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BAZKCROUND ARD PFURPOSE OF TRIP
This i the fifth of a continuing series of Canadisn-Amsrican conferences on

Hydrogeology. -sponsored by the Asscclation of Croundveter Scientists and
Enginesrs., which publishes the Groundwater Journal. This particular conference

_ on_"Parameter Identificarion and Estima=icon . for. Aquifer  and  Ressrveir
~Characterization” was co-sponsored by the Alberta Research Corncil. There were

about &0 spaskers at the cthrea-.day confsrence, ¢ith topics ranging from
geological process simulation to geostatistical and stechastlc spproaches for
bydrogeological characterization. Mainly tvo types of applications surfaced:
(1) hydraulic and advective-dispersive properties of contasinated squifers. and
(2) oll and gaz reservoir characterization. We heard about laboratory scale
studies (thin slices), geoclogical measurement msthods, aquifer scale tracer
experiments, and large-scale studies on regional and interconnscted groundwater
flecw systems. 1 presented a paper on the "ldentification of Effective
Conductivity Tensor in Randomly Heterogensous and Stratif.sd Aquifers.® This
vork focused on the effective, wmacroscale flov properties of naturally
hatarogeneous geologic formations, parcicularly those with preferentislly
or{ented structures snd/or composites made up of distinct units. The conference
program, list of participants, and pre-proceedings abstrscts are enclosed. A
brief overview of the meeting is given below.

SUXMARY ANALYSIS OF SELECTED PRESENTATIONS:
Stochastic Approaches and Effective Parampters

Here are soma highlights on the stochastic approach. Opening the first day
seasfon, Lynn Gelhar (Masrachuzetts Institute of Technology) providad an
axtensivs raviev of cthe stochastic approach ta subsurface flov and transport.
{l1lustrated by analyses of field tracer tests, such as the Cclumbus air force
base site and others. Asgsesbling data from a nunber of contamination events and
tests around the world, he indicated on a log-log plot the roughly linesar
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increass of contaninant pluse disperrity, from cantimsters to tens of kilometers,
with {ffftéaiing scale of contaaminaticy from matérs to hundreds and thousands of
kilometers {(eo.g. state of Icova).

Alexandar Desbarats (Gaolcgical 3urvay of Canada) presanted a technique to extend
previous stachastic results on effective conducrivity of randoaly hetercgenecus
foroations to tha cass of . finite domalas (finite scale of support); he
successfully backed up his proposal wvith nunerical experiments for the 2.
dimensional, assuming isozropic and gaussian log-conductivity distrisutica.

Rachid Absbou (i &. pyself), Center for Nuclear Waste Regulatory Analyses,
presented a tensorial powzr-average expressfior that relatts the anisotropic
effective conductivicy te simple statistical paraveters such as mean, variance,
and directional fluctuation scalcs of che geologic formatfon. The result Is
spplicahle, in princtple, to the fmportant case of non-symmecric and bi-modal
log-conductivicy distributlons. The proposad relation vas backed up using s
nusber of availabls rvesults (exact, asysprtotic, and nuserical). The tensorlal
relation wvas then ussed as & paraneter estimation method wich data fxem the Oracle
fractured granite site where fractures appear to be the doainant cause of
anisotropy.

Scefan Bschu, conference organizer, and hia colleagues, D. L. Cuthiell, J. W,
kraners. L. P. Yuan, all from the Albarta Geslogfcal Survey, presanted an
extensive geologic and hydraulic study of an vil sand rasarvelir near Provost,
Alberta. They used an ippressive battery of geophysical and laborstory
techufques L6 describe the relatively homogsneous sand facies as vell as the very
heterogeneous shale clast facies (shile breccia in a szad matrix). T latter
fecles vas precisely described usi-g digitized thin sections from und) iturbed
cors sample. The dats were used for numerical fiov expsriments al-ed at
recrieving the affeccive conductivicty In such & sharply bi-modal ty e of
heterogenecus medism, - - —_

Brian Berkmwitz (Uater Commission, lsrsel) presentad a focused study of the
percolation problem through conducting discs (in 2D) .ad conducting spl.sres (in
3D). and racovered some known results in the process. He lecked in particular
at vhar happens vith "overlapping” spheres. assuaing that bond conductivicy iz
a power function of ~he overlap.

leslie Smith (Univ. of British Colusbfa) compared statistical continuua and
discrete netvork predictions of flow and sclute tran.port im fractured media.
He started with ths cass of an orthogonal network with randoaly distributad
fracture lengths. Statistical continmnm flnv was tizn constructed by using
statistical features of the velocity field as observed (“asasured®™) on the
discrete network simulation. It was shown that the leading edge and tafl of a
concentration plume could ba simulated well witlk rha continuus approach, provided
however that certain detaile of the velocity distribution be faithfully
reproduced (gamma racther than log-normal, and second-order autoregressive rather
than uncorrelated). He pcopossd a hybrid dual.pirmebility wethod to siaulate
transport {n more ~caplex, hiersrchical media, s«.g. tvo-stale fracture netvorks
(the breakthrough curves are bi.modal, 1.e. double-humped). Sriefly. his method
zodels che dosinant fractures explicitly, but subsuses the danser. sub-doainant
fractures (and porous matrix?) as sepavetely modeled blocks. Thess blocks are
sub-domains bordared by the asjor fractures. The advantage of this approach is
that it breaks up the largs flow-transport preblem inte ¢maller problems. One
dravback is that the effective transport processes specific te each sub.domain
gast still be generated These sub-domain proLesses are axpressed in terms of
transition prababilities on travel time and exit location, and are not universal
bacause of the sub-REV sire of the individual YBlccks
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Rast Lineat Estieators and Geostatistical Asoroaches:

Peter Kitanidis (Stanford University) pressntsd a Bayesian, ‘“best linsar
estimator® appreach to the {inverse problea. He started with axamples
{11lustrating the non-uniqueness of the inverss problea for groundwater flow: the
conductivitias obtained by direct solution of the inverse problea vary wildly in
space and are non-unique (1D exanple). Thus, instead of computing many possible
sclutions, he proposes to assign probabilicies and coapute & *welighted aean" froa
all possible Inverse solutions. His approach te compute this *"weighted mran® of
all possidble inverse solutions is- (1) maximize the entropy of the p.d.f., a
peasure of solution oultiplicity, subject te physical constraints (cross-
correlations between parameters &nd flow fteld, known theoretically from
linearized flow equation) and subject to other reasonable constraints (assumed
spatial covariance structy ¢ of the parameters), and (2) account for geasurements
through Bayes theorem on conditional probsbilities (same as in kriging). The
result gives an estimat: of the p d.f. of all possible solutions to the inverse
problem. Cross-validacion tests are essential to confirm the results. An
exsaple vas given in the case vhere the true, unknown aquifer is compased of two
condu. tivity tlocks (a highly non-gaussian situaticn).

Eileen Potter (Colorado School of Mines) used cenditional simulation wich
{rdicator variables to describe the intercomrected littofacies st tha Ranford
sive. An indicator varisble takes only two or a fev values, e.g. code nuabars
pointing to the type of facies or some other geologic descriptor. .In this
particular caszs, Monte-Carlc indicater conditional sioulations were used to
explora the probability eof having a continucus path through the aost psraeable
facies (sand and gravel).

Geoloav versuy Hydrolozv;

—— e e — — — — — ———

A nuaber of presentations were made on quantitative interpretacion of geologlical
patterns. HMary Anderson (Untv. of Wisconsin-Madisen) presented a general expose
on the problen of transfering geolegical informacion to hydrological wodels She
focused In particular on the cese of sedimentary formations, e.g., proximal to
discal facles distribution in &n alluvial fan. She advocated the use of Miall's
wgrchitectural elements” anslysis, ezphasized the faporcance of interconnactions
betwveen videly diffcrent geologlc units, and propossd using models of geological
processe: to simulate (reproduce) generic facles. Her student, Erik Webb,
presented the results of such s "facies model® using Stanford Univarsity SENSIM
code (Tatzlaff and Harbaugh, 1989). The scale ot simulated geology is tens of
kilometers. There are obvious limftations due to lack of space-time resclution
and duc to simplified or uraodeled phencaens (cross-bedding patterns are not
generated). Finally, Mary Andsrson pointed out several specific inttances of
described geclogic varisbility, e.g. vertical varisbility within the core of an
esker (Shaw, 1972); a case of a bi-oodal aquifer (indicator kriging wapping by
Johnston and Bics); out~rop maps from the satey to tens of meters scale (Frazer
& Cobb, 1982); and a sisulated case of funneled tlow and cransport.

The presentatiocn by John Kraoesrs et al. (Alberts Rasearch Councii) vas a -ase
study of the sandy fac{es of the Provost sand cil reservoir in Albercy (the shale
clast layers vers studied by colleague Stefan Bachu, as discussed above vith
*stochastic approaches®). Gecphysical touls vers used extensively. Inaddition,
thin section analyses froa the 11.§ ca dianster core vere used to relate poresicy
and *pore comnectivity" to permeability based on !inear regressicn. Pore
"connectedness” vas classified (end members 1,2.3,4). The conclusion wvas that,

&



{n spite of a lacge-scale vartical tro~s the rend facies vas relatively
homogensdns excep= f£ar the interspyéraed . A clast .. yers.

David Thomson, from the Alberta cee.rih Counci', and John Cherry, attespted to
recover a mesn "fracture spacing” for theis deep clayey till by comparing the
"large-scala? hydraulie conductivity . ¢ gingl«-well pusping cest vith suall core
conductivity dara, The small scale labor -tury conductivities vare sbout 2 orders
of pagnitude smaller than the pumping tess result. They used a sfople analytical
soluction with sizmple fractute netvork sodel to recover the “fracture spacing® (1-

Sm)

Elizabeth Jacobson, Dessr” Researc’. Tnatitute, presented an updated statistical
analysis of the Las Couces rr-nch sotl dacta. The las Cruces trench s ths site
of one ~f che dozen or so INTRAVAL test cases, and is being used by NRC and NWRA

for unsaturated flou-trans) ore model validation. The saturated conductivity data

were analyzed directicnally (vertica.. hnrirontal), by layers, and by combining
statistically similar layers (certain gsofl hotrizons from diffarent depths vere
therefore re-prouped). The results were repressed ‘n terms of varicgrams.
varlances, correl, tion scales, ete :

John Wilson (with Fred Philips), New Mexico Institute of Mining and Technolegy,
discussed the roly of geology in paremster estimation through a fleld study of
an outcrop ir Ric Grande fluvial deposits Interspersad with paleo-soils. They

. used the a'luvial “architectural elements® classification of Miall (198S), and

further sssumed ths conductivities tr be strongly related to such alluvial
classiftcaction, i.e. controlled by the depositional process that generated the
alluvium. This assunption was used to congtruct the conductivity map of tha
outcrop face, along with direct conductivity seasurenents using hauwd-operated
air-permeanster.

Lisc Shepherd, Univ. of Wisconsin-Madison, presented thin slice analyses from the
Saint-Jeter sandstons’s overpressured zonss (Hichigan basin). Focusing on the
two-dimensional (cross-sectional) porosity, she found very high uticroscale
variability (0.1 to 0.20 porosity) compared to the renarkable nacroscale
homogeneity of this sanc tone. She concluded that there may be doainant effects
of secondary diagenetic processes (secondary cezentation) and 1s nov locking at
bandsd cemsntation fastures. It should bs noted cthat small averaging vindovs
were used to infer poresity heterogeneity; the dependence of perceived

heterogensity with scale of averaging was not analyzed, : '

Rainer S‘mgu" from tha Bureau of Econoaic Geology, Austin, presented a basin- .

