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Comparison of the flow properties of rocks at crustal conditions

By H. C. HEARD
Lawrence Livermore Laboratory, University of California, Livermore,
California 94550, U.S.4.
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It is inferred that, although both primary and tertiary creep may be important in
certain regions, large-scale ductile deformation in the Earth’s crust must be
governed by secondary creep (steady state). This flow involves plastic deformation
resulting from dislocation motion and diffusion. Geological, geophysical and geochemi-
cal observations constrain the temperature (7T, strain rate (€), and stress difference (o)
for rocks undergoing secondary creep to: —30-800 °C, 10--10~5s-1 and up to
300 MPa (3 kbar). The actual conditions of secondary creep are strongly dependent
on rock type and depth of deformation.

Useful laboratory data on rocks obtained over wide ranges of 7', € and o are limited
to ice, halite, marble, dolomite, quartzite and dunite. Steady-state flow results are
available for both wet and dry rocks; H,O strongly affects the behaviour of both
quartzite and dunite, but has a negligible effect on halite and marble. Secondary
creep data for each rock are well fitted by € = 4 exp (—Q/RT) o™, where @ is an
activation energy for creep (diffusion) and 4, R, n are constants.

Comparison between those rocks expected in the deep crust indicates that at the
highest 7 and at ¢ of 1012-10-1% 31, ¢ is largest for dry dunite and dolomite, followed
by dry quartzite, marble and wet quartzite. Equivalent viscosities () range from
10'%-10% Pa s (10'°-10% P). At intermediate depths (at 7" = 300-500 °C), o in
dolomite is slightly greater than dry quartzite; both are much stronger than marble.
In the shallow crust, secondary creep is expected only in marble (7 > 250 °C) and
in halite (7" > 25 °C). The # of halite at 25-250 °C, range from 102107 Pa s. At
the surface and at € of 10--10710 51 (glacier flow), % of ice would be 105 to 102 Pas
between —30 and 0 °C. Values of # for all rocks examined appear insensitive to T'
except wet quartzite and all dunite.
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INTRODUCGTION

The mechanical behaviour of rocks indigenous to the Earth’s crust as well as those deformation

mechanisms contributing to this behaviour have been shown to be controlled by the tectonic
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< . environment during the period of deformation. This observation is based upon laboratory studies

= accomplished primarily since 1900 taken together with limited field data on the natural de-

olm p p Y g

e 5 formation environment at depth. Only indirectly may we infer the actual physical/chemical

25 conditions under which a crustal rock was deformed; all direct data on the deformational be-
)

O haviour of rock have come from tests made in the laboratory at controlled conditions.

=w

Among the environmental parameters affecting rock behaviour are: pressure, temperature,
pore fluid pressure, deviatoric stress field, deformation rate and chemical environment. Pro-
perties of the rock or component minerals contributing to the overall response include: grain
size, mineral composition, degree of order, state of imperfection, homogeneity, anisotropy,
porosity, permeability, and intergranular cement. With the exception of chemical effects, the
influence of the former group of rock properties on brittle behaviour has been documented
elsewhere (Heard 1967).
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174 H. C. HEARD

The purpose of this paper is to emphasize the ductile flow characteristics of rocks as limited
by the conditions thought to occur commonly in the crust. We will first attempt to set
reasonable limits on the flow environment in the continental crust, then extrapolate available
laboratory data characterizing a group of common rocks to those conditions, and finally to
compare the deduced flow properties occurring during natural deformation.

CRUSTAL ENVIRONMENT, MECHANICAL RESPONSE AND
DEFORMATION MECHANISMS

Crustal temperatures may be estimated from borehole temperatures and heat flow observa-
tions, coupled with thermal conductivity measurements and indirect evidence suggesting the
chemical composition of the rocks at depth. In thick sedimentary basins in the continental crust
such as the U.S. Gulf Coast, thermal gradients range from about 22 °C km~! for offshore
Louisiana to about 36 °C km~! for onshore Texas (Nichols 1947; Moses 1961; Gretener 1967).

TJ°C
0 . 400 800
L B 71 T 10,

~ _

- \ ~N ~ .
g \ ~_ 1-3 _ &
£l 12 ~N -]
5 —600. £
oy 4 2
A 4
[N

40— .

