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UNI TED STATES OF AMERI CA
NUCLEAR REGULATORY COWM SSI ON
+ + 4+ + +
ADVI SORY COW TTEE ON NUCLEAR WASTE

150™ MEETI NG
+ + + +
THURSDAY,

MAY 27, 2004

+ + + +

The neeting commenced at 8:30 a. m in RoomT2B3,
NRC Headquarters, Two White Flint North, Rockville,

Maryl and, B. John Garrick, Chairman, presiding.

PRESENT:
B. JOHN GARRI CK ACNW Chai r man
M CHAEL T. RYAN ACNW Vi ce Chai r man

GEOCRGE M HORNBERCGER ACNW Menber

RUTH F. WEI NER ACNW Menber

ACNW STAFF PRESENT:

HOWARD J. LARSON Speci al Assistant, ACNW
ALLEN CROFF ACNW | nvi t ed Expert

NEIL M COLEMAN ACNW St af f

RI CHARD K. MAJOR ACNW St af f
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CONT-E-ENT-S

ACENDA | TEM

Openi ng Statenment (Open) (BJG JTL)

The Chairman will make openi ng remarks
regardi ng the conduct of today's sessions.

Treat nent of Uncertainties in Hydrol oqgic

Mbdel s:  Conceptual ©Mddel and Par aneter

Uncertainty (Open)(GVH NMC)

Briefing by and di scussions wth
representatives of the NRC staff, Pacific
Nort hwest National Laboratory and the

Uni versity of Arizona regarding the proposed
strategy for coupling paranmeter uncertainty
wi th conceptual nodel uncertainty in ground

wat er nodel i ng.
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P-ROGEEDI-NGS
8:30 a.m

CHAI RVAN GARRICK:  On the record. The
nmeeting will come to order. This is the third day of
t he 150'" meeti ng of the Advi sory Committee on Nucl ear
Waste. My nane i s John Garrick, Chairman of t he ACNW
The ot her nenbers of the comrittee are M ke Ryan, Vice
Chair, George Hornberger and Ruth Weiner. Al so
present is our consultant Allen Croff.

Today the Commttee will be briefed by the
NRC staff and its consultants on a proposed strategy
for the treatnment of wuncertainties in hydrologic
nodel s: conceptual nodel and paraneter uncertainty.
Secondly, we'll continue our discussion of proposed
Conmittee letter reports. Neil Coleman is the
desi gnated federal official for today's session.

The neeting 1is being conducted in
accordance wi th t he provi si ons of the Federal Advisory
Committee Act. The Conmittee hasn't received any
witten coments or requests for tinme to make ora
statenent fromnenbers of the public regardi ng today's
sessi on. But should anyone wish to address the
Conmi ttee, please make your wi shes known t o one of the
Conmmittee staff.

If you do participate, it is requested
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t hat t he speakers use one of the m crophones, identify
t hensel ves, and speak with sufficient clarity and
volume so that it can be readily heard. Today our
| ead menber of the Committee on the topic is George
Hornberger. [1'mgoing to ask himto carry forward.

MEMBER HORNBERGER: Thanks, John
Wel come, everybody. Today we finally get to talk
about somet hi ng exciting.

(Laughter.)

CHAI RVAN GARRICK: It took us until the
third day to get there.

MEMBER HORNBERGER: W have three
presentations today. The O fice of Research has been
supporting work on the i nportant topic of howto deal
with uncertainty in hydrol ogi cal and hydrogeol ogic
nodel s including how one deals with differences or
uncertainties in conceptual nodels.

So we have three presenters this norning;
TomNi chol son of the staff here, Phil Meyer fromPNNL,
and Shl onbo Neurman fromthe University of Arizona. |
t hink without further ado, we'll launch in. Tom
understand you are going to be first.

MR. NI CHOLSON: Good norning. Thank you
very nmuch for the introduction, George. 1'd like to

i ntroduce Phil Meyer to nmy left who will be tal king
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after ne about the unified methodol ogy that has been
devel oped. Shlomo Neuman will get into sone of the
t heoretical aspects of it and sone of the testing of
t he nmet hodol ogy using the Apache Leap data.

At the tabl e back there is Mark Thaggard.
He i s the Section Leader in Performance Assessnent in
t he Deconm ssioning Area. He is our custoner.

MEMBER HORNBERGER: He pays the bills.

MR. NI CHOLSON: He pays the bills. When
we do good and he acknow edges, then that nakes our
managenent feel very good. I just would like to
briefly introduce the topic to you. 1'll discuss the
uncertainty issues, the research of Jack, the tasks,
applications. Then "Il sunmmarize very quickly.
There's sone i nf ormati on sources, the NUREGs t hat have
been produced.

Uncertainties in the sources we think are
a very integral part of performance assessnents. W
think in order to have full docunentation that
uncertainty has to be addressed. |In the past, a lot
of it was just | ooking at paraneter uncertainty for us
concepti on of what ot her peoplereferred as structural
uncertainty is an extrenely inportant part of this.

There are a variety of sources of

hydr ogeol ogi ¢ uncertainty. The first one, which is
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probably the one that we focus on the nobst, is the
i nconpl ete knowl edge of the system being anal yzed.
The i nconpl ete know edge i s often how you interpret,
how you do nodel extraction, understand howthe system
shoul d be characterized and eventual |y nodel ed.

So the conceptualization is extrenely
i mport ant. W also may get uncertainties due to
nmeasurenent errors and characterizing the systens
features, events, and processes and, of course, the
natural variability of the system spatial properties,
and the transient external stresses, for instance,
infiltration.

Finally, we also would like to |ook at
uncertainties that arise fromthe disparity between
the sanpling scale, the nmonitoring scale, and the
sinmulation relative to the actual dinmension of these
features, events, and processes which may effect
radi onucl oni c transport. Next please.

As | mentioned very briefly, it's this
need to | ook at alternative representation systemt hat
is one of the key issues in the nethodol ogy. Shlono
Neuman, in a previous contract with this, has
devel oped a very good report, NUREG 6805, which tal ks
about a strategy for identifying and creating these

alternative representati ons of hydrogeol ogi c system
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Al so, the nethodol ogi es produce a very
rigorous and systematic approach to identifying and
guanti fying these very sources of uncertainties which
are nmentioned. So what we did was, nmany years ago we
first briefed you people on the work that Shlonp was
doing on conception nodel wuncertainty and how to
represent and devel op nodel extractions of the system
of interest.

Phil Meyer and his colleagues at PNNL
devel oped a separate nethodology on paraneter
uncertainty. W have asked them and what they are
reporting on today is this unified methodology in
whi ch t hey are bringi ng together the concepti on nodel
uncertainty with the paraneters. W've asked themto
al so I ook at the scenario uncertainty.

Phil and Shlomo will talk about the
scenario uncertainty. W're focusing right now on
hydr ogeol ogi ¢ scenarios, for instance, irrigation
strategies, ground water punping, flooding, things of
that nature. Next slide please.

Well, what are our research objectives?
Qur nost inportant research objective is to devel op
the technical bases for the licensing staff so when
t hey revi ew performance assessnents, they will have

know edge of and tool s to assess uncertainty. W al so
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want this detail ed met hodol ogy that is evolving to be
able to identify and conpare alternative conceptua
fl ow and transport nodels.

W want to apply this nmethodology to a
variety of test cases. Phil will get into sonme
di scussi on. It's already been tested from a
feasibility standpoint on the Apache Leap database.
But now, they want to apply it to sone |larger scale
probl ens anal ogous to deconm ssi oni ng.

Then finally, another extrenely i nportant
objective is to educate the staff. Tonorrow Shl ono,
Phil and M ng Ye, in the audience, will be educating
the NRC staff on their nethodol ogy. we'll fully
explore wth them how to develop and create
alternative conception nodels, how to [|ook at
par anet er uncertainty and t he t heoreti cal
under pi nni ngs of it.

This viewgraph is just sinply tolet you
know t hat one of the things that we're nost concer ned
about is structured nmedia. There's a variety of ways
of representingthe dat abase and phenonena, especially
in the unsaturated zone, and that's what this is
focusi ng on. W can look at the flow and |ater
transport as it noves through course and fractured

medi a. The questionis, isit thematrix or is it the
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fractures that are controlling?

This is a viewgraph | would like to | ook
at because it areality check. Too often, we sinplify
nodels to the point where we don't |ook at the
t renmendous conpl exities involved in near surface and
deeper process such as infiltration, devel opment of
perch wat er systens, the role of certain units either
to become perching units or they may actually have
fractures in them such as the clastic dike, that
allows water to mgrate vertically. Then of course,
t here are other things such as wells thensel ves to be
avenues for down home contam nati on.

