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Editor’'s Notes

On track has enjoyed mixed fortunes since the last issue.
The response to the THESES section has been particularly
good: Charlotte Cederbom, Sandro Guedes and Corne-
lia Spiegel have sent in abstract of their Ph.D.-theses and
Eva Enkelmann sent in the abstract of her recently fin-
ished masters thesis. The abstracts, reproduced on pages
3-5, demonstrate that track research is very much alive
and covers methodical problems as well as applications to
basement and sedimentary rocks and provenance analy-
ses. An open position at the London fission-track lab and
several meeting are announced on p. 5., in the POSITIONS
and MEETINGS sections, but do not miss the announce-
ment for the Cadiz workshop on p. 23. Less positive is
that no-one felt inclined to submit a book review, although
there are plenty of interesting and relevant books out
there. | have reluctantly supplied the content of the Books
section in the hope that it will stimulate others to do better
in the next issue. The regular ARTICLES can be called an
unqualified success.

Professor Vladimir Perelygin and his colleagues report
on a fascinating research project aimed at identifying
tracks in meteoritic minerals produced by stopping or
spontaneous fission of superheavy elements that, due to

their relative stability, may have existed for some consid-
erable time in the early solar system. Share the excite-
ment on page 8 about how natural [fission] tracks can re-
veal much more about our universe than the age and
cooling history of terrestrial rocks.

Meinert Rahn and his colleagues present a new putative
age standard for both fission-track and U/Th-He dating on
page 9. All who have recently tried to obtain standards or
who have considered the question of the future of stan-
dards know how important this is. The proposed standard
moreover seems to possess excellent qualities with re-
spect to availability, mineral separation, mineral content,
uranium content and independent age control. No lab can
afford not to react to their article, the more so since their
proposed standard is about half as old as the Fish Canyon
/Durango tandem.

Apatite fission-track thermal history modelling is based on
the implicit assumption that temperature is the only factor
affecting track length reduction. Except for some early ex-
periments by Robert Fleischer and his colleagues, there is
little experimental evidence about the effects of pressure.
On page 10, Anke Wendt and Olivier Vidal report pre-
liminary results of extensive experiments aimed at quanti-
fying fission-track annealing under pressure. Their star-
tling results suggest that we ignore the effect of pressure
at our peril.

| had the great pleasure of meeting Mike Krochmal and
lan Larsen in Heidelberg earlier this year. Whetherwe use
Autoscan or a different system, we are all familiar with their
stages, and | believe many will share my interest to know
how they started and developed their product. Mike and
the team at Autoscan obliged by writing a history of Auto-
scan. Page 14.

Tony Hurford's article addresses a broad range of prob-
lems related to thermal history analysis. | believe it will
come as an immense relief to the methodically inclined,
especially after the aborted attempt justly bemoaned by
Kerry Hegarty [On Track 10/1, 2000], that someone with
Tony's authority finally puts the question: "do we really
know what we are doing when we measure and interpret
our data and promulgate our answers in terms of denuda-
tion amounts, sediment fluxes, basin inversion, tectonic
movement, hydrocarbon maturity ...?"Well, ... dowe? Itis
doing an injustice to Tony's article to simply state that he
identifies three problem areas: [1] intra- and inter-lab re-
producibility of length measurements [see also Seward et
al.,, On Track 10/2, 2000], [2] how to deal with the effects
of chemical composition, even atthe sub-microprobe level,
and [3] in view of this, how to make sure that we have the
appropriate annealing equations and modelling algorithm
for the samples at hand. His article on page 16 is a must.
Tony finishes by proposing an inter-laboratory initiative,
aimed at making a start with solving these problems, that
all of us, without exception, simply must support if we are
ever to make progress!

Many of us are familiar with TRACKKEY, the versatile pro-
gram developed by Istvan Dunkl for calculating fission-
track ages, distinguishing component populations, making
radial plots and age distribution plots, ...etc. On page 19,
Istvan discusses the use of additional parameters reflect-
ing grain shape, colour, zoning ...etc. and shows by way
of two clear practical examples how they can be used to
extract a maximum of information from single-grain fission-
track counts.



Short Tracks

Noriko Hasebe moved last February from Kanazawa Uni-
versity, Japan, to the Department of Geological Sciences,
at the University College London for a two year sabbatical.
Her stay is funded by the Japanese Society for the Promo-
tion of Science. Herresearchis concerned with zircon. To-
gether with other members of the London Fission Track
Group, Noriko will carry out experiments aimed at under-
standing the effects of radiation damage [mainly alpha-
damage] on fission track [and probably U-Th/He] geochro-
nology.

David Coyle, On Track’s first editor and known and loved
on at least three continents, informs us that "he is going to
become an Apple Certified Cocoa trainer". So "if anyone
needs help porting old Mac apps to the brave new/old
world of Mac Os neXt", then Dave is the man to call
[David A. Coyle, Regional Manager, Software Develop-
ment, Tensor Information Systems, Fort Worth, Texas, US,
Email: david.coyle@tensor.com, Web: http://www.tensor.
com]

Charlotte Cederbom defended her thesis in Gothenburg,
Sweden, on March 13th. The opponent was Dr. Peter van
der Beek from Grenoble. Charlotte went on to a three year
post-doc position in Edinburgh. Her research project is
part of the CRUST-initiative and aims to document the tim-
ing, magnitude and spatial extent of Caenozoic fault block
uplift and erosion of the Atlantic margin in the UK and
West Shetland sectors.

Sandro Guedes obtained his Ph.D. from the Gleb Wata-
ghin Physics Institute, State University of Campinas, Bra-
zil on April 5th. His research on the spontaneous-fission
decay constant of ®U was supervised by Professor Julio
Cesar Hadler Neto.

Meinert Rahn writes that a new Ph.D. student, Katharina
Link, has recently started at the University of Freiburg,
Germany, with him and Prof. J. Keller. Katharina will work
on the thermal and magmatic evolution of the Rhine Gra-
ben including fission track and (U-Th)/He dating of intru-
sive dike and graben shoulder samples. The investigations
are part of a collaboration with the Basel fission track
group of Bernhard Fuegenschuh and the (U-Th)/He lab of
Rafael Pik in Nancy, France.

Cornelia Spiegel obtained her Ph.D. from the University
of Tubingen, Germany, in January. Her research is con-
cerned with the post-collisional exhumation history of the
European Alps, mainly based on fission track dating of
detrital zircons from the foreland basins.

Ed Sobel informs us that In the last year, there have been
several papers suggesting new or revised ages for Fish
Canyon Tuff and some other standards. He wants to know
if anybody has discussed this from a fission-track point of
view. Ed could not be persuaded to write a contribution for
On Track on the subject, which is understandable consid-
ering his previous articles. Is anyone else interested? Ed
further informs us that on August 1st a new law governing
radiation safety went into effect in Germany. This seems
to have been implemented to match a new European law
which became effective in July. This new law has impor-
tant consequences for importing radioactive material irra-
diated in the United States. European fission-track labs

might want to ask their radiation safety officers about this
topic. The relevant legislation [Adobe Acrobat .pdf-format;
in German] can be downloaded at http://goanna.mpi-hd.
mpg.de/fission/fission.html.

