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THERMAL PROPERTIES OF ROCKS

By Eugene C. Robertson

ABSTRACT

All the important thermal properties of rocks can be estimated from the graphs and tables in this report.
Most of the usetul published data are summarized herein to provide fairly accurate evaluations of thermal coefficients
and parameters of rocks for many engineering and scientific purposes.

Graphs of the published data on common rocks and minerals were prepared to show the relationships of
thermal conductivity with decimal solidity (one minus decimal porosity), water or air pore content, content of certain
highly conducting minerals, and temperature. Tables are given of pressure effect on thermal conductivity of minerals
and rocks, anisotropy of conductivity, thermal expansion, heat transfer, density, heat generation in rocks, and
activation energies of conduction mechanisms in single crystals of minerals. A series of graphs show the specific
heats of rock-forming minerals as a function of temperature; with these graphs the specific heat of a rock can be
calculated from its mode as accurately as it can be measured. Calculations of conductivity, diffusivity, and thermal
inertia of a rock from its mode are described. Discussions of radiative thermal conductivity, radioactive heat gener-
ation, and heat transfer in rocks are provided.

INTRODUCTION

Evaluation of the conduction and absorption of heat in the upper crust of the Earth for practical and for
research purposes requires knowledge of the thermal properties of the rocks found there. Heat transmission in the
earth occurs principally by conduction and secondarily by convection and radiation; all are summarized in the
Appendix. By radiation, heat is transmitted optically through a transparent medium or space. Convective heat is
transferred between a convecting fluid and a solid or other fluid. Conduction within a solid, liquid , or gas is the
principal mode of heat transfer in the earth and is the principal thermal property considered herein. Summary
discussions are provided of radiative conductivity and of convective heat transfer coefficients; a transter coefficient is
not a property of a substance but involves mass transport of heat by a fluid and conduction of heat in a solid and the
fluid through their contact surface.

This compilation attempts primarily to summarize the best published observational data on thermal conduc-
tivity of rocks and minerals as affected by composition, porosity, water content, pressure, and temperature. Data are
given for the common igneous and metamorphic rocks and for sedimentary sandstone, shale, and limestone and
summary data are given for other less-common rocks. Specific heats for rocks can be obtained from data on
rock-forming minerals. It is anticipated that values of these thermal properties of rocks and minerals will be useful for
radioactive waste management, heat flow studies, and geothermal resource appraisals, and other thermal problems
in the earth.

The approach taken is to provide graphs and simple formulas from which a thermal property of a rock can be
closely estimated from a minimum knowledge of its compositional and textural characteristics. They are especially
useful for friable, porous rocks and dense but inaccessible rocks. Tables are provided of data inappropriate for
graphical presentation. In using these laboratory data, the rocks are assumed to be isotropic and homogeneous,
although of course, rocks in place have large-scale inhomogeneities of bedding, foliation, fracturing, and other
variations in composition and structure. However, one can usually assume large scale homogeneity due to random-
ness of mineral distribution and grain orientation.

An alternative approach is to take data from graphs and tables of measurements on rock-forming minerals to
calculate from its mineral composition (mode) a combined value for a rock of its thermal conductivity, as described in
the next section. Unfortunately, modes are seldom determined on rocks, so the above empirical approach using
graphs is more feasible.



The best published compilation of thermal conductivities of rocks is in the tables of Clark (1966, section 21).
The theory of conduction of heat is described for geologic purposes by Ingersoll and others (1954), and the classic
treatise is by Carslaw and Jaeger (1959). The basis for the graphs of conductivity shown hereafter is the finding for
vesicular basalt by Robertson and Peck (1974) that thermal conductivity varies as a function of the complement of
porosity squared, air or water pore saturation, and content of highly-conducting phenocrysts.

Thermal conductivity is given emphasis in this compilation because it is needed in all calculations involving
heat conduction in the earth. (An earlier compilation is in Robertson, 1979.) In figures 1-13 the effects of porosity,
water content, and quartz, olivine, pyroxene, and clay content on conductivities of most felsic and mafic rocks are
shown. Data for other less-common igneous rocks are listed in table 1. Anisotropy data for metamorphic rocks are
given in table 2. The effect of temperature on conductivity is shown for the common rocks in figures 14-19 and for
rock-forming minerals in figures 21-26. Conduction mechanisms and activation energies as a function of temperature
in mineral crystals and aggregates are considered in the text associated with figures 28 and 29 and tables 3-5;
however, the data on conduction mechanisms in rocks are still inaccurate. The available data on the effect of
pressure and vacuum on conductivity of rocks and minerals are given in tables 7 and 8. The conductivities of most of
the common minerals, both single crystal and polycrystalline, are given in an accompanying open-file report of Diment
and others (1988), as well as in Horai (1971) and in Clark (1966, Sec. 21).

Thermal expansions (from Skinner, 1966), and densities (from Robie and others, 1967) are listed for single
crystals of the common minerals in table 9. Expansions and densities of common rocks are given in tables 10 and
11.

The specific heats at constant pressure of many rock-forming minerals as a function of temperature are
plotted in joules per kelvin per unit weight in figures 30-36 and in joules per kelvin per unit volume in figures 37-42.
These plots are from tables of Robie and Waldbaum (1968). The specific heat of a rock is easily calculated from
values of the minerals in its mode (fig. 43 and discussion); this approach is unique, as the usual calculation is from
oxides from chemical analyses. Values of specific heat for a rock are useful for many other purposes than heat
conduction, of course.

Measurements have been reported on the thermal diffusivities of rocks and minerals, but they are sparse,
and so are not assembled separately here. Reasonably accurate values for the diffusivities and for thermal inertia,
the parameter of periodic heat conduction in rocks, can be calculated from conductivities, specific heats, and
densities of the mineral components, and data plotted or tabulated in this report can be used.

Convective heat transfer coefficients applicable to rocks are described and listed in table 14; characteristic
thicknesses and conductivites of air, water, and steam are provided in tables 15 and 16 to estimate transfer coeffi-
cients for earth environments, although only roughly. Radioactive heat generation values in rocks are discussed and
listed in table 17.

The author gratefully acknowledges the encouragement and help from William H. Diment, and from Richard
A. Robie and Bruce S. Hemingway, who provided the specific heat data used in figures 30-42. The author is grateful
also to Rudolph Raspet and R. W. Werre for apparatus construction and maintenance. The author acknowledges the
helpful collaboration of Dallas L. Peck who established the effect of olivine phenocrysts on increasing conductivity.
Helpful comments have been given by David D. Blackwell and John Sass, and other colleagues and are much
appreciated.



Units

The Sl units are shown on all drawings, but cgs units and English units are still common in thermal-property

literature. The following conversion relations may be useful:

Thermal conductivity: 1 W/m+K= 2.390 x10°® cal/cm sec °C
= 0.5797 Btufft hr °F
Thermal diffusivity: 1 m’sec = 10* cm?/sec

= 10.764 ft¥/sec

Heat flow: 1W/m? =23.9x10® callem? sec
= 554 Btut® hr
Heat transfer coefficient: 1 Wm?K =23.9x 10 callem® sec °C

= 308.0 Btu#t® hr °F

Specific heat: 1Jkg K =239x 10° caligm °C

1J/m*K =0.239 x 10 callem® °C

Thermal gradient: 1Kkm =1°Ckm

= 0.5486 x 10° °FAt

Energy: 1J =6.2414x10%e V
= 10" ergs
= 0.239 cal
Pressure: 1Pa =1 N/m?
=10® bar

=7.7x 10" torr or mm Hg



Symbols

Btu British thermal unit

c Celsius

C, specific heat at constant pressure
cu conductivity unit, 10 cal/cm sec °C
E activation energy

F Fahrenheit

| thermal inertia

J joule

K thermal conductivity '

K Kelvin'

P pressure

T temperature

w watt

cal calorie

d density

ft foot

g gram

h heat transfer coefficient

hr hour

K thermal diffusivity

kg kilogram

km kilometer

m meter

n decimal fractional volumes of mineral phases 1, 2, ...
] second

X decimal fraction of composition

o thermal expansion

Y solidity

¢ porosity

! A possible confusion may oceur in distinguishing between the symbols, italic K for conductivity and Roman K for
kelvins, the Sl units of temperature. The usage and the italic underline should prevent ambiguity.



THERMAL CONDUCTIVITY

Introduction

In plotting the following graphs of thermal conductivity K of rocks and minerals from published data, the
tacit assumptions were made that among the various investigators, the samples of each rock type were uniform and
the experimental measurements were accurate, producing comparable grain-to-grain thermal conduction around
pores and through pore fluids. As a distinct advantage over the tables of K, these graphs provide a full range of the
porosity and water content effects on K, which can be interpolated quantitatively. The scatter of the data on the
graphs attests to the presence of some nonuniformities and inaccuracies among the results and provides an estimate
of uncertainty. Widely aberrant data were not plotted or listed, but many somewhat uncertain values were used due
to the scarcity of conductivity measurements in general. Techniques of measurement of thermal conductivity have
been described by Birch (1950), Beck (1965), and Sass and others (1971).

