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FlJRLWOl<ll 

Tt1e purpose of the Environmental Evaluation Group (EE(1) is to conduct ctn 

independent technical evaluation of the potential radiation exposure to people 

frorn the proposed Federal radioactive LJaste Isolation Pilot Plant (HifJP) near 

Carlsbad, in order to protect the public healtn and safety dnd ensure that 

there is minirna"I environmental degradatior1. The EEr; is part of the 

Environmental Improvement Division, a component of the New Mexico Health and 

[nvi ronment Department -- the agency charqerl with the primary responsihi lity 

few protecting the health of the citizens of New Mexico. 

The Group is neither a proponent nor an opponent of WIPP. 

Analyses are conducted of available datri concerninq the proposed site, the 

design of the repository, its planned operation, and its long-term stability. 

These ana 1 yses inc 1 ude as sessrnents of reports issued by the IJ. S. Department of 

Energy (DOE) and its contractors, other Federal agencies and organizations, as 

trey relate to the pote:itial health, safety and environ11ental impacts from 

The project is funded entirely by the U.S. Department of Energy through 

Contract DE-/\C04-79AL10752 with the New Mexico Healtt1 and Environment 

Depa rtrnent. 

Robe rt H. Neil l 

Director 
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SUMMA HY 

The data from ERDA-6 indicates a naturally fractured reservoir of the 

two-porosity type. The best estimate of the volume is about 60 thousand to 

120 thousand barrels. The data from WIPP-12 also indicates a naturally 

fractured reservoir of the two porosity type. The best estimate of the volume 

is about 5 million to 10 million barrels. The excess pressure above 

hydrostatic pressure suggests that the reservoirs were formed many millions of 

years ago. The location of the fractures sugqest that their formation riay be 

connected to the tilting of the Delaware Basin as a unit. The effect of the 

flow testing data on a drilling scenario through the repository many years 

following its closure is evaluated. 

ii i 



1 INTRODUCTION 

This report represents an independent analysis hy EE(i of the flow and pressure 

data obtained in the testing of ERDA-6 and WTPP-12, two drillholes which 

encountered pressurized hrine in the vicinity ot the IJIPf1 project. The datd 

were obtained from six volumes released by D'Appolonia and known as the "flata 

File Report ERDA-6 and WIPP-12 testing" (rP.f. 1). This report is organized in 

four sections as follows: 

1. Reduction and analysis of EfWA-6 datil. 

2. Reduction and analysis of WI PP-12 data. 

3. Explanation of the brine reservoirs near the tn1ip site. 

4. Effect of well testinq data on intrusion scena r'i o. 

The first two sections are adequately rlescribed hy their til:le. The third 

section combines the results of the first two sections w1tti work fro111 the 

scientific literature to estimate the age and size of tt1e r<"Servoirs and to 

elucidate their mechanism of formation. The fourth section discusses the 

significance of these data on a lonq-term rarlioloqical consPquence study. 

2 REDUCTION AND ANALYSIS OF ERDA-6 D/H/\ 

2.1 Geologic profile of ERDA-6 

The dimensions and the geologic profile of the ERDA-6 borehole are presented 

in Figure 1. The location of the main fracture where the brine was 

encountered is based on coring and well loqging rlata. Figure 2 sh().VS the 

densilog and the compensated neutron log. These logs were ohtained prior to 

the reservoir testing activities. 

The densilog sh™s three fractures from 2710 to 2720 feet while the 

compensated neutron log indicates a sinqle peaked curve with a maximum 

porosity of 12%. The fractures are located near the bottom of a 180 feet 

thick anhydrite layer. Ttw density of the anhydrite fluctuates between 2.90 

and 2.95 gm/cc indicating a density sliqhtly less tt1an 2.98 gm/cc, the maximum 

density of solid anhydrite. 
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2.2 Reservoir Testing Activities 

Two techniques were employed to acquire hydrologic data: drillstem testing 

(DST), and flow testing with associated subsequent pressure buildup testing. 

The arrangement for the DST,.is shown in Figure 3. The Lynes packer assembly 

contained three pressure transducers and three thermocouples. Two of the 

three pressure transducers, located 47 and 48 feet above the main fracture, 

measured the pressure in the tested interval. The third transducer, located 

50 feet above the main fracture, measured the pressure in the well annulus 

above the packer. Two drillstem tests, each consistinq of two flow periods 

and two pressure buildup periods, were performed on 10/29/81. 

Three constant drawdown-variable discharge rate flow tests were conducted 

foll0;1inq the DSTs. Flow test #1 was performed with the Lynes packer in 

place. The brine discharged through the 2 7/8" NSO tubing and pressure was 

monitored downhol e. Fl ow tests #2 and #3 were performed with the Lynes packer 

removed. in flow test #2, the pressure buildup following the flow period was 

mo n i t o red a t t h e s u r face w h i l e i n fl ow t e st # 3 t h e p res s u re bu i l du p w a s a t 

first monitored downhole and then at the surface. 

