ATTACHMENT D - ACCEPTANCE OF OIL PRODUCTION PIPE

Presented in this attachment are two technical basis documents that form the basis for a new
waste acceptance procedure and the proposed new procedure, 15.WAC.03 Waste Acceptance of
Oil Production Pipe.

CHDT has been approached numerous times by waste generators in various oil fields and scrap
yards that have radiologically impacted pipe and equipment such as valves from oil production.
Waste pipes typically have small amount of radium containing scale built up on surfaces of the
pipes. This radium scale is present in sufficient quantities that it can have a measurable gamma
exposure rate. CHDT has been unable to accept this type of waste due to the difficulty of
obtaining representative samples for laboratory analysis required by SOP 15.WAC.01, Waste
Acceptance. Standard sample methodology requires large amounts of sample material to
characterize in a lab analysis. 1000gm is a standard size. It may be very difficult or impossible
to obtain this amount of sample from pipe waste. For this reason, CHDT has come up with a
different approach toward determining waste acceptance of these materials.

“Technical Basis for the Acceptance of Oil Production Piping and Equipment Containing
Radioactive Pipe Scale at the Deer Trail Landfill” by Kennedy, et al, examines the nature of the
waste and arrives as exposure rate criteria that can be used to determine waste acceptance at
CHDT.

“Technical Basis for Receipt Surveys of Radium Scale Materials” was developed to determine
survey techniques and criteria for trucks of pipe waste materials at the Deer Trail facility. Pipe
waste survey techniques for individual pipes or piles of pipes will be somewhat different from
truck loads of pipes due to the effects of shielding by truck body materials as well as the buildup
and scattering of emissions of many different pipes.

SOP 15.WAC.03 was developed to define practical methods and techniques for acceptance of
these materials so that compliance the License and Adams County Amended CD is assured.
SOP.WAC.01, rev. 7, section 6.b states: “CHDT may use alternate methods of analyses, but only
with prior written approval of both the County and the CDPHE, and only if the County and
CDHPE agree such alternate analyses will provide data and information sufficient to ensure that
the requirements of the Amended CD and this SOP are met.” These technical basis documents
and the proposed SOP request such alternate approval as allowed by 15.WAC.01.
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STANDARD OPERATING PROCEDURE
15.WAC.03
WASTE ACCEPTANCE OF OIL PRODUCTION PIPE

OBJECTIVE

To define methods and procedures for the characterization and acceptance of pipe,
equipment, and debris from oil production containing radium-contaminated scale using
exposure rate surveys. Pipe and equipment containing radium scale cannot be practically
characterized using the procedures of SOP 15.WAC.01 Waste Acceptance, due to the
difficulty of obtaining representative samples.

SCOPE

Use of this standard operating procedure (SOP) is limited to waste from oil production
where radiological contaminants of concern are known to be Radium from the process as
explained in the “Technical Basis for the Acceptance of Oil Production Piping and
Equipment...” Kennedy, et al. Waste not from oil production may utilize this procedure
to demonstrate compliance with waste acceptance criteria only if radiological constituents
of concern are demonstrated to be Radium by other means such as portable gamma
spectroscopy equipment capable of identifying radionuclides or lab analysis. This SOP
addresses the performance and documentation of radiation surveys by waste generators
and CHDT personnel to determine the ambient radiation levels that ensure the receipt of
pipe and equipment (such as valves) contaminated with radium scale is in compliance
with the CHDT waste acceptance criteria.

POLICY

Radiation surveys for the shipment of oil production pipe and equipment contaminated
with radium scale shall be conducted to ensure that average contamination levels do not
exceed the CHDT waste acceptance criteria. CHDT can accept oil and gas production
waste containing NORM/TENORM with a total activity of less than 2,000 pCi/g (natural
uranium and thorium decay chain products only), and with a maximum ?**Ra
concentration of less than 222 pCi/g. Generators following this procedure are required to
complete the standard CHDT Waste Profile and Supplemental NORM questionnaire
provided in 15.WAC.01, Waste Acceptance, to certify that no man-made or other
unacceptable radionuclides are present and that generating process and method of
characterization is specified.

RESPONSIBILITIES

It is the responsibility of the waste generator to conduct surveys consistent with those
required by the CHDT Radiation Safety Officer (RSO) and CHDT management, as
defined in the Radiation Protection Plan (SOP 15.RPP.01). The surveys may be
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performed by the generator, Clean Harbors on behalf of the generator, or an independent
party, such as a licensed waste broker.

PRE-ACCEPTANCE REQUIREMENTS

Any waste generator proposing to send oil production pipe waste to CHDT shall
document the radiological properties of the waste. The waste generator or authorized
representative shall provide pre-acceptance survey results and documentation in
accordance with the following requirements:

Waste Documentation
Woaste Material Profile Sheet

The waste generator shall submit a Waste Material Profile Sheet to CHDT. The waste
generator may submit other forms or supporting documents as long as the data and
information required in the Waste Material Profile Sheet are fully and completely
provided in such alternate documents.

Supplemental NORM Questionnaire

The waste generator shall also submit a Supplemental NORM Questionnaire to CHDT.
The waste generator shall complete all requested information and certify, by signature
of a responsible official that the information is complete. The waste generator shall
provide supporting documents to support the Supplemental NORM Questionnaire. The
waste generator shall document the characterization method for the wastes and the
generating process. Other forms or documentation may be used as long as the required
information is provided.

Survey Reports

The waste generator or authorized representative shall attach to the Questionnaire a
complete Survey Report or equivalent. Examples of Survey Reports can be found in
Attachment 2. The Survey Report shall support and confirm the description of
radionuclides described in the Waste Profile and the Questionnaire by demonstrating
that exposure rates are within the acceptance criteria of this SOP. The Survey Report
shall serve as a representative sample of the waste for acceptance purposes. Photo-
documentation of survey meter readings, calibration and waste pipe dates is strongly
encouraged.

Pre-Acceptance Evaluation
CHDT Review of Characterization

Before any oil production pipe waste is approved for acceptance, the RSO shall ensure
that such waste’s radiological, physical, and chemical characteristics meet the site
acceptance requirements. CHDT shall use the Waste Material Profile Sheet, the
Supplemental NORM Questionnaire, Survey Reports and any other supporting
information received from the waste generator such as photographs of instrument
readings, calibration stickers and the waste, to confirm that the oil and gas production
waste is acceptable for disposal. Properly documented oil production pipe waste that has
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exposure rates meeting the criteria in Table 1 and Table 2 are assumed to meet CHDT
waste acceptance criteria.

Documentation of Acceptance

If the oil production pipe waste is confirmed to be appropriate for acceptance at the
facility, the waste stream shall be approved. CHDT shall maintain all documents, data,
and information that it used to make the determination and include the information and
documents with the Waste Profile. A copy of the approval and the supporting
documentation will be kept on file and be available for review.

Annual Recertification

At the one year anniversary of the date of approval, the waste stream shall be reevaluated
for compliance with the Amended CD and the Radioactive Material License (“Annual
Recertification”). A generator may certify by re-signature of the profile and NORM
questionnaire that the original characterization is still complete and still applicable and
the oil and gas production waste acceptance can continue.  The waste generator’s
certification shall be evaluated by CHDT in the same manner as before. If CHDT re-
confirms that the waste stream meets the requirements of the Amended CD and the
Radioactive Material License, the waste may be re-approved for acceptance. All
documentation for recertification of a waste will be kept on file and be available for
inspection.

RECEIPT OF MATERIALS CONTAMINATED WITH RADIUM SCALE
Gamma Isotopic Identification

Upon arrival at CHDT, each shipment of oil production pipe and equipment
contaminated with radium scale will be analyzed for isotopic identification. Shipments
of waste will be surveyed for radionuclide identification using an approved portable
gamma spectroscopy unit per SOP 15.0PS.03, Operation of Portable Gamma
Spectroscopy Unit. If man-made radionuclides are detected above background, the waste
shipment shall be rejected and returned to the Generator or alternate facility.

Exposure Rate Survey

Waste shipments will also be surveyed for exposure rate. If waste materials are received
on a flatbed truck, or are containerized in packaging with minimal gamma attenuation
properties (e.g., soft side super sack), CHDT personnel will conduct an exposure rate
survey to verify the data provided by the generator. If pipe or debris has been
containerized, measurements will be collected on the outside of the shipping container
and compared with the range of values listed in Table 2 to account for the shielding
properties of the container and the buildup of scattered radiation. Dose response or
shielding modeling may be performed as necessary to provide additional backup for
measured exposure rates. In addition, contamination surveys will be performed on the
received waste materials per SOP 15.0PS.21 (Package Receipt Surveys) as required. If
exposure rate surveys determine that the waste is above CHDT acceptance limits, the
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waste shipment shall be rejected and returned to the Generator or alternate facility.
Alternatively, other means such as laboratory analysis may be used in order to confirm
that the shipment is in compliance.

All documents accompanying the oil production pipe waste shipment will be reviewed

and kept on file to ensure that the requirements of CHDT are met.

information and other documentation that conforms to

industry standards and prudent practices for on-site waste shipments and the disposal
location of all wastes. Such information shall document and track the location and final
disposition of each oil production pipe waste shipment.

6.1.3 Documentation Review
6.1.4  On-Site Tracking
CHDT shall maintain data,
7.0 STANDARDS AND CRITERIA

Based on the evaluation documented in Kennedy et al, 2009, the values listed in Table 1
are the limits for acceptance for disposal at CHDT.

