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Abstract

Paleotemperature controls the maturation of coal and hydrocarbons in sedimentary basins and is also important in
determining paleogeothermal gradient and hence tectonic style in exhumed metamorphic terrains. One method of
estimating paleotemperature analyses the partial remagnetization of a rock due to heating in thick volcanic or
sedimentary sequences, over subcrustal heat sources such as plumes, or at convergent plate margins. The overprinted
natural remanent magnetization (NRM) of a rock records both the age and the paleotemperature of remagnetization,
but a temperature correction from laboratory to geological time scales is required, using theoretical time-temperature
relations. Time-temperature relations are well known for magnetite (Fe;O4) but are reported here for the first time for
pyrrhotite (Fe;Sg), another common NRM carrier. Data for each mineral separately yield independent estimates of
paleotemperature if geologically reasonable estimates of heating time can be made. Paleotemperature can be estimated
without geological input if data for both minerals are combined. Together with the age of remagnetization, determined
from the paleomagnetic pole of the NRM overprint, these paleotemperature estimates can be used to infer the history of
heating and uplift following burial. As a test case, we examine thermally acquired NRM overprints carried by
pyrrhotite (Fe;Ss) and magnetite (FesOy4) in the Milton Monzonite of southeastern Australia. These overprints record a
heating event about 100 Ma ago, probably thermal doming prior to rifting of the Tasman Sea, that upgraded coal rank
in the Sydney Basin. Extrapolating from laboratory to geological times, using the new time-temperature contours for
pyrrhotite, we estimate that the presently exposed Sydney Basin in the vicinity of the Milton Monzonite was
remagnetized by heating to 165 = 30°C for =100 ka. Assuming a paleogeothermal gradient of 70°C/km appropriate for
young or incipient rifts, the depth of burial at the time of remagnetization is estimated to have been 2.3 + 0.4 km. This
figure is in excellent agreement with independent estimates based on reflectance data for the coal accessory mineral
vitrinite. © 2000 Elsevier Science B.V. All rights reserved.
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controls the maturation of coal and hydrocarbons
[1]. Paleotemperatures are also needed to infer
paleogeothermal gradient and tectonic history of
uplifted terrains, such as those originally formed
at convergent plate margins (low thermal gra-
dient) or in rifted margin environments (high ther-
mal gradient). Many geothermometers are in
common use, among them coal rank and reflec-
tance of vitrinite, a coal accessory mineral [1], clay
mineral diagenesis [2], conodont and acritarch
color alteration [3], metamorphic mineral assem-
blages [4], and reset “°Ar/*?Ar and fission track
ages [5,6]. Most of these apply to specific rock
types over limited temperature ranges.

Another relatively unrestricted geothermometer
uses remagnetization temperatures of natural re-
manent magnetization or NRM [1,7-15]. Thermal
overprinting of NRM can occur in any rock type
over broad temperature ranges: 20-580°C for
magnetite (Fe;04) or 20-320°C for monoclinic
pyrrhotite (FesSg). Most continental rocks con-
tain one or other of these minerals. A further
advantage of the thermal remagnetization method
is that the time of heating can also be found, by
comparing the paleomagnetic pole of the NRM
overprint to a known apparent polar wander
path.

2. The thermal remagnetization geothermometer

The remagnetization geothermometer [7] is
based on the Néel [16] theory of magnetic sin-
gle-domain grains. At absolute temperature 7,
the relaxation time 7 for thermally activated mag-
netization changes in weak fields is:

1/t = Cexp[—poVHxoM«B"(T)/2kT] (1)

where C=10°-10"" s7! py=4nx10"7 H/m, V
and Hyg are grain volume and coercive force,
B(T) is the normalized T dependence of sponta-
neous magnetization M, n depends on the mech-
anism of anisotropy, and k is Boltzmann’s con-
stant. Hxo and My, are the values of Hx and M
at room temperature 7. Because T depends expo-
nentially on 7 and B(7), grains with a particular
V- and Hgy will acquire a permanent NRM when

they are cooled a few °C through their blocking
temperature 7y, at which t=¢, a typical experi-
mental time. The NRM of the same grains will be
thermally demagnetized when reheated through
the unblocking temperature 7yp, at which 1 is
again =t.