As described below, the K of a rock calculated from its mode generally is too high, and requires a correc-
tion factor, and since modal analyses are usually not available anyway, the following empirical graphs and tables for
rocks and minerals are provided to make estimates of K. With some training in petrography, hand lens inspection of
rock specimens should provide adequate approximations of phenocryst content of critical minerals, porosity, and
water content; study of thin sections would provide closer estimates. A few less-common rocks, like dunite,
amphibolite, pyroxenite, phyllite, and schist, are not plotted due to lack of data on K with respect to porosity and
water content, and recourse to figures 15-19, to tables 1, 2, and 6, and to mode calculations to estimate K may be
necessary.

Measurements of K based on the available data in the literature for common rocks, made at about 30 °C
(303 K) and 50 bars (5 MPa), are plotted in figures 1 through 13. Separate figures are given for air and water filling
the pores, and each shows the relation of X to solidity (described below) and phenocryst content, as in the conduc-
tivity study of vesicular basalt by Robertson and Peck (1974).

There is a large decrease in K with increasing temperature T for quartz-rich felsic, carbonate, and ultramafic
rocks (figs. 15 through 19) and for most rock- -forming minerals (ﬁgs 21 through 26). Some feldspathic rocks and
most basalts (fig. 15) and rock glasses (fig. 20) have a small positive change of K with T.

The acronym "CU" will be used for "conductivity unit", with the following equivalences,

1 CU = 10" cal/cm sec °C = 0.4184 W/m " K.

Solidity

The parameter used here to account for the thermal coupling between grains and the insulating effect of
pore spaces on conductivity is called solidity. Solidity, ¥, is defined as the ratio of the volume of solid to the bulk
volume, or the ratio of bulk density to solid grain density, dg/d; it is the complement of porosity, ¢ , that is,
Y=1-¢. Robertson and Peck (1974) found that the thermal conductivity of basalt varies linearly as the square of
the solidity, yz All rocks in the earth’s crust have some porosity which impedes heat conduction. Thermal conduc-
tion in a rock is controlled primarily by the relative effectiveness of grain-to-grain paths, and conduction through
fluids in the pores is much less important. A theoretical model can be deduced by analogy with the model for
electrical conductivity in rocks.

Thermal Impedance

The effect of the pore space on electrical resistivity of rock is given by Archie’s Law, in which resistivity of
the rock varies inversely as the square of porosity (see Greenberg and Brace, 1969); the electrical conduction is
apparently controlled primarily by the electrolyte in the connected pores. A theoretical physical model for Archie’s
Law was investigated by Adler and others (1973) and Shankland and Waff (1974) by using electrical resistor
simulations to show that the bulk electrical conductivity of a three-dimensional lattice is proportional to the square
of the fraction of conducting nodes. As Shankland (1975) in his important review paper on rocks and minerals
points out, the second-power exponent of Archie’s Law holds in rocks in which much of the porosity does not



contribute to electrical conduction, as when the pores are dead-end cracks or almost-isolated voids. In rocks with
connected pores, simulated by all branches of the resistor network, electrical conductivity varies as porosity to the
first power. Shankland (1975) uses electrical conductivity rather than resistivity in analyzing data on minerals
because the parallel conduction is additive in conductivity and not in its reciprocal.

Although the mechanisms for the transport of heat and electricity are different, the electrical model
described by Shankland (1975) can be carried over to a thermal model; the solid grains of rock in thermal conduc-
tion are analogous to the pores of rock in electrical conduction, which are simulated by the nodes of the resistor
network. Analogously also, the thermal conductivity was found to vary as solidity squared (Robertson and Peck,
1974) because like the isolated electrical nodes, the solid grains are apparently almost isolated by cracks and contact
each other at only a few points.

The isolation of grains in rocks is implicit in explaining the difference between the theoretical intrinsic
thermal conductivity of a completely solid rock, and the extrapolated conductivity observations at Y =1, for 5
percent olivine, as described by Robertson and Peck (1974) for basalt. The same explanation applies to limestone
and dolostone, as shown in this report. The extrapolated intercept of the isopleths at 'y 221, at the fully solid
condition, is less than the intrinsic value of a theoretically zero-porosity aggregate of crystals (see figs. 1,2, 5,6, 7,
8). The results on basalt show an intercept well below the calculated average of mineral K’s and the measured
average of the powdered sample. The effective K is 30 percent below the intrinsic K for water-saturated basalt in
samples of .995 <Y< 1, due to the insulating effect of thin air-filled pores, minute vesicles, microfractures created
by cooling stresses, and other inaccessible pores.

Interestingly, the effectiveness of pressure in closing cracks and increasing thermal conductivity is an order
of magnitude smaller (10%b ; see table 7) than the pressure effect of closing cracks and thereby decreasing

electrical conductivity (10" kb 1 see Shankland and Waff, 1974). In other words, thermal coupling between grains
is not improved by a given pressure as much as electrical conduction is diminished by crack closing.

Calculation of Composlite Models

If the mineral composition, or mode, of a rock is known, several theoretical models can be used to calculate
its composite intrinsic thermal conductivity from tables of values for minerals. (See Robertson and Peck, 1974, for a
comprehensive discussion of models and the accompanying open-file report of Diment and others (1988), or Horai
(1971) or Clark (1966, Sec. 21) for mineral conductivities.) The parallel and series models in equations (1) and (2)
below have been used fairly successfully to combine mineral values for relatively dense (Y > 0.98) felsic rocks by
Birch and Clark (1940), Beck and Beck (1958), and Horai and Baldridge (1972). In a composite rock with grains
arranged in a parallel orientation to the direction of heat flow, the conductivity is given by

Kp=n,K;+n,Kp+n K5+ 1)

where X _ is the parallel bulk rock conductivity, n;, ny, n ... are fractional volumes of mineral phases 1,2,3,..., and
K. K, K, ... are conductivities of minerals 1,2,3,... Note that the parallel format of equation 1 is often used also to

calculate a composite value for density, thermal expansion, diffusivity, or specific heat of a rock from corresponding
values of these parameters for the minerals of its mode.

In arock with mineral grains arranged in a layered sequence perpendicular to the heat flow direction, the
series conductivity is given by

1 n n ns
=ttt
LR’

where K , is the series conductivity. It has been found that the mean of K p and K , provides compromise values that
fit observed values closely, especially for more porous rocks.

K, =12(K,+K) ©)



The geometrical mean of conductivities K g is empirical, but it also gives a useful average that fits observed
values.

log K, =n,logK, +n,logK, + ... @

The composite value of X calculated by equations 3 and 4 for the mode of a basalt with 5 percent olivine
was accepted by Robertson and Peck (1974) to be the fully solid intrinsic K = 6.1 CU. This value was corroborated
by the direct measurements made by R. J. Munroe (written commun., 1972) on two powdered samples of the basalt
in a conductivity wet cell (described by Sass, and others, 1971), which establishes the validity of using equations 3
or 4 to calculate the intrinsic X of fully solid rock.

Equations 1 to 4 and several others were used to compare observed and calculated X’s for porous vesicular
basalt by Robertson and Peck (1974). In order to compare calculated K’s with observed K’s, the porosity had to be
accounted for; the pore constituent (air or water) and its fractional volume and conductivity were included with the
mineral phases, and the calculated K ,K , K , or K ; was multiplied by the appropriate Y 2, However, the final
calculated K’s were still about 30 percent higher than the observed X’s (Robertson and Peck, 1974, figs. 4, 5,9, and
10). Apparently, correction for thermal impedance has two parts, one accounted for by Y 2 and the other being a
linear correction factor.

In the analogy between the relationship that thermal conductivity in a rock varies as the square of solidity
and Archie’s Law that electrical conductivity varies with the square of porosity, apparently the squared parameters
in both are the primary factors. In addition, in Archie’s Law, there is a subtracted correction term of porosity for a
threshold electrical conduction, and analogously in thermal conduction, there is an additional correction factor for
thermal impedance between grains to be multiplied times the intrinsic thermal conductivity calculated from the
mode and the solidity-squared factor to obtain the observed value of K.

K= C (WK, )

where K _ is calculated conductivity, K ; is impedance-corrected (equal to observed) conductivity, Y is solidity, the
fractional grain volume, and C ; < 1 is a thermal impedance factor, due probably to inaccessible microcracks and
pores between grains.

The thermal impedance correction factors, C;, have been fairly closely estimated for basalt (Robertson and
Peck, 1974, figs. 4, 5) and for carbonate rocks (figs. 5 to 8), and their decimal values are as follows.