Table 1. Exposure Rate Limits for Non-Containerized Radium-Scale Waste

Diameter of 4 inches or

Diameter greater than 4

Miscellaneous Debris

less inches (UR/hr)
(UR/hr) (uR/hr)
Multiple Pipe Average of 9 Average of 9 Average of 9
Configuration measurements less than measurements less than measurements less than
170 230 170

Individual Pipe
Configuration

Maximum of 9
measurements less than
120

Maximum of 9
measurements less than
150

Maximum of 9
measurements less than
150

A minimum of nine measurements must be documented, with the average (for multiple
pipe configuration) or maximum (for single pipes or pieces of debris) result being
compared with the limits in Table 1.

Upon receipt of containerized radium-scale wastes at the CHDT facility, survey
measurements will be compared with the range of limits listed in Table 2.

Table 2. Container Exposure Rate Limits

Non- Aluminum Steel
Containerized Aluminum Container Steel Container

Limit Container w/ Buildu Container w/ Buildu

(UR/hr) @ (UR/hr) @ (UR/hr) @ (LR @ | (uR/hr) @
Multiple < 4 inches 170 @ 160 230 140 200
Multiple > 4 inches 2309 210 320 190 280
Multiple Debris 170® 160 230 140 200

DR 15 WAC 03 Rev 3 Waste Acceptance of Oil Production Pipe Page 4 of 9




(leanHarhors,

15.WAC.03 Waste Acceptance of Oil Production Pipe

ENVIRONMENTAL SERVICES® ReViSion: 3
Clean Harbors Deer Trail LLC Date: 03/31/2015
Single < 4 inches 120 @ 110 160 100 140
Single > 4 inches 150 @ 140 210 130 180
Single Debris 120 @ 110 160 100 140

8.0

1. pR/hr = microroentgens per hour.

2. Values are rounded to the nearest multiple of ten.

3. The generator limit for multiple pipes/pieces of debris is the average of nine measurements.

4. The generator limit for single pipes/pieces of debris is the maximum of nine measurements.

The limits shown in Table 2 will be used by CHDT personnel to verify that shipments of
radium scale wastes meet the CHDT waste acceptance criteria. CHDT confirmation
measurements will be collected with a calibrated exposure rate meter.  Any
measurements exceeding the ranges listed in Table 2 may require the shipment to be
unloaded from the shipping container for further surveys, or container-specific shielding
calculations; any unresolved discrepancies between generator and CHDT data will result
in rejection of the load.

REFERENCES

Clean Harbors Environmental Services, 2010. Technical Basis for Receipt Surveys for
Radium-Scale Materials. February.

Kennedy, W.E., Jr., R.C. Winslow, and T.A. Ikenberry. 2009. Technical Basis for the
Acceptance of Oil Production Piping and Equipment Containing Radioactive
Pipe Scale at the Deer Trail Landfil. DMA-TR-042, Prepared for the Clean
Harbors Deer Trail Landfill by Dade Moeller & Associates, Richland,
Washington.
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ATTACHMENT 1 - PIPE SURVEY GENERAL PRCEDURE

GENERAL PIPE SURVEY PROCEDURE

Radiation surveys for shipment of pipe and equipment contaminated with radium scale
shall be conducted using a calibrated exposure rate meter. It is assumed that generator
surveys will be performed on non-containerized materials.

Exposure Rate Meter Check List

Prior to using the calibrated exposure rate meter, the instrument shall be checked using
the following procedure. Further direction on the use of the exposure rate meters may be
found in SOP 15.0PS.07, Operation of Exposure/Dose Rate Meters.

Check Batteries
e Turn the meter on and check the battery using the battery test button.
e The meter reading should be within the “BAT TEST” range on the meter display.
e Replace batteries if needed before use (two standard D cell batteries are required).
Check Background

e Turn the meter on and set the black range selector switch to the lowest appropriate
scale.

e Set the Fast-Slow toggle switch to “f.”

e Background or ambient exposure rates are typically in the range of 5 to 15
microroentgens per hour (UR/hr)

e Do not use the meter if there appears to be no background response, as it may not
be functioning properly.

Generator Survey of Radiation Levels — Multiple Pipe Configuration

Surveys of the radiation levels associated with multiple pipe shipment configurations of
contaminated pipe and equipment shall be made using a calibrated exposure rate meter.
Suitability of specific instruments for use in this procedure will be overseen by the CHDT
RSO. Background instrument readings shall be made and recorded on the CHDT survey
form shown in Attachment 2 or its equivalent. If possible, a description of the
background location should be made.

Surveys of the contaminated materials shall be performed by holding the meter in contact
with individual pipes or pieces of equipment, and recording the maximum dose rate
readings at a minimum of nine locations upon each truck load or pile on the example
CHDT survey form (Attachment 2) or its equivalent. Measurements should be collected
at three general areas on the shipment. Standard locations are from two to three feet from
each end of the shipment (to avoid potentially inconsistent readings at the pipe ends), and
at the middle of the shipment. Alternative measurement locations can be selected if there
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are wide variations (a factor of two) from location to location for the shipment. Three
measurements shall be made at each location: one reading each at about two feet in from
the left and right edge of the stack, and one at the center of the stack.

To be consistent with the modeling basis, piles of pipe or equipment should not exceed a
maximum height of 8 inches, maximum width of 14 inches, and maximum length of 30
feet for small diameter pipe; and a maximum height of 1.5 feet, maximum width of 3.5
feet, and maximum length of 30 feet for large diameter pipe. Measurements of multiple
pipes and equipment should be collected prior to containerization of the material.

The approximate reading locations and gross exposure rates in units of pR/hr must be
documented on the example survey form or its equivalent. Enter both the gross and net
(background corrected) exposure rates. Determine the average exposure rate for the nine
net exposure rate measurements.

For pipe, determine if it is small diameter (less than four inches), or large diameter
(greater than four inches). The limits for acceptance at CHDT are shown in Table 1. For
small diameter pipe, the average contact exposure rate is limited to 170 pR/hr or less.
For large diameter pipe (or equipment) the average contact exposure rate is limited to 230
MR/hr or less. For random mixtures of small and large diameter pipes and equipment, or
general oil field debris, the small diameter contact exposure rate of 170 pR/hour shall

apply.
Generator Survey of Radiation Levels — Single Pipe Configuration

When feasible, and when inconclusive multiple pipe configuration measurements are
obtained, single pipe measurements may be performed using the calibrated exposure rate
meter. Background instrument readings shall be made and recorded on the CHDT survey
form shown in Attachment 2 or its equivalent. If possible, a description of the
background location should be made.

Surveys shall be performed by holding the meter in near contact with individual pipes or
pieces of equipment, and slowly scanning the length of the pipe (or piece of equipment),
at a rate not to exceed two inches per second. The maximum net (background corrected)
dose rate readings of the oil field pipe or equipment, in units of uR/hr, shall be recorded
on the example survey form or its equivalent, shown in Attachment 2.

For individual pieces of pipe, determine if it is small diameter (less than four inches), or
large diameter (greater than four inches). The limits for acceptance at CHDT are shown
in Table 1. For small diameter pipe, the maximum contact exposure rate is limited to 120
MR/hour. For large diameter pipe (or equipment) the maximum contact exposure rate is
limited to 150 pR/hour.
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ATTACHMENT 2 - EXAMPLE RADIUM SCALE SURVEY FORM, MULTIPLE PIPES

Date Time Location

Description of waste generation process:

Survey conducted by (hame and contact information):

Instrument/Probe Instrument Comments
Model
Serial No.
; Background Description:
Background Reading UR/hr

Record the gross exposure rates and locations on the figure below:
(Example Truck Bed - Measurement Locations X)

Description of pipe and pipe configuration (including pipe
diameter) :
X1 X2 X3
Gross Background-
Corrected
Measurement Measurement
(UR/MN) Measurement
H (uR/hr)
X1
X4 X5 X6
X2
X3
X4
X5
X6
X7 X8 X9 X7
X8
X9
Maximum
Average
Applicable Exposure Rate Limit
Clean Harbors Use Only: Approved by:

Profile: Date:
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ATTACHMENT 2 - EXAMPLE RADIUM SCALE SURVEY FORM, SINGLE PIECES

Date Time Location

Description of waste generation process:

Survey conducted by (hame and contact information):

Instrument/Probe Instrument Comments
Model

Serial No.

