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7 Data Analysis and Statistical Sampling for Site

Pacific

Northwest  Characterization

 Statistical sampling and analysis methods for later phases of site remediation are well
established

= Often required by regulations and guidance
= Data collection driven by statistical requirements

» Challenges of characterization phase
= Various vintages, sources and types of data
= Conceptual site model (CSM) is continually evolving
= Analysis is often subjective / qualitative and not reliant on external criteria

« Systematic planning, data quality assurance (DQA), geophysical data analysis, and
statistical sampling design can assist in site characterization




%/ Site Characterization and CSM Refinement
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Define the problem and uncertainties
and assess the CSM

Identify data needs/gaps & resolution

Establish data collection objectives

J
yalSample Plan7 \

Design data collection & analysis process

Select Investigative Tools

Hydrogeology Chemistry Geophysics

!

Implement investigation

v

Perform data evaluation and interpretation
(Multiple Lines of Evidence)

v

Update CSM & determine if objective(s) are met.

(ITRC 2015b) https://rmcs-1.itrcweb.org/4-adaptive-site-management/



https://rmcs-1.itrcweb.org/4-adaptive-site-management/
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Data Available for
Survey Planning

Data source

Data set description(s)

Previous to RSSI

Engineering drawings (facilities, structures, etc.), operations logs, GIS maps,
background geophysical data (surface/subsurface), water resource
characterization and climate data for Conceptual Site Model (CSM)
development

Risk assessment, hazard assessment, RCRA/CERCLA documentation (including
soil/rock core sample data as appropriate), NEPA documentation (as

HSA appropriate), Source term quantification modeling/estimates for relevant
sites, Contaminant fate and transport modeling
RI/FS or FI/CM reports, updated CSMs, specification of sampling

Scoping types/design/media/location, proposed statistical methods, identification and

characterization of potential contaminant plumes

Characterization

Geologic maps, soil maps, drillers logs, maps of site infrastructure, collection
of groundwater levels, hydraulic tests, soil or rock cores, and development of a
GIS, visualizations, and maps for the site, Surveillance monitoring data from
previous remediation activities (if applicable), geophysical and hydrogeological
modeling results,

Remediation

Characterization of plume structure and composition, conceptual site model,
possibly computer models of flow and transport for the site, feasibility studies
or prior relevant work demonstrating the feasibility of amendments, ongoing
monitoring data to assess performance of the remedy, including routine
sampling of contaminant concentration and signatures of the remedy and its
effects.

Geophysical data

Borehole, cross-hole, surface, or remote sensing collection of data through
electrical techniques (e.g., electrical resistivity tomography, induced
polarization), electromagnetic methods (e.g., frequency and time domain
electromagnetic induction, magnetotellurics, ground penetrating radar),
seismic methods (e.g., reflection seismology, seismic refraction, seismic
tomography), gravity techniques (e.g., gravimetry and gravity gradiometry),
magnetic techniques (e.g., magnetometers), thermal methods (e.g., infrared,
fiber-optic distributed temperature sensing) or multi-spectral/hyperspectral
methods.

Groundwater model

Deterministic or stochastic subsurface numerical models of flow and transport
in the vadose zone, saturated zone, or a combination, including input files,
model calibration results, and predictive results. Geo-framework model
describing the hydrogeology and forming the basis for a Conceptual Site
Model.

Authorized limit data

Authorized limit(s) based on DOE Order 458.1 (DOE 2011, 2017) or data
required to translate regulatory limits to authorized limit(s), including
hydrologic parameters (i.e. soil density, precipitation, irrigation) human health
based from pre-described risk approach, and other default params in the
RESRAD computer code.
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QUALITY ASSURANCE ASSESSMENT

_ QC/Performance
/ Routine Data / / Evaluation Data /
Yy meurs g

DATA VALIDATION/NVERIFICATION

* Venfy measurement performance

 Venfy measurement procedures and
reporting requirements

PLANNING

Data Quality Objectives Process
Quality Assurance Project Plan Development

DQA steps applied to
data collected prior to &

from characterization IMPLEMENTATION ouTPUT
Field Data Collection and Associated
VALIDAT RIFI ATA
Su rvey Quality Assurance / Quality Control Activities / ALIDATEDVERIFIED D /
‘ INPUT

DATA QUALITY ASSESSMENT
+ Review DQOs and design
» Conduct preliminary data review
+ Select statistical test

ASSESSMENT + Venfy assumptions

Data Validation/Verfication +» Draw conclusions

Data Quality Assessment

* OUTPUT

ZCONCLUS[ONS DRAWN FROM DATA /

EPA QA/G-9 (https://www.epa.gov/sites/default/files/2015-06/documents/g9-final.pdf)



https://www.epa.gov/sites/default/files/2015-06/documents/g9-final.pdf
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* Geophysical methods

= Fill gaps in space (or time) between
measurements

= 2D or 3D imaging of subsurface
properties

» |ndirect — requires petrophysical
conversion or correlation

= Potentially valuable conditioning
data for geostatistical methods

v Quantitative estimation

v' Uncertainty reduction and
quantification

= Credit: Tim Johnson (ERT);
Piyoosh Jaysaval (EM)

Geophysical Characterization

Data Collection

Data
Processing

—

(Inversion)

Courtesy Sarah
Hamilton

Electrodes

Data Collection

Data
| Processing

Depth (m)

—

(Inversion)

Surface electrode lines

Tomographic Image

(http://www.marquette.edu/mscs/facstaff-
hamilton.shtml
Source: Hamiltonet al., 2012.

