved concentsations are
within the drinking water standard of 2 mg/l. The lysimeter also exhibited a slight

ingrease in barium concentrations.

Tron anid. manganese dissolved -concentrations appedr to be elévated in the July
saniplé fiom Mopitoring Well DGID. Hewever, the values are withini the
expected range of ground water and do not appear in the April 1996 sample,

il



‘These Values afe nhot. attribiitéd 6 production water contarination of ground

‘waltet.

Detectable coneenttations of oil and grease wete: ioted in the: April 1996 water
samples from all thres of fhe downgradient motiitoring wells. Laboratory
detection it variations for the July 1995 samples may have masked a sindilar

ocourrence during the low precipitation sampling period.

Benzene was below detection limits for all samples.

‘TDS and specific-conductance levels eonfirm the-salt tiigrations-noted above; In
addition, phenolic levels excsed detection Hithits in Monftoring Well DG1S:

BLAHO STUDY SITE

-

A& total of six monitosiig wells-and one soil Iysimetet wete installed of the Blaho Lease.sThe
wells inéluded one-upgradient shallow well, one-upgradient deep well, two dovwngradiertshallow
wells, and two. dowhgtadient deep ‘wells, Water samiples were collected fiom the shallow

upgradient and two shallow downgradiént monitoring wells-on July 11, 1995 and April 16, 1996.
The downgradient deep well DG1D contained insufficient water to be sampled on July 11, 1995

ioniteritig well- DG2D orily.contained enough Water fora partial analysis on.July 11; 1993 but
coritained sufficient water for a eomplete analysis on.April 16, 1996, The upgradiont monitoring

_ wvell UGID only contained ¢nough water for & pastial analysis on July 115 1995 and contained an

insuffictent amonnt of watérto be sampled at all on April 16, 1996.

12
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The lysimeter was sampled on December 7; 1995 and May 20, 1996 and a partial analysis was

conducted and-a produced water satiple was collgcted on Qctober 4, 1995,

The following was determined:

Th ciloride salt concentrations in. the upgeadietit moriiforing wells were-within
the expected range of grotnd water: All of the downgradient well samples were
significantly impacted with chlaride concenitiations ranging from 473 mg/l in
DG1D on April 16, 1996 to 2870 mg/l in DG18 on July 11, 1995, These chloride
concentrations were 1.9 o 11,5 times the threshold chicride value of 250 mg/l and
wikre assichi as 168 times groater-than the uipgradisnt wells. Both the deepand
shallow flow zones were:impacted.

Sodium, caleium, potassium and magnesinm concentrations in the downgradient

wells were alsoslevated with respect to-thié upgradient wells.

Several dissolved metals, including Tead, ‘iron,. manganese, barlum and lithium

exceed uppradient dissolved eoticentrations and appeee to have:been jriaoted by

shallow il produced water discharges. Lead, which was below laboratory

o

detection Timits in the produced water sample, exceeded the. drinking water

Dissolved iron concentrations varied as much as 242 times from the upgradient

anid downgradientshallow moritoting ‘Wells: Dissolved manganese Jovels in ‘the

downgradient shallow wells were observed to differ us mich. as 43 itiés the
upgradient shallow monitoring wells. Dissolved batfium levels in the
downgradient shallow wells vary as much as 31 times the upgradient shallow

moniforing well concenteations.

13
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Oil and grease and benzene congentrations were below detection limits in all

upgradistit arid downgradientsamples.

salt contamination discussed abové, In addition, phenols exceeded laboratery

detection limits in all downgradient wells,

A total of thiee wells wers usedl Tor monitoring 4t the Pontiac Study: Site. Tiwo dowiigradient
siionitering wells (DG1S and DGIDY were installed as part of this study: The wpgradient water
well is gredtet than 300 feet deep and was drilled as a source of hydiofracturing waiet when the
lease was developad. Because this well was located immediately ;ib'ﬁve the discharge point wader
investigation, itwasincorporafédiinto the Motitoting sefiem: )

Ground water-samples were collected froth the three wellson July 12, 1995 and Apsil 10; 1996.
A produced water sample was colleciod on Octobsr 10, 1995. A soil water lysimeter was not
installed at this sife.

