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3IXGROIJND AND PVRPOZ OF TLIP 

This is the fifth of a continuing serLes of Canadilan-Amrican conferen eo an 
* Hydrogeology, sponsored by the Asaociation of Groundwater Scientists and 

Engineers. which publishes the Groundwater Journal. This particular conference 
-on_ A."re..te Identf.Licýation a&n •tt4tn . for. &qor_ er _en4 .-Andrvoi -

-haracterization" was 0o.sponsored Vy-te Alberta es-ari C&---il. There were 
about 40 speakers at the three-day conference. ith topics ranging from 
geological process simulation to geostatistical and stochastic approaches for 
bydrogeological characterization. Mainly two types of applications surfaced: 
(1) hydraulic and advective-dispersave properties of contaminated aquifers, and 
(2) oil and gas reservoir characterization. We heard about laboratory scale 
studies (thin slices), geological measurement methods, aquifer scale tracer 
experiments, and large-scale studies on regional and interconnected groundvater 
flcv systems. I presented a paper on the aIdentification of Effective 
Conductivity Tensor in Randomly Heterogeneous and Stratif~ad Aquifers." This 
work focused on the effective. sacroscale flow properties of naturally 
heterogeneous geologic formations. particularly those vith preferentially 
oriented structures and/or composites made up of distinct units. The conference 
program, list of participants, and pre-proceedings abstracts are enclosed. A 
brief overview of the meeting is given below.  

SMWAIY ANALYSIS OY SIJACTID ?ESENTATIONS: 

Stochastic ADproaches and Effective Parawntets 

Here are some highlights on the stochastic approach. Opening the first day 
session, Lynn G.Thar (Kasrachusetts Institute of Tchnology) provided an 
extensive reviev of the stochastic approach ti subsurface flow and transport.  
illustrated by analyses of field tracer tests, such as the Columbus air force 
base site and others. Assembling date from a number of contamination events and 
tests around the world, he indicated on a log-log plot the roughly linear
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t-creass of contaminant pitme disperrity, from centiseteOs to tens of kilometers, 
wit-th Uieriaiing scale of cotantnatiLJ froa vatcts to hundreds and thousiends of 

- - kilometers (e.g. state of love).  

AMexander Dubiaratc (Geological 3urvey of Canada) presented a tachntque to extend 
previous stichastic results or effective conductivity of randomly heterogeneous 
formations to the case of - finit* domats (finite scale of support); he 

• successfully backed up his proposal with numerical experiments for the 1.  
dimensional, assuming isotropic and gaussian log-conductivLty distributicn.  

Rachitc Ababou (t e. myself), Center for Nuclear Waste Regulatory Analyses.  
presented a tensoriat. po*er-average expression that relat.-[ the mnisotropie 
effective conductivicy to simple statistical paraletets such as mean. variance, 
and directional fluctuation scalce of the geologic foruation. The result is 
applicelle, in principle, to the important case of non-symetric and bi-modal 
log.conductivity distributions. The proposed relation was backed up using a 
number of available results (exact. asymptotic. and ntmerical). The tonsorial 
relation was then used as a parameter estimation method wich data [rom the Oracle 
fractured granite site vhere fractures appear to be the dominant cause of 
anisotropy.  

Scefamn Bchu. conference orgnitzer. and his colleagues, D. L. Cu'.hiell, J. W.  
Maws. L.- f.. Y. m, all Iron th Albart. Geologice* Survey. presented An 
extew•vse geologic and hydraulic study of an oil sand reservoir near Provost, 
Alberta. They used an impressive battery of geophysical and laboratory 
techniques Lo describe the relatively homogeneous sand facies as well as the very 
heterogeneous shale clast facies (sh •ie breccia it a rand matrix). Th, latter 
fu.cies was precisely described usL-i digitized thin aections fron undl iturbed 
core sample. The data Vero used for numerical rkov experiments ai,*d at 
retrieving the otffective conductivity in such a sharply bi-modal ty e of 
hze~roenous mdP', 

Brian Berkw•tz: (Water Commission, Israel) presented a focused study of the 
percolation problem through conducting discs (in 20) .ad conducting spt.eres (in 
3M). and rocovered some known results in the process. He looked in particular 
at what happens with Ooverlapping spheres. assuming that bond conductivity is 
a power fwinction of the overlap.  

Leslie Smith tUniv. of British Columbia) compared statistical continuum and 
discrete network pre4ictions of flow and solute tranport in fractured media.  
Hie started with the case of an orthogonal network with randomly distributed 
fracture letnths. Statiatical conttiuum flsv yas t;.n constructed by using 
statistical features of the velocity field as observed (Cmeasured') on the 
discrete notwrtrk simulation. It was shown that the leading edge and tail of a 
concentration plume could be simulated well vitL rho continuum approach. provided 
however that certain details of the velocity distribution be faithfully 
reproduced (gamsm rather than log-norml, and second-order autoregressive rather 
tan uncorrelated). He proposed a hybrid dusltpsrm*ebility inthod to simulate 
transport in more :.ouplex. hierarchical media. e.g. two-scale fracture networks 
(the breakthrough curves are bi.modal, I.e. double-humped). Kriefly. his method 
models the dominant fractures explicitly, but subsumes the denser, sub-dominant 
fractures (and porous matrix?) as sep*,:ately modeled blocks. These blocks are 
sub-domains bordara4 by the major fractures. The advantage of this approach is 
that it breaks up the large flow-transport problem into 4mllor problems. One 
drawback is that the effective transport processes specific to each sub-domain 
east still be generated These sub-donain pro;esses are expressed in terms of 
transition probabilities on travel time and exit location, and are not universal 
because of the sub-REV saie of the individual btccks
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-kst Linear EstieACots and GeostatiLstical Anoroaches: 

Peter itad.iLs (Stanford University) presented a Bayesian. beast linear 

astimator' approach to the inverse problem. He started vith examples 

illustrating the non-uniqusness of the inverse problem for groundwater flow: the 

coaductWLties obt-aind by direct solution of the inverse problem vary wildly in 

space and are non-unique (iD example). Thus. instead of computing many possible 

solutions, he proposes to assign probabilities and compute a 'weighted mean' from 

all possible Inverse solutions. His approach to compute this *veighted sran* ef 

all possible inverse solutions Is- (1) maximize the entropy of the p.d.f.. a 

measure of solution multiplicity, subject to physical constraints (crost

correlations between parameters and flow field, known theoretically from 

linearized flow equation) and subject to other reasonable constraints (assumed 

spatial covariance structu e of the parameters), and (2) account for measurements 

throuLh Bayes theorem in conditional probabilities (sae as in kriging). The 

result gives an estimate of the p d.f. of all possible solutions to the inverse 

problem. Cross-validation tests are essential to confirm the results. An 

example was given in the case where the true. unknown aquifer is composed of two 

condutivity blocks (a higbly non-gaussian situation).  

Eileen Potter (Colorado School of Mines) used conditional simulation with 

indicator variables to describe the interceurncted litthufacies at the Hanford 

site. An indicator variable takes only two or a fey values. e.g. code numbers 

pointing to the type of facies gr some other geologic descriptor. In this 

particular case. Monte-Carlo indicator conditional simulations wore used to 

explore the probability of having a continuous path through the most permeable 

factis (sand and gravel).  

Ceolotv versugl Hydrolo __v _ 

A number of p-esentations were made on quantitative interpretation of geological 

patterns. Mary Anderson (Univ. of %Iisconsin-ladiaon) presented a general expose 

on the problem of transfering geological information to hydrological models She 

focused in particular on the case of sedimentary formations. e.g.. proximal to 

distal facies distribution in an alluvial fan. She advocated the use of Miall's 

"architectural elements' analysis. emphasized the importance of interconnections 

between widely different geologic units. and proposed using models of geological 
processe* co simulate (reproduce) %eneric facies. Her student. Erik Webb.  

presented the results of such a 'facies model' using Stanford Uuiversity SET)SIM 

code (Tetglaff and Harbaiuh. 1989). The scale at simulated geology is tens of 

kilo'etere. There are obvious limitations due to lack of space-tius resolution 
and d"u to simplified or uroodeled phenomena (cross-bedding patterns are not 

generated). Finally. Mary Anderson pointed out several specific instances of 

described geologic variability, e.g. vertical variability vithin the core of an 

esker (Shav. 1972); a case of a bi.modal aquifer (indicator kriging mapping by 

Johnston and Rice). out-rap maps from the meter to tens ot meters scale (Frazer 
& Cobb, 1982); and a simulated case of funneled ,low and transport.  

The presentation by John framers at al. (Alberta Research Council) was a -axe 

study of the sandy facies of the Provost sand oil reservoir in Albortx (the shale 

clest layers were studied by colleague Stefan Bafchu. as discussed above with 
"stochastic approaches'). Geophysical touls were used extensively. In addition.  
thin section analyses frot the 11.G cm diameter core were used to relate porosity 
and *pore connectivity' to permeability based on !!.near regression. Pore 
"connoctedness" was classified (end members 1.2.3.4). The conclusion was that.
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in spite of a large-scale vertical tr'"- the rend facies was relatively 

hoacget~e6,t ottper. for the intersversed . I clast &. yore.  

David 7,omson. from the Alberta %es.4.h Counci., and John Cherry, attempted to 

recover a neon 'fracture spacing* for thei: deep clayey till by comparing the 

- lerge-seala* hydraulic coaductlvici • ? singli.-vell pumFtag cost with small core 

conductivity dara. T•.e small cale labor-t~ry conductivities were about 2 orders 

A magnitude smaller than the pumpkna sea: result. They used a simple analytical 

solution vith simple fracture network model to recover the "fracture spacing, (I

Sm) 

Elizabeth Jacobson, Desert Researc'. Tnstituta. pre*uented an updated statistical 

analysis of the LAt C.?ces rrsnch soil data. The Las Cruces trench is tho site 

of one of the dozen or so IWTRAJAL test cases, and is being used by 14RC and &.'RA 

for unsaturated flow .transVort model validation. The saturated conductivity data 

were analyzed Girecti:tnally (vertical. hnrt-ontal). by layers, and by combining 

statistically similar layers (certain soil horizons from different depths were 

therefore re-frouped). The results were expressed 4n terms of variograms.  

variances, correl tion scales. etc 

John Vilson (with Fred Philips). New Mexico Institute of Mining and Technology, 

discussed the rals of geology in parameter estUiati•n through a field study of 

an outcrop it. Rio Grande fluvial deposits ictersparsad with pale*-soils. They 

used th% a' luvial *architectural element&a" classification of KLall (198). and 

turther Assumed the conductivities to be etrongly related to such alluvial 

classification. i.e. controlled by the depositional process that generated the 

alluvium. This assumption was used to construct the conductivityy map of the 

outcrop face, along with direct conductivity measuremente using hauid-operated 

air.permeaveter.  

List Shepherd, Univ. of Visconsiin -Hadison, presented thin slice analyses from the 

Saint-Peter sandstone's overpressured zones (Michigan basin). Focusing on the 

two-dimensional (cross-sectional) porosity, she found very high aicroscale 

variability (0.1 to 0.20 porosity) compared to the remarkable macroscale 

homogeneity of this saon tone. She concluded that there may be dominant effects 

of secondary diigenetic processes (secondary cementation) and is now looking at 

banded cementation features. It should be noted that small averaging windows 

were used to infer porosity heterogeneity; the dependence of perceived 

heterogeneity with scale of averaging vas not analyzed.  

Rainer Serner from the Iureau of Economic Geology, Austin. presented a basin

scale analysis of variable density flow through a cross-section of the Palo Duro 

basin, and tested several paleohydrogeologic scenarios.  

