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Introduction 
This Enhanced In Situ Bioremediation (EISB) Pilot Study Work Plan (WP) was developed by CH2M HILL, Inc. 
(CH2M) for the National Aeronautics and Space Administration’s (NASA’s) Santa Susana Field Laboratory 
(SSFL) in Ventura County, California under Contract Number 80MSFC18D0003, Task Order CJ021. 

1.1 Study Background 
The Draft NASA Groundwater Corrective Measures Study (CMS) (NASA, 2018a) identified and evaluated 
potential remedial alternatives for areas of impacted groundwater (AIGs) at the NASA SSFL site. CMS 
Alternative 3 (Monitored Natural Attenuation [MNA], Seeps Management, Land Use Controls, Source 
Treatment using Pump and Treat or EISB, and Bedrock Vapor Extraction) included active remediation at one 
or more selected target treatment areas (TTAs). TTAs identified in the CMS were defined based on localized 
areas where high chemical of concern (COC) concentrations in groundwater (trichloroethene [TCE] greater 
than 10,000 micrograms per liter [µg/L]) could be remediated to allow the cleanup objectives to be achieved 
in the future while minimizing downgradient migration of COCs. The EISB technology is included in the CMS 
for potential active remediation of TTAs. A description of the EISB technology, included as a technology 
component in the CMS Alternative 3, is presented in Section 6.1.6.1 of the CMS. Three TTAs were identified 
in the CMS, including the areas by well WS-09 near the Bravo Area Test Stand, by well ND-136 near the 
Alfa Area Test Stands, and by well C-6 in the Coca/Delta Skim Pond. 

A pilot study of the EISB treatment technology is required to support remedial alternative decisions and 
potentially full-scale remedial designs. As a follow-on action to the CMS (NASA, 2018a), NASA will conduct 
an EISB pilot study field application at one of the TTAs identified in the CMS to better understand the 
effectiveness of the EISB technology given the challenging site conditions at SSFL (including the presence of 
COCs within fractured bedrock). Of the several TTAs identified in the CMS for potential source area 
treatment, the ND-136 TTA in the Alfa/Bravo AIG was selected as the most appropriate TTA to test the EISB 
technology. This decision was based on the best balance of achieving the TTA treatment objectives while 
minimizing costs in comparison to implementation at another TTA.  

The following EISB configurations were considered for the enhanced reductive dechlorination (ERD) 
substrate delivery for the EISB pilot study at the ND-136 TTA, including: 

• Inject and drift 
• Injection and recirculation 
• Biogeochemical reactor with recirculation 

The comparative analysis criteria used to evaluate each EISB injection configuration included the following: 

• Effectiveness and time to achieve treatment goals 
• Minimization of downgradient COC migration 
• Protection of workers  
• Site accessibility  
• Administrative feasibility  
• Capital cost 

NASA, in consultation with the California Department of Toxic Substances Control (DTSC) regarding potential 
permitting requirements (Appendix A), will evaluate injection and recirculation as the proposed EISB 
injection configuration at the ND-136 TTA in the Alfa/Bravo AIG. This recommendation was based on a 
comparative analysis of the relative benefits versus costs of the three identified EISB configurations for the 
criteria listed previously and has been approved by NASA for implementation. 
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1.2 Study Purpose 
Data collected during the EISB pilot study at SSFL will be used to assess the viability of EISB technology to 
achieve cleanup objectives in groundwater, optimize the remedy for full-scale implementation (if considered 
viable), and support the Corrective Measures Design and Implementation.  

This EISB Pilot Study WP presents the technical approach for implementing the EISB pilot study at the 
ND-136 TTA.  

1.3 Report Organization 
This EISB Pilot Study WP is organized as follows: 

• Section 1: Introduction, presents the purpose and report organization for the EISB Pilot Study WP. 

• Section 2: Site Background, summarizes the general site background and description of the ND-136 TTA. 

• Section 3: EISB Pilot Study Basis of Design, provides an overview of the EISB pilot study objectives and 
design basis, including the key features influencing the approach, the rationale for selection of EISB 
configuration to pilot test, the conceptual location and layout of the pilot test, and design elements. 

• Section 4: Implementation Plan, details how the EISB pilot study will be implemented, including the 
site-specific requirements and constraints for construction. 

• Section 5: Schedule and Cost, outlines a preliminary schedule and cost for the EISB pilot study. 

• Section 6: Reporting, describes the reporting for the EISB pilot study. 

• Section 7: References, lists the documents referenced in the EISB Pilot Study WP. 

Supporting tables, figures, and appendixes, as referenced in this EISB Pilot Study WP evaluation, are 
included in respective sections at the end of the report. 
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Site Background 

2.1 Site Description and Background 
Based on the results of the previous investigations and the technology and alternative screening conducted 
in support of the CMS (NASA, 2018a), NASA has concluded that active plume scale treatment across each 
AIG is not feasible. This determination is supported by the following summary of technology limitations: 

• Site geology presents challenges with respect to designing, implementing, and effectively delivering 
treatment reagents or extracting groundwater at a plume scale. 

• Plume-scale active treatment technologies require a high density of wells to be installed in strategic 
areas of the groundwater plumes. The terrain at the site makes it extremely difficult to access many 
areas in the plumes. 

• As reported in the NASA Groundwater Resource Conservation and Recovery Act (RCRA) Facility 
Investigation (RFI) Report (NASA, 2017), much of the COC mass resides in the rock matrix. Active 
treatment technologies will not be able to appreciably accelerate the rate of diffusion from the rock 
matrix to mobile groundwater to capture and/or treat with confidence. 

For these reasons, TTAs were identified in the CMS (NASA, 2018a) as areas with TCE greater than 
10,000 µg/L that can be remediated to achieve cleanup objectives and minimize downgradient migration of 
COCs. The TTA identified at ND-136 in the Alfa/Bravo AIG near Alfa Test Stand 1 has been selected for 
implementation of an EISB pilot study and is shown on Figure 1-1. Table 2-1 provides a summary of COC 
concentrations in groundwater and rock core, where available. Table 2-1 also includes a summary of natural 
attenuation indicator parameter (NAIP) concentrations for the ND-136 TTA.  

For this pilot study, NASA proposes to treat a TTA with active EISB treatment. By targeting the TTA, it is 
expected that source concentration and mass will be reduced. Treatment in the TTA will also minimize 
downgradient mass transport (via EISB treatment and recirculation), which is expected to result in 
contraction of the groundwater plume over time and allow the cleanup objectives (Table 2-2) to be achieved 
in the future. 

ND-136 will be converted to a groundwater extraction and treatment system (GETS) well in fall 2019 as part 
of the SSFL groundwater interim measures GETS pumping remedial action. The GETS pumping of ND-136 
would be suspended during the proposed pilot test, and this well would be used as an extraction well for the 
EISB pilot test. The extraction system will remain in place at ND-136. The ND-136 discharge components that 
will be connected to the GETS will be redirected to the three injection wells; reaming of ND-136 may be 
needed to accommodate higher extraction rates during the EISB pilot study (refer to Sections 3.3 and 4.4) 
and minor piping modifications are anticipated to be necessary.  

2.2 Site Conceptual Model for the ND-136 Target 
Treatment Area 

The current site conceptual model for the ND-136 TTA (Table 2-3; Figures 1-1 and 2-1) is based on 
evaluations of data from previous investigations, as documented in the NASA Groundwater RFI Report 
(NASA, 2017).  

As indicated in Table 2-3, ND-136 is located by Alfa Test Stand 1 in the Alfa/Bravo AIG and is associated with 
average TCE concentrations in excess of 10,000 µg/L in its shallowest Flexible Liner Underground Technology 
(FLUTe) well port (screened from 307 to 322 feet below ground surface [bgs]), and greater than 1,000 µg/L 
in other FLUTe well ports screened above 500 feet bgs.  
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Alfa Area COC plumes in the Chatsworth Formation groundwater (CFGW) have migrated generally to the 
northwest along bedding plane fractures. Fine-grained siltstone layers present within the TTA (such as the 
Shale 2 Members and Bravo Beds depicted on Figures 1-1 and 2-1), which are less permeable than the 
surrounding sandstone layers, may limit or impede groundwater flow and COC migration.  
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EISB Pilot Study Basis of Design 
The following sections present an overview of the objectives, technology description, and design of the 
ND-136 TTA EISB pilot study.  

3.1 EISB Pilot Study Objectives 
The EISB pilot study objectives for the ND-136 TTA are as follows: 

• Evaluate the feasibility and effectiveness of the EISB technology, using emulsified vegetable oil (EVO) 
and bioaugmentation culture, for treating chlorinated volatile organic compound (VOC) COCs in 
groundwater, based on observed changes in COC and NAIP concentrations and microbial population in 
the TTA of the pilot study. 

• Evaluate whether extraction and recirculation effectively distributes EISB treatment reagents and if it 
can be an effective treatment approach within the deep fractured bedrock aquifer. A non-reactive tracer 
will also be included within the ERD substrate solution to help identify the predominant subsurface flow 
paths responsible for distribution of ERD substrate through the target formation. These data also will be 
used to estimate the mobile porosity of the fractured bedrock system, allowing for more accurate 
assessments of optimal ERD substrate dosage within the TTA. 

• Identify critical design parameters (mobile porosity, ERD substrate dosage, ERD substrate longevity, 
injection flow rates, extraction/recirculation rates, and injection and monitoring well spacing) needed in 
support of a full-scale EISB treatment system remedial design. 

These objectives will provide the information necessary to assess the potential of the full-scale EISB 
remediation technology in meeting contaminant concentration reduction goals (nominally defined at 90% 
concentration reductions over a period of 10 years). 

3.2 Injection and Recirculation Technology Description 
The injection and recirculation configuration (Figure 3-1) to be employed at the ND-136 pilot study TTA will 
include ND-136 as the vertical extraction well. Groundwater will be extracted from ND-136 for re-injection 
into three vertical injection wells within the TTA (upgradient of ND-136). Specific elements of the EISB 
injection and recirculation configuration include the following: 

• The closed-loop extraction/recirculation system will consist of one vertical extraction well (ND-136; 
sealed at a depth of 475 feet bgs) that will be equipped with a downhole submersible pump and 
conveyance piping to pump extracted groundwater to the surface, through a booster pump (if needed), 
and into three vertical injection well(s) located hydraulically upgradient from the ND-136 extraction 
well. Prior to re-injection, extracted groundwater will be sampled periodically and processed through an 
in-line filtration system (such as a small bag filter assembly) to trap particulates to minimize the 
potential for fouling of the injection well boreholes. The parameters analyzed will be defined in the 
design document. It is assumed that all conveyance piping and other needed equipment will be 
aboveground. 

• The extraction/recirculation system is intended to enhance the natural groundwater flow gradient to 
allow for improved distribution of amendments within the subsurface in a controlled manner. This 
enhances in situ treatment of chlorinated VOCs in groundwater. If permitting allows, the extracted 
groundwater will be used as dilution water as well as chase water to enhance the subsurface 
distribution for the selected EISB amendments and non-reactive tracer solution. If permitting does not 
allow extracted groundwater to be used as dilution water for the initial injections portion of the EISB 
pilot study, potable water is available onsite and will be used instead. For this EISB Pilot Study WP, it is 
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assumed the extracted groundwater could be used as dilution water. The recirculation element also 
allows for better hydraulic control of groundwater targeted for treatment (if recirculation runs 
continuously or is pulsed on a regular basis [that is, operated several hours per day]), to minimize 
downgradient migration of the COCs and the treatment reagents. 

3.3 Design Elements 
A summary of the design elements for the ND-136 EISB pilot study TTA injection and recirculation EISB 
configuration (Figure 3-1) is included as follows; details of the design elements and field implementation are 
provided in Section 4: 

• Lateral TTA: The lateral proposed EISB pilot study TTA is approximately 80 feet wide by 75 feet long. 

• Vertical Target Treatment Depths: An interval of 270 to 475 feet bgs is the assumed vertical treatment 
interval, based on the approximate depth to the groundwater table of 270 feet bgs and the depth of 
significant fractures and COC concentrations at ND-136. This proposed depth interval encompasses 
FLUTe Ports 1 through 3 at ND-136, which have had the highest observed concentrations of TCE, while 
also providing a vertical buffer zone between the high permeability zones observed at deeper depths 
(approximately 600 feet bgs), where TCE concentrations are significantly lower (by one or two orders of 
magnitude).  

• Primary Targeted Fracture Depths: Fractures were observed within the ND-136 boring at approximately 
320 feet bgs, 380 feet bgs, and 445 to 475 feet bgs. These target depth intervals may vary in the 
injection area. 

• Assumed Mobile Porosity: Mobile porosity refers to the interconnected fractures and macropores 
within the aquifer through which the bulk of groundwater advection and mass transport occur. The 
assumed mobile porosity is estimated to be between 1% and 2%. For conservative estimating purposes, 
a 2% mobile porosity was assumed to account for uncertainties in lithology and fracture networks. 
However, the mobile porosity is unknown for the TTA and will be further refined as part of the EISB pilot 
study design and execution. 

• Approximate Treatment Volume (Total Estimated Pore Volume): Based on the TTA lateral area shown 
on Figure 1-1, the targeted vertical treatment depth, and assumed mobile porosity, the calculated pore 
volume for targeted treatment is approximately 184,000 gallons. However, because the treatment 
volume is dependent upon the assumed mobile porosity, this design element will also be further refined 
as part of the EISB pilot study design and execution. 

• System Wells: Three vertical injection wells and two monitoring wells will be installed to target the 
primary fractures within the 270 to 475 feet bgs treatment depth interval (Figure 3-1). However, this 
target treatment depth interval could vary based on the downhole testing results and fracture locations 
observed from these wells. ND-136 will be used as an extraction well.  

– Injection well spacing: The three proposed injection wells would be 6-inch-diameter, open borehole 
wells located hydraulically upgradient of ND-136, at distances of approximately 40, 50, and 70 feet 
from ND-136 (Figure 3-1), and up to 475 feet deep. The injection wells either would be cased down 
to the target treatment interval upper depth, or a packer would be used to isolate the target 
treatment interval. This will help mitigate injectate distribution outside the target treatment 
interval. The target treatment interval would be identified from downhole geophysical and testing 
data described in Sections 4.5 and 4.6. 
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– Monitoring well spacing: The two proposed monitoring wells would be located hydraulically 
downgradient of the new injection wells and upgradient of the ND-136 extraction (Figure 3-1). They 
will be 4-inch-diameter and up to 475 feet deep. Monitoring wells will be installed as multi-port 
FLUTe wells with up to five ports. The FLUTe port intervals would be identified from downhole 
geophysical and testing data described in Sections 4.5 and 4.6. 

– Extraction well: The existing well ND-136 will be used as the recirculation system extraction well. 
The water table is about 260 to 280 feet bgs at ND-136. This boring either will be grouted up to a 
depth of 475 feet bgs (it is currently about 550 feet deep), or a packer will be placed in the borehole 
to seal the bottom of the extraction interval at 475 feet bgs (to align with the target treatment 
interval depth). The ND-136 borehole may be reamed from its current 3 7/8-inch boring diameter to 
a 6-inch-diameter boring to a depth of 475 feet bgs (to allow a higher capacity pump installation), if 
needed. The GETS operation of ND-136 would be suspended during this EISB pilot study. 

• Geophysical Surveys and Packer Testing: Prior to completion of the proposed injection and monitoring 
wells, geophysical surveys and packer testing will be conducted to assess potential flow paths of injected 
fluids to help evaluate placement of the injection well target intervals, the extraction well intake, and 
monitoring well FLUTe ports. The downhole testing will provide data to assess whether the planned 
network of monitoring wells will be sufficient, or whether additional monitoring wells may be needed 
for adequate distribution and performance monitoring during the EISB pilot study.  

• Substrate Amendments: EVO with a nutrient package (that is, lactate, vitamin B12, and similar) as well 
as one unique conservative (non-reactive) tracer for each of the three injection wells (refer to the 
following Tracer Testing description). EVO and tracer injections will be followed by the addition of a 
bioaugmentation culture which will be chased sufficiently with anaerobic water (that is, dilute solution 
with sodium ascorbate).  

• EVO Substrate Dosage: Assumes that the EVO substrate will be injected at a 2% solution concentration 
into the TTA. This will require an approximate bulk EVO volume (60% by mass) of 6,130 gallons, to be 
field-mixed to the appropriate dilution. However, this is an estimated (conservative) dosage amount and 
could vary substantially based on actual site conditions during field implementation. The actual EVO 
concentration and total injectate volume will be refined as needed during the EISB pilot study. 

• Tracer Testing: In conjunction with EVO substrate injections, tracer testing will also be utilized with one 
unique conservative (non-reactive) tracer for each of the three injection wells (fluorescein, eosin, and 
Rhodamine WT) to assess active flow paths of injected fluids and confirm adequacy of the existing 
monitoring network. The rate of arrival (and breakthrough curve of concentration versus time) of the 
tracers will also help refine the estimate of the overall mobile porosity within the TTA while under 
recirculating conditions. It is assumed that the target concentration for each tracer in its respective 
injectate solution will be approximately 40 to 240 parts per million (ppm) (Appendix B, Table B-2); 
however, the final targeted tracer concentrations will be determined with the support of manufacturer 
and assisting analytical laboratory recommendations once injection rates and mobile porosity estimates 
are further refined. Tracer monitoring is described in Section 4.14 and Table 4-3. 

• Bioaugmentation Culture Dosage: Following completion of EVO injections and evaluation of tracer 
patterns, an estimated 69 liters of bioaugmentation culture will be added, at a dose of 23 liters to each 
injection well. The bioaugmentation culture will be chased with sufficiently anaerobic water, which will 
be prepared in accordance with manufacturer recommendations. To help distribute the culture away 
from the injection well, an injection of approximately 500 gallons of anaerobic chase water (either 
extracted ND-136 water or potable water, depending on permitting) is recommended.  

• Injection Flow Rate: A maximum of 10 gallons per minute (gpm) injection flow rate to each of the 
injection wells is assumed. An injection well construction depth of 475 feet bgs should provide sufficient 
injection capacity for a 10 gpm flow rate. However, the design injection rates will be dependent on the 
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injection well capacities which will not be known until after installation. The estimated injection rates 
and method will be refined in the detailed design.  

• Time to Complete Injection Event: It is assumed that injections into each of the three injection wells 
will be conducted independently (or in series) for 8 hours each day, 5 days a week, and require 
approximately 41 days to complete injections into all three injection wells (includes site setup and site 
restoration time). However, the total time needed to complete the injection event will ultimately 
depend on the actual injection rates that can be achieved in the field.  

• Recirculation System Components: If permitting allows, groundwater extracted from ND-136 will be 
recirculated, or re-injected, into each of the three proposed vertical injection wells, located 
approximately 40, 70, and 50 feet upgradient from ND-136 (west to east) via aboveground conveyance 
lines (it is assumed permitting for aboveground lines will be approved because the remote area of the 
TTA and the depth to bedrock is very shallow). It is also recommended that the conveyance lines be 
plumbed such that it is possible to vary the extraction/recirculation operation schedules between the 
vertical injection wells in order to minimize channeling or development of preferential flow paths over 
time (that is, a junction box). It is recommended that, prior to re-injection, extracted groundwater will 
be processed through an in-line filtration system (with 1-micron bag filters) to trap particulates and 
mitigate the potential for fouling of the injection well interval. Surface casing or packers could also be 
used to target recirculated groundwater to the target treatment intervals as needed. 

• Recirculation Flow Rate: Assumes groundwater would be extracted between 10 and 30 gpm from 
ND-136 and recirculated to the three injection wells. Groundwater may be recirculated to the injection 
wells in several ways using a junction box to direct extracted groundwater flow to any of the injection 
wells: (1) recirculation to one injection well at a time at an injection rate of 10 to 30 gpm, 
(2) recirculation to any two of the three injection wells simultaneously at injection flow rates of 5 to 
15 gpm each, or (3) to each of the three injection wells simultaneously at injection flow rates of 
approximately 3.3 to 10 gpm. A construction depth of 475 feet bgs should provide sufficient injection 
capacity for a maximum 30 gpm injection flow rate. However, the design injection and extraction rates 
will be dependent on the injection well capacities, which will not be known until after installation. These 
rates and methods will be refined in the detailed design. 

• Recirculation System Operation Timeframe: It is recommended that groundwater extraction and 
recirculation be conducted in a pulsed manner on a regular basis, for 6 hours a day and 5 days a week 
over the course of the pilot study to align with work-day operations at the NASA site. At this pulsing 
rate, it is possible that one pore volume can be recirculated in approximately 26 weeks (assuming an 
extraction rate of 10 gpm). Pulsed recirculation would continue for up to 1.5 years. However, if 
conditions appear favorable for decreasing or eliminating recirculation (based on tracer results and 
initial COC concentration decreases), the schedule can be modified to shorten the pilot test duration.  

• Substrate/Tracer Distribution Monitoring: Subsurface EISB substrate and tracer distribution monitoring 
will be assessed through frequent collection of field parameter, total organic carbon (TOC), and dye 
tracer groundwater samples from the two performance monitoring wells until breakthrough is 
confirmed. Substrate and tracer distribution monitoring is described in Section 4.14 and Table 4-3. 

• Baseline and Post-injection Performance Monitoring: Both prior to injections and following substrate 
and tracer injection and breakthrough, groundwater samples will be collected in the EISB pilot study 
wells concurrent with the 1.5-year recirculation system operation timeframe. Baseline monitoring will 
be performed at the EISB pilot study injection and extraction wells, the two new groundwater 
monitoring FLUTe wells, and existing ND-136 TTA plume monitoring wells (Section 4.11 and Table 4-2). 
Post-injection performance groundwater monitoring will be conducted quarterly from the EISB pilot 
study injection and extraction wells, and the two new groundwater monitoring FLUTe wells. Post-
injection performance groundwater monitoring will also be conducted semi-annually at the existing 
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ND-136 TTA plume monitoring wells. The existing ND-136 TTA plume monitoring wells that will be used 
for the EISB pilot study includes one existing multiport well (C-5) and an existing monitoring well pair 
(ND-137A and ND-137B) (Figures 2-3 and 3-2). However, as shown on Figures 2-3 and 3-2, these wells 
are relatively far from the proposed TTA and are therefore not considered key monitoring points for the 
EISB pilot study. Post-injection performance monitoring is described in Section 4.16 and Table 4-2. 
Monitoring also includes Passive Flux Meters (PFMs), to assess baseline and post-injection contaminant 
flux information (Section 4.8).  

The previously listed design elements will be captured in a pilot test design document with specifics needed 
to build and operate the pilot test. 
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Implementation Plan 
This section presents the implementation plan for the ND-136 EISB pilot study. The conceptual layout for the 
ND-136 TTA is illustrated on Figure 3-1. All field sampling activities will be conducted in accordance with 
standard field procedures described in the Quality Assurance Project Plan (QAPP) Revision 5 (MECx, 2013), 
the sitewide groundwater sampling QAPP (Haley & Aldrich, 2010), the AIG QAPP addendum (NASA, 2015), 
and the sitewide water quality sampling and analysis plan QAPP addendum (NASA, 2018b).  

As indicated in Section 3, implementation of the EISB pilot study at ND-136 TTA involves the installation of 
three vertical injection wells and two additional FLUTe monitoring wells that will target primary fractures 
within the 270 to 475 feet bgs treatment depth interval. Initial borehole development, downhole 
geophysical testing, packer testing, and discrete groundwater sampling will be performed at each new well 
following completion of the drilling activities.  

The design criteria and rationale for proposed drilling and testing at the new injection and monitoring wells 
are summarized in Table 4-1. An EISB pilot study design document and field instructions will be developed, 
after installation and testing of the injection and monitoring wells, with specifics needed to build and 
operate the pilot test. 

4.1 Cultural and Biological Considerations 
All drilling and construction activities will be conducted in compliance with NASA’s existing Endangered 
Species Act Section 7 consultation with the U.S. Fish and Wildlife Service (NASA, 2014a),the National Historic 
Preservation Act Section 106 consultation with the California State Historic Preservation Office 
(NASA, 2014b), and NASA’s Environmentally Sensitive Areas Action Plan (NASA, 2018c). Minimal effects to 
cultural and biological resources are expected because the new well installation sites are adjacent to an 
existing well (ND-136) and test stand in a previously disturbed area. 

4.2 Permitting Considerations 
On July 2, 2019, the DTSC groundwater group and the NASA SSFL project team participated in a conference 
call to discuss NASA’s preliminary plans to implement an EISB pilot study at the NASA SSFL site. The purpose 
of this conference call was to allow the NASA team to present an overview of the proposed EISB pilot study 
and to identify and discuss NASA’s understanding of the permits and regulations that may be applicable. 
Based on this communication between NASA and DTSC, and as documented in the letter from NASA to DTSC 
on July 9, 2019 (Appendix A), NASA’s understanding of the permit requirements and regulatory 
considerations includes the following: 

• Obtaining a Waste Discharge Requirement (WDR) permit from the Los Angeles Regional Water Quality 
Control Board (LARWQCB) for injection of tracers, injection of EISB amendments/nutrients (with dilution 
water), and/or recirculated water. 

• Considering implications to existing site permits, including The Boeing Company’s GETS WDR and NASA’s 
Post-Closure Permit-required groundwater sampling if GETS pumping wells are taken offline during the 
EISB pilot. 

• Registering injection wells with the U.S. Environmental Protection Agency’s (EPA) Underground Injection 
Control program. 

• Preparing a Spill Prevention, Control, and Countermeasure Plan if oil volumes onsite exceed 1,320 gallons. 

• Updating the NASA SSFL Hazardous Materials Business Plan to address tracers/amendments/nutrients. 

• Providing local fire department notification of onsite chemicals. 
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Once this EISB Pilot Study WP is approved, the necessary permitting procedures, as required through further 
consultation with DTSC and LARWQCB staff, will be implemented for further regulatory review.  

4.3 Site Inspection and Utility Clearance 
The drilling area will be inspected and assessed for potential hazards. If needed, brush clearance, tree 
trimming or removal of damaged trees and overhanging limbs, and/or poison oak abatement will be 
performed prior to drilling mobilization.  

Utility clearance will be completed prior to well installation to ensure no utilities are in conflict with the new 
well locations. It is expected that utility clearance will be conducted by a subcontractor, under the 
supervision of CH2M staff. 

4.4 Drilling and Coring 
Two new monitoring wells and three injection wells are proposed to be drilled and constructed for the EISB 
pilot study. Well names will be assigned, coordinating with the other site Responsible Parties, at the time of 
drilling. As shown on Figure 3-1, these five wells (three injection wells and two monitoring wells) will be 
drilled and constructed in an area up to 75 feet south to southeast (and hydraulically upgradient) of ND-136. 
A laydown area to stage equipment, materials, and the wastewater storage tanks (Section 4.20) for the EISB 
pilot study is proposed for construction within the level gravel lot adjacent to the former Control Center, 
approximately 400 feet west of the ND-136 TTA (Figure 4-1). The locations of the new wells, existing 
well ND-136, and the proposed staging areas and access road are shown on Figure 4-1. An example of the 
proposed well designs are shown on Figure 4-2. 

The final well locations will be determined based on the results of the cultural and biological resource 
impact assessments (Section 4.1). An existing gravel access road will provide access to the new well 
locations. 

Drilling will be conducted in accordance with the “Soil and Rock Boring and Well Drilling and Abandonment” 
Standard Operating Procedure (SOP) (Appendix C). The wells will be continuously cored (size HQ) and logged 
in accordance with the “Rock Core Logging” SOP (Appendix C). Rock coring will be performed at a subset of 
wells to support identifying primary fractures potentially hydraulically connected to fractures within the 
270 to 475 feet bgs treatment depth interval at ND-136. If Sonic drilling methods are used, injection water 
will be minimized to the maximum extent practicable. 