The following was determined:

‘The .uj;maﬂiem watet well (UGTDY extiibited chlofide-and sodivu concentrations
in the July 12, 1995 sample were 408 and 169 g/l respectively. The second
sample collected from this well on April 10, 1996 exhibited chiotide and sodiuin.
coneentrations of 44 and 16 mg/l respectivély, The source of the salt in the earlier
sample is unelsar — but may be related to water stratification in the well bore with
depth, '

14



downgradient wells wete found fo: van

Ground water from the downgradient shallow monitoring well (DG18) had
chiloride, sodium; caleium, potassium and magnesium levels that giéatly exceeded
natisal grounid- watee gonditions and ‘exceeded chioride stardards by a8 much a5
30 times. The shallow ground ‘water at the Pontiae Study Aréa was significanily
impaoted by.the land surface discharge of produced water.

The downgradient deep monitoring point also exhibited significant salt

degradation — but to a lesser degree than the shallow flow zone.

Dissolved manganese and batium conéertrations in both the deep and shallow
downgradient monitoring wells appeared tfo be elevated above expected ground.
water concentrations and the dissolved iron concentrafions were very high in the
degp downgradi.ent well. Dissolved manganése concentrations in the
r a5 mudh as 14 times Kighes: thad the

upgradient water quality: ‘Dissolvied Bartim levéls in.downgradient wells differed,
548 the upgradient wells: Dissolved Trod coricénitFations-in the

as much as 174
dowingradient deep wells are found more than 1065 fimes higher than the-

upgradiont wells. Surprisingly; the shallow downgradient monitsting well did net

exhibit iron levels that exceeded upgradient levels or drinking water standards,

Off and grease concentrations ‘excesded upgradient ot expected ground: water
concentrations. i thive of the four downgradient samples by as nivch a5 540

tirnes. Benzene, owever; was below labotatory detéction limitsfor all samples.

15



Tatal dissolved solids and specific conductance levels furthier substantiate the salt
contamination concemns discussed above. In addition, detectable concentrations-of

phencls werereported in-all downgradient samples,

JACOBS STUDY SITE

One deep uppradient and two deep downgradient monitoring wells were installed at the Jacobs
Study Site, Shallow monitoring wells were not installed because on site drilling data indicated a

siear surface ground watét flow-was not present: A single Iysimeter-was ‘installed downgradisat

from. the discharge: pofnt: Ground Watet samples were-collected.on July' 19, 1995 and Apvil 15,

1996 Boil moisturs samples from the lysimieterwere Collocted on December 7, 1995 and May

The following was determined:
Salts
While the downgradient samples:indicated chloride levels 2% to 6 fifiics greater:

than upgtadient satiples; the#hreshold value of 250:mpg/l was ot exeeededin any
‘samples and the Jacobs:Site was thus-determined fo be not significantly impapted.

However, the calculated ground water flow ditection was in the-opposite direction
of the overland flow direction, Sodium concentrations in the downgradient wells,
however, exceeded 20 mg/l whiehi is the value commonly referanced as a. target
valug for-detking Water for sodium restricted diets.

Dissolved iron arid mangariese levels exceeded the secondary drirking water

standards of 0.3 and 0.05 mg/! in the downgradient wells — but were within the

18
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SBite; The wells iniclude:one upgradient shallow well (L

range of normal ground water concentrations for the area. No other metal
concentrations were notable.

Oil and grease and benzene eoncentrations were below. laboratory detection limits
forall samples.

pH values for Monitoring Well DG2D were unusually low: and specific
onductants and total dissolved solid levels indicated. that while the: impaets -of
the produced water disshaige were not significant;. grousid water conditions were
abnormial.”

A total of five:(S) monitoring wells and one lysimeter were-installed at the Woideck 14 3 Study

G18), one upgradient déep well (UG1D),
one downgradient shallow well (DG18), and two downgradient dsep wells (DG1D and D(§2B)
Monitoring wells were sampled on July 19, 1995 and April 16, 1996, Monitoring Well DG18
was not sampled, however, as the stabilized ground water: level wis below the sereened inteeval.
A produced water sample was ‘collested on July 16, 1995 and soil. molsture samples ‘were

oltested from The lysimetet-ori December 7; 1995 and May-21, 196.

The followifig-was deterniined:

Although downgradient water samples exhibited chloride concentrations that

exceed upgradient water samples, the concetittations aré-below-flie threshiold value



of 250 g/l Ground water samples were avaiigble-only: for the deep ground-watér
zones, However, the Woideck 143 Study Area shows soil molstute sanples
significantly impacted by produced water discharge migration.

