
ANALYSIS OF THE POTENTIAL FOR

GEOTHERMALLY-INDUCED GROUND-WATER CONVECTION

WITHIN THE EVAPORITE AQUITARD,

DEAF SMITH COUNTY SITE, PALO DURO BASIN

Numerical Evaluation of Conceptual Models
Subtask 3.5

Mini-Performance Assessment #5

July 31, 1986

8609150174 860818
PDR WMRES EECNWCI
D-1021 PDR

-s_---~~ DANIEL B. STEPHENS & ASSOCIATES. INC.



MINI-ASSESSMENT REPORT #5 Paffe iMINI-ASSESSMENT REPORT #5 Pane 1~~~~~~~~~~~~~~~~~~

TABLE OF CONTENTS

Page

LIST OF FIGURES . . i i

1.0 INTRODUCTION . . . . . . . . . . . . . .

1.1 General Statement of Problem . . . .

1.2 Statement of Relevance to NRC . . . .

1.3 Relationship to Other Analyses, etc.

2.0 OBJECTIVE . . . . . . . . . . . . . . . .

3.0 OPERATIONAL APPROACH . . . . . . . . . . .

3.1 Geology . . . . . . . . . . . . . . .

3.2 Flow/Transport System . . . . . . . .

4.0 TECHNICAL APPROACH . . . . . . . . . . .

4.1 Formal Statement of Problem . . . .

4.2 Identification of Solution Techniques

4.3 Definitions and Assumptions . . . .

.... . ... 1

.... . ... 1

.... . ... 1

. . . . 2

. . . . 4

. . . . 4

. . . . 4

. . . . 7

. . .. 8

. . . . 8

.. . .

.... 9

4.4 Identification of Output and Criteria . . .

4.5 Standard Solution . . . . . . . . . . . . .

5.0 ANALYSIS . . . . . . . . . . . . . . . . . . .

6.0 RESULTS . . . . . . . . . . . . . . . . . . . . 12

7.0 CONCLUSIONS . . . . . . . . . . . . . . . . . . . 12

8.0 DISCUSSION . . . . . . . . . . . . . . . . . . . 12

9.0 REFERENCES . . . . . . . . . . . . . . . . . . . 15

APPENDIX . . . . . . . . . . . . . . . . . . . . . . . 16

10

11

11

DANIEL B. STEPHENS & ASSOCIATES. INC.



MINT-ASSESSMENT REPORT #5 Pace I I
MINI-ASSESSMENT REPORT #5 �ari� ii

LIST OF FIGURES

Figure Number

1 Conceptual Model for Geothermal Convection in
Evaporite Equitard . . . . . . . . . . . . . .

2 East-West Cross-Section of the Major Deporitional
Systems in the Palo Duro Basin . . . . . . . .

3 Three-Layer Conceptualization of Hydrostratigraphic
Units . . . . . . . . . . . . . . . . . . . . .

Page

3

6

6

DANIEL B. STEPHENS & ASSOCIATES. INC.



MINI-ASSESSMENT REPORT #5 -Paae 1
MINI-ASSESSMENT REPORT #5 Paae 1

1.0 INTRODUCTION

1.1 General Statement of the Problem

In the absence of convective ground-water flow, the tempera-

ture of ground water as a function of depth is defined by the

local geothermal gradient. Thus ground water at depth is

warmer and, due to thermal expansion, less dense than cooler

ground water at shallower depths. Ground-water convection

may be initiated if buoyancy forces (due to thermal expansion)

overcome the viscous resistance of the ground water to flow.

Resultant ground-water convection would include upward flow

paths (see Figure 1; Donaldson, 1962).

1.2 Statement of Relevance to NRC

Thermal convection cells consist of warmer, less dense

water rising to shallower depths to replace cooler, denser

water which tends to sink (Figure 1). Such thermal convection

could produce a potentially adverse condition if the upward

movement of ground water from the host rock reaches the Dockum

Group which locally yields good-quality water (DOE, 1986,

p. 3-122; Guideline 10 CFR 960. 4-2-1, DOE, 1986, p. 6-140).

Favorable conditions regarding the ability of the repository

to isolate the waste include: a) a downward or dominantly

horizontal gradient In the host rock ... , and b)

pre-waste-emplacement ground water travel time ... that

-__--- DANIELB.STEPHENS&ASSOCIATES.INC.
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substantially exceeds 1000 years (10 CFR 60, section 60-122).

