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Plate Motion Modelling

Plate motion modelling has evclved from global models to the study

of motions	 of	 small plates, and to the investigation of possible plate

deformation.	 Recent research under this grant has involved:

I.	 Verification of the relative motions of the

Rivera plate with respect to its neighbors, i.e.,

North America, Cocas, and Pacific.

2.	 Reassessment of the interactions of the Caribbean

and South American plates.

3.	 Interaction of Indian-Australian plate (the Indian

plate undergoes deformation) with the Eurasian plate

in Southeast Asia, in an attempt to place bounds on

Asian deformation.

4.	 Detailed study of the Pacific-Forth America plate boundary.

The main technique used consists in assuming that the global plate

motion model	 RM2	 furnishes	 kinematic	 boundary conditions, and to use

local geological and geophysical evidence for departure from ideal rigid

plate tectonics.	 The bulk of this research was	 presented	 at	 the IGC

meetin" in Paris in July 1980, by Prof.	 Minster.

Rivera plate motions

The motions of the Rivera plate relative to its neighbors (Pacific,

North America, Cocos) have been determined by inversion of data along

the East Pacific Rise and the Rivera Fracture Zone (Minster and Jordan,

1979). All data used are from the oceanic environment. The resulting

set of poles and 20 error ellipses are shown on Figure 1, and calculated

t
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relative motions at selected points on Figure 2. Of interest is the

model prediction of right lateral strike slip relative motion between

Rivera and North America in a NW direction, at a rate of 1.3 cm/yr. The

direction is compatible with offshore scarps near Tres Marias islands.

This means that 1) very significant changes in the nature of plate

interactions, from subduction (COCA-NOAM) to the South to strike-slip

further north, and 2) this boundary may be the site of occasional

strike-slip events.

Figure 3 shows a focal mechanism for the 1966 December 15 event

(mb . 5.1) in that region. Although the data are relatively few for

such a small event, the solution is fairly well-constrained and is

consistent with the predicted plate motions. Further confirmation will

be obtained by studying the single largest earthquake in that region in

the past 20 years (1976 February 9, mb - 5.5).

Figure 4 (from Lowman, 1990) illustrates the three plate boundaries

discussed next. They are 1) the Caribbean-South America boundary,

described as right-lateral strike slip on this figure, 2) the

Indian-Australian boundary, described as left-lateral strike-slip on

Figure 4, and 3) the Pacific-North America boundary, with complications

in the West North American continent shown on the map.

Caribbean-South America Boundary

The motions of the Caribbean plate were first described by Jordan

(1975). We have reviewed these results in the light of the new models.

Figure 5 is a simplified tectonic map of the northern portion of South

America, shown in an oblique mercator projection about the RM2 CARE-SOAM
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pole The boundary appears as a fairly broad zone of continental
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i deformation, with conjugate strike-slip faulting, and a significant

component of shortening between the Curacao Ridge and the frontal

thrust. However, the amount of shortening predicted by the model is

somewhat less than that found by Jordan (1975). Again, rapid (5.4

cm/yr) left-lateral strike-slip motion is predicted between Central

America and the PArama Basin, pointing to the Panama escarpment as a

possible seismic gap.

The evidence fnr present-day plate deformation is shown on Figure

6a and 6b. This is a contour map of the logarithm of cumulative moment

release (per degree sequare) in the period 1960-1980. Only shallow (h 4

70 km) events with mb > 4 have been used and smoothing was performed

with a Gaussian filter of aperture - 0.3°. Most of the activity is

confined between the major thrusts confirming the interpretation of a

diffuse plate boundary.

Direct evidence of subduction of the Caribbean plate under the

Curacao ridge is found in the multichannel seismic date of Talwani et

al. (1978) (Figure 7). The dip of seismic horizons thickening of

sedimentary layers to the South indicate that slow subduction is

probably currently taking place.

Another confirmation that RM2 provides the correct boundary

conditions is shown on Figure 8 (froth ?_;l, 1978). Near Caracas,

Venezuela, N-NW treading faults offset the large right-lateral EW fault

systems (San Sebastian, E1 Pilar) in a right-lateral direction. Yet the

complex multiple event of 1967 July 29 (the largest in recent history)
I

shows a left-lateral focal mechanism. This is easily explained if the
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regional maximum compressive stress is controlled by relative plate

motions. Figure 8 shows that the compression axis for this focal

mechanism is consistent with the RM2 prediction.

Thus, RM2 does not change the basic conclusions of Jordan (1975)

and is consistent with additional evidence published since that study.

Indian Plate Deformation

Figure 9 depicts the geometry of the Indian-Australian plate motion

relative to Eurasia in an oblique mercator projection about the

(INDI-EURA) pole. The Australian plate was allowed to have a motion

independent of the Indian plate so as to better satisfy data along the

SE Indian Ridge (Minstar and Jordan, 1978). The hypothetical boundary

was arbitrarily assumed to coincide with the Ninetyeast ridge, in view

of its high level of seismicity (Stein and Okal, 1978). Although the

differential motion of the Indian and Australian portions is small

(Figure 9), it is calculated to be of the order of l cm /yr SE-NW

compression. This is consistent with compression axes determined by

Stein and Okal (1978) shown on Figure 10.

In an attempt to refine the analysis, we investigated the

posability of interpreting the Java-Sumatra trench system as a

convergent plate boundary between India (alternatively Australia) and

Eurasia, keeping in mind possible significant relative motions between

Southeast Asia and the Siberian platform. Figure 11 shows seismic slip

1
vectors determined by Fitch (1972), plotted on an oblique mercator

i

I

	 projection about the INDI-EURA pole. The observations are consistent

with the general interpretation of an INDI-EURA convergent boundary, but
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the scatter is too large to detect small discrephncies. Thus, although

this permits us in principle to place bounds on the rates of plate

deformation in the region, these bounds are not tight enough to be

useful.

Pacific-North America

►	 Figures 12a and 12b show a contour map	 of	 log	 cumulative	 moment

along the	 Western	 North	 American	 plate boundary.	 It illustrates the

diffuse and complex nature of the boundary, particularly 	 in	 the	 Basin

and Range	 province, and in Alaska.	 On the other hand, the plate margin
3^

appears to be simpler in the Gulf of California and along 	 the	 Canadian

►	 coastline.

`	 A simplified interpretive tectonic map of this	 area	 is	 shown	 on

'i	Figure 13,	 again	 in an oblique mercator projection about the PCFC-NOAM

pole.	 Because of the complications associated with internal deformation

of North America in the Basin and Range and Rio 	 Grande	 Rift,	 the	 RM2
t

data set	 along	 this boundary (shown on Figure 14) did not include data

i	 inbetween 32'N and 50 'N along the west coast of North America. 	 Thus, it

was hoped,	 no	 contamination	 of	 the	 model	 by	 complex	 tectonic

deformations would occur.

.	 On the other hand, comparison 	 of	 Figures	 13	 and	 14	 shows	 the

following.
a

1) Because of the paucity of tectonic	 information	 about	 northern

Mexico, it	 is	 not easy to assess possible contamination of data in the

Gulf of California by deformation to the East in the southern 	 extension

of the Basin and Range and Rio Grande regions.

x
g.

R
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2) Because of oblique subduction along the Queen Charlotte fault,

earthquake slip vectors in that region may not be representative of true

plate motion directions.

3) The active Denali fault system is Alaska may jeopardize the

correct interpretation of slip vectors in the Eastern Aleutians and the

Gulf of Alaska.

4) Known effects of the downgoing slab have been shown to bias

fault plane solutions in the western Aleutians (Engdahl gt al --, 1977).

5) The plate boundary between Eurasia and North America is very

uncertain, and there is no guarantee that subduction in the Kuriles is

between Pacific and North America.

In view of these many uncertainties, one can legitimately question

inferences based on the RM2 PCFC-NOAM rotation vector. To remove biases

specifically associated with this plate boundary, we have performed a

global plate motion inversion after removing the entire data subset Just

described, including the single rate datum between PCFC and ROAM at the

mouth of the Gulf of California.

The resulting pole is shown on Figure 15 with the RM2 pole and

their respective 20 error ellipses. It is truly remarkable that the

solutions are not resolvable from each other. The PCFC-NORM motion

determined from the rest of the world is practically identical to that

determined from the plate boundary.

Figure 16 shows that the predicted direction of relative motion in

central California is distinguishable from the azimuth of the San

Andreas fault system at the 2a level, whether or not PCFC-NORM data are

i

	
included. This in turn means that the San Andreas direction is not
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representative of relative ovition between PCFC and NOAM, but only of

relative motion butweeh the Pacific,: plate and the Great Valley region of

California, or even between the Salinas block and the Great Valley.

Geologically and geodetically determined rates of slip along the

San Andreas in central. California yield a value of 34 cm/yr. If one

accounts for auxiliary faults, this rate reaches up to 5.0 cm/yr. It is

likely that the RM2 rate of 5.7 cm/yr is an upper bound. Figure 17

shows a plane Geometry relative motion diagram between PCFC, NOAM and

California (CALI) and Mojave (MOJA) blocks.

CALI-•NOAM is obtained by differercing the RM2 PCFC-NOAM speed and

the slip vector along the San Andreas fault: Since there is good

evience that this vector should have a non-zero component in a westerly

direction (e.g., Zoback and 2oback, 1979) as shown on Figure 18,

interpretation of Figure 17 leads to an upper bound of 5.0 cm/yr for the

San Andreas fault system, in agreement with geological data. If we

assume that the Garlock fault is the sito of 0.7 cm/yr of left-lateral

displacement, then a lower bound of 10 cm/yr for the San. Andreas fault

system Is obtained to insure compression in the Transverse ranges. This

lower bound is increased to 2.0 cm/yr if 0.7 cm/yr thrust displacement

is allowed across the Garlock-White Wolf fault system. On the other

hand, unless we have simultaneously a fairly high rate of slip on the

San Andreas fault system, and a significant component of compression

across the Garlock fault, the model predicts some amount of EW

compression between the Mojave block and the stable part of NOAM, for

which evidence is lacking.

The alternative is, of course, to assume that EW shortening takes

. .

_^i
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place between the San Andres* fault and the Pacific plate. Then the

PCFC-C'A'f,I vector would trend in a more northerly direction than both the

San Ancdreas fault and the PCFC-NOAM RM2 vector and EW Basin and Range

extension is easily accommodated.

Thus, analysis of instantaneous r+PA,ati.vs motions on a reginal

basis, using the global model RM2 to provide kinematical boundary

conditions leads us to the prediction of an EW component of shortening

across the Salinas block.

Independent confirmation is provided by the orientations of

compression axes of crustal events (Figure 19) and of fold axes (Figuv,w

20) compiled respectively by Cawthrop (1978) and Burford (1967), which

are consistent with a significant component of compression in a

direction perpendicular to the San Andreas trend.

Quantitative estimates require the determination of bounds on

azimuth and direction of Basin and Range opening. This work is

underway.

_Seismicity and Subduction Processes

We have studied correlations between coupling 	 on	 the

subduction-zone thrust plane, parameterized by regional maximum

earthquake magnitudes, with other parameters of the sbduction zone. We

found that convergence rate and lithospheric age correlate with

coupling. It was also determined that penetration depth correlates with

lithospheric age and contact width with convergence rate, results

compatible with work done by Isacks et al. (1968), Vlaar and Wortel

(1976), and Wortel and Vlaar (1978). These correlations suggest that

I -
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large earthquake generation correlates with interface geometry or with

age and rate in some other manner. This study was completed and the

paper (Ruff, L., and H.	 Kana ►mori, Seismicity and the rubduction

process) is now in press in the n 	 Egrth

-atUdy o	 w tgrthgMakel

Detailed analysis of IDA data was made to study a slow earthquake

which occurred on December 18, 1978, in the Bouvet Islands region.

Although the body-wave magnitude of this earthquake is very small (m b w

5.4) it excited long -period Rayleigh waves with a very large amplitude.

The seismic moment is determined to be 1.4 x 10 28 dyne-cm, which is much

laxgar than that for earthquakes with comparable body-wave magnitude.

The mechanism of this event is consistent . .ith the geometry of the

transform fault in the Bc;uvet Islands region, and suggests that the

plate motion there is somewhat slower than that on other older transform

faults.

A similar analysis is currently being made for subduction-zone

events.

Study of Free Oscillations

The earthquake that occurred in the Ecuador and Colombia border on

lecember 12, 1979 is large enough to excite various long-period modes.

1^rell.minary analysis identifies oS2 0 oS3, oS4 and oSo modes very

clearly. We have determined the mechanism of this event, and are

preparing the data sets to be used for more extensive analyses of the
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free oscillations. This type of study provides information intermediate

in period to body waves and longer duration plate motions.

I n
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Abstract

We review the progress in modeling instantaneous plate kinematics,

with an emphasis on recently developed models of present-day piste

motions derived by the systematic inversion of globally distributed

data sets. The 11-plate model RM2 (Minster and Jordan, 1978) is 	 }

described, and the relative and absolute velocity fields associated

with this model are summarized in a series of maps.
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Modeling Pate ..4amatigs
In the several years following Wilson's (1965a) outline of the basic

kinematical concepts, plate tectonics was transformed from a bold new

hypothesis to an established tho-ory. Many new ideas promulgated during

this critical period were synthesized in a book by Coulomb (1969,.1972);

ten years later these ideas continue to guide research in solid earth

science.

One of the most spectacular successes of the plate theory was the

early solution of the instantaneous kinematical problem, namely: in the

present $eological epoch, where are the plate boundaries and what are the

plate motions? Wilson (1965a) recognized that the three kinematical boun-

dary types - divergent, convergent and transform - correspond to three

classes of deformation zones - spreading oceanic ridges, active mountains

and island arcs, and major &hear faults - "connected into a continuous

network of mobile belts about the earth which divide the surface into

several large rigid plates." McKenzie and Parker (1967) and Morgan (1968)

introduced the geocentric angular velocity vector as a description of

instantaneous plate motion and began to determine these vectors by fitting

sea-floor spreading rates, strikes of transform faults and azimuths of

earthquake slip vectors. This pioneering wor'x culminated in 14 pichon's

(1968) masterful synthesis of plate movements past and present, in which

he produced a model for the instantaneous relative velocities of six

major plates: Africa, America, Antarctica, Eurasia, India and Pacific.

Since 1968 the kinematical models have been considerably refined by

numerous special studies of specific geographical regions. Amnng these

1	 .,
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are McKenzie and Sclater's (1971) treatise on plate tectonics in the

Indian Ocean, Pitman and Talwani's (1972) analysis of sea-floor spreading

In the North Atlantic, the study by Molnar ot +& (1975) of the South

Pacific, !Hoy l e (1974) modeling of plate interactions in the East

Pacific, and Jordan's (1975) study of the Caribbean.

The numerical algorithms for computing the angular velocities have

also been improved. In the original papers by McKenzie and Parker (1967)

and Morgan (1968) pole positions were constructed by graphical methods.

These methods were automated by Le Pichon (1968) to handle large data

sets; he minimized the root-mean-square difference between the observed

and computed azimuths of relative motion by searching over a grid of

possible pole positions. McKenzie and Sclater (1971) discussed various

fitting criteria and devised fitting algorithms based on matrix solutions

to the minimization problem. As they noted, the problem is complicated

by the fact that, although the relative velocity vector at any point on

a plate boundary is a linear functional of the angular velocity vector,

the unit vector describing the azimuth of relative motion is not. In

practice this nonlinearity poses no difficulties for most geometries and

can be accommodated by the iterative solution of suitably linearized

equations.

This instantaneous kinematic problem for the global plate mosaic

was attacked using iterative, nonlinear least-squares inversion methods

by Chase (1972) and Minster et at. (1974). Since all angular velocity

vectors describing the relative motions among M plates are uniquely

specified by 3(M-1) parameters, to determine a global model from, say,,
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N data (rates and/or azimuths at arbitrary boundary points) requires the

solution of an N K 3(M-1) system of equations, where N is typically an

order of magnitude or more greater than M. In this formulation tits com-

patibility conditions (e.g., triple-junction closure) are automatically

satisfied. Because the problem is over-determined an exact solution to

this system generally does not exist, and the particular approximate

solution chosen depends on the fitting criterion satisfied. Minster

at al. (1974) advocated the minimization of a fitting function which

is the sum of the squares of the differences between the observed and

computed data, each normalized by an estimate of the standard observational

error. If the data are assumed to have errors which are normally distri-

buted, this choice yields the classical maximum likelihood estimate of the

model perturbation, grid the linear theory can be used to estimate uncer-

tainties in the model induced by uncertainties in the data. The theory

also allows the computation of what Minster et al. (1974) have termed

"data importances", quantities which are indicative of the information

distribution among the data and which are useful in assessing a model's

fit to the data set.

Our experience in applying this algorithm to the plate kinematic

problem has demonstrated to us its effectiveness. Although the algorithm

involves the linearization of a nonlinear problem, convergence to a good

solution is generally rapid, and no difficulties with spuric-Js local

minima have been encountered. The uncertainties in the model parameters

derived from the linear theory have proven to be effective measures of

the model errors caused by random observational errors, although, of

F
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course, they do not account for data bias.

Two recent, independent studies by Chase (1978) and Minster and

Jordan (1978) have presented global kinematical models derived by the

inversion of improved data sets. The wealth of new data in the ocean

basins is impressive: every major oceanic ridge is now well

populated with both azimuths and rates of relative motion (Figure 1),

and the uncertainties in the angular velocity vectors have been much re-

duced. Although.some significant differences between Chase's solution

and ours are revealed by a detailed comparison, most are ascribable to

slight differences in data selection and interpretation. Clearly the

models can be refined, but we anticipate that any future aw 3lfications

will be minor.
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occurs, then the azimuth residuals (observed-computed) for transforms

characterized by left-lateral faulting should be systematically more

positive than those for right-lateral transforms. In fact, sintstral

transform faults show slightly more negative residuals than dextral

transform faults, opposite to that expected from the leaky transform

hypothesis. The difference is not statistically significant, however,

and the RM2 fit to the transform fault data appears to be unbiased.

Therefore, there is no evidence in our results to indicate that leaky

transforming commonly occurs.

A complete and convenient description of the instantaneous relative

motions among M plates is given by the geohedron, the set of 3(M-2)

angular velocity vectors for plate pairs sharing common boundaries

(McKenzie and Parker, 1974). The 27 relative velocity vectors of the

RM2 geohedron are listed in Table 1 in both sphei3 cal and Cartesian co-

ordinate systems. The poles and their associated 95% confidence regions

are depicted in Figures 2-4. Also shown are the best-fitting poles (BFP's)

for individual plate boundaries determined by separate inversion of data

sets for specific plate pairs, wherever possible (Minster and Jordan, 1978,

Table 3). The differences between RM2 and the BFP set result from the

2M-5 vector compatibility conditions implicit in the simultaneous inversion

scheme. In most cases these differences are small, and RM2 provides a

nearly optimal, fit to localized data subsets. Significant differences

do exist, however, for AFRC-NORM, INDI-PCFC, INDI-ANTA and INDI -AFRO.

The discrepancy for AFRC-NOAM involves 10f2's misfit to transform azimuths

in the FAMOUS area, discussed above. The discrepancies between R142 and
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detailed history of plate motions as well as the spatial scale lengths

over which the primary bathymeric data are averaged. Complications arise

in regions such as the central North Atlantic where an apparent reorien-

tation of the motions has occurred in the last several million years

(Macdonald, 1977; Fox at al., 1979). Here two trends are superposed,

an older trend of about S800E represented by the mean azimuths of major

transform faults (e.g., Oceanographer and Atlantis) and a younger, nearly

east-west trend of smaller, more recent faults (e.g., Transforms A and B

in the FAMOUS area and en echelon faults within the Oceanographer F.Z.).

In this cag e we used the younger trends in the RM2 data set, although,

surprisingly, they were not fit by the model; RM2 instead predicts azimuths

compatible with the mean trends of the major transforms. (This misfit'is

indicative of internal inconsistencies in the data pertaining to the

relative motions about the Azores triple junction not readily associated

with the time-averaging problem; see Minster and Jordan, 1978, pp. 5341-

5343, for further discussion.) In most cases, however, complications of

this sort are not apparent, and the large-scale trends of transforms

are probably representative of plate motions during the last several

million years. This hypothesis is supported by the good agreement. between

transforms fault azimuths and the slip vectors of transform fault earth-

quakes, which truly do measure "instantaneous" motions.

The RM2 data set has also been examined for systematic discrepancies

between observed transform fault azimuths and model-predicted Oirections.

i	 One possible source for such discrepancies could be widespread "leaky"

transform faulting ii the sense of Menard and - Atwater (1969). If this

1



A-Z-9

Relative Motions: Model RM2

The model designated Relative Motion 2 (RM2) resulted from the simul-

taneous inversion of 110 spreading rates, 78 transform fault azimuths and

142 earthquake slip vectors (Minster and Jordan, 1978); in many cases the

angular velocity vectors have been significantly improved with respect to

our previous model RN1 (Minster at al., 1974). RM2 repreuents the instan-

taneous relative motions among 11 major plates: Africa (AFRC), Antarctica

(ANTA), Arabia (ARAB), Caribbean (CARS), Cocos (COCO), Eurasia (EURA),

India (INDI), Nazca (NAZC), North America (ROAM), Pacific (PCFC) and South

America (SOAM).

In compiling the RM2 data set, shown in Figure 1, the data from intra-

continental environments such as the Alpide belt and complex tectonic

regions such as the western Pacific were generally excluded, because these

areas Exhibit complexities not easily described by rigid plate kinematics,

and the assumptions fundamental to a simple plate model may not apply.

Hence the details of Mediterranean, Asian and Indonesian tectonics are not

represented by this instantaneous kinematical model.

Of course, no kinematical model based on geological data is reALUy

"instantaneous"; in particular, the spreading rate estimates and transform

fault azimuths average in some way the motions over substantial time

intervals. For a spreading rate datum the pertinent time interval is

simply the age of the magnetic anomaly used to obtain the rate. We generally

employed anomalies 2 and 2', so that the mean averaging interval for the

RM2 rate data is less than 3 My. The relevant averaging intervals for the

transform fault azimuths are more uncertain, however, and depend upon the

w
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the BFP's for the INDI poles are thought to be diagnostic of internal

deformation within the Indian plate (Minster and Jordan, 1978), although

we concede that the prrb lem could result from other, unrecognized-sources

of data bias.
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Absolute Motions

Nothing within the axiomatic framework of plate tectonics points to

a natural, absolute reference frame in which to describe plate motions.

The need to choose such a frame arises only when one enlarges the class of

observations to be explained beyond the manifestations of plate-plate

interactions or when one attempts to model the dynamics of plate motions.

A particular frame of interest in discussions of plate dynamics is one

fixed with respect to the average position of the deep mantle, assumed to

be rigid or at least to have typical internal motions much slower than

the motions of the plates; we refer to this frame as the mean mesospheric

frame.

Wilson (1963, 1965b) proposed that various island chains and aseismic

ridges are generated by the motions of the crust over hotspots fixed in the

mantle. Morgan (1971,1972a,b)expanded this concept and presented a model

of 15 plates moving in a slowly changing frame defined by a score of hot-

spots, each of which he associated with an upwelling convective plume.

In a test of the Wilson-Morgan hypothesis Minster et al. (1974) used RMl

to construct a model designated Absolute Motion 1 (AML) by fitting the

observed azimuths of twenty hotspot traces. They found no cause to reject

the Wilson-Morgan hypothesis and concluded that these hotspots showed no

significant relative motions in the last 10 My, although their ability to

resolve such motions was admittedly limited. Other studies have concluded

that, averaged over longer time intervals (>40 My), some hotspots-have

relative speeds of the order of 1 cm/yr (Morgan,1972b; Burke et al., 1973;

Molnar and Atwater, 1973; Molnar and Francheteau, 1975). Nevertheless,

these relative speeds appear to be much smaller than the typical absolute
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speeds of the faster plates, upon which the hotspot traces ore best de-

veloped, so that the concept of a hotspot reference from remains useful

for the short time scales used to derive instantaneous motions. Further-

more, if the directions of hotspot migration are nearly random, thin

reference frame may be a very good approximation to the mean mesospheric

frame. Chase (1978) and Minster and Jordan (1978) have derived absolute

motion models based on hotspot data and compatible with their revised

estimates of relative motions.

The models based on the Wilson-Morgan hypothesis have been compared with

other proposed criteria for fixing plate velocities in the mean mesospheric

frame. one is to require that the lithosphere as a whole possess no net

rotation with respect to this frame, a criterion discussed and applied by

Minster at al.. (1974), Lliboutry (1974) and Solomon and. Sleep (1974). The

no-net-rotation model is one member of a more general class of mechanical

models obtained by balancing a system of forces acting on the plateau

(Solomon and Sleep, 1974; Solomon It al., 1975; Gordon at al., 1978).

Another class of absolute '3tion models is obtained by fixing a particular

plate with respect to the mean mesospheric frame, such as the Antar>:tic

(Knopoff and Leeds, 1972), African (Burke and Wilson, 1972) or Caribbean

(Jordan, 1975) plates. Tullis (1972) suggested that downgoing slabs act

as anchors in the mantle A and thus specify an absolute reference frame.

This concept was discussed by Kaula (1975), who proposed a general boundary

velocity minimization criterion, and Jordan (1975), who used the'idee to

rationalize his conclusion that the Caribbean plate is essentially fixed

with respect to the mean mesospheric frame.
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In Table 2 and Figures 5 and 6 we present the absolute motion model

designated AM1-2. This model was derived from RM2 by fitting the azimuths

of nine hotspot traces and the rates from five (Minster and Jordan, 1978).

The data set was restricted to include only those constraints on hotspot

migration pertinent to the last 10 My. This time span is really the

minimum interval for which good hotspot data can be obtained, although

it exceeds by over a factor of three the mean averaging interval for the

relative motion data. Consequently, the data set is dominated by Informa-

tion from the rapidly moving plates in the Pacific Ocean; no Atlantic or

Indian Ocean hotspot traces were employed.

The AMl-2 velocity field depicted in Figures 5 and 6 shows a number

of interesting features which are common to most proposed absolute velocity

models. The contrast between fast moving oceanic plates and slower moving

continent bearing plates, noted by Minster et al. (1974), is striking,

although the rapid motion of INDI, which has the same proportion of conti-

nental area as ANTA, prevents an exact dichotomy. The four fastest plates

(PCFC, COCO, NAZC, INDI) are also the only plates being subducted along a

significant fraction of their boundaries, a correlation noted by Jordan and

Minster (1974) and discussed in detail by Forsyth and Uyeda (1975). As

Aggarwal (1978) has shown, an even better correlation between plate geo-

metry and absolute velocities is obtained if the percentage length of ridge

is included in the analysis. There is a general increase of absolute velo-

cities away from the spin axis, which is reflected in the distribution of

global seismicity (Solomon et al., 1975). Systematic attempts to relate

these correlations to plate mechanics have been made by Solomon et al. (1975),

Forsyth and Uyeda (1975) and Chapple and Tullis (1977), but similar patterns

do not seem to apply to Tertiary tines (Solomon cwt el.; 1977; Jurdy, 1978) ; so
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caution must be exercised in attributing to them any dynamical significance.

When examining the absolute velocity field in Figures 5 and 6, it

should be kept in mind that AM1-2 is associated With much larger uncer-

tainties than RM2, because the resolution of the hotspot data is Intrinsi-

cally limited and because caveats must be attached to the Wilson-Morgan

hypothesis. The relative errors in the directions of absolute motion are

generally small for points on the fast moving plates, but they can exceed

100% for points on the slowest plates, particularly EURA and ANTA. In

these cases, the directions are not usefully constrained by the data used

to derive AM1-2. A more complete discussion of these uncertainties is

given by Minster and Jordan (1978).

The large uncertainties associated with AM1-2 should also be kept

in mind when comparing this model with other estimates of absolute motions.

Models based on some of the alternate hypotheses discussed above can be

constructed from Table 2 by vector addition. A detailed comparison

(Minster and Jordan, 1978, pp. 5348-5349) yields the following conclu-

sions; the no-net-rotation model and the model obtained by fixing AFRC

do not provide adequate fits to the hotspot data, whereas any of the three

plates CARE, OU or ANTA could be stationary with respect to the hotspot

frame.
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Discussion

Plate tectonics is the unifying model which ties surface geology

to planetary evolution. As noted by Deffeyes (1970) a useful and simple

measure of global tectonic activity is the rate of production and de-

struction of lithosphere associated with plate motions. This calculation

requires only minimal information about plate geometry (Deffeyes, 1970;

Chase, 1972). Table 3 gives the area-budget for the RM2 plate set; in

the computation we have assumed symmetric spreading at ridges, unilateral

lithosphere destruction at trenches, and that the area loss is shared

equally by both plates in a continental collision. Clearly, the net growth

of some plates (e.g., ANTA, AFRC, SOAM AND NORM) and the net shrinking of

others (e.g., PCFC, INDI, NAZC, COCA) observed at the present time must

be satisf'led by any successful dynamical model, a point emphasized in the

work of Hager and O'Connell (1978).

There are conspicuous instances where the ideal rigid plate model

fails to describe adequately the complexities of tectonic interactions.

These may include continental collisions (e.g., Molnar and Tapponnier,

1975), zones of incipient rifting (e.g., Courtillot, 1979), and regions

of deformation along continental margins (e.g., ,Jordan, 1975). In these

complex areas the rigid plate model has only Limited utility, but it

does provide the kinematical boundary conditions which must be satisfied

by local models of deformation.

I
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TABLE CAPTIONS

Table 1:	 First plate named moves counterclockwise with respect to

the second. Cartesian coord.Luates defined with respect

to spin axis and Greenwich meridian.

Table 2:	 Plates move counterclockwise about poles. Cartesian

coordinate, defined with respect to spin axis and

Greenwich meridian.
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TABLE l: RM2 GEOHEDRON

RELATIVE ROTATION VECTORS

Plate Pair .pN , 0E
W

deg/My
wx

deg/My deg/1
w

deg^My

AFRC-ANTA 9.45 -41.70 0.149 -	 0.1095 -0.0976 0.0244

AFRC-EURA 25.23 -21.18 0.104 0.0874 -0.0339 0.0442

AFRC-NORM 80.43 56.36 0.258 0 .0238 0.0357 0.2546

AFRC-SOAM 66.56 -37.29 0.356 0.1126 -0.0858 0.3266

ANTA-PCFC 64.67 -80.23 0.964 0.0700 -0.4065 0.8712

ANTA-SOAM 87.69 75.21 0.302 0.0031 0.0118 0.3021

ARAB-AFRC 30.82 6.43 0.260 0.2222 0.0250 0.1334

ARAB-EURA 29.82 - 1.64 0.357 0.3097 -0.0088 0.1776

CARB-SOAM 73.51 60.84 0.202 0.0280 0.0502 0.1940

COCO-CARB 23.60 -115.55 1.543 -0.6098 -1.2751 0.6179

COCO-NAZC 5.63 -124.40 0.972 -0.5463 -0.7978 0.0953

COCO-NOAM 29.80 -121.28 1.489 -0.6707 -1.1041 0.7399

COCO-PCFC 38.72 -107.39 2.208 -0.5150 -1.6438 1.3810

EURA-NOAM 65.85 132.44 0.231 -0.0637 0.0696 0.2104

EURA-PCFC 60.64 -78.92 0.977 0.0921 -0.4701 018515

INDI-AFRC 17.27 46.02 0.644 0.4271 0.4426 0.1912

INDI-ANTA 18.67 32.74 0.673 0 . 5366 0.3450 0.2156

INDI-ARAB 7.08 -	 63 . 86 0.460, 0.2049 0.4175 0.0577

INDI-EURA 19.71 38 . 46 0.698 0.5146 0.4087 0.2353

INDI-PCFC 60.71 - 5.79 1.246 0 . 6066 -0.0615 1,0868

NAZC-ANTA 43.21 -95 . 02 0.605 -0.0386 -0.4396 0.4145

NAZC-GARB 47.30 -97.57 0.711 -0.0635 --0.4779 0.5226

NAZC-PCFC 56.64 -87.88 1 . 539 0 . 0314 -0.8460 1.2857

NAZC-SOAM 59.08 -94.75 0.835 -0.0355 -0.4278 0,7166

NOAM-CARE -33 . 83 -70 . 48 0.219 0.0609 -0 . 1717 -0.1220

NOAM-PCFC 48.77 -73.91 0.852 0.1557 -0.5398 0.6411

NOAM-SOAM 25.57 -53.82 0.167 0.0888 -0.1215 0.0720

I «
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Plate

AFRC

ANTA

ARAB

GARB

COCO

EURA

INDI

NAZC

NOAH

PCFC

FOAM

TABLE 2: MODEL A14.1-2

ABSOLUTE ROTATION VECTORS

0	 W	 W	 Wy	 W

°N	 'E	 deg/My deg4	 deg/My	 deg7My

18.76 -21.76 0.139 0.1221 -0.0487 0.0446

21.85 75.55 0.054 0.0126 0.0488 0.0202

27.29 - 3.94 0.388 0.3443 -0.0237 0.1781

-42.80 66.75 0.1,29 0.0375 0.0872 -0.0879

21.89 -115.71 1.422 -0.5724 -1.1885 0.5300

0.70 ••23.19 0.038 0.0347 -0.0148 0.0005

19.23 35.64 0.716 0.5492 0.3938 0.2358

47.99 -93.81 0.585 -0.0261 -0.3907 0.4347

-58.31 -40.67 0.247 0.0983 -0.0844 -0.2099

-61.66 97.19 0.967 -0.0574 0.4553 -0.8510

-82.28 75.65 0.285 0.0095 0.0370 -0.2819

Net
Ro to tion -51.09	 65.44	 0.251 1 0.0655	 0.1434	 -0.1953

i
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TABLE 3

AREA BUDGET FOR RM2

Plate Area Created Area Destroyed Net Growth Relative Area
Name (km2/yr) (km2/yr) (km2/yr) Change(10-9 yr-1)

AFRC 0.322 0.025 0.297 3.76

ANTA 0.575 0.026 0.549 9.31

ARAB 0.024 0.048 -0.024 -4.92

GARB 0.001 0.009 -0.008 -2.08

COCO 0.174 0.211 -0.037 -12.86

EURA 0.060 0.117 -0.057 -0.83

INDI 0.339 0.693 -0.354 -5.90

NAZC 0.439 0.505 -0.066 -4.43

NOAH 0.107 0.017 0.090 1.51

PCFC 0.690 1.207 -0.517 -4.79

SOAM 0.157 0.030 0.127 3.09

TOTALS 2.888 2.888 0•

I	 It
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FIGURE CAPTIONS

Figure 1:	 Relative velocities from RM2 at selected points along

plate boundaries. Mercator projection; latitude

and longitude marks every 30'. Numbers are rates in

cm/yr. The RM2 data is used to outline major plate

boundaries. Circles are rate data, lozenges and triangles

are transform fault and slip vector azimuth data respectively.

