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Abstract

Accompanying the increased emphasis on using the "solid earth" as 

a repository for waste as well as a source of fluids is the increased need 

for prediction of effects of these planned stresses on porous media. To 

fully describe the state of a fluid in a porous media it is necessary to 

specify: a) the pressure of the fluid, b) the composition of the fluid and 

e) the energy contained in the fluid. To describe and thus predict the 

flow and compositional variation of a fluid in porous media in time and space 

it is necessary to specify: a) the distribution of parameters affecting flow 

in the space of interest, b) initial conditions of pressure, composition and 

temperature or enthalpy, c) sources and sinks affecting flow and chemical 

variation in time and space, and d) boundary conditions. Presented in this 

paper are tabulations of data on porosity and permeability - factors pertinent 

to flow; and distribution coefficients and dispersivity - factors pertinent 

to chemical variation. Reported porosities vary from 0.000 to 87.3%, 

permeabilities range from "too low to measure" to 8.1 cm/sec. Because of the 

uncertainties of factors affecting laboratory determined dispersivities 

and distribution coefficients, only field based values are reported for 

these parameters.

IV
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Physical Properties of Rocks

Chapter 4 

Porosity, Permeability, Distribution Coefficents, and Dispersivity

By

Roger G. Wolff

4.1 INTRODUCTION AND SCOPE

The interest in porous media as a source of fluid (water, oil, gas) 

or as a repository for the storage or disposal of fluids or other materials 

has been increasing in the recent past and is likely to continue increasing 

into the foreseeable future. To fully describe the state of a fluid in a 

porous medium it is necessary to specify, 1) The pressure of the fluid, 

2) the composition of the fluid, and 3) the energy contained in the fluid. 

To predict the flow and compositional variation of a fluid in porous media 

in time and space, certain parameters must be specified. For flow considerations 

the primary parameters are porosity and permeability. For compositional 

variations, one of the major sources or sinks are sorption type reactions 

which are commonly characterized by utilizing distribution coefficients.



The purpose of this chapter is to present data on these factors as well

as dispersivity, a parameter for prediction of composition of mixing fluids.

It is assumed that users of the data presented in this chapter are 

interested in obtaining reasonable ranges for these parameters. This 

chapter is an attempt to assemble representative and readily available data. 

Many laboratories have unpublished data which for proprietary or other reasons 

have not been made available to the general public and therefore are not included. 

There are undoubtedly values in the literature that have

been unintentionally overlooked. To reiterate, any pretense that this compilation 

is all inclusive would be false because of the breadth of scientific and 

engineering endeavors producing such information. For purposes of ease of 

presentation, the topics; porosity, permeability, distribution coefficients, 

and dispersivity, are treated in separate sections. As table 11 Chapter 1 

indicates, sedimentary rocks, constitute only about eight percent of the earth's 

crust; however, because most ground water and oil and gas occur in sedimentary 

rocks most of the available data pertinent to the topics of this chapter are 

for that group of rocks.

Most of the discretionary discussion found in Chapters 1 and 2 are 

applicable to the rock properties considered here; i.e., the imprecision of 

rock terms (Chapter 1), the effects of extraneous chemical composition 

on the measurement of these properties, the "environmental" conditions 

(Chapter 2), the representativeness of point data.



Synthesis of the data as presented here has been attempted with the 

greatest of care, however, errors will have undoubtedly occurred. Apologies 

for these are offered in advance.