Theses

FISSION TRACK THERMOCHRONOLOGY APPLIED TO PHANERO-
ZOIC THERMOTECTONIC EVENTS IN THE SWEDISH PART OF THE
BALTIC SHIELD [Charlotte Cederbom, Department of Geol-
ogy, Earth Sciences Centre, Goteborg University, Swe-
den.]

The Swedish part of the Baltic Shield is characterized by
a Precambrian basement and a few remnants of Phan-
erozoic cover rocks. The Phanerozoic geological develop-
ment in Sweden is therefore poorly established. A geo-
logical event known to have affected the Baltic Shield is
e.g. the collision between Laurentia and Baltica resulting
in the Caledonian Orogeny at ~400 Ma. Nevertheless, the
former thickness and extent of the erosional deposits
originating from the Caledonian thrust belt have been un-
known and so also the Palaeozoic to Caenozoic thermo-
tectonic history of southern Sweden. The fission track dat-
ing method is a useful method for investigating low-tem-
perature events, and has been applied to apatite, zircon
and titanite basement samples from southern and central
Sweden. In addition, apatite samples from Finland have
been analysed. The results reveal that the western part of
central Sweden and southern Sweden were heated above
at least 100°C, during the Phanerozoic, while the eastern
part of central Sweden and Finland experienced reheating
to temperatures below 100°C. Furthermore, three areas
with significantly different trends among the fission track
results have been discerned in southern Sweden. It is
concluded that Caledonian foreland basin deposits were
responsible for the extensive Palaeozoic heating event
that affected Sweden and Finland. The sediments proba-
bly reached a thickness of at least 2.5 km in western and
southern Sweden, and at least 1 km in the Aland Archi-
pelago. The discrepancy between the fission track data in
southern Sweden indicates that large-scale vertical tec-
tonic movements within the basement were triggered by
the load. Non-uniform exhumation of southern Sweden
during the Carboniferous-Jurassic was accompanied by
deposition offshore. The Cretaceous unroofing of the
basement was followed by renewed covering. Modelling
of apatite fission track data from southern Sweden sug-
gests a temperature rise in the order of 20°C and 35°C
along the southwest and the southeast coast respectively.
It is interpreted as the result of covering of 650-1000 m
thick deposits. The Caenozoic final exhumation of south-
ern Sweden was most pronounced around the southern
tip of Lake Vattern and along the southeast coast of
southern Sweden. [Charlotte Cederbom]

TWO NEW DETERMINATIONS OF THE DECAY CONSTANT FOR
SPONTANEOUS FISSION OF 8U. AF, THROUGH FISSION-TRACK
TECHNIQUES [DUAS NOVAS DETERMINAGOES DE CONSTANTE DE
DECAIMENTO POR FISSAO ESPONTANEA DO SU, AF UTLIZANDO-



SE TECNICAS DE TRAGOS DE FISSA] [Sandro Guedes, Instituto
de Fisica Gleb Wataghin, Universidade Estadual de
Campinas, UNICAMP, Brazil.]

More than 50 determinations of the spontaneous fission
decay constant of 22U, A;, have been published and no
agreement has been reached among them. Most of the
obtained values are placed around two central values: 7.0
and 8.5x10™" a™.

In this thesis, the published A+ measurements have been
analysed and the main systematic error sources have
been identified. Concerning the Fission Track Method,
neutron dosimetry rises as the main systematic error
source. Two new determinations have been carried out
through fission track technigues, avoiding the errors found
in the previous measurements.

Thin films of natural uranium have been used as neutron
dosimeters in the first determination. The value obtained
in this experiment was Ar = (8.37 + 0.17) x 10" a™. In the
second experiment, infinite films, loaded with ?pu, have
been used as sources of fission fragments in order to
calibrate the detector used for collecting **U spontane-
ous-fission fragments. The value found was As = (8.7 £
0.4)x10™" a™

Both values agree between them and with the nominal
value 8.5 x 10" a™. The derivation of a s value from a
measurement using fission-track techniques, but without
neutron irradiation makes it more reliable. The fact that
the two values are in agreement is an indicative that the
dosimetry with thin uranium films yields coherent results.
We believe this work has contributed to make the FTM,
an independent method. [Sandro Guedes]

POST-COLLISIONAL EXHUMATION HISTORY OF THE CENTRAL
ALPS: EVIDENCE FROM THE FORELAND BASIN SEDIMENTS [COr-
nelia Spiegel, Geologisches Institut Universitat Tubingen,
Germany.]

The Oligo-Miocene is an important period for the geomor-
phological evolution of the Alps. After the Eocene-Oligo-
cene collision and nappe stacking the Central Alps started
to develop a significant relief in Oligocene times. Miocene
lateral extrusion caused an east-west stretching of more
than 300 km and led to the collapse of the relief. This col-
lapse is reflected by a drastic decrease of sediment ac-
cumulation rates in the foreland basins of the Central Alps
at 21 Ma.

The aim of this study was a detailed reconstruction of the
exhumation history and the surface evolution of the Cen-
tral Alps in Oligo-Miocene times. Geochronological, geo-
chemical and isotope studies on the foreland basin sedi-
ments give evidence for the first exposures of certain tec-
tonic units and their cooling rates. Moreover, the pa-
leodrainage system of the Central Alps in Oligo-Miocene
times can be reconstructed.

To summarize, the following can be concluded: During
Oligocene times only sedimentary cover nappes [flysch
and carbonates] and basement nappes of the Austroal-
pine mega-unit were exposed on the northern flank of the
Central Alps. The eroded part of the Austroalpine base-
ment in the Central Alps consisted of large areas, which
experienced only weak or even no Eo-Alpine metamor-
phic overprint. It was the direct western continuation of

the Otztal and Silvretta block of the western Eastern Alps.
Austroalpine basement exposed on the southern flank of
the Central Alps experienced slightly higher temperatures
[~240-300°C] during Cretaceous metamorphism. The main
drainage divide was situated north of a volcanic chain
which was positioned in the area of the Periadriatic linea-
ment. Contemporaneous with the collapse of the relief,
units of the Penninic lower plate became exposed over
large areas of the Central Alps [21 Ma]. While in the hin-
terland of the Kronberg-Gabris and Hornli fan only upper
parts of the Penninic nappe pile were eroded, the Honegg-
Napf and Pfander system rooted in deeper levels of the
Penninic sequence. Geochronological data reveal an av-
erage cooling rate of ~20°C/Ma in Late-Oligocene to Early
Miocene times for these Penninic units. The Pfander river
system rooted in the Lepontine area of the Central Alps.
The Pfander fan itself was situated in the area of the re-
cent Lake Constance. Therefore, the catchment area was
similar to the present-day Rhine river and the Pfander
system might be called ‘Paleo-Rhine‘. In Middle Miocene
times Lower Penninic units of the Lepontine Dome were
exhumed to the surface, contemporaneously with the
opening of the Tauern window in the Eastern Alps.
[Cornelia Spiegel]

THE TAN-LU FAULT ZONE AT THE EASTERN EDGE OF THE DABIE
SHAN [EASTERN CHINA] - A VIEW FROM FISSION-TRACK THER-
MOCHRONOLOGY [Eva Enkelmann, Institut fir Geologie der
Technischen Universitdt Bergakademie Freiberg, Germa-

ny.]

