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1. INTRODUCTION

The interior heat of the earth is transmitted to its surface
mainly by three mechanisms: radiation, advection, and con-
duction. In the earth's lithosphere conduction of heat gener-
ally dominates amoung these mechanisms. However, there
are two exceptions:

(1) If the hydraulic permeability of crustal material is
sufficiently high, convection driven advection of heat can
be an equally or even much more efficient transfer mecha-
nism, provided sufficiently strong driving forces are sup-
plied by forced or free convection systems. This is often
the case in sedimentary basins. However, fluid driven heat
advection can be important also in crystalline rocks and on
a crustal scale (Etheridge et al., 1983, Torgersen, 1990,
Clauser, 1992).

(2) At ambient temperatures above 600 °C radiation of
heat begins to contribute sizeably to the overall heat trans-
fer in most polycrystalline materials, but it is really effi-
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cient only above 1200 °C. However, with single crystals
and glasses (e.g. obsidian) radiation becomes important
from temperatures as low as 200-400 °C. For the usual
range of crustal temperatures and temperature gradients a
linearization of the radiation law yields a "radiative thermal
conductivity" which can be formally added to the coeffi-
cient of lattice or phonon thermal conductivity in Fourier's
law of heat conduction. Thermal conductivities determined
at very high temperatures in the laboratory always include
this radiative component. Radiative thermal conductivity
will therefore not be treated separately here; a review of
heat radiation in the earth is given by Clauser (1988).

2. BACKGROUND

2.1 Fourier's law

Fourier's law of heat conduction defines heat flow density
g;, the vector of specific energy flow rate, as the product of
the thermal conductivity tensor A;; and the temperature
gradient vector 0T/dx;:
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Temperature measurements are usually performed along
vertical profiles in boreholes. Therefore only the vertical
component of the temperature gradient is generally known
from measurements. Thermal conductivity for many rocks
is, to a good approximation, isotropic, particularly for vol-
canic and plutonic rocks. In these cases heat flow will be
predominantly vertical, and it is sufficient to consider only
the vertical component of (1). In contrast to this, thermal
conductivity of many sedimentary and metamorphic rocks
is strongly anisotropic, and lateral heat flow will be sig-
nificant. Hence information on anisotropy is often needed,
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requiring laboratory measurements in different directions.
Anisotropy exists on several scales : (1) On the microscopic
scale many minerals are anisotropic (Table 3). (2) On the
laboratory scale, the thermal conductivity of many rocks is
also anisotropic. However, even if rocks are composed of
anisotropic minerals, random orientation of the crystals
within the rock may make the rock's thermal conductivity
appear isotropic macroscopically. (3) Still on a larger scale,
if rocks are exposed to folding, orogeny or other tectonic
processes, the thermal conductivity of the resulting rock
formation may be either isotropic as or anisotropic.

2.2 Measurement techniques

Thermal conductivity can be measured in the laboratory
on rock samples, i.e. cores or cuttings, or in-situ in
boreholes or with marine heat flow probes. There are
numerous steady state and transient techniques available for
measuring thermal conductivity, the most prominent being
the "divided bar" and the '"'needle probe' method. As these
methods are discussed in detail in several textbook and
review articles (Beck, 1965, 1988, Davis, 1988, Desai et
al., 1974, Kappelmeyer & Hanel, 1974, Roy et al., 1981,
Somerton, 1992, Tye, 1969), we will neither address them
here again nor comment on the many details involved in
performing the actual measurements.

As is the case with most other petrophysical properties,
in-situ thermal conductivity may deviate significantly from
laboratory values, even if the effect of temperature, pressure
and pore-fluid is accounted for. The reason for this problem
is a certain scale dependence in which different aspects are
involved: in-situ measurements, as a rule, represent an
average over a much larger rock volume than laboratory
measurements performed on small samples. On the other
hand, small-scale variations may thus be lost. Which
thermal conductivity is the "correct' one will depend on the
specific question. This problem is quite similar to one
encountered in hydrology: the difficulty of defining a
"representative elementary volume' for which sensible
averages for transport parameters like permeability and
dispersion lengths can be defined.

