
This pdf file contains all figure pages in the dissertation:

EXTENSION AND EXHUMATION OF THE HELLENIC FOREARC

AND

RADIATION DAMAGE IN ZIRCON

by

Antonios E. Marsellos

A Dissertation

Submitted to the University at Albany, State University of New York

in partial fulfillment of

the Requirements for the degree of

Doctor of Philosophy

College of Arts & Sciences

Department of Earth and Atmospheric Sciences

2008



Figure  1: Simplified cross-section of the Aegean domain in the Late Cretaceous (adapted
from Bonneau, 1984; after Trotet et al., 2001) showing the ancient Cycladic sub-
duction zone and the associated formation of the Cycladic unit.



Figure 2: Model of exhumation driven by slab rollback: (a to c) continental subduction stage,
(d) exhumation of high pressure (HP) rocks and (e) exhumation of high-temperature
(HT) rocks in core complex. The red line indicates trench retreat, while the white
arrows indicate the trench advance (a to c) and retreat (d to f). Slab dip increases
during subduction of the continental block (a to c), and then decreases during oce-
anic subduction (d to f), (Brun & Faccenna, 2008).



Figure 3: Schematic N-S cross-sections that illustrate the model of “oblique escape” for the
late Eocene to mid-Miocene tectonic development of the Cretan segment of the
Hellenic convergent boundary (Thomson et al., 1999). The age sequence of accre-
tion of the different tectonic units of Crete is numbered in (a). The HP-LT lower plate
rocks exposed at present on Crete are shaded. PK, Plattenkalk unit; PQ, Phyllite-
Quartzite unit; TR, Tripolis unit; PI, Pindos unit; UM, Uppermost unit; CYC, present-
day rocks of the Cyclades.



Figure 4:  Simplified tectonostratigraphy (after Thomson et al., 1998, 1999) for the central
and western Hellenic Arc. a, thrust of post-Cretaceous age; b, major thrust contacts
of Oligocene-Miocene age; c, extensional detachment of Miocene age, recognized
by Jolivet et al., (1996) for Crete, by Marsellos & Kidd, (2006) for Kythera; d,
Neogene sedimentary rocks of Tortonian age unconformably overlie all the tectonic
units of Crete as well as those of Kythera.



Figure  5: Seismic-tomography in a NNE-SSW section through Greece, Transect VII,
(Spakman, 1993).
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Kythera

Cyclades
Peloponnesus

Figure  7: Location map of the Aegean Sea and the surrounding lands. The dashed line
indicates the boundaries of the Aegean plate and the arrows indicate the motion of
the plates relative to Eurasia (Anastasia Kiratzi et al., 2003).

Figure  8: A compiled figure (after Kiratzi et al., 2003) shows comparison of earthquake slip
vectors and of velocity vectors obtained from GPS and SLR measurement in respect
to Eurasia (data from Oral, 1994; Reilinger et al., 1997; Clarke et al., 1998; Cocard
et al., 1999; McClusky et al., 2000). Earthquake slip vectors represent movement
of the hanging wall relative to the footwall (from Louvari, 2000).



Figure  1a: Geological Map of North Kythera including the Potamos Detachment Fault
(PDF), (Marsellos, 2006).



Figure  1b: Legend for the geological map of North Kythera (Fig. 1a), (Marsellos, 2006).



Figure  2: Tectonic setting of the South Aegean arc. Bathymetry shown by a semi-transpar-
ent DEM layer; a cross section line A - A’ along a NE-SW line through the Kythera
strait.



Figure  3: Extensional episodes of the southwest part of the Hellenic fore arc ridge (Marsellos,
2006b). Boxed area represents the region including Kythera.
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Figure  1a: Partitioning of the arc-normal (high decoupling-underplating activity) and arc-
parallel component (low decoupling-underplating activity, prominent extension along-
the-arc structures). Rotation figure boxes after [1] Kissel and Laj, (1988).