Velocity vectors are drawn symmetrically about point of

calculation in direction of relative motion with length

proportional to rate.

Figure 2:	 Poles for model RM2, with their 95% confidence ellipses.

RM1 and best fitting poles, where available, are shown

for comparison.

Figure 3:	 Poles for model RM2, with their 95% confidence ellipses.

RMl. and best fitting poles, where available, are shown

for comparison.

Figure 4:	 Poles for model RM2, with their 95% confidence ellipses.

RMl and best fitting poles, where available, are shown

for comparison.
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Figure 5:	 Absolute motions at selected points from model

Conventions are similar to figure 1. Stars are 4boolute

poles, about which plate rotation is counterclockwise.

Asterisks are antipoles.

Figure 6:	 Absolute velocity field from AM1-2. Vectors drawn along

small circles about absolute poles with exaggeration

factor 2.22 x 107 , so that 1 cm/yr is mapped into

2 geocentric degrees at 90° from pole. Orthographic

projections, centered at a) 0°N, 0°E; b) 0"N, 90°E;

c) 0°N, 180°E; d) 0°N, 90°W; e) North pole;

f) South pole.
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Abstract

Dislocations contribute to both seismic wave attenuation and steady-

state creep in the mantle. The two phenomena involve quite different strains

and characteristic times but they can both be understood with simple

dislocation models. The most satisfactory model for creep involves the

glide of dislocations across subgrains but rate limited by the climb of

jogged dislocations in the walls of a polygonized network. The ;jog

formation energy contributes to the apparent activation energy for creep,

making it substantially larger than the activation energy for self-diffusion.

The theory leads to either a a2 or a 3 law for creep rate, depending on the

length of the dislocations relative to the equilibrium spacing of thermal

jogs.

Attenuation in the mantle at seismic frequencies is probably caused by

the glide of dislocations is the subgrains. Kink and impurity drag can both

contribute to the glide time constant. The kink-formation, or Peierls

barrier, model for o:;.slocation glide appears to be a low-temperature, high-

frequency mechanism most appropriate for pure systems. A small amount of

impurity drag brings the dislocation glide characteristic time into the

seismic band at upper mantle temperatures.
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The attenuation and creep behavior of the mantle are related through

the dislocation structure. Discussion of the various possible mechanisms is

facilitated by casting them and the geophysical data in terms of a pre-

exponential characteristic time and an activation energy. The relaxation

strength is an additional parameter that can be used to identify the

attenuation mechanism. Mobile dislocations in sub grains, rather than

cell-walls, have the appropriate characteristics to explain the damping

of seismic waves in the upper mantle. The grain boundary peak may be

responsible for attenuation in the lithosphere.
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I. Introduction

The high temperature creep of most crystalline solids is controlled

by dislocation climb or glide plus climb (Weertmann, 1968]. For a wide variety

of metallic, ionic and polar crystals the activation energies for creep and

self-diffusion are essentially identical, indicating that the motions of

dislocations are rate-limited by self-diffusion. Furthermore, in the strays

range of about 10-2 to 10-5 G, where G is the shear modulus, the stress

exponent of the creep rate is about 3, consistent with dislocation climb or

the glide of jogged dislocations. Both of these mechanisms of steady-state

creep require self-diffusion. The third-power creep law is satisfied by olivine

in the stress range of several hundred bars to several kilcbars (Kohlstedt

and Goetze, 1974 , Goetze and Kohlstedt, 1473, Kohlstedt et al., 1976].

The laboratory creep law for olivine is commonly assumed to hold for

the much lower stresses and strain rates appropriate for the mantle and this

has been the basis for the calculation of many viscosity profiles for the

mantle. It has also been assumed that the activation energy of creep,

125 kcal/mole, represents the-diffusional activation energy for the slowest

moving species. It has recently been found, however, that the activation

energies for diffusion of oxygen and silicon in olivine are only about

90 kcal/mole [Reddy It al., 1980, Jaoul et al., 1979]. In addition, at

low-stresses the stress exponent may be closer to two than to three.

The mechLnism of attenuation in crystalline solids also appears to be

an activated process. Dislocation damping is a high-temperature mechanism

that is rate-limited by the diffusion of point defects. The glide of dis-

locations does not necessarily require self-diffusion and can therefore

operate on a much shorter time scale than climb. The purpose of this paper

is to investigate the role of dislocations in both creep and attenuation.

w



II.a. Activated processes

Thermally activated relaxation processes, including those that are

controlled by diffusion , are functions of a characteristic relaxation time that

can be written

T	 TO exp(E*/RT)	 (1)

where To , the pre-exponential, is the relaxation time at infinite temperature

and E* is the effective activation energy. For simple point defect mechanisms

To-1 is close to the Debye frequency, '^1013 sec ^. For mechanisms involving

dislocations or dislocation-paint defect interactions T o depends on other

parameters, such as dislocation lengths, Burgers vectors, kink and Jog

separations, Peierls stress, interstitial concentrations, etc.

The activation energy, depending on the mechanism, is a composite

of activation energies relating to self-diffusion, kink or jog formation,

Peierls energy, bonding energy of point defects to the dislocation, core-

diffusion and so on. E* for creep of metals is often just the self-diffusion

activation energy, FSD'

Non-elastic processes in geophysics are commonly expressed in terms

of viscosity, for long-term phenomena , and Q for oscillatory and short-term

phenomena. It is convenient to express these in terms of the characteristic

time. For creep

T . a/Ge w n/G	 (2)

where a, G, E and n are the deviatoric stress, rigidity, strain rate and

viscosity, respectively. Thus, the characteristic time can be simply computed

from creep theories and experiments.

in
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Relaxation theories , of attenuation can be described by

Q 1
	 2Qo1 wT/(l + W2T2)
	

(3)

where w is the frequency, Q-1  is the standard measure of attenuation and q0_1

Is the peak value of attenuation at wT - I. In the mantle, where .Q is low, we

infer that the characteristic relaxation time is close to 1/w, the reci procal of

the measurement frequency. High values of Q indicate that w >> 1/T or w « 1/T.

In these cases Q N w or w-1 .  When Q is slowly varying we are probably in the midst

of an absorption band which is conveniently explained as the result of a distributiot

of relaxation times (Liu at al., 1977; Anderson at al., 1977; Minster, 1980).

Since Q is small in the higher temperature regions of the mantle it

is likely that at seismic periods the mantle is on the low -temperature side of an

absorption band. Thus

Q-1 a 200-1/wT - (2Qo1/wTO) exp (-E*/RT) 	 (4)

in regions of rapidly varying attenuation. In this paper we use the seismic

data to estimate the relaxation time in the upper mantle and its variation with

depth. Details of the attenuation in the midst of an absorption band, and the

effect of a spectrum of relaxation time are discussed in a companion paper

(Minster and Anderson, 1980). The High Temperature Background (HTB) is a dominant

mechanism of attenuation in crystalline solids at high-temperature and low-

frequency. This usually satisfies a Q ti w or Q ti wa relation. The latter has

been interpreted by Anderson and Minster (1978) in terms^of a distribution of

relaxation times. The former is valid for all relaxation mechanisms when the

measurettwy :;t frequency is sufficiently high. In the following o will be used

for the pre-exponential creep, or Maxwell, relaxation time and T O will be used

for the attenuation, or Q, characteristic time.

n
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II.b. Aclint on enersies for climb n^ d kyle

The creep of ductile materials such as metals is rate lirois;ed by self-

diffusion. This is the case for either pure diffusional creep or dislocation

climb. In these circumstances the activation energy fc;r creep is the sure as

that for self-diffusion. In olivine the activation energy for creep is appreciably

higher than that for self -diffusion of 02- or Si4+. This suggests that creep

may be controlled by kink or jog formation [Guaguen, 19791*

The activation energy for creep when dislocation climb is due to

nucleation and lateral drift of jogs is (1/2) (ESD + ECD + 2E^) or (1/2)(ESD +

E* + 4E) depending on whether the dislocations are longer or shorter than

the equilibrium jog spacing. Here E
SD' ECD and E  are the activation energies

for self-diffusion, core-diffusion and jog formation, respectively [Hirth and

Loths. 19681.

ESD is 90 kcal /mole for both oxygen and silicon diffusion [Reddy et Al.,

1980, Jaoul et al., 19791. The ,dog formation energy is somewhat greater

than kink formation energy [Hirth and Lothe, 1968). The activation energy

controlling high-temperature deformation of olivine has been estimated by

Goetze and Kohlatedt [1973] to be 135 kcal/ male from the climb of dislocation

loops in olivine and 122-128 kcal/mDle by Ashby and Verrall [1978] and Goetze

[1978] from creep data on olivine.
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In the absence of interstitial defects near the dislocation the

activation energy for glide is Ek if the kink density is high and 2% when

the dislocation length is shorter than the equilibrium distance between kinks.

Ek is the kink formation energy which Stocker and Ashby [1973] estimate bo be

26 kcal/mole. The activation energy for glide is therefore 52 kcal/sole if

the kink spacing is large or if double kink formation is required for glide.

If point defects must diffuse with c e dislocation line then their diffusivity

may be rate limiting. The activation energy for MrFe interdiffusion in

olivine is about 58 kcal/mole for 0.9 mole fraction Mg, decreasing to 50 kcal/mole

for pure forsterite [Misener, 1974]. Dislocation glide in olivine will there-

fore have an activation energy of the Irder of 50-60 kcal/mole unless there

are slower moving species in the vicinity of the dislocation. Olivine in con-

tact with pyroxene is likely to have excess silicon interstitiats as a dominant

point defect [Stocker,1978 ]. The activation energy in this case may be due to

drag of silicon interstitials, about 90 kcal/mole. There is also a small term

representing the binding energy of interst;t-tals to the dislocation. This is

ordinarily a few kcal/male [Van Bueren, 1961] but data are lacking for silicates.

The kink and ,dog formation energies in silicates are also highly uncertain and

the above estimates for olivine are approximate.

The activation energy for dislocation core diffusion should be similar

to that for surface diffusion. This, for metals, is usually about 1/2 to 2/3

of the lattice diffusion value. If this rule applies to olivine the core

diffusion activation energy would be about 50 to 60 kcal, /tale. The hot-pressing

experiments of Schwenn and Goetze [1978] yield a value of 85 kcal/mole, close

z_
to that for lattice diffusion of 0" and Si +. The dislocation mobility exper;-

ments of Goetze and Kohlstedt [1974] also suggest that the activation energies

fot lattice and core diffusion are similar. The actual values determined in
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their experiments may be interpreted as the sum of the diffusion and ,dog forma-

tion energies. A high value for the core and surface activation energies is

expected from the heat of vaporization, which is much higher for silicates

than for metals.

If we adopt ESD ECp 90 kcal/mole and Bcreep - 125 kcal/mole then the

implied Jog formation energy is 35 kcal/mole. This is much greater than is

typical of metals. This is also expected since the kink and jog formation

energies are proportional to Gb 3 which is much greater for silicates than for

metals.

Because of the high values for core diffusion and jog formation we

expect relatively high values for the creep activation energy for sillcateu

and a non-correspondance with the self-diffusional activation energy, except

for Coble and Nabarro-Herring creep which will dominate for very small grain

sizes and low-stresses.

A summary of the physical properties of olivine is assembled in

Table 1. These will be used in subsequent calculations.
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Me. Geophysical constraints on the activation parameters

Some of the activation parameters for creep and attenuation can be

estimated directly from the geophysical data. The characteristic. time scales

of relaxation processes in the mantle depend on temperature, through the

activation energy, and the pressure, through the activation volume. Stress

has an indirect effect on relaxation times since it controls such parameters

as dislocation density and subgrain size. The characteristic frequency of

atomic processes and processes involving dislocation motions are typically

10
-13 

to 10 10 seconds.	 The characteristic relaxation time. for creep in

the upper mantle, the ratio of viscosity to rigidity, is about 10 10 seconds.

For temperatures of 1500-1600 K, appropriate for the upper mantle, the required

activation energy is 145-170 kcal/mole. This can be compared with the activation

energy for creep of olivine 125-165 kcal/mole[Goetze, 1978, Jaoul et al., 1979]

and similar values inferred for the climb of dislocations in olivine [Goetze, 1978,

KohIstedt ct a1., 1976].

Judging from the attenuation of surface waves [Anderson and Archambeac,o

1964, Anderson and Hart, 1978] the characteristic time controlling the attenuation

of seismic waves in the upper mantle is of order of 10 2 seconds. This implies

an activation energy in the range 90-100 kcal/mole for the above T 0 . This is

close to the activation energy found for diffusion of 0 2 and Si 
4+ 

in olivine

[Reddy et al., 1980; Jaoul et al., 1979]. A higher value for T O gives a

smaller value for E

The trade-off between TD and E* is shown in Figure 1.	 The. curves

to the right cover a range of upper mantle temperatures and viscosities. The

curves to the left represent the seismic hand. Theories of creep and attenuation

*
predict To - E pairs. Those which fall in the areas shown are geophysically

4 11
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1

plausible mechanisms. Low values of Ta require low values for E * , As we will

show, the characteristic pre-exponential times are not the same for creep and

attenuation.

It is not simple to estimate the pre-exponential characteristic time

appropriate for attenuation in the mantle. High-temperature background damping

processes in metals give To in the range of 
10-12- 

10-14 seconds [Nowick and

Berry, 1972]. Lower temperature peaks give characteristic times one or two

orders of magnitude higher [Woirgard, 1976]. Theoretically, the times scale as

the diffusivity which is typically three orders of magnitude lower in silicates

than in metals. On the other hand, subgrain sizes and dislocation lengths in

the mantle can be expected to be one or two orders of magnitude greater than

typical laboratory grain sizes in metals. Since To 'L R2/D the characteristic

time for the mantle may therefore be of the order of 10 -6 to 10-8 seconds.

There is very limited data on silicates. For sintered forsterite with grain

size of 5 x 10-4 cm Jackson [1969] obtained 4 x 10
-13 sec for a relatively low-

temperature relaxation peak. His temperatures were not high enough to resolve

the HTB peak but one can calculate from his data that To « 10-7 seconds. The

subgrain size in olivine at 10 bars, a reasonable mantle stress, is of the

order o" 10 -1 cm [Durham e t al., 19771. The mantle relaxation times can there-

fore be estimated from the forsterite data as about 10 -8 sec. This implies an

activation energy of 58-74 kcal/mole if the upper mantle seismic absorption

band is centered at 100 seconds.

Although T is proportional to k2 for most attenuation and creep

mechanisms there are other factors which affect the characteristic tlmts.

Steady-state creep is controlled by self-diffusion of the slowest moving

species. This affects both Do and E	 E for creep, which also includes the

M
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I

energy of jog formation, is therefore greater than E * for attenuation which

need not involve self-diffusion. For a polygonized network the climb of dis-

locations in cell walls is rate-limiting but the characteristic time for creep

involves both the motion of the long mobile dislocations in the cells and the

shorter dislocations in the walls. For attenuation,the,separate population

of dislocations would give rise to widely separated internal friction peaks.

A wide separation of characteristic times can ?°,< ° ,«=fore be obtained from a

single dislocated solid.

Although there is a large uncertainty in the TO appropriate for

attenuation in the mantle the range of inferred activation energies is consistent

with diffusion control. The lower end of the range is consistent with activation

energies found at high temperatures, low frequencies and low strains in Al203

and M92SiO4 [Jackson, 1969]. These in turn are comparable to those appropriate

for interstitial drat., (Mg-Fe) or double-kink formation.

*
II.d. Estimates of To and E for ..olivine

The characteristic relaxation time for creep of olivine can be

obtained from high-temperature*laboratory experiments. The relatively low

stressr, <2 kbar, creep data satisfies

F - Aon exp(- E/RT)	 (5)

Using the Kohlstedt-Goetze data with n - 3 and E - 125 kcal/mole and the

relation

o - QG/e o	(6)

we obtain o - 3 x I.J-' to 3 x 1011 sec for the stress range 1 - 10 bars.

The low-stress data has a a2 trend. In this case 
o

 is 10-9 to 10
-10 sec.

A summary of o values consistent with the olivine creep data is given in

Table 2.. A range of activation energies is given.

h
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From the rigidity and viscosity the relaxation time of the upper mantle

is 10
10±1 

seconds, Using an activation energy of 125 kcal/mole and a range of

upper mantle temperatures from 1100 to 1300°C the inferred value for T 0

Is 10-6 to 1010 seconds. This is consistent with the laboratory creep data

for differential stresses ict the range of a fraction of a bar to about 5 bars.

The mantle 
o

 values also overlap the lower values for 
a

 determines: from

dislocation mechanisms rate limited by silicon diffusion.

The effect of pressure can be estimated from the observation that both

viscosity and Q do not vary by more than 2 orders of magnitude in the mantle

(Anderson and Hart, 1978 0 Peltier, 1979). This constrains the activation

volume to be between 4 and 9 cm3/mole. Since the activation volume of oxygen,

the largest major ion in the mantle, is about 11 cm's/mole and decreases with

pressure and since the effective activation volume depends on all

diffusing ions for coupled diffusion, the result from the mantle is consistent

with diffusional control for both dislocation creep and attenuation.

A crude estimate of the activation energy controlling attenuation can

be obtained from the observation that Q can vary by about an order Uf magnitude

over relatively short distances both laterally and vertically in the upper

mantle. Using 200° C as a reasonable difference in temperature the inferred

activation energy is about 52 kcal /mole. This, in turn,.requires a To of about

10-5 - 10-6 seconds for the attenuation mechanism.

These results support previous conclusions that both creep and attenuation

in the mantle are activated processes that are controlled by diffusion. They

are also consistent with numerous studies on a variety of materials that high

temperature creep and internal friction are controlled by the diffusive motion

of dislocations. The large modulus defect implied by the upper mantle low-

velocity, low-Q zone is also consistent with a dislocation relaxation mechatliam

[Gueguen and Mercier, 1972; Anderson and Minster, 1980). Pointaefect internal

friction peaks are generally relatively sharp, occur at low temperatures and

do not exhibit the low Q's and large velocity dispersion that characterize the

mantle and the high temperature internal friction peaks.
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III. Calculation of creep of olivine

The climb velocity of a dislocation, when both calf-diffusion and jog

formation are important is [Hirth and Lothe, 1968]

V - (41rDSDob2 /kT) exp(Ar, -,.& j ) /2RT	 (7)

We use DSD - DSi - (DSi)
o exp(-ESi/RT) since Si 

4+ 
appears to be the slowest

moving species. We assume that the material contains cells or subgrains of

diameter L. The creep equation is [Gittus, 1976]

t - K6o3W1J3 /G2kT
	

(8)

where a - Gb/L has been taken as the effective stress operating on the mobile

dislocations of length L. The parameter K is the ratio of cell diameter to

the average dislocation length, including mobile and cell-wall dislocations.

This parameter has not been measured in olivine but the ratio of average mobile

dislocation length to cell diameter is about 15 [Durham et al., 1977]. This

means that the Gittus parameter K > 15. Gittus also asr-imes that each subgrain

contains only one mobile dislocation. Equation (8) still applies if there are

more dislocations per subgrain but the K parameter would have a different

value. The strain rate increases with an increase in mobile dislocation

density but decreases with a decrease in length of the dislocations. K is

therefore a slowly varying function of the mobile dislocation density in the

subgrains. AE in equation (7) is ESD - ECD*

The calculated creep curves are given in rig. 2 using Do for silicon

and K of 29 and 15. A K of 29 fits the data. There is a direct trade-off

ft
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between Do and K. If oxygen proves to be the slowest moving species then,

with current estimates of its diffusivity, the compatible K is 8.

The subgrain structure of stressed olivine, a characteristic it shares
3

with other crystalline materials, also affects the attenuation. If we assume

that only the free dislocations contribute to the high temperature attenuation,

their lengths are

L - K(Gb/o)
	

(9)

The relaxation time then depends inversely on stress squared and, with K - 10,

the characteristic times are 10 2 greater than they would be for a uniform

Frank network. Note that the characteristic time for creep is proportional

t	 to Kr6 , i.e. very much shorter than the case for a uniform network.

'.
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a2 b kT Rn(z/b)
ep (AE* - 4E)/2RT	 (10)
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Steady-state creep data for olivine for stresses between several

hundred bars and several kilobars is well Zit by a dislocation climb model

where the strain rate is proportional to the third power of the stress [Goetze,

1978]. At lower stresses the data deviates from this relationship and approaches

a strass-squared dependency. The stress-squared dependency at low stresses is

suggested by data of Kohlstedt and Goetze [1974], Durham et al. [1979] and

Rerckhemer et a1 [1979].

The dislocation climb velocity for the case where the equilibrium jog

spacing is greater than the average dislocation length is [Hirth and Lothe,

1958].

where z is the mean free path of a core vacancy along the dislocation line

('1.4a), a is the height of a thermal jog at high temperature, k is the dis-

location length, 0SDis the pre-exponential self-diffusion coefficient (approxi-

mately equal to the diffusivity of the slowest moving species), Q is the atomic

volume, b is toe Burgers vector, a is the stress, AE is the difference in

activation energy between self--diffusion and core diffusion. Setting

a ti b ti 01/3 and writing e - pVb, we have

e 'y 4nDSDba2 /kTG
	

(11)

'i	We have used the relation Gb/R - a where G is the rigidity. Equation

(11) has the required stress dependency and an effective activation energy which

is substantially greater than the self-diffusion activation energy.
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IV.a. Attenuation

The actual physical mechanism of attenuation in the mantle is uncertain

but it is likely to be a relaxation process involving a distribution of

relaxation time (e.g., Minster, 1980). Many of the attenuation mechanisms

that have been identified in solids occur at relatively low temperatures and

high frequencies and can therefore be eliminated from consideration. These

include point defect and dislocation resonance mechanisms which typically give

absorption peaks at kilohertz and megahertz frequencies at temperatures below

about half the melting point. The so-called grain boundary and cold-work peak

and the "high temperature background" occur at lower frequencies and higher

temperatures. These mechanisms involve the stress induced diffusion of

dislocations. The Bordoni peak occurs at relatively low temperature in

metals but may be a higher temperature peak in silicates.

Even in the laboratory it is often difficult to identify the mechanism

of a given absorption peak. The effects of amplitude, frequency, temperature,

irradiation, annealing, defornL.^tion and impurity content must be studied

before the mechanism can be identified with certainty. This information is

not available for the mantle or even for the silicates which may be components

of the mantle. Nevertheless, there is some information which helps constrain

the possible mechanism of attenuation in the mantle.

1. The frequency dependence of Q is weak over most of the seismic

band. At frequencies greater than about 1 Hz Q appears to increase linearly

with frequency [Kanamori and Anderson, 1977, Minster, 1978 , Sipkin and Jordan,

19791. This is consistent with the behavior expected on the low-temperature

side of a relaxation band. A weak frequency dependence is best accomplished

by invoking a distribution of relaxation times. A distribution of dislocation
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lengths, grain sizes and activation energies may be involved.

2. Although it has not been specifically studied, there has been no

evidence brought forward to suggest that seismic attenuation is amplitude or

stress dependent. Laboratory measurements of attenuation are independent of

amplitude at strains less than 10 -6 . Strains associated with seismic waves

are generally much leas than this.

3. The radial and lateral variations of Q are our best clues to

the effects of temperature and pressure. 	 The lower Q regions of the mantle

seem to be in those areas where the temperatures are highest. This suggests

that mocw of the upper mantle is on the low-temperature side of an absorption

band or in the band itself. At a daj Nth of 100 km the temperature of the

continental lithosphere is about 200 K less than under oceans. Q is

roughly 7 timed larger under continent. This implies an actuation energy

of about 50 kcal/mole.

k. The variation of Q with depth in the mantle covers a range of less

than two orders of magnitude. This means that the effects of temperature and

pressure are relatively modest or that they tend to compensate each other.

5. Losses in shear are more important than losses in compression.

This is consistent with stress induced motion of defects rather than a thermo-

elastic mechanism or other mechanisms involving bulk dissipation.

a
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IV.b. Dislocation damping

The general expression for the characteristic time of stress induced

diffusion of a dislocation line is

T 0 (kTL2 /D0Gb3) exp(E*/RT)	 (12)

In the bowed string approximation for climb L is the dislocation length,

Do is the pre-exponential self-diffusion coefficient and E * is the activation

energy for self-diffusion. If the climb is rate-limited by core diffusion (CD)

then (Woirgard, 1976]

L2 - R4/ab
	

(13)

where k is the dislocation length, A - b exp(E j /RT)is the j og separation and

Do and E* refer to co--e diffusion. The effective activation energy is there-

fore the sum of the core diffusion and jog formation energies. If D 0 (CD) -

10 3 D0 (5D) and k - 10 3 b the To
 
for core-diffusion is 103 times that for self-

diffusion. At modest temperature, however, T(CD) < T(SD) if 
EC1> < ESD* In

general, relaxation peaks with high activation energies occur at higher

temperature and lower frequency than those with lower activation

energies. The presence of point defects, kinks or jogs along the dislocation

line changes the characteristic time.

Al estimate of the relaxation time for climb can be obtained from the

values in Table 1. We first assume that the dislocation length is the same as

the subgrain size, which in turn is related to the tectonic stress (Durham et al,,1977

L - 15 Gb/a	 (14)

-	 4



A-11-19

Using DSi and a between 1 and 10 hare we obtain TO of 1 -10-2 seconds. Neither

the self-diffusion nor the core-diffusion characteristic time can be brought

into the upper mantle seismic band with the appropriate activation energy

(Table 1 and Figure 1). The actual mobile dislocation lengths in olivine are

about 15 times smaller than the subgrain size. This reduces T o to 4 x 10-3 to

4 x 10-5 seconds. With an activation energy of 90 kcal/male the relaxation

time at upper mantle temperatures is 10 8 to 106 seconds, still wall outside the

seismic band but straddling the Chandler period. Dislocation climb in subgrains

is therefore unlikely to contribute to seismic attenuation but may contribute

to damping of the Chandler wobble.

The dislocation lengths in cell walls are an order of magnitude smaller

than in the cells. This makes a fit t-mar reduction in T O to about 10-5 to 10-7 sec.

This gives relaxation times just outside the seismic band at mantle temperatures

and 8 - 90 kcal/mole but the relaxation strength is very small because of the

limited bow-out possible for small dislocations.

Therefore, it appears that dislocation climb can be ruled out as a

mechanism for attenuation in the mantle. We therefore turn our attention to

dislocation glide.

In general dislocations glide much faster than they climb and the

relaxation time is therefore much reduced. Glide is rate limited by lattice

(Peierls) stresses or by point defects.

_.,r a gliding dislocation, rate limited by the diffusion of interstitial

defects [Schoeck,1963]

L2 . CIR2	(15)

where C  is the concentration of interstitials along the dislocation line at

sufficiently high temperature
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C  - CD SXp (-EB/RT)	 (16)

and CD is the bulk concentration of interstitial point defects or

impurity atoms and EB is the binding energy of the point defects to the dis-

location line. The diffusivity is that appropriate for the diffusion of the

Impurity or interstitial ions.

Using Do - 10-3 cm2/see and CD ti C1 - 10 3 we obtain TO of 10-6 to
10

-8
 seconds for typical dislocation lengths appropriate for mantle stresses

of 1 to 10 bars. These, combined with activation energies appropriate for

diffusion of cations in silicates give relaxation times in the seismic band

at upper mantle temperatures. The impurity content refers to that in the sub-

grains. Most impurities in the mantle are probably at grain boundaries and

therefore the grain interiors are relatively pure. The above estimate for C D is

therefore not unreasonable.

IV.c. Relaxation strength

The relaxation strength, or maximum value for Qol , is given by

2 Qol - (116VS- )pm42

for a collection of randomly oriented gliding dislocations (Minster and Anderson,

1980). In the subgrains p m - 1/R2 for a rectanglular grid of dislocations

and the relaxation strength is about 7.5% or a Q of about 26. The same

relationship holds for a Frank network in '.he cell walls but because of the

small volume in the walls the average relaxation strength is very small for

the wall contribution to the attenuation.

The relaxation strength is proportional to the area swept out by the

gliding dislocations and gives the difference between the high-frequency or low-

temperature modulus and the relaxed modulus. Gueguen and Mercier (1972) and

Anderson and Minster (1980) pointed out that the velocity and attenuation in the

upper mantle low-velocity zone could be explained by dislocation relaxation.

I .



A-I I-21

M d. ixamples ofddislogation me010tog of attenuation

The 90ster peak occurs in cold-worked =tale containing

Interstitial impurities, some of which have concentrated along the dislocations.

It occurm at high temperature and low frequency and usually gives a T o of

10-13 to 10
-14 

seconds for metals with 0, N or H interstitials. It is W leved

to bs caused by an interaction between dislocations and interstitial point

defects in the neighborhood of the dislocation (Schoeck, 1963). Witt, reasonable

choices of parameters it can explain attenuation in the mantle.

The grain boundary peak (GBP) occurs in va tals at about one-half

the melting temperature at 1 Hz. Actually, a series of peaks are often observed

between about 0.3 and 0.6 TM  The activation energies range from about 0.5-

1.0 of the self-diffusion activation energy and are higher for the high

temperature peaks. An increase in solute concentration increases the magnitude,

of the higher temperature peak (Novick and Berry, 1972]. These peaks are all

superimposed on an even stronger high-temperature background which dominates

at very high temperature. In synthetic forsterite a strong peak occurs at

about 0.25- 0.5 Hz at 1000% ['.Jackson, 1968] with an activation energy of

57 kcal/mole. At upper mantle temperatures this absorption would shift to

about 10-2 seconds and therefore would not be important at seismic frequencies.

In addition the peak is much less pronounced in natural olivine and the HTB

gives greater absorption than the GBP at temperatures greater than about 1500° C.

The GBP may be responsible for att;.z,sation in the lithosphere.

The Bordoni Peak was first identified in deformed ("cold worked")

metals ar low temperature. It is unlikely to be important at mantle temperatures

and seismic frequencies but it would be useful to know its properties for

mantle minerals since it contains information about the Peierls energy.

1 -
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The Hirth and Lothe [19681 theory for the characteristic relaxation

time gives

b2kT

T ' 
Z	

ovp(2Ek/RT)	 (17)

With nominal values for olivine the relaxation time at mantle temperatures is

10-7 seconds. Thus, this is a high frequency, low temperature mechanism.

The controlling activation energy is 2E  or about 52 kcal/mole for

olivine. This combination of TO and E* make it unlikely that the Peierls'

energy alone controls attenuation in the mantle. It rA7 be a respoAsible for

the "grain boundary" peak in olivine for which Jackson 119683 obtained T  of

10 13 sec and E* of 57 kcal/mole. The value for E k, however, is uncertain.

V. Discussion

Values of ^r, o of order 10-7 to 10-12 seconds for the upper mantle are

implied by relaxation times of 109 - 1010 seconds at temperatures of 1400-1600 K

and an activation energy of 125 *_ 5 kcal/mole. These values are consistent with

both laboratory creep data and creep in a polygonize<' network model of olivine

if the stresses are less than about 10 bars. This applies to both the a 3 and

a2 laws. If kilobar level, stresses existed in the upper mantle then the in-

ferred viscosity and relaxation times would be at least 6 orders of magnitude

lower than observed. On the other hand, there is no contradiction with

kilobar level stresses being maintained in the lithosphere for 10 6 years if

temperatures are less than about 900 K. Kilobar level stresses also shift the

absorption band to much higher frequencies.
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The same dislocations contribute to phenomena with quite different

time scales. The climb of JogXP4 dislocations is rate-limited by self-diffusion

,,:,d jog-nucleation. In sa,licates, and other materials with laigh Peierls energy,

the activation energy for creep can be appreciably greater than for self-

diffusion. At finite temperature the creep rate will therefore be slower,

and the characteristic time longer,thsn for materials rate-limited by self-

diffusion alone. The effective activation energy for creep is either 
E  

or

2E  greater than for self-diffusion, depending on whether the dislocation

length is smaller or larger than the equilibrium spacing of thermal jogs.

These two situations lead to a c 3 or a2 creep law. If the activation energy

for core-diffusion is less than for self-diffusion the effective,

activation energy/ is reduced by one-half the difference of the two. This is

a relatively small effect and appears to La negligible for olivine.

On the other hand, the glide of dislocations is controlled by a much

smaller activation energy and is therefore much faster than climb at finite

temperature. This is the case whether glide is controlled by kink nucleation

or diffusion of interstitials. Both creep and attenuation depend on dislocation

length and therefore tectonic stress. They are both also exponentially de-

pendent on temperature .although the controlling activation energies are different.

In principle, the viscosity of the mantle can be estimated from the Q.

R
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VI. Directions for future research

There is now abundant data on the high-temperature creep of olivine.

Thi, various creep theories can be tested with this data and relatively con-

fident extrapolations can be made to lower strain rates. There is no in-

consistency between the laboratory and geophysical, data. The major uncertainty

is the stress dependence and acti.vetion energy at law stresses and the micro-

structure at low stresses. The Gittus theory satisfies the laboratory and geo-

physical data. The assumpL•ion that there is only one mobile dislocation par

grain and that this traverses the grain by glide alone may need modification.

The theory also assumes that cell-walls of all orientation behave the same.

Nevertheless, the Gittus theory seems closer to reality than theories involving

climb along in Frank networks.