In nature, a thermal NRM overprint is ac-
quired at a remagnetization temperature 7p=T;
over a time interval ¢, of geological length, where-
as in laboratory heatings for short time intervals
tL, thermal demagnetization occurs at a higher
temperature 7yg = 71. The last grains to be mag-
netized in nature and demagnetized in the labora-
tory are those with the largest value of VHgy. For
these grains, Eq. 1 gives the remagnetization rela-
tion [7]:

Trﬁ;nh’l(Clr) = TLﬁ]jnln(ClL) = Uy VHK0M50/2k
(2)

in which subscripts r, L and 0 refer to values at
T:, Ty and T, respectively. (For an equivalent
relation in continuous heating/cooling, see [8].)

Fig. 1 is a contour plot of TB"(T)In(Ct) for
various values of the constant pyVHygoMy/2k.
Possible combinations (7}, #;) of geological re-
magnetization temperature and time can be found
by following the contour passing through the
point (Tp, t1) determined from laboratory ther-
mal demagnetization of a thermal overprint. A
unique solution (7}, f) is given by intersecting
contours for two minerals with different M (7).

Contours for single-domain magnetite and
hematite (aFe,O3) are known [7], but the 7-¢
contours for pyrrhotite are reported here for the
first time (see also [17,18]). For Fe;Sg, we used a
molecular field approximation B(7)=1.48(1—
T/Tc)*3? with a measured Curie temperature
Tc=593 K (320°C) and n=2.6 [19,20]. This B
function and n value give good fits to M and
coercive force data for single-domain and small
pseudo-single-domain Fe;Sg over most of the
range (Ty, Tc). We also recalculated contours
for magnetite, using B(7)=1.193(1—T/T¢)"*?
with T¢ =853 K (580°C), which gives a reason-
able fit to M (T) measurements [21], and n =2, for
single-domain grains with shape anisotropy.

The T-t contours for both minerals are steep
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Fig. 1. Time vs. temperature contours calculated for pyrrho-
tite (Fe;Sg) and magnetite (Fe;04). Blocking or unblocking
temperatures of magnetization for a particular ensemble of
single-domain grains can be determined as a function of time
by following one of the contours. Below the pyrrhotite Curie
point, T =320°C, magnetite and pyrrhotite contours defined
by laboratory thermal demagnetization data intersect to give
a unique determination of the remagnetization time and tem-
perature in nature.

near the Curie temperature 7¢c, where Mg changes
rapidly, and more gently sloping at lower temper-
atures. Because the Curie points of pyrrhotite and
magnetite differ by more than 250°C, sloping
magnetite contours and steeper pyrrhotite con-
tours intersect at reasonably large angles in the
range 20-300°C (Fig. 1). We can therefore deter-
mine remagnetization temperatures up to 300°C
fairly accurately if we have thermal demagnetiza-
tion data for thermal overprints from both these
minerals, or data from pyrrhotite alone plus an
estimate of geological heating time.

3. An example of the pyrrhotite remagnetization
method: the Milton Monzonite

To illustrate both approaches, we will use pale-
omagnetic data from the Milton Monzonite
[22,23], an early Triassic intrusion into flat-lying
sediments of the Sydney Basin (Fig. 2). This ex-
ample provides an ideal test of our calculations of
paleotemperature for several reasons. First, the
paleomagnetic results indicate thermal overprint-
ing of both pyrrhotite and magnetite, as described
below. Second, the Sydney Basin has a simple

