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The Thermal
Background to
Metamorphism - II
Simple Two-
Dimensional
Conductive Models.

C.M.R. Fowler and E.G. Nisbet
Department ol Geological Sciences
University of Saskatchowan
Saskatoon, Saskatchewan S7N OW0

Summary

In a previous article simple one dimen-
sional models of metamorphic conditions
were examined. In this article more realis-
tic two-dimensicnal models are set up, to
show the metamorphic effects of burial,
intrusion and thrusting. Modeis in which
erosion takes place demonstrate the
development of a metamorphic facies
series and underline the importance of
understanding regional stratigraphy in
interpreting metamorphism.

Introduction

In the first of these discussions (Nisbet
and Fowler, 1982) of the thermal back-
ground to metamorphism, we discussed
simple one-dimensional problems, most
of which were mathematically accessible
to senior geology undergraduates. How-
ever one-dimensional models do not give
an easy intuitive feel of the thermal con-
straints on metamorphism. In this article
several two-dimensional problems are
analysed. These are mathematically
complex, but the results are much more
easily grasped by the student, especially
as most geologists are accustomed to
thinking about strata in two dimensions,
It is hoped that a study of these two-
dimensional models will give some idea
of the rates of thermal equilibration, and
that they will give a qualitative under-
standing of the movement of heat. The
intention of the models is to show how
the various different types of metamor-
phic facies series come to be put
together. All of the models discussed are
conductive, In nature many metamorphic
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rocks show evidence for transport of heat
by fluids, but that problem is much more
complex and not discussed here. We also
make no allowance for heat produced or
consumed by exothermic or endothermic
metamorphic reactions. {n some cases
this will considerably change our models,
but a full discussion of this is out of the
scope of the present paper.

Two-dimensional models

Metamorphism may be caused by a wide
variety of thermal events; rocks have very
ditferent thermal responses to different
tectonic events. The models are chosen
to demonstrate a variety of possible
metamorphic environments; they are by
no means exhaustive or even representa-
tive of the possibte range existing in the
earth. Initially, we shall consider cases in
which no erosion or deposition takes
place, then we shall introduce erosion,
since na metamorphic rock comes to be
exposed on the surface without undergo-
ing either erosion or tectonic accldent. It
can be readily seen from the discussion
of the geotherm in the first article that
erosion immediately has important con-
sequences on the nature of the metam-
orphism itself, and on the metamorphic
facies series eventually created.

A. Non-erosional models

We take three models: a model of burial
metamorphism; a model of intrusion in
which we consider both basic and gra-
nitic intrusions, and a model of
overthrusting.

Burial metamorphism, We have con-
structed a model of a “typical” burial ter-
rain: this congists of a granitic country
rock in which a rectangular trough of
sediment has been deposited. Beneath
both granite and trough is a gneissic con-
tinantal crust, overlying the mantle. Fig-
ure 1a simply shows the standard physi-
cal parameters of the model, The model
inciudes a 4@ km thick crust; the conduc-
tivity throughout is 0.006 cais cm*! ° C-",
initial temperature gradient is the equili-
brium gradient in the granite, gneiss and
mantle while the sedimentary trough is at
100° C throughout (this is an arbitrary
value and only significant in the very
early stages of equilibration of the
model), and heat generation in the gran-
ite is 6.0 h.g.u., 2.0 h.g.u. in the sediment,
1.0 h.g.u. in the gneiss and 0.1 h.g.u. in
the mantle. The model is analogous to a
rapidly filled sedimentary basin sur-
rounded by granitic crust; it is perhaps
similar to a sedimentary trough formed
on a continent above a subduction zone,
or fo an Archean greenstone belt filled
with thick sediment and set in a granitic
terrain.