—1200
— | | | | | ] L

Ficure 1. Inferred maximum and minimum probable temperatures against depth for continental crust.
1, Nichols (1947) ; 2, Moses (1961) ; 3, Gretener (1967) ; and 4, Lachenbruch (1968). Pressure scale to 6 km
based on density depth for thick sedimentary basins (Dickinson 1953). At depths in excess of 6 km, a
constant density of 2.7 gfcm?® was assumed.

Linear extrapolation of these data to depths encountered in sedimentary basins would lead to
widespread melting in shallow regions. No evidence exists for such melting and thus the gra-
dient must decrease with depth (figure 1). Lachenbruch (1968) has calculated temperature
against depth for the Sierra Nevada batholith, a thickened region of the crust composed
primarily of granodiorites. Figure 1 also shows his maximum and minimum thermal profiles
based on borehole data with assumptions about the distribution of radioactive heat sources
and on surface observations. Herrin (1972) has calculated crustal temperatures for the Basin
and Range provinces as well as the Canadian Shield based on similar data. Where comparisons
may be made, maximum and minimum values are similar to those of Lachenbruch, even though
the rock types and tectonic regions differ widely. If we assume that these profiles are represen-
tative of the continental crust as a whole, then the temperatures that might be expected could
extend from ambient values at the surface to 250-450 °C at 15 km; 450-600 °C at 30 km and
perhaps 550-800 °C at 50 km. At the surface, temperatures representative of temperate and
polar glaciers range between 0 and about —30 °C (Kamb 1964; Gow et al. 1968).

Lithostatic pressures may be calculated from the density and height of the rock column. For
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FLOW PROPERTIES OF ROCKS AT CRUSTAL CONDITIONS 175

granodioritic terranes, calculated pressures at 15, 30 and 50 km would be about 390, 780 and
1300 MPa (3.9, 7.8 and 13.0 kbar), respectively. Pressures from thick sedimentary basins can be
expected to be slightly less and somewhat nonlinear with depth, especially near the surface
(Dickinson 1953). Lithostatic pressure values are also related to depth in figure 1.

Pore fluid pressures at depth are strongly dependent upon the fluid density and viscosity,
rock permeability, the rate of compaction (or expansion) of the rock as well as any dehydration
or reaction of the mineral phases present. Pressures could approach 10° Pa near the surface, but
in many sedimentary basins, pore pressures at depths to several kilometres can be approximated
by the pressure exerted at the base of a water column extending to the surface (Hubbert &
Rubey 1959). However, at greater depths, Hubbert & Rubey (1959) and Rubey & Hubbert
(1959) present data suggesting that pore fluid pressures in sediments often approach and
occasionally are slightly greater than those exerted by the overburden. These local high fluid
pressures are presumably the result of lowered rock permeabilities coupled with relatively high
compaction rates or to dehydration reactions of hydrous minerals during prograde metamorph-
ism. Few borehole observations are available from crystalline igneous terranes and thus values
of pore pressures at depth are largely unknown in these rocks.

Estimates of maximum principal stress differences can be made from surface topography
coupled with assumptions as to the crustal response. A calculation by Jeffreys (1970) showed that,
for a 1 km surface load (density = 2.5 g cm~3) imposed on a low-density elastic crust floating
on a denser substratum, stress differences can reach 300 MPa in the upper crust. If the crustis
assumed to be elastic-plastic or if it possesses a discontinuity at the edge of the 1 km load, maxi-
mum values are nearer 200 MPa (Birch 1964; Jeffreys 1970). The very large gravity anomalies
in Hawaii or in the Indonesian Arc suggest stress differences in the crust of about 200 MPa
(Birch 1964). Maximum stress values existing at least locally in the continental crust are there-
fore taken to be 300 MPa. Minimum stress differences necessary for flow depend not only on the
rock type but upon the strain rate and temperature (and perhaps the presence of H,O) as will
be discussed below. Minimum stresses considered for the purpose of this paper are arbitrarily
set at 102 Pa,

The time available for deformation in the crust is of course limited by the age of the particular
rock in question. Estimates of natural strain rates in the crust are based on geodetic measure-
ments from surface strains as along the San Andreas fault (Whitten 1956), from rebound rates
associated with crustal unloading (Crittenden 1967), from displacement rates of demonstrated
sea floor spreading (Heirtzler et al. 1968; Le Pichon 1973), and from estimated rates of crustal
shortening in orogenic regions (Gilluly 1972). Values so estimated generally lie between 10-13
and 10~ 51, Recognizing that local strain rates may differ from these values, limits of 10-12-
10715 s~1 should encompass nearly all significant flow in the intermediate-deep crust. Measure-
ments of flow in glaciers at the surface yield strain rates of 10-7-10-10 51 (Gerrard ef al. 1952;
Meier 1960; Paterson & Savage 1963).

