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Foreword

This Report was prepared by the Underground Excavation and Rock Properties

Information Center (UERPIC), a national information/data center on rock properties,

tunneling and excavation technology, and nuclear blast effects. It is operated by the

Center for Information and Numerical Data Analysis and Synthesis (CINDAS), Purdue

University, West Lafayette, Indiana, and supported by .Grants GI-34608X and GI-34608X1

from the National Science Foundation - Research Applied to National Needs (NSF-RANN).

The report is one of several technical products which represent part of the major ac-

complishments of UERPIC in the period 1 June 1972 to 31 May 1974.

UERPIC was established on 1 June 1972 at CINDAS through an interdisciplinary

effort at Purdue University involving senior investigators from three academic depart-

ments and CINDAS: Professor W. R. Judd (Rock Mechanics), Civil Engineering; Pro-

fessor D. P. DeWitt, Mechanical Engineering; Professor T. R. West, Geosciences;

and Professor Y. S. Touloukian, Director of CINDAS.
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Abstrat

This report presents the available experimental data on four thermophysical

properties of twelve rock types and also gives selected values for fifteen specific rock

materials identified by geologic formation or geographic location. Sufficient specimen

characterization and measurement information are provided to permit meaningful data

evaluation and correlation. In addition, petrographic descriptions of the individual

rock types and the specific rock materials are also included. The fifteen specific rock

materials constitute the ARPA and NASA suites of rocks, and the four thermophysical

properties are thermal conductivity, thermal diffusivity, thermal linear expansion,

and specific heat. The property data are extracted from 95 data source references

covering the publication years from 1920 to 1972 and are presented in both graphical

and tabular formats usually as a function of temperature. In some cases, however,

data as a function of pressure or saturation are also given.
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Preface

A need for complete information on thermophysical properties of rocks is

becoming apparent in the fields of engineering materials and geosciences. Problems

encountered in design and selection of underground nuclear waste disposal and nuclear

test sites, hardened defense facilities and underground power plants, along with con-

tinued interest in thermal tunnelling techniques (both at elevated and cryogenic

temperatures) have increased the demand for thermophysical rock data. In the geo-

sciences, accurate values for heat flow in the earth's crust are needed to obtain a

better understanding of the earth's history and its current make-up. Information is

also needed to evaluate the newly developed theories on sea floor spreading and plate

tectonics in addition to supplying details for the substantial deep sea rock coring pro-

gram now underway. Geothermal power generation techniques and earthquake prediction

analysis both depend to some degree on thermophysical properties and heat flow of

rock masses. In all, these varied research activities have signaled the desire for

an organized body of knowledge on the thermophysical properties of rocks. It is pre-

cisely to answer such an urgent need that this work is produced.

Rocks, however, are not single phase, pure substances exemplified by many

metals, elemental materials, and certain man-made and natural compounds for which

thermophysical properties have been compiled in the past. Rocks are heterogeneous

materials, a mixture of several minerals which taken by themselves are commonly

anisotropic substances. Hence, rocks must be properly characterized if meaningful

evaluation and comparisons of their properties are to be made. Mineral composition

and texture (or fabric) must be provided to insure proper comparisons between rock

samples. Even if the correct lithologic (rock) name is applied to a sample (which

certainly has not always been the case), sufficient differences in mineral composition

and texture can occur within that rock group (such as granite) to cause significant

differences in mechanical and thermophysical properties. Therefore, in this work

detailed petrographic descriptions are supplied for the rocks along with the presenta-

tion of their thermophysical property data.

The above mentioned salient feature makes this work unique and especially

useful. This work Is the first of its kind and no such comprehensive compilation on

thermophysical properties of rocks has ever been published. In the process of data

extraction and evaluation, over two hundred research documents have been examined

resulting in 95 source references which contain original experimental data and cover

the publication years from 1920 to 1972.
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. Introduction

The purpose of this work is to present and review the available experimental

data and information on four thermophysical properties of twelve rock types and to

generate selected values for fifteen specific rock materials identified by geologic for-

mation or geographic location. These fifteen rock materials constitute the ARPA* and

NASA-* suites of rocks which include a number of the commonly used materials em-

ployed in rock mechanics research in the United States. The rock types included here

embrace all three major genetic divisions: igneous-plutonic (dacite, dunite, gabbro,

granite, and granodiorite) and extrusive (basalt and rhyolite), sedimentary (limestone

and sandstone), and metamorphic (marble, quartzite, and serpentinite).

The work comprises four sections. This Section I serves as an introduction

to the subject. The experimental methods used by the various authors to obtain the

thermophysical property data on rocks are briefly described in Section II, which is

intended to provide supplemental information to the tables given in Section III, the core

of this work.

The experimental data on the four thermophysical properties (thermal

conductivity, thermal diffusivity, thermal linear expansion, and specific heat) of the

twelve rock types are separately presented in Section III in both graphical and tabular

formats. In most of the graphs the property data are shown as a function of temper-

ature, but in a few -raphs the property data as a function of pressure or saturation

are given. The table gives not only the experimental data but also the specimen char-

acterization and measurement information for each set of data. For specimen

characterization, it gives the material name and specimen designation, specimen ge-

ometry, specific gravity, porosity, permeability, hardness, mineral and/or chemical

composition, source of the material, specimen texture, heat treatment, etc. For

the measurement, it provides information on the experimental method, direction of

measurement, test environment, and other test conditions. In addition, Section I

gives a detailed discussion of the petrography for each of the twelve rock types in gen-

eral and for each of the fifteen selected specific rock materials in particular, for which

selected values of the thermophysical properties are also presented in the graphs and

in separate tables. The complete bibliographic citations for the references are given

in Section IV.

*' A(hanced Research Projects Agency - This suite of rocks was selected for study by
the U.S. Bureau of Mines.

': * National Aeronautics and Space Administration - This suite of rocks was selected
to represent rock materials which might be encountered during lunar exploration.
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Since the thermophysical properties of rocks are the subject matter of this work.

it is appropriate to discuss here briefly the nature of occurrence, mode of formation,

and other geologic characteristics of these rock types, the range in thermophysical

properties of these rocks, and the method of selection of the property values.

Nature of Occurrence and Mode of Formation of Rocks

Plutonic rocks are believed to form from crystallization of magma deep within

the earth's interior; these rocks were emplaced and solidified in the earth's crust and

later uplifted and brought to the earth's surface by mountain building forces. Extrusive

rocks, as the term implies, were poured out on the surface of the earth through frac-

tures and fissures. Molten material which outpours on the surface is connected to

the deep-seated magma chamber below through volcanic feeder pipes. Much mater-

ial of the sedimentary rocks is derived from the weathering and denudation of pre-

existing rocks and these weathering products are laid down in depressions or basins

primarily in an aqueous environment. Some sedimentary rocks are not derived from

broken rock fragments however, but are organic and chemical precipitates. After

deposition the sediments are subjected to pressure and temperature changes, lithifica-

tion, and diagenesis to yield sedimentary rocks. Metamorphic rocks are formed as

a result of temperature and pressure changes taking place within the earth's interior

to which igneous and sedimentary rocks are subjected to during periods of mountain

building activities.

General Geologic Characteristics of Rocks

Plutonic igneous rocks are characterized by a massive, crystalline texture

and absence of any primary planer feature such as foliation. They have a low (< 1%-

3%) porosity. Joints may be common and whenever they occur, their spacing, attitude,

and frequency affects the thermophysical properties.

The extrusive igneous rocks are generally fine to medium grained with a partly

to wholly crystalline texture; some varieties are holohyaline (e.g., obsidian). These

rocks have wide porosity range and values of 85% have been noted in pumice. Joints

are well-developed in most extrusive rocks and layered structure is not uncommon.

Thermophysical properties of such rocks vary widely depending upon their porosity,

prevalence of joints and micro-fractures, and orientation of test specimen with respect

to the flow layering.

Sedimentary rocks are characterized by the presence of primary bedding planes

and higher porosity (5%-30%). The thermophysical properties of these rocks are,
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to a large extent, dependent upon their porosity, nature and composition of cementing

material, and orientation of the test specimen relative to the bedding plane.

The metamorphic rocks have characters intermediate between igneous and

sedimentary rocks. This depends upon the type of the original rock from which these

were derived, although quite frequently metamorphism has been so complete that any

trace of the original rock is wholly obliterated. Such rocks behave more like plutonic

rocks.

Range in Thermophysical Properties

Unlike well-characterized pure materials, or even well-defined alloys, rocks

consist of a variety of mineral phases and a particular mineral assemblage distinguishes

one rock type from the other. An understanding of the heterogeneity in composition,

anisotropism of the fabric and diversity in mode of occurrence is, therefore, essential

to appreciate the wide variation in the thermophysical properties of rocks. Even rocks

with the same mineral and chemical composition may show considerable variations

in their thermophysical characteristics. The main factors responsible for this var-

iation are:

(1) Variation in chemical and mineralogic composition.