2.3 Indirect methods

When no data are available or no direct measurements
can be performed, thermal conductivity can be inferred
from a number of indirect data: mineralogical composition
and saturating fluids, well-log correlations, and correlations
with other physical parameters. While some of these
methods are based on well defined physical models, others

are purely empirical.

Estimation from mineral content and saturating
fluids. Thermal conductivity of rocks may be estimated
from their mineral content, as minerals, due to their well
defined composition, exhibit a much smaller variance in
thermal conductivity than rocks. Similarly, as a porous
rock's bulk thermal conductivity varies with different
saturants, it may be of interest to know the thermal
conductivity of a rock when it is saturated with other fluids
than those used in the laboratory measurement. Numerous
models have been proposed for this, but all have their
disadvantages: some overestimate while others under-
estimate systematically the true bulk thermal conductivity.
Most of them are valid only for a specific range of volume
ratios (or porosities), and yield completely unreasonable
results outside this range. Parallel and series model are easy
to understand, but have the disadvantage of being rather
special cases, applicable mostly to bedded sediments. They
lead to the well known arithmetic and harmonic means,
respectively, and define upper and lower limits for all other
models. Thus they constrain the maximum variance of
possible predictions. Quite successful in describing the data
in many cases, but unfortunately without a clearly defined
physical model, the geometric mean falls in between these
two extremes. If A, is the thermal conductivity and n; the
volume fraction of the i-th phase relative to the total
volume, with 1=Yn, these three means are defined by:
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In this context it must suffice to present only these three
most well known models, as this subject can be addressed
only briefly here. Beck (1988) reviews the topic in
considerable detail, and, in particular, presents and
discusses several other well known mixing-models.
Somerton (1992) discusses unconsolidated sands, effects of
multi-fluid saturation, and illustrates the topic with many
examples from hydrocarbon reservoirs. Horai (1991) tests
the results of predictions from several different mixing-
models on a remarkable data set in which porosity virtually
varies from 0-100 %. As can be expected, most of the
models tested were valid only for certain porosity ranges.
Only two more recent two-phase models, assuming that



pores can be treated as spheroidal inclusions in a
homogeneous and isotropic material, are capable of
explaining the complete data set (Horai, 1991). However,
additional information on the spheroids' aspect ratio or
orientation, respectively, is required by these two models.

Given the typical conductivity ratios we observe in
nature, i.e. < 10, most of the conductivity models work to
within 10-15 % accuracy. For larger ratios some break
down more than others, and the geometric mean is one of
them. The reason why it is still quite popular with many,
even in extreme cases, is that it has often been found that
errors introduced in the inverse problem (i.e. in predicting
the matrix conductivity from measurements on samples
saturated with one fluid) are automatically compensated for
when using this incorrect matrix value in the subsequent
forward calculation (i.e. in predicting the bulk conductivity
of the matrix saturated with another fluid).

Well-log correlations. There are three different ways in
which well-logs can be used to infer estimates for in-situ
thermal conductivity:

(1) One approach is to establish empirical relationships
between thermal conductivity and parameters derived from
well logs, such as porosity, bulk density, sonic (p-wave)
velocity, and seismic travel times. In principle, this
approach is not limited to well logs, if petrophysical para-
meters are known from laboratory measurements, for
instance. A useful summary of these different approaches is
presented by Blackwell (1989), who also illustrates their
application to a specific case.

(2) The second approach is, in principle, an extension of
the mixing-model approach to the borehole scale: the
volume fractions of the different mineral (or fluid) phases
are either taken directly from induced gamma ray
spectroscopy logs (Williams & Anderson, 1990) or
determined from a joint analysis of other logs such as
gamma ray, sonic traveltime, gamma density, and neutron
porosity (Demongodin et al., 1991). Then an appropriate
mixing model is applied. Both approaches apply the
geometric mean as mixing model and test their method on
detailed data from two case-study boreholes. A limitation of
both methods is that mineralogy-based conductivity models
cannot account for the effect of anisotropy observed in
many sedimentary and metamorphic rocks.