Hﬁ ay g i Blﬁt 4 1

No remarkable -changes in dissolved metal concentrafions were notéd acress the
Site

All benzene cancentrations were bélow laboratory detection litnits. Oil and grease
concentiations of 6.7 mg/l were noted in the shiallow upgradient well while Hon

detectable concentrations of oil and grease were noted in the downgradient wells:

Total dissolved solids and spacific condustance values in the dewagradient wells

refléctan inerease in salf concentrations.

Production watét ritigrafion in thesofl nioistire was documented by the Decernber
71995 and May:21, 1996. lysitugter samples; Chiloride-values of 1650 mg/L and.
elgvated sodium, caleium and magnesium iridicate salémigeation.

EICHE-DEAN STUDY SITE

A fotal of six monitoring: wells and one lysimeter were installed <t this lease: This included: oiie
upgtadient shallow flow system well (UGLS), one npgradient: desp flow system well (UGID); two
downgtadient shatlow HoW system wells (D18 and DG2S) aid. two downgradient desp. wells

(DGID and DGRDY). The wells were sanipled on July 10, 1995 ard Apnil 9, 1996-and the lysimeter

18
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s sampled on Beceriber 7, 1995 aud May 20.. 1996. Production wafer was sampled on. April 8,

The following was determined:

Salts

Sigaificant fmpacts (chloride levels greater than 250 mglt) were noted in: the

Bowngradient Onig Desp. Motitoritig Well (DGID) dusing both sampling episodes
ard i the Shallow Monitoring 'Well DG1S during the July 10, 1995 saniphing
episode: The high water table sampling event on April 9, 1996 documented chloride
levels in this same shallow monitoring well of 247 mg/l. While this value exceeds

expested ground water background concentrations, it does not exceed threshold

values-of 250 mig/
flow direction determitiations: made from: onsite “water Tevels in the onitoring
ient-wells are nst:di

wells:indicite-downgrat ly- downgatietit o thie digoharge

pit. In addition, the upgradient deep monitoring well - exhilited chlbtide
eoncenfrations of 246 and 128 mig/l in the: first and second sampling episode

respectively. These values indicate impact from prodiced water.

Assosiated eations; fncliding: sediugy; calcivm and megnesium: showed & similar
trend;

Digsolved barium -exceeded upgradient levels in the Shellow Downgradient
Monitoring Well No. 1 (DG18) for the July 10, 1995 sampling dafe, but did not
-exceed drinking water standards. No other elevated metals were recognized,

While oil aid gréase vias deteotable in two of the dovmgradient samples, it was

dlso detectable in two of the upgradient samples. Benzene did not exceed

deteetion levels in any sample.

19
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Specific conductance and total dissolved solids followéd the same trend as the salt
compounds: pH was below 5.0 s.u. in five of the ten downgradient.saniples:and
5.5 ot above in all the upgradient samples.

The water samples collected from the lysimeter on December 7, 1995 and May

21, 1996 did not indicate lateral migration from the produced water discharge.

Atotal of five:monitoring wells and ong lysiiister were installed af the Kisley Study Atea. This
inghnded ong upgradient shallow flow zone well (UG1S), onie upgradiest déep-flow: zone well
{(UGID), one downgradient shallow flow zene well (DG1S), and two downgradient désp flow -
zong wells (DG1D and DG2D): Upgradient Well UGIS and Downgradient Well D618 well

séreens were completed above the stabilized water table and thus-could not-be saripled.

“The retmining wells ‘were sawipled on Jily 18, 1993 and April 15, 1996, The lysimeter was
sastipled ori Deveniber 7, 1995 and May 26, 1996 and & prodiced water sample was collected on
April 8, 199,

The results are as follows:

Upgtadient and downgtadient groud water samples were very: similar with:
réspect to chlotide concentrations and did not exceed threshold values of 250 mg/l

in any saraples. However, shallow ground water zone quality data is inavailable:

20



T for the upgtadient and downgradient areas and thus pofential impacts in the

shallow zone cduid not be evaluated.

Although -dissolved iron and wiariganess concenfrations in a downgradiest
ditection exceed upgradient values, the differences are not great and are within the
normal ranges of ground water quality in northwestern Pennsylvania, No other

metals exhibited slevated concentrations in a downgradient direction.

| Oilatid Grease-and benzens concentrafions were below ldbotatory detéction limits:

inall samples,

CoRtéiirations.