Background Description:

Background Reading uR/hr

Instructions:

1. Lay out pipe or debris on flat ground

2. Determine unique identifier or number for each piece

3. Collect and record the maximum near contact exposure rate for each piece

e Maximum Gross Background-Corrected
Identifier/
Describtion Measurement Measurement

P (UR/hr) (UR/hr)
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EXECUTIVE SUMMARY

Naturally Occurring Radioactive Materials (NORM), in the form of radium containing pipe
scale, is commonly found in the oil production industry. Oil field waste, largely surplus pipe and
equipment, is candidate for disposal at the Deer Trail landfill because of its radioactive
properties. However, to ensure safe disposal within the Deer Trail radioactive materials license
conditions, Standard Operating Procedures (SOPs) are needed for radiation surveys prior to
shipment (by the waste generator) and upon receipt (by Deer Trail personnel). This report
establishes the relationship between external exposure rates and the average radionuclide
concentrations per waste shipment, in a conservative manner, so that external exposure rate
measurements can be used as the basis of the SOPs. Modeling results, using the MicroShield
computer program and an empirical equation from the literature, are compared and used to
establish the exposure rate/radionuclide concentration relationship. The analysis considers the
potential variability encountered from pipes of selected diameters and schedules, “*°Ra to ***Ra
pipe scale ratios, and single pipe versus multiple pipe configurations. The Wilcoxon Rank Sum
(WRS) test is used to establish the number of exposure rate measurements that are required to
statistically characterize the average exposure rate from a shipment of oil field pipe and
equipment. The analysis considers the potential radon post-closure impacts from receiving
radium containing oil field waste. From the results of this analysis, a conservative basis for the
SOPs is recommended.
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1. INTRODUCTION

The purpose of this report is to develop a technical basis for Standard Operating Procedures
(SOPs) for radiation surveys prior to shipment (by the waste generator) and upon receipt (by
Deer Trail personnel) of oil field pipe and equipment containing radium-contaminated pipe scale.
The goal of this analysis is to determine the relationship between external exposure rates and
average radionuclide concentrations per waste shipment in a conservative manner, so that
external exposure rate measurements can be used as the basis of SOPs. The overall approach is
to compare modeling exposure rate results, using MicroShield (Grove 2009) and an empirical
formula from the literature (API 1997) for various pipe diameters, schedules, and scale
thicknesses. From this comparison, the exposure rates are correlated with internal pipe scale
concentrations so that measurements can be used to determine if the Deer Trail waste acceptance
criteria are met for specific shipments of oil field pipe and equipment. Using MicroShield,
sensitivity studies are conducted to determine the potential variability encountered from various
2°Ra to “**Ra ratios on measured radiation exposure rates, and the variability from stacks or
jumbles of pipe and equipment with various scale concentrations on waste acceptance decisions.
A statistical evaluation is conducted to determine the number of exposure rate measurements
required per shipment to implement the SOPs and reduce uncertainty. Finally, an evaluation of
potential long-term radon concerns following closure is conducted. From the results, a
conservative basis for the SOPs is recommended.

1.1 Background Information — The Nature of Radium Pipe Scale

Naturally occurring radioactive material (NORM) has been detected in pipe scale associated with
the oil and gas industry. Radium is preferentially soluble in brine solutions (often common to oil
production) compared to relatively insoluble uranium and thorium. Under certain conditions, the
dissolved minerals in the brine solution lead to the formation of pipe scale. NORM pipe scale is
produced when radium is co-precipitated with silicates, sulfates, or carbonates. The
concentration of radium in oil field pipe scale is a function of the underlying geology and age of
the well; more brine solution is typically recovered from older wells as oil production decreases.
The scale can buildup in the pipe to thicknesses of up to several centimeters, depending on the
pipe diameter, the total time the pipe is in service, and the total brine production. As a result, the
concentration and quantity of radium in pipe scale can vary over a wide range. It has been
reported that radium scale can vary in concentration from background to 410,000 picoCuries per
gram (pCi/g) radium (EPA 1993), with a reported average of 480 pCi/g. The scale will typically
contain predominantly **Ra and ***Ra and their associated decay chains in equilibrium.
Although the concentration ratio of **°Ra to **Ra is highly variable, a typical ratio of 3:1 has
been reported and used in previous assessments (Smith et al. 1996).

1.2 Radium Decay Chains

As part of the ***U decay series, separated **°Ra has eight radioactive decay chain products for a

total of nine radionuclides. These include:

22°Ra (half-life ~ 1,660 years) decays by alpha/gamma radiation to:

222Rn (half-life ~ 3.8 days) decays by alpha/gamma radiation to:
218pg (half-life ~ 3.1 minutes) decays by alpha radiation to:
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21pp (half-life 27 minutes) decays by beta/gamma radiation to:

21Bj (half-life ~ 20 minutes) decays by beta/gamma radiation to:

21%pg (half-life ~ 160 microseconds) decays by alpha/gamma radiation to:
219pp (half-life ~ 22 years) decays by beta/gamma radiation to:

219Bj (half-life ~ 5 days) decays by beta radiation to:

219 (half-life ~140 days) decays by alpha/gamma radiation to Stable **°Pb

To meet the 2,000 pCi/g Deer Trail license limit, this means that, for a pure ***Ra decay chain
mixture, each member of the *Ra decay chain can have only one ninth (1/9™) of the total
activity, or 220 pCi/g. As part of the 2**Th decay series, separated ***Ra has nine radioactive
decay chain products for a total of ten radionuclides. These include:

2%Ra (half-life ~ 5.8 years) decays by beta radiation to:

228 At (half-life ~ 6.1 hours) decays by beta/gamma radiation to:

*%Th (half-life ~ 1.9 years) decays by alpha/gamma radiation to:

22Ra (half-life ~ 3.6 days) decays by alpha/gamma radiation to:

2Rn (half-life ~ 55 seconds) decays by alpha/gamma radiation to:

21°po (half-life ~ 0.15 seconds) decays by alpha radiation to:

212pp (half-life ~ 11 hours) decays by beta/gamma radiation to:

*12Bj (half-life ~ 5 days) decays 64% of the time by beta/gamma radiation to:
212pg (half-life ~ 300 nanoseconds) decays to Stable **Pb

Or: *"“Bi (half-life ~ 5 days) decays 36% of the time by alpha/gamma
radiation to:

2987T] (half-life ~3.1 minutes) decays by beta/gamma radiation to Stable **Pb

Again, to meet the 2,000 pCi/g limit, this means that, for a pure ***Ra decay chain mixture, each
member of the ***Ra decay chain can have only one tenth (1/ lOth) of the total activity, or 200
pCi/g.

As shown in bold in the decay chains above, each chain contains a noble gas member, radon. If
radon is released from the scale, the subsequent radionuclides in each chain may not be in
equilibrium with the parent radium radionuclides. The literature reports average radon
emanation fraction of 0.001 to 0.002, which means that it can be assumed that equilibrium
conditions exist between all decay chain members (Wilson 1994).
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2. MODELS AND DATA

This section describes the modeling approaches, data, and assumptions used to determine the
average radioactive contamination per shipment per unit mass based on external exposure rates
in contact with pipe or equipment. Models are also described for statistical methods for
determining the number of measurements required to characterize a pipe shipment and reduce
uncertainty, and for evaluating potential post closure radon emanation rates. The results of the
analyses are provided and discussed in Section 3.0, and overall recommendations are provided in
Section 4.

2.1 Average Radium Concentrations

The radioactive concentration per shipment of contaminated oil field pipe is a function of the
total quantity of radium in the pipe scale and the total weight of the pipe in a shipment. Relevant
to this report is the concentration of total radioactivity averaged in each pipe or waste shipment
(pipe scale plus pipe), not the concentration of radium in pipe scale alone. That is, the pCi/g of
radium averaged between the scale and pipe, for each load of waste. The current Deer Trail
waste acceptance criteria receipt of NORM waste that is less than 2,000 pCi/g.

Oil field pipe scale can vary in density over a wide range, and has been reported to vary from 1.7
to 3.5 g/cm’ (API 1997). For this analysis, it is assumed that the average density of pipe scale is
2.6 g/em’. Steel pipe is assumed to have a density of 7.8 g/cm’. The weight of pipe is a function
of the pipe internal diameter and the pipe schedule, which determines the pipe wall thickness.
Information from the American National Standards Institute (ANSI) for steel pipes of selected
diameters and schedules is shown in Table 2-1 in units of pounds per foot for pipe weight, and
inches for wall thickness (ANSI 2009).

Table 2-1. Steel pipe weights and wall thicknesses for selected pipe diameters.

Wall Wall Wall
Pipe Size Schedule 40 Thickness Schedule 80 Thickness Schedule 160 | Thickness
(1.D. inches) (Ib/ft) (inches) (Ib/ft) (inches) (Ib/ft) (inches)

2 3.653 0.154 5.022 0.218 7.462 0.344

3 7.576 0.216 10.25 0.3 14.32 0.437

6 18.97 0.28 28.57 0.432 453 0.718

8 28.55 0.322 43.39 0.5 74.69 0.906

10 40.48 0.365 64.33 0.593 115.7 1.125

12 49.56 0.375 88.51 0.687 160.3 1.312

The calculation of average radium activity simply accounts for the mass of scale (for selected
scale thicknesses) and the mass of pipe (for selected pipe diameters and schedules). The
resulting average concentrations are used as input for the modeling analyses to estimate radiation
exposure rates in contact with single or multiple pipe configurations. The details of the analysis
conducted using simple spreadsheets are provided in Appendix A.

The relationship between scale activity and total activity to equal 220 pCi/g for selected pipe
diameters and schedules, for **°Ra plus its decay chain members is shown in Figure 2-1. As is
shown Figure 2-1, when the pipe diameter increases, the total activity needed to equal 220 pCi/g
total (pipe plus scale) for **°Ra increases because of the additional pipe mass encountered. In a
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similar manner, as the pipe schedule increases, so does the total activity to equal 220 pCi/g total
for **°Ra, again because of the increased pipe mass with increased pipe wall thickness.

Scale Activity to Equal 220 pCi/g versus Pipe Diameterfor Selected Pipe
Schedulesand Scale Thicknesses
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Figure 2-1. Scale activity to equal 220 pCi/g total pipe plus scale activity for selected pipe
diameters and schedules: **°Ra.

