ECF-100KR2-16-0127
Revision 0

Evaluation of Strontium-90 Leaching
Characteristics from Borehole Sediment Samples
Collected at UPR-100-K-1 and 116-KE-3 Crib
within the 100-K Area of the Hanford Site

Prepared for the U.S. Department of Energy
Assistant Secretary for Environmental Management

Contractor for the U.S. Department of Energy
under Contract DE-AC06-08RL14788

P.O. Box 1600
Richland, Washington 99352

Approved for Public Release;
Further Dissemination Unlimited



ECF-100KR2-16-0127
Revision 0

Evaluation of Strontium-90 Leaching Characteristics from Borehole Sediment
Samples Collected at UPR-100-K-1 and 116-KE-3 Crib within the 100-K Area of

the Hanford Site

Document Type: ENV Program/Project: EP&SP

P. Allena
INTERA, Inc.

Date Published
November 2016

Prepared for the U.S. Department of Energy
Assistant Secretary for Environmental Management

Contractor for the U.S. Department of Energy
under Contract DE-AC06-08RL14788

SM

P.O. Box 1600
Richland, Washington 99352

APPROVED

By Julia Raymer at 12:34 pm, Nov 30, 2016

Release Approval Date

Approved for Public Release;
Further Dissemination Unlimited



ECF-100KR2-16-0127
Revision 0

TRADEMARK DISCLAIMER

Reference herein to any specific commercial product, process, or service by
tradename, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof or its contractors or
subcontractors.

This report has been reproduced from the best available copy.

Printed in the United States of America



ENVIRONMENTAL CALCULATION COVER PAGE

Section 1: Completed by the Responsible Manager

Project: 100-K

RELEASE / ISSUE

Date: 10/27/2016

7N

HANFORD

Nov 30, 2016 | ReLEASE

Calculation Title & Description: Evaluation of Strontium-90 Leaching DATE:
Characteristics from Borehole Sediment Samples Collected at UPR-100-K-1
and 116-KE-3 Crib within the 100-K Area of the Hanford Site

é
Section 2: Completed by Preparer WEN

Calculation No.: ECF-100KR2-16-0127 Revision No.: —+ 0

Revision History

Revision No. Description Date Affected Pages |ADD RO
0 Draft Initial issue All
. Revised Figure 6.4 based on revised 10/27/16 33
0 Table 6.4 in PNNL-25276 Revl report.
| - -~ -~ - _ - - - - | | |

|

Section 3: Completed by the Responsible Manager
Document Control:

Is the document intended to be controlled within the Document Management Control System (DMCS)? [X] Yes []No
Does document contain scientific and technical information intended for public use?

X Yes [No

Does document contain controlled-use information? [JYes X No
Section 4: Document Review & Approval N . P

P Allena/Hydrogeologist )\,‘_\/J/V . 2 \ 16

Preparer: Name /Position '\ Signature Date

H Rashid/Hydrogeologist SM ,HQLMMF' Pafimd /3 /16

Checker: Name /Position Signafure Date

G Ruskauff/Principal Hydrogeologist %( ILQ/M/ A\ / 3/,@

Senior Reviewer: Name /Position N Date

AH Aly/Risk & Modeling Integr Mngr f 7)7( A,M Y -

Responsible Manager: Name /Position v— 4 . %;é é

Section 5: Applicable if calculation is a risk assessment or uses an environmental model
PRIOR TO INITIATING MODELING:

Required training for modelers completed:
WE Nichols/Model Team Leader Z Nov Zo{é
Integration Lead Name /Position . Ignature

Date
Safety Software Approved:
WE Nichols/Model Team Leader é ;2 2 % — 7 MoV 201
Integration Lead Name /Position Signature Date

CALCULATION APPROVED: i
AH Aly/Risk & Modeling Integr Mngr M (//?B//Q
Risk/Modeling Integration Manager: Name /Position S ignature Date

A-6005-812 (REV 5)



ECF-100KR2-16-0127, REV.0

Environmental Calculation File

Evaluation of Strontium-90 Leaching Characteristics from Borehole Sediment
Samples Collected at UPR-100-K-1 and 116-KE-3 Crib within the 100-K Area of the
Hanford Site



ECF-100KR2-16-0127, REV.0

This page intentionally left blank.



ECF-100KR2-16-0127, REV.0

Contents

1  Introduction 1
2 Background 2
2.1 L1B-KE-3 ettt bbbt 7

2.1.1 Characterization of Well 199-K-221 (C8796) ........ccervriririiereiieieisesese e 7

2.2 UPR-L00-K-1 ..ottt sttt te st et st et e e seeseesenbesnestesteeeneeneas 12

2.2.1 Characterization of Well 199-K-222 (C8797) ......ccceeieieiie e se e 12

2.3 LACKNING TESES. ... ettt b e b r e 16

2.3.1 Tests Performed 0N SAMPIES........cociiiiiiiie it 16

3 Methodology 17
4 Assumptions and Inputs 17
4.1 Inputs Related to Contaminant Leaching EXPeriments ........c.ccovvvveveiievesesieenese e 17

4.2 Inputs Related to Flow and Transport Model.............cooeiiiiiiiiiiiecce e 19

5 Software Applications 27
6 Calculation and Results 29
7 Conclusions 41
8 References 41

Attachments
A Software Installation and Checkout FOrms ............ccccccooviiiiiiiiiiiii e 44
Figures

Figure 1-1. Location of Waste Sites UPR-100-K-1 and 116-KE-3 ..........cccccooiriiininiceieesee s 1
Figure 2-1. Locations of Waste Sites and Wells 199-K-221 and 199-K-222 .........c.ccccoovvvveveineveieciieseennn 2
Figure 2-2. Cross -section for wells 199-K-221 and 199-K-222 ..........cccccceiiiieiiii et 3
Figure 2-3. 100-KR-4 Groundwater PIUMES (2015) .......coooiiiiiriiieiiieieiee e 5
Figure 2-4. KE Basin Radionuclide CONCENIIAtION..........cciiiiiiiiiecic ettt st sre st sae s 6
Figure 2-5. Drilling Setup for Wells 199-K-221 and 199-K-222 ..........ccccooiiiiininineieesese s 7
Figure 2-6. Lithology, Field Screening, and Geophysical Logs for Well 199-K-221 ...........cccccoovvvninennne. 9
Figure 2-7. Target Sample Intervals for Well 199-K-221 located at 116-KE-3 Waste Site ....................... 10
Figure 2-8. Well 199-K-221 Soil and Groundwater Sample Data Summary at the 116-KE-3................... 11
Figure 2-9. Lithology, Field Screening, and Geophysical Logs for Well 199-K-222 ..........cccccoiviiiveinnenn. 13
Figure 2-10. Target Sample Intervals for Boring at UPR-100-K-1 (Source: SGW-60149) ...........cccoe...... 14



ECF-100KR2-16-0127, REV.0

Figure 2-11. Well 199-K-222 Soil and Groundwater Sample Data Summary at the UPR-100-K-1..........

Figure 4-1.
Figure 4-2.
Figure 4-3.
Figure 6-1.

Figure 6-2.
Figure 6-3.
Figure 6-4.

Figure 6-5.
Figure 6-6.
Figure 6-7.

Figure 6-8.

Figure 6-9.

Simulated Boundary Conditions for (a) Flow and (b) Solute Transport............cccvererernenen.
Observed Soil Concentrations for Strontium-90 in Well 199-K-221...........cocooeeiviiieeiiciiieeee
Observed Soil Concentrations for Strontium-90 in Well 199-K-222...........cccooceiveiiveiviiineens

Bromide Concentrations in the Flow-Through Column Test for the <2 mm size sediment
sample B31VH2 (199-K-222) along with Simulated Values Based on Transport Model.....

Bromide Concentrations in the Flow-Through Column Test for the <2 mm size sediment
sample B31VN3 (199-K-222) along with Simulated Values Based on Transport Model.....

Effluent Concentrations in the Flow-Through Column Test for the <2 mm size sediment
sample B31VH2 (199-K-222) along with Fitted Equilibrium Sorption Model.....................

Effluent Concentrations in the Flow-Through Column Test for the <2 mm size sediment
sample B31VN3 (199-K-222) along with Fitted Equilibrium Sorption Model.....................

Observed Groundwater Concentrations for Strontium-90 in Well 199-K-221 ..........cccocvvveene
Observed Groundwater Concentrations for Strontium-90 in Well 199-K-222............ccocovuve..

The Present Day Simulated Vertical Concentration Profile of Strontium-90 in Well
199-K-22L. oottt ettt n e et ee

Simulated Dissolved Concentrations of Strontium-90 in the Aquifer Using the Soil
Concentration Profile from Well 199-K-221.........ccccciiiiiieiiiieie e

The Present Day Simulated Vertical Concentration Profile of Strontium-90 in Well
199K =222ttt ettt neeReeRe e re et e tenr et eneens

Figure 6-10. Simulated Dissolved Concentrations of Strontium-90 in the Aquifer Using the Soil

Table 2-1.
Table 2-2.
Table 4-1.
Table 4-2.
Table 4-3.
Table 4-4.
Table 4-5.
Table 4-6.
Table 4-7.
Table 4-8.
Table 4-9.