Chemical processes such as mineral solution in pore fluids with subsequent redeposition,
solid-solid or solid-melt phase reactions (see, for example, Griggs 1940; Bridgeman 1945;
Griggs & Handin 1960) can enhance ductility and degrade strength in certain rocks. With the
exception of fragmentary data on the effects of trace amounts of H,O in the structure of silicate
minerals making up certain rocks (Griggs & Blacic 1965 ; Griggs 1967), few data are available on
the importance of chemical effects on the expected flow properties of rocks at crustal conditions.

For loading in uniaxial stress, general patterns of rock response to an imposed deviatoric
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176 H. C. HEARD

stress are shown schematically in figure 2 (Griggs & Handin 1960; Heard 1967). In the top row,
a rock subjected to compressive loading in the laboratory fails by tensile fracture at low relative
values of pressure and temperature and at high values of pore pressure and strain rate.
Invariably, these fractures are oriented parallel to the maximum principal stress oy. A typical

increasing pressure, temperature —————m

increasing pore fluid pressure, ¢, strain rate —e——

7
compression T3 // 4
1 - /
01>0,=03 /4
ya
73 7y
torsion / / / é -
0,>0,>0 -
e A / N / —
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03<0,=0, P -
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3 L2
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5 & increasing pore fluid pressure, ¢,, strain rate —~e—— =
©n o fon
|7 = . el
g8 g3
a2 ical . g =
o op typica e
-2 stress- o0 ©
S @ . g a
° g strain Z o
g e g8
2 g curves fracture 5 g
b
. Q
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Fieure 2. Schematic representation of transition in behaviour from brittle fracture to ductile flow for common
loading states. Changing lithostatic or pore fluid pressure, o, temperature, and strain rateshift the ductility
and mechanical response horizontally. A change in lithostatic or pore fluid pressure, temperature, and
strain rate will increase or decrease strength as shown on right or left sides. o, may increase or decrease
strength (Griggs & Handin 1960; Handin ef al. 1967; Heard 1967).

differential stress—axial strain curve is shown at the bottom along with typical strains before
fracture. As pressure and/or temperature are increased or pore pressure and/or strain rate are
decreased, tensile fracture gives way to shear fracture or faulting (second, third and fourth
column) and ultimately to homogeneous ductile flow (fifth column). The shape and position
of the accompanying stress—strain curve (bottom) change markedly with physical conditions;
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FLOW PROPERTIES OF ROCKS AT CRUSTAL CONDITIONS 177

typical permanent strains of < 19, increase to > 10 %,. At intermediate strains, the initial
plastic flow in the component minerals occurs by dislocation motion and is accompanied by
work hardening (primary creep). Further changes in the deformation environment leading to
higher strains favour steady-state flow (secondary creep) by dislocation motion and/or diffusion
of the mineral components (figure 2, right column). Permanent strains necessary to achieve
steady-state flow vary from about 19, to somewhat greater than 10 %, depending at least on
the material, dislocation concentration, temperature and strain rate (Bird et al. 1969; Garofalo
1965). The resulting stress—strain curve approximates the shape characteristic of a model
elastic-plastic material. Tertiary creep leading to fracture may or may not occur, depending
on the imposed strain.

For other imposed stress fields (middle and lower rows, figure 2), the general behaviour of
the material and its stress—strain curve are identical to that described above. However, an in-
crease in the relative value of the intermediate principal stress (compared to that of the least
stress) suppresses ductility if all other parameters are held constant (Handin et al. 1967). It may,
however, either raise or lower the level of the stress—strain curve slightly, depending on the rock.