‘scale analysis of variable density flov through a cross-section of the Pale Dure

basin, and tested ssveral palechydrogeclogic scenarios. :

.urry Leke. Univ. of Texas at Austin (Petroleun Enginesring), tested two
- approaches to miscible displacenent {n a heterogeneous eclian formation, the Page

sandstone in northern Arizons Using fleld data from the Page Sandstone outcrop,
a detalled "truth case” vas simulated using 11,000 nodes with actual aquifer
propercies at each node, The "truth case® vas then compared to: (1) a "pseudo-
functien® sinulation, vhere effective propsrties are used to modal flow bahavier
{n relatively coarss-scale flov units, and (2) a conditional sisulation approach
vhers i{nterwell properties are gensrated statisticdlly. Im both cases, only
rgeclogical {nformation” and a fev vell date are assumed to be known (less than
were used to generate the “truth case®)
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INPRESSIORS /CONCLUSIONS :

This conference In my view was qu.te successful, being just v e right con nation
of spplied and theoretical studies In addition, scveral presentations a; .eared
to offer conplenentary concepts, nethods, and sgopetimes sgolutions to the
hydrodynsnic parameter estimation from observations that are {incomplec<e,
localized, sparse. qualitative, or on'y indirectly related to hydrodynanics, Ny
own paper on "Idencification of Effective Conduccivicy Tensor in Randealy
Heterogeneous and Stratified Aquifers® vas one of a fuw which focused on generic
approaches to reconstitute effective conductivitiss from statistical
hydrogeclogic information. I contacted, and vas conticted by, a number of
persons at the workshop for exchange of informatioen and data: these exchanges
vere constructive and fruitful

PROBLEMS ENCOUNTERED:

None

PENDING ACTIONS:

None

 RECOMMERDATIOBS :

Attendance at such meetings plays in important role in publicizing NRC and CNWRA
research efforts as vell as obzalning ap te date information on recent progress
in kay areas of vesesrch. It is recommended that such coanunication channals be

kept cpan in the future, notably through reseaxch presentations by CNURA staff
at sclentiflc conferences and wvorkshops.

_Raduid fabu Ochtiad, 490,

achid Ababou Cate
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Monday, September 17, 1990
168:00 - 20:00 Reg:stration at Westin Hotel, West Foyer
1900 -2100 wine and cheese get-together, Bonavista Room, Westin Hotel

Tuesday, September 18, 1990
07.00 - 08:15 Continental Breakfast - Maytair Room
Presentations - Mayfair Room
08.30 - 08.35 Opening remarks (Stefan Bachu)
/’ Sassion Chairman - Mary P. Anderson
- )
——)  08:35-08:40 /. Lynn Gethar, Massashusets Institute of Technology,
Cambndge. Massachusstts:
Stochastic charactenzation of subsurface flows
/ — 09.40 - 10:00 %&5’0 uw Gs'ok.:gmﬂ Survey of Canada, Ottawa.
Spatial averaging of transmissivity
1000 - 10:20 Coffes Break

10:20 - 10:40 Joft Riddle, Salt River Project, Phosnix, Arizona:
Kriging application to estimate ground water and lop of aquifer
elevations for eastem Arizons

S
/ 3>  1040-1100 [' Rachid Ababou, Southwest Research Institute, San Antonio,
1exas:
Identification of effective conductivily tensor in rendomly
hetsrogeaneous and swﬁod;chﬂm
11:00 - 11:20 Jooat Herweijer! and Steven C. Young?, 'GeoTrans Inc.,

Hemdon, Virginia and “Tennessse Valiay Authortty, Norris.

Tennesios:
Use of detailed sedimentological information for the assessment
of wall tests and tracer tests in a shallow fluvial aquifer

11.20 - 11.40 Steven C. Young', Joost C. Herweijer? and Dudiey J. Benton',
Enq:mﬂng‘,ubo , Tennessse Valley Authority, Norrs,
Tennsssee “and Geolrans Inc., Hemdon, Virginia:
Geostatistical evaluation of & thret J«.ensional h ;
conductivity fieid in an afiuvial terrace aquifer

.- ‘.f_ 11:40 - 1200 Sslesm Q. Ghori and John P. Haller, New Mexico institute of
Mining and Tech , Socorro, New Maexico:
Determination of ps...8rbinty heterogenaity from a field tracer
test through an improved numencal method

1200 - 12:15 Lunch - Belaire Room
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Tuesday, September 18, 1950
Session Chairman « Lynn Gelhar

) . 0]Department of Geology & Geophysics,
niversity of Wisconsin - Madison, lagdxgon. Wisconsin.

Aquiier heterogeneity -- & geological perspective

Erik K. W~nb and M.P. Andersan, Department of Geology and
G hysics. University of Wisconsin - Madison, Madison.
Wisconsin:

Using a sedimenta jonal model to simulate heterogeneity
in g"aoﬂuwa?' iments '

John W. Kramers, Li Ping Yuan, Stefan Bachu and
David Cuthiell, Alberta Geological Survey, Alberta Research
Councit, Edmonton, Albenta:

Reservoir characenzation case study: sandy facies

W Cuthiell, John Kramers and Li Ping Yuan,
na Géological Survey Alberta Research Council,
Edmonton, Alberta:

Reser;m;- charactenzation case study: bimodally heterogensous
RS

Cofee Break

Richard J. w‘ w_&.mmxugge. 18 Blgrend
— " 777 Associates, Inc, Tamoa, Fiorida and “University of South

Fiorida, T Florida:

Hydraulic co predicted as a function of grair: size. softing
and porosity for dune, washover and fomsf;’o% depositong!
environments on a bamer island in Flonda, USA

Fred G. Suker and H.F. Pavilk, Woodward-Clyde Consuttants,
D¢ - ser, qmnrado and EBASCO Environmental, Lakewond

Ccrorado:
Cha.acterization and modeliing of ground water flow in &
hater e0Us aquifer System fo evaluate contaminant

David G. Thomson' and(ohn A. Chery®> 'Environmental
Ressarch and Enolmnng‘ﬂlmgbsam. Abera Research
Council, Edmonton, Alberta and <institute for Groundwater
Ressarch, University of Waterioo, Waterico, Ontario:

H%cv%onﬂd%mn&m«tgtdopmmmadnp

i 4

Baoren Chen' and Peikang Jin?, 'Earth Department,
et S S O

fing U , Nanjing, China Nanjing

na:
of deop water-bearing system and
rassarch of transtfer functon
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1120-11.40

11.40-12.00

1200-13:18

Wednesday, September 19, 1950
Continental Breakfast - Mayfair Room

Lectures - Mayfar Room

Session Chalrman - John L. Wiison

. A
+| Leslie Smith, Tem Clemo and Mark Robertson, Depanment of
Geologicdl Sciences, University of British Columbia,
Vancouver, British Columbia:
New approaches to the simulation of field-scale solute transport in
red rock masses

Peter S. Baker and W.A. Murray. ABB Environmental Services.
inc., Portland, Maune: .

Use of pumping test data lo determine radial and non-radial flow
2zones in a fractured limastone aquiter

Cotloe Break
Brian Berkowitz' and |. Balberg?, 'Wate; Commission, Ministry

of
Agnwitura. Jerusgiem, israe! and Racah Institute of
Physics, The Hobrew Univarsity of Jerusslem, Jefusalem,

Gw@éfmhmmmme&

Ellean Peoer and Peisr Townsend, Coloratio Schoo! OTMINeS,
Dormea?:mr:qw'a mlgowmty with sfochastic muitiple
f /g
md"gtor conditional &imulation of the unconfined aquite,

_Elizabeth Je-ttion, Dssert Research institute, University of

o strN;:bon monMonofmodhmuﬁc
0
conouctivities from a vertical wall of a trench

Kevin K. Wolka' and T. Aj Auatin?, * and Miler, Inc.,
Troy, Michigan and “Cspana.ent of and Congtruction
Engineerning, lowa State University, Ames lowa:

Stochastic modeiling of contaminant movemant in ground water

Geoftrey C. Bohling®, Jan Hart? and John C. Davis', 'Kansas
Goological Survey, University of Kansas, Lawrence, Kansas
and “Central Institute for Physics of the Eanh, German
Democratic Rcw: y

Regionalized classification: ides &nd appiications

Lunch - Belalre Roorn
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1620 - 16.40

Wednesaay, September 19, 1990
Session Chairman - Leslia Smith

hn L @and Fred M. Phillips, New Maxico Institute of
andTechnology, Socorro, New Mexico:
The role of geology in paramotor estimation

Ti D. Scheibe a Mmu Fl%v?rcbopanmam ot Civi

ngineeri Sta anford, California;

Understand sfaaalmnnq of natural porous
media on the modolkng of solute transpont in groundwater

Lisa DDQSW .:eGan l!JL 8ahr and san!yr..t, Rh. Moating, '

ment of Geo Geop niversty 0
R
() oS poros:ryva ause o

A, Noline. JM. Bahr an6 LD. § rd, Dopaniment of
Goology & Goophys»c.: Univarsity of Wisconsin - Magison,

Anwibvamsmswwﬂsofmmﬂmbgmmm
dmmunaronofh mohyandhym:r
stor

Coﬂn Brm
John L m New Memoo In:muti ot M.nmg und Ttéhnolooy

Socorro, New Mexico:
Visuaiizalion of slow and transport in heterogensout media

Iraj hi', H. Calisgan' and Y. Shikari?, 'Department of
Emlwm € mnp. Unixprsity of Sthran Catifornua,
&rzbmand as Hesearch institute,
chmgo Winoss:

Estimation of mservoir paramaeters in helerogeneous 0as storage
reservoirs under aQuifer suppon oas ¢

Sait Kocberber and R. Eugene Collins, Research and Engineering
Consuftants, Inc., Texas:

The impact of large scale heaterogenaities on hydrocarbon
recoveries

V.A. Mironenko, Mining Institute, Leningrad, USSR:
Assessment of the ram set of field tests in heterogeneous
aquifers using similation mocels



- Thursday, September 20, 1890
07 00 - J8:15 Contnental Breakfast - Mayfair Room
Lectures - Maylair Room
Session cmlmun - Larry Lake

e, 08.3C - 09°40 x -’ %Wmer Resources. Department of Cvil
lnasﬂn nford University, Stanford, California:
for the geostatistica! approach 1o the

. c‘ Invam problam

/7
""L?c\‘ 05 40 - 10:00 gzm J. Tm Earth and Environmantal Sciences Division, Los
~ Nes.o3 latonat Laboratory, Los Alamos, New Maxico—-
¢~ Recovery of discontinutieS-using a parametnc form of@ulanzed
. inversion

'I 10.60 - 10:20 Cofies Break
10:20 - 10:40 Jiannan Xiang and Derek Elsworth, nt of Mineral
Engmeenng}.aPannsyivamasw niversity, University Park,
Pennsylvani

A comparison o!sovcm!opanuzdon mathods for inverse solution
o!gwndavam systems

~3> 1040-11:00 _ Robert Ritzi, Depantment &gtmogmt Sciences, Wright State _

P S, a—fﬁnwil%\g?ﬁtg:. . f —
verse modaliing in the frequency domain: the example o
estimating hyoravhc from observations of the
—_ c:,omu solid earth tide and atmaospheric pressure
[/ m

11.00-11:20 P.R. McGiliivray and D.W. Qiden Dopanmemofeoo h
& Astrocngmy. Univoulty of gurlgh muemrm

Thdim'awn of wmmmw round
.'.mwmm: moﬂmfypmblgns
11:220- 11:40 wom:mqum.
ment, Unive Saskat
smm:gso;%wm

mult-unit aicifer system-with mmyﬁ 50? >
%mnmmmm

e —
e ———————

11:40 - 12.00 Jamey C C. Redwine™ Richard R. Parizek? anfl F ng:,D
. Southomco y Setvices Inc., Birmi
at"on Umvonl% gm 7r
Uneo iy, Altbaona -

and in fracture-Sowitoonokusit-fow
— mam d’""“‘sa'ﬁn‘(m

loldm-rhmstm
1200 - 1315 Lunch - Brittania Room
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V E 14.40 - 1500
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1520 - 15:40