Concentration Profile from WEIl 199-K=222. ........ooooiiiieeeee ettt e e

Tables

Well Summary INfOrmMation..........ccoii i bbb
Summary of Samples Analyzed For Leaching Tests (source: PNNL-25276)..........cccccccervennne.
Summary Of LeaChing ANAIYSES........coueiiiiiiiiiite e
Initial Soil Concentrations in the <2mm Sediments Based on 8 M Nitric Acid Extractions.....
Formation Thickness for Borehole 199-K-221...........cccciii i
Formation Thickness for Borehole 199-K-222..........ccccceiiiiiieie et
Recharge Rates for Historic and Predictive Simulations (Mm/yr) ........cccccoviveiieiicie e,
Hydraulic Parameters used for 116-KE-3 Crib and UPR-100-K-1 Waste Sites ...........cccueu....
Parameters used for waste sites 116-KE-3 Crib and UPR-100-K-1......c..ccccocooeviiiiiieie e,
Well 199-K-221 Volumetric CONCENLIAtIONS.........cccveiveiieiieiie e sieesieestee e see e see e e e see e e
Well 199-K-222 Volumetric CONCENLIAtIONS..........cueivieiieiie ettt



ECF-100KR2-16-0127, REV.0

Terms
BF backfill
bgs below ground surface
CHPRC CH2M Hill Plateau Remediation Company
CHSGW CH2M Hill Soil and Ground Water
cm/s centimeters per second (units)
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COPC contaminant of potential concern
coc contaminant of concern
CEC cation exchange capacity
DOE U.S. Department of Energy
dpm disintegrations per minute
ECF environmental calculation file
ESL Environmental Science Laboratory
FEPs features, events, and processes
FSB fuel storage basin
m meter(s)
ug/L micrograms per liter
pCi/L microcuries per liter
MCL maximum contaminant level
meq milliequivalent
mg/kg milligrams per kilogram
mm/yr millimeters per year
pCi/L picrocuries per liter
PNNL Pacific Northwest National Laboratory
RTD retrieve, treat, and dispose
STOMP Subsurface Transport Over Multiple Phases (modeling software)
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1 Introduction

The purpose of this environmental calculation file (ECF) is to evaluate the leaching characteristics of
strontium-90 from contaminated sediment samples collected from two recently drilled boreholes 199-K-
221 (C8796) and 199-K-222 (C8797) located within the 116-KE-3 Crib and UPR-100-K-1 waste sites,
respectively, in the 100-KR-4 area of the Hanford Site, and the potential impact of contaminated soil on
groundwater. The general location of the waste sites is shown in Figure 1-1.

As part of the leaching characteristics evaluation, vertical profiles of strontium-90 soil concentrations
developed from discrete sampling of sediments during drilling of the two boreholes is used to develop a
simple transport model to estimate the current and future contribution of strontium-90 mass flux from

vadose zone to the water table.
116-KE-3
/ UPR-100-K-1

105-KE

100 K Area

|:| River

WIDS Boundary

0 60 120 240 Meters
Y R Y I |

0 235 470 940 Feet

Figure 1-1. Location of Waste Sites UPR-100-K-1 and 116-KE-3

Contaminant leach testing consisted of flow through column tests on both intact (field-texture) split spoon
liner samples and on <2 mm repacked sediment columns from various depths. Batch desorption tests and
ion-exchange capacity evaluations were performed along with hydraulic and physical property
characterization of the soil samples as well. The contaminant leach testing data used is in the evaluation
were obtained from PNNL-25276, Analytical Data Report for Sediment Samples Collected from 116-KE-
3 and UPR-100-K-1; Boreholes C8796 and C8797 while the soil concentration profiles are taken from

1
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SGW-59653, Summary of Soil and Groundwater Contamination Conditions Observed in Borings 116-
KE-3 Crib and UPR-100-K-1 of 105-KE Reactor.

2 Background

Radiological contamination exists within the vadose zone and in groundwater of the shallow unconfined
aquifer beneath the 105-KE Fuel Storage Basin (FSB) and associated structures. Contaminated water was
released from the 105-KE FSB directly to the 116-KE-3 Crib/Reverse Well from 1955 to 1971.
Unplanned releases have also occurred from the FSB at a leaking construction joint at the connection

between the FSB and the adjacent 105-KE Reactor building. These releases have affected the vadose zone
and the underlying groundwater.

Figure 2-1 shows the location map of boreholes 199-K-221 and 199-K-222 in relation to the 105-KE
Reactor building and FSB. Figure 2-2 represents cross-section details of the boreholes relative to
elevation and horizontal distance. Table 2-1 presents the well summary information. Boreholes 199-K-
221 and 199-K-222 are located at waste sites 116-KE-3 Crib and UPR-100-K-1, respectively. A brief
description of these waste sites is provided below to highlight the past contaminant discharge history.

N - g8

- o 8 >
| 116KE-3 Crib/ of P
Reverse Well o2t

- C8660

199-K-222

e &

105KE

105-KE Reactor

Figure 2-1. Locations of Waste Sites and Wells 199-K-221 and 199-K-222
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Figure 2-2. Cross -section for wells 199-K-221 and 199-K-222 (Source: SGW-60149)
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Table 2-1. Well Summary Information

Ground Surface Depth to Water

Elevation (ft bgs)
Northing Easting (Brass Cap) Total Depth
Well Name Well ID (m)2 (m)2 (m) (ft bgs)
199-K-221 C8796 146753.91 568129.42 137.673 59.3 104.6
199-K-222 C8797 146730.6 569186.78 143.016 73.94 118.65

a. Washington State Plane Coordinates, North American Datum of 1983, with 1991 adjustments
(NAD83/91)

bgs = below ground surface
ID = identification

Groundwater strontium-90 contamination has been observed in down gradient monitoring wells located
adjacent to the 116-KE-3 Crib/Reverse well. The most persistent contaminants are strontium-90 and
tritium. Contaminant plumes mapped in the 100-KR-4 Operable Unit (OU) are presented in Figure 2-3
(SGW-60149). The historical groundwater monitoring record is relatively recent, starting in the late
1980s.

During demolition activities at the FSB and associated structures, substantial levels of radiological
contamination were encountered in vadose zone soil near the 105-KE FSB and at the 116-KE-3
Crib/Reverse Well. Retrieve, treat, and dispose (RTD) activities for soil conducted to date have not
removed all of the vadose zone contamination that may present a concern for continuing contribution of
contaminants to groundwater.

Two characterization borings were drilled and completed as monitoring wells 199-K-221 (in the footprint
of the 116-KE-3 Crib/Reverse Well) and 199-K-222 (in the footprint of the former 105-KE FSB, which
overlies the UPR-100-K-1 waste site). Both borings encountered subsurface radiological contamination
and related groundwater contamination. The boring in the 105-KE FSB footprint, 199-K-222, exhibited
the highest degree of contamination.

The 105-KE FSB was attached to the 105-KE Reactor and was used for handling and storage of spent
nuclear fuel. The UPR-100-K-1 was an unplanned release into the footprint of the 105-KE FSB. The
release was discovered when the basin was found to exhibit chronic leakage from a poorly sealed
construction joint adjacent to the reactor structure. Estimated variable leakage rates range from zero to 51
liters per minute over the period from 1970 to 1993. Total volume of 105-KE FSB water released is not
well defined, but it could exceed 1E+08 liters.

Estimated concentrations of select radioisotopes in the 105-KE FSB water, from 1977 to 1990, are shown
in Figure 2-4 (SGW-59653).

Figure 2-5 shows a photograph of the drill pads and their locations relative to the 105-KE Reactor
Building. The drill pad at 199-K-221 was constructed 5.3 m (17.5 ft) lower in elevation than the pad at
199-K-222 (see elevation data in Table 2-2). This is because well 199-K-221 is located in the excavation
from removal of the 105-KE FSB.

Preliminary characterization data collected from the two waste sites are summarized in the following
sections.
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Cs-137 (uCilL)

Sr-90 (uCilL)

Pu-239/240 (uCiL)

1
i
i

T T T T T T T

77 78 79 80 81 82 83 84 8 8 87 8 89 90
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Figure 2-4. KE Basin Radionuclide Concentration. (Source: SGW-59653)
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Drill Rig at 199-K-2;
§ May 2015 &

ST = -

o

Note: North direction is towarsthe bottm of the picture
Figure 2-5. Drilling Setup for Wells 199-K-221 and 199-K-222

21 116-KE-3

The 116-KE-3 waste site is an engineered structure that received contaminated cooling water from the
105-KE fuel storage basin during 105-KE Reactor operation from 1955 through 1971 (SGW-54226). The
waste site was originally constructed to dispose of water that accumulated in the sub-basin drainage area,
and was later modified to be an overflow for drainage from the fuel storage basin.

This site is located approximately 23 m (75 ft) north of the 105-KE Reactor building, and during
operations consisted of a drain field with an injection/reverse well in the center that extended below the
water table, allowing contaminated cooling water to discharge directly into the unconfined aquifer.
Remedial actions removed soils to a depth of about 12.5 m (41 ft) below grade and the area was covered
with clean soil. However, radiological contamination up to 1,000,000 disintegrations per minute (dpm)
beta/gamma/100 cm? remained (SGW-54226).

Well 199-K-221 located near the center of this waste site was drilled and sampled in May and June 2015
using core barrel and split-spoon sampling techniques.