(2) Petrofabric.

(3) Structural defects including mega- and micro-features.

The limitations imposed by the above factors put a serious restriction on making any

recommendation on selected thermophysical properties of a particular rock type.

For, although a pre-Cambrian granite from, say, the Appalachian geological province

may be similar to a granite of the same age from Alaska, yet they may show different

thermophysical properties which could be a manifestation of the tectonic history of

the region and the resulting stresses to which these two granites were subjected to.

It has been, nevertheless, our endeavor to generate, wherever possible,

selected values for a particular rock type from a particular stratigraphic locality if

their thermophysical properties varied within reasonable limits. This has been pos-

sible only In the case of those rocks for which sufficient information on composition,

texture, specific gravity, porosity, and specimen geometry and orientation has been

available in the referenced literature. Wherever possible selections have been made
for the particular rock formation or quarry locations discussed in Section III. The
task becomes formidable when the geologic information is insufficient. In these cases

no attempt has been made to generate any selected values.
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Method of Selection of Thermophysical Property Values

Selection is made based on the best available data. In some cases the quality

of the data can be judged by the objective criteria. In others, contradictory data are

found in which the choice cannot be made on these grounds. In such instances, weight

is given to the reputation of the author or the laboratory that conducted the measure-

ments. Where a given work is mentioned, but does not agree with this selection, the

reader should realize that the work may be correct and the selection wrong but that

compilations to date suggest the opposite situation. Wherever measurements are made

on several samples of the same rock type but yield different results, a banded enve-

lope indicating scatter is shown in the figure in addition to the selected curve. This

band width is determined by the following:

(1) Experimental scatter for an individual specimen.

(2) Differing values for several specimens in a series of experiments.

(3) Differing values reported by the same or different investigator for similar
rock samples.

Selected band width tends to form a constant percentage of the selected value. Consequently,

for decreasing values with increasing temperature the band width usually decreases

at higher temperature.

Units Used and Conversion Factors

In this work the thermophysical property values are given in the SI or cgs units

to which the different units used by various authors for their original data have all

been converted for uniformity of presentation.

To convert the property values presented in this work to values in other units

the following conversion factors may be used.

To convert from to Multiply by

W m -i 1 K- 1  Btuth hr - 1 ft- i F- 1  0.578176

W m- 1 K- 1  calth s - cm - 1 C- 1  2. 39006 x 10- 3

cm2 s - 1  ft2 s - 1  1. 07639 x 10- 3

cm 2 s - 1  m 2 s - 1  1 x10- 4

calth g- 1 K- 1  Btuth lb - 1 F - 1 1

calth g-1 K-1 J kg - ' K- 1 4. 184 x 103



31. Experimental Methods for Rocks

The experimental methods used by the various authors to obtain the property

data compiled in this work are identified for the individual data sets and given under

the column heading "Method Used" in the tables of the next section, which present

not only the experimental data but also the specimen characterization and measurement

information. The purpose of this section is to briefly describe these methods. Con-

sequently, not all the existing methods are included here. For comprehensive reviews

of experimental methods, the reader is referred to the reference works on thermal

conductivity 1106,1071, thermal diffusivity 1108,107-Vol. 2 Chapter 31, thermal ex-

pansion 1109, 1101, and on specific heat 1111, 1121.

A. METHODS FOR THERMAL CONDUCTIVITY MEASUREMENTS

The methods for the measurement of the thermal conductivity of rock can be

classified into two categories: the steady state and the non-steady state methods.

1. STEADY STATE METHODS

In steady state methods, the test specimen is subjected to a steady heat flow
and a temperature gradient which is time invariant. The thermal conductivity is de-

termined by measuring the rate of heat flow per unit area and the temperature gradient

across the specimen.

Some of the most commonly used steady state methods are described below.

a. Longitudinal Method

In this method the flow of heat is restricted in the axial direction of a rod (or

disk) specimen. The radial heat loss or gain is prevented or minimized and evaluated.

The thermal conductivity is then determined from the equation

1

where k is the average thermal conductivity corresponding to the temperature 1 (TI+TO

AT = T2 - T 1, q Is the rate of heat flow, A is the cross-sectional area of the specimen,

and Ax is the distance between points of temperature measurements for T, and T,.

This method can be further divided into absolute and comparative methods

according to the means of measuring the heat flow. In the absolute method, the rate

of heat flow is directly determined, while in the comparative method the rate of heat
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flow is calculated from the temperature gradient over a reference standard sample

of known thermal conductivity which is placed in series with the specimen.

b. Radial Method

Most of the specimens used in this method are in the form of a cylinder with

a coaxial central hole containing a heater or a heat sink. The thermal conductivity

is calculated from the expression

q ln (r 2/r)
k = 21L (TI-T 2)

where L is the length of the central heater and T1 and T2 are temperatures measured

at radii r, and r 2 , respectively.

A varient of this method is the concentric cylinder method, which is used mainly

to measure the thermal conductivity of a loose-filled materialesuch as soil. This

method can be comparative by using a cylindrical specimen surrounded by a concentric

cylindrical reference standard sample of known thermal conductivity.

c. Thermal Comparator Method

The essential part of the thermal comparator is an insulated probe with a

projecting tip. The probe is integral with a thermal reservoir held at a temperature

about 15 to 20 degrees above room temperature. A surface thermocouple is mounted

at the tip of the probe and is differentially connected to the thermal reservoir for the

measurement of the temperature difference between the reservoir and the tip.

In operation, the probe is gently placed on the surface of the test material.

Upon contact of the probe tip of known thermal conductivity k, and originally at tem-

perature T, with the surface of the test material of thermal conductivity k2 and at room

temperature, T2 , the temperature of the probe tip drops quickly to an intermediate

temperature, T, given by the expression

T, - T = (T 1-T 2 ) kl+k 2

This temperature difference is registered by the emf reading of the differential

thermocouple after a brief transient period (1 to 2 seconds) has elapsed.

From the emf readings of tests on a series of reference standard samples of

known thermal conductivity, a calibration curve is obtained, and the thermal conduc-

tivity of an unknown specimen can thus be determined from the emf reading through

the calibration curve.
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2. NON-STEADY STATE METHODS

In non-steady state methods, the temperature distribution in the specimen

varies with time. The rate of temperature change at certain positions along the spec-

imen is measured in the experiment. Few of the non-steady state methods determine

the thermal conductivity directly, and most of them determine the thermal diffusivity,
from which the thermal conductivity is calculated with an additional knowledge of the

density and specific heat of the test material. In this subsection, only the line heat

source and probe methods which determine the thermal conductivity directly are dis-

cussed. Those transient heat flow and periodic heat flow methods which determine

the thermal diffusivity will be discussed in the next section.

a. Line Heat Source Method

In this method a long thin heater wire which serves as a line heat source is

embedded in a large specimen initially at uniform temperature. The heater provides

a constant heat, q, per unit time and length, and the temperature at a point in the spec-

imen is recorded as a function of time. The thermal conductivity is given by the

expression

q Int2r(T2-TJ T

where T1 and T2 are the temperatures measured at the times t1 and t2 , respectively.

b. Probe Method

The probe method is a more practical line heat source method in which the

line heat source is enclosed inside a probe for protection and for easy insertion into

a sample. This method can be used for field measurements of the thermal conductivity

of rock and soil.

B. METHODS FOR THERMAL DIFFUSIVITY MEASUREMENTS

The methods used for the measurement of thermal diffusivity fall into two major
j categories: the transient heat flow and the periodic heat flow methods. These methods

can also be subdivided into longitudinal and radial methods according to the direction

of heat flow.

1. TRANSIENT HEAT FLOW METHODS

In transient heat flow methods, heat is suddenly added to or removed from a

specimen initially at a uniform temperature and the thermal diffusivity is determined
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from a measurement of the temperature as a function of time at one or more points

along the specimen.

a. Longitudinal Method

In this method one end of a rod of uniform cross section and initially at a uniform

temperature is subjected to a short heating pulse, and the thermal diffusivity, a, is

calculated from a measurement of the temperatures as a function of time at properly

chosen points along the rod. The one-dimensional heat flow equation

6T d2 T

dx 2

may be used for the calculation with boundary conditions applying to a finite rod.

In a variant of this method, steady heating is provided at one end of a rod and

the temperatures as a function of time at two or more points along the rod are observed.

b. Flash Method

Although the flash method is a variant of the longitudinal transient heat flow

method using a small thin disk specimen geometry, it has a very special feature which

makes it a class of its own. In the "flash" method, a flash of thermal energy is sup-

plied to one of the surfaces of a disk specimen within a time interval that is short

compared with the time required for the resulting transient flow of heat to propagate

through the specimen.