Figure  1b: Extensional episodes of the southwest part of the Hellenic fore arc ridge (Marsellos,
2006b). Boxed area represents the region including Kythera.



Figure  2: Distribution of stretching lineations in the PQU of Peloponnese, Kythera, and
western Crete. a) Index map (PQU shown black). b) central-south  Peloponnese; c)
Neapolis, southeastern Pelopononese; d) nothern Kythera; e) western Crete; PQU
outcrop areas shown by grey in detailed maps.



Figure  3: Distribution of ductile shear sense top displacement in the PQU of Peloponnese,
Kythera, and western Crete. a) Index map (PQU shown black). b) central-south
Peloponnese; c) Neapolis, southeastern Pelopononese; d) nothern Kythera; e) west-
ern Crete; PQU outcrop areas in detailed maps shown by grey.



Figure  4: Distribution of ductile-brittle shear sense top displacement in the PQU of
Peloponnese, Kythera, and western Crete. a) Index map (PQU shown black). b)
central-south  Peloponnese; c) Neapolis, southeastern Pelopononese; d) nothern
Kythera; e) western Crete; PQU outcrop areas shown in detailed maps by grey.
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Figure  5 (b-e): Distribution of zircon fission track ages in the Phyllite-Quartzite Unit of
Peloponnese, Kythera, and western Crete. ZFT ages from this research are shown
by circles; b) central Peloponnese; c) southern Pelopononese; d) nothern Kythera;
e) western Crete; PQU outcrop areas shown by grey.
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Figure  6: Distribution of apatite fission track ages in the Phyllite-Quartzite Unit of Peloponnese,
Kythera, and western Crete. a) Index map. The black areas indicate the outcrops of
the PQU; b) central Peloponnese; c) southern Pelopononese; d) nothern Kythera; e)
western Crete. The AFT ranges shown with bold outline boxes, and age (square)
shown in Crete are from [1] Thomson et al. (1998).



Figure  7 : Sample locations of AFT ages from upper plate (Tripolis flysch), and 40Ar/39Ar
ages on Kythera Island. Simplified geological map of Kythera, after Petrocheilos et
al. (1966) and our observations.
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Table 3: 40Ar/39Ar analytical data.



Table 3: 40Ar/39Ar analytical data (continue from previous page).



Figure  8: Kythera and southeastern Peloponnese PQU rocks (K) were situated at a lower
crustal level after the first (arc-normal extension) stage compared to rocks of central
Peloponnese PQU and Crete PQU (C,P) which reached the zircon FT PAZ. Local-
ized along-arc stretching caused Kythera and Southeastern Peloponnese rocks to
exhume quickly through the zircon FT PAZ between 13-9 Ma.
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Figure  10: Observed orientation of the stretching lineations of the exposed PQU rocks is
plotted together with the individual zircon  fission track ages. The grey shaded box
contains the ZFT ages of PQU rocks having a strong arc-parallel extensional stretching
lineation.





Figure  11 (previous page): Temperature-time (T-t) diagram for selected parts of the west-
ern Hellenic Arc combining: [1] apatite and zircon fission-track data and Ar-Ar data
of this study, [2] K-Ar data of Seidel et al. (1982); [3] Ar-Ar data of Panagos et al.
(1979), [4] Ar-Ar data of Jolivet et al. (1996), [5] ZFT data of Brix et al. (2002),
and [6] AFT data of Thomson et al. (1997). T-t history of Uppermost unit of Crete
derived by Thomson et al. (1998). T-t history of central and south Peloponnese,
Kythera and westernmost Crete from this research. Reddish boxes and orange line
are PQU metamorphics of “lower plate” of detachment; blue boxes and line are
sandstones of “upper plate” of detachment.





Figure  12 (previous page): Depiction of the bending of isotherms during the bending of the
subducting slab below the western half of the Hellenic forearc. GPS velocities de-
rived from an average of five stations LEON, KYRA, OMAL, XRIS and ROML
after McClusky et al., (2000).