Pre-waste-emplacement ground water travel times to the accessible

environment of less than 1000 years are considered a

disqualifying condition (10 CFR 960. 4-21). Potential for

changes in hydrologic conditions that would affect the migration

of radionuclides to the accessible environment is considered

a potentially adverse condition; it must be shown potentially

adverse conditions do not compromise the performance of the

repository (10 CFR 60.122).

1.3 Relationship to other analyses, documents, tasks,

and subtasks

Most analyses are performed under the assumption that

flow across the evaporate aquitard is generally downward under

saturated conditions (DOE, 1986; Stephens and Assoc., 1986).

In addition, most analyses do not incorporate buoyancy forces

due to salinity or thermal effects (Stephens and Assoc., 1986).

Favorable and potentially adverse conditions for site criteria

relate to downward flow and pre-emplacement travel times

(10 CFR 60.122; DOE, 1986). Geothermally-induced buoyancy

forces may provide a mechanism for the transport of radionuclides

to the accessible environment through a previously unconsidered

pathway, i.e. upward ground-water flow in buoyancy driven

convection systems.

-^_-^--- DANIEL B. STEPHENS & ASSOCIATES. INC.
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Figure 1. Two-dimensional cellular convection In a layer off u I d-saturated Permeab le medium between isothermal, Impermeableboundaries heated from below.
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2.0 OBJECTIVE

Is thermal convection due to the geothermal gradient

expected to provide a mechanism for the transport of radionu-

clides to the accessible environment? In so, will the expected

ground-water travel-time to the accessible environment exceed

1000 years?

3.0 OPERATIONAL APPROACH - CONCEPTS AND GENERAL ASSUMPTIONS

3.1 Geology

In this analysis the Permian shale-evaporite aquitard

(HSU B, Figure 1, 2) is modeled as a 2-dimensional, homogeneous,

isotropic, unfractured porous medium bounded above and below

by impermeable, isothermal surfaces (see Figure 1). Although

this is a highly simplified model of a complicated 3-dimensional

system, the model may provide a reasonable and useful estimate

of the potential for geothermally-induced ground-water

convection.

The upper boundary of the model has been chosen as the

contact between the Triassic Dockum aquifer and the Permian

aquitard; the lower boundary represents the contact between

the Permian aquitard and the Wolfcamp aquifer.

The Permian aquitard is a sedimentary sequence of shales,

evaporates, carbonates and siltstones, and as such should

exhibit some anisotropy in permeability (Figures 2, 3; Palo

Duro basin field trip, 1986; DOE, 1986).

-v_----- DANIEL B. STEPHENS & ASSOCIATES. INC.
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West

NEW UEXICO.l TEXAS

Figure 2. East-west cross %rat ion of
-sYstems in the Palo Dur-o Basil, (.,3L4EC', 19 3- the major depositional
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3.2 Flow/Transport System

Flow is assumed to occur, according to Darcy's law, in

response to buoyancy forces generated by thermal expansion

of water due to the geothermal gradient. In this analysis,

it is assumed that the physical properties of the ground-water

(including viscosity but with the exception of density) are

unaffected by temperature and pressure variations (see Appendix).

The assumptions of homogeneity, isotropy and two-dimensional

flow in an unfractured medium are necessary to obtain a relative-

ly simple solution. These assumptions may lead to inaccurate

estimates of flow velocities and convection-cell dimensions.

Should this preliminary, "back of the envelope" analysis indicate

that thermal convection is likely to occur, then more complicated

models incorporating anisotropy, heterogeneity, 3-dimensionality

and fracture flow may be pursued to more accurately estimate

flow velocities and convection cell dimensions (e.g. perhaps

by using SWIFT II).

Although the upper and lower boundaries of the Permian

aquitard are probably not impermeable, this assumption is

made for the present analysis. Models incorporating flow

across the aquitard boundaries would be much more complex

and require data regarding aquitard recharge/discharge rates

and areas which are currently not available. In addition,

such models would probably require numerical solution. At

present, analytical solutions exist for the assumptions given

-a_----- DANIEL B. STEPHENS & ASSOCIATES. INC.
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in this analysis (Wooding, 1957; Donaldson, 1962; Turcotte

and Schubert, 1982).