Correction factor C;
Rock
Air in pores Water in pores
Basalt........... 0.62 0.77
Limestone........ .78 .84
Dolostone........ .80 .89

Impedance correction factors for felsic rocks are not well established. The C; for dense granitic rocks,
based on the calculations by Birch and Clark (1940), Beck and Beck (1958). and Horai and Baldridge (1972), is
0.8-0.95; it is nearly 1.0 for felsic rocks with very low porosity and with parallel arrangement of quartz grains.
Modes and textures of sandstones and shales are quite variable, and factors vary widely; C,’s are 0.6-0.9. Note that
the correction factor for water-saturated sandstone will be larger than the factor for air-saturated sandstone; with air
in the pores the thermal impedance is greater, that is, X is reduced (figures 9, 10). Petrographic investigations of
textures, porosities and modes of all rock types, but especially felsic rocks, are badly needed to determine their



correction factors to values of calculated conductivity. Until these C; values are better determined, calculation from
arock mode of a corrected K ; value will produce low correspondence to observed values. Thus the empirical plots

based on observed K’s in figures 1 through 13 are offered in this report for estimating K directly, obviating the need
for knowing correction factors.

Pore Fluid

The influence of the fluid in the pores on the K of a rock is large. The enhancement of K by saturation with
water rather than air is shown by comparison of the pairs of figures 1-4 and 9-10. (Some data are available for the
effects on K by various gases and hydrocarbon fluids in pores, mostly in certain porous rocks; no attempt is made to
show them here; see Woodside and Messmer, 1961; Sukharev and Sterlenko, 1970; Zierfuss and Vliet, 1956; Kunii
and Smith, 1961; Assad, 1955.) The values of K for dry samples with air in the pores and those for saturated
samples with water in the pores are shown by separate plots for each of the principal rock types (figs. 1-13).

In the earth, most rocks are saturated with water below the water table, which occurs generally at depths
shallower than 100 m. For certain purposes, however, partial saturation must be considered. The increase in K with
increasing water saturation is nonlinear, varying according to rock type, pore geometry, and fluid permeability.

The following rough linear approximation to determine K for a partially water-saturated rock can be used
by interpolating between values from the air-saturated and the water-saturated plots: at a given 7Y, and given
percent olivine, quartz, etc., about 80 percent of the increase in K due to addition of water in the pores is attained at
about 50 percent saturation; linear interpolations can be made between the air-saturated and the water-saturated
values of X from this point, constituting the locus from which to estimate K at any water-saturation percentage.

In figures 1 and 2 for basalt, the control by the data on the line position at low Y Zis good, so the extrapo-

lated intercept at Y 2= () can be seen clearly to be higher than the values of K both for air and for water. The
explanation for lack of correspondence may be that because the web of rock around the pores conducts heat better

than the air or water in the pores therefore a relatively large increase in K occurs at very low Y z
In figures 3-13, for the other rocks, the intercepts are fixed at the air and water values of K, due to lack of
dataatlow 7.

Quartz, Olivine, Pyroxene, Amphibole, and Clay Content

In using figures 1-13 to estimate K, the content of phenocrysts of olivine, pyroxene, and amphibole in
mafic rocks and the content of all grain sizes of quartz and mica in felsic rocks should be known approximately. A
hand lens estimate of these high-conductivity minerals should be adequate and is feasible for other than aphanitic
rocks.

In the study of basalt by Robertson and Peck (1974), Peck observed that K increases systematically with
increase in content of olivine phenocrysts in the samples, as shown by the isopleths in figures 1 and 2. On the other
hand, the ground mass of the rocks is fine-grained (about 0.03 mm dia.), augite and labradorite mostly, and this

matrix K apparently varies linearly with Y 2, The relation of Ktoy 2 js taken as applicable to andesite, the other
ubiquitous mafic rock on the earth; andesite has more feldspar and less pyroxene, amphibole, or olivine in the
ground mass, and so K’s may actually be slightly lower than indicated by the plots.

An even more important mineral affecting rock conductivity is quartz. At 35 °C and 50 bars, the average K
of quartz is about 18 CU; the X of felsic rocks increases rapidly with quartz content. The effect of quartz content
was ascertained in large part from measurements of mineral compositions, solidities, and conductivities of a suite of
sandstones made by Hutt and Berg (1968), which are shown in figures 9 and 10; supporting data were also taken
from modal and conductivity observations of Woodside and Messmer (1961), Zierfuss and Vliet (1956), and Clark
(1941).

In figures 3 and 4 for felsic igneous and metamorphic rocks, plots of K variation with ¥ Z are shown with
air or water in the pores. The increase of K with quartz content is clear. These plots are adapted from those for
sandstone (figs. 9 and 10) using data of Gordon Greene (written commun., 1966) and Birch and Clark (1940).
Feldspars of all compositions (K about 4 CU) and the usually minor mafic minerals (K about 10 CU) in felsic rocks
have about the same values of K, and accounting for quartz with its high K, figures 3 and 4 can be applied to granite,



rhyolite, syenite, and other felsic igneous rocks.

The graphs for sandstone (figs. 9, 10) provided the bases for making sense of the available data for X of
shale and soils. For the same reasons as for felsic igneous rocks, only two studies of shales included mineral
compositions, but several studies of soils did include compositional chemical and mineral information, and could be
used. Fortunately the water-saturated data for soils fits reasonably well with the sandstone and usable shale data.
Air saturated soils are very different, as described for figure 13 below.

Clay minerals, like montmorillonite, illite, and kaolin, are found with flakes parallel to bedding in shaly
rocks, and their presence lowers the conductivity normal to bedding. This lowering is due to the low conductivity
normal to clay flakes, about 1 CU, compared to 8 CU parallel to the flake layers, a very large anisotropy ratio. The
normal K may be reduced also by the presence of air-filled pore space between flakes. The decrease in K by the
presence of clay minerals is opposite to the increase due to quartz content; correction schemes accounting for quartz
and clay in estimating K are discussed under figures 11, 12, and 13, for shales and soils.



ROCK CONDUCTIVITY AT 300 K

Introduction

Figures 1-13 show the conductivity measurements of rocks near room temperature (300K), with either air
or water in the pores. Each figure is described individually below, giving references to sources of data, and explain-
ing use of symbols, numbers on the plots, intercepts, and other matters to be emphasized. In the figures, K is plotted
against Y 2, and isopleths show variation with olivine or quartz content. As can be seen, the values alongside the
plotted points do not define the locations of the isopleths exactly; such secondary effects on K as anisotropy and
variation in composition and texture affect the grain-to-grain thermal coupling of the matrix of the rock samples and
account for the lack of correspondence. Reference can be made to tables 1 and 2 and to figures 14-19 for K values
for rocks not shown in figures 1-13.

Intercepts are given with each figure for easy calculation of interpolated values, and the following formula
can be used:

K=K+ Y [(Ks+pS)-Kel ©)

where K . is pore fluid intercept at y*= 0, K ¢ is the solid rock intercept at y* = 1 for zero percent quartz or other
mineral, p is percent quartz or other mineral, and S is a slope constant equal to the change of K with quartz, olivine,
or other mineral per unit percent contained, obtained from intercept values at Y 2= 1onthe figures.

The values of solidity Y can be obtained from the relation with porosity ¢, Y =1- ¢ , and from the
ratio Y=d y/d g, where d y is bulk density, and d ; is grain density. By laboratory measurements, Y can be
obtained from the weight of a dry sample W 1, and the sample weights saturated with water in air W y; ,, and
immersed in water, W y, v, as follows: B T

Y=Wp-Wyw/Wwa-Vyw )

Another procedure is to prepare the rock sample into a simple shape, measure its volume and weigh it to get d 5, and
then estimate d ; from the mode, using Equation 1, substituting densities for conductivities. -

The pairs of graphs for rocks with air and with water in the pores will be needed to estimate K for rocks
partially saturated with water. As described under the section on Pore Fluid, a simple double-line interpolation can
be used. As an example, referring to figures 1 and 2, we can use the sample marked 35 percent olivine on the 30
percent olivine line, at solidity, 'YZ =0.70, (that is, 'Y= 0.837); the end valuesare K , =3.42 CUand K , =4.79
CU. We will estimate the K’s for partial water contents of 25 and 85 percent. The 80 percent increase in K due to
50 percent water saturation would be 3.42+0.8 (4.79-3.42) = 4.52. The K at 25 percent saturation would be
3.42+(25/50) (4.52-3.42) = 3.97 CU; and K at 85 percent water saturation would be 4.52+(35/50) (4.79-4.52) = 4.71
CU.

The scatter of point values in the graphs can be taken as a measure of the uncertainty in estimating values of
K. Both SI and cgs units are shown in the figures, and the conversion factor for thermal conductivity is: 1W/m- K=

2.390 x 10 2 cal/cm sec °C. The acronym CU will be used for conductivity unit = 103 cal/cm sec °C.
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Maflc Igneous Rocks, Air in Pores

The points plotted in figure 1 are data from Robertson and Peck (1974) on tholetitic basalt samples, dry,
with air in the pores. The olivine content of the samples is shown adjacent to each point, and the moderate scatter of
values with respect to the isopleth lines is clear. The fine-grained feldspar and pyroxene matrix can be assumed to
have an essentially constant K, varying uniformly with solidity. The following intercepts apply for purposes of
calculation in Equation 6.