A 12-inch surface conductor casing will be installed, and injection wells will be completed as 6-inch, 
475-foot bgs open holes. ND-136 may also be reamed to a 6-inch diameter if needed to accommodate 
pumping up to a 30-gpm extraction rate during the EISB pilot study. Monitoring wells will be completed as 
4-inch, 475-foot bgs open holes. Air rotary drilling methods will be used to ream the HQ coreholes to the 
larger diameters. Refer to Section 4.9 for details on the well installation and development. 

Well drilling permits will be prepared and submitted to Ventura County prior to conducting field work. If 
drilling occurs during the wet season and saturated ground conditions are present, mud mats will be 
deployed in the work area where vehicles, equipment, and waste storage tanks will be present to help 
minimize ground disturbance impacts during field activities. 

Field work will be documented following the “Documentation and Records” SOP (Appendix C). 

Characterization sampling of investigation-derived waste (IDW) and oversight to coordinate removal of IDW 
from the site will be conducted by CH2M. Refer to Section 4.20, Waste Management. 

Initial borehole development, downhole geophysical logging, packer testing, and discrete groundwater 
sampling will be performed at the new wells following completion of drilling activities. 
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4.5 Geophysical Logging  
Following drilling and initial borehole development, geophysical logging will be conducted on the completed 
boreholes and used to guide packer testing interval selection. It is expected that geophysical logging will be 
conducted by a subcontractor, under the supervision of CH2M staff. The following geophysical logs will be 
collected at each new well: 

• Caliper log over the full length of each borehole to measure the diameter of the borehole and associate 
diameter variations with hardness of the strata, the degree of fracturing, or occurrence of significant 
voids 

• Optical televiewer log from the bottom of the surface casing to the bottom of the borehole to provide 
an image of the borehole and analyze the image for lithology confirmation and locations of fractures or 
producing zones 

• Acoustic televiewer and electromagnetic flow meter log (or equivalent) from the water table to the 
bottom of the boring to determine the packer testing intervals 

• Natural gamma ray and induction log from the water table to the bottom of the boring for lithology 
confirmation 

• Normal and single point resistance log from the water table to the bottom of the boring for lithology 
confirmation 

• Temperature and fluid conductivity log from the water table to the bottom of the boring to indicate 
possible groundwater flow intervals  

4.6 Depth-discrete Packer Testing and Sampling 
Based on the results of the geophysical logging, up to 10 depth-discrete packer testing intervals will be 
identified for each new borehole. DTSC will be notified of suggested sample intervals by email prior to 
testing. Extraction packer tests will be performed within the saturated zone of each borehole to estimate 
hydraulic conductivities of each interval (targeting fractures) and to estimate well yield and identify key 
production and hydraulic connection zones. Depth to water is anticipated to be 260 to 280 feet bgs. Up to 
30-foot packer intervals will be used. Data collected from the packer testing will guide decisions of target 
injection intervals, monitoring well design, tracer test design, and injection/extraction rates for EISB pilot 
testing. Packer testing will be conducted in accordance with the “Packer Testing” SOP (Appendix C) and 
associated packer testing and sampling field instructions (Appendix D). 

Depth-discrete water samples will be collected from each packer testing interval prior to each packer test 
(Section 4.11 and Table 4-1). Depth-discrete packer samples will only be analyzed for the site-specific VOCs 
and dissolved iron and manganese (refer to Table 4-2 for the appropriate analytical methods for these 
analytes). The field sampling activities will be conducted in accordance with the standard field procedures 
described in the QAPP Revision 5 (MECx, 2013) and the AIG QAPP addendum (NASA, 2015) (Appendix B). 
This sampling will support identification of potential COC-impacted flow zones and support hydraulic 
connection evaluations and help with FLUTe monitoring well port interval design. 

Depth-discrete groundwater sampling will be conducted following the field instructions included in 
Appendix D (which reference the appropriate SOPs in Appendix C). Field staff will be responsible for sample 
containers, handling, shipping, analyses, characterization of IDW (purge water) oversight coordination, and 
removal of IDW from the site. Refer to Section 4.20 for Waste Management. 
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4.7 Borehole Depth Adjustments 
After analyzing the geophysical and depth-discrete packer testing data, the borehole depths will be 
reconsidered and adjusted to the shallowest feasible depth to target the most permeable zones and 
fractures, if appropriate. The borehole depth adjustment, if needed, will be presented to DTSC for input 
prior to performing the work. The boreholes would be grouted to the desired depth. 

4.8 Passive Flux Meter Evaluation 
Information regarding the groundwater flow velocity and COC flux rate will be used to assess pre- and post-
treatment conditions. Knowing local groundwater flow velocity will help understand the velocity of 
groundwater moving through the TTA. Assessing concentrations over a period of time will provide 
information on the rate of COC migration (that is, COC flux) in the TTA. Estimating groundwater velocity and 
COC flux prior to treatment provides a baseline condition to compare post-treatment results. Changes in 
COC flux (between pre- and post-EISB deployment) will provide one line of evidence on changed conditions 
resulting from the application of EISB with recirculation (such as changing flux rates for individual COCs and 
molar fractions). Changes in groundwater velocity and direction will provide qualitative information on how 
recirculation changes the groundwater flow rate and allows an assessment for the ability of the EISB 
recirculation technology to reduce groundwater migration outside the TTA. Because the pilot system 
consists of one extraction well, two FLUTe monitoring wells, and three injection wells, the study will not be 
able to address pre- and post-EISB treatment conditions at the same locations. The approach described as 
follows, though not ideal because of this limitation, is expected to provide several lines of evidence that can 
aid in assessing changed conditions as a result of implementing the pilot study. 

The PFM uses a sorptive permeable medium placed in an open or screened portion of a monitoring well to 
intercept contaminated groundwater and release “resident” tracers. The sorbent pack is placed in a 
groundwater flow field for a specified exposure time and then recovered for extraction and analysis. By 
quantifying the mass fraction of resident tracers lost and the mass of COC sorbed, groundwater and COC 
fluxes are calculated (Annable et al., 2005). The PFM will be used to assess groundwater velocity and COC 
flux in the localized area of a well where it is deployed. The PFM is a cost-effective means to estimate 
groundwater velocity and contaminant transport rates at the scale of the pilot system for the targeted wells 
and to complement the contaminant transport information presented in the RFI for this location. 
Groundwater direction information is interpreted from water levels.  

The PFM technology will be deployed in the two proposed groundwater monitoring wells, the center 
injection well, and the extraction well (ND-136) identified in Figure 3-1 prior to application of EISB treatment 
reagents. This information will provide a pre-treatment assessment of groundwater velocity and COC flux. 
One PFM unit, each containing five individual 1-foot PFMs, will be deployed (for a period of 2 to 3 weeks) in 
the previously referenced four wells. The PFMs will be placed in an interval that exhibits the best 
characteristics of greatest flow and apparent best match with other wells in the monitoring system. The 
deployment will occur prior to installation of the FLUTe liners in the new multilevel groundwater monitoring 
wells. The five individual PFMs deployed in a single well will provide information on stratification of results 
over the total 5-foot section.  

Approximately 6 to 9 months after the addition of EISB treatment reagents, the PFM (with five individual 
PFMs) will be redeployed in the same proposed center injection well and extraction well ND-136 and 
assessed as part of the pre-treatment evaluation. The installation of the FLUTe liners in the new monitoring 
wells prevents them from being used for post-treatment PFM evaluation. The two PFMs (deployed for 2 to 
3 weeks) results will be used assess how COC flux changed at the injection well. It is acknowledged that the 
PFM post-treatment wells will not be completed under active recirculation conditions and will be more of an 
assessment to reflect a change in COC flux related to EISB treatment under non-pumping conditions. 
However, this information, along with the tracer results interpreted with EISB injections, will provide 
additional information to assess the changed conditions associated with EISB treatment.  
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4.9 Well Installation and Development 
A 12-inch surface conductor casing (ASTM International A139, Grade B steel) will be set in competent 
bedrock or stable (firm) soil that is not prone to caving or collapse. The surface casing will be cemented in 
place using sand-cement grout (10.3 sack mix, not more than 188 pounds of sand to one 94-pound sack of 
Portland cement and 7 gallons of potable water) or cement-bentonite grout (Portland cement, no more than 
5% bentonite by weight and water) to meet CH2M standard specifications and requirements of the 
California Department of Water Resources Southern Region. 

Each injection and groundwater monitoring well will initially be an open hole completion, 6-inch diameter 
for injection wells, and 4-inch diameter for monitoring wells, to a depth of 475 feet bgs (Figure 4-2). 

Following drilling and installation, each open borehole will be developed using pump development methods 
to remove formation fines introduced during drilling activities, in accordance with the “Groundwater 
Monitoring Well Development” SOP (Appendix C). The pump will be set near the top of the water table and 
lowered by 25-foot increments until the turbidity is 10 nephelometric turbidity units. 

Multilevel or groundwater monitoring wells with FLUTe liners containing between three to five completions 
will be installed at both proposed 4-inch monitoring well locations (Figure 3-1). The SOP for multilevel 
monitoring well installation is provided in Appendix C. The port intervals at these wells will be selected 
based on the geophysical logging and depth-discrete packer testing results. FLUTe ports will be developed 
prior to groundwater sampling by purging at least three port and tubing volumes or until the turbidity is 
10 nephelometric turbidity units.  

4.10 Surveying 
The new wells will be professionally surveyed for northing, easting, ground surface elevation, and top of 
casing elevation following the “Surveying“ SOP (Appendix C). It is expected that surveying will be performed 
by a subcontractor, under the supervision of CH2M staff. 

4.11 Baseline Groundwater Sampling 
Baseline groundwater samples will be collected from each depth interval (chosen based on the results of the 
discrete packer testing and sampling) at each new multilevel groundwater monitoring well (Section 4.6). 
A sample will also be collected from the extraction well (ND-136) and analyzed for tracer dyes to establish 
background conditions prior to dye injections. Groundwater samples will be collected prior to injection 
packer testing. Samples will be analyzed for the site-specific COCs and NAIPs (listed in Section 3.3) to 
evaluate the water quality of each interval and establish the baseline conditions in support of the pilot study 
and following installation of the FLUTe wells. Sample methods, bottle types, preservatives, and hold times 
are provided in Table 4-2. 

Multilevel groundwater sampling will be conducted in accordance with the appropriate SOPs in Appendix C. 
CH2M staff will be responsible for sample containers, handling, shipping, analyses, characterization of IDW 
(purge water) oversight coordination, and removal of IDW from the site. Refer to Section 4.20 for Waste 
Management. 

Sampling handling and shipping will follow the “Chain-of-Custody Procedures” and “Packaging and Shipping 
Procedures” SOPs in Appendix C. 

Field duplicates, equipment blanks, field blanks, trip blanks, and matrix spikes/matrix duplicates will be 
collected as part of the sampling effort in accordance with the QAPP Revision 5 (MECx, 2013) and the AIG 
QAPP addendum (NASA, 2015) (Appendix B). 

A Level 3 data package for the results from the site-specific COC analytical samples (site-specific VOCs, 
1,4-dioxane, and n-nitrosodimethylamine), anions (alkalinity, nitrate, and sulfate), cations (manganese and 
iron), and TOC and their quality assurance/quality control will be available from the laboratory for validation 
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by a project chemist within 21 days of sample submission. Validated data will be uploaded to the project 
database. Other analytical data (dissolved gases, volatile fatty acids (VFAs), QuantArray Chlor (quantitative 
polymerase chain reaction [qPCR] methods), compound-specific isotope analysis (CSIA), and fluorescent 
tracers) will also be received within 21 days of sample submission and be reviewed by the project chemist 
for completeness prior to upload to the project database. 

Baseline work also includes the use of PFMs to assess baseline contaminant flux information (Section 4.8). 

4.12 EISB Substrate and Tracer Injections 
Injection activities and monitoring for potential leaks or daylighting of injected substrate will be conducted 
as discussed in this section. Injection wells are shown on Figure 4-1. 

4.12.1 Injection Equipment 
Tanks, piping, pumps, and instrumentation will be used as follows to inject the designed EISB substrate 
mixture and to verify that the correct ERD substrate and tracer dosage is delivered to each injection well as 
efficiently as possible:  

• ERD substrate and tracer solutions will be prepared to meet the specifications by either mixing in 
batches or using a metering pump. If batch mixing is employed, tanks will be sized appropriately to 
minimize any downtime required when mixing batches. 

• If permitting allows, groundwater extracted from ND-136 will serve as the dilution water for preparation 
of the ERD substrate and tracer solutions. Additional water needed is assumed to be trucked from a 
potable water source at the NASA SSFL facility (such as a Ventura County water district fire hydrant).  

• The solution will be pumped into injection wells through a series of aboveground hoses connected to an 
injection manifold. Each manifold leg will include a flow meter/flow totalizer and a pressure gauge. 
Injection methods will be used that do not force air within the conveyance lines or wells into the aquifer, 
such as by using an air relief valve on the well head or other appropriate methods. 

• ERD substrate, tracer, and additives (buffering agent, nutrients, and chemical reductant) will be stored 
inside secondary containment staged onsite in the staging area. When not in use, equipment will be 
placed inside the staging area and secured as appropriate. All injection wells will be capped and vault 
lids will be bolted down at the end of each shift to prevent foreign liquids from entering injection wells 
while they are not in use. 

A forklift or other mechanical means will be used to safely offload and stage substrate totes or drums and 
other large pieces of equipment. All required certifications, inspections and fueling of equipment, and traffic 
control measures will be conducted as outlined in the Master Health and Safety Plan, NASA Santa Susana 
Field Laboratory (HASP) (CH2M, 2018) and an Activity Hazard Analysis. 

4.12.1.1 ERD Substrate and Tracer Dosage 
The injection event assumes an ERD substrate dosage of 2% will be injected, which will require an 
approximate bulk EVO volume (60% by mass) of 6,130 gallons to be field-mixed to the appropriate dilution. 
The ERD substrate will be comprised of EVO and a nutrient package that includes nitrogen, phosphorus, and 
vitamin B12. A buffering agent adequate to raise groundwater pH above 6.0 will also be included in the ERD 
substrate solution. Additionally, the injectate solution will be field-prepared to include one unique 
conservative (non-reactive) tracer (assumptions for the tracer include fluorescein at 40 ppm, eosin at 
80 ppm, and Rhodamine at 240 ppm) for each of the three injection wells. The final unique dye tracer 
concentrations used for each injection will be determined with the support of manufacturer and assisting 
analytical laboratory recommendations, since it will be imperative for each fluorescing dye to produce a 
unique signature detectable above background within downgradient groundwater monitoring wells after 
sufficient injection volumes are achieved to be able to better understand predominant fracture and flow 
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networks within the TTA. The target volume/mass of ERD substrate solution and tracer per injection well is 
summarized in Table B-2 in Appendix B.  

4.12.1.2 ERD Substrate and Tracer Delivery 
The target total injection flow rate is expected to be between 10 and 30 gpm. 

Before injecting substrate into any well, the injection system will be dry-fitted and subsequently pressure-
tested for leaks and proper functioning using water from the onsite potable water source, before being 
hooked up to the extraction conveyance lines (assuming extracted groundwater will be used for the 
substrate dilution water). Leaks will be repaired before system use (before extracted groundwater is used as 
substrate dilution water). A branch of the system or the entire system will be temporarily stopped if a leak 
develops, a well backs up, substrate daylighting occurs, additional injectate mixture is needed, and/or an 
injection well receives the target volume of injectate. The substrate, tracer, and amendments will be 
prepared as a solution in the mixing tank before the injection process is initiated in accordance with 
manufacturer’s specifications. Dosage volume/mass per injection well information, as summarized in 
Table B-2 in Appendix B, are subject to change based on vendor recommendations. Either batch or in-line 
mixing is considered suitable ERD substrate delivery methods. 

Upon completing injection at each location, the system will be flushed with at least 300 gallons of clean 
water to purge at least one well casing volume for each injection well and the system readied for the next 
injection. Any residual ERD substrate left in the substrate containers (drums, totes, or pails) from the earlier 
injection process may be added to the next injection mixture as necessary unless it is premixed with diluted 
dye tracer. Any containers premixed with both ERD substrate and dye tracer must only be used on the 
proposed designated injection well so there is no cross contamination of unique tracer solutions between 
injection wells. 

Following injections, the containers will be rinsed out with water, which also will be included in the injection 
mixture, and the containers will be allowed to air dry prior to disposal. Rinsing of the containers will be 
completed as practicable to prevent accumulation of drums requiring rinsing. Arrangements will be made 
for disposal of the containers if they cannot be returned to the vendor or recycled upon completion of 
activities. At the end of the field event, after all wells have been injected with the designated volume, excess 
substrate may be injected into select injection wells. 

4.12.1.3 Equipment Decontamination 
Non-disposable injection equipment will be decontaminated immediately after each use in accordance with 
applicable SOPs (Appendix C). 

4.12.1.4 Bioaugmentation 
Approximately 2 weeks following the initial ERD substrate injection and once the aquifer is sufficiently 
anaerobic (for example, exhibiting an oxidation-reduction potential [ORP] value of -75 millivolts [mV] or a 
dissolved oxygen (DO) of less than 0.5 milligram per liter [mg/L]), the bioaugmentation culture (58 liters per 
injection well) will be injected (Table B-2 in Appendix B). The culture will be handled and mixed according to 
the manufacturer’s instruction and following the appropriate health and safety guidelines. It is 
recommended that approximately 500 gallons of anaerobic chase water (water mixed with chemical 
reductant [that is, an oxygen scavenger] such as sodium ascorbate or similar) be used to distribute the 
culture within the target injection interval out into the subsurface. The chase water will also be prepared 
and handled in accordance with manufacturer recommendations (that is, sodium ascorbate would be added 
to the chase water prior to injection at a rate of 1.3 pounds for every 500 gallons of chase water as shown in 
Table B-2 in Appendix B). Groundwater quality measurements of DO are recommended during injections to 



SECTION 4 IMPLEMENTATION PLAN 

4-8 GES0911191725MGM 

verify that oxygen has been reduced to less than 0.5 mg/L prior to initiating injections. Additionally, an ORP 
of less than -100 mV is recommended for chase water. 

4.12.2 Site Restoration 
Following completion of the EISB pilot study implementation, the surface area disturbed by the injection 
activities will be restored to match the adjacent ground surfaces. Restoration activities will also include 
removing all injection equipment, empty EISB substrate containers, and IDW from the site. 

4.13 Materials Delivery and Storage 
Handling of all materials will be performed in accordance with the HASP (CH2M, 2018). The HASP will be 
updated prior to mobilization to include necessary precautions for handling each chemical proposed for use 
in the EISB pilot study. 

4.14 EISB Substrate and Tracer Distribution Monitoring 
Subsurface EISB substrate and tracer distribution monitoring will be assessed through collection of 
groundwater samples to confirm the presence of EISB substrate and/or tracer within the two performance 
monitoring wells, using several methods. The samples will first be inspected visually to note the color and 
clarity of the sample. Field indicator parameters will be measured and compared to baseline values to 
evaluate whether the groundwater appears impacted by EISB substrate (primarily a decrease in ORP or 
change in specific conductance). Samples will also be field-analyzed for fluorescing dye concentrations using 
a handheld fluorometer to assess for tracer breakthrough. Laboratory results for TOC will also provide 
valuable information regarding whether injected substrate has reached the monitoring wells or extraction 
well. The groundwater sampling results may be used to hypothesize the potentially dominating subsurface 
fracture networks for groundwater flow pathways based on where tracer and/or substrate shows up in the 
monitoring wells and at what concentrations. Finally, groundwater elevation monitoring will be conducted 
to monitor for potential hydraulic capture zones, or areas where potential influence of the injections or 
operation of the extraction/recirculation system are observed. 

Groundwater grab samples to assess for both EISB substrate and tracer distribution (and associated 
groundwater quality field parameters) within the subsurface will be collected at the two performance 
monitoring wells using FLUTe sampling methods as described in the applicable multilevel well sampling SOP 
included in Appendix C. A summary of the substrate and tracer distribution sampling strategy is included in 
Table 4-3. As specified in Table 4-3, groundwater grab samples will be collected from the start of the pilot 
test injection until initial tracer or substrate breakthrough is observed. Once initial breakthrough is 
observed, samples will be collected at an appropriate frequency until the overall rate of breakthrough and 
general shape of the breakthrough curve develops. Based on previous tracer testing, the general shape of 
the breakthrough curve is expected to be sigmoid (that is, with concentrations increasing slowly initially, 
accelerating, then slowing and asymptotically approaching a maximum value). Once the rate of tracer or 
substrate breakthrough begins slowing and the curve begins to appear, becoming asymptotic, breakthrough 
monitoring frequency may be reduced, depending on the total breakthrough time observed. The time to 
develop the breakthrough curve is uncertain. The frequency of sampling for the substrate and tracer 
distribution phase of field analysis will be better ascertained when the arrival time of tracer at the injection 
well is defined. For the purpose of this EISB Pilot Study WP, it has been assumed that the time period for the 
substrate and tracer distribution phase of testing will be 3 months. Testing may be terminated earlier than 3 
months if the breakthrough curve is fully developed.   

The groundwater quality field parameters to be measured as part of the substrate and tracer sampling 
include DO, ORP, pH, specific conductance, and temperature. Additionally, fluorescing dye concentrations 
will also be measured in the field during the tracer test using a handheld fluorimeter (Turner Designs 10AU, 
Aquafluor, or equivalent). Discrete confirmation samples will also be sent to a specialized analytical 
laboratory (for example, Ozark Underground Laboratories) for analysis using a spectrofluorophotometer. 



SECTION 4 IMPLEMENTATION PLAN 

GES0911191725MGM 4-9 

The detection limits of the handheld fluorimeter and spectrofluorophotometer are less than 1 µg/L 
fluorescein and can be as low as 0.02 µg/L. The specialty laboratory may elect to pre-screen samples and not 
analyze certain samples if no dye is present (that is, a time series sample from a given well might be 
analyzed, and if no dye is present then the earlier samples would not need to be analyzed).  

If groundwater appears to show indications of fluorescence, a decrease in DO or ORP, a change (increase or 
decrease) in specific conductance, increases in TOC, or some combination of these indicators, it will be 
concluded that initial breakthrough of injectate has been achieved at that FLUTe sampling depth interval.  

Post-injection performance monitoring will be conducted during and after tracer injection, as described in 
Section 4.16.  

4.15 EISB Pilot Testing – Injection and Recirculation 
Groundwater extraction/recirculation will be operated for a period of approximately 1.5 years after 
substrate breakthrough, assuming that operation will be conducted 6 hours per day, 5 days per week. The 
time to recirculate one pore volume of groundwater is estimated as 26 weeks and is based on the time 
required to extract and recirculate one pore volume within the TTA (assuming an estimated mobile porosity 
of 2%) while extracting up to 30 gpm from ND-136 and re-injecting to each of the three vertical injection 
wells in a closed-loop system operation (Table B-2 of Appendix B). The period of extraction/recirculation 
may be changed based on observations of field conditions. Operations and maintenance of the system will 
be conducted on an as needed basis. 

4.16 Post-injection Performance Monitoring 
Post-injection performance monitoring will be conducted on a quarterly basis for up to 1.5 years after 
substrate breakthrough (up to 6 quarters) and will be concurrent with the 1.5-year recirculation system 
operation timeframe. Groundwater samples will be collected and analyzed as described for the baseline 
groundwater sampling in Section 4.11 and listed in Table 4-2. Post-injection performance groundwater 
monitoring will be conducted quarterly from the EISB pilot study injection and extraction wells, and the two 
new groundwater monitoring FLUTe wells. Post-injection performance groundwater monitoring will also be 
conducted semi-annually at the existing ND-136 TTA plume monitoring wells (C-5, ND-137A, and ND-137B, 
shown on Figures 2-3 and 3-2). However, as shown on Figures 2-3 and 3-2, these existing ND-136 TTA plume 
monitoring wells are relatively far from the proposed TTA and therefore are not considered key monitoring 
points for the EISB pilot study. It is assumed that groundwater sample parameters and sampling locations 
may be optimized based on the initial EISB pilot study results. 

Post-injection performance monitoring groundwater samples will be analyzed for TTA-specific COCs 
(Table 2-2) to evaluate progress towards achieving cleanup goals, NAIPs and field parameters to assess MNA 
performance, and fluorescing dye tracers to assess for tracer distribution monitoring as follows (Table 4-2): 

• Dissolved gases (methane, ethane, ethene [MEE]) by EPA Method RSK-175 

• Dissolved manganese and iron by EPA Method SW-846 6020A 

• Nitrate and sulfate by EPA Method SW-846 9056A 

• Alkalinity by Standard EPA Method 2320B 

• TOC by EPA Method SW-846 9060A 

• VFAs by EPA Method 300.0M 

• Microbial characterization via QuantArray Chlor (qPCR methods)  

• CSIA for TCE, cis-1,2-dichloroethen (DCE), and vinyl chloride (VC) 
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 Fluorescein, eosin, and Rhodamine tracer (field fluorometer and/or laboratory 
spectrofluorophotometer) 

 Field-measured parameters at time of sample collection (pH, DO, ORP, temperature, and specific 
conductance) 

PFMs will be used to assess post-injection contaminant flux information (Section 4.8).  

4.17 SOPs and Field Documentation 
The following SOPs, which were prepared to facilitate characterization work at the NASA-administered 
portions of SSFL, are included as Appendix C and will be followed during the work activities described in this 
EISB Pilot Study WP: 

 Chain-of-Custody Procedures 
 Documentation and Records 
 Equipment Calibration Procedures 
 Equipment Decontamination 
 Groundwater Monitoring Well Development 
 Low-Flow Purge and Groundwater Sampling 
 Manual Water Level Measurements 
 Packaging and Shipping Procedures 
 Packer Testing 
 Soil and Rock Boring and Well Drilling and Abandonment 
 Field Surveying of Sample Locations 
 Rock Core Logging 
 Multiport Well Groundwater Sampling 

Field documentation, procedures, and log sheets are provided in the SOPs in Appendix C for each respective 
field activity.  

Appendix D includes detailed field instructions associated with the packer testing and depth-discrete 
groundwater sampling work. 

4.18 Health and Safety 
CH2M performs field work at SSFL under a master HASP, revised in October 2018 (CH2M, 2018). Field work 
will be conducted in accordance with the HASP, which defines the procedures and requirements for the 
health and safety of staff and visitors when they are physically on the NASA SSFL work site and addresses 
the potential hazards and control measures associated with hazardous waste activities. The HASP will be 
amended or revised as project activities or conditions change or when supplemental information becomes 
available. The HASP adopts, by reference, the CH2M Enterprise-wide Core Standards and SOPs, as 
appropriate. In addition, the HASP adopts procedures from the project-specific WPs and governing 
regulations, as appropriate. If there is a contradiction between this HASP and any governing regulation, the 
more stringent and protective requirement will apply. 

Subcontractors are responsible for health and safety procedures specific to their particular work 
components. Subcontractors are required to develop and submit Activity Hazard Analyses to the 
CH2M health and safety manager for review and approval before the start of field work. Subcontractors 
must comply with the established HASP (CH2M, 2018). CH2M will monitor and enforce compliance with the 
established HASP. 
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4.19 Waste Management 
General waste management information is included in the Sitewide Waste Management Plan (CH2M, 2014).  

4.19.1 Material Storage and Equipment Laydown Areas 
The project will require disposal of equipment decontamination IDW and purge water generated from 
drilling, development, tracer testing, sampling, and EISB injection/recirculation activities. IDW generated 
during drilling activities will be placed in a dewatering bin that will be located within the work area.  

A laydown area near the former control center in the vicinity of ND-136 is proposed for staging the 
wastewater storage tanks (“frac tanks”) as shown on Figure 4-1.  

4.19.2 Containers 
Frac tanks located at the laydown area (Figure 4-1) will be equipped with secondary containment. Removal 
and transport of wastewater will be conducted via vacuum truck. IDW generated during drilling activities will 
be stored in a dewatering bin located in the work area and may be transported and stored at the Storable 
Propellant Area until it is transported offsite for disposal. New, clean 55-gallon steel or polypropylene drums 
with open tops will be used to containerize smaller volumes of IDW generated at the work site from field 
work activities. Refer to the Sitewide Waste Management Plan (CH2M, 2014) for container delivery, 
inspection, filling, labeling, and storage procedures. 