The calculation of relaxation times and relaxation strengths for glide

in the subgrains9 is straight forward and appears capable of explaining the

seismic attenuation data. The laboratory data for checking the theory is

basically non-existent for silicates. Low frequency, small strain experiments

on deformed and annealed singles and polycrystals at a variety of temperatures

is required. The effect of impurity content must also be studied in both

olivine and peridotite. In principal, seismic data can be used to infer

temperature, dislocation density, sv%ess and subgrain impurity content. This

paper has hopefully made the case for a new generation of geophysical experiments.
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Table 1

Material Properties for Olivine

Property Symbol Value Units

Burger's vector b 6 x 10-8 cm

Oxygen ion volume Q 1 x 10-23 cm 

Shear modulus G 8 x 1011 dy14cm2

Silicon diffusivity(l)

pre-exponential DSi 1.5 x 10-6 cm2/sec

activation energy ESi 90 kcal/mole

Oxygen diffusivity 
(2)

pre-exponential Dox 3.5 x 10-3 cm2/sec

activation energy Eox 89 kcal/mole

Mg-Fe diffusivity (3)

pre-exponential
DMg

3.4 x 10-3 cm2/sec

activation energy
EMS

47 kcal/mole

Sub grain size +

Dislocation length K' 15 --

Kink energ;1`4) Ek 26 kcal/mole

Jog energy (5) E1 35 kcal/mole

(1)Jaoul et, al., 1979

(2) Reddy et al., 1980

(3) Hisener, 1974

(4) Stocker and Ashby, 1973

(S) From creep data
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Table 2

Summary of Experimental 
o

 Values

Consistent with Kohlstedt-Goetxe Creep Data

a3
-law
	

Stress

1 bar	 10 bar

*	 120	 3 x 10-5 sec.	 3 x 10-10 sec.

(kcal/mole)	
125	 0.7 x 10-g	0.7 x 10-10

135	 0.35 x 10-9	0.35 x 10-11

a2-1aw

120	 3 x 10-11	 3 x 10`12

125	 0.7 x 10
11
	0.7 x 10-12

135	 0.35 x 10-12	 0.35 x 1013

125 kcal/mole is experimental activation energy

F
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Figure Cap lion

Figure 1.	 Pre-exponential T0vs. activation enemy combinations that

satisfy the seismic data (left) and rebound data (right) for a range

of upper mantle temperatures.

Figure 2.	 Creep ici polygonized olivine for several values of K. data from

Kohlstedt et al. (1976) .
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Abstract

The dislocation microstructure of mantle materials can account

simultaneously for long term steady-state creep, and for stress wave

attenuation at seismic frequencies. 'rho hypothesis that a single micro-

structural model explains the rheology for characteristic times rangi ►xg

from 1 to 10 10 seconds can be used to restrict the class of permissible

Theological models for the mantle. We review steady-state dislocation

damping models in order of increasing complexity, and reject those which do

not satisfy laboratory data or geophysical constraints.

This elimination procedure leads li7 to consider an organized micro-

structure, in which most dislocations are found inside subgrain X*, i,	
.,

The cells contain relatively few dislocation links. These are ,free to bow

under small, i.e. seismic, stresses. The time constant of this mechanism

is controlled either by the diffusion of kinks or of point defects bound to

the dislocation line. The glide of intragrain dislocations explains the

magnitude and frequency range of seismic attenuation. Steady state creep

is governed by recovery through climb and annihilation in cell walls. Under

conditions of jog undersaturation, clinic is controlled by ;jog ,formation

addition to self diffusion, and the model requires a higher creep activation energy

than for self-diffusion, In agreement with observations on olivine. Quantitative

agreement with laboratory data is achieved if the density of cell wall dislocations

is one to two orders of magnitude higher than the density of intracell dislocations.

Self-diffusion is probably controlled by silicon diffusion at low pressure and

by oxygen diffusion at high pressure. The long term tectonic stress is the

dominant factor which determines scale lengths; as a result, the total strength

of the relaxation associated with bowing of intracell dislocation links is

fixed by the geometry and is of the order of 10%. This limits the width of

3
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iii

the seismic absorption band to 2-3 decades 
in 

frequency for each mantle mineral.

The actual position of the seismic absorption band to determined primarily as

a result of a tradeoff between temperature, prea gure and tectonic stress.

This model provides a physical framework within which Q and viscosity

are related via the dislocation microstructure.
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Glossary of Symbols

a exponent foi	 f r i ,% , !nc.y dependent Q

b purgers vector

pd
geometrical constant

c^ Jog concentration

C normal i zc► tion constant

d climb distance for annihilation

D, Do diffusivity and preexponential diffusion constant

DOQ diffusion constant for attenuation

Dos diffusion constant for self-diffusion

D(T) retardation spectrum

Y( ►►)) attenuation coefficient

A relaxation strength

l;m	
< C	 < CM activation energy and range

E 
activation energy for attenuation

E activation energy for self--diffusion

E jog formation energy

E 
kink formation energy

AE difference between bulk and core diffusion activation energy

V. ,	 a strain and strain rate

,J(t) complLance response

i u unrelaxed compliance

T r relaxed compliance

si compliance defect

K, Km , K S microstructural :scaling constants

. A

j



v

k	 Boltzmann constant

k(w)	 complex wave number

i, f	 dislocation link length, and average

L, L	 subgrain size, and average:

critical	 length for multiplication
C

A scale length for dislocation drag mechanism

A
scale length for vacancy diffusion

A mean free path of dislocations

11 rigidity

n 
number of lattice spacings between cell wall dislocations

w f req uency

Sl atomic volume

R
vacancy volume

1) ( it ) 	 p(C) probability distributions

N pressure

'V(t) creep function

Q0") quality	 ractor

R gas constant

IZ radius of curvature of dislocation linty
C'

r dislocation spacing in cell walls

r l ,	
r 

inner and outer elltof f radi l	 for vacancy diffusion

►► tonal (sancared)	 dislocation density

Fa n density of nxabtle dislocations

►'w density or dislocations composing cell boundaries



vi,

ci s	seismic (transient) stress

o,y	tectonic (steady state) stress

T	 temperature

to	time for multiplication

T	 retardation time

to	 preexponential retardation time

Tm, TM	
limits of retardation spectrum

T	 Maxwell time

V, Vv	dislocation migration (drift) velocity

Vp (u►)	 phase velocity

Vu , V 	 unrelaxed and relaxed phase velocities

V	 activation volume

z	 mean free path of vacancy :along dislocation core

Subscript index

NH	 Nabarro-Herring diffusion

TG	 intragrain recovery mechanism

ru	 dislocation pile-up mechanism

cw	 cell-wal.l recovery mechanism

sq	 crz creep Law
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INTRODUCTION

It is probable that steady-k, tate creep in the mantle is controlled by

dislocation climb (Weertman, 1970, 1972; Goetzo and Brace, 1972; Green and

Radcliffe, 1972; Goetze and Kohlstedt, 1973) and is therefore limited by the

slow process of self-diffusion And, possibly, jog nucleation. On the other

hand, df-•location motion at short times and under very low stress is probably

due to glide and is rate limited by faster diffuaional processes involving

small point defects or kinks (e.g., Simpson and Sosin, 1972). This has led Gueguen

and Mercier (1973). and Anderson and Minster (1980x) to propose diffusion-controlled

dislocation bowing as nn attenuation mechanism for seismic waves in the mantle.

There is therefore o possible close connection between seismic attenuation and

viscosity via the dislocation structure of the mantle.

In this paper we develop a simplified physical model which allows us to

bridge the vastly different time scales and strains involved in steady state

creep and anelastic behavior. The fundamental assumption is that the micro-

structure of mantle grains is controlled by long-term processes and is there-

fore statistically time invariant, and that mobile dislocation links are free

to bow by glide under small transient stresses. The long-term, large strain

deformation is controlled by climb, and therefore by self-diffusion and jog

formation. The small inelastic strain associated with bowing of mobile dis-

location links leads to stress relaxation and consequently to attenuation of

stress waves. Although greatly simplified, the formalism is quite general

and can accommodate a distribution of grain sizes, 	 dislocation link lengths

and activation energies.	 The detailed analysis will be

carried out for a physically plausible and geophysically interesting family

of such distributions. The necessary scaling relations are given in section I.

f ^tr
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We then develop a formal theory of attenuation by diffusion-controlled

dislocation bowing, and provide the r4Ncessary results to analyze absorption

bands with a mild frequency dependence of Q. In section III, we presont

a sequence of creep models of increasing complexity, and recast all results in

terms of Maxwell characteristic times. This permits us to test the various

models against quantitative observational constraints as well as to impose the

necessary constraints for self consistency. This is done in section TV

for creep models as well as attenuation models. We show that quantitative

agreement with laboratory data and geophysical observations can be achieved

simultaneously for both aspects of the rheology if the microstructure presents

a fairly high degree of organization. The preferred creep model is a generali-

zation of Gittus' (1976x) model. The width of the absorption band is probably

associated with a distribution of activation energies and/or 	 dislocation

link lengths.

I. SCALING LAWS

Although there is abundant evidence that mantle minerals contain many

dislocations (e.g., Raleigh and Kirby, 1970; Green and Radcliffe, 1972;

Ooetze and Koh1stedt, 1973), the actual microstructure under mantle conditions

is uncertain. Plausible assumptions can be made, however, since the bulk of

mantle material has remained under 4 	 2
quasi-con..,tant low stress (1-10 bars)

over long times (?10 6 years). In view of the high temperatures and pressures,

we can assume that the dislocation microstructure of mantle minerals in situ

is that pertinent to high temperature steady state creep.

The substructural characteristics associated with high temperature steady

state creep have been observed for a wide variety of materials. Summaries of
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the most significant properties show that they are remarkably similar From

material to material (e.g., Muknerjee at al., 1969; poirier, 1976; Takeuchi

and Argon, 1976a; Durham et al., 1977). By comparison with laboratory results,

and in view of the supporting theories tf Gittus (1976a,b), we shall assume

that most dislocations in the mantle are associated with cell walls of sub -

grains, and that the subgrains contain only a few dislocations, with no tangles

nor pile-ups. We shall further assume that these few free dislocations may he

strongly pinned at isolated points, and that the segments between pinners can

bow-out under low stress. Under larger stress multiplication may take place,

either by glide (Frank-Mead sources) or climb (Bardeen- Herring sources).

The problem of superposing a low level transient (seismic) stress on a

much larger steady (tectonic) stress is quite complex. Because of the very

different time scales involved,the problems can be decoupled to first order

and we shall assume that the transient is actually superposed on a static,

"equilibrium" configuration of internal stress.

Further specification and simplification of the model can be achieved by

use of empirical scaling laws; namely (e.g., Mukherjee et al. 1969; Takeuchi

and Argon, 1976x);

1) The average subgrain size is inversely proportion to the (tectonic)

stress

L/b a N/aT
	 (1)

where b is the Burgers vector and p the rigidity.

2) The dislocation density within subgrains is proportional to the square

of stress

b2 Pm M (aT/O 2
	

(2)

Here we have identified intragrain dislocations with the mobile dislocations,

of density pm . Comparison of these two scaling laws leads to

n h
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b 2pm _ %2 (b/E) 2 	C^)

The observations of Durham cwt al. (1977) on laboratory deformed olivine

lead to a proportionality constant Km of the order of 10, although this value is

quite uncertain. Since the volume of subgrains is proportional, to E3, this

implies that the length of dislocation line per cell is proportional to the

cell dimension L. We may assume that this statistical scaling law holds

locally in the sense that it holds in a neighborhood which is very large com-

pared with the cell size but very small compared with the averaging length of

a seismic wave.

If p is the total dislocation density, then we may write

P ^ 
p m + P 
	

(4)

where p  is the density of dislocations composing cell walls. For materials

which show a strong degree of organization, p  may be over an order of magnitude

greater than p m (e.g., Takeuc:hI and Argon, (1976a),and thus is a good approxi-

mation to the "smeared" dislocation density, in the sense of Holt (1970) and

Gittus (1976a,b). On the basis of theoretical and observational consideration,

these authors argue that a relation similar to (3) holds for the smeared density,

in the form

b2p — K 2 (b/L) 2
	

(5)

Observations on metals point to values of K ranging from 10 to 20, but

higher values may be expected theoretically for materials with a higher Peierls

energy (Gittus, 1976 a,b). Consistency between the three equations (3)-(5)

requires that p m and p  scale with grain size, and hence with stress in a

1*
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similar way. Further, p  is an order of magnitude larger than pm if K	
3

is only three times greater than Km.

Although most of the preceding considerations are based on observational

evidence on metals, the observations of Durham and Goetze (1977) and Durham

yet A.I. (1977) indicate olivine is no exception. Of course, detailed description of

the microstructure involves many complications, so that the present model must

be taken as an idealization. Our purpose is to test some of its consequences.

II. DIFFUSION-CONTROLLED DISLOCArON DAMING

1)	 Retardation_ spect^CUm

The most commonly — and most successfully -- used model of dislocation

damping is the classical Koehler -Granato-Locke model (Koehler, 1952; Granato

and Lucke, 3:x56). This is u string model for a dislocation strongly pinned at

both ends, .tod we use it as a starting point. A recent treatment of the

problem at low frequency, where inertial effects can be neglected, is given by

Simpson and Sosin (1972).

We may write the force balance equation for the string model of the dis-

location line in the form:

asb - ub 2 /2Rc - VkT/AD = 0
	

(6)

Here as is the applied (seismic) stress, R  the radius of curvature, and V the

migration velocity (fig. 1). A and D are a scale length and a diffusion

coefficient which are characteristic of the particular viscous drag mechanism

considered. Since we treat the problem as the superposition of a transient

(seismic) stress on an equilibrium state, R  and V Cake the values which

corresr ..,nd to equilibrium with as . For small bow-out (6) reduces to a diffusion

equation, and solutions have been derived by Friedei et al. (1955), Weertmann

(1955), Schoeck (1963), and numerous subsequent authors.
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For a link of length l', strongly pinned at bath ends, the anelastic

strain due to bow-out is given by

C(t) - e(•) [I_exp(-t/T)1	 (7)

which is the classical result for a standard linear solid	 where the re-

tardation time is

T • 2t2 k7'/w2)jb 2 XD
	

(g)

If we introduce the steady-state drift velocity VD of an infinite dislocation

line under the applied stress os,

T^ 72 ""u b D	 (9)

which is also of the general form

T : T  exp[EQ*/RT)

(10)

To s A(T) V/DOQ

Here E Q * is the activation energy for this attenuation mechanism, and DOQ is

the preexponential diffusivity factor for the controlling diffusing species.

A distribution of retardation times can be achieved through a spectrum

*
of preexponential factors T  and/or a spectrum of activation energies E 	 It

is well known (e.g., Nowick and Berry, 1972) that a localized distribution of

retardation times, with a spectrum decaying rapidly away from a dominant value,

can be replaced for most purposes by an effective, single mechanism. In such

t .
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cases, the essential characteristics of the medium do not differ drastically

from those of a standard linear solid.

It in more useful, for our purposes, to allow for the possibility that a

broad spectrum of retardation tames is available. We have suggested previously

(Anderson and Minstor,1980a. Minster and Anderson, 1980) a normalized density of the

form

D(T) . as a T1 1a Il(T-Tm) H(TM-T)
TM m

Among the many possible physical models which entail the distribution (11) we

shall consider two extreme cases:

1) A distribution of lengths with probability density

p (t) . Ct Z201-4	 ; tmc. t < tM	 (12),

where C  is the normalization factor.

2) A distribution of activation energies with probability density

p(E*) m CE exp [aE^l	 } Sm K E* < EM	 (13)

where CE is again a normalization £actor.

The general case clearly consists of a simultaneous distribution of lengths

and activation energies. In his discussion of the problem, Macdonald (1963) also

considers ,juxtaposed intervals in 'r with different values of a.

As we shall see shortly, the nonlocal character of the absorption band

associated with the spectrum (li) is only significant for small values of a.

The richest variety of rheological behavior is observed in the range

(11)

I a
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a E 1 -1,11; in the remainder of this paper, we confine our attention to this

range. Note, however, that the limit a + o must be taken with some ca ge, and

results for this case will be given separately.

The cutoffs T  and TM
 
are taken here as phenomenological parameters to

be constrained by the physical model. Since the actual behavior of the spectrum

outside the range ITm ,TM J is immaterial for our purposes, as long as p (T) decays

rapidly away from this range, we have assumed sharp cutoffs. Localized spectra

can be conveniently simulated by taking a narrow range, Tm w T M, irrespective

of (3.

Let J  be the unrelaxed compliance of the material, and U be the

compliance defect. `i"hce compliance response is then

J(t) • i U + si gt) . J u (1+A ► Wj
	

(14)

Here V(t) is the normalized creep function and A the relaxation strengt;a. The

medium is anelastic, that is,undergoes time dependent, but linear and recoverable

strain response to an ;applied stress (Nowick and Berry, 1972; Minster, 1979).

The complete ranelrastle behavior of the material under low stress can be described

in terms of A and q),

2)	 Relaxatioq Atre ng,0j

The compliance defeat 6J depends on the total area swept by mobile dis-

locations as they bow out, as t 4 -. The. calculation is a classical one (e.g.,

Fri.edel. et al. , 1955) and yields

A - B mf - tI p(f) de
d Z o
	 (15)

Here p m is the density of mobile dislocations, p(t) the density function of the

link length distribution, and k the average link length. 0 d is a geometrical

..
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factor which depends on the orientation and geometrical arrangement of the

dislocations. For cdge dislocations which may only glide, and are all optimally

oriented 
0d

1* 1/6. If they are randomly oriented 
Od 

drops to 116r5. If they are

allowed to bow by climb as well as glide, 
sdu 

IT/6 15.

.,ctually, the averaging should only take place over the possible orienta-

tions of the glide planes (Friedel et al., 1955; Simpson and Sosin, 1972). For

our purposes, approximate estimates are sufficient. Evaluation of (15) leads

to the following results:

a) Case of a distribution of activation energies

^d Pm 
jz
	

(16)

It may be noted 6,:t this result is the correct one whenever the distribution

of lengths is highly localized. Whenever the separation of mobile dislocations

is comparable to the length Z (e.g., Frank network), the relaxation strength

is about ^% for glide, and 11% if climb is permitted as well.

b) Case of a broad distribution of lengths,t m << t
M

We find in that case if a is sm:a,l

N 3-2a e	 (17)
2-2a m

and we may distinguish three cases, according to the sign of a:

a< o	 A= -4 (1-a)3
	

R P 72
	 (18)

a(3-2ad m

a=o	 A = 9LnL
M
	0p Z2	 (19)

m

t



a > o	 A	 L 1l-a	

I2cr

a (3-2a) 

(IMM-)

0dpmZ2

	
(2Q)
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Comparison with (12) and (17) indicates that the relaxation strength is dominated

by the more numerous shorter links if a is small., and that it increases rapidly

with a. This is in agreement with expectations since an increase in a leads to

relatively more abundant long dislocations. Note that in equations (16)-(20)

we can use the scaling law (3) in the form

12	 Km^ 
2	

(21)

which illustrates more precisely the effect of than microstructure. If the link

length scale:; linearly with subgrain size, then a spread in the distribution of

lengths tends to increase A toward values greater than the 10% predicted by (16).

If the link length T does not increase with 1.., then the material tends to be

underpopulated in mobile dislocations and the modulus defect is rather small.

3)	 Creep function

The normalized creep function is given by

p(T)dT
	

(22)

0

With the decasity (11), evaluation of the integral yields

t)	 l	
ixtcx

^( ft_ (x
TM	 T 

[r 
(a TM / 	

Tm 
/

(23)

'I	 where P is the tnromplotr gammn function. This expression possesses a proper

l mi.t ;as (x > 0, which can be expressed in terms of exponential integral functions:
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y► 	 (t)	 1.
	

El	
t.

a-00- 
Ki	

t /

	
(24)

a-	 Ln6MAM)	
Tm	 - IN r

in the limit of a narrow spectrum (t m N I M), ve get the case of a standard

linear solid, which does not require elaboration. 	 In the case of a broad

spectrum (rm << 'N), the creep history is best characterized in terms of three

successive regimes.

a) Short time	 t << It

For such short times, none of the dislocation segments has relarmd.

We find

a < o	 01	 t	
(25)

m

a a	 V► Ct) ^' Ln(T 7V7) 	 ,gym	 (26)

a
a	 o :	 q)(0 ,., y_-	 r"'	

c:	
(27)  

i'i	 in

This linoaar time dependence	 implies Newtonian behavior for small time. It

Is of interest that the normalized creep function Vi depends on the width of the

spectrum in ( 26 ) and (27), but does not to (25), for which the density of long

retardation	 times Ls much smaller, If we consider tlae combination Air, this

remains true in tine case of a distribution of activation energies (eq. 16).

On the other hand, combination of eqs. (18-20), and (25-27) show that irres-

pective of a, Aq) depends only on t
m 

for small times if the spectrum is due to

a length distribution. 'Phis .lar• t result could have been anticipated since only

the shorter 'links can react on this time scale.

b) 'rraansiti.on.![ R!W1.1E1 	 Ifna ': 
t	

IM

During this interval, more and more dislocation links reach their final
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equilibrium position. As a result we expect this regime to be one of strain

hardening. The dominant terms are, according to the sign of a:

a
a < o	 l"(1-a) ^ t—̂-^	 (28)

m

CA = o 

	

Ln(TM/ aaaa) 

IC

l,n Tm

	

(29)

where G is Culer's constant

a> o	 "1"
1
l t 

a	

(30)

T M	 Tm,

These are reminiscent of various transient rheologtes which have been observed

oil 	 materials. Once more, we note that A^ is independent of the width of

the spectrum if (18)-(20) are used, as opposed to (16). And again we note the

influence of a oil 	 rh€aology. For a negative, strain hardening is very rapid

and the anelastic strain rapidly approaches an equilibrium value. For a positive,

the higher density of slow retardation mechanisms is felt for times much longer

than 
Tm 

kind inelastic strain continues to grow as a power law. The intermediate

value (x = o yields a logarithmic creep law.

C) "tong time" regime	 TIII <^ • a M « t

Mr such Long times, all links have relaxed to their equilibrium, bowed

position. the normalized creep function is exponentially close to unity in all

cases. This stage is reached when all dislocation segments have reached the

same equilibrium radius of curvature. This radius may be smaller than 0.5 tM,

aowever, for high enough applied stress. In that case, an equilibrium con-

figuration	 is never reached because" the longer links begin to multiply and

this gives rise to unbounded plastic strain. We shall return to this point

later.

I w
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1

4)	 Attenuation troaertics
y
t

In the frequency domain, the anclastic properties described above give t

rise to an absorption band with fairly simple properties. The basic concepts

are found in Liu et al. (1976), and have been recently reviewed by Kanamori

and Anderson ( 1977) and Minster ( 1979). Let Vu be the unrelaxed high- frequency

wave velocity; the complex wave number is then given by

W2	
1	

M

+	 aA	 IM	 dT	 (31)

u

k2 (w) 	_^
	

IQ ^ a J	 ti l-a(l+ia)T)
- m

T n
►

which may be represented in terms of hype► rgeometric functions. As 8110%a by

O'Connell and Budiansky (078) an unequivocal and convenient definition of the

quality factor Is

Q(w) _ - lie [k 2 (w)) / 1n► [k ? (w) J	 (32)

Although no simple analytical form can be derived for Q(w), asymptotic expressions

can be obtained fairly easily in the various regimes already mentioned. In the

Limit of -I 	 narrow spectrum, the absorption band reduces to the classical

Debye peak. For at broad spectrum, we consider three frequency bands.

a) Long peri ods WT " WT  " 1

l-hcx	 1.1.1 
n	 r,	 Q(m) N - a
	 A	

(1-M)Q ((jjTM) -1

m

r

lY = o t (Q(w)	
1A	

n ^M _ l (wTM>-1
n►

a u	 Q(w)	 1-+a I A (wrM) - 1

(33)

(34)

(3S)
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Q(w) is found to increase linearly with period, the classical behavior of the

long period side of an absorption band. For monochromatic waves at such

periods, all dislocation links bow out to equilibrium and the medium exhibits

relaxed elastic behavior, with phase velocity

V  't, Vu / 1+A
	

(36)

b) Absorption band 
WT  

« 1 « 
WT 

Asymptotic approximations are more laborious to derive in this case. We

f iiad

a < n	 Q(w) ti cot'" 2n 
_ 1+A cos a ► /2 (WT 

M
) a)	 (37)	 .

T

a o	 Q(w) n, 
lAA 

,,a Rn TM - n RnwTM	(38)
m

a > o	 Q(w) - cotan 
air + 1 cos air/2 

(wT ) a	(39)2	 A	 art/2	 M

Depending on the sign of a, Q(w) decreases or increases as w a. With a = o

Q is quasi-independent of frequency; this assumption is often used in seismology

(e.g., Liu et al., 1976; Anderson et al., 1976; Minster, 1978a,b). A mild fre-

quency dependence such as predicted by (39) has also been suggested by various

authors (e.g.,Jeffreys, 1970; Jeffreys and Crampin, 1970; Macdonald, 1961, 1963;

Anderson and Minster, 1980a,b; Strick, 1970).

It is interesting to note that there is little generality to be gained

by letting a take values outside the range [-1,1]. A power law dependence of

Q(w) on w still holds, but Q(w) cannot vary faster than w or w 1 within the

framework of linear models such as the present one. Thus, a sharp drop of the

relaxation spectrum is difficult to distinguish from a simple cut-off insofar

as the absorption band is concerned.
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Tile physical dispersion Is obtained from the definition

k(w) xx Vp )
	

'" ty(w)	 (40)

where Vp (w) is the phase velocity and y(w) the attenuat;ton coefficient.

Asymptotic results are conveniently derived only if Q(w) >> 1, i.e., in the

low loss approximation. We have then

a < o :	 Vp(w) — Vu 1 - 2 + 2c otan 	n2 Q-1 (w)	 (41)

a	 o :	 Vp(w) — Vu [l + (Yr1nwT M) -1 Q-1 (w)1	 (42)

a > o :	 V (w) — Vu ^1 - 2 cotan 
2^ 

Q-IM 	 (43)
P

Thus, for a + o, the phase velocity varies as a power of frequency, whereas

a = o yields the classical logarithmic dispersion.

c) High Frequencies	 1 << w'r m << wTM

At high frequencies, none of the dislocation links reach their relaxed

equilibrium configuration. Little anelastic strain takes place, and we have the

following limiting behavior:

a < o	 Q(w)	 - 1-01 U^T^11
	

(44)
aA

a = o :	 QM	 An(TM /'rm )	
wT	 (45)

A	
m

a

T
a > o	 t2 (w)	 rIII

]\ m

Once again, comparison with (17)-(20) shows that these limits are independent of

the distribution of lengths when such a distribution controls the absorption band.

This is consistent with our discussion of ^(t) for short times. On the other

(46)
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hand, the width of the band voters (45) and (46) explicitly when one considers

a distribution of activation energies instead. The linear increase of Q with

frequency is characteristic of the high frequency side of an absorption band,

Vp(w) Asymptotically approaches Vu in that iimit.

These properties are summarized on figure 2 which depicts three absorption

bands with a - -0.25, 0, and 0.25 respectively, as well as the associated dis-

persive characteristics of the medium.

The so-called high temperature background internal friction in crystalline

solids possesses the general characteristics derived above for intermediate

and high frequencies (e.g., Minster, 1979). There is therefore a suggestion

that laboratory frequencies are on the high frequency-low temperature aside of

an absorption band of the type discussed here. A similar relationship appears

to hold In thethe upper mantle at seismic frequencies (Anderson and Minster,1980b).

Since an investigation of attenuation as a function of temperature depends

critically on the activation energy, we deter discussion of these aspects until

a specific physical nuxiel is	 discussed.

111. STEADY STATE RHCOLOGY

1)	 An idealized micros tructural mod ol.

For a given applied (tectonic) stress u  the equilibrium radius of

curvature of the dislocation lines Is obtained by solving (6) in the static

limit

Re = lib / 2 o T

Links with lengths .e , l'	
c`C 

= 212 bow beyond a semi-circle and thereafter multiply,

either through a Frank-head mechanism, if glide only is permitted, or a Bardeen- 	 I 

Herring mechanism for glide plus climb. A crude estimate of the time required

(47)

.,

..
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for multiplication is obtained by considering the mid-point of the link, and

assuming that the link is a circular are at all times during bowing out, then

f ^/2
tu (,i^) J V-1

(x) dx
0

where V(x) is obtained by solving (6) for this geometry. The solution takes

the form

thM	 ^V`, f(^/tc)
D

where

f 	 2 + Ln	 Z(X-1	

V
+	 1	 tan-1	 x-1-	 (50)

^W-1

Figure 3 is a graphical comparison of the relaxation time (9) and the multipli-

cation time (49) under the same applied stress a - a s = aT .	 It illustrates

the region of validity of the inelastic theory developed in the previous section.

For sufficiently large stress, Cc is Shorter than some or all of the mobile

;.inks. These links multiply on a time scale t 
P 
M and we have non-recoverable

plastic strain. The function f(x) has a minimum for x - 1.66; thus links with

Z -.1.66 .e
c; 
are the first to multiply. It is reasonable to expect that they

will dominate the distribution of lengtlis in the long; run since they are associ-

ated with the most efficient yielding process. According to this argument, we

expect

1.66 Pb /n,l, ^
	 M_
	 (5l)

vie remarkable agreement with the observations of Durham et al. (1977) is

undoubtedly fortuitous, but nevertheless gives some credence to this simple

(4g)

(49)

a
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argument.	 it is noteworthy that this only differs slightly from the

results of Takeuchi .arid Argon (1976b), which involve much more sophisticated

modeling techniques.

observations of subgrain dimensions in olivine compiled by Durham at al.

(1977) are well fit by a relation of the form

L wK A
s O'r
	 (52)

with Ks in the range 15 to 50. When combined with (51) and (3), this yields

a constant KM 
i ►► the range 9 to 30. Under mantle conditions we may speculate

that ti ►e material has been annealed over a vary long period of time, so that

intragrain dislocation density may be somewhat .Lower than in laboratory samples,

and the degree of organization higher. 'These factors conspire to decrease the

estimate of Km , so that Knt ,- 10 may be an appropriate value, especially in view

of the uncertainties involved. Thus emerges a microstructural model involving

subgrains of dimension G 20 f
c 
containing rather few mobile dislocations of

mean length T — 2.pc .	 A11, lengths scale inversely with the Iona term tectonic

stress 0T' 1f most dislocations are to be found in cell walls so that p w in

equation (4) is indeed over an order of magnitctde greater than pm , then we must

take the constant K in equatton(5) to be greater than 30. We now explore the

consequences of this highly idealized and simplified microstructure for various

creep mechanisms.

2)	 Creep mechanisms.

A convenient method of co!tiparison of rheological mechanisms is through

their characteristic times, For steady state creep we consider the Maxwell time

r - 0T / 11e
	

(53)

a
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where a is the attain rate. Reviews of possible creep mechanisms are p:ovided

by Weertmann (1970), Stocker and Ashby (1973) and Poirier (1976). For our

purposes we shall compare three basic mechanisms: diffusional creep, dislocation

creep controlled by intragrain recovery, and dislocation creep controlled by

cell wall recovery.

For diffusional creep we use the Nabarro-Horring creep equation in the form

As oTR

cNH CNH U kT

so that

(5G)

kZTNH = CNH(QT
kTb2 exp [Es/RT]

u uos s2
(55)

Here we have assumed the cell walls to be efficient sources and sinks of

vacancies. Dos and Ea are the preexponential diffusivity and activation energy

for self diffusion, and Sb is the atomic volume. C NH is a constant of order 20

(Stocker and Ashby, 1973). This equation is easily generalized to include Coble

creep.

For dislocation creep models we invoke the simple form of Orowan's

equation discussed by Poirier (1976). At steady state, the hardening rate is

exactly balanced by the recovery rate and the strain rate is expressed by

e - P III	 d V

	
(56)

Here A is the mean free path of the dislocation; d is the distance covered at

the rate controlling speed V. Most models assume that V - V c , the climb velocity,

and d is the distance covered by climb.

ft
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Takeuchi and Argon (1976b)have proposed a model where Slide and climb

are equally difficult, due to the drag of a Cottreli atmosphere by edge segments.

in that case the moan free path A to about equal to the critical length Z and

so is d. An upper bound to the creep rate, and thus a lower bound to the Maxwell

time is obtained by taking V - V c , and we may use (e.g., Hirth and Lothe, 1960)

V	
2nvT0v Dos exp 1-8 /RTJ

C	 kT
	

AV

Here Stv is the volume of a vacancy, and A  is a scale length associated with

vacancy diffusion, of the form

X  b Rn(r 2/r 1 )
	

(58)

where r  and r2 are inner and outer cutoff radii (e.g.; Hirth and Lothe, 1968;

Takeuchi and Argon,1976b; Poirier, 1976). Typical values of the ratio r2/r1

for intragrain processes are of the order of 10 4 , and the Maxwell, time is found

to be

rlti C1CT^
	 u Dos Q

O 

2 kT b 2 exp [F/RT)	
(59)

which is of the same form as (55), but where the constant Clf, is now of order

unity. This mechanism is thus more efficient than the generalized Nabarror

Herring diffusion. The estimate (59) may be decreased further by N 
A 

if

glide is somewhat easier than climb and the mean free path of intracell dislocations

is longer than i. But in that case we rapidly reach the point where many, if

not most dislocations actually collide with Cell walls. 	 Then a more appropriate

model is one where recovery in subgrain boundaries plays a specific role. Such

models have been reviewed by Weertman (1972) and by Poirier (1976), and a brief

J

(57)
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discussion is given by Minster and Anderson (1980). For Weertman's (1972) model
w

with dislocation pilo-ups, the Maxwell time ar pu is given by (59) where the

proportionality constant is replaced by

Cpu * 1/0.006Ka 3
	

(60)

Alternative models have been proposed which yield a stronger stress dependence

of the creep rate, however, so noted by Weeartman (1972) and Poirier (1976) they

usually stem from ad-hoc modifications of the o 3 creep law which arise naturally

under minimal assumptions. A model which involves explicitly the microstructural

constant K is that of Cittus (1976x). ilia following is a simplified treatment of

it, adapted for our purposes.

'rhe mean free path of mobile dislocations is bounded from above by the

subgrain size E. in the limiting case where recovery takes place exclusively

by climb in cell walls, we actually take A . L. The mean separation between

dislocations in cell walls is rw = G/K2 , and Gittus (1976x) gives the following

expression for the steady-state creep rate

C = -	 / 
doe - - 

Vc / OrwNO

'Phis is equivalent to (56) if one notes that for each length T, of dislocation

entering the cell walls .after swvel)ing the cell cross section, annihilnti,on

required to keep a constant density in the wall takes place by climb over a

distance

d	 6rw K rw /i. "	 (61)

In addition, climb in the cell wall:; may Cake place under conditions of jog under-

saturation in vacancies (e.g., Fri.edel, 1964; [firth and Lothe, 1968); In that case,

(58) must be replaced by (e.g., Poirier, 1976)

Av — tar b e i ^ 1 , 2-n b exp [E 
/RTJ	 (62)
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where c  is the Jog concentration along the dialccatLon line and 91 is the

,jog formation energy. The Maxwell time is found to be

 k 2 k	 exp C g 	1 (63)
cw	 cw (a,f 	h" %

a
"v

where Ccw N 3/K4 . Cell wall raeovery is therefore a more efficient mechanism,

and is a high temperature mechanism since it possesses a higher effective

activation energy.