Figure 4 su1111narizes the flow activities. 

2.3 Pressure Buildup Data 

The pressure-buildup data indicates a naturally fractured reservoir of the 

two-porosity type. This is illustratd in Figures 5 and 6 which shCM the 

pressure buildup versus loq time following the final flow period of drillstem 

test 2680-2 and following flow test #2. The terms at the top of Figure 5 are 

taken from figure E-1 of reference 2 and are indicated for the following 

qualitative description of the reservoir: the front end effect curve 

indicates deep fractures, i.e., fractures that extend far out from the 

borehole; the infinite acting curve is short, less than 10 minutes, indicating 

a sma 11 region, the first poros i t.v; the boundary curve i ndi cat es in fl ow of 

brine from the main body of the reservoir, the second porosit.v. In figure 6 

the first porosity is indicated around 10 minutes and the second porosity 

4 
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after 300 minutes. The USTs and flow test /fl, all with a small outflows of 

brines, provide data on the first porosity. The pressure buildup following 

flow tests #2 and #3, both with a larger outflow of brine, provide data on the 

entire reservoir or both porosities combined. 

Figures 7, 8, 9, 10 and 11 are Horner plots of the pressure buildup data while 

table I is a SLJTimary of the permeability calculations using these plots. The 

following formula is used to calculate the permeability 

kh 162 .6q ( 1) 
µ m 

As already indicated, the OSTs and flow test f,1 characterize the region with 

the first porosity while now tests #2 and #3 characterize the total of the 

reservoir. From table I, it is inferred that the ratio of the first 

permeability to that of the total reservoir is greater than 5 to 1. 

Figures 12 shCMs the Horner plot of the pressure buildup data follCMing flow 

test #2 and theoretical calculations using parameters in the left-hand corner 

of the figure and the fol low i n g fo rmu l a e (ref. 3) 

t+,H, m 1 
Pws(L'.lt) = Pi - mlog[--J - [2-JTtpDA - - lnCAtPoAlJ - llPws (2) 

At. 1.151 2 

2.303 
--- fiP1t-1s = (3) 

to A 0.1835 _q_t_ 

Equations (;n and (3) were derived assuninq radial fluid flow in a norous 
medium (see reference 3). However, the mathematics of radial flow is used to 
extract information from the second straight line of the pressure buildup 
curve of naturally fractured reservoirs (see reference 2, p.13~). 
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Table I . Pe rmea b il i ty values for ER!lA-6 deduced frOl'l pressure bu i l cl-up d at a 

Test q(1) rn ( 2) kh/µ k ( 3 ) 

(bbl/d) (psi/cycle) (rnd-ft/cp) md 

DST 2680-1 initial 1175 450 425 l 3. 3 

DST 2689-1 final 744 295 410 1 2 .8 

DST 2680-2 initial 1418 630 366 11. 5 

OST 2680-2 initial 1017 480 345 10.8 

Fl ow test #1 fi 1 7 2110 385 12. 0 

Flow test #2 171 ?80 9Y 3 .1 

Fl™ test #3 86 300 47 l. 5 

( 1 ) estimated from data in reference l. 

( 2 ) estimated frorn figures 7, 8, 9, 10, and 11. 

( 3 ) effective height= 5fi.5 ft., i.e., distance between bottom of packer a 

c o n t a ct b e t we en a n h yd r it e I I a n d h a 1 it e I • Vi s c o s it y o f b r i n e = 1. 77 c p • 
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Th e g e ome t ry of t he re s e r v o i r i s c on t a i n e d i n t h e t e rms C A a n d P DM B H w h i ch 

are available in tables or in graphs (refs. 2, 3). For this example,The best 

fit suqgests that ERDA-6 is located off center of a sy1mnetri c reservoir with a 

ctVr value of about 10 bbl/psi. A few other examples were also atternpted 

but the best fits were obtained for ctVr values around 10 bbl/psi. 

2.4 Flow Data 

The flow data does not indicate a two-porosity system as clearly as the 

pressure buildup data primarily because the fl ow tests could not be run long 

enouql1. The flow rates versus time for all three flow tests are summarized in 

Figures 13 and 14. In fl ow test #2, the fl ow rate at first increased because 

of the discharge of heavy drilling mud. Techniques for analyzing constant 

drawdown flow rate data for two-porosity systems have only been published 

recently (ref. 4). A summary is presented in appendix A. The dimensionless 

flow rate versus dimensionless time is as illustrated in Figure 15 and is 

characterized by three parameters; reD• the dimensionless outer boundary and 

rad i u s ; Ff t , t h e d i rn e n s i on l es s f r act u re s t o r a q e p a r arne t e r ; E , t h e 

dimensionless matrix/ fracture permeability ratio. The curve shown in figure 

16 is essentially a surn of two exponential terms. The data in Fiqures 13 and 

15 only indicates the early part of the curve or only the first of the two 

exponential terms. It yields information on the dimensionless fracture 

storage parameter. 