4.2 POROSITY

4.21 General Definitions

Slichter (1899) in his pioneering consideration regarding the role 

of porosity in the flow of water in porous media did not dwell on the 

definition of porosity any more than to state"..., the percentage of open 

space to the whole space, or the so-called porosity,..." However, since 

that time considerable attention has been focused on questions of total 

porosity, "the ratio of the volume of voids to the volume of solids 

generally determined by volumetric-gravimetric techniques", (API - RP - 40, 

1960), and effective porosity defined as: "the amount of interconnected 

pore space available for fluid transmission, expressed as a percentage of the 

total volume", (after Lohman and others, 1972b, p. 10). Assuming the 

specific gravity of water equals unity, total porosity, expressed as a 

percentage, based on four common approaches, can be expressed, after 

Lohman (I972a, p. 3):

v. v V-v 
n = 100 (yi) = 100 (y*-) = 100(-y-^) = 100 (b-Gs ) (1)



where

n =: porosity (percent by volume),

V = total volume (L 3 )

v. = volume of interstices (L 3 )

v = aggregate volume of the solid particles (L 3 )

v = volume of water in a saturated sample (L 3 )

G = Specific gravity of the dry sample (M/L3 ) s

b = specific gravity of the saturated sample (M/L 3 ).

Effective porosity is generally determined by a procedure based on 

Boyle's Law. The pressures and procedures used, of course, affect the degree 

or size of interconnections measured. For detailed descriptions of the 

methodology, including a discussion of the advantages and disadvantages 

refer to API - RP-40 (1960).

4.22 Historical Aspects

Because the theoretical aspects of the movement of fluids (ground-water) 

in porous media preceded the commercial development of petroleum from wells, 

the early ground-water literature contains much of the theoretical 

development. The early, thorough investigations of Slichter (1899) showed 

that the porosity of uniformly sized spheres ranged from a maximum of 47 

percent for the least stable packing to a minimum of 26 percent for the most 

stable packing. As deposits of naturally occurring material are seldom 

composed of uniform sized spherical material, measured porosities, tables 

4.2.1 thru 4.2.7, of naturally occurring materials extend beyond these



limits. Fraser (1935) extended the factors affecting porosity. He 

considered the following factors and their relative importance in 

determining the porosity of unconsolidated natural deposits:

Absolute grain size

Non-uniformity in size of grains

Proportions of various sizes of grains

Shape of grains

Method of deposition

Compaction during and following deposition

Solidification.

The data as presented here provide little if any information regarding 

these factors. However, Fraser's (1935) paper has served as the basis for 

numerous studies attempting to develop "laws" governing porosity. 

Consideration of these aspects is beyond the scope of this paper; however, 

Pryor (1973) presents a good summary.

4.23 Summary

The maximum porosity of a natural inorganic material is reported by Schoeller 

(1962) for a pumice sample, 87.3%. Values for minimum porosity are largely 

a factor of scale because totally fracture-free material is a question of 

scale. Geophysical evidence (Norton and Knight 1977, p. 93) suggests that 

interconnected pore spaces exist to a depth of at least 15 km in the earths 

crust. However, for laboratory samples, the lowest known porosity is that 

for Sioux Quartzite, Precambrian in age from the Jasser, Minnesota area 

reported to have a porosity 0.000 percent (Hanley and others, 1978, p. 36).
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4.3 PERMEABLITY

4.31 General Definitions

The rate of flow of a fluid through any system, porous medium, open 

pipes etc., is dependent upon two basic properties: 1) the fluid potential 

gradients and 2) the resistance to the flow of that fluid along the 

pathway traversed. The determinable "constant" integrating the 

"resistance" factors for a porous medium has been labeled "permeability". 

Lohman (1972b, p. 9) defines intrinsic permeability as: "a measure of 

the relative ease with which a porous medium can transmit a liquid under 

a potential gradient. It is a property of the medium alone and is 

independent of the nature of the liquid and of the force field causing 

movement. It is a property of the medium that is dependent upon the shape and 

size of the pores".