Field evidence demonstrates conclusively that brittle-transitional behaviour commonly occurs
in many rocks in the upper crust. Griggs & Handin (1960) have discussed the influence of the
deformation environment upon the fracture-faulting process and have emphasized the influence
of rock properties on earthquake generation. Others have noted the influence of physical con-
ditions on brittle behaviour occurring in many rocks in the crust (Hubbert & Rubey 1959;
Heard & Rubey 1966; Stearns 1968). There also is abundant field evidence that all rocks can
be highly deformed with little or no trace of fracture, given the appropriate tectonic regime.
Although primary and tertiary creep may contribute locally to the observed natural deforma-
tions, any such large-scale strain in the crust must be attributed to secondary creep. The inten-
tion here is to consider only such flow, and thus the effective pressure (lithostatic pressure less
pore pressure) need be only sufficient to inhibit fracture. Under these conditions, any effect
from the intermediate stress can be expected to be negligible (Handin et al. 1967; Heard 1972),
Our primary interest will be steady-state flow governed by the remaining environmental para-
meters: temperature, stress difference and strain rate. Depending on the rock type to be dis-
cussed as well as on the primary region of occurrence for that rock in the crust, reasonable
bounds that have been placed on these parameters are: —30-800 °C, 300 MPa-100 Pa and
10-7-10-15 5~ respectively.

STRESS, TEMPERATURE AND STRAIN RATE-DEPENDENT FLOW IN
THE CRUST

It is generally accepted that processes producing pure ductile flow (e.g. twinning, gliding,
polygonization, recrystallization, volumetric diffusion or grain boundary slip) encompassing
the primary and secondary stages of creep are governed by dislocation motion and/or diffusion,
depending on thestress (o), temperature (1') and strain rate (¢) of deformation (Garofalo 1965).
Tertiary or accelerating creep has been generally attributed to the opening of voids at grain
triple-point junctions and leads to fracture. We will not consider it further here. Data on metals,
ceramics and a limited number of minerals supporting this view are summarized and dis-
cussed by Sherby & Burke (1967), Bird ef al. (1969), as well as Kirby & Raleigh (1973). When
these materials are deformed at high stresses and at 7/Tm greater than about 0.4, where

12 Vol. 283. A.
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178 H. C. HEARD

T is the melting temperature (K), dislocations multiply and move primarily on their glide
plane in the appropriate direction. Diffusion of material components is not important in this
case. The resultant dislocation interaction makes further straining more difficult and, hence,
there is work hardening (primary creep). At higher temperatures and/or at somewhat lower
stresses (and thus, lower strain rates), there is additional time for either the glide and climb of
edge dislocations around pinning points or for the movement of jog-dragging screw dislocations.
When the generation rate of dislocations by either process is equal to the annihilation rate by
migration to the crystal boundary (subboundary) or by interaction with similar dislocations of
opposite sign, steady-state flow or secondary creep results. Secondary creep by either mechanism
commonly occurs at €/D < ca. 10~ or at o/u < ca. 10-3, where D is the diffusivity of the slow-
est moving component in the mineral and # is the shear modulus for the aggregate (Sherby &
Burke 1967; Weertman 1970; Kirby & Raleigh 1973). At still lower stresses, and usually near
é/D < 10% steady-state flow is still present but the mechanism responsible becomes solely
diffusion, occurring either wholly within the grain or along grain boundaries (Nabarro 1948;
Herring 1950; Coble 1963).

It has also been well documented that secondary creep is a thermally activated process.
At the higher o and €, the empirically derived equation relating o, 7" and € for most of the
above materials is of the form

€ = Aexp (- Q/RT) exp (Bo), (1)

where 4, B, and R are constants and @ is an activation energy for creep (Sherby & Burke 1967).
For secondary creep with 10° > é/D > 10% most data are better fitted by

€ = Aexp (—Q[RT) o (2)
or ¢ = A (ufT) exp (= Q[RT) (o/u)", (3)
where the value of # ranges generally from 2 to 8. In equations (2) and (3), observed values of
@ have been correlated with the activation energy for diffusion of the slowest moving com-
ponent for many types of material (Sherby & Burke 1967). At é/D < 10% n becomes 1 and the
secondary creep data obey a theoretical equation of the type proposed by Nabarro (1948)
and Herring (1950):
¢ = AoD, [T, (4)
where D, is the volume diffusivity and / is the average grain dimension. Some secondary creep
data in this region also satisfy a relation suggested by Coble (1963):

¢ = AoD,[PT, (5)

where D, is the grain boundary diffusivity.