In the appendix A, it is shown that the product of compressibility and volume 

for the first porosity is given by 

( 4) 

About 150 bbl had flown prior to flow test #2. Hence it will be assumed that 

the reservoi1~ had been unperturbed. The fol lCMing parameters apply to flow 

test #2: q(O) = 30 gpm; T1;2 = 2000 min., P;-Pwf"' 600 psi. Hence, 

(ctVr)f"' 3.4 bbl/psi. Flow test #3 was starter! before the reservoir had 

stablized from the perturbation of flow test #2. Hence, a correct value for 

Pi-Pwf is not readily available and the data cannot be user! to esti111ate 

17 
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(ctVr)f. It will be shown in section 4.? that CrVr is ahour, 15 

hbl/psi. Hence, the data indicate that the brine stored in the fracture 

vol urne is much less than the brine stored in the '.nt'lt ri x volume. 

3 REDUCTION AND ANALYSIS OF WIPP-12 DATA 

The dimensions and geoloqic profile of the WIPP-12 borehole are presented in 

Fiqure 16. The location of the three pacb~r assemblies inserted into the 

borehole prio1· to shut-in on 1/5/82 is dlso shown in FiqurP. 16. The location 

of tr1e 1nain fracture is based on corinq data, well loqging cfata, downhole 

images from an acoustical televiewer, and a spinner loq. Fiqure 17 shows the 

densilog and the compensated neutron log. Roth logs indicate a siqnal between 

3010 and 3020 feet but the rnaxirnu111 porosity is only lY., on U1e neutron loq. /\s 

in ;::i.rnA-6, tt1;~ frdcture was intercepted near th:~ bottoill of t'ie anhydritr~ 

layer, which at WI PP-12 is 320 feet thick. Figure 18 st1 ows th<> i maqe of the 

acoustical teieviewer while Figure lg shows the spinner loq. The sonic 

televiewer shows a 6 feet crack while the spinner loq clearly shrw1s that most 

of the flow comes from this crack. The spinner log also indicdtes a s1nall 

inflow 4rJ feet below the main crack. The ricoustical telr~viP'v'/er also indicates 

small fractures in this area as shown in Figure 2rJ. 

The techniques employed to acquire hydrologic data at ~JIPP-12 were the sarrie as 

those used at ERDA-6, namely, DST and flow testing 1vitf1 associated subse.::iuent 

pr,~ssure buildup testing. However, the flow testing activity was delayed 

until May, 1982, for after encountering brine at the 301() to 3020 feet level 

the hole was further cored to depth of 3925 feet. ilurin·~ ti1e coring 

activities, 59,006 barrels of brine flowed to tf1e surface. The outflow of 

:1rine is su11marized in Figure 21. Recause of this large loss of brine, 

hydrologic testing could not he done following the corinq activities. The 

well was shut-in on January 5, 1982 and the reservoir was allcJNerl to 

equilibrate in pressure. Pressure was monitored at the 'M~ll twa:i durinq the 

21 
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Figure 19. Spinner log from WIPP-12. Figure taken from reference 1. 
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reequilibration period, which lasted until the end of April 1982. Prior to 

shut-in, three packers were installed to isolate the geologic formation. The 

location of the packers are shown in Figure 16. 

The arrangements for the DSTs is shown in Figures 22 and 23. The DSTs were 

performed prior to the acoustical televiewer loqqinq anrl thus prior to an 

understanding that the brine came from the large fracture. The Lynes packer 

assembly was the same as that used at ERDA-6. The 3020 OSTs each consisterl of 

one flow period and one pressure buildup period. The 2986 DSTs consisted of 

two flow periods each followed by a pressure buildup period. However, the 

second flow period always resulted in flo..i at the surface. 

Two fl ow tests were performed between May 20, 1982 and ,June 2, 1982. The 

first fl ow test was a short term test known as fl ow test #2. The we 11 was 

allowed to discharge at a constant downhole pressure of 1740 psia for about 5 

hours. 94,845 gal. (2,258 bbl) of brine discharged over the flowing time 

interval. Discharge rates were monitored at the surface while the pressure 

was monitored downhol e and at the wellhead. Foll owi nq shut-in, the downhol e 

pressure was monitored for about 20 hours. 

Flow test #3 was a long term test. The well was allowerl to discharge 

1,041,599 qal. (24,800 bbl) over a period of about 11 days. Discharge rates 

and pressure were monitored at the wellhead. Althouqh downhole pressure was 

not measured, it is believed the test was effectively a constant pressure 

drawdown-variable discharge rate flo..i test. Durinq the course of the flow 

period, salt crystalized within this pipe and blocked flow from the well. To 

alleviate this problem, a by-pass flow line was constructed from a fire hose 

that allowed the entire discharqe system to be periodically flushed with fresh 

water to remove salt blockage. Before shut-in, a Johnston-Macco downhole 

pressure and temperature transducer was lowered to a depth of 3020 feet. 