In the measurement, a heat source such as flash tube or laser supplies a flash

of energy to the front face of a thin disk specimen and the temperature as a function

of time at the rear face is automatically recorded. Heat losses are minimized by making

the measurement in a time so short that little cooling can occur. The thermal diffusivity

is calculated from the expression

0. 139 L2

t 1/2

where L is the sample thickness and t1/2 is the time required for the back face to attain

half its maximum increase in temperature.

c. Radial Method

In this method a long cylindrical specimen initially at uniform temperature

is heated either at the axis or at the outer surface and the temperatures as a function

of time at different radial distances are measured.
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If the outer surface of a long hollow cylindrical specimen of inner radius r0

is heated at a constant rate and the temperatures T1 and T2 at two radii r, and r2 within

the specimen are measured, the thermal diffusivity is given by the expression

T UT I (r 2 -r 1
2 ) - r0

2 in-2 (T2-T, ) at -2 - r ,

The above equation assumes that the specimen is isotropic and homogeneous with a

independent of T and that 6T/ t is constant and there is no internal loss of heat.

In another variant of this method, a solid cylindrical specimen is placed within

a heated enclosure and fitted with end guards to ensure that all heat flows radially in-

wards. The specimen is heated rapidly by a constant source of power and temperatures

are measured at two points at the longitudinal center of the specimen with radii of r,

and r 2 . For times sufficiently long for a linear rate of temperature increase to be

established

r 2
2 -r 1

2

a =4 (t 2-t 1)

where t2 -tf is the time interval between the attainment of a specific temperature at

r 2 and r1 .

2. PERIODIC HEAT FLOW METHODS

In periodic heat flow methods, the heat supplied to the specimen is modulated

to have a fixed period. The resulting temperature wave which propagates through the

specimen with the same period is attenuated as it moves along. Consequently, the

thermal diffusivity can be determined from measurements of the amplitude decrement

and/or phase difference of the temperature waves between certain points in the spec-

imen. In most of the periodic heat flow methods, heat flow is in the longitudinal (axial)

direction. However, methods with heat flow in the radial direction have also been used.

a. Longitudinal Method (Lgstr~m Method)

The longitudinal periodic heat flow method was first developed by lngstr~m

and is therefore called kngstrtim method. In his first experiments, the middle of a

long rod was subjected to periodic heating and cooling for equal time periods and the

temperatures as a function of time at two points on the same side of the middle of the

rod were measured. Ingstr;m showed that

k V= L
dC p to in 8

* Al
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where d is density, C is the specific heat at constant pressure, L is the distance
p

between the two observation points, t Is the period of the temperature wave, 0 is the
phase lag of the temperature fluctuations at the two points, and 6 is the amplitude ratio

of the temperatures at these points. In his time, the quantity as k/d C had not been

defined.

A long rod could equally well be heated and cooled periodically at one end as

has been done in most later applications of the method.

JIngstrim's original method was improved and modified subsequently and several
versions of the "Modified Ingstr~m Methods" have since been reported.

The Ingstrm method which uses a long rod has its limitations. In some cases,
specimens in the form of long rods may not be available, and in other cases such as
in the measurements on poor conductors at high temperatures, heat guarding to prevent

lateral heat losses for a long rod may be difficult. Consequently, methods using spec-

imens in the form of small plate or disk have also been developed.

b. Radial Method

caabIn this method the specimen in the form of a cylinder is heated by a heat source
capable of producing a periodical temperature variation either at the axis or at the
circumference and the radial temperature variations with time are measured. The

thermal diffusivity may be calculated from the phase change of the temperature oscil-
lations or from the amplitude variation of the oscillations with frequency.

C. METHODS FOR THERMAL LINEAR EXPANSION MEASUREMENTS

The thermal linear expansion, AL/L, is the total length change from a reference

temperature to a given temperature per length at reference temperature. 293 K is
used as the reference temperature. The coefficient of thermal linear expansion, o,
is the temperature derivative of the thermal linear expansion. Thus they are given

by the expressions:

=b L T - L293

L

d AL 1 dL
dT\-L-L = !: 3 dT

A number of different methods for measuring the thermal linear expansion of solids
were developed during the last 50 years. A variety of methods and modifications are
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required for various classes of materials. Among the methods used for rocks, dilatometric

method, wiiich is for intermediate sensitivity class, is the most commonly used. The

interferometric method is one of the most accurate methods in the academic research

laboratories with small specimens of very low thermal conductivity.

1. INTER 1EROMET ER

The most outstanding early method of any notable precision was due to Fizeau

1104,1051. In this method the specimen is placed vertically between two transparent

fused quartz !)lates, each about 4 mm thick and reasonably free from any imperfections.

The surfac.es of each plate should be flat within one-fifth of a fringe and inclined to each

other at an agnel of 20' of arc. This is set in an electric furnace or a cooling chamber.

When plates are illuminated normally with monochromatic light, a set of interference

fringes is produced by the interference of light reflected between the lower surface of

the upper plate and upper surface of lower plate. The fringes are observed by means
of a viewing device. Changing the temperature of the specimen brings about a change
in length which causes a corresponding movement of the interference fringes past a ref-

erence mark on the lower surface of the upper plate. From observed displacement

of the fringes, the thermal linear expansion can be determined from the expression:
AL INA

L 2L +L

where L is the initial length of the specimen, AL is the change in length, >, is the wave
length of monochromatic light, N is the number of fringes that passed the reference

mark, and A is the correction if the specimen is heated or cooled in other than vacuum.

2. DILATOMETER

This consists of a quartz tube used to support the specimen and a fused quartz

rod to transmit the specimen's dimensional change with temperature to a dial recorder.

Quartz is used because of its low thermal expansion. Extensometer is used for measur-

ing length changes over a length of at least 0.05 inches. Dial indicator and linear variable

transformer are used the most for measuring length changes, but many other types like
optical levers, strain gage, and optical gratings are also used.

D. METHODS FOR SPECIFIC HEAT MEASUREMENTS

The specific heat, Cp, is the amount of energy required to raise the temperature

of one unit of mass by one unit of temperature at constant pressure. There are several

I
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methods for the practical and precise determination of the specific heat of solids. Many

variants, modifications, and improvements are reported in the literature. The most

commonly used methods for rocks are as follows.

1. DROP ISOTHERMAL WATER CALORIMETER

In this method the specimen is heated and dropped directly into the calorimeter

containing water and enclosed in an isothermal jacket. The top is covered by copper

plates. The water is stirred to assume uniform temperature. The rise of temperature

is measured accurately. The enthalpy change of the specimen is determined from the

known heat capacity of the calorimeter and its temperature rise, and the specific heat

is given by the expression

d (HT - H298 . 15)

p dT

where H is the enthalpy of the specimen.

2. DROP COPPER BLOCK CALORIMETER

In this method the sample is heated within a capsule of known heat content in

a furnace to a measured temperature and dropped into a copper calorimeter whose heat

capacity has been previously determined. The temperature of calorimeter is measured

using a special bridge network of copper ant manganin resistances. The heat released

from the specimen is distributed to the copper calorimeter. The change in enthalpy

of the specimen is measured in terms of the amount of heat absorbed by the copper

block in changing from its initial to final temperature. Thus,

p=dT HT - 298. 15)

3. ADIABATIC CALORIMETER

This method is suited for granular materials, fine powders, and materials with

low thermal diffusivity and thermal conductivity. The calorimeter consists of a thin

walled spherical shell made of two copper hemispheres welded together. At the center

of this shell a heater element is placed which is made of a hollow copper sphere of 5 mm

wall thickness enclosing the electrical heater coil wound onto a ceramic sphere. During

the measurement, the gap between the two spheres is filled with test material which

is introduced into the gap through a hole at the bottom of the calorimeter. The calor-

Imeter Is surrounded by a thermostat made of a thick walled copper sphere heated
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electrically and regulated very sensitively to follow the surface temperature of the

calorimeter. The thermostat and guard heaters are adjusted to heat up the instrument

to a desired temperature. As soon as this is reached, the power input is reduced until

it just compensates the heat loss. The calorimeter itself follows the temperature change

more slowly. Heater element on the calorimeter is turned on. Enough time is allowed

to check that the temperature of all parts of the calorimeter increases at the same rate.

The time needed to increase the temperature by a fixed millivolt increment is measured

to get the heat capacity of the calorimeter. Then the calorimeter is filled with the spec-

imen and the experiments are repeated. Knowing the heat capacity of the calorimeter,

the heat capacity of the specimen can be derived as follows:

1= dQ/dt w
p m LATY rd cJ

where dQ/dt is the heat input per unit time, Wc is the specific heat of the calorimeter,

and m is the mass of the specimen.

flh~ A .~
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MI. Thermophysicol Properties of Rocks
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1. BASALTS

A. PETROGRAPHY

Basalts are the most abundant of all volcanic rocks and are the principal products

of shield volcanoes of the Hawaiian type. They are fine-grained rocks and consist

predominantly of plagioclase and pyroxene; olivine or quartz (or both) may be present,

and glass is found in many. Tholeiitic basalt is a special type of calcalkali basalt.

