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FOREWORD 

The purpose of the Environmental Evaluation Group (EEG} is to conduct an 

independent technical evaluation of the potential radiation exposure to people 

from the proposed Federal radioactive Waste Isolation Pilot Plant (WIPP) near 

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

there is minimal environmental degradation. The EEG is part of the 

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

Environment Department -- the agency charged with the primary responsibility 

for 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 data concerning the proposed site, the 

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

These analyses include assessments of reports issued by the U.S. Department of 

Energy (DOE) and its contractors, other F.ederal agencies and organizations, as 

they relate to the potential health, safety and environmental impacts from 
WIPP. 

The project is funded entire 1 y by the U.S. Department of Energy th rough 

Contract DE-AC04-79AL10752 with the New Mexico Health and Environment 
Department. 
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Director 
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SUMMARY 

This report evaluates the potential formation of a Breccia pipe beginning at 

the Bell Canyon aquifer beneath the WIPP repository and the resulting release 

of radioactivity to the surface. Rock mechanics considerations indicate that 

the formation of a Breccia pipe by collapse of a cavern is not reasonable. 

Even if rock mechanics is ignored, the overlying strata act as a barrier and 

would prevent the release of radioactivity to the biosphere. Gradual 
formation of a Breccia pipe is so slow that the plutonium-239 in the waste 

(one of the most important 1 ong-1 i ved components) would decay during 
formation. If Bell Lake and San Simon Sinks are the surface manifestation of 

a regional deep dissolution wedge, such a wedge is too far removed to 
represent pipe forming activity near the WIPP site. 

The formation of a breccia pipe under the WIPP repository is highly unlikely. 

If it did occur, the concentration of plutonium-239 in brine reaching the 
surface would be less than the maximum permissible concentration in water 

specified in the Code of Federal Regulation Title 10, part 20. 
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I. Introduction 

Two features in the vicinity of the WIPP site, Hills A and C, have been proven 

through coring to be brecci a chimneys*{ Ref. 1). Both chimneys seem to have 

resulted from the collapse of caverns beneath the Salado formation, and both 

chimneys are located on the capitan Reef which may have played an important role 

in their formation. 

Even though the WIPP site is not located over the Capitan Reef formation, it has 

been suggested that deep-seated dissolution beneath the WIPP repository using 

water from the Delaware Mountain Group {DMG} aquifer could create a cavern which 

upon collapse would lead to the formation of a breccia pipe and bring about the 

release of radioactive waste to the biosphere. Thus, L. W. Gelhar has proposed 

the follo\11ing release model (Ref. 2}. 

"Col lapse of an underlying breccia pipe chamber and displacement of the 

brine associated with dissolution and collapse to the surface, resulting in 

the surface release of brine and radioactive materials and direct exposure 

in the biosphere." 

In the Final Environmental Impact Statement (FEIS) (Ref. 3) and in the Safety 

Analysis Report {SAR} (Ref. 4), the DOE maintained that the brec 1:ia pipe release 

model is bounded by scenario l, which postulates a 9-inch diameter vertical 

connection between the lower Bell Canyon aquifer and the upper Rustler aquifer, 

and which allows a flow of up to 600 cubic feet of water per day through the 

repository. The DOE contention is plausible but it has been pointed out that 

scenario l' only brings radioactivity to the Rustler aquifer from where it slowly 

flows to Malaga Bend. A scenario that brings radioactivity directly to the 

surface at the WIPP site may be more representative of a breccia chamber 

collapse. 

In this ri~port, it is assumed that a brecci a pipe can be formed by deep-seatPd 

dissolution of salt beginning at the Bell Canyon aquifer under the repository. 

*The phrases Breccia pipe and Breccia chimney are used interchangeably. 
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It is not intended to imply that breccia pipes are necessarily formed by this 

process. Data soon to be published by the USGS suggest that breccia pipes at 
Hills A and C resulted from the collapse of caverns located in the limestone of 

the Capitan Reef. 

II. Formation of Breccia Pipe in General 

There are two interesting studies which deal with the formation of breccia 

chimneys (Refs. 5, 6). The study of Stanton (5) proposes two mechanisms which 

will be referred to as "Process" (a) and 11 Process 11 (b) and which are illustrated 
in Figure 1. 