Flow equations based on processes qualitatively similar to those encountered in secondary
creep at high stress have been proposed by Kauzmann (1941) and by Ree et al. (1960). These
equations are similar to (1) except the stress function exp (Bo) is replaced by sinh (Bo). When
Bis > o, sinh (Bo) ~ 4 exp (Bo). Secondary creep equations of the form of (3) have been
proposed by Weertman (1957, 1968) and by Barrett & Nix (1965), where z can range between
3 and 6, depending on the specific dislocation model assumed. Equation (3) often is simplified
to (2), because of the lack of adequate data for x. Use of equation (3) compared to (2) can give
a slightly improved correlation of data for some metals and ceramics (see, for example, Bird ef al.
1969). Where these two equations have been compared using data on geologic materials, no
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statistical differences were found for either calcite (Heard & Raleigh 1972) or halite (Heard
1972). When observed, Nabarro—Herring or Coble flow described by equation (4) or (5) occurs
in fine-grained aggregates at low stresses and usually at temperatures in excess of 0.8 7/Tr.
If these restrictions carry over to minerals in the crust, then Nabarro—Herring or Coble creep
could be expected only locally and not generally for most rocks at the conditions of interest
here. The contribution to steady-state flow occurring by equation (1) or by ¢ oc sinh (Bo) is
probably not large if it exists at all.

We are left, then, with the probability that most large-scale, wholly ductile flow in the crust
at intermediate to high temperatures is of the steady-state type and that we may describe it with
sufficient accuracy by a power-law flow equation such as (2), with n generally between 2 and 8.
It then follows that for this flow to dominate, the effective pressure need only be sufficient to
inhibit fracture in any given rock over the range of temperatures, stresses and strain rates
appropriate for natural deformation of that rock in the crust. Further, it is assumed for the
purpose of this discussion that chemical effects (except those caused by trace amounts of bound
H,O in the component minerals) will not significantly alter the form of the steady-state flow
equation or the values of the measured parameters from that equation. This latter assumption
remains to be justified.

PREDICTED FLOW STRESSES AND EQUIVALENT VISCOSITIES IN THE CRUST

Only limited flow data are available for common rocks and minerals where steady-state flow
at high temperatures can be demonstrated. These results for single phase, polycrystalline rocks
are summarized in table 1. Data on single crystals (e.g. olivine, halite) and on relatively un-
common geologic materials (e.g. periclase) have not been included. Also excluded are some
data where values of the constants 4, @, and z from equation (2) could not be accurately
characterized because of the limited range of experimental conditions or where fracture could
not be excluded (e.g. limestone, marble, ice). The only known example of a polyphase rock,
a peridotite composed of about two thirds olivine and one third enstatite-plus-diopsite, was not
considered as the flow behaviour in the presence of H,O is virtually identical to the wet dunite
listed in table 1 (Carter & Ave’Lallemant, 1970) and to the more limited measurements on
orthoenstatite (Raleigh ef al. 1971).

Griggs & Blacic (1965) as well as Griggs (1967) demonstrated that trace amounts of OH—
occurring in the structure of several silicates, (e.g. quartz, olivine) in concentrations of 10—2—
104 H/Si, strongly influenced the stress-temperature-strain rate response. Most subsequent
deformation studies on these silicates at high temperatures have been carried out in the presence
of small amounts of H,O at unknown but presumably low pressure (high effective pressures)
or on material dried in the laboratory at temperatures < 100 °C. These correspond to the
‘wet’ and ‘dry’ designations, respectively, as listed in table 1. It has been presumed that the
presence or absence of excess H,O during these tests corresponds in some way to a high (102
1073?) or to a low (10~%-10-%?) H/Si concentration in the structure, respectively. No rock
listed has been analysed for OH~ concentration representative of the temperature and pressure
during deformation. Further, only a few determinations have been made on OH- concentra-
tions from natural crystals. The presence of these small amounts of H,O in contact with quartz
and olivine in the rocks from table 1 appears to make important differences in the measured
values for # but not for @ in the case of the quartzite. Comparison of the wet and the dry dunite

12-2
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180 H.C. HEARD

results indicates significant disagreement: » and @ may be different by a factor of nearly 2 or
they may be little affected by the presence of H,O. More work is needed to resolve this
question.