Tomographic Image
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Northing (m)
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2D ERT Image
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3D ERT Image Around Cooling Water
Discharge Pipes at an Operating
Nuclear Power Plant
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Example 2: Static Imaging of Vadose Zone
Pacific Contaminant Plumes
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Hanford Site B-Complex 3D ERT Image Fly-around

BY Cribs
Water Table Surface

B Tilerkield

BX Trenches BT Farm

BT-Farm

Log10 Electrical Conductivity (5/m)




%/ Example 3: Using Geophysics for Estimation
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Terry, Day-Lewis et al., 2022, Groundwater.
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Norinwest Visual Sample Plan (VSP) P\@Fl’_ aveati)ljige on

mpl1] ' Visual Sample Plan - [Example1] - O X

Vieual Sample Plan -
' /isual Sample Plan -

[ File Map Edit Sampling Goals Tools Options Room View Window Help [®7 File Map Edit Sampling Goals Tools Options Room View Window Help -8 x
O ||| d| S| ]| ©| @ BEE=EEE 179 [E0]2 2 el o= <= 9e =(2E ) D|is|E=|QI|S| 2| |ds| 2| B E|m e 7172101 B el e ws € Do) =]/ )] mm
Hib settings Layer Control + %X | Rand pling locations for comparing a mean with a fixed threshold (parametric) il
(=)@ Background Images i Settings
#a Image Tile Server (- Background Images Summary
=] ){6 Map Lines (Feet) || Image Tile Server This report summarizes the sampling design, associated statistical assumptions, as well as general guidelines for conducting
TEI v Default May -2 Map Lines (Feet) post-sampling data analysis. Sampling plan components presented here include how many sampling locations to choose and
P Ip 2 {7 % Default Map where within the sampling area to collect those samples. The type of medium to sample (i.e., soil, groundwater, etc.) and how to
- ‘ DefaultLayer [V]FE Default Layer analyze the samples (in-situ, fixed laboratory, etc.) are addressed in other sections of the sampling plan.
1 ‘ View Settings = ;0 Sample Areas
&[] Default Map The following table summarizes the sampling design. A figure that shows sampling locations in the field and a table that lists
[V Area 1 sampling location coordinates are also provided below.

:i View Settings

SUMMARY OF SAMPLING DESIGN

- Select VSP Version X Primary Objective of Design Compare a site mean to a fixed threshold
Vlsu al am Type of Sampling Design Parametric
Sample Placement (Location) Simple random sampling
UX0 Detection Application Version | in the Field
Here are a few simple instructions t¢ Waorking (Null) Hypothesis The mean value at the site
Click on the underlined biue links to find MARSSIM Application Version | exceeds the threshold
Formula for calculating Student's t-test
Use the Expert Mentor to help with ¢ . number of sampling locations
RCRA Version
Calculated total number of samples |57
What Does VSP Do? Number of | 3 =
CDC/NIOSH Version | ArTiher of samp6s on map
How D¢ | Draw or Impeort a Map? Number of selected sample areas ® |1
Properties « X | Specified sampling area ® 2545638.00 7
L : J FRMAC CM Version Propeti
Property Value How Do | Create a Sample Plan? = =X Total cost of sampling $28,500.00
= p—— ) Property Value !
Can| See Graphs and Detailed Repo | General (sl inchusive) V3P || ? This number may differ from the calculated number because of 1) grid edge effects, 2) adding judgment samples, or 3) selecting
. or unselecting sample areas.
What is the Fastest Way to Learn Ab ® The number of selected sample areas is the number of colored areas on the map of the site. These sample areas contain the
locations where samples are collected.
Where Can | Get Help on Sampling D I~ Dont Show This Menu Again ¢ The sampling area is the total surface area of the selected colored sample areas on the map of the site.
9 Including measurement analyses and fixed overhead costs. See the Cost of Sampling section for an explanation of the costs
Where Can | Find On-Line Help? presented here.
Visual Sample PI
— _/_‘__ P
Example 17
4
For Help, press F1 Wai For Help, press F1 Watch here for user input X=-0.05 Y=0.00

Screenshots from Visual Sample Plan



https://www.pnnl.gov/projects/visual-sample-plan
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* /'SP Is a software tool to...

