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Abstract 

'l'hc Pcnnialt Salado Formation in the Delawi~re Basi~l of New Mexico is an extensively studied evaporite deposit because it is 
the host furlnation for tile Wasle Isola~ioa Pi lo~ Plant (WTPP'), u repository for traisuranic wusks. Geologic and hydrologic 
studies of the Snlado conduckd since the mid-1970s htlve Icd 10 the clcvclopmcnt of s conceptual n~odcl o€ thc hydt'ogeology of 
the fonourion thsl inv~~lvus l'ur-lieltl (i.c. bcyontl 1h dist11rb:tnce created by the repository) pmei~bil i ty  in anhydrik layers and 
ol lei~st surnrt impure hnlilc layers. Pure IlaIitc layas and some impure I~d i te  layers may not possess an intc~unoected pore 
n~lwork iidecluiiLc lo provide pcrmcability. Pore prcssurcs are probably very close ro lirhoscaric pressure. Ia the ncnr field arou~rd 
ail cxcavetion, dilaric~n, crccp, ar~d shcar havc ureirled iu~dlur enhanced permeability and decreased pore pressure. Whether flow 
occurs in Lhc Par field undcr nii~ural gradients or only after some threshold gradient is mched is unhown. If far-ficlil flow (INS 
occur, 1nea11 pore vclocitics arc probably on tllc ordcr of a meter per liu~id~ads of thousands to tens of  oiiliionn of years. 

Most hydraulic-tcst rcspoilscs in thc Salado do not appear. to reRect radial flow, but instead imply su1)lndial (e-g. intermediate 
between Iinew and radial) Row dimensions. We helieve these. subrndial dimensions reflect channeIing of flow through fracture 
net\vorks, or portions of fractures. that occupy a diminishing pn)portion of the radially available space, or through percolation 
nctworks that are no1 'saturiited' (percolation terminology meaning fi~lly intclronncctedj. This is probably reluted to the 
direcdonal nillulr: or Ihe penneabiIity crcated or e ~ i h a ~ ~ c c d  by excavation effects. Inferled values of pernieabilily cannot be 
sepur;lled hum thcir associated fluw dimcnuions. Therefore, n~mlerical models of flow and transpolt should include helav- 
gencily that is: structozZ'tu providc the same flow dimensiorls as are observed in hydraulic tests. Modeling of the Salado 
Formatiun around rhc WIPP npository should also iiiclude coapi&!g between hydraulic plaopenies and the evolving stress licltl 
bccccnuue hydraulic properties change as the stress field changes. t3'20[12 Elsevier Scie~lce B.V. A11 righls reseserr'ed. 

Ke??tarifs: Evaporites; Hydraulic p;npertics: Flow din~ensions: Hydrolog; Stress-dependent plopelties 

The  hyclrology of evaporite depusils is generally 
litde'sti~died and is poorly understood. The Permian 
Salntio Formation in the Delaware Basin ol New 
Mexico is one of the most exteilsively studied evapor- 

* Corresponding author. Fox: + 1-505-234-0123. 
E-lslu'il ulldrr.rs: rlbe;luh@sn~~dia.gov iR,L. Besol)eim). 

ilc deposit5 in the world because it is the host forma- 
tion for  the W7aste Isolation Pilot . p a n t  (WIPP): a 
reposi~ory Iur transuranic wastes generated by the 
United States' defense programs. As pan of WIPP 
sile characlerizalion, geologic and hydrologic studies 
of the S d a d o  have beell conducted since the mid- 
1970s. h the following paper. w e  describe,.i'our 
conceptual model for Salado hydrology and dscuss  
the data that have been used to.develop that model. 

I 0022-16941021S - see fruni nlat~er C: 2002 Elsevier Science B.V. All rights rescrvd. 
HI: SO022- 1694(01)00.586-8 
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I.? .. . . . . .  a : .  , . 
. . We coi~sider both the hydrology of the Salarlo in rile Tllimler sulfatic interbeds and u llumhcr of the lnorc 
C.'' ,: 

. h r  field, i~naff~cted by the presence of the %'PI' exca- cor~ri~i~~ous clay seams have also been given letter y k;;,;: 
:,. . .  vations. and in the near field or disturbed rock zone designations (e.g. anhydrite a, clay B) to facili~ate 

- ;y"::. - s:.,:i: (nu) around the repository. We also discuss aspects consistelit referencing. These units are shown in Fig. 
::.i;,, 

01 ti..:.. ..,.. '"' . of the conceptual ~noclel that are impor t~ l  to include. 1. The stratigriiphic posilions of Zhe WlPP excavations .c;:;. 
I; ....... 
. in numerical models of Salado hydrolugy . .... ,<.... 

with respect to the designated nlap units are shown in 
.:.. ...... :".::.I 

p.:.; , fi'. , . . 
Fig. 2. 

::.,: . . . .  
?? ..:. . ;.:. ,"". ....... 
g,,;;.:, 
$1. .:.. 2. Saiado geology 
5;. >.. . 2 ..: '. 
%: ?' ,, 
$,.-.. .. 
h.  . . .  p..: .:, . 

The Siilado Fonnatioll is i~~~roxirnately 600 m 
:..'. . 
$ ,:. i.. . . .  thick at the WIPP site wd lies approximately 260- 
1; :: , 
. : 860 1n helow groulid surface, It is composed largely of 

[.:$:': ...... bedded halite, with rnincll- amounts of i~~terspersed 
< .. 
5 . .  ,. . . . .  clay and polyhalite. 'TIK Saledo also contaills inter- .... 
. 

beds of mhydrite. polyhalite, slay. and sil~~roue. 
, ' Many of these inrr?l.becIs ,ue traceable over nmost of 

2.: ; 
:, ,. . .  the Deli~wan Basin. Jolles et a]. (1960) desigrlatetl . . .  t .  
.. 45 of the co~~tinuous anhyhire and/or polyhalite inter- 
$ :.. beds as 'Marker Beds' (ME), and numbwed these MY3 
1 .  
i. : fro111 100 to 144, ir~creasing tlownward. The W11'I' 
i:., 
?.. . facilily horizon (the stratigraphic locarioi~ of the 
i:' 
t: underground excavations) lies hetweert MB1.38 and 
f. : - MB139, sppl*oximately 655 rn bclow ground surface. ( : . 
:. .. ;: . ' 

A typical slratigraphic section of a 558-m inlcwal of 
5 " . ' .  ::. 

the Sdado, centered approximately ilt the strati- 
.. 

grGaphic midpoint of the WIPP exca\ratiorls, is shown 
L 
B Y  . . .  

in Fig. 1. Sixtee11 'mslp units', numbered 0- 15, and 39 
. . .  . . . other identiiiable units have beell described by Dcal el 
$ . al. (1989) and Roberls et a]. (11399). 'fie majolity of 
2 ;' 

t :. 
the units is cornposed primarily of halite. nnd is differ- 

:, . . . '  .. entiatid pri~icipally on the busis of differing clay and 
polyhalite contents, ivl~ich rarely excecd 5 % ~ .  ?'he 

? halite units lacki& integ&"map-unit designations 
are identified -by 1-1 (pire halite), AH ~;lrgijl~eceous 
halile), 01. PH (polyhalitic halile) prefixes, fi)lluwed 

.: 
by a numbt:~..o~- letter ('m' for   mi nu^')-iwmber 

< . . 
i 

combi~iation representing that uait's position with 
E . respect to the base of the sequeise. which was :. 

> ' 

arbitrarily defined as the halite uuii immediately 

: : .. underlying zlnl~~drite 'c' and clay K' For exalpie. 
. . A H 4  is the fourth argillaceous halile u ~ i l  abuvc the 

base of the! sequence and H-n~l js the first halite u~lit 

: 
below the base of Lhe sequence. The re~nainder of thc 
units are S~~lfi i t i~ interbeds, such US MI3138 slnd 

: .  
! 

MB 139. and clily seams. The interbeds are cornposed 
primarily of anhydrite, witfi lesser arnriunts of poly- 

; halite and halite. 

3. Co~~ceptuel models 

Our conceptual model for far-field Salado hydrol- 
ogy is as follows. Porosity of both halite and anhydrite 
is low, on the order of 0.01. All intel.connecred poros- 
ity is tilled with brine conlaining dissolvd gases, 
prilicjpslly tlitrogen. Because halite is a creeping 
medium, porc prcssurcs arc cxpcclcd lo bc lilhuslalic, 
or very close thewto, Different Iayers have different 
pemeabililics; anhydrilcs and clay-rich layers havc 
the highest pernleabilities and pure hillites hive the 
lowest pcrmeabjlities. Some halite beds may have no 
permeability because of illadequate connection of the 
purcs. Anhydrite pernieability derives from naturally 
occurring bedding-plane fractures (Ron~s, 1 985). The 
purc halile layers with extremely low to non-existent 
permeabilities impede \lenical flow of brine, so most 
flow Lhrough the Salado is horizontal, parallel to 
bedding. Within an individual bcd, flow may bc chw- 
neliwd into relatively high-permeability pathways 
created either by naLural hclcrogcncily ur by syndc- 
positiot~rrl dissolutioii troughs filled with pure halite 
(Powers and Hassingcr, 1985) cuuing across ihc bed 
that licnil flow in cel~ain directions. Gas-threshold 
(air-entry) prcssurcs ol' Lhc cvaporitcs arc high. piob- 
ably exceeding the hydraulic-fracturing pressures, 
because or thc vrry low permeabiliries. 