(Solidity) Olivine Conductivity intercept Factor §
(Volume percent) (CU) CU/percent
0 0 K¢ 0.45
1 0 K 3.60
1 30 Ky 4.68 0.036

The control of points is good enough to place the intercept (0.45 CU), at Y 2=0, higher than the actual air
value (0.063 CU), and the intercept (3.78 CU), at ¥ Z=1for5 percent olivine, lower than the calculated and
observed value (6.10 CU). The isopleth lines have been drawn radially to the single point (0.45 CU), at Y 2=0,as
a better fit than a set of parallel lines, which would give the next easiest arrangement for calculation purposes.

The interpolated lines in figure 1 can reasonably be used to estimate K’s of other mafic rocks, especially
andesite, as the modes are quite similar. Andesite has more feldspar, somewhat less calcic then basalt, but the X of
plagioclase is nearly constant, about 4 CU, from andesine through anorthite (fig. 23). Some andesite has
phenocrysts of pyroxene, commonly augite, and since the K’s of olivine, pyroxene, and amphibole are nearly the
same (about 10 CU, see fig. 24 and Diment and others, 1988), the isopleths of figures 1 and 2 are applicable.
Figures 3 and 4 can be used for quartz-bearing andesite.

Data for norite and gabbro from Birch and Clark (1940) are given in table 1. Values for dense ultramafic
rocks can be obtained from figure 19.

11
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FIGURE 1. Thermal conductivity of mafic rocks with air in the pores, showing variation with solidity and percent
phenocrysts of olivine, pyroxene, or amphibole, at 300 K, SMPa.
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Mafic Igneous Rocks, Water in Pores

The points in figure 2 are from observations of Robertson and Peck (1974) on conductivity of water-
saturated basalt. As with figure 1, the lines in figure 2 can be used to estimate K for andesite as well. The isopleth
lines are shifted upward from figure 1 by an improved thermal conduction through the water compared to air in
pores in the rocks. The following intercepts can be used in calculating K, equation 6.

(Solidity)* Olivine Conductivity intercept Factor S
(Volume percent) (o18))] CU/percent
0 0 j & 1.80
1 0 Ks 4.40
1 30 K 6.20 0.060

The intercept at Y % =0, is 1.80 CU, which is higher than the value for water, K=148. Aty 2=1,the
intercept from observed data on basalt with 5 percent olivine is 4.70 CU, whereas the zero porosity K calculated
from the mineral composition without the impedance correction is 6.10 CU.
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FIGURE 2, Thermal conductivity of mafic rocks with water in the pores, showing variation with solidity, and
olivine, pyroxene, or amphibole phenocryst content, at 300 K, SMPa.
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Felslc Igneous Rocks, Air or Water in Pores

The data on a number of felsic igneous rocks, air saturated, shown in figure 3, are merely representative of
hundreds of measurements made on felsic rocks, and are taken from Birch and Clark (1940) and Beck and Beck

(1958) (numbered x’s and circles, respectively). The unnumbered points for Y 2 <0.9 are from Gordon Greene
(written commun., 1966). Most all points are averages of 2 to 10 measurements. These data fit the quartz isopleths
of figure 9 from which this graph was drawn; all quartz is used, not just phenocryst content. The K’s for all
feldspars are nearly the same, about 4-5 CU, and the mafic material content is usually low, about 5 percent or less,
s0 the use of the same isopleths is acceptable for most of the common felsic igneous and metamorphic rocks. The
intercepts of figures 3 and 4 are given below.

There are no data on X for porous, water-saturated, felsic igneous rocks; figure 4 is adapted primarily from
figure 10 and repeats some data on dense rocks in figure 3.

(Solidity)* Quartz Conductivity intercept Factor S
(Volume percent) CU) (CU/percent)
Air in pores
0 0 Kr 063
1 0 Kg 3.50
1 100 Kg 1250 0.090
Water in pores
0 0 Kg 1.48
1 0 Kg 3.63
1 70 Ks 1463 0.157

14
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15



Limestone, Air or Water in Pores

The samples of limestone, on which measurements were made to provide the points plotted in figure 5,
were relatively pure polycrystalline calcite. The K intercept at the value at Y 2 = 0 for air (.063 CU) seems accept-
able, but the X intercept at Y 2= 1 is well below the average for calcite crystal, 8.2 CU. The calcite samples were
measured by Horai (1971) and by Birch and Clark (1940). The limestone measurements were made by Clark
(1941), Zierfuss and Vliet (1956), Zierfuss (1969), and Beck and others (1971), and at Y 20£0.99 an average of 41
samples, measured by Robertson (1959).

Relatively pure calcitic limestone samples were used for the measurements in figure 6 also. Although there
is some scatter, the linear variation of K with Y 2 seems fairly well established by the data. The intercept K = 1.48
CU, the value for water, fits the trend reasonably well at Y 2=0. As with limestone in figure 5, the intercept at
Y 2=1 is less than the single crystal average, 8.2 CU (Horai, 1971; Birch and Clark, 1940). The data are plotted
here are from Clark (1941), Bullard and Niblett (1951), Misener and others (1951), Zierfuss and Vliet (1956), and
Beck and others (1971); the point at Y 2= 99, K =6.75 CU, is an average of 41 samples, measured by Robertson

1959).
( ) The intercepts for the figures are listed below:

Pore Fluid Figure (Solidity)2 Conductivity intercept
number (CU)
Air 5 0 K¢ 0.063
1 K 6.40
Water 6 0 K: 1.48
1 Kg 7.10
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Dolostone, Air or Water in Pores

The data for dolomite rock with air in the pores define a line in figure 7 through K for air (0.63 CU) at

Y 220, and an intercept of Katy 2 = 1 considerably less than the single crystal average. The dolomite crystal
measurements were made by Horai (1971) and by W.H. Diment (written commun., 1968). The central data points
are from Zierfuss (1969); the higher point, at Yy %2 =0.985, is from Bullard (1939), and the lower one at Y 220.995,
is an average of 52 samples from Robertson (1959).

Aside from the single crystal measurements on dolomite by Horai (1971) and Diment (1968), there is only
one point for water-saturated dolostone in figure 8. This value is an average of measurements made on 52 samples
of fairly pure dolomite rock by Robertson (1959).

The intercepts for the figures are listed below:

Pore Fluid Figure (Solidity)2 Conductivity intercept
number (CU)
Air 7 0 Kr 0.063
1 Kg 10.20
Water 8 0 Kg 148
1 Ky 1104
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Sandstone, Air in Pores

The significant raising of K by increasing the quartz content in sandstone is clear in figure 9; the volume
percentages of quartz are marked adjacent to the points. Unfortunately, only a few investigators did petrographic
work on these air-saturated samples, but by adding to those data the requirement of internal-consistency of pairs of
measurements made on the same samples with air (fig. 9) and then with water (fig. 10) in the pores, this graph was
filled in satisfactorily. As clay content is usually low in sandstones, the lowering of K by clay is estimated (o be
small in these sandstones. As with basalt (figs. 1 and 2), the matrix of nonquartz minerals, mostly feldspars, are
assumed to vary uniformly with solidity, so that only the quartz content need be known. Note that because of its
very high K, the content of all quartz, from small- to large-sized grains, is used in the felsic rock graphs, in contrast
with the use of just phenocryst content of olivine, etc., in the mafic rock graphs.

The measurements of single crystal quartz of Birch and Clark (1940) were used to calculate the average K =

17.90 CU for quartz shown in figure 9 at Y 2 = 1; the range is from 14.62 CU to 24.36 CU perpendicular and

parallel to the C-axis respectively. The high values in figure 9, above the 100 percent quartz line, are probably for

well-cemented sandstones, possibly with preferred grain orientations of their C axes in the high heat-flow direction.
The measurements of K on sandstones used in preparing this graph were made by Bullard (1939), Clark

(1941), Zierfuss and Vliet (1956), P.E. Byerly (written commun., 1958), Woodside and Messmer (1961) Sugawara

and Yoshizawa {1961, 1962), Sucharev and Sterlanko (1970), Anand and others (1973), and Birch and Clark (1940).
The locations of the isopleths are forced slightly in order to intercept the K value for air, 0.063 CU, at

Y 2 =0, and to be evenly spaced. The intercepts for figure 9 are as follows.