Process (a): 
As a result of some trigger mechanism, a communication channel is establish

ed between the lower aquifer and the salt formation (see area of deep-seated 

dissolution in Figure 1). The dissolving of evaporites causes the formation 

of a cavern which collapses upon reaching a critical size. The breccia 

chimney results from a series of such collapse events or from a single 

catastrophic collapse. 

Process {b): 

Again a communication channel is established between the lower aquifer and 

the salt formation. However, solution of evaporite and flowage of salt 

occur simultaneously. Because of salt flowage, no cavern is formed but 

brecciation occurs in the strata overlying the salt formation. Simulta

neously, small scale precipitation occurs in the area of deep-seated disso

lution. The breccia chimney is formed slowly rather than by a series of 

catastrophic collapse events. 

Stanton also suggests that Process (a) is more likely to occur in shallow regions 

while Process (b) is more likely to occur in deeper regions. The two processes 

can be viewed as complementing each other and it is assumed in this report that 
Process (a) will occur if the creep rate of salt is slower than the rate of 

removal of salt by groundwater (see Figure 2) while Process {b), occurs if the 
reverse is true. However, the two processes would produce different types of 

brecciated rocks. 

2 



w 

process a. 

surface 

process b. 

salt 

surface 

//~v~rl~i~g 7 / 
/ //tr/atf /I/ 
salt 

1/l/l/ I/,/ 
~
Brecciation j / 

.., 
evaporite 
flowage 

_..,... 

. 

>\\\\\ 

71/~ 
1/11111; 

critical 

surface 
subsidence 

~ 
Finure 1. Sequential events in the fornation 0f Breccia oipe. 

~ 

. •4. 

~·. () . 
. 6· .. 
• tr . ' . .. (l • • 

• . It. 

-~~-

"'V ~ 
'V,; .. ~· -4, 

t: ~ 6 '· "' ....... 
; A. ~.' .. 

~~ v: 
! . .... , 



-. Plastic flow of salt 

• Removal of salt by dissolution 

-.. Ground water flow 

~ 

Area of deep seated dissolution for 

\ i ,/ 
Breccia pipe formation 

..;::. 

Castile r , -- - I -- ----- j l 
Bell Canyon ,- - - ,- - - ,-

~ ~ 
~ "A ...... 
---I~~ ...... 

Figure 2. Movement of salt and \'later in the formation of a cavity. 



I 
III. Potential for Formation of a Breccia Pipe at the WIPP repository site 

For Process (a) to occur, it must be hypothesized that a large cavity will form 

at the top of the DMG formation 4000 ft below the surface. Placing the cavern at 
the Salado-Castile interface is unrealistic and a detailed analysis is presented 

in Appendix A. 

However, geologists are in agreement that Hill C resulted from a catastrophic 
collapse event (Refs. 7, 8). It is not possible to predict the size of the 

largest cavern that can be formed at a depth of 4000 feet. The volume of the 

cavern that formed Hill C is estimated to be 570,000 m3 based on a breccia 

chimney diameter of 245 m (Bachman, ref. 8, p 63) and a vertical distance of fall 

of brecciated rock of 12 m. (Bachman states that of Hill A a large block from 

the Rustler formation fell 7.7 to 15 m, Ref 8, p 66)*. It is shown in Appendix 

B, that for the current hydrological conditions in the Bell Canyon aquifer, a 

cavern cannot be formed. The creep of overlying salt is much greater than the 
removal of salt by the postulated deep-seated dissolution. 

Process (b), which requires continuous dissolution and removal of salt between 

the top of the DMG and the Salado, can occur since at present the creep of 

overlying salt is greater than the removal of salt by groundwater. However, a 

salt column 580 m tall (380 m of Castile and 200 m from top of Castile to 

repository level) must be dissolved before the repository will collapse to the 

top of OMG. At a vertical dissolution rate of 4.5 x 1 o-4 m/yr (see Appendix B), 
a 580 m salt column will be removed in 1.3 million years. 

*Data soon to be published suggest that a drop of 12 m. in Hill A is too small 
(private communication from R. Snyder USGS). The core data of WIPP-31 suggests 

that in Hill A the Rustler dropped 55 to 88 m. The Fletcher anhydrite, which 

separates the Salado formation from the Capitan Reef, appears to have dropped 76 

m., indicating that the caverns were in the limestone of the Capitan Reef. Core 
data from WIPP-16 indicates that in Hill C the Rustler formation may have dropped 

113 m. Thus, the caverns that formed Hills A and C had volumes of millions of 
cubic meters. These new numbers do not alter the conclusions in this report fQr 

the formation of a larger cavern is less credible. 