So the research tasks, what are they? W
have six of them The first one has been
acconmpli shed. They have devel oped, and you should
have copies of NUREG CR-6843 which couples the
conceptual nodel wth the paraneter uncertainty
nmet hodol ogy. They are now incorporating scenario
uncertainty into the nethodol ogy.

They are devel oping a test plane which
Phil will discuss and test it on the 300 ar ea dat abase
at the Hanford site, docunent the test case. As |
said before, it isn't just one technol ogy transfer.
There's nultiple ones inwhichthey will comeintothe

NRC headquarters and actual | y educate the staff on all
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the details of their methodol ogy.

VWhat are the applications? Well, the
applicationis to apply their rigorous and systematic
nmet hodol ogy to real test cases to fornulate a set of
pl ausi bl e alternative concepti on nodel s supported by
field data. That's very inportant, supported by
avail able field data, then to calibrate each one of
t hese nodel s to address paranmeter uncertainty and to
estimate the nodel probability, and then finally to
compute a wei ghted average of the nodel predictions
with each nodel's results weighted by that nodel's
probability.

In sunmmary then, the research is to
understand the various sources of uncertainty, to
develop this systematic and rigorous nmnethodol ogy
focusing on hydrogeologic flow and transport,
formul at e and conpare al ternative conception fl owand
transport nodels, and then to test the robustness and
conmpl eteness of the nethodology, and provide a
technical basis for the staff. The |last viewgraphis
t he t hree docunents | have nentioned. So | would Iike
toturnit over nowto Phil. Phil, if you would wal k
t hrough your view graphs with the gentl enen.

MR. MEYER. Sure. |'mgoing to go through

this pretty quickly. There's alittle bit of overlap
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between ny slides and Toms. |'mjust going to hit
the key points that | wanted to raise on those.

First off, | wanted to acknow edge not
only M ng, who has been instrunental inthis work, but
al so sonme other folks that have been involved; Mark
Rockhol d and Kirk Cantrell both at the | ab who work as
geochem sts. Next slide please.

So fromthe perspective of the NRC staff
dose assessnents, the key issue for me i s, where does
t he uncertainty come in? The approach that the NRC
uses is a risk-informed, performance-based deci sion.
The risk is assessed by eval uating uncertainty dose
predictions. So that's where the uncertainty issues
actually cone in.

You typically have predictions that are
made over a long period of tine. There's conpl ex
processes involved. Therefore, the predictions of
dose based upon that type of analysis are going to be
uncertain. For our work, we are concentrating on the
pat hways only invol ving hydrol ogic transport.

Tom al ready went through the sources of
hydr ogeol ogi ¢ uncertainty that we're | ooking at. The
key point here that | want to raise is that the
uncertainty has the result that at a typical site

therewi || be plausi bl e alternative representations of
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the system and uncertainty about future behavior of
the system These alternative representati ons cannot
al ways be resol ved to a single representation that is
the only one justified by the data.

Sointerns of the project, our goal isto
try to have an analysis of wuncertainty for these
probl enms that is somewhat conprehensive in the sense
that it incorporates the paranetric uncertainty,
uncertainty about the conceptual nodels or the
structural aspects of therepresentation, and al sothe
scenari o uncertai nty where scenari os are condi ti oned.
"' mgoing to tal k next about each one of these just
very briefly to raise a few key points.

So this is a picture taken fromthe near
surface Hanford site by John Selker. It just
illustrates the type of issues that can result in
paraneter uncertai nty when | ooki ng at hydrogeol ogy.
Tomhad a conceptual nodel slide fromthe Hanford site
of tank waste | eaks and potential transport and the
vari ous nmechani sns that m ght be invol ved there.

| don't have that slide here, but that
slide basically had things very honbgenous. There
were a fewl ayers. There was Hanford gravel s, Hanford
sands which inthat slide covered afairly |arge area.

Then there was a Cal eche | ayer down bel ow t he tanks.
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Well, this picture covers only a couple
neters. But you can see the kind of variability
that's at the Hanford site. This would be the
variability that'swthinthe Hanford sand unit that's
inthat picture that Tomshowed. So you have physica
and hydraulic properties here that are varying on the
scale of just a few centineters and the actual
magni tudes are carrying over several orders of
magni t ude.

In addition, when you try to represent
this, there's alimted nunber of sanpl es that you can
obtain fromthe site. Therefore, you can't actually
di scern this kind of variability fromyour sanpling
necessarily. And then there's scale differences
between the scale of the neasurenents that you are
t aki ng and t he actual representati on wi thin a nodel of
t he paraneters of the site.

So our approach to the application of data
and paraneter estimationfollows thislittle di agram
On the lower left, there's what we refer to as prior
paranmeter values or prior parameter distributions
which are based on generic or local informtion
sour ces. That progresses and if you have site
specific information, you can use that information to

update, in a Bayesian sense, you could update those
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paranmeter values or distributions thereby reducing
your paraneter uncertainty.

In the upper right, if you have
observations of the systembehavi or that you can apply
to the calibration of the paraneters, then you go
ahead and do that using an inverse nodel and thereby
reduce your parameter uncertainty even further. So
there's a couple of points here. One is that the
net hodol ogy that we want to apply needs to be able to
i ncorporate systematically at any |evel paraneter
uncertainty. | guess that's ny key point.

The other thing | wanted to point out here
isthat ultimately where you would like to beis upin
the upper right where you are calibrating your
paraneters. That requires nonitoring data. | know
the NRC is sponsoring research on long-term
noni t ori ng.

The data that cones from such |ong-term
nmonitoring would naturally fall into our methodol ogy
at the calibration point where as you collect nore
data, you can continue to refine not only your nodels
but your parameter values. 1'll discuss also in our
nmet hodol ogy the probability of a nodel would get
refined or updated in the same manner.

So that was paraneter uncertainty. In
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terms of conceptual nodel uncertainty, our perspective
is as follows. Taking the site data and other
information available, you can often fornmulate a
nunber of conceptual nodels about the site and then
al so i npl enent those potentially in different ways.
So the fi nal conceptual mat hemati cal nodel
t hat you end up with, you may not be able to arrive at
a unique representation of the system That's
represented here where at the bottom there's three
conceptual mathematical nodels that can be used to
represent the site. Each one of them may be valid.
That is, each one of themmay be able to represent the
data at the site to some degree. You may not be able
to elimnate themall based upon the avail abl e dat a.
Sointermnms of eval uati ng conceptual nodel
uncertainty, this is just a very brief summary of
t hat . Shlomo is going to talk about this in nore
detail in ternms of both the background and also
application. But the basic ideais to postulate a set
of plausible alternative conceptual nodels that are
supported by the avail abl e data, then assign a prior
probability to each al ternative nodel where that prior
probability represents your degree of belief and the
suitability of that nodel for the site, and then

estimte posterior nodel probability using observed
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behavi or t hrough process of calibrating each nodel and
using the information fromthat calibration, and then
compute the predictions with each nodel and conbi ne
the results using nodel probabilities as weights.

So this perspective doesn't try to | ead
you to a single nodel. In fact, the exanple that
Shl onmo i s going to di scuss, we denonstrate that if you
use just a single nodel as opposed to a number of
nodel s, each of whichis valid, that youw Il not have
t he best solution. That is, using nultiple nodels and
combining themin this way can lead you to better
prediction, nore reliable predictions.

There is a figure. This is entirely what
Shlomp is going to be tal king about. The Maxi nmum
Li kel i hood Bayesi an Mbdel Averaging is the nanme of
this process. |It's described in NUREG CR-6843 and

also in a Water Resources Research paper that just

came out.

There is aflowchart that we put together
inthe NUREGthat is in your notes. |'mnot going to
di scuss that flow chart too nuch. But it summarizes
t he process of conbi ned esti mati on of conceptual nodel
and paraneter uncertainty. Yes, it |ooks Iike this.

(I'ndicating.) In the Water Resources Research paper

and alsoin the NUREG there is an application of this
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nmet hod t hat basi cal | y goes t hrough t he entire process.

| just want to briefly tal k about scenario
uncertainty because that is part of the issue too.
Scenario uncertainty is a bit different than
conceptual nodel uncertainty in the foll owi ng sense.
Simlarly, we can postulate a set of alternative
scenarios, aset of alternative future representations
for the site in terns of things |like Tom nenti oned,
irrigation, hydrologic events |ike flooding, stuff
i ke that.