4.32 Historical Aspects

Preceeded by Hagen's (1837) and Poiseuille's (1846) work on the laws 

affecting the flow of water through capillary tubes, Darcy (1856) performed 

a series of experiments on the relationship affecting the downward flow of 

water through sands proposed as filtering material for the water supply for the 

town of Dijon, France. His experiments developed the relationship:

Q = - kO^-hp/A (2) 

where

Q = volume of water crossing unit area in unit time

(L 3/T)

h.,h- = the elevation above a reference level of water 

in manometers terminated above and below a 

vertical column of sand respectively. (L)



37

k = a factor of proportionality (L 3 /T)

H = height of the sand column (L)

The constant of proportionality as originally defined by Darcy contains 

properties of both the fluid and the porous medium.

The experiments of Darcy have been reviewed, limits tested, and the law 

has been generalized to include the relationship of viscosity. This allows 

isolation of a constant of proportionality with characteristics of the porous 

medium by itself, commonly referred to as intrinsic permeability (Lohman, 

1972b, p. 9).

The generalized Darcy relation, taking into account viscosity, is 

(after Hubbert, 1940):

q = Kpg
n dl O)

2 Where k = intrinsic permeability (L )

H = kinematic viscosity (M/LT)

q = rate of flow per unit area (L/T)

dh/d£ = gradient, unit change in head per unit length

of flow

3 p = density of the fluid (M/L )

2 g = acceleration of gravity (L/T )

See Hubbert (1940) for a highly comprehensible and thorough discussion on 

Darcy's law, including permeability.

Much of the testing and generalization of Darcy's relationship was 

done by the petroleum industry. Wykoff, et al (1933, p. 167) proposed that
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this unit of permeability be: "... called a 'darcy' after D'Arcy, who first

formulated the law of porous flow". Using the consistent units specified in

3 equation 3, a permeability of one darcy means a flow rate of 1 cm /sec

2 through a cross section of 1 cm having a length of 1 cm under a pressure

differential of 1 atmosphere for a fluid having a viscosity of 1 centipoise.

Because the permeability of most porous media is less than one darcy and to
-3 

reduce the use of decimals, the term milli-darcy (10 darcy) is commonly

used in the petroleum industry.

Investigations involving fluids having relatively uniform properties 

have superposed the fluid properties onto permeability (matrix) 

considerations. For example, in ground-water "a porous medium has a 

hydraulic conductivity of unit length per unit time if it will transmit in 

unit time a unit volume of ground water at the prevailing viscosity through 

a cross section of unit area, measured at right angles to the direction of 

flow, under a hydraulic gradient of unit change in head through unit length 

of flow" (Lohman, 1972a, p. 6).

4.33 Discussion

In the tables of data (4.3.1 thru 4.3.7) which follow, attempts 

have been made to include information about the testing conditions 

wherever such data are available. Some of the most important factors 

affecting accurate permeability determinations are: 1) the laboratory 

conditions of temperature, (see Weinbrandt and others, 1975; and Potter,
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1978) 2) gradient imposed across the sample, 3) whether the sample was 

reloaded and tested under conditions simulating field conditions (see Zoback 

and Byerlee, 1975), 4) the composition of the liquid used to do the testing 

(See Johnston and Beeson, 1945), and 5) the saturation state. All of these 

topics have been addressed and are continuing to be refined in the past and 

current literature.

Theoretically, relationships exist between porosity and permeability for 

uniform size and shape material. However, in nature the conditions are 

rarely met to permit quantitative prediction of permeability based on 

porosity measurements. Attempting to summarize the published literature on 

this topic is beyond the scope of this chapter, however; recent 

introductions into this literature are: Zoback and Byerlee, 1975; Beard and 

Weyl, 1973; and Friedman, 1976. A broader treatment of factors affecting 

porosity and permeability in sediments can be found in Wolf and Chilingarian 

(1976, p. 188-241).

The units chosen for permeability for the tables are centimeters/second. 

Data reported in the literature in specific conductivities or in other 

units have been converted.

Table 4.3.8 is a conversion chart for the most common "permeability" 

units.