5 



IV. Release Models 

/ls emphasized in the previous section, there is no justification for assuming 

that Process (a) can occur below the WIPP site. However, it may be interesting 

to consider the consequences, if one does assume that Process (a) occurs and that 

a 570,000 m3 cavern can be formed under the WIPP repository. The scenario is 

then as follows: As the roof of the cavity collapses, overlying salt and rock 

drop down while saturated brine moves up. The collapse process may be relatively 

fast, at most a few days, and the volume of the cavern subsequently leads to 

increased porosity of the breccia chimney. The chimney is permeable for several 

years and its pore space is filled with brine that occupied the cavern or came 

from the DMG aquifer. Water can flow up or down and slowly leach radioactivity 

from the repository area affected by the chimney. Upon emerqing from the Salado, 

upward flowing contaminated brine nust move through 800 feet of brecciated rock 

from the Rustler and Dewey Lake red bed formations. The flow is slow and 

radionuclides are adsorbed on the rock. Finally, contaminated brine reaches the 

surface and fills the sink at the top of the Breccia chimney. From there 

radioactivity enters the biosphere. 

Process (b) allows for the following release model. The repository level slowly 

sinks to the depth of the Be 11 Canyon. Radioactivity is then 1 eached out by 

brine of the Be 11 Canyon aquifer, transported about 14 mil es to the Ca pi tan Reef, 

and pumped to the surface through wells. 

v. Radiological Consequences 

If we ignore the creep closure of the cavity, it is estimdted in Appendix C that, 

in the collapse of a 570,000 m3 cavern below the repository, 23,000 Ci of Pu-239 

become available for leaching into the brine. The collapse of such a large 

cavern would create vertical cracks; however, if it is assumed that the volume of 

the cavern is absorbed by an increase in porosity in the chimney resulting in the 
1200 m (4000 ft) of overlying strata, then the average increase in porosity would 

be 0.01 or 1 percentage point. The contaminated brine must travel through 500 

feet of Dewey Lake Redbed formation which contains large amounts of clay. 

Because of the sorption on clay, only a very small amount of the Plutonium can 

reach the biosphere. As described in Appendix C, the radiological impact is not 

si gni fi cant. 
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The releas1~ model for Process (b) has no radiological impact and the analysis is 

shown in Appendix 0. In addition to the time it takes the repository to sink to 

the top of Bell Canyon, the travel time from the WIPP site to the edge of the 

Capitan reef formation is 640,000 years for the water alone, 8,300,000 years for 

the uranium, and essentially infinite for plutonium. All the U-233, Pu-239, and 

Pu-240 would decay in the period necessary for formation and travel to the 

Capitan. 

VI. Bell Lake and San Simon Sink 

These two depressions, which exhibit structural collapse features, are often 

mentioned when discussing present-day pipe forming activity in the area 

surroundin,g the WIPP site. They could be due to a deep-seated dissolution 

wedge located at a depth corresponding to the horizon of the repository and 

moving into the Delaware basin from the east. The following analysis assumes 

deep seated dissolution and uses the dimensions and age of the structures as 

given in Reference 9. It should not be construed as an elaborate discussion of 

these two features. Additional geological characterization of these two 

depressions may alter the numbers substantially. 

Bell Lake Sink is a depression about 3240 m (2 miles) in diameter and located 

about 24 km (15 miles) southeast of the WIPP site. The volume inside the 

boundaries of collapse is estimated to be 1.7x107 m3 (6.0x108 ft 3 ). Bell Lake 

Sink Began forming in the Wisconsin period and is probably 20,000 yr old. If the 

sink is due to deep-seated dissolution, it is the the result of an average 

dissolution rate of 
1.7 x 107 

20,000 x 365 
= 2. 3 m3 /day 

Now consider a salt column 24 km (15 miles) long, 3.24 km (2 miles) wide, and 

400 rn (1300 ft) thick (See cross-hatched area connecting Bell Lake Sink and l~IPP 

site in Fig. 3). At an average dissolution rate of 2.3 m3 /day (82 ft 3 /day), it 

would take the dissolving wedge 37 million years to dissolve all the salt between 

Bell Lake Sink and the repository. 
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San Simon Sink is a collapse structure 32 km {20 miles) from the WIPP site in the 
southeastern part of the San Simon Swale. The sink has a diameter of 

approximately 1620 m (1 mile) and the core from the WIPP 15 well indicates a 46 m 