The onset of thermal convection is assumed to occur from

a steady-state or static equilibrium condition, that is, there

are assumed to be no fluid potential gradients due to gravity

and pressure.

4.0 TECHNICAL APPROACH

4.1 Formal Statement of Problem

Within the limits of the assumptions given within, linear

stability analysis will be performed to determine the minimum

permeability required for thermal convection to occur in a

layer of fluid-saturated, permeable material which is situated

between impermeable, isothermal boundaries.

4.2 Identification of Solution Techniques

The solution utilizes the "Boussinesq approximation"

(Turcotte and Schubert, 1982), where fluid is considered to

be incompressible except for a buoyancy term (density variation

due to thermal expansion) in the vertical Darcy velocity

component. Darcy's law (for vertical and horizontal flow),

the equation of conservation of mass for the flow of a viscous

incompressible fluid (rigid matrix), and the equation of

conservation of energy for 2-dimensional flow of an incom-

pressible fluid in a porous medium are solved subject to boundary

conditions appropriate for isothermal, impermeable boundaries.

The solution allows one to obtain the appropriate Rayleigh

->_----~ DANIEL B. STEPHENS & ASSOCIATES. [NC.
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number for thermal convection in a layer of permeable material

heated from below (see section 4.3, Appendix). Substitution

of the appropriate hydraulic parameters yielding a Rayleigh

number greater than a critical value suggests that this specific

combination of parameters represents a condition under which

thermal convection will occur (in a uniform permeable medium

heated from below). The mathematical statement and analysis

of the problem are presented in the Appendix.

4.3 Definitions and Assumptions

The appropriate Rayleigh number for thermal convection

in a layer of saturated porous material heated from below

is:
2

cf & Pf cf k b (T1 - To)
Ra a (1)

U AM

(Wooding,

0f

g

Pf

cf

k

b

(T 1 - T0 )

)m

1957; Donaldson, 1962; Turcotte & Schubert, 1922)

- coefficient of volumetric expansion of fluid

- gravitational acceleration

- fluid density

- specific heat of convecting fluid

- permeability

- thickness of porous layer

- temperature difference between isothermal
boundaries

- dynamic viscosity

- thermal conductivity of saturated medium

________ DANIEL B. STEPHENS & ASSOCIATES. INC.
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List of Assumptions:

1. two-dimensional, homogeneous, isotropic unfractured

porous medium bounded by impermeable, isothermal surfaces.

2. fluid incompressible, except for buoyancy term (due

to density variation caused by thermal expansion), also known

as Boussinesq approximation; fresh water. The effects of

using a density appropriate for saline water is apparent in

equations 1 and 2. Spatial variability of fluid density cannot

be incorporated in this simple analysis and may be pursued

in a subsequent mini-report, perhaps by using SWIFT II.

3. temperature difference between conduction solution

and convection solution, as well as the horizontal and vertical

Darcy velocities, are infinitesimal at the onset of convection.

(linear stability analysis; this assumption allows the non-linear

terms to be ignored).

4.4 Identification of Expected Output and Judgement Criteria

Permeability is the only parameter in the Rayleigh number

(eq. 1) which is expected to vary by much more than an order

of magnitude and thus is also expected to be the critical

parameter is this analysis. Permeabilities (for which thermal

convection in a uniform permeable layer is expected) will

be determined and compared with measured values from the Permian

aquitard.

DANIEL B. STEPHENS & ASSOCIATES. INC.
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4.5 Standard Solution

Rearranging the Rayleigh number equation (Wooding, 1957;

Donaldson, 1962, Turcotte and Schubert, 1982),

U Am RacR
(2)

g f Cf b (T1 - To)

indicates the minimum permeability for which thermal convection

will occur.

5.0 ANALYSIS

Given the following parameter values considered representa-

tive of the aquitard & geothermal system, calculate the minumum

permeability for which thermal convection is likely to occur.

cc 5 x 10- K (T = 560C, CRC, 1978; p.F-5)

g = 9.78 m S (Turcotte and Schubert, l982; p.430)

p- 106 g m-3 (Hillel, 1980; p.294)

Cf = 4.2 W s g 1 K 1 (Hillel, 1980; p.294)

k = variable, units: m2

b = 1368 m (J. Friemel No. 1, DOE, 18E6;

p.3-155)

(T1 - T0) . 57 K (DOE, 1986; p.3-101)

u - 0.49 g m-1 S (T = 56'C, CRC, 1978; p.F-51)

l = 1.5 W m- 1iK1 (Reiter and Tovar, 1982; DOE,
m

1986, p.3-101-104)

aR 4 Tr (Turcotte and Schubert, 1982)

Using the parameter values above, one may calculate the

minimum permeability for which convection will occur given

~ DANIEL B. STEPHENS & ASSOCIATES. INC.
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the conditions assumed for this analysis. The minimum

permeability for convection to occur is

k - 1.8 x IO-` m2 (k = 1.8 x 101 md).