Figure 1b shows how the model has
evolved after 20 Ma. The sedimentary
trough very rapidly equilibrates towards
the temperature of the surrounding
country-rock; after 1 Ma the base of the
middle of the trough is at about 250°C

and after 20 Ma itis at about 270°C, ¢close

to equilibrium, with a shallow-level gra-
dient of about 19° C/km. The temperature
in the sedimentary trough is thus very
strongly influenced by the heat produc-
tion in the surrounding granite. If the
country rock had been mafic material
rather than granite the equilibrium gra-
dient would have been lower, as the heat
generation of mafic rocks is lower than
that of granites (see previous article).
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Flgure 1a Dimensions and physical parame-
ters of the twa-dimensional burial
and intrusion madeis. As the prob-
tem is symrmaetrical, only hall of the
model is shown. Thickness of the
sediment or intrusion {stippled
region) = 15 km, hatf-width = 27.5
km. Surrounding terrain is mitially at
its equilibrium thermal gradiant.
Deep heat contribution 9m = 0.5
h.f.u. A = radioactive hesat genera-
tiort in h.g.u. For the buriai modal,
initial temperature of the sediments
is taken arbitrarily as 100°C and A =
2 h.g.u. In the basic intrusion, initial
temperature = 1100°Cand A = 1
h.g.u. in the granitic intrusion, initial
temperature = 700° C and A = 10
h.g.u
Note 1 h.lu = 41.8mWm-2
= 106 cal crrlsac!

T hgu = 0.418x 103 mWmr3
= 103 cat cm? sec!

o6

Figure 1b Burial mode/ afler 20 Ma.
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Hence the temperature v the trough-at
15 km woukd be 50° € to 100° C tower.
The model thus clearly demonstrates the
important control that the surrounding
and underlying rocks exert on the P/T
path of burial metamorphism. McKenzie
(1581) presents a much more rigorous
and realistic model of burlal heating and
oil maturation in sedimentary basins.

Contact and intrusion Metamorphism. A
second class of model may be con-
structed as the inverse of the first. In this
family of models a large ignecus body is
intruded inta a country rock, and then
crystallizes and cools at high level (in
contrast to intrusion at deep level which
can be crudely modelled by increasing
the deep heat contribution gm - see dis-
cussion of this in previous article). Two
different types of intrusion may be consi-
dered - a basic intrusion which contains
only small amounts of radicactive ele-
ments, and a granitic intrusion rich in
these elements.

Basic Intrusion. The main paramaters of
this model are shown in Fig. ta. A large
basic intrusion at 1100° C, 55 km across
and 15 km deep is emplaced to a high-
level in a country rock of sediments and
low-grade metamorphic rocks. The latent
heat of crystallization, 100 cals/gm, is
spread over a 1 Ma cooling interval. The
situations after 1 and 20 Ma are shown in
Fig. 2a, b. Clearty contact metamorphism
is an important transient phenomenon,
but what is also interesting is the rela-
tively small effect the intrusion has some
distance away from the contact at high
levels. If intrusion is to be a major cause
of regional, as opposed to local metam-
orphism, the intrusions must form a high
proportion of the total rock pile.

Granitic Intrusion. With a granitic intru-
sion the problem is rather different; the
initial temperature of the igneous body is
lower, but the internal heat generation is
greater. Thus there is less contact
metamorphism but a greater long-term
effect around the intrusion, where the
eventual temperature is higher than in
the previous case, for bodies of the same
size.

The physical parameters of this model
are shown in Fig. 1a, while Figs. 2¢, d. e,
and f show the evolution of the medel
after 1 Ma, 2 Ma, 5 Ma, and 20 Ma. In this
case the same latent heat as before is
spread over a period of 2 Ma. The top of
the pluton cools rapidly, but the base of
the ptuton remains hot, partly because of
the internal heat generation. This high
basal temperature leads to a general rais-
ing of the temperature below and around
the base of the pluton, to the extent that

eventually some local partial melting may
take place in the country rock at depth
below the intrusion; in ather words, the
intrusion itseHf can sometimes cause
smaller furthar intrusion. if, for imstance,
the original intrusion were mantle-
derived, it might cause later crustal ana-
texis. This would cause a.geologist to
tind some very confusing field relations -
at the top of the pluton "oid” intrusive
relationships and low 87 Sr/268r initial
ratios woutd be seen; at the base of the
pluton and below, “young™ partial metiting
textures and high 8 Sr/88r ratios would
be present; it would be very difficult
indead to unrave! the time history of the
rock.