FollOtJinq shut-in the pressure was monitored downhole and at the wellhead for 

a period of over 2 months. 

3.3 Pressure Buildup Data 

Fi qure 24 shows Horner plots of the early DST data. No permeability 
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calculations were attempted since it is not clear'that pressure buildups are 

the result of radial flow in either the large ~rack or in the reservoir. 

Fiqure 25 is a Horner Plot of the pressure buildup followinq flow test #2, 

which was performed on May 20, 1982. The plot is typical of the buildup curve 

for a naturally fractured reservoir of the two porsity type. The parameters 

characterizing the reservoir can be evaluated from the two parallell semilog 

straight lines using a method proposed by Uldrich and Ersaghi (see Appendix 

A). The results are kh/ = 67.5 darcy-ft/cp, Fft=0.941, and 

E/r (q,ct)f + (<P ct)ma] = 0.0121. 

Figure 26 and 27 are plots of the well head and bottom hole pressures 

folla.ving shut-in on January 5, 1982 and June 2, 1982. Figure 28 is a 

square-root plot of the same data. The curves show linear flow for the first 

ten days, an indication that the fracture is very long. Figure 29 is a Horner 

plot of the pressure buildup data followinq flow test #3 and theoretical 

calculations using parameters in the left-hand corner of the figure and 

equations 3 nd 4 of section 2.3 of this report. For this example, the curve 

suggest that WIPP-12 is located at the center of a square o-r circular 

reservoir with a ctVr value near 1000 bbl/psi (the PoMBH curve for a 

circle is almost the same as that of a square). A few other exarnples were 

also attempted but the best fits were obtained for ctVr values around 

1000 bbl/psi. 
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3.4 Fl ow Data 

Figures 30 and 31 show the d1 scharge rates versus time for the two fl ow tests 

conducted at the end of May, 1982. For flow test #2, the discharge rate 

decays exponentially with a half life of 0.43 days. for flow test #3, the 

picture is complicated by blockage of flow due to salt crystallizing within 

the pipes. However, the data does indicate a s1IT1 of two exponential (see 

dashed line on Figure 31). One exponential term rlecays with a half-life of 

about one day. The second exponential term cannot be estimated because of 

complications by blockage of flow due to salt crystalization. As mentioned in 

section 2.4 and as slJTirnarized in appendix A, the flow rate versus time for a 

two porosity system under constant drawdown testing is essentially a sum of 

two exp o n en t i a l t e rms • Fl ow t e st # 3 t h u s i n di c a t es t h a t t h e b r i n e re s e r v o i r 

encountererl at WIPP-12 is a two porosity system since it is believed that the 

test was of the constant drawdown type. 

In appendix A it is shown that the product of compressibility and volume for 

the first porosity is given by 

For flow test #2 we have the following parameters: 

q(O} 340 qpm 11,660 bbl/d 

T1;2 0.43 rl. 

Pi-Pwf= 1808-1740 68 psi 

hence (ctVr}f= 106 bbl/psi. For flow test #3 we have the following 

parameters 

q (n) = 400 gpm 

T1;2 = ld 

13,710 bbl/d 

Pi-Pwf= 1808 - 1631 = 177 psi 

hence (ctVr}f = 112 bbl/psi. It will be shown in section 4.3 that 

CtVr is about 1100 bbl/psi. Hence, the data indicate that the brine 

stored in the fracture volume is much less than the brine stored in the matrix 

volume. 
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4 EXPLANATION OF THE BRINE RESERVOIRS NEAR THE WIPP SITE 
----·--·---~- --·- -------------

No data could be found in the petroleum liti:~raturP. on ti1e pore voluine 

cornpressibility of fractured reservoirs. The hydroloqic liter·aturt'. suggests a 

co1npressib·il ity range for jointed rock aquifers of 10-8 to in- 10 Pa- 1 (?xio-5 

to 7xl0- 7 psi-1 ) (ref. 5). The pore volu111e coinpressibility can he estirnated 

!)y dividin~J this range by the porosity. The corrpressibility of a reservoir 

can be :1eas.ured by interference or pulse testinri, a technique not useable at 

present since it requires a second well. 

A number of theoretical papers on the influence of cracks and pores on the 

co:npressibility of rocks have heen published in the geophysical literaturr~ 

since a pioneering paper by Eshelby (ref. 6) The purpose of 1nany of these 

papers is to predict the velocity of seismic waves in fractured rock. In a 

paper by Halsh one can find the follONinq expressions for penny shaperl cracks 

(ref. 7). 