6.0 RESULTS

The minimum permeability calculated above is not character-

istic of shale or salt (Freeze and Cherry, 1979; DOE, 1986).

Most studies suggest the permeability of the salt is

l0-e - 10-4 md or less (DOE 1986; Stephens and Assoc. l9e6) thus

there is a 3-5 or more order of magnitude difference between

the calculated minimum permeability and the salt permeability.

7.0 CONCLUSIONS

Within the limits of the assumptions given in this analysis,

thermal convection due to buoyancy forces generated by the

geothermal gradient will not occur.

8.0 DISCUSSION

This analysis utilizes several simplifying assumptions

which should be considered with the conclusion.

The controlling parameter in this analysis is the per-

meability of the Permian aquitard. Suggested values of aquitard

permeability vary by several orders of magnitude (see Stephens

and Assoc., 1986). In addition, this analysis assumes no

fracture flow. Disturbed zones, such as breccia pipes and

fault zones, may significantly increase the effective

permeability of the aquitard, perhaps to the point that

-v_----~ DANIEL B. STEPHENS & ASSOCIATES. INC.
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thermally-induced convection would be possible. We will

investigate the significance of local zones of high permeability

on the thermal regime and groundwater travel time through

numerical models.

It is recommended that site characterization plans should

include additional studies to better characterize the degree of

heterogeneity and anisotropy of permeability of the Permian

aquitard. Such studies should include in-situ permeability tests

and the identification of possible zones of increased permeabili-

ty (e.g. fault zones and breccia pipes.)

The temperature difference between the isothermal boundaries

has been determined from a terrestrial heat-flow value

(63 mW/m 2, Sass and others, 1976) and a thermal conductivity

(1.5 Wm-lK-1, Relter and Tovar, 1982). The values of viscosity,

thermal conductivity and temperature difference across the

aquitard each overestimate the likelihood of convection (DOE,

1986; eq. 1). The other values in equation 1 are not expected

to vary much, except, perhaps, for the aquitard thickness

which will in turn affect the temperature difference. The

aquitard thickness used in this analysis is the value reported

for J. Friemel No. 1 (DOE, 1986, p.3-155).

Density effects due to salinity have been neglected in

this analysis. Increased fluid density due to salinity may

decrease the minimum permeability required for thermal convection

(see eq. 1, 2). Density effects due to spatial variability

of salinity may be additive to the thermal effects in promoting

-a------ DANIEL B. STEPHENS & ASSOCIATES. INC.
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convection. However, density effects due to spatial variability

of salinity can not be considered in this analysis and this

should be examined in a subsequent analysis, perhaps through

the use of SWIFT II.

It is also recommended that additional analyses of the

problem of buoyancy convection induced by the geothermal gradient

be pursued through the use of SWIFT II. Additional information

which may be provided includes the effects of:

1. salinity (density) variations

2. three-dimensionality

3. fractured media

4. heterogeneity

5. anisotropy

6. varying fluid viscosity as a function of temperature.

Radiogenic heat produced in the repository may generate

a thermal buoyancy plume which may rise from the repository

toward the base of the Dockum Group. A simple analysis of

this problem is currently in progress by the DBS team. More

complicated analyses (again, through use of SWIFT II)

incorporating a repository heat source and heterogeneous,

porous media may follow.

DANIEL B. STEPHENS & ASSOCIATES. INC.
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APPENDIX
Mathematical Analysis

The following mathematical analysis is taken from Turcotte

and Schubert (19e2).