We assume that flow is driven by ys su re  gradi- 
ents and L'ullows Darcy's law, as in most pomus 
media. However, as .pointed out by Neuzil (1986). 
D m y  flow has never actually been demotisrmted ia 
low-permeability formations such as the S a l d o  
undcr nalusal low gradients. Other researchers 
('e.g. Swartzendruber: 1962; Pascal, 198 1; Remson ' 

tlnd Gorelick. 1982) have suggested that low- .: 

permeability media may haw lhrcshold gradicnls '. 
bclow which no flow call occur, perhaps related 
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Argillace~us Hnlite {Map Unit AH-4) 

16.fl9 -Clay M-2 

15.55 
, Halite 

( ~ i p  Unlt H-8) 
.- .. 

Clay M-1 

Polyt~alitic Habte (Map Unil PCI-5) 
13.05 -Clay L 

Argillaceous Halite (Map Unil AIM] 

tielile (Map Unils H-6, H-7) 

Aiihydrile (MB138) 
.-----Clay K 
Arg~llaccous Haltle (Map Unil AH-2) 

7.62 -- Halite (Map Llnil H-5) 

6.71. Argillaceous Halite (Map Ulril A H  I )  
C I R  J 

, I Helito [Ma All 15) 
5.09 ..-L.. , --." !hY l 

. - -. .. .- ti- - - - * -  

le 'a" Map Unil 11) 

(Map Unit 2) 

Polyhalile Halilo (Map Unil PH.4) 

Adapted fmm Westlnghouse (1989) 
and Daal el d. {1989) 

Fig. 1. Detailed stntigral1liy ni 
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Hal~te (Map Unil H m l l  "";+.;I 
Halilo (Map Unit H-m2) 

AnhydrRe (MB140) 

-..Clay A or Argilhceous 
Halite (AH-mll 

Halite (Uap Unrl H-m4) 
.33 CI 

3 3  
1: I A~@llacaom Halite (Map Unil AHm4) 

Halilo (Map Unll Km5) 
Anhydritc: Clay A-2 

-3Ci.l 

Hallle (Map Unit H-m7J 

Rock Type 
,.-------.-- Accessor~onstiluenIs , . . . . .. --. - - 

Halite I7.1 Polyhalite 
- 

El Clay Seam 
>0.6 cm Thick 
Argillaoaous 
Matorial 
Anhydrite 

Lithologic Contacts - . . 

g n u  
Sharp Gradational Diffuse 

Nolesr 

1. Dis4ancas in molers are measured from Ihe base 
o! anhydrite B' (Uay G) and ars ~Veraged from 
roprosentake mretmle Logs shan end lesl-room 
mapving. Actual distance and unit lhlcknesses 
may vary locally lmm tlwse shown. 

2. Descriptions of unils are based on axehole daia, 
shan niapplng and visual inspeclion ot exposures 
in underground drills and r m .  
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Map 
Clays Unils Salado Formallon Lilhology Distance from Clay G (m) - 10.36 

, I 

H-6 1 A . . . . . .  ' 8 . .- . 
... . . 

K Me138 ... ::::;.'?&.:<,.. :. ..... :. :..!!.:i;.';>.. y . .  . ,.'A . ' ; . ,~~~~.:::::. '~:i~'? R.96 
= ''I7 . . . . . . . . . . . . . . . . . . .  

. . . . . . .  
AH.2 ... +, . . "  " :. - - - .. . - .  .. - . . .  . . . . - . _  . . . . .  * - - - - - - . . . . . .  . . .  . . .  . . , .. - . - . - . 

. .  - . . . . . . . . . .  .. - - - - - - - *  

. . . . . . . . . . . . . . . . . .  * - . - . - - - - - . . . . . . .  , .- - - 7.62 

- ... ... . . . . .  ".= : - - -. -. -... r __.. - .. . . .  - - - - - - - - . . . . . . .  - 7 2  l 
.I AH.1 

- - 5.66 
I I I I 

15 1 I : 
- 2  . 4 

I ' 1  , , - I 
r -  1 I 

,#, 
.""' "---"..""""""' v I . , .  " ...... ......................... 

1 L . a . ,  3 3 . . ,  . I  2 ' I i '- 1 
.... 

i ' ..I.. , A . L - .  1 - 
< I a .' I I I 1 .  t 1. ' I  I 

t' 
-. . .... >... - -  2.13 
. . .  - -LA .. - -2.74 - - .  

4 - =  " t  - - -  .. - 
- I  . -  ........................ ....-.... Typical 4.0-m-High - .3.47 

Waste-Storage .- 
- - - -. - - _r -4.10 

, 6 - 4.27 
Room - - .  --. 7 4.42 

. .- . .--. 
....... .. . . .  .- . . .  .- ...... ... -. .. - .  .. A '. 

- 
- .  

a ; r .' xx - r - -6.13 

Key In lhhologlc symbols givon in Flgure 1. 

Fig. 2. Sciiematic of rypical M P P  undergl'ol~~~d rooms sliowing stratigraphic positions. 
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to capillarity 01' surface-tension cfCccls in very small 
pores. Thus, Darcy How in the far ficld is unproven. 
To whatever extent ~'egioilal lhw is occurring under 
thc nar~lrally occurring gradients, it is expected to be 
toward areas of lower overburden pressure. Flow is 
expeclerl Lo be immeasurably slow, however. Given a 
halite penlleability that we rh i~~k might be represenla- 
tive of hr-lield conditions nf 10-"-10-"m' 
/hydraulic co~lductivity of - lo-"- 10 - ''I nu's; see 
Section 5.3). a hydraulic gridient of 0.01. and a 
ymosity of 0.01. brine would take between 3 and 30 
rnillion ycars Lo flow 1 n ~ .  111 anbydrite, where the 
pern~eability might be 100 times highcr, hint would 
still take 30.000--300,000 yearb to Ilow 1 m. 

3.2. Excavation qfi~erfs or.[ ~~enr-jiekd h~ldrology 

When the WIPP rel~ositoly was mined, the far-field 
hydrologic sysrern was allcrcd locally by a variety of 
mechulical and coupled llydrnulic md mecharlical 
processes. These 'excavalion cn'ccts' are discussed 
hclow. 

When ao excavation is first mined, inclwlic dilation 
(volume expansion) elf the surroundjug rock II'I~SS 

occurs as [lie rock expands into thc newly crcated 
void volumc. This dilation affects both the solid 
volulne nud pore v o l u i ~ ~ ~  of the ruck. In part, thc d.ila- 
lion is rnmifested as grain-boundary separation and 
readjust~nent. As the poles dilate. Lhc fluid prcssure 
in the ports decreases. If the pores dilate more t l ~ ~ n  
the brine can expand, partially saturated condiliuns 
may rcsull. Gas may come out of solutioi~ as the p o ~  
pressure decreases. resul ring in two-phase condilionu. 

Peach (1991) cliseussed the effects of dilation on 
halite perlneability in terms of percolalion theory. 
Under unndisLurbed conditions, the low porosity of 
halite may be too poorly connected to reach Ihe perco- 
latiotl threshold-lhc minimum pore conilectivity at 
which flow can occur. Without a throughgoing, .inler- 
connected pore network on ihc scale .of measwenlent. 
a medium wi1.l show zero perh~eability. Given small 
amounts of dilation (20.05 vol%), however, Peach 
( I99 I )  found that sufficient grain-bounda~y micro- 
f~~acturing occurs to create an inlercwnected pore 
network beyond the percolation threshold, From the 
percolation dxeshdcl, per~neability incrcascs rapidly 
will1 inc~xasing dilation u~itil the pore network is 
snh~rnted @ercolation terlnirlology n~eaning fully 

interconnected), wl~ich occurs at sonle dilation less 
than IL%. Beyond the saluraiion point, increased dih- 
tion 11as little effect 011 perlneability. Thus, dilalion 
wound an excavalion car1 cause halite to shift from 
a condition in which @er~neabiIity is effectively non- 
existent to a coriditio~l with measurable permeability. 
The dilatancy of halite is enhanced by the plzsence of 
impurities (e.g. a~hydrite, clay), so impure halite will 
dilate, and thereby increase in permeability, to a 
greater distm~ce from an excavation Ulan pure halite. 
Nole thal we do not apply this percolation model lo 
mtiydrite, in which llow occurs through naturally 
occul~ing fractures. 