2.2  Estimated Radiation Exposure Rates

Radiation surveys for the shipment and receipt of oil field pipe and equipment containing
radium-contaminated pipe scale for the Deer Trail landfill must rely on external radiation
measurements made in the field to confirm that the concentrations encountered meet the waste
acceptance criteria. The exposure rate results from two modeling methods are compared to
determine the best approach for establishing the external exposure rate to pipe scale radium
concentration relationship. The first applies the MicroShield (Grove 2009) computer program,
and the second applies an empirical formula derived by the American Petroleum Institute (API
1997) based on measured data.
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2.2.1 Modeling Estimates of External Exposure Rates Using MicroShield

Radiation exposure rates are estimated using the MicroShield (Grove 2009) computer program.
MicroShield is a widely used and comprehensive photon/gamma-ray shielding and exposure
assessment program for designing shields, estimating source strength from radiation
measurements, minimizing exposure to people, and as a tool for teaching shielding principles.
The program uses a point-kernel calculation with integration parameters to define the size of
each source, and takes that amount of activity at that location along with the line of sight distance
to the receptors to calculate the receptor dose. The program uses buildup and reduction factors
based on the intervening (shield) materials.

MicroShield features include:

Sixteen defined geometries are provided to accommodate offset dose points and as many as
10 standard shields as well as source self-shielding and cylinder cladding.

e Dimensional data are accepted in meters, centimeters, feet, or inches with a rotatable
three-dimensional display for viewing and printing;

e Sources can be created, saved, and moved among cases as radionuclides or photon
energies, as either individual concentrations or mixture totals. Several photon-grouping
methods are provided including user-defined custom groupings.

e Source decay can be calculated with progeny in-growth.

e Asmany as 25 energy groups ranging from 15 keV to 10 MeV can be used; input can be
individual concentrations or mixture totals.

¢ Sensitivity of exposure rate to time, source dimension, shield thickness, or distance can
be investigated.

¢ Up to six receptors or dose points can be defined for a single case for most geometries.

The standard geometry consisted of a 30 cm length of pipe (cylindrical geometry) with the
exposure point 0.1 cm from the midpoint of the pipe (to approximate surface contact exposure
rates). The analysis considered the various combinations of pipe diameter, pipe schedule (pipe
wall thickness), and scale thickness.

2.2.2 Modeling Estimates of External Exposure Rates Using an Empirical
Equation

In November 1997, the American Petroleum Institute (API) published a report entitled Methods
for Measuring Naturally Occurring Radioactive Materials (NORM) in Petroleum Production
Equipment (API 1997). In response to industry concerns regarding the potential concentrations
of NORM radionuclides in oil and gas production equipment, the API developed a correlation
between radium concentrations in scales and sludge and the external radiation measured with
scintillation detectors and Geiger- Mueller (GM) tubes. Their correlation (an empirical equation)
was validated with field measurements, and was used to estimate the lowest limits of detection of
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radium in piping and equipment. The report provided commentary and experimental data for the
characteristics of the field-survey instruments and the NORM distributions that may be
encountered. The report recognized that correlations were needed to quantitatively relate survey
readings. The correlations were dependent on the NORM scale density, volume, thickness,
radionuclide composition, detector efficiency, and geometric efficiency (measurement position).
They also depend on the thickness of the equipment wall (i.e., pipe schedule). Actual NORM
scale sources from oil fields, and surrogates sources using uranium tailings, were used to obtain
measured data to serve as the empirical basis of the correlations. Although separate correlations
were developed for thin scales in gas plant equipment and for NORM contamination in exposed
surface soils, only the evaluations relevant to oil field piping are considered in this analysis.

The API study benchmarked 159 field-measured data points and recommended the following
correlation between measured external radiation and internal NORM concentration for oil field
equipment and pipe:

C =(0.031/ t, pp) (1 + sty/4 + 2t,) D

= NORM scale thickness

NORM density

2.6 for dense scales

= pipe wall thickness

gamma detector count rate (counts/minute).

Where:

S 2P s
I

The detector used in the API study was a 1 by 1 inch sodium iodine (Nal) detector. Solving for
D the equation becomes:

D = (t, pn/0.031) (4 + 2t,/1 + st,) C

The solution for this equation, using the previously calculated values of C (equal to 220 pCi/g
total pipe plus scale, derived in Appendix A), are shown in Appendix B. The empirical results
are in terms of the detector response in units of counts per minute using a Nal detector. The API
study concluded that, although there will be variability in scale distributions and radium
concentrations, external measurements represent averages over significant areas (API 1997).
They further concluded that external radiation measurements give as accurate an estimate of the
average radium concentration compared with a single grab sample (API 1997).

2.3  Evaluation of Multiple Pipe Configurations

The modeling conducted thus far consider exposure rates from a single pipe with radium-
contaminated inner scale. The potential importance of multiple pipes on the measured exposure
rate for a multiple pipe shipment received at Deer Trail is evaluated using a MicroShield
analysis. First, the relative contribution from adjacent contaminated pipes is evaluated for small
diameter (two inch) and larger diameter (six inch) pipes, schedule 80, for 2°Ra contaminated
pipe scale. This analysis was conducted by modeling each adjacent pipe, then summing the
contributions of each pipe in the array, with consideration of the shield afforded by the pipe
walls between each pipe and the instrument location. The analysis was conducted using a
configuration of 28, two inch internal diameter, schedule 80 pipes, and a configuration of 21 six
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inch internal diameter, schedule 80 pipes, intended to determine the difference between small
and large diameter pipes.

2.4  Statistical Determination of the Required Number of Exposure Rate
Measurements

Several sources of parameter and measurement variability that lead to uncertainty in the
measured exposure rates have been identified, including:

e Variability of scale layers and distributions within a pipe shipment,

e Variability in the gamma attenuation factors for steel pipe across the incident energy
groups,

¢ Geometric measurement efficiency,

e Variation cause by the instrumentation and the detector efficiency, and

e Measurement variability and errors.

However, the uncertainty produced can be managed my making multiple measurements, and
using the average of those measurements in making decisions regarding waste acceptance. Thus,
in addition to determining a defensible exposure rate, a sufficient number of measurements must
be made for each multiple-pipe shipment to assure that statistically-defendable decisions are
made about the average radionuclide concentrations encountered, consistent with the Deer Trail
radioactive materials license. A determination of how many measurements are required can be
derived through a statistical analysis. The problem of determining average concentrations per
shipment, and the number of measurements required to make that determination, is parallel to
making release decisions for contaminated property using the Multi-Agency Radiation Survey
and Site Investigation Manual (MARSSIM) (EPA 2000). Specifically, the exposure rate is
comparable to the MARSSIM Derived Concentration Guideline Level (DCGL). The exposure
rate is the measurement of the activity/exposure rate relationship corresponding to the Deer Trail
waste acceptance criteria. When the specific radionuclide activity is present in background (such
as NORM), the Wilcoxon Rank Sum (WRS) test is used. The WRS evaluation is provided in
Appendix C. The WRS test relies on managing two types of decision errors: Type I, or a (in our
case, accepting waste that exceeds the waste acceptance criteria) and Type II, or B (in our case,
rejecting waste that meets the waste acceptance criteria).

25 Post Closure Radon Concerns

Finally, an evaluation of potential post-closure radon emanation rates is conducted. Radon flux
rate calculations can be made for up to eight different soil and sub-soil layers using the Uranium
Mill Tailings Cover Calculator (Wise Uranium Project 2004). For this analysis, the following
assumptions are made:

e The waste layer is 4 m thick, with a concentration of 220 pCi/g of **°Ra. This is a
conservative concentration since it does not account for the presence of other non-NORM
waste or daily soil cover materials that would reduce the average concentration of **°Ra
in the waste layer.

e The waste is assumed to have a dry weight porosity of 0.44%, moisture content of 11%,
and diffusion coefficient of 2.6 x 10 m*/second (based on ranges of literature values).
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The radon emanation fraction from scale is assumed to be 0.1 (a factor of 100 higher than
literature estimates) (Wilson 1994). Note, for pipe scale, diffusion would only occur at
the ends of the pipe, which would greatly reduce the average emanation fraction.

The cover layer thicknesses and properties are consistent with typical RCRA closure
designs: 0.15 m of clay, 0.91 m of compressed fill material, and 0.2 m of cover soil.

The assumed radium concentration in the cover materials (2 pCi/g) is consistent with
average soil concentrations in the U.S. (NCRP 2009, Table 3.4).
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The results of applying the models described in Section 2 for the analysis of exposure rates from
oil field pipe and equipment containing radium-bearing pipe scale, using the average scale plus

pipe concentrations reported in Appendix A, are presented in this section.

3.1 Single Pipe MicroShield Results

A summary of the MicroShield exposure rate results for the single pipe analysis are shown
graphically in Figure 3-1 for selected pipe internal diameters, schedules, and scale thicknesses
for “*°Ra and ***Ra, using the average concentrations reported in Appendix A. Note that there is
a linear relationship between the exposure rate and the radium concentration in scale; that is, an
increase in scale concentration will result in a similar, linear increase in the measured exposure

rate.

1000

Estimated Dose Rate {microR/hour)

100 T T T T T 1

Pipe Diameter (inches)

MicroShield Analysis: Estimated Dose Rate versus Pipe Diameter
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Figure 3-1. Summary of the MicroShield analysis of estimated exposure rate versus pipe

diameter for selected pipe diameters, pipe schedules, and scale thicknesses.
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This figure shows several features:

3.2

All of the exposure rate results, across pipe diameters, pipe schedules, scale thicknesses,
and decay chains are within about a factor of 2; this is close agreement for modeling
results,

Since the activity concentrations for each of these estimates (scale plus pipe ) is the same,
the theoretical external exposure rates from all pipe scale/pipe combinations should be
roughly the same, with some variation induced by geometry effects associated with the
pipe diameter and wall thickness,

For a given pipe diameter the results across all schedules are in close agreement (within
about 50%),

The results for the ***Ra decay chain produce radiation exposures that are about a factor
of two greater than comparable exposures for the *°Ra decay chain, and

For the larger pipe diameters, the estimated exposure rate at a point on the surface at the
pipe centerline for the higher pipe schedules decreases, reflecting the geometry effect of
additional shielding by the thicker steel walls compared to the increased radius on the
modeling results.