3 I I I T T 1
marble -
1~ dolomite
;&‘ s‘ quartzite
s L dunite .
0y halite
P
I ]
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L \_ |
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— quartzite 7]
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Ficure 3. Expected range of steady-state flow stresses, temperatures and strain rates to be
commonly encountered in the crust for the series of rocks indicated in table 1.

In direct contrast to the influence of H,O on the mechanical behaviour of silicates, marble
and limestone remain unaffected by H,O (or CO,) (Griggs et al. 1960; Heard 1960; Rutter
1974). In the latter work, Rutter was able to demonstrate that power-law creep according to
equation (2) adequately describes both his dry as well as his wet data at 400-500 °C and that
H,O had a negligible effect on constants 4, @ and z. In the case of halite, Carter & Heard
(1970) reported trace mounts of HyO exerted no influence on the behaviour of halite single
crystals at high temperatures, although the few data are far from unequivocal. No data are
available to assess the influence of H,O on the flow behaviour of dolomite, but, judging from
the calcite data, there probably is little if any effect.

The steady-state flow data for the rocks listed in table 1 may now be compared at lower
stresses and crustal temperatures by solving equation (2) using the appropriate parametric
values and extrapolating to the strain rate region of interest: ¢ = 10-"-10-1° s~ for ice and
é = 107121015571 for all other rocks. In figure 3, the range of expected crustal stresses and
temperatures are shown for these rocks at the appropriate strain rates. In the case of ice, the
high and low stress limits are fixed by the —30-0 °C temperature range measured for polar and
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FLOW PROPERTIES OF ROCKS AT CRUSTAL CONDITIONS 181

temperate glaciers as well as by the 4, @ and z values used with equation (2). For halite, the
lower limit in temperature is taken as 25 °C (near-surface temperature) ; this then sets the upper
bound for the expected stresses. Taking 300 °C to be the maximum temperature of interest for
flowing halite in the crust, the lower limit of stress arbitrarily is truncated at 10-3 if Nabarro—-
Herring flow is operative. If power-law creep prevails here in halite, then the lower bounds on
the stress will be somewhat higher. The maximum temperature of 800 °C taken for flow in all
other rocks from table 1 controls the lower stress bounds for each individual rock in figure 3.
The lower bounds are shown for marble and one set of data on wet dunite, the weakest of the
silicates. The maximum stress assumed for flow in the crust, 300 MPa, limits the lower tem-
peratures for steady-state flow for dolomite and all silicate rocks. The upper stress as well as the
lower temperature boundary in marble is governed by the expected transition from steady-state
flow to flow dominated by dislocation pile-up with consequent work hardening at about
250 °C (Heard & Raleigh 1972).

T T
s~ - Hos
— 10t
s
[}
S i
RS
k-4
110
-3 ! | | | 1 | | | ! | 1 | ! | ] | 1 | | | 1 L J10-3

16 24 32 40
Ig {¢ exp (QIRT) 47}

Ficure 4. Log steady-state flow stress against a temperature, time compensated parameter lg [€ exp (Q/RT)A]
for the rocks listed in table 1. Range of common crustal strain rates indicated at several temperatures for
each rock. Accentuated line represents region of measured data. 1, ice; 2, halite; 3, marble 1, | ; 4, dolo-
mite; 5, quartzite; 54, quartzite, wet; 6, dunite; and 64, dunite, wet.

Within the temperature, stress, and strain-rate limits outlined above for the crust, the steady-
state flow results for rocks listed in table 1 may be more easily compared graphically by solving
equation (2) and plotting the value of the parameter [é exp (@/RT)A™'] against o on logarith-
mic scales as in figure 4. The choice of such a parameter for the abscissa allows regions of tem-
perature and strain rate to be shown simultaneously. For each rock, the accentuated line
corresponds to the region of measured data. The slope of each line is equal to #~ for that rock;
for halite at temperatures of 200 °C (and higher), the probable slope is 5.5~ but if Nabarro-
Herring creep occurs, the slope becomes unity. For the temperatures shown, the upper and lower
values for the expected stresses correspond to the chosen limits of strain rate: 10-12-10-15 s-1,
respectively, for each rock except ice. In that case, these bounds are 10~-10-° s~*, Compari-
sons of stress (and strain rate) between rocks may now be more easily accomplished at any
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TABLE 1. SUMMARY OF AVAILABLE STEADY-STATE FLOW DATA FOR
POLYCRYSTALLINE MONOMINERALIC ROCKS

Symbols ||, 1 indicate data for extension parallel and normal to the strong foliation, respectively. Possible
Nabarro-Herring flow may occur in halite at 7" > 200 °C. All data at one standard deviation.