In 61ddition to tlilarion. stress changcs OL'CLIT around 
the mined opening. The vertical load ha t  had bee11 
borne by the removed rock is rransCcmd lo h e  pillm 
adjljaccnt to the room, creating a compressive vertical 
stress concentration ill the ribs of chc cxcaval-ion. This 
compressive stress may act to heal ally grain-bound- 
ruly sepandons that have occurred in hatitc. piuticu- 
larly ir [he pore pressure has decreased. At the same 
time, the horizontal stress at the excavdon ribs is 
reduced co xcro. In halite, the resulting cleviatoric 
stress causes the rock to creep towcud the excavalion. 
Porosity and pcmcabilily are cr)ntiaually created as 
creep occurs. Close to the excavation where the rlrosl 
creep occurs, exlcnsional strain fractures may develop 
parallel to the excavatioll surface. 

Stresses are concc~ilralcd at the corners of an axca- 
vation, resulting in shear fracturing. Shear fractures 
arc wound the opening, crcating an effective opening 
with a more n~echalucally stable elliptical cross 
section (Borns and Slorrnonl. 1088. 1989). At WIPP. 
this idealized picture is co~nplicated by the presence 
of lapels with different propcaies. particularly anhy- '-. 
d~ite and clay interbeds (e.g. Muason; 1397; Chan et 
al.. 1999). The shear rraclurcs that form at the upper 
comers of W P  excavations m upwards toward the 
nearest anbydritelclay seam, typically anhydrite 'b'l 
clay G (Fig. 2). The anhydrite inter'bds are stiffer than 
the overlying and llnderlying halilc, and tend to sep;i- 
nlc  rrom the halite along shear plahes. With time, all 
of the rock inside the shear planes bccomes deooupled 
from Lhc sumundi~~g rock nuss. This sometimes 
leads to roof falls of all the rock between the roof bf 
an excavation and clay G. 

The permeability crented (or enhanced) by'.cxca- 
vatiofi effecls is nol: isolropic. Grain-boundary 
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..,.>, > .,-. ... .,...'.+ '..'.' .. ,,.. :.:.',...' - . ,gL;$g:, , '. ;m.:,i :micrclcmcking occurs preclominantly in the direc- 
:s:;:.::.:5.,:<.; :e:~::av!:;., h., .,.....,.:, . . . tion of mnxi~nuin compressi\~e stress, while extea- 
u.:.:<.:.:+ ,.:. ... 
:#$':!::t.::: .'. !.:*,%,,:, :,. .&ion fracturing occurs parallel tn an excavation 

.?*j:$*.:c..:.:. :: 
%..... . ?g~:+:,.:. .. :... face. iperpendiculzu to the mininlu~n principal ,$<$$$$:! .!, : 

<$@.::~~~ess), In additioo, the vertical compressive stress 
$$,,.,,.w;.: 
.$:?:i~?i..' &ucc.W.2 :.,( in the ribs of excavations will tel~d to heal hori- 
.r:<.:t,+,:< .... r .. w,iK,: ,n).,..'r,, ,.... . .. zdntal microfractures. Thus, permeability around 
. ~ $ ~ ~ ~ ~ ; :  &xcpvaions has strong directional dependency. 
,,;:~:$%,~.:!>: g;z;,:: j , . 
,,., .. ,.,.:. .*:~:~:~):..:. ' 
..,> .,*<::<@::>; ,: 
:p.;Qr:.:.. . , 

.cAi:l:!'::t: ...:.:., :.,;:'. ... .., .4. Hydraulic testing 
y..: .' :.:.. .<..;*:. .... , 
.)i.l ..,. * ... 
..%$:;:: : 
.t..:...F?..r . .;.. . .: . 'Pressure-pulse, constant-pressure flow, and pres- 
... .. t;;;;.*;, . , . 

.t4::,!:.:.: .:. . sure-recovery hats .were performed between 1988 
~~;:~:::;,'.,. :, ... . . . . ., . 
"4.:. q::.,: ......,.,. ::,: ,, .. . . ..and 1995 in boreholes drilled from within tile WIPP 
2.>: :'.' .. '. i,T'l.'". , .. . :  exc;ivatioos to evaluate thc hpdri~ulic properties 
$..'..i" ,:.:.:... .?... c.:.:.. .... .....: :.I-.. . . 
cs 5 ;:; 

d~ntrolling brine flow in  the vicinity of the repository. 
A7k::::.. . . .  ,, Tesl locario~~s ai-e show11 it1 Fig. 3, 1nteq)retations crl' g ...:>: :. ,. . :. 
, ,, 

the tests   using the rnndcl GTFM (Pickcns et al., 1987) 
c::..:, '.:...: were reportcd by Beaulzeim et ul. (1991, 1993), &+ : 
w..... .. ..,. . *.C . . 
*!!...;: Do~nski et al. (1996), and Roberts et al. ( 1999). < ,. :v. 
g:;:: :.. 
.,. . , . . , !..\...:. The tests were conducted in boreholes drilled to 
r)...,:. 
g::: .. variety of distatices and in different orientatiorrs with ib:;.".. 
: :  ;... .' respect'to thc underground excavations. After drilling, . , ,.. . .I .. 
! ..., :.. .. . ,. .. . , , the holes were filled with native Salado brine and test 
6. ,;: .. .,. tools with ln~~ltiple r.nckers were installed. The - - 

bottom-hole interval was (he primary test zone in 
each hole, while the intervals beheen packers served 
as either guard zones (to guard agains~ leaks) or 
sccondar-y test zones. Hydraulic testing commenced 
after an initial pressul-e-buildup period. Two yri~nary 
groups of tests were performed. One: set of tests, invol- 
ving 15 boreholes, was performed to determine how 
hydraulic properties were afficted by the excavation 
of B cyliridrical-openi~~g, Room Q (Fig. 3). 'l'he other 
set of tests was pcrforn~ed in I2 borel~oles drilled at 
different locations in the WIPP excavations. These 
tests provided infoilnation about li~rdraulic pl-operties 

.,. 
around existing excavations at tile time of testing. 

A third set of tests involving 12 test holes call.ed the 
SnulH-Scale Mine-By experiment was' performed by 
Stormont et.al. ( 1991a,h). The purpose of these tests 
was to determine how the drilhig of a 96.5-cm- 
diameter hole would affect hydraulic properties 
nra111d the hole. Half of these tests were conducted 
using brine and the other half were conducted usi~lg 
gas. 

Before discussing the results of the three testing 

programs, we will inuod~rce the concept of flow 
dimensions. Consideration or flow dimensions atrecb 
both the estimates of hydraulic properties inferred 
from hydraulic tests and the conceptuulizadon of 
Iiow those p~operties are distribdtcd in space. 

Hydraulic-tesl-interpre~dtion methods have tricli- 
tionally assumed thal flow occurs radially toward or 
awuy fro~n tesl boreholes, and that the flow fills dl of 
thc available spacc. In Iighly hclerogeneous andlor 
hactured syslcms. particularly arour~d an cxcavatin~i 
where the stress field is changing in both time and 
spacu. these essumprion~ may not be valitl. NoLnhle 
anempls to expand well-test-inkrprrtariou marhodol- 
crgics to charucterize non-radial flow can bc round in 
Black et al. (1986). Bill'ker (1988), Noy et al. (1988). 
and Doe (1991 ). wherc the concept of tl flow dio~e~l- 
sion (n) is introduced. Barker (1988) discussed flow 
systejns wiih co~lstul~l hydraulic conduclivity ( K )  ai~d 
speciiic stoxage (S5) where tho Row dime~~sion of the 
syste~~l was related b the power by which the Aow 
aleil changed with distt~ncc frnm the source anti n 
described the geometry of the syslem. ?'he flow area 
in [.his fornuladon is givcn hy 

where n is the flow dimension. 6, the cxlent of the flow 
zonc, L, r, thc gamma function, and r is the radial 
distance from borehole. L. 