Single Pipe Empirical Equation Results

The empirical equation results obtained from the API study equation, using the detector response
(D) values calculated in Appendix B, are next converted to the detector response in terms of
exposure rate (LR/hour). The API study indicates that the background count rate for the one-
inch Nal detector is 1,504 counts per minute for background, with a background exposure rate of
15 uR/hour. Figure 3-2 shows the empirical exposure rates produced by converting the count
rates in Appendix B to exposure rates.

This figure includes the following features:

3.3

For a given pipe diameter the results across all schedules are in close agreement (within
about 30%); however, there seems to be some sensitivity to pipe diameter, especially for
the lower pipe schedules, and

The empirical equation includes a mixture of roughly 66% **°Ra decay chain members
and 33% % ***Ra decay chain members.

Multiple Pipe Results

The MicroShield exposure rate modeling results for the 28 pipe configuration of two inch
internal diameter, schedule 80 pipes, is shown in Figure 3-3. The relative contribution of each
pipe to the exposure rate at the instrument location (at the centerline of the middle pipe on the
top row) is shown within each pipe.



DMA-TR-42,REV. 0

1 00E+03 Empirical Solution to Estimated Exposure Rate
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Figure 3-2. Empirical exposure rates for selected pipe diameters, pipe schedules, and scale
thicknesses.
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Figure 3-3. Relative contribution to the exposure rate from two inch, Schedule 80
adjacent pipes to the instrument location: ***Ra contaminated pipe scale.
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As this figure shows, pipes further away from the instrument location contribute less to the
measured exposure rate than closer pipes. It also shows that the instrument reading would need
to be increased by 40% to meet the 220 pCi/g criterion if all pipes in the array were uniformly
contaminated. Assuming 30 foot lengths of pipe, using the information in Table 1-1, a shipment
of 28 pipes would weigh about 2 tons. This analysis was repeated for six inch diameter pipe,
using a configuration of 21 pipes, as shown in Figure 3-4.

* Instrument Location

Figure 3-4. Relative contribution to the exposure rate from six inch, Schedule 80
adjacent pipes to the instrument location: ***Ra contaminated pipe scale.

This figure again shows pipes further away from the instrument location contribute less to the
measured exposure rate than closer pipes. It also shows that the instrument reading would need
to be increased by 50% to meet the 220 pCi/g criterion if all pipes in the array were uniformly
contaminated. Assuming 30 foot lengths of pipe, using the information in Table 1-1, a shipment
of 21 pipes would weigh about 9 tons.

3.4  Statistical Results for Determining the Number of Measurements Required
for a Multiple-Pipe Configuration

The API study concluded that the gamma measurements of pipe and equipment (valves) in the
laboratory predicted radium concentrations that averaged within 20-50 percent of the reference
values. Although this is an excellent single measurement result, the uncertainty can be reduced
by making a number of measurements, and using the average of the results to determine
compliance with the waste acceptance criteria (i.e., acceptable exposure rate).

The Wilcoxon Rank Sum (WRS) test was applied, as described in Appendix C, to determine the
number of measurements required for a multiple-pipe configuration so that the mean
concentration in the survey unit (a shipment of contaminated oil field pipe or equipment) is less
than the identified exposure rate. This result would then indicate that the shipment is in
compliance with the waste acceptance criteria. The WRS test relies on managing two types of
decision errors: Type I, or a (in this case, accepting waste that exceeds the waste acceptance
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criteria) and Type II, or B (in this case, rejecting waste that meets the waste acceptance criteria).
For this analysis, a and  were selected to be 0.05 (or selecting a 95% confidence limit). The
estimate of the mean concentration is the arithmetic average of a set of randomly selected
locations for the multiple-pipe shipment. The results of the analysis indicated that 15 total
number of measurements (N = measurements for pipe shipment plus background measurements)
would be required. However, to assure sufficient data points to attain the desired power level
(95% confidence limit) with statistical tests and to allow for possible unusable data, MARSSIM
recommends increasing the number of points by 20%, making the calculated value of N equal to
18. Since N equals the number of measurements of the pipe shipment and background, the
number for the shipment is one half of the total, or nine (rounding up to the nearest
measurement). Thus, the average of nine exposure rate measurements per shipment, compared
with the waste acceptance criteria exposure rate limit, provide a statistical basis for
characterizing the multiple-pipe configuration for oilfield pipe and equipment.

3.5 Post Closure Radon Concerns
The input/output generated by the Uranium Mill Tailings cover Calculator is shown as:
Uranium Mill Tailings Cover Calculator Input/Output

———————————————— Input Parameters ----------------

Number of Layers: 4

Radon Flux into Layer 1: 0 pCi/m2s

Surface Radon Concentration: 0 pCi/L

Bare Source Flux (Jo) from Layer 1: 77.61 pCi/m?®s

Specific Bare Source Flux from Layer 1: 0.353 pCi/m?s per pCi_Ra-226/g

Diffusion
Layer | Thickness Ra-226 Emanation Porosity Coefficient
No. [m] [pCilg] Fraction [dry wt %] | Moisture [m?/s]
1 4 220 0.1 0.44 11 2.600E-6
2 0.15 2 0.3 0.37 8 220.0E-9
3 0.91 2 0.3 0.37 6.3 5.000E-6
4 0.2 2 0.3 0.37 8 1.700E-6
-------- Results of Radon Diffusion Calculation --------
Exit
Layer Thickness Exit Flux Concentration
No. [m] [pCi/m?s] [pCi/L] MIC
1 4 23.83 52.39E3 0.720
2 0.15 20.37 12.93E3 0.728
3 0.91 15.63 5.351E3 0.786
4 0.2 15.68 OEO 0.728

Total cover radon retention: 79.80%

The results indicate a radon exit flux rate of about 16 pCi/m’s, compared with the EPA uranium
mill tailings limit of 20 pCi/m”s. Again, this result is considered to be conservative since it did
not account for mixing of the pipe scale waste with non-NORM waste or with the daily soil
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cover, and the limited radon diffusion that would occur only at the ends of pipe. This result
indicates that there should be no difficulty from receiving oil field piping and equipment
containing radium scale. However, measurements of the radon flux above the cell prior to cell
closure will confirm these results, or define the need for a thicker cover to provide an extra
diffusion barrier to limit radon emissions.

3.6 Comparison of Results and Discussion

Figure 3-5 shows a comparison of the MicroShield (for **°Ra and ***Ra decay chain members)
and empirical equation modeling exposure rate results for each scale thickness and each pipe
schedule. For this figure, average exposure rate values were obtained across all internal
diameters to show the potential effects of scale thickness and pipe schedule on the results.

1.00E+03 Average Results versus Scale Thickness
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Figure 3-5. Average modeling exposure rate results comparison.

This figure shows the following features:

e All of the modeling exposure rate results are in close agreement, and are generally within
about a factor of 1.6, independent of pipe schedule, indicating that scale thickness and
pipe schedule are less significant than pipe diameter in estimating external exposures,

e All of the modeling exposure rate results are consistent across all scale thicknesses
considered, and

e The empirical modeling exposure rate results are slightly larger than the MicroShield
*26Ra results, but almost equal to the MicroShield **Ra results — this partially reflects the
inclusion of ***Ra in the empirical results.
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This comparison indicates that there is less variation in estimated exposure rate across scale
thickness and pipe schedule compared with the variation produced across the selected pipe
diameters (as shown in figures 3-1 and 3-2). The API study also concluded that, based on
gamma measurements, the dependence of the scale thickness was low.

3-7



DMA-TR-42,REV. 0

4. COMMENTARY AND RECOMMENDATIONS

The purpose of this report is to develop a technical basis for SOPs for radiation surveys prior to
shipment and upon receipt of oil field pipe and equipment containing radium-contaminated pipe
scale. The goal of this analysis is to determine the relationship between external exposure rates
and average radionuclide concentrations per waste shipment in a conservative manner, so that
external exposure rate measurements can be used as the basis of the SOPs. The overall approach
is to compare modeling exposure rate results, using MicroShield (Grove 2009) and an empirical
formula from the literature (API 1997) for selected pipe diameters, schedules, and scale
thicknesses. From this comparison, the exposure rates are correlated with internal pipe scale
concentrations so that measurements can be used to determine if the Deer Trail waste acceptance
criteria are met for specific shipments of oil field pipe and equipment. As previously described,
there was close agreement between the MicroShield and empirical modeling contact exposure
rate results, which were well within a factor of two for all pipe sizes, schedules, and scale
thicknesses. The results also quantified the difference between measurements made on single
pipes versus multiple pipes for small and large diameter pipes. The following paragraphs
provide final commentary and recommendations for the development of the Deer Trail oil field
pipe and equipment SOPs.

4.1 Commentary
The following topics identified during this analysis require further commentary:

e Overall Ranges. The overall ranges of the estimated contact exposure rates for small and
large pipes are summarized in Table 4-1 for both the MicroShield and empirical models,
on a per pipe basis.