4.19.3 Waste Characterization 
Waste characterization samples will be collected when waste is generated as summarized in the Sitewide 
Waste Management Plan (CH2M, 2014). Expected waste includes drill cuttings, development, packer testing 
and sampling purge water, and equipment decontamination water. 

4.19.4 Waste Tracking 
A Waste Tracking Log, located in the Sitewide Waste Management Plan (CH2M, 2014), will be used to track 
waste from generation to final disposition. The log will be maintained by the onsite waste manager. The 
following IDW is assumed to be generated during each activity: 

• Drilling and Installation of Surface Casings: IDW will be placed in dewatering bins. The drill cuttings are 
assumed to be F002-listed hazardous and are assumed to meet land disposal restrictions. F002-listed 
hazardous liquid IDW would be generated during drilling and development and would be containerized 
in a frac tank including secondary containment, with removal and transport of wastewater via vacuum 
truck. Decontamination rinsate water (F002-listed hazardous liquid IDW) would also be generated and 
containerized in poly totes. 

• Geophysical testing: Minimal IDW (equipment decontamination water) will be generated during this 
task. 

• Packer Testing: F002-listed hazardous IDW will be purged into the same frac tank as the drilling makeup 
water, with removal and transport of wastewater via vacuum truck as part of the sampling effort.  

• EISB Substrate and Tracer Injection/Recirculation Pilot Testing: Because the technology includes a 
recirculation component, it is assumed that no IDW will be generated.  

4.19.5 Spills and Releases 
All spills and releases will be reported immediately as specified in the Sitewide Waste Management Plan 
(CH2M, 2014). 
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Schedule and Cost 

5.1 Schedule 
At this time, pending NASA, DTSC, and LARWQCB approvals, it is anticipated that system design and 
permitting activities would begin in November 2019 and field activities associated with drilling the EISB pilot 
study wells would begin in May 2020. It is anticipated that drilling, geophysical logging, discrete packer 
testing, and the PFM evaluation will require 3 months to complete (estimated completion in early 
July 2020). Once these activities are complete, the monitoring wells will be completed with multilevel FLUTe 
wells, baseline groundwater sampling will be conducted, and the recirculation system will be installed 
(estimated July 2020). Next, the EISB substrate, tracer, bioaugmentation injections, and substrate/tracer 
distribution monitoring will be conducted and are anticipated to require approximately 3 months to 
complete (October 2020). System recirculation will continue for up to another 18 months (up to May 2022). 
Following substrate and tracer breakthrough and during the 18-month recirculation period, post-injection 
performance monitoring will take place on a quarterly basis for up to 6 quarters (through May 2022) unless 
performance monitoring indicates additional recirculation is no longer needed. 

During EISB operation, GETS extraction well pumping in the Alfa Area (at well ND-136) would be temporarily 
suspended.  

5.2 Cost 
The estimated cost for implementation of the ND-136 injection and recirculation EISB configuration was 
estimated by summing the total capital cost with the estimated 1.5-year operational period as detailed in 
Appendix B. It is assumed that post-substrate and tracer breakthrough, six quarterly groundwater 
monitoring and system maintenance events and associated reporting would be conducted to effectively 
assess the feasibility of the technology for long-term use. The cost estimate for this pilot study is approximately 
$3,655,000 (Appendix B), broken down as follows: 

Item Approximate Cost 

Engineering/Design $171,000 

Preconstruction $141,000 

Drilling, Well Installation, and Downhole Testing $1,602,000 

Install Extraction/Recirculation System $60,000 

Injections and Tracer/Substrate Distribution Monitoring $296,000 

Passive Flux Monitoring $34,000 

Management $235,000 

Contingency $634,000 

Post-Injection Performance Monitoring $482,000 
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Reporting 
Planned reporting associated with the EISB pilot study are as follows: 

• State Well Completion Report – This report will be submitted to the California Department of Water 
Resources Southern Region within 60 days of drilling completion for each new injection and monitoring 
wells. 

• Field Summary Report – This report will document field work including (provided 90 days after 
completion of each of the subject field work): 

- Drilling and Development Field Summary – Once the drilling and open borehole development is 
performed, a summary will be generated to document the work, including copies of the field-
generated boring and well development logs. 

- Geophysical Logging and Packer Testing Field Summary – Once the geophysical logging, packer 
testing, and depth-discrete groundwater sampling and analyses are performed and validated data 
are available, a short summary will be generated to document the work. This will include the 
geophysics subcontractor’s report and logs, the laboratory data quality summary report for the 
depth-discrete groundwater samples, and hydraulic conductivity calculation results from the packer 
testing intervals.  

- FLUTe well and Baseline Summary – Once the FLUTe wells are installed, groundwater sampling and 
analyses are performed, and validated data are available, a short summary will be generated to 
document the work. 

- PFM Summary – After completion of the baseline PFM study, a short summary will be generated to 
document the work.  

• EISB Pilot Study Reports – Reports will be developed to document the EISB pilot study injection 
activities, substrate and tracer distribution monitoring, PFM post-injection study, and six quarterly post-
injection performance monitoring events. These reports will be provided within 90 days of the 
completion of the associated phase of pilot study activities.  
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Table 2‐1. ND‐136 TTA Groundwater and Rock Core Concentration Data Summary
 EISB Pilot Study Work Plan, SSFL, Ventura County, California

2‐yearb 4‐yearc 2‐yearb 4‐yearc 2‐yearb 4‐yearc 2‐yearb 4‐yearc 2‐yearb 4‐yearc 2‐yearb 4‐yearc

1 307 ‐ 322 8485 10719 12083 15227 412 392 630 495 12 49 0.0073 0.0143

2 376 ‐ 386 7340 7700 17000 15444 154 163 2820 2412 113 92 0.0087 0.0150

3 445 ‐ 460 3350 5789 6600 7622 285 361 625 442 10 27 0.0234 0.0189

4 515 ‐ 530 71 851 166 230 8 7 55 42 4 9 0.0023 0.0164

TCE/          
cis‐1,2‐DCE TCE cis‐1,2‐DCE Alk. Mn Methane Ethane Ethene Sulfate Sulfide Fe2+ Cl NO3 TOC

EFH        
(C8‐C30) Cond. Temp. ORP DO pH

µg/L ‰ VPDB ‰ VPDB mg/L mg/L µg/L µg/L µg/L mg/L mg/L mg/L mg/L mg/L mg/L µg/L mS/cm °C mV mg/L ‐‐

1 307 ‐ 322 0.70 ‐16.698 ‐24.376 279 0.103 17 0.32 10 109 0.49 0.37 50 0.048 U 1.7 1100 1.193 22.6 ‐131.5 0.43 7.57

2 376 ‐ 386 0.43 ‐13.213 ‐21.663 284 0.019 80 0.46 60 89 0.20 0.40 47 0.048 U 5.05 2613 1.161 22.4 ‐48.1 0.53 7.28

3 445 ‐ 460 0.51 ‐15.359 ‐22.613 282 0.044 266 0.60 114 123 0.56 1.02 50 0.048 U 9.65 1036 1.3 22.2 ‐114.3 0.52 7.33

4 515 ‐ 530 0.43 ‐20.018 ‐21.327 287 0.021 300 0.69 79 128 0.20 0.67 44 0.048 U 2.35 470 1.201 22.4 ‐139.2 1.46 7.49

TCE cis‐1,2‐DCE trans‐1,2‐DCE VC

‐‐ 50 ‐ 100 5080 8 1 1

‐‐ 100 ‐150 55 1 1 1

‐‐ 150 ‐ 200 80 2 1 1

3 450 ‐ 500 48 7 1 1
a For non‐detect concentrations measured within the past 2 or 4 years, a value equivalent to half the method detection limit was used in calculating the average concentration.
b Includes data collected between August 2017 and August 2019. 
c Includes data collected between February 2016 and August 2019 (the full period of record for ND‐136). 

°C = degree(s) Celsius Mn = manganese
µg/L = microgram(s) per liter mS/cm = milliSiemen(s) per centimeter 
AIK = alkalinity MV = millivolt(s)
bgs = below ground surface NDMA = n‐nitrosodimethylamine
Cl = chloride NO3 = nitrite
cond = conductivity ORP = oxidation‐reduction potential
DCE = dichloroethene pDiox = 1,4‐dioxane
DO = dissolved oxygen TCE = trichloroethene
EFH = extractable fuel hydrocarbons temp = temperature
Fe2+ = ferrous iron TOC = total organic carbon
ft = foot (feet) U = Analyte not detected
max = maximum VC = vinyl chloride
mg/L = milligram(s) per liter VOC = volatile organic compound
min = minimum VPDB = Vienna Pee Dee Belemnite

Port
Averagea Rock Core VOC Concentrations (µg/kg) 

NDMA

Averagea Groundwater Concentrations (µg/L)

Interval

trans‐1,2‐DCE

IntervalPort

Port Interval

cis‐1,2‐DCE VC pDioxTCE

Natural Attenuation Parameter Groundwater Concentrations ‐ 2‐year averagea,b, except where highlighted (in which case latest available native sample result shown)
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Table 2-2. Groundwater COCs and Cleanup Objectives for the Alfa/Bravo AIG 
EISB Pilot Study Work Plan, SSFL, Ventura County, California 

Chemical Analyte 
Cleanup Value 

(µg/L) Source 
Alfa/Bravo AIG 

COC 

cis-1,2-Dichloroethene 6 CA MCL x 

trans-1,2-Dichloroethene 10 CA MCL x 

Trichloroethene 5 FED MCL x 

Vinyl Chloride 0.5 CA MCL x 

1,4-Dioxane 1 CA Notification Level x 

N-Nitrosodimethylamine (NDMA) 0.01 CA Notification Level x 

µg/L = microgram(s) per liter 
AIG = area of impacted groundwater 
CA = State of California 
COC = chemical of concern 
FED = federal 
MCL = maximum contaminant level 
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Table 2-3. Key Site Conceptual Model Attributes Relative to Pilot Study: ND-136 Target Treatment Area 
EISB Pilot Study Work Plan, SSFL, Ventura County, California 

TTA Name ND-136 

TTA Location Area II, Alfa/Bravo AIG (Figures 1-1 and 2-1). 

Physical 
Characteristics 

Relatively level east to west with fairly steep topography from south to north. 

Access issues must be considered for this site due to the steep north-south topography and rugged terrain. 
There is no existing power source at this location.  

Geology and 
Hydrogeology 

The Alfa/Bravo AIG hydrogeologic cross-section C-C’ is shown on Figure 2-1. 

Lithology: Coarse-grained sandstone noted at 345 and 363 feet bgs 

Geophysics: Fractures are present consistent with bedding plane orientations (320 and 380 to 383 feet bgs). 
Fractures may have facilitated the migration of COCs into deeper portions of the site bedrock.  

Mineralogy: Arkosic with 33+/-9% quartz, 33+/-7% plagioclase, 20+/-6% K-feldspar, 9.7+/-6% phyllosilicate 
minerals (biotite and chlorite), and 5% lithic fragments; clay minerals of illite, vermiculite, smectite, and 
kaolinite 

Hydrogeology: Of the six packer-tested zones: Three yielded low hydraulic conductivity estimates (10-7–
10-6 cm/s), two yielded medium-range hydraulic conductivity estimates of (10-5–10-4 cm/s); and one zone 
had hydraulic conductivity of 10-3 cm/s. The depths that correspond with the highest groundwater COC 
concentrations range from 307 to 460 feet bgs (upper three ports) with hydraulic conductivities of 10-3, 10-5, 
and 10-6 cm/s. 

ND-136 showed minimal response to Alfa/Bravo AIG aquifer tests (when compared to response observed at 
nearby well, C-5). 

Groundwater 
COCs 

TCE, cis-1,2-DCE, trans-1,2-DCE, vinyl chloride, 1,4-Dioxane, and NDMA 

Nature and Extent 
of Impacts 

Two existing CFGW monitoring wells within 500 feet, ND-137B and C-5 (which has multiple ports) 

Figure 1-1 shows the Alfa/Bravo AIG CFGW TCE plume map from the NASA Groundwater RFI Report 
(NASA, 2017). The most recent data are summarized in Table 2-1.  

The 4-Year Average TCE is >10,000 µg/L in shallowest port of ND-136 and >1,000 µg/L above 500 feet bgs at 
ND-136. Daughter product concentrations for cis-1,2-DCE have been observed at the same order of 
magnitude, with VC concentrations observed one order of magnitude lower than parent compounds TCE 
and cis-1,2-DCE. Overall, concentrations have been observed in well-defined depths and to be fairly stable 
over time; however, multiple lines of evidence indicate that subsurface conditions are conducive for natural 
attenuation (Table 2-1).  

Migration 
Pathways 

The Alfa Area CFGW TCE plume has migrated to the northwest, apparently along bedding plane fractures, to 
encompass well ND-137B (Figure 2-3). 

Regulatory 
Permitting 

Not currently associated with GETS pumping; however, ND-136 is planned to be converted for connection 
to GETS. 

µg/L = microgram(s) per liter 
AIG = area of impacted groundwater 
bgs = below ground surface 
CFGW = Chatsworth Formation groundwater 
COC = chemical of concern 
cm/s = centimeter(s) per second 
DCE = dichloroethene 

GETS = groundwater treatment and extraction system 
NDMA = n-nitrosodimethylamine 
NASA = National Aeronautics and Space Administration 
RFI = RCRA Facility Investigation 
TCE = trichloroethene 
TTA = target treatment area 
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Table 4-1. Preliminary Design Criteria and Drilling and Well Installation Activities 
EISB Pilot Study Work Plan, SSFL, Ventura County, California 

Subject Criteria Comments/Reason 

Drilling Method • Continuous rock coring (size HQ) 

• Air rotary (4-inch diameter for 
monitoring wells and ream to 6-inch 
diameter for the injection wells) 

• Minimize water usage and management. Allow 
detailed visual logging and rock core sample 
collection. 

• Widen borehole diameter after coring to allow 
appropriate pump access. 

Lithologic Logging • Follow Rock Core Logging SOP 
(Appendix C)  

• Visually evaluate the lithology of the production 
zone, faulting evidence, and overlying strata.  

Surface Conductor 
Casing 

• 12-inch, ASTM International A139, 
Grade B 

• Set the conductor casing into competent bedrock 
that is not prone to caving or collapse. 

Sanitary Seal • Cement conductor casing in place 
using sand-cement grout (10.3 sack 
mix, not more than 188 pounds of 
sand to one 94-pound sack of 
Portland cement and 7 gallons of 
potable water) or cement-bentonite 
grout (Portland cement, no more 
than 5% bentonite by weight and 
water) 

• CH2M standard specifications, meeting 
requirements of California Department of Water 
Resources Southern Region 

Well Diameter and 
Depth 

• 4- to 6-inch boring, open hole, 
475 feet bgs 

• 6-inch injection well diameter to allow sufficient 
room for injection equipment 

• 4-inch monitoring well diameter to allow FLUTe 
installation. 

Well Development • Pump development of open 
boreholes; set pump near top of 
water table and lower by 25-foot 
increments until turbidity is 10 NTUs. 

• FLUTe wells minimal developed prior 
to first sampling by removing at least 
three port/tubing volumes or until 
turbidity is 10 NTUs. 

• Improve the well yield by removing formation fines 
introduced during drilling activities. 

Geophysical Logging • Conduct caliper logging over the full 
length of the boreholes 
(475 feet bgs).  

• Conduct optical televiewer from the 
bottom of the surface casing to the 
bottom of the borehole. 

• Conduct acoustic televiewer and 
electromagnetic flow meter (or 
equivalent) from the water table to 
the bottom of the boring. 

• Conduct natural gamma ray and 
induction, normal and single point 
resistance log, temperature and fluid 
conductivity. 

• Caliper log measures the diameter of the borehole. 
Diameter variations can be associated with hardness 
of the strata, the degree of fracturing, or occurrence 
of significant voids. 

• Optical televiewer will provide an image of the 
borehole and will be analyzed for lithology 
confirmation and locations of fractures or producing 
zones. 

• Acoustic televiewer and flow meter data will be 
analyzed to determine the packer testing intervals. 

• Gamma ray, resistivity, and conductivity will be 
analyzed for lithology confirmation. 

• Data will guide packer testing interval selection and 
decisions of final well depth. 
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Table 4-1. Preliminary Design Criteria and Drilling and Well Installation Activities 
EISB Pilot Study Work Plan, SSFL, Ventura County, California 

Subject Criteria Comments/Reason 

Packer Testing • Conduct up to 10 straddle packer 
tests (up to 30-foot packer intervals) 
within the saturated zone. Packer 
testing intervals and depths will be 
established after geophysical logging. 

• Groundwater samples will be 
collected for site-specific VOCs and 
dissolved manganese and iron at each 
packer testing interval. Refer to 
Table 4-2 for the associated analyte 
methods. 

• Estimate hydraulic conductivities of each interval 
(targeting fractures) and overall borehole to 
estimate well yield and identify key production and 
hydraulic connection zones. 

• Evaluate water quality of each interval; identify 
variations in water quality from individual intervals. 
This will support identification of potential COC-
impacted flow zones and support hydraulic 
connection evaluations. 

• Data will guide FLUTe well design. 

bgs = below ground surface 
COC = chemical of concern 
GETS = Groundwater Extraction Treatment System 
gpm = gallon(s) per minute 
NDMA = n-nitrosodimethylamine 
NTU = nephelometric turbidity unit 
SOP = Standard Operating Procedure 
VOC = volatile organic compound 
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Table 4-2. Baseline and Post-Injection Performance Groundwater Sampling Information 
EISB Pilot Study Work Plan, SSFL, Ventura County, California 

Analysis 

Site-
Specific 
VOCsa 

1,4-
Dioxane NDMA 

Dissolved 
Gasses 

MEE 

Dissolved 
Manganese 

and iron 

Nitrate 
and 

Sulfate Alkalinity TOC VFAs 

Fluorescein, 
Eosin, and 

Rhodamine 
Tracer Microbial CSIA 

Method SW-846 
8260B 

SW-846 
8260B SIM 

EPA 
Method 
1625C 

Method 
RSK-175 

EPA 
Method 
SW-846 
6020A 

EPA 
Method 
SW-846 
9056A 

Standard 
Method 
2320B 

Laboratory 
method 
(SW-846 
9060A) 

EPA 
Method 
300.0M 

Field 
(fluorometer) 
and/or laboratory 
(spectrofluoro- 
photometer 

QuantArray 
Chlor 
(qPCR) 

GC-IRMS 

Sample 
Container 

3 x 40-mL 
VOA vials 

3 x 40-mL 
VOA vials 

2 x 1-L 
glass 
bottles 

3 x 40-mL 
VOA vials 

250-mL 
Poly 

250-mL 
Poly 

250-mL 
Poly 

250-mL 
glass 
(amber) 

250-mL 
Poly 

50-mL glass or 
Poly 

1-L Poly 9 x 40-mL 
VOA vials 

Preservative pH <2 HCl 
Cool (>0°C 
to <6°C) 

pH <2 HCl 
Cool (>0°C 
to <6°C) 

Cool (>0°C 
to <6°C) 

pH <2 HCl 

Cool (>0°C 
to <6°C) 

pH <2 
HNO3 

Cool (>0°C 
to <6°C) 

Cool 
(>0°C to 
<6°C) 

Cool (>0°C 
to <6°C) 

pH <2 
H2SO4 

Cool (>0°C 
to <6°C) 

Cool 
(>0°C to 
<6°C) 

Cool (>0°C to 
<6°C) with frozen 
reusable ice packs 

Immediately place 
in dark 

Cool (>0°C 
to <6°C) 

pH <2 HCl 

Cool (>0°C 
to <6°C) 

Hold Time 14 days 14 days 7 days to 
extraction 
40 days to 
analysis 

14 days 180 days 48 hours 
nitrate; 
28 days 
sulfate 

14 days 28 days 28 days None established, 
but analysis 
advised as soon as 
possible 

14 days 14 days 

Notes: 
Samples will be collected for a baseline event from three injection wells, the two FLUTe monitoring wells, the extraction well, and ND-137A, ND-137B, and C-5. 
Samples will also be collected quarterly after substrate/tracer breakthrough (for up to 6 quarters) from three injection wells, the two FLUTe monitoring wells, and the extraction well. 
Samples will be collected semiannually after substrate/tracer breakthrough (up to 3 events) at wells ND-137A, ND-137B, and C-5. 
a See Table 2-2 for a list of the site-specific VOCs. 
°C = degree(s) Celsius 
CSIA = compound-specific isotope analysis 
EPA = U.S. Environmental Protection Agency 
GC-IRMS = gas chromatography - isotope-ratio mass spectrometry 
H2SO4 = hydrosulfuric acid 
HCl = hydrochloric acid 
HNO3 = nitric acid 
L = liter(s) 

MEE = methane, ethane, ethene 
mL = milliliter(s) 
NDMA = n-nitrosodimethylamine 
qPCR = quantitative polymerase chain reaction 
TOC = total organic carbon 
VFA = volatile fatty acids 
VOA = volatile organic analysis 
VOC = volatile organic compound 
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Table 4-3. ERD Substrate and Tracer Distribution Monitoring Plan 
EISB Pilot Study Work Plan, SSFL, Ventura County, California 

Parameter Analytical Method 

Sampling Frequency 

Baselinea 
During Substrate/Tracer 
Addition to First Arrivalb  

Post-Substrate/  
Tracer Arrivalc  

Two Proposed Multilevel Groundwater Monitoring Wells Only 

DO, ORP, specific conductance, pH, 
temperature 

Field measured using flow-through cell or 
sample aliquot Once prior to injection Daily to Weekly Every 2 to 7 days 

TOC Laboratory method (SW-846 9060A) Once prior to injection Daily to Weekly Every 2 to 7 days 

Fluorescein, Eosin, and Rhodamine Field (fluorometer) and/or laboratory 
(spectrofluorophotometer) Once prior to injection Daily to Weekly Every 2 to 7 days 

a During the baseline sampling event (prior to any injection activities), samples will also be collected from secondary wells (ND-137A, ND-137B, and C-5) and analyzed for field 
parameters and the full base suite of analytes shown in Table 4-2. Fluorescein, eosin, and Rhodamine dyes will be analyzed during the baseline sampling event to establish baseline 
conditions.  

b Specific frequency can be better assessed when observations on injection delivery rates are observed in the field. 
c Sampling will be performed until the overall rate of breakthrough and general shape of the breakthrough curve develops; frequency is dependent on the arrival time of the tracer. 
DO = dissolved oxygen 
ORP = oxidation-reduction potential 
TOC = total organic carbon 
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Figure 2-1 
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Ground Surface

Surface Conductor Casing, 12‐inch, 
ASTM A139, Grade B

Sanitary Seal, sand‐cement grout 
(10.3 sack mix); or cement‐bentonite 
grout (Portland cement no more than 
5 percent bentonite by weight and 
water)

Monitoring Wells:
4‐inch open borehole 
Injection Wells:
6‐inch open borehole

475 ft bgs

35 ft bgs

Notes:
Drawing not to scale
Ft bgs = feet below ground surface

Figure 4‐2
Preliminary Example Well Detail
EISB Pilot Study Work Plan
SSFL, Ventura County, California
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National Aeronautics and Space Administration 
 
George C. Marshall Space Flight Center 
Marshall Space Flight Center, AL 35812 

 
 
 
 

July 9, 2019 
 

AS01 
 

Mr. Roger Paulson  
Chief, SSFL Project Support Unit 
Department of Toxic Substances Control 8800 
Cal Center Drive 
Sacramento CA 95826 

 

RE:  National Aeronautics and Space Administration Santa Susana Field Laboratory Enhanced In-situ 
Bioremediation Pilot Study  
 
Mr. Paulson: 
 
Thank you for arranging the conference call and PowerPoint presentation on July 2, 2019, between the California 
Department of Toxic Substance Control (DTSC) groundwater group and the National Aeronautics and Space 
Administration (NASA) Santa Susana Field Laboratory (SSFL) project team to discuss NASA’s preliminary 
plans to implement an enhanced insitu bioremediation (EISB) pilot study at the NASA SSFL site. As we noted, 
the EISB pilot will be implemented at one of the target treatment areas (TTA) identified in the Draft NASA 
Groundwater Corrective Measures Study submitted for DTSC review and comments on August 2018. The 
purpose of our conference call was to allow the NASA team to present an overview of the proposed EISB pilot, 
discuss the possible technologies being considered, identify the various TTAs being considered, and to identify 
and discuss our understanding of the permits and regulations that may be applicable. 

In the PowerPoint presentation, we outlined and reviewed the EISB technologies being considered by the NASA 
team, which included the following: 

 Inject and Drift: Tracers, fermentable carbon, and bioaugmentation culture is delivered into injection 
well(s) and delivery is targeted into specific injection intervals. Injection wells would be placed at the 
upgradient portion of the TTA and monitoring wells would be placed downgradient of the injection wells.  
Once the treatment reagents have been delivered, it will naturally migrate and disperse under the 
influence of local hydrogeologic transport conditions.  The monitoring wells will be used to assess the 
progress of EISB treatment. 

 Inject and Recirculation: Like Inject and Drift, tracers, fermentable carbon and bioaugmentation culture 
is delivered into injection well(s) and delivery is targeted into specific injection intervals.  The difference 
between this technology, as compared to Inject and Drift, is that recirculation wells are also installed to 
help recirculate the injected treatment reagents. Recirculation will support better mixing of the treatment 
reagents into the TTA and is expected to keep the treatment reagents primarily within the TTA.  

 Subgrade Biogeochemical Reactor (SBGR): This technology builds on Inject and Recirculation and 
involves installation of treatment units (reactors) that are loaded with various treatment media (e.g., 
locally available mulch soaked in emulsified vegetable oil to provide fermentable carbon and zero-valent 



iron to provide abiotic treatment of chlorinated ethenes). These reactors are typically installed below 
ground surface.  At NASA SSFL, several candidate treatment areas may require the reactors to be above 
grade because of the presence of bedrock near the ground surface.  Extraction wells are installed in the 
TTA to recover contaminated groundwater; the recovered groundwater is transferred to the reactor where 
it migrates through the treatment reagents. The water from the reactor drains to a sump that will discharge 
to either: 1) a large diameter well that is charged with similar treatment media as the reactor, or 2) a 
traditional open core hole.  The water will migrate down to a specific interval in the water table where it 
will be released and allowed to be conveyed under local hydrogeologic conditions.   

NASA’s understanding of the permit requirements and regulatory considerations for each technology was 
reviewed and discussed during the conference call and includes, but may not be limited to, the following: 

 Obtaining a Waste Discharge Requirement (WDR) permit from the Los Angeles Regional Water 
Quality Control Board for injection of tracers, injection of EISB amendments/nutrients (with dilution 
water), and/or recirculated water.  

 Discussing with DTSC’s Policy group the additional permitting considerations for Inject and 
Recirculation and SBGR EISB technologies, which may require part of these systems to be placed 
above grade. Groundwater pumped from the proposed TTAs is contaminated with listed hazardous 
waste; adding the EISB amendments is not expected to treat the groundwater to below Land Disposal 
Restrictions concentrations before groundwater reinjection. 

 Considering implications to existing site permits, including The Boeing Company’s Groundwater 
Extraction Treatment System WDR associated with the Groundwater Interim Measures (GWIM) and 
NASA’s Post-Closure Permit if GWIM wells are taken offline during the EISB pilot. 

 Registering injection wells with the U.S. Environmental Protection Agency’s Underground Injection 
Control Registration. 

 Preparing a Spill Prevention, Control, and Countermeasure Plan if oil volumes onsite exceed 1,320 
gallons. 

 Updating a Hazardous Materials Business Plan to address tracers/amendments/nutrients. 

 Providing local fire department notification of onsite chemicals. 