In the cell wall model of Gittus (1976x) the force causing climb is

associated with the self stress of the boundary network. Climb takes place

so as to shorten the total dislocation length of the boundary and thus reduce

the energy of the boundary. In this ease, a we, must be replaced in (57) by

ub/2rw . This mechanism is the more efficient one when

b/2rw > a,f/ ►e
	

(64)

This constraint is satisfied for K2 > 2Ks . In that case, the estimate (63) for

the Maxwell time remains valid, with a new value of the constant

C
cw 0^ s

2K 3/K6K 
m 

2

	

(65)

`rhe expression ( 57) for the climb velocity must be modified somewhat when the

contribution of core diffusion is taken into account and when the wall dislocations

are straight, with few geometrical ;jogs. In that case, the 	 appropriate

expression is (e.g., Hirth and Lothe, 1968, p. 528)

	

V	 4n OTSIv	
pos 

exp [-(E *+ G^ - eE* /2) /RTI	
(66)

	

V 	 ' 	 r
b kil 6/b)
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Here, AE* is the difference between the activation energies for bulk diffusion

and core diffusion, and z is the mean free path of vacancies along the dislocation

line

z N b il 2 exp CAE*/2RT)
	

(67)

*
Expression (66) holds when jog spacing is larger than 2, that is when E  > AE /2;

in other words, it assumes undersaturation. It is easy to see that use

of (66) yields again a Maxwell time of the form (63), although the activation

energy is somewhat smaller. The constant C cw is not very different from (65);

Ccw	 21 ► Ln(z/b)Ks 3 /K6Km2	(68)

All the mechanisms considered so far (eqs. 55,59 ,63) lead to Maxwell times

proportional to aT-2; in other words the creep rate, e, varies as a T 3 in each

case, and the main sources of variation among these models lie in the different

constants and activation (- ,)ergies. A significantly different behavior obtains

when the Cittus cell. wall model is adopted and climb is controlled by double jog

nucleation. Indeed, in this model, the dislocation segments in the cell wall

networks have a length r  which may be shorter than thermal jog separation.

In that case the climb velocity (66) must be multiplied by r wcj 1b !Hirth and

Lothe, 1968, p. 528), and ax 2 dependence of the creep rate results (Minster

and ;aderson, 1980). Note that this circumstance implies a high activation

energy, and that T is only proportional to a T-l . One might therefore expect

this mechanism to dominate at high temperatures and low stresses, but this in

turn would imply high thermal jog densities and longer dislocation segments,

which might lead to a contradiction. Thus the existence of a domain in (T,aT)

space where this mechanism dominates depends on whether thf' inequality

r < b c, -1 can be satisfied without violating microstructural scaling laws.
w
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This can be written

KZ > 
K L e -13. J/RT	

(69)

which places a lower bound on the stress and/or an upper bound on the temperature

if the other parameters are known. In that case we have

R K2
T sq	 r ew Ks exp [E./RT]

(70)
Kx

sq	 Ks Cew

For applications to the earth, we must correct the Maxwell time expression

given above for the effect of confining pressure. '11ils correction term is

unfortunately quite uncertain.

the only effect is to increase

P is the pressure and V is an

and reliable theory for V whet

We shall assume that,, for practical purposes,

the affective activation energy by PV , where

activation volume. In the absence of a simple

a core diffusion takes place, it seems unjustified

to attempt a more sophisticated treatment.

IV. APPLICATIONS AND DISCUSSION:

In view of the models presented above, attenuation and creep properties

may he closely connected via the dislocation microstructure. We shall use the

hypothesis that a single microstructural model explains both aspects of the

rheology to place constraints on the model parameters.

1) Constraints on creep modals

The most stringent and useful constraints we can place on the various creep

models outlined above is that Lhey should satisfy laboratory data on olivine.

These data have been summarized by Kohlstedt and Goetze (1974), Durham et al.

(1977) and Goetze (1978). The range of stresses for which experimental data
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tare available is 1.0"x'-5.104 barn, but the class of models which we consider hore

is probably only applivabto for stresses umaltur than 2 kbaru (Contzu, 1978,

Kohlatr,lt, 1970. Furthermore, t;inrr we tare interested in large regions of

the mtmtle where the tectonic stress is probablyprobad>ly only a few bars, we must arsums

that extrapolat loo of laboratory trends to low strosses is post ible, using the

seating Inws desvribed earlier.

II,Isetl cell the g4' ►lt't`al aspect let the OlirrtetitrUcture, and on some obHerva-

t tons on d i s locat I oil g I ttlti, Durham kit, a l . (1'177) , and Coetxe (1978) suggest

that Takeut'h I and Argou's 0 ()7teh) creep mode i (e. g. , eq. 5 1) ) may be appropriate

tut` laboratory do 1, 	 oItvIuo, lit tht, range ^ IOo-21000 burs. The comparison

is tluaIItittl.vr, however, altd no lulnle I . Iva rumpttrtµan wats gI veil . We have already

shown (t^ntlrrson and P1ltastel', (I c`li0h), tMrat a tt.rtlightfurward appIicatlon of

01 t t us' (1 4 /h,t) tierp moult , I volt I d esp I,t I it 	 I ons quail  I t tit ive ly.	 In this

11,1pt'r, we ('tnit.ldor it more grtuiral vlass of models mud compare them systematically

against V.111olts: obsel •vutlonal rollstrailtts. 'Starting with direct estiniate"S of

some phvsI r'll paramotors.

;t) 8011- kit ttilsl tilt t	 11heu multi--sptit'ies voultilcd dlffltsiull takes place,

sell , titt' t* ustt'll Is .largely rtmtrollod by the bulk diffusion or the slowest moving

sprt'tes (v. g., ;ttt,t'krr and Ashhv. 1470.	 111 siIiva;ttts, this 1138 10119 htivil

thotig It to bo t myolt (r.1;. , Ashbv and Vertatl , 1478, 5anmlis tit al.,   1977) . A

r ► 1 k 1 t 1 ltt estimate tit' the diffusivity tit` oxygel ► tit forsterit y I. y (Reddy of aih., 1980)

1) (0) - '1. `t 10 l 0x0- 80000/R1 11 1	 Vill"/:► ec

Rrt'vClt Iv. lit' OWV, a Iowor (Ilffitsivit y has hevil Ittund for slltcoil (.laouI

1 1)79, I'tumx , Ilot , cat .1. 1„ 1480)

2
It (SI)	 i,r, 1(1-tt 

t'Xie 1 -90000/lUl	 rill hoot,
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In this paper we shall consider either alternative to be posui.ble and present

results for both cases. In Mg2StO4 , the appropriate atomic volume a appearing

in ( 55) is + the molecular volume (7.2 cm 3/mole) if oxygen is the controlling

species, and the total molecular volume (28.8 cm3/mole) if silicon is the

controlling species (Stocker and Ashby, 1973).

Undoubtedly a similar distinction should be made about the vacancy volume

Q
v
 in the dislocation creep models. Such differences are rather trivial,

however, compared with uncertainties in the other parameters. We shall make

the simple choice

E * 90 kcal/mold
s

3.5 10-3 ent2/see	 (oxygen)

	

Dos	 -6	 2	
(71)

1.5 10	 cm /sec.	 (silicon)

	

S1	 b 3
v

	

b	 7 10	 em	 (Stocker and Ashby, 1973)

b) Creep activation energy: The various models of dislocation creep which

we have at our disposal entail activation energies which result from combinations

of poorly known quantities, such as ,dog formation energy, etc... . On the other

hand, the creep activation energy for olivine at high temperature has been

estimated from laboratory observations. Recent interpretations of experimental

data converge to 125 l 3 kcal/mole (Kohlstedt and Goetze, 1974; Durham and

Goetze, 1977; Ashby and Verra.11, 1978; Goetze, 1978).

Our approach is to assume that the creep activation energy is

Ec, = 125 kcal/mole and to consider the variation of unknown quantities subject

to this constraint. Thus for cell-wall climb under applied stress (eq. 63)

we have

0



A--1I1-27

+ 10, . 125	 ;	 G,^ = 35 kcal/mold	 (72)

For cell-wall climb under tvif-stress, ►nd care diffusion (eq. 65).

1.1 - Al: /2 - 35 kcal/male	 (73)

Here Ali* is the difference between the activation energy for bulk diffusion and

that for tore diffusion. For metals, AF; is 1/3 C s to 1/2 Gs in many cases

llirth and l,otho, 1908). on the other hand, we have argued (Anderson and

C+ lillster,(19litl► ) thatat A1',' may be clost, to zero for olivine since activation energies

for hat pressing exporiments (Srhwonn and Goetze, 1978) and dislocation loop

mobility (Goetze anti Kohlstedt, 197,) tlo not yield activation energies much lower

than Ky and I1, t• , respectively.

For our purposes, we ,dial l consider the entire range 0 s AT s 1/2 Ca

In the ctise of the c ► ►̀ creep law (eq. 70), the constraint (73) must be rewritten as

21s t	AI?*/2 - 35 kcal/male	 (74)

I;clua ► tion:; (73) ,card (74) 10,1d to ehc , following respective ranges for the .dog

formation energy 11.i.

:3 r,	 E. I < ')8	 krill/mole	 (75)

17 • Xi * 2 c) kcal/mole	 (76)

These ranges indicate mach higher value;; than for metals (e.g., Friedel., 1964),

an a ► ccrllta ►ble conclt ►si.on in view of tho greater cell sizes, and the higher Pcierls

oncrgfos Involved in silicates. Thest , values may also be compared with the

t'stimatr of 26 kca ► i/moie for tho kink energy suggested by Stocker and Ashb y (1973);

.1o)" t'llol'lyieti should indeed ho greater than kink energies (11irth wind Lathe, 1968).

w
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'l'hc ranges (75) and (76) involve much smaller values than the geometrical

estimates of order 0.1 jib  — 100 to 300 kcal/mole (Friedel, 1964). Geometrical

estimates are admittedly very uncertain (Mirth and l,othe, 1968), even in the case

of the simplest metallic crystal structures. In the absence of a suitable theory

for silicates, we hypothesize that the discrepancy between E* and E*i s an

empirical measure of the ,jog formation energy, subject to the constraint equations

(73) or (74) if gore diffusion takes place.

c) Micros tructuraI constants, 'Me scaling constants Ks and Km can be

estimated directly from the observations of Durham et al. (1977). Again these

estimates are subject to fairly large uncertainties, and there is no guarantee

that they can be used for extrapolation to mantle conditions. We take Ks = 15

and l:III : 10; these. values He in the lower range of observations, and we have

already argued than they maay be appropriate. The constant K will be treated as

as model parameter in our discussion. Domains of validity of the various creep

models can be summarized as follows:

- For col.l-wall clindi under self stress instead of applied stress (eq.64 )

.,
K" - ZK	 (77)

.1

- For o' creel) law to be permissible (eel. (,9)

h̀ 	 K -k1 exp [- R/RT)	 (78)
0,l,

- An additional constraint must be placed on K for cell-wall recovery

models with climb under Jog l endersaturation in vacancies. It places an upper
r

bound on dislocation sepaarattan in the walls: 
it- 

nw < nc, where n c is a

critical number of laattlee spacings of the order of exp [E i /RT], which is large

in the present applications. It is commonly assumed that saturation occurs if

the separation is of the order of too b -- e.g., in subgrains -- (Friede±l, 1964) .

w
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We shall assume, rather arbitrarily, that n  Is at least a factor of 10 smaller

(ne < 1.000), although this concept is not very clear, if the transmission electron

micrographs presented by Durham et al. (1977) are assumed to be typical, then nw

appears to be of the order of it few hundreds for applied stresses of a few

hundred bars. 'Phe constraint can be written

	

K 2 ^> K u	
1.	

(79)
	s a 	

nc

if it fails to be satisfied, then saturation may take place and the climb

velocity is of the form ( 57 ) ; ,jor, rormat icon is not ra controlling process. On

the other band, as we mentioned earlier, for straight cell wall dislocations,

with few geometrical j alts, thermal ,jug pair nucleation is important and the

saturation condition Us simply (e. g,, Nab and Lothe, 1968)

'Phis is ;always sat isf ied under constraint (73), and under constraint (74) it

implies Ah: * 	70 kcal/mole.

(l) lciaxwe i 1 t figos : As shown by Goetze (1978) , creep data on olivine at

t; t rt,sses gre at or than ;about 2 atb;ars cart , wall fitted by a Dorn creep law. Below

2 kbars it power law creep appears to give ;i reasonable interpretation. Figure 4

shows thca creep data of olivine collected for a vnriety of published sources by

Kohlstt,de and Goetre 0.974), and supplenat,uted with the creep observations of

Durham and Goetze(1977) on olivine singlo crystals with odd orientations(their

figure 4).	 All data have been reduced to a common temperature of 1673 0K

using an activation energy of E 	 kcal/mole.

The observation:; of creep rate below 2 kbzars can support either a
.,

E` ,t	 or a t 0= o r intorpretat ion, and the scatter does not allow us to restrict

the number of caccept;ablo models on that basis alone. The hulk of the data, and

(80)

I M
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detailed observations on Individual samples by Durham and Goetze tend to

support the l ► tgher exponent, but the tower RLress observations seem to indicate

a less sensitive stress dependence of the creep rate. As indicated on the

figure, this can result to several orders of magnitude variations in the extrapo-

lated creep rate at 10 hi-,trs, in addition to the intrinsic scatter.

Each data point in figure 4 was converted Into a proexponential Maxwell

t Lille T0 ,  using it rigidity of 050 kbars. The resulting stress dependence is

shown on figure 5, together with the o-2 and o- I extrapolations to low stress,

corresponding to the alternate interpretations of figure 4. Rough ranges for

T at 10 bars t ire:
0

- For o3 creel) laws	 T (10 bars) — 10
-11
 to 5 10

- 10
 seconds

- For o2 creel)	 i (10 bars)	 2 1013 to 1011 seconds

l 	

(81)

We use these 
ranges as observational constraints to compare the various models

discussed in the previous section.

2) Comparison of creep models

A convenient procedure to compare the various models is to compute the

predicted Ma.well time preexponential factor calculated at a fixed temperature

(1673'K) and stress (10 bars).

a) Di f f us L ona L c rettL) -^IL,_  (L _iLl:

According to the preceding discussion, we do not have any free parameter

left in this model. Ir oxygen diffusion Is rate controlling, we find

T 
0 

(1673,10) = 3.7 10	 see, and if silicon diffusion is rate controlling, we

find ^,= 2.1 see.	 These values are many orders of magnitudes too large and

we can eliminate this possibility. In addition, the predicted activation energy

is 90 kcal./mole, which 
is much smaller than the observed value.

b) Intracell recovery creep _(v(l. 59 ):

In than cast, , wo find
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Ica ti 6.2 10-6 Hec for oxygen diffusion

i
o 

•^ 1.4 10-2 sec: for silicon diffusion

These estimates are still much too large to satisfy laboratory observations,

and the predicted activation energy of 90 is too small. We may therefore

eliminate this model as well.

c) Pile-up model (eq. 60):

If oxygen controls self-diffusion, constraint (81) requires 130 <Ks < 470

in that case. This range becomes 1700 < Ks < 6200 if silicon is rata controlling.

These values are much larger than the observed range. Furthermore, the predicted

activation energy is 90 kcal /mole. We must therefore turn to a more flexible

model.

d) Call-wail recovery underapplied stress (eq, 63 ):

We now have the parameters K and C J at our disposal. As pointed out

earlier, a ,jog formation energy of 35 kcal/mole would reconcile the activation

energy with the observed value. If oxygen is the controlling species for bulk

diffusion, then at 10 bars and 1673°K, 
To	

1.84 10-5/K4 ; when combined with

the constraints (81), this results in 14 < K < 37. If silicon is the controlling

species, we get 96 < K < 256. Thus, if silicon controls self diffusion, the data

require a vary pronounced concentration of the dislocation population in the cell

walls, 
P  

boing; two to three orders of magnitudes greater than pm . If oxygen

controls self diffusion, then Pw is only required to be one order of magnitude

or less greater than s'III'

In either case, however, K is too large to satisfy constraint (77). In

tither words, the model is self invalidating if the concept of cell-wall climb

under self stress can be Applied.

e) Cell-wall EP)ver^under s _elf stress (eq. 64- 65) :

Testing; this modeling; hypothesis proceeds in the. same fashion as above. We

must postulate as .jog; formation energy of E  = 35 kcal/mole to reconcile the

activation energies. If oxygen controls self diffusion, then at 10 bars and
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1673°K, T O N 4.14 10-4 /K6 ; The observational constraints (81) yield in that case

9 s K % 19. If silicon is the controlling species, we get 35 s X ar 68.

Thus if oxygen is the controlling species, the data imply a rather low

range for K. In fact, it would he legitimate to argue that the microstructure

would be so poorly defined that an intracell recovery model should really be

considered. We have already seen, however, that this model does not appear

to be successful.

The hypothesis that silicon-controlled self diffusion limits the recovery

rate by climb in call walls under self stress is a more attractive one. The

density of cell wall dislocations p  is predicted to be one order of magnitude

or more greater than the density of intracell, mobile dislocations p m, in

accordance with the premises of this model, This model, cannot be rejected by

our testing procedure.

f) Cell wall recovery controlled by double Jog nucleation and core

diffusion (e s. o6-68).

This model is a generalization of the previous one. We have now the extra

parameter AG at our disposal. If we let AE vary from zero to 1/2 E s , the

corresponding variation of K, as implied by the constraints (81), is shown on

figure 6. The results are shown under the alternate hypotheses that oxygen or

silicon controls self diffusion.

once more, the results for oxygen tend to conflict with the premises of

the mierostructural model., whora^as the results for silicon yield a self consistent

picture, except possibly at very low stresses of the order of one bar, for which

dislocation spacing in call walls is large even with sizable values of K. This

mode1 is thus an acceptable al ternative to the previous one, especially if

further experiments should indicate a low activation energy for core diffusion,

and a concomitantly high Jog formation energy.
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The presently available data, although rather Limited and indirect, tend

to point to :low values of AE* (Anderson and Minster, 19801b); in that case the

approximate range is 40 < K < 80, pointing to a sharply defined microstructure.

g) 02T 	 law (eq. 70):

This law applies to it cell-wall model where cell wall dislocation segments

are shorter than the thermal ;jog separation. This leads to the constraint

(78), and interpretation of the observations in terms of this rheology leads to

the second set of bounds on 0(1673,10) in (81).	 if oxygen diffusion controls

the self diffusion rate, then this model is unacceptable and must be rejected,

as can be seen on figure 7; It does not satisfy (78) for admissible core diffusion

activation energies. if silicon is the controlling species, then once more a

range of satisfactory values of K is obtained. The model is generally associated

with quite low values of Ei , however, and is also incompatible with our conjecture

that AE is small. We must therefore consider it to be less satisfactory than

the previous ones.

3) Creep in the mantle

The systematic comparison of ,available models which we just perfou,ried does

not yield a unique acceptable model for low-stress, high-temperature creep.

However, two general models satisfy all of our criteria in a self consistent

fashion. Both involve cell wall recovery under self stress, both assume that

silicon controls self diffusion, and both can be accommodated by the same

microstructure, with 40 s K s 70; either model constitutes a generalization of

the .creep model originally developed by Gittus (1976a). Their only major

difference is that core diffusion is ignored in one case, and accounted for in

the other. Note that both models do not quite coincide for AE	 0, due to

various approximations made in estimating the climb velocity (e.g., Hirth and

t.othe, 1968) .

M
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In order to assess the applicability of our model to mantle rhoology, we

have calculated the Maxwell times for a range of applied stress from 1 to 1000

bars, as a function of temperature, and for preexponential factors compatible

with laboratory observations. For simplicity we have chosen ^—
TO

 7 10-11 sec

at 10 bars, noting however that laboratory evidence can allow for values about

five times larger or smaller. This in turn corresponds to K — 50, which means

that the total length of dislocations in cell walls if, 25 times greater than

the total length of intracell dislocations.

Tito results are displayed on figure 8. Also shown is a box outlining a

plausible range of mantle environments for comparison only (temperatures From

1000% to 1800°C; viscosity from 10 19 to 1024 poises). Thus the model can

easily accommodate geophysical observations in a quantitative sense. This

calculation ignores the effect of confining pressure, however, and this brings

a new complication to the problem.

In a multispecies diffusion situation, the total, activation volume For

diffusion of the i th species is (e.g., Stocker and Ashby, 1973)

a V + R V + y V + d V + ..
V* _	

A	 B	 C	 U	
+ Vi	(82)

i	
a+R+y+d+...	

in

where a, ^ ... are stoi.chl.onaetric coefficients; V A , VB ... are atomic volumes

of individual species; V 	 the activation volume for motion of the ith species,

which we assume to be close to an atomic volume. For Mg 2SiO4 , this leads to

11 chi /mole for oxygen, and about 4 cm 3/mole for silicon. The preferred ranges

of values of Sammis et a1. (1977) for the mantle decrease from 11 to — n cm3/mole

for the upper mantle, and from G to 3 cm 3/mole for the lower mantle. They point

out that this bounds the total variation of viscosity across the transition

region (300-1000 km) to be loss than two orders of magnitude. This argument was

used in reverse by Anderson and Minster(1980a), based on the modeling work of

{ n
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Peltier (1980), to argue for an effective activation volume between k and 9 cm 3/

mole.

If we ignore for the moment the pressure dependence of the activation

volume, the estimates for silicon and oxygen given above have an interesting

and potentially important implication. Should silicon be the controlling

species, then the pressure correction to the effective creep activation energy

is about 0.1 P kcal/male, where P is in kilobars; this correction is about

0.27 P kcal/mole If oxygen Is the controlling species. If we now Fix the micro-

structural model, the Maxwell time preexponential factors under both hypotheses

are practically in the ratio of the dtffusivities. At zero pressure this ratio

is essentially Independent of temperature because the activation energies are

almost identical. According to our systematic evaluation of creep models,

oxygen diffusion Is then too rapid to satisfy the	 laboratory observations,

and silicon diffusion .appears to be rate controlling, The effect of pressure

may reverse these roles, its shown on figure 9. We calculated Maxwell times,

for a fixed load of 10 bars, ( Te o - 7 10-11 for silicon diffusion), under the

alternate hypotheses that silicon or oxygen are the controlling species, and

for confining pressures up to 300 kbars. Because of the larger activation

volume assumed for oxygen diffusion, we find that oxygen becomes the slower

species at high pressure for a fixed temperature. As an indication of mantle

conditions, we considered a geotherm with it linear temperature gradient of

0.3 'CAm, ,and a temperature of 1700°K at 400 kin depth, and plotted the corres-

ponding trajectory on figure 9. The switch over from silicon controlled diffusion

takes: place at a pressure between 100 and 200 kbar. (300 to 600 km depth).

Activation voluiiics are expected to de g rease with increasing pressure based

on an elastic continuum model (e.g., O'Connell, 1977; Sammis et al., 1977).

In applying (82), it is clear that the activation volume for silicon diffusion

is controlled In turn by the much larger atomic volume of oxygen. As a result,

I .
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It can be expected that both estimates of tho activation volume might decrense

at depth In about the some proportion. This will have two consequences:

1) The switch over from silicon controlled diffusion to oxygen controlled

diffusion will happen at greater pressure and thus greater depth, -nd

2) The smaller activation volume in the lower mantle will tend to limit the

variations of apparent viscosity with depth (Samnis et al., 1977).

These comparisons are very crude, and the results can vary considerably

with model parameters. We have ignored chemical variations, changes in lattice

structure with pressure, effects of water content on the activation energy...

etc. Our microscopic models are probably not yet precise enough to support

such sophistication. However, some general inferences can be made, which are

robust with respect to the variaatlons in interpretive models. For example,

at mantle temperatures, very low effective viscosities (as low are 10
15
 poises)

would be observed under loadrs of 1 kilobar. 'Thus the model precludes the

persistence of such loads for times longer than the corresponding Maxwell time

(— 103 sec). Loads of the order of 100 burrs might explain the low apparent

viscosities inferred by Nur and Mavko (1974) on the basi li of post seismic rebound

data. On the other hand, persistent Loads of the order of 10 3 bars can be

sustained by a cold lithosphere over geological times (e.g., Anderson and Minster,

1980a ;Minster and Anderson, 1950). Reinterpretation of isostatic rebound data

in terms of a phenomenologi.cnl power-law flow compatible with our models was

performed by Crough (1977). His analysts is a particularly striking illustration

of the tradeoffs between temperature, confining pressure, and applied load of the

kind shown in figurer, S and 9, His results, for an applied load of 10 bars,

yield Maxwell times	 3.5 108 :sacs for the Canadian shield and 1.7 10 7 sec for

Bonneville. As ;seen can figure 9, this is in good quantitative agreement with

the predications from the microscopic. model.
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Vii) Constralnts onattenuation

For the purposes of discussing attenuation, we may recast equation (9)

in a form comparable to the expressions for the Maxwell time by introducing the

critical length 
I  

(e. A. , Figure 3) :

T 
C 1! 2	 kT exp[CQ / kT]	

(83)
Q oT	 u poQ A

2	 Q \2

C^2 _ n2 	
(84)

where t  is the critical length associated with the long term background

("tectonic") stress aT' The most interesting implication of this formalism

is, of course, that in order to insure consistency with the argument leading

to (51), we must now postulate a very narrow distribution of lengths, clustered

about the value R = 1.66 Rc . This has several important consequences.

The first and most straightforward is that the relaxation strength is

given by (16), and if the scaling law (51) holds, A is of the order of 10%

and is independent of stress.

The second consequence is t' , at the absorption band itself depends rather

strongly on the background tectonic stress. It shifts to high frequency with

increasing stress and to low frequency with decreasing stress. Comparison of

(83) with the Max.,;ell time yields in fact'

^c	 ^c	 ^
T '\jC
	

b nos exp C (n
Q 

- EC)/KT] Tcw	 (85)
cw	 oQ

Thus, given microscopic models for creep and attenuation - in particular,

given the diffusivities and activation energies -, we have a formal connection

between steady state creep, attenuation and tectonic stress, through the

microstructure. This opens the possibility of formalizing the empirical

correlations studied for example b y Anderson (1966), Meissner and Vetter (1979)

and Berckheminer et al. (1979) within the framework of a physical model.

1, "
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The third ou ► jar consequence of requiring the mterostructure to be

compatible with the cerec e p model is that a distribution of lengths 1z; no

Ionger ava ► i 1 at) Iv. Minn eq. (12) cannot ho at Lite source of a broad absorption

band. To get a sprea d of preexpoueential factors, we must turn to neither a

distribution of 1)c ►t  or of X. TI ►e alternative, of course, is to rely on a

distribution of activation energies to broaden the absorption band. In that

case, tilt, width and Intensity of the hand depends mainly on tompcerature, but

its position along the frequency or temperature axis depends on thi tectonic

stress a,i,.

Nuoierous authors have vousidered diffusion controlled dislocation

(1a►►aping as a possible mechanism for a ne lastic attenuation at tow frequencies.

A fairly recent treatment is that of Simpson anti Sonin (1972). Some of

the main alternativesa'lterna► tives are listed below.

n) Merin barrier model of the llordont P eak

A Perin bnrrtcr modei or the 1lordoul peak given a► relaxation time

or the correct farm. If we u;ae the simplified theory of lltrth and 1,othe (1968,

P-500), the acct lvnt ion energy Is 2E k' where K  is the kink formation energy,

estimated to he 0 ','t► kcal lmole by Stocker and Ashby (1973). The preexponential

diffusivity is bete w V h` where v is an altomic frequency of the corder of

1 0 1A svc_ 1, so that DOQ 'w 1 t1""' to 1 U"`" cm^ ev . The oca.l.e Length X is found

to be \ 0 c.	 7 (MI^t► 	^ ` 	 w here	 1	 is	 ^	 ♦ 	 ^t^	 '1')^^ r ' ► i lu), whctc o f der► c► Ce p, the tntetnail stress. 	 For

Intra gratin processes, with row diniovations, a  is expected Co he controlled

mainly by the !Inv tension (Cittus, 1471 ► a), and thus to he compnra►ble to

0T'	 A is therefore of order TV T and co Is of the order of 10- 15 to 10"16

seconds, and Is prat t icailly independvnt of aT' We have therefore a high

frequency, low temperature mechanism, which dovs not operate in the seismic:

hand and In the mantic, A more Ma ► lled review of the Hordonl, peak is

liven by Nowick and 11orry (11)7:').
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b) t:l ido control It^d t►y kink cJi ffonion

g lide controlled b y kink diffusion (Birth and l,othe, 1968, p 497) might

be appropriate in view of the high I'vierl ^nergy of olivine (e.g. Gueguen,

1979). For an initially straight segment of length 1, bowing out by kink

pair generation nod diffusion we have

+ b exp j l,k / R'l' j

1)^ ti ul► ;a
 exp 1 -hk /R"1'j	 (87)

,rwo v ire ums Olive s naav arise, depending on whlvh term dominates the

denominator of (80).

Lot us assume, for tile sake of argument, that Ir k - 26kcal/mole. (Stocker

and Ashby, 1973) , and th, ► t o, i,	 10 bars, Then, for temperatures lower than

the trans I t [oil 	 ra t ure '1' t 	11'.'.11 "h we have X 'a' ,' k e xp (--
gk /RT j . '17he

effective activation energy Is then H^	 2 E	 52 kcal/male, !and we have

r ep A, 10-	 Baer. Above °C 1 , we have A a ::b. 
I'12 

a 26 kcal/male, and ro '- 10-7.

In either raso tills yiel.du in absorption bank at much higher frequency than the

seismic hand. It must be roeog.tired, how . ver, that the kink formation energy

14 vary uncertain, and that th.e transition temperature is very sensitive to

hoth 1 0, ,and 0 1" an shown in 'fable 1. 'dins, for a,1, w lq bars and E  = 35 kcal/ ►note,

WO find to ' v^ ; l(1	 sec, I' ra 'v, 70 kraal/mold, and the absorption hand approaches

111x. near 150ON and longer periods at lower tempo raatures. 'Mis utechanisna :Ls

therefore as potential candidate. particularly in regional where the stress is

Alri y high and the trmperatnrP fairly law, such as in the lithosphere.

c`)	 (ll ide ol` ^^ eel svre_w dislocate i.oats_	 w. _	 _ _	 j

Yet another alternative is provided by the glides of :jogged screw dislocations,

where the ,Jags ran only move by the production or absorption of point defects

(1lirth and lathe, NO, p 515). In t hat rase the diffusivity 17A is that for

self diffusion n
os

, whieh in turn In related to the diffusion of oxygen or
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silicon according to our discussion of creep. For small stresses we have

A • Ob/r ,	 where c, is the jog concentration. Two cases arise; either

the J OKs are geometrical, and A is of order b to within one or two orders of

magnitude, C is than 'u Es	90 keal/mole; or the dislocation segments lie in

peterls valleys and we must consider thermal Jolts (Gittus, 1976x). In the

latter case A is Garb and the activation energy is E* w Es + EJ	125 kcal/mole

in accordancea witty the creep model. In either case, it is easy to verify that

the retardation time is many orders of magnitude longer than the seismic

periods. For example, under an applied stress of 10 bars, we get T m 10 13 sec

at 1600°K If silicon controls self diffusion  and thermal jogs are the dragging

defects. oil that ha ►sis, Anderson and Minster (1980b) reJeeted this mechanism

as at candidate for seismic attenuation. For the caso of geometrical Jogs, a

'lower hound for .t is obtained by taking a - Orb and using the diffusivity of

oxygen. 'Then .t ti 5 10 5 sec at 1600°K and 10 bars. Using silicon diffusivity

and/or, taking the effect of pressure into account can easily increase this

vu.l,ie by several orders of magnitude. We may conclude that this mechanism might

be az candLdate for the attenuation of the Chandler wobble, although it is

not clear that the anelastic theory of section 11 still applies when the

retardation times become comparable to the Maxwell. time for steady state creep.

d) Dragging of point defects

Dragging of an atmosphere of point defects bound to the dislocation is

:► more versa► tile? and successful model. Original z ►1) 1ica ons to internal

friction are due to Weaertman (1955), and Friedel et el. (1955). A specific

modal was proposed by Schoeck (1963) to explain the cold work peak in b.c.c..

metals. Further improvvn ►ents and modifications were subsequently proposed by

Barrand and Leak (1964) , Gibal a (1967), Ino and Sugeno (1967), and more

recently by Miner et al. (1076). Covalent crystals were considered by

Southfjatc, and Mendel son (196 9)). Dragging of a Cottrell atmosphere is an

essential ingredient of 'Takeuchi and Argon's (1976) moiiel for steady state
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creep. Binding of these defects to the dislocation line is usually assumed

to be elastic, although electrical interaction probably is important in

ionic crystals at high temperature (Cshelby et al. 1958; Brown, 1961;

Menezes and Nix, 1974. 	 a,b).

'this class of models has been demonstrably successful in the case of

simple crystal Structures. We propose to extend it to mantle materials.

The point defects which contribute to drag may include self interstitials,

,impurity interstitials, or substitutional atoms with a slightly different

Ionic radius if the binding mechanism to dislocations is elastic in nature.

Defects associated with  local charge imbalance (Smyth and Stocker,

1975; Stocker and Smyth, 1978; Stocker 1978) might be involved if electrical

Interaction is important. Let 
H  be the binding energy of the point

defect to the dislocation and c' 11 the bulk (lattice) concentration of defects

away from dislocations. rhen a very simple model, of equilibrium between

bound and unbound defects is obtained under the assumption that Fermi-Dirac

:statistics tare applicable (Mirth and Lothe, 1968). The high temperature

approximation yields a mean distance between defects along the core

(e.g. diner t, t it . 1976)

X ti 	 caxl) (-I-' /k9')	 (88)

I.

where hinding energy is of the order of it few kcal/mole for many metals

(e.g. Nowick and Berry, 1972). But the analysis leading to (88) assumes

implLeitly a high level of purity of the material. This might be appropriate

for intragr:atn environments if most impurities eventually migrate to grain

boundartc, as we have argued before (Anderson and Minster, 1980 b )• On the

other hand, if the binding, energy is only 1 v.v., then the exponential is

of order '10-3 at mantle temperatures, and is thus of the same order or

smaller than c L - The hi;,h temperature approximation (88) is no longer

valid in that ease and we nnist consider the ease where a very large fraction
I n
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of core sites are occupied by a dragging point defect. The scale length A

is then comparable to b, and this limit yields an upperbound for T.