history: subsidence from Permian to early Juras-
sic, with deposition of several km of marine sedi-
ments and coal measures, followed by quiescence
until thermal doming and initial rifting of the
Tasman Sea caused rapid uplift and erosion
100-70 Ma ago. Finally, vitrinite reflectance mea-
surements on coal deposits [1] provide independ-
ent estimates of paleotemperature and burial
depth to which we can compare our results.
Thermal demagnetization was carried out using
three non-inductive resistance furnaces in a field-
free space, each furnace containing =~ 20 cylindri-
cal cores 2.5 cm in diameter. While one furnace
was heating, another was cooling, and the speci-
mens from the third were being measured on a
SQUID magnetometer. Heatings were pro-
grammed using a controller that gave negligible

Vitrinite reflectance contours

/ ‘—’!loe NN 0 50 100 km

Tasman Sea

™\ Milton
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Map
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Fig. 2. Map of the Sydney Basin, Australia, showing con-
tours of vitrinite reflectance of surface rocks in % (after [1])
and the location of the Milton Monzonite. Vitrinite reflec-
tance and coal rank increase towards the Tasman Sea coast,
indicating deeper levels of burial or a higher paleogeothermal
gradient prior to rifting.
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temperature overshoot. The time required for
specimens to reach a uniform temperature
throughout their volumes was determined to be
5-10 min by comparing surface and interior tem-
peratures read by two thermocouples, one ce-
mented to the surface of a dummy sample and
the other embedded in its center. This equilibra-
tion time was used for the hold time at temper-
ature 7 and is used later as the value of #.. The
value of T used in calculations is the average of
the surface and interior thermocouple readings.
Within each furnace, temperatures were quite uni-
form. Nevertheless, specimens were returned to
the same positions for all heatings.

Magnetite is the usual NRM carrier in the Mil-

Sample: 2e4 2f2
N, Up N, Up
NRM4 NRM

ton Monzonite (Fig. 3, left). However, at two
sites, pyrrhotite carries both the primary NRM
and a thermal overprint (Fig. 3, right; see also
[22] Fig. 5). The primary NRM of sample 7g2
(labelled HT for higher temperature in Fig. 3)
has Typ values up to =313°C, just below
320°C, the Curie point of pyrrhotite. The pyrrho-
tite overprint (labelled LT for lower temperature)
has lower Typ’s that do not overlap those of the
primary NRM, with the result that the HT and
LT vector projections have a sharp intersection
with no rounding indicative of overlap of Tyg’s.
(There is also an overprint evident in Fig. 3 car-
ried by magnetite, with a direction similar to LT
but higher Typ values than either LT or HT. It is

792

W, Up 313

NRM

pyrrhotite

206

Fig. 3. Examples of vector plots of thermal demagnetization data (temperatures in °C) for samples of the Milton Monzonite.
Vertical and horizontal plane projections of the NRM vector are denoted by triangles and circles, respectively. Samples 2e4 and
2f2 have both the primary HT and thermally overprinted LT vectors carried by magnetite. Prior LTD of 2f2 reduces its LT-HT
junction temperature to 291°C, much below that of companion specimens. In sample 7g2, LT and HT are carried by pyrrhotite.
A magnetite chemical overprint with approximately the same direction as LT is evident above 313°C but is irrelevant to the dis-

cussion in this paper.
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Fig. 4. Determining the remagnetization conditions (7}, f)
under which the Milton LT overprint was acquired in nature
by extrapolating from laboratory (7r, #;) data for pyrrho-
tite- and magnetite-bearing samples, using the (7, f) contours
of Fig. 1. When pyrrhotite carries the overprint, the observed
range of Tp values in thermal demagnetization (L =5 min) is
200-230°C. On geological timescales, this translates into
upper and lower bounds on 7, of 135-190°C. The most
probable remagnetization conditions are given by the inter-
section of the average pyrrhotite and magnetite contours:
T:=165°C and ¢, =100 ka. The shaded region between the
maximum and minimum pyrrhotite and magnetite contours
contains all theoretically permitted (7%, #;) combinations, but
lengths of geomagnetic polarity epochs and realistic uplift
rates impose upper and lower limits on 7. Our paleomag-
netic estimates of 7} are in good agreement with independent
estimates from vitrinite reflectance [1].

not relevant to our discussion because it is of
chemical rather than thermal origin [22].) The
non-overlapping Ty ranges of the overprinting
(LT) and overprinted (HT) components are diag-
nostic of thermal overprinting in single-domain
grains [21,24,25].