= Design a statistically-based
sampling strategy

v"How many samples should
be collected, and where?

v'Based on the Data Quality
Objectives (DQO) process

What is Visual Sample Plan (VSP)?

’ True Average vs. Fixed Threshold

Average vs. Fixed Threshold lSampIe Flacement ] Costs ] Data Analysis ] Analytes ]

| |cannot - | assume the data will be nomally distributed. For Help, highlight an item and press

| assume that my data are |ru:|t symmetrical the mean and median are different) MARSSIM j

| want to assess for |surface =0il. j | want to calculate the number of samples ||:|ne ana

Theze design parameters apply to |.-“-‘-.m-24'| [PCidg) j

Specify Mull Hypothesis:
| want to azsume the site iz ||_.|r‘|a|:|:e|:|ta|:||e (dirky] j unhl proven othenwize.

[Bzsume the true median > = action level ]

Specify Falze Rejection Rate [alpha] and Action Lewvel:
| want at least  |95.0 % confidence that | will conclude the site iz unacceptable
[dirty] if the tue median iz at or above the action level of |2.1 pCidg.

Specify Lower Bound of Gray Region and Falze Acceptance R ate [beta]:
[f the true median iz |1 plidg [that iz, 1.1 pCitg below the action level)
then | want no more than a IW % chance of incormectly accepting the null
hwpothesiz that the zite iz unacceptable [frue median »= action level).

j zampling.

The estimated standard deviation due to zampling and analwtical variability is

| want ta use ||:|r|:|ir'|ar_l,l

| 1.2 pCidg.
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MARSSIM WRS Test (Pro\Retrospective) Power
alpha=5% n=(74\74) std.dev.=(0.36\0.251)

* VSP is a software tool to... 1
- @B True Average vs. Reference Average \\
- D esl g n Average vs. Reference Average | Sample Placement | Costs  Data Analysis | Analytes |
= Analyze data to support (Do | Sy et lfﬂs el \
All Data M v

decisions = \
A\

L

n= 148

v'Statistical tests = - \
v'Graphs, plots and summary | == i5 e o7 \

Std Error = 0,032285 W% 1.31

statistics L s o \

Skewness = 0,06619

Walsh's Outlier Test \\
Walsh's Test did not condude that either the N

Suspected smallest or the largest 1 values are outliers at
Outliers: 1 the 10% significance level. Change the
number of suspected outliers to detect mare

Significance - or fewer outliers |'|'|'|'|'|'|'|'i\'|'|'|'|'|'|'| N R RN R RN A RN ENRYRNNG e i
Level: |10% =l 06 07 08 08 1 11 12 13

Sum of Fractions

With & sample size of 148, Walsh's Test achieves a |. Prospective Power [l Retrospective Power

significance level of 10%. Wat

Mote: Data should not be exduded from
analysis solely on the basis of this test,
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* \V/SP Is a software tool to...
= Design
= Analyze

* Visualize maps, buildings,
planned sample locations,
and results

v'CAD and GIS file import

v"Map imagery download

v'3D room and equipment
modeling and visualization
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. Visual Sample Plan - [MarssimSign-5oil-Unity-Data]
IE.JEiIe Map Edit Sampling Goals Jools Options Room Miew  Window Help

° VSP iS a Software t00| tO. N Dlmsllala] ||| | SEmBEEE o] e

Nuclides Analyzed by Study

Nuclide | DCGLy |DCGLgyg
PG

u
= Design
Am-241 (21 2.4
Cs-137 1 187
ary-90 1.7 56.2

y Number of Total Samples: Calculation Equation and Inputs

The equation used to calculate the number of samples is based on a Sign test (see PMML 13450 for discussion).
For this site, the null hypothesis is rejected in favar of the alternative one if the median(mean) is sufficiently smaller

u ]
. VI s u a I Ize than the threshold. The number of samples to collect is calculated so that if the inputs to the equation are true, the
calculated number of samples will cause the null hypothesis to be rejected.

The forrmula used to calculate the number of samples is:

= Guide users who don’t have ear i)
statistical expertise o YT —;;)2

SignP = Q}( -

v'Decision-driven and plain (Jargon-fre€) |.. .o oemmcsommmos

n is the number of samples,
is the estimated standard deviation for the surm-of-fractions as defined in the Unity Rule section below

language
A is the width of the gray region,

o is the acceptable probability of incorrectly concluding the site median{mean) is less than the threshold,
B is the acceptable probability of incorrectly concluding the site medianimean) exceeds the threshald,

/Au to m ati Ca I Iy g e n e rated re po rtS Z1., 15 the value of the standard normal distribution such that the proportion of the distribution less than Zy., is 1-o

i ils the value of the standard narmal distribution such that the proportion of the distribution less than Zy.5 is 1-[
L] L}
d O Cu I I I e n tl n Ste S a n d a SS u I I I tl O n S Mote: MARSSIM suggests that the number of samples should be increased by at least 20% to account for missing
or unusable data and uncertainty in the calculated value of n. WSP allows a user-supplied percent overage as
discussed in MARSSIM (EPA 2000, p. 5-33).