= The on-site lysimeter water samples collected on Decembet 7, 1995 and May 20,

1996 did not indicate an imipact from produced water discharges,

-] WOIDECK 710 STUDY SITE
A total of five grotind water monitoring Wells and.oive, lysimeter Were installed 5t the Woidsek
71Q Study Aréa, The wells include an upgradient shallow flow zone monitoring well (UG18), an

upgradient deep flow zone monitoring well (UGID), one dowrigradient shallow flow zone well

21




{ {DG2S) and. two: downgtadient deep flow zone Wells (DGID and DG2D). Ohe soil moistire
: monitoring lysimetet-was installed-4t the sits,

The monitoring wells were sampled on July 19, 1995 and Aptil 16, 1996 and the lysimeter was
[ | sampled on December 7; 1995 and May 21, 1996, A produced water sample was collscted on
March 22, 1995.

The following Was diteiniisied:
]_ One downgradisnt moniforing well (DG28) exhibited ohlotide levels of 1260 mg/
P for the July 19, 1995 sampling -event and 1123.1 mg/l Tor the April 16, 1996
event, The chloride concentrations vary up to 649 times the background levels for
the Woideck 71Q site. This value greatly exceeded. upgtadient ground. water
iteshiold valué-for chloridle of
250 g/l. The sits is thus considered to- be signi

ehilotide values and is-five times greafer thi the

cantly impacted. The majes
¢ations; includin

g sodiura; caldiun, potassiuni and-maphesium reflect thisimpack
Tn-addition, the upgradient deep angt shallow tnenitorinig wells exhibited chivride .

concentrations of 264 to 181 and L1 fo L7 mg/l respectively: The deep

',j monitoring well values indicate mpact from produced water in both sampling 5
; 1 episades and the shallow monitoring well value indicates impact from produced

”1 water it the July 1995 sample, The Apil 1996 sample ftom the :shallow
{ mionitorihg well didnotindicate-ah-adverseimpact,

l Other than a dissolved barium concentration of 0.4 mg/l for the April 16, 1996
sample of DG2S, no other apparent increases in.mefal concentrations wetre-noted

in adowngtadient direstion.
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The oil and grease valie-of 31 mg/l for thié Apil 16, 1996 ground water sample
from DG2S indicates significant aquifer contamination. All benzene levels were:
below laboratory detection limits.

Total dissolved solids and speeific conductance values for the Aptil 16, 1996
groufid. ‘water sample of Monitaring Well DG2S reflects thie chloride salt
gontamination discussed above,

Soil Water

The December 7, 1995 atid May 24, 1996 lysimetor samples: indfeatsd produced:
“watet siiigration in-the soil molsture Zone, Chiloride values of 428 and 476 mig/l
andsodiuny valiies-of 205" and B8 mg/l clearly fndleate praduced watér migration

mthls Zone;.

‘WALTON STUDY SITE

A total of six-monitoring 1

s and one lysimerer were installed at the Walton: Study Site, The
wells inclode-pneupgradicntshiatfow flow. zome:well (UGTS), : oW

UG1IB), two downgradient shatlose flow zotg:wells (DGLS and DG2S) and two downgtadient
deep flow zone wells (DGID and DG2DY. Water samples were colleeted from the moniloring’
wells on July 11; 1995 and April 9, 1996. The lysimeter was samipled on December 7, 1995 and
May 20, 1996 and a produced water sample was eollected on October 11, 1995,

The following was defefiined:
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Oune of the four downgradient wells (DG28) exhibited chloride eoncentrations
(340 mg/l) that exceeded the threshold value of 250 mg/l and background levels
ofighioride by morethan 14 tiines on onexof the sanipling dates. These-wells-were
sited ag closéd to the expected plinie: loGation -as possible: The site. is thiuis
considered to be significantly impacted ~ althongh.all other chlotide values were
below the threshold value: The associated eations; which includes primdarily
sodiur aiid ealeium, réflect the relatively high. cliloride vafues.

not considered abnormal for-ground water quality in this geclogic setfug:

Gl #nd grenss vahies 4f1 shallow downgradient DE1S; DD #nd DGZD do.

indicate w contamination concern. Benzéne: congentrations do fiot sxesed

Total dissolved solids and gpecific conductarice values reflect chloride salt

goncentrations discussed abovs.

The chiloride: value in the watet samples. from the lysimeter indicates significant

impacts in this flow zene.
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PAINTER RENSMA STUDY SITE

A total of seven ground water monitoring wells were installed at the Painter Rensma Study Area.

These include.one upgradient well in the shallow flow zone: (UG1S), one upgradient well in the

horitoring wélls-in the shallow flow zone:(INGIS and DG2S) and twa downgrddient-monitoring
. wells in the deep flow zone (DGID and DG2D).