(150 ft) collapse. The collapse volume is estimated to be 9.4 x 107 m3 (3.3 x 
109 ft 3

). San Simon Sink also began forming in the Wisconsin Period and is 

perhaps 20,000 years old. The average dissolution rate is thus 13 m3 /day (450 

ft 3 /day). Again Consider a salt column 32 km {20 miles) long, 1620 m (1 mile) 

wide, and 400 m (1300 ft) thick (see cross-hatched area connecting San Simon Sink 

and the WIPP site in Fig. 3), at an average dissolution rate of 13 m3 /day (450 

ft 3 /day) it would take the dissolution wedge 4.1 million years to dissolve all 

the salt between San Simon Sink and the horizon of the repository. 

Because of the long time periods needed for the dissolution wedge to reach the 

repository, this dissolution process is not a threat to the repository. 
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Appendix A 

Arguments Against a Cavern Forming at the Salado-Castile Interface: 

R. Y. Anderson (10) has proposed 11 brine density flow 11
, essentially natural 

convective flow upward through fractures as a flow cycle capable of carving out 

large chamb1~rs in the Salado formation. According to this hypothesis, 

unsaturated water from the DMG aquifer rises to the Salado formation through 

fractures of the Castile formation from a hydrostatic head. Dissolution of salt 

at the top increases the water density which causes the downward fl ow of brine. 

The onset of steady convection in a fluid at rest in a vertical cylindrical 

channel along with maintenance of a constant temperature gradient is discussed in 

the work of Landau and Lifschitz (Ref. 11)*. The discussion is appl"icable to 

long pipes 111hen the end effects can be neglected and it can be applied to "brine 

density flo111'' by replacing the density gradient due to temperature by a density 

gradient due to dissolved salt. 

The onset of steady convection is characterized by the Rayleigh number 

Ra = 
b.p R4 g 

A-1 
lp Dv 

where 
i'lp 

= density gradient over length of pipe, cm- 1 

lp 

R radius of pipe, cm 

q acceleration due to gravity, 980 cm/sec2 

D ::: Diffusivity constant for salt in water l.3xlo-5 
Clll

2 

\> kinematic viscosity for saline, 0. 012 cm2 /sec 

In the limiting case of no salt deposition along the walls, steady state 

convection will be initiated if Ra>67.4. In the opposite limiting case of walls 

with complete deposition of salt, steady state convection will begin if Ra>215.8. 

*A forthcoming report by D'Appolonia entitled "Delaware Mountain Group (DMG) 

Hydrology-Salt Removal Potential" has a very elaborate discussion of brinE~ 

density fl o~~. 
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Ti1e thickness of the Castile formation at the repository site is about 380 rn 

(1250 ft) and the density of DIYG water is about 1.1 gm/cm 3 {Total Dissolved 

solids concentration of 150,000 mg/i). The density of saturated brine is about 

1.2 gm/cm 3
• The density gradient over the thickness of the Castile formation is 

thus 

0.1 
= = 2.2xlo-6 cm-1 

3. Bx l 04 x l • 2 

For a cylindrical fracture the length of the Castile formation, steady state 

convection will set in if its diameter is greater than 0.53 cm for no salt 

deposition along the wall, and 0.71 cm for complete salt deposition along the 

wa 11 • 

Following the onset of free convection, the velocity distribution of water is 

such that water flows up in one half of the cylinder and flows down in the other 

half (Ref. 11). The density gradient p·roduces a driving headwhich is calculated 

as follows: 

where 

ti Hd = ( l li S) I 2 A-2 

~Hd driving head due to density difference, cm 

LiS difference in specific gravity of in flowing and out-flowing 

water, 0.1 

length of connection, 3.8 x 104 cm. 

For non-circular pipes, the lost head due to laminar flow is given by (Ref. 12) 

f 

Re 

f L v2 ---

64 
Re 

4 Rh 2g 

v 

A-3 
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where 

11 Hf = Lost head due to laminar flow, cm 

L = length of fl ow path, 7 .6 x left cm 

Rti hydraulic radius, cross-section area to wetted perimeter. 