Larry Lake. Univ. of Texas at Austin (Petroleum Engineering), tested two 

approaches to atacible displacement in a heterogeneous eolian formation, the Page 

Sandstone in northern Arizona Using field data from the Page Sandstone outcrop.  

a detailed "trurh case' was simulated using 11.000 nodes with actual aquifer 

properties at each node. The "truth case' was then compared to: (1) a 'pseudo

functiono simulation, where effective properties are used to model flow behavior 

in relatively coarse-scale flow units, and (2) a conditional simulation approach 

where interwell properties are generated statistically. In both cases, only 

"geological information- and a few well data are assumed to be known (less than 

were used :e generate the *truth case'*



D $lSZONS/CONCLUSIONS: 

This conference in my view was qu.te successful, being jusL L. e right coL nation 

of applied and theoretical studies In addition, several presentations a* .eared 

to offer complementary concepts, methods. and sometimes solutions to the 

hydrodynamic parameter estimation from observations that are incomple.e, 

localized, sparse. qualitative, or on'y indirectly related to hydrodynamics. my 

own paper on *Identification of Effective ConducctiiCy Tensor in Randomly 

Heterogeneous and Stratified Aquifersa was one of a fw which focused on generic 

approaches to reconstitute etfective conductivLtiss from statistical 

hydrogeologic information. I contacted, and was contacted by. a number of 

persons at the workshop for exchange of information and data; these exchanges 

were constructive and fruitful 

?ROBLEMS ENCOUNTERED; 

N•one 

PNDING ACT IONS: 

None 

R~cO)KWDAIONS; 

Attendance at such meetings plays In important role in publicizing NRC and CNWTA 

research efforts as vell as obt.aining .p to date information on recent progress 

in key areas of research. It is recommended that such communication channels be 

kept open in the future, notably through reseazch presentations by CNWRA staff 

at scientific conferences and workshops.

achid Ababou

CPochAl' iDO.  
C~ate /

CONCURRENCE SIGNATURES

John L RuAoll 

Allen R I,'hitim~'

RA/vl

Attachments

6

Date 

Date 3



is

The Fifth Annual Canadian/American 
Conference on Hydrogeology 

Parameter Idientification and 
Estimation fcr Aquifer and Reservoir Characterization 

September 18-20. 1990 
The Westin Hotel 

Calgary. Alberta. Canada

k

-LI Oly

at'

L- -

q



PROGRAM AND SCHEDULE



15:00 - 20:00 

19 00 -21 00 

07.00 .08:15 

08.30 - 08.35 

iimiinAii08;U - 09.40

I-

100-W-1020 

1020 - 10:40
I

10'40 - 1*00

11-00-1120 

1120- 11.40 

11:40 - 12.100
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Continental Breakfast - Mayfair Room 

Presentations - Mayfair Room 

Opening remarks (Stefan' BaChu) 

Session Chairman - Akity P. Andefton 

(#:-i;;ný Crnw.,M8Ssmlhwset Institute of Technology.  
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J. ~Gesological Survey of Canada, Ottawa.  
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Coffee Break 

Jeff Rii.Sol River Proj.m Phoenix. Arizona: 
K~i~ging appicafton to estiMat gound wowe and top of aquifer 

ele vations for easfter Arizrona 

[R&Mh Ababou.3 Souhwest Reearch Institute. San Antonio, 
I GXMw 

klentiflcafion of effective cofxaM0y tensor in tandomi>' 
herarogeneos and stratis fleaQuife 

joWUj~~i~ and Steve.%C. Young2. tGeTtans In=.  
4;W~o, Virginia a enne Vally AuhoIty. Norris.  
Tenneowe: 

Us. of detale semenoloko*~ informaton for the aesmeMnt 
of wUtest a* jnd trace test In a shallow I"a aqWfer 

Stwen C. young. joost C. Herweijer2 and Dudley J. SEnton'.  
En.Mg Uftat~fy.T~nn@M" Valle Auhorty. Norrs.  

Tennessee and GeoTrans Inc.. Herndon. Virgini: 
GOOStats"i evaluaton of a three A,,rosionatwjUNC 

cndc~xvily field in an ~Mal terrac =qie 

Sdgem a. Ohai and John P. Holler. Now Mexic instiut of 
Wiing and Technoy Socorr. Now Maxico: 

Dometrmwnbo otpea.-.srM.t` heteiogneit, ftw a ffeW trace 
te#t thic4~h an Lniproved nwfleflW metho 
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.16:20. 16:40

Tuiesday, September 18, 1990 
Ussiof r.Mhslrrn -Lynn "helr 

AndOAJDpartentof GeologY & GOOPhYsics.  
njvqrff 01 Wisconsin -matWisn. Miadtson. Wisconsin.  

Aquier ftelerogefneit -- a geOlOgic perspeCti 

Erik K. W-I2b and M.P. Andoson. Department of Geology and 
Gi( M"ySc. U'niversity of Wiscontsin - Madisn. Madison.  
Wisconsin: 

U sitavdmnwftry dosftofAI modelto sitmulte heterogeneity 

JoWm W. Kranors. Ui Ping Yuan. Stefan Bachu and 
David Cuthiell. Alberta Geological Survey, Alberta Research 
Councit, Edmonton. Alberta: 

RoseNoa' charac)rzmabon case study: sandy twos 

LP*6~I1~I~Cuthiell. John Krarners arid U Ping Yuan.  
Upý =aa 01111WSUey Alberta Research Council.  
Editononton Alberta: 

Rese&Wr cha3Irxtezatn can Study: ifmoda fy heterogneous 

Coffee Break 

Fkhfiid J.qg~ PI anK IJ USa4 1 .B &Alpand
- - - -Asw .sT~iate.. n pa , PiForida and University of South 

Fyrti ot%= p~FIrodde s a funtion of gramr size. sorting 
and porosity for dutne, washowe &nd foreshore depsftonalI 
enwviornmens on a baririerWW4in Flonda. USA 

Frad G. q.er and K.F. Pavtlk Woodwa*dClyde Comsutants.  
Ow --ejr. Colorado &nd EBASCO Environmental, Lakewood 
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Chacltie'fuin end mooeling of ground wowe now ine 
heterv xnew aqifer #J)~r to ovakw cofti vtWitent 

Davi M. Thorrsn' anýýh A ChO, 'Environlmental 
Rmawch and Enginenng-Ospvtb.nt. Alberta Research 
Council. Edmonton, Albert and lglnsW#ut for Ground~water 
Research. universt of Wae'loo. Wafterlo. Ontario: 

Hydraulc ovkWoc of mVrsnaange open bctume in a deep 
clayey tiff 

Sow Chen' and PW='j' JA* 'Earth~ Sclorm Departmnent.  
Nw4ng UftArMh. Nanjing. Chn n rtN&Njng 
tratiotut tHydrOI r~uwiru. China: 

The 6pectn" fematue o deep water-bearng systen and 
research of transfer howncon
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Wednesdays September 191 1990 
07.00 - 08-15 Continental Breakfms - Mayfair Room 

Lectures - Mayfair Room 

Session Chairman -John L. Wlson 

-> 08.30 - 09.40 s#OeSmith Tom Clerno and Mark Robertson, Departmnent of 
4e U91~ o cences. Universt of Britsh Couftia.  

Vancouver, Shutsh Columbia: 
New approaches to the slmu~aton of Wil-scal solute tran~p4 in 

fracturd rok as 

< 09.4 O0 Peter S. Bicer and W.A. Murray. ASS Environmental Services.  
Inc.. Portland. Maine: 

Use of pumping test data to determine 1=Wia SW non7rA~dNe flow 
zones in a frodtzred IiflWnsl aq'.tr 

10.00-1020 CoffeesBreak 
1020-0:40Bean89*wftz and 1. Balberet 1W . Commison. Mnhstiy Of 

A.- 1020*re 10:40ern ManW A V h hisftitt df 

Pyq The Hebrew Univarsiy of JerUSafan. JOMI#ulem 
_______Zpl hyrevli =Wn&lvy in porou media 

.-- -4~4 .1--~0 -- Mten Pc=sr en0 Peltr Townsen4 Colorado ShOMt 1WU ~t 
Golden. Colorado: 

DglineaVng aquifer heWIpr*Wi* w~1h tOwhasti mutt~po 
indicaor con&"*oa simulato or the U ncon fiedvqifer.  
Han)"r SUte Washinton. USA 

~ -~ LIAO -1120. Eftaeth Jritign. Desert Research Institte. UrIlve"it Of 
Nevada. Rona. Ne4vads 

'~ I 2 .~etgto tfte7~tolo atu ed hydrauli 
- ~~~cdndx"jite fo v~fI *WU of a t~rend 

1120-11.40 KuvMnI(WoansJd T. Al A'um2Int. 'G*=uhy wWMfr. I=,.  
Troy. Michgan and &Deafln~n of CIO W4 CofltntiGin 
Engineesnng. Iowa $Mae Univerity Ames lowe: 

Stochastic mwodelng of cornwenant movement in gruund walr 

11.40O- 12.00 Geoo"r C. * lilng . Jan Harff2 and john C. DavIis. Kansas 
GeolwkWe Survey. University of KOMsa. LarNceO. Kainsas 
and 7denraw institut for Physic of the Eafib. German 

Wecafti RemjbIiC 
Rnggaiizd ci %atin-own: kWU wid a~~ 

1200-.13:15 Lunch - eti~rsRoom
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16:00 -15:20 

~ ....... 15.20 - 16:40 

* 1540-16.00

16:100-16:20 

16:20-16.40

Wed~nesdoy, September 19,,1990 
$&esu~n Chalnrn -LIIIA Smit 

n ~IhL W~sun and Fred M. Phillips, Now Mexico Institut of 
-an'technology. Socorro, Neow Mexico: 

The rote of geoloy in parameter estirmaton 

EnipneeiPre nC anhrdgifonia: 
Understandi impacts of spaW tildrauriq of natural porous 

nwia on the modelfing toflute transpoll in groundwwatr 

Usa 0. Shepherd. Joan K& Behr and Gorilymot R. Motine.  
Department of Geology tGohyoUneftyf 
Wisconsn ,.Madison. Maison. Wiconsin: 

Determi=o scrlGs ofpotflsy vmnabilhy hrough the use of 

G"tiYrd R. Kb~re. JM. Bahir WO LID. Shepher(. Gopaftnent of 
Gooogy & Geohysft, lniveruit of WisCmn i- Madison.  
Madson. Wlawnsnslr 

A multvriate Oftatiti andysl of *Wiene log data for the 
determinalin of hy*ORO.rafephy and hiyftl*e 
pawamter: St. Petr sa8Matne Lchi Basin 

John L *WUw>New Mexic Insfiluta of Mining ndTechnology.  
Socorro, Now Mexico: 

VaVISLJLtfof of slow and transoit in hetetogneour' media 

lrag EnOMWQN. H. Colagan' and y. ShlkarI2. 'DepartjMent of 
Petroleum Enaineenng. Unicprity of Souhern California.  
Los Angeles. Caifornia and 'as Resarch Institue.  
Chicago. Mimnos: 

Estimation of reservorprafltet$ in heteowgeeous gas storage 
resmofrsLM n deraufer iL~t 

SOl Kocbs'bv and R. Eugene CoWins. Research and Engineering 
Consultants, Inc.. Texas: 

The IVMpt of larg so"l heterogeneites on hydrowbon 

VA Mkionefto. Mining institue. Leningrad. USSR: 
Assessment of the inhattW set of 1Wel tesft mn heterogeneous 

qflers using sknabon models

S 
S 
S 
S 
S 
S 
S



07 00 - 8:15

Thursday, September 20, 190 
Continental Breakfast - Mayfair Room

Lectures - Mayfair Room

wM~hMhE~u~t>08,30 09,40 

OS 40* -1 0W 

I O.GC1- 1020 

10:20 -10:40

10.40-11.00

11.00- 1120 

1120 - 11:*40 

11:40 - 12.00 

1200 - 13:15

Session Chairman - Lenty Lake 

IFE KV~-* ¶ateVvlr Resources. Department of CMI 
T eflngiteeufin5fl. tanford Univermiy Stanford. California: 
A 0onnep&Wua-ffriiiwvrk b wAW 0t h 

ýftyan J. Trft Earth and Environmental Sciences Division, Los 
ft-4 Na4onal-i. bortory. Los Alamos. New eia--

(Recovery of dfsconhnvjF-vr a parameticform, ogepylazed 
%-.... inverson 

Coffe Break 

Jamna XlAn and Derek Elsat DostMer of Mnineal 
Engineennig, Peninsytvaua. tt Universty. University Park.  

A vompaiso of sevetl optigmito metodsf fr Wnorw solutin 
of ground water 80W Sy~teM 

Robert R~td. Oewmei nt of eacopoieft Sclences Wdott Staft 

Invelse odltig n mes frequncy fano: the *xampf of 
~~ con~Mty rm observatins of the 

co ~sold erht and aftmosphedc pressure 

PA W&Glllvwa and D.W. C iebug.D.earment of Geophysc 
& Astroomy, UnIVerity Of Colum bk a, VanCOUver 

A~tColuitn*:.  
Thgj~bfJ1~of ~ ~ tM~y daki tsoAfin of gMund 

Maloolm R~wm and Veec ONt Grainb. Goto0g ic 
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* Stochastic charactefzation of subsurface flows 

Lynn W. Geihar 

* ~~The last decade has ween major developmewnts of szxhast theones which have 

revolutuontd, the way i n which we conceptualize and charactenat subsurface flow Wn 

* transport processes in naawnly heterogeneous media. Expenemc with large scale 

-. nunmecal simnulations and intensively sampled field reseaxmh sites has conlirmed the 
validity of stochastic theorencal approaches. but she eppcanon of the uhcoreuucal results to 