(3) In a third approach, Willams & Anderson (1990)
derive a phonon conduction model for thermal conductivity,
which utilizes temperature, acoustic velocity, and bulk
density measurements from well-logs. The method is
claimed to be accurate to within + 15 %, both in isotropic
and anisotropic formations. Its application, however, is
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limited to unfractured rocks, since the effects of fracturing
on compressional and shear velocities lead to inaccurate
results. There are indications, however, that shear-wave
birefringence may pose a limit to the application of this
method in foliated rocks as well (Pribnow et al., 1993).

2.4 Sources of data

For a large number of rocks thermal conductivity data are
available and classified according to rock name and origin
in several extensive compilations (Birch, 1942, Clark, 1966,
Desai et al., 1974, Kappelmeyer & Hinel, 1974, Roy et al,,
1981, Cermak & Rybach, 1982, Robertson, 1988). How-
ever, it is important to realize that compilations for rocks
are inevitably comprised of data that are heterogeneous in
many respects, such as mineral composition, porosity, satu-
ration, and experimental conditions. This is responsible for
the great variability of thermal conductivity for each parti-
cular rock. Therefore, the merit of a summary purely
according to rock type is limited if users are interested
primarily in general questions of heat transfer in the earth
rather than in data from a specific location.

2.5 Outline of this compilation

In this review we therefore take a complementary
approach to those previous compilations. We do not attempt
to present a complete table of all available thermal
conductivity data published to date. Instead, we build on the
data compiled previously (Birch & Clark, 1940a,b, Clark,
1966, Desai et al., 1974, Kappelmeyer & Hénel, 1974, Roy
et al., 1981, Cermak & Rybach, 1982, Robertson, 1988)
and arrange them into four basic groups: sedimentary,
metamorphic, volcanic, and plutonic rocks.

Data on thermal conductivity of minerals is not quite as
abundant as for rocks. Both measurements on single crys-
tals and on mineral powder are reported in the literature. In
this review we present a summary of both types of data
from original contributions and from previous compilations
by Birch & Clark (1940a,b), Sass (1965), Clark (1966),
Horai & Simmons (1969), Horai (1971), Dreyer (1974),
Robertson (1988), and Diment & Pratt (1988).

3. THERMAL CONDUCTIVITY OF ROCKS

Inspection of any of the compilations quoted above
reveals that thermal conductivity may vary by as much as
a factor of two to three for any given rock type. This is due
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to the natural variation of a rock's mineral content as well
as to several physical and diagenetic factors. All rocks are
therefore arranged into the four basic groups characterizing
the special conditions prevailing at their formation,
deposition, or metamorphism: sediments, volcanics, pluton-
ics, and metamorphics. In each group we study statistical
quantities (such as histograms, median, mean, and standard
deviation) and investigate the variation of thermal
conductivity with those factors that have the most
pronounced effect on this group of rocks. These are
petrological aspects or petrophysical influences such as
porosity (in sediments and volcanic rocks), the dominant
mineral phase (in metamorphic and plutonic rocks), and
anisotropy (in sediments and metamorphic rocks). More
recent data was included, mainly (but not only) from the
German continental deep drilling project KTB, when the
existing data base seemed insufficient for our statistical
approach. Where additional specific data is available, the
effect of temperature, pressure, saturation, and saturant is
demonstrated.

3.1 Thermal conductivity of sedimentary, volcanic,
plutonic, and metamorphic rocks

Before any details are discussed we first provide an
overview on the distribution of thermal conductivity in
general as well as on the variation of thermal conductivity
with ambient temperature for the four basic rock-types.