During the period immediately after
intrusion, hydrothermal convection cells
arg set up by the hot body, especially if
the intrysion is in a relatively wet country
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2¢c Granitic intrusion after 1 Ma.

rock. These cells dominate the heat
transfer process, 50 the simple conduc-
tive models considered here should only
be regarded as rough guides to the real
pattern of metamorphism: Convective
heat transfer will tend to speed up the
cooling, as heat is moved more quickly.
Furthermore, it will tend to:concentrate
the metamorphic effects nearer the
source of heat, as this is where convec-
tion is most active. In granites, internal
heat generation may prolong the action
of convective cells. The presence of
water also has profound effects on the
mineralogical course of the metamor-
phism. Neverthetess, the simple condue-
tive model remains a usefut guide to the
generat understanding of metamorphism
around a pluton. :

At depth the long-term metamorphic
imprint of the granite body is greater
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2d Granitic intrusion after 2 Ma.
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A Granitic intrusion after 20 Ma.



210

than that of the basaltic body. Whereas
basaltic intrusion woutd have to form a
significant proportion of the total rock
pite to have a “regional” effect, slightly
fewer granitic intrusions would be
needed to produce a regional metamor-
phism in which the entire rock suite is
significantly raised above its equilibrium
temperature.

One further point may be made at this
stage, though it applies generally to all
regional metamorphism. As the rock pile
heats up in response to some tectonic
event and begins to melt at depth, the
melt which forms will tend to be rich in
those elements {K, Th, U) which produce
the heat. Over time this process will
effectively “scour” the deep crust of heat-
producing elerments and lead to a con-
centration of these elements in shallow-
level intrusions {recognized as “late” or
post-tectonic) and pegmatites. and even-
tually in sediments and seawater, after
erosion. The net effect is a marked con-
centration of heat production in the top
of the crust. Whatever the initial distribu-
tion of heat production, this will lead to
the stabilization of the rock pile to a non-
melting equilibrivm,

Thrust Models. A wholly different type of
metamorphism may be envisaged - that
produced by overthrusting events (e.g.
Niggli, 1970). Fig. 3a illustrates an exam-
ple, with a large overthrust slice of
granite-gneiss material emplaced over
mafic rock. Real parallels include sub-
duction zones or an area such as the
Eastern Alps (Bickle et al., 1975} where a
thick overthrust crystalline block has
produced metamorphism below it. In our
simple model thrusting is instantaneous.
Perhaps the most interesting feature of
this model is that one thrusting “event”
necessarily leads to two very distinct
metamarphic “events”. Immediately after
thrusting (Fig. 3b) the hot base of the
overthrust pile thermally reequilibrates
with the cool underthrust rocks beneath.
These latter rocks are very likely to have
been rich in volatiles (e.g. spilites in a
subducted oceanic slab) and thus very
rapid retrograde metamorphism will take
place in the upper slab, coupled with
equally rapid prograde high pressure
metamorphism in the lower slab. At the
deeper end of the overthrust wedge local
partial melting may take place if large
amounts of volatiles move from the lower
block into the hot lower crust of the
upper block. This may produce granitic
intrusions at high level.

The speed of the thermal reequilibra-
tion after thrusting should be stressed
{Fig. 3b) - it is at first very rapid and
“inverted” thermal gradients are probably

very short-lived except where a major
heat source such as shear heating or
exothermic metamorphism is present in
the upper slab (Graham and England,
1976). The resulting geotherm in the
thrust zone and below has a very small
dT7/dP of the order of a few ° C/km.

After initial reequilibration comes a
long period (30-50 Ma or more depend-
ing on the size of the pile) in which a
slow build-up of the gectherm takes
place. This is a period of prograde
metamorphism throughout the pile with
the removal of water to higher ieveis dur-
ing recrystallization. Finalty partial meit-
ing takes place at the base of the pile and
the heat production is redistributed until
stability is reached.

Thus two metamorphic events may be
distinguished: a very early and rapid retro-
gression in the upper slab and progres-
sion beneath, followed by slow progres-
sion throughout and finally partial
melting and “late” intrusion to high level.