Under these circumstances both Doi and E* are effective quantities

for the diffusion of defects bound to the dislocatiu.i core. At sufficiently

high temperatures, where (86) holds, E* would be augmented by the binding

energy. In the absence of a good theory we shall ignore such complications

for the present. Diffusivity data which are potentially relevant include

the cationic diffusion parameters in oxides, silicates and aluminates compiled

by Ahrens and Schubert (1975), and a larger data set for metal oxydes compiled

by Kofstad (1972). If we restrict our attention to measurements which involve

a broad range of high temperatures, typical preexponential diffusivities are

in the range 10-3 - 10-2cm2 /sec, although order of magnitude fluctuations are

not uncommeo. For a tectonic stress of 10 bars, this implies a preexponential

retardation time T  'L 10-6 to 10-5 seconds. If A > b this estimate should be

lower. If we choose T o = 10-6 seconds, then in order to bring the absorption

band into the seismic range (1 sec to 10 3 sec) at 1600°K, we require

45% E* ti 65 kcal/mole. An increase of A to 10 3 b changes this requirement to

65 ti EQ '^- 90 kcal/mole. These values must be lowered if we choose a lower

reference temperature, or if a lower tectonic stress is assumed. The

permissible range encompasses the scatter of activation energies listed by

Ahrens and Schubert (1975). It includes the range of estimates of 47-58 kcal/mole

for interdiffusion of Mg ++ and Fe 
4+ 

in olivine (Misener, 1974).

Unfortunately, there is little experimental evidence available to further

constrain the class of acceptable models. Jackson (1969) found T o `L 4 10- 13 sec

and E	 57 kcal/mole for an absorption peak near 1 Hz in fine grained olivine.

He interpreted it "s a grain boundary peak. However, we are interested in

larger grain sires, and higher temperatures, and therefore in the high

temperature background attenuation seen in Jackson's data, for which estimation

9 0
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of the relaxation parameters is difficult (Anderson and Minster, 1980).

Berckhemmer et nl. (1979) used linearity to interpret transient creep

superposed on a steady state regime, to natural peridotites, in terms of

attenuation Q(w). However, the transient stress and steady state load used

were both in the 1 10 2 bars range; it is not clear whether the superposition

of transient and steady state creep can be handled as we have in our model,

since the time scales and stress ranges tend not to be so clearly separated.

The authors report an apparent activation energy of 30 kcal/mole for Q(w),

which they interpret as t%E s with a ti 0.3 (e.g. Anderson and Minster, 1980a).

If instead we choose to interpret this number as E*, it falls on the low

activation energy side of the bulk of cationic diffusion data. This however

would be inconsistent with the observed frequenev dependence, i.e. (WT)a

varinclon of Q hi these experiments.

Although we do not have enough experimental constraints at our disposal

to propose a better specified model. and then test it against geophysical data,

we can still use seismological observations to limit the range of permissible

models.

5) Absorption band in the mantle

The model affords a large enough number of parameters (including tectonic

stress aT), which may all vary with position, that there can be no doubt

that all available geophysical observations could be explained by it. For

purposes of illustration we z1,all only consider here the tradeoffs between

temperature, pressure, and tectonic stress and consider other parameters to

be fixed. In particular, we assume a low purity for mantle material,

so that A ti b and Tp % 10'6 sec at a  - 10 bars and T ti 1500°K.

At any given point in the mantle, the width of the band is then only

controlled by the spectrum of activation energies. Since the strength A is

fixed to , 10% in this model, the intensity of the absorption band (in the
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case a - 0, eq. 37) is Riven by

2 dh:*
Qm 

ti 
TA	 (89)

where dE is the range of activation energies. Several authors have argued

that a low value of QM is required by seismic observations, at least in the

regions of the mantle where the absorption band coincides with the seismic band.

A value Q  ti 25 is in good agreement with the seismic data (Solomon, 1972;

Anderson and Hart, 1978). Sipkin and Jordan (1979) report a Q (ScS) 'L 170 for

periods of 10 sec to 1000 sec. If ScS should spend only one fourth of its

travel time in the low Q regions of the earth, then QM  40. Equation (89)

allows us to place a limit on the range of activation energies: at mantle

temperatures SE* ti Qm/2 	 (kcal/mole). A range 45 At E* ti 60 kcal/mole is

therefore consistent with this constraint and with the laboratory data on

cationic diffusion. Note that this yields an absorption band which is only

about two decades wide at mantle temperatures. One consequence is that the

value of a in (11) is rather immaterial, so that we will choose a - 0.

For a temperature of 1,500°K the range of retardation times is 3-500 seconds,

which lies within the seismic band. An increase of temperature shifts the

absorption band to higher frequencies; an increase in pressure has the opposite

effect and so does a decrease in tectonic stress. Based on their observation

that Q(ScS) increases with frequency in the range 0.1-1 Hz, Sipkin and Jordan

(1979) suggest an effective cutoff TIII for the mantle absorption band averaged

by ScS near one second. Comparable conclusions have been reached by other

investigators (e.g. Kanamori and Anderson, 1977; Minster, 1978b; Lundquist,

1979). In terms of our model., a high value for Q(ScS) in the 1 Hz band means

that this frequency does not lie within the frequency band for an extensive

range of depths. The much lower values of Q(ScS) reported by Sipkin and

Jordan in the 10-1000 sec band suggest in fact that the absorption band

n w.
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remains at periods longer than 1 second in spite of increasing temperatures

with depth.

This may be due to either a decrease in tectonic stress at depth, or

to the effect of pressure if the activation volume is large enough. For

example a change of one order of magnitude in 0  
shifts the band by two

decades in frequency. With an activation energy of ti 50 kcal/mole and at

mantle temperatures, a similar shift is achieved by a temperature change of

about 400°C. Thus it may be expected that the stress-temperature tradeoff

is most important in regions with a high geothermal gradient and a simultaneous

decrease of stress with depth, such as the upper mantle (e.g. Schubert et al.

1976). On the other hand, if dynamical transition zones (boundary layers)

mark the bottom of convection cells in the mantle (Jeanloz and Richter, 1979)

then both temperature and stress increaser would tend to combine and cause

a rapid shift of the absorption band toward higher frequencies. This might

provide a physical interpretation for a low Q zone of the sort hypothesized

	

by Anderson and Hart (1978). 	 at the base of the mantle.

Discussion of the effect of pressure is predicated on the adoption of

an activation volume V for which we have no data. For purposes of discussion,

let us consider again a geotherm with a linear 0.3°K/km gradient and a

temperature of 1700°K at 400 km depth. For a pressure independent activation

volume V,, and at constant tectonic stress a T , the effect of pressure will

overcame , the effect of temperature if

d	 8Q + rV^7	 > o

iP	 RT	
(90)

or

Va ^ 2.5 10-2 G*	 (91)

where VQ is in em 3 /nule and E* Is in kcal/mole. Thus, with a spectrum of activation
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energies between 45 and 60 kcal/mole, and the geotherm described above,

the absorption band shifts to longer period with increasing depth if

Va ^ 1.1 cm 3 /mole. In order to illustrate this phenomenon we show in

Figure 10 the absorption band and associated dispersion, for a fixed stress

v i, = 10 bars, at depths of 100, 200..., 50Okm, for which the assumed

temperatures are shown on the figure. V* was fixed at G cm 3 /mole, a value

large enough to illustrate the initial shift of the band to hieb frequency with

rapidly increasing temperature, followed by a progressive shift toward longer

periods, due to increased pressure.

More complicated scenarios can of course be envisaged , with a spectrum

of activation volumes, phase transitions, etc... Some of these refinements

have been considered by Lundquist (1979, 1980). They go well beyond our

present purposes.

6) High temperature background attenuation (HTB)

We have suggested before (e.g. Anderson and Minster, 1980) that the

dominant mechanism of attenuation in the mantle corresponds to the HTB in

laboratory experiments. A description of its properties is found in Nowick

and Berry (1972). An important, unanswered, question is whether the HTB is

anelastic or viscoelastic in nature. The work of Friedel et al. (1955), and

more recently the analysis of Woirgard (1976) clearly indicate the possibility

of a broad, high temperature anelastic peak. Figure 11 shows our model at zero

pressure and at ,frequencies comparable to laboratory experiments. It points

to a testable aspect of the model, namely, the development of a peak, at

sufficiently low frequency and/or high temperature. Observation of such

a peak, in well annealed mnteri.al deformed under low stress to steady state

would not only either provide support for our model or infirm it, but it would

yield needed direct estimates of the model parameters.

R'
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V. CONCLUSIONS

The main conclusion of this work is that a dislocation micro-

structure model is capable of simultaneously explaining steady state creep

and attenuation in the mantle. Our preferred model involves a sharply

organized microstructure, where most dislocations are found in cell walls.

Steady state creep is controlled by recovery through climb la the cell walls.

Good quantitative agreement with laboratory observations of creep in olivine

is obtained if silicon controls self diffusion. However, because of the

larger activation volume of oxygen, we expect that oxygen diffusion will

become the controlling factor at sufficient depth. We hypothesize that

the discrepancy between oxygen or silicon diffusion activation energies and

the observed activation energy for creep is a measure of jog formation energy,

which is then somewhat greater than 35 kcal/male, depending on the efficiency

of core diffusion.

Attenuation of :seismic waves takes place through bowing of the few

intracell dislocations, controlled either by kink diffusion (particularly at

high frequency) or by the dragging of an atmosphere of point defects bound to

the dislocations. Due to the paucity of laboratory observations, the success

of this model is judged on more qualitative and 	 circumstantial evidence.

The microstructure depends on the long term tectonic stress, which exerts

a strong influence on both creep and attenuation properties. Within the frame-

work of this model, stress, viscosity and Q are related, so that estimating

one of these parameters provides constraints on the others. The scaling laws

do not favor a wide spread of length scales, so that the relaxation strength

Is fixed in this model, and is of the order of 10%. A broad absorption

band can be achieved with a spectrum of activation energies, but seismological

requirements as to the intensity of attenuation in the band limit its width

to 2 or 3 decades. The main parameters controlling the position of the low Q
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band are temperature, pressure, and tectonic stress. The absorption band

coincides with the seismic band in the upper mantle, but shifts to longer

periods at greater depths due to the combined effects of increased pressure

and possibly lowering the shear stress. It must be noted, however, that

sharp shifts to shorter periods are expected in hypothetical boundary L,iyers,

due to larger temperature gradients and higher stresses. In the bulk of

the mantle, however, seismic frequencies appear to be on the high frequency -

low temperature side of the absorption band. The absorption band can also be

expected to be broadened in the mantle because of the distributions in Do ,E ,

1 and u expected for a polymineralic aggregate and the anisotropy of the
grains. Each mineral has its own physical properties but, at least in the

upper mantle, the total breadth of the band is constrained by the minimum

allowable damping.

Our models adopt; a very simple view of dislocations in complex crystal

structures pertinent to silicates. We have ignored the complications associated

with partial dislocations, and the differences between dislocations with different

Burgers vectors. A more detailed discussion is provided, for example, by

Gueguen (1979) (see also the comment by Poirier at the end of Goetze's (1978)

paper). The dislocation model proposed here may be viewed as a possible

alternative to grain boundary mechanisms described for example by O'Connell and

Budiansky (1977). Its validity must be ultimately tested against further

experimental data.
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TABLE 1: Transition temperature T 

1 bur

E 
kcal/male

25	 540°K

35	 1250°K

45	 1620°K

10 bars	 100 bars

1.080°K	 1350°K

1510 0K 	1885 °K

1940°K	 2420°K
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Figure Options

Fig. 1:	 Sketch of a bowing dislocation of length X strongly pinned

at both ends. V is the migration velocity, R  the radius of

curvature.

Fig. 2:	 Three examples of absorption band and associated dispersion

characteristics, for a # 0.25, 0, and 0.25 respectively.

T  . 1 sec, TM . 19 4 sec. Relaxation spectra have ber g adjusted

so as to yield identical high frequency behavior.

T, ig. 3:	 Comparison of relaxation time r a ►-d multiplication time to

as function of dislocation length normalized to critical length.

1+i	 4:	 Steady state creep rate observations in olivine compiled by

Kohlstedt and Coetze (1974) (circles) supplemented by observations

of Durham and Goetze (1977) (triangles), as a function of applied

stress. Data for stresses greater than 2000 bars are shown

with smaller symbols.

Fig. 5:	 Same data as figure 4, converted to Maxwell times, assuming a

rigidity p _ 650 kba es.

rim, 6:	 Structural. ;:- ramoter K as a function of difference between bulk

diffusion ! core diffusion, for cell wall recovery model controlled

by double ,dog nucleation. Also indicated is the jog formation energy

which yields a creep activation energy of 125 kcal/mole (eq. 73),

and on than left, the dislocation separation in the cell walls, for various

values of the applied stress. Shaded areas indicate range of K values

which bracket laboratory data shown on figure 5. Forbidden area for

this model (coq. 77) is also indicated.
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1

Fig,. 7:	 Same as figure 6, for a 2 creep law. Jog formation energy

calculated by equation ( 74). Forbidden area corresponds

to eq. (78).

Fig. 8:	 Temperature dependence of Maxwell time For several values of

applied load, for a cree p model which satisfies laboratory

observationfC w: ,.'^:;) u 3 interpretation.

!is. 9:	 Effect of cocifitting pressure on Maxwell times. At pressures

greater than 200 kbars, oxygen diffusion becomes slower and

controls self diffusion. Simple thermal model of the mantle

is shown, and compared with Crough's (1977) estimates for

isostatic rebound.

Fig. 10:	 Hypothesized mantle absorption band for A = 10%, a  = 10 bars,

45 ^ EQ 60 kcal /mole, V
Q
 = 4 cm 3 /mole, calculated at pressures

of 100 to 500 kbars, for which indicated temperatures were assumed.

Also shown are the dispersive properties associated with the

absorption band,

Fib. 11:	 Temperature dependence of absorption band of fig. 10, for three

frequencies appropriate for laboratory, indicating possible interpretation

in term of high temperature background attenuation.
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ABSTRACT

The basalt, eclogite, and harzburgite that are the differentiation

products of the Earth appear to be trapped in the upper mantle above the

670 kin seismic discontinuity. It is proposed that the upper mantle

transition region, 220 to 670 km, is composed of eclogite which has

been derived from primitive mantle by about 20% partial melting

and that this is the source and sink of oceanic crust. The remainder

of the upper mantle is garnet peridotite which is the source of

continental basalts and hotspot magmas, This region is enriched in

incompatible elements by hydrous and CO2 rich metasomatic fluids which

have depleted the underlying layers in the L.I.L. elements and L.R.E.E.

The volatiles make this a low-velocity, high attenuation, low viscosity

region. The eclogite layer is internally hested and it controls the

convection pattern in the upr,r mantle. Material can only escape from this

layer by melting. The insulating effect of thick continental lithosphere

leads to partial melting in both the peridotite and eclogite layers. Hotspots

and ridges mark the former locations of continents, Most of the

basaltic fraction of the oceanic lithosphere returns to the eclogite layer.

Plate tectonics is intermittent. The continental the,,-mal

anomaly at a depth of 150-220 km triggers kimberlite and carbonatite

activity, alkali and flood basalt volcanism, vertical tectonics and

continental breakup. Hot spots remain active after the continents

leave and build the oceanic islands. Mantle plumes rise from a depth

of about 220 km. Midocerui ridge basalts rise from the depleted layer

below this depth. Material from this layer can also be displaced upwards

by subducted oceanic lithosphere to form back-arc basins.

s
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INTRODUCTION

Although convection plays an important role in plate tectonics

and heat transport in the Earth it has not succeeded in homogenizing

the mantle. Magmas are still being produced from mantle reservoirs

which have remained separate for the order of 1 to 2 x 10 9 ,years

(e.g,, De Paolo,	 1979; Sun and Hansen, 1975). Oceanic lithosphere is

continuously returned to the mantle but the difference in element

ratio,c, in the reservoirs, e.gt, Rb/Sr, U/Pb, Th/Pb and Sm/Nd, persists.

If the depth of earthquakes in subduction zone:, can be used as a guide,

oceanic lithosphere is presently being delivered to the region of the

mantle betvFeen about 220 km and 670 km. The isotopic data can be

satisfied if this is also the source region for mid-ocean ridge basalts

(MORB). This Leaves the upper mantle or the lower mantle as the source

region for continental flood basalts (CFB), hotspot magmas and ocean

island ba^a.l.ts (01B). The upper mantle low-velocity zone (LVZ),or

asthenoap!7ere, is the more likely source region since temperatures there

are closest to the melting point.

Ocean floor basalts have comparatively uniform and low 87 Sr/ 86Sr

206 Pb/ 
204

Pb, and 144Nd/143Nd ratios whereas continental magmas

and basalts from ocean islands not associated with island arcs have less

uniform and higher ratios (De Paolo and WasserbQrg, 1979). 	 The latter

magmas are also enriched in volatiles and the incompatible large-ion

lithoppile (LIL) elements (Write and Schilling, 1978; Frey et al., 1978).

The study of isotopes has introduced the time constraint that reservoirs

with different element ratios -- Rb/Sr, U/Pb, Th/Pb, and Sm/Rd --

have existed for the order of 1 to 2 b.y. The source region for MORB

has been providing uniform composition lavas for lung periods of time.
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It must therefore be immense in size and global in nature (Schilling, 1975).

The reservoir for continental and ocean island magmas also appears to be 	
I

relatively uniform and global although its products are often mixed with

varying amounts of MORB before it is sampled.

There are two competing petrological viewpoints regarding the

nature of the source regions. The common view is that all basalts

represent various degrees of partial melting of a garnet peridotite.

The alternative position is that some basalts represent extensive melting

of a deep eclogite source. Both eclogite and garnet peridotite

inclusions are .ommon in kimb(;rli.te pipes. The eclogite inclusions,

although not rare, represent only about 20% of the total. This suggests

that eclogite is either a less abundant component of the mantle or

it occurs deeper than the garnet peridotite, as befits its higher density.

Neithdr t o! the two types of fragments can represent primitive mantle

(Allsop er. al., 1969). They mutt therefore be a result of a previous

differentiation event. The eclogite winerals are depleted in the

trace elements which are	 enriched in peridotite nodules, the plume

source region and the continental crust. It is therefore desirable

to test the hypothesis that eclog;te, peridotite and continental crust-

are the principle products of mantle differentiation and that xenoliths

in kimberlites may be samples from the mantle source regions. If true,

this would have considerable impact 6n our ability to model the composition

and evolution of the mantle.

CHEMICAL STRATIFICATION OF THE MANTLE

The mantle is also heterogeneous in its seismic properties. It'has

not been clear, however, if or how the seismological and geochemical

heteroteneities are related. n e largest lateral variations in seismic
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velocities occur in the outer 200-250 km of the Earth and are related

to such surface tectonic features as shields, trenches, rises, and

volcanic belts. The mantle is also inhomogeneous radially with the

lithosphere, asthenosphere, and transition zone being the main sub-

divisions of the upper mantle.

A chemically layered upper mantle could provide distinct and

isolated reservoirs and is more suitable in many ways than models

involving isolated blobs or regional inhomogeneities (Hofmann et al.,

1978). It has been proposed that tie low-velocity zone is the depleted

reservoir and the source of mid-ocean ridge basalts (Schilling, 1973).

Plume basalts, i.e., magmas from the L.I.L. enriched reservoir, have

been attributed to deeper sources. If the LVZ is enriched in volatiles,

as proposed by ,'Anderson and Sammis (1970) on geophysical grounds, then

this explanation is untenable. Frey et al. (1978) have discussed other

objecti ,ins to this model. They argue that volatil.es should have

enriched the upper layers of the mantle.

On the basis of seismic velocities and seismicity patterns,

Andersou (1979c) proposed that there were chemical discontinuities

in the mantle at 220 and 670 kta. The former is the base of the LVZ

and near the maximum depth of earthquakes in continental collision zones

and regions of hubduction of young, <50 Ma, oceanic lithosphere. The

latter is a sharp seismic discontinuity and is near the maximum depth

of earthquakes. Only old oceanic lithosphere penetrates this deep.

The seismic velocities between 220 and 670 km are consistent with

eclogite.

The continental lithosphere extends no deeper than about 180 km

(Anderson, 1979c). It may terminate at the boundary between granular

I I	 and sheared lherzolit.e nodules, ti150 km (,Boyd and Nixon, 1975). We
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will assume that the sheared nodules are representative of the

mantle below the lithosphere and above the Lehmann discontinuity at

220 km. The shallower granular nodules have apparently been subjected

to basalt extraction since they contain less CaO and Al203 than the

sheared variety. They may be an imprrtant, perhaps major, component

of the continental lithosphere. Both varieties of nodules are enriched

in the L.I.L. elements compared to oceanic crust, the MORE source

region and the minerals of eclogue inclusions, The fertile peridotite

presumably rises to shallower depths under the oceans, of the order of

80 km. Thus, the average thickness of the fertile peridotite layer is

about 120 km. Volumetrically, this is an adequate source region for

continental and hotspot magmas but not for the more voluminous MORE.

We suggest that differentiation of the Earth leads to two layers

in the upper mantle, a thick basalt crust over residual peridotite. As

the Earth cools the base of the original crust transforms to eclogite

whrrAt sinus through the upper mantle. The present upper mantle is

peridotite overlying a thick (450 km) eclogite section. Partial melting

in the eclogite section allows material to escape and to melt extensively

upon ascent. This is proposed as the source of oceanic crust.

The basalt and eclogite portions of the oceanic lithosphere return

to the eclogite layer by subduction. The fertile peridotite layer

of the upper mantle can partially melt and provide basalts when the

upward convection of mantle heat is prevented by the insulation of

continental lithosphere. Thus, both reservoirs are global and underlie

both oceans and continents. It appears that the MORB source region can

also provide magma to back-arc basins, perhaps when material is displaced

by the descending slab.
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THE ECLOGITE SOURCE REGION

Pipe eclogites have a strong resemblance to oceanic tholeiites

in both the major and trace elements. The Rb/K and other ratios in

bimineralic eclogite closely resemble the coxtesponding ratios in

abyssal tholeiite basaltis. The similarities are even more pronounced

if the eclogites are compared with the average composition of the

oceanic crust.

The first column of Table 1 gives a composition which is

representative of oceanic tholeiites. More likely estimates of the

composition of the primary magma are the total. composition of the

oceanic crust (column 2) and basaltic komatiites (Column 3). These

compositions are remarkably similar and have appreciably more MgO

and less Al203 and Na20 than tholeiites which are considered

to be the last crystallizing liquid from a more primary magma. The

bimerall.,. eclogites in kimberlite (columns 4, 5 and 8) are

virtually Nentical to these es t imates of the average composition of

th2 oceanic crust. Trace element comparisons between limberlite

eclogites and abyssal tholeiites are given in Table 2. Again, the

correspondence is remarkable.

It appears that material similar to eclogite , inclusions in

kimberlites is a suitable parviv. for the oceanic crust. The inclusions

thf!mselves may represent cumulates from mantle diapirs that were trapped

in the continental lithosphere. Diapirs rising from such great depth

woul,' melt extensively if their ascent were unimpeded,by the continent.

THE GARNET-PERIDOTZ'iE LAYER

The K, Rb, and Sr contents of some kimberlite garnet peridotite

inclusions are given in Table 2. Also given are estimates of CFB and
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of the "plwna" source. Note the agreement between tholeiites and

eclogites and between peridotites and the inferred plume source region.

Mother way to estimate the trace element content of a partial malt

from peridotite is to assume that the difference in composition between

fertile and barren peridotite is due to basalt removal. The trace

element content of the resulting liquid is given in Table 3 and compared

with continental and oceanic basalts. The peridotite compositions are

from Rhodes and Dawson (1975) and -it is assumed that the basalts

represent 20% melting.	 These are extremely fresh peridotite xenoliths

from the Lashame tuff-cone in northern Tanzania that have apparently come

from a depth of ti150 km. They are chemically and mineralogically

similar to peridotite inclusions from kimberlites except that they appear

to be relatively less contaminated. The 87 Sr/ 86Sr ratios of these samples

are about 0.705. The inferred melt is much higher in K, Rb, and Sr

than oceanic tholeiites, a characteristic of continental basalts. The

K/Rb rind Rb/Sr ratios are also much different than abyssal basalts.

Fertile garnet peridotite therefore seems a suitablt- source material

for continental flood basalts but not for MORB. It also has the

characteristics inferred for the "plume" source region (White and

Schilling, 1978). This part of the mantle has probably been subjected

to metasomatic enrichment of the incompatible trace elements (Lloyd

and Bailey, 1975). Such enrichment has also been propcsed for i:h a source.

region of continental (Boettcher and O'Neil, 1979) and plume basalts

(Vhite et al., 1979). The fact that enriched xenoliths are extensively

sampled by kimberlites argues for the shallowness of the plume reservoir.

Mid-ocean ridge basalts generally have 87 Sr/ 86Sr. ratios between

about 0.702 and 0.704 while continental basalts are usually greater than

1 w
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0. 704 and range up to 0.710 (Carter et al., 197'.1; De Paolo, 1979).

Basalts from oceanic islands are intermediate in value and may represent

mixtures. The data on kimberlite xenoliths is sparse and equivocal

(Allsop et al., 1969; Barrett, 1975; Simazu, 1975). Pipe perideitites have

87 Sr/ 86Sr values of 0.7060-0.7075 and other characteristics appropriate

for the source region of continental basalts. Eclogite xenoliths may have

been brought into the continental lithosphere by deeper diapirs and evolved

for some time in an environment different from PEL prior to pipe

eruption. Whole rock measurements on eclogite xenoliths from S. Africa

generally have High 87Sr/ 86Sr ratios (0.704-0,711). Allsr.p et al. (1969)

estimated the ratio in "ideal" bimineralic eclogite as 0.702. A

sample from Tanzania has a value of 0.7004; discrete diopside nodules

give 0.7029-0.70+ (Barrett, 1975).

LOCATION OF THE TWO SOURCE REGIONS

As discussed earlier,at least part of the oceanic lithosphere seems

to be returned to depths between 220 and 670 km. The mantle

discontinuities at these depths are sharp and they are associated with

changes in seismicity, as if they were acting as barriers to slab penetration.

This could be due to density jumps caused by changes in mantle chemistry.

The isotopic data, although useful in finger printing the source regions

and giving age control does not provide information about major

element chemistry or intrinsic density. This is where the kimberlite

inclusions becomA useful.

Eclogite is appreciably denser than garnet peridotite and should

r	
therefore occur deeper in a gravitationally stable mantle. I have suggested

that the Lehmann discontinuity at 220 km is the boundary between garnet

peridotite and eclogite, and the discontinuity at 670 km is the
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boundary between aclogits in the garnetite assemblage and peridotite

in the ilmanite plus spinal assemblage (Anderson, 1979b). The aclogite

layer is parched (PEL) in the upper mantle an6 forms the transition

region. In a convecting system composed cif two superposed layers there

is a thermal boundary layer, i.e., region of high thermal gradient, on

each side of the irate.face. This is where temperatures are most

likely to approach or exceed the solidus and where diapirs would

originate. There is also a thermal boundary layer associated with the

lithosphere-asthenosphere boundary. Temperatures at 670 km and below

are likely to be well removed from the melting point.

Differentiation of a silicate planet results in two distinct products,

basalt and residual peridotite. The basalt, resulting from low pressure,

high temperature partial melting of primordiAl mantle possibly resembling

peridotitic komatiite, would be originally concentrated in a thick

laver at the surface. Subsequent cooling, primarily by convection,

brings upper mantle temperatures into the stability field of eclogite

which is denser than residual mantle. This leads to a massive

overturning of the outer layers of the planet, subduction of the eclogite

protoplate and destruction of the early geological record. This may

explain the rarity of crustal rocks older than 3.8 Ga.

Given that planetar, differentiation concentrates basalt in the

outer layers and that the Earth has- generated and subducted massive

amounts of oceanic lithosphere what is the likely distribution of

basaltic material in the interior? To answer this T have estimated the

density as a function of depth for basalt and peridotite (Ander3on,

1979a). Basalt below about 50 %m converts to eclogite which is deviser

than normal mantle even after olivine has conver.tod to spinet. Pyroxene

0
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and garnet react at higher pressures to form a garnet solid solistion.

Normal mantle also undergoes o series of phase changes but remains less

dense than garnetite until ilmenite and perovskite structures become

stable below 670 km- The eclogite cannot sink below this level.

The addition of Al 
2 
0 
3 

to Ca$i0 
3 

and (Mg, Fe)SiO 
3 
expands the stability

field of ga y ,-,at and increases the pressure required for transformation to

such dense lower mantle pl. ,tses as perovskite and ilmenite. This means that

eclog1te cannot sink into the lower mantle. Whole mantle convection, which

may have been possible prior to the establishment of the eclogite layer

and the chemical discontinuities in the upper mint-tu, would be replaced

by separate convection systems in the lower mantle, the erlogitia layer

and the upper mantle above 220 km.

The oceaalt: uart of the plate tectonic cycle in this scheme is very

simple (Figi ta, e 1.). Heating of the eclogite layer causes partial melting

and the riso oV t-s clogitic diapirs. The latent heat for complete melting

is provij, by adiabatic decompression. Oceanic crust forms from

thio, eclogite liquid. MORB forms the surface veneer and represents the

latc, st freezing fraction. Subduction causes the crust to reinvent to

eclogite and it sinks back to the PEL. The h w.rzburgite part of

the Lithosphere remains in the upper mantle. The continuous recycling

and remelting of the material in the oceanic crust depletes it 
in 

the

L11. and, 
in particular, the LREE.

PRIMITIVE MANTLE

The isotopic data indicates that the two source regions are the

results of an early differentiation event. If we accept the 220 and

670 km discont inu L ties as its boundaries, the eclogite layer represents

about 20% of the mass of the mantle. By issoming than the whole mantle
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was involved in this early differentiation we can obtain a spectrum of

estimates of primitive mantle composition. Several of these are given

In Table 4,

There are other approaches that have been used for estimating

primitive bulk Earth chemistry. Ganapathy and Anders (1974) have provided

a cosmochemical mixing estimate which is also given in Table 4. There

is surprisingly good agreement between these estimates and the resulting

compositions are distinct from any modern rock type. Peridotite

komatiites are widespread 
in early (t)-3.5 Ga) Precambrian terrains, VilJoen

and Viljoen (1969) propose that these approximate the composition ni

primitive mantle. Indeed, tbet3a, have Mg/Si ratios In the range of whole

Earth estimates. They may represent primitive mantle that has left some

garnet in the source region. I propose that a material similar to

those in Table 4 was the parent from which the current mantle

reservoirs wore derived. These reservoirs are a shallow peridotitic

laver and --i deeper eclogite layer. In this scheme pyrolite would not

represent primitive mantle but mantle which has already been

depleted in a basaltic component.

It'has long been recognized that the source region of MORB is

depleted in LIL elements compared to alkali basalts, continental flood

basalts, and bot-spot magmas. One would expect, however, that the

original primary differentiation would enrich the basalt/eclogite fraction

relative to the residual peridotite. Whole rock analyses of pipe

eclogite indeed show 
s uch enrichment, The major phasen,omphacite

and garnet are, however, depleted and the enrichment occurs in the

intergranular material (Allsop ot al., 1.969). The Intergrayi-Unr material,

LIL content is similar to that of the continental crust (Table 2). The

eclogite layer may havc, become depl( I ted and the pciridotite layer enriched
M w
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by the upward transport of fluids as discussed by Frey et al. (1978),

Boettcher et al. (1979) and Mysen (1979).

Tatsumoto (1978) and Hedge (1978) proposed a model, based on lead

and strontium isotopes that is similar to the present result, i.e.,

the LVL ("asthenosphere") is undepleted or enriched and supplies "hot-

spot" magmas; the underlying mantle ("mesosphere") is depleted and provides

abyssal tholeiites. This is the opposite of Schilling's (1973) model.

Continental and hotspot related magmas represent a wide range of partial

melting, from about 4% to 25% (Frey et al., 1978; White et al., 1979).

This suggests that they come from a wide range of (shallow) depths.

MORB's are invariably tholeiitic, indicating extensive (>25%) melting

and a consistently deep origin.

The incompatible trace, elements in both source regions are

enriched relative to recent estimates of bulk Earth composition

(Ganapathy and t►.nders, 1974). For example, if the lower mantle

is identical in composition to the peri.dotitic upper mantle and if

the silicate portion of the planet is 21% eclog{te and

0.5% continental crust then the major elements are in agreement with

bulk Earth estimates such as Ganapathy and Anders (1974) but such

elements as K, Rb, and Sr are about a factor of 2-1/2 higher. This

can be accounted for if the mantle below 670 km has transferred its

incompatible trace elements to the crust and upper. mantle. This

presumably occurred during the early differentiation of the Earth and

accompanied basalt extraction from primitive mantle. T; ►e calculated

Rb/Sr ratio of the continental crust plus upper mantle (peridotite

plus eclogite) is 0.028. This is also the value inferred for the

bulk Earth (Ganapathy and Anders, 1974; VeFaolo and Wasserburg, 1976).

I -
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This plus the complementary nature of the two source regions suggests

that the material ,above 670 km may exhibit bulk Earth patterns of the

ML elements, and have a 2-3 times enrichment. The lower mantle is

extremely depleted in the LiL elements.

EVOLUTION OF THE MANTLE

The evolution of the Earth's mantle according to the present scheme

is shown in Figure ". The primitive mantle has roughly the composition

given by a 1e4 mix of eclogite and garnet peridotite. Early

differentiation processes lead to the development of a thick enriched

basalt crust and a residual peridotite mantle. As the outer layer cools

It converts to eclogite which settles through the upper mantle and becomes

perched ►i,^ar 670 km by a phase boundary in the peridotite mantle. Incompatible

trace eleixonts are removed into the continental, crust and the upper mangle

garnet peridotite regions by metasomatic fluids. The eclogite layer

therefore becomes depleted in those components which are concentrated in

the overlying layers including the continental crust.