/T h O ro u g h d O Cu m e n tati O n a n d The values of these inputs that result in the calculated number of sampling locations are:

Parameter

references T e T

2561 (740,36 0.3 |0.05]0.1 [1.644585 |1.28155

For Help, press F1
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Current VSP Applications

Environmental Characterization and Remediation
Decontamination and Decommissioning

_ong-Term Legacy and Groundwater Monitoring

dentification, Delineation, and Remediation of
UXO Sites

Natural Disaster Assessments
Clean-Room Verification
ltem Audits and Surveillance

Wherever Sampling Is Used to Support
Decisions

Visual Sample Man
B rie p [ R i) Doos Dotoms foom ew s
Dlslﬂlﬂll Comedie Avir e 1 Fiosd Threshild

PR —
e

Estmate e Mean
Constnuct Confdence Iniersal an Mean

Campae Proporam m Referenos Proparten

ndoor or Outdoor Bio/Chem/Rad Terrorist Event
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* Development sponsored by multiple agencies since the 1990s
= U.S. Nuclear Regulatory Commission (NRC)
= U.S. Dept. of Energy (DOE)
= U.S. Dept. of Defense (DoD)
= U.S. Dept. of Homeland Security (DHS)
= U.S. Centers for Disease Control (CDC/NIOSH)
= U.S. Environmental Protection Agency (EPA)
UK Atomic Weapons Establishment
UK Government Decontamination Services
= UK Department of Food and Rural Affairs

* Integrated development into a single freely available tool means investments
are effectively leveraged into multiple spaces by varied users
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» Current capabilities
= Outlier detection
= Tests of distributional assumptions

» Retrospective power curves for Sign and Wilcoxson Rank Sum (WRS)
tests

= Data visualization

* Interpolated maps and contours
= Area delineation

= Remediation estimation




\%/ Site Characterization Scenario: Hanford BC
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Plutonium G Cy e g Plutonium
extraction . | o extraction
plant . . : plant

Buried low-level »
liquid waste > 3 (\ |

infiltration
trenches \ “ o Buried low-level

liquid waste
infiltration

..-—-'"'"-'-F_. -
cribs

T

Historical Site Assessment of the Surface Radioactive Contamination of the BC
Controlled Area; WMP-18647
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* The trenches were covered with solil, but initially, burrowing native animals intruded into the
trenches and used the waste as a “salt lick”

= Badgers, rodents, primarily jackrabbits

* The animals defecated and urinated in the vicinity

* Predators (coyotes) also ate the rabbits and further spread scat and urine

* Also, deep-rooted tumbleweeds and subsequent grasses added to the distribution

* This was discovered in 1958-1960; the holes were filled in 1965 and the trenches covered
with asphalt. Additional gravel was added in 1969

« Atotal of ~10 km? (4 square miles) was directly impacted

Historical Site Assessment of the Surface
Radioactive Contamination of the BC Controlled
Area; WMP-18647




o

Pacific

Northwest The Extent of the Contamination

R R ——
e S WO 1998 Tramferabiity Sarupling Locatiom|
R 4 ud Surfste Sul Samplng Locitum
- Fl
- ok, Eﬁl s
T s oy e ;
& AT el i gl
% Az 3 ' -
5
-
.
|

T ) TOLES)
LA iy

=

£

~

v

urt: -

o

&

i b

_— -

i - =

e ag - . L3 - 1.8 m

Cdc s6-.5%  19-28 <

- - 28 - &2 =
[ ¢ S8 AT
-' 4 - s 3 -3
| CRFTIEET 43 - 118
-" 1.3 -280 TRE- 132
M zo0-30 (IR N ]
M 20-45 8.7
Blx oas.ar  ar7.ma0
| DS X Fio - 107

Teanalratidity

‘ ? Sampling Locations

.' L Suntacs Seil
Samping Localions

Mol Samgling Locatian
Pards Are Appros mated

Historical Site Assessment of the Surface Radioactive Contamination of the BC Controlled Area; WMP-18647




o

Pacific

Northwest ~Characterization Examples

* The following examples show possible sampling and analysis objectives
before remediation via soil removal

» Specific details, contamination values and the sampling plans created are for
illustrative purposes and have been simplified / modified

On Scene Coordinator Report FY2010 and FY2011;
DOE/RL-2011-101
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« Zone A (orange): Region of elevated contamination prior to remediation
« Zone B (green): Some areas of elevated contamination but lower risk




%/ Example 1: Unbiased Mean Estimation for
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» Suppose that prior to remediation,

stakeholders want estimate the Zone A Zone B
overall Cs-137 average for both Ares 230 acres | 3.970 acres
Zone A and Zone B |

* Planning for_ handling and disposal of

removed soll Average 950 pCi/g | 200 pCi/g
* The two zones differ in concentration

= Average concentration

= Standard deviation of concentration Standard 475 pCilg 100 pCilg

" Size deviation




vortwest O tratified Sampling

NATIONAL LABORATO

* What is Stratified Sampling?