Each of these wells wete sampled on July 20, 1995 and on April 11, 1996.
The following was-determined: ‘
. The shallow downgiadient mohitoring well (DQIS) exhibited chiotide

concentrations of 723 and 464 mp/l, which sxcseds: the threshold value of 250
mg/l. Chloride corcentrations in the downgeadient shallow zones excesded
background levels up to 80 times. The site is thus considered -significantly
imipacted. The remialning three-downgeadient monitoring-wélls do iotiexceed this
value. The sssociated. cations — which -inghides pritiarily sodium, caleivor and -

iriaghiesiti —réflect saltmigration:

Dissolved iron and manganese are above drinking water standards in a1l but one
of the:ground water samples. ‘While:this:can-besattributed:1o. thé nearby coal strip
frifninig, the concenteations are the highest-in the sume: well (DGTS). thiat T the:

with the-coal is compounded by production water coritamination.



Ofl and grease iS prosent in all the upgmdient wells and in one of fhe
downgradient wells. Th

o] uknowr. Mo benzene was detected in any of the water samples.

Total dissolved solids ‘andt speeific conductance values eflect the wsalt

i ontaminatton conets,

o T

SN S e T

An evaluation of ten (10) sepatate study has been completed as part of the ground water

- wete selected based onthe following eriterias

= Longhistory of operation - 16:or more years.

) »  Definblé surface water flow direction.

! V - o , ¥
i ! = Typical produced water management practices for the area with discharges tor

the ground:surfaceot a:pit from ong to-twooibwalls.

Awailable-information oit lease-operation,
J & Oibwellisstill purrerily in operation,

During the process of this stidy, a total of 51 ground water monitoring wells were installed,
N developed, purged, sampled and tested for indicator parameters of produced water migrations:
“Fhis fist included all priniary and secondary drinkig watet paretcters that cause coticeriv-iii-6ik
production eperations. Vars'ing levels ‘of laboratory analysis from. producsd. water samples at
- xine of the len sites Were ondircted to ald in the evaltation of the poteniial refationship of
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produced water dischargss to §found water contamithation. Also, Iysimstars for soil mpisture
fighitoting Were jnstalled at ¢lght of the ten sty sites o evaluate produced watet higration
throught the iear sirface Soils: Similar analyftical work was cotmplated oy soil foistare samples

1o evatuate the impact of produced water disehaiges on soil moisture.

In summary, the ground water evaluation of the ten produced water discharge study sites has
fevealed contarmination-in excess of acceptable tatget levels ay discussed-willy the Pennsylvaria,
Depautivient -of Enwironiviental Protection, Bureau aid: Oil and Gas Méanagement. (PA DEP -
of 250 mg/l in grourid water within 50 feet of the discharge pofuit. The reniafning three sfndy
sites did not exhibit chloride concentrations 4 excess of 250 mg/ly, however, monitoring
limitations such s greater than normal depiths to the ground watet table wete observed at these
sltes, The water quality data generated from this study indicates that the long term discharge of
shallow il Held produced water to the ground:surface:1s iota viablenidhagéiient practice,
Subsuiface confamination fromproduced water dischatges-at the ten sites appeared fo be xeadily -
gvident:in st of the ground water characteristic categories: i particular, the-shallow grotnd
‘water flow zones fllustrated produced water contaiiination. A total of twenty two (22) s%mples
were collected from downgradient shallow flow zone mionitoring wells which revedled the

following traits:

o Salts (Chlotide; Sodiiin, Calcium; Potassium-and Magnesium):
The parameter of priinary congetn is chloride, which had a cafeulated average of 1384
mg/l, with a range o£34 to 7598 mg/l.

o Heavy Metals (fron, Manganese, Arsenic, Barium; Lithium, Beryllium, Cadmium,
Copper; Lead, and Silver)
Bariam, iron and nmngangse dppeared to porteay the largest vatidtion in the 22

shallow-monitoring well samplés. However; barium increases tended to ooingide with
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<clil6ride changes. Dissolved barium averaged 0:749 tig/l, ranging fromi 0.041 to 3,11
mg/l. These levels are significantly higher than the fourteen (14) upgradient shallow
well samples which averaged 0.05 mg/l of dissolved barium. These statistics show an

approximate 15 fimes increase in barium concentrations in the shallow downgradient
R flow: zones,

[~

1%
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)‘H American Petroleum Institute
/ . Pennsylvania

Date: September 30, 2026
To: Honorable Members of the House Environmental and Natural Resource Protection Committee
From: Stephanie Catarino Wissman, Executive Director