For a half-circle of radius R, 7rR/[ 2 (7r+2)]; 0.08 and 0.11 cm. 

v = Velocity of flow. cm/sec 

g acceleration due to gravity, 980 cm/sec2 

f friction factor 

Re = Reynolds number 

v =kinematic viscosity, 0.012 cm2 /sec 

Equating the driving and lost head, one obtains velocities of 6.4 and 11.6 cm/sec 
for 0.5 and 0.7 cm cylindrical channel respectively. The Reynolds numbers are 

170 and 420 respectively, which indicates laminar flow. The annual flow rates are 

20 and 70 rn3 respectively. If each m3 of water can transport 0.1 m3 of salt 

(Bell Canyon water is half saturated) then the times to remove 570,000 m3 of 

salt through one fracture are 286,000 and 81,000 yr respectively. 

To form a cavern at the Castile-Salado interface, unsaturated brine would have to 

travel long distances through salt layers and remain unsaturated. (The Castile 

formation consists of thick layers of salt and anhydrite.) It is thus necessary 

to look at the following problem: Given a long cylindrical pipe in a large block 

of salt with fresh water entering at one end; determine. the length of the pipe 
over which the salinity is raised to a fraction, "x", of saturated salinity. 

In analogy to heat transfer (Refs. 13, 14, 15) the average Nusselt number for 

mass transfer is given by 

Nud hmd 
3.66 + 

(0.0668) [ (d/l )ReSc] 
A-4 = 

DC 1 + (0.04) [ (d/l) Re Sc] 2/3 where 

Nud = Average mass transfer Nusselt number for a tube of 
diameter d 

hll1 Average convective mass transfer coefficient, 

gm salt dissolved/m2 -sec 

12 



d diameter of pipe, cm 

D = Diffusivity constant for salt in water, 1 .3xlo-5 cm2 /sec 

C = Concentration of salt in saturated brine, gm salt/cm3 

length of cylindrical pipe over which salinity is raised 

to a fraction x of saturated salinity. 

Re = Reynolds number, Vd/v 

Sc = Schmidt number v /D 

V Velocity of water, cm/sec 

v kinematic viscosity for saline, 0.012 cm2 /sec 

x = fraction of saturation 

The second term in equation A-4 is a correction term for lack of fully developed 
flow in the entry length. It will be neglected to simplify the calculations; 

hence 

hmd = 3.66 A-5 
DC 

A salt balance on the fluid yields 

x C ~ d2 V = hmTI 1 d A-6 
4 

Introducing A-5 into A-6 and solving for 1 one obtains 

xd2 V ---
14.60 

For 0.5 and 0.7 cm diameter cylindrical channel and assuming 1003 saturation of 

brine, one obtains 1=84 and 300 m respectively which is less than the thickness 

of the Castile formation. 

In view of the calculations of this appendix, it is not possible to place the 

cavern at the top of the Castile formation. 
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Appendix B 

Possibility of the Formation of a Cavern at the DMG-Castile Interface: 

Large cavities deep in salt formations are unstable because of the viscoplastic 

properties of rock salt. The phenomenon is very important in the design and 

operation of gas storage cavities in salt formations (Refs. 16, 17, 18, 19) where 

it has been studied in great detail. Although the closure of such cavities is 

usually studied with powerful rock mechanics computer codes (Refs. 16, 17), 

empirical formulas have also been advanced (Ref. 18). In this report, the cavity 

will be treated as a cylinder to avoid the use of a computer code and because 
theoretical formulas verified by experiments are available (Ref. 20). For a 

cylindrical drift, the radial convergence rate at the inner surface is given by 

11 ua = - A a 
2 

B-1 

when the secondary creep strain rate is described by 

B-2 

where 

A a constant 

a = homogeneous stress within material under consideration 

n an exponent, 4.9 for the bedded salt of the Delaware basin (Ref. 21) 

a radius of drift 

p = external pressure 

If the radial convergence rate is ua for a drift of radius a, at a depth d, it 

can then be obtained by equation B-1 for another drift by scaling as follows 

= 
al 
a2 

13- 3 
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In performing numerical calculations, the following assumptions are made: 

l. A cylindrical cavity of diameter 4.2 mat a depth of 958 m (2922 ft) has 

drift closure rates of 1 .5 cm/yr. This assumption is based on the measured 

drift closure rates at the Esterhasy potash mine in Saskatchewan, Canada 

(Ref. 21). The drift is 2.35 m high and 6 m wide (average 4.2 m). The 

horizontal drift closure rate is about 1 cm/yr at the walls and the roof 

closure rate is about 2 cm/yr (average 1.5 cm/yr). 