Table 4-1. Summary of estimated exposure rates for small and large oil field pipes
containing radium scale.

Modeling Method

Small Pipe Exposure
Rate Range® (UR/hour)

Large Pipe Exposure
Rate Range” (LR/hour)

Empirical — **°Ra/***Ra mixture 140 — 220 173 — 240
MicroShield — **°Ra 106 — 131 140 — 160
MicroShield — ***Ra 130170 170 — 250

a.
b.

Pipes with internal diameters < 4 inches.
Pipes with internal diameters > 4 inches.

These single pipe results can be thought of as the exposure rate per the same average
radium concentration in pipe (scale plus pipe). Although all of these results show
relatively close agreement, the empirical model exposure rate results are somewhat
higher than the results produced by MicroShield. This means that it would be
conservative to select the MicroShield model exposure rates as the basis for the SOPs
since they would not underestimate the radium concentrations in pipe compared to the
empirical results. Also, since actual pipe scale has both *°Ra and ***Ra, it would not be
as appropriate to use the most conservative 2°Ra results as the sole basis for the SOPs
since this value may underestimate the radium concentration when the contamination
contains a good proportion of ***Ra (total scale activity is typically about one fourth
Ra). Based on these considerations, it is concluded that the following external

228
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exposure rates would conservatively indicate pipe scale concentrations of less than the
Deer Trail waste acceptance limits: 120 pR/hour for small pipes less than four inches
internal diameter (roughly the midpoint of the small pipe MicroShield exposure rate
range for “°Ra) and 150 uR/hour for large pipes greater than four inches internal
diameter (roughly the midpoint of the MicroShield large pipe exposure rater range for
22°Ra). Again, note that there is a linear relationship between the exposure rate and the
radium concentration in scale; that is, an increase in scale concentration will result in a
similar, linear increase in the measured exposure rate.

Multiple Pipes. As has been shown, when multiple pipes or equipment and pipes are
encountered, the measured exposure rates increase, for the same scale concentration,
because of the contributions of the scale in adjacent pipes. This means that for multiple
pipe configurations, the small diameter pipe value can be increased by 1.4 times (to 170
uR/hour), and the large diameter pipe value can be increased by 1.5 times (to 230
uR/hour). All measured exposure rates would be exclusive of background. Based on
practical considerations for measurements in the field, single pipe measurements would
be appropriate for the waste generator to assure that the waste acceptance criteria are met,
while multiple pipe measurements would be appropriate for waste received at Deer Trail.
A summary of the final technical basis for the Deer Trail SOPs is shown in Table 4-2.

Table 4-2. External exposure rates to meet the Deer Trail Waste acceptance criteria for
oil field pipe and equipment.

Measurement Location Pipe 1.D. < 4 inches Pipe I.D. > 4 inches

and Type (UR/hr at Contact) (UR/hr at Contact)
Generator — Single Pipe 120 150
Receipt — Multiple Pipe 170 230

“Junk” Shipments. It is most probable that the shipments will resemble shipments of
“junk,” that is random jumbles of various sizes of pipe, random valves, tanks, and or
other equipment. For this situation, it would be appropriate to apply the small diameter
pipe exposure rate criteria instead of the large diameter pipe criteria to assure that the
waste acceptance criteria are not exceeded.

Recommendations

Based on the preceding analysis and commentary, the following recommendations are made for
the development of the Deer Trail oil field pipe and equipment SOPs:

The SOPs must account for shipments of small and large diameter pipe, and “junk”
shipments of randomly sized and shaped mixtures of pipe and equipment.

The SOPs must account for both multiple and single pipe or equipment exposure rate
measurements as may be encountered in the field.

For multiple small pipes less than four inches internal diameter, the average of nine
exposure rate measurements in contact with the pipe evenly distributed across the
shipment must be less than 170 uR/hour. The use of nine measurements would provide
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95% confidence that the average radium concentrations for a shipment are less than 2,000
pCi/g.

For multiple large pipes greater than four inches internal diameter, the average of nine
exposure rate measurements in contact with the pipe evenly distributed across the
shipment must be less than 230 pR/hour. The use of nine measurements would provide
95% confidence that the average radium concentrations for a shipment are less than 2,000
pCi/g.

For shipments of junk (a mixture of randomly sized and shaped pipe and equipment), the
average multiple small pipe exposure rate measurements in contact with the pipe must be
less than 170 uR/hour. The use of nine measurements would provide 95% confidence
that the average radium concentrations for a shipment are less than 2,000 pCi/g.

For single small diameter pipes less than four inches internal diameter, the exposure rate
in contact with the pipe must not exceed 120 uR/hour.

For single large diameter pipes or equipment (valves, tanks, or other equipment) greater
than for inches, the exposure rate in contact with the pipe must not exceed 150 uR/hour.

4-3
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APPENDIX A: DETERMINATION OF AVERAGE RADIUM CONCENTRATIONS

The estimated scale activity to equal 220 pCi/g total (scale plus pipe), for **°Ra, and for selected
pipe diameters, scale thicknesses, and pipe schedules is shown in Tables A-1 through A-3. The
estimated scale activity to equal 200 pCi/g total for scale plus pipe, for ***Ra, and for selected
pipe diameters, scale thicknesses, and pipe schedules is shown in Tables A-4 through A-6.

Table A-1. *°Ra activity to equal 220 pCi/g total for selected Schedule 40 pipe diameters.

Pipe Size Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness
(1.D. inches), =0.01cm =0.1cm =05cm =1.0cm =2.0cm
Schedule 40 | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale)

2 2.91E+04 3.11E+03 7.98E+02 5.09E+02 3.64E+02
3 4.02E+04 4.21E+03 1.02E+03 6.19E+02 4.20E+02
6 5.02E+04 5.22E+03 1.22E+03 7.20E+02 4.70E+02
8 5.67E+04 5.86E+03 1.35E+03 7.84E+02 5.02E+02
10 6.42E+04 6.62E+03 1.50E+03 8.60E+02 5.40E+02
12 7.08E+04 7.27E+03 1.63E+03 9.25E+02 5.73E+02

Table A-2. **°Ra activity to equal 220 pCi/g total for selected Schedule 80 pipe diameters.

Pipe Size Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness
(1.D. inches), =0.01cm =0.1cm =05cm =1.0cm =2.0cm
Schedule 80 | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale)

2 3.99E+04 4.19E+03 1.01E+03 6.17E+02 4.19E+02
3 5.42E+04 5.62E+03 1.30E+03 7.60E+02 4.90E+02
6 7.55E+04 7.75E+03 1.73E+03 9.73E+02 5.96E+02
8 8.60E+04 8.80E+03 1.94E+03 1.08E+03 6.49E+02
10 1.02E+05 1.04E+04 2.25E+03 1.24E+03 7.29E+02
12 1.17E+05 1.19E+04 2.55E+03 1.39E+03 8.03E+02

Table A-3. **°Ra scale activity to equal 220 pCi/g total for selected Schedule 160 pipe

diameters.

Pipe Size Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness
(1.D. inches), =0.01cm =0.1cm =05cm =1.0cm =2.0cm
Schedule 160 | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/g in Scale)

2 5.92E+04 6.12E+03 1.40E+03 8.10E+02 5.15E+02
3 7.57E+04 7.77E+03 1.73E+03 9.75E+02 5.97E+02
6 1.20E+05 1.22E+04 2.61E+03 1.41E+03 8.17E+02
8 1.48E+05 1.50E+04 3.17E+03 1.70E+03 9.58E+02
10 1.83E+05 1.85E+04 3.88E+03 2.05E+03 1.13E+03
12 2.11E+05 2.13E+04 4.44E+03 2.33E+03 1.28E+03
Table A-4. ***Ra activity to equal 200 pCi/g total for selected Schedule 40 pipe diameters.

Pipe Size Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness
(1.D. inches), =0.01cm =0.1cm =0.5cm =10cm =2.0cm
Schedule 40 | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale)

2 2.62E+04 2.80E+03 7.18E+02 4 .58E+02 3.28E+02
3 3.61E+04 3.79E+03 9.17E+02 5.57E+02 3.78E+02
6 4.52E+04 4.70E+03 1.10E+03 6.48E+02 4 .23E+02
8 5.10E+04 5.28E+03 1.21E+03 7.06E+02 4.52E+02
10 5.78E+04 5.96E+03 1.35E+03 7.74E+02 4 86E+02
12 6.37E+04 6.55E+03 1.47E+03 8.33E+02 5.15E+02
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Table A-5. ***Ra activity to equal 200 pCi/g total for selected Schedule 80 pipe diameters.

Pipe Size Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness
(1.D. inches), =0.01cm =0.1cm =0.5cm =1.0cm =2.0cm
Schedule 80 | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/g in Scale) | (pCi/gin Scale) | (pCi/gin Scale)

2 3.59E+04 3.77E+03 9.13E+02 5.55E+02 3.77E+02
3 4 88E+04 5.06E+03 1.17E+03 6.84E+02 4.41E+02
6 6.80E+04 6.97E+03 1.55E+03 8.76E+02 5.37E+02
8 7.74E+04 7.92E+03 1.74E+03 9.70E+02 5.84E+02
10 9.18E+04 9.35E+03 2.03E+03 1.11E+03 6.56E+02
12 1.05E+05 1.07E+04 2.30E+03 1.25E+03 7.23E+02
Table A-6. ***Ra activity to equal 200 pCi/g total for selected Schedule 160 pipe diameters.