Nicole Luciano, Associate Director

API Pennsylvania

RE: October 5 House Environmental and Natural Resource Protection Committee Public Hearing on Produced
Water Management and Beneficial Reuse in Pennsylvania; Road Spreading of Oil and Gas Wastewater / DEP's
‘Mineral Brine’ Permit

The American Petroleum Institute Pennsylvania, a regional affiliate office of the American Petroleum Institute (API),
represents all segments of America’s natural gas and oil industry, which supports nearly 11 million U.S. jobs and is
backed by a growing grassroots movement of millions of Americans. Our approximately 600 members produce, process,
and distribute the majority of the nation’s energy. APl was formed in 1919 as a standards-setting organization and has
developed more than 800 standards to enhance operational and environmental safety, efficiency, and sustainability.

API PA appreciates the Committee’s focus on produced water management and shares the goal of ensuring that any use,
treatment, transportation, recycling, or disposal of these materials occurs safely and under appropriate regulatory
oversight.

Pennsylvania has long been a leader in the development of comprehensive produced water management practices that
reduce waste, conserve resources, and protect the environment. Pennsylvania’s regulatory framework is a model
because it emphasizes rigorous oversight, accountability, and continuous improvement rather than inflexible statutory
prohibitions. Pennsylvania should continue to pursue policies that reward environmental outcomes. The Commonwealth
has demonstrated that strong regulation and responsible energy development can coexist. Maintaining a flexible,
science-based regulatory structure allows regulators to respond as technology evolves, encourages innovation, and
ensures environmental protections remain grounded in evidence.

Over the last two decades, Pennsylvania has made substantial progress in reducing reliance on disposal through
increased recycling and reuse of produced water. Today, operators routinely reuse produced water in drilling and
completion activities. These innovations reduce freshwater demand and minimize the volume of waste requiring
transportation and disposal. These advancements have benefited both industry and the environment by advancing
principles consistent with a circular approach to resource management.

For those reasons, API PA believes Pennsylvania should use great caution in adopting restrictions that could
unintentionally undermine existing recycling, reuse, treatment, and beneficial use programs. While reasonable
discussion may occur regarding any individual application or permit category, any legislative action should preserve
DEP’s ability to evaluate technologies, practices, and materials based on scientific evidence and site-specific
circumstances.

300 N. 2nd St., Suite 902, Harrisburg, PA 17101 717-234-7983 api.org



)‘H American Petroleum Institute
/ . Pennsylvania

API PA supports continued oversight, transparency, and accountability in the management of produced water. We also
support ongoing collaboration among DEP, legislators, local governments, environmental stakeholders, and industry to
ensure Pennsylvania remains a national leader in produced water management and resource stewardship.

As this discussion moves forward, we respectfully urge the Committee to preserve the regulatory tools that have helped
Pennsylvania achieve significant advances in produced water recycling, reuse, and environmental performance.
Decisions regarding produced water management should be based on science, risk, and demonstrated environmental
outcomes, allowing DEP to continue evaluating specific practices through its established regulatory and permitting
processes.

Should you have any additional questions, please do not hesitate to contact us.

wissmans@api.org

lucianon@api.org

300 N. 2nd St., Suite 902, Harrisburg, PA 17101 717-234-7983 api.org



@ CLEAN WATER

e JUSTICE

September 23, 2026
Members of the House Environmental and Natural Resources Protection Committee,

Clean Water Action and our organization’s roughly 90,000 members across Pennsylvania oppose
the land spreading of conventional oil and gas wastewater and have serious reservations
regarding issuance of the new ‘mineral brine’ conventional oil and gas well permits.

It's common practice in Pennsylvania for conventional oil and gas wastewater to be used
on roadways for dust suppression, road stabilization and ice prevention.

Yet a 2022 Penn State University study which was commissioned by the Pennsylvania
Department of Environmental Protection (PADEP) found that conventional oil and gas
wastewater contains a dangerous mix of at least 25 chemicals that exceed environmental
and health standards, metals, levels of salt that are two-and-a-half times the amount in
ordinary seawater, and radioactive materials. The study also found that spreading
conventional oil and gas wastewater on roadways exposes groundwater, soil, and air to
potential contamination from these constituents and that there are other approaches that
are just as effective for this purpose, but without the negative environmental and health
effects.