* Divide a heterogeneous population into non-
overlapping groups (strata) that are internally
more homogeneous

= Use random or systematic sampling in each
stratum

* Advantages

* Provides more accurate estimates of the . e Jan S e
mean or percentiles of the heterogeneous
population than if simple random sampling is
used over the entire site without stratification

= Better allocation of samples
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* ODbjective is to obtain an unbiased, sufficiently precise estimate of the mean
 Allocates samples by size of area and standard deviations
* Provides weighted estimate of mean and standard error
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Enter strata parameters
Select optimization method

Sample size, distribution and total
cost calculated

65 samples total
= 14 In Zone A
= 511n Zone B

Stratified Sampling Design Dialog

’ Stratified Sampling

Sample Mean lSampIe Placement l Data Analysis ] Analytes ]

For Help, highlight an item and press F1

Determine Total Mumber of Samples in All Strata

Method: |I'l-'1inimize Cost for Required Standard Deviation of Sample Mean j

Specify Required Standard Deviation: | 15
Taotal Mumber of Samples: 65

, Ii Mote: Each sample area selected on the map
EL LT Z is considered to be a stratum.
Sample Area Area Size Estimated Standard | Mumber of | Collection Cost
[square Deviation Samples per Sample
B Zone A 537388.000 475 14 £100.00
M Zone B 16075000.... 100 51 £100.00

Total Samples:

LR

Analytic Cost
per Sample

£400.00
£400.00

Subtotal:

(Grand Total:

Total Cost

ﬁﬁﬁﬁﬁﬁ
I:"‘-FFl"l" gg’

'\—d'\-"\-’uu-ul-l

£32500.00

Ud

e 1R N
ot et L
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* Minimize Standard Deviation of Sample Mean for Fixed Cost
* Fixed budget, minimize uncertainty on mean estimate

* Minimize Cost for Required Standard Deviation of Sample Mean
* Fixed required uncertainty on mean, minimize overall cost

* Predetermined Number
* Fixed number of samples, optimize allocation across strata

1ine Total Mumber of Samples in All Strata

d: IMinimize Cost for Required Standard Deviation of Sample Mean TI

Minimize Standard Deviation of Sample Mean for Fixed Cost
¥ | Minimize Cost for Required Standard Deviation of Sample Mean

Fredetermined Number
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» Cost per sample and per analysis can be specified for each stratum

« Example: Suppose collection costs were greater for Zone A (due to
radiological controls, PPE, etc.)

= |f optimizing cost, total sample size and sample allocation will be adjusted (shown on
next slide)
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Cost Information

Sample Area Size Estimated Mumber of | Collection Cost| Analtic Cost | Total Cost
Area (square Standard Deviation| Samples per Sample

B Zone A 537888000 475 14 $100.00 S40000  £7000.00

B Zone B 16075000 100 51 $100.00 S400.00 =£25500.00

Total Samples: 65 Subtotal:  $32500.00

Grand Total: $32500.00

Sample Area Size Estimated Mumber of | Collection Cost|  Analytic Cost | Total Cost
Area (=quare Standard Deviatior] Samples per Sample

B Zone A 537888000 475 11 S600.00 $400.00 s11000.00

B Fone B 16075000 100 b $100.00 $400.00 s28000.00

Total Samples: &/ Subtotal:  S3S9000.00

(Grand Total:;
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' Visual Sample Plan - [BCCribs_06_Stratified.V5P]

E‘Eile Map Edit Sampling Goals Tools Options Room  View Window Help

0= S »lwd | @DEREZEER ¢
o =8 «» 9l¢| =|20mE =

|LayerControl  « X|
* Settings
= Background Images
@ Image Tile Server
%@ Map Lines (Meters)
=[] i Default Map
; [w]FE Default Layer
: ‘{) Sample Areas
- '?4 Default Map
& Zone A

@ ZoneB

f View Settings

Property | Value

For Help, press F1

[Watch here for user input [=306361 _,;;‘|
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. Visual Sample Plan - [BCCribs_09_Stratified.V5P]
E‘Eile Map Edit Sampling Goals Jools Optiens Room  Niew Window Help

D p @] &) 3|5 |ae| - | [ EIEIE) |2 [RIRlo]-<] B x| Elo]|m
& =8 > ool 2@ NBEmnmn|

| Layer Control « x| BICs-137 (pCi/g)
‘ Settings ~
E| &4 Background Images

: & Image Tile Server
E|_.:E> Map Lines (Maters)