You can postul ate these set of
alternatives. |In the sane way that you can assign a
prior probability to nodels, you can assign a prior
probability to each scenario. That is, your degree of
belief in the likelihood of that scenario occurring.
Then there is a simlar process to this. "' m not
going to go into any detail.

But if you are confortable wi th applying
probabilities to scenarios, then you can incorporate
that in a manner very simlar to this flow chart just
as an outer loopwiththis flowchart on the inside of
that | oop. If you are not confortable wi th assigning
prior probability scenarios, then you' re stuck with
sonething less than a formal assessnent of scenario

uncertainty because it's fundanentally different.
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Wth the nodel probability, you can
eval uate the probability of a nodel in the posterior
sense fromthe systemobservations that you have. But
you can't necessarily do that wth scenario
uncertainty. So if you are not confortable with
applying probabilities to scenarios, then you are
limted to sonething |ike a sensitivity analysis for
scenari o uncertainty.

So in terns of evaluating nethod, the
application that Shlono is going to talk about is
geostatistical nodeling of air perneability in
fractured rock. So in that case, the alternative
nodel s are geostatistic nodels of air permability.
That exanple is a conpl ete application of the Maxi mum
Li kel i hood Bayesi an Mbdel Averagi ng net hod.

It denonstrated the superiority of the
nodel average result over the use of individual
nodel s. As | nentioned, that has just been published

in Water Resources Research also. The ot her

applicationthat we're currently working onis uranium
transport in the subsurface at the Hanford Site 300
area. |l'mgoing to just briefly go through a few of
t he details about that application.

Inthe 300 area, thereis alot of process

associated with the activities in the Hanford site
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that went on there. In disposing of sone of their
waste, they used liquid discharges to ponds and
trenches. That waste had uraniumin it which is now
in the groundwater.

The site is outlined here in red on the
surface there. That's arepresentation of the surface
t opography. The dark blue is the Colunbia River. So
the site is just a few hundred neters from the
Col umbi a whi ch nakes it of sone concern. This is the
Col unbi a River here. (Indicating.) Thisis basically
the fence I|ine. The operations went on in here.
There's a disposal pond here. Then these are sone
di sposal trenches. This distance hereis two or three
hundred neters.

This is a representation of the major
geologic wunits as the Hanford site geol ogi st
represents themshown here. The next slide, thereis
a cut away view that illustrates the layering, the
t hree di nensi onal nature, discontinuities in |ayers.
These are sone of the data points represented by t hese
yellow lines representing wells at the site.

We are currently devel oping what we're
calling a nom nal nodel for this sitewhichis athree
di mensi onal unsat urat ed/ sat urat ed zone nodel in which

we wll try toincorporate as nuch detail as possi bl e,
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as nmuch detail as we're willing to consider at the
site. Then our plan is to have sone relatively
sinpler nodels that we wll actually apply the

uncertainty methodol ogy to.

This is a plan view of the nom nal nodel,
t he nost conpl ex nodel , the representation of thegrid
discritization that we're using. This is a three
di mrensional nodel. This shows the data points that
we're using. The three sources of contam nation are
| ocated there. Next please.

One of the issues at this site because it
issoclosetotheriver isthat thereis an influence
of the river on the groundwater. The river goes up
and down in response to the seasonal cycles and al so
in response to the way the danms on the river are
operated. This is just a tine line from 1944, the
begi nning of the operation of the site, up to the
present time of our reconstruction of theriver stage.

You can see that it varies over ten
neters. It has in the past. There was a
di scontinuity in terns of t he statistica
representation of the river stage when the | ast dam
Mca, went in up on the river in Canada. So this is
just to illustrate that this is not only a three

di nrensional problem but it's also the transient

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

22

i ssues. Transients of the transport is potentially an
issue, and we wll be representing that in our
nodel i ng.

So the uncertainty assessnent is being
applied here to a set of alternative nodels that are
sinplified from our nomnal nodel. W are
representing those nodel s usi ng the G5, ground wat er
nodel i ng system framework, MODFLOW and MI3D to the
greatest extent possible. The reason for doing that
is, there are sone NRC staff that have experience in
GVB, and NRC i s sponsoring work with the GVS fol ks.

The alternative representations that we
wi | | be using i ncl ude honbgeneous ver sus het er ogeneous
hydraul i c paraneteri zati on and t he st eady st ate versus
transi ent boundary conditions. Also, the chem stry at
the site is sonmewhat conplex. There's a |ot of
research going on now at the Hanford site related to
t hat issue.

W will be representing a portion of the
current chem cal know edge about the site in terns of
the uniformty or non-uniformty of the adsorption
nodel that's applied. Adsorption of the uraniumis
very sensitive to the total carbonate and sol ution
concentration which varies with the river water and

t he ground water.
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So just from a philosophical point of
view, | wanted to finish up with a couple of thoughts.
The val ue of uncertainty estimates is limted. So we
have a process here, a nmet hodol ogy t hat we descri be as
conprehensive in some sense. But at the same tine,
it's inportant to recognize that the uncertainty
estimates that are going to cone out of any
uncertainty analysis are | ower bounds.

This is a quote fromsoneone that we all
know. "As we know, there are no knowns. There are
t hi ngs we know we know. W al so know t here are known
unknowns. That is to say, we know there are sone
things we do not know. But there are al so unknown
unknowns, the ones we don't know we don't know. "

And | added a fourth category, those
t hings that are unknown knowns, things we think we
know but in fact we don't know. As | nentioned, the
consequence of this is that any uncertainty estimates
have to be |ooked at as |ower bounds. But that
doesn't nean that because of that you should do
nothing. I1t's better to approach the problemfromthe
poi nt of viewof trying tolook at the uncertainty the
best you can than to throw up your hands and say,
"Well, it's so uncertain | can't do anything."

| will just end here with a quote froma
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personal phil osophical inspiration of mne. "I know
a lot of things, but I don't know a |ot of other
things. You have to stand for sonething or you are
going to fall for anything." Thanks.

MR. NEUMAN. Good norning. As Tom and
Phil have nentioned, |I'm going to give you a brief
summary of a paper that has just appeared on t he_\Wat er

Resources Research Journal website. The paper is

right here. Essentially, it deals with this issue of
conceptual paranmeter uncertainty assessnent using a
net hodol ogy t hat we have devel oped i n the context of
a previous NRC project which we are now trying to
extent to the area of scenario uncertainty and
applications in the context of the current PNNL
projects of which I aminvol ved.

The notivation for | ooki ng at conceptua
nodel wuncertainty stens from the recognition that
environnental systems, in particular hydrogeol ogic
subsurface systens, are open and conpl ex. As such, if
you were given a set of characterization nonitoring
data, there can be nmultiple interpretations of these
data essentially leading to a system of possible
conceptual i zati ons and mat hemati cal nodel s.

It is common in hydrology to rely on a

singl e conceptual nodel. We think that this may | ead
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to what is known in statistics as Type 1 Model Error
which arises fromthe rejection by om ssion of valid
alternatives. | have been participating in many
critiques and litigations associ at ed Wi th
hydr ogeol ogi ¢ systens. Al nost al ways the focus is on
t he conceptual nodel underlyi ng what ever mat hemati cal
nodel is used to support any given hydrogeol ogic
cal cul ati ons.

Type 2 Model Errors ari se when one adopts
by not rejecting aninvalidnodel. Thisis especially
critical if there is just one single nodel, as is
al ways the case. This can be devastating fromthe
standpoint of a person's reputation if he presents a
conceptual nodel in the context of a scientific

conference. Inthe context of litigation, it may cost

mllions of dollars. In the case of environnenta
i ssues, of course, it can lead to environnental
damage.

Mbdel s are based on a single conceptua
framework, therefore, underestinmate uncertainty by
under sanpl i ng the val i d nodel space. This is the Type
1 Error. And they may introduce statistical bias by
relying on aninvalid nodel whichis the Type 2 Error.
And these uncertainty and bias nay be significant.

So in order to address these issues, we
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have, in the context of our previous NRC project with
the University of Arizona, devel oped a conprehensive
strategy of hydrogeologic nodeling with special
enphasi s on uncertainty assessment. The strategy is
summari zed i n NUREG CR- 6805 published by nmyself and
Peter Virenga in 2003.