* ~~~actual field problems his leftn very lumted, largely btiec3s of the difficulty of detemnuiang 
* ~the itochasuc paraimters *hrz-h characterize spialaa vanabWity in natural subsurface 
* materal. The focus of this paperis this challealging stochastw c -h .rnuo problem 

Fuirt some key themutcal resubi are reviewed to emphasiz the basic corkcept and due n 

* ~~~of Stag UrMOnW $tmhasi3c PVVMM1Cr Some m-a~.¶a Vec!#%lQ11 whkb have Promn 
* ~~to be useful w cluanicterize spatial variability of hydrauic conductivity are liescribed 

bnefly, emtphasizing, in particular. tools which have pommnial for rowne use in field 

* ~~~~applications. The results of stochastic cha ter Mto at several& ftselrsarcb sites 
* ~~~indicae that definitive spatial correlationi structur can be idnnWie at each indiviubW 
* ~~~site. On the odwe hand. results f6o a lvp numbe of uwiesutimain of Uild 

hetempgneity. when swfmiazed guaphically. Wppar to indicate a scale depean~Suce of 

* ~~~spatial comclstion sciies. The prospect for improved charaienzano or hetmeroenes 
* ~~subsurface flow systems am~ discussed with emphtsis on the role of lagc-scale 

hetegtneety and, the use of indirect geological infaomiao.



4

about the author...  

Alexander Desbarats is a irsewsienns 1C1n0Sth giM NMathmaUcl Applicanom to 

GeOlogy SectiOn Of fth Ge *iC21 Survey Of CAnAda w ClUM&a 14e Obazne a BA in 

geolopical euoitefuwg and an MA in applie science (gecltansMiS) fforn the Ecole 

Polyriechnique of Montreal in 1980 anid 1982 tespecavely In 1987 he obtained hW PhD 

(tomi ft Depawrime of Applied Sciences of Sunford Urn mersy. His thesi fmeare &eal 

*ith the itochastc modelling of fluid flow in sand-shae stquences Since July 1987 he 

has been with the Geological Survey of Canada whmr he conducts rneajth on~ fluid flow 

and solute tu~nsport in bet emogeneous fotminaons 

Cldow"c StwVCY of Cmanad 
601 booth S~~ 
Otww& Orstmi 
KIA M8E



W 

Spatial averaging of transmissivity 

Alexanuder J. Desblrats, 

* ~Se%eral ptevintias au~thors have shown hWt the effeti--c vansrnhssa'nay of an infinite.  

saiOti3Illy ism-eiopc ionlution is giv-en by the ensemble geonnetac mean of the random 

* w~~~uausssivnty fied vhL iransinzssiviues ame og-nosmUy dissnbiated. In this paper. sn 

- ~earlier analytical! approach of X4sdheon is Pvdified to show ua fte cffecuve tranam'Isswsr 

of afinitergion such as rpresnted by a smulalor g dblockis obtn by spaha 

* ge~onietnic averaging of point supportiscale wansmwisvives %ithin. The ensemble 

* properties of the block s upport -scale spausl randomn function thus defined sle shown to 

depend on~ the area uf spatia I averaging and on flfllfllivSity covw vauai c t ufla~~. F~or a 

secorid-ordr sttijonry. and ergodic transrussllvaiy field. the expected block average 

* ~avanmusswivi decreases towards ft- aftsenbk ge*Mft gean as fte atveraguirg ham 

* ~~becomes larie omnpartd to fte covielat=o range.  

The valdty of spatial #cowe*_:c avergin is evaluaWe tsinig a riuwkdl MpOMe of 

* steady-state pound water flow in a simulated hetenagcriwws vuaswnssivity field discretized 

* on a point suppont-scale gil". a he usnusmisivity lield is generated by an analog method 

di ~based on dgnial temrir aevauons from the Walker La,-' an of Nevala.  

* ~~LaS uransaussivir~s exh~bu a buxxWa &imbuhon with a Amn&= near 1 .0 a~nd an 

* ~~arnsmropic r.,vanwne smicture Despite these departures from assumed conditions.  

predwvs block-avreaged vansnussivnez ame found to be in excellent ogreenwnt, with nae 

vilu'.s obtained from the flow sarnulanon The support-scale dependence of block averged 

* ~ ~ ~ lnsmaissvines is clearly observed and is well described by theoetial msults. Laautations 

* ~to the applicability of spatial geonn'wac a'vtrging ate discussed in light of these results.
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SKriging application to estimate ground water and top of aquifer 

4 elevations for eastern Arizona 

Jeff Riddle 
S 
* The Salt River Prcjecct tSRP) monitors the water resources of the St. Johns, Anzona 

0 area due to requirements contained in the siting agreement for its electrical generation 
Splant. In an effort to enhance the monitoring, the SRP imnplernented a ground water m odel 

* which rcqures. among other things. the regional characterizations of ground water 
* elevatuons tOWE) and top of aquifer elevations (TAE). Kriging and its associated forms of 

output have recently been applied to enhance these charactenzations.  

Ii As part of the krigmng process. vanogram plots were reviewed and models were chosen 

* with the following constraints.  

OWE TAE 

SModel types Gaussian Nuggetn & Gaussian 

Major axis length (mi) 20 9 

Minor axis length (ml) 20 9 

SMajor axis orientation 15R north of eatt 15R north of east 
a 

The knging seems to have produced a good overall interpolation of elevations.  

t* Specifically, cross validations show leu than 15% of the SWE interpolanons were more 

* than 100 ft different than field 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 

validations for TAE were in the vicinity of structurally deformed areas.  
S 
S 
S 
I 
S 
I 
I 

I
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Identification of a macro-scal "effective" hydraulic conductivity tensor in 
heterogeneous and imperfectly stratified aquifers can be achieved by either direct 
hornops neization or inverse methods. In this paper, we propose a direc approach which 

leads to a simple closed form calculation of the eff~ctive conductivity censor under certain 
assumptions of randomness, statistical anisotropy, statistical homogen~eity. and ergodicity.  
The required data am of a statistical nature: single-point probability distribution of 
log-conductivity. and two-point covariance function or vadogramof o on u y.  

(pricipal directions and correlation scales). Toe pioosd identificstion inethod is based 

on a fairly general, closed formn expression (or the dieedimnnsioWa effective conductiviry 
tensor under dhe stated assumptions. This expression emains cwjeunI in fth genera 
case. but ft confirmed by othe results for several special case of interest (reduccd 
dimensions. gaussian distribution of In&. etc.). The method hi applied to available field- 

_ai _ . --. w- -. as no. au . lo-onutit fils Liittin du - to=-
di ~nvolin fsszHavxla o-uian -- &dctvt fils Uiittin du 

finite scale effects. geological inhomogeneity. and flow nhomog~eneity, are discussed as 
Well.

9

Identification of effective conductivity tensor in randomly 
-heterogeneous and- strati fied -aquifers 

Rachid Ababou

. U
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-I Use of detailed sedimentological information for the assessment of 

well tests and tracer tests in a shallow fluvial aquifer 
9 

i* i.C. Herweijer and S.C. Young -91 
9 
* Solute flow and uanspon models, used for the evaluation and management of ground 

water remedianon, would largely benefit from information on heterogeneous hydraulic 

• properties. In the current practce of well test interpretation, the non-ideal shape of 

* individual drawdown curves. containing valuable inforuation on heterogeneity. is often 

• neglected. Interpretation of such non.ideal drawdown curves combined with soft 

* information from a sedimentological facies model is demonstrated using field data from a 

;37 wtUl network. developed-for an 8-m thick aquifer ina one hectare-test site. The fite Is 

* located in an alluvial valley filled with fluvial sands, deposited during the Plelsocenu and 

__ IHolocene in an environment developing from braided to meadering streams.  

* Using a highly sensitive bo-hole flowmeterduing a single well test. vertical profiles 

- ! orf localized hydraulic conductivity were determtined at each well. To determine average 

conducted at different pumpxnf rates. Finally, tracer tests were performed to 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 deposits, medium conductivity pointbar deposits, and low conductivity sheets of 

overbank deposits.  
* For actual simulation of flow and t-anspor a stochastic procedure is proposed to 

* randomly generate conductivities of grid cells, as an efficient alternative to conditional 

simulation based on a covarmnce rcsumre (variogrnm). The Initial grid cell dimensions 

* reflect assumed dimensions for the elements of the sedimentological model. To obtain a 

* correct nu.-nerical representation, grid refinement is required. Conductivities for initial grid 

cells can be drawn from any distribunon based on field observations, and a predetrmeined 
0 trend is included. It is shown that vanograms derived from such a grid concur with 

* vanograms as observed in the field.  

0
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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 bonrhole flowmeter tests were performed at 37 fully.screened wells on one 

hectare of an alluvial terrac aquifer to charactize the three-dinensional hyd.'aulic 

conductivity field. At each well locaton. approximately 24 hydraulic conductivity 

measurements were taken at 0.3 m vertcal inte,'vals. These hydraulic conductivity 

measurements indicate that the arithmetic mean. geometric mean. and the variance of the 

natural logarithm of hydraulic conductivity field is 0.26 cmus. 0.032 en/s. and 4.7 cm/s 

respectively. A dam anaiysts shows that the hydraulic conductivity field is not 

log-normlly diibuted and has definite trends. Thee trends are supported by the location 

of a fomie river meaider in a 1956 aenial photograph of the site and the results of one 

large-scale and fourteen small-scale tracer sts. Prior to the borehole flowmnim tests, the 

well locations were optinized with respect to geosmduical analysis with the aid of a 

computer program. In order to apply gmotistics, the original dam set was deavnded by 
seve,,d diff•,unt y~xrofpobynomial. The duff -mldgal aTltl ? -r e- •anaIsec wit -- : 

respect to their covarance structure, statistical properties. and correlation to the original 

data. Although the analyses showed very different results for the different residual data 

sets. no set of critea could be established to determine which data set was dvi most 

appropriate for geostanstical analyses. The results show thas in some netergeneous 

aquifers. a significant obstacle to geoswtistics is detrending the data. As a result. a 

considerable amount of uncertainty will accompany geosttistical analysis mn these 

heterogeneous aquifesi.
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Determination of permeability heterogeneity from a field tracer test 

through an improved numerical method 

Saleemn G. Ghon and John P. Heller 

This presentation concerns the study of the flow of a truscible tracer in various 

flooding patterns in a nonuniform permeability field. The flooding patterns considered arm 

the five-spot pattern, the staggered line drive. the direct litue drive, and the inverted 

seven-spot. A way to quantify the effects of both channeling (due to permeability 

heterogeneities) and mixing (due to dispersion) is presented. Also. a new nutrierical 

technique considers both convection and physical dispersion. and approaches the solution 

diffetrently than do conventional finite difference methods. An equation of motion, 

containing both Darcy and dispersive terms. allows tracking of isoconcentradion lines. This 

numerical method is stable and avoids any numerical dispersion. Numerical results show 

good agreement with the approximate analytical rolutions for the special case of a 

homogeneous five-spot patter.  
Random permeability fields anm generated by both the Source Point method (SPM) and 

the-F[~rF~ounrI Trrf-nI•-bitl-•_T-•.-od? iifdtsi~l•ih-at-an L•ut €rteClnCation 

structure can be prespecified. Advantages and disadvantages of both methods ame 

discussed. The desired random field of permeability can be obtained by adjusting two 

parameters: the correlation length and the variance in the generators.  

The integrated output conceantrtion profile depends strongly on channeling and. to a 

much smaller degree. on the dispersive mixing, with the latter represented by a dispersion 

coeffictent. Channeling. caused by permeability heterogeneity, affects both the shape and 

the extent of the output concentration profile. A lrge mount of channeling in a 

single-layeted reservor can exhibit multiple peaks in the output concentration profile. To 

determine the permeability heterogeneity of a particular reservoir, a catalog of tracer 

production curves from synthesized field tcer tests is assembled. Comparison of these 

curves with the profile obtained in a real field unacer production test can give an esdimate of 

the dispersivity, variability and correlation lengths of the permeability heterogeneity.
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Aquifer heterogeneity - a geological perspective 

Mary P. Anderson 

Recent efforts to quanaf~y heterogeneity in aquifers have involved assumptions about 

the variability inherent in geological materials. Stochastic models invoke the assum-ption 

of stanonarity whereby variability is assumed to be Vpria/ly perodic. Fractal models view 

heterogeneity in geological materials to be self-similar. Another more general viewpoint is 

one that accounts for all types of evolving hererogeneiry 

Delving into the geological literature in search of clues to quantifying heterogeneity in 

aquifers is both enlightening and frustrating. Conceptual models of the distibution of 

sediments in specific geological environments, so-called facaes models, provide infonmation 

about regional trends in lithology that presumably ame eflected in the hydraulic 

conductivity distribution. These conceptual models suggest that there are definable 

regional trends in lithology. making the assumption of statio•oMy inapptopriate at this 

scale. The literature also contans detailed descriptions of site-specific deposits at the scale 

of an outcrop. From the petroleum literature we can obtain sitetspecific descriptions at the 