= ?l Default Map

; i [w| ¥ Default Layer

E| . Sample Areas

EY‘ Default Map

(7] Cs-137 (pCija)

| View Settings

----- DL Map Scale

----- == Map Legend

----- [¥]an Grid Lines

----- e Al Grid Cells

----- [C1£ Grid Cell Corners

----- . Composite Samples
----- 1™, Leading Edge
""" Slis e e 2
£ >
7
Legend Properties « x|
Property | Value |
Title Font __ ChangeFont |
Label Font __ Change Font |
Color set FRK
Log Scale ||
Actual Min ]
Actual Max 2217
SetMin [
Spedfied Min 1}
Set Max |
Specified Max 217
Re-Center _I'“_'I:LI

|Watch here for user input |X=3063'I' A|

For Help, press F1
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» Estimated site mean (all strata combined)
L
fst — ;W}, fh

where X, = estimated mean of data in stratum h
W, = proportion of site in stratum h

» Standard error (standard deviation of estimated site mean)

S(xst) = \/;W% S%/nh
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* Unbiased estimate of mean: 257.53 pCi/g
= Simple average of all values: 402.2 pCi/g

’ Stratified Sampling
Sample Mean ] Sample Placement Data Analysis lﬁﬂahrtes ]

 Data Erﬂnr] Summary Statistics  Tests lF'Ints ]

|Cs-137 - | &l Data -

Mormal Distribution Test

Lilliefors Significance Level: |5‘!-’u ]

Test Statistic: 0.17692
E_E_ sie Data are sufficient to condude with
|-_I||_IEﬁ3'F5 5% 95%, confidence that the data are
Critical Value: 0.12406 not normally distributed

Sirata Statistics

Sample Area Samples | Standard Deviation Mean | Standard Error
Zone A 14 424.85 1110.50
Zone B a1 134.86 207.76

Combined Strata 65 257.53 18,9087
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AAAAAAAAAAAAAAAAAA

* Analysis Objective: Create a spatial estimate of radiological contamination
across both areas

» Use geostatistical analysis (kriging) to create an estimate map and delineate
contours
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vetwest  GeOStatistical Analysis in VSP

’ Geostatistical Analysis —

(] £ E a Sy B u tto n ” O n e -CI i C k Geostatistical Analysis | Variagram Model | Kriging Options | Post-Processing Mapping | Data Analysis |
a n a IyS i S Calculation Settings

« Many options for refining and
iImproving estimates

[ Create map contours

i Calculate Spatial Estimates :

Analysis complete.

Press Apply ar OK to transfer the kriged results to the VSP map.

Results Preview

Semivariogram and Fitted Model

g

000 300 800 F00 SO0 1100 1300 1500 700 1a00
Kriged Estimates Distance

G5LIB routines used for variogram calculation and kriging

0K Cancel Apply Help
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' Visual Sample Plan - [BCCribs_09_Stratified.V5P] - O >
@Eile Map Edit 5Sampling Goals Tools Options Room  VWiew Window Help

0|5 x| | 5| -[[ o] | B EEEAEIERIER % |9 [RISEI0 ] @) || Moo=
o =8 ¢+ 9le| 2l,0E N0z

| Layer Control « X
i Settings ~
Eﬂ Background Images

& Image Tile Server

B- ..:E} Map Lines (Meters)
E|'¥1 Default Map
i) 3 Default Layer
[—:I--‘(), Sample Areas
=1-[] % Default Map

[—jﬂ Raster Data Layers
=™ ordinary Kriging A1

-] ™8 Kriging Varianc
|'_—‘|ﬂ Ordinary Kriging Analy
-] Kriged Estimate
-] 7 Kriging Varianc
= Legends

----- B Kriged Estimates
..... [ 1[®: kriging variances
----- 1B kriged Estimates

[ TR S e S

< >

Legend Properties + %]
Property Value

Title Font Change Font |
Label Font Change Font |

Color set FRK
Log Scale [
Actual Min 51251
Actual Max 2162.89
Set Min

Specified Min 51.251
Set Max ||

Spedified Max 2162.69

Re-Center Move |

For Help, press F1 |Watch here for user input [X=308581
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Delineating Contours

. Yisual Sample Plan - [BCCribs_09_Stratified V5P]

LE‘E”E Map Edit 5Sampling Goals Jools Options Boom  Miew Window Help

D[s|f=| @S| 2{x{a| ©| FEEEEEE 22 @R @ 2 Moo=

o =8 €= 9lel zl/E NiE=Emnmn |

Control « X
i Settings ~
3- Background Images
a Image Tile Server
E1-28» Map Lines (Meters)
E&'{ Default Map
- [v] 3 Default Layer
IEI--:{L Sample Areas
=] ﬁ'{ Default Map

EIE Raster Data Layers
=-i® Ordinary Kriging A1
=1-[#] 7 Kriged Estimats

B[] Contours

..... @ 200
-] Kriging Varianc
= ﬁ Ordinary Kriging Analy .,

£ >

| Sample Area Properties  « xll

Froperty | Value | -
Area Mame Zone B
Area Color

Transparency 62%
Room Height 0

3D Height 0

Below Ground [

Area Type Survey Unit 1
Base Area 16074993.4035
Total Surface... 16074993.4635
Perimeter 16257.7523
Volume 0.0000

Sample Count 51 v
P e -~

Area Name

This is a unique name for this
Sample Area.