15:40 - 16 00

1600-16 20

1620 - 16:40

16.40 - 16.45
¢ - Invited Speaker

o 1 1505- 1§20 ~ T Coffee Break

Thursday, September 20, 1980
Session Chairman - Peter K. Kitanidis

Lake. Dapanmepm =m E neering, The
niversity of Texas exas:
Simutanng fluid flow :hmugh a yoalogmlly realistic permeable
megium

E.N. Yearsiey and R.E. Crowder, COLOG lnc Borehole
Geophysical Services, Golden, Colorado:
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Stochastic characlerization of subsurface flows
Lynn W. Gelhar

The last decade has seen major developments of stochasuc theones which have
revolutionized the way 1n which we conceptualize and charsctenze subsurface flow and
transport processes in naturally heterogentous media. Expenence wath large scale
numencal simulations and ntensively sampled ficld research sites has confirmed the
validity of stochastic theorencal approaches. but the spplicanon of the theorencal resuls to
acwal field problems has been very limted, largely because of the difficulty of determuning
the stochasuc parameters which charactenze spanal vanability in natral subsurface
matenal. The focus of this paper 1s this chalieaging stochasne charactenzation problem
First some key theoretical results are reviewed (o emphasize the basic concepts and the role
of the important stochastc parameters. Some mestpremenal techajdues which have proven
10 be useful 0 charactenze spatial vanabiliy of hydraulic conductivity are descnbed
bricfly, etphasizing, in panicular, tools which have potential for rounine use in field
applications. The resulis of stochastic characterization at several field research sites
indicate that definitive spatial correlation strucrures can be wdenufied at each indivadual
site. On the other hand, results from a large aumber of investigations of field
heterogeneity, when summanzed graphically. sppear to indicate a scale dependence of
spanal correlation scales. The prospects for improved charactenzauon of heterogencous
subsurface flow systems are discussed with emphasis on the role of large-scale
heterogeneity and the use of indirect geological informanon.



about the author...

Alexander Desbarats s a research scienust wath ths Mathemaucal Applicanons in
Gealogy Section of the Ge “ogical Survey of Canada in (xtawa. He obuuned & BA in
geological engineening and an MA n apphed science (gecstausncs) from the Ecole
Potytechnique of Montreal in 1980 and 1982 respecuvely In 1987 he obtained his PhD
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Spatial averaging of transmissivity
Alexander J. Dusbarats

Several previous authors have shown that the effective tansmussivity of an infimte,
stapsucally isotopic formation 15 given by the ensemble geomemc mezn of the random
ransmussivity field when mansmussivines are log-normally distnbuted. In this paper. an
carlier analyncal approach of Matheron 1s modified to show tha: the effecuve transmessiviry
of a finue region such as represented by a imulator gnd block 1s obuaned by spanal
geometnc averaging of point SUPPOLT-Scale transmusnVIues within. The ensemble
propemties of whe block support-scale spansl random funcnon thus defined are showt 1o
depend on the area of spaual averaging and on gansmusnivity covanance smucture. Fora
second-order statonary and ergodic cransmussivity field, the expected block average
transmissivicy decreases towands the ensemble geomenic mean a8 the &veraging trea
becomes large compared t0 the comelation fange.

The validsty of spatial geome=ic averaging is evalusted using & numerical model of
sieady-state ground water flow in & simulated heterogeneous Tansmissivity field discreuzed
on s point support-scale grid. the vansmussivity field 15 generated by an analog method
based on digital terrain cievations from the Walker Lan~ area of Nevada
Log-transmussivir.s exhibit a bimodal distnbution with a 'tnance near 1.0and an
amisotropic cuvanance structure  Despite these departures from assumed conditions.
predictr g block-averaged transmussivities are found to be 1n excellent ggreement with ue
valw.s obtained from the flow simulanon The suppont-scale dependence of block averaged
r ansmussivines 1s clearly observed and is well described by theorcucal results. Linutattons
to the applicadihity of spanal geomsmnc averaging are discussed in light of these results.
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Kriging application to esumate ground water and top of aquifer
elevations for eastern Arizona

Jeff Riddle

The Salt River Prcject (SRP) monitors the water resources of the St. Johns, Anzona
area due 1o requirements contained 1n the siting agreement for its clecmcal generation
plant. In an effort 10 enhance the monitoﬁng.‘ the SRP implemented 2 ground water model
which requires. among other things, the regional characterizations of ground water
elevations (GWE) and top of aquifer elevauons (TAE). Kriging and its associated forms of
output have recently been applied to enhance these charactenzations.

As pan of the knging process, vanogram plots were reviewed and models were chosen
with the following constrants.

GWE TAE
Model types Gaussian Nuggett & Gaussian
Mzsjor axis length (mi) ' 20 9
Minor axis length (m1) 20 9
Major axis orientation ISR north of eatt ISR north of east

The knging seems to have produced a good overall interpolanon of elevations.
Specifically, cross validanons show less than 15% of the SWE interpolanons were more
than 100 fi dufferent than ficld values and less than 15% of the TAE interpolations were
more than 200 ft different than the field values. Additionally, several of the worst cross
vahdanons for TAE were in the vicinity of structurally deformed arcas.




-——— g

—— —- —— ———— e g = mw— TS e e ==

-t mmg e = e o+ = -es = =

about the author...

Rachid Ababou is currently conducting research on theoretical and computational
approacnes for modelling stochastic flow and transport phenomena in highly
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Identification of effective conductivity tensor in randomly

Rachid Ababou

Identification of a macro-scale “effective” hydraulic conductivity teasor wn
heterogencous and imperfectly swatified aquifers can be schieved by either direct
homog neization or inverse methods. In this paper, we propose a direct approach which
leads to a simple closed form calculauon of the effective conductivity tensor under cerain
assumptions of randomness, staustical anisotropy, statistical homogeneity, and ergodicity.
The required data are of & sttisucal nawre: single-point probability distribution of
logmducuvuy. and two-pont covariance function or variogram of log-conductivity _ ___ ___.

——— - g—— - w—

{principal directions and correlation scales). The proposed identification method is based

on a farrly general, closed form expression for the three-dimensional effective conductivity

tensor under the stated assumpnions. This expression remains conjectural in the general

case, but is confirmed by other results for several special cases of interest (reduced

dimensions, gaussian d:smbuuon of InK, etc.). The method is cpplied to svailable field —_
finite scale effects, geological inhomogeneity, and flow inhomogencity, are discussed as

well.
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10-solve ground water felard probiénE. His rescarch experience includes the design and

analysis of aquifer pump tests, artificial and natural gradient three-dimensional racer tests,

borehole flowmerer tests, small-scale evaporation experiments, water budget measurements

of ash landfills, and studies to evaluate the EPRI's FASTCHEM model.
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Use of detailed sedimentological information for the assessment of
well tests and tracer tests in a shallow fluvial aquifer

J.C. Herweyjer and S.C. Young

Solute flow and transport models. used for the evaluation and management of ground
water remedianon, would largely benefit from information on heterogeneous hydraulic
propertes. In the current practice of well test interpretation, the non-ideal shape of
individual drawdown curves, contamning valuable information on heterogeneity, is often
neglected. Interpretation of such non-deal drawdown curves combined with soft
information from a sedimentological facies mode! is demonstrated using field data froma
37 well newwork, developed for an 8. m thick aquifer in & one hectare-wst site. The sie is
located in an alluvial valley filled with Aluvial sands. deposited during the Pleistocenc: and
Holocesie in an environment developing from braided to meandering streams.

Using a highly sensitive borrhole flowmeter during a single well test. vertical profiles
of localized hydraulic conductivity were determined at each well. To determine average
hydraulic condug:ivitics representing different scales, multiple well-aquifer tests were - ————

-oooooc0000000000000000000*0‘00

conducted at different pumping rates. Finally, racer tests were performed tw determine
preferential paths and travel times. For the interpretation, a model was chosen of high
hydraulic conductivity active meandering channel deposits, discontinuous lenticular braided
stream bar deposuts. medium conducuwity pointbar deposits, and low conductivaty sheets of
overbank deposits.

For actual simulation of flow and transpor a stochastic procedure is proposed o
randomly generate conductivities of grid cells, as an efficient altemative to conditional
simulation based on & covariance structure (variogram). The Initial grid cell dimensions
reflect assumed dimensions for the elements of the sedimentological model. To obuin a
correct numerical representation, grid refinement 18 required. Conductivities for initial grid
cells can be drawn from any distribution based on (ield observations, and a predetermined
trend 1s included. Itis shown that vanograms derived from such a grid concur with
vanograms as observed 1n the field.
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Geostatistical evaluation of a three-dimensional hydraulic
conductivity field in an alluvial terrace aquifer

Steven C. Young, Joost C. Herweijer and Dudley J. Benton

Extensive borchole flowmeter tests were performed at 37 fully-screened wells on one
hectare of an alluvial terrace aquifer to charactenze the three-dimensional hydraulic
conductivity field. Ateach well locanon, approximately 24 hydraulic conductvity
measurements were taken at 0.3 m vertical intesvals, These hydraulic conductivity
measurements indicate that the arithmenc mean, geomerric mean, and the vanance of the
natural logarithm of hydraulic conducavaty field 1s 0.26 crvs, 0.032 covs, and 4.7 cnvs
respectively. A data analysis shows that the hydraulic conductivity field is not
log-normally disiributed and has definite trends, These trends are supported by the location
of a forter river meandar in a 1956 aena! photograph of the site and the results of one
large-scale and fourteen small-scale tracer wsts. Prior to the borchole flowmeter tests, the
well locations were optimized with respect o geosmtistical analysis with the aid ofa
computer program. n order to apply geostatistics, the original data set was dewended by

sevesal diffciont rypesof polynomials. The differem residoal dama s were analysed with
respect (0 their covanance sructure, statistical propertics, and correlation to the original
data. Although the analyses showed very different results for the different residual data
sets. no set of cniteria could be established to determine which data set was th- most
appropriate for geostansncal analyses. The results show that in some neterogeneous
squifers, a significant obstacle to geostatistics is detrending the data. As aresult, 8
considerable amount of uncertainty will accompany geostatistical analysis in these
heterogencous aquifers.
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Determination of permeability heterogeneity from a field tracer test
through an improved numerical method

Saleem G. Ghon and John P. Heller

This presentation concemns the study of the flow of a auscible tracer in various
flooding pattems in a nonuniform penmeability field. The flooding patterns considered are
the five-spot pattern, the staggered line dnve, the direct line drive, and the inverted
seven-spot. A way to quantify the effects of both channeling (due to permeability
heterogeneines) and mixing (due to dispersion) is presented. Also. a new numerical
techmque considers both convection and physical Gispersion, and approaches the solution
differently than do convenuonal fintte difference methods. An equation of motion,
containing both Darcy and dispersive terms, allows tracking of isoconcentration lines. This
numenical method is stable and avoids any numerical dispersion. Numencal results show
good agreement with the approximate analytical rolutions for the special case of a
homogeneous five-spot pattern,

Random permeability ficlds are generated by both the Source Point method (SPM) and

the Exst Bouriet Tranisforn method. The SPM s todified so that an accurate comrelation
structure can be prespecified. Advantages and disadvantages of both methods are
discussed. The desired random ficld of permeablity can be obtained by adjusting two
parameters: the correlation length and the vanance in the generators.