This thesis utilizes apatite fission-track analysis to unravel
thermal episodes within the Dabie Shan orogen and its
foreland, the Yangtze foreland fold-and thrust belt. In the
methodical part, three more or less independent methods
for determining a fission-track age were compared: the
absolute method, the Z-method, and the {-method. The
three methods vyield identical results within error. The ab-
solute method is the most precise. Commonly cited limita-
tions, i.e. inaccuracy in neutron fluence determination and
imprecise knowledge of the fission decay constant, do not
apply, if a number of precautions are observed. A com-
parison of different etching conditions demonstrated that
distinctly stronger etching has no significant effect on the
(-value. Confined track length measurements were per-
formed on Cf-irradiated mounts and mounts used for fis-
sion-track dating. A comparison of their length distribu-
tions showed that after Cf-irradiation, the number of
measurable confined tracks had increased more than ten-
fold.

Geological application of apatite fission-track thermochro-
nology to the interior of Dabie Shan and the Yangtze fore-
land fold-and thrust belt indicates that the recorded ther-
mal episodes relate to known geological events. All sam-
ples yielded Late-Cretaceous to Palaeogene ages. Creta-
ceous magmatism and accompanying metamorphism ef-
fectively reheated the Dabie basement units. The apatite
fission-track data show that low-temperature thermochro-
nometers are unable to record cooling after the Triassic-
Jurassic ultrahigh-pressure orogeny and that provenance
studies related to Triassic-Jurassic hinterland events are
impossible. The regional distribution of the ages within the
basement units can, on a first-order, be interpreted as a
result of domal uplift or a domal thermal anomaly centred
on the ultrahigh pressure units in eastern Dabie. The
asymmetry of the upliffanomaly is related to Late Creta-



ceous normal faulting along the Tan-Lu. The Xiaotian-Mo-
zetang fault zone in northern Dabie, a major Early Creta-
ceous structure reactivating the Triassic-Jurassic orogenic
belt, seems to have been inactive during the Late Creta-
ceous. Samples from north and south of the XMF yielded
similar fission track ages. Several samples from the Dabie
Shan and the Yangtze foreland fold-and thrust belt yiel-
ded Eocene ages (~40-50Ma). Modelling of these sam-
ples reveals enhanced cooling, requiring a tectonic and/or
thermal event around 45 + 10 Ma. This Caenozoic event
may result from the combined effect of the Pacific subduc-
tion and the India-Asia collision. [Eva Enkelmann]

Positions

U/TH-HE DATING POSITION AT THE LONDON FISSION-TRACK LAB

A postdoctoral position will be available from early 2002 to
run U/Th-He dating in the London fission-track Group at
the University College London, working with Andy Carter,
Tony Hurford, Kerry Gallagher [Imperial College] and No-
riko Hasebe. A new Helium line is being constructed at
UCL by Patterson Instruments and will be commissioned
in spring 2002. The post is for two years, with a possible
third year dependent on securing funds. Applicants should
have experience in helium and noble gas mass spec op-
eration and maintenance, and an interest in integrating
the FT and U/Th-He methods. Contact Tony Hurford infor-
mally in first instance at: t.hurford@ucl.ac.uk.

[Tony HURFORD]

Meetings

EFTAN MEETING 22-23 NOVEMBER 2001

EFTAN is a federal organisation of European Fission Track
groups. EFTAN was founded in 1992 with the purpose to
promote fission track analysis in general and in Europe in
particular. All European Fission Track groups can become
a member. The network aims to promote communication
between members, support European initiatives and col-
laboration, exchange of expertise and mobility between
the groups.

Nine years ago, at the first and only official meeting held
so far, | was appointed president of EFTAN and Ginther
Wagner vice-president. During the intervening period and
at other meetings, workshops etc., members have been
discussing with each other. Several members met at the
Lorne meeting to discuss the possibility to organize a sec-
ond EFTAN meeting.

lam pleased to announce that Ginther Wagner and | have
decided that the time has come to organise such a meet-
ing. We propose to have this meeting during the second
half of November 2001. The plan is to meet at Lauten-
bach in the Black Forest of Germany, the location of the
first meeting. Suggestions for alternative venues are wel-
come. However, they should be inexpensive and the loca-
tion should be central for the majority of fission trackers.
We propose that the meeting should not last longer than
two days. If participants could arrive before dinner time,
we could start with the presentation and discussion during
the first evening. The following day could be devoted to
two sessions.

It is important that we know how many can participate and
| would be grateful if you could reply expressing your in-
terest in participating in the second EFTAN meeting. For
the agenda of the meeting, we are interested in your input
and ideas. They are most welcome. Please inform us of
any points you think should be put on the agenda. | hope
that you will support this initiative and that you have the
opportunity to participate. Because of the arrangements
concerning the hotelaccommodation, discussion room ...
etc., we would appreciate it if you could respond as soon
as possible. [Paul ANDRIESSEN]

EUROPEAN GEOPHYSICAL SOCIETY MEETING - EGS NICE 2002

The xxvII" General Assembly of the European Geophysi-
cal Society will be held in Nice, France, 22 - 26 April 2002.
At the last two meetings | have been convenor of two ses-
sions and although the final programme is not yet ready |
willhave the opportunity to promote fission-track research.
If you are interested to present your research at an inter-
national congress you can submit your abstracts to one of
the sessions | will convene. [Paul ANDRIESSEN]

JOINT MEETING OF THE EUROPEAN GEOPHYSICAL SOCIETY AND
AMERICAN GEOPHYSICAL UNION - EGS/AGU NICE 2003

In 2003 EGS and AGU are planning to organize a joint con-
gress in Nice and this will give us the opportunity to pro-
pose a symposium that is attractive for fission-track re-
searchers from Europe and US. | am officer of the Solid
Earth section of EGS and therefore | can promote such a
symposium. | like to know what interest there is for such a
symposium and | am looking for researchers from the Us
who would like to act as co-convenor for such a sympo-
sium. [Paul ANDRIESSEN]

Books

"A BEDSIDE NATURE - GENIUS AND ECCENTRICITY IN SCIENCE
1869-1953", edited by Walter Gratzer, presents a selection
of reprints of Nature articles, published over a period of
somewhat less than a century. Among other fascinating
articles, there is one by Lise Meitner and Otto Frisch on
the discovery of fission. The essential part of the article
has however been edited out. A perusal of Volume 143 of
Nature, lead to the discovery of the gems reprinted below
that might shed some light on where the ‘fission' in ‘fission-
track' and 'ion' in 'ion explosion spike' come from, and re-
mind us of some of the scientific giants in whose footsteps
we tread.