Pipe Size Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness | Scale Thickness
(1.D. inches), =0.0lcm =0.1lcm =0.5cm =1.0cm =2.0cm
Schedule 160 | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/gin Scale) | (pCi/g in Scale)

2 5.33E+04 5.51E+03 1.26E+03 7.29E+02 4.64E+02
3 6.81E+04 6.99E+03 1.56E+03 8.77E+02 5.38E+02
6 1.08E+05 1.09E+04 2.35E+03 1.27E+03 7.35E+02
8 1.33E+05 1.35E+04 2.86E+03 1.53E+03 8.62E+02
10 1.65E+05 1.67E+04 3.49E+03 1.84E+03 1.02E+03
12 1.90E+05 1.92E+04 4.00E+03 2.10E+03 1.15E+03
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APPENDIX B: EMPIRICAL ESTIMATES OF INSTRUMENT RESPONSE

Solving the API empirical equation discussed in Section 2.2.2 for the detector response (D in
counts/minute), produces the results in Tables B-1 through B-3 for selected pipe diameters, scale

thicknesses, and pipe schedules.

Table B-1. Analytical solution for counts per minute (D) for selected pipe diameters and scale
thicknesses — Schedule 40.

Sch. 40 Pipe D D D D D
Diameter (counts/minute) | (counts/minute) | (counts/minute) | (counts/minute) | (counts/minute)
(1.D. inches) for t,=0.01 cm for t,=0.1 cm for t,=0.5cm for t,=1.0 cm for t,=2.0 cm
2 1.37E+04 1.41E+04 1.59E+04 1.76E+04 1.98E+04
3 1.60E+04 1.64E+04 1.77E+04 1.89E+04 2.07E+04
6 1.74E+04 1.76E+04 1.87E+04 1.97E+04 2.12E+04
8 1.80E+04 1.82E+04 1.91E+04 2.01E+04 2.14E+04
10 1.89E+04 1.91E+04 1.98E+04 2.06E+04 2.18E+04
12 1.94E+04 1.95E+04 2.02E+04 2.09E+04 2.20E+04

Table B-2. Analytical solution for counts per minute (D) for selected pipe diameters and scale
thicknesses — Schedule 80.

Sch. 80 Pipe D D D D D
Diameter (counts/minute) | (counts/minute) | (counts/minute) | (counts/minute) | (counts/minute)
(1.D. inches) for t,=0.01 cm for t,=0.1 cm for t,=0.5cm for t,=1.0 cm for t,=2.0 cm
2 1.59E+04 1.62E+04 1.75E+04 1.88E+04 2.06E+04
3 1.80E+04 1.83E+04 1.92E+04 2.01E+04 2.15E+04
6 1.98E+04 2.00E+04 2.06E+04 2.13E+04 2.23E+04
8 2.04E+04 2.05E+04 2.10E+04 2.16E+04 2.25E+04
10 2.13E+04 2.14E+04 2.18E+04 2.23E+04 2.30E+04
12 2.18E+04 2.19E+04 2.23E+04 2.27E+04 2.33E+04

Table B-3. Analytical solution for counts per minute (D) for selected pipe diameters and scale
thicknesses — Schedule 160.

Sch. 160 Pipe D D D D D
Diameter (counts/minute) | (counts/minute) | (counts/minute) | (counts/minute) | (counts/minute)
(1.D. inches) for t,=0.01 cm for t,=0.1 cm for t,=0.5 cm for t,=1.0 cm for t,=2.0 cm
2 1.81E+04 1.83E+04 1.91E+04 2.00E+04 2.13E+04
3 1.97E+04 1.99E+04 2.05E+04 2.12E+04 2.22E+04
6 2.16E+04 2.17E+04 2.20E+04 2.24E+04 2.30E+04
8 2.22E+04 2.22E+04 2.25E+04 2.28E+04 2.33E+04
10 2.29E+04 2.29E+04 2.32E+04 2.34E+04 2.38E+04
12 2.32E+04 2.32E+04 2.34E+04 2.36E+04 2.39E+04
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APPENDIX C: STATISTICAL DETERMINATION OF THE NUMBER OF
MEASUREMENTS REQUIRED TO CHARACTERIZE RADIONUCLIDE
CONCENTRATIONS IN OIL FIELD PIPE AND EQUIPMENT

When the specific radionuclide activity is present in background (such as NORM), the Wilcoxon
Rank Sum (WRS) test is used. The WRS evaluation is provided in Appendix C. The WRS test
relies on managing two types of decision errors: Type I, or a (in this case, accepting waste that
exceeds the waste acceptance criteria) and Type II, or B (in this case, rejecting waste that meets
the waste acceptance criteria). First, Data Quality Objectives (DQOs) are set for this
measurement situation. The DOQ process is a series of planning steps based on the scientific
method for establishing criteria for data quality and developing appropriate survey designs.
Early in the process, DQOs are qualitative and quantitative statements derived from the DQO
process that clarify the objective, define the most appropriate type of data to collect, determine
the most appropriate conditions for data collection, and specify limits on decision errors used as
the basis for establishing the quantity and quality of data needed to support the decision. The
simple decision rule is: if the mean concentration in the survey unit (a shipment of contaminated
oil field pipe or equipment) is less than the identified exposure rate, then the shipment is in
compliance with the waste acceptance criteria. The estimate of the mean concentration is the
arithmetic average of a set of randomly selected locations. At this point, the “null hypothesis,”
or baseline condition that is assumed to be true in the absence of strong contradictory evidence,
is established. For this problem, the null hypothesis is that the pipe shipment does not meet the
waste acceptance criteria (i.e., an unacceptable exposure rate).

The decision based on the survey results can be simplified to a choice between “yes” and “no” as
to whether the shipment meets the waste acceptance criteria. There are also two types of errors
in this decision given the null hypothesis that the pipe shipment does not meet waste acceptance
criteria: 1) incorrectly deciding that the answer is yes (deciding that the waste acceptance criteria
is met), when the answer is actually no (a false positive or acceptance of contamination in excess
of the waste acceptance criteria, or Type I decision error), and 2) incorrectly deciding that the
answer is no (or deciding that the waste acceptance criteria is not met), when the answer is
actually yes (a false negative or not accepting a shipment when in fact the levels meet the waste
acceptance criteria, or Type II decision error). While the possibility of a decision error cannot be
totally eliminated, it can be statistically controlled.

The number of total data points, N (reference plus survey area), for the WRS test is obtained for
each reference area/survey unit pair (i.e., measurement/background pair) using the following
equation:

N = (Z1.o + Z1.5)*/3(P-0.5)

Where: Z;, = percentile represented by the selected decision error level a (Type I Error),
Z,3 = percentile represented by the selected decision error level B (Type II error),
and
P, = the probability that a measurement performed at a random location in the

survey unit is larger than a random background measurement.

C-1
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Inherent to this statistical determination is the grey region; or more specifically, the lower bound
of the grey region, or LBGR. It is necessary to specify a grey region because variability in the
parameter of interest and unavoidable imprecision in the measurement system combine to
produce variability in the data so that a decision may be very difficult when the true but
unknown value of the parameter is very near the waste acceptance criteria. For this situation, the
LBGR is a exposure rate that is less than the exposure rate waste acceptance criteria, and is
chosen to be easily distinguishable from the criteria. The grey region lies between the LBGR
and the waste acceptance criteria in which only Type II decision errors occur (i.e., a false
negative or not accepting a shipment when in fact the levels meet the waste acceptance criteria).
The width of the grey region, or the difference between the waste acceptance criteria and the
lower bound of the grey area of the decision, is referred to as the shift, or A. For this analysis the
lower bound of the grey area is assumed to be half of the total waste acceptance criteria exposure
rate, or 63 pR/hour; a reading that should be easily distinguished from the waste acceptance
criteria. The shift and the estimated standard deviation of the measures of the exposure rate (o)
are used to calculate the relative shift (A/c). For this analysis, the total contact exposure rate is
125 (source plus background) uR/hour, and background is 15 pR/hour. As indicated in Section
5.5.2.2 of MARSSIM (2000), when preliminary measurements are not available, it may be
reasonable to assume a relative standard deviation on the order of 30%, based on experience. For
this analysis, the estimated standard deviation of the survey measurement is taken as 30%. Thus,

Als = (125-63)/(63 x 0.3) = 62/19 = 3.28

From Table 5.1 of MARSSIM, when A/c ~ 3.3, P, ~ 0.99. Solving for N, using Z;., (o0 = 0.05;
5% decision error) = 1.645, and Z;_3 ( = 0.05; 5% decision error) = 1.645, and assuming
P.=0.99:

N = (1.645 + 1.645)*/3(P,-0.5)*
N = (1.645+1.645)*/3(0.99-0.5)* = 10.8/0.72 = 15

To assure sufficient data points to attain the desired power level with statistical tests and to allow
for possible unusable data, MARSSIM recommends increasing the number of points by 20%,
making the calculated value of N equal to 18. Since N equals the number of measurements of
the shipment and background, the number for the shipment is one half of the total, or nine
(rounding up to the nearest measurement). Thus, the average of nine exposure rate
measurements, compared with the waste acceptance criteria exposure rate limit, will be used in
the SOP for oilfield pipe and equipment.
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Memorandum

Date: February 10, 2010

Subject: Technical Basis for Receipt Surveys for Radium-Scale Materials

This memorandum serves to document the technical basis for exposure rate limits associated
with the receipt of radium-scale containing wastes at the Clean Harbors Deer Trail (CHDT)
facility.