The integrated output concentration profile depends stongly on channeling and. o0 8
much smaller degree, on the dispersive mixing, with the later represented by a dispersion
coefficient. Channeling, caused by permeability heterogeneity, affects both the shape and
the extent of the output concentration profile. A large amount of channeling in a
single-layered reservoir can exhibit multiple peaks in the output concentration profile. To
determune the permeahility heterogeneity of a particular reservoir, a catalog of tracer
production curves from synthesized field tracer tests is assembled. Comparison of these
curves with the profile obtained in a real field gacer production test can give an estimate of
the dispersivity, variability and correlation lengths of the permeability heterogenenty.
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Aquifer heterogeneity - a geological perspective
Mary P. Anderson

Recent efforts to quanafy heterogeneity 1n aquifers have involved assumptions about
the vanability inherent in geological matenals. Stochastic madels invoke the assumption
of stanonarity whereby vanability is assured to be sparially periodic. Fractal models view
heterogeneity in geological matenals to be self-similar. Another more general viewpoint is
one that accounts for all types of evolving heterogeneity

Delving into the geological literature in search of clues to quanufying heterogeneity 1n
aquifers 1s both enlightening and frustrating. Conceptual models of the distnbution of
sediments in specific geological environments, so-called facies models, provide information
about regional wends in lithology that presumably are reflected in the hydraulic
conductivity distribution. These conceptual models suggest that there are definable
regional vends in lithology, making the assumption of stationerity inappropriate a2 this
scale. The literature also contains detailed descriptions of site-specific deposits at the scale
of an outcrop. From the petrolevm literature we can obtain site-specific descriptions at the

_ core sesle and find generic discussions about quantifying-the permeability-of small seale—-"-

sedimentary structures such as cross-bedding. Ye. there is very linle informauon in the
literature of the kind needed for hydrogeological invesugations of hewrogeneity. This is
partly due to fundamental philosophical differences in the use of facies models in
sedimentology and the petroleum industry and the needs of hydrogeologists. Nevertheless,
there are insights from the sedimentological literature that may be helpful in quantifying
heterogeneity in aquifers. Selected examples are discussed from a hydrogeological

perspective.
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Using a sedimentary depositional model to simulate heterogeneity in
glaciofluvial sediments

E.K. Webb and M.P Anderson

Glaciofluvial deposits usually consist of several depositional facies, each of which ias
different physical characteristics, deposinonal scuctures and hydraulic propenies.
Therefore. 1t is unlikely that the property of stanonarity (a constant mean hydraulic
conducuvity and 2 monomodal probatulity dismbution) holds for an entire glaciofluvial
sequence. However, the process of dividing an outwash sequence into geological facies
presumably identifies units of matenal with simelar physical charactenstcs. Therefore,
hydraulic conductivity or other hydraulic charactenstics may exhibit the propenty of
stationanty at the scale of a single facies unit.

It is proposed that pattems of geological facies determined by field observation can be
quanafied by mathematical simulauon of sediment deposition. Subsequently, the simulated
sediment distributions can be used to define the distribution of hydrogeological parameters,
estimate the extent of stationarity, and locate possible "fastest paths’ for contaminant
movement. _ ___ __ . . . . e e e s

To test this hypothesis. 2 hypothencal glacial outwash deposit, based on geological
facies descnptions contained in the literature. was simulated using the SEDSDM
sedimentary deposinonal model to produce a three-dimensional description of sediment
gran-size dismbutions. Grain-size distnbutions were then used to esumate the spanal
distbunon of hydraulic conductivity. Subsequently, a finite-difference code was used to
simulate ground water flow through the hypothctical glacial outwash. This represents a
fisst step in describing the spanal hererogeneuty of hydrogeological characteristics for
glaciofluvial and other braided stream environments.
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Reservoir characterization case study: sandy facies
LW, Kramers, L.-P. Yuan, Stefan Bachu and David Cythicll

The Provost Upper Mannville B Pool in cast central Alberta is contained in McLaren
Formaton sands of Lower Cretacec s age. The reservoir provides an wdeal case study for
developing reservowr charactenizaton techniques, because several scales of heterogenetty
are present and because there 1s a high density of wells, with excellent core and a suite of
modem geophvsical well logs. The reservorr 1s up to 35 m thick and onginal oil :n place
has been estimated at 34,200,%0 m? of 13° APIoil. Wells in the reservorr have pnmary
production and several EOR projects are or have been acuve 1n the pool.

The reservoir sands were deposited in fluvial environments i a valley fill sewung. It
consists of an overall fining upward sequence and can be divided into a lower blocky
channel lithofacies, making up most of the reservor, grading up through a transition zone
hthofzcies into a channel margin hthofacies. This, in wm, is overlain by overbank and
abandonment lthofacies. Within the blocky channe! lithofacies is a shale clast lithofacies.
compnising exwremely heterogencous zones of shale breccia in a sand maxix. The reservoir
can be divided 1ato two main poruons. a sandy part and a heterogeneous part.
Peyrophysicalproperties. soch as permeability, can b définied for each of thicse using
different techniques. The sandy portions were characterized using statistical averaging of
core analysis results on a well and pool wide basis. combined wath results of pore type

definuon using pewrographic image analysis techniques. As a fesult, four flow units were
recognized in the sandy poruion of the teservour: the wate: saturated blocky channel sands.
the oil satrated blocky channel sands, the transition zone sands, and the channel margin
sands. Measured capillary pressure curves and residual saturanons were quahitanvely
correlated with pore types and their characteristics. Thus, the characterization for each of
the flow units produces the data at the scake required for numerical process stmulation.
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Reservoir characterization case tudy: bimodally heterogeneous
facies

Stefan Bachu. Davia L. Cuthiell, John W. Kramers and Li-Ping Yuan

Shale clast zones are common 1n channel deposit reservowrs and have 2 potennally
large impact on oil recovery operations. These zones are similar in thewr propertizs and
behaviour to sand-gravel aquifers. These reservoirs and aquifers possess a bimodal type of
heterogeneity with a large permeability contrast between the sand and the shale clasis or
gravel. Proper charactenzanon and scaling-up of reservour/aquifer properues are
funcamental in the studv of fliid flow and ansport processes in such cases. The effect at
the core scale of this bimodal heterogeneity on absolute permeabihity was studied for
two-dimensional flow using numerical simulations with actual reservoir data, and for

" three-dimensional flow using physical expenments.

The two-dimensional flow study s based on a daa set of approximately 7000 digitized
sle-clast outhnes taken from 20 m of cores in three different wells from the Provost
upper Mannville B Pool. a reservorr situated in the heavy-oil belt of east-central Albena.
The flow simulauons through 16 core-s1ze regicns containing between 10 and 49% shale

* ¢lisii by ares show that the effective permeability depends mainly on the heterogeneity

fraction and permeability contrast, a dependence which can be expressed by s generalized
weighted-mean model. The presence of the shale clasts in the isotropic sand mamx creates
amisotropy at the larger scale, due manly to the predominantdy flat shape and subhonzontal
onentauon of the clasts.

Physical experiments were performed on synthetic "shale-clast” systems tompnsed of
pebbles set1n a sand matnx. The sand-pebble systems, having dimensions of
20x20x20 cm, were thermally consolidated using a special resin-coated sand.  After the
physical experiments were performed, the sand-pebble cubes were sliced, and the
wwo-dimensional images of the slices were used in two-dimensional numerical flow
amulanons. Three-dimensional flow simulations could not be performed because of data
and computer umutations. The results show that the effective permeability is significantly
reduced 1n bosh two and three dimensions because of the clasts® presence, but, surpnsingly.
only to & slightly lesser degree in three-dimensional flow,
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Hydraulic conductivity predicted as a function of grain size. sorting
and porosity for dune, washover and foreshore depositional
environments on a barrier island in Florida, USA

Richard ) Stebnisky and H. Leonard Vacher

Permeameter analysis of 90 undisturbed. thaxially onented sediment cores indicates
that sediments recently deposited on Anclote Key. & west-central Florida barrier island, are
heterogeneous and 1sogopic with respect to hydraulic conductivity (K). Stanusncal analyses
show that factors affecang K are complex and interrelated. Mean grain size 1s the only
vanable affecung K consistently for all three deposinonal environments (dune, washover and
foreshore) and the total data set. Overall, statistical correlations suggest that K increases
with mean grain size, porosity, packing proximity, improved sorting, and gs skewness
becomes more posiuve. For any single variable, these correlations generally are weak and
account for only a small percentage of the variance. Hydraulic conducnvity. therefore,
seems to be best described by a multivariate function.

The Kozeay-Carman equation was modified to incorporate a grain-sarting factor
pattertied after the Krombein-Monk equation. For the fine-grained, very well-sorted sands
of thus study, the modified equanon predicts K valucs that average only 1% lower than
permeameter measurements of K for the 7 major data groups, and 1% higher than
permeameter measurements of K when considenng each of the 30 taxial samples. These
data indicate that K values for any given sample can be predicted to wathin £ 30% of its
measured value, with 95% confidence, by:

K = [450 d.2] [0%K1-n°) ('S )

where K is hydraulic conductivaty (cm/s); d,,, is mean gran diameter (cm); n is porosity
(fraction); and S is the phi sorung coefficient. This empirical relationship expresscs Kasa
product of a size-shape factor, a porosity factor, and a soning factor.

This equation is suggested for purposes of estimating hydraulic conductivity for
unconsolidated sands from beach-related environments. Values for the necessary vanables
can be obuzined easily and inexpensively by routine laboratory analysis of sediments.
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Characterization and modelling of ground water flow in a
heterogeneous aquifer system to evaluate contaminant migration

F.G. Baker and HF. Pavhik

The hvdrogeological regime and extent of ground water contamination were
charactenzed at a federal Superfund site in the Sacramento River valley of northern
Calif =ma Wood preserving compounds, pnmanly pentachlorophenol (PCP) and creosote
have been aetected in the soul and ground water. A plume of dissolved PCP up 10
approximarely | S nules jong has been identfied in ground wates south of the plant.

Aquifer heterogeneiry 1s dominated by the juxtaposition of channel-fill gravei and sand
facies against less permeable fiood plain clays and debns-flow units which act as aquetards
The aquifer consists of a complex multizonal system of permeable gravels and sands
composed of units from four geological formations deposited by the ancestral Feather
River. Fluvial cha..ael gravels form the principal aquifer zones and contain overbank clay
and sikt deposits which locally form clay lenses or more continuous aquitards. Two incised
palec-chanaels of the Laguna Formabon ace inset into the older Mehrien Formation near
the site. comphicanng the aquifer strangraphy. The geometric mean honzontal hydraulic
conducuvities for channel gravels range between 120 1o $30 fud. Mean verucal aquuard
hydraulic conducuvity is 0.07 f/d. Ground water flow 1s generally southward with a
velocity ranging from 470 to 1000 fv/a. Ground water flow 1s largely advection-dominated
in this system.

The spandl dismbuton of dissolved PCP in the aquifer documents the interacuons
beiween major permeable zones. Hydrostrangraphic evidence pointing °c v separation of
aquifer zones 1s supporied by the major 1on chenvstry of ground water. T he sodium and
calcium-magnesium bicarbonate-rich water preseat in the upper aquifer zones is
significandy different in chemical composition from the predominantly sodium
chionde-rich water present in the deeper permeable zot.e. This indicates that
hydrod, aamic separation exists berwer « the upper and lower zones of the aquifer, limiting
the verucal movement of the PCP plume. A 3-D numerical ground water model, based on
the conceptual hydrogeological model descnbea hore was developed for use s a tool for
design of a ground water extraction and treatment system.
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Hydraulic evidence of Wisconsinan-aged open fractures in a deep
clayey till

David G Thomson and John A. Chenry

Most investigations of fractuning in clayey glacial all have been himited to shallow
weathered deposits. This paper presents the results of an investigauon of fractunng n 2
clay ull 60 m below ground level. A deuiled vertical profile of hydraulic response in 3
thick clay till aquitard was recorded with pressure transducers during a 2S-day pumping
test. The field response was analysed with analytical solutons to datermine the bulk
hydraulic conductivity The presence of open fractures was confirmed on the basis that the
bulk hvdraulic conductivity of fractured clayey all 1s two orders of magnitude greater than
its matnx hydraulic conductivity. A three-dimensional analysis of in situ drawdowns
indicates that the spacing between fractures ranges between 1.2 m and § m. Geological
evidence suggests that the fractures were formed during Wisconsinan time, and have
remained open through at least one subsequent glacial advance.
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The spectrum features of deep water-bearing systems and research
of transfet function |

Baoren Chen and Peikang Jin

The fluctuauon of most hvdrographs 1n deep wells record the fluid pulsations in the
lihosphere and vananon of the Earth's crust. Many observauons have venfied that ground
water 18 the 1deal information camer of the crust.