4 3 Volurne of crack Ve = - n a a 
3 

r a t e o f c h a rHJ e o f po r o s i t y w i t h p r e s s tJ re 

d¢ -- - -
dp 

16 (l-cr2 ) a 3 
-- Cr------- --
9 (1-2cr) Ve 

d¢ - 4 
- - - 1T 

a3 da 

dp 3 

pressur:~ necessary to close a crack 

Pc = n Ea/4( l-cr 2
) 

( 5) 

( 6) 

( 7) 

(8) 

Equation 8 ·is obtained by equating 6 and 7 and inteqratinq the resulting 

Pq1iation. Further, by combining equations 5 and 7 one obtains the following 

expression for the pore volu1ne compressibility. 

4 (l-cr 2
) 

- ------ (9) 
11 aE 
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since 

c r = 3 ( 1 - 2o ) / E (10) 

The important conclusion in all these equations are that 

Pc "' a E ( 11) 

1 1 
Cf "' 

a E Pc 
( 12) 

For anhydrite we have the following values 

E 73 GPa 10.6 x 106 psi 

0 = 0.3 

Cf 1.1 x 10-7 /a psi - 1 

Pc 9 .1 z 1 a6 a psi 

or 

Cf 1.1 x l0-7 /a psi - 1 

Pc 9 .1 x 106a. psi 

The totctl reservoir compressibility is qiven by 

Ct = Cbr/J + Cf "' Cf (13) 

The larqe crack encountered at WIPP-12 must be viewed as a collection of small 

cracks as illustrated in Fiqure 32. Their size will vary and equations 11 and 

12 should be replaced by an inteqral over the size distribution of the 

cracks. However, to keep the analysis simple this will not be done. 

At WIPP-12, the geostatic pressure is about 3000 psia and the t1ydrostatic 

pressure was 1800 psia before flowinq of the reservoir. Hence, the rock was 

under an effective pressure of 1200 psi. Cracks with an aspect ratio smaller 

than 1.3 x io-4 cannot stay open and the hiqhest pore volume compressibility 

is 830 x io-6 psi-1 or 280 times that of water. At ERDA-6 similar 

calculations yield a smallest aspect ratio of 7.1 x 10-5 and a compressibility 

of 1540 x 106 or 510 times tflat of water. 
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Figure 32. Breaking up of a large fracture into a series of 
small penny shaped cavities. 
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These theoretical considerations suggest thJt a total compressibility of about 

two orders of magnitude greater than the compressibility of water is not an 

unreasonable assumption and values of 125 x 10-6 to 250 x 10-6 psi- 1 will be 

used in estimating the volumes of the reservoirs. 

4.2 Estimated Volume of ERDA-6 

The volume of the reservoir is estimated from a knowlerlge of the product of 

compressibility and volume, CtVr, which is obtained either from 

(1) stablized pressures before and after flow and total outflow of brine 

(2) pressure buildup data 

( 3) fl ow rate versus t irne data from constant drawdown test 

For ERDA-6, the total outflow was 2196 bbl. (see Fiqure 4). The highest 

recorded pressure was 2030 psia (second pressure buildup of nST 2680-2) and 

the hydrostatic pressure at the height of the transducer was 1410 psia. The 

excess pressure was greater than 620 psi. Fol lo.vi ng the fl ow test, the well 

head pressure stabilized near 470 psiq. The outflow of brine resulted in a 

pressure loss greater than 150 psi. The product of coirpressibilit_y and volume 

is 

V < 2196 lh bbl/ . ct r --- = ::> . psi 
- 150 

This value is in fair agreement with the values of 10 bbl/psi obtained fro,n 

pressure buildup analysis. Fiqure 33 has a plot of reservoir volume versus 

corn;:iressibility for ERDA-6 assuming CtVr is 15 bbl/psi. For 

compressibility values of 125 x 10-6 to 250 x 10-" psi- 1 , the volume is 

estimated to be 120,000 to 60,000 bb. 

4.3 Estimated Volume of WIPP-12 

Prior to shut-in on Januaty 5, 1982, the total outflow of brine was 59,006 bbl 

(see Figure 21). The highest recorded pressure was 208 psig following an 

initial brine outflow of 3257 bbl. Following shut-in, the well head pressure 
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built back up to 170 psig. The loss of exce<;s pressure was at least :rn psi. 

The prorluct of compressibility and volume is 

. •,/ < 55749 147() hh]/· '. ct v r ----- - = . " p..,, 
- 38 

For the flow test performed durinq the last ~1eek of r1ay l'Hl2, the total 

outflow of brine was 27,058 bbl. The loss llf PXC('"" 1)r·;~·;s11r1' appi~ars to have 

f-Jeen about 25 psi (the pressure buildup had not cP.aserl at the time of the 

writing of this report). The proriuct of co1!1pressibility and volume is about 

1100 hbl/psi, which in good agreeanent with the value obtaine1 fran pressure 

builrlup analysis. Figure 33 has a plot of r-eservoir volu1ne versus 

compressibility for \:JIPP-12 assLJninq Ct.Vr is 1100 bbl/psi. For 

co1rpressiblitiy values of 125 x 10-b to 250 x 10-C psi-1 , ti1e volume is 

estiinated to be 8.8 x 106 to 4.4 x 106 bbl. 