cm•g9WXICd rfid generic discu'iionx about quantifying-the Vemrability-of4nall •,ul-- 

sedimentary structures such as cross-bedding. Yet. theme is very little information un the 

literature of the kind needed for hydrogeological invesugations of heterogeneity. 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. Nevcrthcless, 

there are insights from the sedimentological literature that =ay be helpful in quantifying 

heterogeneity in aquifers. Selected examples am 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 'as 

different physical charrtcristics. deposiuonal sntuctures and hydraulic properties.  

Therefore. it is unlikely that the property of stanonarity (a constant mean hydraulic 

conducuvity and a monomodal probability dismbution) ho!ds for an entire glaciofluvial 

sequence. However. the process of dividing an outwash sequence into geological facies 

presumably identifies units of matenal with similar physical characteristics. Therefore, 

hydraulic conductivity or other hydraulic characteristics may exhibit the property of 

stationany at the scale of a single facies Uait 

It is proposed that patems of geological factes detemined by field observation can be 

quantified by mathematical simulauon of sediment depoition. Subsequently. the simulated 

sediment distributions can be used to define the distribution of hydrogeological parameters.  

estimate the extent ofsLmbonarty. and locate possible 'fastest paths' for contaminant 
_movenent. .. .. . . . .... . . . ... . .  

To test this hypothesis. a hypothetical glacial outwash deposit, based on geological 

facies deksnptions contained in fe literature, was simulated using the SEDSMI 

sedimentary deposmonal model to produce a three-dimensional description of sediment 

graim-size dismbutons. Gran-size distributions were then used to estimate the spatial 

distnbution of hydraulic conductivity. Subsequently. a rinite.difference code was used to 

simulate ground water flow through fhe hypothetical glacial ouwash. This represents a 

fist step in describing the spatial heterogeneity of hydrogeological chaacteristics for 

glacidofluvoa a other braided stream environmnts.
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Reservoir characterization case study: sandy facies 

Mw. Krunm. L..P. Yuan. Stefan Bachu and David Cuthiell 

The Provost Upper Mannville B Pool in east cenoal Alberta is conmined in ?VlcLaren 

Fornauon sands of Lower Cremacecas age. The reservoir provides in ideal case study for 

developing reservoir characterizatbon techniques, because several scales of heterogeneity 

are present and because there is a high density of wells. with excellent core and a suite of 

modem geophysical well logs. The reservoir is up to 35 m thick and original oil in place 

has been estimated at 34.200,10 m3 of 130 API oil. Wells in the reservoir have pnimar.  

production and several EOR projects are or have been acuve in the pool.  

The reservoir sands were deposited in fluvial environments in a valley fil setting. It 

consists of an overall fining upward sequence and can be divided into a lower blocky 

chsnnel lithofacies. making up most of the reservoir, grading up throulh a transition zone 

lhthotacies into a channel mrngin lhtaofacies. This. in turn, is overlain by overbank and 

abandonment lithofacies. W ihin the blocky channel lithofacies is a shale clast lhthofacies.  

comprising extremely heterogeneous zones of shale brc•cia In a sand una.i. The reservoir 

can be divided into two main portions. a sandy part and a heterogeneous par.  

Nr ophpcatroperti,. suchws peTmbility, eM-If &6ffied f& -oeab 61f ilfse usiii 

different techniques. The sandy portions were characterized using stasstical averaging of 

core analysis results on a weU and pool wide basis. combined with results of pore type 

definition using petrographic image analysis techniques. As a result, four flow units were 

recognized in the sandy portion of the reservoir: the wate saturated blocky channel sands.  

the oil saturated blocky channel sands. the transition zone sands. and the channel margin 

sands. Measured capillary pressure curves and residual saturations were qualitatively 

correlated with pore types and thir characteristics. Thus. the characsr xaion for each of 

the flow units produces the data at the scale required for numerical process simulation.
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Reservoir characterization case ;tudy: bimodally heterogeneous 

facies 

Stefan Bachu. David L Cuthiell. John W. Kramers and L.-Png Yuan 

Shale clast zones are common in channel deposit reservoirs and have i potentially 

large impact on oil recovery operations. These zones ae similar in their properties and 

behaviour to sand-grnel aquifers. These reservoirs and aquifers possess a bimodal type of 

heterogeneity with a large permeability contrast between the sand and the shale clasts or 

gravel. Proper charactcnzacon and scalng-up of reservosrfaquifer propermes are 

fundamental an the study of fluid flow and transport processes in such cases. The effect at 

the core scale of this bimodal hcterogenetty on absolute permeabiliy was studied for 

two-dime nsional flow using numerical simulations with actual reservoir data. and for 

three-dimneiszonal flow using physical expenmenu.  
The two-dimensional flow study is based on a data set of approximately 7000 digitized 

.ale.clast outlines taken from 20 m of cores in three different wells from the Provost 

rpper .Mannville B Pool. a reservoir situated in the heavy-oil belt of east-centul Alberta.  

The flow simulations through 16 core-size regwns containing between 10 and 49% shale 

elisfiby irea show thathe'effective permeabfility dependis mainly on the heterogeneity 

frcton and perneability contrast. a dependence which can be expressed by a generalized 

weightec-mean model. The presence of the shale clasts an the isotropic sand matrix creates 

anisotropy at the larger scale, due mainly to the predominantly flat shape and subhonzontal 

onentation of the clasts.  
Physical experinaents were performed on synthetic 'shale-clast" systems :ompnsed of 

pebbles set in a sand matrix. The sand-pebble systems, having dimensions of 

"20x20x20 cm. were thermally consolidated using a special resin.coated sand. After the 

physical experiments were performd, the sand-pebble cubes were sliced. and the 

two-dimensional images of the slices were used in two-dimensional numerical flow 

simulttions. Three-dimensional flow simulations could not be performed because of data 

and computer limitations. The results show that the effective permeability is significantly 

reduced in both two and three dimensions because of the clasts' presence. but. surprisingly.  
only to a slightly lesser degree in three-dilnvsional 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 J Stebnisky and H. Leonard Vacher 

Pcrtneameter analysis of 90 undisturbed. maxially oriented sedirment cores indicates 

9 that sediments recently deposited on Anclote Key. a west-central Florida barner island, arm 

heterogeneous and isooopic with re.pect to hydrauli, conductivity (K). Statisncal analses 

show that factors affecting K arc complex and intrnelated. Mein grain size is the only.  

"- variable affecting K consistently for all three deposmonal environments (dune. washover and 

(oreshore) aznd the total data set. Overall. statistical correlations suggest that K increases 

with mean grian sie. porosity, pacidng proximity, improved sorting, and as skewness 

Sbecomes more posiuve. For any single variable, these correlations generally ur weak and 

Saccount for only a small percentage of the variance. Hydraulic conducuvity. therefore, 

seems to be best described by a multivariate function.  

SThe Kozeny-Caman equation was modified to incorporate a grain-sorting factor 

_ piterned after the Krombein-Monk equation. for dh fine-grained . very well-sorted sands 

of this study, the modified equation predicts K values that average only 1% lower than 

permeameter measurements of K for the 7 major data groups, and I% higher than 

* permeameter measurements of K when considering each of the 30 maxial samples. These 

data inudc3e that K values for any given sample can be predicted to within + 30% of its 

Smeasured value, with 95% confidence, by: 

K n 1450 dm2 n] [in3(l-ni9 Ie'Sa 

*1 where K is hydraulic condLt•Mvity (cui/s); dm is mean grain diameter (cm); n is porosity 

S(fraction): and S6 is the phi somng coefficient. This empirical relationship expresses K as a 

product of a size-shape factor, a porosity factor, and a sorting factor.  

Ths equation is suggested for purposes of estunating hydraulic conductivity for 

* unconsolidated sands from beach-related environments. Values for ft necessary varables 
can be obtained easily and inexpensively by routine laboratory analysis of sediments.
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--- Characterization and modelling of ground water flow in a S 

* heterogeneous aquifer system to evaluate contaminant migration 
--

S 
F.G. Baker and H F. PavNO 

The hydrogeological regine and extent of ground water contamnr,.auon were S 
charactenzed at a federal Superfund site in the Sacranmento River valley of northern 

* Calif mia Wood preserving compounds. primarily pentachlorophenol (PCP) and creosote 
* have been atezctcd in the soil and ground water. A plume of dissolved PCP up to 

approximately 1 5 miles long has been identified in ground watei south of the plant.  

. dAquifer heterogeneity is donunated by the juxtaposition of channel-fill gravei and sand U facies against less permeable flood plain clays and debris-flow units which act as aqu-tards 

* The aquifer consists of a complex mulizonal system of penweablc gravels and sands 

composed of units from four geological formations deposited by the ancestal Feather 
River. Fluvial chz.,.el gravels t(-m the principal aquifer zones and contain overbank clay 

S and silt deposits which locally form clay lennes or more continuous aqutards. Two incised 
paleo.channcls of the Laguna Formaution we inset into the older Mehnen Formation near 

the site. complicating the aquifer stantigraphy. The geometric mean horizontal hydraulic 
conductivuits for channel gravels nuge between 120 wo 530 fa Mean vertical Aquurd 

4 hydraulic conductivity is 0.07 fi/d. Ground water flow is generally southward with a 
6 velocity ranging from 470 to 1000 ft/a. Ground water flow is largely advection-dominated 

* Bin this system.  
SThe spatil dismbution of dissolved PCP in the aquifer documents the interactions 

between major permeable zones. Hydrostrangraphic evidence pointing tc ,hc separation of 
*l aquifer tones is supported by the major ion chenvMtry of ground water. . he sodium and 
* calcium-vagneswm bicarbonute-rich water present in the upper aquifer zones is 

significantly different in chemical comnpostion from the predominantly sodium 
* ch;onde-rich water present in the deeper permeable zo.e. This indicates that 

* hydrod., aamnc separtion exists betwe,, the upper and lower zones of the aqufer. limiting 
* the vertical movement of the PCP plume. A 3-D nuum'rical ground water model, based on 

the conceptual hydrogtological model descnbco bete was developed for use as a tool for 
* design of a ground water extraction and treatment system.  

Ib

me.q
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Hydraulic evidence of Wisconsinan-aged open fractures in a deep 

* clayey till 

David G Thomson and John A. Cherry 0 

* Most investigatons of fractunng in clayey glacial all have been limited to shallow.  
* weathered deposits. This paper presents t.e results of an investigauon of fr'cturing in a 

clay nfl 60 rn below ground level A detailed vertical pmf'le 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 solubons to decranne the bulk 
hydraulic conductivity The presence of open fractures was confirmed on the basis that the 

Sbulk hvdraulic conductivity of fractured claycy all is two orders of magnitude greater than 
its maunx hyd.'aulic 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 transfer function 

Bsomen Chen and Petkang lin 

The fluctuation of most hydrographs in deep wells recold the fluid pulsations in the 

lithosphere and vananon of the Eanths crust. Many observauons have verified that ground 

water is the ideal information carrer of the crust.  

in this paper. the series of input (precipitation, .Ar pissutc. Earth tide. etc.) and 

output (water table. artesian flowi of deep aqueous systems are studied by using the 

spectum anamysis and system theory The application of the concepts of transfer function 

and the spectrum structure of the hydrograph ennch the knowleJge of the deep aqueous 

system.  

Two typical spectrum smKIures of hydfogtphs of deep aqueous systems are obtaned 

by companng with mny water-beafing systems of the A ZVong Sea. One is from t Ma- 17 

well and another as from the Xing Dhe-$ well.  

Finally. the physics models of forming the specmum of the hydropaph are constucred 

on the basis of specruum research of the deep aqueous system
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- New approaches to the simulation of field-scale solute transport in 

• fractured rock masses 

* Les!ie Smith. Tom Clemo and Mark Robertson 

• Predtctons of rates and patterns of solute trnansport in geological media where 
- fractures provide the dominant pathways for fluid flow present hydfogeologists with a 
* complex problem for wnich conventional transport models may not be well-suited. Two 

* methods are described with the view to developing a simulation capability when the length 
scale of interest is on the order of hundreds of metres or moGe. Both approaches am 

* founded on statistical data from mapping of the geome=c properues of fracture sets. The 
-* frst method, a statistical continuum approach, is applicable in the case where at is possible 

to identify, at the scale of interest. represenmadve volume-averaged properties describing the 
* tispm n process. Anhitrop• c dispersion in a network of finite-length. randotnly-located 