1.0 GOVERNING EQUATIONS

Darcy's law, horizontal

u , _ .i (1)
U. ax

Darcy's law, vertical

v= k ( a - pf g) (2)
U ayf

Conservation of Mass (see assumptions)

au + av=O . (3)
ax ay
Conservation of Energy (see assumptions)

Pm C m + V a)' I'T + f2T
P C -+ P fc(U + 7ar = a4

where:

uv = horizontal, vertical Darcy velocity

k = permeability

U = viscosity

p pressure

PfV Pm fluid, matrix density

g= gravitational acceleration

Cf. cm= fluid, matrix specific heat

~^______ DANIEL B. STEPHENS & ASSOCIATES. INC.



MINI-ASSESSMENT REPORT #5 Page 17

T= temperature

A = thermal conductivity of saturated medium

m

2.0 ASSUMPTIONS AND eOUNDARY CONDITIONS

1. homogeneous, isotropic, 2-dimensional, permeable,.
rigid, unfractured, saturated medium.

2. fluid incompressible, except for buoyancy term in
vertical Darcy velocity.

3. physical properties of fluid, except density, are
constant, i.e. unaffected by temperature and pressure variations.

4. upper boundary, y = 0, at temperature To; impermeable.

5. lower boundary, y = b, at temperature T1 > To;
impermeable.

3.0 APPROACH

In the absence of convection the temperature distribution

is given by the conduction solution

Ti - To

T= = To0 + y (5)
b

where b is the layer thickness (Figure 1). At the onset of

convection, the temperature distribution may be expressed

as the conduction solution plus some infinitesimal temperature

disturbance T'.

T, - To

T = To + y - T' (6)

b

(Prime symbol indicates value is infinitesimal). Likewise,

at the onset of convection the Darcy velocity components are

also infinitesimal. In terms of the infinitesimal quantities,

the appropriate forms of equations 1 through 4 are:

______ -DANIEL B. STEPHENS & ASSOCIATES. INC.
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u f = _ k Z<(7)
U ax

v' a _ k( p'+ cf Pf ( T)) e

Du' av' (9i)
auk aYa

Pm Cm Pa + PfPCf V b (TI - T 0 X I+ ) (10)

To obtain eq.(10) substitute eq.(6) into eq.(4) and neglect

the nonlinear infinitesimal terms (e.g. u' ). (Since T',ax

u' and v' are small quantities, the nonlinear terms will be

much smaller than the linear terms and thus can be neglected;

such "linearized analysis" is a standard mathematical approach.)

The critical condition for the onset of convection can

be determined from steady-state consideration. Differentiate

eq.(7) with respect to y and eq.(e) with respect to x; subtract

to get

au, avi k Cc 4:f 9 aT' 11

ax u ax

DANIEL B. STEPHENS & ASSOCIATES. INC.
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Similarly, cross-differentiate and then subtract eq.C9) and

(11) to get

+ ~~- k ccf (2a2vt a2v' ~ f Of g a2T'
= U~~~~~~~~~~~~2

Solving the steady-state eq.(10)

Pf Cf ( b °) = I T + ) (13)

for vt and substituting into eq.(12) results with

&T' 2 34T' a _ k f Pf 8 Cf (T To) 2 (14)
jX + axTay2+ a7 = uy b -Tx (4

Using the boundary conditions, since T' = 0 at y = 0, b

then a -= at y = O, b (15)

Also, v' = 0 at y = 0, b. (16)

Substituting eq.(15) and (16) into eq.(13) one determines

a 2 T'
--- = ° at y = 0, b (17)

T = To sin s sin Thx (le)

satisfies eq.(14) and the boundary conditions where To is the

amplitude and X is the wavelength of VT. Substituting eq.(18)

into eq.(14), then

{ ( 27rb + w2 }2 fg pf c k b (T T

2nb 2 Ra (19)

~ DANIEL B. STEPHENS & ASSOCIATES, INC.



MINI ASSESSMENT REPORT #5 Pate 20

defines the approppriate Rayleigh number for thermal convection

in a layer of permeable material heated from below.

The minimum value of Ra for which convection can occur

is obtained differentiating the left side of eq.(19) with

respect to A and setting the result equal to zero to get

A = 2b. (20)

Substituting eq.(20) into eq.(19) one determines the minimum

critical Rayleigh number for the onset of convection.

min (Ra. ) = 42 (21)
cr

To determine whether convection can occur under given

conditions, substitute appropriate parameters into eq.(19).

A resulting Rayleigh number greater than the minimum critical

value of 4we indicates that convection can occur.

^ DANIEL B. STEPHENS & ASSOCIATES, INC.