In tus paper. the series of input (precipitation, air pressure, Eanth ude. etc.) and
output (water able. antesian flow) of deep aqueous syswems are studied by using the
spectrum analysis and system theory The application of the concepts of transfer function
and the spectrum structure of the hydrograph ennch the knowledge of the deep aqueous
sysiem.

Two typical spectrum szuctures of hydrographs of deep aqueous systems are cbuuned
by companng with many water-bearing systems of the Ji Zhong Sea. One is from £ Ma-1?
well and another 15 from the Xing Zhe-§ well.

Finally. the physics models of forming the specum of the hydrograph are constructed
on the basis of spectrum research of the deep aqueous system.
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New approaches to the simulation of field-scale solute transport in
fractured rock masses

Leslie Srmuth, Tom Clemo and Mark Robertson

Predicnons of rates and partems of solute mansport in geological media where

fractures provide the dorminant pathways for flud flow present hydrogeologists with 2
complex problem for wnich conventional transport models may not be well-suited. Two
methods are descnbed with the view to developing a simulation capability when the length
scale of interest 18 on the order of hundreds of mecres or more. Both approaches are
founded on statsucal data from mapping of the geometric propenices of fracture sets. The
first method, a stanstical continuum approach, is applicable in the case where 1t is possible
to identify, at the scale of interest, representative volume-averaged properes describing the
wansport process. Anitotropic dispersion in 8 network of finite-length, randomly-located
fractures of variable aperture is modelied by first collecting statstics on particle motion in 3
discrere subdomain model, and then using these statstics 1o model runsport at a larger
scale . § continuum approximations. The second merhod, called the dual permeability
approach. 15 designed to handle the case of a fracture systetn where there are multiple
scales of fracturing, a suuanion where g representauve volume may nc. be definable. It
combines features of both discrete fracture and continuum models. Domunant fractures
that contribute significantly to fluid flux are preserved as discrete features, smaller scale
fraciures are submerged into continyum blocks. Mass transfer across continuum blocks 1s
gapressed in tenms of transyhion probabilities on travel time and on exit lacation i 3
down-gradicnt discrete fracture. Porous medium equivalency is not assumed for the
continuum blocks. The tansition probabilities are calculated from the stausucal
parameters of the smaller-scale fracture sets, the orientation of the local hydraulic gradient,
and the location of larger-scale discrete (ractures which define the geometry of continuum
blocks. In both of these approaches, it is possible w0 simulate solute ransport on length
scales that exceed the feasible limut of discrete fracture simulation, while preserving the
unique influence of the geometry of the fracture network on the transport process.
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Use of pumping test data to determine radial and non-radial flow
zories in a fractured limestone aquifer

P.S. Baker and W.A. Murray

A product recovery/pumping test was conducted at @ gasoline contaminated site to
datermine the hydraulic characteristics of a fractured bedrock aquifer so that remedial
measures o remove 2 layer of floating product could be designed, and the feasibility of
ground water 3 “pump and treat” action could be assessed. The aquifer of concern consists
of metamorphosed limestone with the water table 20 feet below the bedrock surface. The
development of the drawdown cone in response to pumpitig revealed the degree and
__direction of fracture anisomopy.. The evaluation.of semi-log and log-log plots.of drawdown-—- -
versus time for the pumnping and observation wells indicates the presence of both
non-radial flow and radial flow response zones. ‘The water level response to pumping in
one observation well shows an inertial oscillation effect and that is indicative of a high
degree of hydraulic connectivity with the pumping well. Curve matching data from this
well and the pumping well indicates the presence of non-radial flow conditionsanda. ...
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delayed yicld response in che vicinity of a primary fracture zonc, and provides an estimate
of the transmissivity of this feature. The orientation of this primary fracture feature agrees
with the orientation of the elliptical drawdown cone that developed during pumping. The
water level response in several observation wells exhibit radial flow behaviour and a double
porosity response. The synthesis of these interpretations indicates a vertically fractured,
anisozopic. bedrock aquifer with greatest transmissivity in & northwest-southeast directio:
along the primary fracture zone and primary storage in the secondary fissures. The ratio of
ground water/product flow to the pumping well was large. indicating a lack of horizontal
fracturing and a low transmissivity nonmal to the primary fracture featre.
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A percolation model for hydraulic conductivity in porous media
B. Berkowitz and I, Balberg

While percolation theory has been studied extensively in the ficld of physics. and the
lirerature devoted to the subject 15 vast, little use of its results has been made to date in the
ficld of hydrology. The principal advantage of percolation theory is that it provides
universal laws which determine the geometrical and physical properties of the system.
These laws are usually manifested by a power-law behaviour of the type A a (v-vc)". where
A 1s 2 geomemical or physically observable quantity, v is the fractional volume of the
conducting phase. v, is the critical valve for the onset of percolation, i.e., system
connecdvity, and x 1s an exponent specific to this quantity. In the present study, we carry
out Monte Carlo computer simulations on & percolating model representative of a porous
medium. The model considers intersecting conducting permeable spheres (or circles, in
two dimensions) which are randomly distributed in space. The local geometry of the
intersection between two permeable spheres may or may not determine the local
conductance. Therefore, three cases are considered: (1) all intersections have uniform

conductivity, (2)conduttivities-are drawn fromr & log-normxl dismibution, and
(3) conductivities are determined by the degree of overlap of the intesecting spheres. It is
found that the critical behaviour of the hydraulic conductivity of the system, K near the
percolation threshold, follows a power-law dependence defined by Ka (vlvc-l)°‘. where t
is an exponent which depends on the dimensionality and the case. For example, all three
cases yield a value of t ~ 1.3 in the two-dimensional system, while t ~ 2.0 is found in the
three-dimensional system for only the first two cases. In the third case, ¢ ~2.5. These
results are in agreement with the most recent predictions of percolation theory. We can
thus see that percolation theory provides useful predictions as to the structural parameters

which determine hydrological qansport processes.
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Delineating aquifer heterogeneity with stochastic multiple indicator
conditional simulation of the unconfined aquifer, Hanford Site,
Washington, USA

Eileen Poeter and Peter Townsend

Spanal variability of heterogeneities is estimated in 2 portion of the unconfined
aquifer on the Hanford Site, Richland, Washington. Multiple, equiprobable realizations of
heterogencity for the domain of interest are generated using an incicator conditional
simulztion technique These multiple realizations are scanned to produce conditional
probability and spatial connecnvi y maps of indivicual facies. The result of this work is an
estimnate of spatiat vasiability of hydrofacies from limited data wath emphasis on
assessment of continuous high hydraulic conductivity units.

Facies with similar hydraulic properties (hydrofacies) are identified based on grain
size dara from borehole samples uning factor and cluster wnalysis. A range of bydraulic
conductivities (based on fleld tests and sediment character), and an indicator value (0,1,2.3,
eic.) is assigned to each sediment group. Nested variogram models are used to account for

.-oocoooc;ooooooooooooooo&oct...ét...000.0.‘0.&005#‘1

spatial contnuity of each hydrofacics in the stochastic simulations. Numerous,
equiprobable realizations provide a measure of uncenainty of the distribution of
sedimentological units which reflect the distribution of ground water flow and contaminant
transport properties. Use of multiple, equiprobable realizations of aquifer heterogencity as-
input to a flow and eransport model produces a frequency distribution of hydraulic heads
and contaminant concentrations that can be used to assess risks and ald management
decisions. Ultimately, inverse techniques will be employed to thoroughly integrate known
field conditions in estimates of flow and transport parameters within each stochastic
realization, thus, further constraining interpretation of the system.
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Investigation of the spatial correlation of saturated hydraulic
conductivities from a vertical wall of a trench

Elizabeth A. Jacobson

Stochastic flow and ransport theones require an estimate of the covariance functions
for the hydrologic properties. Estimating a covariance function based on the data for the
complete flow region will yield correlation lengths and s variance that are “averaged”
values. However, different correlation lengths and variances may be contained 1o the
region of interest. which may influence the comparison of actual field data to the
predicuons of stochasuc flow and transport theories.

A two-dimensional data set of saturated hydraulic conductivity was obtained froma
trench at New Mexico State University. The saturated hydraulic conductivity data were
measured in situ using 8 Guelph permeameter along a vertical wall of the gench, which
measured 26.4 m in length and 6.0 m in depth. Five hundred and eighty-eight saturated -
hydraulic conductivity (K,) values were obtained from nine distinct soil horizons and three
vertical transects. The logarithms of the in situ saturated hydraulic conductivities were

lengths, and the pnncipal directions. The first analysis assumed that the In K, data had 2
constant mean and variance, and horizontal and vertical correlation lengths were esumated
based on the entire two-dimensionat data set. The second analysis consisted of grouping
the In Ks data from several honzons or all vertical transects into separate data sets and
estimating the corresponding variance and cosrelation lengths. Data for different honzons
wete grouped based on similar mesns and variances. The estimated horizontal and vertical
comelation lengths for the first analysis differed from the values obtained for the second
analysis. The varistions in correlation lengths are discussed with regard to expected spatial
correlation based or geological descriptions of the various horizons and expected effects on
flow and mansport. In addition, a brief comparison of the semi-variogram approach and
spectral analysis approach for estimating spatial correlanon is included.

analysed using directional semi-variograms to estimate the variance, the comrelation .. .-
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Stochastic modelling of cuniaininant movement in ground water

Kevin K. Wolka and T. Al Auson

A stchastic toceduie 1s descnded for use 1n 3 ground water contamination exposure
assessment. This procedure delivers more informanon about contarmnant movement than single
solution nurnen<al or analytical solute transport models. Multiple solutions for contaminant
movement are used to develop a probability dismbution of results. The stochastic nature of this
exposure assessment procedure is denved pnmarily from the spanal vanabulity of hydrauhc
conducuvity in geological formations and its effect on the uncertainty of contaminant movement in
ground water. The Turning Bands Methods 1s used along with a determinmistic random walk solute
transport mode! developed by the Mlinois State Water Survey to form a “joint probability
distnbution of contamenant concentranon and duration of exposure”.

The field data used in the modelling effort represent injections of low level radioactive wastes
(tritium) from the Idsho Chenucal Processing Plant (Idaho National Engineering Laboratery) into
the Snzke River Plain aquifer. Over 30 years of dats, including injection flow rates and
concentrations. and monitored well water levels and concentrations, were provided by the Idaho
District of the US Geological Survey, together with a transmissivity map of the Snake River Plain
aqusfer at che INEL. ) .

" The spanal vasiabil'ty of hydrautic ccnductivity 15 a major cause of uncenainty for
contaminant movement in ground water. The Turning Bands Method aids 1n quanufying the
uncertainty by gereranng a snecified number of hydraulic conductivity fields, each to be used as
inpu: to the solute ransport model for a contaminant movement realization. Every one of the
hydraulc conductivity fields 1s unique, but they all have the same statistical properues, i.c.. mean.
standard deviarion and correlation function. Each hydraulic conductivity field results in a
comresponding unique contamunant movement partem. The aggregation of these contaminant
movement patterns results in the aforementioned “joint probability distribution™.