211 Characterization of Well 199-K-221 (C8796)

Borehole geophysical logging of well 199-K-221 located in the 116-KE-3 waste site took place on June
26, 2015 from ground surface to 31 m (100 ft) bgs. Stoller Newport News Nuclear, Inc. used the spectral
gamma logging system and neutron moisture logging system to identify manmade and natural gamma-
emitting radionuclides and moisture levels in the borehole. Figure 2-6 compares the geophysical log
against the lithologic log. Figure 2-7 shows target sample intervals for well 199-K-221.

7
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Soil characterization data for well 199-K-221, located in the footprint of 116-KE-3, is presented in graph
form in Figure 2-8 (SGW-60149). Also presented are the groundwater concentrations from samples
collected during drilling and post-development of the well. The vertical strontium-90 soil concentrations
increase sharply at a depth of about 15 m (50 ft) below ground surface from about 1 pCi/g to about 100
pCi/g and then stay around 10 pCi/g until the water table. The vertical groundwater concentrations for
strontium-90 typically remains between 1 and 10 pCi/L.
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Figure 2-6. Lithology, Field Screening, and Geophysical Logs for Well 199-K-221
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Figure 2-7. Target Sample Intervals for Well 199-K-221 located at 116-KE-3 Waste Site (Source: SGW-60149)
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Figure 2-8. Well 199-K-221 Soil and Groundwater Sample Data Summary at the 116-KE-3 (Source: SGW-60149)
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2.2 UPR-100-K-1

The UPR-100-K-1 (105-KE Fuel Storage Basin Leak) waste site resulted from an unplanned release of
highly radioactive cooling water from a failed construction joint between 105-KE Reactor and the
discharge chute of the fuel storage basin (SGW-54226). The leak was first discoveredin the early 1970s
and continued until at least May 1980 (SGW-54226).

Remedial actions removed the fuel storage basin except for an area around the discharge chute anda small
portion of the leachate system. Well 199-K-221 located within the footprint of this waste site was drilled
and sampled in July and August 2015 using core barrel and split-spoon sampling techniques.

221 Characterization of Well 199-K-222 (C8797)

Borehole geophysical logging of well 199-K-222 located in the UPR-100-K-1 waste site took place on
September 10, 2015. Stoller Newport News Nuclear, Inc. used the spectral gamma logging system and
neutron moisture logging system to identify manmade and natural gamma-emitting radionuclides and
moisture levels in the borehole. Geophysical log results and lithology are summarized in Figure 2-9.
Figure 2-10 shows target sample intervals and lithology for well 199-K-222, the borehole drilled in the
UPR-100-K-1 waste site.

Soil characterization data for well 199-K-222, located in the footprint of UPR-100-K-1, is presented in
graph form in Figure 2-11 (SGW-60149). The UPR-100-K-1 is an unplanned release waste site associated
with leakage of contaminated cooling water from a failed construction joint between the 105-KE Reactor
and the associated 105-KE FSB. The leak resulted in contamination of the vadose zone beneath a portion
of the 105-KE FSB and foundation of the 105-KE Reactor.

The upper vadose zone in the footprint of UPR-100-K-1 was highly contaminated by cesium-137 and
strontium-90, with lower levels of cobalt-60. Substantial amounts of plutonium-239/240 and americium-
241 were present along with elevated levels of uranium isotopes. Concentrations decreased through the
mid-portion of the vadose zone. The deep vadose zone, just above water table, exhibited high levels of
strontium-90, as well as lower levels of cesium-137, americium-241, plutonium-239/240, and uranium
isotopes. No tritium was detected in soil samples. This contamination is consistent with the historical
chronic release of highly contaminated water from the 105-KE FSB and may present a continuing source
of groundwater contamination. Groundwater samples exhibited elevated levels of strontium-90, carbon-
14, and tritium. Carbon-14 and tritium, which were not detected in vadose soil, may have originated from
another source (SGW-60149).
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Figure 2-9. Lithology, Field Screening, and Geophysical Logs for Well 199-K-222
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Depth Below
Ground Surface
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mbgs | ftbgs
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GS-8-33.1-34.8
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GS-24 -86 -89.3

GS-25-88.6-91.5
GS-26-90.6-92.7
GS-27 -91.6-94.7
GS-28-94.5-95.8
GS-29 -96.4 - 98.1
GS-30-97.5-99.2

GS-31-99.8-100.5
GS-32-101.4-103.3

GS-33-110- 1128
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on 9/22/2015

Sample Interval

$S8-1-66.9-69.1

m Upper Limit of PRZ

20.8 m (68.1 ft)

WS-1-7795
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238m (776 ft)
WsS-2-829

0 /) SS-2-84.T - 87.2
WS.7 - 85.3*
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Notes:
GS = grab sample

SS = split-spoon sample
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Geology

backfill

sandy gravel
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sandy gravel
sand

sandy gravel
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Water Level

* = post-development water sample

silty sandy gravel 73.94 ft bgs

sandy gravel
gravelly sand

sandy gravel

slightly silty sandy gravel
sandy gravel
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sandy gravel
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CHSGW20140408b

Figure 2-10. Target Sample Intervals for Boring at UPR-100-K-1 (Source: SGW-60149)
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Well Diagram Radiological Characterization Results
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Figure 2-11. Well 199-K-222 Soil and Groundwater Sample Data Summary at the UPR-100-K-1 (Source: SGW-60149)
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2.3 Leaching Tests

Pacific Northwest National Laboratory’s (PNNL’s) Environmental Science Laboratory (ESL) processed
two batches of selected samples from each borehole. Four samples from each borehole 199-K-221
(C8796) and 199-K-222 (C8797) were received from discrete depths as shown in Table 2-2 (PNNL-
25276). The leaching tests were performed on field-textured samples and on <2 mm size sediments.
Two sampling intervals were selected for 199-K-221 (C9896) while four separate sample intervals were
chosen for 199-K-222 (C8797).

Table 2-2. Summary of Samples Analyzed For Leaching Tests
(source: PNNL-25276)

Borehole Sample Depth
(Well) Identification Interval (ft) Preparation
C8796 B31F23 46.1-48.6 Field-Texture
(199-K-221)
B31F24 49.5-50.5 <2 mm
Composite
F30RF3 49.5-51
B31F25 50.5-51.4
C8797 B31VH2 24.1-26.5 <2 mm
(199-K-222)
B31vVM4 66.9 -69.1 Field-Texture
B31VN3 71.6-72.5 <2 mm
B31VR1 84.7-87.2 Field-Texture

2.31 Tests Performed on Samples
The following laboratory tests were performed on samples collected during drilling of the boreholes.

o Initial sediment concentration testing: Samples evaluated for their total contaminant
concentrations using 8 M nitric acid extraction.

e Contaminant leach testing: Contaminant leaching tests were conducted to quantify the
leachability of cesium-137 and strontium-90.

o Leachate Composition
o Column Leach Experiments
= <2 mm Repacked Column Experiments
= Intact Split spoon Column Experiments
o Batch Leach Experiments

o Effluent Analysis: Selected effluent samples from each leach experiment were analyzed for
strontium-90, and cesium-137.
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e Physical Property Characterization: Aside from saturated hydraulic conductivity
measurements made on the field-textured column samples and particle size distribution,
other physical property characterization included porosity, bulk density, particle density,
moisture content and cation exchange capacity.

3 Methodology

The methodology adopted for evaluating the leaching characteristics for strontium-90 included following
two steps:

1. Evaluate the leaching test results from laboratory experiments conducted on the contaminated
samples. By using an equilibrium sorption model, and by matching the leaching test results from
flow-through column experiments, desorption parameters for strontium-90 were estimated.
Because strontium cation concentrations were also measured, the desorption parameters
(desorption Kg) were estimated based on evaluation of both strontium-90 and strontium
concentrations in the effluents. A range of desorption Ky values were derived and a representative
value is recommended for conducting field-scale fate and transport modeling in a deterministic
manner.

2. Fate and transport models were developed based on the observed vertical soil strontium-90
concentration profiles for the two boreholes to evaluate the impact on groundwater concentrations
from vadose zone mass flux of strontium-90 under current and future conditions. The desorption
Kq value estimated in previous step is used in the fate and transport model. The calculations
consider the radioactive decay of strontium-90 with a half-life of 29.12 years.

4 Assumptions and Inputs

The contaminant leach testing inputs discussed in this section are used in deriving the desorption
parameters. This is followed by the discussion of inputs used in the fate and transport model for
predicting the long-term concentrations based on borehole contaminant mass distribution.

4.1 Inputs Related to Contaminant Leaching Experiments

Contaminant leach testing was performed on soil samples collected from wells 199-K-221 (C8796) and
199-K-222 (C8797) to evaluate the mobility of strontium-90. Contaminant leach testing consisted of flow
through column tests on both intact (field-texture) split spoon liner samples and on <2 mm repacked
sediment columns from various depths. Batch desorption tests and ion-exchange capacity evaluations
were performed along with hydraulic and physical property characterization of the soil samples as well.
The results are presented in PNNL-25276.

