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On behalf of Union Pacific Railroad (UPRR), Jacobs Engineering Group Inc. (Jacobs) evaluated the
effectiveness of the Module 2/3 remediation system at the tie treating plant in The Dalles, Oregon (site).
The evaluation included the Module 2/3 system as a whole and the three individual units covering
different spatial areas (Unit 1, Unit 2, and Unit 3) that comprise the system. Operational data indicate that
operation of Unit 2 is no longer required to meet the remedial action objectives (RAOs) for the site and
continued operation in the current configuration reduces the effectiveness of Module 2/3 Unit 1 and Unit
3 operations. This memorandum describes the evaluation and makes recommendations to optimize
system operation. The document is organized as follows:


Section 1 provides a brief background of the site, including a summary of remedial action objectives
and remedial actions related to dense nonaqueous phase liquid (DNAPL) present in the subsurface.



Section 2 describes the configuration of the Module 2/3 remediation system, summarizes the
effectiveness of the Module 2/3 remediation system, and evaluates trends in DNAPL recovery.



Section 3 describes recommendations for system optimization.



Section 4 describes a proposed rebound monitoring plan.



Section 5 contains references.

1.

Site Background

The site is located in The Dalles, Oregon. Historical wood treating activities resulted in the presence of
creosote DNAPL beneath the site. The following remedial actions have been implemented to address the
DNAPL and related aqueous-phase contamination (Figure 1):


The hydraulic containment system (HCS) is designed to capture the majority of the groundwater
moving northward through the DNAPL target zone (CH2M 1997) and to contain and recover mobile
DNAPL (ODEQ 2017). The HCS has met the endpoint for DNAPL recovery (CH2M 2016a) but
continues to operate to provide hydraulic containment of the reinjected groundwater from the Module
2/3 system. The HCS has recovered 61,210 gallons of DNAPL between system startup in 1998 and
June 30, 2020.
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Module 1 of the oil recovery system operated between 1999 and 2010 and recovered 12,403 gallons
of DNAPL before reaching its recovery endpoint. The endpoint for the Module 1 system was recovery
of 95 percent of the recoverable DNAPL as determined by decline curve analysis. In addition, DNAPL
transmissivity in Module 1 was reduced by over 93 percent (CH2M 2010a).



Module 2/3 of the oil recovery system began operation in 2004 and has recovered 59,666 gallons of
DNAPL and over 62 million gallons of water through June 30, 2020. The pump intakes at Module 2/3
have been lowered over time in response to the decreasing amount of DNAPL present (Attachment 1).
Various lines of evidence suggest that Module 2/3 could be operated more efficiently, as described in
this memorandum.
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1.1

Hydrostratigraphy

The following excerpt from the remedial investigation report (CH2M 1993) describes the
hydrostratigraphy of the site:
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“The stratigraphy beneath the site consists of a thick (2,000 feet or more) sequence of basalt flows of the
Columbia River Basalt Group, overlain by a thin (approximately 30 feet) layer of unconsolidated alluvial
terrace deposits consisting of sand, silt, and gravel. The basalts sequentially underlying alluvium at the site
include the Sentinel Gap flow, the Sand Hollow I and II flows, and the Ginkgo II flow…An unconfined
water-bearing zone (0 to 40 feet) occurs in the alluvial deposits.”
The unconfined water-bearing zone includes alluvial deposits and the Sentinel Gap flow top, which is
located directly beneath the alluvium. The flow top consists of vesicular and brecciated basalt which is
transmissive to fluid movement. DNAPL is present in the fractures of the Sentinel Gap flow top. Deeper,
confined water-bearing units are also present at the site but are not relevant to this memorandum and are
not described in this summary.
Figure 2 shows a generalized cross-section with the shallow stratigraphic units, DNAPL recovery systems,
and selected surface features.
Module 1 Wells
Module 2/3 Wells
Hydraulic
Containment System
Wells
Freeway

Alluvium
Flow Top

DNAPL

River

Columnar Basalt

Injection Wells
Extraction Wells
Figure 2. Schematic Cross-Section of Remediation Systems

1.2

Remedial Action Objectives

The 1996 Record of Decision (ROD) (ODEQ 1996) contained the following RAOs for DNAPL recovery:


Prevent migration of DNAPL in the unconfined water-bearing zone and Sand Hollow II flow interior.



Remove DNAPL to the extent practicable to prevent continued vertical or horizontal migration to the
uncontaminated portions of the aquifer.