On behalf of NASA, I appreciate the time and receptivity provided by DTSC staff to our presentation and 
initial discussions regarding the EISB pilot. NASA looks forward to working with DTSC and other regulatory 
agencies in finalizing permit requirements and providing clarity on other regulatory considerations to 
implement an EISB pilot.   

Regards, 
 

 
 
 
Dr. Keith Thomsen 
Remedial Project Manager 
NASA Site Management Office 
Santa Susana Field Office 
 
cc: Mr. Paul Carpenter/DTSC (email) 
 Mr. Tom Seckington/DTSC (email) 
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Appendix B-1. ND-136 Injection and Recirculation EISB Pilot Study Capital Cost Summary
 EISB Pilot Study Work Plan, SSFL, Ventura County, California

Approximate
Description Cost (USD) Notes

Engineering/Design 171,000$             8% of construction/operation
Preconstruction 141,000$             Includes contractor submittals, permits, mobilization

Drilling, Well Installation, and Downhole 
Testing

1,602,000$          Includes drilling, testing 4 new wells (2 injection wells 
and 2 monitoring Flute wells) and reaming ND-136

Install Extraction/Recirculation System 60,000$               Installation of system

Injections and Tracer/Substrate 
Distribution Monitoring

296,000$             Injections, 18 months recirculation, 3-months 
tracer/substrate monitoring; 1-year quarterly 
monitoring; ; includes implementation reporting.

Passive Flux Monitoring 34,000$               Downhole testing
Management 235,000$             5% PM and 6% CM of construction/operation

Contingency 634,000$             25% of total
Post-Injection Performance Monitoring 482,000$             6 quarterly monitoring events; includes reporting

TOTAL 3,655,000$          

GES0911191725MGM Page 1 of 1
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Appendix B-2. NASA SSFL EISB Substrate and Tracer Dosage Calculations

Value Unit
Target Treatment Area Dimensions

Vertical Injection Interval z 205 ft Assumes 270 to 475 feet bgs
Lateral Injection Length L 75 ft
Lateral Injection Width W 80 ft

Estimated Mobile Porositya Φ 0.02 Fractured bedrock
Injectate Volume (Total Pore Volume) Vpore 184,008 gallons Vpore = z * L * W * Φ * 7.48
Number of Vertical Injection Wells IW 3
Injectate Volume (Volume Per Well) VIW 61,336 gal/well

Substrate Injectate Specifications
Diluted EVO Concentration CDIL 2 % Recommended EVO dilution to 2 - 4%
Bulk EVO CBULK 60 % Typical purchased bulk concentration

EVO Specifications

Volume Bulk EVO Substrate (Total as 60% EVO)b VBULK 6,134 gallons VBULK = CDIL * Vpore / CBULK

EVO Approximate Density ρEVO 8.00 lbs/gallon
Mass Bulk EVO Substrate (as 60% EVO) mEVOtotal 49,069 lbs mEVOtotal = ρEVO * VBULK

EVO Injectate Volume (Per Well) VEVO 2,045 gallons

Mass of Bicarbonate at 600 mg/Lc mCO3total 921 lbs mCO3 = 600 * (3.785/1000/ 453.59) * Vtotal

Mass of Bicarbonate at 600 mg/Lc (Per Well) mCO3 307 lbs

Dilution Water Volume (Total) VH2Ototal 177,874 gallons VH2Ototal = Vtotal - VBULK

Dilution Water Volume (Per Well) VH2O 59,291 gallons VH2Ototal = Vtotal - VBULK

Tracer Dosage Specifications
Diluted Dye Concentration - Fluoroscein CDIL-F 40 mg/L Recommended tracer dilution
Bulk Dye Concentration - Fluoroscein CDIL-F 750,000 mg/L Recommended tracer dilution
Diluted Dye Concentration - Eosin CDIL=E 80 mg/L Recommended tracer dilution
Bulk Dye Concentration - Eosin CDIL=E 750,000 mg/L Recommended tracer dilution
Diluted Dye Concentration - Rhodomine CDIL-R 240 mg/L Recommended tracer dilution
Bulk Dye Concentration - Rhodomine CDIL-R 200,000 mg/L Recommended tracer dilution
Volume Bulk Dye (pre-mixed Dye) - Fluoroscein VDYEFLUORO 3.3 gallon VBULK-F = CDIL-F * Vpore / CBULK-F

Volume Bulk Dye (pre-mixed Dye) - Eoscein VDYEEOS 6.5 gallon VBULK-E = CDIL-E * Vpore / CBULK-E

Volume Bulk Dye (pre-mixed Dye) - Rhodomine VDYERHODO 74 gallon VBULK-R = CDIL-R * Vpore / CBULK-R

Bioaugmentation Culture Specifications
Bulk Amendment Concentration Cbiobulk 1.0E+11 cells/liter
Final Target Amendment Concentration Cbio 1.0E+06 cells/liter
Minimum Volume (Total) Vbiomintotal 6.96 liters Vbiomintotal = Vpre * Cbio / Cbiobulk * 3.785
Safety Factor SFbio 10
Recommended Volume (Total) Vbiototal 69.6 liters Vbiotal = SFbio * Vbiomintotal

Bio Culture Volume (Per Injection Well) Vbiototal 23.2 liters

Anaerobic Chase Water Volume (Total) 1,500 gallons
Anaerobic Chase Water Volume (Per Injection Well) 500 gallons
Mass of Sodium Ascorbate @300 mg/Ld Vbiowell 3.8 lbs Vbiowell = Vbiominwell * 1.25

Mass of Sodium Ascorbate @300 mg/Ld (Per Injection Well) 1.3 lbs

Estimated Substrate Cost Unit Cost Unit Cost Comments

Cost for Bulk EVO Substrate (as 60% EVO)5 8.41 $/gallon 51,584$          Price based on quote for Terra Systems 
product 60% SRS-FRL.

Cost for Bicarbonate 0.00 $/lb -$                 Price based on quote from 
TerraSystems, plus shipping.

Cost for Dye, Three Dyes assumed (Fluoroscein, Eosin, and 
Rhodomine)

1,000 $/dye 3,000$            Quote from Ozark Underground 
Laboratories

Cost for Bulk Bioaugmentation Culture 131 $/liter 9,131$            Quote from TerraSystems
Cost for Sodium Ascorbate 15 $/lb 56$                  Quote from TerraSystems

TOTAL B: 63,771$          

 EISB Pilot Study Work Plan, SSFL, Ventura County, California
ND-136
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Appendix B-2. NASA SSFL EISB Substrate and Tracer Dosage Calculations
 EISB Pilot Study Work Plan, SSFL, Ventura County, California

Initial Injection Event Completion Summary Value Unit
Total Pore Volume 184,008 gallons
Estimated Injection Flow Rate per injection well 10 gpm
Estimated Total Extraction Flow Rate 10 gpm
Time to Complete Injection (Assumes 8-hr days and inject 
into 1 injection well at a time) 39 days

Time to Complete Setup/Site Restoration 2 days
Total Time (Includes mob/demob) 41 days

Injection and Recirculation Event Completion Summary Value Unit
Total Pore Volume 184,008 gallons
Estimated Extraction Flow Rate 10 gpm
Number of Extraction Wells 1
Total Extraction Flow Rate 10 gpm
Vertical Re-injection Flow Rate (per Well; 3 wells at a time) 3 gpm

Time to Complete Recirculation of One Pore Volume with 
Pulsed Operation (Assumes operation of the 
Extraction/Recirculation system for 6 hours/day and 5 
days/week)

10 weeks

a Fractured bedrock with low open fracture volume 
b Assumes nutrient package will be added (lactate, vitamin B12, etc.)
c Sodium bicarbonate dosage recommended for aquifers with pH 5 to 6
d Or similar compound for production of anaerobic chase water
e 60% SRS-FRL EVO contains 4% sodium lactate; proprietary nutrient package including nitrogen, phosphorus, and Vitamin B12.
bgs = below ground surface
EVO = emulsified olive oil
ft = foot (feet)
gal/well = gallon(s) per well
gpm = gallon(s) per minute
hr = hour(s)
L = liter(s)
lb = pound(s)
mg/L = milligram(s) per liter

ND-136

ND-136

Page 2 of 2 GES0911191725MGM



Site:
Phase:
WORK STATEMENT
Scope:

Qty Unit Unit Cost Total Notes

Preconstruction
Contractor Submittals 1 LS $5,000 $5,000 Based on recent project similar in nature.
Well permits 5 EA $500 $2,500 Based on recent project similar in nature.
Driller Mobilization 1 LS $20,000 $20,000 Based on recent project similar in nature.
Civil Mobilization 1 LS $25,000 $25,000 Based on recent project similar in nature.
Utility Locate 2 DY $1,500 $3,000 Based on recent project similar in nature.
Waste Discharge Permit 1 EA $40,000 $40,000 Based on recent project similar in nature.
RCRA Modification Permit 1 EA $40,000 $40,000 Based on recent project similar in nature.
Setup Stockpile Area 1 LS $5,000 $5,000 Based on recent project similar in nature.

Subtotal $140,500

Drilling, Well Installation, and Downhole Testing
Drill Extraction/Injection/Monitoring Column 5 WL $142,500 $712,500 Based on Yellow Jacket bid average of $300 per foot for 

bedrock coring boring 475-foot well.
Ream ND-136, install new pump 1 LS $52,500 $52,500 Based on Yellow Jacketbid for air rotary drilling 6-inch boring; 

$100 per foot for 475 feet; $5K for pump purschase/install.

IDW Management - Well Water & Solids 6 WL $40,000 $240,000 Based on recent project similar in nature.
Waste Characterization 1 LS $1,500 $1,500 Based on historical pricing.
Well Development 6 EA $10,000 $60,000 Based on recent project similar in nature.
Monitoring/Injection/Extraction Wells - 4" SS Perforated 1,025 LF $50 $51,250 205 feet of screen: rough quote from Yellow Jacket.
Monitoring/Injection/Extraction Wells - 4" SS Perforated 1,350 LF $35 $47,250 270 feet of casing: rough quote from Yellow Jacket.
Injection/Monitoring Well Head Completion 6 EA $5,000 $30,000 Allowance for misc. valves/fittings.
FLUTe Liner Installation 2 EA $78,000 $156,000 475 feet, 5 port FLUTe well from recent project quote.
Geophysical Surveys 5 EA $28,025 $140,125 Based on recent project similar in nature. $59 per foot, 475-

foot wells.
Packer Testing 5 WL $22,245 $111,225 Based on recent project similar in nature. Assumes $4,449 per 

test with analytical, five test per well.
Subtotal $1,602,350

Install Extraction/Recirculation System
Brush clearing, gravel, road clearing support 1 LS $10,000 $10,000 Based on recent project similar in nature.
Junction Box 1 EA $5,000 $5,000 Allowance for misc. valves/fittings.
Conveyance Piping - 2" HDPE - EW to IWs 230 LF $18 $4,083 Based on historical pricing.
Provide and Com. Control Panel 1 LS $24,262 $24,262 Satuit quote.
Provide Telemetry Systems 1 LS $13,908 $13,908 Based on ATG quote.
Restoration - Seeding 1 LS $2,500 $2,500 Allowance.

Subtotal $59,753

Injections and Tracer/Substrate Distribution Monitoring
Mobe 1 EA $15,000 $15,000 Based on recent project similar in nature. 

Baseline Groundwater Sampling Analytical Laboratory Costs 1 event $27,227 $27,227 Based on historical pricing. 

EISB Substrate, Tracer, and Bioaugmentation Culture 1 LS $63,771 $63,771 Includes shipment and delivery of EVO (with buffering and 
nutrient package), tracer dyes, and bioaugmentation culture 
(with materials to prep anaerobic chase water).

Injections Operator and Field Labor 41 DYS $1,500 $61,500 Based on historical pricing.
Tracer Test, Tracer/Substrate Distribution Monitoring 1 EA $128,869 $128,869 Based on OUL quote and 3-months monitoring/sampling 

costs estimate.
As-Built Report 1 EA $75,000 $75,000 Based on recent project similar in nature.

Subtotal $296,367

Appendix B-3. ND-136 Injection and Recirculation Cost Worksheet, Opinion of Probable Costs 
 EISB Pilot Study Work Plan, SSFL, Ventura County, California

NASA SSFL
Concept Screening Level Costs (AACE Level 5, Accuracy  -30%  / +50%)

Enhanced In Situ Bioremediation at the ND-136 Target Treatment Area:  Three vertical injection wells, two FLUTe monitoring wells, to 475 feet bgs;  convert ND-136 to vertical extraction well
· Lateral Target Treatment Area: 80-feet wide by 75-feet long
· Vertical Target Treatment Depth: 205 feet (270 to 475 feet bgs)
· Assumed Effective Mobile Porosity: 0.02

Description
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Site:
Phase:
WORK STATEMENT
Scope:

Qty Unit Unit Cost Total Notes

Appendix B-3. ND-136 Injection and Recirculation Cost Worksheet, Opinion of Probable Costs 
 EISB Pilot Study Work Plan, SSFL, Ventura County, California

NASA SSFL
Concept Screening Level Costs (AACE Level 5, Accuracy  -30%  / +50%)

Enhanced In Situ Bioremediation at the ND-136 Target Treatment Area:  Three vertical injection wells, two FLUTe monitoring wells, to 475 feet bgs;  convert ND-136 to vertical extraction well
· Lateral Target Treatment Area: 80-feet wide by 75-feet long
· Vertical Target Treatment Depth: 205 feet (270 to 475 feet bgs)
· Assumed Effective Mobile Porosity: 0.02

Description

Passive Flux Monitoring
Passive Flux Meters 6 EA $3,500 $21,000 Based on budgetary pricing from Florida State. 
Passive Flux Meter and Tracer Monitoring Field Support and Evaluation 3 WKS $4,200 $12,600 Based on recent project similar in nature.

Subtotal $33,600

Total $2,132,569

Engineering/Design
Engineering and Design Document 8% $2,132,569 $170,606 EPA 2000, p. 5-13, $2MM - $10MM

Subtotal $170,606
Management

Project Management 5% $2,132,569 $106,628 EPA 2000, p. 5-13, $2MM - $10MM
Construction Management 6% $2,132,569 $127,954 EPA 2000, p. 5-13, $2MM - $10MM

Subtotal $234,583

Capital Cost Subtotal $2,537,758

Contingency 25% $634,439 EPA 2000 Document

Total Estimated Capital Cost $3,172,197

Post-Injection Performance Monitoring

Quarterly Groundwater Sampling Analytical Laboratory Costs 6 quarter $16,250 $97,497 Based on historical pricing. 

Semi-Annual Sampling Analytical Laboratory Costs (for 3 individual wells) 3 semi-annual $2,708 $8,125 Based on historical pricing. 

Field Labor - Sampling 6 quarter $17,775 $106,650 Uses daily subcontractor sampilng rate with FTL oversight and 
per diem.

Quarterly Monitoring Reports 6 quarter $40,000 $240,000 Based on recent project similar in nature.
System Maintenance 6 quarter $5,000 $30,000 Based on historical pricing.

Total O&M $482,272

TOTAL IMPLEMENTATION COST $3,654,469

Notes:
Costs are developed based on vendor quotes, costs for construction activities from similar projects, and cost estimating experience.
Annual Operation and Maintenance costs are current 2019 costs.
Assumes construction in 2020
bgs = below ground surface
EISB = enhanced in situ bioremediation
EPA = U.S. Environmental Protection Agency
FLUTe = Flexible Liner Underground Technology
HDPE = high-density polyethylene
IDW = investigation-derived waste
NASA = National Aeronautics and Space Administration
O&M = operation and maintenance
SSFL = Santa Susana Field Laboratory
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STANDARD OPERATING PROCEDURE  

Chain-of-Custody Procedures 

1.0 Purpose and Scope 
This Standard Operating Procedure (SOP) provides information on chain-of-custody (COC) procedures.  

2.0 Definitions and Responsibilities 
A Chain-of-Custody Record is required, without exception, for the tracking and recording of samples 
collected for on- or off-site analysis (chemical or geotechnical) during sampling program activities. Use of the 
Chain-of-Custody Record Form creates an accurate written record that can be used to trace the possession 
and handling of the sample from the moment of its collection through analysis. This SOP identifies the 
necessary custody records and describes their completion. This procedure does not take precedence over 
region-specific or site-specific requirements for chain of custody. 

Chain-of-Custody Record Form: A Chain-of-Custody Record Form is a two- to four-part form that 
accompanies a sample or group of samples as custody of the sample(s) is transferred from one custodian to 
another custodian. One copy of the form must be retained in the project file.  

Custodian: The person responsible for the custody of samples at a particular time, until custody is 
transferred to another person (and so documented), who then becomes custodian. A sample is under one’s 
custody if: 

It is in one’s actual possession. 

It is in one’s view, after being in one’s physical possession. 

It was in one’s physical possession, and then he/she locked it up to prevent tampering. 

It is in a designated and identified secure area. 

Sample: A sample is physical evidence collected from a facility or the environment, which is representative 
of conditions at the point and time that it was collected. 

Field Team Leader: The field team leader is responsible for determining that chain-of-custody procedures 
are implemented up to and including release to the shipper or laboratory.  

Sample Personnel: It is the responsibility of the field sampling personnel to initiate COC procedures and 
maintain custody of samples until they are relinquished to another custodian, the sample shipper, or to a 
common carrier. 

3.0 Procedures 
COC procedures, record-keeping, and documentation are an important part of the management control of 
samples. This includes from the time the sample is collected until it is shipped. The procedures followed 
facilitate correct sample labeling, tracking, and identification on the COC forms, as well as tracking, sample 
preparation, and sample analysis by the laboratory. 

3.1 Sample Identification 
When in situ measurements are made, the data are recorded directly in bound logbooks or other field data 
records with identifying information. Information that shall be recorded in the field logbook and soil boring 
log, when in situ measurements or samples for laboratory analysis are collected, includes the following: 

Field sampler(s) initials or full name(s) 
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CHAIN-OF-CUSTODY PROCEDURES 

Project number 
Project sample number 
Sample location or sampling station number 
Date and time of sample collection and/or measurement 
Field observations 
Equipment used to collect samples and measurements 
Calibration data for equipment used 
Measurements and observations shall be recorded using waterproof ink 

3.1.1 Sample Label 
Samples other than in situ measurements are removed and transported from the sample location to a 
laboratory or other location for analysis. Before removal, a sample is often divided into portions, depending 
upon the analyses to be performed. Each portion is preserved in accordance with the sampling and analysis 
plan. Each sample container is identified by a sample label. Blank sample labels are provided, along with 
sample containers, by the analytical laboratory. The information recorded on the sample label includes: 

Sample Identification: the unique sample number identifying this sample 
Date: a six-digit number indicating the day, month, and year of sample collection (e.g., 12/21/12) 
Time: in 24-hour nomenclature, 9:10 am as 0910 or 5:22 pm as 1722 
Medium: water, soil, sediment, sludge, waste, etc. 
Sample type: grab or composite 
Preservation: type and quantity of preservation added 
Analysis: VOC/8260; SVOC/8270; PCB/8082; TPM/8015M; etc. 
Sampled by: printed initials of the sampler 
Project number and client or PO number and client 
Remarks: any pertinent additional information 

3.2 Chain-of-Custody Procedures 
After collection, separation, identification, and preservation, the sample is maintained under COC 
procedures until it is in the custody of the analytical laboratory and has been stored or disposed. 

3.2.1 Field Custody Procedures 
Samples are collected as described in the site sampling and analysis plan. Precisely record the sample 
location and ensure that the sample number on the label matches the Chain-of-Custody Record exactly. 

The person undertaking the actual sampling in the field is responsible for the care and custody of the 
samples collected until they are properly transferred or dispatched. 

When photographs are taken of the sampling as part of the documentation procedure, the name of the 
photographer, date, time, site location, compass direction in which the view is looking, and site 
description are entered sequentially in the site logbook as photos are taken. Once developed, the 
photographic prints shall be serially numbered, corresponding to the logbook descriptions; photographs 
will be stored in the project files. It is good practice to identify sample locations in photographs by 
including an easily read sign (white board and erasable markers) with the appropriate sample/location 
number. 

Sample labels shall be completed for each sample, using waterproof ink. 

3.2.2 Transfer of Custody and Shipment 
Samples are accompanied by a Chain-of-Custody Record Form, which will be generated using VDMS. When 
transferring the possession of samples, the individuals relinquishing and receiving will sign, date, and note 
the time on the record. This record documents sample custody transfer from the sampler, often through 
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CHAIN-OF-CUSTODY PROCEDURES  

another person, to the analyst in the laboratory. The Chain-of-Custody Record is completed as detailed 
below. 

Enter header information (date, samplers, and project name). 

Enter sample specific information (sample number, media, sample analysis required and analytical 
method grab or composite, number and type of sample containers, and date/time sample was 
collected). 

Line out any unused portion of the COC and sign and date that portion of the form. 

Sign, date, and enter the time under “Relinquished by” entry. 

Have the person receiving the sample sign the “Received by” entry. If shipping samples by a common 
carrier, print the carrier to be used in this space (i.e., Federal Express). 

If a carrier is used, enter the airbill number under “Remarks,” in the bottom right corner 

Place the original (top, signed copy) of the Chain-of-Custody Record Form in a plastic zip-locked bag or 
other appropriate sample-shipping package. Retain the copy with field records. 

Complete other carrier-required shipping papers. The custody record is completed using waterproof ink. 
Any corrections are made by drawing a line through and initialing and dating the change, then entering 
the correct information. Erasures are not permitted. Common carriers will usually not accept 
responsibility for handling Chain-of-Custody Record Forms; this necessitates packing the record in the 
shipping container (enclosed with other documentation in a plastic zip-locked bag). As long as custody 
forms are sealed inside the shipping container, commercial carriers are not required to sign the custody 
form. The laboratory representative who accepts the incoming sample shipment signs and dates the 
Chain-of-Custody Record, completing the sample transfer process. It is then the laboratory’s 
responsibility to maintain internal logbooks and custody records throughout sample preparation and 
analysis. 

4.0 Key Checks and Items 
Once samples have been packaged and shipped, the Chain-of-Custody Record copy and airbill receipt 
become part of the quality assurance record. 
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STANDARD OPERATING PROCEDURE  

Documentation and Records 

1.0 Purpose and Scope 
The purpose of this Standard Operating Procedure (SOP) is to provide methods for the documentation of 
records taken in the field.  

2.0 Equipment and Materials 
Field logbook 
Indelible pens/markers 
Field forms/notebooks 

3.0 Procedures and Guidelines 
3.1 Field Logbooks 
Field notes commonly are kept in bound logbooks used by surveyors and produced, for example, by 
Peninsular Publishing Company or Forestry Suppliers, Inc. (J.L. Darling write in the Rain No. 550, Sesco, Inc.). 
Pages should be water-resistant, lined, and numbered, and notes should be taken only with water-proof ink, 
such as that provided in Sanford Sharpie permanent markers.  

All lines of all pages should be used to prevent later additions of text, which may be questioned in legal 
terms. Any pages not used should be marked through with a line, the author’s initials, and the note 
“Intentionally Left Blank.”  

All pertinent information should be entered into the logbook, including times of starting and stopping work, 
activities, personnel on the work site, and equipment-calibration results and any equipment problems. The 
weather at the start of the day should be noted at the top of the first page for the day, and any major 
changes in weather should be noted at the appropriate time. Summary descriptions of soil samples and 
drilling cuttings can be entered in depth sequence, along with photoionization detector (PID) readings and 
other observations. It is helpful to include a hand-drawn diagram of well construction details and sampling 
locations in relation to permanent site features. 

No irrelevant material, including comical statements, should be entered into the logbook.  

3.2 Field Forms 
Pre-printed field forms notebooks may be used in lieu of bound field logbooks but are strongly discouraged. 
Although they do not have the advantage of containing all pertinent information in one volume, the pre-
printed forms summarize the pertinent information required for a given task, which can make note taking 
easier. Pre-printed forms provide information which is not recorded in sequentially-numbered, bound site or 
field logbooks. As an alternate method to using the pre-printed field forms, the information that they 
maintained may be documented in the field logbooks. General site information should also be documented 
on the pre-printed field forms, including: 

Site name, personnel onsite and time and date of arrival 
Ambient weather conditions 
Documentation of field activities including decontamination, sampling, and preparation 
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Field forms may include: 

Soil boring logs 
Rock core logs 
Soil or groundwater sample collection forms 
Calibration logs (described in more detail below) 

Calibration Logs 
Calibration logs may be included in the field and are used to document the proper maintenance and 
calibration of field testing equipment. All equipment will be inspected and approved by the Field Team 
Leader before being used, and a calibration log sheet shall be maintained for each instrument used on-site 
and shall be kept in the notebook. The calibration log will document the following: 

Name and identifying number of the instrument 
Date calibrated 
Calibration points 
Identification of the calibrator 
Manufacturer, lot number, and expiration date of calibration standards 
Results of the calibration 

4.0 Key Checks and Items 
Make sure that entries for a day include, at a minimum:  

Date and time of entry 
Weather conditions 
Personnel onsite, including subcontractors 
Health and Safety topics 
Objectives of the work to be performed 
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STANDARD OPERATING PROCEDURE  

Equipment Calibration Procedures 

1.0 Purpose and Scope 
This Standard Operating Procedure (SOP) provides a general guideline for calibration of field instruments. 
Field instruments will be calibrated daily before beginning sampling activities. Calibration details for the 
instruments used for each field activity are described below. 

2.0 Equipment and Materials 
Organic Vapor Analyzer/ Monitor 

Water Quality Meter including pH, specific conductivity, oxidation-reduction potential, temperature, 
and dissolved oxygen probes 

Turbidimeter 

Additional equipment/meters requiring calibration 

Calibration gases and standards 

Personal protective equipment (PPE) as specified in the Health and Safety Plan (HASP) 

3.0 Procedures and Guidelines 
3.1 Organic Vapor  
3.1.1  Organic Vapor Analyzer Calibration 
The primary calibration of the organic vapor analyzer (OVA) is performed at the factory to 100 parts per 
million (ppm) methane gas. Secondary calibration will be performed according to manufacturer's 
specifications at the beginning of each sampling activity. The meter will be zeroed to background levels and 
calibration logs will be recorded on a daily basis by field personnel. 

3.1.2  Organic Vapor Monitor Calibration 
The primary calibration of the organic vapor monitor (OVM) is performed at the factory. Secondary 
calibration will be performed according to manufacturer's specifications at the beginning of each sampling 
activity. The meter will be zeroed to background levels and calibration logs will be recorded on a daily basis 
by field personnel. 

3.2  Groundwater Sampling 
Several instruments will be used during the collection of groundwater samples. Initial monitoring of the 
ambient air for volatile organic vapors around the wellhead will be performed using an OVA or OVM. The 
pH, specific conductance, oxidation-reduction potential (ORP), dissolved oxygen (DO), and turbidity meters 
will be calibrated, compensating for temperature, in the field at the beginning of each day, following the 
manufacturer's specifications. The calibration procedures are described below and will be carried out by 
field personnel. 

3.2.1 pH Meter Calibration 
The pH meters will be calibrated against two sets of standard pH solutions, either 4.0 standard units (SU) 
and 7.0 SU or 7.0 SU and 10.0 SU, depending on whether previous pH measurements have been less than or 
greater than 7.0 SU, respectively. At the end of calibration, the meter readings will be adjusted and the 
probe will be rinsed thoroughly with distilled water. Calibration records will be documented in the field book 
or on calibration logs. Spent calibration fluids will be disposed of as specified in the Waste Management Plan 
(WMP).  
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3.2.2 Specific Conductivity Meter Calibration 
The specific conductivity meters will be standardized by immersing the decontaminated conductivity probe 
into a standard solution of conductivity buffer. The conductivity of the standard solution will be within the 
same order of magnitude as the water sample. The value of the standard may vary and may be temperature 
dependent. At the end of calibration, the meter readings will be adjusted and the probe will be rinsed 
thoroughly with distilled water. Calibration records will be documented in the field book or on calibration 
logs. Spent calibration fluids will be disposed of as specified in the WMP. 