4.34 Summary

With a few exceptions, only values for naturally occurring samples are 

presented, i.e., values for artificially prepared mixtures were omitted.
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Also, "soils" in the agricultural sense were eliminated from the following 

tabulation; they open a whole new field which is beyond the scope of this 

chapter. : The minimum permeability reported in tables 4.3.1 through 4.3.7 is 

zero for bedded salt and a maximum of 8.1 cm/sec for basalt "with cavernous 

openings".
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Table 4.3.8. Permeability Conversion factors- 

ratios of common permeability units 

relative to cm/sec used in tables 4.3.1-4.3.7

(example: to convert a value in the tables 
from cm/sec to cm 2 divide by 9.804 x 10 )

9.804 X 104 (cm/sec)/cm2 * 

9.109 X 10 7 (cm/sec)/ft2 * 

9.66 X 10~ 4 (cm/sec)/Darcy* 

9.66 X 10 (cm/sec)/millidarcy* 

30.48 (cm/sec)/(ft/sec) 

4.72 X 10"5 (cm/sec

* for water at 20°C

="* for water at 60 F = Meinzer unit.

(gpd = U.S. gallons per day)
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4.4 DISTRIBUTION COEFFICIENTS

4.41 General Comments

As mentioned in section 4.1, for predicting (modeling) the

compositional variation of a liquid in a porous medium in time and space, it 

is necessary to consider chemical reactions which are sources and sinks of chemical 

constitutents. Sorption-desorption type reactions are common in natural 

materials; these can be characterized by the use of distribution coefficients.

4.42 Historical Aspects

The property of natural "rock" materials to sorb   to permanently 

sequester or delay movement of aqueous species   has been of interest to a 

range of scientific disciplines for many years, starting with Way's (1850) 

classical paper. Since that time much effort has been concentrated on: 1) 

evaluation of the ion exchange properties of natural materials, 2) the 

factors influencing ion exchange, and 3) the best methods to characterize 

these reactions. As environmental concerns about waste disposal have 

escalated, the characterization of sorption properties under natural 

(in-situ) conditions has become of increasing importance. Recognizing 

that laboratory determinations suffer from all of the difficulties of 

transferability to the field discussed earlier, a whole new area of 

research is foreseen for the hydrologist and soil scientists.



92

4.43 General Definition and Discussion

The most commonly used quantitative expression for the sorption of ions 

on to or off of the skeletal framework of the porous media is the 

distribution coefficient, K,. The distribution coefficient is defined 

(after Wood, 1978, p. 27) as:

where:

K, = distribution coefficient (L 3 /M)

c = concentration of ions sorbed on skeletal framework (M/M)

3 c = concentration of ions in solution (M/L ).

3 3 The units for K, (equation 4) are volume/mass. K,(L /M), x p (M/L ), where
Q Q S

p is density of the skeletal framework, results in a dimensionless form. In
S

table 4.4.1, the values from Robertson (1974 and 1977) are dimensionless whereas 

those of Meani and others (1978) have unspecified dimensions, but are 

assumed dimensionless.

K, must be empirically determined over the range of concentration of 

interest to the investigator. "Standardization" of the methodology for 

laboratory determinations of K,' s is still in the state of evolution. 

Relyea and Serne, 1979, reporting on their "controlled sample program" found 

that even though uniform samples were sent to several laboratories for K, 

determinations using specified standardized methodology and materials, 

results varied over three orders of magnitude. Progress is being made in 

identifying the factors requiring careful control (Means and others, 1978; 

Apps and others, 1977). Once these factors are standarized, it should be 

possible to compare results for different rock materials, ions, etc.
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Because of the obvious questions remaining regarding laboratory determined 

values, only values measured in the field, all of which are for saturated 

conditions are reported in Table 4.4.1. These values have been determined 

under conditions which integrate the in-situ factors affecting flow and 

transport of the chemical species of interest. This integration may include 

phenomena not "normally" considered in laboratory sorption experiments; 

however, until characterization of the medium being considered for waste 

isolation evolves to the degree where quantification is complete, values 

determined by field testing and/or regional modeling may be the most 

meaningful. However, as shown, the number of "field" determinations is very 

small.