(Solidity)? Quartz Conductivity intercept Factor S
(Volume percent) (CU) (CU/percent)
0 0 Kz 0063
1 0 Kg 350
1 100 K¢ 1250 0.090
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FIGURE 9. Thermal conductivity of sandstone with air in the pores, showing variation with solidity and quartz
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Sandstone, Water in Pores

With water saturating the pores of sandstone, the effect shown in figure 10 of raising the K with increasing
quartz content is much enhanced over air-saturated pores (fig. 9). Quartz percentages are placed adjacent to the
points. The self-consistency in quartz contents of pairs of measurements in figures 9 and 10 is useful, but there are
many more sample modes available for figure 10. Clay content is usually low and is not important in lowering K of
water-filled sandstones.

The average value for quartz crystal, K = 17.90 CU, falls near the 100 percent quartz intercept at Y 221
The single crystal measurements were made by Birch and Clark (1941).

The isopleths of figures 9 and 10 are quite well-substantiated by measurements, and as they proved to fit
the more sparse data for felsic igneous rocks and for shale, they were used as the base for each of those two quartz-

bearing rocks. At Y 2= 1, withno porosity, the isopleths properly should coincide. However, because of an
enhanced thermal impedance due to inaccessible pores, the isopleths for the air-saturated samples are lower than

those for water, at y% > 0.9. Partial saturation values are obtained by the rule of 80 percent increase in X for 50
percent saturation described in the Introduction.

The data used to make this chart are from Clark (1941), Bullard and Niblett (1951), Asaad (1955), Zierfuss
and Vliet (1956), Kunnii and Smith (1961), Woodside and Messmer (1961), Sugawara and Yoshizawa (1961, 1962),
Hutt and Berg (1968), and Anand and others (1973).

The intercepts from Figure 10 are listed below.

(Solidity) 2 Quartz Conductivity intercept Factor S
(Volume percent) (CU) (CU/percent)
0 0 Kr 1.48
1 0 K 3.63
1 100 K 19.35 0.157
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Shale, Water in Pores

In figure 11 for water-saturated shale and soil, the display of isopleths of quartz content is taken from the
sandstone plot of figure 10. By using the sandstone relations of X to quartz content, it is possible to estimate the
effect of clay mineral content, illite, montomorillonite, and kaolin, in decreasing the X of shale. The feldspar
content in both sandstone and shale is assumed to be constant in affecting K. The lowering of X is due to the low
conductivity of clay and mica minerals perpendicular to the layering of the flakes, (K .., =1CU,K ., =8 CU, W.
H. Diment, written communication, 1968) and to the presence of many air-filled pores between flakes.

This graph is derived from measurements of shaley rock, comprised of the points of 0.5 < 'yz <1, and of
shaley soil, for which 0.12 <y 2 <0.5. The "X" points for the soils and shales are marked with quartz content above

and clay content below. The triangle points at 0 < Y < 0.17 are for oceanic muds from Radcliff (1960, and in
Clark, 1966) and Butler (in Clark, 1966); no petrographic data are available on them.

The soils data are from Kersten (1949), Higashi (1952), and Penner (1963). A number of samples were
measured by Penner (1963) both vertically across the bedding (and clay flake layering) and horizontally, parallel to

it; the points are marked "v" and "h" respectively, at the same Y 2 value, separated by a difference of about
K, - XK, =0.5 CU; this shows the anisotropy in X in these soils, due to the clay primarily.

The shale points (fig. 11) marked by a star between quartz content lines of 0-10 percent, are from Benfield
(1947). The quartz values above the points of Benfield are the isopleth values from figure 12 for the same shale
samples saturated with air; this internal-consistency method of finding quartz values was used for certain sandstone

points also (figs. 9 and 10). The dot points lined up at about Y 2 = (.72 are from a suite of shales measured by King

and Simmons (1972); no modes are given. The nearly vertical line at 'yz =0.97 is from Sukharev and others (1972),
and shows the spread of values for six samples of aleurite, containing 55-70 percent quartz. Other data on shales are

from Bullard and Niblett (1951), Beck and Beck (1958), and Zierfuss (1969). The square point at Y 22072,
K =2.41CU, is from James Combs and C.A. Swanberg (written commun., 1975); it is their "best clay” calibration
value for shales, and is for a layer containing 95 percent clay minerals.

The generalized scheme in the next paragraphs can be used to account for the quartz and clay effects on K
for shales or soils with known solidity. The method involves correcting the quartz content for the clay content to a

fictive value for quartz and then using the sandstone isopleths of quartz to find the value of the X at the given Y 2,
The effect of anisotropy is neglected; only values of X normal to bedding are considered. For soil broken up from
its natural state and reconstituted, there seems to be only a slight reduction in X by the clay minerals, and no
anisotropy.

For shales and soils with quartz content more than 35 percent, the clay content is usually less than 30
percent, and for such shales the modal content of quartz would be reduced one-for-one by the modal clay content to
attain a fictive value of quartz to use on the graph (fig.11). For example, with quartz = 50 percent, clay = 15 percent,
the fictive quartz = 35 percent, the number to use on figure 11 to obtain the X.

For shales and soils with quartz content less than 35 percent, the clay may range from low to high in
proportion, but the clay apparently is not so effective in reducing K. The following scheme may be used (albeit
with some uncertainty). Subtract 20 percent from the clay content, and then subtract any remainder percentage of
clay from the quartz percentage to obtain the fictive value of quartz to use on the graph (fig.11). For example, with
quartz = 30 percent, clay = 60 percent, the fictive value would be quartz = 30 - (60 - 20) = - 10 percent, and thus the

value of K would be below the zero quartz isopleth by 10 percent at the given Y 2, This scheme badly needs
supportive or amending data. The intercept data for figure 11 for use in equation 6 are listed below.

(Solidity)* Quartz Conductivity intercept Factor S
(Volume percent) (CU) (CU/percent)
0 Kg 148
0 Kg 3.63
100 Kg 19.35 0.157
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Shale, Alr in Pores

The quartz isopleths in figure 12 for shale are the same as those of air-saturated (that is, dry) sandstones in
figure 9. There is no petrographic information at hand for the shale samples measured. The values of K for points
marked with percent quartz are from Benfield (1947); the quartz contents are derived from figure 11 and are the
internal-consistency values. The other, unmarked (quartz percent) observations for shale samples with air in the
pores are from Bullard (1939), Benfield (1947), and Mossop and Gafner (1951). The points marked "h" and "v" are
measurements, parallel and perpendicular (horizontal and vertical) to bedding, made by Beck and Beck (1958),
which show that anisotropy of their sample is much greater with air in the pores than with water there (see fig. 11).

Without observations of quartz and clay content, the data plotted in figure 12 for dry shale cannot be
analyzed for the effect of quartz and clay on K. The values at the data points from Benfield (1947) in figures 11 and
12 are only relative and are not absolute quartz percentages; the unknown amount of clay in the shales would
certainly decrease K below the amount that would be predicted using only the actual quartz content and the
sandstone isopleths in figure 12. Similarly, the other points plotted are positioned at K values determined by the
amount of clay as well as quartz in each sample. Lacking a clear relationship for air-saturated shale, the same
procedure evolved for water-saturated shale to account for the effect of clay and to find a fictive quartz-value may be
used, as described for figure 11. The intercept data for figure 12 foruse in Equation 6 are listed below.

(Solidity)? Quartz Conductivity intercept Factor S
(Volume percent) (CU) (CU/percent)
0 0 Kg 0.063
1 0 K 3.50
1 100 K 12.50 0.090
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FIGURE 12 Thermal conductivity of shale with air in the pores, showing variation with solidity and quartz content,
at 300 K, SMPa.
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Soils, Air in Pores

The values of K for dry soils, with air in the pores, most of which can be considered as unconsolidated
shales, are very much lower than those for dry shales. In figure 13 a set of isopleths has been drawn (full lines) to fit
the quartz content only of the dry soils; the lower three isopleths for shale from figure 12 are shown (dashed lines)
for comparison of degree of consolidation. Similar to usage in figure 11, fictive quartz values can be obtained to
estimate K in figure 12 by subtracting the clay percentage (numbers below the points) from the quartz (numbers

above the points). Thus for quartz = 40 percent and clay = 15 percent, the fictive quartz = 25 percent, at the given
2

Y-
Data used in plotting are from Smith and Byers (1938), Kersten (1949), and Higashi (1952). The quartz
and clay contents for points from Smith and Byers were calculated for probable mineral compositions from chemical

analyses of the soils.
The isopleths in figure 13 are forced through the K for air, and the pertinent intercepts are as follows.

(Solidity)2 Quartz Conductivity intercept Factor S
(Volume percent) (Cu) (CU/percent)
0 0 Kp 0.063
1 0 Kg 0.84
1 100 Kg 2.49 0.0165

28



\n (M Lu//V\) 0

o) \n N
- 0 (o) o 0o
l l | 1 =
— AW
- —®
- e

Lo Q o Q i o
N o - - Q
(369psw3/,o:‘_o|) A}IAI}2NpUOD |DWIRY |

FIGURE 13 Thermal conductivity of inorganic soil with air in the pores, showing variation with solidity and quartz
content, at 300 K, SMPa.
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Anhydrite and Gypsum, Air in Pores

Figure 14 was prepared to aid in assessing the possible use of anhydrite or gypsum beds as repository sites
for radioactive waste or other purposes. The points plotted for K versus ¥ 2 are for monomineralic aggregate
samples of anhydrite and gypsum. The point for gypsum is from Horai (1971), and the points for anhydrite are from
Eucken (1911), Coster (1947), Bullard and Niblett (1951), and Herrin and Clark (1956). Many measurements were
made by Zierfuss (1969) on impure anhydrite rock samples, but the values are much lower, averaging about K = 8
CU at Y= 0.95, and are not plotted; the anhydrite probably contains considerable gypsum.

