Accelerated In-Situ Remediation of High-
Chloride Soils: A Technical Case Study

1. Executive Summary

This report describes a successful in-situ bioremediation project that addressed a high-
salinity produced-water spill at a wellsite in West Texas. Using an engineered biological
solution, the project quickly met regulatory site closure standards without the need for
disruptive, costly excavation. The method restored the soil's physical structure, enabling
effective removal of contaminants and supporting natural plant recovery.

¢ The Problem: The release of produced water caused severe phytotoxicity and
damaged soil structure. Initial analytical data showed surface chloride levels of
29,400 mg/kg, which clogged soil pores, blocked natural drainage, and made the
site uninhabitable for plants.

e Theresult: The in-situ treatment was finished in 19 days, achieving over 99.93%
reduction in surface chlorides and an 83.66% reduction at 12 inches deep. These
verified results meet or surpass the strict criteria needed for regulatory closure.

¢ The Mechanism: This rapid remediation was achieved not by chemically breaking
down chloride, but through a bio-augmentation approach. A customized group of
halotolerant microbes was added, which produced Exopolysaccharides (EPS).
These biopolymers acted as a biological cement, binding dispersed clay particles
together to restore the soil's natural porosity and hydraulic conductivity, thereby
allowing the mobilized chlorides to be flushed from the root zone.

The following sections will examine the physicochemical challenges of brine-impacted
soils and the limitations of traditional methods that led to this innovative approach.

2. The Challenge: Physicochemical Barriers of High-
Salinity Soils

Produced water spills pose a unique and complex challenge compared to traditional
hydrocarbon releases, resulting in substantial environmental and financial liabilities for
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operators. The dual-risk profile—extreme toxicity from hyper-salinity and long-term
physical damage to soil structure—makes many conventional cleanup methods ineffective
or economically impractical. Recognizing these underlying barriers is essential to
understanding the need for an engineered biological solution.

Limitations of Traditional "Dig-and-Haul" Remediation

For decades, the typical response to severe soil contamination has been excavation,
commonly called "dig-and-haul." While simple, this method is becoming less feasible due
to several major drawbacks.

¢ Economic Burden: Excavation is a capital-intensive process. In the Permian Basin,
costs are estimated at $120 to $150 per cubic yard, driven by high transportation
costs, rising landfill tipping fees, and the scarcity of suitable, clean backfill in arid
regions.

¢ Environmental Footprint: Using heavy machinery and long-haul trucking makes
excavation a carbon-heavy activity. A moderately sized project removing 5,000
cubic yards of soil can produce around 121.35 metric tons of CO2 from diesel
emissions alone.

o Liability Transfer: Importantly, excavation does not remove the contaminant; it
simply moves it to a licensed landfill. Operators retain "cradle-to-grave" liability for
the waste, meaning they remain legally responsible for the material long after it
leaves their site, exposing them to ongoing risks related to landfill compliance or
failure.

The Soil Chemistry Barrier

The main technical challenge in fixing brine-contaminated soil is a process called
physicochemical dispersion, or deflocculation. When produced water floods a soil, the
high levels of monovalent sodium ions (Na*) saturate the soil's cation exchange sites,
pushing out the divalent calcium (Ca**) and magnesium (Mg”*) ions that naturally connect
clay particles into stable clumps. This chemical change causes the clay platelets to repel
each other and spread apart, breaking down the soil's structure. These spread-out
particles then physically block the soil's macropores, forming an impermeable layer that
greatly lowers hydraulic conductivity and stops water from entering. This blockage traps
salts in the upper root zone, preventing them from being washed away by rain and causing
ongoing phytotoxicity.
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Overcoming this physical soil clogging was the main technical challenge that the
engineered biological solution was created to solve.

3. The Solution: An Engineered Biological Mechanism to
Restore Soil Function

The remediation strategy was not based on the impossible idea of "destroying" salt, but on
reversing the physical damage to the soil structure through a targeted biological
intervention. By restoring the soil's natural hydraulic function, the highly mobile chloride
ions could be physically flushed from the root zone. This process was chemically and
physically impossible in the clogged, untreated soil.