The flow dimetlsion nis related to the power-law 
relatiouship betwecn flow area and radial distance 
from die borehole. The flow dimension is defined sts 
the powcr of variation plus one. For example, rbe 
relationship between flow area and distance in a skin- 
dard radial system is given by 

The flow area is seen to vary linearly with distance 
(I - ' ) .  makirlg the tlow di~nension, by definition, two. 
All of the diagnostic tnclhods used to deduce radial 
flow. i.e., the shapes of vaious type curves, clepend .* 

only on the relotio~lship between flow arca and ,.: 

distance (r). The shapes of Lhe type curves are ' 

indepe~ldent of the conslant 2nb, so they provide no 
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Salf-Handling Shaft 

Core-Stotage Library, 1552 m 

I-. -; Yet to Be Excavaled 

NOTE: DriWRoom Widths 

Fig. 3. Map of the k\'IPP iindergroii~~d facifiy slrorving tesi locations. 

inforniarion on the degree lo which the How system diagnostic plots of pressure andor flow-rate charikes 
tills the available space. and their daivalivcs. They interpreted flow $s'beiog 

Roberts et al. (:1999) sllowed thal the dimensional- nun-radial in most of the Ssllsldo intervals in which 
ily oT llow can be deduced for ally type of test from hydraulic tests were performed. Of the 16 test 
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2.  . 73 .:. '..: . R. L Uercuheinr, R.M. Roht-rrs / Juurnc~l rq Hydralugy 259 (-30021 66 ..A8 
i:. .', . . 
jj.:::.. ; 
.,. ;:......, .. responses they considered. they found flow to be two per~neable layers U~at are otherwise separated 
8,jj.y ... . subradial in nine cases. superradial in five cases, and will tend to irkcrease tile flow dimension. In a percola- 
.., .. 
?.:. ... . . . ;.. .. .. in. only two cases. Subradial (a) flow dimen- ti011 network, the now dirrrension sho~rld illcrease as 
.. .. 
" .  . . .  
?..... A:t2,.:.,. 

sious, such as those interpreted frorn the tests of the connectivity of the network increases. l'hus, we 
!::.;>;.s 
. .  Mi3138 in Le52 ar-ld SIP74 aiid of clay J in SlP74. might expect to see an increase idflow dimension in 
;:;:,.i: .. 

:~,i;'.j ..,.... . arc: consistent with a n-~edium in which fl-actures or halite that has unde1-gone dilation close to ui excava- 
.;.; , > .  

3:i.z::~: ..... . Pores are poorly interconnected or a medium in . tion compared to the same halite at a greater distance 
.,. ....... ..: . .... ...,. ,. . which flow is chailneled througll those portions of front an excavation. unless the new pore connectivity 
t' .:.... ... .. ::, 
L . ,  ' f~crures  having the largest apertures. In either case, is highly directional. 
$;., .. 5 : 

(. . .. ,, . , ,  tbc fractures or pores invol\led in flow occupy a Flow dimensions that change as the volunle of ... . . . i'. . 
: . proportion of the radially available space that influence of a rest expands should he expected. For 

;' . ..: 
:. . ., , .. . : .. .. dinlinishes with distance from the test hole. A super- insta~ce. stress relief directly above or below an exca- 
:;. j.:, ', 

, !.: ,..: . radial (>2) flow dimension suggests n systan in vation mily result in a zone of iricnased fiactunng 
:< . .:.. I.. . , 
::.. .. . . . , . which - fi-aciurdpore connectivity andlor density (antllor perrneabiliryj within h e  'hotprint' (vertical 
.. . 
I: ....; 
i . :. . incrkase(s) with distance, or in which the space avail- p1.ojection) of the excavation, with less friicturing 
:. ..: .. 

. : ,  able for flow is exj~anding in a third dimension (e.g. (lower per~l~eabiliry) under the ribs or the excavation. 
8. 

, : . .'. ., .. . . spherical flow). Whzu a propagating pressure transient reaches somc :; .. : 
:: . . Thesc rcsults provide informiltion useful in under- typc of discontinuity that restricls flow, such as a zone 2, ' . 

j :: standing flow through Ihe Salado. As discussed in of decreased penncability 01. in the extrenle. a no- .' '. 

i - detail in Roberls et 01. (1999), howe\~el-~ flow dimen- flow bouadary. the flow dimensiun initially decreases 
.. 

1 . sions we somcwh~t problerllatic in that radial rapidly. Thus, a wpid Ir~ansition to n sul~linear to ncga- 
: (dimension - 2) flow in  a syslcni with distance-vary- tivc flow dimc~ision is hesl interpreted as a qunlitative .. . 

r. ing hydraulic pararnclel-s callnot bc disti~iguished indicatiirrl of a sudden reclucrioli in l~errncabilily a n d  
Irorn non-radial flow in a syste~i, with cvnstant or Row area a1 some distance from the test hole. With .. . 
hydraulic parameters (in a single-well test). In addi- time, the flow dimension will increase to a value . . 

. lion. time-vxyjng (or pressul-c-dependent) properties representing llie rate at which the permeability-area 
i . can be difficult to distin,guish from spatially varying product continues lu increase as the pressuir: transient 

. properties. To (Leal with lhese a~llbiguities, the prvpagates further in other directions (i.e. away from 
concept of variable .flow di~ne~lsions was broadened the 'boundery'). The flaw dimensions fmm lhc first 
to il~clude the nun-unique conlbinntiolls of tcmporal and secoild constant-pressure-withdrawaI (CPW) tests 
and spatial variations in Aow geomelries and 1iyydr.d~- of H-m2 in L4P51, respectively, illuskale these 

,. . 
lic The baseline analysis of ally test could points. The flow dimension was i~litiaffy between 
then be transformed into different, non-unique cornhi- 1.5 and 1.8 duling both tests, reflecting slighlly subra- 
nations of geornetriei and hidiaulic parameters as dial to radial conditions. The flow dime~~sions then . . 

i . desired. ?' decreiscrl to negulive values, reflecting some restric- 
; All of the excavation effects described above are tion to flak with distn~cc li-urn the borehole. Afkr'i 

location-specifik.al~d time-dependent 'and affect. flow trailsition period, the flow dimension rosc and stabi- 
dilnensiolls a~.ound an excavation ia a variety of ways. lized nt a value greakr rhau one but less than the 
If hydraulic properties in an individual layer change ."initial value. reflecting rhe loss in pclmeability and1 .. . 

with distance. from an excavation, a bj~&dulic -test or m a .  
conducted in rllar layer wi.11. likely show'a non-radial ArgiicUo (1991) showed that strcss rclief is not 
flow dimension. Whether the specific flow dimension uniform below an individual room: but is 'breater 
is greater or less than radial will depend on tile speci- where  he room intersects a drift and is less -at the 
fic spatial piittern of vill*iation of hyclrnulic properties. back of a roo111 wherc no further excavatio~~ has 
If a propagating pressure trarlsient encounters a region occuned. A test conducted near the liont of a room . . 
of decreased per~nettbility, the tlow dunension will might, therefore, show orie flow di~nensioll until thc .... 

decrease, while a region of increased permeability pirssure lruisie~~l propagated into lhc higher perme- ,; 

will have an opposite effect. Fractures connecting ability rrgiun below thc intersection of the room with 

. . 
:. .. :. . 

J& 
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its access drift, at which time ;l higher flow ~irnension 
woulcl bc evident. The tests of MB 14.0 in IAP5 I rnay 
provide an example of this. Conversely, a test 
~.o~ld~icted near the back of a room might show a 
decreasing flow dimension for some period of time 
as the pressure transient propagates into the lower 
permeability rock beyoud the footpint of the cxcava- 
tion. At sortie later time. the flow dimension might 
iticrease if the 1xessul.e transient propagdted into o 
higher per~neability region toward the himt of the 
room. Flow dimensions should also be cxpected to 
change with time where hydraulic properties are 
pressure-dependent. Non-uniform (i.e. high-gradient] 
pressure fields in regions wilh varying hydraulic prop- 
erlies must also affect inferred flow dimensions. 

4.2. f is ts  arourrd Noun1 Q 

Roo111 Q was lilined at the weste~n 01 [he S9O 
clrift in iin area that should have been minimally, if at 
all, affected by the ptPesence of tlie other WlPP cxcii- 
vations (Fig. 3). Kuom Q was mined using a tumiel- 
boring machine to create a 2.9-in-diametei. cylind~*ical 
fborn 1.09 in long. Before the rooln was mind, 15 
boreholes were drilled into the west rib of tlie alcovc 
at the end of the SYU hiCt and instrumented to allow 
pore pressure and permeability testing before arid 
after the mir~ing. The holes were drilled so that they 
terminated in three lines, co~nprisirlg five holes each. 
verticnlly above IQPWL-05), vertically below 
(PPP I I - 15). and horizoiitally north (QPP2 1-25) of 
tlie eventual centcrlinc of Lhe room (Fig. 4). All of 
the boreholes tenninate 22.9 m along the length 
of the room ?n a pl&k normal to the axis of h e  
luqrn. hl-.each of the t.hee arrays, the boreholes 
were designed to tcrminale at distances of approxi- 
t~~abl~  2,4, 3.3,4.6, 7.6; aud 13.7 m from the center- 
line of rhe room. The Lesls conducted in these holes - inconsistent with the observed data. 

; b c i i , ~  Room Q was mined should provide the best 
represelltation of far-lield properlies of anyof the 
permeability tests performed. The parameter values 
presented below were derived by Domski et al. 
(1996)'assulning a flow dii~leiision of two; no ffow- 
diniel~siott analysis of these tests has heen peltormed. 

Foul- anhydrite layers were isolated in the Room Q 
boreholes: MI3138 (QPPOl), MB 139 (QPP 13). anhy- 
drile b (QPP031, and anhydrite c (QPP11). All foul. 
a111iydrit.e~ showed irrirnediate pressure-buildup 

.... 
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Fig, 4. St~atigapltic locations of tcst hornholes around Rouln Q and interpnrcd liydraulic prnpertics. 
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: ; to continue to decrease with time. The posl-mining 
. . pe~~neabilities lhal could be estimated for halite inter- 

. . .. , 

. . 
vals fimged from 2 x 10-" to 5 x 10-"; in2 (Fig. 4). 