0 fratures of variable aperture is modelled by first collecting statistics on particle motion in a 
0 discrete tubdornain model, and then using these statistics to model iftnsport at a larger 
• scale j g continuum approximanons. The second method. called the dual permeability 

• approach. is designed to handle the case of a fracture system where there are multiple 
• scales of fracturing. a situation where a representative volume may mi. be definable. It 

0 combines features of both discrete fracture and continuum models. Doninant fractures 

* that contribute significantly to fluid flux are preserved as discrete features, smaller scale 
* fractures are submerged into conunuJrm blocks. Mass transfer across continuum blocks is 
0 Cxwressed in terms of anslpopn probabilities on travel time and on exit Ilmatinn tn t 
0 down-gradient discrete fracture. jeorous medium equivalency is not assunwi for the 
0 continuum blocks. The transition probabilides are calculated from the stausucal 

parameters of the sWaller-scale fracture sets, the orientation of the local hydraulic gradient.  
and the location of Iarser-cale discrete fractures which define the geometry of continuum 

* blocks. In both of these approaches, it is possible to simulate solute transport on length 
* scales that exceed the feasible limit of discrete fractm simulation. while preserving the 

unique influence of the gevxnetry of the fracture network on the transport process.  
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- 4 Use of pumping test data to determine radial and non-radial flow 9 

zohes In a fractured limestone aquifer 

P.S. Baker and W',A. Murray 9 
9 
- A product recovery/pumpwg test was conducted at a gasoline contaminated site to 

9 determine the hydraulic characteristics of a fractured bedrock aquifer so that remedial 
0 measures to remove a layer of floating product could be designed, and the feasibility of 

* ground water a "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 pumpir, g revealed the degree and 
go dr-ction of fir tuM amisor.py..h* -valationfo swmalogmd log-log-plou -of drawdown-- 

* versus tim for the pumping and observation wells Indicates the presence of both 

non.radlal flow and rndial flow response zones. The water level responsi 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 te pumping well indicates the p resenm of non..-rida flow conditionsand-a .  

*delayed yid response in the vicinity of a primry fractu, zone. 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. Tle synthesis of these interpretatiOns indicates a veucaly fractured.  

i anisouiopic. bedmck aquifer with greatest transmissivity in a noarhwest-soutaeast directio; 

along the pdrmary fracture zone and primary storage in the secondary fissures. The ratio of 

ground w=Alpdpuc flow to the pumping well was large, indicating a lack of horizontal 

* fr•ctuning and a low anismnlssivity normal to the primary fracture feature.  
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A percolation model for hydraulic conductivity in porous media 

B. Berkowitz and 1. Balberg 

While percolation theory has been studied extensively in the field of physics. and the 

literature devoted to the subject is vast, little use of its results has been made to date in the 

field 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)X. where 

A is a geomemcal or physically observable quantity, v is the fractional volume of the 

conducting phase. v, is the critical value for the onset of percolation, ie., system 

connecdvity, and x is an exponent specific to this quantity. In the present study. we carry 

but M6nte Carlo computer simulations on A percolating model epre sentative of a porous 

medium. The model considers intersecting conducting permable spheres (or circles, in 

two dimensions) which are randomly distributed in apace. The local geometry of the 

intersection between two permeable spheres may or may not determine the local 

conductance. Therefore. three cases are considered: (I) all Intrsecdons have uniform 

condutvity, M) -on-.-ties-dawnf -a -

(3) conductivities are determined by the degree of overlap of the inte.ecting spheres. Is is 

found that the critical behaviour of the hydraulic conductivity of the system, K near the 

percolation threshold. follows a power-law dependence defmed by K a (v/v- If)t where t 

is an exponent which depends on the dirensionality 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, t - 2.5. These 

results am in aVeement with the most recent predictions of percoladon fth . We can 

thus see that percolation theory provides useful predictions as to the stuctural parameters 

which determine hydrological transport processes.



39

about the authors...  

Eileen Poeter is an assistant professor of Geological Engineering at the Colorado 44 

School of Mines. Golden. Colorado. She received her BS degree in geology from Lehigh 4 

'niversity in 1975 and her MS and PhD degrees in engineenng (specializing in ground 4 

water and geophysics) from Washington State University in 1978 and 1980, repectively 4 

She has worked in consulting and academics. Her tesearch is focused on characterization 4 

of aquifer heterogeneity as it relates to conu-nirant transport and site remediahon. 4 

* 4 

Peter Townsend is a .qasters degree candidste at the Colorado School of Mines. He 

received his BS degree in geological engineering in 1987 from Washington State 

University. Peter worked in geotechnical consulting before rmming to school to study 

ground water.  

Muadhg address 

CMorado School of Me 
Golden. Colordo 
S033. USA



740 

7 Delineating aquifer heterogeneity with stochastic multiple indicator 

conditional simulation of the unconfined aquifer. Hanford Site, 

- Washington. USA 

*l) Eileen Poeter and Peter Townsend 

* Spatial variability of heterogeneities is estimated in a portion of the unconfined 

aquifer on the Hanford Sae. Richland. Washington. Multiple, equiprobable realizations of 

heterogeneity for the domain of interest are generated using an indicaor conedhtonal 

* simulztion technique These multiple realizations are scanned to produce conditional 

* probability and spatial connecuvi y maps of individual facies. The result of this work is an 

: - estimrate of spatial variability of hydrofacies from limited data wtth emphasis on 

* assessment of continuous high hydraulic conductivity units.  

* Facies with similar hydraulic properties (hydrofacies) are identilied based on grain 

Ssize data from borehole samples using factor and cluster vtlysis. A range of hydrauic 

conductivities (based on field tests and sediment character), and an indicator value (0,1.2.3, 

* etc.) is assigned to each sediment group. Nested variogram models are used to account for 
9- spat-iil �i-i-6nuihy-Ieach•-dmfaes itheszchasric simulations. Numerous, 

equiprobable realizations provide a measure of unceruunty of the distribution of 

Ssedimentological units which reflect the distibution of ground water flow and contaminant 

t* ansporn properties. Use of multiple. equiprobable realizations of aquifer haterogeneity as 

* input to a flow and transport model produces a frequency distribution of hydraulic heads 

and contaminant concentrations that ,;an be used to assess risks and aid management 

0 decisions. Ultimately, inverse techniques will be employed to thoroughly' integrate known 

* field conditions in estimtes of flow and tranipo paramters within each stochastic 
0 mr-lizanon, thus, further constraining interpretation of the system.  

0
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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 transport theories 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 a variance that am 4averaged" 

values. However. different correlation lengths and variances may be contained in the 

region of interest. which may influence the comparison of actual field data to the 

predicuons of stochasuc flow and transport theories.  

A twovdimensional data set of saturated hydraulic conductivity was obtained from a 

trench at New Mexico State University. The saturated hydraulic conductivity data were 

measured in situ using a Guelph permearneter along a vertical wall of the trench. which 

measured 26.4 m in length and 6.0 in in depth. Five hundnd 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 conductivides were 
analyred using directional sei~ a mst .•_e,_pcmnv i-,-~cato -....  

lengths. ad the pnncipal directions. The first analysis assumed that the In K, data had a 

constant mean and variance, and horizontal and vertical correlation lengths were estimated 

based on the entire two-dimensional data set. The second analysis consisted of grouping 

the In Ks data from several horizons or all vertical transects into separate data sets and 

esdmadng the comsponding variance and corlation lengths. Data for different horizons 

were grouped based on similar means and variances. The estimated horizontal and vertical 

correlation lengths for the first analysis differed from the values obtained for she second 

analysis. The variations in correlation lengths are discussed with regard to expected spatial 

correlation based oit geological descriptions of the various horizons and expected eftects on 

flow and tnspor. In addition, a brief cornpaison of the seii-vamiogram approach and 

spectral analysis approach for estimating spatial correlanon is included.
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Stochastic modelling of cunmaninant movement in ground water 

Kevin K. Wolka and T. Al Ausan 

A sha 1 tic rrto:edae is described for use in a ground water contamination exposure 

assessment. This procedure delivers more informanion about contaminant movement than single 

solution nurrncn.al or analytical solute transport models. Multiple solutions for contaminant 

niovement ame used to develop a probability dismbudon of results. The stochastic nature of this 

exposure assessment procedure is denrved primarily from the spatial variability of hydraulic 

conductivity n geologicd formations and its effect on the uncertainty of contaminant movement in 

ground water. The Turning Bands Methods is used along w~th a deterministic random walk solutt.  

transport model developed by the Illinois State Wa:er Survey to form a "joint probability 

distribution of contaminant, concentration and duration of exposure".  

The field data used in the modelling effort represent injections of low level radioacuve wastes 

(titium) from the [d.ho Chemical Processing Plant (Idaho National Engineering Laboratory) into 

the Snike River Plain aquifer. Over 30 years of data. including injection flow rates and 

concentations. 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 

aquifer at the INEL.  
" The spatial vaAabtlty of hydraulic ccnductivity s a major cause of uncertainty for 

contaminant movement in gmund water. The Turning Bands Method aids in quantifying the 

uncertainty by gen.eranng a snecified number of hydraulic conductivity fields, each to be used as 

mnpu: to the solute transport model for a contaminant movement realization. Every one of the 

hydraulic conducuvity Fields is unique, but they all have the same statistical properties. i.e.. mean.  

standard deviation and correlation function. Each hydraulic conductivity field results in a 

corresponding unique contaminant movement pattern. The aggregation of these contaminant 

movement patterns results in the aforementioned "joint probability distribution'.  

The existing transmissivity study ar.a has a mean hydraulic conductivity log value of 2.4427 

and a standard deviation of 0.1226 in meutic units. The correlation function is ru'.O'904 W1  where r 

is ,he correlation coefftcient and d is the distance in kan between two points in the aquifer. The 

computer model generated hydraulc conductivity fields with means within 1% to 2% of the input 

mean. and standard deviations approximately 15% from that entered The joint probability 

distribution of contaminant concentration and duration of exposure stabilized after 100 realizations 

with the solute transport model for two separate aitium disposal evenu. A statistical description of 

the joint probability distributions was obtained using the logit 'ansformadon.
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Regionalized classification: ideas and applications 

Geoffrey C Bohling. Jan iHarff and John C. Davis 

Reg:onalhzed classification involves mapping the results of a multivariate classification 

of a set of observations onto the physical space from which the observations were taken.  

The process identifies optimal boundaries between physically contiguous regions which at:' 

homogeneous in the statistical properties of the observations within them. It is also 

possible to produce a map of the probability of correct classification. The probability is 

high in the centers of the identified regions and lower at the boundaries between regions.  

The sharpness of the probability transitions at regional boundaries indicates both the degree 

of heterogeneity n the boundary regions and the uncerainty in placement of the 

boundaries.  

The process can be applied to any set of observations on a number of variables 

measured at different points in space. An obvious application to hydrogeology and 

reservoir engineering would use regionalized classification to determine optimal zonatlon 

of a flow and/or transport model with spatially distributed parme.-ters. Regionalized 

classification is especially promising for problems in which a particular variable (such as 

iquiifer irinsmissivity) is of primary interest, but there art relatively few observations of 

this variable in the data set. The multivariate classification can be based on the limited 

number 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 

vnarbles used in the classification process. Alternatively, the classification can be made 

using a subset of variables which are strongly correlated with the variable of interest.  