The basic idea there is to account for
uncertainties due to three nmajor sources. The nost
i mportant one that we were focusi ng on, because it was
novel and there were no known ways for addressing it,
was t he conceptual nodel uncertainty which of course
is manifested in the mathematical nodel which
sunmari zes the underlying concept. We will refer to
this as structural nodel uncertainty.

Model paraneter wuncertainty has been
handled in the past. W have well devel oped
techniques to handle it. But of course, the question
is how to conmbine this with the conceptual nodel
uncertainty aspect. It is relatively easy. The
literature is full of techniques that allow one to
account for uncertainty enforcing terns. In the case
of hydrogeol ogy, that woul d be source terns, boundary
conditions, initial conditions and so on.

It isvery possiblethat certain scenarios

coul d be enbedded within this |evel of uncertainty but
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not all of it perhaps. One key elenent of this nore
conprehensive strategy is this Maxi mum Likelihood
Bayesi an Mbdel Averagi ng concept. So what i s Bayesi an
Model Averaging? It is a technique devel oped by
statisticians, especially by the Statistical School of
the University of Washington in Seattle. But others
have been devel oping it.

It started perhaps ten years ago or so
appearing inour literature and has been sunmari zed in
a very nice tutorial by Hoeting in 1999. There have
been sone additions to that since then where the i dea
is that one considers a set M call it, of possible
concept ual nodel s transl ated i nt o mat hermati cal nodel s.

So we have a set, M through M, of
mat hemati cal nodels, each one based on a different
conceptual franmework. Suppose we want to predict a
quantity Delta, which in the context of hydrogeol ogy
could be hydrolic head, velocity, flux of the
contam nant, whatever it is that we want to predict.
O course, there can be nultiple Deltas. But we'll be
focusi ng on one of these.

So what we would like to know is the
probability that this Deltais correct given the data.
O what is the probability or distributions of our

predictions? In other words, what is the uncertainty
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of the predictions?

The idea here is that we would wite this
posterior distribution of the Delta posterior because
it is based on observati on of data D as a wei ghted sum
over all the nodels that we have adopted for our
anal ysis rather than relying on a single nodel where
P Delta/ MKD is the posterior distribution of Delta
given by a single nodel and P MKD is a wei ght which
represents the posterior probability of this node
bei ng a correct nodel.

Al'l of these probabilities areinplicitly
conditioned not only on the data but on our choi ce of
nodel s. So everything is going to be relative to our
choi ce of nodels. W do not believe that it is
possible to assess predictive uncertainty in an
absol ute sense but only in a conditional sense given
a certain set of nodels, given a certain set of data.

One can then easily come up wth
expressions for the prediction or posterior nmean of
Delta gi ven as t he ensenbl e average or the statistical
average of the quantity we are trying to predict,
Delta, given the data, which again is a weighted
aver age of the predictions or ensenbl e averages gi ven
by individual nodels weighted by the posterior

probability of each nodel
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And the variance can be expressed in a
sim lar manner and can in fact be deconposed into two
conponents; avariance associ ated wth the predictions
of a single nodel, again, weighted by the posterior
probability of each nodel and a vari ance which ari ses
fromdi fferences between t he nodel s, t he bet ween nodel
vari ance, and again weighted in the sane way. This
has been shown by Draper and others in the statisti cal
l[iterature.

What is Maxi mnum Li kel i hood BMA, to which
we refer as MLBMA? BMA requires prior information
about the paraneters of the nodel. It also would
entail for inplenmentation avery | arge nunber of Monte
Carl o rounds of each nodel. The idea behind BMAis to
enhance the conputational efficiency of BVMA and al so
to elimnate this need to rely so heavily on prior
i nformati on.

So the ideathenis to approxi nate sonme of
t hese probabi |l i ties usi ng Maxi mumLi kel i hood esti mat es
of the paraneters. Theta hat would be a likelihood
estimate of the paraneter space. Theta K, Kbeingthe
designation of a particular nodel. W have nodels
running fromML to M

In particular, what | have proposed in

2002 as part of this previous NRC project is to use a
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so-cal | ed nodel discrimnationcriterion devel oped by
Kashyap, to which we refer as KIC, to estinate the
posterior probabilities of the nodel MK/D. There are
wel | - est abli shed techniques in hydrogeol ogy and of
course not only in hydrogeol ogy, but ny focus is on
hydr ogeol ogy, to obtain these Maximum Likelihood
esti mat es and cal cul ate t he Kashyap nodel
di scrimnation criterion.

One can do it with or - and | want to
stress that - wthout prior information about
paranmeters. Very often in hydrol ogy, we do not have
reliable prior estimtes of the paraneters. We rely
on nmoni t ored observation of the systemto calibrate a
nodel through inversion against those data and this
way, estimated paraneters.

The approach is valid for bot h
determ nistic and stochastic nmonment nodels of the
subsurface or for that matter any other system One
can then use Monte Carlo or stochastic nonent nodel s
to estimate the predictive uncertainty of Delta soto
obtain an ensenble nmean E of Delta given M, the
nodel, the estimates, Theta hat, and a given set of
data, and the same with respect to the variance.

Bot h BMA and MLBMA i ncl ude a system M of

nodel s. The question of course is, how should one
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choose these nodel s? O course, we will want to work
wi t h nodel s whi ch are physically nost pl ausi bl e. They
appear to be qualitatively consistent a priori with
t he avai | abl e knowl edge and t he data so that they form
what is sonetines referred to as Occaml's w ndow.

O herwi se, there would be aninfinite set
of nodels that one could consider. So we have to
[imt ourselves to sonething that is practical. To
t he extent that these nodels are clearly distinct from
each other, then it woul d make sense perhaps to assign
prior probability to each nodel as being sinply 1/K
where Kis the nunber of the nodels. O herw se, there
may be some questions about howto assign these prior
probabilities.

This is an open question. How shoul d
t hese prior probabilities be determ ned? What i npact
will they have on the final result? What we believe
is that the nore one conditions the nodels on data,
the less inportant it is what the prior probabilities
will be because the posteriors wll essentially
overwhel mthe priors. But nevertheless, it's an open
i ssue that we need to address.

So the overall strategy then is to
postul ate al ternati ve conceptual mat hemati cal nodel s,

which in itself is a whole issue, assign prior
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probability to each nodel , anot her maj or i ssue, assign
prior probabilities parameters of each nodel - and in
M.BVA this is optional, in BMA this is the essence -
obtain posterior paranmeter estimtes for each node

and an estimation covariance - this is critical - by
statistically-based nodel calibration or inversion,
cal cul ate posterior probability for each nodel using
the fornula that we have just |ooked at, predict
quantities of interests using each nodel, assess
prediction and certainty, the distribution and the
variance in the l|least, for each nodel using Mnte
Carl o or a stochastic noment method which does not
require Monte Carlo and is therefore conmputationally
potentially nore efficient, weigh predictions and
uncertainties by corresponding posterior nodel

probabilities - this is the BMA concept - and sum
t hese over all the nodels so that there is a wei ghted
average prediction of both the quantity of interest
and the uncertainty associated with it.

" mvery quickly going to go through our
first application of this which was done primarily for
denonstration and anal ysis purposes. It may not be
directly relevant to NRCinterests. But nevert hel ess,
froma purely scientific standpoint, we think that it

has provided us with a pretty good case study.
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Some of you may renenber the Apache Leap
Research Site in Arizona which is unsaturated tuff.
We have conducted a nunber of single hall and cross
hal | pressure interference tests at the site. You can
see the borehol es there. Here, I'm going to talk
about one neter scal e packer tests whi ch have provi ded
us with over 180 nmeasurements of air perneability in
this fracture domain.

The questi on we are goi ng t o ask oursel ves
is, what is the best geostatistical nodel of spatial
correlation to apply to these data? |If you | ook at
those data and plot a sanple correlation
representation in the form of a variogram between
those data - these nunbers by the way indicate how
many pairs were available for each point on this
correll ogram variogramtype plot, |lag distanceisthe
di stance between data - there is a variety of nodels
that one can fit to this spatial correlation nodel

We are going to, in particular, look at a
fractal power nodel, nodels that treat the nediumas
honobgeneous statistically. Those are the exponenti al
in this nodel, and nodels which superinpose on this
honogeneity a trend or a drift. Those are the first
order and the second order polynom al drift nodels,

al t oget her a nunber of nodels.
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It is well known that if one tries to
estimate jointly by Maxinmm Likelihood, both the
variogram and the drift paraneters in sone of these
nodel s, whi ch have nost of them one can obtain bi ased
estimates. So we have come up with a two step
procedure to avoid this bias. Il will not go into
t hose details because they are technical.