Some historians of science believe that Lise Meitner didn't
receive due recognition for her discovery [see "LISE MEIT-
NER: A LIFE IN PHYsICS" by RuthLewin Sime and "LISe MEIT-
NER AND THE DAWN OF THE NUCLEAR AGE" by Patricia Rife].
It is a fact that Otto Hahn was awarded the 1944 Nobel
Prize in chemistry for the discovery of fission. Although he
had supported Lise Meitner, he later downplayed her in-
volvement in the discovery. Hahn and Fritz Strassmann
had discovered the formation of barium from neutron irra-
diated uranium but did not offer an explanation. Hahn sent
a letter [December 19, 1938] to Lise Meitner, exiled in
Sweden, describing his findings and asking: "Perhaps you
can suggest some fantastic explanation,” which she did,
in collaboration with her cousin Otto Frisch. Niels Bohr
seems to have been in no doubt in ascribing the discovery
to Meitner and Frisch.



DISINTEGRATION OF URANIUM BY NEUTRONS: A NEW TYPE OF
NUCLEAR REACTION

Lise Meitner and Otto Frisch [Nature 143, 1939, 239-240]

On bombarding uranium with neutrons, Fermi and collabo-
rators [1] found that at least four radioactive substances
were produced, to two of which atomic numbers larger
than 92 were ascribed. Further investigations [2] demon-
strated the existence of at least nine radioactive periods,
six of which were assigned to elements beyond uranium,
and nuclear isomerism had to be assumed in order to ac-
count for their chemical behaviour together with their ge-
netic relations.

In making chemical assignments, it was always assumed
that these radioactive bodies had atomic numbers near
that of the element bombarded, since only particles with
one or two charges were known to be emitted from nuclei.
A body, forexample, with similar properties to those of os-
mium was assumed to be eka-osmium [Z=94] rather than
osmium [Z =76] or ruthenium [Z=44].

Following up an observation of Curie and Savitch [3], Hahn
and Strassmann [4] found that a group of at least three
radioactive bodies, formed from uranium under neutron
bombardment, were chemically similar to barium and,
therefore, presumably isotopic with radium. Further inves-
tigation [5], however showed that it was impossible to sepa-
rate those bodies from barium [although mesothorium, an
isotope of radium, was readily separated in the same ex-
periment], so that Hahn and Strassmann were forced to
conclude that isotopes of barium [Z=56] are formed as a
consequence of the bombardment of uranium [Z2=92] with
neutrons.

At first sight, this result seems very hard to understand.
The formation of elements much below uranium has been
considered before, but was always rejected for physical
reasons, so long as the chemical evidence was not en-
tirely clear cut. The emission, within a short time, of a large
number of charged particles may be regarded as excluded
by the small penetrability of the 'Coulomb barrier’, indicated
by Gamov's theory of alpha decay.

On the basis, however, of present ideas about the behav-
iour of heavy nuclei [6], an entirely different and essen-
tially classical picture of these new disintegration proc-
esses suggests itself. On account of their close packing
and strong energy exchange, the particles in a heavy nu-
cleus would be expected to move in a collective way
which has some resemblance to the movement of a liquid
drop. If the movement is made sufficiently violent by add-
ing energy, such a drop may divide itself into two smaller
drops.

In the discussion of the energies involved in the deforma-
tion of nuclei, the concept of surface tension has been
used [7] and its value has been estimated from simple
considerations regarding nuclearforces. It mustbe remem-
bered, however, that the surface tension of a charged
droplet is diminished by its charge, and a rough estimate
shows that the surface tension of nuclei, decreasing with
increasing nuclear charge, may become zero for atomic
numbers of the order of 100.

It seems therefore possible that the uranium nucleus has
only small stability of form, and may, after neutron cap-
ture, divide itself into two nuclei of roughly equal size [the
precise ratio of sizes depending on finer structural features
and perhaps partly on chance]. These two nuclei will repel

each other and should gain a total kinetic energy of c. 200
MeV, as calculated from nuclear radius and charge. This
amount of energy may actually be expected to be avail-
able from the difference in packing fraction between ura-
nium and the elements in the middle of the periodic sys-
tem. The whole ‘fission’ process can thus be described in
an essentially classical way, without having to consider
quantum-mechanical 'tunnel effects’, which would actually
be extremely small, on account of the large masses in-
volved.

After division, the high neutron/proton ratio of uranium will
tend to readjust itself by beta decay to the lower value
suitable for lighter elements. Probably each part will thus
give rise to a chain of disintegrations. If one of the parts is
an isotope of barium [8], the other will be krypton [Z=92-
56], which might decay through rubidium, strontium and
yttrium to zirconium. Perhaps one or two of the supposed
barium-lanthanum-cerium chains are then actually stron-
tium-yttrium-zirconium chains.

It is possible [8], and seems to us rather probable, that the
periods which have been ascribed to elements beyond
uranium are also due to light elements. From the chemical
evidence, the two short periods [10 sec. and 40 sec.] so
far ascribed to 2°U might be masurium isotopes [Z=43]
decaying through ruthenium, rhodium, palladium and sil-
ver into cadmium.

In all these cases it might not be necessary to assume
nuclear isomerism; but the different radioactive periods
belonging to the same chemical element may then be at-
tributed to different isotopes of this element, since varying
proportions of neutrons may be given to the two parts of
the uranium nucleus.

By bombarding thorium with neutrons, activities are which
have been ascribed to radium and actinium isotopes [8].
Some of these periods are approximately equal to periods
of barium and lanthanum isotopes resulting from the bom-
bardment of uranium. We should therefore like to suggest
that these periods are due to a ‘fission’ of thorium which is
like that of uranium and results partly in the same prod-
ucts. Of course, it would be especially interesting if one
could obtain one of those products from a light element,
for example, by means of neutron capture.