3.2.3 Oxidation-Reduction Potential Meter Calibration 
The ORP meters will be standardized by immersing the decontaminated ORP probe into an ORP standard 
solution. The value of the standard may vary and may be temperature dependent. At the end of calibration, 
the meter readings will be adjusted and the probe will be rinsed thoroughly with distilled water. Calibration 
records will be documented in the field book or on calibration logs. Spent calibration fluids will be disposed 
of as specified in the WMP. 

3.2.4 Dissolved Oxygen Meter Calibration 
The DO meters will be standardized by thoroughly rinsing the probe in distilled water, then placing the 
probe in the calibration cup without screwing the cap in place. A small amount of water may remain in the 
cap, but the probe should not be submersed. The calibrated DO probe should read a saturation percentage 
near, or at, 100 percent (usually indicated by 8 to 9 milligrams per liter). At the end of calibration, the meter 
readings will be adjusted and the probe will be rinsed thoroughly with distilled water. Calibration records 
will be documented in the field book or on calibration logs. Spent calibration fluids will be disposed of as 
specified in the WMP. 

3.2.5 Turbidimeter Calibration/Check 
A turbidimeter included as part of a water quality meter will be standardized by immersing the 
decontaminated turbidity probe into turbidity standard solution of 0 nephelometric turbidity units (NTU). At 
the end of calibration, the meter readings will be adjusted and the probe will be rinsed thoroughly with 
distilled water. If a separate turbidimeter is used, the accuracy of the machine will be checked by using NTU 
standards of three different orders of magnitude and reading on the machine. Calibration records will be 
documented in the field book or on calibration logs. 

4.0 Key Checks 
The water quality meter probes will be rinsed with distilled water before storage each day.  

The meters will be checked for battery charge and physical damage each day.  

The meters, standard solutions, buffers, and gases will be stored in a cool, dry environment and will be 
discarded upon expiration. 
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STANDARD OPERATING PROCEDURE  

Equipment Decontamination 

1.0 Purpose and Scope 
The purpose and scope of this Standard Operating Procedure (SOP) is to provide general guidelines for the 
decontamination of sampling and monitoring equipment used in potentially contaminated environments. 

2.0 Equipment and Materials 
Distilled water 

Potable water from a municipal water supply or bottled drinking water in 5-gallon containers, otherwise 
an analysis must be run for appropriate volatile and semivolatile organic compounds and inorganic 
chemicals (for example, Target Compound List and Target Analyte List chemicals) 

2.5 percent Alconox or Liquinox detergent and water solution 

Containers or squirt bottles for detergent solution and rinse waters, scrub brushes, plastic bags, and 
sheets 

Phthalate-free gloves and other personal protective equipment (PPE) per the Health and Safety Plan 
(HASP) 

Decontamination pad and steam cleaner/high-pressure cleaner for large equipment  

3.0 Procedures and Guidelines 
3.1  Drilling Rigs 
Before the onset of drilling, after each borehole, before drilling through permanent isolation casing, and 
before leaving the site, heavy equipment and machinery will be steam cleaned in an area designated by 
CH2M HILL or NASA. The equipment will be steam cleaned until no visible signs of dirt are observed. The 
steam-cleaning area will be designed to contain decontamination waste and waste water.  

3.2  Downhole Drilling Tools 
Downhole tools will be decontaminated using a three-stage rinse before the onset of drilling and between 
boreholes. This will include, but will not be limited to, rods, split-spoons or similar samplers, coring 
equipment, and augers. The three stage rinse consists of rinsing equipment in (1) detergent solution, (2) 
potable water, and (3) distilled water. 

Before the use of a sampling device such as a split-spoon sampler for the collection of a soil sample for 
physical characterization, the sampler will be cleaned by scrubbing with a detergent solution followed by a 
potable water rinse. Before the use of a sampling device such as a split-spoon sampler for the collection of a 
soil sample for chemical analysis, the sampler shall be decontaminated per the procedures outlined in the 
following subsection.  
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3.3  Field Equipment 
3.3.1  Water-level Indicators 
Water-level indicators that consist of a probe that comes into contact with the groundwater must be 
decontaminated using the following steps: 

Wash with Alconox or Liquinox solution. 
Rinse with tap water. 
Rinse with distilled water. 

3.3.2  Probes 
Probes (for example, pH or specific conductivity electrodes, geophysical probes, or thermometers coming in 
direct contact with the sample) will be decontaminated using the procedures specified above unless 
manufacturer's instructions indicate otherwise. Devices have been fouled by non-aqueous phase liquid, if 
encountered, should be cleaned using Alconox solution. For probes that make no direct contact (for 
example, organic vapor monitoring equipment, such as a field photo ionization detector), the probe will be 
wiped with paper towels or cloth wetted with methanol. 

3.3.3  Other Sampling Equipment 
Other sampling equipment such as spatulas, spoons, or bowls should be decontaminated and cleaned as 
described below: 

Reusable sampling equipment is decontaminated after each use as follows. 

1. Don phthalate-free gloves. 

2. Rinse and scrub with potable water. 

3. Wash all equipment surfaces that contacted the potentially-contaminated soil/water with detergent 
solution. 

4. Rinse with potable water. 

5. Rinse with distilled water. 

6. Air dry. 

7. Completely air dry and wrap exposed areas with aluminum foil (shiny side out), plastic sheeting, or clean 
plastic bag (phthalate-free) for transport and handling, if equipment will not be used immediately. 

8. Collect all rinsate in 5-gallon buckets; containerize and handle as outlined in the Waste Management 
Plan (WMP). 

9. Decontamination materials (for example, plastic sheeting, tubing, etc.) that have come in contact with 
used decontamination fluids or sampling equipment will be disposed of as outlined in the WMP. 

3.3.4 Sample Container Decontamination 
The outsides of sample bottles or containers filled in the field may need to be decontaminated before being 
packed for shipment or handled by personnel without hand protection. The procedure is: 

1. Wipe container with a paper towel dampened with Alconox solution or immerse in the solution after 
the containers have been sealed. Repeat the above steps using potable water. 

2. Dispose of all used paper towels as per the WMP. 
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4.0 Key Checks and Items 
Clean with solutions of Alconox or Liquinox and distilled water. 

If necessary, decontaminate the outside of filled sample containers before relinquishing them to 
anyone. 

All decontamination liquids generated will be containerized and handled as outlined in the WMP.  

The effectiveness of field cleaning procedures will be monitored by rinsing decontaminated equipment with 
distilled water and submitting the rinsate in standard sample containers for analysis. The frequency of 
collection of these samples is detailed in the Quality Assurance Project Plan (QAPP). 
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STANDARD OPERATING PROCEDURE  

Groundwater Monitoring Well Development 

1.0 Purpose and Scope 
This Standard Operating Procedure (SOP) provides a general guideline for groundwater monitoring well 
development. The overall objectives of monitoring well development are as follows: 

Restoring the aquifer properties near the well boring disturbed during drilling  

Removing the finer-grained materials from the surrounding filter pack (if present) that may otherwise 
interfere with water quality analyses 

Improving the hydraulic characteristics of the filter pack (if present) and hydraulic communication 
between the well and the hydrologic unit adjacent to the well screen 

Removing all water introduced into the borehole while drilling 

2.0 Equipment and Materials 
Well development commonly involves using equipment to surge, pump, and/or bail a monitoring well.  

Surge block on a cable or line 

Peristaltic sampling pump or similar pump (bladder and gear pumps are not recommended because of 
pump damage from fine sediments) 

Water quality monitoring instrument(s) capable of measuring dissolved oxygen (DO), oxidation-
reduction potential (ORP), conductivity, pH, turbidity, and temperature 

Water level indicator 

Groundwater purge container, tank, or drum 

Field notebook and well development field datasheet 

Personal protective equipment (PPE) per the Health and Safety Plan (HASP) 

3.0 Procedures and Guidelines 
Newly installed monitoring wells will be developed using the surge and purge method. The entire screen 
interval (or open interval for open borehole wells) will be developed by bailing, using surge blocks, or 
pumping with a temporary high-capacity submersible pump. The development water will be contained per 
the Waste Management Plan (WMP). 

Well development will be performed after the grout used to construct the well has been allowed to set at 
least 48 hours. The extracted water pH, specific conductivity, turbidity, and temperature will be recorded in 
a field logbook during the development. Development will continue until these parameters have stabilized 
and turbidity is under 10 nephelometric turbidity units (NTU), when possible.  

The well development shall proceed as follows: 

1. Measure and record the depth to groundwater water and total depth of the well using a water-level 
indicator. Note any accumulated sediment thickness at the bottom of the well and record all 
information in a field notebook and/or on a well development field datasheet. 
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GROUNDWATER MONITORING WELL DEVELOPMENT 

2. Remove a small volume of groundwater from the well using a decontaminated groundwater sampling 
pump or disposable bailer. Measure and record the initial pH, temperature, conductivity, DO, ORP, and 
turbidity. 

3. Begin well development by surging the bottom of the monitoring well and removing any sediment from 
the bottom of the well. To do this, slowly lower a decontaminated surge block into the well so that the 
surge block is within approximately 0.5 to 1 foot from the bottom of the well or measured sediment 
accumulation. Slowly raise and lower the surge block approximately 1 to 2 feet to create a mild surging 
effect at the bottom of the well; this will suspend any sediment that has settled at the bottom. Do not 
agitate the water violently. A general rule for well development is to start slowly and gently, and 
gradually increase agitation as the well is developed. After several surge strokes, remove the surge block 
and immediately begin to pump or bail the sediment-laden water. Repeat this process until accumulated 
sediment has been removed from the bottom of the monitoring well. 

4. Next, develop the well from the bottom of the screened interval (or open borehole interval) upward by 
alternately using the surge block and the bailer or pump. This will account for settlement that occurs as 
the filter pack (if present) is reworked through surging. Lower the surge block to the base of the well 
screen interval (or open interval) and rapidly raise and lower the surge block across an interval above 
the base of the well screen. However, do not overdevelop the well with overly aggressive surging. 
Record the surge interval and duration of surging. 

5. Remove the surge block and lower the pump or bailer so that the intake is at the bottom of the surged 
screen interval. Turn the pump on or bail the well at the development interval until the purge water 
begins to clear up. Measure and record the water quality parameters during pumping or bailing for each 
developed interval. Record the purge intake depth and the duration of pumping. 

6. Once the water is clear, repeat Steps 4 and 5, continuing to alternate between surging and purging, until 
measurements stabilize for at least three consecutive water quality parameter readings, according to 
the following criteria: 

± 0.1 standard unit pH 
± 3 percent conductivity 
± 10 millivolts (mV) ORP 
± 0.3 milligram per liter (mg/L) DO 

 10 NTU or ± 10 percent turbidity 
No sediment remains in the bottom of the well. 

7. Continue purging at a rate intended to avoid dewatering the screened interval and record water quality 
parameters. 

If the well is purged dry at any point during development, approximately one well casing of clean, 
potable water can be introduced into the well and surging can continue. Add water only as a last resort 
and only add non-formation water as necessary. After surging, purge the well dry again to complete the 
development process by removing at least the amount of potable water added to the well. If the well 
will recover naturally, continue development with formation water only. 

8. The well will be considered adequately developed and development can stop after the water quality 
parameters have stabilized according to the criteria in Step 6 or a minimum of 10 well casing volumes 
have been removed from the well. If none of these conditions have been achieved after 4 hours of well 
development, the field manager will decide whether to continue development. 

2 MGM13-SSFL/LOX_PLANT_CP/NASA_RIWP_Groundwater_Monitoring_Well_Development.doc 
 ES081313033355MGM 



GROUNDWATER MONITORING WELL DEVELOPMENT 

9. Measure and record a final depth to groundwater and total well depth (noting whether sediment 
remains at the bottom of the well) after well development. 

Record all well development data on a Well Development Datasheet and/or in a field notebook. All 
development equipment will be decontaminated prior to start. The development process will be purely 
mechanical (that is, no chemical additives will be introduced into the well).  

4.0 Key Checks and Items 
Wear proper PPE per the HASP. 

Decontaminate pump and all reusable parts prior to and between development locations. 

All purge and decontamination liquids generated during development will be containerized and handled 
as outlined in the WMP.  
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STANDARD OPERATING PROCEDURE  

Low-Flow Purge and Groundwater Sampling 

1.0 Purpose and Scope  
This Standard Operating Procedure (SOP) provides a general guideline for the collection of groundwater 
samples using low-flow well purging techniques.  

2.0 Equipment and Materials 
Submersible pump with controller 

Personal protective equipment (PPE) including gloves, boots, and glasses per the Health and Safety Plan 
(HASP) 

Sample containers, including any necessary shipping materials 

Water level indicator 

Water quality meter with a flow through cell  

Turbidity meter or turbidity probe for water quality meter 

Decontamination equipment (bucket or pail, spray bottles of distilled water and/or detergent solution 
such as Alconox or Liquinox, and paper towels)  

Bucket for containing purge water with graduations indicating volume 

Stopwatch 

Plastic sheeting 

Compressed gas with regulator or oil-less air compressor for positive pressure pumps 

Graduated cylinder or measuring cup 

Hand tools for opening flush-mount wells 

Keys to open well locks 

Coolers with ice for holding samples 

Sample data sheets and labels 

Field Log Book 

3.0 Procedures and Guidelines 
CH2M HILL will use the low-flow sampling method when possible for collecting groundwater samples from 
monitoring wells or from temporary packer-isolated intervals in open boreholes. The general procedure 
consists of: 

Site preparation 
Water level measurement 
Pump configuration 
Low-flow sample collection 
Sample preparation, collection, and handling 
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LOW-FLOW PURGE AND GROUNDWATER SAMPLING

In the case of collecting groundwater from packer-isolated intervals of open boreholes, the packer setup, 
inflation, and pump configuration protocols listed in the Packer Testing SOP should be followed. Static water 
level measurement may not be practical for packer-isolated intervals, depending on the number of vertical 
sample collection intervals that will be sampled and whether a multi-port sampling system is to be installed 
in the borehole. The general site preparation, sample preparation and handling, low-flow sample collection, 
and equipment decontamination procedures described in this SOP should be followed to the extent 
possible.  

3.1 Site Preparation 
All personnel will wear PPE as specified in the HASP. A plastic ground sheet will be placed beneath sampling 
equipment to prevent contamination of sampling equipment by surface soils during water level 
measurement, well purging, sampling, or decontaminating sampling equipment. The ground sheet should be 
large enough and configured so that any sample water that may be spilled will remain on this sheet. All 
sampling equipment including water level indicator, pumps, tubing (if reusable), and field probes will be 
thoroughly cleaned and rinsed with distilled water prior to, between, and after any contact with water in a 
monitoring well.  

3.2 Water Level Measurement 
Before groundwater purging and sample collection, static water levels in the monitoring wells will be 
measured. Water levels will be measured using a decontaminated, electronic water level indicator with an 
accuracy of +/- 0.01 foot.  

3.3 Pump Configuration 
The submersible pump and equipment used to measure water levels and field parameters will be 
maintained and calibrated according to manufacturer’s specifications. For the field parameter measuring 
equipment, calibration will occur at the start of each day at a minimum, and will be recorded in the field 
logbook along with the equipment serial number. For monitoring wells, a positive displacement or variable 
speed drive submersible pump and Teflon-lined, high-density polyethylene (HDPE) hose/tubing will be used. 
The pump and all reusable parts will be decontaminated between sampling of different wells using the 
procedures described in the Equipment Decontamination SOP.   

3.4 Low-Flow Sample Collection 
Low-flow groundwater sampling is the process of purging and sampling wells at flow rates from within the 
well screen zone that minimize purging and improve sample quality. In general, the procedure consists of 
slowly purging the water from the well or packered interval while monitoring the field parameters for 
stabilization. When the change in the field parameters over time is below a specified amount, it is then 
appropriate to collect the sample. Monitoring well purging and sampling will generally proceed from the 
potentially least contaminated well to the most contaminated well, according to existing data. 

Purging the well will begin by lowering the decontaminated pump to a depth approximately mid-screen in 
the well. If the well is to be sampled for metals, it will be purged so that pumping rates will be low enough to 
not increase turbidity in the purge water. The amount of purged fluid will be measured by filling a graduated 
bucket or cylinder and using a stopwatch to note the flow rate of the pump versus elapsed time. 

The proper flow rate for each well will be based on the ability to establish a low-flow rate at an acceptable 
level of drawdown (0.2 to 0.3 foot), and with minimum fluctuations of the water level during pumping. To 
achieve this, the pump will be initially operated at the minimum flow capacity of the pump and the flow rate 
will be gradually increased until some initial drawdown is observed. The flow rate will then be reduced 
slightly to achieve a stabilized purge rate for the well. It is anticipated that flow rates on the order of 0.1 to 
0.5 liter per minute (L/min) will be achieved. However, the flow rate will not exceed 1.0 L/min in any case. 
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LOW-FLOW PURGE AND GROUNDWATER SAMPLING

Accurate measurement of the field parameters will require a flow-through cell or other means to ensure 
that the purge water is continuously monitored. Although the flow-through cell is the preferred method, an 
acceptable alternate method is placing the probes in a small bucket or beaker that continuously overflows, 
with the discharge tubing placed near the probes, and covering the beaker or bucket with clear plastic film 
(such as Saran Wrap).  

Careful, continuous measurement of field parameters including pH, temperature, specific conductance, 
dissolved oxygen (DO), and oxidation-reduction potential (ORP) will be used to assess when purged water 
has reached equilibrium. The interval between readings will be dictated by the stabilized pumping rate for 
each well (typically between 1 and 3 minutes or ¼ to ½ gallon). An initial change in the measurements 
typically indicates that water is being drawn from a different source (“active” versus “stagnant” water). 
Stabilization of these parameters would indicate that the water is coming from a steady-state source (the 
formation immediately surrounding the well screen near the pump intake). Equilibrium conditions are 
sometimes achieved after extraction of less than 10 L, with 4 to 8 L being the average reported in published 
studies.  

Each well will be pumped until the measured field parameters (temperature, pH, turbidity, and specific 
conductivity) have stabilized over three successive readings prior to collecting samples. Stabilization criteria 
are:  

± 0.1 standard unit pH 
± 3 percent conductivity 
± 10 millivolts (mV) ORP 
± 0.3 milligram per liter (mg/L) DO 

 10 nephelometric turbidity units (NTU) or ± 10 percent turbidity 

If a stabilized drawdown in the well can’t be maintained at 0.33 foot and the water level is approaching the 
top of the screened interval, reduce the flow rate or turn the pump off (for 15 minutes) and allow for 
recovery. It should be noted whether or not the pump has a check valve. A check valve is required if the 
pump is shut off. Under no circumstances should the well be pumped dry. Begin pumping at a lower flow 
rate. If the water draws-down to the top of the screened interval, again turn the pump off and allow for 
recovery. If two tubing volumes (including the volume of water in the pump and flow cell) have been 
removed during purging then sampling can proceed next time the pump is turned on. This information 
should be noted in the field notebook or ground-water sampling log with a recommendation for a different 
purging and sampling procedure. 

3.5 Sample Preparation, Collection, and Handling 
Before collecting any groundwater, the sample containers should contain adequate preservative in 
accordance with the guidelines in the Quality Assurance Project Plan (QAPP).  

Samples to be analyzed for volatile organic compounds (VOCs) will be collected first, to minimize the effects 
of volatilization caused by disturbance of the water surface in the well. VOC sample containers will be filled 
completely to the top of the container, leaving no air space above the liquid. The cap should be screwed on 
securely to prevent leaking. Sample collection should proceed with remaining analyses. If filtered metals are 
to be collected, they should be sampled last to minimize turbidity concerns. In the event turbidity is 
increasing, filtered metals should be collected directly following VOCs, then proceed with remaining 
analyses.  

The samples should then be packed to prevent breakage and stored at approximately 4 degrees Celsius. 
Transport and shipping of the samples should be conducted in accordance with the QAPP.  
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LOW-FLOW PURGE AND GROUNDWATER SAMPLING

4.0 Key Checks and Items 
Wear proper PPE per the HASP. 

Decontaminate pump and all reusable parts prior to and between sampling. 

All purge and decontamination liquids generated during sampling will be containerized and handled as 
outlined in the Waste Management Plan.  
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STANDARD OPERATING PROCEDURE  

Manual Water Level Measurements 

1.0 Purpose and Scope  
This Standard Operating Procedure (SOP) provides a general guideline for measurement of depth to 
groundwater and total depth of borings and/or groundwater monitoring wells/piezometers.  

2.0 Equipment and Materials 
Down-hole water level indicator or oil/water interface probe using a battery-powered probe assembly 
attached to a cable marked in 0.01-foot increments 

Decontamination equipment: buckets, spray bottles (one with Alconox or Liquinox detergent solution, 
one with tap water, and one with distilled or deionized [DI] water), paper towels, and absorbent pads 

Personal protective equipment (PPE) as specified in the Health and Safety Plan (HASP) 

3.0 Procedures and Guidelines 
With the water level indicator switched on, wet the tip of the probe in potable water to test whether 
the meter is working properly. If no audible alarm is observed, the meter is not working properly. 

For wells - open flush to grade well box lid with socket set, or open monument with hands. Use key to 
unlock padlock on well cap. Remove well cap. If the well is sealed with an airtight cap, allow time for 
pressure to equilibrate after the cap is removed before measuring water levels. Use caution when 
removing well cap since the well may be under slight pressure (wear PPE as specified in the HASP). For 
borings – remove sample equipment from hole, if needed.  

Decontaminate water level meter using buckets or spray bottles containing detergent solution wash, tap 
water rinse, and distilled/DI water rinse. 

Static groundwater level and total depth are measured relative to an established measurement 
reference point. The measurement reference point is generally the top of the casing and may be marked 
with a surveyor’s reference mark. The reference mark should be permanent, such as a small notch cut 
into the top of casing or a permanent ink mark at the top of casing. If a reference mark is not present at 
the time of water level measurement, use permanent ink and mark the north side of the casing. 

Slowly lower the water level meter tape down the monitoring well, piezometer, or borehole until the 
probe contacts the top of groundwater (as indicated by a solid audible tone).  

Raise the probe out of the water until the audible alarm stops. Continue raising and lowering the probe 
until a precise level is determined within 0.01 foot. 

For total depth measurements, slowly lower the water level meter (using the same procedures as 
above) until the cable goes slack. Gently raise and lower the water level meter probe to tap the bottom 
of the well. 

Record the measurements in the field log book or field datasheet. 

Remove water level tape from well, and decontaminate meter tip/tape using buckets or spray bottles 
containing detergent solution wash, tap water rinse, and distilled/DI water rinse.  

After completion of monitoring, secure well by installing well cap/lock and well lid/monument. 
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MANUAL WATER LEVEL MEASUREMENTS 

4.0 Key Checks and Items 
Additional weight at the end of the water level indicator may be necessary at depths deeper than 
80 feet because of the buoyancy of the cable when the weight of the tape is approximately equal to or 
greater than the weight of the probe. 

Use caution when lowering the probe into the well; set reel on stable surface and maintain support and 
control of reel during use; do not let the probe tip and tape free-fall down the well (maintain relatively 
slow descent speed into well at all times); always hold onto the meter’s reel handle and use the reel lock 
mechanism to hold probe in place during breaks; engage reel lock before you become too fatigued to 
prevent injury or strain. 

All decontamination liquids generated during sampling will be containerized and handled, as outlined in the 
Waste Management Plan (WMP). 
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STANDARD OPERATING PROCEDURE  

Packaging and Shipping Procedures 

1.0 Purpose and Scope 
This Standard Operating Procedure (SOP) provides guidelines for packaging and shipping the samples 
collected for the project.  

2.0 Equipment and Materials 
Coolers 

Ice 

Tape: strapping tape, clear packaging tape, or duct tape 

Mailing/shipping labels 

Zip-locking plastic bags, large plastic trash bags, bubble wrap, laboratory-provided foam inserts, 
laboratory-provided bubble wrap bags 

Chain-of-custody (COC) seal 

Personal protective equipment (PPE) per the Health and Safety Plan (HASP) 

3.0 Procedures and Guidelines 
The procedures below include shipment by both the laboratory courier and third party shipper such as 
Federal Express or Airborne Express. Packaging and shipping procedures are described below. 

3.1  Sample Packaging and Transport 
3.1.1  Sample Container Preparation 

Ensure labels are secured to sample containers. 

Check container lids for tightness. 

Cover glass containers with bubble wrap to prevent breakage. 

3.1.2  Shipping Cooler Preparation 
Remove all previous labels used on the sample shipping cooler. 

Seal the drain plugs with tape (outside and inside) to prevent melting ice from leaking. 

Place a cushioning layer of Styrofoam popcorn or bubble wrap at the bottom of the cooler (about 1 inch 
thick) to prevent breaking during shipment. 

Line the cooler with a large plastic bag. 

Double-bag all ice in zip-lock plastic bags. 

3.1.3  Placing Samples in the Cooler 
Place the original COC form in a zip-lock bag; tape COC form to the inner side of the cooler lid. 

Place samples in an upright position in the cooler. 
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PACKAGING AND SHIPPING PROCEDURES 

Fill void space between samples with Styrofoam popcorn, bubble wrap, or foam. 

Place ice on top of samples and between samples. 

3.1.4  Closing the Cooler 
Tape the cooler lid with strapping tape, encircling the cooler several times. 

Place custody seals on the cooler lid (typically one on the front and one on the back). 

3.1.5  Transport 
Once packed, transport sample coolers to the closest Federal Express facility or await courier. Any disruption 
in the timely transport of samples to the destination laboratory should be noted in the field book. 

4.0  Key Checks and Items 
Wear proper PPE per the HASP. 

Ensure all labels are secure and all lids are on tightly. 

Verify COC is complete and is in the cooler. 
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STANDARD OPERATING PROCEDURE  

Packer Testing 

1.0 Purpose and Scope  
This Standard Operating Procedure (SOP) provides a general guideline for operating a wireline packer testing 
assembly. The document covers the general operating procedures, testing methods, and basic 
troubleshooting. 

2.0 Equipment and Materials 
Wireline straddle packer unit (2 complete units) 

Spare glands (2) 

Spare o-rings for unit 

Stuffing box 

Spare o-rings for stuffing box 

Seating cone 

Lifting bail and top supply tube for packer assembly 

Pipe couplings for connecting packer assembly (with spares) 

Packer End cap (for blocking flow through bottom of straddle packers) 

Double packer set-up will require 1.5-meter (m), perforated spacers (5) and 3.0m, perforated spacers (2) 
in order to test variable length intervals 

Dampened gauges able to measure liters per second (L/s) or cubic meters (m3) to within 5 percent 
accuracy 

Pump capable of up to 3.75 L/s (50 gallons per minute [gpm]) at 120 pounds per square inch (psi) (flow 
rate and pressure specified may be greater if testing in high permeability environments) 

Require minimum of 2 spares for all glands, gauges, regulators, and meters 

Regulator (if using gas) or hydraulic packer inflation pump (if using water) and all lines and fittings, 
capable of maintaining 2000 psi or 500 psi pressure, respectively 

Composite inflation line and support cable 

Reel (motorized if tests planned for greater than 200m in depth) 

Lifting Sheave or Pulley block for running composite cable through (to be equipped with cable counter if 
possible) 

Personal protective equipment (PPE) per the Health and Safety Plan (HASP) 

In addition, equipment must be tested prior to starting program. The following testing criteria are 
recommended: 

All inflation equipment must be pressure tested to 2000 psi (for pneumatic systems) or 500 psi pressure 
(for hydraulic systems) 

All packers must be tested to maximum design pressure 

Require ability to calibrate friction losses in pumping system and packer system prior to testing 
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PACKER TESTING 

Will need to have bypass valves installed before and after the pressure gauge/flow meter assembly in 
order to control pressure/flow and to protect flow meter from back-pressure 

Pressure gauges should be calibrated if possible (plumbing in spare gauges and comparing 
measurements may be only means available on site) 

Flow gauges should be calibrated using a container of known volume (should exceed 100 liters [L]) 

3.0 Procedures and Guidelines 
3.1 Packer Inflation 
When packers are inflated downhole the inflation line pressure is a combination of the pressure required to: 

stretch the packer gland to where it will contact the drillhole wall 
overcome the hydrostatic pressure (that is, pressure exerted by the overlying water column)  
inflate it to the working pressure (dependent on the gland) 

The inflation pressure will therefore change based on the equipment used and the height of the overlying 
column of water above the packer. The various aspects of the inflation pressure determination are discussed 
below. 