The lines of variation in figure 14 with 7y 2 are forced through the value of K for air, and the intercepts are
as follows:

Mineral (Solidity)? Conductivity intercept
(Cu)
Gypsum 0 K 0.063
1 K 3.15
Anhydrite 0 Kg 0.063
1 K 14.12

The inset drawing shows the effect of temperature on K of anhydrite and of some reference minerals and
rocks, quartz, halite, granite, and basalt. The purpose of adding this inset is also to aid in radioactive waste assess-

ments. The measurements on anhydrite were made by Weber (1895) from 0° to 110 °C, with a slope of -2.95

CU/100 °C. The other curves are taken from figures 15, 16, 21, and 27; the basalt has 11 percent porosity, but the
other materials are quite dense.
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FIGURE 14. Thermal conductivities of anhydrite and gypsum with air in the pores, at 300 K, 5 MPa.
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Selected Rocks

Some fairly common rocks have not been studied fully enough to allow graphs to be prepared of their K, Y,
and pore fluid values, but these supplemental values of K for dense (Y > 0.95) igneous and metamorphic rocks are
listed in table 1. These rocks were tested at 300 K and 5M Pa with air in the pores. Most of the data are from Clark
(1966 , Section 21), but the original references are shown.

TABLE 1.--Thermal conductivity at 300 K and 5 MPa of selected

alkalic and ultramafic rocks

Conductivity Number
(107 cal/em sec c’C) of
Rock type Reference
samples

Mean Range

Amphibolite......... 6.92 6.19.1 6 Birch (in Clark, 1966).
Gabbro.............. 493 4.60-5.45 3 Birch and Clark, 1940.
Norite......ccou... . 642 5.5-73 5 Misener and others, 1951.
Syenite, syenite

porphyry. 7.66 6.3-9.5 37 Misener and others, 1961.
Syenite............. 5.21 1 Birch and Clark, 1940.
Pyroxenite.......... 10.3 10.1-10.5 2 Do.
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Conductivity Anisotropy of Metamorphic Rocks

The layering in dense (Y > 0.95) metamorphic rocks may be a foliation or an inherited bedding, and its
presence usually results in a difference in thermal conductivity between directions parallel and perpendicular to the
layering. The anisotropy in K is represented in table 2 by the ratio of K parallel to foliation to K perpendicular to
foliation, which ranges from 1.02 to 1.69. Data collections on anisotropy have been made by Clark (1966, Section 21)
and by Hurtig (1986). The ultimate cause of anisotropy, the mineral layering, primarily of mica, is difficult to assess
quantitatively (see Diment and others, USGS, Open-file Report, 1988).

TABLE 2.--Anisotropy of thermal conductivity at 300 K and 5 MPa in
dense metamorphic rocks

[Perp, perpendicular to foliation; Para, parallel to foliation)

Rock type Orientation Conductivity Number
(CU) of Reference
samples
Mean Ratio  Range
(Para/Perp)
Gneiss Perp..... 6.34 4.6-1.7 22 Clark and Niblett, 1956.
(Simplon Para..... 8.90 140 6.0-114 8
tunnel).
Gneiss, mica- Perp..... 6.27 12 Clark and Niblett, 1966.
(Loetschberg Para..... 9.32 1.49 6
tunnel).
Gneiss Perp..... 5.08 1 Birch and Clark, 1940.
(Pelham). Para..... 7.19 1.42 1
Gneiss, schist Perp..... 6.95 15 Birch, 1950.
(Adams Para..... 8.55 1.23 17
tunnel).
Gneiss Perp..... 6.24 9 Clark, 1966.
(Vermont). Para..... 8.33 133  6.1-104 9
Gneiss, schist Perp..... 7.23 8 Clark, 1961.
(Arlberg Para..... 10.74 1.49 7
tunnel).Granite gneiss Perp..... 6.85 9 Clark, 1961
(Tauern Para..... 8.87 1.29 13
tunnel).
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Rock Type Orientation Conductivity Number
(CU) of Reference
samples
Mean Ratio  Range
(Para/Perp)
Gneiss, schist Perp..... 5.51 10 Diment and others, 1965.
(Aiken, SC). Para..... 7.01 127 10
Limestone..... Perp..... 59 1 Birch and Clark, 1940.
Para..... 79 134 1
Dolomite Perp..... 9.35 58 Meincke and others, 1967.
(Thuringen). Para..... 9.50 1.02 61
Anhydrite Perp..... 8.54 13 Do.
(Thuringen). Para..... 8.71 1.02 12
Marble........ Perp..... 6.7 1 Birch and Clark, 1940.
Para..... 6.9 1.03 1
Phyllite...... Perp..... 7.89 6.59.0 7 Do.
Para..... 11.83 150 9.5-14.0 9
Quartzitic Perp..... 122 1 Do.
sandstone. Para..... 12.6 1.03 1
Quartzite, Perp..... 7.0 4 Sass and Le Marne, 1963.
gneiss Para..... 11.8 1.69 4
(Broken Hill, Australia).
Sandstone Perp..... 459 28 Meincke and others, 1967.
(Thuringen). Para..... 546 1.19 19
Sandstone Perp.. 7.14 17 Hurtig, 1956.
quartzite. Para..... 7.74 1.08 17
Schist Perp..... 574 4.1-6.8 8 Clark and Niblett, 1956.
(Simplon Para..... 7.50 131 6.8-89 7
tunnel).
Schist, gneiss Perp..... 6.62 35 Diment and Werre, 1964.
(Washington. Para..... 8.61 1.30 34
D.C)
Slate, schist Perp..... 3.62 2 Meincke and others, 1967.
(Thuringen). Para..... 6.03 1.67 2
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ROCK CONDUCTIVITY CHANGE WITH TEMPERATURE

Introduction

The thermal conductivity K of most rocks decreases with increase in temperature T, about -30 percent from
0° to 100° for rocks rich in quartz, calcite, and olivine (figs. 14-19). Basalt, rock glass, and some porous sandstone
conductivities increase slightly with temperature. No reliable data are available on shales and sandstones above 200
°C. The pressure applied to the rock samples in figures 14-19 was about 5§ MPa.

In the following explanations of the figures, the measurements, and their sources are described. In general,
these plots of T versus K for the principal rock types can be used as follows: first ascertain the value of X at some T,
say 300 K, by actual measurement or by estimation from the previous Y % versus K charts, figures 1-13; then, using
figures 14-19, follow the curve passing nearest the estimated X value at 300 K to the T of interest.

The effect of porosity above 5 percent on reducing K is important and a rough estimate of K for porous
rocks can by made by constructing a line of K versus Y 2 between a value of K at the T of interest and the K for air,
0.063 CU, and interpolating at the *y  of the rock.

The data in these figures are from laboratory observations, and heat transfer occurs by all mechanisms,
including solid conduction, radiation, and convection of fluids in the pores. Differentiating among these mecha-
nisms was not attempted by the original investigators and is of course not possible here.

Basalt and Other Mafic Rocks

The upper curves in figure 15 are from Birch and Clark (1940) from data on intrusive dense diabase and
gabbro samples (marked BC-D and BC-G) whereas the other curves and points are from extrusive basalt data. The
other references for the data given on figure 14 include Poole (1914), "P", Bridgman (1924), "B", Stephens (1963),
"S" (triangles, without fitted lines), Kawada (1966), "K", Kanamori and others (1969), "KMF", Petrunin and others
(1971), "P", Robertson and Peck (1974), "RP", and Peck and others (1977), "PHS". The numbers in parentheses on

figure 15 are decimal solidities. The slope of the line from Peck and others (1977), 0.19 CU/100 © may be taken as

an average for vesicular basalt. It is subparallel with Kawada’s line, and falls on the trend of Stephen’s points
(triangles).