These are generally olivine-free or olivine poor and predominate among the plateau

building lavas of shield areas of the world.

There is a wide variation in chemical and mineralogical composition of basalts

and the compositions given below represent average values for plateau basalt.

Chemical Composition* (After Daly [991)

Oxide Wt. Percent

Si0 2  48.80
TiO2  2.19
A120 3  13.98
Fe 20 3  3.59
FeO 9.78
MnO 0.17
MgO 6.70
CaO 9.38
Na 2O 2.59
K20 0.69
H20 1.80
P2 05  0.33

Mineralogical Composition

Mineral Vol. Percent

Plagioclase 40-60

Mafic minerals (pyroxenes
and/or olivine) 55-35

Quartz, olivine, glass, apatite- in varying
iron-ores proportion

Dresser Basalt

The mineralogy and texture of basalt from Dresser, Wisconsin, given by

Lindroth and Krawza [351 and by Hasan and West [101], is summarized below:

' Average of 43 analyses.

i
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Mineral Composition

Essential Minerals Vol. Percent

Plagioclase (labrodorite) 45

Augite 34

Accessory Minerals Vol. Percent

Serpentine 16

Fe-ore (magnetite) 3

Chlorite 2

Texture. The rock is holocrystalline, fine-grained, and ophitic. Olivine has almost

wholly altered to serpentine and magnetite. Average grain size is 0.04 mrm.

Tholeiitic Basalt

The mineralogy and texture of Tholeiitic basalt from N. E. of Madras, Oregon,

given by Fogelson [98], is summarized below:

Mineral Composition

Essential Minerals Vol. Percent

Plagioclase (Anew, An 4) 39

Olivine 13.5

Augite 10.5

Accessory Minerals Vol. Percent

Plagioclase microlites 12

Magnetite, Ihnenite 8

Glass 12

Chlorite 4

Quartz (as small in-
clusions in plagioclase) 1

Apatite <1

Epidote <1

Texture. Overall texture is merocrystalline; the interstitial glass, however, contains

microlites of magnetite and plagioclase imparting a hyalopilitic texture to the matrix.

Some plagioclase crystals occur as phenocrysts. Most of the crystals are subhedral

except plagioclase of older generation which have rounded corners and re-entrants
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indicative of partial resorbtion. The grain size varies between 0. 15 mm and 0. 10 mm

in length and 0. 04 mm and 0. 008 mm in diameter.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.
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C. SELECTED VALUES FOR DRESSER BASALT AND THOLEIITIC BASALT FROM
MADRAS, OREGON

Thermal Conductivity. The data for different basalts follow similar trends. Conductivity

seems to decrease with temperature for the region below the melting point. Selected

values are for Dresser basalt based on the data of Navarro and DeWitt [861 and of

Marovelli and Veith [51. Room temperature measurement of Johnson [1021 for Tholeiitic

basalt showed the value practically unchanged when saturated with water. No selection

was made for Tholeiitic basalt.

Thermal Diffusivity. The data for different basalts follow a similar trend. Results

of Bates, McNeilly, and Rasmussen [671 for Dresser basalt show wide scatter for

various runs for the same specimen. Results of Lindroth [421 for Tholeiitic basalt

for small temperature range indicate that the values are independent of test pressure.

No selection was made for either basalt.

Thermal Linear Expansion. Selected values are from Griffin and Demou [411 for

Tholeiitic basalt. Their results indicate three very small anomalies of unknown

origin. No measurement was reported for Dresser basalt.

Specific Heat. Heat content studies of Krawza and Lindroth [351 indicate a distinct

phase transition near 848 K, near a-# quartz inversion point which is very surprising

since the Dresser basalt which they studied did not contain free quartz, so no selec-

tion was made. No measurement was reported for the Tholeiitic basalt.

Selected Values for Dresser and Tholeiitic Basalts,

Dresser Basalt Tholeiitic Basalt

Temp. Thermal Thermal
(K) Conductivity Linear Expansion

(W m7 K-1) AL/L 0 (%)

150 -0.067
200 -0.048
293 0.000
300 2.38 0.003
400 2.31 0.071
500 2.19 0.142
600 2.09 0.219
700 1.98 0.309
800 1.88 0.393
900 1.76 0.467

1000 1.65 0.532
1100 1.53 0.598
1200 1.40 0.689

*No selections were made for other thermophysical properties.
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2. DACITES

A. PETROGRAPHY

Together with rhyolites, dacites constitute the most abundant group of siliceous

volcanic rocks. Both are rich in volcanic glass but dac te is less siliceous and more

sodic. Commonly, pyroxene crystals occur in the glass. The following information on

mineralogy and texture of dacite from W. of Bend, Oregon, is from Fogelson [981.

Mineral Composition

Essential Minerals Vol. Percent

Labradorite
(microlites) 40*

Glass 36

Labradorite
(microphenocrysts) 15

Accessory Minerals Vol. Percent

Pyroxene 5

Magnetite 3

Oxyhornblende <1

Texture: The rock has a hypocrystalline, microporphyritic, hyalopilitic texture.

Plagioclase microphenocrysts often tend to occur in clusters. They range in size

from 0. 2 to 2 mm in length. Pyroxenes are between 0. 2 and 0. 8 mm long and oxy-

hornblende measures 0. 2 mm in the longer direction. Magnetite. occurring as

cubes, is 0. 2 mm on the edge.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity and thermal linear expansion are

presented in the following pages.

* By strict definition this composition would place the rock in the basalt catagory but

it was classified by the researcher as a dacite, probably based on field description.
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C. SELECTED VALUES FOR DACITE FROM BEND, OREGON

Thermal Conductivity. Results of Johnson [1021 on dacite from W. of Bend, Oregon,

at 293 K showed a marked increase in the value when saturated with water.

Thermal Diffusivity. No measurement was reported.

Thermal Linear Expansion. Selected values for dacite from W. of Bend, Oregon,

are from Griffin and Demou [411.

Specific Heat. No measurement was reported.

Selected Values for Dacite4

from W. of Bend, Oregon

Thermal Linear
Temp. Expansion

(K) AL/L 0 (1)

150 -0.052
200 -0.035
293 0.000
300 0.003
400 0.043
500 0.092
600 0.121
700 0.151
800 0.187
900 0.230

1000 0.287

*No selections were made for other thermophysical properties.
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3. DUNITES (HARSBURGITES)

A. PETROGRAPHY

Dunite belongs to the ultramafic group of the plutonic igneous rocks, which are

characterized by an abundance of mafic minerals (olivine, pyroxene) and small quantity

of calcic plagioclase. Dunite is almost wholly composed of olivine. Harsburgite is

composed of olivine and orthorhombic pyroxene. Spinel and serpentine are commonly

present.

The chemical and mineralogical composition of dunite is given below.

Chemical Composition* (After Daly [991)

Oxide Wt. Percent

SiO2  40.49
TiO2  0.02
A120 3  0.86
Fe20 3  2.84
FeO 5.54
MnO 0. 16
MgO 46.32
CaO 0.70
Na 20 0.10
K20 0.04
H20 2.88
P 20 5  0.05

Mineralogical Composition

Mineral Vol. Percent

Mafics (olivine, pyroxene) 85-95

Ores (magnetite, ilmenite,
chromite, etc.) 10-3

Calcic plagioclase <5

Dunite (Harsburgite)

The mineralogy and texture of this rock, given by Fogelson 198], is summarized

below.

* Average of 10 analyses.
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Mineral Composition

Essential Minerals Vol. Percent

Olivine (forsterite) 60

Orthopyroxene
(enstatite) 35

Accessory Minerals Vol. Percent
Chromite 3

Serpentine 1

Magnetite << 1

Texture. The rock is phaneritic, holocrystalline and has a mosaic texture. Grains

are anhedral and equant to elongate. The rock is highly fractured but healed by

serpentine. The rock is fine-grained and the average grain size varies from 6 mm

to 0. 2 mm in length and 0. 2 mm to 0. 022 mm in diameter.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivit,, thermal diffusivity, and specific

heat are presented in the following pages.

3i
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C. SELECTED VALUES FOR DUNITE (HARSBURGITE) FROM RIDDLE, OREGON

Thermal Conductivity. Birch and Clark [1 indicate a sudden drop in the thermal

conductivity for the temperature interval of their measurements, i. e., 334-474 K.

Room temperature measurements of Johnson [102] on harsburgite show the value

practically unchanged when saturated with water. No selection was made.

Thermal Diffusivity. Results of Lindroth [421 for small temperature range indicate

that the values are independent of test pressure. No selection was made.

Thermal Linear Expansion. Selected values are based on the data of Griffin and

Demou [41].

Specific Heat. No measurement was reported.