But just to give you a very quick idea, it
is possible using a nethod call ed Universal Kriging
coupl ed wi t h a Maxi mumLi kel i hood par anet er esti mati on
schene, to which we refer as the Adjoint State M
Cross Validation schenme, it is possible to estimate
vari ogram paraneters w thout estimating the drift
paraneters. Once we do this, to the extent that a
nodel includes drift, wethenestimate it by so-call ed
generalized | ead squares.

There is a table here showi ng our
cal cul at ed posterior nodel probabilities for each one
of these. Let's start fromthe top. You can see the
various nodels designated Pow0. This is the power
nodel . ExpO, this is the exponential correlation
nodel with added drift. SphO is a spherical nodel
without adrift. Oneindicates alinear drift and two
indicates a quadratic drift. This is all in three

di nensi ons.
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The second row is inportant because it
i ndi cates the nunber of paranmeters associated wth
each one of these nodels. The third one is the
negative log | i kelihood, a measure of nodel fit to the
data that | was showi ng you. |If one went strictly by
the nodel fit, one would probably select the
exponential two nodel which has the | owest val ue of
NLL.

And yet, the nodel di scrim nation
criterion KICwoul d sel ect other nodels. W have, by
t he way, | ooked at various ot her nodel discrimnation
criteria. For those of you who are famliar withthis
concept, there are others called IKE and VIC and so
on. We have tried them all. They do not give a
consi stent ranking of these nodels.

VWhat is typically done in situations such
as this is, people do the paraneter estinmation, |ook
at these nodel discrimnation criteria, and use them
to sel ect one nodel and discard all the others. It's
very clear fromthis exanple that doing sois really
wi thout justification. First of all, these criteria
are very close to each other. Second, their ranking
is not entirely consistent.

So this is where we cone in and say, "How

about sel ecting several of these nodels and anal yzi ng
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themjointly?" W do it twice. The first tine we
assign a probability p(M) to every one of these
nodel s equal to 1/7 because there are seven nodel s.
The second tinme, based on the cal cul ated posterior
nodel probabilities which essentially give zeros for
three of these nodels, for Exp2, SphO, and Sph2, the
second time, we ignore those three saying they have
very | ow probability.

One could also ignore the one with the
very | ow probability of 0.51. But we keep this in the
picture and redo this by assigning a 1/4 to each one
of these four non-zero probability nodels and
essentially get very simlar results in this
particular case. |It's not clear that that's what's
goi ng to happen al ways.

W will run very quickly through sone
figures which show you two dinensional sections
through a three dinensional volune over which we
estimate | og perneability and plot it for the various
nodel s on the top. At the bottom we plot the
correspondi ng estimation variance. I f you | ook at
t hese pictures, youw Il see that the nodels give very
simlar estimates of the paraneters.

Soif all you wanted was an estinate, you

could use alnobst any one of these nodels and the
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di fferences woul dn't be |l arge. Were the differences
arereally largeisinthe variance of the estimation,
meani ng at the bottom So it's the bottomwhere you
will see differences.

Let's go to those other two. So this is
Expl and Sphl. W now have four nodels only that we
have retai ned. We have elimnated three of those
based on the posterior probabilities that you have
seen. And now, BVMA. So the posterior nmean here is
t he wei ghted sum- we used a nethod called Kriging to
do the estimation - of the Kriging estinmates.

The posterior variance according to the
formula | have shown you before i s t he wei ght ed sum of
t he wi t hi n-nodel and between-nodel variances and the
wei ght s, of  course, as the posterior nodel
probabilities. Again, the estimate is very, very
simlar but the variance nowis different.

So the summary of this. The posterior
probability is the weighted sum of the node
probability. You can see that the heavy solid bl ack
line is a conprom se between the various nodels. The
variances are shown at the bottom Again, it's a
conprom se between the variances of the various
others. In this case, we are | ooking at the variance

average over all the points or pixels within this
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t hree di mensi onal bl ock of pixels.

More inportant is cross validation. In
order to see how well each nodel individually can
predi ct data and howwell or poorly M.BVA wi |l do, we
| ook at six boreholes. We have data from six
bor ehol es. So we ignore nmeasurements of |og
permeability data fromone borehole at atine, usethe
remaining data to estimate these, and then conpare
wi th the known val ues that have been neasured i n each
one of these borehol es.

So we estimate t he val ue of the paraneters
and nodel probabilities based on the remaining data,
assess and conpare the predictive capabilities of the
nodel s, and BMA. This just indicates the sensitivity
to the data. W have conpared this - we don't see the
conparison here - sensitivity to other node
discrimnation criteria which would al so be used in
our context such as I KE and VIC and so on and cone to
a conclusion that is not new that the KIC
discrimnation criterion appears to be the nost
sensitive to data.

This is one maj or reason why we advocate
using KIC because otherwi se soneone could use
sonething else as well. More inportantly, a neasure

of predictive capability is the so-called | og score,
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the negative natural logarithm of the posterior
probability of predicting DT or data t hat were i gnored
using a nodel Mk and the set of data DB which have
been used or are being used for the purpose of the
prediction.

So for a single nodel, it's just a mnus
|l og of the posterior probability of DD for a given
nodel, and then for BMA we have summed them up
wei ght ed by the posterior probabilities of the nodel.
You can see that BMA provi des the | east predictive | og

score meaning the highest probability that its

predictions are <correct in conparison to the
i ndi vidual nodel. The smaller, the less information
is |ost.

Anot her nmeasure of predictive capability
isthe so-calledpredictive coverage where we generate
by Monte Carl o sinmulation the whol e range of possible
results. W |ook at the 90 percent interval of the
gener ated val ues and want to know to what extent the
actual datalieinthis in-depth predictioninterval.
Here you want, of course, the | argest anmount of data
tolieinthe predictive interval. Again, BMA covers
a |l arger range than the other nodel. It's very close
to the power nodel, but it's certainly very different

fromthe other two nodels. The |l arger, the better the
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nodel ' s predictive capabilities.

So to summarize, we found that MBMA
provi des a theoretical as well as a working franework
for prediction wunder wuncertainty which accounts
jointly for nodel structure uncertainty, t he
conceptual franmework, the nature of the mathenmatica
equations that are going to the nodel, the paranmeters
that go into this equation, and though we haven't
really |l ooked at it froma theoretical standpoint, we
know that we can account for forcing terns, which
again | want to suggest already enbed at |east a
certain class of scenario ranges.

By changing the forcing terns, you
essentially change the regine, the scenarios under
whi ch t hi ngs happen and all of this in a manner which
is consistent with everything that we know about the
system and the available data. In this particular
exanpl e, we have shown that MBMA is superior to
i ndi vi dual geostatistical nodels of data at DLRS.
Thank you.

MEMBER HORNBERGER: Thank you very much
Is that it, Ton®

MR. NICHOLSON: That's it.

MEMBER HORNBERGER: G eat . Very

i nt eresting. So |I'"m sure there are questions. I
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t hi nk we shoul d gi ve our Bayesian first crack here.

(Laughter.)

CHAI RVAN  GARRI CK: You've given us a
little nmore than | can digest in 30 mnutes. | find
consistency in a lot of areas between what you are
trying to do particularly with respect to nodeling
uncertainty which is the key one that we need to deal
with in many respects and the way we have done it for
a couple of decades in sone of our large risk
assessments.

But | do have a few issues of
clarification. My biggest problem is trying to
connect what you are doing with the way | have been
practicing this business for a long tinme. Mybe |
should start with that in a sinplistic way. The way
we build risk nodels and try to account for
i nformation uncertainty - we sonmetines prefer to cal
it information uncertainty over paranmeter uncertainty
- and nodeling uncertainty is we kind of ook at a
ri sk assessment as a structured set of scenari os.

That right there brings us to a different
interpretation of what is neant by a scenario. Inthe
work that we've had a | ot of experience with, what a
scenario is is basically a pathway fromsonme sort of

an issue condition or initiating event to sone
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consequence. Each pathway may result in a different
consequence.

So what we do is we structure our
scenarios usual ly in sonme sort of an event tree fornat
such that we can clearly account for the intervening
events between the initiating event or the initial
condi tion and the endstate or the consequence. As a
result of that and all the conbinations and
permutati ons you get, you get a lot of endstates
dependi ng on what intervenes with the scenario as it
pr ogr esses.