The exisung ansmissivity study ara has & meas hydraulic conductivity log value of 2.4427
and a standard devistion of 0.1226 in metric units. The correlation function is ree 942, where ¢
is the correlanon coefficient and d is the distance in km between two points in the aquifer. The
computer model generated hydraulic conductivity fields with mesns within 1% to 2% of the input
mean, and standard devianons approximately 15% from that entered. The joint probability
distribution of contaminant concentration and duration of exposure stbilized after 100 reatizations
with the solute transport model for two separate tridum Jisposal events. A statstical description of
the joint probability distributions was obmined using the logit ransformaton.
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Regionalized classification: ideas and applications
Geoffrey C Bohling, Jan Harff and John C. Davis

Reg:onalized classificanon involves mapping the results of 2 multivariate classification
of a set of observations onto the physical space from which the observatons were taken.
The process identifies optimal boundanes between physically contiguous regions which ar:
homogeneous in the stagstical properues of the obscrvations within them. It is also
possible to produce a map of the probability of correct classification. The probability 1s
high in the centers of the wdentified regions and lower at the boundanes between regions.
The sharpness of the probability transitions at regional boundaries indicates both the degree
of heterogeneity 1n the boundary regions and the uncertainty in placement of the
boundaries.

The process can be applied tc any set of observations on & number of variables
measured at different pownts in space. An obvious application to hydrogeology and
reservoir engineering would use regionalized classification to determine optimal zonation
of a flow and/or transport model with spatially distributed parameters. Regionalized
classificanon is especially pmmxsmg for problems in which & panticular variable (such as
aquifer wansmissivity) is of primary interest, but there are relanvély few observations of
this variable in the data set. The multivariate classification can be based on the limited
aumber of observations for which the variable of interest is measured. The entire set of
observations can then be assigned to classes using a more widely available subset of the
vanisbles used in the classification process. Alternatvely, the classification can be made
using a subset of variables which are strongly correlated with the variable of interest.

A regionalized classificaiion of stratigraphic data from westem Kansas is presented a3
an cxample of the procedure, Although the study is designed to identify regions of high o1l
production, the principles apply to a wide range of problems in hydrogeology and reservoir
engineering. :
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The role of geology in parameter estimation
John L. Wilson and Fred M. Phillips

Parameter values assigned to simulation models are presumably related to the actual propernty
dismbutions of real aquifers and reservowrs. These propenty distbutions are themselves 2 funcuon
of the geological depositional environment and subsequent diagenesis Histoncally this has been
recognized by modellers only when dealing with relanvely large scale geological features. For
example. in hydrology we recogmze aquifers and aquitards, and ofien design our codes around such
lavered features, as in the popular Modflow code. Reservoir engineers typically subdivide
reservours 1nto a layercake sgucture, emulanng an easily recognized stratgraphic sequence thatis
typically sumulated using block finute differences. Fractures, if they occur, are assumed to follow
the same orthogonal pattern. These standard hydrologic and reservoir conseptualizations are easy
visualize, program, and parametenize. One need only to assign property values to each layer. If
desired, various zones may be designated within each layer to provide for any ‘necessary’ lateral
trends in property values. There 1s litzle formalism in picking & zoning pattem. one simply wies
different and somehow reasonable patterns undl ‘sasfied’. Yet within each of these layers and
arbitrary zones there is addinonal propeny vanability. As we now recognize, this smaller spanal

scale of-vanation has important influences on potlutant transport in hydrology and the performance
of o1l recovery effonts in reservoirs. There are many ongoing efforts to incorporate this variabulity
into the models, and to parametenze 1t

One approach to this issue employs geostatstical models (¢.g. variograms) of the parameter

space. These modsls are used 1o interpolate sparse and uncertair., but correlated measurements via
kniging or co-knging. The kriged fields and therr covariances may in turn be used as prior
information 1n history matching exercises, (o provide unique and stable inverse solutions. The
parameters of the geostanstical models may themselves be the object of these estimation
approaches, but in almost every case the geostatistical mode! is assumed to be known, or drawn from
a small famuly of possible models. One mught ask if the geological world is appropriately described
by these geosttisdcal models?

The real issue 1s that we typically sbandon most of our general and site-specific geological
knowledge once we have selected a conceptual model and begin the parameter estimation process.
even when using geotutistics. In this paper we explore the use of subjective gealogical information
in the construction and parameterization of appropriate geostatistical models. [n particular we
investigate the relationship between measurable hydrologic quantities, such as permeability, and
observable geological features. If there is a swrong correlation between the two, then subjecave
geological knowledge can be used to dramatically extent the data sets used in parameter esumation.
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Understanding the impacts of spatial structuring of natural porous
media on the modelling of solute transport in ground water

- Timothy D Scheibe and David L. Freyberg

Understanding the relatuonship between properties of a porous medium at vanous spatial
locauons (referred w as “spatial soructure’), and the effect of such structure on flow and
wansport processes 1s & key problem in hydrogeology. Knowledge of spanal structure offers
one approach to charactenzation of a porous medium given limited measurements. However,
the spanal struciure of natural sediments (which exists due to spatal and temporal sructuning
of deposinonal processes) 1s extremely complex, and cannot be completely descnbed.
Therefore. models of spatal structure commonly focus on one or more basic characterisics of
the structure  Examples of such characteristics which have been proposed by various
investigators &s being of importance to flow and transport prediction include the following:
(1) connectedness of exaeme values (1., existence of high-permeability flow paths);

(2) length scales of heterogeneines; (3) second-order ensemble staristics: and (4) geomemes
of sediment classes.

The current research evaluates the relative impacts of these and other characteristics of
spatial structure upon predictions cbtained using numerical models of ground water flow and
solute ransport. The body of observations which has been accumulated by investigators in
geological fields of study represents a wealth of information about the types of patiems which
occur in natural sediments. We apply this information, along with quantitative
measurements, o develop & parameter field, fully characterized at a fine scale, which can be
assumed to be a realistic example of a natural sediment. The parameter field is used as input
10 a solute tansport mode! to obtain the assumed true flow and transport behaviour of the
system. The parameter field is then systematically modified, typically using numerical
filters, 1o obtain new parameter fields which de-emphasize specified charactenstics of the
structure. The results of flow and ransport modelling in the modified systems are then
compared to those in the original system to delineate those characteristics of the spatial
structure which are most imporant to prediction of solute cransport. This information is used
to evaluate the applicability of vanous mdels of spatial structure to such prediction
problems. Models considered include alternative models drawn from the disciplines of
panem recognition and geology as well as models presently in use in hydrog<ology.
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Determination of scales ol porosity variability through the use of
image analysis

LisaD Shepherd. Jean M. Bahr and Genly - R. Mol'ne

Recent theoretical anu field results indicate the importance of heterogeneity in -
controlling fluid flow and mass ransport in porous media, \ anability 1 porosity and
permeability can exist over 2 wide range of scales. The scales of vanability in porosity are
being 1nvesugated for the St. Pster Sandstone 1n the Mich’gan Basin. On a macroscopic
scale the St. Peter Sandstone 1s a relatively homog eneous quanz sandstone. However,

~ porosity of the St. Peter can vary from less than 1% to over 20% between core samples

obrained from a single well. Abrupt changes n the degree of cementation and porosity ¢an
be observed withir single thin sections. If these small scale variations in porosity generaie
areally extensive zones of low effective permeability, they could provide an explanation for
the existence of pressure compartments within the St. Peter Sand tone. An image analysis
sysiem is being used to quantify porosity variations from thin sections impregnated with

tue .. «depoxy. Images of the thin sections are projecisd onto & compiter screen. The
user sets aa upper and low.. T sensitivity to pigmént to discriminate between porosity and
rock matrix. Geoastatistical techniques are being vsed to evaluate vertical and lateral spanal
vanability and to detenmine correlation scales. Comparison of these re-.ults to core
descnipuons and wireline log signatures can help to identify patr~ms of variability ona
larger scale. Rusults of thi; work are being used to develop & regional hydrodynamic
model for the Michigan Basin.
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A multivariate statistical analysis of wireline log data for the
determination of hydrostratigraphy and hydraulic parameters: St.
Peter Sandstone, Michigan Basin

G.R. Moline, § \* Bahr and L.D. Shepherd

A study 15 currently underway to inve t.gate the occurrence of pressure
compartmentalization 1n the St. Peter Sandstone of the Michigan Basin. [he St. Peer
reaches depths exceeding 10,000 ft in much of the basin and is currcntly an active gas play.
A regional flow model is being con-tructed as pant of this invest.gation. Although more
than 500 wells have been dnlled to the St. Feter or deeper, only  few cores and
permeability analyses have been made ava:lable due 1o the proprietary nature of these data.
Thus, for the majority of the basin, the only data available for determiration of
hydrostratigraphy are wireline logs. A means for comrelating these data with lithology and
hydraulic parameters is nceded. Couventicnal methods of analyzing well log data utilize
two- or three-dunensional cross-plots of log parameters which capitalize on the differences
in log response 1 geologic pararace 5. While useful for delineating large variations in
lithology and porosity, conventiona! cross-plots are not sufficient to identify the subtle
vaniations observed in the St. Peter Sends ane. An alternative approach heing used in this
study 15 a multivariate stauncal ansiy<ws of the well log data using all available well log
parameters. Data ponts group into rzyion® in n-aimeasional space, n being the number of
electnc log parameters. These regions o “electrofacies” correspond to lithofacies
determined from tacroscopic and petrographic core description. Permeability and porosity
values are assigned to electrofacies by correlation with cors analyses and detailed porosity
studies currently underway. These comelations provide the basis for quantifying
hydrogeological parameters at well locations for which only geophysical data are available.
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Visualization of flow and transport in heterogeneous media
John L. Wilson

Spanal vanation or heterogeneity of porous media properties influences the flow of fluds.
and the cansport of colloids and dissolved species. The influence of heterogeneous permeabiiiy
has been the subject of recent mathemarical modelling n hydrology. soul science, and reservoir
engincenng Less artention has been given to the Other properues of the media, e.g. capillancy

We explore the usc -f flaw visualizanon in etched glass mucromodels to help clucidate the
influence of heterogeneities on several different flow and oransport mechanisms. The
mucromodels are physical models of & pore space, created by etching a patiern oneo two glass -
plates which are then fused together. The resulning pores have complex three-dimensional
cross-sections, although the pore network is only two dimensional. Models of this type have been
used to study multiphase flow, miscible displacemnent, and foam behaviour in petroleum
engineering. We have recently applied them to hydrology and pollutant wranspor issues. The
usual focus of a micromodel study is on pore level behaviour, but we have found that bulk
properues can also be observed. For example, the pore network can be constructed to emulate an
aggregated soil, with well defined preferentia! flow paths, or an interbedded aquifer or reservoir
material, with lenses of a one material buried in & matmx of another material. Qbservation of

behas 10ur in 2 mictomodel containing many such paths or lenses reveals behaviour that is missing
from our mathematical models, and may help to define appropniate equivalent homogeneous or
pscudo-properues in those models.

We examne muscible displacement, two and thme phase immiscible flow, and colloid
transport. The visualizations are recorded on film and videowpe, We have found, for example.
that media heterogencines dominate two phase displacement and trapping mechanisms, with
implications for aquifer remediation and oil recovery. Non-wetting fluids selectively travel
through the coarser and more permeable portions of heterogencous media, bypassing
finer-graned regions. Later, duning & natural or imposed flood of a wetting fluid, capillary forces
can relegate the flow of the wetting fluid to finer-grained regions, by-passing the coarser
non-wetting fluid filled regions. The amount of by-passing depends on the heterogeneity, and a
balance of capillary and viscous forces. Following the recovery of non-wenting phase, the
residual saturation left behind in, say, a heterogencous material composed of disconnected coarse
lenses, tends to be larger than in a homogencous material, and depends on the history of the
recovery. It is not a constant medis property a3 assumed by convennonal mathematical models.
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Estimation of reservoir parameters in heterogeneous gas storage
reservoirs under aquifer support

I Ershaghi, H. Calisgan and Y. Shikari

This paper reviews the sigmificant differences between a gas reservoir and a gas
storage reservoir 3s related to eshmation of reserves, sverage reservoir pressure and
deliverability forecasning. Specifically, the effect of cyclical movement of gas/water
interface in the reservorr for storage system is examined. Additionally, the interference
among wells dunng simultaneously conducted buildup and fall-off tests affects the respoase
from indsvidual wells and paramete:s may be erroneously esumated using convendonal
diagnosac pressure denivanve plots.