. . The peroleability of [he H-3 inlervd i n  QPP12 did not 
. . . . .. appeul- to change as a result of minintg Kooln Q. 
. . . . Coiill~aring tlie post-mining responses of Ihe other 
... . . . .  halile inlervals to the pre-mining responses. Domnski 
. . .  et al. (1996) collcliided that permeabilities had 

increased by at least two orders of magnitude. 
The mqjority of the. post-mining exkapolated pore 

pressures 46 m SI-om the surface of Rooni Q (>5 radii 
fr0111 the roam center) were lrpproximtely between 9 
and 10 MI%. Tbe pore pressure imi QPP12 before 

,. , . .  . 
rniriing also fell in this range. Perhaps this pore pres- 

. . surc xcflccrs the mean stress at a distance of 23 111 fro111 

.. .. . . .  . 
:,! . 

::.: . . the instrument alcove at the end oC the S90 dlifi with 
.:.: ,: .'.. . ... . .  . . . .  .... no infl~~cncc from Koom Q. Two to three meters from 

....,,. , , ... 
,:, . 
: .. . > .  ,. . . the surface of Roo111 Q (2.1-3.3 radii), posl-mining 
::;:: ' ' 

.:.:: ... , : . . 
., . . 

pore prcss~m.s were 3-23 MPa, and within I m of 
,.. . . . ...,. .. , .. , ... ., . ,,. .. .... .. .. >:,:.. .. 

Room Q (€1.7 radii), pore pressures were 0.3- 
. -. .. 
. I .  . : 
.::..:; , : 
:I!: '.' : 

3 MPa. 
: ::.: ... . .., , ., ,.... I:. . . . : . .. i. .:. .< 
:/!. . . .  4.2.1. Sutnrnl'rp of'Room Q obserr~arions 
. j i  .... 
::. . ' . .. . . .  . ., . . . . . The pre-mining observations wound Roo~n t,j do 
::','. :: . 
,),,. (,. . ... 
!,., .; ,. 
.:: . . .. . nut provi[le a simple picture of far-field hydraulic 
:.: :. '... . .  
. .. .,.. ;.. . . properties. All four of the arihyclrilc inlcrvals tested 

.: :. : .. .:. ,. .<:. .: : ... . .., . . showcd permeability and pore pressure. Half (six) of 
"... , .,, . . . . . .. 
.:.5 . :. : . , 

tile ,halite intervals tested showcd permeability and 
... . . .. . . .. 
.:,. :.. / ,.. . pore pressure, and half did not. Extrapolated pore 
;$:. ; :; 

, .: pressures in the six perlneable hnlilu in~crvals were :? i i 
!'; <<.! ::. 

only 9.- I 0  MPa, not the 15 MPa estimated as the 
y :  : ' .  . . ..!. : . u~idisturbed litl~ostatic load at the WlPP horizon 
;:.( : : ,:.... . . 
;;, i (Wawcrsik and Stone, 1989). mius, stress d i e f  
: y : ;  ; 
:.. . .. . 
$1 :;, : ~eleted to the p1e8nce of the WlPP excavations 

. .. . 
.,.,. .. . ,,. . . . 
;;,..: i .1 '; jnay have afTecterl all of the test locations even before 
... .:...:.. 
j._::.. , ... : . Roo111 Q was mined. Extrapolated pore prcssurcs in 
: .:. . . . ! ., :. . I .... . , , .. 
. . :  . .  the aahyrlriles (1 2.4- 14.8'Wu) were closer to rhe 
.. . , .., 

::,:.. : : : 
::.. .:. estinmted lithostntic pressure than those in the haclc, 
j . . : . :  , . 
, .:I:..: - .:. - -' .. .-.~;;8g$~;i~~~4~a~;$~9?14!i~~~~~4,\;, h~ J h z  2e~;~i!j%. $g 

[he elyects of mining on penneability. No co~iclusicms 
call be drawo nbout the effects of mining on How 
dimensions because no How-dimension aialysis has 
been pe~for~nexl of these tests. Halite pore pressures 
generally increased with distance h r n  Roola Q. 

4.3. Tests 01 otlzer locntions 

Forty-three intervals were isolated and moriitored 
and/or tested iil 12 boreholes drilled at various loca- 
tions in the W P P  excavations (Fig. 3). Twenty of the 
intervals incluhd anhydrite layers, and the other 23 
intervals included ditierent halite layers. The data 
from these intends are discussed and interpreted in 
Beauheim et al. (199 1, 1993) and R O M S  et ill. 

(1999). These tests urerc conducled at val-ious 
distances and oxientatioi~s around excavations of 
different sizes and ages. Thus. lhc xsulls represent a 
combination of etfects not easily disentangled. 

Four of the intervals woultl not hold brine under 
pressure: C2HUI-A guard zone (map unit 6), Sl Wl-  
A p x d  zone (MB139), and SlP73-A guard zone 
(anhydrite h) and test zone (anhydrite a). The 
C2H01-A 'and SIP7 1-A gunrd zones were 0.5- 1.6 
and 1.2-2.3 m, rcspcctivcly, below the floors of exca 
vations (Figs. 5 and 6). The SlP73-A goard and Lcst 
zones were 1.5 -2.6 and 3.4-4.8 m, respectivelyt 
directly above the roof of Room 7 in Panel I (Fig. 
6). Floor hcavc at the first two locations and roof sag 
at the last locatioi~ prohnbly incmsed pernieabilily 
and porosity beyond ~ h c  capacity of the fomlation to 
keep it filled with brine. 

Thee  of the inlcwals showcd no pressure response 
indicative of permeability or pole pressure: C2H03 
guard. .zone and Lesl zunc (both map unit 9). and . .C 

SCPOI-A guard zone (map uuit PH-4): 'The test and 
guard zones in C2H03 wcn. 7.9..9.1 and 5.9-6.9 rn, 
respectively, froin the rib of Room C2 (Fig. 5). The 
qp~~?, ,zq,n%,i$-sCJQJ ,1~2~8,.&,9$~~q, [ r o , ~ & ~ [ l ~ ~  - 
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i. .. . . .  Test values are shown next 
. . .  e 
:. to the boreholes and are The diagram origin (0,O) is 
. . 3 g arranged as follovils: located at the juftctlon of 

3 2 /&-Pore pressure (MPa) the room floor and west rib 
i t ,  

j 3 .  right-Permeability (m2) 
;: far right-(flow dimension) 

I. 3 
m - 

... . . Fig. 5. Struligupllir: locations ul Isst borcbnles zlro~~nd Room C1 md interpreted l~ydnulic propcrtics. 

. . .  

(six halite and 12 onhydrjte intervals) ind pore pres- 
sures were estimated (or bounded) for 31 inlcrvals (15 
halite and 1 6  anhydrite intervals). Estimated halite: 
penneabilities ranged from 1 X m' in the 
CZHOI-B lest zone (map unit 0). 4.5-5.6 in below 
Room CZ, to 3 X 10-'%m"n the C2HO1-A test zone 
(map UI-tits 4 and S), 2-1-25) n~ below Koo~n C2 (Fig. 
51. Estimated Anhydrite permeabilities ranged from 

2 x 10 " ln' in the C21102 test zone (ME 139). 9.5- 
10.7 In from Kooni C2 in a borehole angled down- 
ward under the rib, to 9 X 10-I'm' in h c  SCPOl-A 
lest zone (MI3 139), 10.7- 14.8 m below and away 
from il back corner of the core-storagc library. Non- 
zero halite pore pressures rmtgecl from 0.5 MPa in the 
C2HOI-A test zonc (Fig. 5 )  to 8.7 MPa in SlY14.4 test .' 

zone 2 (map units AH- I [clay J] and 11-5X 13.2- 14.3 rn 
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. . . . . . . . .. . . -- 

Test values shown nexl to the 
boreholes are arranged as 

Itlt-Pore Pressure (MPa) 
righl-Permeability (m2) 
far right-(llow dimension) 

(-)-no Ilow.dirnension 
analysis: n=2 assurned 

Shaded bars ( I )designate 
test intervals. "AY intervals . . 

. 
are closest to the rooms 

The diagram origin (0,O) is 
located at the junction of 
the morn floor and west rib 
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.: 

$:' 
...... 
3 . .  t R.L. Beo~r/~eirrr, R.JM Roho-Is /Jo t1  
3 .. 
C . . . .  
8. 1. . , : a~lgletl upwards and away from Room 7 in Panel I ... 
>. 
3 . .  

(Fig; 6). Nun-zero anhydrite pore pressures ranged 
,... ;' . ,  :..:.. . from 0.3 MPn in the L4P5 .[-A guard zone (MB 139): 
.:.. . ) ..... 
> .. . . .  . . . .  1.5-2.4 m directly below Room L4 (Fig. 6) .  to 
c.:::,:. ;:.:;',.. 
. . . .  $:,:;;: '. 