Selected Values for Dunite (Harsburgite)*
Thermal Linear

Temp. Expansion

(K) AL/L (%)

150 -0.060
200 -0.050
293 0.000
300 0.004
400 0.093
500 0.198
600 0.310
700 0.421
800 0.522
900 0. 622

1000 0.721
1100 0.818
1200 0.912

*No selections were made for other thermophysical properties.
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4. GABBROS

A. PETROGRAPHY

Gabbro belongs to the alkali-rich basic igneous rock group. It is composed of
basic plagioclase and pyroxene. Whenever quartz or olivine occurs in appreciable
quantities the rock is termed quartz gabbro or olivine gabbro.

Gabbros are generally medium- to coarse-grained and holocrystalline. They

occur as intrusive bodies in the form of sills, sheets, dikes, plugs, stock and other

layered bodies. Gabbros show wide range in their chemical and mineralogical com-

position and the following compositions are for an average gabbro:

Chemical Composition* (After Daly [991)

Oxide Wt. Percent

SiO2  48.24
TiO2  0.97
A120 3  17.88
Fe2O3  3.16
FeO 5.96
MnO 0.13
MgO 7.51
CaO 10.99
Na 20O 2.55
K2O 0.89
H20 1.45

P20 5  0.28

Mineralogical Composition

Mineral Vol. Percent

Mafics (augite, hypersthene,
orolivine, less commonly
hornblende) 25-50

Plagioclase (labradorite or
bytownite) 70-45

Fe-ores, biotite etc. Accessory

Duluth Gabbro

The following account of mineralogy and texture of gabbro from N. of Duluth,

Minnesota, given by Fogelson [981, is summerized below:

Average of 41 analyses.
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Mineral Composition

Essential Minerals Vol. Percent

Plagioclase
(labradorite Ann2) 50

Pyroxene
(pigeonite) 35

Accessory Minerals Vol. Percent

Magnetite 10

Olivine 5

Serpentine < 1

Pyrite << 1

Texture. The rock has a phaneritic holocrystalline, anhedral-insterstitial texture.

Subhedral plagioclase laths are surrounded by anhedral grains of pyroxene, olivine

and magnetite, imparting the anhedral-interstitial texture.

Plagioclase laths average 10 to 15 mm long and 1 mm wide, but they range

from 0.3 mm long. Pyroxene is 1 to 2 mm in diameter and olivine measures 0. 5 to

1. 5 mm. Magnetite grains range between 0. 1 and 1. 5 mm in diameter, most of

them are on the larger end of the range.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.
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C. SELECTED VALUES FOR DULUTH GABBRO

Thermal Conductivity. Several single room-temperature values reported in the

literature indicate wide scatter. Room temperature measurements of Johnson [1021

showed the value practically unchanged when saturated with water. No selection

was made.

Thermal Diffusivity. No measurement was reported.

Thermal Linear Expansion. Selected values are based on the data of Griffin and

Demou (41]. Values for most of the other gabbros do not show much variation.

Specific Heat. No measurement was reported for this gabbro.

Selected Values for Duluth Gabbro*

Thermal LinearTemp. Expansion(K) AL/LA, (g)

200 -0.027
293 0.000
300 0. 002
400 0.073
500 0.179
600 0.294
700 0.418
800 0. 539
900 0.651

1000 0. 749
1100 0.852
1200 0. 964

No selections were made for other thermophysical properties.
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5. GRANITES

A. PETROGRAPHY

One of the most abundant plutonic rocks of the earth's crust, granite contains

a high percentage of feldspars, of which two-thirds or more is potash feldspar and the

remainder albite-oligoclase. Quartz always consists of more than 10 percent and mafic miner-

als (amphibole, biotite, or both) are common accessories which usually account for

less than 10 percent of the overall composition. Granites are generally medium- to

coarse-grained and are characterized by the typical hypidiomorphic granular texture.

The average chemical and mineralogical composition of granite is given below:

Chemical Composition'- (After Daly [99])

Oxide Wt. Percent

Sio 2  70. 18
TiO2  0.39
A12 3  14.47
FeO 3  1.57
FeO 1.78
MnO 0.12
MgO 0.88
CaO 1.99
Na2O 3.48
K20 4.11
H20 0.84
P20 5  0.19

Mineralogical Composition

Mineral Vol. Percent

Potash feldspar 30-60

Quartz 10-40

Sodic plagioclase (excluding perthite) 0-35"*

Biotite, hornblende, ores,
zircon, apatite, etc. Accessory

The composition given above is for an average granite but considerable departure

from these are noted, both in chemical and mineralogic composition.

* Average of 546 analyses.
** By strict definition rocks containing more sodic plagioclase than potash feldspar should

not be considered as granites, but some investigators have not followed this considera-
tion.

,iam
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Barre Granite

The chemical composition, mineralogy and texture of Barre granite (quartz
monzonite) from Barre, Vermont, given by Birch and Clark [11, is summarized below:

Chemical Composition

Oxide Wt. Percent

SiO 2  69.51

A120 3  15.37

Fe20 3  2.65

CaO 1.76

Na 20 5.38

K20 4.31

H20 1.02

Mineralogical Composition

Essential Minerals Vol. Percent

Plagioclase (Ab 75An25) 36. 47*

Quartz 30.74

Microcline 19.84

Accessory Minerals Vol. Percent

Biotite 7.31

Muscovite 4.30

Calcite (secondary) 0.57

Sphene 0.38

Apatite 0.24

Magnetite 0.08

Chlorite (secondary) 0.05

Chalcopyrite 0.02

Texture. The rock is medium-grained and has a hypidiomorphic granular texture.

Average grain diameter of essential minerals is 0.4 mm and that of accessories

less than 0. 01 mm. Feldspar has turned cloudy due to alteration.

Westerly Granite

The chemical composition (after Horai and Baldridge [841) and mineralogy and

* By strict definition rocks containing more sodic plagioclase than potash feldspar should

not be considered as granites, but some investigators have not followed this consideration.
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texture of the Westerly Granite (quartz monzonite) from Westerly, Rhode Island, given

by Hasan and West [1011 is summarized below:

Chemical Composition

Oxide Wt. Percent

SiO'2  72.70

TiO2  0.26

A120 3  14.05

Fe20 3  0.87

FeO 0.96

MnO 0.03

MgO 0.38

CaO 1.39

Na 2O 3.32

K20 5.48

H20 0.40

P20 5  0.09

CO2  0.07

Mineralogical Composition

Essential Minerals Vol. Percent

Plagioclase (AboAn2 o0 ) 37

Microcline 31

Quartz 25

Accessory Minerals Vol. Percent

Biotite 4

Muscovite 2

Magnetite, sphene,
apatite, calcite*,
chlorite*, epidote* 1

Texture. The rock is medium to fine-grained, holocrystalline, hypidiomorphic,

granular. Feldspars are generally subhedral to euhedral and show some alteration

along cleavage planes. They range in diameter from 0. 3 to 0. 7 mm; quartz meas-

ures 0.4 mm and micas are between 0.07 and 0. 22 mm in diameter.

* Secondary.

** By strict definition rocks containing more sodic plagioclase than potash feldspar should
not be considered as granites, but some investigators have not followed this considera-
tion.
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B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.

II
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C. SELECTED VALUES FOR BARRE AND WESTERLY GRANITES

Thermal Conductivity. Values for Barre and Westerly granites seem to give similar

results. Selected values for these granites are based on the data of Navarro and

DeWitt [86] and of Birch and Clark [1]. The values for Rockville granite fall within

the range of the above granites and moreover all the three types show overall simi-

larity in mineralogical composition. So the selected values beyond the measured

temperatures have been based on the values for the Rockville granite. Room-

temperature values for several other types of granites are considerably higher.

Thermal Diffusivity. Room-temperature values are reported for other types of

granites and none for Barre or Westerly granite.

Thermal Linear Expansion. The values of percent expansion for various types of

granites vary from 0. 02-0. 1 mm near 373 K. Values of Hockman and Kessler 1641

for Barre and Westerly granites fall in this range. No selections were made be-

cause of the small temperature range covered.

Specific Heat. Reported values for various granites fall within the range of experi-

mental error. No measurement was reported for Barre or Westerly granite.

Selected Values for Barre and Westerly Granites"

Temp. Thermal
Condutivity(K) (W m-4 K- 1)

300 2.497
400 2.258
500 2.035
600 1.825
700 1.645
800 1.481
900 1.345

1000 1.252

*No selections were made for other thermophysical properties.
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6. GRANODIORITES

A. PETROGRAPHY

Granodiorites, together with granite, constitute the most abundant group of

acid to intermediate plutonic igneous rocks. They occur in most of the batholitic masses

of the orogenic belts. Granodiorites are generally coarse-grained and are composed

of feldspars, plagioclase (andesine, albite), and quartz. The chemical and mineral-

ogical composition of grandoiorite is given below:

Chemical Composition',, (After Daly 1991)

Oxide Wt. Percent

SiO2  65.01
TiO2  0.57
A12 0 3  15.94
Fe2O3  1.74
FeO 2.65
MnO 0.07
MgO 1.91
CaO 4.42
Na20 3.70
K20 2.75
H20 1.04
P20 5  0.20

Mineralogical Composition

Mineral Vol. Percent

Plagioclase (albite, andesine) 25-45

Quartz 10-35

Orthoclase (and/or microcline) 5-33

Biotite, apatite, ores, etc. Accessory

Chemically and mineralogically granodiorites are intermediate between granites and

diorites.