Common practice of using wellhead recorded spot pressures under the conditions
descnbed above 1s conducive to uncenainues in estimating of required duration of a test
penod. Additionally, heterogeneines in reservoir properties affects the test duration under
the influence of other wells.

Application of a new method using a composite plot of individual well responses for a
hypothetical equivalent well located at the center of gravity for the reservoir is illustrated.
We have developed an analytical formulation of a well in gas storage reservoirs containing
several interfaces; i.c., gas-gas transition, water transition and aquifer. Qur study shows
that deliverability tests conducted under a certain reservorr posinon of interfaces may aot

be applicable to furure forecasting where the interfaces may have changed because of over-
or under-pressurization of the storage reservoir.
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The impact of large scale heterogeneities on hydrocarbon recoveries
Sait Kocberber and R Eugene Collins

The effects of large scale heterogeneiues on multi-phase flow have been addressed
only on a limuted scale in previous studies  In this study, a fundamental method for
incorporanng large scale heterogeneines 1nto reservorr studies in a general way is
presented. This 1s achieved by uulining a three -dimensional, three-phase, black oil modzi
using representations for relative permeabulities and capillary pressures conditoned by
absolute permeabilines and employing 1nihal dismbunons of Tluid -turations based on
gravity-capillary equiibnum.

First, a small scale model 1s used to evaluate recovery by solunon-gas drive in a three-
dimensiona), rectangular block containing two or three cross-bed laminae with an inital
fluid diswibution based on capillary-gravity equilibrium. The block is depleted by fluid
withdrawal at a face while the other f>zes of the block are sealed. These resuls are
employed to extend the model to simulate field sized recovery processes in systems having
large scale heterogeneines. These results indicate that the recovery history is strongly
dependent on the configuration of heterogeneities and the direction of flow. Capillary
cffecis cause high water saturation buildup in tight lamunae. Because of their low relative
permeability, these lanunae act as flow barriers to hydrocarbon flow causing very
non-uniform recovery pattems.

Results of these studies indicate that many common practices in previous simulanon
studies are not representative of reat reservoir behaviour.
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Assessment of the rational set of field tests in heterogeneous aquifers
using simulation models

V.A. Mironenko

The theory and practice of aquifer tests involve a number of unsolved problems, among
being: (1) evaluanon of the quality of eshmated parameter values in view of their use in
subsequent forecasts: (2) Quanotative companson of the quality of different kinds of test resu
13) justificanion of the expedient number of aquifer tests and their distnbution by types and
operation stages within the area under investigation. Simulation modelling provides new
possibilities for studying these problems. It helps to stugy a complex system with uncertain
structure on the basis of mulnvanate expenments with an adaptive constructed model in the
course of which the probabilistic structure of the system, its possible behaviour and optuimal
functoming conditions are found.

In our case, "the equifer - the set of ficld tests - the engineering structure (water intake,
drainage, etc.)’ system 1s studied in this way. Simuiation experiments, using 8 numerical flor
model. are planned and made by two independent groups of experts. One of them rpresents
(invents) the input data about the gquifer system and simulates its ‘true’ behaviour in the cow
of ity explorauon and exploitation, while another group plans ficld tests and interprets their
results, designs an engineenng structure and predicts its behaviour, i.e. simulates
hydrogeologists’ work under conditions of uncertainty. The comparison of the estimated etfe
of field tests and aquifer’s explotanon (numencal expenments of the second group) with the
"true’ effects (first group's results) gives an idea of the quality of ficld test results and forecas
estimates made on their basis, depending on the types, quantity, and locatons of field tests.

These studies have been camried out for a number of typical simulated objects with differ
charactenstics of spatial variability of aquifer propertics and with simulation of typical test
shortcomings. The experiments resulted in obuaining the relations between the cumulative en
of tests and their number, as well as pertinent relations (or the forecast eiror. The resulting
measure of the rest quality is the relanon between the number of tests and total expenses whic
include the test costs and the risk of economic losses in the course of water-intake operation d
10 lack and errors of informauon about flow parameters.

The practical conclusions concem the evaluation of regional parameters from a totaliry o
local tests results, the relative reliability and informativeness of differeat types of tests in
heterogencous aquifers, and the expedient amount of various tests, The overall concluston co
of the necessity of the appreciable rise in the quantity of relatively large-scale and expensive
multi-well tests as well as the expenses of hydmgeological surveys as compared to currently
adopred empirical standards
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A conceptual framework for the geostatistical approach to the
inverse problem

Peter K. Kitanidis

This paper presents an overview of the geostatistical approach to the inverse problem
with emphasis on the conceptual basis of the methodology. In particular, the problem is
presented as one of prediction with incomplete information rather than a classical statisncs
or frequency ans'lysis provlem. The principles of maximum entropy and Bayes' inference
are explained and it is shown that, under certain assumprions, they lead to the geostatistical

-approach. This interpretation sheds light on the meaning of the probabilistic model and the
error bounds on the predictions; the strengths and limitations of the normality assumption;
and the relevance of maximum likelihood estimation. Furthermore, the insight leads 1o new
algorithms appropriate for, among others, large-variance problems.
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Recovery of discontinuities using a parametric form of regularized
inversion

Bryan J. Travis

Inverse problems are usually ill-posed a priori because of lack of uniqueness and
stability. This difficulty can frequently be overcome by making additional essumptions, the
most important of which is to apply Oooam’s razor, i.¢. find the simplest solution possible
that fits the data. This is generally interpreted o be the smoathest solution in some sense.
Computationally, this can be achitved by searching for the solution with the smoothest
derivative of some order (usually first or second derivative or 8 combination thereof).

The regularization method of Tikhonov is a popular technique for solving inverse
problems by derivatve smoothing. The method was originally applied to integral
equations, but via Lagrange multipliers (the adjoint solution), it can be used for sysiems
controlled by differential equations (ordinary and partial), and in muitiple dimensions.
Other constraints, such as positivity can be imposed to improve resolution.

structure sought {for geological layering, for example) is not smooth everywhere, but may
have discontinuines at some locations. These abrupt changes can be recovered within the
regularization methodnlogy by recasting the procedure in a more gene:al, parametric form.
One-dimensional and two-dimensional examples are given to illustrate this approach for
resolving spatial permeabulity distributions in reservoirs.
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A comparison of several optimization methods for inverse solution
of ground water flow systems

Jiannan Xiang and Derck Elsworth

Inverse solution may be effectively used to determine in situ hydraulic parameters at
ficld scale. Where data is limited to m spatially distributed values of ransmissivity and n
distributed hydraulic head magnitudes, the distribution of transmissivity in the remainder
of the domain may be determined from any suitable inverse method. Indirect methods are
wicely used in this class of problem because of their flexibility and ability to handle
nonlinear parameters and constraints. However, the effectiveness of these methods varies
considerably with the adopted optimization technique. A comparison is completed between
six well-known optimization methods in the minimization of a multidimensional
functional. The relative performance of these methods are compared using one
dimensional and two dimensional examples. The differential equation of flow is
represented by a low order finite element that has been shown to perform well. Five cases

~-—--are studiedunder different levels of datacompletenesy or incompletensss. Reolts-indicare — -

that all methods perform well for complete data but may be ranked according to solution
ume. Under incomplete data, computational requirements are increased with the
Quasi-Newton method yielding the most accurate results. The Levenberg-Marquarde
method performs with high accuracy and exhibits rapid convergence although the CPU
requirements are greater than the Gauss-Newton method. Where different initial estimates
are used to start the iteration, unique transmissivity distributions result for cases of
complete data. Under incomplete data the results are non-unique.
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Inverse modelling in the frequency domain: the example of
estinating hydraulic conductivity from observations of the combined
solid earth tide and atmospheric pressure influence

Robert William Ratzi, Jr.

Parameter estimation schemes which include frequency domain models for ground
water flow and mass transport have traditionally been posed with estimation criteria based
upon modulus or phase wansformations of the model frequency response function (FRF)
and the sample FRF. A better approach is to use an estimator with a complex vector
¢stimation criterion because it has less bias and variance, and is more robust. This is
demonstrated in considering the estimation of hydraulic conductivity from well response to
the combined Eanh tide and atmospheric pressure influcnce.

Regardless of which criterion is used, hydraulic conductivity is only identifiable if the
data are sufficiently informative. An estimation scheme using the combined solid Earth
tde and ammospheric pressure information (CSA), when compared to schemes using only
the individual Esrth tide or atmosphenc pressure information, will give the greatest
probability that sufficient information is contained in a data record so thatK is indeed
identifiable. The CSA scheme also gives estimates with the greatest precision, and requires
the shortest length of time series data.
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The inversion of pole-pole resistivity data in the solution of ground
water contamination and enhanced oil recovery problems

P.R. McGilliviay and D.W. Oldenburg

The pole-pole resistivity expenment 1s a geophysical technique which has been used
pnmarily in muning and geothermal exploration. The experiment involves injecting current
into the ground and then measuring the resulting voltages using a grid of electrodes set up
over 2 survey area. Each electrode in the grid can serve as either 2 voltage or current
elecwode. and consequently a high density of data over the area of interest is recorded. An
interpretsnon of this data sct based on “srward modelling and inversion can then be used to
dehinearte regions of anomalously high or low electrical conductivity at depth, Because
electrical conducuvity can be related to properties of the aquifer and the distriburion of
fluids within the aquifer, the technique could be applied to a wide variety of problems in
both ground water and petroleum reservoir evaluatdon. The goal of this paper is to describe
a method for recovering the conductivity dismibution of the subsurface from pole-pole
voltage measurements using & non-linear parametric inverse approach. The importance of
selecting the ipbroi:ﬁate global norm to minimize and the use of a priori information to
help resolve non-uniqueness in the solution will be emphasized. The use of voltage data
from cross-borehole measurements to further ¢onstrain the inversion will also be discussed
Finally, the inversion of synthetic data sets over a contaminant plume and an enhanced oil
recovery site wall be used to illustrate applications of the technique.
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Modelling a multi-unit aquifer system with uncertainty in both
aquifer properties and aquifer geometry

Malcolm Reeves and Rebecca Yost Grambo

In recent years it has become common practice to employ Monte Carlo techniques in
stochastic simulations to take account of uncenainty in aquifer modelling. Geostatistical
methods have been applied 10 estimate the spanal distribution of many parameters including
aquifer characterisucs, thicknesses and piczometric surfaces. These methods are
parucularly useful in allowing for variance reductions associated with scale when point”
data arc used to predict vatues for large “blocks™ in numerical models.

Here we describe a methodology for treating uncentainty in both aguifer properties and -
aquifer geomerry for & multi-unit, glacial, sand and gravel, aquifer-complex. The
procedure uses interpreted well logs together with more subjective geological and
geomorphological models of the morphology of glacial sediments, to constrain sets of
bounding surfaces for permeable sand and grave! bodies within a relatively impermeable
clay-till matrix. For each set of surfaces, analysis of “overlap” is used to assign vertical
conductances to a mult-layer numerical model. Horizontal hydraulic conductivities and
storage coefficients arc estimated using a geostatistcal model for spatial variability.

Numencal models are run for a standard sequence of infiltration conditions to generate
hydrologic budgets for the various sub-units within the aquifer-complex. The ultimate
objecuve of the research 1s to establish probability functions for inter-aquifer flows and the
associated covariance sgucture.