Table 4-1 summarizes the depth intervals analyzed for each borehole and the analyses conducted.
Selected effluent samples from each leach test were analyzed for strontium-90, total strontium, cesium-
137, total chromium, Cr(V1), major cations, major anions, pH, and alkalinity. The flow-through column
leaching tests were conducted using a synthetic (simulated) groundwater with pH adjusted to about 8.
Although leaching results for strontium-90, cesium-137, and chromium (both hexavalent and total
chromium) were measured, the focus of this study is on evaluating the leaching characteristics of
strontium-90, under the 116-KE-3 crib and UPR-100-K-1. The concentration of other contaminants in the
leachate samples remained either below detection limit or at low concentrations.
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Table 4-1. Summary of Leaching Analyses 2

Initial Flow
Concentration Through
(8 M Nitric Column Batch Cation

Borehole Sample Depth Acid Leach Leach Exchange
(Well) Identification Interval (ft) Preparation Extraction) Test Test Capacity
C8796 B31F23 46.1-48.6 Field- X X

(199-K-221) Texture
B31F24 49.5-50.5 <2 mm X X X X
Composite
F30RF3 49.5-51
B31F25 50.5-51.4
C8797 B31VH2 24.1-26.5 <2 mm X X X X
(199-K-222)
B31VM4 66.9 -69.1 Field- X
Texture
B31VN3 71.6-72.5 <2 mm X X X X
B31VR1 84.7-87.2 Field- X
Texture

a. Source: PNNL-25276

The initial concentrations in the <2 mm sediments were evaluated for strontium-90, cesium-137, and total
chromium based on 8 Molar nitric acid extractions, summarized in Table 4-2 (PNNL-25276). Also
presented are strontium concentrations based on total metals analysis using acid extraction. Because the
acid extraction leads to digestion of the sediment, a significant mass fraction of strontium in the extract
may be reflective of strontium present in the mineral phase (and therefore immobile). The labile mass
fraction of strontium is not known but can be estimated by comparing the strontium-90 and total
strontium concentrations in the leachate by keeping all other transport parameters unchanged.

Table 4-2. Initial Soil Concentrations in the <2mm Sediments Based on 8 M Nitric Acid Extractions

Total
Strontium-902  Cesium-137 @ Chromium 2 Total Strontium
(pCilg dry (pCilg dry (ng/g dry ® (ug/g dry
Borehole Sample ID weight) weight) weight) weight)

C8796 B31F24, F30RF3, 26 <4.42 10.1 21.6
(199-K-221) B31F25

(<2 mm composite)
Cc8797 B31VH2 38,967 39,029 10.4 42.2
(199-K-222) (<2 mm size)

B31VN3 5,913 <4.12 17.4 344

(<2 mm size)

a. Concentration based on acid extract for total metals analysis (PNNL-25276, table 6-1)

b. Concentration based on acid extract for total metals analysis (PNNL-25276, p. A.12)
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During the column tests average flow rate of about 0.09 mL/minute was maintained. Two stop-flow
events were considered, with the first lasting for 48 hours and the second lasting for 72 hours. For sample
B31VH2, the two stop-flow events occurred after 3.08 and 5.21 pore volumes, while for sample B31VN3,
the stop-flow events occurred after 4.33 and 7.43 pore volumes. These stop-flow events were simulated
during the model fitting exercise to match the observations towards estimating the desorption Kg.

At the start of the column leach testing, bromide tracer was also added to the column at a concentration of
about 40 mg/L. After about 10 pore volumes, the bromide tracer injection was stopped and flow test
continued for two or three more pore volumes to elute the bromide. Because bromide is a conservative
tracer, it is used to evaluate the breakthrough time for a non-retarded contaminant relative to other
contaminants that undergo retardation. Comparing the breakthrough curves helps in estimating transport
parameters such as dispersivity.

The batch desorption tests for the <2 mm sediments (at a solid-to-solution ratio of 1:2) were conducted at
three different contact periods (3, 7, and 14 days). The batch desorption tests on the composite sediment
sample from well 199-K-221 (C8796) resulted in non-detects for strontium-90, cesium-137, and
chromium. The batch desorption tests on two samples from well 199-K-222 (C8797) showed strontium-
90 above detection limits, but both concentrations remained unchanged, even with increased contact time,
indicating early establishment of equilibrium conditions. Cesium-137 concentrations above detection
limits were only observed for one sample (B31VH2 at 39,029 pCi/g), but decreased with contact time.

The cation exchange capacity (CEC) measurements on <2 mm sediments (excluding silicon and sulfur
values) resulted in a total CEC of 7.4 milliequivalent (meq)/100 g of dry soil for the well 199-K-221
(C8796) composite sample. The measurements made on two samples for 199-K-222 (C8797) resulted in
total CECs of 40.4 meg/100 g (B31VH2) and 10.8 meg/100 g (B31VN3). The 40.4 meg/100 g value for
B31VH2 does not appear to be accurate; it perhaps was affected by dissolution of precipitated mineral
phases such as calcium hydroxide, magnesium hydroxide, and calcium carbonate. A marked increase in
pH (from 8.1 to 10.3) was also noticeable over a few pore volumes in the flow-through column test for
this sample, indicating perhaps dissolution of precipitated calcium and magnesium hydroxides. Since the
sample depth is shallow (24.1 to 26.5 ft), it may have been affected by surface construction activities
where grout/concrete admixtures were used or it may have been affected by surface remediation activities
that used calcium and magnesium hydroxide. The total CEC derived from the other two samples (7.4 and
10.8 meqg/100 g of dry soil) are more representative of the natural soil near the 105-KE Reactor. The
primary exchangeable cation is calcium, which accounts for about 80% of the total exchange capacity and
is likely to be the primary cation that would exchange for total strontium (and strontium-90) in the
sediment.

4.2 Inputs Related to Flow and Transport Model

A one-dimensional flow and transport model was developed using the Subsurface Transport Over
Multiple Phases (STOMP®?) software to represent the hydrogeologic conditions at each of the waste
sites. STOMP simulation was performed in two stages: the first stage, called the pre-2015 model,
simulated flow through the representative columns from pre-settlement time (1880) until the calendar
year 2015. Results from the pre-2015 simulations provided starting conditions for the post-2015 model,
when both flow and solute transport is considered. The post-2015 solute transport simulations evaluate
the fate of strontium-90 in the vadose zone and aquifer. These results were used to identify the peak

1 Battelle Memorial Institute (Battelle) retains copyright on all versions, revisions, and operational modes of the
Subsurface Transport Over Multiple Phases (STOMP) software simulator, as permitted by the U.S. Department of
Energy. STOMP is used here under a limited government use license.
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groundwater concentrations. A reduced recharge case due to future emplacement of a surface barrier was
also simulated to evaluate changes in strontium-90 concentrations in groundwater.

The modeling parameters such as recharge, hydraulic conductivity, hydraulic gradient and water-retention
relationships, etc. are used from various documents suitable for the current set up (PNNL-25276, ECF-
100KR4-12-0010 and SGW-50776 Table 4-6).

Vertical Distribution of Hydrogeologic Units

The lithologic description from the borehole logs was used to determine the thickness of each
hydrogeologic unit. The borehole logs were downloaded from the Hanford Environmental Information
System (HEIS) database. The thickness of various interpreted hydrogeologic units are presented in Table
4-3 and Table 4-4. The thickness of the saturated zone (SZ) was assumed 5 m for this analysis.

Table 4-3. Formation Thickness for Borehole 199-K-221

Depth (m)

Formation From To Soil Type
Backfill 0.0 8.5 Backfill
Hanford 8.5 12

Vadose Zone
Ringold E 12 18
Ringold E (saturated) 18 23 Saturated Zone

Table 4-4. Formation Thickness for Borehole 199-K-222

Depth (m)

Formation From To Soil Type
Backfill 0.0 4.5 Backfill
Hanford 4.5 11

Vadose Zone
Ringold E 11 225
Ringold E (Saturated) 225 27.5 Saturated Zone

Grid Discretization and Simulation

The grid discretization chosen in the vertical direction is 0.25 m while the discretization in along the x-
axis (parallel to groundwater flow direction) is 10 m and y-axis (perpendicular to the groundwater flow
direction) is 1 m. The total vertical length spans from ground surface to 5 m into the saturated zone. The
10 m horizontal length of the waste site is modeled based on the information presented regarding the
extent of waste disposal system parallel to the groundwater flow direction.
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Flow Initial and Boundary conditions

Solving the governing equations for variably saturated flow and transport requires stipulation of boundary
and initial conditions. Figure 4-1 presents the model domain set-up along with the boundary conditions.
For water flow, a Neumann type (specified flux) boundary condition was applied at the top surface to
simulate effective recharge, Neumann type with no flow (zero flux) boundary conditions were assigned to
the edges of the vadose zone and the bottom of the saturated aquifer, and Dirichlet type (specified
pressure) boundaries were assigned to the edges of the saturated aquifer.

Specified flux Zero Flux
Backfill Backfill
No-i No-flow Zero-flux
o-flow Zero-flux
Vadose Vadose
Zone Zone
Water-table Water-table
Specified Specified Qutflow
Pressure Pressure Zero Flux Advective Flux
(upgradient) Saturated (downgradient) Saéu rated
\ Zone / H one /
No-flow Zero-flux

Figure 4-1. Simulated Boundary Conditions for (a) Flow and (b) Solute Transport

For solute transport, specified zero flux boundaries were applied at the top of the model domain, along
both edges of the vadose zone, along the up-gradient edges of the aquifer grid blocks, and at the bottom of
the aquifer. The base of the model domain in all cases is assigned a constant zero-flux boundary condition
for both water transport and solute transport.

For the portion of the model domain in the vadose zone, a constant zero-flux boundary condition for both
water and solute transport is assigned to restrict (with respect to arrival time of peak solute concentration
and peak magnitude) the representation in the vadose zone to one-dimensional vertical flow. This is a
conservative representation with respect to the arrival time and the magnitude of the peak concentration.