B. Erosional Models; The Development of
a Metamorphic Geotherm.

Any metamorphic rock must undergo
erosion if it is to become exposed at the
surface (or else it must be exposed by
tectonic disruption, which can be
thought of as equivalent to fast erosion).
Thus erosion is essential to produce a
metamorphic belt. However it can be
seen from the above discussion of the
geotherm in the previous article and from
the work of England and Richardson
{1977) that the process of erosion itself
has a fundamental effect on the structure
of the geotherm, and the P/T path
through which any metamorphic rock
passes is to a large extent controlled by
erosion. Secondly England and Richard-
son peinted out that the “metamorphic
geotherm” - the geotherm inferred by the
Pressure and Temperature measured in
metamorphic rocks exposed at the sur-
face - is polychronic and strongly inffu-

Figure 4 Erosion functions. At any particuiar
time and place, rate of erosion U =
(space function) x (iime function)} in
km/Ma.

4a Space function across the burial

and intrusion models. Two cases
ware considered: 1} erosion of the
country rock and deposition upon

100 km

enced by the erosion path followed by
the rocks. We discuss this further below.
Miyashiro (1973) has introduced the
concept of a "metamorphic facies series”
to represent the series of metamorphic
facies observed in a single metamorphic
terrain. For the purpose of this paper we
shall define a metamorphic facies series
as the curve in P/T space obtained when
P/T data from metamorphic rocks from a
single coherent tectonic/metamorphic
terrain are plotted together. In many
metamorphic terrains relict minerals from
an earlier event may also exist - these
would be expected to give a different
curve since the P/T conditions of
metamorphism and the erosional history
of the earlier event would be unlikely to
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Figure 3a Overthrust model - initial conditions.
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the sediments or mirusion, i) ero-
sion of the sediments or intrusion
and deposition on the country rock.
In the overthrust mode! erosion /5
constant in space across the model.

4b Time function. Lower curve: burial
and intrusion models, Upper curve:
overthrust model.
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be exactly similar. We should like, how-
ever, to emphasize the non-unigue char-
acter of thermal equilibration; a similar
end result may be obtained by a variety
of different paths.

We shall now examine the various
thermal models of the previous section to
see how they are influenced by erosion.
The erosional model chosen for the bur-
ial and intrusion models is as follows:

1) In space across the 200 km model we
have considered both strong erosion at
the margins and deposition in the centre;
and also strong erosion at the centre and
deposition on the margins. In both cases

100 100/ 8 00 Mo

100
100
300
o0
500

&00

o0

i

Figure 5 Burial model after 20 Ma of erosion of
country rack and deposition upon sediment
trough. Figure shows maximum temperalure
(° C/depth (km)) attained for rocks now
exposed at the surface after 20 Ma. The depth/
temperature paths followed by these samples
are the same as those shown in Figure 7a.
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Figure 8 Pressure/ Temperature curves (Meta-
morphic facies series) obtained from exposed
rocks in the modeis alter erosion (see Figs. 5,
7. 8). Dotted lines show lacies saries. 1) equili-
brium saries (Figs. 5, 7a, 8-high grade); 2)
basalt intrusion after ergsion (Fig. 7b), 3) gra-
nitiz intrusion (Fig. 7cj; 4) overthrust mode! -
fow grade {Fig. 8). Facies lields after Turner
{1968). Z = zeolite, P = prehnite-purmnpelieyite,
G-L = glaucophane-fawsonite, Gs = green-
schist, A = amphibolite, E = eclogite, Gn =
granulite, a-, hb-, px-H = albite, hornblende and
pyraxene hornfels.

the erosion rate varies linearly across the
maodel {see Fig. 4a); 2) (n time we have
chosen an exponential function, erosion
rate decaying as ev'5-a-! for 15 Ma,
where t is in Ma. This is shown in Fig. 4b.

In the case of the thrust model we have
chosen different erosional constraints, an
initial erosion rate of 2.8 km/Ma across
the whole model, decaying in time as
eV¥-g1 (1 in Ma.)

Burial mods! with Erosion. As a simplest
case we consider the “burial” trough of
sediment, and continue to depaosit in the
middle of the trough at an initial rate of
1.1 km/Ma while eroding at the edge of
the model at an initial rate of 3.3 km/Ma;
the rate of erosion and deposition falling
off with time as described above.