The case-study area is centered on the city of Regina, Saskatchewan. Only
approximately 900 weils, many quite shallow, were available to characterize an area of
some 29,000 km? where significant sand and gravel bodics are found at four distinct
stratigraphic horizons. Post-deposidonal erosion and solution collapse features have
resulted in the potential for interconnection between permeable units. The degres of
interconnection between the various aquifers has major iraplications for the assessment of
the risk of ground water contamination.
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Controls on porosity and permeability in fracture-flow/conduit-flow
rocks of the Knox Group, Southern Appalachian Fold-and-Thrust
Belt, USA

James C. Redwine, Richard R. Parizek and Fred J. Molz

Alabama Power Company's Logan Martin reservoir is located on folded. faulted,
fractured and solunoned rocks of the Cambro-Ordovician Knox Group in east-central
Alabama, USA. The reservorr loses significant quantities of water through the underlying
fracture-flow/condust-flow aquifer system, which diminishes hydroclectric power
generation at the site. For this and other reasons, subsurface investgations have been
ongoing at the Logan Martin site for the past 30 years. Major categories of information
include studies of aenal photography and remotely-sensed imagery; approximately
265.000 piezometer readings; dye and tracer test data; surface and subsurface geological
mapping and modelling; temperature infonmation; water chemistry data; surface and
downhole geophysics: packer (hydraulic conductivity) testing; grouting records; and
sinkhole mapping. Recently, this information has been pulled together to identify and
estimate flow and transport parameters, particularly controls on porosity, permeability. and
discrete flow paths. Major geological controls include the upper Knox/lower Knox
contact: vanous rock types; fold structures; regional and local thrust faults; local normal
faults; regional cross-structural discontinuities; fracture systems of various ages:
near-vertical zones of fracture concentrations; present karst and paleokarst horizons:
mappable features of unknown origin: and combinations and interactions of the various
controls. Work is presently underway to detect discrete flow paths with borehole
flowmeters using both state-of-the-art and prototype equipment. This quantitative
hydraulic testing, when combined with the previous hydrogeological work, will be used to
develop & methodology or procedure for quantifying flow and physical transport
parameters in complex geological terrain. The investigators can develop a hierarchy of
controls, and because of the extensive site investigations, determine the most cost-¢ffective
methods for parameter identification and assessment. This work applies ot only to ground
water problems in fracture-flow and conduit-flow aguifers. but also to oil and gas
exploration and development in such rocks.
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Simulating fluid flow through a geologically realistic permeable
medium

Larry W. Lake

For the past five vears we have been studying the Page Sandstone vutcrop in rorthern
Anzona as a prototype for eolian oi! rescrvoirs and aquifers. The work has encompassed
detailed geological studies and highly intensive descriptions of the distribution of hydraulic
conducuvity or permeability. We are now at the point of using this information to evaluate
predictions about flud flow through naturlly-occurring sands. Work on this topic is the
subject of this presentation.

The first step 1n the smudy was to establish a "truth case”, a standard zainst which to
measure the success of alternative procedures for flow prediction. Our truth case consisted
of 2 highly detailed (more than 11,000 finitc element nodes) numerica! simulation of 2
miscible displarement through a portion of the outcrop wherein each nodal property was
assigned according to the actual value existing at that point. This intensely deterministic
simulation also allows us to evaluate the extent of geologics' detail necessary fora good
prediction; mobility rano and the distribution of average permeability are the most
important quanaties governing fiuid flow. Permeability anisotropy, fourth order bounding
surfaces and dispersion are much less important.

With the truth case 1n hand, we redo the simulations based on the ammount of data that
would normally be available for subsurface conditions. In this case, of course. it is the
generanon of interwell properues which is being tested. The work iavestigates two basic
procedures: pseudofunctions and conditional simulation. The pseudofunction approach
generates effective relative penmeabilities (a concept borrowed from immiscible flow) to
model the effects of heterogeneities on a gross or flow unit scale. The effective relative
permeabilities now depend on the size of the flow units, the mobikity ratio and the nature of
the distribution of the permeability within the flow unit. The conditional simulation
approach generates interwell properties statistically and evaluates each procedure according
to whether the distribution of the simulation results agree with the results of the muth case.

Pseudofunctions rely almost exclusively on geological information and condirional
simulation on statistics,. We should be able to infer the merits and drawbacks of both
methods from this work.
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Review of state-of-the-art borehole geophysics applied to
hydrogeology

E.N. Yearsley and R.E. Crowder

The apphication of borchole geophysics 0 hydrogeological problems is rapidly
expanding, driven by the increased need for better in situ aquifer characterization. A
number of borehole geophysical technologics have recently emerged that are specifically
developed to meet this need. This paper reviews those technologics, which include
equipment and data processing capabilities that are new to the ground water industry, as
well as existing borehole methods that have become partcularly relevant in
hydrogeol. gical investigations.

These borehole geophysical applications are divided into three categories: (1) fracture
characterization; (2) methods in characterizing permeability profiles, and (3) vadose zone
moisture monitoning. Field examples demonstrate these applications, ang briefly review
their operational features. The ficld examples involve the acquisition and processing of
full waveform acoustic logs, flow meter methods, borehole televiewer, induction logging.
and neutron moisture monitoring.

Most attention in this paper is given to those echnologies which are commercially
available or withiu the capability of engineering and environmental contractors to perform.
Needs for further development and limitations of these technologics are also addressed.
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Aquifer parameters defined by borehole geophysics

Bruce Manchnn

Ground water contaminated with waste migraung from a landfill, surfa s spill or
leakine underground storage tank (UST), or by injection will create distincave borehole
geophysical log signatires. The distnctive contaminated signatures on the logs and log
responses of the nauve conditions{ 1 upgradient wells provide hydrogeological
parameters of the aquifer and associated contaminate plume Interpretation of the log
responses by borchole geophysical interpretation techniques will identify aquifer and
contarmunant ¢haracteristcs.

Borehole jeophysics is printurily used in the eavironmenial field to determine
lithology, not to dehineate the nature of fluids in a formation. Borehole geophysical
interpretation provides 8 means of determining not only the lithology, but the nature of the
fluids in an aquifer.

Borehole geophysical interpretation techniques apply in a variety of ervitonmental
settings. They are especially effective in terrains where statigraphy is loctlly contiruous
and there is a resistivity or radioactive contrast between the formation water and the
contanunants. It can provide data about a contaminant plume’s dimensions and
concenwations or verify model plume predictions.

This paper will explain, by use of geophysical logs and interpretation techniques, how
to identify and estimate parameters of the lithology «nd flmds of an aquifer.
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Regional characterization of variable-density fluid flow in
sedimentary basins: implications on modelling strategy

Rainer K. Senger

Characterization of regtonal ground water flow in sedimentary basins requires
estimates of regional-scale hydraulic properties that are difficult to determine,

Ahieratively, permeabilines may be calibrated in regional flow models on the basis of flud
pressure and/or hydravlic head measurements, Fluid-pressure distribution in mature
sedimentary basins 1s typically controlled by sicady-state flow driven by potential energy
represented by the shallow water table, which generally follows the topography. However,
in saline aquifers fluid pressures are significandy affected by fluid densitics: furthermore,
pressure or head gradients may not reflect actual ground water flow panems in cases where
buoyancy fotces associated with high fluid densities dominate the topographically driven
flow component. In addition to the well known problems of hydraulic parameter and
boundary condition uncertainties, modelling strategies for regional, variable-density ground
water flow réquire consideration of uncentainties associated with fluid densities and
evaluation of fluid pressures or cquivalent fresh water heads.

Effects of significant fluid-density variation on regional ground water flow are studlcd
in the Palo Duro Basin, Texas, where fluid densities vary between 1.0 and 1.15 glcm
Steady-state flow of variable-density ground water is simulated based on computation of
equivalent fresh water heads and stream functions, incorporating fluid densities that vary in
space but are time invariant. Simulated equivalent fresh water heads in the variable-density
mode] significantly increase with depth in comparison wath simulated heads assuming '
uniform fresh water density. Constructed surfaces of equivalent fresh water heads in saline
a5 ifers may exhibit large tocal variations due to vertical offset between test intervals 10
adjacent wells, Permeability vanations and boundary conditons in the variable-density
model have much smaller effects on simulated heads than in the constant-density model,
which 1s important for model calibration. However, the overall ground water flow pattern
in the Palo Duro Basin 1s not sigmificantly affected by variations in fluid densities,
indicaning t*at the flow component arising from the present-day topography dominates
buoyancy forces associated with dense fluids.
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Baundary conditions for modelling of ground water and petroleum
systems: noble gas contributions

Emanuel Mazor and Adi Bosch

Atmosphenc Ne. Ar, Kr and Xe and radiogenic He and Ar provide means to formulate
boundary conditions necessary for the consgruction of hydrological conceptual models of
large ground water and petroleum systems. Examples include: (1) recharge temperatures
{deduced from atmospheric noble gas (ANG) concentrations); (2) porous vs condust
controlled flow 1n the acrated zone (interpretation of ANG-derived recharge temperatures),
(3) idenuificanor of karstic flow (excess air and rainy season ANG temperatures); (4) depth
of ground water circulanon (comparison of ANG *echarge temperatures with emergence
temperatures); (5) idennfication of underground dissotution brines and residual evaporation
brines (ANG contents as in air-saturated fresh water vs lower ANG concentrations);

(6) check of hydraulic interconnections and suggested flow directions (distribution of He
concentrations); (7) idenufication of gas caps (ANG in produced fluids 1n excess over the
concentrations in air-saturated water (ASW)); (8) losses and gains of volatiles and
reconstruction of initial gas concentrations (comparison of measured ANG concentrations
with those in ASW); (9) He and Ar dating of underground fluids; (10) establishing the
degree of drainage of confined systems (comparison of e and Ar derived ages wirt
hydraulic age); (11) identification of mixing of old and young warers; (comparison of He
and Ar denved ages with ages derived by other techniques); (12) identification of water-gas
and water-oil associations (companson of ANG paterns with those predicted from
solubility data); and (13) He and Ar dating of the hydrocarbons.
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Boundary conditions needed for ground ‘vater modelling, derived
from isotopic, chemical and physical measuremen's:
Mediterranean-Dead Sea transect

Emanuel Mazor and Levy Kroitoru

Hydrological physical, chermical and 1sotopic measurements serve to define boundary
condations, to be sccounted for in the construction of detailed hydrological conceptual
models. Models denved in this mode pave the way for mathematical modelling with a
munimum of unknown parameters, that otherwise have to be assumed. The methodology 15
demonstrated on a hydrological transect from the Mediterranean Coastal Plain, through the
Judean Mountains to the Raft Valley.

The boundary conditions reached from the various measured parameters indicate that
the recharge at the Judean Mountains 1s rapid and karstic. The western drainage of the
system towzrd the Coastal Plan has an upper slow flow system ard a deeper fast-karsuc
flow system. The eastern dramnage toward the Rift Valley has a flow path that is a reverse
picture of the western drainage. an upper fast-karstic flow system emerging in the Judean
Desert spnings and a deeper slow flow system encountered by deep water supply wells.
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Remote sensing of contamination using geophysical electromagnetic
methods

Joe O. Davis

The use of geophysics 1n the peaoleum and mining ndustries is common, 1ts usc Is
increasing 1 geotechnical, hydrogeological and contaminaton projects. The major
advantage of the inclusion of geophysical methods in projects is lowered drilling costs; yet
1n many cases information acquired from geophysical methods is prohibitively expensive to
obtun by other means.

The use of clectromagnetic data for remote sensing of contamination is an nnovatuve
technique which relies on the electrical resistance change caused by the introduction of a
contarninant into ground wates. The technique requires that the contaminant appreciably
alter the resistance of ground water beyond the background level changes duc to varying
lithology or fill matenals. The level of contaminant required to achieve this threshold level
can be calculated for specific sites and can be substantially lowered by rejecting resistance
changes caused by near surface fill materials, or clays. Considering these factors. ut is
especially important that the contanunant specialist consultant be & geophysicist
expenenced in contamination projects, and he or she is contacted preferably during
planning stages.

Elecromagnetics is used to highlight contaminated areas ininally. This informaton is
used to locate drill holes in the areas of highest contamination, saving a substantial aumber
of tast holes. By cormelating electromagnetics to drilling data, gross volumes of
contaminants can be calculated, and theis thicknesses mapped in plan view. This paper
outlines these techniques and provides field examples.
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Geoelectnical pwameters in hard rock hy drogeology

PN Ballukrava
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