3.1.1 Hydraulic vs. Pneumatic - Overcoming Hydrostatic Head 
Packers are commonly inflated with compressed gas. Generally, an inert gas such as nitrogen is used for 
safety reasons (that is, risk of ignition). A disadvantage of compressed gas in deep testing applications is the 
inherent safety concern of bursting inflation lines or fittings at surface (that is, in close proximity to testing 
crew) due to the high working pressures required. 

Alternatively, for deeper applications, water or hydraulic fluid/antifreeze can be used to inflate the packers. 
The advantage is that water is essentially inelastic, and so burst lines do not have the same degree of stored 
potential energy that an elastic gas filled line does. 

Therefore, burst hydraulic lines pose a lower risk than pneumatic lines. A further advantage to a hydraulic 
(water) system in deep test situations in that the natural hydrostatic pressure of the water in the inflation 
line will equal, or exceed (if static water level is below ground surface), that of the adjacent water in the 
formation, and therefore, the only pressure required is to inflate the packer itself. 

It should be noted that both pneumatic and water inflated systems are prone to freezing in cold conditions. 
Antifreeze or hydraulic fluid can be used to overcome this problem, but may pose an unacceptable 
environmental risk. Brine solutions can also be used to reduce freezing susceptibility, but this can cause 
corrosion issues that are just as problematic. 

Inflation fluids must be assessed for compatibility with the packer gland material as well. 

Use of antifreeze or brine solutions could also affect permeability results if interactions with clay gouge in 
open fractures cause these materials to swell, thus reducing the apparent permeability of the rock being 
tested. This can be assessed by inspecting gouge material in the rock core and carrying out surface tests with 
the expected test fluid. 

2 MGM13-SSFL/LOX_PLANT_CP/NASA_RIWP_PACKER_TESTING_REV2.DOCX 
 ES081313033355MGM 



PACKER TESTING 

3.1.2 Packer Inflation Pressure 
The testing unit packers must be inflated to the working pressure to ensure a proper seal. 

This pressure is normally in the range of 250 psi. As mentioned above, when the packers are inflated 
downhole, allowances for the hydrostatic pressure (pressure from overlying water column) must also be 
accounted for. If the water column is assumed to be approximately 1.4 psi/m of water (based on density of 
fresh water), then the inflation pressure (gauge pressure at surface) required will be: 

Pi = Pw + Hwc x 1.4 psi/m 

Where: 
Pi = packer inflation pressure 
Pw = packer working pressure 
Hwc = Height (vertical) of water column above packer (adjust for angled holes) 
 
It is important to note that in a drillhole with water levels close to, or at surface, such as in a flowing artesian 
hole, the water column in the inflation line and in the drillhole will be essentially equal; therefore Hwc will 
be approximately equal to 0 m. This is not the case for pneumatically inflated packers, which require 
extremely high inflation line pressures, presenting a significant safety and gas usage problem. (Note: in a 
flowing artesian hole and a 750 m deep test zone, the hydrostatic pressure would be approximately 
1050 psi. This inflation line pressure would then need to be increased to approximately 1250 psi to inflate 
the packers to the required working pressure). 

3.1.3 Hydraulic vs. Compressed Gas Inflation in Deep Drillholes 
Hydraulic Packers - Single vs. Dual Inflate/Deflate Line 

In a packer system equipped with hydraulically inflated packers, it is common to have a dual inflate/deflate 
line. This apparatus allows for water to be pumped down one line when inflating the packer, and allows 
water to be returned up the second line when deflating the packers. The packer gland, and both the inflate 
and the deflate lines, can also be evacuated using compressed gas to push the water out. However, for very 
deep testing systems, the dual inflate/deflate line is prohibitively expensive and bulky. Therefore, a single 
line cable system is used. This then requires that the single line acts as both the inflation line and the 
deflation line. For a compressed gas system this does not pose a problem. However, for a hydraulic system, 
the water in the line can cause unwanted packer inflation as the equipment is lowered and raised in the un-
submerged portion of the drillhole if the water level is significantly below ground surface (that is, causes 
enough hydrostatic head in the inflation line to cause flow into the packer gland). 

The water capacity of the inflation line will be of limited capacity, and therefore, will not supply significant 
inflation fluid. However, it can be enough to distort the packer gland if the depth to water is significant. If 
water levels are more than 25m below ground surface, the hydraulic packer system should be equipped 
with an inflation activation valve as part of the inflation line that prevents inflation when lowering the tool 
into a drillhole where the water level is below ground surface (otherwise hydrostatic level in inflation line 
would begin to inflate the packers). To prevent this, the pressure valve is set to a predetermined opening 
pressure (that is, 100 psi; equal to ~70m of hydrostatic head) to compensate. 

Alternately, it is possible to use compressed gas. However, "pressure compensation" will likely be required 
in deep tests as the gas filled gland can distort due to the hydrostatic pressure during tripping in and out of 
the drillhole. This procedure will require that the packer glands be pressurized during lowering and 
depressurised during raising to compensate for the applied hydrostatic pressure. The line pressure used will 
be dependent on the hydrostatic pressure (overlying water column height) and will, therefore, need to be 
calculated based on drillhole conditions and depth of the test, and tested by trial and error. Great care must 
be taken in the initial tripping in and out as incorrect pressures could cause the tool to jam. This could 
damage the gland and/or the cable and reel system. 
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PACKER TESTING 

3.2 Packer Test – Preparation 
This section has been written for wireline, hydraulically inflated packer systems, but is similar to pneumatic 
system operation. Greater care must be taken with pneumatically inflated packer systems due to the elastic 
energy in the compressed gas and the potential for explosive release if airlines burst; especially when 
working in deep drill holes where high operating pressures are required. 

The basic steps for preparing for a packer test are outlined below.  

1. Prepare packer assembly: two packers with open bottom for single test or three packers with perforated 
middle pipe section and closed cap on the bottom for straddle packer test (see Figure 1). 

2. Check inflation line connecting the packers and fittings – do not over tighten as you might strip the 
threads. 

3. Check packer assembly for any leakage. Inflate to maximum gland working pressure in appropriate 
length and diameter of drill casing or drilling rods. 

4. Check wire line connectors on packer assembly and stuffing box components (especially seals). 

5. Prepare and check water feeding system: tank, supply, pump, connection hoses, pressure gauges, 
valves, and flow-meter. 

6. Design test parameters: depth and length of tested zone, drilling bit depth (double check driller’s count 
of rods in drill hole), position of packers, inflation pressure, and water pressure for three stages. 

7. Drill hole preparation: remove drilling mud and cuttings (flush with clear water). 

8. Pull rods up to locate drill bit at selected depth. 

9. Prepare wire line winch. 

10. Install stuffing box on drill rods. 

11. Measure groundwater level prior to installing packer system several times to assess static groundwater 
level (or measure pressure, if flowing artesian, once packer assembly and stuffing box are installed). 

12. Lift the packer assembly using the wireline and lower to landing ring at drill bit–check if seats on landing 
ring by "listening" to rods using wrench, etc. If possible, check depth marking on wire line if this has 
been marked for the expected depth. 

13. If hole is flowing artesian, install stuffing box seals around wireline and inflation lines – if not, go to 
Step 15. 

14. Measure shut-in pressure if hole is flowing artesian. 

15. Inflate packer slowly (by 50 psi steps) until working pressure has been reached. This will require filling to 
working pressure plus calculated hydrostatic pressure (see below for calculation). 

16. After inflation is complete, monitor packer inflation line pressure for 2 minutes minimum to see if 
system is leaking. If no leaks are apparent, proceed to step 17.  

17. Seal stuffing box cap and attach water feed system. 

18. If flowing artesian conditions exist, wait for pressure to stabilize and record pressure. Note: a shut-in 
test can be carried out during the pressure stabilization (this will be described below). 

19. Check inflation lines and inflation pressure to ensure no leaks occur, check the water feeding system, 
and prepare the stopwatch and the field test form. 

Packer system is now ready for testing. 
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PACKER TESTING 

3.3 Packer Test Procedures 
Procedures for various packer testing methods are described below. The procedures also include basic 
analytical procedures that can be applied (supporting equations are referenced below). 

3.3.1 Injection (Lugeon) Tests 
Injection (Lugeon) tests consist of isolating a section of borehole and injecting water under pressure in to 
the rock to determine the effective transmissivity (T) of the zone. The transmissivity can be related to the 
hydraulic conductivity (K) of the rock or hydrogeological features (fractures, etc.) by means of K = T/L, where 
L = length of test zone. 

The data recorded during the test simply consist of the flow rate and the corresponding pressure when 
“steady-state” conditions have been achieved. These data are recorded over a number of increasing and 
decreasing steps, as explained below. 

Test Description 

Based on the drill core, an assessment of the expected injection rates and pressure can be made. This will 
become easier as the testing program proceeds and the tester becomes familiar with the hydrogeological 
setting. The maximum water pressure during packer testing at each interval will not exceed the confinement 
stress of the overlying rock and soil. The maximum pressure for each interval will be evaluated by a 
calculation of the weight of the rock and soil overlying the test zone. Because the packer testing pressure 
will not exceed confinement stress of the overlying soil and rock weight, hydraulic fracturing would not be 
expected. 

Observations of flow are made every minute until three consecutive, consistent readings are taken. This 
should represent steady-state flow. The pressure is then increased, usually for five equal increments, 
followed by decreasing pressure for three equal increments. The steady-state flow at each pressure is 
recorded. 

To begin the test, the tester will need to have an idea of the pressures to be tested (these are referred to as 
pressure steps A, B, and C, below). The expected pressure range will be based on the estimated permeability 
of the rock, the expected intake of injected water, and the estimated confinement pressure. These will have 
to be assessed based on previous experience in the drillhole(s), and correlated to the pumping equipment 
available. If insufficient, or excessive, pressures are used for Pressure A, the test can be extended (more 
pressure steps for the former) or stopped and restarted for the latter at a lower initial pressure. 

It is common practice to "ramp up" over at least three "increasing" steps in the test, and to "ramp back 
down" two or three decreasing steps (at pressures that match the ramping up pressures). The one-third and 
two-thirds values of the estimated maximum pressure will be used to step the pressure from low to high 
and back for the packer test (that is, the Lugeon test). This is done to test for hysteresis in the plotted data. 
Deviation from a straight-line match can indicate hydrofracturing (if decreasing data is above the line) or 
non-Darcian flow (if decreasing data is below the line). 

In the event that the maximum water pressure cannot be maintained within the test interval, the maximum 
water pressure that is attainable will be recorded. Then the water pressure should be reduced by 3 to 5 psi 
(to reduce fluctuation in the water pressure), and the flow into the formation recorded at one minute 
intervals for a duration of 5 minutes or at least 3 minutes with constant flow rate.  

Note that it is assumed that injection losses due to friction losses in the drill rods will not be significant 
because of the large diameter. Friction losses through the packer assembly flow pipe would be significant, 
but the short length involved reduces this impact and so it will be ignored in subsequent calculations. 
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PACKER TESTING 

Basic Testing Procedures 

Data should be plotted on a flow rate vs. pressure graph, for each pressure step. The shape of the plot, 
especially with regard to the decreasing pressure curve match, is used to assess the test results. This is 
described below in the Data Interpretation section. 

The test usually consists of 3 to 5 ascending pressure steps, and 2 to 4 recovery pressure steps, as illustrated 
in the example below. 

Pressure Step Pressure (psi) 

A 20 

B 40 

C 60 

D 80 

E 100 

Dr 80 

Cr 60 

Br 40 

Ar 20 

Note that step “Br” refers to Recovery Pressure B, which should equal, or be similar, to ascending pressure 
step B. 

Using the expected initial pressure and estimated range of steps as a starting point, the following 
procedures are followed. If pressures and/or required pumping rates are not as expected, the tester will 
have to adjust the pressure steps as required.  

The basic test procedures are as listed below: 

1. Open water feeding system valve and maintain constant initial pressure A until it appears to have 
stabilized (often about 10 to 15 minutes). 

2. During this time, record the elapsed time and total volume of consumed water every 0.5 minute or so, 
for the first 2 to 3 min of the test stage, then every minute. 

3. After Pressure A has stabilized for approximately 3 minutes, increase the pressure to Pressure B. 

4. Record time vs. flow rate as for Pressure A. 

5. Increase the pressure, after Pressure B has stabilized for approximately 3 minutes, to Pressure C. 

6. Test can be carried out for Pressures D and E if the pump system has sufficient range left. The final pump 
rate should not be more than 80 percent of the maximum rate if possible. 

7. Repeat Pressure Stage B (or last ascending pressure, D or C, if more than 3 steps used in test) – if 
formation is tight, release pressure by bypass valve on water feeding system to decrease pressure from 
C to B quickly. 

8. Repeat Pressure Stage A – if formation is tight, release pressure by bypass valve on water feeding 
system to decrease pressure from B to A quickly. 

9. After repeating Stage A, perform recovery test: shut the feed valve and record pressure decrease vs. 
time for about 10-15 min, or until 90 percent recovery has occurred. 

10. Deflate packer assembly and remove stuffing box cap and seal. 
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11. Wait until all nitrogen escapes from the packer cells, wait an additional 5 minutes and then pull the 
assembly carefully to top of drill rods, watching for the marker flag to prevent pulling assembly into 
overhead sheave. 

12. Measure groundwater level after the test several times to assess level recovery and static level. 

Test can be modified and made shorter or longer. One option is to perform only a constant head test with 
water level maintained near the head of the drilling rods. When steady state occurs, measure flow-rate 
using a calibrated bucket. Constant head test can be followed by a simple falling head test with a duration 
about 10 to 15 min. 

Data Interpretation 

The graphs in Figure 2 illustrate a selection of type curves, which are commonly observed. The following 
describes each curve. (Note that the recovery curve –reducing pressure curve- is indicated by a dashed line 
in the plots, otherwise the recovery curve is seen to mimic the ascending pressure curve.) 

1. Ideal result where flow is laminar, probably on clean fractures, discharge proportional to pressure head 

2. Tight fractures, impermeable material 

3. Highly permeable, large open fractures. Water acceptance exceeds capacity of the test system and 
pressure recorded is due to friction in supply system 

4. Fairly high permeability with a decrease in flow with time due partially to a change from laminar to 
turbulent flow, as well as partial clogging of fractures with time 

5. Low permeability, but washing out of gouge material from the fractures, increasing the permeability 

6. Laminar flow, moderate permeability but with an increase in flow with pressure. Increasing packer 
pressure brings the flow back to a linear relationship with pressure, indicating increased flow was 
previous leakage past the packer 

7. Increase in permeability with increased pressure and the recovery curve follows the same path. This 
indicates that fractures have been opened up due to excess pressure (hydrofraccing) 

8. Progressive decrease in permeability with pressure (and time) indicating incomplete blocking of the 
fractures by transported material 

9. Moderate permeability and flow rate is not linear. The down turned curve and similar recovery curve 
indicate that turbulent flow conditions exist beyond 15 bars 

The data from the injection test can be used to determine the effective transmissivity (T) by means of the 
Thiem equation: 

T= 
Q ln (R/ rb) 
2  Pi 
 

Where: 
T = transmissivity (m2/day) 
Q = injection rate (m3/day) 
R = radius of influence (m) 
rb = radius of borehole (m) 
Pi = net injection pressure (m) 

Effective radius or radius of influence; R 

Determining a reasonable value for R, the effective radius or radius of influence, is not a simple matter. This 
is because the parameter is a function of the hydraulic conductivity of the test zone, heavily influenced on 
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variations in primary and secondary (fractures, etc.) permeability within the zone, specific storage of the 
rock mass and fractures, etc., test interval length, pump pressure, and time of test period. 

However, as the parameter occurs within a natural logarithmic function, we can substitute a reasonable 
value. For example, if the drillhole radius is assumed to be approximately 0.04m (1.5 inch), or approximately 
NQ wireline size, then values of R equal to 1, 5, 10, and 100 m would result in values of "ln (R/rb)" equal to 
3.3, 4.9, 5.6, and 7.9, respectively. 

Consequently, it can be seen that the R value used in the equation above will have a fairly insignificant effect 
on the value of T calculated using the equations for analysing the packer data. This is especially true when all 
the possible variables and potential cumulative errors in the testing process are taken into account. 
Therefore, it is considered that an R value of between 5 and 10 is reasonable and yields a reasonable value 
for K. 

Net Injection Pressure; Pi 

The net injection pressure is calculated as the combined pressure head (m) that is exerted on the test zone. 
It is calculated as follows: 

Pi = Pg + hg + hs – hf 
Where: 
Pi = net injection pressure (m) 
Pg = gauge pressure (m) 
hg = height of gauge above ground level (m) 
hs = depth to pre-test water level (m) 
hf = friction losses (m) 

The sum of hg and hs is usually referred to as the column height. Both components of the column height 
should be measured before the test is carried out. The value for hg should be the same for each test if the 
testing apparatus is not changed, but hs will vary depending on the hydrogeologic zone penetrated by the 
drillhole. 

3.3.2 Discharge Tests 
Test Description and Basic Procedures 

To carry out a discharge test, the packer is located at the drill bit in the same manner as for the injection 
test. The procedures for testing are fairly simple, but care must be taken to ensure a good packer seal as 
pressure response curves will not indicate leaking seals as in an injection test. The following procedures 
outline the basic test set-up: 

1. Locate drill bit and packer assembly as in an injection test. 

2. Close flow valve at top of drill rods and monitor pressure. 

3. After pressure has equilibrated (steady reading for at least 3 minutes), record shut-in pressure. 

4. Start timer and record pressure vs. time logarithmically (that is, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 
5.0, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 50, 60, 80, 100, 120, 150, 200, etc. minutes). 

5. Plot data as Psi/Q vs. log10t (see below for parameter list). 

Data Analysis 

The apparent transmissivity of the packer isolated interval can be estimated from the time and discharge 
data using a modified Jacob-Lohman (straight line) equation: 

T= 
2.30 

4  Psi/ Q) /log10 t] 
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Where: 
T = transmissivity (m2/day) 
Psi = shut-in pressure (m) 
Q = discharge rate (m3/day) 
t = elapsed time since valve opened (min) 

The simplest method of analysis involves plotting Psi/Q vs. log10t and, with a best-fit straight line, estimating 
the change in Psi/Q over one cycle of t. Selection of the change in Psi/Q over one log cycle is not necessary, 
but simplifies the calculation since; in that case, the value of the term log10t equals one. Therefore, the 
equation simply becomes: 

T= 
0.183 

1 (Psi/ Q) 
Where: 

1 (Psi/Q) indicates the change in Psi/Q over one log cycle of t. 

3.3.3 Recovery Tests 
Test Description and Basic Procedures

A recovery test is usually carried out in conjunction with a discharge test. Following the discharge test, the 
time is recorded (t), and the vale is again shut. This will allow the formation pressure to recover, with the 
relationship of time vs. pressure recorded for this test. 

The following procedures outline the basic test set-up: 

1. Locate drillbit and packer assembly as in an injection test. 

2. Close flow valve at top of drill rods and monitor pressure. 

3. After pressure has equilibrated (steady reading for at least 3 minutes), record shut-in pressure. 

4. Start timer and record pressure vs. time logarithmically (that is, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 
5.0, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 50, 60, 80, 100, 120, 150, 200, etc. minutes). 

5. Plot data as Psi/Q vs. log10t (see below for parameter list). 

Data Analysis 

The pressure readings are plotted against log10(t/t’), the log10 ratio of the time since the discharge test 
started (t) over the time since the recovery test has started (t’). The apparent transmissivity of the test 
interval can be estimated using the Cooper-Jacob method: 
 

T= 
 2.30 Q  

4  ( Pr ) log10 (t/t’) 
Where: 
T = transmissivity (m2/day) 
Q = average discharge rate during the discharge period (m3/day) 

Pr = change in recovery pressure (m) 
t = elapsed time since start of discharge test (min) 
t’ = elapsed time since valve closed (min) 
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Similarly to the plot for the discharge test, the analysis is simple if the change in recovery pressure is taken 
over one log cycle of t/t’ (where, again, the term log10(t/t’) equals 1. In this case, the first equation can be 
simplified to: 

T= 
0.183 Q 

1(Pr) 
Where: 

1(Pr) indicates the change in recovery pressure over one log cycle of t. 

3.4 Testing Trouble Shooting 
3.4.1 Test QA/QC 
To ensure that the data collected during the test is accurate, and more importantly, representative of the 
zone of interest, the tester must verify that the test assembly is not leaking. Leaks through the supply line or 
rods, or past the packers will have the effect of apparently increasing the permeability of the test zone. This 
is because water pumped during the test will be assumed to be flowing into the test zone, but will instead 
be a combination of zone uptake and leakage. This will become more significant as permeability of the zone 
decreases and/or the injection pressure increases. 

Potential areas where leaks can occur: 

Packers (bypass) 
Injection pipe joints 
Drill rods 

3.4.2 Packer Bypass Leakage 
A common area where a leak can occur is past the packer, between the expanded gland and the drillhole 
wall. Incomplete inflation, irregularities on the drillhole wall, tears in the outer gland material, etc. are likely 
reasons for this to happen. Leakage of this type is difficult to assess as flow past the packer and that into the 
zone cannot be distinguished at surface. In order to determine if the packers are sealing properly, various 
information is available to the operator: 

1. Check for a drop in packer inflation pressure during the test. A drop in pressure will indicate that the 
packer is deflating (and it or a supply line is probably leaking). 

2. Check for bubbles if using a pneumatic system and the water level is visible at the top of the drill rods. 

3. Note unexpected flow vs. pressure performance either within a single test or as compared to other test 
zones of similar rock (as determined from the drill core). This may indicate that more water is being 
“taken” by the zone, whereas it is in fact leakage. 

It will probably be necessary to remove the packer assembly, test it, and re-run the test in order to verify 
that the data collected is representative and accurate. This will be time consuming, but overestimating the 
zone K due to poor data collection could have serious consequences on later engineering design 
considerations. 

3.4.3 Drill Rods Leaks 
The joints in the drill rods should be “wicked” in order to reduce leakage. Wicking consists of wrapping a 
string or wicking material around the rod’s threads prior to connecting rods. The leakage may be greatly 
reduced, but may still have a significant effect when the cumulative leakage is taken into account. To test for 
the apparent leakage, it is recommended that at “blind” packer assembly is lowered to just above the bit 
and inflated. Water is then pumped into the rods and the flow vs. pressure response is recorded. If it is 
assumed that the packers are sealing the rods, and that water is not flowing through the bit, then any flow 
will be the cumulative joint leakage. The pump pressure should correspond to the expected test pressures, 

10 MGM13-SSFL/LOX_PLANT_CP/NASA_RIWP_PACKER_TESTING_REV2.DOCX 
 ES081313033355MGM 



PACKER TESTING 

with a 150 percent increase in order to test the system (note: do not exceed 80 percent of packer inflation 
pressure as this will potentially force water past the gland, regardless of proper inflation or not.) 

3.4.4 Supply Pipe Leaks 
Testing an independent supply line can be done on surface. The only modification required is to block the 
water injection pipe at the bottom of the upper packer using a plug threaded to fit. Testing pressures should 
be the same, except that allowance for packer inflation pressure is not required. 

4.0 Key Checks and Items 
Wear proper PPE per the HASP. 

Operation of the packer system can be hazardous if carried out by inexperienced staff, and therefore 
proper training and supervision must be carried out for all personnel involved.  
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STANDARD OPERATING PROCEDURE  

Soil and Rock Boring and Well Drilling and 
Abandonment 

1.0 Purpose and Scope 
This Standard Operating Procedure (SOP) describes methods to obtain samples of subsurface soil and rock 
using hollow-stem auger, rock coring, mud or air rotary, sonic, or tripod-mounted rig drilling methods, and 
abandonment procedures for the borehole. The SOP briefly describes sampling methods. Other, more 
detailed SOPs should be consulted regarding subsurface soil sampling and rock core logging. 

2.0 Equipment and Materials 
Sonic drill rig; hollow-stem auger, mud rotary, air rotary, or rock coring capable drill rigs; or geoprobe 
drill rigs  

Hollow-stem augers, geoprobe, mud rotary, air rotary, or rock coring and associated equipment 

Split-spoon or thin-walled tube samplers lined with 6-inch-long and 1.5-inch-diameter stainless-steel 
sleeves, Shelby tubes, macrocore liners, wireline or conventional method rock core collection 
equipment (size to be determined by task-specific needs), or mud or air rotary cuttings collection 
methods  

Cement 

Bentonite 

Sand (for sand pack)  

Well construction materials such as polyvinyl chloride (PVC) riser and slotted screens. 

Gloves and other personal protective equipment (PPE) per the Health and Safety Plan (HASP) 

Field Log Book, soil and rock core logging forms, soil, rock and/or well abandonment forms 

Munsell Rock-color chart  

3.0 Procedures and Guidelines 
3.1 Drilling 
Prior to commencement of field activities, the appropriate permit, if applicable, should be attained. Please 
refer to Ventura County Well Ordinance No. 4184 for guidance on applicability. 

If hollow stem augering will be used, use continuous-flight, hollow-stem augers with an inside diameter of at 
least 3.25 inches. Do not use water or other fluid to assist in hollow-stem drilling. If water is needed to assist 
in drilling and for removal of cuttings, only the addition of distilled or potable water is permitted. Water 
storage containers on the rig and for transport to the site from the water source must be exclusively used 
for the transport of distilled or potable water. A sample of source water may be collected for laboratory 
analysis to determine suitability for use.  

Place the bit of the auger or drill on the ground at the location to be drilled and then rotate or vibrate with 
the drilling or soil coring rig per rig type. Hollow-stem auger, mud rotary, air rotary, and rock coring methods 
use rotation for driving the bit. Geoprobes and sonic rigs use vibration for driving the bits. In the case of 
hollow-stem auger, mud rotary, and air rotary, advance the drilling to a depth just above the top of the 
interval to be sampled. In the case of rock coring, the sample is collected inside the core barrel, which locks 
into the bit (wireline) or is driven by the rods (conventional). In the case of sonic and geoprobe sampling, the 
soil and rock is collected in the barrel as the end of the barrel is advanced through the sample interval. Sonic 
drilling methods catch the soil or rock in the rods with no liner and are deposited into bags after the rods are 
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brought to the surface. Geoprobe drilling methods collect the sample inside a disposable macrocore liner 
(acetate liner) for the purpose of eliminating decontamination of the steel tube between sample intervals. 
While advancing the auger or drill to the full borehole depth, check the soils removed from the borehole for 
volatile organic compounds (VOCs) using a field photoionization detector (PID), or equivalent. 

If applicable, the soil and rock core log will be submitted to the “Department”, per Ventura County Well 
Ordinance No. 4184, after completion of drilling the well or boring.  

3.2 Sampling 
Using a drilling rig, advance a hole to desired depth. For split-spoon sampling, collect the samples in 
accordance with American Society for Testing and Materials (ASTM) Standard D 1586. Lower the sampler 
into the borehole and drive to a depth equal to the total length of the sampler—typically 18 or 24 inches. 
Drive the sampler in 6-inch increments using a 140-pound weight (“hammer”) dropped from a height of 
30 inches. Count and record the number of hammer blows (blow counts) for each 6-inch interval. Collect 
samples from the soil borings at the intervals specified in project-specific work plan and sampling and 
analysis plan. Soil samples will be collected using 6-inch long and 1.5-inch diameter stainless-steel sleeves or 
macrocore liners.   