TEMPERATURE °C

100 300 500
0 " L A 1 s

20 4 ‘

Figure 7a Temperature-depth paths followed
by points finally expossed at the sur-
face, for intrusion and sedimentary
trough modsls with subsequent ero-
sion of country rock and deposition
o intrusion/trough. Starting equili-
brium gradiant - solid line. Circles -
tamperature every 2 Ma for first 6
Ma of erosion.
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Tb Basalt intrusion model after 20 Ma
of erosion of the intrusion and
deposition on the country rock.
Stipple shows the remnant of the
intrusion.
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The result is shown in Fig. 5, which
reflects the state of the rock pile after 20
Ma. By this stage the burial trough has
been further covered by sediment, while
in the country rock deep erosion has
taken place, to a depth of 15-20 km at the
edge of the model. Fig. 5 also shows the
maximum temperatures attained during
the 20 Ma time period (i.e. 15 Ma of
erosion/deposition and 5 Ma of thermal
reequilibration) by the rocks which are
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7¢ Granitic intrusion (see Fig. 2c) alter
20 Ma of erosion of the intrusion
and deposition on the country rock
Stippie shows the remnant of the
intrusion. In Fig. 7 numbers above
models give the maximum tempera-
ture (° C) attained by rocks now
exposad at the surface, and the
depths (km) at which these tempera-
tures were reached.

TEMPERATURE  °C

200 60C 1000

DEPTH
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20

Td Temperature-depth paths for basait
intrusion of Fig. 7h.

TEMPERATURE *C
290 805G 5%

20

Te Temperature-depth paths for granite
intrusion of Fig. 7c.
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exposed at the surface after 20-Ma. These
are the rocks availabie to a field geolo-
gist, and they are the rocks from which
he will set up a metamorphic facies ser-
ies. The maximum temperature attained
is not necessarily preserved by the
highest-grade minerals or the tempera-
ture of the maximum entropy assemblage
but for our purposes it is sufficient to
assume that the minerai assemblages
studied by our geologist will be those
formed when the rock reaches its highest
temperature. For a brief discussion of
time-temperature-transformation behav-
iour the reader is referred to Putnis and
McConnell {1980). As the rock cools it
will equilibrate to a lower temperature
and the mineral composition will alter
{e.g. by reactions at the rims of the min-
erals), but reaction kinetics become
markedly slower as the rock cools, and
thus there will be a geod chance of pre-
serving the highest-grade minerals if ero-
sion is fast enough.

tn our simple case of burial metamor-
phism, the trough of buried sediment has
ne heating effect on the country rock.
Thus when the country rock is ercded
the P/T curve which can be plotted from
the highest-grade minerals in the
exposed rocks is simply that of the initial
equilibrium thermal gradient in the rock:
in this case the “metamorphic geotherm”
is identical to the equilibrium geotherm
no matter what the rate of erosion is
(provided that erosion is fast enough to
“quench” the mineral compositions at
their highest temperatures). The meta-
morphic facies series produced by the
event is that of a normal equilibrium geo-
therm in the country rock (Fig. 6). We
shall call this Facies series 1.

Intrusion modsls with Ercsion. With the
two intrusional models discussed above,
things can be rather different. if erosion
is as above (the intrusion being buried
and the country rock being eroded) little
metamorphic effect is seen even from
these very large intrusions. With the
exception of a locatized contact zone {of
the order of 5 km across) in both cases,
the country rock gives a metamorphic
facies series identical to the equilibrium
series 1 and the net result is similar to
that shown in Fig. 5. A real example of
this could be the Great Dyke of Zim-
babwe, which has only a restricted con-
tact zone. Fig. 7a shows the depth-
temperature paths foliowed by individual
peints exposed on the surface after 20
Ma. For a fuller discussion of the signifi-
cance of these paths, see England and
Richardson (1977) and Thompson (1981).