It might be mentioned that the body with the half-life 24
min [2] which was chemically identified with uranium is
probably really ?°U and goes over into eka-rhenium which
appears inactive but may decay slowly, probably with
emission of alpha particles. [From inspection of the natu-
ral radioactive elements, *°U cannot be expected to give
more than one or two beta decays; the long chain of ob-
served decays has always puzzled us.] The formation of
this body is a typical resonance process [9]; thecompound
state must have a life-time of a million times longer than
the time it would take the nucleus to divide itself. Perhaps
this state corresponds to some highly symmetrical type of
motion of nuclear matter which does not favour ‘fission’ of
the nucleus.
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PHYsICAL EVIDENCE FOR THE DiviSION OF HEAvVY NUCLEI UN-
DER NEUTRON BOMBARDMENT

Otto Frisch [Nature 143, 1939, 276]

From chemical evidence, Hahn and Strassmann conclude
that radioactive barium nuclei [atom number Z=56] are
produced whenuranium [Z=92] is bombarded by neutrons.
it has been pointed out that this might be explained as a
result of a ‘fission’ of the uranium nucleus, similar to the
division of a droplet into two. The energy liberated in such
processes was estimated to be about 200 MeV, both from
mass defect considerations and from the repulsion of the
two nuclei resulting from the ‘fission’ process.

If this picture is correct, one would expect fast-moving nu-
clei of atomic number 40 to 50 and atomic weight 100 to
150, and up to 100 MeV energy, to emerge from a layer of
uranium bombarded with neutrons. In spite of their high
energy, these nuclei should have a range in air of a few
millimetres only, on account of their high effective charge
[estimated to be about 20], which implies very dense ioni-
sation. Each such particle should produce a total of about
3 million ion pairs.

By means of a uranium-lined ionisation chamber, con-
nected to a linear amplifier, | have succeeded in demon-
strating the occurrence of such bursts of ionisation. The
amplifier was connected to a thyratron which was biased
so as to count only pulses corresponding to at least 5 10°
ion pairs. About 15 particles per minute were recorded
when 300 milligram of radium, mixed with beryllium, was
placed one centimetre from the uranium lining. No pulses
at all were recorded during repeated check runs of sev-
eral hours total duration when either the neutron source or
the uranium lining was removed. With the neutron source
at a distance of four centimetres from the uranium lining,
surrounding the source with paraffin wax enhanced the ef-
fect by a factor of two.

It was checked that the number of pulses depended line-
arly on the strength of the neutron source; this was done
in order to exclude the possibility that the pulses are pro-
duced by accidental summation of smaller pulses. When
the amplifier was connected to an oscillograph, the large
pulses could be seen very distinctly on the background of
much smaller pulses due to the alpha patrticles of ura-
nium.

By varying the bias of the thyratron, the maximum size of
pulses was found to correspond to at least 2 million ion
pairs, or an energy loss of 70 MeV of the patrticle within
the chamber. Since the longest path of a patrticle in the
chamber was 3 centimetres, and the chamber was filled
with hydrogen at atmospheric pressure, the particles must
ionise so heavily that they can make 2 million ion pairs on
a path equivalent to 0.8 cm of air or less. From this it can
be estimated that the ionising particles must have an
atomic weight of at least about seventy, assuming a rea-
sonable connection between atomic weight and effective
charge. This seems to be conclusive physical evidence

for the breaking up of uranium nuclei into parts of compa-
rable size, as indicated by the experiments of Hahn and
Strassmann.

Experiments with thorium instead of uranium gave quite
similar results, except that surrounding the neutron source
with paraffin did not enhance, but slightly diminished the
effect. This gives evidence in favour of the suggestion that
also in the case of thorium some, if not all of the activities
produced by neutron bombardment, should be ascribed to
light elements. it should be remembered that no enhance-
ment by paraffin has been found for the activities pro-
duced in thorium, except for one which is isotopic with
thorium and is almost certainly produced by simple cap-
ture of the neutron.

Prof. Meitner has suggested another interesting experi-
ment. If a metal plate is placed close to a uranium layer
bombarded with neutrons, one would expect an active
deposit of the light atoms emitted in the ‘fission’ of the
uranium to form on the plate. We hope to carry out such
experiments, using the powerful source of neutrons which
our high-tension apparatus will soon be able to provide.

DISINTEGRATION OF HEAVY NUCLEI
Niels Bohr [Nature 143, 1939, 330]

Through the kindness of the authors | have been informed
of the content of the letters [1,2] recently sent to the editor
of Nature by Professor Meitner and Dr. Frisch. In the first
letter, these authors propose an interpretation of the re-
markable findings of Hahn and Strassmann as indication
for a new type of disintegration of heavy nuclei, consisting
in a fission of the nucleus into two parts of approximately
equal masses and charges with release of enormous en-
ergy. In the second letter, Dr. Frisch describes experi-
ments in which these parts are directly detected by the
very large ionisation they produce. Due to the extreme
importance of this discovery, | should be glad to add a few
comments on the mechanism of the fission process from
the point of view of the general ideas, developed in recent
years, to account for the main features of the nuclear re-
actions hitherto observed.

According to these ideas, any nuclear reaction initiated by
collisions or radiation involves as an intermediate stage
the formation of a compound nucleus in which the excita-
tion energy is distributed among the various degrees of
freedom in a way resembling the thermal agitation of a
solid or liquid body. The relative probabilities of the differ-
ent possible courses of the reaction will therefore depend
on the facility with which this energy is either released as
radiation or converted into a form suited to produce the
disintegration of the compound nucleus. In the case of or-
dinary reactions, in which the disintegration consists in the
scope of a single particle, this conversion means the con-
centration of a large part of the energy on some particle at
the surface of the nucleus, and resembles therefore the
evaporation of a molecule from a liquid drop. In the case
of disintegrations comparable to the division of such a
drop into two droplets, it is evidently necessary, however,
that the quasi-thermal distribution of energy be largely con-
verted into some special mode of vibration of the com-
pound nucleus involving a considerable deformation of the
nuclear surface.

In both cases, the course of the disintegration may thus
be said to result from a fluctuation in the statistical distri-



bution of the energy between the various degrees of free-
dom of the system, the probability of occurrence of which
is essentially determined by the amount of energy to be
concentrated on the particular type of motion considered,
and by the 'temperature’ corresponding to the nuclear ex-
citation. Since the effective cross-sections for the fission
phenomena seem to be about the same order of magni-
tude as the cross-sections for ordinary nuclear reactions,
we may therefore conclude that for the heaviest nuclei the
deformation energy sufficient for the fission is of the same
order of magnitude as the energy necessary for the escape
of a single nuclear particle. For somewhat lighter nuclei,
however, where only evaporation-like disintegrations have
so far been observed, the former energy should be con-
siderably larger than the binding energy of a particle.

These circumstances find their straightforward explanation
in the fact, stressed by Meitner and Frisch, that the mutual
repulsion between the electric charges in a nucleus will,
for highly charged nuclei, counteract to a large extent the
effect of the short-range forces between the nuclear parti-
cles in opposing a deformation of the nucleus. The nuclear

problem concerned reminds us indeed in several ways of
the question of the stability of a charged liquid drop, and
in particular, any deformation of a nucleus, sufficiently large
for its fission, may be treated approximately as a classical
mechanical problem, since the corresponding amplitude
must evidently be large compared with the quantum me-
chanical zero-point oscillations. Just this condition would
in fact seem to provide an understanding of the remark-
able stability of heavy nuclei in their normal state or in the
states of low excitation, in spite of the large amount of en-
ergy which would be liberated by an imaginable division of
such nuclei.