St. Cloud Granodiorite

Granodiorite from St. Cloud, Minnesota has also been referred to as Charcoal

Gray Granite. The mineralogy and texture, given by Woyski [1031 and Hasan and

West [1011 is summarized below:

* Average of 40 analyses.
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Mineral Composition

Essential Minerals Vol. Percent

Plagioclase
(oligoclase-andesine) 40

Quartz 25

Orthoclase, microcline,
perthite 15

Accessory Minerals Vol. Percent

Hornblende 10

Biotite 5

Fe-ore 2

Apatite, chlorite,
zircon, sphene 3

Texture. Rock is medium-grained with a hypidiomorphic granular texture. Plagioclase

occurs as euhedral to subhedral grains, often rectangular in outline. Their grain boun-

daries are sometimes corroded by quartz and alkali feldspars. Plagioclase grains

are 0.3 mm in diameter and 1-5 mm long.

Bates Granodiorite

The mineralogy and texture of granodiorite, from Bates Station, E. of Madera,

California, given by Fogelson 198], is summarized below:

Mineral Composition

Essential Minerals Vol. Percent

Plagioclase (zoned
An22 -50) 40

Quartz 39

Orthoclase 8

Microcline 2

Accessory Minerals Vol. Percent

Biotite 7

Muscovite 1

Zircon 1

Apatite 1

Ore mineral 1

Sphene 1

Chlorite (secondary) 1

Epidote (secondary) 1
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Texture. The rock is medium-grained hypidiomorphic with a poikilitic texture.

Myrmekitic intergrowth between quartz and plagioclase crystals are often present.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.
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C. SELECTED VALUES FOR ST. CLOUD AND BATES GRANODIORITES

Thermal Conductivity. Selected values for St. Cloud granodiorite are based on the

data of Navarro and DeWitt [861 and of Marovelli and Veith [5]. Results of Johnson

[1021 at 293 K on granodiorite from Bates Station indicate a slight increase in the

value when saturated with water. No selection for Bates granodiorite was made.

Thermal Diffusivity. Data of Lindroth [42] on granodiorites from Bates Station indicate

a slight dependence of thermal diffusivity on the environmental pressure. No selections

were made due to insufficient data.

Thermal Linear Expansion. Selected values for granodiorite from Bates Station are

based on the data of Griffin and Demou [41] and indicate a distinct anomaly near 848 K

where the a-# quartz transition occurs. Results of Thirumalai and Demou [631 indicate

that the thermal linear expansion is independent of environmental pressure. No meas-

urement was found for St. Cloud granodiorite.

Specific Heat. Selected values for St. Cloud granodiorite are from the heat content

studies of Lindroth and Krawza [35] "and indicate an anomaly near 848 K where the

a-# quartz transition occurs. No measurement was reported in the literature for other

granodiorite.

Selected Values for St. Cloud and Bates Granodiorite*

St. Cloud Granodiorite Bates Granodiorite

Temp. Thermal Specific Thermal Linear

(K) Conductivity Heat Expansion(K)(W m-1 K - 1)  (cal r-i K-i) AL/Lfl, )

150 -0. 024
200 -0. 022
293 0.000
300 2.227 0.002
400 2.075 0.227 0.085
500 1.920 0.241 0.225
600 1.768 0.254 0.385
700 1.619 0.268 0.650
800 1.475 0.282 1.175
900 1.330 0.280 1.753

1000 1.199 0.280 1.972
1100 0.280 2.125
1200 2.715

*No selections were made for other thermophysical properties.

J-1
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7. LIMESTONES

A. PETROGRAPHtIC

Limestones are calcareous sedimentary rocks composed of more than 50 percent

carbonates, of which calcite (CaCO 3 ) is the principal cdnstituent. Limestones are formed

by several possible modes of deposition - mechanical, chemical, organic,

and metasomatic. Accordingly, they vary widely in texture and mineral composition.

Bedford (Salem) Limestone Analysis

Chemical Composition (After Lindroth and Krawza 1351)

Oxide Wt. Percent

Sio2 0.34
TiO2  0.01
A12 0 3  < 0.06
Fe2 0 3  0.11
FeO 0.03
MnO <0.05
MgO 0.56
CaO 55.02
Na2O 0.03
K20 0.02
CO 42.75
H20 0.01
P205 0.004
S 0.062

Mineralogical Composition (After Hasan and West (1011)

Mineral Vol. Percent

Calcite (oolitic) 36

Calcite (recrystallized) 62

Voids 1-2

Texture. The calcite is elastic and shows oolitic texture; fossil shell fragments are

commonly present. The oolites have a dirty appearance which is due to the presence of some
clay minerals. Secondary calcite is fresh and clear. The original oolites are cemented

by fine-grained calcite. The oolites are 0. 4 mm in diameter and the recrystallized

calcite is 0.32 mm on an average; voids are generally less than 0. 05 mm.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.
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C. SELECTED VALUES FOR BEDFORD (SALEM) LIMESTONE

Thermal Conductivity. Reported data for several types of limestones show a marked

decrease in conductivity from room temperature to 500 K and then decrease slowly

with temperature up to 1100 K. The sharp decrease of the thermal conductivity after

that is due to decomposition of CaCO 3. The selected values are based on the data of

Stephens [71 and of Navarro and DeWitt [86].

Thermal Diffusivity. Values between 300-400 K for various types of limestone scatter

a lot. The values of Somerton and Boozer [72, 89, 90] indicate a wide scatter on the

various samples of the same specimen. Consequently, no selection was made.

Thermal Linear Expansion. Reported data for several types of limestones from 250

to 375 K follow a similar trend and scatter within the range of the experimental error.

Selected values are based on the data of Souder and Hidnert [33], Harvey [43], Mellor

[441, and of Hockman and Kessler [64].

Specific Heat. Selected values are from the heat content studies of Lindroth and

Krawza [35]. The other types of limestones investigated seem to have lower Cp values

near room temperature.

Selected Values for Bedford (Salem) Limestone*

Thermal Thermal Linear SpecificTemp. Conductivity Expansion Heat
(K) (Wm - K - ) AL/. (4 ) (cal g'- K-1 )

293 0.000
300 2.210 0.007
400 1.669 0.134 0.237
500 1.475 0.294 0.250
600 1.344 0.381 0.262
700 1.252 0.277
800 1.182 0.290
900 1.125 0.304

1000 1.075 0.318
1100 0.330

*No selections were made for other thermophysical properties.
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8. MARBLES

A. PETROGRAPHY

Holston or Tennessee marble is the commercial name givento the recrystallized, pure

Holston Limestone. It is composed of over 98 percent calcite, most of which is recrystallized.

Chemical Composition (After Lindroth and Krawza [351)

Oxide Wt. Percent

S10 0.06
TiO2  0.01
Al 2 3  <0.06
FeO 3  0.11
FeO 0.03
MnO <0.05
MgO 0.28
CaO 55.86
Na2 O 0.02
K20 0.01
Co 2  43.48
H20 0.04

P205 0.057
S 0.016

Mineralogical Composition (After Hasan and West [101])

Mineral Vol. Percent

Calcite (recrystallized) 51

Calcite (primary) 48

Ferruginous and clayey material I

Texture. Average grain size ranges between 0.07 and 0.75 mm diameter. Fossil

shell fragments make up about 6-8 percent of total calcite; most of the original car-

bonate of shells have been replaced by calcite. Authigenic growth is common in the

secondary recrystallized calcite. Some voids are present which are the result of shrink-

age in volume owing to recrystallization of calcite.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.
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C. SELECTED VALUES FOR TENNESSEE MARBLE (HOLSTON LIMESTONE)

Thermal Conductivity. Measurements on the several types of marbles follow similar
trends and vary considerably from each other. Room temperature value of Navarro

and DeWitt [861 for Holston Limestonefalls inthat range. No selection was made.

Thermal Diffusivity. Room temperature values on several types of marbles are
between 0. 009-0.013 cm 2 s- I but none are reported for Holston Limestone.

Thermal Linear Expansion. Measurements have been reported on the various types
of marbles, especially at higher temperatures. They vary considerably from each

other. The thermal linear expansion values are much lower during second heating-

cooling cycle. No measurement was reported for Holston Limestone.

Specific Heat. Selected values are based on the data of Lindroth and Krawza 1351.