2. The 570,000 m3 cavern is approximated by a cylindical drift 245 m lonq and 

?7 • 2111 i n rad i us • 

3. The effective external pressure on the cavern is equal to the lithostati( 

pressure (1220 more 4,000 ft of soil or salt with a density of 2.2) minus 

the hydrostatic pressure of water in the Bell Canyon (1160 rn or 3800 ft. of 

water). The effective external pressure at the Bell Canyon is equivalent to 

1220 -1160/2.2 = 693 rn of salt or soil with a density of 2.2. 

4. The exponent n for salt of the Delaware basin is assumed to be 4.9. 

The drift closure rate for the 570,000 m3 cavern is estimated to be 

27.2 [693]4.9 
1.5 -- --

2.l 958 

The converqence rate of volume in percent is 

= 4 cm/yr 

x 100 = 0.29 percent/year 

fhe model used to estimate the rate of salt removal is illustrated in Fiqun' '.3. 

The following rnass balance equation is used: 
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Salt rlissolved at concentration 
{of salt in 

saturated brine 

concentration 
i cross section 
l 

area A 
} 

height 
l of Bell} 

Canyon 

p hA 

width 
x {of zone} 

A 

of salt in } x 
incoming water 

velocity 
x {of inflowing} 

water 

Ci) x H x D x V 

h = (Cs - Ci ) H x D x V 
pA 

fhe following numbers describe the present hydrological conditions in the Hell 

Canyon below the WIPP repository (Ref. 22). 

Cs - Ci = 150 gm NaCl /l 

H l 000 feet = 300 meter 

D 245 m 

v = 3.8 x i o--3 m/yr, see Appendix D 

p 2000 gm/l 

A 4.7 xl o4m2 

h = 4.5 x 1 o-4 m/yr 

The rate of increase of the volume of the cavity in percent is 

I 

h A 
hA 

x 100 = 3.75 x lo-3 percent/year. 

.A. co111parison of the convergence rate of volume due to salt creep drl•J the relit' of 

incr-ease of volume of the cavity due to salt removal is not readily possible 

since the ~1eometries in the two calculations are different. However, the 

converciencP rate of volume is almost 100 times greater than the increase rat.l' of 
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volume due to salt removal. Because of this difference in magnitude, the 

formation of a large cavern at the Bell Canyon-Castile interface is not believed 

to be possible under present hydrologic and geologic conditions. 

Hy means of equation B-3, it can be shown that the closure rate equals the salt 

removal rate if the diameter of the cylinder is about 0.6 m in diameter. The 

permissible cavern is thus 300 m3 (cylinder 0.6 rn in diameter and 245 rn lonq). 

To be acceptable for estimating the closure of caverns beneath the WIPP site, 

equation B-3 must also predict the possibility of forming a 570,000 m3 cavern 

under Hi II C. At that location, the Salado-Capitan reef interface is 550 m (1800 

ft) below the surface and 520 m (1700 ft) above sea level. The head in the 

Capitan Reef aquifer is about 980 m of water (3200 ft). The effective external 

pressure on the cavern would be equivalent to 

550 - (980 - 520) = 340 m 
2.2 

of salt or soil with a density of 2.2. The drift closure rate for the 570,000m3 

cavern is then estimated to be 

l .5 x [ 27.2] x l34ol4.9 
·2.1 958 

= 0.12 cm/year 

fhe converqence rate of volume in percent is .9 x 10-2 per cent/F. 

The hydraulic conductivity of the Capitan Aquifer is at least 50 times that ot 

the Rell Canyon (Ref. 3) and the salt content is muct1 less. The Capitan Aq11iter 

is twice as thick as the Bell Canyon aquifer. The hydraulic grarlients are 

comparable. The salt removal rate at the Capitan Re\:f ·- Salad!) interface could 

thus be 200 times greater than at the Bell Canyon-Castile interface or 4.5 :< 

l o-2 m/yr. The rate of increase of volume in percent is 0. 70 perCt~nt/yr 01 

almost 100 times greater than the convergence rate of volume riuf: to rrpep of 

salt. 

Bachman discussed the origin of the breccia pipes on the Reef dunnq r~at:unc1 ti111e 

(Ref. 8). He believes that the present hydrologic conditions are nnt '~:.11tahle 

for the formation of new breccia pipes over the Capitan Reef. 
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Appendix C 

Badio.~ogical Consequences From a Cavern Collapse Beneath the WIPP Site 

At the end of emplacement, WIPP will have 425,000 Ci of Pu-239. At a verticdl 

salt removal rate of 4.5 x lo-4 m/yr (see Appendix B), a cavity 245 m in 

diameter and 12 m high could be formed in 27 ,000 years. The amount of Pu-23\J at 

the time of the roof collapse will be 200,000 Ci. 