The HT vector direction defines a paleomag-
netic pole older than 200 Ma, whereas the over-
print paleopole is about 100 Ma in age [22]. The
overprint is ubiquitous throughout the Sydney
Basin and was probably acquired during uplift
associated with opening of the Tasman Sea. Judg-
ing by the junction temperature between the LT
and HT vectors (Fig. 3, right), grains with labo-
ratory Typ values up to 206°C have been over-
printed. Thus 7. for this sample is 206°C. By way
of comparison, the junction temperature for sam-
ple 7d2 ([22] fig. 5) was 222°C.

Values of maximum unblocking temperature
Tp for all the pyrrhotite-bearing samples are in
the range 200-230°C ([23] fig. 2, 17 determina-
tions). For the equilibration time at 71 during
thermal demagnetization, we used the furnace
hold time: #, =5 min (see above). The pyrrhotite
contours through the extremes (5 min, 200°C) and
(5 min, 230°C) outline the region of permitted (z,
T) combinations in remagnetization (Fig. 4).

Geomagnetic and geological constraints narrow
the range of possible 7. values, and therefore also
T: values. To be measurable as a single NRM
vector, any overprint must be acquired within a
single geomagnetic polarity epoch. The Milton
overprint was acquired during a particularly
long epoch, the Cretaceous normal superchron
(119-84 Ma). The maximum allowable 7, is about
half the length of the superchron or 20 Ma, giving
a lower limit of 135°C for the maximum paleo-
temperature 7; during remagnetization (Fig. 4).

A minimum value for ¢z, is dictated by rates of
uplift from depth. The high coal ranks observed
in the Sydney Basin imply prolonged burial to 1-3
km depths [1]. Erosional unroofing and isostatic
uplift from depth require a time ¢, of at least 10
ka, which from Fig. 4 implies an upper limit of
190°C for T;.

The range of possible paleotemperatures could
be narrowed further if the constraints were
tighter. For example, overprinting during a polar-
ity chron of typical length would reduce the max-
imum ¢, value to =1 Ma. For the same (7., 71)
values used in Fig. 4, this would raise the lower
limit on 7; to 140°C. Likewise, one could argue
that maximum 7; is experienced during prolonged
residence at maximum depth, which for coalifica-
tion requires 7, to be much longer than 10 ka.
This would lower the upper limit on 7;.

4. Combining remagnetization data for pyrrhotite
and magnetite

In order to determine the most probable com-
bination of 7, and ¢, without imposing any exter-
nal constraints, we next combine remagnetization
data for both pyrrhotite and magnetite. We use
only 7 values for single-domain grains because
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Ne¢el’s theory [16] applies only to such grains. This
requirement is easier to satisfy for pyrrhotite,
whose critical grain size dy for single-domain be-
havior is 1-2 wm [26], than for magnetite, with
dy=0.05-0.1 um [21].

In the Milton Monzonite, there are four main
groupings of Tp values ([23] fig. 2): 200-230°C;
280-330°C; 400-440°C; and 510-550°C. Group 1
samples contain pyrrhotite, as described earlier.
Group 2 samples contain single-domain magnetite
(an example is sample 2e4 in Fig. 3). Group 3 and
4 samples contain multidomain grains or mixed
single-domain and multidomain grains of magnet-
ite [23].