The first RAO specifies that prevention of DNAPL migration is required, and the second RAO specifies how
the first RAO is to be achieved. CH2M HILL Engineers Inc. (CH2M) installed and operated multiple
remediation systems to remove DNAPL to prevent migration and developed criteria to evaluate the
4
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potential for vertical and horizontal migration of DNAPL (CH2M 1993, 2016). The criterion for preventing
vertical migration is a maximum DNAPL thickness of 5 feet in the Sentinel Gap flow top and the criterion
for preventing horizontal migration is a transmissivity value less than 0.1 to 0.8 square feet per day
(ft2/day). No DNAPL migration has been observed during the 20 years of DNAPL recovery at the site
(ODEQ 2017). Note that this thickness metric and DNAPL thicknesses referenced throughout this
document are not the measured thickness of DNAPL in a well, rather they are the DNAPL thickness above
the flow top within the Sentinel Gap unit.
The objectives of DNAPL recovery described in the approved 1997 groundwater remedial action plan
(CH2M 1997) are to (1) reduce the potential for future movement of potentially mobile DNAPL beneath
the site and (2) reduce the amount of mass that can act as a source of groundwater contamination. DNAPL
recovery was expected to remove the driving head for downward and lateral migration of DNAPL (CH2M
1997). Once the artificial hydraulic gradient induced by the water flooding approach is removed, the
remaining DNAPL (primarily residual DNAPL) is expected to be immobile under ambient gradient
conditions.

2.

Module 2/3 Evaluation

The Module 2/3 DNAPL recovery system consists of the following three operational units (Figure 1):


Unit 1 comprises extraction wells EX-14, EX-15, and EX-20 and injection wells IN-21, and IN-22.



Unit 2 comprises extraction wells EX-16, EX-17, EX-18, and EX-24 and injection wells IN-23, IN-24,
and IN-28.



Unit 3 comprises extraction wells EX-19, EX-21, EX-22, and EX-23 and injection wells IN-25, IN-26,
and IN-27.

Module 2/3 uses water flooding to increase the gradient toward recovery wells. This is accomplished by
extracting water and DNAPL simultaneously from the extraction wells and then reinjecting the treated
water through a series of injection wells. Module 1 used the same approach during its operation.
Attachment 1 shows that the pump intakes have been adjusted during historical operations, the intakes
are now lower than they were at system startup in 2004, and the intakes are typically at the base of the
Sentinel Gap flow top or even slightly below the base.
Operational data indicate that the Module 2/3 DNAPL recovery system is performing as expected, with
DNAPL recovery rates gradually decreasing as the pool of recoverable DNAPL decreases and the
cumulative recovery curve approaches asymptotic recovery (Jacobs 2020). The pump depths and
extraction rates have been optimized to maximize fluid recovery (ODEQ 2017).
The 2019 to 2020 annual progress report (Jacobs 2020) indicated that, of the extraction wells in Module
2/3, DNAPL is recovered continuously only from Unit 1 wells EX-14 and EX-15 and Unit 3 wells EX-21 and
EX-22. Unit 2 wells EX-17, EX-18, and EX-24 and Unit 3 well EX-23 did not recover DNAPL during the
reporting period. Unit 1 well EX-20, Unit 2 well EX-16 and Unit 3 well EX-19 recovered DNAPL
intermittently.
The four nonproductive wells (EX-17, EX-18, EX-23, and EX-24) are on the eastern side of the DNAPL
zone (Figure 1), indicating that the recoverable DNAPL in this area has been recovered. Operation of
extraction wells in this area likely is not necessary and inducing a hydraulic gradient towards them reduces
overall recovery and the time that will be required to reach remedial endpoints. Also, operation of Unit 2
may cause hydraulic interference with Unit 3 due to the overlapping well networks between the two units.
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2.1