For the portion of the model domain in the saturated zone, a time-constant Dirichlet type (specified head)
boundary condition is specified for water flow at opposite edges aligned to the hydraulic gradient to
represent the water table at the desired elevation and impose the desired hydraulic gradient. For solute
transport, the up gradient edge of the portion of the model domain in the aquifer and all edges of the
model domain in the vadose zone portion of the model domain are assigned zero-flux boundary
conditions.

For the pre-2015 flow simulations, an initial pressure of 86,656.7 Pa, approximately equivalent to —1.5 m
matric potential, was assigned to the nodes in the vadose zone whereas the aquifer grid blocks were
assigned values that matched the boundary condition pressures. Final pressures from the pre-2015
simulations were used as the initial pressures for the post-2015 flow and transport simulations.
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The recharge rates for the native vegetation recharge scenarios are specified by period based on SGW-
50776 for Hanford disturbed soil type. These are summarized in Table 4-5. A long simulation period
ending in 1880 is used to attain a steady-state flow condition throughout the model domain at the long-
term recharge rate for mature shrub-steppe vegetation conditions. From this initial condition, a historic
period including the historic irrigation period (1880 to 1944) with recharge rate 72.4 mm/yr, followed by
the Hanford operations period (1944 to 2015) with recharge rate of 63 mm/yr applicable to bare soil is
simulated to arrive at soil moisture conditions at the start of the present (2015). For the predictive (post-
2015) simulation, no change in the land surface cover is assumed and 63 mm/yr recharge rate is applied
through the predictive period. For a sensitivity case, the recharge rate of 63 mm/yr is maintained for the
period from 2015-2020 (bare soil) and then changed to 4 mm/yr (as a step function) to simulate the effect
of placement of surface barrier (similar to establishment of mature shrub-steppe vegetation cover).

Table 4-5. Recharge Rates for Historic and Predictive Simulations (mm/yr)

Historic Simulation Predictive Simulations
Calculation No Change
of steady- in Land
state initial Surface
hydraulic Cover Surface Barrier Scenario
conditions Historic Simulation Scenario Sensitivity Case®
Mature
Surface Soil Pre- Historic Hanford Shrub-
Types Settlement Irrigation Operations Bare Soil Bare Soil Steppe
(Pre-1880) (1880-1944) (1944-2015) (2015-3015) (2015-2020) (2020-3015)
Hanford
Sand, 4.0 72.4 63.0 63.0 63.0 4.0
Disturbed

a. Recharge rates are taken from SGW-50776

b. Surface Barrier case is specified for a sensitivity case

Hydraulic Parameters

To the extent possible, source-area-specific hydraulic parameter values were used in the STOMP
simulations. Based on previous Hanford studies and on the fact that all available measurements of
hydraulic properties made the same assumption, the sediments were assumed to follow the van Genuchten
(1980) moisture retention constitutive relation and the Mualem—van Genuchten relative permeability
constitutive relation (Mualem, 1976), thus requiring values to be specified in STOMP for each lithologic
unit for:

e K, saturated hydraulic conductivity (LT™)
e nr, total porosity (L3L73)
e @, saturated volumetric water content, called diffusive porosity np in STOMP (L3L7)

e s, residual saturation (dimensionless), equal to the residual volumetric water content & divided
by the saturated volumetric water content &
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e «,van Genuchten fitting parameter (L), proportional to the inverse of the air entry matric
potential

e n, van Genuchten exponential fitting parameter (dimensionless)

The van Genuchten m parameter was assumed to be fixed and equal to (n — 1)/n and the Mualem g
exponent was assumed to be fixed at 0.5 (Mualem, 1976; RPP-20621 Rev. 0, Far-Field Hydrology Data
Package for the Integrated Disposal Facility Performance Assessment).

Hanford and Ringold E units are well to poorly sorted sandy gravels or sandy silty gravels whereas the
backfill consists of poorly sorted sand and gravel with varying fractions of eolian loess and silt (RPP-
20621; SGW-40781 Rev. 1; SGW-41213 Rev. 0, 100-KR-4 Remedial Process Optimization Modeling
Data Package; and SGW-46279 Rev. 0; PNNL-18564, Selection and Traceability of Parameters to
Support Hanford-Specific RESRAD Analyses). Within the 100-K area, the Hanford formation tends to be
coarser grained than the Ringold E. The former tends to contain larger gravel clasts than the latter, but the
Ringold E can locally contain significant amounts of gravel (SGW-40781 Rev. 1; SGW-41213 Rev. 0;
and SGW-46279 Rev. 0). The Ringold E unit in the vadose zone is described as silty sandy gravel in 100-
D and fluvial sandy gravel to silty sandy gravel in 100-K. Where present, the RUM was assumed to act as
a lower bound (aquitard) for the aquifer (SGW-46279 Rev. 0) and so was not directly included in the
STOMP simulations. The average hydraulic gradient of 0.004 for the 100-KR-4 operable unit was applied
based on three 2014 water table elevation contour maps (DOE/RL-2015-07, Hanford Site Groundwater
Monitoring Report for 2014). The hydraulic parameter values were obtained from different sources
(PNNL-25276, ECF-100KR4-12-0010, and SGW-50776 Table 4-6) specific to 100-K area and are
summarized in Table 4-6 and Table 4-7.

Table 4-6. Hydraulic Parameters used for 116-KE-3 Crib and UPR-100-K-1 Waste Sites

Horizontal Vertical

Soil Tota_l Diffusi_ve van BT Residqal Saturated Saturated
Type EcInatio Porosity Porosity Genuchten a Genuchten saturation Ks Ks
2 n Nt Np (1/cm) n Sr (cm/s) (cml/s)

BF Hanford 0.276@) 0.262@ 0.019@ 1.4 0.103@ 5.98E-04@  5.98E-04@
0.24M& 0.240&

VZ Hanford 0.30)6) 0.30)6) 0.117@ 1.332) 0.021@ 6.87E-02@  6.87E-03@
. 0.24M& 0.240&

\'/4 Ringold E 0.30)6) 0.30)6) 0.083@ 1.345(@ 0.013@ 4.08E-02@  4.08E-03@)
) 0.240& 0.24M &

SZ Rlngold E 0.3 () 0.3(2) (o) 0.083() 1.345@) 0.013(@ 5.20E-03() 5.20E-04(0

a BF = backfill; VZ = vadose zone; SZ = saturated zone.
(1) = C8796 (199-K-221) and (2) = C8797 (199-K-222)
a. SGW-50776 Rev 3 Table 4-6.
b. Source: PNNL-25276.
c. Source: ECF-100KR4-12-0010.
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Table 4-7. Parameters used for waste sites 116-KE-3 Crib and UPR-100-K-1

Strontium-90

Desorption
Bulk Partitioning
Density Coefficient
Hydraulic Gradient Ps Kd
Zone Formation i (g/cm3) (mL/g)°
. 2.03(199-K-221) &
Vadose Ringold E 1.90(199-K-222) @ 12
. 2.03(199-K-221) &
(b)
Saturated Ringold E 0.004 190 (199-K-222) @ 12
a. Source: PNNL-25276
b. Source: DOE/RL-2015-07

C.

See Section 6 of this report

Volumetric Concentrations

Soil concentration data for strontium-90 measured in wells 199-K-221 and 199-K-222 are shown in
Figure 4-2 and Figure 4-3. This is converted to bulk volumetric concentration for setting the initial
conditions in the model as shown in Table 4-8 and Table 4-9 for wells 199-K-221 and 199-K-222
respectively. This is accomplished by:

a.

Correcting for the gravel fraction: Since the soil concentrations of strontium-90 are measured on
<2 mm size sediments and need to be converted to bulk soil concentrations, they were adjusted by
multiplying by the gravel fraction (assumed to be 50%). This correction assumes that strontium-
90 sorbed on gravel is negligible and can be neglected. Typically, the contaminant concentration
associated with gravel size sediment fraction (<2 mm size) is much smaller than sand/silt/clay
size fraction and can be ignored in calculating the bulk soil concentration.

Correcting for the labile fraction: Results of the leaching experiments indicate that only about
~2% of the total strontium is labile (undergoes transport) while rest of the mass fraction is not
available for transport. These results are discussed in Section 6. The labile fraction is used to
determine the initial mass in the STOMP based fate and transport model that undergoes transport;
the immobile mass is not modeled.

Multiplying with the bulk density (pg) to convert the soil concentrations to the volumetric
concentrations (on a bulk volume basis). The bulk density values of 2.03 g/cm®and 1.90 g/cm?®
were used in the boreholes 199-K-221 and 199-K-222, respectively, which were obtained from
PNNL-25276. PNNL-14702 has a range of bulk density values for site wide model and the above
bulk density values were chosen as a good representation of that range.