The highest temperatures in the mantle, relative to melting

temperatures,are in the thermal boundary layer near the top of the FEL,

1020 km depth. This is where the density contrast between eclogite
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and peridotite can be overcome by partial malting and where eclogite

diapirs originate. Fcaridotite diapirs originate from the top of the

thermal boundary layer. Their shallower depth and the broad malting

interval of peridotite leads to relatively small amounts of partial

melting, a requirement of alkali basalt petrology (Frey at al., 1978).

This is a a rsuasi.ve but overlooked argument for a shallow location of the

plume source region relative to the source region for tholetites.

Continental and alkali basalts are usually emplaced at greater

elevations than the oceanic tholeiitic basalts. This is sometimes taken

as evidence that the MORB source region is shal.lown r than the plume

source region. Alternatively, the alkali basalts are emplaced at higher

elevations becauee they are intrinsically less dense than tholeiites.

The parameters of the thermal boundary layer depend on tale thermal

propertt,s, viwic:asity and heat flow at the interface. The thickness is

calculatcd to be about 20 km and the temperature rise

is 300--t-00 0 c„ This is comparable to the near surface gradient and brings

the average temperature close to the melting point of mantle silicates

at 220 km. The thermal perturbation by a stationery continent, or a

large continent moving slowly, causes a further temperature rise and may

be the trigger that initiates partial. melting.

Depleted peridotite, the refractory product of partial melting of

tho garnet peridotite layer, is lighter than any other component of the

mantle and becomes part of the continental lithosphere and the suboceanic

harzburgite layer. The lower mantle need not be involved at all in

the current magmatic cycle.
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MANTLE WIETASOMATISM AND THE REDISTRIBUTION OF TRACE ELEMENTS

Calculation of the partitioning of the rate Earth elements among the

various regions indicated in Figure 2 for a dry planet give results which

are contrary to observations (Schilling, personal communication). In

particular the eclogite layer being the result of partial melting of

primitive man gle should be LREE enriched even after removal of

the continental crust. The peridotite layer should be depleted relative to

primitive mantle and be LREE deficient. This suggests that there has been

upward transport of a LREE phase which serves to deplete the PEL and

enrich the overlying layers, including the peridotite plume source and

the continental lithosphere. An 11 24-rich vapor phase strongly

concentrates the REE and, in paticular, the LREE (Mysen, 1979). Evidence

that the mantle has experienced such metasomatism prior to the transport

of samples to the Earth's surface by kimberlites has been provided by Ridley

and Dawson (1975), Erlank and Shimazu (1977) and summarized by Mysen (1979).

Parallel evidence from alkali basalts is given by Boettcher and O'Neil

(1979). Carbonatites, kimberlites, "depleted" granular peridotites,

alkali basnits and the interstitial phase in eclogite xenoliths all show

extreme LREE enrichment. The source region of MORE on the other hand is

LREE depleted. The degree or LREE enrichment in a water-rich fluid

increases with garnet content (Mysen, 1979). These observations all

suggest that a vapor or fluid phase removes the REE from the eclogite

layer and deposits them in the peridotite layer and the continental.

lithosphere. The other LIL elements also show a complimentary pattern

between MORB and plume basalts.

Since the enrichment of REE in general, and LREE in particular, in

the fluid increases rapidly with pressure as well as garnet content, we

expect an upward increase in LREE enrichment in the rocks as we proceed
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from the eclogite to the fertile peridotite to the "depleted" peridotitee

(continental lithosphere) and finally to the crustal layers. Mass

balance calculations suggest that the continental crust is not the only

repository of LREE enriched material. The remainder we propose is in

the continental lithosphere and the LVZ. This is supported by the evidence

from material which has been sampled from these regions. The depleted

nature of the MORB source region is an argument that it lies below the

REE enriched regions, i.e., below the depth of generation of

kimberl.ites and alkali basalts and the xenoliths the contain.

PLATE TECTONICS

A major source of mantle heat flow is the Perched Eclogite Layer

(PEG). With tho:leiitic concentrations it would provide 0.7 peal/cm 2sec,

about V" of tliv global average surface heat flow. The scale length of
convect i c-i in the PEL will he of the order of the layer this a-Less, ti450

km. Convee Lion in the overlying peridotite layer would be driven by this

non-uniform heating from below and would have a similar or smaller scale

length	 and	 be characterized by narrow ascending plumes. The

high thermal gradient in the boundary layer leads to a large decrease

in viscosity at the interface and the two convecting systems may be

thermally coupled rather than coupled by viscous drag forces. That

Is, cold descending regions would occur in close proximity in the two

laYe rs. A descending slab, for example, may trigger detachment of the

do:ld boundary layer in the PEL. This is shown schematically in Figure 3.

Seismic waves will see a continuous cold region with high velocities.

There will also be other regions of cold descending plumes in the PEL which

are not directly related to slabs. Likewise, there may be regions
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of rising currents in both the PEL and the overlying layer ► which do not

express themselves in surface features such as mid-ocran ridges. The

convective pattern, however, may be evident in detailed analyses of

topography, gravity and seismicity.

Earthquakes do not extend below about 250 km at most convergent

plate boundaries. In other regions there is a gap in the seismic zone

between about 250 and 500 km. Even where the zone is continuous

it is usually contorted near 250-350 km. In many cases the deeper zone

is more-or-less spatiaily continuous with the upper zone but in Chile,

Peru and New Zealand the two zones appear to be displaced. This is

suggestive of the type of two-layered convection considered here.

There are several ways to estimate the lateral extent of the convection

cells. We assume that convection in the eclogite layer controls

convection in the thinner and shallower peridotite layer. Thiessen et

al. (1979) suggested that the distribution of high spots in Africa

reflects Me underlying convection pattern. By comparison with laboratory

data they inferred a vertical extent of convection of about 500 km,

slightly greater than the thickness of the eclogite layer. They proposed

that this pattern could only be observed through a stationery continent.

Jordan (1978) showed that terrain, crustal thickness, and Aou3uer

gravity anomalies have correlation distances of the order of 550 km,

remarkably similar to African higlispot distances. This again suggests

a scale length of convection comparable to the thickness of the transition

layer.

Menard (1973) attributed depth anomalies in the eastern Pacific

and the bobbing motion of drifting islands to convection cells in the

upper mantle of half-wavelength 250-500 km. The depth anomalies,

having amplitudes of i300 meters can be explained by temperature
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differences in a 200 km --hick layer of about 200'C. The depth anomalies

seem to be fixed relative to krctG spots. Menard believes that motion

of plates over thecae bumps explain many aspects of vertical tectonics.

The "bumpy" asthenosphere envisaged by Menard is a natural consequence

of the convection pattern proposed here.

The pattern of convection 'a the PEL is probably fairly complicated.

The migration of trenches and continents may change the locations of

the descending plumes in an individual cell or groups of cells in the

PE;L but it seems likely that the cells themselves cannot move .far relative

to oue another. This provides a rationale for a fixed hot-spot reference

frame and a Mechanism for allowing the surface expression of a

hot spot `;.% wat0er on the order of 5 0 . The proposed upper mantle

convection pact.rn is shown schematically in Figure Vii.

HOT SPOTS AND PLMIES

*torg.in (1972) suggested that island and sea-mount chains are

produced by plate motion over convective plumes extending from near the

cote-•mantle interface to the base of the lithosphere. Anderson

(1915) proposed that plumes came from a distinctly different source

region than midocean ridge basalts and that kimberlites, carbonatites

and continental flood basalts were all related to hot-spot or plume

activity. I suggested that plumes were a result of a thermal perturbation

due either to continental insulation or a diapir rising from the

deep mantle. In either case the plume source region differed in

chemistry from mantle providing abyssal tholeiites and was the source region

for distinctive ocean island magmas and undersaturated continental magmas.

It was proposed that this source region was rich in Ti, 8a, Sr, X,, La,

Zr, Nb, Etb, CO 
2'P205' 

H2O, etc., compared to "normal" mantle (the source

n w
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region of MORB). These chark,cteristics have evince been fou ►► d to be

ty^., ,' g al of plume chemistry (Unni and Schilling, 1978; Schilling at al.,

1976; Bonatti at al., 1977; White and Schilling, 1978).

Although I Initially favored a deep mantle origin for plumes

it now appears that they originate abovo the 220 km mantle discontinuity

in a region of the mantle that has 	 enriched in incompatible components

by metasomatic processes that havr, depleted the source region of MORB.

Since hot spot activity in restricted both in apace ind time we

need a thermal anomaly to initiate partial molting in the peridotite

layer. One possibility is thermal blanl(ating by t1ve thick conducti.,,.1

continental lithosphere (Anderson, 1975). A large stationary

continent may thereby cause its own break-up and a subsequent period

of rapid prate motion. The temperature anomaly and partial melt

zone rema.ns after the continent leaves and it becomes an oceanic hot

spot. Hot spots will have a finite lifetime which appears to be at

least 200 Ma after the continent starts to move off.

With a mantle heat flow of 0.7 Peal/cm 2sec there are 2 x 109

cal/cm2 delivered to the base of subcontinental lithosphere in 108

years. Evan if only 20% of this is trapped this is enough to heat a 50

km thick section of mat.__- ,y 200°C and to melt it to the extent of

20%. Continental blanketing therefore seems to be an adequate

mechanism for turning on melting spots below the continental lithosphere,

The hot spot tracks in the Atlantic and Indian Oceans can be

traced back to continental interiors. The timing of Mesozoic and

Cenozoic continental flood basalts in North and South American, Africa,

Europe and Siberia is appropriate for their, location over hot spots when

they formed (Morgan, 1979). If our hypothesis concerning the origin of



hot spots under stationary continents is correct then we would expect

that a continent would have boon over Hawaii some 200 m.y. ago. The

Hawaiian-Emperor seamount chaffo disappears into the Aleutian Trench so

we cannot trace it beyond about 70 m.y. By backing up the Pacific plate

we can infer that some of these continental fragments may have

been incorporated into northwestern North America. The 210 m.y. old

flood basalts from central Alaska to Northern Oregon, so-called

Wrangallia (Jones et al., 1977), 	 dear the equator (,15") and

subsequently moved north to became attached to North America. Gre,enstones

in central Japan were formed near the equator in the late Paleozoic

(Pattori and Hirooka, 1979). Other fragments are elsewhote around the

Pacific Margin (Nur and Ben-Avraham, 1979).

In the lacy=sent scheme it is the ther. . perturbation caused by the

deep	 l:m) continental lithosphere that is responsible for the onset

of hotspor -ac:tivity. The hotspots generate kimberlitets, carbonatites,

all'alt haw-tlts, and lead to continental breakup. There follows a period

of rapid continental drift and seafloor spreading. Continental igneous

activity wanes as the continents drift off their hotspots but ridge and

ocean island voinani.sm increase. 	 In this scenario hotspots play an

important, perhaps dominant, role in breaking up and driving the plates.

At cite end of an interval of rapid spreading they would tend to bR

centrally located in the oceans, much as they are today. An important

force in plate tectonics may be the "hotspot fleeing force". The thermal

perturbation by continents may also control locations of mid--ocean

ridges (Nur and Ben-Avraham, 1979).
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HOT SPOT PROPULSION

Elder (1976) has considered the propulsion of continents by a

horizontal temperature gradient. In the absence of resisting forces

. at plate boundaries the velocity is

u - agQTh3/ M

where a is the coefficient of thermal expansion (3 x 10-5/K), g

is acceleration due to gravity (10'3 cm/sect ), AT is the temperature

anomaly (200K), h is the layer thickness (100 km), v is the viscosity

(1020P) and R is the horizontal scale of continent (1000 km). The

assigned values are just for the purpose of obtaining an order of magnitude

estimate for u which 'turns out to be about 6 cm/yr.

Periods of extensive continental magmatism are correlated on a

global basis and seem to last of the order of 0.3 to 0.4 Ga (Windley,

1977). They are separated by periods on the order of 0.7 to 1.0 Ga.

Periods c: rapid plate motion, or at least of rapid apparent polar wander,

last for about 30-60 Ma (Gordon et al., 1979). At a velocity of 10 cm/yr.

this would lead to total displacements of 3000 to 6000 kni which are of

continental and inter-continental distances. The continents, on the

average, then would come to rest far from their own or other continents'

hot spots. The gestation period for forming a hot spot appears to be

200 to 400 Ma and the lifetime estimated from the duration of continental

magmatism and the duration of the subsequent hot spot track may be as much

as 500 Ma. Since convection is more efficient through the oceanic mantle

we expe--t that hotspots will start to dissipate as soon as their continents

move off and that regions of high heat flow in the oceans would mark: the

previous locations of stationery or slowly moving continents.

n '-



A-IV-22

Reconstruction of the continents indicate that most of the

Atlantic and Indian ocean hotspots were beneath continents from about

100 to >350 m.y. ago. The present African hotspots were apparently

beneath Europe at the earlier time.

SUMMARY AND DISCUSSION

Isotopic evidence indicates that there are at least two source

regions of basaltic magma ire the mantle which have remained separate for

the order of I to 2 Ga. The sub-continental and hotspot source region

is enriched in incompatibles components compared to the source region for

midocean ridge basalts. Eclogite and garnet peridotite xenoliths

in kimberlite pipes seem to hav# the appropriate characteristics

to providv mid-ocean ridge basalts, and continental basalt'

respoc.tl v.:^ L y - The eclogite layer, the source of mid-ocean ridge

basalts, i4 denser, and therefore deeper than the enriched layer.

Melting Iii troth layers may result from the thermal insulation provided

by the thick continental lithosphere.

The latent heat for extensive melting of eclogite diapirs is available

if rapid ascent of 160 km or greater is possible (Yoder, 1976). This

is less likely under thick continental lithosphere than in the oceanic

aRtlienosphere. Therefore,oceanic tholeiites occur in the oceans

and eclogite xenoliths occur under continents. The temperature rise

required for the initiation of garnet peridotite diapirs may require

a long period of continental insulation. Therefore, hotspots start

under continents and lead directly to uplift and breakup and

provide the initial driving force for continental drift.

It is possible that continental insulation is also required to

initiate melting in the eclogite layer. The difference in geometric

style between ridges and hotspots would then reflect the difference
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in convection in tho ecologite and peridotita layeral rising sheets in

the internally heated eclogite layer and rising plumes in the overlying

peridotite layer.

One would expect the basalts formed in the primary differentiation

of the earth to be LREL enriched and enriched in the incompatible alementb.

Present MORB is coming from a source region which hAs been depleted

in these elements. Continental and hotspot magmas are enwiched in

Ii20, CO2 0 P, Cl, F, Rb, Sr, Ba, Ti, ate. Ultramafic mantle xenoliths

are also enriched in these components, even those which have been

depleted in a basaltic component. The minerals in eclogite xenoliths

are low in the incompatible elements but the intergranular material

Is enriched in it material having abundances similar to the continental

crust. We suggest that LIL elements were removed from the MORB

reservoir not only by extraction of the continental crust but also by

removal, of a fluid or vapor phase which has enriched the continental

lithosphere avid the upper mantle peridotite layer.

A scheimitic continental geotherm with a thermal boundary layer is

shown in rigure 5. The ascent path of an eclogite diapir is also shown.

Yoder (1976) has estimated that eclogite must rise about 160 km from

its source region in order to completely melt if the heat of melting

is obtained by adiabatic rise. For a 220 km deep source region complete

melting would be achieved at 60 km. Note that completely molten

eclogir^!, i.e., basaltic magma, can be delivered to the surface without

melting dry garnet peridotite. With the geotherm shown, wet peridotite

diapirs can rise from the thermal boundary layer but they will be

only partially molten even after ascent to the surface because of the

broad melting interval. Extensively molten peridotitic

diapirs are not possible today because of their high liquidus temperature

and their relatively shallow origin. This suggests that kamatiites
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could only form when peridotite diapirs could rise from depths groater

than some 300 km, i.e., prior to the establishment of the thick eclogite

layer. Only such deep diapirs could extensively melt (?60%) before

they reach the	 This assumes that the geothdrm approaches the

adiabat only at	 depths.

The gradual heating associated with continental insulation will

mobilize mantle fluids before extensive melting occurs. Therefore,

a metasomatic precursor and a redistribution of LIt, can be expected

prior to continental magmatism. Alkali basalt activity can also be

expected to precede and accompany tholeU t:i.c eruption from the deeper

levels.

lie have suggested that a thermal perturbation may be required to

initiate t ho r h;o of diapirs from the MORB source region. Tholeiitic

volcanLsn, i^; t lho associated with back-arc spreading. This suggests

that suhd ­M: ! (:; ► can also trigger the rise of diapirs from the MORB

source. l'lo-y will nat have been preheated to the extent of normal MORB

magmas and may be more volatile rich. The spatial relationships of

marginal basin and island arc volcanic-s, relative to the Benioff zone,

suggest that the latter come froth shallower depths than the back-arc

thol.eiites. Since island arcs are generally less than about 150 km above

tho Ben-toff zone (Ringwood, 1975) this suggests that marginal basin basalts

comt, from somewhat deeper, consistent with our interpr(Aatxon of the

locution of the MOR13 source region.

N
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Table 1

POSSIBLE COMPOSITIONS OF THE TRANSITION ZONE ZCi.OGITZ LAYER

Sa102 50.3 47.8 46.2 45.7 49.5 46.6 45.5 47.2 1 2.4

TiO2 1.2 0.6 0.7 0.4 0.5 0.8 1.9 0.6 i 0.3

Al20 3 16.5 12.1 12.6 17.9 8.5 13.7 12.4 13.9 1 4.5

F80 8.5 9.0 11.4 11.2 8.8 9.1 9.5 11.0 ± 3.6

M.iO 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 1 0.1

MgO 8.3 1'.S 16.6 11.9 16.2 16.1 18.8 14.3 1 3.0

CaO 12.3 1.1.7. 10.5 7,4 10.6 11.8 9.7 10.1 1 2.2

Na 20 2.0 1.3 1.2 2.0 1.7 1.3 1.6 1.6 t 1.1

K20 0.03 0.02 0.4 1.1 0.02 0.1 0.5 t 0.4

(1) Oceanic: tholeiite (Kay et al, 1970, Engel and Engel,, 1964)

(2) Oceanic ,rust, calculated from ophiolite section (Eithon, 1979)

(3) Basaltic "komatiite", Gorgona Island (Gansser et a1, 1979)

(5, 
1(5i 

Mintle eclogites (Nixon, 1973)

(6) Possible eclogue extract in fractionation of primary magma in

upper mantle (O'Hara et al, 1975)

(7) picrite (Ringwood, 1975)

(8) Average bimineralic eclogite in kimberlite (Ito and Kennedy, 1974)
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Table 2

ESTMATES OF L,ITHOPHILE ELEMENT CONCENTRATIONS

(ppm) IN BULK EARTH, THE ECL.OGITE AND PERIDOTITE

SOURCE REGIONS AND VARIOUS PRODUCTS OF THESE

SOURCE REGIONS

K Rb Sr Rb/Sr U Ref.

Abyssal tholsifts	 732

Kimberlite eclogite	 820

0.75

0.7

92

95

0.008

0.007

0.16

0.17

(1)

(2)

Kimberlite peridotite 617 3.4 55 0.061 (2)

Kimberlite p eridotite 483 2.0 59 0.035 (2)

„Plume" source >468 2.5 60 0.042 (1)

Continental flood basalts 6400 17 320 0.053	 0.3 (3,4)

Ocean island basalts 3160 5.3 231 0.023 (1)

Continental crust 15 000 33 370 0.089	 0.7 (3)

Inte:L granular material
in eclogites 16 000 48 550 0.087 (2)
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TABLE 2

(LEGEND)

(1) Whig and Schilling (1978)

(2) A:llaap at a1 (1969)

(3) Jacobson and Wasserburg (1979)

(4) Carmichael at al (1974)
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Table 3

TRACE ELEMENTS IN INFERRED MtDOCEAN RIDGE BASALTS,

ECLOGITE XENOLITHS, PARTIAL MELT OF "FERTILE" GARNET PERIDOTITE

AND CONTINENTAL FLOOD BASALT$

Oceanic

(1) ( 2 ) (3)

K 820 732 700

Rb 0.7 0.75 1.1

Sr 95 92 134

K/Rb 1170 976 640

Rb/Sr 0.01 0.008 0.01

Continental

(4) (5) (6)

2000-3600 4000 6400

11. 20 20 17

30-500 400 320

100-300 400 376

0.04-0.3 0.005 0.053

(1) "Idenl" eclogite xenolith (Allsop et al, 1969). Potential

source region for oceanic tholeiites.

(2) Oceanic tholeiite (White and Schilling, 1978)

(3) Oceanic tholeiit,, (Table 1)

(4) Inferred partial melt (20%) product from fertile garnet

peridotite xenoliths with sterile peridotite xenoliths

as residual (Rhodes and Dawson, 1975)

(5) Karoo basalts (Carmichael et al, 1974)

(6) Continental flood basalts (Jacobsen and Wasserburg, 1979)

.-
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Table 4

INCLUSIONS IN KIMBERLITES AND ESTIMATES

OF PRIMITIVE MANTLE COMP0.ITION

Xenoliths Mantle Compositions

(1) (2) (3) (4) (5) (6) (7)

Si02
47.2 47.3 47.3 47.3 48.0 46.6 44.8

TiO2 0.6 0.05 0.2 0.2 0.3 0.3 0.2

Al203 13.9 1.6 4.1 5.3 5.2 3.0 5.3

Fe0 11.0 5.8 6.8 7.4 7.9 10.4 10.3

M80 14.3 43.8 37.9 35.0 34.3 34.2 34.3

Cno 10.1 1.0 2.8 3.7 4.2 4.8 4.4

Naa20 1. +1 0.2 0.5 0.6 0.3 0.2 0.4

h20 0.5 0.2 0.2 0.3 0.2 0.03 0.03

(1) Awra► a eclogite nodules (Ito and Kennedy, 1974)

(2) Avernge garnet: lhxerollte in kimberlite (O'llara et al, 1975)

(3) 20% eclogite, 80% garnet lhxerolite.

(4) 30% eclogite, 70% garnet lhxerolite.

(5) Primitive mantle (Ganapaathy and Anders, 1974)

(6) Avvraage peridotltic komatiite, S. Africa (Viljoen and Vil;joteaa, 1969)

(7) l'eridotite with quench texture, W. Australia (Nesbitt, 1972)
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FIGURE CAPTIONS

Figure 1. Schematic of the primary plate tectonic cycle with the

transition zone eclogite layer serving as the source

and sink of the oceanic lithosphere. The harzburgite

portion of the lithosphere remains in the upper mantle.

Figure 2. Flow chart of mantle differentiation. The primitive

differentiation results in basalt and peridotite,.

Partial melting of the basalt layer concentrates the

LIL elements into the continental crust.

Figure 3. Schematic illustration of isotherms for convection in a

stratified system showing boundary layer detachment.

The locatio.na of descending plumes in the lower layer

will be controlled by the locations of the cold iso-

therms in the upper layer. Material penetrating into the

lower layer may initiate diapiric uprise from this region.

Figure G. Tllustration of flow in superposed convecting layers.

The lower layer is internally heated and is characterized

by broad upraellings. The upper layer is mainly heated

from below and is characterized by narrow ascending plumes.
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pigure 5. Geotherm in a chemically stratified mantle showing the

thermal boundary layer and the path of ascent of an

eclogite diapir that starts to malt at about 250 km.

Temperatures at the top of the eclogite layer must appreciably

exceed the solidus before the diapir has sufficient buoyancy

to rise through the peridotite layer. It may heat further if

Its upward escape is prevented by an overlying continental

litbosphere. Extrusion temperatures and depth of complete

tueltin g may therefore be greater than shown here. Dry

inelLiag curves are frO%A Wyllie (1971) and Yoder (1976).
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Abstract

The high surface temperature of Venus implies a permanently buoyant

lithosphere and a thick basaltic crust. 	 Terrestrial style tectonics

with deep subduction and crustal recvcling is not possible.

Overthickened basaltic crust partially melts instead of converting to

eclogite. Because mantle magmas do not have convenient acesss to the

surface the 40Ar abundance in the atmosphere should be low. 	 Venus

provides an analog to Archean tectonics on the Earth.

Introduction

The surface temperature of Venus is about 450 R warmer than the

surface of the Earth. This affects the buoyancy, thermal expansion,

thermal conductivity and, hence, the thermal evolution and ultimate fate

of the lithosphere. The pressure in the upper mantle of Venus is at

least 12% less than at equivalent depths in the Earth's upper mantle.

Thus, the depth of melting, the locations of upper mantle phase changes

and the viscosity of the upper mantle will be different for the two

planets. The buoyancy and thermal properties of the lithosphere control

the style of plate tectonics and the associated time a"d length scales.
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Most discussions of the comparative tectonics between Earth and Venus

address only the differences in viscosity.

The oceanic lithosphere of the Earth cools as it ages and it

eventually becomes denser than the underlying mantle. This instability

develops after about 40 m.y. (Oxburgh and Paramentier, 1977). Once

cooling roaches a depth of 50 It ► the garnet pyroxenite or eclogite

transformations may make a substantial contribution to the negative

buoyancy of the lithosphere. Continents and oceanic plateaus resist

subduction because of their thick low-density crusts. The fate of the

terrestrial lithosphere, therefore $ depends on both chemistry and

temperature. The purpose of this paper is to investigate the

implications for Venus tectonics of its high surface temperature. We

will conclude that the surface thermal boundary layer on Venus is

permanently buoyant and that the reversible part of mantle convection

occurs below about 100 km.

The terms lithosphere and thermal boundary layer will be used for

the cold outer layer of a planet. Neither term is strictly correct

since the former has a strength connotation and the density of the

latter is usually assummed to depend on temperature alone. The

thickness of the mechanical or rheological lithosphere depends on

temperature and, possibly, composition and is proportional to the

thickness of the thermal lithosphere that is discussed here.

Lithospheric cooling

The average temperature of the oceanic lithosphere decreases about

660°C as it ages. 	 The thickness of the conductively cooled thermal

n
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boundary layer increases at a rate controlled by the thermal

conductivity and the difference between the surface and interior

temperatures. Since the crustal and harzburgits portions of the

boundary layer are both less dense than the underlying mantle a

gravitational instability can only occur after the conductive coaling

penetrates for a sufficient distance, -30 km, into the denser upper

mantle portion of the boundary layer. In some petrological models the

lower lithosphere is pyroxenitic. Upon cooling, plagioclase and spinet

pyroxenite convert to garnet pyroxenite or eclogite with a substantial

increase in density. These phase changes also require cooling to depths

in excess of 3C kilometers.

The equilibrium thickness,d, of a conductive boundary layer is

d - KAT /Q 	(1)

where K is the thermal conductivity, AT/6 is the average thermal

gradient and Q is the mantle heat flow. For K of 7 x 10"3 cal/ct; sec°C,

AT of 1300°C and Q of 0.6 ucal/cm2sec, values-appropriate for the

terrestrial oceanic lithosphere, d is about 150 km. For a lithosphere

composed of 6 km of basalt, 24 km of harzburgite and a lov-.- lithosphere

composed of undepleted mantle, the equilibrium boundary layer for AT

1300°C is 1% denser than underlying mantle and therefore gravitationally

unstable. Phase changes in the lower lithosphere may contribute further

to the negative buoyancy.

For a given mantle temperature and heat flow the equilibrium

thickness of the boundary layer on Venus is reduced by two effects; K
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is about 30% Lower at the higher temperature (Schatz and Simmons, 1972)

and AT is reduced by 460°C. This reduces 6 on Venus to 42 km and its

density, assumming similarity with oceanic lithosphere, is 2% lighter

than the underlying mantle. This is a result of the smaller amount of

coaling, the higher proportion of basalt and harzburgiwe in the boundary

layer and the lack of significant cooling where it is most required,

i.e. the lower lithosphere. Furthermore, phase transformations in the

lower lithosphere cannot contribute at high temperature and low

pressure. Bacalt has about one-half the thermal conductivity of

ultramafic rocks. This reduces the thickness of the boundary layer to

about 27 km if it is mainly basaltic.

The buoyancy of the Venus lithosphere, even for a relatively thin

crust, is greater than the buoyancy of young oceanic lithosphere on

Earth. Since a thicker crust for Venus is probable, it is certain that

the surface thermal boundary layer for Venus is permanently buoyant and

stable against subduction.

The temperature gradient in the conductive layer can be written

dT/dz - (1/K)(Q 	 Az)	 (2)
s

where 0, is the surface heat flow and A is the heat production rate in
s

the layer. With basaltic conductivities and radioactivities (A - 10-14

cal/cm3 sec) the temperature and thermal gradient at 20 km are 950% and

23°C/km respectively and the solidus of dry basalt will be exceeded at

depths shallower than 40 km. Eclogite is not stable in the mantle of

Venus at depths shallower than about 100 km (Anderson, 1980).
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Since crust cannot subduct and the garnet-rich assemblages are well

below the boundary layer, all partial melt products of mantle

differentation that make their way into the outer 100 km or so will

remain there. The crust is therefore likely to be thicker than either

the oceanic crust or the average crustal thickness on Earth. It may be

thicker than either the mechanical lithosphere or the thermal boundary

layer. Crust which is overthickened by compression, buckling,

thrusting, or collision will melt at its base. The resulting plutonism

will further increase the density contrast between crust and mantle and

increase the radioactivity and incompatible trace element content of the

parts of the crust so affected.

The characteristic time for thickening of the boundary layer is

T - ( PC p/4 K)62
	

(3)

which for p - 3.,' g/cm 3 , Cp - 0.25 cal/g°C and d - 150 km is -200 m.y.

for the Earth.	 For Venus the characteristic time is 20 m.y. or less.

Therefore, Venus has a thick, low-density and permanently buoyant

crust-lithosphere that very quickly reaches thermal equilibrium. Upper

mantle temperatures are high, resulting in low viscositi,sa.

The basalt-eclogite transformation will occur below about 100 km.

The driving mechanism for mantle convection may therefore be partly

chemical. Basaltic melt rising in an upcurrent will freeze as eclogite

if it remains below about 100 km, and provide the negative buoyancy

required for overturn. The 670 km discontinuity which halts eclogite

subduction on Earth (Anderson, 1979a,c) will occur at about 800 km in

a h
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Venus giving a convecting layer about 700 km thick. 	 This should

generate topographic and gravity anomalies of about 1400 km wavelength.

Vquation (1) suggests that plate tectonics in the Archean on Earth

may have been similar to present day tectonics on Venus. The small 5 in

early Earth history was primarily due to the high Q from radioactive
r

decay, which was at least three times larger 4 x 10 9 years ago. The

thermal boundary layer thickens as Q decreases until eventually it

becomes unstable and overturns, destroying the early geological record

and setting the stage for the present style of tectonics (Anderson,

1979a,b, 1980). This overturn event would allow much of the accumulated

40Ar in the upper mantle to escape and the subsequent steady-state

ridge/trench style of 'tectonics allows continuous outgassing of th•e

terrestrial mantle.

Early Evolution of Earth and Venus

The initial evolution of Earth and Venus were likely quite similar.

The high accretional, energies would result in partial melting of the

mantle and upward transport of a picritir, melt. Crystallization of this

upper mantle melt layer, or magma ocean, yields a thin plagioclase-rich

crust and a deep eclogite cumulate layer. An olivine-orthopyroxene

cumulate layer may form at intermediate depths. This kind of scenerio

is well documented for the Moon except that pressures are too low for

extensive eclogite fractionation. Eclogite fractionation removes Al203

from the melt and reduces the thickness of an early anorthositic crust.

Eclogite cumulates sink no deaper than 670 km on Earth because of the

intervention of the ilmenite and perovskite phase changes 	 in a



A-V-6

i

peridotitic mantle (Anderson, 1979c). An eclogite cumulate layer will

be deeper and smaller in Venus because of the effect of temperature and

pressure on the phase boundaries and the limited stability field of

eclogite in the upper mantle. Nevertheless, the early tectonics,

geochemical differentation and outgassing of the two planets were likely

to have been similar.

If the outer layer becomes unstable as the planet cools, the

situation changes. Subducted slabs affect both the flow and thermal,

regime of the upper mantle. The sinking of the cold boundary layer deep

into the upper mantle drags cold isotherms to depth and allows hot

replacement material to rise at ridges. This leads to relatively large

lateral and vertical temperature differences in the upper mantle and

rapid convection in which the surface boundary layer participates.

The mantle of the Earth contains approximately 15-20% of a basaltic

component. 'If the mantle were well differentiated this would give a

crustal layer 350-450 km in thickness.	 Only the top 50 km would be

buoyant., because of the eclogite transformation, but this is still more

than 4 times the present average crustal thickness. The lunar and

Martian crusts are much closer to being the appropriate thickness for a

well differentiated planet in spite of the fact that accretional heating

must have been less far these bodies. The difference, of course, is due

to the continuous removal of basaltic crust from the surface implying a

long-term storage reservoir at depth. The size of this reservoir has

been estimated to represent about 20% of the mantle (Anderson, 1980).

Samples thought to be representative of the upper mantle are

depleted in Al 20 3 , CaO and 5102 compared to cv9mochemical estimates of

w
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mantle composition. They arc also deplet*4 in trace elements which are

retained by the acl.ogite minerals, garnet and elonopyroxene. The degree

of depletion implies an eclogite layer about 450 km thick which is

probably deeper than 200 km.

The 40Ar abundance for Venus is about an order of magnitude less

than for the Earth (Pollack and Black, 1979). This suggests that late

outgassing has been less efficient for Venus than for the Earth in spit:

of the higher surface and upper mantle temperatures.	 This is easily

understood with the present model. On Venus, mantle melts rind their

volatiles mainly have access to the surface through relatively transient

rifts. Because of the conservation of near surface material these rifts

can only form when the crust compresses or thickens somewhere else on

the planet. The amount of early outgassing on the two planets may have

been similiar but Venus did not experience the early lithospheric

overturn event or the outgassing asssociated with continuous crustal

renewal at ridge axes.

Conclusions

The high surface temperature of Venus has several 	 important

tectonic implications. The most significant is the small amount of

cooling that the lithosphere experiences before it reaches thermal

equilibrium. This increases its buoyancy and long-term stability at the

surface when compared with the terrestrial oceanic lithosphere. Since

crust cannot be recycled into the mantle the thickness of the basaltic

crust on Venus is much greater than on Earth. The combination of a

thick crust and high temperatures decreases the thermal conductivity of
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the lithosphere. This means that for a given mantle heat flow the

temperature gradient in the lithosphert,. is greater than would be the

case for a cold lithosphere with a thin crust. TMs leads to high upper

mantle temperatures, low viscosities and the possibility of partial

melting at relatively shallow depths.