So one very conveni ent structure has been
to | ook upon a ri sk assessnment as a set of scenari os.
For each of these scenarios, we determne a
probability of the scenario. That probability is
based on, of course, all of the evidence. For the
nost part, the work has not been as accountable for
nodel i ng and conceptual uncertainty as it has been for
i nformati on and paraneter uncertainty.

Then when we get all the scenarios, we
convol ute those scenari os on the basis of reordering
them in ternms of increasing consequences and then
curmul ating them from the bottom into a famly of
conplimentary cunul ative di stributioncurves. Then we

have a very nice display of not only the risk
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associ ated with each scenario but the total risk of
the systemthat we're analyzing. That's the basic
structure that we've done for two or three decades.

Now, one of the things here that's very
di fferent, of course, is what is neant by a scenari o.
Al t hough, it may not be as nuch of a difference when
| look intoit nore carefully than |'mable to do just
on the basis of your presentation. But a couple of
t hi ngs that | have questi ons about are, when you tal k
about a scenario and cal cul ating the uncertainty of a
scenari o, enbedded i n that anal ysis, of course, could
concei vably be the so-called structural uncertainty
and the nodeling uncertainty so that that becones a
result that enbraces both paraneter uncertainty and
our information uncertainty and nodel i ng uncertainty.

So | don't look at that as a different
ki nd of uncertainty as the nethodol ogy that you have
been di scussi ng about seens to kind of inply that this
isadifferent uncertainty. That nay be just because,
as | said earlier, we're talking about a different
definition of what we nean by scenari o.

The other thing that you said that |I'm
having alittle trouble westlingwithis - | guess it
was said by Phil - that single conceptual nodel

inevitably | eads to an underesti mate of uncertainty.
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There | have a m sunderstanding of what you nean
because | have seen a nunber of conceptual nodel s that
led to an overstatenent of uncertainty. It's just a
| ousy nodel, a conservative nodel

One ot her thing | woul d suggest on things
like this curve here of the posterior probability and
t he wei ght ed sumof nodel probabilities where you show
the results of the different nodels, | assunme those
results are nmean val ues.

DR NEUMAN:  Yes.

CHAI RVAN  GARRI CK: It would be very
informative to see the famly of curves representing
the uncertainty of each of those nodels.

DR. NEUVAN: W have bot h t he nean and t he
val ues.

CHAI RVAN GARRICK: Right. But | nean if
you were to pl ot between sone reasonabl e bounds, say,
of five percent and the 95 percent because that woul d
comuni cate to you not only what the results are in
ternms of the central tendency paraneters but how the
nodel works wth respect to the treatnent of
uncertainty.

DR. NEUMAN. Right. Well, actually the
results that we have -- Let nme start fromthe back and

nove backwards i n addressi ng the i ssues that you have
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rai sed, each of which, | think, is very, very wel
taken. As far as presenting the results, we present
t hose nean val ues which are the predicted val ues and
t hen | ook at the variance of the estimation error or
rather the prediction error. So | think we do have,
as well as the distribution of the estimation errors,
both the prediction and vari ous neasures of how good
t hose predictions are.

The second poi nt that you rai sed rem nd ne
pl ease. \What was that? Because now |'m confused.
You rai sed three points. The single nodel. The idea
of the single versus nmultiple nodels is that what we
normal ly do, at |east in hydrogeology, is adopt a
single conceptual nodel on which we build a
hydr ogeol ogi cal mat hermatical nodel for a site, for
exanpl e, Yucca Muntain or whatever and then study
uncertainty on the basis that the nodel is correct and
the uncertainty results fromour inability to eval uate
exacting what the paraneter values are. So
essentially it's the parameter uncertainty that is
normal |y bei ng eval uat ed.

| f you assume that the nodel is correct
and only |l ook at the uncertainty associated with the
paraneters, then you have undersanpl ed the space of

potential nodels because there may be other nodels
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that also are associated with their own paraneter
uncertainty and if you were to add those too fro
mul ti-curves, you would nost probably have a wi der
range of uncertainty to superinpose. That's the idea.

CHAI RVAN GARRI CK:  Yes, | see what you're
sayi ng.

DR, NEUMVAN: As far as scenario
uncertainty is concerned, the type of scenario that |
mentioned, | specifically suggested it is a very
limted definition of scenario, scenarios that result
from forcing terms in a particular conceptua
framewor k and paraneterization framework. W fully
recogni ze that uncertainty in the nodel itself or
changes in fact in the systemnmay represent a scenario
and changes in the parameters nay represent a
scenario. But the focus of this particul ar proposal
is to go way beyond that in the definition of
scenari os. Here | would rather defer to Phil in
filling in this information about what we wll be
nmeani ng by scenari os.

DR. MEYER: Let me just first comment on
your conmment about the question about the single
conceptual nodel and how you said you' ve seen cases
where the uncertainty was grossly overestimted w th

t he single nodel because it was a poor nodel .
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CHAI RVAN GARRI CK:  Yes.

DR, MEYER So our perspective on that
issue is if you only have a single nodel and your
nodel happens to be poor, then you' re going to nmake a
poor decision one way or the other. The advantage
fromthe outset of trying to |l ook at multiple nodels
acknow edging that it's valuable to try to formul ate
alternative nodels fromthe get-gowi |l lead youinto
t he process doi ng so and then the quantitative nethods
t hat we describe can be used to assess the posterior
probability of those nodels.

In the case if you go out and have three
or four nodels, it depends upon your data, of course,
but in a situation where one of those nodels is very
poor, that is, it's poor with respect to representing
observations that you have at the system then that
nodel , |i ke was the case with sonme of the nodel s that
were considered in the Apache Leap exanple, ends up
with avery small posterior nodel probability. So you
elimnate those nodels from the analysis from any
further consideration. That nmay be the case of what
happened.

CHAI RVAN GARRI CK:  Ri ght.

DR. MEYER: But Shl onp's point is accurate

that if you' re considering additional nodels froma
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conmon sense poi nt of view, you can only be i ncreasing
the total uncertainty to consi der between t he nodel s.

DR. NEUMAN: Just to add one point to that
and that is if you just have a single nodel which is
wong and estimate --

CHAI RVAN GARRI CK:  But just picking up on
t he quot es t hat you showed, you don't al ways knowt hat
it's wong.

DR. NEUMAN: Right. You don't know what
is wong, so the result of that is statistical bias.

CHAl RVAN GARRI CK:  Yes.

DR. NEUVAN: You may or may not know t hat
your nodel is bias. Typically, you will not because
you start fromthe prem se that your nodel is correct.

CHAI RVAN GARRI CK:  Ri ght.

DR. NEUMAN: And then you superinmpose on
this a probability distribution of an uncertainty
eval uation or assessnent which is purely based on
uncertainty of paranmeters and may be the input
functions, the forcing ternmns. So now you have a
di stribution about an incorrect mnean.

CHAl RVAN GARRI CK:  Yes.

DR. NEUMAN: You take anot her nodel. The
mean i s going to be different and the distributionis

going to be different.
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CHAl RVAN GARRI CK:  Sure. Right.

DR. NEUVMAN: So that was the idea.

CHAI RVAN GARRI CK:  One of the things that
| was interested in also was your frequent comrents
about the difficulty of establishing prior
probabilities. In practice, we haven't found that to
be such a big issue as a Bayesi an.

| never really quite understood why peopl e
who are sonmewhat anti-Bayesian say "It's okay except
where do you get your priors?" Well, you get your
priors fromwhat you know. And then you proceed from
there to try to infer from additional information
t hrough Bayesi an net hods what the inpact is on that
prior. As you said, in many instances, what was the
prior distribution didn't matter nmuch anyhow because
t he posterior information dom nated the outcone. So
in practice, it really hasn't been the issue that we
often hear in people who are not extensive users of
Bayesi an net hods or nore specifically, people who are
somewhat anti - Bayesi an.

DR. MEYER: The reason we enphasi ze t hat
poi nt i s because in our experience of presenting this
stuff inthe past including to an audience filledw th
experts that have had a lot of experience in the

general area of uncertainty assessnment that we've
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gotten a lot of questions about that and concern
rai sed along the lines that you suggest. So that's
why we've put the point in.

CHAl RVAN GARRICK:  Yeah. Well this is
fascinating work and very inportant work because |
t hi nk we have a long ways to go to get a real handle
onthe contributiontouncertainty fromthe concept ual
nodel fromthe nodeling standpoint. And | have nany
nore questions than | want to take the tine to dea
with now, but let nme just encourage you to continue.
You mi ght search for a sinplification of the nethods
in some areas.