T1, values for multidomain grains are anoma-
lously high [23] compared to the predictions of
Eq. 2. However, T values for groups 3 and 4
are reduced to the same range as group 2 by prior
low temperature demagnetization (LTD), consist-
ing of zero-field cooling through the magnetite
isotropic point at 130 K. For example, sample
22, treated with prior LTD, has 7 =291°C
(Fig. 3), whereas its companion specimens 2f1l
and 2f5 which were not treated with LTD have
T values above 350°C. LTD has the effect of
unpinning domain walls, thereby demagnetizing
multidomain NRM, while leaving single-domain
NRM pinned by shape anisotropy largely intact
[27-30]. For paleotemperature determination, we
used only 71 values from groups 1 and 2, plus
data for LTD-treated samples.

In Fig. 4, the minimum, average, and maximum
Tp values for pyrrhotite- and magnetite-bearing
samples, (200, 215, 230°C) and (280, 305,
330°C), respectively, are anchored by the horizon-
tal line 71 =5 min. The most probable combina-
tion (7%, t) is the intersection point of the average
pyrrhotite and magnetite contours: 7= 165°C
and ¢, = 100 ka. Incorporating our previous upper
and lower bounds for 7, we estimate that the
Milton region was heated to a peak temperature
of 165 £ 30°C during remagnetization.

If a value of 10 min was used instead for #;, the
upper and lower bounds on 7} would increase by
=~ 2°C (determined by the shift in pyrrhotite con-
tours) but the most probable 7, would actually
decrease by = 3°C (because the intersecting mag-
netite contour shifts upward more than the aver-

age pyrrhotite contour). Thus the 7 estimates are
insensitive to small uncertainties in ;..

We avoided long hold times in order to mini-
mize chemical alteration. However, had we used
larger values of ¢, lower 71 values would have
been measured. These (7L, 71) data, in combina-
tion with the shifted contours, would lead to 7;
estimates similar to those reported here. In other
words, the method can be expected to work
equally well for long or short hold times.

Notice that the upper and lower bounds on 7;
are determined by the pyrrhotite contours alone.
The magnetite contours are more oblique and
would set broader limits on 7,. For this reason,
pyrrhotite data and the newly calculated pyrrho-
tite 7-t contours are particularly valuable in set-
ting bounds on ranges of plausible paleotemper-
atures.

5. Comparison with earlier studies

In an earlier remagnetization study, Middleton
and Schmidt [1] compared magnetite 71 data for
the Milton Monzonite with hematite 77 data for
the Patonga Claystone (near the coast south of
Newecastle in Fig. 2). Both units fall between the
0.7% and 0.8% vitrinite reflectance contours, but
they are geographically widely separated. The es-
timated 7, was 250-300°C for a duration of heat-
ing ¢, of several million years [1]. Shorter dura-
tions of heating would drive the paleotemperature
estimate still higher. The contours used a different
remagnetization theory [31]; however, using the
Ne¢el [7,16] contours gave even higher 7, esti-
mates. One problem could be combining data
from widely separated parts of the Sydney Basin
but the most probable reason is the use of uncor-
rected magnetite 77 values, most of which are
anomalously high because of the presence of mul-
tidomain grains [23].

Middleton and Schmidt [1] independently esti-
mated maximum paleotemperatures of surface
rocks in the Sydney Basin using vitrinite reflec-
tance data. Assuming residence times for coalifi-
cation of 70-110 Ma, their estimates were = 100—
200°C using a paleogeothermal gradient of 70°C/
km typical of heat flow in incipient or young rifts,
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such as the Rio Grande Rift and the Red Sea
[32,33]. Middleton and Schmidt recognized that
these temperatures were significantly less than
those estimated from the magnetic overprinting,
but argued that ‘coalification depends on long
duration of heating, whereas overprint magnetiza-
tions reflect elevated temperatures’, possibly of
briefer duration.