l\n expl.:ination of brine reservoirs in thP ':astile Forinal:ion 1n>Jsl: inclurle a 

lis•::JSsion of abnorinal pressures anrl the forination of near V(•rtical fractures 

in tf1e anhydrite layers. In what follows, hypotheses that tab' into account 

U1e history of tr1e basin wil I be presented. It is realizer! ti1at these 

hypntf1eses arP not U1e only explanations • H0wev(-"r, i: is 1'Xf>r->ctr->d that the 

di·;cussion of these hypothese·:; 1vill help rl~solve the lHint:~ re';,~r-voir issuP. 

Th·~ petro]f~1~n geoloqists have qiven special attention to the subject of 

abnormal forination pressures :H1 cause they constit;Jt.(' an rxp,_~n:;ive and 

danqerous hazard in drilling. Bradley (ref. 8) has listed rriany factors 

includinq the followinq ones for the for1riation of abnormal pressures: 

L r::peirog1-'nic movements such as the upl iftinq of the reservoir, or the 

1~1J1Jivalent, surface erosion, hoth of which r•.>sult in U1e water 

pressure in the reservoir being too hi Jh for its dep1J1 of burial. 

?. Thermal expansion or contraction of fluids reactinq to te:nperature 

c11anges; an increase in temperature of one deqree Fa!1re11hei t can 

cause an increase of 125 psi in a sealr.~d Fresh l'ldt.~r .:;_ystP.1n. 
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3. Osmosis between waters havinr1 different salinity; sealinq shah~ beds 

can act as semi-perineahle membrane. 

4. Chemical and/or bioloqical action within µore waters trapped in a 

sealed fo rma ti on. 

These factor5 are interactive. For instancf'!, if a r1~:;er·voir is uplifti:~j the 

resulting overpressure is partially allevi.:Jterl hy a d.~c~-t~d~;(> in reservoir 

t'~nperature. However, the Dela~~are Basin has an unusually low Geot•1er1nal 

gradient of 0.3°F per inn feet (ref. 9). 

For petrolewn reservoirs, Sradley heli:>ve~~ thdt te:nperrltur·e increase witi1 

depth of burial is the most important factor for the forrnation of abnormal 

pressures. Many petroleum geologists disa11ree with hiin and attribute abnormal 

for111ation pressures to tl1e compaction of sedirnent~ by t11e wei~1ht of overburdL~n 

(refs. 10, 11). In sorne areas, the abnormal for1natio:1 ;ir·1~·;;;w·es h.1v.: hi~en 

-Jttributed to tectonic rlctivity (ref. 11). However, there is no indications 

af recent tectonic activity near the WIPP site. 

The fir;t explanation given :)y Bradley, uplift of reservoi:' •Vi d result of 

surface erosion, is a plausible explanation for the Delaware Basin. Five 

;~illion year·; nfJO, the ~JfPP site was covered 1,dtf1 the 1·1allala for:nation. 

foJay it ,'Lis co1rpletely eroded away (ref. 12). 

T110 explanations can be advancerl for U1e forrnation of near vertical fractures 

in the anhydrite layers. 

1. The fractures ~I/ere caused hy diapirisl!l that created the anticlines. 

This explanation is illustrated in Figure 34. 

2. The fractures v1ere caused by the tiltinq of the Del.1·;-1are Basin in tilt' 

west. This tilting is ill11strated in Fi(1ure 3S. 

T'le first explanation is supported by ti1e dSS1~rti.Jn th0i~ qost brini-> encounters 

have been associated wiU1 anticline structures. /lt1ticlines have bei~n 

observed at ERDA-6 and WIPP-12, but their occurrence at other brine encounters 

has not been definitively deillonstrated. However, th2 strdin (fractures 
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containing brine) should occur on the upper· surface of the ant1ydrite layers. 

At ERDA-6 and WIPP-12, the fractures were encountered near the lower surface 

of U1e anhydrite layers.* This ot)servation is in support of tf1·~ second 

expl an at ion. 

As a result of the above considerations, tflf~ folLh~inu ·~xplariation is 

suggested for the abnormal pressures of brine reservoir in tl1e Castile 

formation. 

(1) The brine reservoirs in the Castile Forination were forined dt tt1e same time 

d s the fracturing of the a nhyd rite layers. 

(2) Large arnount of brine acc1unulated in areas of higi1 fra~t1we density (so 

called areas of structure). 

(3) Ti1e anhydrite layers were at qrP.ater depths tr1an today; the fractures were 

connectei to U1e surface, and the brine was at hydrostatic pressure. This 

assumption requires that the network of fractures propaqd~r~d laterally to 

qreat distances. Certainly as far as the Capitan Limestone Formation. 