These same dangerous wastewater conditions have long been associated with the fracking
techniques used by the big Marcellus Shale unconventional oil and gas companies. It's why
Pennsylvania already took steps to outlaw the use of spreading Marcellus Shale
unconventional wastewater on roadways back in 2016. Over time, many conventional oil
and gas operators have turned to the same technique. Knowing the parallels, why wouldn’t
we take the same approach with convention oil and gas wastewater?

Furthermore, the conventional oil and gas industry are using the PADEP’s decision in May
to issue a new type of ‘mineral brine’ conventional oil and gas well permit which authorizes
the production of contaminated water from oil and gas geologic formations as a product, as
further justification that they can freely continue this dangerous practice on land
spreading.

This new type of permit is essentially a loophole the creates an artificial and false
distinction between “mineral brine” or what the permits are saying is essentially “good”
contaminated groundwater and “production brine or what the permits are saying is
“waste” contaminated groundwater. But the reality is they are the same thing,
contaminated water that should be handled as the waste it is.

1315 Walnut Street, Suite 1650, Philadelphia, PA 19107 | Tel. 215.545.0250
Diamond Building, 100 Fifth Avenue, Suite 1108, Pittsburgh, PA 15222 | Tel. 412.765.3053
CleanWaterAction.org/pa | Facebook: CleanWaterActionPA | X: @cleanH20PA



Given these circumstances, Pennsylvania should reassess the issuance of the ‘mineral brine’
conventional oil and gas well permit and undergo a process for reassessment that allows
for public input. Pennsylvania also needs to take added steps to protect our environment
and health from exposure to conventional oil and gas wastewater by adopting policies that
prohibit the land spreading application of it.

Sincerely,

= fl—

Steven Hvozdovich
Pennsylvania Campaigns Director



__Sincerely
- i

September 28, 2026

The Honorable Greg Vitali, Chairman The Honorable Jack Rader, Republican Chairman
House Environmental & House Environmental &
Natural Resource Protection Committee Natural Resource Protection Committee
30 East Wing 423 Irvis Office Building
P.0. Box 202166 P.0.Box 202176
Harrisburg, PA 17120-2166 Harrisburg, PA 17120-2176

Dear Chairman Vitali and Chairman Rader:

Please accept these comments on behalf of the Marcellus Shale Coalition (MSC) regarding the
Committee’s upcoming hearing concerning the road spreading of oil and gas wastewater.

\
With respect to wastewater from unconventional natural gas operations, please know:

e To the best of the MSC’s knowledge, no wastewater from unconventional operations has
ever been spread upon Pennsylvania roadways.

e The industry recycles more than 93% of its wastewater, with the balance transported to
permitted brine disposal wells.

e Atindustry’s urging, Pennsylvania regulations codified the prohibition of spreading
unconventional wastewater upon roadways in October 2016.

‘The spreading of brine from unconventional natural gas operations in Pennsylvania is simply not an
issue, and never has been.

Patrick Henderson
Vice President
Government Affairs and Communications

300 North 2™ Sireet + Suile 1102 * Harrisburg PA 17101 | P 412.706.5160 | F 412.706.5170 | www.marcelluscoalilion.org



Protect Pk

3344 Route 130, PO Box 137
Harrison City, PA 15636

10/1/26

House Environmental and Natural Resources Committee
Pennsylvania State Capitol

501 N 3rd St

Harrisburg, PA 17120

Re: Road Spreading of Oil and Gas Wastewater / DEP’s “Mineral Brine” Permit

Dear Committee Members,

Thank you for the opportunity to provide testimony on the extraction and disposal of oil
and gas wastewater, or “brine,” a known hazard to human health and the environment. Protect
PT is a grassroots nonprofit dedicated to protecting the economic, environmental, and legal
rights of residents in Westmoreland and Allegheny counties from the effects of fossil fuel
activity. We represent over 200 organizational members who are concerned about this issue.
Protect PT has previously written in support of House Bill 84, which this committee passed
earlier this year and would prohibit the dangerous practice of spreading oil and gas wastewater
on our roads. Due to the risks, and the ineffective de-icing and dust suppressing properties of
this waste, we urge the Pennsylvania legislature to pass HB 84 into law, and we urge PA DEP to
cease permitting mineral brine wells.

For too long, the oil and gas industry has used our communities as a cheap and easy
dumping ground for its waste. This surface disposal method would be unthinkable for most
other industries. Although oil and gas waste enjoys a regulatory classification of “residual
waste,” its makeup is anything but benign. This wastewater contains heavy metals, chloride,
hydrocarbons, radioactive elements like radium and uranium, and toxic chemicals, all of which,
once dumped, can indiscriminately enter our soil and water supply, degrade our resources, and
threaten human health. Radium is well known to cause cancer, particularly cancers of the bone,
lung, breast, and liver, as well as blood cancers like leukemia and lymphoma.' It accumulates in
our environment and persists for thousands of years.