Our work negates this view. The T estimate of
165+ 30°C, using the Néel-Pullaiah [7,16] remag-
netization contours for pyrrhotite and magnetite,
is very comparable to values from vitrinite stud-
ies. Coalification and magnetic overprinting seem
to respond in similar ways to long-term burial,
although the relationship between vitrinite reflec-
tance, time and temperature (Eq. 3 of [1]) is more
complicated than the first-order Arrhenius law
describing thermoviscous remagnetization (Eq. 1
of this paper). The earlier magnetic overestimates
of T; likely were biased by multidomain grains.
Our approach thus reconciles previously divergent
estimates of paleotemperatures during deep burial
based on coal maturity and on remagnetization.

6. Advantages and limitations of the
remagnetization geothermometer

Our methodology is new in two respects. First,
it uses remagnetization data from a single forma-
tion, eliminating uncertainties about possible dif-
ferences in paleotemperatures in different parts of
a sedimentary basin. Second, it makes use of T
data and remagnetization contours for pyrrhotite
which are much less sensitive to the choice of
remagnetization time ¢, than are the correspond-
ing data and contours for magnetite.

In fact, the pyrrhotite contours used by them-
selves set the lower and upper bounds on 7; (see
Fig. 4). Pyrrhotite is of special importance be-
cause remagnetization temperatures in the 100-
300°C (i.e. 373-573 K) range are close to the pyr-
rhotite Curie point of 320°C (593 K), so that M,
and B change rapidly with T, producing steep 7t
contours. Magnetite in the same temperature
range is far from its Curie point, so that M
and B change slowly with 7, producing gently
sloping 7-t contours.

The remagnetization method of estimating pa-
leotemperature has some advantages over conven-
tional estimates based on organic or clay diagen-
esis, color changes in microfossils, and
petrographic observations of hydrothermal or
metamorphic minerals. It requires only basic pa-
leomagnetic instrumentation. Any igneous, sedi-
mentary or metamorphic rock with a pre-existing
NRM (not necessarily primary) and a thermal
overprint can be used. Pyrrhotite is the preferred
NRM carrier because its 7-¢ contours are steep,
but magnetite is usable if ¢, can be estimated with-
in one or two orders of magnitude. Finally, the
vector direction of the overprint yields a paleo-
magnetic pole that dates the time of remagnetiza-
tion.

There are two principal difficulties in using the
remagnetization method. The first is locating suit-
ably overprinted formations, particularly ones in
which the thermoviscous overprint is carried by
pyrrhotite. Although these are generally consid-
ered to be rare, there are a number of examples
[18,34,35] from mountain belts, and pyrrhotite is
increasingly being recognized as an important
magnetic mineral in other settings as well. Sec-
ondly, one must ensure that the thermal overprint
is carried by single-domain grains. This require-
ment is not too difficult to satisfy for pyrrhotite,
high Ti titanomagnetite, or hematite, all of which
have critical single-domain sizes dy > 1 um, but it
is a problem with magnetite, for which dj is 0.05-
0.1 um. Reliable 7-¢ contours cannot be found
for multidomain magnetite because a particular
T has a spectrum of unblocking temperatures
rather than a single 7yg as in single-domain
grains [36,37]. However, LTD prior to thermal
demagnetization is effective in reducing 7. to sin-
gle-domain levels and is quick to perform using
liquid N, on batches of samples.

7. Paleogeothermal gradient and depth of burial
estimates

In analyzing sedimentary basins or metamor-
phic terrains, one would like to know not only
paleotemperature but also paleogeothermal gra-
dient and depth of burial. Neither is given directly
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by paleomagnetic methods. However, if an inde-
pendent mineral geobarometer can be found [4],
one can calculate the paleogeothermal gradient,
which may have important implications for the
tectonic mechanism of burial/uplift (e.g. pre-rift-
ing thermal uplift of a plate margin, subduction
followed by arc migration, Tibetan-style collision
and crustal thickening). Conversely, if a reason-
able value can be inferred for paleogeothermal
gradient, 7} yields maximum burial depth.