Figure  13 (previous page): The grey bars represent the mean elevation derived from the
sample collection locations from each area. The black bars represent the mean ZFT
age from all the samples of each individual area derived by the Binomfit program.
The red line is the topographic profile along the forearc ridge through the sample
locations.



Figure  14: Two end-member hypothesis proposed shown in models A and B. In both mod-
els, Kythera PQU rocks are left at a lower crustal level after the first (arc-normal
extension) stage but in model B the detachment is not held at depth. The rocks with
older exhumation ages (central Peloponnese PQU and Crete PQU) are crossing the
zircon PAZ (Partial Annealing Zone), while the rocks with younger exhumation ages
(southeastern Peloponnese PQU and Kythera PQU) were deeper, below the PAZ.
After 12 Ma the Kythera-Neapolis rocks are crossing the zircon PAZ faster than
those of central Peloponnese and Crete.



Figure  1: A. Pyrophyllite cases used for annealing individual zircon grains; B. One pyro-
phyllite case with a zircon of 130 µm length (c-axis) in the center.



Figure  2:  General band assignment for the most intense bands. FWHM stands for Full
Width Half Maximum. The depicted Raman spectra belong to a zircon measured
before annealing, and after two successive steps of annealing.



Figure  3: Raman measurements made on the same grains before and after 1000oC (96h)
and 1400oC (24h) annealing experiments indicate that high-uranium concentra-
tion zircons show larger shift to higher wavenumbers than the low-uranium zir-
cons. All move substantially towards the region of the synthetic zircons having no
uranium content, and no radiation damage (the undamaged zircon region).



Figure  4:  The average (3 measurements for first annealing and 5 measurements for second
annealing) of the v3 and v1 frequencies of the annealed zircons. Those approach
the end member zircon wavenumber range. Numbers in boxes are the v3 and v1
band frequencies of the synthetic zircons with no hafnium and no uranium con-
tent (and therefore no radiation damage) with their standard deviation.



Figure  5: The average of the FWHM of the v3 and v1 Raman spectra only approach the
undamaged zircon wavenumber range implying less than full annealing or an an-
nealing process which does not directly invert progressive metamictization. Num-
bers in boxes are the FWHM of v3 and v1 band frequencies of the synthetic zircons
of no hafnium and no uranium content, (and therefore no radiation damage) with
their standard deviation.



Figure  6:  (a) Grain map of Raman analysis locations for a zoned zircon grain; (b) figure 6d
flipped horizontally to match the orientation of the diagram in (a); (c) photomi-
crograph of the zircon under plane transmitted light (50x objective); (d) mica print
of the zircon after irradiation showing the induced fission tracks in the mica.



Table 1: Raman data of the v3 [SiO4] band from the zircon of Fig. 6.
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Figure  8: (A) High correlation between the Raman wavenumber of the v3 [SiO
4
] band

frequencies, and (B) Full Width Half Maximum - FWHM of the v3 [SiO
4
] band

peak plotted against the uranium content of individual natural zircons.



Figure  9: Correlation between (A) the Raman wavenumber of the v1 [SiO
4
] band frequen-

cies and (B) FWHM of v1 [SiO
4
] band peak, and uranium content of individual

natural zircons.
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Figure  11: Radiation damage over same elapsed time in low- and high-U,Th concentration
zircon. The radiation damage in the recoil-affected area around the daughter atom
as well as the entire crystallinity of the zircon depends on the uranium/thorium
content in the grain. Low U,Th content results in a small number of alpha, recoil
and fission events, in the zircon host, and a low volume of overall radiation dam-
age. In contrast, natural high-uranium zircon results in a much denser distribution
of radiation damage compared to low-uranium zircon.



Figure  12:  Low-uranium zircon needs a long time to approach the same amount of decay
events of a high-uranium zircon to show equal apparent radiation damage. Time is
what distinguishes zircons of same uranium concentration in the apparent radiation
damage range. The radiation damage range indicated by Raman wavenumber shift
may allow development of a new chronometer using Raman measurements.
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