The practice of road spreading forces people to unwittingly come into contact with this
hazardous material. Once waste is spread on roads, people may get it on their car’s tires and
track it onto their properties, where children and pets play. Waste residue on driveways and in
garages can transfer to shoes and be carried into homes and create a pathway of exposure.
The vast majority of road spreading takes place within the shale fields of southwestern and
northeastern PA, putting the communities Protect PT serves at direct risk.

' Agency for Toxic Substances and Disease Registry (ATSDR). 1990. Toxicological Profile for radium.
Atlanta, GA: U.S. Department of Health and Human Services, Public Health Service.

www.protectpt.org & 3344 Route 130 Harrison City, PA 15636 & 724-392-7023
Page 1



https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.aspx?id=791&tid=154
http://www.protectpt.org

The workers who carry out the task of road spreading are also exposed. The
nonhazardous regulatory designation of oil and gas waste often leads to a lack of proper
handling procedures and personal protective equipment (PPE). We have heard from
whistleblowers that workers are often not told what the waste contains and what the true risks
of exposure are.

Furthermore, oil and gas wastewater has been studied and found to be ineffective at
both de-icing and dust suppression. In 2022, researchers at Penn State University found that it
is no more effective at dust control than rainwater.? In fact, the high sodium content in the
wastewater can actually degrade and destabilize dirt and gravel roads, causing accelerated
erosion and leading to more dust over time.

Currently, our Commonwealth prohibits the practice of spreading waste from
unconventional wells on roads, but a loophole in the Bureau of Waste Management's
Coproduct Program allows the industry to get away with dumping conventional well waste,
even though it is chemically very similar to fracking waste. This loophole must be closed. It is
allowing toxic substances to pollute the environment on which Pennsylvanians rely, and to
which we are entitled under Article 1, Section 27 of the Pennsylvania Constitution.

PA DEP approvals to spread brine under the Coproduct Program only require limited,
infrequent, and self-reported chemical assessment of the produced water. The coproduct
determination reports submitted by conventional spreaders have never met the regulatory
requirements of the program. DEP would never have even known the conventional well owners
were using the coproduct process had it not been for the Oil and Gas Program requiring well
owners to report how much waste they generate and where they dispose of it, and even this
data is not complete. In 2023, 86% of conventional well owners failed to file annual waste
generation reports, which means DEP has no idea how much waste those wells generated and
where it was disposed of. Doubtless, some of this unaccountated-for waste wound up illegally
dumped on roads in rural counties of our state.

This widespread noncompliance demonstrates that a regulatory moratorium is not
enough, and that law must be passed to set the firm and final word on the practice of road
spreading. Explicitly banning road-spreading will provide regulatory certainty and prevent the
ongoing abuse of the Coproduct Program. Dumping radioactive waste on roads is clearly bad
practice, and it's bad for Pennsylvanians.

Considering this, PA DEP’s recent permitting of Danylko 6, a “brine well” in Erie County
operated by BCD Properties, PA is a concerning development that may create a new pathway
for producing and distributing hazardous substances. This highly unusual permit treats brine as

2 William D. Burgos, et al. 2022. Evaluation of Environmental Impacts From Dust Suppressants Used on
Gravel Roads. Penn State University, University Park, PA.

www.protectpt.orq &« 3344 Route 130 Harrison City, PA 15636 « 724-392-7023
Page 2



https://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/PADEP_Final_Brine_Report.pdf
https://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/PADEP_Final_Brine_Report.pdf
http://www.protectpt.org
http://www.facebook.com/protectpt

the product from the well, while any oil and gas from the well must be treated as solid waste.
The permit does not appear to require chemical or radiological testing of the brine before it is
sold, distributed, or applied to roads or land. Initiating the commercial sale of a substance
known to contain many contaminants, all while labeled with the innocuous name of “mineral
brine,” is a step that Protect PT finds deeply troubling. This action by DEP must be more fully
assessed.

In closing, the science is clear. Road spreading is an ineffective and outdated practice

that poses known environmental and public health risks. Pennsylvania’s legislature must act to
ban it for good. Thank you for your consideration of this important issue.

%MZé%

Lauren Posey
Environmental Policy Advocate

www.protectpt.orq &« 3344 Route 130 Harrison City, PA 15636 « 724-392-7023
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