The WIPP repository will cover an area of 100 acres (405,000 m2) while the 

cross-sectional area of the chimney is 47,100 m2; the amount of radioactivity 

available for release is 

200' 000 x 
47

'
1 00 

405,000 
23,200 Ci 

1t will be assu1ned that following the collapse, all the volume of the cavern i:. 

transferred as equivalent porosity to the brecciated chimney rubble. rt1e chimney 

is permeable for several years and its pore space is filled with brine thdt can 

flow upward. all the radioactivity in the affected area is leached and an 

equilibri~n is established between the plutonium in the brine and the pl~to~ium 

adsorbed on the rock of the Dewey Red Lake Bed formation which is 150 rn thii:.k 

(500 ft) and which has large amounts of clay. 

To a rouqh approximation, 

C-1 

C5 concentration per unit mass of a given nuclide sorbed on ';olid 

mineral phase, Ci/gm 

Ci Concentration per unit volume in the liquid phase, Ci/ml 

Kd distribution coefficient, ml/gm 

l\ssurni ng that equilibrium is es tab 1 i shed as the contaminated brine rnove·; tlir-11u 11h 

Dewey Lake Red Bed formation, one obtains for the distribution of plutonium 

between soil and liquid 
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where 

23, 200 curies 

m5 - mass of solid available for sorption, gm 

V1 = Volume of liquid, ml 

Combining C-1 and C-2 one obtains 

23, 200 
C1 =---

msKd + V1 

C-2 

C-3 

For clay of the Delaware basin, Kd for Pu-239 varies between 40,000 and 180,000 

1111/9111 (Ref. 23). Finally, assume that only 1 percent of the brecciated Dt>wey Hed 

Lake Bed formation {thickness 150 meters) becomes available for sorption. The 

input data to C-3 consists of 

~ (245) 2 x 150 x 2.2 x 106 =1.6 x 1011 gm 
4 100 

VJ = 570,000 m3 = 5.7 x 1011 ml 
Kd = 40,000 ml/gm 

and the output is 

C 1 = 3. 7 pC i /m 1 

which is less than 5 pCi/ml [the MPCw value for Pu-239, (Ref. 24)] 
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Appendix O 

Radionuclide Transport in the DMG Aquifer 

The average interstitial fluid speed in an aquifer is given by 

where 

K dh 
v = e dT 

K Average hydraulic conductivity, m/sec 

e Average porosity 

dh/dl = hydraulic gradient 

Because of the adsorption and desorption of nuclides as they pass through the 

rock, the movement of nuclide is slower than the velocity of water. The nuclide 

velocity is given by the water velocity divided by the retardation factor R 

where 

Vn= V/B 

Vn =nuclide velocity, m/yr 

V water velocity, m/yr 

p = formation density gm/ml 

Kd = distribution coefficient, ml/gm 

The time of travel between the repository and the Capitan Formation is then 

calculated from 

where 

T _ Bd 
v 

d = distance from WIPP site to Capitan Reef Formation, m. 

From available hydrologic data for the Bell Canyon aquifers (Refs. 2, 3. n) 

K 0.016 ft/day= 5.6 x io-8 m/sec 

e = 0.1 6 

dh /dl 2. 16 x 1 o-3 
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the water velocity Vis thus 2.3 x l0-2 m/yr and since the distance between the 

center of the repository and the Capitan Reef formation is 10 miles (17,000 

meters), the water travel time alone is 740,000 years. 

The distribution coefficients, Kd, are assumed to be l ml/gm for all uranium 

isotopes and 2.4 x Hi3 ml/gm for all plutonium isotopes. The retardation 

factors, B, for these isotopes are thus 13 for all uranium isotopes and 3 x l 04 

for all plutonium isotopes. The travel time is thus 8,300,000 years for all 

uranium isotopes and essentially infinite for all Pu isotope, since the half 

lives of U-233, Pu-239 and Pu-240 are 240,000 years, 24,400 years and 6,500 years 

respectively. As pointed out in section III, the formation of the breccia 

chimney is 1.3 million years, thus all radionuclides would decay either during 

the formation of the chimney or in the transit to the Capitan Reef format·ion. 
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