Evaluation Criteria

The Fourth Five-year Review Report (ODEQ 2017) provided a framework for evaluating the end point for
Module 2/3:
“Module 2/3 will be phased out as recovery rates approach asymptotic slopes…Module 2/3 will
be shut down after 95 percent of the recoverable DNAPL has been recovered under the artificial
gradients produced by the water flooding techniques in use at the site…The remaining 5 percent
of recoverable DNAPL is likely not mobile under background gradient conditions. Extraction
wells (and associated injection wells) that produce little or no DNAPL may be shut down before
the module as a whole. ODEQ will continue to evaluate possible ancillary approaches and/or
methodologies that could potentially be useful for validation of the 95 percent
criterion…Reduction in DNAPL transmissivity will be used as an additional line of evidence that
RAOs have been achieved…”
In 2010, with the shutdown of Module 1, ODEQ established that alternate methods may be used to
support that the RAOs have been met. In addition, several extraction wells in Unit 2 and Unit 3 recovered
little or no DNAPL during recent operation, indicating that the DNAPL has been removed to the extent
practical at these locations.
The following lines of evidence demonstrate that operation of Unit 2 is no longer necessary to meet the
RAOs for DNAPL:


The DNAPL recovery decline curve for Unit 2 has reached asymptotic conditions.



The oil water ratio decline curve for Unit 2 has reached an endpoint equivalent to 95 percent recovery.



Remediation has reduced the DNAPL transmissivity and thickness above the Sentinel Gap flow top
sufficiently to prevent horizontal and vertical migration of DNAPL.

The following sections describe these lines of evidence.

2.2

Decline Curve Analysis

Figure 3 shows the historical DNAPL recovery rate compared to the cumulative DNAPL recovery (decline
curve) for Module 2/3. The plot shows that the DNAPL recovery rate has declined more slowly during
recent operation than in earlier operation and is reaching asymptotic status. Figure 4 shows the DNAPL
decline curve for each unit and shows the estimated endpoint at which 95 percent of the recoverable
DNAPL will be recovered. Each unit has a different projected endpoint based on the historical DNAPL
recovery for that unit. Unit 2 has the lowest projected total recoverable DNAPL, closely followed by Unit 1.
The projected total recoverable DNAPL for Unit 3 is two to three times that of the other units.

6
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Figure 3. Module 2/3 Decline Curve

Figure 4. DNAPL Decline Curves by Unit
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Decline curves for the individual modules within Unit 2/3 indicate that the units are performing differently.
In particular, Unit 2 has reached its endpoint and Unit 1 is nearing its operational endpoint. Unit 3 has the
highest DNAPL recovery rate and projected total recoverable DNAPL volume of the three units.

2.3

Oil Water Ratio Decline Curve Analysis

Using the oil water ratio instead of the DNAPL recovery rate for a decline curve analysis can help
compensate for changes in groundwater extraction and injection over time. Assuming that the water and
DNAPL are being pulled from a similar hydrogeologic zone, the ratio should remain constant for different
water extraction rates. However, as the DNAPL is removed from the subsurface over time, the DNAPL
transmissivity decreases, the oil recovery decreases, and, therefore, the ratio decreases (ITRC 2018).
Figure 5 shows the oil water ratio decline curves for the three units within Module 2/3. This figure plots the
ratio of oil to water in the recovery system, instead of the DNAPL recovery rate, compared to the
cumulative DNAPL recovery. The plot also shows the estimated endpoint at which 95 percent of the
recoverable DNAPL will be recovered. Based on this figure, Unit 2 appears to have reached an operational
endpoint of 95 percent recovery. While the oil water ratio is similar between Units 1 and 3, Unit 1 is closer
to its operational endpoint than Unit 3. This interpretation is similar to that observed from the DNAPL
recovery rate decline curve analysis and provides additional evidence that Unit 2 does not need to be
operated.

Figure 5. Oil-water Ratio Decline Curves by Unit

2.4

Mobility Assessment

This section evaluates potential DNAPL mobility based on criteria for horizontal and vertical migration.
Operation of the various remediation systems has depleted the pool of DNAPL in the shallow groundwater
zone. For example, Module 1 was shut down in 2010 because the recoverable DNAPL endpoint was
8
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reached. The decline curve analyses described herein indicated that Unit 2 of Module 2/3 has reached its
operational endpoint and that Unit 1 is nearing its endpoint. The removal of DNAPL resulted in decreased
transmissivity and pressure head of the remaining DNAPL, limiting its potential for migration.
2.4.1