DR. MEYER Can | just make a comment
about the description you gave of probabilistic risk
versus risk assessnent.

CHAI RVAN GARRI CK:  Ri ght.

DR. MVEYER: Very well devel oped
particularly in a reactor safety area. |'ve thought
about the differences and how to reconcile the
term nol ogy and the applications and | haven't really
reached a determ nation

CHAI RMVAN  GARRI CK: Well, we're really
havi ng a problemwi th that in ot her nucl ear materi al s,
so | can appreciate that. Al t hough | think that

there's sone real basic approaches and practices that
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are transferrable. Those are the ones, of course, we
want to take advantage of as nmuch as we can.

DR. MEYER One of the issues that | see
in that area, and soneone from the NRC Staff can
correct nme, but in the reactor safety area, it seens
i ke the regul ati ons, the requirenents at the end, the
end state, has been probabilistically based for along
tinme. Wiereas, in the nuclear waste area, the
endpoint, the criterion, is not probabilistically
based. It's a determnistic one.

CHAI RVAN GARRI CK:  Yeah, we're worki ng on
that. M ke?

VI CE CHAI RVAN RYAN: | don't have any
guestions to that.

CHAl RVAN GARRI CK:  Rut h?

MEMBER WEI NER: First of all, | want to
agree with ny col | eague, Dr. Hornberger. This was an
absolutely fascinating presentation and | want to
t hank you all very nuch. Now nmy questions are a | ot
nore naive than Dr. Garrick's, so pl ease excuse their
nai vete ahead of tinme. Dr. Neuman, what's the nost
valid counter-argunent to your approach?

DR. NEUVAN: One of the counter-argunents
that | have already received fromcoll eagues is that

it doesn't make sense to speak of nunerous concept ual
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and mat hemati cal nodel s because in order to devel op
only one for a given site, it takes a trenendous
amount of tinme, effort and noney. So when it cones to
maj or site based nodels of flow and transport and
t hree di nensi ons over a given region and so on, the
chances of peopl e actually postul ating nore than one
nodel and willing to actually work fully through the
entire nodeling process including uncertainty
assessnment with nore than one nodel is not going to be
practical .

My answer to that is it depends on how
inmportant thisistothe project. If it isinportant,
t hen t he noney shoul d be found to be done. Typically
what happens is that people get together in a room
argue out based on the available data and
under st andi ng of a given site, a given system their
various viewpoi nts and then one group that does the
actual nodeling will go and decide "Ckay, based on
what everybody el se has said here is how we are goi ng
to conceptualize the site.” But many vi ewpoints,
t hen, remain unrepresented. So that's one counter-
argunent .

The other counter-argunment is the anti-
Bayesi an argunent that Dr. Garrick has poi nted out and

that is there are fundamental i|issues associated with
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what is the nmeaning of prior probabilities. How do
you know that you have selected the correct set of
nodels within that set M of so many nodels that you
are working with?

My answer tothe first oneis very simlar
to what Dr. Garrick has said and that is | am hoping
that | will be working in a situation where the data
will eventually overwhelmmy priors. So ny priors
represent in our viewour understandi ng of the system
It's subjective. What is our current concept of how
this system may operate? VWhat the wuncertainty
associated with the various nodels is?

There is a valid question raised by
statisticians about the possibility of includingin a
set of seven nodels three that are very simlar to
each other and in our exanple from the Apache Leap
site for exanple, one could argue that the three
exponential nodels essentially belong to one famly
and to spherical nodels or three spherical nodels
belong to the sane famly. So maybe what one shoul d
do is dilute their prior probabilities.

W have played with that concept in our
paper. | haven't shown you the results. The results
are sensitive in our case to the priors, not to a

great extent, but to asufficient extent to raise sone
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concern. The only way that | see that that can be
addresses i s sensitivity anal ysi s of these ki nds where
you try different kinds of priors and then if you
establish that you cannot distinguish between them
maybe use thi s nodel as a neans of gui ding future data
collection so as to if you believe that it's worse,
then reduce the wuncertainty and the anbiguity
associated with that.

Anot her possi bl e weakness which |l thinkis
a strength on one hand, but weakness on the other is
t he maxi num | i kel i hood approxi mati on because it's an
appr oxi mati on. If it's not done correctly, it may
| ead to statistical biasinthe estinmates. That's why
we were concerned with that 1in our particular
appl i cati on.

We don't really have a full answer to the
guesti on "How good t hat approximation is as conpared
to the full BMA without the M., maximm | ikelihood,
approxi mation". So there are quite a nunber of open
questions, | think. It's the first application of
Di sto hydrology (PH) and the first application of ML
of this kind of M application because they are
related in statistics that | think need to be
addr essed.

MEMBER VEI NER:  Have you appliedit to any
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systens ot her than the geohydrol ogic systenms? | ask
because intuitively havi ng worked wi th singl e nodel s,

you al ways get a different nodel that's going to give

a different answer. That's always true and
intuitively you think "Well, if | use nore than one,
if | put nore than oneinto this construct, | will get
a better result.” Have you applied this to any ot her
syst en?

DR NEUMAN: Not we, but statisticians
have done so. Over the | ast decade, there have been
a nunber of papers that this concept of BVMA has becone
quite w despread anong biogen statisticians.
Typically they would apply this to nuch sinpler
systens than the ones that we deal wth. W are
hopi ng and, of course, we are devel oping this Hanford
application which | think is going to be interesting.
But, yes, there is in the literature a nunber of
exanpl es worked out by statisticians.

MEMBER WEI NER: | have a lot nore
questions like Dr. Garrick, but I won't take up the
ti me of the audi ence. Thank you very nuch by t he way.
| did have a question for Dr. Meyer. |It's areally
si mpl e question. You nentioned that in your vertical
drill-down at the Hanford site that properties varied

by orders of magnitude. |Is that true for adsorption
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onto the soils al so? Does that al so vary by orders of
magni tude if you go down?

DR. MEYER: The | aboratory data shows t hat
t he urani um adsorption at the Hanford site is very
sensitive to ph and total carbonate in solution. That
does vary over the range of possible val ues by orders
of magnitude, but the belief is that the ph is
buffered very quickly by the soil, so phisreally not
that inportant at the site.

The total carbonate does vary because you
have rainwater coming in and then it interacts with
the solids. You have river water that is mxing at
the river zone, but that variation in the KD val ue of
the linear nodel in your adsorption nodel is |ike 1%
maybe.

MEMBER VEI NER: | just wondered about
that. | have one nore that | cannot resist. 1Is the
result froman invalid nodel always bad? |s there
mat hemati cal proof of that?

MR NEUVAN: Huh. That's a very
interesting question. Is it always bad? | guess not.
It depends on how you use the nodel. It is possible
very often to fit al nbst any nodel to a wi de range of
nodel s to given data and clearly, not all of these

nodel s represent the systemequally well. Because we
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deal with natural systenms, not engi neered systens or
at | east not fully engi neered systens, we really don't
know what the correct nodel is.

VWhat we do know is that using the w ong

nodel for long term prediction is an issue of

extrapol ati on which is always dangerous. It's not
al ways bad, but it is always dangerous. | have at
| east two exanples. In the 1970s, the | ate Professor

Raim from Stanford and very well known petrol eum
engi neer, developed a very, very sinple nodel for
pressure and tenperature evolution in the \Wiraqui
geothermal field in New Zeal and whi ch they then used
to predict these tenperatures and variations in
pressure within this system over several decades.

They di scovered after about ten years t hat
the predictions are conpletely off. The reason for
t hat was t hat whil e t hey were devel opi ng t he nodel and
calibrating this sinple nodel against existing data
t he Wai raqui systemwas dom nated by hot water. But
inten years, the systemflushed and devel oped into a
t wo- phase water vapor system At that point, of
course, the governing equations were conpletely
di fferent.

The other exanple is sonme | ooks back by

Conoco of the U. S. Geol ogi cal Survey and ot hers at how
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wel | did nodel s of groundwater contam nant transport
develop in the "70s and the "80s turn out to predict
actual situations in aquifers at various sites. They
found, of course, that with time the predictions
started deviating as one should expect actually from
what was actual ly found.

One reasons for that was that the forcing
turn sinply did not correspond to what they assuned
when t hey devel oped the nodel. Another reason is at
that ti me our nodel i ng capacities were not hi ng as good
as what they are today. But the third one is sinply
t hat the nodel thenselves are not entirely reliable.
| know that in the petrol eum area where nodeling is
used continuously to plan the production nodes and
quantities of petroleumand gas fromreservoirs they
never use a nodel for nore than just a few years
wi thout recalibrating it tothe data as nore data cone
in fully being cognizant of the fact that |ong term
predictions are a problem

MEMBER WEI NER:  Thank you.