On the other hand, if the intrusion is
ercded and deposition takes place on the
country rock, very marked effects are
seen. This is because deep-seated rocks,
close to the intrusion, are now being
eraded. The resulting facies series is one
of very low dP/dT (facies series 2 for
basalt and facies series 3 for granite as
shown in Fig. 6). It can be seen from Fig.
7b. ¢ that although the criginal intrusion
has been almost completely eroded, the
metamorphic imprint of intrusion and
erosion i1s widespread and lasting. Our
geologist would be surprised to discover
that the apparently small granite in Fig.
7c¢ had apparently been responsible for
such a major metamorphic effect. Figs.
7d and 7e show some depth-temperature
paths for points expesed on the surface
after 20 my.

MINERAL COOLING AGES IN My

Figure 8 Overthrust model fsee Fig. 3) after 30
Ma ol erosion. Stipple - remnants of overthurst.
T, = maximum temperature attained by rock
which is now at the surface, D, = depth at
which this temperatura was reached. Figure
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alse shows time {in Ma before expasure} of
closure of various radiometric systems in the
rocks now at the surface. ap = apatite fission
track, zr = zircon lission track, bi = biotite K. Ar.
hbt = hornblende K/Ar.

Thrusting models with Erosion. Erosion
of the thrusting model provides some
interesting clues to the genesis of
“paired” metamorphic belts. Our model is
constructed to show this; however the
remarks alsc apply qualitatively to any
overthurst terrain, but with correspond-
ingly lower pressures and temperatures
in thinner thrust sheets. Fig. 8 shows the
state of the thrusting model after 30 Ma
of erosion. In time, erosion is initially very
strong and then decays exponentiatly
according to U = 4.5 (e"¥0-e') where U =
erosion in km/Ma and t = time in Ma (Fig.
4b). In space, erosion is the same across
the top of the model; all parts being
equally eroded at any particular time.
Initially only the overthrust unit is
exposed at the surface. Since the thrust-
ing event has a general cooling effect on
the upper block, the highest temperature
any part of the upper block experiences
is its initial temperature prior to thrusting.
Rocks from the upper block will thus
probably retain relict minerals from their
previous high-grade environment. The
extent of the mineral reequilibration is
probably very dependent on the availabil-
ity of volatiles rising from the underthrust
sheet into the hot base of the upper
sheet. If local partial melting occurs (e.g.
in the upper sheet on the extreme left of
the model) prograde effects will be seen.
Simultaneously with the metamor-
phism of the upper block the underthrust
block will experience prograde metamor-
phism. As erosion takes place the deep-
level rocks are lifted up towards the sur-
face, and this has a cocling effect which
progressively halts and reverses the rise
in temperature of the rocks in the under-
thrust block. Thus, rocks which are
initially at depths of, say 10-20 km below
the thrust surface, will attain a maximum
temperature and then coal again as they
are uplifted. The maximum temperatures
attained in this underthrust block are also
controlled by the time of initiation and
the rate of erosion, and also by any shear
heating in the upper slab (Graham and
England, 1978). Eventually the thrust sur-
face is exposed by the erosion, and the
following metamorphic events are seen
by a field gealogist: 1) An early (prior to
thrusting) high grade event in the over-
thrust block, shown as Facies series 1in
Fig. 6, overprinted by 2) a post-thrusting
retrograde event in the remaining part of
the overthrust block. In real rocks this
event would be controlted by the intro-
duction of large amounts of volatiles
from the underthrust rocks. The over-
thrust block wouid be rapidly cooled and
hydrated. The degree of "overprinting”
would depend upon reaction kinetics
{exponentially related to temperature}
and the availability of volatiles; 3) A high



Geoscience Canada, Volume 8, Number 4

pressure, low temperature event in the
underthrust rocks, shown as Facies ser-
ies 4 in Fig. 6.

An overthrust of the dimensions
modelled here would thus produce the
classic "paired metamorphic belts”; one
high grade (Facies series 1) and one low
grade (Facies series 4). Much smaller
overthrusts (e.g. at high tectonic levels in
mountain belts) would be qualitatively
similar, but the metamorphic effects
might be restricted by kinetic factors or
else small or difficult to distinguish.

The time at which the rocks in the over-
thrust pile attain their maximum tempera-
tures depends on their original depth and
on erosion rates; thus radiometric ages
would probably show a significant
spread.