A regionalized classificadon of stratigraphic data from western Kansas is presented as 

an example of the procedure. Although the study is designed to identify regions of high oti 

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 prope":y 

dismbuuions of real aquifers and reservoirs. These property distributions are themselves a function 

of the geological depositional environment and subsequent diagenesis Historically this has been 

recognized by modellers only when dealing with relanvely large scale geological features. For 

example, in hydrology we recognize aquifers and aqutards. and often esign our codes around such 

layered features, as in the popular Modflow code. Reservoir engpneers typically subdivide 

reservoirs into a layercake structure, emulatng an easily recognized stratigraphc sequence that is 

typically simulated using block finite differences. Fractures, if they occur, are assumed to follow 

the same orthogonal pattern. These standard hydrologic and reservoir con.eptuaiizadons ame easy to 

visualize, program. and parareteme. One need only to assign property values to each layer. If 

desireL, various zones may be designated within each layer to provide for any 'necessary" lateral 

trends in property values. There is little formialistn in picking a zoning pattern. one simply tries 

different and somehow reasonab'e patterns until 'satisfied'. Yet within each of these layers and 

arbitrary zones there is addinonal property varability. As we now recognize. this smaller spatial 

-scale of-vananon has Iriportant influences on pollutant Mazspon inhydrology and the pe•formance 

of oil recovery efforts in reservoirs. There are many ongoing efforts to incorporate this variability 

into the models, and to panmeternze at.  

One approach to this issue employs geostatistical models (e.g. variogramns) of the parameter 

space. These models are used to interpolate sparse and uncertair,, bitt correlated measurements via 

kriging or co.knging. nhe kriged fields and their covaniances may in turn be used as prior 

information in hstory matching exercises. to provide unique and stable inverse solutions. The 

parameters of the geosantical models tmy themselves be the object of these estimation 

approaches. but in almost every case the geostatistical model is assumed to be known, or drawn frorr 

a small fanmly of possible models. One might ask if the geological world is appropriately described 

by these geostadsucal models? 

The meal issue is that we typically abandon most of our general and slte.specific geological 

knowledge once we have selected a conceptual model and begin the parameter estimation process.  

even when using geoltatistics. In this paper we explore the use of subjective geological information 

in the motc tion and. paameterization of appriate postatistical models. In particulr we 

investigate the relationship between measurable hydrologic quantities, such as permeability, and 

observable geological features. If there is a strong conmlation bemeen the two. then subjecave 

geological knowledge can be used to dramatically extent the data sets used In patureter esuanaon.
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* Understanding the impacts of spatial structuring of natural porous 

media on the modelling of solute transport in ground water 

STimothy D Scheibe and David L. Freytierg 

Understanding the relationship between properties of a porous medium at various spatial U .l • locamons (rcferred to as *spatial scu:.ture), and the effect of such structure on flow and 
Stransport processes is a key problem in hydrogeology. Knowledge of spatial snrcture offers 

one approach to chuacterization of a porous medium given limited measurements. However.  

Sthe spartal structure of natural sediments (which exists due to spatial and temporal structunng 

of depositonal processes) is extremely complex, and cannot be completely described.  

Therefore. models of spatial structure commonly focus on one or mort basic characteristscs of Sthe stucture Examples of such characteristics which have been proposed by various 
• investigators as being of importance to flow and transport prediction include the following: 

S(1) connectedness of ex-reme values (i.e. existence of high-penmability flow paths); 

(2) length scales of heterogeneities; (3) second-order ensemble statistics; and (4) geometries 

* of sediment classes.  

The current research evaluates the relative impacts of these and other chamcteristics of 

.__ -spatial structure upon predictions obtained using numerical models of ground water flow and 

solute transport. The body of observations which has been accumulated by investigators in 

*geological fields of study represents a wealth of information about dhe types of patterns which 

* occur in natural sediments. We apply this information, along with quantitative 

measurements, to develop a 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 

* to a solute ntrsport model to obtain the assumedt am flow and trnspon behaviour of the 

system. The parameter field is then systematically modified, typically using numedcal 

* 'filters, to obtain new parameter fields which de-emphasize specified characteristics of the 

* structure. The results of flow and transport modelling in the modified systems am then 

compared to those in the original system to delineate those characteristics of the spatial 
structure which am moss importa so prediction of solute muport. This infomution is used 

Sto evaluate the applicability of various madels of spatial structure to such prediction 

problems. Models considered include alternative models drawn from the disciplines of 
Spatter recognition and geology a well as models presently in use in hyftvooogy.  Spae
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* Determination of scales oa porosity variability through the use of 

* image analysis 

Lisa D Shepherd. Jean M. Bahr and Gerily - R. Mol'ne 

SRecent theoretical aria field results indicate the importance of heterogeneity in 

controlling fluid flow and mass =awsport in porous media. % anability in porosity and 

permeability can exist over a wide range of scales. The scales of variability in porosity are 

being investigated for the St. Peter Sandstone in the Nfich:gan Bas;n. On a macroscopic 

*scale the St. Peter Sandstone is a relatively homoL -neous quartz sandstone. However, 

4porosity of the St. Peter can vary from less than 1% to over 20% between core. samples 

obtained from a single well. Abrupt changes in the degree of cementation and porosity can 

Sbe observed withir single thin sections. If thc.e smuall scale variations in porosity generate 

areally extensive zones of low effective permeahility. they could provide an explanation for 

the existence of pressure compartments within the St. Petwr Sand tone. An image analysis 

- system is being used to quantify porosity variations from thin sections impregnated with 

*,ue :.. d epoxy. Images of the thin sections are projeciad onto a computer screen. The 
A user sets aau upper and lov.,wr sensitivity to pignrznt to discriminate between porosity and 

* rock rnatix. G(eostatistical techniques ar being rsed to evaluate vertical and lateral spatial 

* variability and to dctwnmne correlation scales. Comparison of these re'..,lts to core 

descnptions and wireline log signatures can help to identify patt'ns of variability on a 

, Larger scale. R%:sults of thii work are being used to develop a regional hydromdnanic 

* model for the Nichigan Basin.  
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A multivariate statistical analysis of wireline logr data for the 

!, determination of hydrostratigraphy and hydraulic parameters: St.  

Peter Sandstone. Michigan Basin 

SOG.R. Moline. J NI Bahr and L.D. Shepherd 
! 

A study is currently underway to inve tigate the occurrnce of pressure 

* compartmentalization in the St. Peter Sandstone of the Michigan Basin. rhe St. Petcr 

* reaches depths exceeding 10.000 ft in muach of the basin and is currently an active gas play.  

A regional flow model is being con:tructed as pan of this tnvcst.gation. Although more I i than 500 wells have been drilled to the St. Peter or deeper, only % few cores and 

* permeability analyses have been tmade available due to the proprietary nature of these dam.  

SThus, for the majority of the basin, the only data available for deterrrdtadon of 

* hydrostratigrphy are wirehne logs. A rnans for correlating these data with Uthology and 

* hydraulic paramncters is needed. Co.ventic'nal methods of anal) zing well log dim utilize 

* two. or three-dhmensional cross-plots of lcg parameters which capitalize on the differences 

I1 in log response to geologic parar&•e "s. While useful for delineating large variations in 

* lithology and porosity. conventional ,-ros-plots are not sufficient to identify the subtle 

* variations observed in the St. Peter Svxis ane. An alternative approach being used in this 

| study is a multivariate stauncal anz'iycis of the well log data using all available well log 

*) parameters. Dam points group into r.sionm, in ntoimeiasional space. n being the number of 

* electric log parameters. These regions .w "electofacies" correspond to lithofacies 

* O determined from macroscopic and petrographic core description. Permeability and porosity 

values are assigned to electrofacies by correlation with corm analyses and detailed porosity 

* studies currently underway. These correlations 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 

I Spatial ,2nation or heterogeneity of porous media properties influences the flow of fluids.  

I .iand the transport of colloids and dissolved species. The influence of heterogeneous perrmeabjiiu 

* has been the subject nf recent mathemaucaI modelling in hydrology, soil science. and reseroir 

engineenng Less attention has been given to the other properues of the media. e.g. capillanty 

SWe explore the use .-f flow visualization in etched glass nucromodels to help clucidate the I infnluence of heterogenezies on seveual different flow and transport mechanisms. The 

iracromodels are physical models of a pore space, .reamed by etching a pattern on'.- two glass 

plates which are then fused together. The resulting pores have complex thr-e.dimensional 

Sacross-sections, although the pore network is only two dimensional. Models of this type have been 

used to study multiphase flow, miscible displacement. and foam behaviour, in petroleum 

* engineering. We have recently applied them to hydrology and pollutant nanspon issues. The 

* usual focus of a micromodel study is on pore level behaviour, but we have found that bulk 

properties can also be observed. For example, the pore network can be constructed to emulate an 

aggregated soui. with well defined preferential flow piths. or an interbedded aquifer or reservoir 

material, with lenses of a one material buried in a wamx of another material. Observation of 

* behae tour in a micromodel containing many such paths or lenses reveals behaviour that is missing 

from our mathematical models, and may help to define appropriate equivalent homogeneous or 

Spseudo-properties in those models.  

We examnme mascible displacement, two and thme phase immiiscble flow. and colloid 

Stransport. The visualizations are recorded on film and videope. We have found, for example.  

that media hetemgeneies dominate two phase displacement and trapping mechanisms, with 

Simplications for aquifer remediation Lnd oil recovery. Non-wetting fluids selectively travel 

through the coamer and nm permeable portions of heterogen,.ous media, bypassing 

finer-grained regions. Later. duing a natural or imposed flood of a wetting fluid, capillary forces 

Scan relegate the flow of the wetting fluid to finer.grained regions, by-passing the coarn 

* non-wemng fluid filled regions. The amount of by.passinU depends on the heterogeneity, and a 

o balance of capillary and viscous forces. Following the recovery of non-wetting phase, the 

residual saturation left behind in. say. a heterogeneous material composed of disconnected coarse 

S!renses, tends to be largr than in a homogeneous material, and depends on the history of the 

recovery. It is not a constant media property as assumed by convenconal 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 si~nficant differences between a gas reservoir and a gas 

storage reservoir as related to estimaton of reserves, average reservoir pressure and 

deliverability forecasting. Specifically, the effect of cyclical movement of gas/water 

interface m the reservoir for storage system is examined. Additionally, the interference 

among wells during simultaneously conducted buildup and fall-off tests affects the response 

from individual wells and piramete, s may be erroneously estimated using conventional 
diagnostic pressure derivative plots.  

Common practice of using wellhead recorded spot pressures under the conditions 

described above is conducive to uncertainties in estimating of required duration of a test 

period. Additionally, heterogeneities 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 ft resevoir is illustrated.  

We have developed an analytical formulation of a well in gas storage reservoirs containing 

several interfaces; i.e., gas-gas transition, water uansition and aquifer. Our study shows 

that deliverability tests conducted under a certan reservoir posinon of interfaces may not 

be applicable to future 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 

San Kocberber and R Eugene Collins 

The effects of large scale heterogeneites on multi-phase flow have been addressed 

only on a linmted scale in previous studies In this study. a fundamental method for 

incorporating large scale heterogeneities into reservoir studies in a general way is 

presented. This is achieved by utilizing a three-dimensional, shree.phase. black oil model 

using representations for relative permeabilides and capillary pressures conditioned by 