Vertical Mobility

Vertical migration of the DNAPL is limited by the DNAPL head. Attachment 1 shows that the DNAPL
elevations have decreased in all Module 2/3 wells since remediation began, in some cases by several feet.
DNAPL pool heights above the Sentinel Gap flow interior approach zero for most recovery wells due to
operation of the remediation systems. The median height of DNAPL above the top of the Sentinel Gap
flow interior during early operation was 4.6 feet, dropping to -0.6 foot during recent operations (CH2M
2016b). The negative value indicates that, in some wells, the DNAPL elevation is below the base of the
flow top and likely represents DNAPL that accumulated in the wells rather than DNAPL in the subsurface.
A minimum DNAPL thickness of 5 feet within the Sentinel Gap flow top was estimated to be necessary to
drive vertical migration of DNAPL (CH2M 1993). None of the Unit 2 extraction wells (EX-16, EX-17, EX-18,
and EX-24) have ever had a DNAPL thickness of 5 feet above the base of the Sentinel Gap flow top
(Attachment 1). Unit 1 extraction wells EX-15 and EX-20 and Unit 3 extraction well EX-19 show only
sporadic DNAPL thicknesses greater than 5 feet since about 2012.
2.4.2

Horizontal Mobility

Horizontal migration is limited by the DNAPL transmissivity and horizontal gradient. The potential for
horizontal migration of DNAPL was evaluated in The Dalles – Module 2/3 and Hydraulic Containment Unit
DNAPL Mobility Analysis (CH2M 2016b). At that time the transmissivities of Module 2/3 extraction wells
were between 0.004 and 0.34 square foot per day ( ft2/day) and showed a decreasing trend. These values
are less than or within the range of between 0.1 and 0.8 ft2/day described by the Interstate Technology
and Regulatory Council (ITRC) (2018) as indicating low recoverability due to a majority of the NAPL
remaining being below residual saturation. They also are less than or comparable to estimated DNAPL
transmissivity values cited as evidence for closure of Module 1 as detailed in the Module 1 DNAPL
Recovery Endpoint Determination (CH2M 2010b). Transmissivity values at Module 1 ranged from 0.050 to
2.9 ft2/day before the system was shut down.
The second controlling factor for DNAPL migration, the gradient, is artificially increased during operation
of the remediation system. Extracting and injecting groundwater increases the gradient between the
extraction and injection wells. While this potentially increases the DNAPL recovery, it also increases the
potential DNAPL migration compared to ambient gradient conditions. Reducing the artificial gradient
induced by the remediation system will further limit the horizontal DNAPL migration. Also, as described in
Section 2, the Unit 2 remediation wells are located in the eastern part of the DNAPL target recovery zone
and typically contain little DNAPL. Therefore, the system as currently operated increases the gradient
toward relatively clean wells.

3.

Recommendations for Module 2/3 System Optimization

The DNAPL recovery rate decline curve and the oil water ratio decline curve both indicate that Unit 2 has
reached its operational endpoint and Unit 1 is nearing its operational endpoint. Future remediation efforts
should focus on Unit 3.
Jacobs recommends turning off the following remediation wells (Figure 6) which include unproductive
extraction wells and associated injection wells based on the reduced amount of treated water produced:
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Unit 2








EX-16
EX-17
EX-18
EX-24
IN-23
IN-24
IN-28

Unit 3


EX-23

This will result in the shutdown of Unit 2 and reduced operation of Unit 3. The effects of these operational
changes will be monitored as described in the following section.

4.

Rebound Monitoring

A rebound monitoring program will be implemented after shutdown of the selected extraction wells. The
monitoring program will consist of the following components:


Measure fluid levels in the shutdown extraction wells on a decreasing frequency to identify trends in
DNAPL recharge. Wells will be measured weekly for 1 month, monthly for 1 quarter, then quarterly for
1 year.



Continue to monitor decline curves for Units 1 and 3. They may accelerate after shutdown of Unit 2,
allowing for earlier shutdown of these units than may be possible with Unit 2 still operating.

The wells listed in Section 3, will remain in place and available for re-activation in the event the rebound
monitoring indicates that DNAPL continues to be mobile. Upon completion of the 1-year monitoring
period, UPRR may request to decommission these wells and the Unit 2 equipment.
Jacobs proposed to shut the wells down upon DEQ approval and provide the results of the post-shutdown
monitoring in the July 1, 2021, to June 30, 2022 annual report.
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Attachment 1

Historical Fluid Levels | Unit 1, EX-14
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 1, EX-15
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 2, EX-16
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 2, EX-17
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 2, EX-18
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 3, EX-19
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 1, EX-20
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 3, EX-21
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 3, EX-22
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 3, EX-23
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

Historical Fluid Levels | Unit 2, EX-24
Union Pacific Railroad Company
Tie Treating Plant – The Dalles, Oregon