Radiometric ages

The age of a radiometric system, such as
a mineral, generally depends on the way
in which the daughter product became
sealed into the system as it cooled. Ina
typical system a “blocking” temperature
exists: - this is the temperature below
which the system can be thought to be
closed (Dodson, 1973). Different miner-
als, different dating techniques and dif-
ferent rates of cooling all produce differ-
ent blocking temperatures; thus we have
here a very powerful tool for working out
the thermal history of a mountain belt.

Harrison et al. {1979) and Harrison and
Clark (1979) have attempted to use this
tool in the interpretation of a pluton. For
moderate cooling rates they suggested
the following closure temperatures; 94° C
for apatite fission tracks, about 175° C
for zircon fission tracks, 177-260° C for
biotite K/Ar, and 400-550° C for horn-
blende K/Ar. Sm/Nd and Rb/Sr whole
rock ages in many cases probably reflect
the original age of the rock. Consider first
the basaltic and granitic intrusions illus-
trated in Fig. 2. Underneath the intrusion,
minerals which “close” around 500°C
would have their radiometric clocks
started about 1-2 Ma after the start of
¢ooling. In contrast, minerals which
“close” at around 300° C would not start
recording until 20 Ma in the case of the
basalt intrusion, which has little internal
heat generation. In the case of the gran-
e a mineral with a 300° C blocking
temperature would not close at all
underneath the intrusion.

The depth/temperature paths shown in
Fig. 7 are of great interest, in what is
essentially a simple case of the variable
erosion of an equilibrium geotherm. Note
the great spread in radiometric ages that
would be obtained from difierent mineral
‘clocks’. Furthermore, the blocking
temperatures are dependent on rate of
cooling, which is different in each case.

In Fig. 8 we show the effect of using
these various dating techniques across
our thrust model's 30 Ma erosion surface
- the dates shown are the dates that
would be measured by a geologist work-
ing on this surface. It can be seen that
the dates provide a very useful tool
indeed for studying the cooling and ero-
sional history of the pile. The model
involves rapid erosion of the overthrust
pile; in many natural examples there may
be profound differences in closure ages
of minerats which were initially produced
by the same tectonic event.

Implications

Maost regional metamorphism is probably
connected in some way to subduction,
but the immediate controlling process of
metamorphism in any particular terrain is
likely to be an event such as intrusion or
thrusting. To interpret a metamorphic ter-
rain fully it is not sufficient to know the
P/T conditions undergone by the rocks: a
full interpretation of the thermal history
of the rocks also involves studying the
erosional and radiometric history of the
terrain. Qur thermal models demonstrate
that a general knowledge of the strati-
graphy of an area is essential before its
metamorphic study can be properly
unravelled.

Convective movement of fluid has not
been discussed in these models, yet it is
a very major factor in heat transport
around plutons, and during dehydration
of overthrust terrains. As a rough general
rule fluid movement speeds up thermal
reequilibration, and reduces to some
degree the extent of aureoles around
intrusions. while at the same time pro-
moting metamorphic reactions and hav-
ing a major impact on the thermodynam-
ics of reequilibration.
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Appendix
The general differential equation govern-
ing heat conduction in a moving medium

UL VT, 6T LKV, A

6t ) pC pc

T = temperature field
K = conductivity

p = density

¢ = specific heat

A = heat production
u_ = velocity
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For a two-dimensional model undergo-
ing uplift and erosion, but no horizontal
motion, this equation becomes:

6T _ K 8T . &TY, A, udT

8t pc\éx2  b6z2) pc bz

For the one-dimensional models exam-
ined this equation was solved numeri-
cally using the Crank-Nicholson impticit
finite-difference approximation (Carslaw
and Jaeger, 1959). Solutions for the two-
dimensional models were computed
using explicit finite-ditference approxi-
mations and/or the slightly faster
alternating-direction implicit {(ADI) finite-
difference method (Douglas, 1955;
Pearceman and Rachford, 1955). The
accuracy of the two-dimensional solu-
ttons is not much better than 5%, but this
Is quite sufficient to study the develop-
ment of the temperature field and deter-
mine the type of metamaorphic facies ser-
ies each model can yield.
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