13.5 MPa in the SCPOL-A test zone. 
. . . . . . . .  ........ ,:: ..:.. 

In some cases, per~.r~eabilities were found to be 
::;..i ,. . . , 

dependent on the pressures at which the tests were 
> . . . .  
!I:..: conducted. As the test fluid pressure increased. the s.:.:,: i:. ;:;.,;; ;.: ,. .. :. . . . .  .... effecrive stress decreased and permeability increased. 
I. .... 
F;... .. This is interpreted 8s fracture aperrures increasing 1;:: ;. ... 
. , ,  ..;.'.. . , with decreasing effective stress. Pressure-dependent 
I::... .. . ..._... ..... 
. <. :..: . . 

permeabilily was obselbved in both anhydrite and 
<,.,.,: > '  . , ,., . h i l l i ~  layelas. ......... :::; ..... ..... .... : ::,.' .,:'. .......... 
L.... ... .:.;.. .. .... ;..::..:;, : 
,>:;..;..,... ....... ...... ,. ( 

4.4. S~ncill-scale Mine-by 
........ 

...... :., 
A,... .... 
9 ../ .. ... :.. 
;;;..;j: 
I . . . . .  ?. 

Stonnont et al. (:1991a.b) performed an expel-ilneot ..... ".. <. . '  ;:': .'." . 
):;: ...... .... designated the Small-Scide Mine-By Lo rlclcl-mine thc 
<.: ......'. 
: . eflects of excavation on fluid saturation and perme- 
?::::,! .. 
.. ,. ............... ...... 
E.?. :.. 

ability of the s~m-ounding rock. Thcy drilled an array 
j;.;::::. : of 12 4.8-cm-diameter boreholes to a depth of H m ............ 
&;',,: ,,:. 
. . : below Koom L1 (Mg. 3) at dirfcrcnl radial distances 
k.,,<, .. " ........ 
: ...... lkom where tbey would later drill a 96.5-cm-dian~eter 
:.: .... ?>:..'. . 

:.. .......... . . . .  hole.' They isulatcd ~ h c  iowcr 65 crn of each borehole 
.._. .: ... :. ...._.... ...I.'..... . 
:, ...... :..: . ([nap unit 11-2) and filled six of the holes with brine 
:I... 'i. . .  
3.1:;:. .:. :... . and six with gas, all prcssuuizrd Lo 2 MPa. 'I'estirig 
::.',:.: ' :.; .,, .:" ...... ; showed brille pore pressures of 2.7-3.6 MPa, -,. . , . . >: v: : , 

s:::::::.:: .:I. .: ': 
brine permeabilities ranging from 1 x lo-" to 

c;::, . , 2 x lo-" 0n2, and zero perlllzability to gas. After the *; : . . 
. ., 96.5-cm hole was drillcd in the center ofthe test airay. 
:; .:' "... . 
: . . .  , ,  

additional tests were performed in the horeholes. 
: ,  . These tests showed lhal pcrrrieebilities within 
.: . . ;.. < .  . .  approximately two radii (24 of the center of the 
. . . .  ) .  . .  

, . 96.5-cni I~ole increased wilh proxirnily to the hole, 
.5.: i.:: . . . .  with a,,maximum increase of nearly five orders of 
>,::, , ; .' ,: 
- ;.:. . '.. . magnitude to Y X LO . I" rn' at 1.25r. Pore pressures 
,, ..,!I" 

j;. - : 
<.. ........ . .' 

were reduced. out to 3r. Within approxinlatel y I.Sr, 
: .,- ;.. . partially s~ituralcd condilions and nieusuxable gas 
<'.. . ........ 
. ,  , . perrneabiliry developed. 

' ?'. . 
:.. ,.:, 1 . 
:.z:..~ . . The tests. dcscribcd by Slorrnont kt al. (1991a,b) 
.,.. '. 
L:. :: . : . were all co~lduc~ed over an appl-oxinlately 250-day 
:.: : . . ,. :. ...... ... period after the 96.5-cm holc was drilled, so did not 
g,. :. evaluate ai~y collri~iuillg time-dependence of hydlau- 
:.. . .,. . 
9 , ., 
$. 

lic properties. Thc low inilial pore pressures also indi- 
r : .  cate that the test horizon had been afiected by stress 
v .  

. relief' resulting lion1 the excavation of Room L1. y :  ' , 

' '  ' Thus, the respollses observed by Stomont et al. 
I. . 1.: .... (1 991a,b) were probably superi~nposecl on an 
:+< . . .  ... 

already-disturbrd rock mass. Neverlheless. Lhe test 
results cleal.ly showed the development of ic partially 
saturaied zone around lhe 96.5-cm hole, increased 
pernleability, and decreased pore plsssu-e. 

5. Obse~red spatial variations in hydraulic 
properties 

The values of pernieability and pare prcssurc 
inl'crred horn the tests in the WIPP excavations are 
discussed below in the context of thc fnrcgoing 
discussiur~ and plotted versus dista~~ce fro111 an exca- 
v;~tion, We cannot hc ~ ~ l - t i i i ~ ~  that any 01' our ksl 
results ax representative of conditio~~s in the far 
field, completely unarfcclcd by the presence of the 
WIPP excavations. The permeability of anhydrite is 
typically highcr lhan lhat of halite. Pore pressure is 
de~ilonstrobly related to distance from an excavation. 

Fig. 5 shows tbe iatenlals tested in boreholes h l l ed  
from Room C2 and Lhc propcrtics inferred from the 
tests. The tests were all pelfonned roughly 4.5-5.5 
years after the mining or Room C2. III MB139, both 
the perl~leability and now dimension were higher 
directly bcncath lhc room (C2HOl-C) than beneath 
the room pillar (C2H02). This probably reflects frac- 
ture dilation and/or incrcascd fracturing due to stress 
relief directly beneath the room. In contlast. halite 
permeability dccrcascd while tile flow dimension 
increased with distance below the room. We speculate 
that excavation clTccts caused increased, but tlirec- 
tionnl, permeability close to the rooni. The high 
i-low..dimension (2.5) observed i l  the C2H01-B test 
zone Gay indicate. that the tested unit. map unit.0, ha* 
little anisotropy bclween horizontal and \.el-rical 
pel'meability and that sectiolis of the unit above and 
bclow ~ h c  isolated interval conrributed to the observed 
response. No pore-pressure I-esptmse indicative of 
perrncability was observed in rhe clean halite of 

' 

il~ap unit 9 in the room pillar (C2H03). 
Fig. 6 shows the intelwtls tested in boreholes drilled 

from Rooms W and 7 (Wiste Pmel 1 ) and the proper- .:. 

Lies infcl-rcd from the tests. MI3138 had the lowest. " 

permeability and the highest flow dimension when .. 

il was Lested directly above a rooln (SlP73-B). we'' 
would have expected to ohser\~e bolh Lhc highcst 
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Location oi Test Interval: . Floor .: Back !:jPillar 
A Anhydrite Tests 

Radius-Nurn~alized 
..-.., Distance Span of 

Test Interval 

Repeated Test 

Normalized Distance from Excavation Surface (radii) 
II~I.GR::I.I~.~I 

Fig. 7. Int~ryreted average yermaulrili~es versus 

permeability and flow dimensio~l in rhis position 
bccause ul'slrcss rclicl. Howcvcr, h e  SlP73-B tcsting 
'was pelformed allproxinlately 3.2 years after the exca- 
vation of Room 7. whcroas lhc S 1 P74-B and L4Y.52-B 
tests of W 4 3 8  nbois'room pillars were performed 
?,pproximatcly scvcn and lour years after excavation 
of Roolns 7 and L4. respectively. Hence, the age of 
the cx,avulions a1 thc tin~e'of testing may have had 
some effect on the results. The units that were testain 
Lwo bu~xholcs wilt] sirililar orientations generally'had 
sinlilar permeabilities and flow dimension< The 
LAPS I-B and SIP71-B tests of dmhydrite c, which 
were, lxrfor~ned when the rooms were of similar 
agcs!(Roorn L4 was 1.7-2.6 years old at the time of 
testing while Roo111 7 was 1.7-2.2 years old), 
providcd sirnilar results, The LilY52-A and SlY74-A 
tests of anhydrite a provided si~lular results, eve~l. 
though Room L4 was 2.2-3.2 years old at the time 
of testing while Rooin 7 was 4.4-5.3 years old. The 

radillr-aurrnalized distances from excavations. 

largest difference in pern~enbilities, nearly m order of 
magnitude, was obscrvcd in lhc L4P5 1-A and S1 P7 1- 
A tests of map unit PH-3. The tests were performed at 
similar times relative lo the a g s  01 hc.  ruums (9- 15 
and 8-13 months), so we attribute the difference in 