3.3 Borehole or Well Destruction/Borehole or Well Abandonment 
The borehole shall be destroyed by pumping neat cement or cement grout through a tremie pipe from the 
bottom of the borehole to within 5 feet of the ground surface. The remaining 5 feet will be filled with clean 
native soil or other suitable material. Dry holes less than 10 feet deep can be filled with grout poured from 
the surface. If groundwater is encountered, then the borehole will be abandoned by pumping grout down 
the boring.  The grout should be completed to 5 feet below ground surface and completed to the surface 
with the same native surface material as the surrounding area. However, in areas with asphalt, concrete 
may be substituted since it is more durable than an asphalt patch. 

The grout shall consist of clean water mixed with Type I or II Portland cement (or equivalent). After the grout 
has set at least 12 hours, the grout shall be topped off if settlement has occurred. 

Close attention should be paid to the mixture of the grout that is placed into the borehole. The 
recommended mixture consists of one sack (94 pounds) of dry cement mixed with 7.2 to 8.5 gallons of clean 
water. Less water is required for a neat cement grout. The optimum mix results in a volume of 1.5 to 
1.6 cubic feet of slurry per sack of cement. The grout shall be mixed to a smooth, uniform consistency with 
no lumps or balls present. 

If applicable, all wells and borings should be abandoned in accordance with Ventura County Well Ordinance 
No. 4184, including, but not limited to, submittal of appropriate geophysical logs to the “Department”.  

3.3 Borehole Vapor Sampling 
Depth-discrete bedrock vapor sampling will be performed using temporary packers at some open boreholes. 
After packer placement, at least a 1-week equilibration period will occur. Packer placement and vapor 
sampling equipment will be performed per subcontractor SOPs and statements of work. Soil vapor collection 
into Summa canisters will follow the “Standard Operating Procedure for the Retrofitting of Wellheads and 
Collection of Soil Gas Samples from Permanent Probes.” 

4.0 Key Checks and Items 
Wear appropriate PPE per HASP.  

Complete Self-Assessment Checklists, per the HASP, as applicable with regards to planned field 
activities.  

Check that the borehole is backfilled with either soil cuttings or grout to the ground surface at the 
completion of drilling and sampling. 
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All reusable equipment should be decontaminated before initial use, between boreholes or samples, 
and prior to leaving the site.  

All decontamination liquids generated during sampling will be containerized and handled per the Waste 
Management Plan (WMP). Soil cuttings will be placed back down hole unless the soil is stained or 
odorous, in which case the soil will be containerized and handled per the WMP. Rock core will be stored 
or disposed of in accordance with the WMP and NASA procedures.  
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STANDARD OPERATING PROCEDURE  

Field Surveying of Sample Locations 

1.0 Purpose and Scope  
This Standard Operating Procedure (SOP) provides a general procedure for field surveying of soil borings, 
groundwater monitoring wells, field study locations, etc.   

2.0 Equipment and Materials 
• Field logbook  
• Hand held or backpack global positioning system (GPS) 
• Personal protective equipment (PPE) per the Health and Safety Plan (HASP) 

3.0 Procedures and Guidelines 
For those locations that do not require the use of a professional surveyor licensed in the State of California, 
horizontal X and Y coordinates will be collected using a hand held or backpack GPS with sub-meter accuracy 
and will be referenced to North American Datum of 1983 (NAD83). Points will be located for a minimum of 
20 seconds with an appropriate number of available satellites to ensure sub-meter accuracy. Descriptions of 
the approximate locations should be recorded in the field logbook. Any points to be located by a licensed 
surveyor will be flagged/staked.  

4.0 Key Checks and Items 
• Wear proper PPE per the HASP. 
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STANDARD OPERATING PROCEDURE  

Rock Core Logging 

1.0 Purpose and Scope 
This standard operating procedure (SOP) provides guidance to obtain accurate and consistent descriptions 
of rock characteristics during rock coring operations. The characterization is based on visual examination 
and manual tests, not on laboratory determinations. The logging of rock core samples will be conducted in 
accordance with American Society of Testing and Materials (ASTM) Designation D2113‐06: Standard Practice 
for Rock Core Drilling and Sampling of Rock for Site Investigation. 

2.0 Equipment and Materials 
 Rock core log forms 

 Field logbook 

 Rock core storage boxes 

 Clean plastic sheeting 

 Lined and covered roll‐off container and label 

 Tape measure 

 Folding ruler (Engineer’s scale/divisions in tenths of feet preferred) 

 Munsell Rock‐Color Chart 

 Grain‐Size Chart 

 Hand lens 

 Lumber crayon 

 Camera 

 Spray bottle with potable water 

 Personal protective equipment (PPE) per the Health and Safety Plan (HASP) 

3.0 Procedures and Guidelines  
This section covers procedures that establish a format and approach for describing and classifying lithologic 
data from bedrock cores being logged for geoenvironmental purposes, including instructions for completing 
the CH2M HILL rock core log (attached), and standard penetration test procedures. 

3.1 Instructions for Completing Rock Core Log Form 2113A  
Rock core logs will be completed on the CH2M HILL rock core log. The information collected in the field to 
perform the rock characterization is described below. Field personnel should review completed logs for 
accuracy, clarity, and thoroughness of detail. Refer to the Attachment for an example of a blank rock core 
log. 

3.1.1 Heading Information 
Boring and Sheet Number. Enter the borehole number. If the rock core hole is the continuation of a soil 
boring, the rock core log and the soil boring log must reference the same boring number. Enter the page 
number of the log sheet. All log sheets for a single boring, whether soil boring or rock core logs, are to be 
numbered consecutively. Do not begin a new numbering sequence for rock core logs that follow boring logs.  

Project. Fill in the name of the project.  

Location. Installation name and site number will be indicated in this field. 

Elevation. Survey elevation will be obtained at the conclusion of field activities.  
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Drilling Contractor. Enter name of the company and the city and state where it is based. 

Drilling Method and Equipment. Identify the make and model size of the drill rig used, as well as the core 
barrel size and type, and the drilling methods.  

Orientation. Boreholes will be vertical and should be described as “vertical.” 

Water Level and Date. Enter the depth below ground surface to the apparent water level in the borehole. If 
free water is not encountered during drilling or cannot be detected because of the drilling method, this 
information should be noted. Record date and time of day of each water level measurement.  

Date of Start and Finish. Enter the date(s) and time(s) the borehole was begun and completed.  

Logger. Enter the first initial and full last name. 

3.1.2 Technical Data 
Depth Below Ground Surface. Use a depth scale that is appropriate for the sample spacing and for the 
complexity of subsurface conditions. Use the same scale on all logs, to the extent possible. 

Core Run, Length, and Recovery. A solid horizontal line should be drawn across the log from the Depth 
through the RQD columns(s) at the top and bottom of the run. The depth of the top and bottom of each 
core run should be indicated in tenths of a foot. The core run number and core type should be entered for 
the core run. Core length and recovery should be measured in the field just after the core has been extruded 
from a solid core barrel. Obvious caved material, such as fragments of overburden and rock fragments 
showing the curved cut of the core barrel (half‐moon fragments), should be discarded. 

Rock Quality Designation. Calculate and enter the RQD for each run. The RQD is the ratio of the cumulative 
lengths of core pieces that are 4 inches or more in length (based on native fractures and not mechanical 
breaks associated with the drilling method) to the run length, expressed as a percentage (for example, 
1.8 feet/5.0 feet = 36 percent). Arithmetic for each core run should be shown on the log form. Like core 
length and recovery, RQD must always be measured in the field just after it has been extruded from a solid 
core barrel.  

Fractures Per Foot. Enter the number of fractures per foot of core recovered, up to a maximum of 10. Do 
not include mechanical breaks. For more than 10 fractures per foot, use the notation “>10.” Indicate the 
zones of core loss (if any) in this column with a cross‐hatched symbol. If the zone of core loss is not known, it 
can be shown at the bottom of the run with cross‐hatched marks and question marks at top and bottom 
indicating uncertainty regarding the actual zone of core loss. 

Care must be taken to distinguish between fractures occurring at discontinuities and mechanical breaks that are 
caused by drilling and handling. Mechanical breaks are typically rough and irregular, showing fresh, unstained 
rock surfaces that fit neatly and tightly together. 

Discontinuities Description. The Description column should include a concise description of each fracture or 
set of fractures observed in the rock core. The description should address discontinuity depth, type, 
orientation, roughness, planarity, infilling material, surface staining, and tightness. A discontinuity surface is 
defined as any surface across which some property for a rock mass is discontinuous. This includes fracture 
surfaces, weakness planes, and bedding planes. Complete descriptions of discontinuities are critical. 

Color: Color should be noted using terminology from the Munsell Rock‐Color chart. If a Munsell Rock‐Color 
chart is not available, then a Munsell Soil‐Color chart may be used as a substitute, and should be noted on 
the log. 

Grain Size: Grain size should be estimated by comparing against a standard grain‐size chart. The specific 
grain‐size chart used (Manufacturer and year) should be noted on the log. 

Lithology. A lithological description of each rock type represented in the core samples should be recorded in 
the Lithology column. The depth of each change in rock type (that is, contacts) should be recorded along 
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with a new rock description. The standard sequence of rock descriptions should include rock type, color, 
mineralogy, texture, weathering, hardness, and rock mass characteristics. Generally, the use of formation 
names as part of a description on rock core log sheets is discouraged since the designation of a formation 
name represents an interpretation of geologic conditions and rock core logs are intended to record only 
factual technical data.  

The texture or grain size of a rock should be described, as well as the degree of weathering. Weathering 
includes all secondary alteration processes, including hydrothermal alteration.  

Features observed in the rock core that are characteristics of the rock mass should be recorded (that is, 
bedding or foliation). 

Comments. This column should contain pertinent information not addressed elsewhere on the log form. 
Types of information to record include size and depth of casing; percent of coring fluid return and depth 
intervals where fluid was lost; date, time, and depth to static water level; coring rate (feet per minute) and 
smoothness of coring; depth interval of coring hole conditions; the depth and amount of rod drops; and the 
depth and results of any in situ tests performed in the borehole, or on rock samples recovered from the 
boring. Photoionization detector (PID) readings should be recorded here. PID readings should be collected at 
minimum of 1 reading per 5 feet core run. The reading should be collected on a freshly broken surface of the 
core. 

3.2 Handling and Storage Steps of Rock Core Samples 
1. The core should be extruded from solid core barrels immediately upon recovery of the core barrel. 

2. Any pieces that have been separated should be refit tightly into place, and the full length of the core 
should be marked with a continuous indelible line (use a lumber crayon or magic marker).  

3. On each piece of core 4 inches or longer, an arrow should be marked along the line to indicate the top of 
the piece. The line serves as a reference for orienting the core pieces as they are placed in the box and 
during later handling. As an alternative, two parallel lines of different color could be marked along the 
length of the core, putting one color on the right hand side of the core and the other on the left; as the 
parallel lines are drawn simultaneously, one color would always remain on the right when the top of the 
core is in the “up” position.  

4. After the core is marked, the percent core recovery and RQD must be determined before the core is 
removed from a core tray. Logging of the core should also take place at this time, if possible. This may not be 
possible if the core barrel pieces are needed by the driller for the next run. In this case, core samples can then 
be transferred into a core box for logging. 

5. Place core boxes in the sequence of recovery, with the top of the core placed in the upper left hand corner 
of the box. As each row is filled, core is placed in the next row down, always with the top to the left. Use 
spacer blocks to separate each core. The spacer should be indelibly labeled with the drilling depth to the 
bottom of the core run, regardless of how much core was actually recovered from the run. Spacer blocks 
should also be placed in the core box and labeled appropriately to indicate zones of core loss, if known. 

6. Label core boxes with indelible ink on the left end and on the inside and outside of the lid. The left end 
should be labeled with the boring number and the depth interval for rock that is contained in the box. 
The outside of the lid should include this information as well. The inside of the lid should be labeled with 
the following information shown in tabular form: run number, depth range drilled in run, and percent 
recovery. This information is needed on the core box lid as identification in photographs of the open 
core box. 

7. Number the core boxes for each boring consecutively from the top of the boring to the bottom. Core 
from only one boring is to be placed in a core box unless, for example, only a few feet of core are 
recovered to confirm the depth to sound rock. 
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8. Photograph core boxes whenever rock core is recovered. One core box should be photographed at a 
time. Frame the box lid in the photo to include information printed on the inside of the lid. Include a 
legible scale, such as a ruler, in the photo. Photo quality is highest while the core is fresh and there is 
natural sunlight. Rock types, such as granitic rocks, limestones, and sandstones are more photogenic 
when the core is wet. Use a spray bottle for wetting core except in the cases of core samples that are 
being prepared for Special Care transport per ASTM D 5079.  

4.0 Key Checks 
 Wear proper PPE per the HASP 

 Check entries to the rock core log and field logbook in the field for accuracy. 

 Check that drilling and sampling equipment is decontaminated using the procedures defined in the 
Equipment Decontamination SOP. 
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STANDARD OPERATING PROCEDURE  

Multiport Well Groundwater Sampling 

1.0 Purpose and Scope  
This Standard Operating Procedure (SOP) provides a general guideline for the collection of groundwater 
samples from Westbay and Flexible Liner Underground Technology (FLUTe) multiport wells.  Unlike other 
groundwater purging and sampling methodologies, these sampling systems do not require parameter 
stabilization prior to sampling. 

2.0 Equipment and Materials 
• Water level indicator appropriate for well type 
• Personal protective equipment (PPE) including gloves, footwear and other equipment per the Health 

and Safety Plan (HASP) 
• Paper towels 
• Field logbook 
• Well keys, hand tools 
• Sample bottles 
• Drums or buckets for purged water 
• Flow through cell 
• Water quality meter and turbidimeter 

2.1 Westbay Wells 
• MOSDAX Sampler Probe 
• MOSDAX Automated Groundwater Interface (MAGI) 
• Hand held Controller (HHC) 
• Winch with cable 
• Stainless-steel cylinders with connecting tubes 
• Battery source 
• Counter and tripod 

2.2 FLUTe Wells 
• Compressed gas tank (such as nitrogen) 
• Regulator and apparatus 
• Extra tubing for discharge lines 

3.0 Procedures and Guidelines 
3.1 Westbay Wells 
3.1.1 Westbay Well Configuration 
Sampling is performed using a remotely controlled probe connected to one or more evacuated stainless-
steel sampling cylinders. The probe is lowered to the depth of the monitoring interval to be sampled. Once 
the probe has been lowered to the appropriate depth of the desired sampling port, the probe’s location arm 
is activated to allow proper positioning of the probe relative to the targeted sampling port. After the probe 
is seated firmly at the desired port, a mechanical foot is deployed to press and seal the probe’s sampling 
valve against the sampling port. Water residing outside of the Westbay casing then flows into the sampling 
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cylinder. The probe is retrieved to the surface and the sample is transferred to the appropriate sampling 
containers.  

3.1.2 Westbay Well Groundwater Sampling 
The Westbay sampling procedures are outlined below.  

Surface Checks  

1. Remove the MOSDAX Sampler from its storage case. Inspect the probe housing and body for damage 

2. During winter months, if the MOSDAX Sampler was shipped to the site, verify that the freezing indicator 
(aka, Cold Snap) inside the case containing the sampler is not red (see photos and captions below for 
instructions).  This is check is needed due to the presence of a temperature-sensitive pressure 
transducer inside the sampler. 

  
Cold Snap when sampler has not been exposed to 
freezing temperatures.  This is how the sampler 
should be received. 

Cold Snap when sampler has been exposed to 
freezing temperatures.  Turn on the MOSDAX 
sampler and check that it is reading atmospheric 
pressure correctly prior to use.  If it is not correctly 
reading atmospheric pressure at the site, notify 
the CH2M FTL and contact vendor that shipped 
the sampler. 

 

3. Assemble the tripod and counter over the well. Run the cable over the counter. 

4. Connect the probe to the cable. Before attaching, inspect the O-ring at the top of the probe for wear 
and lubricate if necessary. The O-ring should be clean and intact. Tighten the nut by hand only. 

5. Connect the 2-pin cable from the MAGI to the cable reel. With the MAGI off, connect the 3-pin cable 
from the MAGI to the power supply. 

6. Connect the 9-pin cable from the HHC to the MAGI and turn the MAGI on. 

7. MOSDAX Sampler Checks—perform the following surface checks to ensure that the sampler and the 
location arm and the shoe mechanisms are operating normally: 

a. Turn on the sampler and verify that the sampler is showing the correct atmospheric pressure at the 
site.  If not, notify the CH2M FTL and contact the vendor who shipped the sampler. 

b. Release the location arm. The location arm should extend smoothly. The number of revolutions used 
to release the location arm is displayed and should be 15 to 16 revolutions. If a smaller number of 
revolutions is reported, retract the arm and repeat. 
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c. Place the probe in a piece of Westbay casing or coupling. 

d. Activate the shoe. The shoe should extend and hold the probe firmly in the coupling or casing. The 
display should indicate 16 to 19 revolutions. A reading of 23 revolutions indicates the probe is 
activated in open air. 

e. Retract the backing shoe. 

7. Check that the face plate for sampling and the plastic plunger are installed on the sampler. Once steps 1 
through 7 are complete the probe is ready to be lowered down the Westbay casing.  

8. Attach the stainless-steel sample cylinders. Depending on the sample volume to be collected, the 
sample cylinders can be connected in series; each has a volume capacity of 250 milliliters.  

9. Locate the supplied vacuum coupling and attach it to the top of the Westbay casing. 

10. Release the location arm. Insert the probe in the vacuum coupling until it locks into the helical groove. 

11. Deploy the shoe. 

12. Close the sampler valve. The motor should run for about 5 seconds. The display should indicate one 
revolution. 

13. Use the vacuum pump to apply a vacuum through the vacuum coupling. The vacuum should remain 
constant. If the vacuum is not maintained, inspect for leaks at the face seal of the probe, the connection 
to the pump, and the probe sampling valve.  

14. Once a vacuum has been maintained, open the sampler valve. Apply a vacuum again to check that 
connections are sealed. 

15. Close the sampler valve. A vacuum has now been applied to the steel sample cylinders. 

16. Retract the shoe.  

Sampling 

1. At the beginning of each day of sampling a well containing the Westbay sampling system, using the 
MOSDAX sampler, record the ambient atmospheric pressure at the top of the Westbay casing. 

2. Check to make sure the head inside the Westbay casing is lower than the head outside the 
measurement port to be sampled; this step will ensure that water will flow in to the casing from the 
formation and not vice versa: 

a) Lower a water-level indicator to measure and record the water level inside the Westbay Casing.  
Verify that this is at least 10 feet above the shallowest port in the Westbay sampling system.  Add 
potable water if necessary. 

b) Lower the MOSDAX sampler to the measurement port to be sampled.  Do NOT open the port.  Using 
the MOSDAX sampler, measure and record the pressure reading inside the Westbay well at the 
sampling port.  Confirm that this pressure is greater than the head outside of the measurement 
port. 

3. With the location arm retracted, lower the probe into the Westbay casing until it is immediately below 
the lowest measurement port coupling to be sampled. The Collar Detect Command function on the 
MAGI is used to detect the magnetic collars installed on the Westbay casing. As the MOSDAX lowers 
past one of the collars, a beep can be heard from the MAGI. If desired, the Collar Detect Command can 
be cancelled by pressing key on the HHC.  NOTE:  Not all measurement ports to be sampled will have a 
magnetic collar; in this case, use the cable counter readout and magnetic beeps of shallower ports to 
verify the depth of the sampler. 

4. Release the location arm. The display should update and beep after the arm is released. 
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5. Raise the probe about 0.5 meter (1.5 feet) above this measurement port. If the probe is accidentally 
lifted above the next higher coupling it will be necessary to retract the location arm and lower the probe 
to below the measurement port and release the arm. 

6. Lower the probe gently until the location arm rests in the measurement port. 

7. Record the pressure reading. 

8. Activate the probe and record the formation pressure. 

9. Open the sampler valve. The pressure should drop and then slowly increase as the steel sample 
cylinders fill. When the pressure in the cylinders equals the zone pressure measured during Step 8, the 
cylinders are full. Wait a maximum of two minutes per sample cylinder even if the pressures are not 
equal. 

10. Close the sampler valve and retract the shoe. 

11. Record the pressure reading. A reading the same as that measured in Step 7 indicates that the sample is 
properly sealed and contained. 

12. Reel the sampler to the surface and remove it from the Westbay casing.  

13. Do not open the sampler valve as damage to the probe or injury to the operator could occur.  

14. Remove the cap from the bottom sample cylinder and open the valve to release the pressure and to 
transfer the sample to the appropriate packaging containers. 

15. Open the sampler valve to allow the sample to flow from the cylinders. Once the pressure in the 
sampler and cylinders has decreased to atmospheric, the cylinders may be disconnected to speed the 
process. 

16. Take particular care in handling pressurized samples.  It is recommended that the pressure is released 
from the MOSDAX sampler into a non-Volatile Organic Analysis (VOA) sample bottle (preferably TDS, 
anions, alkalinity).  Once the groundwater inside the sampler is no longer under pressure, start filling the 
VOAs for volatile organic compounds (VOCs), total petroleum hydrocarbons as gasoline (TPH-GRO), 
and/or carbon specific isotope analysis (CSIA) analyses to minimize volatization/aeration of the samples.  

17. At the end of each day of sampling, decontaminate all sampling equipment that has been in contact 
with groundwater.  Also, be sure to store the MOSDAX sampler in a temperature-controlled location.  
Do not store the sampling in a location that may be subject to freezing temperatures; this may 
damage the transducer inside the sampler. 

3.2 FLUTe Wells 
3.2.1 FLUTe Well Configuration 
The water flows from the formation into the spacer, through the port, into the tube, which lies on the inside 
surface of the liner. The water flows from the port via the tube to the bottom of the hole, and then upward 
through a steel check valve into the "U" shaped tube. The water rises in both legs of the U tube. In the larger 
(1/2-inch inside diameter [ID]) tube, the water level can be tagged from the surface. A gas pressure is 
applied from a regulated nitrogen bottle to the large tube to drive the sample water through the second 
check valve to the surface. After purging the tubing, the sample water does not contact the drive gas. By 
driving the water with a sufficient gas pressure (the “recommended purge pressure”) to drive all of the 
water in the pump tube and the sample tube to the surface, the water in the pump tubing is nearly all 
expelled. The purge stroke is complete when gas is expelled from the sample tube following the water flow.  

The sampling flow is best driven on the fourth (or fifth) cycle by a “recommended sampling pressure,” which 
is less than that needed to drive gas through the bottom of the pump tube. The pressure recommended is 
that which will drive the water to near, but not out of, the bottom of the large tube. That recommended 
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pressure, “the sampling pressure,” is calculated in the spreadsheet provided with each system from the 
vendor. The pressure regulator is set to the sample pressure, which is lower than the purge pressure. 
Opening the three-way valve will then apply the sample pressure to the system, causing flow from the 
sample tube. The analytical sample bottles can then be filled with groundwater, using the methods 
mentioned previously in this section. After the bottles are filled, a final cycle is completed at the 
recommended purge pressure to remove water from the sampling lines as a precaution for potential 
damage from freezing and to be able to measure a representative head value after the formation water 
naturally fills the sampling tubes. 

3.2.2 FLUTe Well Groundwater Sampling 
The FLUTe sampling procedures generated by the vendor (http://www.flut.com/about.htm) are summarized 
below: 

1. Check the water levels within each port and check the water level inside the liner, and add potable 
water, if necessary. Record all water levels in the field logbook. Water levels should be measured 
according to the Manual Water Level Measurements SOP. 

2. Connect the gas driver source to the gas drive tube for the port. 

3. Set the regulator to the recommended purge pressure.  

4. Expel the tube water at the suggested purge pressure. Record the purged water volume for verification 
of a good purge. Note the water flow time of the purge stroke. Repeat for each port.  Note:  If indicated 
as such on the FLUTe sampling form, all ports can be purged simultaneously. 

5. Allow the tubing to refill. Repeat the purge (this will be the second stroke). Collect the purge volume to 
ensure that the amount removed is at least the “port tube volume.” Minimum allowed recharge time 
between each stroke is such that allows all individual ports produce at least 75% of the volume 
generated by the first stroke in their respective port. 

• For a single port, if two consecutive subsequent purge strokes after the first stroke each produces 
≤50% of the volume of water than in the first stroke, please contact the CH2M FTL, STC, and/or QM 
to discuss whether or not a purge stroke (or two) will need to or can be skipped for that port to 
increase the amount of time for recharge between strokes (this will ensure that there will be 
sufficient volume at time of sampling either for all or some of the required analyses). 

6. Purge a third and fourth stroke.   

• Discuss with the CH2M FTL, STC, and/or QM if there is insufficient time to complete all strokes and 
collect the groundwater samples that day. 

• A possible solution (if approved by the CH2M FTL, STC, and/or QM) is to allow the ports to recharge 
overnight after the 4th stroke and collect the samples the next day (as long as it is <24 hours of the 
start of the 4th stroke). 

7. Allow the tubing to refill for the sample stroke (fifth stroke). 

8. Reduce the driving pressure to the “sampling pressure.”  

9. Reduce the pressure, if needed, to slow the flow and collect the samples and water quality parameters.  
Note the following: 

• Multiple strokes may be needed to fill all sample bottles for chemical analysis; this is allowed. 

• Do not collect VOC samples during the first ~250 mL (this is the minimum recommended discard 
volume recorded on the FLUTe Sampling Parameter form included in the field instructions and varies 
from port to port and well to well); this volume can instead be collected either in the Horiba cup, or 

http://www.flut.com/about.htm
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in the sample bottle for TDS, alkalinity, or anions (this will decrease the need for an additional stroke 
to complete the sampling).  If the FLUTe Sampling Parameter form is not available, contact the 
CH2M FTL for a copy of this form. 

• Do NOT use the Horiba U-50 series flow-through cell (it is not rated for pressures exceeding 35 psi).  
Instead, fill the measuring cup provided with the Horiba with a grab sample of the groundwater 
from the discharge tubing.  Record that a flow-through cell was not used and how the water quality 
parameters were measured. 

• Do not fill the Horiba cup at the end of a sampling stroke; this will prevent the collection of sample 
water with air bubbles.  Allow the dissolved oxygen (DO) to stabilize prior to measuring this 
parameter.  Note: ambient DO is 8-9 mg/L; if DO is in this range or higher, check that the Horiba cup 
is full. 

10. Continue the final purge of the water out of the sampling line by raising the driving pressure to the 
purge pressure value. Repeat with each port.  

11. When the sampling system has refilled, tag the water level, if desired, or the current water table. If a 
port system is refilling slowly, tag it at a later time. 

3.3 Well Demobilization 
Prior to departure from a well, be sure to secure the well as follows: 

• If at a well containing the Westbay Sampling system, record the ambient atmospheric pressure at 
the top of the Westbay casing using the MOSDAX sampler. 

• Lock the well cap or lid.  If a lock is missing or is difficult to operate, document this on the 
appropriate field form(s) and notify the CH2M FTL immediately so a replacement lock can be used to 
lock the well. 

• Secure all bolts, if present, on a well vault lid prior to departure.  If there is(are) bolt(s) missing, 
document this on the appropriate field form(s) and notify the CH2M FTL immediately. 

4.0 Key Checks and Items 
• Wear appropriate PPE per HASP.  

• Decontaminate tools between samples (Westbay system). 

• Collect volatiles sample first, then semi-volatiles. Then collect the remaining analyte groups, if any 
remaining.  

• All purge and decontamination liquids generated during sampling will be containerized and handled as 
outlined in the Waste Management Plan.  
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A P P E N D I X  D  
T E C H N I C A L  M E M O R A N D U M   
 

Field Instructions: Depth-discrete Groundwater Sampling and 
Hydraulic Pressure Testing  
PREPARED FOR: CH2M HILL, Inc. (CH2M) Field Staff  

PREPARED BY: Mark Twede/RDD 

DATE: August 12, 2019 

 

This technical memorandum documents additions to the Packer Testing Standard Operating Procedure 
(SOP) included in Appendix C. All SOPs referenced in the technical memorandum are included in Appendix C 
of the work plan. It outlines groundwater sampling procedures and modifications to the packer testing 
protocols.  