€ =Aexp (—Q|RT) o™

g4 10% @
material (MPa—" s-1) cal mol~! n reference
> polycrystalline ice 20.6 31.8 3.2 Glen 1955
Ly polycrystalline halite, —-0.1+0.4 23.5+0.9 5.5+0.2 Heard 1972
B |

dry
é Yule marble | }dr { —-3.9+04 62.0+ 1.4 8.3+0.2 Heard & Raleigh 1972
P Yule marble || [ —~3.6+04 607414  T7.7+0.2
o = Crevola dolomite dry —12.9+2.6 83.2+6.0 9.1+0.9 Heard 1975 (unpublished)
I~ = Simpson quartzite dry —-10.1+1.9 58.14+5.0 5.7+0.6 Heard & Carter 1968
i Canyon Creek —1441.1 55.1 +6.7 2.6+0.4 Parrish ¢t al. 1975
=0 quartzite, wet
E O Mt Burnet dunite, dry 3.1+2.0 111.0+14.0 3.3+0.5 Carter & Ave’Lallemant 1970
w» (revised 1975)
Mt Burnet dunite, wet —-1.0+0.7 54.0+4.4 2.1+0.2 Carter & Ave’Lallemant 1970
(revised 1975)
2.2 93.1+2.5 3.240.2 Post & Griggs 1973
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Ficure 5. Log steady-state flow stress against log equivalent viscosity for ice, halite and marble. Temperatures
indicated correspond to surface-to-intermediate depths, depending on rock type. Possible Nabarro—
Herring flow region is indicated (N-H) at 200-250 °C for halite.
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depth (temperature) chosen. As an example, considering the more intractable rocks at
€ = 1071 s~1 and at 400 °C, figure 4 shows dry dunite can be expected to be strongest followed
by dolomite, dry quartzite, wet quartzite and marble. Placement of wet dunite in this pro-
gression is not possible at this time because of the disagreement among the input parameters
(table 1) as mentioned above. At the same strain rate but at 800 °C, dolomite is strongest
followed by dry dunite, dry quartzite, marble and wet quartzite. At relatively low tempera-
tures of 250 °C, the expected strengths for halite are very much lower than for marble, regard-
less of power-law or Nabarro-Herring creep in the former.
The expected dependence of equivalent viscosity (%) on stress

7 = 0[3¢ (6)

(Griggs 1939) as well as upon temperature is shown in figure 5 for the weaker rocks at the lower
temperatures. For each rock type, the maximum and minimum values for 3 (and o) along each
isotherm are limited by the strain rates assumed to prevail during natural deformation. Thus,
the calculated # for ice at glacier strain rates ranges from 8 x 10! to 9 x 10'® Pa s at 0 °C and
7x 102 to 8 x 10! Pa s at —30 °C (figure 5). These values are the lowest to be expected for any
rock from table 1. Values of 9 characteristic of steady-state flow in massive halite bodies or in
halite from folded evaporite sequences at strain rates of 10712-10-1% s~ and a temperature of
25-300 °CG may vary from 9 x 10% to 3 x 10'¢ Pa s respectively. In this case, 7 seems relatively
insensitive to temperature. If Nabarro-Herring creep is present at the higher temperatures, the
viscosities would be Newtonian and dependent only upon temperature as shown in figure 5.
At 250 °C (and at somewhat higher temperatures), if flow is assumed to be governed by
equation (2), halite should exhibit  lower by a factor of 380-550 than for marble. However,
if Newtonian behaviour exists in the halite, this ratio could approach 105 at 250 °C, ¢ = 1015 g1,

In figure 6, 4 and o are similarly compared for marble and dolomite, as well as for the wet
and dry quartzite and dunite at temperatures of 400-800 °C. Here at any é, % of marble,
dolomite and dry quartzite are only slightly influenced by temperature. However, expected 7
for wet quartzite, wet dunite and dry dunite may be lowered by 102-10® as temperature is
increased by 400 °C. This # sensitivity to temperature is directly related to the form of the flow
equation (2), the dependence of 9 on o, é and the ratio of @/ for each rock from table 1. In dry
quartzite, dolomite, marble, halite and ice, @/n is 4-10; in wet quartzite, as well as in wet and
dry dunite, the ratio of @Q/n ranges from 21 to 34.