The continuation of the experiments on the new type of
nuclear disintegrations, and above all the closer examina-
tion of the conditions for their occurrence, should certainly
yield most valuable information as regards the mechanism
of nuclear excitation.

[1] Meitner L. and Frisch O.R.[1939]. Nature 143, 239.
[2] Frisch O.R.[1939]. Nature 143, 276.
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The main aim of this paper is to report further investiga-
tionson the search and identification of relatively stable nu-
clei [z = 110] of Super Heavy Elements [SHE] in Galactic
matter by fossil track studies of non-conducting crystals
from the surface of some meteorites and from lunar re-
golite rocks.

As predicted theoretically in the late 60’s, superheavy nu-
clei in the region of proton numbers z = 110-114 and neu-
tron number N = 184 [double magic closed nuclear shells]
can possess life times from 10° up to 10° years. Thus nu-
clei of SHE can survive in extraterrestrial rocks and produce
tracks in the host crystals as a result of spontaneous fis-
sion, if their life time is more than 5x10" years. Nuclei of
SHE are supposed to be the products of nucleosynthesis
in explosive processes in our Galaxy [supernova r-process
nucleosynthesis, and, especially, neutron star formation
processes, etc.]. When these nuclei accelerated to relativ-
istic energies in the Galaxy, they can produce extended
trails of damage in non-conducting extraterrestrial crystals.
To be registered in extraterrestrial crystals the life time of
such SHE nuclei in the Galactic cosmic rays must exceed
~10°years.

To search for and to identify the superheavy nuclei in the
Galactic cosmic rays it is proposed to use the ability of
some extraterrestrial crystals [olivines, pyroxenes, phos-
phates] to store for many million years the trails of dam-
age produced by fast z =23 nuclei coming to rest in the
crystalline lattice. The track length of fast z > 23 nuclei is

directly proportional to z> Thus, the nuclei of SHE will pro-
duce tracks that are 1.6-1.8 times longer than the tracks
due to high energy Th-U nuclei in the galactic cosmic rays.
For visualisation of these tracks inside the crystal volume
the proper controlled annealing and chemical etching
procedures must be used.

In our pervious study in 1980, the fossil tracks due to Th-U
nuclei were first observed and unambiguously identified
by calibration of the olivine crystals with accelerated U, Au
and Pb-ions. The charge distributions and energy spectra
of z=26-92 galactic cosmic ray nuclei were measured.
The number of Th-U nuclei track measured in olivine crys-
tals was in total more than 1600, as compared with the
rest world statistic — 30 events [LDEF, HEAO-3, ARIEL-6 ex-
periments on direct registration of Z > 70 cosmic ray nuclei
tracks in satellite based detectors]. Five anomalously long
tracks, which could not be attributed to Th-U nuclei, were
also registered in this study. The goal of these track stud-
ies is the final unambiguous identification of z > 110 nuclei
in the Galactic cosmic rays.

The second approach to identify SHE nuclei in nature is to
search for the tracks in extraterrestrial phosphates due to
spontaneous fission of Z > 110 nuclei producing 2-pronged
and 3-pronged fission fragment tracks, which differ signifi-
cantly from the tracks due to the spontaneous fission of
28 and **Pu nuclei. Extraterrestrial phosphate crystals
[whitlocites, apatites and stanfilldites] will be investigated
in these studies.
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All of us need standards. Lots of standards. | have heard
rumours of some of us having gone to sample FCT and
having come back with several old suitcases filled with
rocks ...

Ideally, we want a standard, which contains the minerals
of interest in large quantities. For [U-Th]/He dating, we al-
so would love to have large grains, in order to minimize
surface effects. Furthermore, we need to date our stan-
dard with other dating techniques, preferably by Ar/Ar.
And we should be able to verify that the material has not
undergone a complex time-temperature history after the
start of track accumulation. And the investigated mineral
grains should not be zoned, should be free of inclusions.
And ... and ... and ... There is a long list of requirements,
hard to cover by a single sample or locality. However, we
might be in a position to offer a lithology able to deal with
most of the requirements.

Next to the town of Freiburg, Germany, an extinct alkaline
volcanic complex, the Kaiserstuhl, is located. At its north-
west corner, the youngest extrusive phase has created a
thick succession of lava flows and tuff layers. The phono-
litic tuff t3 was dated with several methods. Kraml et al.
[1996] produced Ar/Ar plateaus from single 0.5 to 2 mm
sized clear sanidine crystals by incremental laser heating,
and provided a cooling age of 16.2 + 0.4 [20] Ma. These
Ar/Ar ages are identical to an older K/Ar dating result by
Lippolt et al. [1963]. Recently, the tuff has also been
dated by the fission track technique on apatite, and by [U-
Th]/He dating on apatite and titanite. Both apatites and ti-
tanites can be found in sufficient quantities in the 100-500
um size range of the disaggregated rock. Disaggregation
is done by simple washing and rubbing the collected tuff
through a column of sieves, because most of the rock ma-
trix is completely altered into clay minerals. For mineral
separation, you therefore start by "washing, not crushing",
which keeps the grains euhedral. The subsequent steps
in mineral separation correspond to normal procedures,
with the exception that apatites and titanites can also be
gained from the fractions >300 pum. Suitable sanidine
crystals are obtained by handpicking out of the 0.5-2 mm
fraction.

Fission track dating of the apatites yielded an age of 16.8
[-1.2/+1.3] Ma [20, based on 20 crystals]. A mean fission
track length of 15.17+0.18 [20] um [n = 100] is in agree-
ment with a very fast cooling and the absence of a later
heating event. We admit that not all apatites are crystal
clear like in Durango. But they are mostly euhedral, and
therefore align perfectly for counting. A normal mount al-
ways contains more than enough large high-quality grains.
Features that can be mistaken for tracks are absent. Sin-
gle grain ages varied from 12.5 to 25.5 Ma in age, the U
content varied from 13 to 72 ppm.

In addition, apatites and titanites were dated with the [U-
Th]/He method. The mean age of six apatite mounts is

16.4+0.7 Ma [20]. The U concentration of the apatite sub-
samples varied from 25 to 33 ppm; the U/Th ratio showed
a range of 0.10 to 0.23. Five titanite mounts were dated
by [U-Th]/He, giving a mean age of 16.3+0.6 [20]. The U
and Th concentrations were in the range 23-47 ppm and
63-80 ppm, respectively.

Within less than 0.5 standard deviations, all three methods
provide the same result. The nearly perfect overlap be-
tween the three data sets is a good argument for the very
simple thermal history of the tuff layer. The age of the
proposed new standard is nearly identical to the Buluk tuff
[Hurford and Watkins 1987], which is an approved zircon
standard.