Selected Values for Marble (Holston Limestone)*

Temp. Specific
Heat(cal g- K-1 )

400 0.238
500 0.253
600 0.267
700 0.281
800 0.294
900 0.308

1000 0.323

*No selections were made for other thermophysical properties.
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9. QUARTZITES

A. PETROGRAPHY

Quartzites are metamorphic rocks consisting predominantly of quartz, although

some rocks labeled quartzites contain as much as 40 percent other mineral. There

is, thereore, a wide variation in mineralogical composition and depending upon the

degree of metamorphism, source material, and tectonic environment, each quartzite

may have its own characteristic mineral assemblage. The following chemical analysis

of Sioux Quartzite is from Lindroth and Krawza [351:

Chemical Composition

Oxide Wt. Percent

SiO 97.84
TiO2  0.02
A120 3  0.87
Fe2O3  0.27
FeO 0.25
MnO < 0.05
MgO 0.05
CaO 0.81
Na2 O 0.02
K20 0.03
H20 0.08
PA 0.009
S 0.011

The red Sioux Quartzite from Jasper, Minnesota is also known as Jasper Quartzite.

It is an orthoquartzite and composed essentially of quartz. The following petrographic

account of Sioux Quartzite, given by Hasan and West [1011, is summarized below:

Mineralogical Composition

Mineral Vol. Percent

Quartz 98-99
Chert
Hematite, zircon, etc. <1

Texture. The original quartz grains have been recrystallized. At some places they

show preferred orientation due to alignment of grains along the c-axis. The individual

quartz grains are about 0.28 mm in diameter; they are welded together by chert and

hematite. The quartz grains are rounded to subrounded.
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B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.
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C. SELECTED VALUES FOR JASPER (SIOUX) QUARTZITE

Thermal Conductivity. Values of Marovelli and Veith 151 for Jasper (Sioux) Quartzite

containing 97-98 volume percent quartz are considerably lower than the values for

pure quartz, and somewhat lower than the room-temperature value of Navarro and

DeWitt [86]. Therefore, slightly higher values than those reported by Marovelli and

Veith [5] were selected.

Thermal Diffusivity. Room temperature values of Tadokoro [10] for quartzites from

Asia are between 0. 012-0.031 cm 2 s - 1 . No selection was made.

Thermal Linear Expansion. Selected values from Thirumalai and Demou [86] indicate

that the thermal linear expansion is independent of environmental pressure. Results

of Griffith [32] for Baraboo, WisconsinQuartzite yield slightly higher values.

Specific Heat. Selected values are from the heat content studies of Lindroth and

Krawza [351 and indicate an anomaly at 848 K near cy-a quartz transition. Values for

other types of quartzites are slightly lower.

Selected Values for Jasper (Sioux) Quartzite*

Thermal Thermal Linear Specific
Temp. Conductivity Expansion Heat

()(W nft K-1) &L/Lo (%) (cal g 1 K- 1)

293 0. 000
300 6.700 0. C06
400 5.397 0.100 0.222
500 4.212 0.229 0.244
600 3.217 0.286 0.267
700 2.542 0.286
800 2.196 0.306
900 0.284

1000 0.283
1100 0.282
1200 0.282

*No selections were made for other thermophysical properties.
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10. RHYOlITES

A. PETROGROPHY

Rhyolite is an extrusive acid volcanic rock, holocrystallinetohypocrystalline with an
aphanitic matrix which is predominantly glass in a vitrophyre. The mineralogical and chemi-

cal composition of rhyolite and granite is similar, although average chemical composition

of rhyolite indicates higher silica and alkalis and lower quantities of lime, magnesia,

and iron than granite.

Chemical Composition (After Fogelson [981)

Oxide Wt. Percent

S'02  70.1
TiO2  0.26
A1203  14.9
Fe2 03  2.77
FeO 0.44
MnO 0.18
MgO 0.20
CaO 1.33
Na2 O 5.74
K20 2.60
H20 0.61
P205 0.05
CO2  < 0. 10
S 0.011

The mineralogy and texture of porphyritic rhyolite vitrophyre from Newberry

Caldera, Oregon, given by Fogelson [981, is summarized below:

Mineralogical Composition

Mineral Vol. Percent

Glass and crystallites 95

Plagioclase microphenocrysts
(albite or oligoclase) 4

Pyroxene (augite) <1

Magnetite <1

Hematite << 1

Texture. The rock is hyaline and microporphyritic. The glassy matrix is filled with

actcular crystallites. Tiny vesicles occur within the rock and iron-stained alteration

haloes surround them. The rock is fine-grained and the plagioclase microphenocrysts
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are from 0. 1 to 1. 5 mm long; pyroxene grains are from 0.2 to 1 mm long and the

magnetite grains measure from 0. 001 to 0. 2 mm on the edge.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.

aI
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C. SELECTED VALUES FOR PORPHYRITIC RHYOLITE VITROPHYRE

Thermal Conductivity. There have been measurements on a few types of rhyolite and

none on Porphyritic Rhyolite Vitrophyre.

Thermal Diffusivity. Measurements of Lindroth [421 between 298 and 383 K indicate

that the values are independent of environmental pressure.

Thermal Linear Expansion. Selected values are based on the data of Griffin and

Demou [411. Values for other rhyolites by Griffith [321 and Mitchell [541 follow closely

the above curve.

Specific Heat. No measurement was reported for Porphyritic Rhyolite Vitrophyre.

Selected Values for Porphyritic Rhyolite Vitrophyre*

Thermal LinearTemp. Expansion
(K) AL/LO ()

100 -0.055
150 -0. 049
200 -0.038
293 0.000
300 0.006
400 0.090
500 0.235
600 0.320
700 0.371
800 0.400
900 0.418

1000 0.428
1100 0.438
1200 0.442

*No selections were made for other thermophysical properties.
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11. QUARTZ SANDSTONES

A. PETROGRAPHY

Sandstones are composed of clastic particles of sand size with varying amounts

and types of cement which bind the clastic particles together. Of these particles, quartz

is the dominant constituent in a quartz sandstone, commonly 65%or more, with less than

25% feldspar and less than 2% clay minerals. Chert, chlorite, and zircon are common,

accessory minerals.
Berea Sandstone

The mineralogy and texture of Berea sandstone from Lorain Co., Ohio, given

by Hasan and West 1101], is summarized below:

Mineralogical Composition

Mineral Vol. Percent

Quartz 65

Chert 33

Carbonate I

Fe-ore, zircon, muscovite,
feldspar 1

Texture. The rock is composed of rounded to subangular quartz grains which are randomly

distributed. Occasionally, however, they show tendency for preferred orientation.

Chert is usually subrounded. Quartz and chert grains average 0.14 mm in diameter;

others range in diameter from 0.01 to 0.1 mm.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are reported in the following pages.

1



204

- U _ )

A0

r ~LI 4- 1

we ow tv 0

__ 1A UW M -.-- --



205

I~iiJIII~iI:j iiO
OV MV a if0 V M 9030M;3

~~~~~V V) m ONN0 4 N N

ft A~ Do~ PN'N OD 0000000)

0~

9z = 0 
0v3 -a.O1C --

> i cm ODN
0 j.

S 0 li

v; 0; 0;44

Sp i N

NW '-to
xxg*60

~4



206

fil
1* I

I41 ot Aj0,I~ m I
-0 a IJ 4i .i .0ij j0:

.4 4 * e o.4 A A. .~c..e--t A .q4~ A A ~ q C e -wC4t

0

o ~a do,

0 u

u z

,64 j

F-;

+& it it ,:

II
0l

.. .. .I-. U . .. .. .. .. . . . ... . .. . . .-. i -' ' - ' " +- : i --'' +,- 
.
+ . . r li i

i
+: + . . - ,,,+ . - u . . i I



207

it

IV w

m m mC1 m In m t

zz
194 r



208

f ill, Mi ,,.., ! ii
mal! II

a 41

I- . . C! ....

Io

z"

04 Oba

.- NN



209

-til

0 V 0 0 0u 02?~~~~~ 0- - 0- * 0 0

20 4

;2 EE0

iIu 'A

A..A..-1



210

p. 0, iI fI -

m m. m 0 m a o 0

ON ON WN 0. w M. mt - w --0 w w .m wt-0 0 l

as aaoG
5.14~

U

m .~~'

a a a a 3

I00'

.0 40W .0

o4 4 0 0 o C4 N o L4 C



211

0 T

[..1"i 'II'  " "

'; E

00 N

6-1

ppas

C.)0

zj

at) X-i 5B ta ta -W Zi -Dx r tx- X tX

I1s~ii~s10ii a A



212

ijif I I'll's III,

I 

Hill

a 4

0

ri. r,,

a >

* i JI ill ill lii1 "l l ! l
z

o °

I0

0

N Bt, 1,

M! 0 N-

0. 
2



213

al I I

vsI Sa3 2. 1 a.1 gs aA nm
0! SA I4 V! 4I i C V 0 w

m ftN0N C % C9t

10G
44 C., 0 Ob S 00 OD M OD 0 O MVO

Cq~~~ ~ ~ N o***C mm N N ~

11 C' Z31 j~j J1 11

>C C

E. Hil I Hq 11-e4 qqq ~ ~ ------- ceo

x q Z V IVqC5 to! 14-1C q.q u eC ~ .. q



214

I •

i I I I I iE
Iif. f flu tL' It UIt

o 11

-RFo

1- 2 N

JN

>0 . . ..

0 C 4

oo



215

N ell N c

0. woe

fit

~C9
~ C4 04 N



216

>- 2 --
I ----~4--

40

I _L

H I -n

VQ 2 1 -



217

lit~~ ~ g 'l
It. ~ i I 0