..,permeabilities lo natural heterogenci~y. 
' Fig. 7 presents a plot of average permeabilities 

versus radius-nornlnlizd bst-inlerval dishccs from 
an excavation from GTFM simulatio~ls of the tests 
discussed in Beauheim et al. (1991. 19931, Domski 
et al. (1996). and Robelts et al. (1999). The distances 
were normalized by dividing the dista~~ce 01 each Cest 
interval along its borehole by the radius of the room in 
which the borehole originates, where the rooin radius 
is defined as one-half the diagonal distance across the. 
room in cross section. (Distances for the QPPxx teit 
intervals are ~~ormalized with respect to eitherj'tl~e 
instrus.rentetion alcove fmm which the ho1es';vere 
drilled or- Room Q. whichever was closer in terms of 
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at the time of testing.) The pelmeabilities of 
of the tested unit,s shown on Fig. 7 are believed 

to be pressme-dependent. The permeabilities shown 
on Fig. 7 for these test.s are the petn~cabilities corre- 
~~~ondding to the static pore pressures in the tested units 
prjcx to testing. Testing sequences performed in the 
~4P51-C1 guard zone and JAP5 I -C2 test zone 2 were 
tests of the same halite interval over different time 
periods. so thc estimated permeability valnes are 
shown as a range for a single interval on the figure. 
Ranges are alst~ shown for other intervals (e.g. MB 140 
jn L4P5 1) for which dityel-ent pe~~~~eabil i ty  estim;ctes 
wcre obtained. 

Fig. 7 shows 1.4 values of halite permeability i~nd 1G 
values of anhydrite per~neability. No co~~elations u e  
evident between estimated halite os anhydrite perme- 
ability and radius-nom~alixcd distance fronl an exca- 
vation. The lowest estimate of halite permeability, 
2x  10-"hm', is from QPP14 after the mining of 

I ........ 
p".; :;..: '. ... 
, . . Roorn Q, approximateIy 1.4 room radii from the exca- 
;;.;:,.. :.::.~,,,:.'. . 
,... ,:. . vation. All halite permeabilities fmm test intervals 
?<.. :::, 
.r .? 

. . . .  li . : ,  two or inore room radii fro111 nn excavation artt higher 
>.' ... 
. .'-... . . .. than this value. The highcst halite permeability esti- 
s:.: ',, 

:::. <... . .. mate, 3 X m', is fruni the- C2HOl-A lest z,one, 
.. . > ' '  .. app~.oxiximately 0.6 room radii below an excavation. 
i...': < .. '. 

I :  .: ' The lowest estin~ate of al~hydrite permeability, 
$ '  2 X lo-" m', is from the C.2HUZ test zone, approxi- 
&. mately 2.4-2.8 room raclii fro111 the excavation in a 

borehole angled downward under tlie rih. All fire 

1; 1. estimates of anhydrite pen~ieal>ility from distances 
i .  . . greater than three room radii, both in angled and 

vertical boreholes, are greater than this value. The 
:: highest estimate of anhydrite permeability, 
; 9 X  10.. I"'. is f r d  MI3139 'h the SCWI-A test 
.. , , . zone. appi&ximately 2.4-3.5 room radii below and 
:: ' .  

i beyond an. excavation. 
$ .  No con.dati&hs between permeability and distance 

from an excavation can be defined from Fig. 7 even 
i: wtie~i the angled-hole tests ru-e consiclered sepm-ately " 

!. from the vertical-hole bsts. This is not to. argue. that 

$ permeability is rzot affected by the excavations. As 
I discussed in Section 3.2, changes in the stress field 

around excavations likely cause both illcreases and 
! reductinns in penneahility at different l~xations and 
1 times. But both halite ancl anhydrite pameabilities 
f seem to range over several orders of magnitude just 
; .  because of variations in minerdlogy and otl~er natural 

heterogeneity, Excavation-induced changes sl~perim- 

posed on this aatural variation cannot be identified 
without pre- and post-excavation testing at each speci- 
fic locntion. 

As noted by Bet~uheim et al. (1993), estimated 
pernieabilities such us those pres&lted in Fig. 7 repre- 
sent average values assuming that the tested intervals 
a n  homogeneous. If the observed responses are domi- 
nated by sil~gulnr features (such as fmctures) rather 
tliari by uniform properties. rhen the average pesme- 
ability values shown in Fig. 7 might not be masling- 
fill. Another factor co~~iplicating the cornpiirison of 
permeability values is the relationship between 
per~neability and flow dimension. The expression 
'flow diinension' is used in this paper to represent 
the conlhined effects of changes in permeability and 
flow peonletly. Thus, the 1.epor1ed value of penneabil- 
ity depends on the value used for flow dimension. For 
a given response, as the value d flow dinlension used 
to interpret that response increases, the estimated 
permeability decreases, and vice versa. Even ~ I i e n  
flow dimension is clearly defioed, we have no wiy 
of knowing without additional information if the 
dimension is caused by changes in permeability or 
changes i n  the ~eornehy of Row. The reported perme- 
ability values are. based on the. following usumpliuns 
and are estilnated using a multi-step analysis process. 
The tneilsured for~nat io~~ response is matched initially 
using constaut values of K and Ss and distancevarying 
11 [rr(r)l, if necessary. The flow dimension in the ncxl 
step is then assumed lo be constant and equal to the 
late-time value determined in thc prcvious step. 
Corresponding K(r) and S,(I.) functiolls are calculated 
such that the siinulated response is identical lo .that 
oblained with # ( I - )  and constant K nlld S,. The late- 
time valug of K(r)  and Ss(r) are constants tbal cone- 
sporid to the specified value of ri. These late-time 
values of K and S, are the reported values, assi~med. 
to be the representative values beyond the DRZ (skin) 
around the last borehole. These assumptions. may or 
may not be valid. 
Only five of 14 halite permeabilities art: equal to 01. 

greater than 10--'" m': those fiom U P S  I-Cl-GZ, 
C2HOI -A, S 1 W4-B-TZ2, QPPOS post-mining. nnd 
SOPOI-TZ. The L4PSl-Cl guard zone was unlike 
any other zone tested illld the resson Ibr high penne- 
ability in halite H-rn2 is unknown. The other four ;.. 

halite permeabilities greater than in' all col~le ' 
from test intervals that are witlun approximately 2.6 
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room radii of iin excavation ;ll~cl/or coiiraill siplificant trencl of iricrensing pressure with distance from the 
clay seams. The C2HO1-A test intewal was approxi- excavation. [Only a lower bound on pore pressure is 
mately 0.6 room radii below the door of Room C2. a available from the seventh (Dl interval in WY51.) 
locatio~z where excavation-induced disturbance would Pore pressures tend to be most reduced directly 
be expected. The C2HOi-A tests were also the first of . above ai~d below excilvath~~s. as shown by atmo- 
the permeabiliry tests to be performed. and later spheric-p~~essurr (unsnturated)conditionsencountered 

these. over a 0-3.5 MPa absolute pressure rmge are and in two test intervals 0.2-0.8 room radii into the 
likely to be significtmtly affected by pressure-depen- roof of exca\~ations. With one exccptiocl. the highest 

an excavation, included clay D. 

high per~neahilities are not necessarily causcd by I1.4MPa (extrapolated to 12.9MPa). 10.5 MPa 

5.2. Pore y ressriru 

1.993;' Dornski eel al.. 1996; ~bber t s  et al.; 1999). a\., 1996). 
Thc pore pressures were estii~lated fro111 GTFM si~llu- . 

A geilelal ' trend ol  increasing pure pressure with 

for both allhydrite and halilt. intervals. Figs. 4-6 show the pore pressure) in MB140, 24-29 rn (-six room 
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magnitude lugher than the lowest halite pe~neabilily, also be cxpected to be equal to lithostatic pressure. A 
2 X m'. In general, anhydrite permeabilities are pore pressurc approaching 15 MPa. conespondi~~g to 
greater than 10 '" m' and halite permeabilities are the estimated undisturbed lithostatic pressure at lhc .. 

generally less than that value. The consisteocy of WIPP 1101-izon Wiwcrsik and Stone, 1989). has " 

j 
i 
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(Do~nski et al., 1996). Even at the greatest distance interconnected network. 
from the WTPP excavations at which tests have been 

pore-pressure ~eduction in response to stress relief Salado in sewn horeholes showed little flow but clear 
that1 anhydrite. Thus. observed pore pressures are pressure buildups (Mercer, 1987). Likewise, two 

g. 
consistent with all testing having been conducted boreholes registered positive pressure b~iildups at ;. 
wirhin the region of stnss relief around the WIPP the wellhead indicative of biine leve1.s ahove ground f 
excdvat.ions. 

6. Evaluation of data and conceptual models 

15.7. l:f~r:fielcl p~rnieabiliry 

A11 six anl~ydrite layers lcslcd have show11 pl.essule 6.2. per-colc,fir,,f n,odtl 
responses iridicadve of permeability at a11 ~imcs and 
localions. Iiiasn~uch as IIO arlhydrile testing has been The res~ur~scs observed during tlie tests conducted $::.,. 