The new Limberg t3 standard provides material for apa-
tite, titanite and sanidine, and the grain size is suitable for
the fission track, laser single-grain Ar/Ar and [U-Th]/He
methods. Our separation work has also shown the pres-
ence of low amounts of zircons in the tuff. However, these
are most probably derived from crystalline basement frag-
ments, which were transported from depth to the surface
within the melt, and are not part of the phonolitic assem-
blage.

On the basis of our results, we propose the Limberg t3 tuff
as a new age standard for the Ar/Ar method [sanidine], for
fission dating [apatite and possibly titanite] and [U-Th]/He
dating [apatite and titanite]. The consistent results ob-
tained with three methods make it an attractive standard
for studies on the low-temperature evolution of moder-
ately to fast cooling settings.

Interested? Need a new standard? Or just another one to
test? If yes, get your old suitcases ready ...
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INTRODUCTION

Apatite and zircon fission tracks analyses can provide in-
formation on the timing and the spatial variation of thermal
histories as a function of the decay of U and of partial or
total track annealing. The temperature at which fossil fis-
sion tracks in the apatite group minerals are annealed is
not sharply defined but progressive, and depends on the
mineral composition [e.g. Green et al., 1986; Carlson and
Donelick, 1993], the cooling rate and possibly the symme-
try group of the mineral [Kohn and Foster, 1996]. Anneal-
ing of fission tracks in minerals is described as a poorly
understood diffusional-type process, which restores the
damaged crystalline structure when thermally activated
[e.g. Wagner and van den Haute, 1992; Gallagher et al.,
1998].

The mean length of fossil fission tracks in apatite group
minerals ranges from 14.5 ym to 15.5 ym [Gleadow et al.
1986]. Samples with mean track length in this range and
narrow track length distributions are assumed to have ex-
perienced rapid cooling from temperatures above 100°C
down to less than 60°C at the time indicated by the fission
track age [Laslett et al. 1987]. Broad length distributions
and shorter mean lengths suggest that the samples have
experienced a more complex thermal history, spending a
significant amount of time in the partial annealing zone
[Gleadow et al., 1986].

We report and discuss experiments aimed at investigating
the effects of other parameters such as hydrostatic pres-
sure [P] and stress [o], in addition to temperature [T], on
the stability field of spontaneous fission tracks in apatites.
This is motivated [1] by the fact that diffusional processes
are expected to slow down under pressure, and [2] by the
lack of experimental data of fission track fading under P
and T.

The pressure dependence of diffusion has been studied,
from the perspective of absolute reaction rate theory, e.g.
in polycrystalline lead [Nachtrieb 1955; Hudson and Hoff-
man 1961], zinc [Lin and Drickamer 1954], uranium [Bey-
erler and Adda 1965] and olivine [Kohlstedt et al. 1980]
[Figure 1]. These experiments revealed an approximately
linear decrease of the logarithm of the diffusion coefficient
D with increasing pressure. Assuming that similar mecha-
nisms operate in fission track annealing, it is expected that
the stability field of fission tracks widens with increasing
hydrostatic pressure.

The only data on fading of spontaneous tracks under ex-
perimental pressures and temperatures date back to the
work of Fleischer et al. [1965]. They studied fission track
fading in tektites and zircon under pressure, temperature,
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Figure 1. Pressure dependence of diffusion coefficients in lead,
zinc, uranium and olivine.

plastic deformation, and ionising radiation. The tektites
were annealed at pressures ranging from 0.1 to 6000 MPa
and temperatures from 50 to 580°C [Figure 2]; the zircons
were annealed at pressures from 0.1 to 8000 MPa at tem-
peratures from 550to 850°C; maximum annealing time was
167 hours [Figure 3].

In tektites, track fading in the high-pressure low-tempera-
ture run was observed to be independent of the annealing
time [5to 1000 minutes] and temperature [50to 130°C]. The
tracks were partially annealed at temperatures from 90 to
150°C the extent of annealing being independent of the
annealing time. In the medium pressure [1000 -3000 MPa]
and medium temperature range, tracks are stable during
1000 minutes at temperatures increasing from 130 to 250°C
and 290 to 310°C. Fading becomes time-dependent above
310°C. At high temperatures and 200 MPa pressure tracks
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Figure 2. Fission-track stability in tektite as a function of pressure
and temperature. Data from Fleischer et al. [1965].

remained unaffected. The runs at medium pressure showed
a particularly complicated track fading pattern: total fading
and partial fading do not constitute clearly separated data
sets, but overlapped in some points. No information is
given on fading tests at ambient pressure.
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Figure 3. Fission-track
stability in zircon as a
function of pressure
and temperature. Data
from Fleischer et al.
[1965].
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In zircon, the high temperature ambient pressure run led
to partial to total track fading; pressure produced similar
fading behaviour at lower temperatures.
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In general, these experiments seem to show that the ap-
plication of hydrostatic pressure enhances the annealing
of fission tracks. However, the experimental results are
difficult to interpret since: [1] fission track densities were
investigated qualitatively; [2] no information is given on the
variation of the uranium content between samples which
might introduce considerable errors in the experimental
results; [3] the experiments performed under geologically
relevant temperature-pressure conditions [up to 3000 MPa]
do not provide a clear answer on the P dependency; [4]
no experiments were performed which directly investigate
the effect of temperature and ambient pressure compared
to the effect of the same temperature at high pressure for
constant time spans [P1= 0.1 MPa, T1= constant, t; = con-
stant and P2 > 0.1 MPa, T2 = Ty, t2 = t1]. In addition, the ex-
perimental results seem to show that if pressure en-
hances the fading rate of fission track, then the processes
which are involved during "annealing" are not governed
by diffusion.

In order to obtain unambiguous data for spontaneous fis-
sion tracks, an experimental programme has been devel-
oped which allows a direct comparison of fission track be-
haviour at constant pressures, constant temperatures and
constant times for different apatite compositions. The P-T
coupling is representative of high pressure retrograde P-T
paths. We are investigating latent and etched tracks by
TEM and optical analyses of the annealed samples in com-
parison to the unannealed material. Here, we report the
first results.

APATITES

Three single crystals [length up to 30 mm, diameter ca. 15
mm] of apatite of different provenance and chemical com-
position were used for the experiments: [1] yellow-green
apatite from Durango [Mexico], [2] blue apatite from Slud-
janka [Siberia]and [3] light blue apatite from Canada. Their
fluor/chlorine ratios are as follows: Durango: F/Cl = 1:0.27;
Sludjanka: F/Cl = 1:0.29; Canada: F/CL = 1:0.08. The crystals
were cutinto slices parallel to the c-axis in order to perform
all experiments on sections with the same orientation from
the same crystals. The slices were sealed in 2 cm long, 5
mm diameter gold capsules together with 2 ml of distilled
water for the low pressures runs [100 MPa, 350 MPa] and
dry in gold capsules for the medium pressure runs [600
MPa, 800 MPa]. For the high pressure runs at 2000 MPa,
the crystal slices were directly included in salt cylinders of
15 mm length and 7 mm diameter.