4 T T T T T T T T T

(107 cal/cm sec deg C)

(W/mK)

THERMAL CONDUCTIVITY

1 1 1 1 1 1 1 i
° 1 2 3 4 5 . ’ } ’ 10
TEMPERATURE (10? deg ©)

FIGURE 15. Temperature effect on thermal conductivity of basalt and other mafic rocks at 5 MPa; number in
parentheses is decimal solidity.
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Felsic Igneous Rocks

The curves in figure 16 are derived from the data on selected, felsic igneous rocks, named on appropriate
curves, measured by Birch and Clark (1940). Birch and Clark used thermal resistivity (reciprocal of K) for ex-
trapolation and interpolation, but the conductivities plotted here emphasize the family character (quartz dependence
primarily) of felsic rock curves. The interpolated curves were drawn to pass through values of K at 0.1 CU spacing

at 35 °C. With an estimated X of a particular rock at a given T, the nearest curve to that point can be followed to
estimate the K at some other T. The inset figure shows the relation of these curves to that of mean K for quartz. The
anisotropy effect is shown by the two Pelham gneiss curves, parallel and perpendicular to the foliation of the mica
minerals. Rockport-2 granite has a somewhat higher quartz content (33 percent) than Rockport-1 (25 percent). This
granite has a closely interlocking grain texture and large subparallel quartz grains.
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FIGURE 16. Variation of thermal conductivity with temperature for a series of dense felsi¢ igneous rocks, at 5
MPa; smooth change in conductivity with quartz content is shown by inset figure.
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Carbonate Rocks

The temperature effect on the K of limestone and dolostone is negative, as shown in figure 17. The curves
marked "BC" are from Birch and Clark (1940); the letters following, "1", and "m", and "d" mean limestone, marble,
and dolostone; the symbols "I I " and "L" mean parallel and perpendicular to bedding; the number in parentheses
represents decimal solidity Y. The curves marked "M" are from Mirkovitch (1968); the letters "1" and "d" and the
numbers in parentheses have the same meaning.

For single crystals at 30 °C and 50 bars, average calcite K =8.58 CU, and dolomite K = 13.16 CU (Horai,
1971), and as seen in figure 17, the rocks, limestone and dolostone, have lower K’s than those of the mineral crystals
(also described for figs. 5 and 7). The effect of decreasing solidity in reducing X is shown and the anisotropy due to
bedding in carbonate rocks are also shown (fig. 17).
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FIGURE 17. Temperature effect on thermal conductivity of dense limestone, marble, and dolostone, in directions
parallel and perpendicular to bedding, with decimal solidity in parentheses, at 5 MPa.
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Quartz-bearing Rocks

The upper curves in figure 18 are for dense quartzites and single crystal quartz, and they show a marked
negative temperature effect on K . The curves marked "BC - qz" are from single crystal measurements, parallel (|| )
and perpendicular (L) to the C-axis, from Birch and Clark (1940); the average curve is obtained by weighting the
perpendicular data by a factor of 2. The anisotropy of the rather dense quartzite measured by Birch and Clark | | and
1 to bedding is not large. The data for the curves marked "M - t" and "M - qt" are from Mirkovitch (1968) for dense
taconite and quartzite.

The symbols on the curves in figure 18 at T < 200 °C represent references, rock types, pore fluid type, and
solidities, as follows. The letters "A", "BC", and "SY" are for Anand and others (1973), Birch and Clark (1940), and
Sugawara and Yoshizawa (1961; 1962). The rock symbols are "ss" for sandstone, "sh" for shale, "s1" for slate; alt
"sy" curves are for sandstone. The pore fluids symbols are "a” for air and "w" for water saturated. The decimal
values of ‘Y are given in parentheses. At values of K < 5 CU, the temperature effect is low and either slightly
positive or negative, depending on the rock type and the method of measurement. The same value for ¥ signifies
that the same rock specimen was used for both air-and water-saturated measurements. Extrapolation of these curves
to higher temperature would be uncertain, although the T effect seems to be small for these porous rocks.
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Ultramafic Rocks

The ultramafic rocks shown in figure 19 have negative temperature coefficients of K. The curves are from
the data of Birch and Clark (1940), marked "BC", and Kawada (1964, 1966), marked "K". The rock symbols are
"hz" for harzburgite, "1h" for lherzolite, "du" for dunite, "hy", for hypersthenite, or "br" for bronzitite, "sp" for
serpentinized peridotite, "p" for peridotite, and "ec" for eclogite. The numbers refer to different specimens taken
from the same large block of rock.

The absolute values of K of Kawada’s harzburgite and dunite (du-1) curves in figure 19 may be somewhat
uncertain, as they remain high at the higher temperatures. A number of effects are not accounted for in these studies,
such as, anisotropy of olivine grains due to preferred grain orientations, phenocryst versus fine grain differences, and
conduction across fractures, pore, and grain-to-grain.

There is enough variety of rock type in figure 19 that the curves may be used to estimate K roughly at some
T for most, dense ultramafic rocks, starting with aknown K and T. To obtain a value of X for a porous ultramafic

tock, a line of K versus Y can be constructed between a value taken from figure 19 and K for air (0.063 CU), and
an interpolation made.
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FIGURE 19. Temperature effect on thermal conductivity of several dense ultramafic rocks at SMPa.
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Rock Glasses

The curves in figure 20, marked BC and K, are from Birch and Clark (1940) and Kanamori (1968) respec-
tively; the glasses are marked si, for silica, ob, for obsidian, and di, for diabase. The positive temperature coefficient
of K for commercial glasses is well-established, and so the slopes shown in figure 20 are not surprising. (The
anomalous temperature and pressure coefficients of the elastic moduli are well-known). The values of K for most

commercial glasses are about the same as for the rock glasses shown for T < 500 °C, and glasses for other rock
compositions may be expected to have K values near the curves in this figure.
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FIGURE 20. Temperature effect on thermal conductivity of diabase and silica glasses and obsidian at SMPa.
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MINERAL CONDUCTIVITY CHANGE WITH TEMPERATURE
Introduction

The thermal conductivity K of rock-forming minerals except feldspar decreases rather sharply between 0°

amd 100°C, from -10 to -30 percent (figs. 21-27), and continues to decrease, more slowly, to about 600 °C, where it
begins to increase for some minerals. The K_of plagioclase and microcline is roughly constant with T. Separate
plots (figs. 23 and 25) show the temperature variation of X for the two solid solution series of plagioclase, albite-

anorthite, and of olivine, forsterite-fayalite. Only a few measurements of mica minerals are available at 30° C, and
none for the T effect on K.

A comprehensive listing of K at 30° C and 5 bar for most of the common minerals is to be found in an
accompanying open-file report by Diment and others (1988).

These data can be used not only to calculate K of a rock from its mode but also to adjust an initial estimate
of the value of K for a rock to account for a significantly larger (or smaller) content of some mineral than is typical
in such a type of rock; supposedly, figures 1-18 are for "typical” rocks. Another important use, of course, is to

obtain values for the modal minerals from which to calculate the K of arock at some T above 30° C.

Quartz

Quartz occurs as phenocrysts in felsic igneous and metamorphic rocks and as large to small grains in
sedimentary rocks, and the combination of prevalence, large grain size, and very high thermal conductivity of quartz
makes it the most important mineral to evaluate in estimating the thermal conductivities of rocks containing it. As
shown by and described for figures 3, 4, 9 through 13, 16, and 18, the estimates of K fromy 2 and as a function of T
of quartz-bearing rocks depend critically on the content of quartz. The effect of T on K of single crystal quartz is
particularly large at T < 200 °C, as shown in figure 21.

The data for the curves "BC" in figure 20 are from Birch and Clark (1940), and curves marked "K" are from
Kanamori and others (1968, 1969); the K's for Kanamori and others (1969) were calculated from diffisivities, using
specific heats from figure 37. The triangular point at room temperature, marked "R", is from Ratcliff (1959). The
symbols "Ii" and "L" mean parallel and perpendicular to the C-axis of quartz crystal. The curve marked "average”
was determined from the Birch and Clark (1940) data to 700 K, and from Kanamori and others (1968) at higher
temperature; this is the Voigt average, which is calculated by weighting the L value by a factor of 2.
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FIGURE 21. Temperature effect on thermal conductivity of single crystal quartz at SMPa.
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and otherwise were made on aggregates. The data of Horai (1971) on slurry samples are low and are not shown in

Feldspar

Feldspar minerals are even more prevalent than quartz in common rocks, and so are also very important in
affecting the thermal conductivity K of rocks. Their K values are relatively low, as shown in figure 22. Experimen-
tal measurements made by different authors on X with increasing temperature T of feldspars are somewhat am-
biguous; although some measurements indicate a rising K with increasing T, others shown a falling K. The curve
from data of Kanamori and others (1968), marked "K, mic" for alkali feldspar is opposite (and uncertain) in trend to
the curves from data of Birch and Clark (1940), marked "BC", and Magnitski and others (1971), marked "M". (The
X values for feldspars from Kanamori and others (1968), and from Magnitski and others (1971) were calculated

from diffusivities using d = 2.60 g/ cm? and figure 31, and using Y = 1 and figure 38, respectively.)
Measurements of Sass (1965), marked "S", were made only at 30 °C (303 K); his values of X for single

crystals of the potash feldspars, microline and orthoclase, are averages of values of K taken in three crystallographic
directions; the range in K is from 5.2 t0 6.9 CU. Plagioclase measurements were made parallel to (001) on crystals

figure 22. The experimental results of Petrunin and Yurchak (1973) on polycrystalline albitite show an aberrant
threefold decrease in K at about 330 °C (603 K), and are not plotted in figure 22 either.
The symbols used in figure 22 are explained as follows: mic, Or 61 (61 percent orthoclase, 39 percent
albite); An 15 (15 percent anorthite, 85 percent albite); av, average of three crystallographic directions; L, per-
pendicular and |}, parallel to [010] or [001], as shown.
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FIGURE 22. Temperature effect on thermal conductivity of various feldspar minerals at SMPa.
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Thermal Conductivity. (\A//m K)

Plagioclase

The variation in thermal conductivity K in the solid solution plagioclase series, albite-anorthite, is shown in

figure 23 as a function of anorthite (An) content. There seems to be a minimum in K in the midrange of composi-
tion, near andesine, as pointed out by Horai (1971). In a gross way, albite and oligoclase have slightly higher K than

the calcic members, labradorite, bytownite, and anorthite. Taking some liberties with the data, tentative curves of
equal T have been drawn in figure 23; in general, the calcic members seem to have a positive temperature coefficient
and the sodic members a negative coefficient.