absolute permeabilices and employing initial distributions of fluid "wturations based on 

gravity-capillary equdlibnum.  
First, a small scale model is used to evaluate recovery by solution-gas drive in a three

dimensionaL rectangular block containing two or thme cross-bed Iwin with an initial 

fluid distribution based on capillary-gravity equlibrium. Th block is depleted by fluid 

wi•tdrawal at a face while the other r.-es of the block arc sealed. Thee results are 

employed to extend the model to simulate field sized recovery processes in systems having 

large scale heterogeneities. These results indicate that fhe recovery history Is strongly 

dependent on the configuration of heterogeneities and th direction of flow. Capillary 

effects cause high water saturation buildup in tight laimn. Because of their low relauve 

per•eability, these lanunae act as flow barriers to hydrocarbon flow causing very 

non-uniforin recovery patterns.  
Results of these studies indicate that many common practices in previous simulaton 

studies are not representative of real reservoir behaviour.
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O0 Assessment of the rational set of field tests in heterogeneous aquifers 
* uusing simulation models 

V.A. Mironenko 

* The theory and practice of aquifer tests involve a number of unsolved problems, among 
* being: t I) evaluauon of the quality of estimated paameter values in view of their use in 
0 subsequent forecasts; (2) quantitative comparson of the quality of different kinds of test resu 
* 13) justification of the expedient number of aquifer tests and their distribution by types and 

Soperation stages within the area under investigation. Simulation modelling provides new 
possabdities for studying these problems. It helps to stay a complex system with uncertain 
strcture on the basis of muluvanarte experiments with an adaptive constructed model in the 

* course of which the probabilisuc sutucture of the system, its possible behaviour and optimal 
* functioning conditions ae found.  
* In our case. "the aquifer - the set of field tests - the engineering structure (water Intake, 

drainage, etc.)' system is studied in this way. Simu;ation experiments, using a numerical fio% 

* model, are planned and made by two independent groups of experts. One of them represents 
S(invents) the input data about the aquifer system and simulate its 'true' behaviour in the coui 

of its exploration and exploitation, while another group plans field tests and interprets their 
* results, designs an eninpwrig smnctumr and predicts its behaviour. i.e. simulates 
d hydrogeologists' work under conditions of uncenainty. The comparison of the estimated etfe 

of field tests and aquifer's explontanon (numerical expenments of the second group) with the 

S"tre' effects (first group's results) gives an idea of the quality of field test results and forecas 
* estinates made on their basis, depending on the types, quantity, and locatons of field tests.  

IThese studies have been carried out for a number of typical simulated objects with differ 
characteristics of spatial variability of aquifer properties and with simulation of typical test 

Sshortcomings. The experments resulted in obtaining ft relations between the cumulative en 
of mets and their number, as well as pertinent relations for the forecast earor. The resulting 
measure of the test quality is the relation between the number of tests and total expenses whic 

* ainclude the test costs and the risk of economic losses in the course of water-intake operation d 
* to lack and errors of informuauon about flow parameters.  
SThe practical conclusions concem the evaluation of regional parameters from a totality o 

local tests results, the reladve reliability and informativeness of different types of tests in 
Sheterogeneous aquifers, and the expedient amount of various tsts. TU overal conclusion co 

of the nessity of the appreciable rise in the quantity of relatively large-scale and expensive 
multi-well tests as well as the expenses of hydrogeological surveys as compared to currently 

* adopted empirical standards



V 

S* 63 
Thursday, September 20, 1990 

S 
S 
S 
S 

S 
S 
S 
S 
S 

S Ii 
I 
S 
S 
S 
S 
S 
S 
I 
S 
S 
S 
S 
S 
I 

S 
I 
S 
S 
S 
I 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 

S 
I



64 

about the author...  

Peter Kitanidis is a hydrologist whose main area of expertise is the use of 

ineasuremcnts and mathematical models in estimation with incomplete information. He 

has worked extensively on the problem of calibration and validation of ground water 

models. Much of his recent work deals with the determination of models and parameters 

which describe flow and Uansport at the field-scale in highly hetc'3geneous formations; and 

the development of macroscopic transport models tnxm the study of transport at the pore 

scale. He has also contributed to the lierature on hydrologic forecasting, the optimization 

6. Uptp -rd-ofiiFsfttis. dyndaic: rt6pinifiilng, ind river mechanics.  

uaiing addrss: 

- - -- -- - - - muem iof Cvil Enzincezia______ ____ 

Samfomd Univuity 
Suanford. Califomia 
94305-4020. USA



~0 
-0 

_0 

-0 

"-0 

0 

-0 

0 

-S 
9 

--0 
S 

0 
S 

--S 

S 
S 
S

65 

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 prdiction with incomplete information rather than a classical statistics 
or frequency an.!ysis proolem. The principles of maximum entropy and Bayes' inference 

are explained and it is shown that, under certain assumptions. they lead to the geostatistical 

.aro•h.ThjIs intnrpctad.on sheds light on the meanin. of the probabilistic model and the 
error bounds on the predictions; the stmngths and limitations of the normality assumption; 

and the relevance of maximum likelihood estimsation. Furthermore. the insight leads to new 

algorithms appropriate for. among others. larg.vauance problems.
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Recovery of discontinuities using a parametric form of regularized 
* inversion 

* Bryan J. Travis 
S 

Inverse problems are usually ill.posed a priori because of lack of uniqueness and 
Sstability. This difficulty can frequently be overcome by making additional assumptions, the 

* most important of which is to apply Oooam's razor, i.e. find the simplest solution possible 
that fits the data. This is generally interpreted to be the snoafest solution in some sense.  

* Computationally. this can be achieved by searching for the solution with the smoothest 
_.0 derivative of some order (usually first or second derivative or a combination thereof).  
* The regularization method of Tikhonov is a popular technique for solving inverse 

problems by derivative smoothing. The method was originally applied to integral 
* equations, but via Lagrange multipliers (the adjoint solution), it can be used for systems 
* controlled by differential equations (ordinary and partial), and in multiple dimensions.  
• Other consrints, such as positivity can be imposed to improve resolution.  
* Regulzization smooths out unwarranted structure. However. in many cases. the 
• structure sought (for geological layering, for example) is not smooth everywhere, but may 
* have discontinuites at some locations. These abrupt changes can be recovered within the 
5 regularization methodilogy by recasting the procedure in a more gencial. pararetric form.  
* One-dimensional and two-dimensional examples are given to illusue this approach for 
* resolving spatial permeabdity disutibutions in reservoirs.  
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A comparison of several optimization methods for inverse solution 

of ground water flow systems 

Jiannan Xiang and Derek Elsworth 

Inverse solution may be effectively used to determine in situ hydraulic parameters at 

field scale. Where data is limited to m spatially distributed values of mmnsmissivity and n 
distributed hydraulic head magnitudes, the distribution of tmnsmissivity in the renainder 
of the domain may be determined from any suitable inverse method. Indirect methods arc 
widely 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 

--- -smdiek-under-differmnt-levels of d-tacompletenisrorincomplemnms.-ReultrIndi=e -

that all methods perform well for complete data but may be ranked according to solution 
time. Under incomplete data. computational requixtments ire increased with the 

Quasi-Newton method yielding the most accurate results. The Levenberg-Marquardt 
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 vransmissivity distributions nrsult for cases of 
complete data. Under incomplete data the results arm non-unique.
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Inverse modelling in the frequency domain: the example of 

estimating hydraulic conductivity from observations of the combined 

solid earth tide and atmospheric pressure influence 

Robert William Ritzi. 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 transformations of the model frequency response function (FRF) 

and the sample FRF. A better approach is to use an estimator with a complex vector 

estimation criterion because it bas less bias d vr-iance, and is mom robust This is 

demonstrated in considering the estimation of hydraulic conductivity from well response to 

the combined Earth tide and atnospheric pressure influence.  

Regardless of which criterion is used. hydraulic conductivity is only identifiable if the 

dam arm sufficiently informative. An estimation scheme using the cmbined solid Earth 

tide and atmospheric pressure information (._A). when compared to schemes using only 

the individuil Earth tide or atmospheric pressure information, will give the greatest 

probability that sufficient information is contained in a data record so that K is indeed 

identifiable. The CSA scheme also gives estimates with the greatest precision, and requires 

the shortest length of time series data.



72

about the authors...  

P.R. McGillivray received his BSc in geophysics from the University of Bnrsh 

Columbia in 1Q84. He has been employed as an exploration geophysicist by Canadian 

Superior Oil Ltd. and Mobil Oil Canada Ltd. He is presently a Phi) candidate with the 

Uni'ersity of British Columbia. His current research interests include the solution of large 

scoje modelling problems using adaptive multigrid techL iques and the solution of inverse 

problems in ground water and geophysics.  

D.W. Oldenburg received a BSc (honoum) in physics in 1967 and an MSc in earth 

science in 1969, both from the University of Alberta and a PhD in earth sciences in 1974 

from Scripps Institute of Oceanography. He was a Killam Postdoctoral Fellow at the 

University of Alberta from 1974 to 1976. Since 1977 he has been with the Deparment of 

Geophysics and Astronomy at the University of British Columbia where he is currently a 

pmrofe r. Hhaianertsyg _entre around the applV.aion of invers. _thory !to prblems in 

electromagnetic and seismic dat processing. He is a member of SEG. EAEG and the 

CSEG.  

Maiimg addms: 

Depainent of Oeephysin and Asonoony 
ku.vers4 of B •ush Columbia 

2119 Main Mall 
Vancouver. Bndsh Columbia 
V6T IWS. Canada



73 

* The inversion of pole-pole resistivity data in the solution of ground 
*0 water contamination and enhanced oil recovery problems 

P.R. McGillivray and D.W. Oldenburg 

I •The pole-pole resistivity experiment is a geophysical technique which his been used 
prmarily in mining and geothermal exploration. The experiment involves injecting current 

* into the ground and then measuring the resulting volutges using a grid of electrodes set up 

* over a survey area. Each electrode in the grid can serve as either a voltage or current 

c elecuode, and consequently a high density of data over the irea of interest is recorded. An 
U-. interprestuon of this data set based on Nrvard modelling and inversion can then be used to 
* delineate regions of anomalously high or low elecaicol conductivity at depth. Because 

* electrical conductivity can be related to properties of the aquifer and the distribution of 
fluids within the aquifer, the technique could be applied to a wide variety of problems in 

* bosh ground water and petroleum reservoir evaluation. The goal of this paper is to describe 

* a method for recovering the conductivity distribution of the subsurface from pole-pole 

voltage measurements using a non-linear parametric inverse approach. The imponce of
Sselecting the appropriate global nom to miize and the use of a priori information to 
Shelp resolve non-uniqueness in the solution will be emphasized. The use of voltage data 

from cross-borehole measurements to further constrain the inversion will also be discussed 

SFinally. the inversion of synthetic data sets over a contaminant plume and an enhanced oil 

Srecovery site will be Lsed 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 Orambo 

In recent years it has become common practice to employ Monte Carlo techniques in 

stochastic simulations to take account of uncertainty in aquifer modelling. Geostazistical 

methods have been applied to estimate the spatial distribution of many parameters including 

aquifer characteristics, thicknesses and piezoernec surfaces. These methods arc 

particularly useful in allowing for variance reductions associated with scale when point 

data are used to predict values for large "blocks" in numerical models.  

Here we describe a methodology for treating uncertainty in both aquifer propeoies and 

aquifer geometry for a muld-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 seditnents, to constrain sets of 

bounding surfaces for perimeable sand and gravel bodies within a relatively impermeable 

clay-till matrix. For eachset of surfaces, analysis of"overlap" is used toassign vertical 

conductances to a multi-layer numerical model. Horizontal hydraulic conductivities and 

storage coefficients arc estimated using a geostatisucal model for spatial variability.  

Numerical models anm run for a standard sequence of infiltration conditions to generate 