EXPERIMENTS

Different apparatus were used for P-T experiments in dif-
ferent pressure intervals:

[1] Simple heating experiments at ambient pressures were
performed in a furnace. The cumulative uncertainty on the
temperature measured with a Pt/13%Rd thermocouple was
2°C. The heating rate was 15°C/min. Cooling to ambient
temperature at the end of each run was achieved in 15
minutes.

[2] The experiments at pressures of 100 and 350 MPa were
performed in horizontal, externally heated, cold seal pres-
sure vessels. The confining pressures were built up with
H20 vapour and controlled with a Bourbon gauge to within
0.5 MPa. Temperatures were measured with a chromel-
alumel thermocouple located at the hot end of the vessel,
and controlled electronically to within 5°C. The heating rate
was about 20°C/min and quenching of the capsules from



500°C to ambient temperature was achieved in 5 minutes
before decompression. [Table 1].

[3] The high pressure runs at 600 and 800 MPa were per-
formed in an internally heated pressure vessel. The con-
fining pressures were built up with Argon gas and elec-
tronically controlled to within 1 MPa. The cumulative un-
certainty on the temperature, measured with Pt/13%Rd
thermocouples located at both ends of the pressure
chamber, was 3°C. The temperature gradient in the pres-
sure chamber was measured electronically and was less
than 1°C. The heating rate was 20°C/min. Cooling to ambi-
ent temperature at the end of the runs was achieved in 1
minute before decompression. [Table 1].

[4] The ultrahigh-pressure runs at 2000 MPa were performed
in a solid medium apparatus in which the confining pres-
sures were built up by flowing salt. The heating rate was
15°C. The temperature, measured with Pt/13%Rhd was
electronically controlled to within 2°C. Cooling to ambient
temperature was achieved under pressure in about 90
minutes.

ANALYSES

The apatite sections were carefully taken out of their jack-
ets. Most had remained intact and had not changed col-
our. They were cut into several oriented pieces. One was
used for common fission track analyses, a second for high
resolution transmission electron microscopy [HRTEM]. The
fission track samples were embedded in epoxy and pre-
pared as thin sections, avoiding heating above 35°C. A
sufficient thickness of material was removed from the
crystal surface in order to avoid interference from interac-
tions between the confining medium [water, gas, salt] and
the crystal. The fission track analyses were performed on
spontaneous tracks in sections parallel to the c-axis after
etching in HNO; /H,0 = 6.5/100 at room temperature for 40
seconds [e.g. Wagner and Van den haute, 1992, Hurford,
1990ab]. After etching, fission track densities, lengths and
orientations were measured. Here, we concentrate on the
fission track densities.

RESULTS

Altogether 50 successful experiments were performed from
which we present here the first 17 results. The changes in
fission-track densities as a function of pressure, tempera-
ture, time and chemical composition are shown in Figure
4. Thefinaltrack densities are represented as percentages
of the initial densities as a function of time in a simple xy-
graph.
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Figure 4. Experimental results on fission track densities after an-
nealingatP and T.
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It is clear that an increased pressure at constant tem-
perature and a running time of one week increases the
fission track stability in all three apatites. In the three week
experiments, a decrease in fission track densities was ob-
served compared to the densities after one week anneal-
ing. The average slope of the curves for the Canada and
Siberia apatites suggests a constant rate of fading for
longer time spans which is lower than the rate calculated
for Durango apatite at 250°C and ambient pressure using
the equations of Laslett et al. [1987]. The Durango sample
showed stronger fading after three weeks than the two
other samples. This is probably an artefact and related to
the inhomogeneity of the uranium distribution in the Du-
rango apatite which can amount to 30%. In addition, fea-
tures similar to fission tracks were observed in apatites
which were exposed to temperatures of 500°C at 600 MPa
for one week. The same annealing at ambient pressure
led to total fission track fading after several hours [Figure
4]. The distribution of track length versus orientation in an
unannealed apatite and the HP-HT annealed Durango crys-
tal are similar, suggesting that the observed features are
normal fission tracks [Figure 5]. Anomalous fission track
fading, as described by Jonckheere and Wagner [2000],
can be excluded, since the HP-HT samples are free of
fluid inclusions and tracks were observed in fracture-free
areas. In general, we can conclude from these first experi-
mental results that pressures increases the fission track
stability considerably. Figure 6 shows two photomicro-
graphs of annealed fission tracks in comparison with an
unannealed sample.
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Figure 5. Projected fission-track length vs. angle to the c-axis in
unannealed and [HP,HT] annealed apatite. In both experiments,
track are longer parallel to the c-axis and shorter perpendicular
to the c-axis as a result of anisotropy.

DISCUSSION

If fission tracks are "restored" by a diffusion-type mecha-
nism, it seems that diffusion is less effective at high pres-
sures, resulting in a shift of the fission track stability field
to higher temperatures. This behaviour is known from dif-
fusion processes in metals and some silicates [see Figure
1]. Thisallows us to describe fission track annealing as fol-
lows:

Po/p = -Kpotexp [[[Q+PVI/KT] [1]
[Kohlstedt et al., 1980; Karato et al., 1981], wherein: po =
initial fission track density; p = final fission track density, K
= constant, t = time, Q = activation energy, P = pressure, V
= activation volume, k = Boltzmann’s constant, T = tem-
perature.



stability field derived from our experiments, leading to an
overestimation of the closure ages during exhumation [red
pointin Figure 7].

Figure 6. From top to bottom: unannealed Durango apatite; same
crystal annealed for one week at [350 MPa, 250 °C]; same crystal
annealed for one week at [600 MPa, 500 °C].

If the increased stability of fission tracks due to P-T cou-
pling is confirmed by experiment, then important changes
in the interpretation of fission track ages and in the deriva-
tion of exhumation paths are necessary for high pressure

metamorphic rocks. If fission tracks have greater stability Figure 7. Examples of retrograde metamorphic paths and fis-
at increased pressure, then the closure temperature will :m-ttf:;k rf;ﬂirf;g. reL;SSiSrge éi?ﬁ:éa:tgﬂgggec[’botst?gilliti?l_she [tgpl
be higher than the commonly accepted V?"Pe g .100 cl. parent cI%Zure te%perature age becomes greater than the ré)d
Examples of retrograde P-T-t paths describing this phe- closure pressure-temperature age. The track length distribution
nomenon are given in Figure 7. It can be seen that the also changes when considering pressure-temperature depend-
classic stability field of fission tracks is narrower than the ent track stahilitv.
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