A technical basis document was prepared by Dade Moeller and Associates (DMA) to describe
the correlation between activity concentrations within contaminated piping and external exposure
rates. However, the DMA guidance assumed that piping or other contaminated equipment would
be transported without being containerized. In practice, this means of transport is unlikely; it is
more reasonable to assume that contaminated piping and equipment would be placed in a roll-off
container or end-dump truck for transport.

To prevent cross contamination and unnecessary handling of the contaminated materials, it is
desirable for CHDT personnel to conduct verification surveys on the outside of shipping
containers or received radium-scale wastes. Additional calculations are required to account for
the attenuation of the gamma emissions from the radium scale by the shipping container, as well
as from the buildup of scattered radiation. A range of measurements to account for the effects of
shielding will be used by CHDT personnel to confirm that radiation levels on incoming radium-
scale waste shipments are within CHDT waste acceptance criteria.

Calculations
Equation 10.17 of Introduction to Health Physics (Cember 1996) is as follows:
| =Bxl e ™
where:
I = gamma-ray intensity transmitted through an absorber of thickness x

B = buildup factor

lo = gamma-ray intensity at zero absorber thickness
e = base of the natural logarithm system

VI = linear attenuation coefficient, cm™

X = thickness of absorber, cm

Both the buildup factor and the linear attenuation coefficient are functions of the absorber
material and the incident gamma energy. Since the radium-containing materials evaluated using
this the procedure are mostly in equilibrium with the gamma-emitting progeny, a weighted
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average approach was used to determined the resulting beam intensity after interactions with two
types of container materials — aluminum and steel (modeled as iron).

The gamma fluence modeling software Microshield was used to determine the energy
composition of the gamma emissions from materials containing 75-percent radium-226 and 25-
percent radium-228 following a one-year ingrowth period. The breakdown of gamma energies is
shown in Table 1.

Table 1. Relative Contribution of Gamma Energies
Associated with Radium Scale

Energy Percentage
(MeV) | Contribution
0.04 0.003%
0.05 0.022%
0.06 0.007%
0.08 0.965%
0.1 0.165%
0.15 0.145%
0.2 1.794%
0.3 3.821%
0.4 5.794%
0.5 1.326%
0.6 12.148%
0.8 6.317%
1 25.242%
15 14.416%
2 19.562%
3 8.271%

As noted above, both the linear attenuation coefficient and buildup factors are functions of the
incident energy. Published linear attenuation coefficients were found in Table 5.2 of Cember
1996, and additional values were found by graphing and extrapolating from the published values.
The buildup factors aluminum and iron were obtained from Table 6.5.1, Exposure Buildup
Factors, of the Handbook of Health Physics and Radiological Health, Third Edition (Shleien et
al 1998). Thicknesses of 0.160 inches of aluminum (found to be a standard thickness for
aluminum end-dump trailers) and 0.1345 inches of steel (equal to 10-gauge steel) were used in
the calculation.

Using the linear attenuation coefficients, buildup factors, and relative contributions of gamma
energies to the overall exposure, an overall intensity reduction (I/1p) value was obtained for both
aluminum and steel containers. Using the shielding intensity reduction, as well as accounting for
the buildup of scattered radiation, exposure rate limits for measurements on the outside of the
shipping containers were calculated and are presented in Table 2. It is assumed that the
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containers are full, and that the confirmation measurements will be collected on or near contact
with the outside of the shipping container.

Table 2. Container Exposure Rate Limits

Non- Aluminum
Containerized Aluminum Container Steel Steel Container
Limit Container w/ Buildup Container w/ Buildup
(UR/hr) @ (UR/hr) @ (UR/hr) @ (UR/hr) @ (UR/hr) @
Multiple < 4 inches 170 © 160 230 140 200
Multiple > 4 inches 230 @ 210 320 190 280
Multiple Debris 170 @ 160 230 140 200
Single < 4 inches 120 @ 110 160 100 140
Single > 4 inches 150 @ 140 210 130 180
Single Debris 120 @ 110 160 100 140

1. pR/hr = microroentgens per hour.

2. Values are rounded to the nearest multiple of ten.

3. The generator limit for multiple pipes/pieces of debris is the average of nine measurements.

4. The generator limit for single pipes/pieces of debris is the maximum of nine measurements.

For example, based on the calculation, a shipment of pipe less than four inches in diameter
determined by the generator to be in compliance with the CHDT acceptance criteria in a multiple
pipe configuration with an average of 170 uR/hr or less, would be expected to have an average
exposure rate of 160 uR/hr to 230 uR/hr (when accounting for the buildup of scattered radiation).
Acceptance at the CHDT facility requires the collection and documentation of measurements
within the limits listed on Table 2.

Conclusions

The limits shown in Table 2 will be used by CHDT personnel to verify that shipments of radium
scale wastes meet the CHDT waste acceptance criteria. CHDT confirmation measurements will
be collected with a Ludlum Model 19 exposure rate meter. Any measurements exceeding the
ranges listed in Table 2 may require the shipment to be unloaded from the shipping container for
further surveys, or may result in rejection of the load.
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Attachment 1 — Intensity Calculations for Aluminum Container

Energy % Energy X /10 /1o - Buildup /1o L/LIJ?I;\:JISI
(MeV) @ Activity (em®H @ | (cm)® gﬁﬁgg;; V;\e/'egrgtgg Factor ¥ bLE\iAI/cIitSp) weighted
average
0.04 0.00% 0.489 0.41 0.82 0.00 2.04 1.672 0.00
0.05 0.02% 0.467 0.41 0.83 0.00 2.00 1.655 0.00
0.06 0.01% 0.450 0.41 0.83 0.00 1.97 1.641 0.00
0.08 0.97% 0.422 0.41 0.84 0.01 1.92 1.617 0.02
0.1 0.17% 0.435 0.41 0.84 0.00 191 1.601 0.00
0.15 0.15% 0.362 0.41 0.86 0.00 181 1.564 0.00
0.2 1.79% 0.324 0.41 0.88 0.02 1.76 1.545 0.03
0.3 3.82% 0.278 0.41 0.89 0.03 1.69 1511 0.06
0.4 5.79% 0.266 0.41 0.90 0.05 1.64 1.474 0.09
05 1.33% 0.227 0.41 0.91 0.01 157 1.432 0.02
0.6 12.15% 0.226 0.41 0.91 0.11 1.57 1.434 0.17
0.8 6.32% 0.185 0.41 0.93 0.06 1.52 1413 0.09
1 25.24% 0.166 0.41 0.93 0.24 1.45 1.355 0.34
15 14.42% 0.135 0.41 0.95 0.14 141 1.339 0.19
2 19.56% 0.117 0.41 0.95 0.19 1.37 1.306 0.26
3 8.27% 0.096 0.41 0.96 0.08 1.33 1.279 0.11
0.93 1.37

1. MeV = mega electron volts.

2. cm™ = per centimeter. Bolded values are published values from Table 5.2 of Cember 1996. Non-bolded values were determined by

extrapolation .

3. cm = centimeter. An aluminum thickness of 0.160 inches (0.41 centimeters) was assumed.
4. Buildup factors from Table 6.5.1 of Schleien et al 1998, for mean free path (equal to the product of px) of 0.5. Bolded values are published
values. Non-bolded values were determined by extrapolation.
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Attachment 2 — Intensity Calculations for Steel Container

Energy % Energy U X /10 /o - Buildup /1o II)/lIJ?I;\S:)h
(MeV) @ Activity | (cm® @ | (cm)® gﬁﬁgg;; V;sg;tgeg Factor ¥ bL(J\iAII(IjtlTp) weighteg)
average
0.04 0.003% 3.330 0.34 0.32 0.00 0.000 0.00
0.05 0.022% 2.912 0.34 0.37 0.00 0.000 0.00
0.06 0.007% 2.610 0.34 0.41 0.00 0.000 0.00
0.08 0.965% 2.196 0.34 0.47 0.00 0.000 0.00
0.1 0.165% 2.720 0.34 0.39 0.00 1.26 0.498 0.00
0.15 0.145% 1.445 0.34 0.61 0.00 0.000 0.00
0.2 1.794% 1.090 0.34 0.69 0.01 0.000 0.00
0.3 3.821% 0.838 0.34 0.75 0.03 0.000 0.00
0.4 5.794% 0.836 0.34 0.75 0.04 0.000 0.00
0.5 1.326% 0.655 0.34 0.80 0.01 1.48 1.183 0.02
0.6 12.148% 0.655 0.34 0.80 0.10 0.000 0.00
0.8 6.317% 0.525 0.34 0.84 0.05 0.000 0.00
1 25.242% 0.470 0.34 0.85 0.21 141 1.201 0.30
1.5 14.416% 0.383 0.34 0.88 0.13 0.000 0.00
2 19.562% 0.335 0.34 0.89 0.17 1.35 1.204 0.24
3 8.271% 0.285 0.34 0.91 0.08 1.32 1.198 0.10
0.84 1.20

1. MeV = mega electron volts.

2. cm™ = per centimeter. Bolded values are published values from Table 5.2 of Cember 1996 for iron. Non-bolded values were determined by

extrapolation .

3. cm = centimeter. A steel thickness of 0.1345 inches (0.34 centimeters) was assumed.
4. Buildup factors from Table 6.5.1 of Schleien et al 1998, for mean free path (equal to the product of px) of 0.5. Bolded values are published

values. Based on the distribution of published values, additional values could not be extrapolated.
5. Only the gamma energies with published buildup factors were used in the determination of the weighted average.
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