~~~ 4~k.~

44 N o0 N "4 44C C4~ 0 C4. C4N~N

I ' 1 04 NWl 030 w 03 0o 00 QP 8 V.~ OD 0 N .0D V

Oo N

2 CR

o I3

-.

rif
MN N 4 44 N

j e9 og
Q 2



218

I II I 9 I

1. .4 .4aa a 6 4 4 4 4 o i0;r ;0 ir 4w- 0v

.53 r3 i ~

S 00 c3

-., ~~0 go N

011

a>

3 =

0

! ... !.UW

060

2L0

it

li j Z- ilAl l l

z tlZ' i O Za 4 txC
C."ell



219

SS

m1~~l 0 c ciC 4O C40 0 C1. 0 110 C10

I ~00
~~~ _C40

c- 2l 2m lol

41j 43

C4 C

oo



220

I-

2

gI~ I. -~

- -4-

ae

m
I-

I 0 In

__ --- 4---- -~ - C

- __ I ;~~ I -~ 1---i-- -I-----

2

:~ -( V 2
AlgAl I~flONO~ 1V~34l



221

j~A I~ a .1 ~ .

-II

to 1.1 42 1

alt-~~~~~ ~ ~ ~ ~ 8104.w .,,. Ag o. t V,,- ae x a0 A 0 'w"N -t

w o
V ~ o 0 ~ o d ~ ~c ~ o o o

Los oe m

op n

o

~. 1'

o c Zt



222

it~ ~~

vx Al~i

Fj -00~ Ina ~ 2 0 
'm mo .. 40 c"43 9 S 2L-I o -- a v2r

z

o r:

od

Uoz



223
(

.~Iv
a

liii' lijilhl ii'; I
E-.

I
~*T ~

o aa
a

C -

U,

0

~- 0 0

~. ~N ONp .- o.a
Co ~

zo
-~

h~ 0

0 ii'
z

CN
o
z

I-~

~ S.

I-I lit
Zu2~~

ip I*~ti U

C,

w
0 -.



221~

0

o. - _ -.

I-j-

_ _ -8

I.PujuP ll~inim vram



225

cg 8I ij0 C, as gi

VE W

a>

00

m0 XvX sV30 m -

ON Aflj I

z a ~ ~

r4 ra
-N .10



226

I I

~ .111 ili
liii

~

SI ~ o.ou,~
0000000000 0000000

1 W ~ 0
~ I.. 0

I .~. ~ - #,-*- -.

N

I
0.

I- ~.
0

I-'
>

- 0
~

< Q~A.
~

N ~
~
I- ~.

0
o
N

Nz Ii
cq

2 ii
~

N p~
~

.0

~1. lb lb
~

~d a



227

I1 T--

2 Q2

- w~r, 1.

Iz



228

92Oii 6 ;6 ;4 ,C * *0 ,6CI ;64;C *a *10
"W U.iiM R V, "R O" oli,1

;9 Sfot2t-

UNN *9)U40 0 -0U N ) N U



229

m c C .)

0 -
0~



230

ciil

0

O' Jt

1; -a ON Q 0N

4

w 0 m

0. 0

100

C.)4

~r A-4

~. 1O1



231

! i! :i ,p 1',
11"1 tl 1 11; IN• 1 . I .

at !I a] list a.

C; c i 1 i O 4 s C ; 4c
,-I0 00100zN

I I p
04 1111111

' I

i

:j- 3i NJ 3i ) ; i ) i 2

" z



232

0 *j! SI ! .' ij!E .I i000 000 V1 -I'

i I " I<I 16M1,Llx.e 1 o

o Io

4§- g

0 0. ,. 0. ,.. ,.. c o o ,-) ,.; .. C;.; .; C ;

i

0 c

0

S~ S

u a 16 i



233

II >

I-

14 0 ZX 0 O 0 -Q 0 C

00

cl0

0 - -0 S.



234

0 * 0 g 2. C-1g o

04..

a 666 6888 lo *CC

50 0m 00 0

o. w

er .. M)

j U

I' owl a



235

3W

z~ 0

z

x Z.

"IV 0a



236

Aa -aii ,is..,

- itt

ol;; 401

u

ai ca 4 vi C4

rA

a ad

Q z

0 ob

M

N~ II[



237

C. SELECTED VALUES FOR BEREA SANDSTONE

Thermal Conductivity. Measurements on several types of sandstones tend to show

that the thermal conductivity decreases appreciably (20%) from 300 to 350 K and then

decreases slowly with temperature. The selected values are based on the data of

Messmer [31, Viloria [91, and of Woodside and Messmer [25]. The room tempera-

ture value of Mossahebi [11] is slightly lower than the selected value. Effect of axial

pressure does not seem to have much effect on the thermal conductivity. Thermal

conductivity increases considerably with degrees of saturation with 10% Soltrol "C"

and then seems to level off after complete saturation.

Thermal Diffusivity. Results for various types of sandstone show similar trend and

the values scatter a lot near room temperature. No measurement was reported for

Berea Sandstone.

Thermal Linear Expansion. Measurements on the various types of sandstones show

similar trends and anomalies near a-# quartz transition point. Data on the raw speci-

mens are much higher than preheated specimens. Data on Berea Sandstone for a

small temperature range are from Griffith [32] and from Mellor [441. No selection

was made.

Specific Heat. There are a few single-temperature data points for other sandstones

but none for Berea Sandstone.

Selected Values for Berea Sandstone*

Temp. Thermal

(K) Conductivity
(W m 1 K- 1)

300 3.05
400 2.15
500 1.81
600 1.63
700 1.50
800 1.40

*No selections were made for other thermophysical properties.
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12. SERPENTINITES

A. PETROGRAPHY

Mlneralogically,serpentinite consists wholly of serpentine. It belongs to the

ultramafic group of igneous rock and appears to have formed as a result of hydrothermal

alteration of dunites and peridotites.

Rogue River Serpentinite

The chemical composition, mineralogy, and texture of serpentinite from Rogue

River, N. W. of Grants Pass, Oregon, given by Fogelson (981, is summarized below:

Chemical Composition

Oxide Wt. Percent

Sio 2  40.0
Ti 2  0.04
A12 0 3  1.8
Fe-O 3  6.4
FeO 1.8
MnO 0.11
MgO 37.2
CaO 0.9
Na2O 0.08

20 0.04
H20 12.8
P205  0.02
Co 2  0.04
S 0.022

Mineral Composition

Essential Minerals Vol. Percent

Antigorite 50

Chrysotile 20

Ore minerals 7

Accessory Minerals Vol. Percent

Enstatite 5

Augite 5

Olivine 8

Chlorite (Secondary) 2

Talc (Secondary) 1

Tremolite (Secondary) 1

Carbonate (Secondary) 1



239

Texture. The rock shows a mesh texture of antigorite with flakes of wavy fibrous

chrysotile scattered at random. The green colored lineation seen in hand specimens

are aggregates of crystals consisting of olivine, pyroxene, and amphibole. The ore

mineral (magnetite and chromite) show chain-like pattern.

B. EXPERIMENTAL DATA

Experimental data for thermal conductivity, thermal diffusivity, thermal linear

expansion, and specific heat are presented in the following pages.
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C. SELECTED VALUES FOR ROGUE RIVER SERPENTINITE

Thermal Conductivity. Room-temperature values reported for various types of ser-
pentinites vary from 2.6-3.0 W m 4 K- 1. Results of Johnson [1021 indicate that the

value practically remains unchanged for the specimen of Rogue River serpentinite

saturated with water.

Thermal Diffusivity. No measurement was reported.

Thermal Linear Expansion. Selected values are based on the data of Griffin and

Demou 1411. Their data indicate a sudden drop in the thermal linear expansion above

800 K.

Specific Heat. No measurement was reported for Rogue River serpentinite. Reported

values for various other serpentinite fall within the range of experimental error.

Selected Values for Rogue River Serpentinite*

Temp. Thermal Linear
Tep Expansion
(K) &L/L (%)

150 -0.046
200 -0.037
293 0.000
300 0.003
400 0.082
500 0.175
600 0.256
700 0.340

*No selections were made for other thermophysical properties.
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