Burial depths of presently exposed Sydney Ba-
sin rocks estimated from vitrinite reflectance data
range from 0.9 to 2.9 km [1]. Our estimate of
burial depth for the Milton region, combining
the paleotemperature estimate of 165%30°C
with a paleogeothermal gradient for young or in-
cipient rifts of 70°C/km, is 2.3+ 0.4 km. The re-
magnetization estimate is in excellent agreement
with the deeper estimates from vitrinite data.

8. Conclusions

The thermal remagnetization geothermometer
[7,16] has been used mainly with magnetite-bear-
ing rocks and has had two associated problems:

(1) The correction from the demagnetization
temperature 7p of a thermal NRM overprint
measured in the laboratory to the corresponding
temperature 7, experienced in nature during re-
magnetization is usually large, because the (7, )
contours (Eq. 1 and Fig. 1) are gently sloping
when T7; is far below the magnetite Curie point
of 580°C.

(2) T values measured for multidomain mag-
netite, the typical grain size range in many rocks,
are anomalously high compared to single-domain
Tr values assumed in remagnetization theory.
This in turn makes the paleotemperature 7; esti-
mates anomalously high. There is unfortunately
no simple means of ‘correcting’ multidomain 7
values [36,37].

The pyrrhotite remagnetization geothermome-
ter presented in this paper (Figs. 1, 4) improves
matters considerably. The typical range of remag-
netization temperatures is close to the pyrrhotite
Curie temperature of 320°C, leading to steep (7,
t) contours and a smaller correction from 7 to

T;. Furthermore, single-domain pyrrhotite is
much commoner in nature than single-domain
magnetite because the pyrrhotite single-domain
threshold size is around 1-2 um, an order of mag-
nitude larger than for magnetite. Therefore the
problem of anomalous multidomain values of
Tv is much less severe than for magnetite.

We also propose a method of circumventing the
problem of anomalously high 71 values in mag-
netite-bearing samples. Rather than attempting to
correct these values by some theoretical relation
(a fruitless task, since a single 73 for a multido-
main grain has a spectrum of 7yg values [36,37]),
we have found it effective to pre-treat samples by
zero-field cycling to liquid N, temperature (low
temperature demagnetization or LTD). LTD
greatly reduces the NRM of multidomain grains
in a mixture of grain sizes, and usually reduces
originally high 7 values to single-domain levels
[23]. The thermal remagnetization geothermome-
ter is then usable.

Pyrrhotite is not as common a remanence car-
rier as magnetite, but where it occurs [18,34,35], it
is the mineral of choice for remagnetization geo-
thermometry. The pyrrhotite (7, f) contours in
Figs. 1 and 4 are much steeper than magnetite
(or hematite) contours, and set much narrower
limits on burial temperature when minimum and
maximum times for remagnetization are con-
strained by factors like uplift time, coalification,
and lengths of polarity chrons. In the ideal situa-
tion where two minerals carry the same thermal
NRM overprint, a unique (7}, ;) can be esti-
mated without other input, but generally geolog-
ical and geomagnetic constraints are needed to set
upper and lower bounds on remagnetization tem-
perature. Because time enters Eq. 1 as a logarith-
mic factor, the constraints on time do not need to
be particularly tight.

The test case presented in this paper demon-
strates the usefulness of the technique. The Milton
Monzonite and its surroundings are estimated (us-
ing mainly overprint data for pyrrhotite) to have
been reheated and remagnetized (around 100 Ma
BP) at 7,=165%£30°C, in excellent agreement
with estimates from vitrinite reflectance data [1].
Former much higher magnetic estimates of 7; [1]
were flawed by anomalously high multidomain 7
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values. Using a reasonable estimate for paleogeo-
thermal gradient, the depth of burial is calculated
to have been 2.31+0.4 km, again in excellent
agreement with vitrinite estimates for this part
of the Sydney Basin.
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