Due to fine vertical grid discretization, interpolation was necessary to estimate initial volumetric
concentrations at each model node since observed values were only available at sampled depths.
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Depth (ft)

Soil Data for Sr-90 in Well 199-K-221

Sr-90 Concentration (pCi/g)
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Figure 4-2. Observed Soil Concentrations for Strontium-90 in Well 199-K-221
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Soil Concentration Data for Sr-90 in Well 199-K-222

Sr-90 Concentration (pCi/g)
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Figure 4-3. Observed Soil Concentrations for Strontium-90 in Well 199-K-222
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Table 4-8. Well 199-K-221 Volumetric Concentrations

Soil
Soil Concentration i
Concentration after Labile Concentrations
Observed Soil after Gravel fraction on a Bulk
Depth Depth  Concentration Correction Correction Volume Basis
Contaminant (m) (ft) (pCilg) (50%) (2%) (pCilcm?)
:—;c:ﬁ)ls?fc:ﬁtium 8.687  28.50 1.64 0.82 0.0164 0.033292
-rr;(;ﬁ)ls?re;énltium 1064 34.91 1.6 08 0.016 0.03248
-rr;(:?olslil?otﬁtium 11.67 38.29 1.98 0.99 0.0198 0.040194
fadostonium 1167 3829 1.34 0.67 0.0134 0.027202
:;c:ﬁ:stifgﬁtium 12.53 4111 1.85 0.925 0.0185 0.037555
:;J%S?fgﬁtiu o 1481 4859 0.949 0.4745 0.00949 0.0192647
fadiostontum 1539 5049 351 1.755 0.0351 0.071253
:;;%'Stifgﬁﬂum 1554  50.98 56.5 28.25 0565 1.14605
fadiostonium 1567 5141 % 45 0.9 1.827
:;J%S?fgﬁﬂum 16.09 52.79 11.9 5.95 0.119 0.24157
e e smm :
I;;%'S?re;ﬁtium 1661  54.49 5.89 2.945 0.0585 0.119567
:;J%slifgﬁtium 17.16 56.30 15.9 795 0.159 0.32277
;’ré?dt%lstil’e;ﬁtium 17.98 58.99 16.4 8.2 0.164 0.33292
-rrz;)dt%stire;ﬁtium 206 67.59 0.407 0.2035 0.00407 0.0082621
;’raodtﬁ)lstt)l’egztium 21.58 70.80 0.216 0.108 0.00216 0.0043848
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Table 4-9. Well 199-K-222 Volumetric Concentrations

Soil
Soil Concentration c trati
Concentration after Labile on;erIIkr\al |Ions
Observed Soil after Gravel fraction G e ; VEIhnE

Depth Depth  Concentration Correction Correction asis
Contaminant (m) (ft) (pCilg) (50%) (2%) (pCilcm?3)
Strontium-90 6.553 21.499 2.7 1.35 0.027 0.0513
Strontium-90 8.077 26.499 36400 18200 364 691.6
Strontium-90 8.443 27.700 7140 3570 71.4 135.66
Strontium-90 10.61 34.810 40.3 20.15 0.403 0.7657
Strontium-90 13.32 43,701 9.25 4.625 0.0925 0.17575
Strontium-90 21.06 69.094 5.42 2.71 0.0542 0.10298
Strontium-90 21.52 70.604 39.7 19.85 0.397 0.7543
Total beta
radiostrontium 21.85 71.686 1540 770 15.4 29.26
Total beta
radiostrontium 221 72.507 4820 2410 48.2 91.58
Total beta
radiostrontium 22.1 72 507 5720 2860 57.2 108.68
Total beta
radiostrontium 22.89 75.098 5720 2860 57.2 108.68
Total beta
radiostrontium 23.16 75.984 2160 1080 21.6 41.04
Total beta
radiostrontium 24.51 80.413 595 297.5 5.95 11.305
Total beta
radiostrontium 25.51 83.694 11.9 5.95 0.119 0.2261
Total beta
radiostrontium 26.58 87.205 1.39 0.695 0.0139 0.02641
Total beta
radiostrontium 27.22 89.304 0.593 0.2965 0.00593 0.011267

5 Software Applications

Two software packages are used in these calculations. GoldSim® Pro is used for leach test evaluations.
STOMP (PNNL-11216, STOMP Subsurface Transport Over Multiple Phases: Application Guide; PNNL-
12030, STOMP Subsurface Transport Over Multiple Phases: Theory Guide; PNNL-15782, STOMP

2 GoldSim Pro is a registered trademark of GoldSim Technologies of Issaquah, Washington.
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Subsurface Transport Over Multiple Phases: Version 4.0: User’s Guide) is used for fate and transport
calculations in this calculation.

5.1 Approved Software: GoldSim Pro

The GoldSim® Pro simulator software, Version 11.1.2. is approved for use by CHPRC at the Hanford Site
in accordance with the requirements of PRC-PRO-IRM-309, Controlled Software Management. The
installed GoldSim® Pro simulator software was tested in accordance with the procedure per CHPRC-
00175, GoldSim Pro Software Management Plan.

5.1.1 Description

GoldSim® Pro simulator software is registered on the Hanford Information System Inventory (HISI) and
is identified as approved for use. The identification for the software package used in the calculation are as
follows:

e Software Title: GoldSim® Pro

e Software Version: Version 11.1.2

e HISI Identification Number: 2461

o Workstation type and property number (from which software is run):

5.1.2 Software Installation and Checkout

A copy of the software installation and checkout forms for the GoldSim installation used for this
calculation are provided in Attachment A of this ECF.

5.1.3 Statement of Valid Software Application

Leach test evaluations are appropriate for solution using the modeling capabilities of GoldSim Pro.

5.2 Approved Software: STOMP

The fate and transport calculations are performed using CHPRC Build 4 of the STOMP software, which
is approved for use by CHPRC at the Hanford Site in accordance with the requirements of PRC-PRO-
IRM-309. STOMP use by CHPRC is managed under the following software lifecycle documents:
CHPRC 00222, STOMP Functional Requirements Document; CHPRC-00176, STOMP Software
Management Plan; CHPRC 00211, STOMP Software Test Plan; CHPRC 00515, STOMP Acceptance
Test Report; and CHPRC-00269, STOMP Requirements Traceability Matrix.

5.2.1 Description
e Software Title: STOMP

e Software Version: CHPRC Build 4
e HISI Identification Number: 2471

o \Workstation type and property number (from which software is run): STOMP was executed on
the INTERA Richland OLIVE Linux®® above Cluster that is owned and managed by INTERA,
Inc., a pre-selected subcontractor to CHPRC. The property tag identifier for the front-end node is

3 Linux is the registered trademark of Linus Torvalds in the U.S. and other countries.
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#825 at INTERA’s Richland, Washington office. As given by the command “uname —a”, the
operating system details are

Linux olive 2.6.32-32-server #62-Ubuntu SMP Wed Apr 20 22:07:43 UTC 2011 x86_64
GNU/Linux (gcc version Ubuntu 4.4.3-4ubuntu5 4.4.3)

5.2.2 Software Installation and Checkout

A copy of the software installation and checkout forms for the STOMP installation used for this
calculation are provided in Attachment A of this ECF.

5.2.3 Statement of Valid Software Application

STOMP is expressly tested and approved for use in solving fate and transport problems in unsaturated
and saturated porous media, and is appropriately applied to this calculation.

5.3 Support Software: TecPlot 360

TecPlot®? 360 EX 2015 R2 was used to evaluate and display the results produced by STOMP. This post-
processing was performed using a laptop with property tag INTERA-00468. The hardware is Intel®>
Core(TM) i5 CPU M 460 @ 2.53GHz, 2534 Mhz, 2 Core(s), 4 Logical Processor(s) operating using the
Microsoft Windows®8 7 Home Premium 64-bit operating system.

6 Calculation and Results

Flow-through column tests conducted on the three intact (field-textured) sediment samples (Table 4-1)
yielded strontium-90 concentrations that were below detection limits. This indicates very low initial soil
concentrations in the samples that were analyzed from 46.1 to 48.6 ft bgs for 199-K-221 (C8796) and
66.9 to 69.1 ft bgs and 84.7 to 87.2 ft bgs for 199-K-222 (C8797). Figure 4-3 presents vertical profiles for
strontium-90 for well 199-K-222 (C8796), which indicates that their soil concentrations are high only at
relatively shallow depths (~25 ft bgs) and near the PRZ (70 to 80 ft bgs). The leaching characteristics of
high concentration zone samples were analyzed using the <2 mm sediment samples and are evaluated in
detail here.

The bromide concentrations as a function of pore volume for flow-through column tests conducted on <2
mm size sediments are presented in Figure 6-1 for sample B31VH2 and Figure 6-2 for sample B31VN3.
The results of the transport modeling conducted to simulate the experiments is also presented. This model
is based on solving the mass transport (advection-dispersion) equation using a finite-difference solution.
The good match obtained between simulated and observed concentrations for bromide, a conservative
tracer, indicate that the modeling set-up is correct and transport parameter values are reasonable. The
slight mismatch for B31VN3 following the stoppage of bromide tracer injection is likely due to relatively
slow drainage of bromide through the soil column. B31VN3 has about 30% combined silt and clay
content compared to about 8% for B31VH2 (PNNL-25276) that could result in slower drainage compared
to the simulated average flow rate.