For Help, press F1 |Watch here for user input

[¥=3040%
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@ Radiological Transect Survey Geostatistical Analysis

* Delineate Areas: ldentify elevated
regions

Geostatistical Analysis I Wariogram Madel I Kriging Options ~ Delineate Areas |Cost5 I Data &naly

= Automatic from kriged data LT [T — |
u Manua”y Hot Area 2 I Auto Krig: 1000 . 10 acres min
« Statistics and graphs of delineated e

Change Color | . v Outline ¥ Show Centers

areas vs. background e T | o —]

’ Potential Target Areas Y Mumber of Measurements in Area: 7
Average Kriged Value: 132223
Minimum Measurement: 846
H Average Measurement: 1340
Kriged Values :
2500 Maximum Measurement: 217
Center: 304919.34, 5156085.71
Delete Define Newl Edit Shape | Merge | Delete Al |
2000+ -
Automatic from Kriged | Sutomatic from T arget M arkers | Import |
1500
-
1000 B
QK Ca
500
0
File Data | Copy | W Color [ 2-Color Order | Close |
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* Tool for estimating remediation
costs based on area size and
parameters

= Depth
= Remediation cost / volume
* Fixed startup costs

» Defining remediation layers
allows specifying differing costs
for portions of the area to be
remediated

Remediation Costs Estimation

’ Radiclogical Transect Survey Geostatistical Analysis

Geostatistical Analysis ] Wariogram Model ] Kriging Options ] Delineate Areas  Costs | Data Analysis ]

Mame Color Area Depth

imeters"2) | (meters)
Hot Area 1 B 23275000 500
Hot Area 2 B 56525000 3.00
Total R55000.00

Hide Remediation Layers

Remediation Cost | Startup Costs Total Cost

(§/meters”3)
0.028 $5.000.00  $73.42500
0.02 300000  %6,975.00

£2.000.00  520.400.00

Layer Name Top Depth Baottom Depth
(meters) {meters)
Surface Sail 0.00 0.50
BExcawvation 0.50 5.00
Total

Add Layer Delete Layer

Vaolume Remediation Cost Layer Cost
meters"3) {3/meters"3)
22703.18 0.01 5244375
204328 62 0.03 $65,581.25
227031.80 0.028 $68,425.00

Define Layers Using Top and Bottom Depths -

Click on column header to change measurement units

Ok Cancel

Help
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Define the problem and uncertainties

 Areas of Interest for Future Work and assess the CSM
. Further development Of StatIStlcaI Identify data needs/gaps & resolution
models to assist with implementing
quantitative, ObJeCt|Ve Establish data collection objectives

characterization methods

* Implement advanced and 3D
geophysical analysis capabilities In
Select Investigative Tools

VSP
* Support for integrated site

Design data collection & analysis process

characterization: I
" Sample deSign Implement investigation
= analysis and conceptual v
| Perform data evaluation and interpretation
u nderSta nd | ng I[l".ﬁulti;:-I:lIr L;Jnals of Evidlenca] |
= uncertainty quantification Y
Update CSM & determine if objective(s) are met.

= ....repeat as needed
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Thank you

121.5

17.2

7.B

6.184

43
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Historical Site Assessment

@ —
History, material licensing

limits, historical sampling, etc.

Preparation Phase Scoping Phase

DCGL(s)
Initial site concern map
Derived Concentration Guideline Level (DCGL):
radionuclide-specific surface/volume residual

radioactivity level related to concentration or dose
or risk criterion; regulator usually determines this

Scoping Survey Design

criterion.
Scoping assessmen
Release 7 Updated site concern map
/ Characterization design survey

S
@ 00, A
p oL %e® L
2 3 A Characterization
> o o D
S AN <
f% @ ¥ I LIndated™site concern map
— A Area of concern map
ol

Updated site concern map
[ ] ] ] ] ] |

Compliance Phase
{attempting compliance phase)

Headed for compliance Attempting Compliance Passed Compliance
Figure from NUREG-7021
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!