hydrologic budgets for the various sub-units within the aquifer-complex. The ultitmte 

objective of the research is to establish probability functions for inter-aquifer flows and -the 

associated covuriance structure.  

The case-study area is centered on the city of Regina. Saskatchewan. Only 

approximately 900 weils, many quite shallow, were available to characteri an area of 

some 29,000 lan2 where significant sand and gravel bodies are found at four distinct 

stratigraphic horizons. Post-deposisonal erosion and solution collapse features have 

resulted in the potential for interconnection between permeable units. The degree of 

interconnection between the various aquifers has major implications 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 .olunoned rocks of the Cambro-Ordovician Knox Group in east-central 

Alabama. USA. The reservoir loses significant quantities of water through the underlying 
fractur.flow/conduit-flow aquifer system, which diminishes hydroelectric power 

* generation at the site. For this and other reasons, subsurface investigations have been 
ongoing at the Logan Martin site for the past 30 years. Major categories of Information 
include studies of aerial photography and remotely-sensed imagery; approximately 

* 265,000 piezometer readings; dye and tacer test data; surface and subsurface geological 
mapping and modelling: temperature information; 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 aunsport 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 nomal 
* faults; regional cross-structural discontinuities; fracture systems of various ages: 
* near-vertical zones of fracture concentrations: present kant and paleokarst horizons: 

mappable features of unknown origin: and combinations and interactions of the various 
Scontrols. Work is presently underway to detect discrete flow paths with borehole 

flowmeten 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 a methodology or procedure for quantifying flow and physical transport 
parameters in complex geological terrain. The investigators can develop a hierarchy of 

Scontrols, and because of the extensive site investigations, determine the most cost-effective 
methods for harneter identification and assessment. This work applies not only to ground 
water problems in fracture-flow and conduit-flow aquifers. but also to oil and gas 

* exploration and development in such rocks.
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Simulating fluid flow through a geologically realistic permeablt 

* medium 

* Lamy W. Lake 

* For the past five years we have been studying the Page Sandstone uutcrop in northern 
0Arizona as a prototype for eohan oi! reservoirs and aquifers. The work has encompassed 

9 detailed geological studies and highly intensive descriptions of the disnibution of hydraulic 

* conductivity or permeability. We are now at the point of using this information to evaluate 
0predictions about fluid flow through naturally-occurring sands. Work on this topic is the 

subject of this presentation.  
SThe fitst step in the study was to establish a "truth case", a standard ..4ainst which to 

measure the success of alternative procedures for flow prediction. Our truth case consisted 

of a highly detailed (more than 11.000 finite element nodes) numerical simulation of a 

0 miscible disol•r•ment through a portion of the outcrop wherein each nodal property was 

0 usigned according to the actual value existing at that point. This intensely deterministic 
• simulation also allows us to evaluate the extent of geologic.' detail necessary for a good 

* prediction; mobility ratio and the distribution of average permeability am the most 

* important quannties governing fluid flow. Permeability anisotropy. fourth order bounding 

* surfaces and dispersion are much less importanL 

With the truth case in hand. we redo the simulations based on the amount of data that 

Swould normally be available for subsurface conditions. In this case, of course. it is the 

Sgeneration of interwell propemes which is being tested. The work investigates two basic 

procedures: pseudofunctions and conditional simulation. The pseudofunction approach 

Sgenerates effective relative permnabilides (a concept borrowed from immiscible flow) to 

* model the effects of heterogeneities oh a gross or flow unit scale. The effective relative 

* penneabilities now depend on the size of the flow units. the mobility 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 truth case.  

Pseudofunctions rely almost exclusively on geological information and conditional 

Ssunulation on statistics. We should be able to infer the merits and drawbacks of both 

Srmethods from this work.  

0
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* Review of state-of-the-art borehole geophysics applied to 

* hydrogeology 

* E.N. Yearsley and R.E. Crowder 

i i The application of bonehole geophysics to hydrogeological problems is rapidly 

expanding, driven by the increased need for better in situ aquifer characterization. A 

* number of borehole geophysical technologies have recently emerged that ame specifically 

- developed to meet this need. This paper reviews those technologies, which include 

equipment and data processing capabilities that are new to the ground water industry. as 

- well as existing borehole methods that have become particularly relevant in 

* hydrogeolcgical investigations.  

* These borehole geophysical applications are divided into three categories: (1) fracture 

characterizatnuo (2) methods in charactcriting permeability profiles, and (3) vadose zone 

Smoisture monitoring. Field examples demonstrate these applications, and briefly review 

! their operational features. The field 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 technologies which are commercially 

* available or withat, the capability of engineering and environmental contractors to perform.  

Needs for further development and limitations of these technologies are also addressed.  
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Aquifer parameters defined by borehole geophysics 

Bruce Manchnn 

Ground water contaminated with waste migrating from a landfill. surfa -: spill or I leakrin, underground storage tank (CST), or by injection will create distinctive borehole 

* geophysical log signat;res. The distinctive contaminated signatures on the logs and log 

* responses of the native conditions t 1 upgra,6ient wells provide hydrogeological 

parameters of the aquifer and associated contaminatz plume Interpretation of the log 

responses by Dornhole geophysical iterpretation techniques will identify aquifer and I contanuant (.haracterisncs.  
Borehole .ecophysacs is prinurily used in the environmental field to determine 

• lithology, not to delineate the nature of fluids in a formation. Borehole geophysical 

* interpretation provides a 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 erv.-onrental 

9 setimngs. They ame especially effective in teramins where stratigraphy is locally continuous 

• 0and there is a resistivity or radioactive contrast between the formation water and the 

contaminants. It can provide data about a contaminant plume's dimensions and 

Sconcentrations or verify model plume predictions.  

This paper will explain, by use of geophysical logs and interpretation techniques. how 

Sto identify and estimate pararmeters of the lithology ,nd fluids of an aquifer.  

.1*
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Regional characterization of variable-density fluid flow in 

sedimentary basins: implications on modelling strategy 

Rainer K. Senger 

Characterization of regional ground water flow in sedimentary basins requires 

esfimles of regional-scale hydraulic properties that are difficult to detemine.  

Alternatively. permeabihtes may be calibrated in regional flow models on the basis of fluid 

pressure and/or hydraulic head measurements. Fluid-pmssure distribution in mature 

sedimentary basins is typically controlled by steady-state flow driven by poteinial energy 

represented by the shallow water table, which generally follows the topography. However.  

in saline aquifers fluid pressures are significantly affected by fluid densities; furthermore.  

pressure or head gradients may not reflect actual ground water flow patterns in cases where 

buoyancy forces 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 

w•dter flow require consideration of uncertainties associated with fluid densities and 

evaluation of fluid pressures or equivalent fiesh water heads.  

Effects of significant fluid-density variation on regional ground water flow are studied 

in the Palo Duro Basin. Texas. where fluid densities vary between 1.0 and 1.15 gfcm 3.  

Steady-state flow of variable-density ground water is simulated based on computat.ion 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 

model significantly increase with depth in comparison with simulated heads assuming 

uniform fresh waterdensity. Constructed surfaces of equivalent fresh water heads in saline 

a4.,fers may exhibit large local var.ations due to vertical offset between test intervals in 

adjacent wells. Permeability variations and boundary conditions in the variable-density 

model have much smaller effects on simulated heads than in the constant-density model, 

which is important for model calibration. However, the overall ground water flow pattern 

in the Palo Duro Basin is not significantly affected by variations in fluid densities, 

indicating thOt the flow component arising from the present-day topography dominates 

buoyancy forces associated with dense fluids.
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* Boundary conditions for modelling of ground water and petroleum 

- systems: noble gas contributions 

Emanuel Mazor and Adi Bosch 

I ! Atmosphenc Ne. Ar, Kr and Xe and radiogenic He and Ar provide neans to formulate 

boundary conditions necessary for the construction of hydrological conceptual models of 

5 large ground water and petroleum systems. Examples include: (1) recharge temperatures 

• (deduced from atmospheric noble gas (ANO) concentrations); (2) porous vs conduit 
* controlled flow in the aerated zone (interpretation of ANO-derived recharge temperatures).  

S(3) idenficaionf karstic flow (excess air and rainy season ANO temperatures); (4) depth 
*j of ground water circulation (comparison of ANG techarge temperatures with energence 

* temperatures); (5) xdcnutication of underground dissolution brines and residual evaporanuon 
* brines (ANO contents as in air-saturated fresh water vs lower ANG concentrations); 
* (6) check of hydraulic interconnections and suggested flow dirtions (distribution of He 

* concentrations); (7) identification of gus caps (AN(G in produced fluids w excess over the 
* concentrations in air-saturated water (ASW)); (8) losses and gains of volatiles and 

5 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 He and Ar derived ages with 

hydraulic age); 0 1) identification of mixing of old and young waters; (comparison of He 
* and Ar derived ages with ages derived by other techniques): (12) identification of water-gas 

* and water-oil associations (comparison of ANG patterns with those predicted from 
solubility data): and ( 3) He and Ar dating of the hydrocarbons.  
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Boundary conditions needed for ground water modelling, derived 

* from ;sotopic. chemical and physical measurements: 

9 Mediterranean-Dead Sea transect 9 
9 
* Emanuel Mazor and Levy Kroitoru 
9 

9 Hydrological physical. chermical and isotopic measurements serve to define boundary 

* conditions, to be accounted for in the construction of detailed hydrological conceptual 

* models. Models derived in this mode pave the way for mathematical modelling with a 

minimurn of unknown parameters, that otherwise have to be assumed. The methodology is 

-9 demonstrated on a hydrological transect from the Mediterranean Coastal Plain. through the 

* Judean Mountain; to the Raft Valley.  
7 The boundary conditions reached from the various measured parameters indicate that 

• the recharge at the Judean Mountains is rapid and kartic. The western drainage of the 

• system toward the Coastal Plain has an upper slow flow system and a deeper fast-karstic 

* flow system. The eastern drainage 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 spnngs and a deeper slow flow system encountered by deep water supply wells.  
9 
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Remote sensing of contamination using geophysical electromagnetic 

methods 

Joe 0. Davis 

The use of geophysics in the petroleum and mining Industries is common. its use Is 

increasing in geotechnical. hydrogeological and contaminadon projects. The major 

advantage of the inclusion of geophysical methods in projects is lowered drilling costs- yet 

in many cases information acquired from geophysical methods is prohibitively expensive to 

obtain by other means.  

The use of electromagnetic data for remote sensing of contamination is an innovative 

technique which relies on the electrical resistance change caused by the introduction of a 

contaminant into ground water. The technique requires that the contaminant appreciably 

alter the resistance of ground water beyond the background level changes due 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. it is 

especially important that the contaminant specialist consultant be a geophysicist 

experienced in contamination projects. and he or she is contacted preferably during 

planning stages.  

Eleccromagnetics is used to highlight contaminated areas initially. This information is 

used to locate drill holes in the areas of highest contanination. saving a substantial number 

of test holes. By correlating electromagnetics to drilling data. gross volumes of 

contaminants can be calculated, and their thicknesses mapped in plan view. This paper 

outlines these techniques and provides field examples.
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