4 TecPlot is a registered trademark of Tecplot, Inc., Bellevue, Washington.
5 Intel is a registered trademark of Intel Corporation.
6 windows is a registered trademark of Microsoft Corporation in the United States and other countries.
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Once the model set-up was deemed adequate for modeling transport of non-sorbing (conservative) tracer,
calculations were performed to match the concentrations of strontium-90 and strontium that undergo
sorption-desorption processes.
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Figure 6-1. Bromide Concentrations in the Flow-Through Column Test for the <2 mm size sediment sample
B31VH2 (199-K-222) along with Simulated Values Based on Transport Model
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Figure 6-2. Bromide Concentrations in the Flow-Through Column Test for the <2 mm size sediment sample
B31VN3 (199-K-222) along with Simulated Values Based on Transport Model
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The flow-through column tests conducted on the <2 mm sediments resulted in variable concentrations of
strontium-90. For the <2 mm composite sample from well 199-K-221 (C8796) no detectable
concentration was found, even though the initial soil concentration for strontium-90 was about 26 pCi/g
(Table 4-2). During the column tests for the <2 mm composite sample, concentrations for total strontium
were also monitored, showing steady concentrations from 150 to 200 pg/L resulting from ion exchange
with calcium and magnesium in the influent water. The lack of detectable strontium-90 in the leachate
indicates that the starting soil concentration of strontium-90 is either too low or it reflects high degree of
sorption to the sediment surface and likely incorporation in the naturally occurring carbonate minerals.

The results of flow-through column tests conducted on the <2 mm sediments from 199-K-222 (C8797)
showed strontium-90 concentrations in the effluent (PNNL-25276, Rev. 1). The results are presented in
Figure 6-3 (sample B31VH2) and Figure 6-4 (sample B31VN3). Also shown are concentrations of total
strontium (cation). The results show a correlation between strontium-90 and total strontium
concentrations in the effluent: about 1 pCi/mL of strontium-90 correlates with 1 pg/L of total strontium.
Since most of the strontium is likely made available through ion exchange on the sediment surface with
calcium and magnesium from the influent water, it indicates that strontium-90 will continue to leach as
long as strontium-90 soil concentrations are maintained. Some strontium may also be available through
dissolution of calcium carbonate bearing minerals where strontium (along with strontium-90) may have
been incorporated in the mineral phase.

Flow Through Column Test On <2 mm Size Sediment (B31VH2)
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Figure 6-3. Effluent Concentrations in the Flow-Through Column Test for the <2 mm size sediment sample
B31VH2 (199-K-222) along with Fitted Equilibrium Sorption Model
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Flow Through Column Test On <2 mm Core B31VN3 (C8797)
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Figure 6-4. Effluent Concentrations in the Flow-Through Column Test for the <2 mm size sediment sample
B31VN3 (199-K-222) along with Fitted Equilibrium Sorption Model (PNNL-25276, Rev. 1)

An equilibrium sorption (Kq) model is fitted to the results shown in Figure 6-3 and Figure 6-4. This model
is based on solving the mass transport (advection-dispersion with sorption) equation using a finite-
difference solution and deriving an effective desorption Kq value that fits the data set. The results of the
tests were simulated and the effective desorption Kq value is based on simultaneous fit to the total
strontium and strontium-90 concentrations observed in the effluent. Since total strontium was evaluated
more frequently and correlates well with strontium-90, the equilibrium model was fitted to match both
results with more emphasis on fitting the total strontium.

To get the model values to fit the observations at early times (over first two pore volumes) a variable
desorption Kg model was used, with smaller desorption Kq values that increase gradually with increasing
pore volumes. The gradually increasing desorption Ky values are consistent with the observations as
effluent concentrations decline sharply over the first two pore volumes before reaching a quasi-steady
state. The surface desorption processes in the first two pore volumes are affected by flushing the resident
pore waters present prior to initiation of flow-through experiments and represent the effects of
withholding the sediment in the liners leading to longer interactions between the pore waters and
sediments. For these reasons, the desorption Kq values derived beyond the first two pore volumes are
deemed more representative of the field conditions.

Although the desorption Kq values increased as a function of pore volume but beyond 2-3 pore volumes
the values changed within a small range. The longer term desorption K values derived for B31VH2 (<2
mm sediment) were 20 to 30 mL/g, while the longer term desorption Ky values derived for B31VN3 (<2
mm sediment) were about 10 mL/g to 14 mL/g. A higher derived desorption K¢ value for B31VH2
compared to B31VN3 is consistent with the observed concentrations in the soil and effluent. The initial
soil concentration of strontium-90 for B31VH2 is about six times greater than B31VN3 (Table 4-2), while
the dissolved strontium-90 is two to three times lower, indicating much lower leachability for B31VH2.
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Because B31VH2 is a relatively shallow sample (24.1 to 26.5 ft bgs) and may have been affected by the
presence of calcium and magnesium hydroxide (through concrete/grout use), the desorption
characteristics are not deemed representative of the strontium-90 desorption expected deeper in the
vadose zone. Instead, the desorption characteristics of B31VN3 are likely to be more representative of the
deepest part of the vadose zone that is leached during periodic rewetting. The mass balance calculations
performed based on model fitting indicated that only about 2% of the initial strontium-90 is labile
(leachable) while the remaining is bound strongly to the sediments and may not be available for transport.

The desorption Kq value of 12 mL/g is recommended for use in evaluating the transport of strontium-90
for the 116-KE-3 and UPR-100-K-1 waste sites in the 100-KE area. Note that this value is representative
of the <2 mm size sediments and prior to applying this value for use in typical fate and transport models
some adjustments are needed to account for gravel fraction and labile fraction. These
corrections/adjustments are discussed in Section 4.2. Currently, there is no experimental information
available for comparing the strontium-90 leaching behavior for paired <2 mm size sediment and bulk
(field-textured) sample.

The long-term effects of leaching of strontium-90 into the groundwater based on the observed vertical soil
concentration profiles for boreholes 199-K-221 and 199-K-222 are evaluated using the 1-D fate and
transport model. The objective is to compare the simulated groundwater concentrations with the observed
concentrations. A reasonable match would indicate that the observed concentrations in the groundwater
are primarily due to vertical mass flux from vadose zone. The observed concentration profiles are shown
in Figure 6-5 for 199-K-221 and in Figure 6-6 for 199-K-222. The concentrations are high near the water
table but decline sharply with depth.

Observed Groundwater Data for Sr-90 in Well 199-K-221
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Figure 6-5. Observed Groundwater Concentrations for Strontium-90 in Well 199-K-221
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Observed Groundwater Data for Sr-90 in Well 199-K-222
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Figure 6-6. Observed Groundwater Concentrations for Strontium-90 in Well 199-K-222

The parameterization and model set-up is described in Section 4. The calculations are performed using the
desorption Kq value of 12 mL/g. As discussed in Section 4.2, the initial soil concentrations for strontium-
90 that are measured on <2 mm size sediments are adjusted by multiplying with 0.5 for the gravel
correction (based on 50% assumed gravel content) and by 0.02 for the labile fraction (see Table 4-8 and
Table 4-9) in the fate and transport model.

The simulated strontium-90 concentrations in the groundwater for the two boreholes are first presented to
estimate the vertical dissolved concentration profile under present day (2016) conditions. Next, the
concentrations predicted over time are presented for various depths below the water table along with a
zoomed-in figure to illustrate when the concentrations are predicted to drop below the maximum
contaminant level (MCL) of 8 pCi/L for strontium-90.

Figure 6-7 presents the present day simulated aqueous concentration and Figure 6-8 presents future
simulated aqueous concentration at 199-K-221. Figure 6-9 presents the present day simulated aqueous
concentration and Figure 6-10 presents future simulated aqueous concentration at 199-K-222. The
simulated vertical concentration profiles for the present day (2016) conditions match reasonably well with
the observed groundwater concentrations (compare with Figure 6-5 and Figure 6-6). The concentrations
in the aquifer are high near the water table but decline sharply with depth, indicating that the mass flux of
strontium-90 from the deepest part of the vadose zone is the cause of sustained high concentrations in the
aquifer. The results indicate that strontium-90 concentrations in groundwater will continue to decline
slowly in the future and may remain above the drinking water standard (8 pCi/L) for some time in the
future.

Effect of placing a surface cover (surface barrier) that reduces the recharge rate on strontium-90
concentrations was evaluated as a sensitivity case. The recharge rate was reduced in 2020 from 63 mm/yr
to 4 mm/yr. The simulated groundwater concentrations indicated no appreciable difference from changed
recharge rate (results not presented). The negligible difference is probably due to continued decline in
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concentrations from radioactive decay due to short half-life of strontium-90 while the system slowly
equilibrated to the changed recharge boundary conditions.

Simulated Grounwater Data in Well 199-K-221

Simulated Present Day (2016) Sr-90 Concentration in Aquifer (pCi/L)
1 10 100
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90
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Figure 6-7. The Present Day Simulated Vertical Concentration Profile of Strontium-90 in Well 199-K-221
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Sr-90 Profile (Well 199-K-221)
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(b)
Figure 6-8. Simulated Dissolved Concentrations of Strontium-90 in the Aquifer Using the Soil Concentration
Profile from Well 199-K-221. Predictive long-term concentrations at various depths below the water table are
presented in (a). The detailed results showing when the concentrations drop below the MCL are shown in (b).
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Figure 6-9. The Present Day Simulated Vertical Concentration Profile of Strontium-90 in Well 199-K-222
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Sr-90 Profile (Well 199-K-222)
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Figure 6-10. Simulated Dissolved Concentrations of Strontium-90 in the Aquifer Using the Soil Concentration
Profile from Well 199-K-222. Predictive long-term concentrations at various depths below the water table are
presented in (a). The detailed results showing when the concentrations drop below the MCL are shown in (b)
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7 Conclusions

The leaching characteristics of strontium-90 from contaminated sediment samples collected from two
recently drilled boreholes 199-K-221 (C8796) and 199-K-222 (C8797) located within 116-KE-3 Crib and
UPR-100-K-1 waste sites, respectively, were evaluated. Based on the evaluations, a desorption Ky value
of 12 mL/g is recommended for use in the transport calculations.