The primary function to be served by this compilation is to highlight 

the need for more data both from field experiments, and/or from modeling 

studies involving enough field derived data for calibration of the model.

Ames and Rai, 1978, have summarized most of the data available on K, 's 

for radionuclides. They have also made assessments of the factors 

apparently affecting laboratory determinations for these same isotopes.
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4.5 DISPERSIVITY

4.51 General Definitions

Factors affecting the concentration and movement of solutes (transport) 

in porous media include advection, dispersion, and chemical reactions (sec. 

4.4). The transport of solutes associated with liquid which is moving in 

response to potential differences, Darcy flow, is referred to as advection. 

(Convection, although more properly reserved for flow resulting from thermal 

differences, has been used synonymously.) The process of advection would 

result in the movement of solutes at an average rate equal to the average 

linear velocity of the transporting liquid. However, there is a tendency 

for the solute to spread out from what would be predicted on the basis of 

pure advection. This spreading phenomenon is called hydrodynamic 

dispersion. Dispersion is a phenomenon which results from the mixing of 

fluids of differing compositon. It produces dilution of solutes in the zone 

of mixing. Dispersion includes the effects of molecular diffusion, usually 

neglected except at low advection rates, and the mixing resulting from 

velocity differences affected by microscopic and macroscopic variations in 

porous media. Dispersion resulting from variations in velocity is 

referred to as mechanical or hydraulic dispersion. Dispersion has 

directional properties; spreading of solute in the direction of flow 

is referred to as longitudinal disperson, spreading perpendicular to 

the direction flow lines as transverse dispersion.

Assuming steady state conditions, saturation, nonreactive solutes; the 

longitudinal coefficient of hydrodynamic dispersion can be expressed as:
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D£ = 0V + D* (5)

Dp = coefficient of longitudinal dispersion along flow path (L2 /T) 

a = dispersivity, property of the porous medium (L) 

v = average linear velocity of liquid (L/T) 

D* = coefficient of molecular diffusion (L 2T)

The considerations necessary to transform equation 5 into more than one 

dimension or to coordinate systems other than the one dimension assumed 

here, are beyond the scope of this chapter, for a clear discussion 

see Freeze and Cherry (1979, p. 549).

The coefficient of dispersion is ultimately of importance in the 

analysis of transport.

Transport by dispersion = n D 0 -^ (6)
Xf C/A«r

where

n = porosity

Dp = longitudinal coefficient of dispersion

err = longitudinal concentration gradient

It should be noted that the dispersive component of transport, equation 

6, is of the form of Pick's first law, which is applicable to diffusion.

4.52 Discussion

As defined by equation 5, dispersivity the topic of this section is a 

"constant" which characterizes the spreading or dispersion attributable
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to the medium being considered. It has been shown that values of

dispersivity vary depending on the scale at which they are measured.
-2 

Laboratory determinations range from 10 to 1 cm, while field values range

from 10 to 100 m, (Anderson, 1979). Because dispersivity is an indirect 

measure of the homogeneity of the sample tested, the larger the sample the 

more representative the result. For this reason and because of the growing 

tendency to utilize the solid earth for disposal of a variety of materials 

including long-lived nuclear wastes, it was decided to report only 

dispersivity values from: 1) field tests and 2) field investigation of 

chemical transport in which dispersivities were determined, usually through 

model analysis. The latter results from the calibration of areal numerical 

models which may include other factors too involved for discussion here, 

thus these values should be viewed as "apparent dispersivities".

Anderson (1979) presents an excellent review of simulation modeling of 

contaminants in ground water flow systems involving dispersion. The disper 

sivity values reported in tables 4.5.1 and 4.5.2 are adapted from this 

paper.
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