The symbols used are H, Horai (1971) for data at 300K; S, Sass (1965) for data at 300 K; C, Clark (1966)

for data at 300 K; BC, Birch and Clark (1940) for T<800 K; and M, Magnitski and others (1971) for T<1200 K.
Two square points, marked S [001], are for K measured Il [001].
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Mafic Siiicate Minerais

The ferromagnesian minerals, like olivine, pyroxene, and amphibole, are important constitutents of basalt
and other volcanic rocks and of rocks derived from or residing now in the Earth’s upper mantle. The thermal
conductivity K of mafic minerals at high temperature T is of interest in studies of heat transfer in the mantle,
particularly by radiation (Clark, 1957a; Shankland and others, 1979). Data on X of several single crystal and

polycrystalline mafic minerals at T from 0° to 1600 °C are plotted in figure 24.

At T below 300 °C, the K of these minerals decreases very rapidly with increasing T. At T above 300 °C,
the results of the various measurements are ambiguous; some results indicate a continued slow decrease in K with T,
with a small or no reversal, and others show a sharp reversal to increasing K with T, presumably due to radiative
heat transmission.

Measurements of K by Birch and Clark (1940) to 200 °C on nearly monomineralic rocks were corrected for
impurities, and their corrected data are plotted in figure 24 as follows: "BC, Fo 92" is forsterite 92 percent, fayalite
8 percent; "BC, Hy" is hypersthene; "BC, Br" is bronzite. The thermal diffusivity measurements of Kanamori and
others (1968) have been converted to K values and plotted as function of T _in figure 24 also; symbols and conver-
sions are as follows: "K, Fo 82" [001], single crystal olivine, parallel to [001], forsterite 82 percent; "K, Jad",
polycrystalline jadeite (converted by using d = 3.40 g/cm3 and figure 32); "K, Gar" pyrope-almandine crystal
(converted using d = 3.86 g/cm3 and specific heats from R.A. Robie and others, 1978).

Schatz and Simmons (1972) obtained K values to high temperatures T < 1600°C on five minerals, as
follows: "SS, Fo 92", forsterite, 92 percent, fayalite, 8 percent, parallel to [010]; "SS, Fo 86", forsterite 86 percent,
parallel to [010]; "SS, Fo-sin," sintered forsterite 100 percent, "SS, Fo 94, dun”, Twin Sisters dunite, forsterite, 94
percent; "SS, En 82", enstatite 82 percent, ferrosilite 18 percent. Rather wide uncertainties in X are given for

measurements at T > 700 °C by Schatz and Simmons (1972), but values from interpolated curves in their drawings
are used here. Radiative heat transmission was identified by Kanamori and others (1968), and Schatz and Simmons

(1972) as becoming effective at about 600 °C, but the former authors show a much greater increase in conductivity
by radiation than the latter do (fig. 24).

The effect of pressure to 56 kb, in the range 30 °C < T < 130 °C, on single crystal enstatite, in the three
crystallographic directions [100], [010], and [001], was measured by Schloessin and Dvorak (1972), and averages of
the three directions at four pressures are plotted in figure 24. Curves are marked "SD, En-av, 56 kb", etc. The
change with temperature is negative and quite large, whereas the pressure effect is small in comparison. However, a
considerably larger pressure effect was found by Fujisawa and others (1968) for sintered forsterite and fayalite (fig.
23); "F, Fo-sin, 30 kb", is for sintered forsterite at 30 kb, and "F, Fo-sin, 50 kb", is the same at 50 kb; "F, Fa-sin,
oliv," is for sintered fayalite, of olivine crystal structure at 48.5 kb; and "F, Fa-sin spin” is sintered fayalite of spinel
structure at 48.5 kb. Neither set of authors carried measurements to temperatures high enough to obtain radiative
transfer.
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FIGURE 24. Temperature effect on thermal conductivity of various mafic silicate minerals at 5 MPa.
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Olivine

A series of olivine solid solution samples, from near forsterite to near fayalite, were measured at 30 °C by
Horai (1971), and his thermal conductivites K of powdered specimen suspensions in water are shown in figure 25;
the data points are marked "H". Data on olivine from measurements of others, shown in figure 24, are also plotted in
figure 25. A review of most of the available data on K of olivine is given by Scharmeli (1977).

A wide range in values of K is apparent in the forsterite-rich samples of this solid solution series in figure
24, and only sparse measurements are at hand toward the fayalite end, so the variation of K with composition is not
distinct. With regard to the temperature effect, Horai (1971) suggested the probable shape, as shown by the
roughly-drawn curve for data at T = 300 K, showning a minimum near fayalite, (fig. 25). By analogy with the curve
at 300 K, two other tentative curves have been sketched in figure 25 for T = 500 K and 1000 K. The differences in
measurements due to sample type, whether single crystal, polycrystalline, or sintered grains, need to be accounted
for, as well as the pressure effects, so the variation of K with composition in this series is not very closely fixed.

The symbols used are as follows: H, "Horai (1971), powdered olivine crystals in suspension at 300 K, 1
atmosphere; "BC", at "300 K" and "500 K," Birch and Clark (1940) corrected values for olivine, Fo 92; "SS, sin”,
"dun”, "[010]" at "S00 K" and "1000K", Schatz and Simmons (1972) on sintered and dunite samples and single
crystals parallel o [010]; "HS", at "373 K" and "573 K" sintered olivine, Hughes and Sawin (1967); "K", olivine
crystal, Kanamori and others 1968, parallel to [001] at "300 K," "S00 K," and "1000 K"; "F", sintered samples,
Fujisawa and others (1968), forsterite, "Fo" at "30 kb" and "S0 kb" and at "500 K" and "1000 K" and fayalite, "Fa"
at48.5 kb and at "300 K," "500 K," and "1000 K"; sintered samples, Fujisawa and others (1968), forsterite, "Fa" at
48.5 kb and at "300 K," amd "1000K", of the olivine crystal structure.
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FIGURE 25. Variation in thermal conductivity in the forsterite-fayalite solid solution in olivine at SMPa; tentative
curves show the temperature effect at 300 K, SO0 K, and 1000 K.
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Calcite and Aragonite

The best measurements of the effect of T on X t0 400 °C (673 K) of single crystal calcite were made by
Birch and Clark (1940), and they are plotted in figure 26. As with most minerals, there is a sharp decrease in K for
20 °C (293K) < T <200 °C (473 K). Data at higher temperatures are given by the curve marked "M" for data from
Mirkovich (1968) on limestone of 93 percent calcite with impurities of dolomite (4 percent), clay (2 percent), and
quartz (1 percent); the curve shows a marked flattening at T > 500 °C (773 K).

The curve for aragonite is from Petrunin and Yurchak (1973) on a polycrystalline sample. (The K values
were calculated from diffusivities, using d = 2.77 g/cm® and ¢ = 2.52 percent).
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FIGURE 26. Temperature effect on thermal conductivity of calcite parallel (, | ) and perpendicular (L) to C-axis
and aragonite at SMPa.
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Halite

In assessing rock salt beds and domes as repositories for radioactive waste, the temperature coefficient and
the pressure coefficient of K for halite are important to know. In figure 27, the curves shown the T effect on K for
single crystal halite at atmospheric pressure and are from sources as follows: "BC", Birch and Clark (1940), "E",
Eucken (1911) and "MB", Mc Carthy and Ballard (1960). The curve marked "S" is from the data of Schneider
(1961), taken on sintered rock salt at 1 bar. Two sets of preliminary results on rock salt to about 300 °C were,
determined for the Office of Waste Isolation program by D.D. Smith (written commun., 1976) and by J.G. Moore
(written commun., 1977), and lie quite near and parallel to the atmospheric pressure curves for halite.
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