Acknowledgements

This research was supported by the National Aeronautics and Space

Administration, Grant No. NGL05-002-069 and the Earth Sciences Section

of the National Science Foundation, Grant No. RAR77-14675.

Contribution no.3504, Division of Geological and Planetary Sciences,

California Institute of Technology, Pasadena ' california 91125.

w



A-V-8

Refer^snces

Anderson, Don L., Tectonics and composition of Venus, Geophys. 	 Res.

Lett., 7, 101-102, 1580.

Anderson, Don L., The upper mantle transition region; 	 eclogite?,

Geophys. Res. Lett., 6, 433-436, 1979x.

Anderson, Don L., The deep structure of continents, J. 	 Geophys.

Res., 84, 7555-7560, 1979b.

Anderson, Don L., Chemical stratification of the mantle, J. Geophys.

Res., 84, 6297-6298, 1979c.

Oxburgh, E. R. and L. M. Parmentier, Compositional and density

stratification in oceanic lithosphere - causes and consequences,

J. Geol. Soc. Lond., 135, 343-555, 1977.

Pollack, J. B. and D. C. Black, Implications of the gas

compositional measurements of Pioneer Venus for the origin of

planetary atmospheres, Science, 205, 56-59, 1979.

Schatz, J. F.	 and G.	 Simmons, Thermal conductivity of earth

materials at high temperatures, J.	 Geopphs.	 Res.,	 77,

6966-6983, 1972.

0



APPENDIX VI

HOTSPOTS, BASALTS AND THE EVOLUTION OF THE MANTLE

Don L. Anderson

Science, submitted.



Hotshots, hasalts and the Evolution of the Mantle

Don L. Anderson

Seismological Laboratory

California Institute of Technology

Pasadena, California 91125

Revised: July 23, 1980

0.



A-VI-1

Abstract

Trace element concentration patterns of continental and ocean

Island basalts and of mid-ocean ridge basalts are complementary. The

relative sizes of the source regions for these fundamentally different

basalt types can be estimated from the trace element

enrichment/depletion patterns, Their combined volume occupies most of

the mantle above the 670 km discontinuity. The separate source regions

are the result of early mantle differentiation and crystal fractionation

from the resulting melt. The MORN bounce evolved from an eclogite

cumulate which lost its late stage enriched fluids at various times to

the shallower mantle and continental crust. The MORE source is

primarily garnet and clinopyroxene } while the continental and ocean

island basalt source is a garnet peridotite that has experienced

secondary enrichment.	 These relationships are consistent with the

evolution of a terrestrial magma ocean.
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Introduction

Hotspots, or plumes, have not yet been fitted satisfactorily into

either the tectonic or geochemical framework for the evolution of the

mantle. From the point of view of mantle processes and the chemical

evolution of the mantle the alkali volcanism associated with hotepots is

a very important process even if the abundance of such rocks is small

compared to the volume of abyssal tholeiites (1). The processes of

creation and subduction of oceanic crust and lithosphere clearly account

for most of the mass transport into and out of the upper mantle and the

study of mid-ocean ridge basalts (MORE) has pla-ed important constraints

on the part of the mantle that is providing these magmas. Trace element

and isotopic considerations show, however, that, the source region for

MORB cannot be representative of the average composition of the mantle

nor can it have existed as a separate entity with its present

characteristics for the full age of the Barth. The composition,

location and volume of this source region, which we designate MORBS, are

still uncertain. It appears to be very large, homogeneous, global in

extent, and to be the result of a previous differentiation or

fractionation process that depleted it, relative to other source

regions, of most of the incompatible elements. On the other hand, it is

clearly not lacking in a basaltic component. The continental crust is

complementary to MORB in both trace elements and isotopic ratios (2,3).

Formation of the continents has presumably been at least partially

responsible for the depletion of the so-called oceanic mantle. 	 If the

continental crust is the only enriched reservoir., then mass balance
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calculations indicate that only about 30Z of the mantle has been

processed, the rest remaining undifferentiated and primordial (3,4). A

large primitive reservoir would be difficult to reconcile with other

evidence regarding the early thermal evolution of planetary interiors.

There is, however, evidence for an additional enriched reservoir in the

mantle. Magmas from continental interiors, rift zones, oceanic islands,

anomalous ridge segments and island arcs, mantle xenoliths from

kimberlites and alkali basalts, and kimberlites themselves, all indicate

the presence of a mantle reservoir with trace element concentrations

that are also complementary to trace element concentrations in MORB.

This reservoir apparently is also global and can provide magmas to a

variety of tectonic environments including all types of plate boun,4;.ties

as well as plate interiors. These magmas, of which alkali basalts are

one example, are not nearly as voluminous as MORB but they indicate the

present, of an enriched region or layer which may be substantial

compared to the continental crust. We shall designate this as the

hotspot or plume reservoir, or simply PLUME (5), and assume that it is

the source of alkali basalts, nephelinites, melilitites, basanites,

kimberlites and continental tholeiites which it provides by varying

degrees of partial melting (6 0 7). One of the diagnostic signatures of

these basalts is the rare-Earth element (REE) pattern which implies a

source enriched by about 10 in LREE and 3 in the HREE, relative to

chondrites (6,7,8).

PLUME basal;.s also have high ratios of Rb/Sr, Rb/K, Ba/K, Nd/Sm,

Ba/Nd, Ba/Sr, Nb/Zr, 87Sr/ 86Sr, and 144Nd/ 143Nd, and high concentrations
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of k120 1 Cqz, Ti, K0 Rb, Sr, Ba, La, Nd, Tito and U relative to MORM

These characteristiCH MI's shared by continental and ocean island basalts

and are also evident, albeit dilated, in back-arc basins, island arcs,

and transitional or anomalous ridge tholeiites. Other characteristics

that may be common but which have been studied in only a few hotspot

locations are high abundances of Cl, F, Br and the primordial rare gases

(9). The process that led to the enrichment of PLMIE will. have depleted

other, presumably deeper, regions of the mantle. The absolute and

relative sizes of these enriched and depleted reservoirs bear directly

on the problem of the evolution of the mantle and, in particular, on the

question of whether there is a large primitive reservoir in the mantle.

Basalt source regions

The continental crust is extremely enriched in the incompatible

trace -vid minor elements. Continental tholeiites, basanites,

nephelenites, alkali, basalts, ki.mberlites and basalts from oceanic

Lslands are also enriched. The complemksnt to the depleted mid-ocean

riAge source region may, therefore, be much more voluminous than just

the continental crust. The trace element and isotopic affinities of

these rocks, regardless of their tectonic setting, suggests that they

are all derived from a similar source region. This reservoir, PLUME,

has previously been referred to as continental mantle, the enriched

source region or primitive mantle. its location is uncertain but it

appears to be a global layer. Proposals for its location include the

uppermost (6,10) and lowermost (11) mantle. In trace element ratios

E A
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such as Ba/rid, Nd/:m, $a/Sr, Ba/K and Rb/K there is a progressive

increase from ocean island and island are basalts, basalt* from

anomalous ridge segments, continental tholeiites, alkali basalts to

kimberlites. Mid-ocean ridge basalts have much lower ratios and

tholeiites from back-arc basins are generally slightly higher than MORB.

Trace element concentrations vary systematically through 	 the

compositional spectrum olivine melilitite, olivine naphelinite,

basanite, alkali basalt, and olivine tholeiite and can be expini,ned by

varying degrees of partiAl melting ranging from 4 to 25% from a common

source region which is enriched in the strongly incompatible elements

(Ba t Sr, Tito U, LRBE) by 10x chondritic and in the moderately

incompatible elements (Ti, Zr, Hf, Y, HRRC) by a factor of about 3

(6-8). Mid-ocean ridge basalts are derived from a very different source

which is depleted in the large-ion lithophile (LIL) elements. The

complementary nature of the too source regions is possibly due to the

m igratto n from the MORB source region of a melt or fluid with

incompatible element concentrations similar to those of kimherlite.

This fluid depletes the W)RD source region and enriches the

complementary mantle reservoir. The upper mantle low-velocity zone

(LVZ) is a likely repository of these volatile and trace element

enriched fluids and, therefore, a possible source region for the

enriched magmas which are characteristic of the plume or hotspot source.

Kimberlites come from depths as great as 220 km, consistent with an

origin near the bottom of the LVZ. The xenoliths in kimberlites and

alkali basalts represent mantle fragments from various shallower depths

and also generally exhibit enrichment of the type inferred for the plume
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source region. There is now a wealth of evidence for uppermantle

metasomatisin (12, 30) and enrichment events nt various times. The

source of the enriching fNid has not been much discussssed.

The complementary nature o continental, and ocee :. tholeiites is

illustrated in the center port of Figure 1. Alkalii basalts,

nephelinites, melili,tites and basanites have similar but more enriched

patterns than continental flood basalts, consistent with their

derivation from the same source region by smaller degees of partial

melting. Continental and abyssal, tholeittes exhibit reflection symmetry

about a line corresponding to a 6 to 7 fold enrichment over average

mantle concentrations.

Continental and ocean island basalts are relatively depleted in

those elements that are retained by garnet and clinopyroxene. The

reverse is the case for abyssal tholeiites. Since garnet and cpx are

reduced or eliminated during the large amounts of partial melting

usually inferred for the for•stion of tholeAtes (6), the inverse ga-cpx

pattern of plume basalts must be related to a prior history involving

eclogite fractionation or invasion of PLUMB by a fluid that was in

equilibrium with a ga-cpx assemblage.

The origin of island are basalts is still controversial but they

have PLUME: affinities in such trace element ratios as Rb/K, Rb/Sr, Ba/K,

Ba/Sr and Ba/Nd. These ratios are closer to ocean island basalts,

alkali basalts and continental flood basalts than they are to mid-ocean

n i.
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ridge basalts. Back-arc basin basalts are intermediate to MORE and

hotsprt magmas, suggesting a mixture from a deeper MORE source and an

overlying enriched source region. Ocean island tholeiites also appear

to be mixtures both in trace element and isotopic ratios (2). The fact

that both MORB and basalts with continental affinities are available at

ridge enrivonments, island arcs, oceanic islands and well develoV '

continental. rifts suggests a compositionally stratified mantle. The

order of appearance of these basalt types is consistent with the

shallower layer being enriched in the incompatible trace elements. In a

stratified mantle the deeper layer should be denser and, therefore, more

garnet rich. The ratio of concentrations in MORE to those in

continental tholeiites indicates that the MORB source region, although

depleted in most of the incompatible trace elements, has selectively

retained Liiot;c; that are most comfortable in the garnet and clinopyroxene

latticre^,. Tht, suggests that MORBS is an eclogite or garnet pyroxenite

cumuli l.e.

The composition and volumes of the two source regions

The concentrations of some key incompatible trace elements in

various magma "types, normalized to average mantle concentrations, are

shovm in Figure 1. Relative to the average mantle, continental

tholeiites, alkali basalts, kimberlites and the continental crust are

all most enriched in K. Rb, Ba, La and U. These are the elements that

pre most discriminated against by the major mantle minerals, olivine,

orthopyroxene, clinopyroxene and garnet, i.e., they have the lowest
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mineral/melt partition coefficients. 	 The other elements are also

strongly rejected by olivine and orthopyruxenu, having partition

coefficients of less than 0.03 for these minerals (G). On the other

hand, garnet and clinopyroxene have partition coefficients greater than

about 0.1 for Y, Nd, Sm, Sr, and Yb. These are the least enriched

elements in the magmas with continental and ocean island affinities and

the most enriched in MORE. It appears that garnet and clinopyroxene are

abundant minerals in the MORB source region, and tLat the fluid which

enriched PLUME, was previously in equilibrium with a garcpx rich

reservoir.

The high concentration of Y and Yb in MORB relative to other

elements and relative to cncteentrations in basul,ts from PLUMP, the

enrichel source region, is particularly significant. These elements

have minora`;, melt partition coefficients greater than unity for garnet.

Mass ba:latice calculations suggest that most of the terrestrial inventory

of Y and Yb may be in MOKBS. This can only be accomplished if +garnet is

A dominant phase and if moat or all of the mantle has experienced

differentiation. Partial melting of primitive mantle concentrates Y and

Yb into the melt;	 crystallization of this melt at moderate preassure

would concentrate these elements into an eclogite cumulate.

The relative volumes of the two source regions can be inferred from

Figure l if it is ani sumed that they, plus the continental crust, give an

undifferentiated terrestrial pattern for the very incorsapatible elements.

Using 0.56% for tbe. mass of continental crust relative to the mantle (3)

n
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we compeite3 that the mass of MORB must exceed the thaleiitic fraction of

PLUME by a factor of 12 ,, ' Continental tholeiites represent about

20% melting of a peridotitic source region (6) and MORB must be mixed

with at least 15% olivine to recover the composition of its parent .mngma

(13,14). The residual crystals in both cases are assumed to be depleted

because of their very low partition coefficients (6,8). Tile MORE source

region is, therefore, at least 2.8 to 3.5 times the mass of PLUME and

the enrichment of the combined source regions, relative to primitive

mantle, is about 3.3 to 3.8. Note that MORB is depleted only in a

relative sense. Compared to average mantle abundances it is enriched.

This suggests that MORAS plus PLUME are complementary to the remainder

of the mantle from which they have presumably been removed by partial

melting. The enrichment factor implies whole mantle differentiation and

a residual mantle about 2'-1/2 times the size of the combined reservoirs.

1;,y at sunwing that the very incompatible elements have been entirely

fractionated into the two source regions it is possible to estimate

their totn,l mass. For example, if La is depleted in the lower mantle

the combined source regions represent 26 to 30% of the mantle. `'',.,a

corresponds to a thickness of 560 to 640 km in the upper mantle, or a

region extending upwards from the 670 kin discontinuity to a depth of 27

to 110 kin. Tf we take the transition region, 220-670 km, to be the

depleted source region (20), then PLUME is 130-160 km thick, about the

average thickness of the low-velocity zone (LVZ).

A similar calculation for the other strongly incompatible elements

n h
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(K, Rb, Ba, U) gives a range of 21-38% for MORBS plus PLUME. These are

upper bounds since it has been assumed that the whole mantle has been

processed and depleted.	 This, however, is a good approximation if

olivine and orthopyroxene are the main residual phases. It is

sLgnificant that the above estimates of the relative and absolute sizes

of the principal mantle reservoirs correspond to the main subdivisions

of the upper mantle, the LVZ and the transition region. The 670 km

depth corresponds to a major seismic dilscontinuity and the maximum depth

of earthquakes.

Other elements can be used to estimate the sizes of the individual

reservoirs. The partition coefficients of Yh and Y are such that they

strongly prefvr the garnet structure (15). Both are enriched in MORE

relativo to PLUME, suggesting a higher portion of garnet in the former.

If the entire mantle complement of Y and Yb reside in MORES, then this

would represent 14-17% of the mantle or an upper mantle equivalent

thickness of 300 to 364 km. Sc is partitioned into garnet and

clinopyroxene by a factor of 8 relative to olivine and orthopyroxene.

Using this ratio of enrichment for the MORE source relative to the rest

of the mantle it would constitute 26% of the mantle.

K, Rb, Ba, I.a and U have the highest relative concentrations in

PLUME. These are the elements with the lowest partition coefficients

for the major mantle minerals and those that are most likely to be

concentrated into PLUME by melts or metasomatic fluids. The PLUME

abundances of these elements can account for the entire mantle inventory

I A
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if PLUME is 9 to 19% of the mantle.

Using the above estimates of the relative sizes of the two source

regions and Canapathy and Anders (37) values for terrestrial abundances,

we can now estimate the total Abundances of the trace elements in the

various reservoirs. The continental crust contains more than 26% of the

mantle plus crust inventory of K, Rb, and Ba and less than 8% of Sr, Y,

Zr, Nb, Sm, Yb, and Fif. The "depleted" MORE source contains more than

50% of the Earth's inventory of Y, Zr, Nd, Sm, Yb, Hf and Th and more

than 20% of Nb, La and U. The PLUMB source region, although generating

highly enriched magmas contains only about 10 to 20% of the Earth's K,

Rb, Sr ., Nd, Sm, Yb, Th, and U. It is the primary repository for Ba and

La and has small total abundances of Y, Zr, Nb, and Af (less than 7x).

The crust: and the two upper mantle reservoirs account for about 75% of

the heat pra,lku:rinn from K, Th, and U. Therefore, only 25% of the

Earth's brat flow comes front the lower mantle. About 40% is due to

MORBS. The continental crust and PLUME each contribute about 18%.

This distribution of heat sources affects the style of convection

In the two reservoirs. Assumming PLUME to be the shallower reservoir it

is primarily heated from below and will therefore be characterized by

narrow ascending plumes. MORBS is primarily heated from within and will

be characterized by broader ascending regions and narrow descending jets

or "slabs".
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This mineralogy of the two source regions

Assuming that the two source regions are related, an apparent

partition coefficient can be dete"ined by forming the ratio of the

concentrations in MORB to those in continental tholeiites (CFB). This

is shown in Figure 2 along with mineral/melt partition coefficients for

garnet, clinopyroxene, orthopyroxene and olivine. Tholeiites are used

in this comparison since they presumably are products of lacSe degrees

of partial melting. They will, therefore, have the trace element

pattern of their source and a relatively uniform enrichment. The ratio

of the concentrations in the two reservoirs can be explained if the MORB

source is composed mainly of garnet and clinopyroxene and PLUME has been

enriched with fluids that were in equilibrium with this layer and

therefore depleted in such elements as Zr, Nb, Y, Yb, and Hf.

MORB is enriched with respect to continental tholeiites in Y and Zr

and only slightly depleted in Hf and Yb. Both MORB and continental

tholeiites represent rather large degrees of partial melting of their

respective source region. A garnet peridotite would be expected to lose

most of its garnet and clinopyroxene under these circumstances. The

above results indicate that primary garnet must be a minor mineral in

PLUME but a major component of the MORB source. MORB is depleted in the

most incompatible elements, such as K, Rb, Ba, and U but not as much as

would be expected if it were composed entirely of residual crystals.

This suggests that MORBS evolved from a melt, presumably the result of

an early differentation event, and consists of a mixture of melt with

. "
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excess garnet which has settled into it during crystallization, i.e. it

is an orthocumulate. The upper part of the mantle would consist of

lighter, cumulate and residual, crystals and late stage fluids which

impart an inverse ,garnet signature to this region.

This sequence of events, based on trace elements, is precisely what

O'Hara et a1. (14) proposed on the basis of petrological and major

element considerations. They concluded that the parent magma for ocean

island tholeiites had experienced a previous history of eclogite

extraction. The remaining magna evolved to ocean island tholeiite by

olivine fractionation. On the basis of major element (20) and trace

element chemistry, I suggest that the eclogite cumulates constitute the

source region for mid-ocean ridge basalts. The parent magma from which

both MOKBS and PLUME evolved by crystal fractionation would be picritic,

the result of extensive partial melting of a primitive garnet peridotite

mantle. Similar considerations have led to the concept of a magma ocean

on the moon (41). Because of the higher pressures in the Earth's mantle

a deep eclogite cumulate is the analog of the floating plagioclase

cumulate that forms the lunar highland crust.

In order to see if this holds up quantitatively for the trace

elements we investtg,te the following model. The primitive mantle is

split into two reservoirs by 15% partial melting and melt extraction to

the surface. The melt fraction reservoir is enriched by about a factor

of 6 in the incompatible elements but, because of the low partition

coefficients,	 has nearly primitive ratios of Rb/Sr and Sm/Nd.

A
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Crystallization of the melt yields an eclogite cumulate layer which is
i

modelled as a 50:50 mix of garnet and melt, proportior3 appropriate for

an orthocumulate. Part of the final 5% melt fraction, a melt that: is in

equilibrium with eclogite, is removed to deplete the cumulate layer and

enrich the overlying mantle. The mixing ratios were adjusted so that

the former can yield MORB by 15% olivine fractionation and the latter

can yield CFB by 20% partial melting (38).

Results of this model are shown as solid points in Figure 2. They

are consistent with MORB being the result of nearly complete melting of

a source region which represents high pressure cumulates from the melt

fraction of the primary differentiation, i.e. 	 eclogite or garnet

pyroxenite.

Prior to providing depleted MORN this region lost its late stage

fluids or, alternatively, crystallized completely and then lost its

early melt fraction on a subsequent reheating cycle. PLUME was enriched

by upward migration of this fluid. Thus, two stages of differentation

and fractionation are required in order to concentrate the LIL in the

two upper mantle reservoirs. Isotopically, the MORB source evolves as

nearly primitive mantle until it transfers its incompatible elements to

PLUME. It subsequently evolves as a depleted reservoir. llasalts from

PLUME will have time-integrated depleted, enriched or "primitive"

isotopic ratios, depending on when the enrichment occurred.



Locations of the two Hource regions

There is variety of evidenco that suggests that the pluma source

region is shallow. Anomalously low seisvntc velocities can be traced to

a depth of about 250 km under Yellowstone but deeper velocities appear

to be normal (17). The variable and small amounts of partial melting

required to generato melilitites, nephelenites, basanites and alkali

basalts (6) from a coiwiion source region are consistent with diapi.rs

rising from various shallow drpths. Tholeiites are the result of larger

degrees of melting, consistent with adiabatic ascent from deeper levels.

The xenoliths entrained in kintberlite, ,; and alkali basalts are volatile

and trace element rich and these arw simples from the upper 200 km of

the nvint-le (12). Intuitively, we expect that volatiles will migrate

upward and be trapped by the cold upper mantle. Volatile and LIL

enriched magmas occur not only under continents but also at island arcs

where the downgoing slab pertarbs the upper mantle. Plume type basalts

occur in continental rifts. These rifts evolve to oceanic ridges, with

Isolated oceanic island hotspots, when the rifting has led to the

formation of an ocean basin.

There are also som,! Suggestive geometric constraints. The volume

of the low-velocity zone (1,VZ) is adequate to provide the plume basalts

but not the voluminous MORB (10). The preferred mode of convection in a

region with a high temperature gradiNnt and a rapidly varying viscosity

takes the form of hexagonal cells with upwelling centers (18). This

seems to be consistent with hotspot patterns (19) and the small areal
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VXt+-11L of hotspots. In more homogenowis rvelone of the mantle, where

the tomperatt ►re gradient is smaller and thi viscosity more uniform,

linear rolls are a possible mode of heat transport. Linear ridge

systems and the uniformity of oceanic tholeiitas therefore suggest a

deeper source, one that is below the large vertical and lateral

variations that occur in ttn upper 200 km. The sink of oceanic

lithosphere, judging from the depth distribution of earthquakes, appears

to be between 200 km and 670 km. The distinctive isotopic and trace

element signature of MORBS can be maintained if it is also between these

depths. Upper mantle temperatures are closest to the melting point

between about 150 and 250 km depth and this is therefore the depth range

where it is most likely for diapirs to originate.

It is difficult to estimate the depth at which partial melting

first occurs. Seismic data from several hotspots give low velocities

down to at least 150 km (17,21). Eruption temperatures of 1300% and

large degrees of partial melting require initiation of melting below

150-200 km (22). There is some evidence for crystal fractionation in

melts as deep as 280 km (23). Mantle fragments brought up by alkali

basalts and kimberlites do not, in general, have the trace element

pattern required for the source region of MORB. Therefore, FLUME magmas

may originate from shallow depths but MORBS must be deeper than 200 km.

In a gravitationally stratified mantle one would expect the deeper layer

to be denser and therefore rich in garnet. The inability of young

buoyant lithosphere to subduct below about 220 km suggests a density

Increase at this depth and this may be the boundary between the two

•4
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source regions (20). Taking all evidence into account it appears that

PLUME may be coincident with the LVg and diapirs rising from the

transition region supply the magmas that evolve to MORO.

A terrestrial magma ocean

The complementary LIL element patterns of the major terrestrial

magma types is reminiscent of lunar data which has led to the widely

accepted concept of crystal fractionation and cumulate formation in a

magma ocean or vast lava lakes (41). The various source regions are

attributed to cumulate and residual fluid layers that resulted from

crystallization of a -300 km thick magma ocean that, in turn, was

derived from very early melting of at least half of the moon. If a body

as small a4 the moon experienced such extensive differentiation and

fractionation, then the Earth should have as well. The amount of

partial inelting required, -15%, to explain the enrichment of the upper

mantle reservoirs on Earth, is, in fact, relatively modest. Although

the energy of accretion of the Earth is much greater than that of the

moon, the greater size of the Earth results in high Rayleigh number

convection and rapid increase of the melting curve with depth. This

plus the latent heat buffer and the high melting temperature of olivine

may prevent more extensive melting on a global scale. A 15% melt

implies a magma ocean -400 km deep. 	 The pressures in the Earth are

greater than on the moon. Early eclogite fractionation at depth

therefore preempts the extensive plagioclase fractionation that resulted

in the early lunar anorthositic crust.

n .
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CryNtallization of a magma ocean will proceed from tits bass because

of the relative slopes of the adiabat and the liquidits. 	 The near

liquidus phases at depths greater than 60 km are garnet and

eliiiopyroxens (14, 16) and they will fore ► an eclogits or garnet

pyroxeni.te runu ►la►ts layer. Although there is a seismic discontinuity in

the mantle near 400 km, eclagite is denser than residual garnet

peridotite to depths of 670 km (20). These cumulates 1,411 therefore

sink to this depth, displacing residual nantte upwards, The shallower

part of the mantle will therefore consist of olivins and pyroxene

cumulates and reaidual fluid from the magma ocean and displaced residual

lower mantle. Tito top of the eclogite layer could be as shallow as

220 km (20) or as deep as 370 km based on considerations of this paper.

The mantle discontinuity near 400 km, which is usually attributed to the

olivine-spinal phase change could therefore be either a chemical

disconr'nutty or could represent the completion of the garnet pyroxenite

(oc:logLi"v) to garnetite (garnet solid-solution) phase change (42).

Isoto c: ratios of the two _source regions

The study of Sr and Nd isotopes places important time constraints

oa the evolution of mantle reservoirs (24-26). The continental crust

and the depleted reservoir have mean ages of 1.5 b.y. (3). Kinberlites

and continental flood base+lts, although enriched in LIL, have been

attributed to a primitive reservoir (2, 3, 24, 27). This interpretation

i.s not required by the data as we show later. Some mantle samples have

been dor Wed from ancient enriched reservoirs (28). other samples come

0



A-V I- 19

from reservoirs which apparently have been enriched only recently

(2SO29).

Consider a primitive mantle Out partially melts and separates into

two reservoirs, as before, by upward rewoval of the melt. The lower

mantle consists of residual crystals and is therefore depleted in the

incompatible elements. The melt fractionates into a deep eclogite

cumulate layer and a shallow olivine-orthopyroxene cumulate .layer. A 5%

melt fraction is transferred from the deeper to the shallower layer at

various times (40). The Nd and Sr isotopic ratios for the two

reservoirs are shown in Figure 3. The central horizontal scale gives

the ages of tho depletion and enrichment events. The theoretical

eNd- e5r oorrtalation lines neree with the data and indicate that the

►aid-ocen,i ridge basalt source region was depleted at times between 1.5

and 2.5 x 10 y years ago. A redistribution of LIL makes it possible to

satisfy tliv mantle isotopic data even if the primary differentiation

occurred early in the history of the Earth. Thus, the trace element,

petrological and thermal constraints on the evolution of the mantle and

the various reservoirs arN not contradicted by the isotopic data. The

type of model investigated here is similar to previous ideas of mantle

notasomatism and trace element redistribution (30).

Im Aications for mantle evolution

Isotopic studies indicate that the two major mantle reservoirs have

been isolated for more than 1 or 2 b,y. (2,3). The evidence presented

1 .
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here from trace: elements, and previously from major element and seismic

considerations (20), suggest that the ►nantle is chemically stratified

and tItAt the various regions of the mantl,+, arc complementary products of

terror trial differentiation. The present emphasis has been on magmas

from these reservoirs but similar conclusions result from the study of

solid fragments from the mantle (14, 20). O'Hara at al. (14) pointed

out that the restricted number of phases found in bimineralic eclogites

from kimberlites indicate that they ^.i;,4 either crystal accumulates or

crystalline residue developer! in contact with a liquid. This is exactly

the situation inferred from the tracts element patterns for the source

rebrion of abyssal tholeiites. Eclogito avid garnet peridotite xenoliths

from kimberlites may represent samples from MORR9 and PLUME, respec-

tively. They give satisfactory average mantle compositions for the

major oxides when combined in the portions indicated by the trace

elements (20).

Although whole mantle convection, in the conventional sense, is

precluded in a chemically stratified mantle, transfer of material into

and out of the various reservoirs is possible because of the large

volume change associated with partial melting and phase changes, e.g.,

basalt-eclogite. The oceanic; prirt of the plate tectonic cycle may be

summarized as follows. Partial melting; in the eclogite layer allows

diapirs to rise to the base of the oceanic lithosphere. Nearly complete

melting occurs during adiabatic ascent. This is possible because of the

proximity, in temperature, of the liquidus and the solidus in eclogite.

Peridotite diapirs can only partially melt because of their high
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liquidi. The resulting melt fractionates in near surface magma chambers

to form thol+itic melts which are 'light enough to rise to the surface.

The pyroxenite residue; farms the lower oceanic lithosphere. As the

lithosphere cools and thickens the lower part transforms to garnet

pyroxenite or eclo,gite which is denser than the underlying mantle. The

oceanic lithosphere becomes gravitationally unstable and it returns to

its source region which lies between about 220 or deeper and 670 km

depi1e. Partial melting in the ihallow enriched peridotite	 layer

generates continental and ocean island basalts and a harzburgite

residue, both of which are lighter than their source region. These

PL?JME products remain in the crust and upper mantle. Some volatiles are

returned to PME by subducted sediments and hydrothernally altered

oceanic crust. The high temperature gradient in the thermal boundary

layer at the PLUME-MORBS interface brings temperatures there closo to

the melting point (20). When mature oceanic lithosphere passes over a

hotspot it is quite 11kely that the lcnr pyroxenite part will

contribute xenoliths to the alkalic magmas and, by remelting, contribute

to '.he trace element and isotopic signatures of ocean island basalts.

The evolution of the mantle is shown schematically in Figure 4.

It has generally been assumed that basalts of all kinds represent

partial melts of peridotites. Mantle compositions based on this premise

have much lower abundances of S10 2 , Al 203 , and CaO than models based on

coxmochemical considerations. The evidence used to construct the

petrological models is obtained from the upper 200 km of the mantle and

the ,models are therefore :tr ctly only valid for the uppermost mantle.

ft
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A thick eclogite layer Ferves to increase the abundances of the above

components and <,,an reconcile the cosmochenical and petrological

interpretations. The posssbility of an eclogite layer in the upper

mantle was also discussed by Press (43).

The idea that eclogite may be the source for oceanic basalts is an

old one (31) but has not been in "favor in recent years. The main

objection is that limited partial melting of eclogite does not generate

a tholeiite. Extensive or complete melting is required and this has

'seen thought to be unlikely.

However, eclogite has an extremely small melting interval (about

60°C) compared to peridotite (16, 32). Since diapirs cannot rise out of

an eclogite layer into a less dense peridotite layer until they are

already extensively molten, it requires only a small additional

temperature rise, relative to the liquidus, to complete the melting.

This can be accomplished in a rising diapir. It is still unknown why

melting initiates in the first p1cce. One possibility is insulation by

the thick continental lithosphere.

Hotspots and ridges in the Atlantic and Indian oceans were beneath

continental lithosphere prior to 200 m.y. ago. A large number_of

hotspots are presently under the relatively stationary continent of

Africa. This suggests that continental insulation, which prevents

mantle heat from being efficiently removed to the surface, may be the

cause of the partial melting that ultimately results in ridge and

. e,
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hotspot volcanism. The thick, 150 km, continental lithosphere (20)

prevents diapiric uprise and extensive melting may be possible until the

continent rifts and rapid spreading and heat removal can take place. It

is not so obvious that th.:; explanation holds for the ridges and

hotspots in the Pacific. The thick crust under the oceanic plateaus in

the central Pacific or a thick oceanic lithosphere, due to a period of

slow spreading, could also serve to insulate the mantle, raise

temperatures and cause extensive 'in-situ malting prior to diapiric

ascent. Parts of the Pacific rim continents such as Alaska, Mexico,

Central America and S.E Asia may also have been located in the the

central Pacific prior to 200 m.y. ago. Once initiated, the rise of

upper mantle diapirs should be rapid (33), possibly rapid enough to

avoid crystal fractionation en route.

Conclusio118

Carnet and possibly clinopyroxene control the complementary trace

element patterns of MORB and plume basalts. I suggest that the source

region for MORB was formed from an eclogite cumulate layer resulting

from crystallization of the picritic melt fraction of the original

differentiation of the Earth. The plume source is enriched in those

eleine nts that would be concentrated in a melt that was removed from a

garnet rich region. This fluid, the result of an early partial melt or

a late stage fluid from crystallizing eclogite in the MORB source,

infiltrated the shallow mantle plume source at various times. This

gives plume basalts an inverse garnet trace element signature relative
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to MORB. The MORB and plume source regions together make up about

25-30% of the mantle. This requires that most, tf nat all, of the

mantle has been processsed to obtain the observed enrichment. There is

no need to invoke a large primitive reservoir in the mantle or deep,

lower mantle plume sources. On the contrary, the plume source region

appears to be shallow and may be coincident with the LVZ. The upper

mantle transition region, 220-670 km, represents about 21% of the mantle

and the LVZ is about one-third as large. This is about the ratio of the

sizes of the two upper mantle reservoirs which is required to satisfy

the trace element data. The MORE sources is probably an eclogite

cumulate while the plume source is probably garnet peridotite.

Crystallization of a magma ocean would give this kind of upper mantle

stratigraphy. Nd and Sr isotopic data indicates that the depletion of

that part of the MORB source region being sampled today occurred over

the inLe:rvn1 1.5 to 2.5 x 10 9 years ago. The fluid involved in the

depletion/ent,ichnie nt events, and in the formation of the continental

crust, appears to be a partial melt or late stage residual fluid from an

eclogite cumulate layer. The lower mantle is residual peridotite and,

although it may be convecting, it no longer communicates with the

shallower reservoirs.