Vertical profiles of strontium-90 soil concentrations developed from discrete sampling of sediments
during drilling of the two boreholes along with the information related to leaching characteristics of
strontium-90 is used to evaluate the current and future contribution of strontium-90 to groundwater
contamination. The results based on a simple transport model suggest that the strontium-90
concentrations in the aquifer at 199-K-221 and 199-K-222 will continue to decline. However, the
concentrations at 199-K-222 may remain above the drinking water standard for about 150 years. The
effect of placing surface barrier will be negligible in reducing strontium-90 concentrations in
groundwater.

It should be noted that the fate and transport modeling was conducted in a simplified manner without
accounting for the water level changes from daily and seasonal fluctuations in the river stage. Also, the
soil concentrations considered in the model are based on the sampled concentrations in the borehole and
do not reflect the spatial variability below the 116-KE-3 and UPR-100-K-1 waste sites. Similarly, the
leaching characteristics are based on limited number of samples from the boreholes and may not be fully
representative of the leaching behavior under the entire waste site. These simplifications along with
uncertainty in modeling parameters should be recognized while making decisions based on the results
presented here.
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Attachment A

Software Installation and Checkout Forms
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CHPRC SOFTWARE INSTALLATION AND CHECKOUT FORM

Software Owner Instructions:

Complete Fields 1-13, then run test cases in Field 14. Compare test case results listed in Field 15 to corresponding Test Report outputs.
If results are the same, sign and date Field 19. If not, resolve differances and repeat ahove steps.

Software Subject Matter Expert Instructions:

Assign test personnel. Approve the installation of the code by signing and dating Field 21, then maintain form as part of the software

support documentation,

GENERAL INFORMATION:

1. Software Name: STOMP (Subsurface Transport Over Multiple Phases)

EXECUTABLE INFORMATION:
2. Executable Name (include path):

6536kbBelZdBcbb83dealéf2c94 706153
elcdfldbcla2fech5c5alb499939F663
6e72340bb39f6056e232fe5ff241 0444
3f837a0fbBd9f47dbeadabBeEs42d7 e
TebSbd4cc3icaff%1bidoatealedl Hoced?
00aB%Bclc3eclAfl7485781ladlcBecds
f1Bff5ab5667065dBabl2657344fheal
Delaf8ecfZlad8d35b046d0efabed7lb
3cB111a9855dc0ed30bf3cBaTabef3iTe
20436d615a94955aZcefeecdbicbhbab46
Bb3df29df21d04018%3e2a50efA23bb
066a280a75aedb932eb2536da5d7d1EE
clebZadlald9b6efca3lfdiaiashlefsdie
2BadleB8l6ellilTacaslfdTbfBO79375
62505101 6db2felfBE3aTcaaaable’d’
froff6f2903469419ffacecefTd7elT2b
0c3e3fbad0£f5h93e71bef95B6432£d427
TB492aeeB0a8c2dladeB?aakbf4a9c213
Bdbl129786aba%cdbe884el5045a67389
e990f1566cB8099a8d54508de3da%cdBa
18a589%a2bb5aak2db220efeal 9b39351
6569959476772al37dE35ce874821889

stomp-wae-bog-chpre04i.x
stomp-wae-bog-chprc(4l.x
stomp-wae-bd-chprel4i . x
stomp-wae-bd-chpreld4l . x
stomp-wae-cgsg-chprel4i.x
stomp-wae-cgsg-chpreldl.x
stomp-wae-cgst-chprcld4i.x
stomp-wae-cgst-chprcl4l.x
stomp-w-bog-chpre04i.x
stomp-w-bog-chprcl41 .x
stomp-w-bd-chpre04i.x
stomp-w-bd—chprci0d4l.x
stomp-w-cgsg-chpreld4i.x
stomp-w-cgsg-chprel4l.x
stomp-w-cgst-chpre0di.x
stomp-w-cgst-chprc04l.x
stomp-w-r-beg-chprel4i.x
stomp-w-r-pbecg-chpreldl.x
stomp-w-r-bd-chprcldi.x
stomp-w-r-bd-chprcl4l.x
stomp-w-r-cgsg-chprcl4i.x
stomp-w-r-cgsg-chprcl4l.x

Software Version No.; Bld 4

3. Executable Size (bytes): MD5 signatures above uniquely identify each executable file

COMPILATION INFORMATION:
4. Hardware System (i.e., property number or ID):

Tellus Subsurface Modeling Platform
5. Operating System (include version number):

Linux 2.6.18-308.4.1.e15 #1 SMP Tue Apr 17 17:08:00 EDT 2012 %86 64

x86 64 =B6 64 GNU/Linux

INSTALLATION AND CHECKOUT INFORMATION:
6. Hardware System (i.e., property number or ID):

INTERA's Olive Linux System

7. Operating System (include version number):

Linux olive 3.19.0-25-generic #26~14.04.1-Ubuntu SMP Fri Jul 24 21:16:20 UTC 2015 xB6_64
%86 64 xB6 €4 GNU/Linux

8. Open Problem Report? (8 No (O Yes PRICR No.

Page 1 of 2 A-6005-148 (REV 0}
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CHPRC SOFTWARE INSTALLATION AND CHECKOUT FORM (continued)

1. Software Name: STOMP (Subsurface Transport Over Multiple Phases) Software Version No.: Bld 4

TEST CASE INFORMATION:
9. Directory/Path:

/bin
10. Procedure(s):
CHFRC-00211 Rev 1, STOMP Software Test Plan
11. Libraries:
N/A (static linking)
12. Input Filas:

Input files for ITC-STOMP-1, ITC-STOMP-2, and ITC-STOMP-3
(Baseline for comparison are results files from ATC-S5TOMP-1, ATC-STOMP-2, and ATC-STOMP-3
prepared on Tellus during acceptance Lesling)

13. Output Files:
plot.* files produced by STOMP in testing
14, Test Cases:
ITC-3TCMF-1, ITC-3TOMP-2Z, and ITC=S5TOMP-3
15. Test Case Results:
Pass for all executable files listed above.
16. Test Performed By: WE Nichols
17. Test Results: (8) Satisfactory, Accepted forUse () Unsalisfactory
18. Disposition (include HISI update):

Accepted; Installation noted in HISI for all approved users of OLIVE who have completed
STOMP SMP and STP required reading assignments.

Prepared By: = v
9. e S W ee WE Nichols 23 Al 201§
&7 Software Owner (Signature) Print Date
20. Test Personnel: 7
— . é%__,_._ﬁ WE Nichols 23 wov CelS
f;/' Sign Print Date
Sign Print Date
Sign Print Date
Approved By:
21. N/R (per CHPRC-00211 Rev 1)
Software SME (Signature) Print Date
Page 2 of 2 A-6005-148 (REV 0)
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CHPRC SOFTWARE INSTALLATION AND CHECKOUT FORM

| Software Owner Instructions:

Complete Figlds 1-13, then run test cases in Field 14. Compare test case results listed in Field 15 to corresponding Test Repon outputs,
If results are the same, sign and date Field 19. If not, resolve differences and repeat above steps,

Software Subject Matter Expert Instructions:

Azsign test personnel. Approve the installation of the code by signing and dating Field 21, then maintain form as part of the software
suppert documentation.

GENERAL INFORMATION:
1. Software Name: Coldfim Tro Softwars Version No.: 11,1.2

EXECUTABLE INFORMATION:
2. Exacutable Nama {include path):

I IGUldSim.exe

3. Executable Size (bytes): 1,718 E

COMPILATION INFORMATION:
4. Hardware System {i.e., property number or 1D}

Compiled by wvendor
5. Operating Systam (include version number):
Windows 8.1

INSTALLATION AND CHECKOUT INFORMATION:
B. Hardware System (i.e., property number or ID):

INTERR-00&12
7. Operating System (include version number):
Windows 8.1

8 Open Proplem Report? (8) No () Yes PRICR Mo,

TEST CASE INFORMATICON:
9. Directory/Path;

“General Examples

10. Procedure{s):
per CHPRC-DDZ224 Rev 1, GoldSim Pro Scftware Test Plan
11. Libraries:
H/R
12, Input Files:
FirstModal .gsm
13. Output Files:
FirstModel.gsm
14. Tes! Cases
G3=ITC-1
15. Test Case Resuhs:
Match expected results as presented in CHPRC-UU224, GoldSim Pre Software Test Flan
16. Test Performed By: 5. Mehta
17. Test Results: (&) Satisfactory, Accepted for Use (0 Unsatisfactory
18, Disposition (include HISI update):

Accepted; installatien added to HISI Entry

Page 1of2 AH005-149 (REV O)

47



ECF-100KR2-16-0127, REV.0

CHPRC SOFTWARE INSTALLATION AND CHECKOUT FORM (continued)

1. Software Mame: GoldSim Pro

Snfrware Varsion Mo 11.1.2

\Prepared By, - .Z £
18. - —7 P2 WE Michols
7 Gofware r {Sgnature] Brint Taie

20, Test Parsonnal:

5. Mehta dﬁ_-"j FL..:-""’H_"
Prind

Yoz i
" Datk

Sign
Sign Print Dale
Sign Prinl Dais
Approved By:
21. H/BR per SHMP
Software SME (Signalure) Print Dale

Faye 2 ul 2
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