Vertical fractures through the Salado For1nation are not plausil)le. 

(4) In ti11Ho, 11any fractures sedled resulting in isolat~d reservoir.:;. 

(5) Recause of erosion to the surface, tt1e surface moved closer to the 

reservoir's. Because the reservoirs were sedled, they maintained the 

hydrostatic pressures of qreater depths. This is illustrated in figure 

36. 

*At 11elco Hudson Federal, a borehole about 3 rniles southwest of the center of 
WIPP site, the brine reservoir was also encountered nedr the lower surface of 
Anhydrite III, which is the sa.ne stratigrdphy as for lJIPP-12 (riof. 14). At 
Pogo, abo11t () r:iiles northeast of tr1e center of the lJIPP Sitt~, the brine was 
encounteri~d in the 1niddle of a 600 feet thick anhydrite layer thjt is a 
crJ1nbination of anhydrite II and III. Yalitr= II is missinq at Pogo. At IJriion 
Federal, a boret1ole north of ERDA-6 and close tn Porio, the brine was also 
encountered at the lower surface of Anhydrite III. The Hal it·= II is very thin 
but discernible. (The data for the last two borehole 1vill be published in a 
forthcoming SANDIA document). 
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ORIGINAL SURFACE 

FIGURE 36. Formdtion of abnormal pressure as a result of 
erosion. pf is the inherited formation pressure 
while Pn.is the hydrostatic pressure. Figure 
taken ·rrom Reference 8. 
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(6) The excess pressure of a reservoir is a measure of the dl~ptt1 at which the 

reservoir was isolated fro111 hydrostatic equilihritJ,n. For· [JWA-1}, tt1e 

1~xcess press11re is about GOO psi. Since the hydr·o·;tatic qradi1~nt due to 

brine is 0.53 psi/ft, ERDA-6 .~as S(~aled frorn th•= ·;wfac.:e wh1~n it was <'lt., 

'.Jepth of 

2710 + 600/0. 53 3842 ft. 

For WIPP-12, the excess pressure is about 210 psi; l~IPP-12 was sealed 

frorn the surface when it was at a depth of 

3010 +21 0/0 .53 3406 ft. 

(7) The reservoirs 1nust have he~Jun forrnin~J wh1~11 tl1e anhydrit:! layc~rs wr~re at 

least 1000 feet lower fro:n the surface ti1an tr1ey ar~ to lriy (r·~f. 15). 

Trlis must have been sevenl million years ago, profial)ly witr1 the uplifting 

n f tr1 e bas i n i n the west. 

A se>cnnd explanation, a sornewhdt modified version of Pie previous explanation, 

is .-ilso based on the history of the bdsin (ref. P). '\aclMan siHJ<Jests that 

t'12 hydraulic head of the Capitan aquifer syste~ was hiqher rlurinq Gatuna tiine 

(GOIJ,000 + yr~ars ago). Follo~dnq tr1at time, the Pecos river entrenched itself 

in its present position and began scissoring into the Capita1 aquifer syst~n 

ir1 U1e vicinity of Carlsbad. Tile interception lowered tt1e hy:Jraulic t1ead by 

U'e.Jting the Carlsbad Sprinqs. These considercttions sugqest t11e followinq 

explanation: 

1. The waters migrated from the Capitan L irnestone Formdtion to th2 

Ca s t i l e F o rma t i on a t t he e a r 1 i es t s t age of t h e fo rma t i o ri of t h e 

Capitan aquifer. 

2. The hri nes acquired d ~1ydraul i c head correspondi rig to the water 1eve1 

in the Capitilri Limestone Formation at that t irne. 

3. The brinr: reservoir·; in the Castilf~ F'.:lrmation were isol.He:J fro:n the 

i,apitan Liinestone Formation as a result: ;)f sealing of fractures. 

F:rosion reduced the r1round level by about 1000 feet (ref. 15). 
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4. lhe pressure of the hrine rr~servoirs is rr>lcitPrl to the watr~r level 

that prevailed in the Capitan LiP1estune For111dtion 1nillion:> of years 

a qo. 

To reconcile this explanation with the geocl1ernistry of brines, it 1nust be 

dssu.ned that the early .v-it1~rs in the Capit.111 Li.riestone Formation were trapped 

-;r~awat2rs. Independent analysis by EF:G of tt1e g~ocl1e11ical data will b2 

published in subsequent reports. 

A large nu:nbC!r of seis1.1L µrofilf~S hav(~ been run ,JV<~r- t~1e ~VIPP site. SANl1IA 

National Laboratory has used these profiles to construct a nurnber of seismic 

structure 1laps. The top of the Castile formation rnap and thi~ 1~irl Castile 

Formation map are illustrate'.i in Figures 37 and 3:3. Tt1.~ ·naps cl1~.:irly show an 

anticlinal do:ne beneath the WIPP-12 borehole. Also shovm is the extent of a S 

nil lion barrel circular reservoir with a heigl1t of 150 feet and an equivalent 

porosity of 2%. T!w reservoir covers the extent of tf1e ::11~ icl inal do;ne. If 

"'e d r l~ de a l i n g with a n a n ti cl i n a l t rap res er v o i r, t t1 en t h e s e i srri i c ri a ta 

suppurt d "eservoir size of 5 1nillion barrels or less. 