Dynamic Conceptual Site Model

T — — e« Co-mingled COPCs
( HE*‘"* ) »( Preparation F'h:ase D < 8 Smpmg Phase ) 9 :
M Hstory, mae il keanging . S DCGLE] e - * 4D spatio-temporal dynamics
Imits, histoncal samphng, atc.  ——— —" Initial sita cancarn m — . .
s e e T - Groundwater/surface water interactions
» Vadose zone/groundwater interactions
- nh « End-state objective
| Scoping assessme
— — o7 Stage Vs. Time
r_#f.- Release ) ” Updated site concerm map -
T — B ___.--"'? t-:ﬁ“:' ” Cheractanzation dasign surey 116.40 1066
o i et _
g PR — |
i . Characterization | =—— vesd
i . e L
& — = ‘
£ Lindatad ite cancarm map g ]
L] frag '-'lf LIncarn meg ? ‘13-20:_ Elapazg Tlm:?daysfo
Egmphanc& F"hase H — ;bdale_dsue;.rmﬂnm_ q R-Eﬂ‘rEdIatl-Dl‘l F"l"IEtE--E.‘ | = m_‘;_
e Iy [attempiing compliance phase) e L .
Legend > —— — e 2
Headed for complance Altempting Complianca Fassed Camplianca neo

Easting m (x1000)

Log 10 Conductivity Diff (S/rm)

Figure 3.3 from NUREG/CR-7021

-0.25 -0.19 -0.12 -0.06 O,bO

Johnson, et al, 2015

COPC = contaminant(s) of potential concern
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* Layered approach: model homogeneous 2D/3D layers
= Use when

v’ Layers are well-defined and homogeneous in geophysical properties governing contaminant fate
and transport

v’ Layers can be considered as separate decision units, potentially with unique acceptable limits

v Use geophysical and dose models to identify layers and DCGL for each layer (and whether each
layer needs to be considered)

= Considerations

v Layered approach ignores spatial dependence between layers—should not use if vertical correlation
present/impacts result

v' Sample sizes governed by layer with highest sample size due to physical constraints of sampling

v" Alternative actions when results differ from layer to layer (e.g., above/below acceptable limits in
different layers)
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* Volume approach: model the complex 3D volume

= Use when
v Intra (between) layer dependence exists
v’ Layers are not well-defined

v Heterogeneity in effects of geophysical properties on contaminant fate and
transport

v’ Layers cannot be considered separate decision units
= Considerations

v"Models are more complex—to implement, understand, and communicate

v'Sample sizes governed by layer with highest sample size due to physical
constraints of sampling
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« Leverage historical wells/boreholes in survey design
= Start with convenience, judgmental, prior information
= Consider additional locations based on uncertainty
= Add randomly sampled locations based

Classical approaches (parametric or non- Geostatistical approaches

parametric)

« Determine mathematically where to locate samples based on
geostatistical uncertainty

* Incorporate geophysics input through
« Bayesian methods
» Geospatial/kriging methods that combine various data types
 Fixed rank kriging to include data from different sensor

« Stratified random/systematic: use risk & geophysical models to
identify stratification

 Vertical strata represent geophysical layers
» Horizontal (or vertical) based on risk model
* Allocate samples based on relative exposure risk and/or

properties
» Generalized least squares (GLS) to include geophysical
information through covariates
« Uncertainty from such models can guide sample placement
« |dentification of strata, sample allocation across strata

* More sample locations allocated to regions of higher uncertainty
and/or boundaries between high/low contamination

proportion of total volume
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« Challenging to collect sufficient data to accurately describe subsurface complexities

» Traditional (point-source based & destructive sampling) methodologies are costly and present potential
risk for human exposure

= Borehole sampling represents state of the system at specific location(s) and time(s) — potentially not
representative of whole area of concern

= Large uncertainty in forecasting subsurface system evolution

* Few-shot machine learning in conjunction with remote subsurface sensing techniques and
high-performance forward prediction

» Reliably estimate subsurface property distributions, including permeability, porosity, and hydraulic
conductivity, that control transport and fate of radioactive material

= Address paucity of characterization data and complexities of heterogeneous subsurface systems

= Advancements will reduce uncertainty of system-scale characterization and radiation rose assessments,
minimize costs, and increase worker safety and protection of human health and the environment

» Expect these advancements to be most applicable in characterization & earlier phases
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» Current capabilities
= Qutlier detection
» Tests of distributional assumptions
= Retrospective power curves for Sign and Wilcoxson Rank Sum (WRS) tests
= Data visualization
» |nterpolated maps and contours
= Area delineation
= Remediation estimation
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* In environmental settings, often observe spatially correlated data; samples
obtained close to each other are more correlated than samples farther apart.

= Classical test of hypothesis approaches ignore spatial correlations.
= Geospatial methods estimate and account for those spatial correlations.
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« Covers large areas rapidly
 Ground, waterborne or airborne
 Non-invasive

WVertical cross section of the inverted resistivity image along FloaTEM profile B-B

N S
O — 500 _
£ 2 | - o - - £
§ 40 "\_ \\,\ mu;__,:
-
Em \l g iﬁl:l 3
- L : | y Fau 157 | 5
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