MEMBER HORNBERCGER: At the risk of
exposing nyself as being Phil's Class 4, i.e.,
t hi nking I knowsonething that I don't, it strikes ne,
if I understand correctly, your maximm |ikelihood

approach that if you use the KIC or the information
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criterion to basically as a likelihood wait to
eval uat e your posterior probabilities for your nodel.
Is that it?

DR. NEUMAN: No, not directly. It enters
into a fornula for the posterior nodel probability.

MEMBER HORNBERGER: Ri ght .

DR. NEUMAN: The actual formula is in one
of the appendi ces of the paper that you received.

MEMBER HORNBERCGER: kay. So | oosely
speaking, that's --

DR, NEUMAN: Ri ght. Loosel y speaki ng,
right.

MEMBER HORNBERGER: | guess what | don't
knowand if thisis along answer, we'll just skipit.
You intimdated that if one did Mnte Carlo
sinmulations that this posterior probability would
automatically pop out. That's obscure to ne.

DR.  NEUVAN: What | was tal king about
actually is a conparison of -- Ckay. | don't have
that formula here, but it's in the paper. Do you have
t he paper?

MEMBER HORNBERGER: Not in front of ne.

DR. NEUMAN: Okay. In BVMA - |'ml ooking
at the paper now at a fornula which is not in the

slides - equation 3 is an expression for the posterior
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- of course, posterior - likelihood function of a
given nodel and it is given as the integral of the
i kelihood function of a given nobdel and its
paraneters. So you have an integral P of D/6, the
paranmeter, M the nodels, nmultiplied by the
probability of the paraneters for a given node
i ntegrated over the paraneter space.

Soif youusethis fornula, youabsolutely
have to have a prior probability of the parameters for
a given nodel and then you integrate that over the
entire probability space neani ng you have t o gener at e,
unless it's a very sinple case which you could do it
anal ytically, by Monte Carl o sinmul ati on a huge nunber
of these. You fully rely on priors whereas in M
because of our experience in hydrology that we very
of ten do not have good priors, but in fact, rely upon
observations of actual system behavior to get at
t hese, we kind of kill both birds at the same tine,
introduce this question of how good is the
approxi mati on, but neverthel ess, skip this.

MEMBER HORNBERCGER: Just one | ast questi on
then. Shlono, you started out by saying that you' ve
been involved in critiques and litigation. So | have
a question. If you were involved in a critique and

sonebody had - we'll use your Apache Leap exanple -
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chosen a single nodel and let's say it was your EXPO
nodel .

DR, NEUMAN:  Yes.

MEMBER HORNBERGER: So you go t hrough al |
of yours and you say "Yes, your maximum |ikelihood
Bayesi an give you better exanmples than the cross-
val i dati on anyway." But if you're critiquing, would
t here be any reason that you woul d then say "Aha, you
pi cked the wong nodel " because you pi cked your EXPO
nodel ?

SR, NEUMAN: VWll, the one thing that
woul d come out of this approach is a conparison of
these nodels both in terns of the various
discrimnation criterion, particularly the KIC
criterion. If there was a big difference between
t hese, you would say "Aha, there's another nodel we
just match better.” But | think nore telling would be
t he posterior probability and you saw that at | east
three of the nodels, in fact, four of the nodels, had
zero or extrenely |ow posterior probability.

Based on that, if you selected one of
them | would be able to tell you "Look, you have
sel ected a nodel which has a very | ow probability of
bei ng the correct one given the existing data.” You

could still conme back and argue "Well, maybe if | had
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other data that this nodel would turn out to be
better” and you m ght be right and I woul dn't be able
to argue agai nst you.

MEMBER HORNBERGER: But if | had picked
one of your nodel s that had a posterior probability of
35 percent, would you say that | was w ong?

DR. NEUMAN: No, | would not say that you
are wrong. | would say you had probably picked a
nodel which is alnost equally likely to ny other
nodel s and you are fine. So, yes, absolutely.

MEMBER HORNBERGER: Questions fromStaff?
M ke?

MR MAJOR As the commttee —- Well, let
me back up or pitchthis differently. Can the maxi mum
i kel i hood approach be used to honpbgeni ze conpeting
conceptual nodels? If a decision maker can't choose
bet ween conpeti ng conceptual nodels, can you use this
approach to -- | think this goes to your slide 18 on
BMA results.

DR. NEUMAN:. Yes, |'mglad you asked this
qguesti on because actually |'ve been asked the sane
guestion many tinmes after making this presentation,
apparently not making nyself clear enough that the
whol e idea of this approach is to do precisely what

you are suggesting rather than selecting the best
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anmong a sel ected nodel which is what people used to
do.

MR MAJOR  Right.

DR, NEUMAN: We [ ook at these nodels
eval uate themin light of the data froman uncertainty
aspect and then say "W can get rid of these, but we
shoul d keep the other four and produce a weighted

average predictionwithall four.” Sothat's actually
what we do which another way is to actually average
out honogeni ze the predictions. Yes.

DR. MEYER I'IlIl just make a comment that
your question is directly related to that one. Wy
just not pick one nodel? You have three there about
equal |y weighted. Inthis particular application, the
internmodel variability was relatively small. As
someone pointed out, if you pick one of those three
nodel s, you're probably okay, but that m ght not be
the case in some other situation

You m ght have a very | ar ge
intervariability and what that means is if you pick
one nodel, you could get very different results than
i f you pi ck anot her nodel even though t hey have equal
probability, t he predi ctions, i f t hey are
significantly different. That neans that an approach

like this where you keep all those nodels is nore
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valuable than in our application where the nodels
really gave very close predictions. Does that make
sense?

MEMBER HORNBERGER: Yeah, and | do
understand that. M question wasn't quite that naive,
but I also think that in the case you just outlined,
you m ght get some argunents frompeople if you were
inalitigation situation.

DR. MEYER Yeah, and al so the greater the
variability between nodels the nore incentive there
is, interns of their prediction, togoout andtry to
resol ve those differences.

DR. NEUMAN: My point about the litigation
was not that people |look at alternative nodels, but
that the easiest thingtodoinalitigation situation
is to attack the underlying concept, so you have this
very el aborate nodel, but "WAit a second. \Where do
t he assunptions cone fron"

MEMBER HORNBERGER: Absol utely. Neil

MR. COLEMAN: Mpst of the sites that NRC
and EPA | ook at in licensing work, it's renediation
work for when it's | ooking at different contam nants
that have been introduced. Now those, in ny
experience, provide very useful traces for better

under st andi ng and di fferentiating conceptual nodels

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

65

and the plausible ranges of paraneters just as
physi ci ans use tecni cium 99Mto understand processes
in the human body. Does the docunentation that you
f ol ks have devel oped gi ve gui dance on how best to use
the early information that one has on patterns of
contam nants at any site to early on narrow down the
range of plausible conceptual nodel s?

DR. NEUMAN: | don't think that we have
done so specifically. If you look into the NUREG
CR6/ CR6805, the one that | reference here on the
strategy, we have |ooked at and discussed and not
preci sely docunmented but discussed various ways in
whi ch hydrogeol ogic data of all kinds should enter
into the process of constructing alternative
conceptual nodels. One exanple in which sonme tracer
data -- Well, actually, not tracer data. |'mtrying
to think if there were any.

The only exanmple in which tracer data
actually entered, strictly speaking, was the Frai au
Gere (PH) exanpl e, which is an abandoned urani umm ne
in fractured granite in France where we have tracer
data, but not in the context that you are mentioning
where both hydraulic and tracer data entered into the
conmparison of tw different nodels. "1l be

di scussing that tonmorrow, but not specifically what
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you are sayi ng.

MEMBER HORNBERGER: Ckay. We're actually
on a fairly tight time schedule this norning. We
t hank you very much and ' mgoing to turn the neeting
back to the Chairman.

CHAI RVAN GARRI CK:  Thank you. M reading
of the agenda says that this is pretty much the tine
when we can adjourn the nmeeting. | would like to ask
the Conmittee to hang around for a little while
because we m ght have sone ot her things to tal k about
one on one outside of the agenda. So with that, |
think we will adjourn. Of the record.

(Wher eupon, the above-entitled natter was

concluded at 10:07 a.m)

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