. ,.
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cumulate, 21% of the ori8inal melt and 75% of the depleted residue

of the original differentiation. The enrichment event occurs at

various times.

41. M. J. O'Hara, G. M. Biggar, S. Richardson, C. Ford, B. Jamieson,

Proc Apollo 11 Lunar Sci. Conf., 1, 695 0 1970; J. V. Smith,

A. T. Anderson, R. C. Newton, E. Olsen, P. J. Wyllie, J. Geol-,

78, 381, 1970; J. A. Wood, J. Dickey, Jr., U. Marvin, Science,

167, 602 0 1970; H. Wakita, R. Schmitt, Science, , 170, 969,

1970; Don L. Anderson, Phys. Earth Planet. Interiors, 6, 1160

1972; Nature, 239, 263, 1972; S. R. Taylor, Proc. Lunar

Planet. Sci. Conf. 9th, 15, 1978.

tit. M. Akaogi, S. Akimoto, Phys. Earth Planet. Interiors, 150

90, 1977.

43. F. Press, Science, 160, 1218, 1968.

44. This r(isC'clrch was supported by NASA Grant No. NGL05-002-069.

I would like, to thank E. Stolper, A. E. Ringwood, P. Wyllie,

A. Boettcher, G. J. Wasserburg, C. Allegre, S. Jacobson, L. Silver,

H. Taylor, and D. Green for helpful conversations. R. Oxburgh,

J. G. Schilling, P. Wyllie and G. Ernst reviewed earlier versions of

the manuscript. Art Boettcher kindly provided a most useful

preprint co-authored with J. O'Neil, and made some important

suggestions. I thank an anonymous reviewer for his editorial

comments. Contribution Number 3432, Division of Geological and

Planetary Sciences, California Institute of Technology, Pasadena,

California 91125.



A-PI-31

Figure Captions

Figure 1. Normalized trace element concentrations in the continental

crust (dote), continental basalts and mid-ocean ridge basalts

(2 0 6 0 $, 34, 35). All concentrations are normalized to

terrestrial values of Canapathy and Anders (37) 0 recalculated

to mantle equivalents. The lower curves for continental

tholeiites and MORB are normalized to mantle concentrations

after removal of the continental crust, as are the curves for

alkali basalts and kimberlites. The complementary nature of

MORB and the other magma types is evident. 	 The continental

crust is not the only "enriched" reservoir.

Figure 2. Crystal/liquid partition coefficients for garnet,

clinopyroxene, orthopyroxene and olivine (6). Heavy line is

ratio of concentrations in primitive mid-ocean ridge basalts

(36) and continental tholeiites (2, 6). This indicates that

MORB results from melting of a garnet and clinopyroxene rich

source region and that the continental tholefite (CFB) source

region has experienced eclogite extraction. The points are

for a model (38) in which the proto-MORB source region is an

eclogite orthocumulate from the initial melt fraction of

primitive mantle differentiation. The continental and ocean

island basalt, or plume, source region is depleted residue

enriched by a late stage melt from the proto-MORB cumulate

layer.

r
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Figure 3. Present end _ car values (39) for an eclogite cumulate

(solid line) which has been depleted at various times by

removal of a melt fraction (40). This melt traction

enriches the complimentary reservoir (dashed line). Data

from references 2, 24, 25, 29, and 30.

Figure 4. A model for the evolution of the mantle. primitive mantle

(1) is partially molten either during accretion or by

subsequent whole mantle convection which brings the entire

mantle across the solidus at shallow depths. LiL elements

are concentrated in the melt. The deep magma ocean (2)

fractionates into a thin plagioclase-rich surface layer and

deeper olivine-rich and garnet-rich cumulate layers (3).

Late stage melts in the eclogite cumulate are removed (4)

to form the continental crust (c.c.), enrich the peridotite

layer and deplete MORES, the source region of oceanic crust

(o.c.) and lower oceanic lithosphere. Partial melting of

PLUME (5) generates continental flood basalts (CFB), ocean

island basalts (0IB) and other enriched magmas, leaving a

depleted residue (harxburgite) that ccays in the upper

mantle.
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Although the mantle of the Earth.appears quite rigid on the time scales

of seismic waves and solid Earth tides it behaves as a fluid for longer term

processes such as postglacial rebound, plate tectonics and removal of heat

from the deep interior. The mantle is convecting and will convect until all

the original heat and heat sources are removed. Although convection itself is

not questioned, geophysicists are currently debating whether the mantle is

convecting as a whole or is divided into layers which are convecting separately.

A major driving; force for convection is thermal buoyancy although the plates

and subductin, slabs also affect motions in the mantle. Material deep in the

mantle warms up either due to its own radioactivity nor due to heat brought to

it from below. As it heats up, it becomes buoyant and rises. Similarly, hot

material brought to the surface cools off and becomes denser. In a homogeneous

planet the cold surface material eventually sinks back into the interior.

However, thermal buoyancy is only part of the story. In a chemically stratified

or diffor,ntiated planet, convection will be confined to the individual layers

if thermal expansion and contraction cannot overcome the intrinisic density

differences between layers. Density differences due to chemistry, phase

changes aud partial melting are also important in mantle convection. For

example, by partial melting a mantle diapir can become much more buoyant than
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it could by thermal expansion alone and it can therefore rise to higher levels

in the mantle. Ca the other hand, if a lr*ge volume of basaltic melt forms

below about 50 km depth it will free- 	 a eclogite, which is denser than

normal mantle, and it will therefore eventualiy sink, If the Earth had never

experP^aced partial melting or differentiation it would be reasonable to

suppose that the mantle is convecting as a whole. Such a mantle would be

chemically homogeneous, and would not be very interesting.

The two mantle source regions

There is now abundant geophysical, petrological and geochemical data

that points toward a chemically inhomogeneous mantle. Mid-ocean ridge basalts

come from a region of the mantle that is depleted in most of the large-ion

incompatible elements such as Rb, Sr, Ba, U and the rare-Earth elements.

These elements are T-lot retained effectively by the major mantle minerals,

olivine, garnet and pyroxenes. They therefore become concentrated in melts,,

Abyssal tholeiites, however, originate as melts or partial melts and this

means that their sot.irce region is depleted in these elements. The part of
5

the mantle that is providing these voluminous magmas must therefore have

originated as a crystal cumulate or have experienced a prior episode of

partial melting and melt extraction.

Alkali basalts, on the other hand, whether found on continents or

on oceanic islands, are enriched in volatiles and the incompatible elements.

The enrichment is not uniform but is complementary to the depletion found in

ocean floor basalts. That is to say these basalts are most enriched in the

elements that are most depleted in MORB (Midocean Ridge Basalts), and vice

versa. The trace element patterns of continental and ocean island basalts

n f



A-vii-z

f

are also complementary to garnet. For example these magmas are particularly

enriched in K, Rb, Ba, Th, U and the light race-Earth elements and are

relatively depleted in Y, Zr and the heavy REE, the elements favorad by

garnet. This suggests that garnet has either been ,,eft behind or was

previously removed from the source region of the enriched magmas. Since

some of these magmas, particularly the continental tholeiites, represent

large degrees of partial melting,it is unlikely that garnet is still a

residual phase. Olivine and orthopyroxene are the probable main residual

phases and these are essentially free of the large-ion incompatible elements.

It appears, therefore, that the mantle source region for the enriched basalt

types, such as nephelinites, melelitites, basrnites, alkali basalts,

continental flood basalts and kimberlites, had previously experienced an

episode of garnet or eclogite removal. The continental crust has a similar

enrichment pattern and probably came from the same reservoir.

The MORB characteristics can be explained if the "depleted" reservoir

is eclogitic since these basalts are enriched in those elements which are

concentrated in garnet and, to a lesser extent, clinopyroxene. The important

role of eclogite removal and crystal fractionation has been Lf4phasized by

O'Hara (1968) and O'Hara and Yoder (1967).

A terrestrial magma ocean

A similar complementarity among !,unar basalts has led. to the concept

of a crystallizing magma ocean (good, 1975; Smith et al, 1970; and

Anderson, 1973). The thick anorthositic highland crust is though: to

represent light plagioclase-rich cumulates and the other basalt types have

been attributed to remelting of denser and deeper olivine-pyroxene rich

ro
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cumulates. The complementarity of the various reservoirs is controlled by

plagioclase separation. If the moon was extensively molten early in its early

history then the Earth and the other terrestrial planets should have been as

well. On a large body, however, garnet crystallization is important. Garnet

settling is the terrestrial analog of plagioclase floatation. A thin plagio-

clase-rich crust will form in the surface chill layer of a terrestrial magma

ocean but much of the Al2
 O
3 will be removed from the mesima by garnet

fractionation before temperatures in the,bulk of the ocean are low enough

for plagi.,)clase formation.

A thick, eclogite cumulate layer will therefore form at depth in an

Earth-sized planet. Crystallization of a magma ocean will lead to a stratified

mantle and the source regions will bear the imprint of garnet or garnet

extraction. A deep garnet-rich cumulate layer would be an appropriate source

region for MORB. A possible mantle stratigraphy resulting from crystallization

of a terrestrial magma ocean Is shown in Figure 1.

How does a magma ocean form and what will be its composition? The

energy of accretion of the Earth is sufficient to vaporize most of the mantle,

Much of the energy of accretion is radiated away but most of the mantle was

probably raised above the solidus during accretion. Differentiation,

including segregation of the core, would be occurring while the Earth was

being assembled. Silicate melts remain at the surface and the residual

crystals settle to the interior. The proto-Earth would therefore be

concentrating Al 2OB , CaO, U, Th, Ba, Sr, etc. in the upper mantle while it was

growing. The concentration of incompatible clements in the upper mantle

can be explained if the whole mantle experienced about 15% partial melting

(Anderson, 1980).

h'
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Even if one could assemble a cold and homogeneous Earth-size body

it would experience whole mantle convection that would bring most or all

of the mantle through the upper mantle melting zone. Separation of melt and

solid would ensue, just as is happening at ridges today.

The higher abundances of the radioactive elements in the past means

that the cold conductive surface layer was thinner and that the deep mantle

adiabatic gradient extended closer to the surface, The upper mantle melting

zone was therefore broader in the Precamorian and melting was more extensive.

The requirement that the larger amount of heat be removed results in a thin

conductive thermal boundary layer with a high temperature gradient. If a

significant fraction of this layer is basaltic then it will be buoyant and

will be unable to subduct. Sabduc ti,on only occurs today because part of the

lithosphere is composed of material denser than basalt and because cooling

occurs over a r9tber .Large depth extent. Areas having thick crusts, such as

continents, oceanic plateaus and aseismic oceanic ridges resist subduction.

Early Precambrian plate tectonics was likely gW-te different in style than

modern plate tectonics. It would be dominated by collisional tectonics,

shallow under thrusting and remelting of overthickened crust. As the outer

layer cools the lower basaltic parts eventually convert to eclogite and a

massive overturning would result. This presumably erases the early geological

record and sets the stage for the current style of relate tectonics which

involves deep subduction and continuous regeneration of ocean lithospheres.

The Earth is unique among the terrestrial planets in having plate

tectonics and, probably, in h- •in;g a very thin crust. These phenomena are

related since oceanic crust is continuously being returned to the mantle,

In principle, the Earth could support a basaltic crust about 50 km thick,

L :'
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At this depth basalt transforms to eclogite. A widespread eclogite layer,

however, is unstable and would sink into the mantle. This transformation

occurs at much greater depths in Mars and the Moon, because of the lower

pressures, and in Venus, because of the higher surface and upper mantle

temperatures. Therefore, thick and permanently buoyant crusts are expected

on these planets. An equivalent quantity of material is presumably buried

somewhere in the Earth's mantle, Where is it, how big is it and how long

has it been there?

The last question is the easiest to answer with presently available

data. Isotopes tell us that the various sours.- regions of the mantle have

been isolated for at least 10 9 and possibly more than 3 x 109 years (Patterson

and Tatsumoto, 1964; Tatsumoto, 1978; De Paolo and Wasserburg, 1979; Jacobsen

and Wasserburg, 1979). This is much longer than the .410 8 year average age of

the .oceanic crust. The isolation of these reservoirs may have been a result

of the initial differentiation of the mantle. The size of the depleted

reservoir is about 20% of the mantle, which is equivalent to a 450 km thick

layer in the upper. mantle (Anderson, 1980).

In most subduction areas of the world earthquakes occur as deep as

220 km. In a few places, particularly where the oceanic lithosphere is old,

earthquakes occur as deep as 670 km, the depth of a major seismic discontinuity

in the mantle, Therefore, oceanic lithosphere appears to be disposed of

between these depths, This is the transition region of the mantle,

I have ahown elsewhere (Anderson, 1979a,b) that eclogite is denser

than garnet peridoti.te to a depth of 670 km. Below this depth normal low

aluminum mantle minerals transform to ilmenite and perovskite polymorphs,

These are denser than garnet, the main mineral of eclogite at these depths,



A -VII-6

and they will form a floor to subducting crust or a garnet cumulate layer

forming in a crystallizing magma ocean. It appears that the 670 km discontinuity

Is not only a phase boundary, separating garnat from ilmenite/perovskite,

but is also a chemical boundary, separating eclogitic from ultrabasic rocks.

The lower mantle is presumably the crystalline residue remaining

after extraction of a basaltic, probably picritic, melt. Thies melt, the

result of early mant,Ae di,fforentiation, fractionates into eclogitic and

peridotitic cumulate layers, both of which currently reside in the upper

mantle. Because of the phase change boundary the differentiation of the

Earth is irreversible. Mxing of the upper mantle reservoirs is inefficient

because of the large density contrast between eclogite and garnet peridotite.

Normally, the two upper mantle reservoirs convect separately because of this

density stratification. However, if the eclogite layer partially melts it

becomes less dense than the overlying mantle. Partially molten diapirs can

then rise out of the eclogite layer and melt completely during adiabatic

ascent. This is possible because of the small melting interval of eclogite.

The diapirs then provide picritic melts to near surface magma chambers where

they fractionate to form midocean ridge tholeiites and, possibly, a pyroxenitic

lower lithosphere. The latter evolves to garnet pyroxenite as the litho-

sphere thickens and cools. This is denser than normal mantle peridotite

and the oceanic lithosphere eventually becomes unstable and sinks back to

its source region.

The alternative point of view is that ocean floor tholeiites are

primary magmas, unaffected by crystal fractionation, which are formed by

partial melting of garnet peridotite, or pyrolite, leaving behind a thick

depleted harzburgite layer. Since basalt and harzburgite are both buoyant
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in normal mantle, a large amount of cooling is required in order to overcome

this chemical stabilization. A thick layer of depleted peridotite in the

upper mantle is one consequence of this model.

1otspots and plumes_

The other major reservoir in the mantle provides magmas for the oceanic

islands and the alkalic provinces on continents. Continental flood basalts

apparently come from this same reservoir. Current sites of this kind of

igneous activity are called plumes or hotspots (Wilson, 1963; Morgan, 1971)`.

In many respects there basalts aro complementary to midocean tholeiites and

appear to come from an enriched source region. What is the size and location

of this reservoir?

Although it is usually assumed that plumes originate deep in the

mantle, there is a variety of evidence that indicates they come from a

shallower reservoir than MORb. The limited areal extent of hotspots suggests

that they are caused by narrow upwellings in the mantle. This is typical

behavior of fluids heated from below and is consistent with an upper mantle

location. Uniform fluids which are heated from within exhibit broad, often

roll-like, upwellings. This pattern is more appropriate for oceanic ridges.

Internal heating of a deep upper mantle layer would generate internal rolls

and plume-like convection in the overlying layer. Kimberlites and their

entrained xenoliths are enriched in volatiles and the incompatible elements

and these come from the upper 250 km or so of the mantle. Xenoliths brought

to the surface in alkali basalt flows also apparently originate in the shallow

mantle. The nature of the enrichment in continental and ocean island basalts

is such that their source region could be the upper mantle low-velocity zone.
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Partial melting in the upper mantle can explain the low seismic velocities

and high electrical conductivity in the low-velocity zone. Partial melting is

consistent with estimates of upper mantle temperatures if this region is

volatile rich.

The appearance of enrle,hed magmas at developing continental rifts,

island arcs, and back-arc basins also suggests a shallow source origin. Trace

element patterns indicate that the enriched reservoir is much smaller than

the depleted reservoir, perhaps only one-third as large. Plume basalts

represent varying degrees of partial melting. This is consistent with a small

and variable depth of origin. Deep diapirs, brought adiabatically to the

surface, would exhibit a large and more uniform degree of partial melting.

This property to more typical of MORB than the hotspot magmas.

Theoretical calculations indicate that the Barth is getting rid of

its heat at abol.it the same rate as it is generating it by radioactive decay,

Convection is an effi.ient transmitter of heat and the main bottleneck is

the cold layer at the surface that must transmit heat by conduction. There

are clso conductive boundary layers at each chemical interface in the Earth.

Because of the temperature dependence of viscosity, these boundary layers

adjust their thickness to accommodate changes in heat flow and temperature.

The current heat flow through the surface of the Earth is probably within

30% of the current rate of heat productiGa. Below about 250 km the temperature

gradient is probably near adiabatic. In addition to the near surface thermal

boundary layer, sometimes referred to as the thermal lithosphere, there 'i's

also a region of high thermal gradient across the li tho sphere-a s theno sphere

boundary which is thought to be at about 150 km under shields (Anderson, 1979c).

Pressure increases the melting point of mantle silicates so rapidly that
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melcing is unlikely to occur in a convecting mantle at depths below about

250 km. Solid material brought adiabatically frog, depth, however, will

Intersect the melting curve in the upper mantle. Thus, upper mantle melting

is a natural consequence of mantle convection and the relative slopes of the

adiabat and the solidus. The presence of volatilas also decreases hhe solidus

In the upper 150 km of the mantle. Water and CO2 are locked in mineral

phases at greater depths and the melting point is not much affected.

There is another way in which excess temperatures can be generated

in the upper mantle. The thin lithosphere under oceans allows a balance

between the rate at which heat is convected into the upper mantle and the

rate at which it can be conducted to the surface. The lithosphere is much

thicker under shields and the geothermal gradient is relatively low. This

means that the mantle heat flow cannot be rapidly rem ,)ved through a thick

continent. A stationery continent will, therefore, heat up at its base and

hotspots can be generated in the mantle beneath large continental masses

that are stationery or slowly moving. These self-generated hotspots weaken

and uplift the continent and are probably responsible for continental breakup

and dispersal.

It is instructive to plot the locations of present day hotspots in

the Atlantic and Indian oceans relative to the locations of continents prior

to the breakup of Gondwanda. Figure 2 shows such a display. The currently

active hotspots in this hwm.4sphere are in a part of the mantle that was

insulated by a super continent from before 350 to 200 my ago, i.e., for more

than 150 my prior to breakup and dispersal. The hotspot grouping in the

;enter of the map is currently under Africa and those under North America

are currently along the mid-Atlantic ridge. Two hundred million years ago

the Eiffel plume was under northern Europe, Iceland and Jan Mayan, were under

4
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Siberia and St. Helena, Tristan and Bouvet were under South America, in

many cases conti.n,intal uplift, alkalic basalt provinces, continental flood

basalt and kimberlite activity can be associated directly with a hotspot

track. I suggest, therefore, that continental insulation is responsible

for melting anomalies in the mantle. These welting anomalies, in turn, lead

to uplift, intraplate magmatism and the breakup of large continental masses.

Melting in the shallow peridotite layer gives enriched continental and ocean

island magmas and melting in the deeper eclogite layer provides the depleted

magmas which emerge at well developed ridges.

Similar mantle insulation is provided by anomalously thick oceanic

crust such as the high standing oceanic plateaus in the western Pacific.

These plateaus may have been responsible for turning on the central pacific

hotspots.

On keeping an o an mind

It is n^;proprlate at the start of the joint IUGG, TUGS and ICSU program

on the Lithosphere to review our assumptions and working hypotheses. Geological,

geophysical and geochemical data are subject to multiple interpretations, and

models derived by workers in one discipline are often contradictory to those

derived by those working in a different field. It 's often the case, however,
j

that the data are not contradictory, only the models.

For example, the following assumptions are commonly made-

1) The majority of the mantle is relatively homogeneous in composition

and primitive (pyrolite);

2) Basalts of all types represent 'varying degrees of partia l. melting

of garnet peridotite or pyrol:ite.

L,
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3) Oceanic tholeiites are primary liquids formed by partial melting

and the upper oceanic mantle is the depleted residue.

4) The oceanic lithosphere subducts as a result of cooling and thermal

contraction.

5) The seismic discontinuities in the mantle represent phase changes in

an olivine-rich mantle rather than chemical boundaries.

6) The large sizes of the rigid plates and the separation of ridges

implies large convection cells having dimensions that correspond to the depth

of the mantle.

7) The lower mantle is primitive and provides the material for hotspots,

oceanic islands and continental flood basalts.

8) The enormous quantities of oceanic crust that have been generated

by sea-floor spreading 'have sunk to the core-mantle boundary.

Many of these assumptions have recently been called into question.

I suggest that alternatives to each of the above assumptions are viable and they

must be considered as we strive toward a coherent theory of'the evolution of

the mantle and plate tectonics. The evidence for early melting and differentati.on

of small solar system objects make it difficult to understand how the Earth

could have remained primitive, 'homogeneous and undifferentiated. The processes

of crystal fractionation and gravitational stratification are important in

the Moon and in terrestrial magma chambers and were also probably involved

in the early evolution of the mantle. Petrological models for the mantle are

strongly influenced by samples from the upper mantle which, in many cases,

are clearly residual after melt removal, or crystal cumulates. Thus, there

is a strong bias toward an olivine rich mantle. Even primitive appearing

specimens are samples 	 the upper mantle and do not necessarily represent
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the average composition of the whole mantle. When the large quantities of

subducted oceanic crust are taken into account, the average mantle becomes

more CaO, Al 203 , T'02 and Si02 rich and closer to cosmochemical estimates

of mantle composition. Workers who propose tie existence of a large primitive,

undifferentiated reservoir in the mantle overlook the fact that elements

such as Rb, Sr, Sm and Nd are so strongly concentrated into melts that by

the time one melts •420% of primitive mantle the melt has essentially "primitive"

ratios of Rb/Sr, Sm/Nd and their isotopes. The ratios stay nearly primitive

even after large "mounts of olivine and or.thopyroxene fractionation. Garnet

and clinopyroxene fractionate these elements but orthocumulates composed of

these minerals and equilibrium interstitial fluids give nearly primitive

ratios. The "primitive reservoi.*" theories assume that the continental crust

is the only enriched reservoir that is complementary to the depleted MORB

reservoir. In the "cltf':ferentiated mantle" theory outlined in this essay

the source region of continental and ocean island basalts is the enriched

complQmient of the depleted reservoir. Isotopic studies of more hotspot

locations and mantle xenoliths should resolve these two models.

The study of the oceanic and continental lithospheres is of central

importance in unraveling the evolution of the mantle. In the fractional

crystalltzation model the lower oceanic lithosphere is pyroxenitic rather than

harzburgi,te or pyrolite. The spinel to garnet pyroxeni.t.e phase change would

be the main cause of instabiL t:y of old lithosphere. "Eclogi.te" xenoliths

found in Hawaii may be samples of this lower lithosphere. Study of the

lithosphere under shields may shed light on early mantle processes and the

development of the continentai crust. Shields exhibit: long term stability in

spite of the fact that they are cold. This may result from chemical. buoyancy.
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It is possible that Ghemi,'.^ effects, i.e., partial malting and phase changes,

may be as important in driving the terrestrial, engine as thermal convection.

The evolution of a primitive mantle into two upper mantle reservoirs

and a depleted lower mantle is shown In Figure 3. The formation of hotspot

magmas by partial melting of garnet peridotite in the upper mantle probably

follows conventional views of petrogenesis. Trace elements indicate that this

region has experienced eclogite extraction and enrichment in the Incompatible

elements. Diapirs from the eclogite cumulate layer are presumed to evolve

to mid-ocean ridge tholeiites, The long term isolation of the two major source

regions strongly supports the concepts of chemical stratification in the

mantle and chemical driving forces, i.e., partial melting and phase changes

in the lithosphere, in addition to thermal buoyancy,
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FIGURE CAPTIONS

Figure 1 Schematic illustration of the sequence of layers in a crystallizing

terrestrial magma ocean. The magma ocean is the result of partial

melting of a primitive garnet peridotite mantle. This melt, probably

ple ritia, collects in the upper mantle. A garnet-rich cumulate

sayer fog ,,;,s at the base of the molten layer leaving behind an

Al203 and SiO2-poor liquid. Shallower cumulate layers consist of

olivine, orthopyroxene and interstitial melt. Olivine and orthow

pyroxene react with the fluid to form clinopyroxene and garnet if

they settle below about 100 kin. These cumulate layers evolve to

the two major reservoirs which are being sampled today. The lower

mantle is depleted peridotite, the realdue after about 15% melt

removrst. The upper boundary of the lower mantle is controlled by

phase changes In peridotite. Because of the broad stability field

of gainer, eclogite cannot sink below 670 km. The 670 km discontinuity

is, therefore, a chemical and phase boundary.

Figure 2 The location of the continents at about 350 my ago. Also shown are

the hotspots in this hemisphere, most of which are currently in the

Atlantic and Indian oceans and under the continent of Africa. The

continents move slowly north for the next 150 my and then break up

and disperse to then present locations. The majority of present

day hotspots were beneath Gonwandaland for a long-period of time

prior to 200 my ago. They may have been formed by continental

insulation.
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Figure 3 Evolution of primitive mantle into a chemically stratified mantle

with separate isolated upper mantle reservoirs. Melt is removed

from primitive mantle, probably during accretion, and concentrated

at the surface. As the Earth cools, the melt fractionates into

a deep eclogite cumulate layer and a shallow peridotite layer.

The eclogite cumulate becomes depleted in large-ion lithopile elements

(LXL) which enrich the overlying peridotite layer. Diapirs from

the eclogite source region evolve to mid-ocean tholeiites by near

surface crystal fractionation. The enriched peridotite source

region provides, by varying degrees of partial melting, kimberlites,

melilites, nephelinites, alkali basalts and continental tholeiites.

Depleted peridotites are the residue of hotspot magmatism. These

are less dense than fertile peridotites and therefore occur in

the uppermost mantle. The oceanic lithosphere, at least the Al203

rich portions, return to the eclogite layer.



Dominant
Mineraolog,y_

Piag
Petrology_
Basalt

Garnet
Peridotite
LIL

Ol-Opx-Cpx

220 km

•

Go-Cpx	 Eclogite
\t /r l l^ rr	 Cumulate

400 km

Go S.S.	 Garnetite

670 km
IL-R -Sp

Pvk--Ox

e t	 •► '^	 <

v ^f' A A;J 14
V ^4J 	 N c> v^ c i 

aJ^^^ q.1Jd^7jtJ^-A4

\ ^ +^ r 7^<1 t' ,► a 07.1 l
> c, c	 ^ e rr
^^^.LL74J1JJ J J ;^^,*

itIlmenite"
Peridotite

ofPerovskite"
Peridotite

v ye 1



R

(1R1(i1NAL P,Vl^l 1k1

OF II(x)l? QUA1 M'

9,1on (Mayon
35QMY

N. ASIA
Azores

•

N.A.	 Afor
Verde	 e

S.A. Crozet

Bouvet AFRICA

fit• z



.,

PRIMITIVE

MANTLE

BASALT	 HOT SPOT	 MIDOCEAN CONTINENTAL

MAGMASRIDGE
	 CRUST

BASALTS

ECLOGITE

DEPLETED PERIDOTITE

ENRICHED	 PERIDOTITE

n SOURCE	 REGION

LIL	 ECLOGITE

DEPLETED	 SOURCE REGION

PERIDOTITE

PERIDOTITE LOWER

MANTLE

T'ig. 3


	1981003087.pdf
	0001A02.jpg
	0001A03.tif
	0001A04.tif
	0001A05.tif
	0001A06.tif
	0001A07.tif
	0001A08.tif
	0001A09.tif
	0001A10.tif
	0001A11.tif
	0001A12.tif
	0001A13.tif
	0001A14.tif
	0001B01.tif
	0001B02.tif
	0001B03.tif
	0001B04.tif
	0001B05.tif
	0001B06.tif
	0001B07.tif
	0001B08.tif
	0001B09.tif
	0001B10.tif
	0001B11.tif
	0001B12.tif
	0001B13.tif
	0001B14.tif
	0001C01.tif
	0001C02.tif
	0001C03.tif
	0001C04.tif
	0001C05.tif
	0001C06.tif
	0001C07.tif
	0001C08.tif
	0001C09.tif
	0001C10.tif
	0001C11.tif
	0001C12.tif
	0001C13.tif
	0001C14.tif
	0001D01.tif
	0001D02.tif
	0001D03.tif
	0001D04.tif
	0001D05.tif
	0001D06.tif
	0001D07.tif
	0001D08.tif
	0001D09.tif
	0001D10.tif
	0001D11.tif
	0001D12.tif
	0001D13.tif
	0001D14.tif
	0001E01.tif
	0001E02.tif
	0001E03.tif
	0001E04.tif
	0001E05.tif
	0001E06.tif
	0001E07.tif
	0001E08.tif
	0001E09.tif
	0001E10.tif
	0001E11.tif
	0001E12.tif
	0001E13.tif
	0001E14.tif
	0001F01.tif
	0001F02.tif
	0001F03.tif
	0001F04.tif
	0001F05.tif
	0001F06.tif
	0001F07.tif
	0001F08.tif
	0001F09.tif
	0001F10.tif
	0001F11.tif
	0001F12.tif
	0001F13.tif
	0001F14.tif
	0001G01.tif
	0001G02.tif
	0001G03.tif
	0001G04.tif
	0001G05.tif
	0001G06.tif
	0001G07.tif
	0001G08.tif
	0001G09.tif
	0001G10.tif
	0001G11.tif
	0001G12.tif
	0001G13.tif
	0001G14.tif
	0002A02.tif
	0002A03.tif
	0002A04.tif
	0002A05.tif
	0002A06.tif
	0002A07.tif
	0002A08.tif
	0002A09.tif
	0002A10.tif
	0002A11.tif
	0002A12.tif
	0002A13.tif
	0002A14.tif
	0002B01.tif
	0002B02.tif
	0002B03.tif
	0002B04.tif
	0002B05.tif
	0002B06.tif
	0002B07.tif
	0002B08.tif
	0002B09.tif
	0002B10.tif
	0002B11.tif
	0002B12.tif
	0002B13.tif
	0002B14.tif
	0002C01.tif
	0002C02.tif
	0002C03.tif
	0002C04.tif
	0002C05.tif
	0002C06.tif
	0002C07.tif
	0002C08.tif
	0002C09.tif
	0002C10.tif
	0002C11.tif
	0002C12.tif
	0002C13.tif
	0002C14.tif
	0002D01.tif
	0002D02.tif
	0002D03.tif
	0002D04.tif
	0002D05.tif
	0002D06.tif
	0002D07.tif
	0002D08.tif
	0002D09.tif
	0002D10.tif
	0002D11.tif
	0002D12.tif
	0002D13.tif
	0002D14.tif
	0002E01.tif
	0002E02.tif
	0002E03.tif
	0002E04.tif
	0002E05.tif
	0002E06.tif
	0002E07.tif
	0002E08.tif
	0002E09.tif
	0002E10.tif
	0002E11.tif
	0002E12.tif
	0002E13.tif
	0002E14.tif
	0002F01.tif
	0002F02.tif
	0002F03.tif
	0002F04.tif
	0002F05.tif
	0002F06.tif
	0002F07.tif
	0002F08.tif
	0002F09.tif
	0002F10.tif
	0002F11.tif
	0002F12.tif
	0002F13.tif
	0002F14.tif
	0002G01.tif
	0002G02.tif
	0002G03.tif
	0002G04.tif
	0002G05.tif
	0002G06.tif
	0002G07.tif
	0002G08.tif
	0002G09.tif
	0002G10.tif
	0002G11.tif
	0002G12.tif
	0002G13.tif
	0002G14.tif
	0003A02.tif
	0003A03.tif
	0003A04.tif
	0003A05.tif
	0003A06.tif
	0003A07.tif
	0003A08.tif
	0003A09.tif
	0003A10.tif
	0003A11.tif
	0003A12.tif
	0003A13.tif
	0003A14.tif
	0003B01.tif
	0003B02.tif
	0003B03.tif
	0003B04.tif
	0003B05.tif
	0003B06.tif
	0003B07.tif
	0003B08.tif
	0003B09.tif
	0003B10.tif
	0003B11.tif
	0003B12.tif
	0003B13.tif
	0003B14.tif
	0003C01.tif
	0003C02.tif
	0003C03.tif
	0003C04.tif
	0003C05.tif
	0003C06.tif
	0003C07.tif
	0003C08.tif
	0003C09.tif
	0003C10.tif
	0003C11.tif
	0003C12.tif
	0003C13.tif
	0003C14.tif
	0003D01.tif
	0003D02.tif
	0003D03.tif
	0003D04.tif
	0003D05.tif
	0003D06.tif
	0003D07.tif
	0003D08.tif
	0003D09.tif
	0003D10.tif
	0003D11.tif
	0003D12.tif
	0003D13.tif
	0003D14.tif
	0003E01.tif
	0003E02.tif
	0003E03.tif
	0003E04.tif
	0003E05.tif
	0003E06.tif
	0003E07.tif
	0003E08.tif
	0003E09.tif
	0003E10.tif
	0003E11.tif
	0003E12.tif
	0003E13.tif
	0003E14.tif
	0003F01.tif
	0003F02.tif
	0003F03.tif
	0003F04.tif
	0003F05.tif
	0003F06.tif
	0003F07.tif
	0003F08.tif
	0003F09.tif
	0003F10.tif
	0003F11.tif
	0003F12.tif
	0003F13.tif
	0003F14.tif
	0003G01.tif
	0003G02.tif
	0003G03.tif
	0003G04.tif
	0003G05.tif
	0003G06.tif
	0003G07.tif
	0003G08.tif
	0003G09.tif
	0003G10.tif
	0003G11.tif
	0003G12.tif
	0003G13.tif
	0003G14.tif
	0004A01.tif
	0004A02.tif
	0004A03.tif
	0004A04.tif
	0004A05.tif
	0004A06.tif
	0004A07.tif
	0004A08.tif
	0004A09.tif
	0004A10.tif
	0004A11.tif