Influence of porosity and the dominant mineral phase.
Figure 1 shows histograms for thermal conductivity
according to rock type. For sedimentary rocks (Figure 1a)
the controlling factors on thermal conductivity are porosity
and origin of a particular sediment. It appears as if
chemical sediments, mainly formed by precipitation of
dissolved minerals or by compaction of organic material,
and low porosity (< about 30 %) physical sediments,
formed by the compaction and cementation of clastic
material, have nearly identical frequency distributions,
means, and medians. In contrast, high porosity (> about 80
%), mainly marine physical sediments display a distribution
which is biased towards low conductivities, with mean and
median about half the size of the former two. This, of
course, is due to the low-conductivity fill of the void space,
which can be either air or water.

For volcanic rocks (Figure 1b), spanning nearly the total
possible range of porosity from 0-1, porosity is again the
controlling factor on thermal conductivity: mean and
median of the high- and low-porosity histograms differ by
nearly a factor of two, and the high porosity distribution is
clearly skewed towards low conductivities.

Plutonic and metamorphic rocks display a much smaller
porosity. Here the dominant mineral phase controls different
conductivity distributions. For plutonic rocks the feldspar
content determines the nature of the histogram (Figure 1c):
while rocks with a low feldspar content (i.e. less than about
60 %) secem to define a nearly symmetrical histogram, a
high content in feldspar biases the distribution towards low
conductivities. Interestingly enough, means and medians for
both distributions are nearly identical within the given
standard deviation.

Metamorphic rocks may be classified according to their
quartz content. Figure 1d displays the resulting bimodal
distribution. While the low conductivity part is made up of
rocks with low quartz-content, the high-conductivity portion
consists of quartzite only.

Influence of ambient temperature. Thermal
conductivity is a function of temperature. Lattice (or pho-
non) thermal conductivity varies inversely with temperature.
As thermal expansions increases with temperature, but dif-
ferently for all minerals, "thermal cracking' by differential
expansion may create contact resistances between mineral
grains, thus contributing to the observed decrease of con-
ductivity with temperature. This effect is probably not as
severe in water-saturated rocks as it is in dry rocks, the
condition in which most laboratory experiments are
conducted. Conductivity-temperature determinations of
crystalline water-saturated rocks are now under way in
some laboratories. The "radiative thermal conductivity", in
contrast, follows a T-law (see e.g. Clauser 1988). Thus
measurements on thermal conductivity as function of
increasing temperature generally show initially a decrease
with temperature, until around 1000-1200 °C the radiative
component balances and sometimes even inverts this
decreasing trend.

Figure 2a shows this effect for sediments. Up to 300 °C
there is a reduction by nearly a factor of two, both for
clastic and carbonaceous sediments. Above 300 °C the de-
crease in thermal conductivity comes nearly to an end, with
carbonates decreasing still a little more than clastic sedi-
ments. However, as there are very few data for this temper-
ature range, this last observation is not very sound
statistically.

Volcanic rocks (Figure 2b) display quite a different
behaviour, depending on their opacity, i.e. on how well
they transmit thermal energy by radiation. Due to this
additional "radiative thermal conductivity", volcanic glasses
and rocks with a small iron content experience an increase
in thermal conductivity for temperatures above 800-1000 °C
(see e.g. Clauser, 1988). In contrast, conduction dominated
rocks show a much more pronounced decrease in thermal
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syenite, syenite porphyry, and anorthosite. Data for vari-
able, but generally lower feldspar content (i.e. less than
about 60 %) are from granite (including alkali granite,
plagiogranite, granodiorite, tonalite, quartz monzonite),
quartz- and quartz-feldspar-porphyry, diorite (including
monzonite), gabbro (including quartz and olivine gabbro),
porphyrite dykes (lamporphyre, diabase, quartz dolerite),
and ultramafic rocks (pyroxenite, peridotite, lherzolite,
hypersthenite, bronzitite, dunite, olivinite, horblendite,

cumberlandite).
(d). Thermal conductivity of metamorphic rocks, sub-

divided according to quartz content. Histogram for high
quartz content is made up of data fom quartzite. Data for
low quartz content are from quartz-mica schist, gneisses,
marble, serpentinite, talc, serpentinized peridotite, hornfels,
eclogite, albitite, leptite, schist, slate, phyllite, amphibolite,
mylonite and greenstone.






















