is in fact yelaleablc in the Fir field. 

;. . . 

tions, we do not believe that Lhe observed permeabil- 



($13) 998-3256 
>.... 

Order # 04366406DP03555163 Tue Jan 20 17:45:17 2004 Paae 21 o f  24 - 

=ient dilation miry have occunecl at these locations to scales. Pore pressures have decreased in response to 
create $11 intercon~lected pore network above the dilation. fracturing? and flow to the repositoly, result- 
per cola ti^^^ threshold. ing in partially satu~nted andlor two-phnse conditions 
. , Further evide~~ce for the lack of interconnection in some locations. Perineahility has increased in sotne 
among all halite por0sit.y comes from geochemical locatiolls due to dilation, microhhring,  and shear 

.o]Jservatiws. Krumhansl et d. (1991) discussed and extensional fl-amring, but decseased in other 
different hrinc chemistries associated with closely ' locatiolls because of vertical stress concentration. 
spsed ( < l  111) weeps in the ribs of WrPP excava- Hence. the repository is surrounded by a portiolly 
tjons. The pore diffirsivity (Dl,) required to prevent brine-saturated zone with increased porosity and 

'. these chemistries from equilibrating over a distance permeability which sacles outu~a~-d illto a zone at 
of 1 rn for 250 milliorl years (7.9 X 10'") would he full brine saturatitm with altered permeability and 
on the order' of high hydraulic gradients, although the pressure is 

lower than in the far field. This zone of altered penne- 
ability may grade into a regio~i whelt only pore pres- 
sure has been altered (:lowered) from fx-field No pore difisivity data arc available lilr halitb, hul 

the lowoat la,.e diffLsivities repl,rled by ~ h l ~ ~ ~ ~ ~  ~,,,j c~n~Jilions, whicl1 in turn gides outward into t l~e 
undist~irbed far-field formation. The extent and prop- Nerc~nieks (1995) for otller low-porosity rocks (gran- 
erlies of these zones are continuiog to change as the ile and gneiss) are several orders UP magnitudc higher 
stress field around the repository evolves. than this'value. Hence, halitc pores mnusl. he extremely 

On lhe time scale of the operalional period of W P P  paody connected. Consistent differences are also 
(decades), the fnr field lacks the capacity to fill all of no!cd betwecn the chcmistries of h~~ines from 
the ncwly cseated porosily in and around the reposi- MB139, MB140, and rilay unii 0 (Roberts et al., 
tory, much less pressurize it to near lilhostatic prcs- 1999) that .suggest that those units are not vei~ically 
sure. After WPP is closed. Titr-field flow toward the iate~conntrted. Huwcver, these co~~clusions about 
rel~ository will continue, hut the overall 'heating' o l  lack of coi~necljvity in halite nre bascd an averagc 

c o m p ~ $ ( ~ ~ n s .  At tIlc ilidividual sample level, stllne " amund the wposi to~ (closul'e) and 
co~npactio~l of the crushed-salt backtill will acl to percentage could he connecled. Rrhaps a percolation 
reducc both thc hydraulic gradient and the porosity network exists that is somewhere helow saturation, so 
present near the waste. Thus, the amount of brinc sornc poilits in i t  are isoh~.cd. We do not know if thc 
that cver colncs illto contacl with waste will be percolutjw~ network is also subcritical (below the 

N~~ do blow if this differs cofitr011ed by the relative rates at which brinc flow 
and rcpsitol-~, closure occur. betweedwithin layers and lociltio~a. 

Peach (1991) also noted thnt the creationlenhance- 
merit of perrqeability during tlilntion could be simul- 

..... -. taneously cd1mteractr.d by the hcaling of fractures in 
halite, This implip that pemeability is a dynamic '. ImpNcations for 
properly that cannot be ~neasured at one time and 

,.The cxistence/occurrence of excavation-induced Lhen ,,assumed to remain constant.. The anomnlous- 
permeability and pressure changes. pressure-d~pen- hppearing chaltges in pore pressure obseived in bore- ,, 

holes QPMZ, dP~04, Q P P ~ ~  after the rniliing of dent pelmeability, and non-radid flow dinlensions in 
 he Salado has iinplicatiojls. with regad to modqling Room Q may reflex1 ongoing changes to thc pore 
of flow and transport. If hydraulic propelties a1.e nclwork. 
depende~~t 011 current and past stress states, permeabil- 
ity values derived from tests conducted at locsrtio~~s 
under particular srress regimes cannot be assigned 

The porosity nf the rocks anland the WlPP excava- throughout a modeling domain with sl variable stress 
tions appears to have increased. in some places signif- regime. A rigorous model should include a coupling 
icantly, due to dilktiou arid fracturing at a variety of between hydraulic properties and the stress field, with 
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a full recognition of the tirne-dcpencle~~ce of condi- but flow iiray be overestimated after the repositoq 
tior~s and properlies. pressurizes and gradients decrease. 

Finite-difference and linite-elemenl models 
constricted wilfi homogeneous layers have impli- 
cit How dimensions of 2 if the permeable layers 8. Conclusious 
are colllpktely confined or some value between 2 
and 3 it' different layers have different properties . Our conceptual model for far-field Salado hydro1 
or properties are anisotropic. Incorporating herero- ogy involves permeability in anhydrite layers and 
geueity in permeability within layers car1 alter the least some impure halite layers. Pure halite layers a 
flow dimension. We now recogiiize that no some impure halite layers Inay m t  possess an int 
inferred value of permenbilily can be separated conuected pore network adequate to pcovide pe 
from ils associated flow1 diine~lsio~l. If a perrlie- ability. Pore piaessures are probably very clo 
ability estimated assuming a subradial flow dimen- lilhostatic pressure. In the near field (DRZ) 
sion is usctl as input to a holnogeneous flow an excavation, dilalial, creep. and shear have 
model, now will be overestimated. Flow may, andlor enhanced permeal~ility and clecre~~s 
likewise. be untlcrcstimated if a pelmeability esri- pressure. Very close (<1 
mated assuming a greater-than-racIiaI flow dimen- thcsc changes have resulted in partially 
sion is user1 in a model liavil~g an implicit. conditions. Whether flow occurs in the 
dimension of 2. uildcr nalural gradients or only after some 

Lxh of tile Iaycrs of the Salado npresellted in gradieilt i s  reached is unknown. If far-field 
the nxldeling for the WIPP Colnplinllce Ccrtifica- occur, mcanpore velocities are p~.ohably on 
[ion Application (,US Dcpulment uP Energy: 1996) of a meter per Iiurlcireds ol' Ulousands t 
was lrcalcd as homogeneous; As a result, lllc CCA nlillior~s 01 years. 
~nodeli~lg calculated a Imgc1- brine iiux toward and Pressure-pulse, constant-prcssurc flow. 
away from the WlPP repository than wonld have sure-recovcry tcsts have been perfor~ned in 
beell calculated had condilions giving the subradial and halite intervals to evalualc Lhc hydraul 
Row dimensions observed in 111ost of the tests bccn ties controlling brine flow through the Sa1 
implemented. However, lhc same CCA modeling abilities ranging from approximately 
would, for a given flux, nnderestimate the distance 3 x 10-"m2 have bee11 interpreted 
to which brilie would iluw away from the reyosi- conducted on 30 stratigraphic inlcrvals 
tory bccause i t  would assume that the brine was of tlie WWP undcrgn~und excavations. 

. spread evenly througli lhc cnlire voluine of rock age permeability vnlues for nnhydri~ 
instcad ul' being drannelecl witt~i~l SUIII~ :  srr~itllcr spproxi~na~cly 1 0  " ' - lO~- 'S  m'. while 
percentage of tlie volurnei Bascd ?in the test results are less than 10-" m'. In the far ficld 
prescnlcd in Rpberts .et 81. (1992)). the Salado might abilities arc pr"bahly less than 10-" m 
better be  nodel led as a helcmgcneous medium with bly in lipldy aigillaceous halites. Pole 
11on-radial How din~ensions. stratigraphic intervals wnge from 

All of the Salado permcability . Lests were 14.X.MPa. 
co~iduclcd under conditions of induced high Pe~.menbilitics of some te 
hydraulic gradients. Success in applying a Dgrcy-... ... iuund to be dependent on the plxsnl 
flow nlodcl to the'interyretation of these t&ts docs tests were conducled, which isinter 
not necessal.ily imply lhal the model would of fracture apertures chailging in r 
providc u valid descriptioil of flow thougtl Ihc in effective slress. Flow dimens 
Salado u~ider natuml low-gradient conditions, as most test responses are subradial 
discussed by Beauheiln et al. (1993). The avail- reflects chanrleling ol'flow throu 
able data suggest that 21 Darcy-llow nlodeI sl~ould or portions of fractu~es. tliat o 
adequately describe Aow in the near-field around proportion of the radially avail 
the WIPP repository. so lorlg as gl-adicnts are high, percolation iietworks that a 
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