Overcoming Hyperosmotic Stress

The first challenge for any biological treatment is ensuring that microorganisms can survive
the initial osmotic shock of a high-salinity environment, which can dehydrate and kill
microbes that are not adapted. The consortium used in this project overcame this barrier
through two key mechanisms.

¢« Physiological Conditioning: The microbes were prepared using a proprietary
"Starvation Cultivation Technique." This process renders the microbes
metabolically dormant and physically smaller, making them more resistant to
osmotic shock upon introduction to the site. This state also enhances their ability to
penetrate deep into the soil's micropores rather than bio-fouling near the surface.

¢ Innate Adaptation: When soil moisture activates specific halotolerant (salt-
tolerant) strains in the consortium, they immediately start accumulating
"compatible solutes"—small organic molecules like proline and ectoine—inside
their cells. These solutes balance internal and external osmotic pressure, enabling
microbes not just to survive but to flourish in high-salinity conditions that are toxic
to native soil flora.

Restoring Hydraulic Conductivity

Once established, the microbial consortium began a multi-faceted process to reshape the
soil and promote chloride removal. A mix of physical and chemical mechanisms powers
this biological recovery of soil function.
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« EPS-Mediated Soil Aggregation: The activated halotolerant bacteria secrete high-
molecular-weight biopolymers known as Exopolysaccharides (EPS). These sticky
substances serve as a "biological glue," binding dispersed clay and silt particles to
form stable macroaggregates and restore the soil's natural pore network.

¢ Chemical Sequestration of Sodium: The EPS matrix contains anionic functional
groups that bind sodium (Na*) ions through electrostatic attraction. This process
directly reduces the dispersive effect of free sodium in soil solution, stopping it from
re-adsorbing onto clay particles and causing further structural collapse.

« Bio-stimulated Cation Exchange: Microbial metabolic activity produces organic
acids that help dissolve native calcite (calcium carbonate) already in the soil. This
process releases a new supply of soluble calcium (Ca**), which actively replaces
the remaining sodium on clay exchange sites, strengthening the soil's structure.

¢ Chloride Flushing: The combined effect of these mechanisms is the restoration of
the soil's saturated hydraulic conductivity (Ksa). This increased permeability is
crucial because it allows the highly mobile and water-soluble chloride ions (Cl7) to
be physically flushed out of the root zone and transported downward by water and
natural rainfall.

The next section explains how this scientific principle was used in the field to achieve fast,
verifiable site cleanup.

4. Field Methodology: From Theory to Practice

A scientifically sound mechanism must be paired with a robust and repeatable field
protocol to be operationally viable. The success of this project depended on an engineered
application process that ensured the biological solution effectively contacted
contaminants throughout the impacted soil profile.

Site and Initial Conditions

The remediation occurred at an active wellsite near Garden City, West Texas. A produced
water spill caused severe soil salinity contamination. Baseline sampling was performed
before treatment to assess the extent of the impact, yielding the following results:
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Sampling Depth Baseline Chloride (mg/kg)

Surface (0-6") 29,400

Subsurface (12") 23,200

Treatment Application

The application process was designed to overcome the physical barriers of contaminated
soil. Instead of just a surface spray, the method involved:

¢ Mechanical Soil Disturbance: The affected area was first treated with specialized
equipment such as rototillers or disc harrows. This step was essential for breaking
up the impermeable surface crust, increasing oxygen exposure for the aerobic
microbes, and creating an initial pathway for the treatment solution.

¢ Controlled Injection/Incorporation: After the initial disturbance, the microbial
solution was applied using controlled methods, including incorporation during
tilling or direct delivery via soil injection probes. This ensured the tailored
consortium was evenly distributed throughout the soil column to the target
remediation depth of 12 inches, maximizing contact with entrapped chlorides.

This engineered approach, which combines biological agents with mechanical delivery,
resulted in rapid, measurable reductions in soil chloride levels, as detailed in the following
section.