At the strain rates and temperatures shown in figure 6, 9 is generally highest for dolomite
followed by dry quartzite and marble, as might be expected from inspection of figure 4. At
400 °C at € = 10715 s, these values are 2 x 10%, 10% and 4 x 10% Pa s, respectively; at 800 °C
these values become 1022, 6 x 10% and 5 x 10% Pa s, respectively. For wet quartzite at 400 °C,
7 is intermediate between dry quartzite and marble; at 800 °C it becomes more than an order
of magnitude lower than for marble. In general, % for dry as well as wet dunite follow the above
trends but because of the conflicting data shown in table 1, no direct comparison seems
warranted at this time.

It is also useful to compare the expected flow behaviour for those rocks occurring in close
proximity within folded or otherwise deformed sequences in the crust. At é = 3x 107151,
o and 7 for several rocks are normalized with respect to o and % for marble and dolomite, and
the normalized ratio of each parameter is plotted against temperature (figure 7). At inter-
mediate-to-great depths (and hence, temperatures), the o required to sustain steady-state flow
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in dry quartzite can be expected to be about 30-15 times higher than for marble. Contrasts in %
would be identical. However, o and % for dry quartzite would be lower by a factor of only
about 2 when compared to dolomite. Expected o and 7 for dolomite thus would be 45-30 times
those for marble at these depths. Comparison of similar properties for wet quartzite against
either marble or dolomite shows a much greater depth (temperature) dependence. Figure 7
shows the o and # of dolomite to be greater than that of wet quartzite by 5-140 between 400 and
800 °C, respectively. For wet quartzite compared to marble, these properties are greater by
about 50 at 300 °C. At about 575 °C, these properties become equal; by 800 °C, wet quartzite
would have only about one fifth the o and % calculated for marble. At shallow-to-intermediate
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Ficure 6. Log steady-state flow stress vs log equivalent viscosity for marble, dolomite, quartzite, and wet
quartzite, dunite, and wet dunite at 400-800 °C. Numbers refer to: 3, marble |, ||; 4, dolomite; 5, quart-
zite; 5a, quartzite, wet; 6, dunite; and 6a, dunite, wet.
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depths (250-300 °C in figure 7), halite would be weaker and possess a lower equivalent viscosity
than marble by a factor of 300-400. If Nabarro-Herring flow occurs, then these contrasts may
range from 10% to 10°.

It should be emphasized to the user of data such as these, that, with the exception of ice,
the rheological behaviour predicted here lies far outside the range of accessible measurement.
All inferences as to o and 7 to be expected at geologic strain rates are strongly influenced not
only by the form of the flow equation chosen but also by the assumption that the constants in
those equations determined at high o, 7 and € in the laboratory do not change at the low o
and ¢ characteristic of natural flow in the crust. However, the equivalence of the deformation
mechanisms producing flow in nature with those occurring during laboratory deformation
for the same mineral taken together with the well-characterized mechanical behaviour and
a reasonable theoretical basis for that behaviour, strongly suggest that the steady-state flow
properties inferred here for natural deformation in the crust are valid.

I I T —
2 4/3 -
— | 5al3 5/3 ]
= 0 .54 -
3 ~
s T s~
& -2/3 ~
13,
~ I 1
5 -4 -
g ~
LS re/aN-H ]
- _
—8 1 l I | |
» 300 500 700
T|°C

Ficure 7. Normalized steady-state flow stress and equivalent viscosity against temperature for halite, marble,
dolomite, quartzite and wet quartzite. Numerator and denominator in fraction refer to rock type. N-H
indicates constrast if Nabarro—Herring flow occurs in halite. m, n = 2, halite; 3, marble (| ) ; 4, dolomite;
5, quartzite; 5a, quartzite (wet).

This work was performed under the auspices of the U.S. Energy Research & Development
Administration.
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