1. [FF ~:CT OF lff 1_1_ ri::sn NG DATA ON DR I LU NG SCEN/\R IO 

It has been postulated that in future time when institutional control has been 

l1Jst over t~1e site, the void space in the waste storage area is fl;Joded 1vit:1 

!)rine as a re:;ult of an exploratory llort:>hole conn·~cting ti1e repository and a11 

J.1 Jerlying brine reservoir (ref. 16). A subsequent penetration of the 

repository by another borehole many years later results in contaminated brine 

fl uwi nq to the surface. 

The hydrologic data obtained at WIPP-12 allows a rnor1:> pr1~cise for111ulation of 

tilis sc~nario. The excess pressure of till~ reservJir' ·.vith respect tu tf1e 

:nrimn :Jf tile repository is about 1375 psi (assume rr-:s,~rvoir at a pressur'? of 

lWJO psia, hydrostatic: 9radient is rJ.53 psi/ft, reposit)ry is 800 ft above 

hrine reservoir). The ar~ount of brine that could flow into the void of tr1e 

waste stora~e area is 
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1100 bbl/psi x 1375 psi 

However, if such a flow were to occur and if th<lt mu01 void spdce were 

available, then no flow to the surface would be possihl(~ lwcause th2 brint: 

l'Joul d br~ at a negative pressure of 1140 psi wi t1 respect til Uh~ surf<lce. 1n 

fact, since following shut-i11 on ,Jun~ 2, l9g;;>, U1e vJI 0 P-12 r'1•s.~rvilir has 

indicated excess pressure of ahout 150 psi 1vi U1 respect. to tr1e ·;urface. Thi: 

•11axi:nu1n possible flow to the surfdce is 

1100 bbl/psi -< l!)O 

To be able to flow to tlie surface folli)\vi111 j dr'illinq SC<~nari·i, U1P 

contaminated brine in the repository would have t11 be repr0ssurize'.l to 11/10 

psiq. The creep of salt coul:l pressurL:e ti1e brine to litf1ostatic pressure, 

•1 (' about 2150 risig, a f tr~(' a l o ng period of t i1ne. HO'l'/f' v1~ r, i ,_ 
'· :n,1 st Ile dSStJTit~d 

tr1 d t the connection between the rep,Jsitory horizon and tire rt~ servo i :' i ·; ·;1~<11 e d 

ot:•1erwise the creep of salt WO!J l cl slowly force the brine back into the 

r1>:)ervoir wt1ere it can resirle at a i)r<~SS1Jr1~ of rlhOIJt lH0'.1 f)Sid. TI1is back 

fl:)/</ v1ould r.2sult in dilution of the radioactivity in the conta1~inaterl brine. 

H0net' it is very conservative to asStI!le that the brine in the wast;~ storaqe 

.)l'r~d hec11::1es an isolated reservoir lt l ithostatic pressure. TI1e 

c:Mpressibility of tr1is reservoir 11h1st tt1r:>n be 2x1~)-6 psi-1 , ~11~ 

r'wo.pect to tr1e surface will be 1040 psi. If tiiis resr~rvoir i:; no.<1 intercepted 

by anotiwr horel10le, tiw 1qaxi111un ~J11tflow of co1ta1;1in.rt~l i)1'i i:~ c1t: the surface 

VI i 1 l ~ ·~ 

l.5lxlrf bbl x 2xI0-6 risi-Ll( 1040 psi 3150 bbl. 

A more sophisticated version of tr1e intrusion scenario .-1ould also include tt1e 

for:nation of a gas bubhle. Let us assu:ne t1at th2 a;ailal:>le void space is 

l.S.<106 11111, and, as the brine flows into t:1~ reposit•Y)' fol!Jwing the fir'st 

frillhole, all the air is co:npr;~ssed into .J qas huhhle. F:ventually, hecaiht~ 

Jf U1e creep of salt, the buhhle is pressurize 1 I to the lithostdtic pressure 

arid its volu:ne is r'?duced to 9,700 bbl. It 1nust nov1 he dSSU·lled t<1at the 
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second dri"l lhole intercepts the brine only. As tt1e qas d2pressurizes to the 

hydrostatic pressure, the volume of the bubble increases to 18,300 hill and 

8,600 bbl of brine are expelled at the surface. The total brine outflow could 

then reach 12,000 bbl (B,600 bbl + 31SO l>hl). Ho.t1ev1~r, if tilt> second 

drillhole intercepts the gas bubble directly, then no bri1h~ would fl,M t'.) tr1e 

surface. 
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