5. Performance Verification: Quantitative Results and
Validation

The efficacy of the treatment was confirmed through a thorough sampling and third-party
analysis process to ensure the results were scientifically valid and regulatorily defendable.
Post-treatment verification samples were collected 19 days after the initial application and
analyzed to measure the reduction in chloride levels.

The final analytical data showed a significant decrease in soil chlorides at both surface and
subsurface layers, confirming the effectiveness of the bio-augmentation strategy.
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Table 1: Pre- and Post-Treatment Soil Chloride Concentrations (19-Day Interval)

Sampling Depth | Pre-Treatment (mg/kg) | Post-Treatment (mg/kg) | Reduction (%)
Surface (0-6") 29,400 <20.0 >99.93%
Subsurface (12") 23,200 3,790 83.66%

Third-Party Laboratory Verification

To ensure the integrity and accuracy of the performance data, strict quality assurance and
quality control (QA/QC) protocols were adhered to:

¢ Standardized Methods: All soil samples were analyzed by an independent, NELAP-
certified commercial lab for chlorides using EPA Method 300.0 (lon
Chromatography), a standard and defensible analytical technique.

¢ Chain of Custody (CoC): A strict Chain of Custody was maintained for all samples,
documenting a secure, unbroken transfer from the field to the time of analysis in the
laboratory.

¢ Depth-Resolved Data: The significant chloride reduction at 12 inches is a key
validation of the treatment mechanism. It provides definitive proof of a downward
flushing front (leaching) and confirms that the results are not due to mere surface
dilution or runoff.

Verified data has important operational and financial impacts on site management, asset
retirement, and liability closure.

6. Discussion: Operational and Economic Implications

Beyond the scientific success, this case study shows a stronger business case for in-situ
bioremediation compared to traditional excavation, offering clear benefits in speed, cost,
and long-term risk management. The project's results confirm the approach as a
technically sound and economically smart solution for produced water releases.

Key Advantages of the In-Situ Approach

e Accelerated Timeline: The entire active remediation and verification cycle was
completed in just 19 days. This quick timeline shortens project schedules, lowers
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ongoing site management costs, and speeds up regulatory site closure, enabling
assets to be returned to productive use sooner.

« Liability Elimination: In-situ treatment eliminates the contaminant source term on-
site, thereby terminating the liability chain. This stands in stark contrast to the
"cradle-to-grave" liability associated with hauling contaminated soil to a landfill,
where the operator retains long-term risk for the disposed material.

e Cost-Effectiveness: The estimated cost for this in-situ biological treatment ranges
from $20 to $80 per cubic yard. This offers significant savings compared to the
typical excavation and disposal costs of $120 to $150 per cubic yard in the Permian
Basin, mainly due to the elimination of transport, landfill, and backfill expenses.

e Operational Continuity: The treatment was safely conducted within the
boundaries of an active tank battery. This prevented the need for facility shutdowns
and the related deferred production revenue that are often necessary when
operating heavy excavation equipment near pressurized infrastructure.

Applicable Boundary Conditions

While highly effective, this engineered biological approach has operational limits. The
methodology may not be the best choice under the following conditions:

¢ Impermeable Soils: In very heavy clay soils (e.g., those with more than 40% clay
content), microbes' ability to restore hydraulic conductivity may be too slow to
meet short operational timelines.

¢ Shallow Groundwater: The remediation process depends on flushing salts
downward. In areas with a shallow groundwater interface, there isn't enough soil
depth (or vadose zone) to safely trap the leached chlorides, which increases the risk
of contaminating the groundwater.

¢ Low Temperatures: Microbial metabolic activity depends on temperature. The
effectiveness of the treatment drops sharply in soil temperatures below 5°C (41°F),
as biological processes slow down significantly.

In conclusion, this case study confirms that an engineered biological approach to high-
salinity soil remediation offers technically superior results along with clear economic and
risk-reduction benefits compared to traditional excavation methods.
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