The depth-discrete groundwater sampling and hydraulic packer testing will occur in the same borehole 
intervals. Target intervals and testing water pressures will be determined by the CH2M subject matter expert 
(SME) and senior technical consultants (STCs), in coordination with National Aeronautics and Space 
Administration and the California Department of Toxic Substances Control. The team will use information 
from the lithologic data and geophysical logging at each well location.  

Considerations for groundwater sampling and hydraulic packer testing intervals include: 

• Borehole side wall integrity (Smooth side walls are needed for packer fit. Straddle packers need to be 
inflated to manufacturer specifications for depth of packer test interval.) 

• Open borehole, saturated areas with fracture and flow evidence or elevated rock core photoionization 
detector readings (if made) 

All potential deviations from the depth-discrete sampling and hydraulic packer testing plan should be 
discussed first with the SME and STCs. Additional information about hydraulic packer testing and depth-
discrete groundwater sampling is provided in the following sections. 

Depth-Discrete Groundwater Sampling  
Packers for depth-discrete groundwater sampling will be placed by the subcontractor at the agreed-upon 
intervals with appropriate packer inflation pressures specified by the SME and STCs. The purpose of the 
sampling is to obtain profiles of chemicals of concern and water quality in each borehole with depth to assist 
with final borehole depth determinations and pump placement. 

Field staff should pay special attention to ensure that the packer assembly is installed correctly and should 
check the following: 

• Packers are in good condition and are the appropriate diameter for the borehole. Packers used at each 
well or borehole should be the correct size for the diameter of the well or borehole. Check manufacturer 
specifications to ensure that the inflated packer is sufficient diameter to seal off the borehole or well.  

• Leak testing on packers and associated gas lines are performed prior to using them downhole. Do not 
overinflate; see manufactures recommendation.  

• Manufacturer recommended air pressures are used. This is determined by obtaining the serial number 
on the packer and then checking the manufacturer’s website. The packer size will vary by well, 
depending on the open borehole diameter. The inflation pressures required to attain an adequate seal 
will vary depending on packer size and depth of interval tested. DO NOT exceed the pressure rating for 



APPENDIX D, FIELD INSTRUCTIONS: DEPTH-DISCRETE GROUNDWATER SAMPLING AND HYDRAULIC PRESSURE TESTING 

D-2 GES0911191725MGM 

the supply airline and ensure all fittings are secure. Use the calculated packer pressure that will be 
provided by the SME. 

• A copy of the calibration certificate will need to be provided for the packer inflation pressure gauge. 
Ensure that the pump for sampling is appropriate in size and strength for sampling with the packer 
assembly. Communication with the drilling company prior to mobilization will be required to ensure that 
the pump for sampling will work with the packer testing assembly and range of depths to be tested.  

Discrete water samples will be collected prior to each hydraulic packer test (to avoid bias from injected 
potable water), as follows: 

• If vadose zone seeps are identified in the borehole after geophysical logging, grab samples of the water 
above a packer interval will be collected using a bailer or volatile organic compound (VOC)-compatible 
pump. If practical, the packer should be allowed to sit overnight and the water sample from above the 
packer collected the next day. Otherwise, allow the packer to sit for as long as feasible before the 
collecting the sample. If volume is limited, samples should be collected in the following priority: VOCs, 
1,4-dioxane, and n-nitrosodimethylamine. Minimum volumes (to be specified by the laboratory) can be 
collected if needed. 

• Pneumatic compression pumps (such as Blatypus Mini), Bladder pumps or Waterra pumps should be 
used for sample collection. Note: The sample pump must fit within the rod diameter and be able to lift 
groundwater from the anticipated depths. 

• Rods and packer assembly should not have an inner diameter greater than 1.5 inches. The smallest 
available equipment should be used. 

• Samples will be collected using low-flow sampling techniques and be based on field parameter 
stabilization. Sampling will occur when field parameters are stabilized. Low flow individual parameter 
stabilization will be determined by three consecutive stable parameters and will be in accordance with 
the Low-Flow Purge and Groundwater Sampling SOP (±0.1 standard unit pH, ±3% conductivity, 
±10 millivolts oxidation-reduction potential, ±0.3 milligram per liter dissolved oxygen [DO], and less than 
or equal to 10 nephelometric turbidity units or ±10% turbidity). Parameters will be recorded when the 
volume of the flow-through cell or over-flow bucket is exchanged. When using pneumatic compression 
pumps or bladder pumps, field staff should be sure to account for the pump cycle time (combined 
recharge and discharge time). For example, if the pump cycle is 5 minutes and 500 milliliters (mL) are 
discharged every cycle and the volume of the flow-through cell is 400 mL, then parameters will be 
recorded every 5 minutes. The water quality meter should be calibrated daily following the Equipment 
Calibration Procedures SOP (Appendix C). 

- Potable water is used in each interval as part of the follow-on hydraulic packer testing work 
(described in the following section). Groundwater sampling should be completed in each borehole 
before beginning the injection testing. However, if  samples are collected after the packer testing is 
initiated, every effort should be made during analytical sampling to ensure that native aquifer water 
is being sampled, not the potable water from the previous interval. In the case of suspected 
interconnectivity between intervals, do not follow with hydraulic packer testing. Contact the SME or 
STCs prior to beginning work, collection of all depth-discrete groundwater sample intervals before 
hydraulic testing may be advised.  

• Measure and record the depth-to-water levels above the packer assembly during purging and sampling. 
Record water levels above the packer at the same frequency that water levels are recorded from the 
interval being sampled. This will require two water level indicators, to avoid cross-contamination. 

• After purging, groundwater samples will be collected for the analytes listed in the work plan. If water 
volume is an issue, contact the project chemist to obtain minimum volumes required by the laboratory.  
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• Sample labeling should follow the project Quality Assurance Project Plan (QAPP) addendum 
(NASA, 2015) (Appendix B).  

• Sample handling and shipping should follow the Packaging and Shipping Procedures SOP and Chain-of-
Custody Procedures SOP (Appendix C). 

• Field notes should follow the Documentation and Records SOP and staff should use an appropriate 
groundwater sampling field form (Appendix C).  

• Liquid investigation derived waste will be purged into poly totes as part of the sampling effort and 
properly handled and disposed offsite following the Waste Management Plan (CH2M, 2014). 
Nondedicated equipment should be decontaminated between sample locations following the 
Equipment Decontamination SOP (Appendix C). 

Hydraulic Pressure Testing 
The purpose of the hydraulic packer testing is to obtain bedrock and aquifer properties that will assist in 
evaluating groundwater flow zones, groundwater flow characteristics, secondary porosity, and permeability 
characteristics, and to assist with well and aquifer test designs.  

Hydraulic packer testing (by injection) will be performed by the subcontractor and will follow the Packer 
Testing SOP (Appendix C), with modifications specified in these field instructions. COLOG, Inc. (COLOG) the 
chosen field subcontractor for the ND-138 packer testing work, will perform the hydraulic pressure testing 
using pressure transducers down the hole rather than measuring pressure at the ground surface. This 
method will eliminate the need for head loss testing and allow testing to be performed at lower pressures 
because the injection water can be maintained at a level below the ground surface. 

Equipment Needs and Checks 
Equipment that needs to be checked for pressure ratings and/or calibrated for water pressures and packer 
inflation pressures includes the following: 

• Rods 

• Straddle pipe 

• Packers 

• Pressure lines/hoses 

• Pressure gauges 

• Regulators 

• Valves 

• Pumps 

• Water hoses/lines 

Equipment Specifications should be within the following limits:  

• The pressure gauge for water pressure will need to read 0 to at least 100 pounds per square inch (psi). 

• The pressure gauge for packer inflation will need to read higher than the maximum pressure required by 
the manufacturer for the specific serial number of packer to be used for a 1,500-feet-deep test interval.  

• Flow meters will need to read tenths of a gallon to at least 1,000 gallons.  

• The water reserve tank for hydraulic testing should be 3,000 gallons. 

• Rods and packer assembly should not have an inner diameter less than 1 inch. 

• The pump for hydraulic testing should be a 5- to 10-horsepower centrifugal or Moyno type pump (Refer 
to the Packer Testing SOP in Appendix C for further details on types of pumps that are not sufficient for 
packer testing).  
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Original Testing Procedures 
Field staff should pay special attention to the following for packer testing oversight: 

• Manufacturer-recommended packer inflation pressures are to be used. This is determined by obtaining 
the serial number on the packer and then checking the manufacturer’s website or the owner’s manual 
for the packer. This may include calculating the inflation pressure from guidance provided by the 
manufacturer. Every packer has specific guidance from the individual manufacturer, as the packers vary 
in their design and material types. Therefore, each packer will have different recommended inflation 
pressures. Also, different depths for the same packer will have different pressures required to attain a 
seal. The packer inflation pressure is driven by the maximum water pressure for each interval. Packer 
inflation pressure must exceed the maximum water pressure for the interval by the amount required by 
the manufacturer to ensure that the packer retains a seal during hydraulic testing. Field staff should be 
sure to use the appropriately rated materials for the testing and pressures that must be attained. Check 
pressure ratings for the packers and all associated lines and tanks. Use pressure gauges that are 
adequate for gauging the pressures that must be attained during testing. For inflation pressures greater 
than 500 psi, consider use of water to inflate the packers, as the risk of bursting a packer increases at 
higher pressures. Confer with the driller on whether water inflation should be used. If gas pressure is 
used, wear hearing protection at all times, and stay at least 30 feet from the open well or boring when 
initially pressurizing packers. Allow sufficient time for the packers to fully inflate before starting test. 
When approaching the well or boring to make measurements after the packers are fully inflated and the 
test is underway, wear a face shield in addition to hearing protection to protect against water or debris 
discharging from the open borehole in the event that the packers burst. Coordinate with the SME for 
calculated packer pressure once well data has been obtained.  

• Packers used at each well or borehole should be the correct size for the diameter of the well or 
borehole. Check manufacturer specifications to ensure that the inflated packer is of sufficient diameter 
to seal off the borehole or well at the specified depths for testing at that specific borehole or well. The 
packer assembly should be tested for leaks when the packers first arrive on site, and anytime that a leak 
is suspected thereafter during project work. Test as follows: 

- QSP Packers – Pressurize packer assembly to unconfined pressure on ground surface, turn off supply 
pressure, and spray assembly with a liquinox solution to monitor for bubbles; monitor gauge 
pressure for minimum 5 minutes to verify assembly is holding pressure. 

- Baski Packers – Where the manufacturer does not recommend pressurizing packers unconfined, 
pressure test individual packers at top of casing with water over top of packers to monitor for 
bubbles.  

• Copies of calibration certificates will need to be provided and filed for the flow meter and pressure 
gauges (pressure gauges are required for packer inflation assembly and for water pressure on the packer 
assembly).  

• A test of the flow meter should be conducted prior to packer testing for the day. Set up the pipe 
manifold with flow meter(s), pressure gauge, and valves as they will be used during testing, and connect 
to water source. Turn pump on, or allow flow by gravity, and flow water through the pipe manifold into 
a known volume (graduated 5-gallon bucket). The flow meter should show that the measured volume is 
the same as the measured total flow, within 5%. Record in field records. 

• Ensure that the pump for hydraulic testing is appropriate in size and strength for testing with the packer 
assembly. Combustible engine pumps cannot be used. The pump should maintain a stable pressure and 
not fluctuate or “bounce.” 

• Verify with the driller that a friction head loss and maximum pump capacity test has been performed for 
the equipment being used. Notify the SME if new equipment is being used that has not been tested. The 
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friction head loss test does not need to precede the hydraulic pressure injection testing performed in 
the wells; it just needs to be performed prior to reducing the field data. This test is performed by 
running the pump at various flows, up to the full speed of the pump, through the flow monitoring 
manifold and packer assembly to record the pressure at the manifold for the various flows through the 
system. This test is only performed once for each test assembly used by the contractor and must be run 
by CH2M staff that has previous experience performing a friction head loss test in the field. The head 
loss test should proceed as follows: 

- Set up manifold, at least 80 feet of pipe, and minimum length of perforated pipe that will be used in 
the testing, horizontally on the ground at the Storable Propellant Area. 

- Run approximate flows of 20, 40, and 50 gallons per minute (gpm) through the system, recording 
the gauge pressure at the manifold. If using a totalizer, run flow until steady pressure of 10 psi is 
registered and measure flow for 1 minute; then increase flow to get a steady pressure of 15 psi, and 
record flow for 1 minute. Continue increasing flow/pressure until a measurement of 50 gpm is 
achieved. 

- Run the same test as in the bullet point above, but with only the manifold and the perforated pipe 
section. These tests can be performed in reverse order. 

• The diameter of packer testing rods and pump size should be considered. Smaller diameter (that is, 
1-inch pipes) will not allow high flows (that is, greater than 30 gpm) because the friction losses become 
too large. Also, in highly fractured zones, a high-flow capacity pump will be required. The system 
components need to be approved by the SME and STCs prior to work.  

• Ensure a water-tight seal between packer assembly and all rods above and below ground (Teflon tape 
on threading, and secure fittings). 

• Purge air from the pipes prior to start of testing, following these steps:  

- For pipes with less than 2-inch diameters, run sufficient water (at least 5 gallons per 100 feet of 
1-inch pipe) through pipes by gravity or with pump, turn off pump, shut valves to keep pipes full of 
water, and pressurize packers to seal test zone.  

- For 2-inch or larger pipe diameters, packers may be pressurized, then fill pipes slowly and allow air 
to bleed off as the pipes fill. 

• Prior to start of each day of testing, check for flow meter function. The flow meter should have 
measured some flow to fill the rods. If it does not, the flow meter is not working and the test is invalid. If 
the flow meter moves during initial startup and then there is no movement, this means that the 
hydraulic conductivity is too small to measure and is effectively less than 1x10-7 centimeter per second. 

• During hydraulic packer tests, water levels above the top packer should be monitored for indication of 
interconnectivity between packered intervals, or leakage around the packers between the packer and 
borehole walls. Remember to wear ear plugs and face shield when working around the open boring.  

- Water levels rising outside the packered interval may be an indication of interconnectivity or 
leakage. If water levels are rising above the packers, then increase the packer inflation pressure by 
20 psi and continue measuring injection flow rate and the water level. If the flow continues at the 
same rate and water levels continue to rise, then the rise in water level is likely due to 
interconnectivity of the fractures and the test should continue as planned until completion or until 
the water rises into unperforated casing.  

- If after increasing the packer pressure by 20 psi the water is still rising but the injection flow rate has 
decreased, there is likely flow around the contact of the packer with the borehole wall, and it may 
not be possible to attain a seal. Continue the test as planned, or until the water rises to the bottom 
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of the well casing. Remember to stay 30 feet away from the well or boring when the packer pressure 
is increased. 

- Do not allow water levels to rise above the bottom of the well casing (refer to Table 2 in the work 
plan). If water rises to the bottom of the casing, terminate the test, deflate the packers, and move to 
the next packer test depth interval. Prior to inflating the packers at the new depth interval, allow for 
the water levels to return to 90% of static water level or one hour, whichever comes first.  

- If there is an indication that field conditions have changed contact an STC to determine whether the 
packer interval should be adjusted, or whether the test zone should be skipped for testing entirely. 
If no field conditions have changed except the water levels outside the packers, the test interval 
depth should not be altered.  

• A CH2M field team member will record water pressures, packer pressure, and flow volume from the 
meter readings. Field forms are included in the SOPs in Appendix C. Flow meter readings will be 
recorded each minute for not less than 5 minutes at each pressure interval. Readings must be 
consistently the same for at least 3 minutes before changing pressures to the next setting (that is, 3 gpm 
for 3 minutes, or calculated gpm within accuracy listed in the bullet point below). Take into account the 
manufacturers specifications for the accuracy of the test instruments. Refer to the Packer Test SOP in 
Appendix C for further guidance. 

- When using a digital flow meter, make sure to set the reading on total flow rather than flow rate. 
The flow rate should be calculated from the volume readings to evaluate whether the flow rate is 
stable before proceeding to the next pressure step. If both mechanical and digital meters are used, 
record the flow volume on the mechanical meter at the start and end of the pressure step to have 
as a backup measurement of the total flow.  

- Record either the clock time (hh:mm:ss) or the elapsed time to the nearest second from the start of 
testing for each flow volume measurement. 

- The stability of measured flow should be within ±2%, or within 0.02 gpm at a low-flow rate between 
the last three flow volume readings. Continue the test up to a maximum of 15 minutes of stable 
flow. If a trend in the measured flow volume per minute is observed either up or down, continue to 
test up to a total of 20 minutes, or until flow rate stabilizes. 

- Packer testing intervals and pressures will be specified by the SME and STCs. Three water pressures 
are needed for each interval based on depth. In cases where the static water level is greater than 
10 feet different than what is assumed by the SME, make sure to work with the SME to update 
pressures prior to the start of testing. The listed pressure intervals are target values, and the test 
may be run within 5 psi of the target test pressure, if needed. For example, where 5 psi is the initial 
starting pressure, the first pressure interval can be run under elevation head only (0 psi at gauge, 
pump off) if the height to water in the supply tank can be measured, or at 10 psi if the gauge 
minimum reading is 10 psi on the dial. If the maximum pressure specified by the SME cannot be 
attained on the third step of the pressure sequence, continue test with the actual maximum 
pressure attained as the third step. 

- Where zero flow is recorded at the initial pressure and the leak detection indicator does not move, 
the test may be immediately terminated (no minimum time required). If the leak detection indicator 
on the meter is moving, continue the test through the specified pressure steps. Where zero flow 
volume is observed at a specified pressure, the test at that pressure can be immediately terminated, 
do not run the test for the minimum test time.  

- In the event that an abnormal change in flow character occurs during the test (such as sudden 
pressure loss), note the occurrence on the field data sheet, and contact the SME for possible 
adjustment to the field procedure.  
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• Packer testing will start at the bottom of each well and continue upwards at specified intervals until the 
specified packer test intervals have been tested.  

• Nondedicated equipment should be decontaminated between wells following the Equipment 
Decontamination SOP in Appendix C.  

Modified Testing with Transducers 
Background 

The injection water pressure, or head, between the packers in the hydraulic injection test is equal to the 
hydrostatic head of water above the test zone. The height of the water column in the riser pipe above the 
packed-off zone is controlled by varying the flow rate injected by a pump to match the flow into the bedrock 
formation to result in a constant head test. The water pressure in the test zone must be measured with a 
transducer placed inside the test zone because the water is not continuous up to the ground surface. It is 
helpful to also place transducers above and below the test zone in order to check for leakage around the 
packers and for connectivity between the interior and exterior of the test zone. 

Additional Equipment Required 

• Pressure transducers with associated readouts  

Modified Procedures 

• Test is performed identical to the Original Procedures detailed previously, with the following variations:  

- After inflating the packers, monitor the water pressure within the test zone until the pressure 
reaches equilibrium with the ambient water level. Record on the field sheet the initial static 
transducer-measured pressures above, inside, and below the sealed test zone. 

- The test pressures specified by the SME will be relative to the ambient water head or pressure 
within the test zone prior to injection testing. A specified pressure of 40 psi means 40 psi above the 
stabilized ambient water head. The 40-psi pressure increase will be obtained by increasing the 
height of water in the injection pipe by approximately 93 feet, and maintaining the constant head 
using a pump to inject water into the down-hole pipe. 

- The pressure readings above, in, and below the test zone will be recorded electronically by COLOG. 
As a backup, pressures must also be recorded manually on the field sheet approximately every 
minute during the test to verify a steady pressure is being maintained. It is important to manually 
record the flow volume within 1 second of the recorded times at 1-minute intervals, but the 
pressures may be recorded as soon as possible following the flow volume measurements.  

Responding to Test Performance Issues 

Low Flow  

In a tight rock formation, the rate of flow into the formation may be slow and the pipe to the packed zone 
will quickly fill with water. After reaching the initial specified pressure step, continue monitoring pressure 
over a period of 5 minutes, and continue adding small amounts of water to maintain the pressure while 
recording the time when specific water volumes were added. In the case where no additional water is 
required to maintain a specified pressure over a period of 2 minutes, the test may be terminated for that 
zone.  

The initial pressure step may be inadvertently exceeded during initial filling of the pipe. If this occurs, the 
test may be performed at the actual pressure induced from the water column if the pressure does not drop 
within 1 minute). There is no need to reduce the pressure to the specified initial pressure step where very 
low flow is observed. Continue the test at additional steps up to the maximum pressure where measurable 
flow is observed. 
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Manually verify that the pressure drops quickly after the packers are deflated and the water level falls inside 
the pipe as a check that flow is not being impeded by other factors. Record this step in the comments 
column of the field data sheet and note any deviations from the expected pressure and water level 
responses. 

High Flow 

In an open fracture rock formation, there may be too much flow into the formation to build up to the 
maximum specified pressure. In this case, perform the injection test at as many intermediate specified 
pressure steps as possible until pumping at the highest flow possible, then step back down in pressure from 
the maximum pressure. For example, if the specified pressures are 10, 25, and 40 psi, and the test is 
performed at 10 psi, 25 psi, but 30 psi is the largest pressure that can be maintained with the pump flowing 
at full capacity (which should be around 40 gpm), perform the third step at 30 psi, then step back down to 
25 and 10 psi.  

For a case where the inflow is at the maximum capacity of the pump (approximately 40 gpm) and the 
pressure is less than the specified initial pressure step increase, then perform the test for a minimum of 
5 minutes, recording the flow volume and transducer pressure as in a regular test, but in this case there is 
no need to perform additional steps after the first step is complete.  

Modified Testing Procedure with Pump Off: 
Background 

Performing the hydraulic pressure test without a pump is an alternative method to achieve a low water 
pressure. This alternative replaces only the low-pressure step (first and last pressure test in the five pressure 
series) in the Original Testing Procedures described previously.  

The alternative method is only necessary when the lowest pressure step prescribed by the SME for the 
packer testing is less than the measuring capability of the test system being used by the contractor, because 
either the pressure gauge does not register low enough pressures, or the head from the pump is too large 
even with the bypass valve fully open. The water pressure, or head, between the packers in the hydraulic 
injection test is equal to the hydrostatic elevation head (the elevation difference between the test interval 
and the pressure gauge) plus the pressure head added by the pump. For the alternative method without the 
pump, the head between the packers is equal to the hydrostatic elevation head only, or the difference 
between the test interval and the water level in the source tank. The test is run normally except that the 
pump is not used, and the elevation of the water level in the source tank must be measured.  

Additional Equipment Required 

• Clear water hosing (manometer line) to measure water level in the source tank 

Modified Procedure 

• Prepare for the hydrostatic test by plumbing the manometer line to the manifold. This can be achieved 
either through a dedicated air bleed valve or by unscrewing the pressure gauge and attaching the 
manometer line and ball valve there. 

• Attach the manometer line somewhere on the drill rig so that the manometer tubing extends above the 
level of water in the supply truck or tank. The manifold should be set up below the level of the expected 
minimum water level during the test so that the water does not fall below the manometer line. 

• Close the valves attached to the manometer and the bypass lines prior to flushing air from the pipes. 
Flush air from the pipes and inflate packers in accordance with the regular hydraulic pressure test field 
instructions.  
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• Once the packers have been inflated and all air has been flushed from the system, open the main valve 
of the manifold. Then open the valve attached to the manometer line and check that the rise in water 
within the manometer line matches the estimated water elevation in the truck or tank. Do not open the 
bypass valve.  

• Record the height of water in the manometer line as feet above the pressure gauge port at the start and 
end of the test period of measured flow without the pump. Include the units “ft” with the recorded 
values. Record the measured height in the column titled “Gauge Pressure” on the packer test log sheet. 
Be sure to note on the log sheet comments that this step is an injection test without the pump.  

• Measure flow in accordance with the Original Testing Procedures described previously. 

• After stabilized flow readings for the minimum test duration is achieved, prepare for hydraulic pressure 
testing with the pump by ensuring the pressure gauge is reattached to the manifold. If a dedicated air 
valve was used to connect the manometer line, be sure to shut the valve prior to testing performed with 
the pump. After packer testing at the higher-pressure intervals with the pump, the test will be run again 
under hydrostatic pressure without the pump as the last step, repeating the procedures described 
previously.  

Responding to Test Performance Issues 

Zero Flow 

In a tight rock formation, there may be zero flow under the elevation head alone. Where zero flow is 
observed during the first minute of measurement, test that flow is occurring freely in the aboveground 
piping system by deflating the packers (allow sufficient time for the packers to deflate), and opening the 
main valve. If flow is observed under these conditions, with the packers deflated, it verifies that the bedrock 
within the packed off zone is relatively impermeable. The test for this zone may be terminated, and the 
packers adjusted to the next zone.  

If flow does not occur with the packers deflated, the reason for zero flow must be determined and the test 
rerun after determining the cause of zero flow.  

Record the results of this step in the log sheet comments. 

Water Not Rising in the Manometer 

In an open fracture rock formation, there may be too much flow down the pipes, which can create vacuum 
conditions at the manifold and the water head will not be readable in the manometer. Verify that the water 
level in the water tank is above the level of the manifold. Make a note in the comments column on the 
hydraulic pressure log sheet that the manometer is not registering a positive head and continue taking flow 
measurements for at least 5 minutes. Proceed with testing to the remaining test pressure steps using the 
pump at full speed (usually 60 hertz) to add pressure in accordance with the regular hydraulic pressure test 
field instructions and run the final step without the pump again. Remember to monitor the water level in 
the truck or tank often.  

Other Water Level Monitoring 
To gather additional information about potential hydraulic connection between the well undergoing 
hydraulic packer testing and nearby wells, additional water level monitoring may be required, if specified by 
the SME or STCs.  

A pressure transducer should be preferentially used for the water level monitoring. However, if schedule or 
other constraints prohibit obtaining transducers, field staff should collect manual depth to water (DTW) 
measurements at the monitoring well(s) instead. At a minimum, take manual water level measurements at 
the beginning and end of each packer test interval and two to three times during each test. 
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Because changes in groundwater level will likely be small, use a 5-psi transducer in the monitoring well. Be 
sure to also obtain a barometric logger which should be operated at the same time as the groundwater level 
transducer.  

The transducer deployment procedures are as follows: 

• Record date, time, and DTW (feet below top of casing) in the monitoring well prior to deploying 
transducer in the well. 

• Record transducer make/model/serial numbers prior to deployment. 

• Deploy the transducers at observation well(s) (including barometric logger) about 1 hour prior to 
starting packer testing. 

• If the transducer is deployed with a direct read cable, install transducer in well and record the 
date/time/depth of transducer in well (accounting for length of the transducer) and DTW (after 
transducer is deployed). If not using direct read cable, program prior to deploying. A 5-psi unit should 
not be deployed deeper than 11 feet below the water table. Because the draw-up is being measured, 
aim for 8 to 9 feet below the water table. 

• Synchronize the transducer to a laptop or rugged reader; be sure to use the “clock” used to setup 
transducers as the standard for all time measurements (that is, do not use a laptop or rugged reader to 
set the transducer and a wristwatch to record packer test start/stop times). Be sure to start logging on a 
whole minute. 

• Set the transducer to read submergence (feet of water) at 1-minute intervals. There should be sufficient 
memory for this interval, but pay attention to available memory and battery when transducers are 
deployed and retrieved. Verify that the submergence reading logged by the transducer is consistent with 
the deployment depth below the water table. 

• The barometric logger should be installed above the water table and should be programmed to log at 
the same interval using the same “clock” as the submerged transducer. 

• During packer testing, be sure to record the date and time of the test start, test stop, any field 
measurements, and any changes in flow rate or field conditions. 

• Note any nearby activities that may influence groundwater levels (such as drilling, sampling, logging, and 
similar), including date, time, and location. 

• If possible, collect manual DTW measurements from observation well(s) periodically during each 
packer test.  

• Record the date, time, and DTW upon transducer retrieval and download. 
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