ATION'OF BLUESCHISTS FROM SAMOS ISLAND, GREECE

U, RING!

ol ABSTRACT

Tn this contribution quantify to a first order the amounts which horizontal extension, vertical ductile
ming and erosion contributed to the ~50 km of exhumation of the blueschists exposed on Samos Island.
e to Early Oligocene horizontal crustal shortening caused thrusting ol the hlueschists onto a low-
e foreland unit (Kerketas nappe). We estimate that vertical ductile thinning associated with a
bhorizontal foliation contributed ~9-10 km ol exhumation in the hangingwall during thrusting. The
paining ~15-16 km of ¢exhumation must have been achieved by erosion at an inlerred average rate of
mm/fa. Horzontal crustal extension probably commenced in mid-Oligocene times and continued
mittently until the present. The throw on extensional faults during this phase accounts for £15-16 km
ueschist exhumation. Ductile thinning contributed another ~2-3 km. Present-day ¢rosion rates are on
order of 0.2 mm/a. Extrapolating this rate back into the mid Oligocene yields 6 km of erosional
humation since then.

WORDS: Acgean. Samos Island. Tectonics, Metamorphism. Erosion. Exhumation

RODUCTION

~ We aim to quantily the relative contributions which the three agents of exhumation-erosion. ductile
ow and horizontal extension (Brandon & Ring 1997)y-contributed to the total exhumation of the
leschists exposed on Samos Islund. Greece. [t 1s widely believed that exhumation of Aegean blueschists
chiefly due 1o horizontal extension (Lister et al. 1984). Indeed. a number ot Farly Miocene to Recent
ensional shear zones and normal faults have been mapped in the Aegean Islands {eg. Avigad &
nkel 1991, Buick 1991). Nonetheless, little is known on the throw on those extensional structures and
the contribution that horizontal extension has made to the total exhumation is hard to assess.
ermore, the onset of well-constrained extensional deformation 1s not well known but certainly
lates the Eocene peak of high-P metamorphism considerably. A penetralive subhorizontal lohation
d stretching lineation provide evidence that subhorizontal ductile flow is an important process that
buted to the ¢xhumation of the blueschists. The huge volumes of Tertiary to Recent sediment in the
os and Westhellenic units. in the Aegean Sea and in onland grabens indicate that erosion also aided
xhumation,

G

‘The Cycladic Massif and the Menderes Massif (CMM) form an arcuate orogen to the north of the
nt-day active margin which marks the site of northeastwards subduction of the African plate beneath
Apulian-Anatolian microplate. The CMM consists of a stack ol tectonic units which are interprered as
g a pile of nappes. In ascending order these are: (1) The Basal Unit composed of a thick sequence ol
folomitic marble. (2) The Blueschist Unit comprising a basement of pre-Permian ortho- and paragnéiss
overlain by a shelf sequence ol marble, metapelite, quartsite and metabasite (Jansen 1977), Above this
hell sequence is a melange-like assemnblage made up ol ophiolitic rocks and garnet-mica schist embedded
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il A shaly matnﬂ'ﬁE&‘m & Glingor l@ﬂi(ﬁ] 1). (3) The Upper Unit consists of three subuni
;omposne ophiglite nappe composed “of unmetamorphosed ophiolitic rocks and low-p
t:empemum "etamorp{ﬁc J‘Btk‘vm Laft Cwacwm agc fSeidel et al. 1981). (if T11e Late Cre
1‘ Pdle’e,gﬁm
"' to the :,m,nhe.ist whu,h are dominantly made up bv relauvelv unmetamorphosed carbonate sucd si
uppnd by Ebcene 1o @ligocene clastie rocks (€ollins & Robertsan 1997). (4) Sedimentary basins :":
with cnqunu'ntjll (in the north) and marine (in the south) Miocene and younger molasse-type sedimer
Tl Jansen 1017)

t Vo
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10 km N

! ik "Y' [ cuatemay
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Kali - — ' e Ske ] Kanea nappe — Bl Uk
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ondas EEENE [ ampelos nappe Unit
: [ Kerketas nappe — Uipper Unit
SR  Dilek Il Kalithea complex
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Fig. 1: Tectonic map ta) and cross section (b) of Samos Island and adjacent Dilek Peninsula showing general nap
structure tafter Theodoropoulos (979; Papanikolaou 1979; Erdogan & Clingér 1992; and our own detailed mappi
(vertical exaggeration of cross section is 2:1). A major metamorphic hiatus nceurs between rthe unmetamorphose
Kallithea nappe (as part ol the composite opiolite nappe) and the underlving greenschisi-facies Kerketas nap
Prograde metamorphic discontinuities oceur across the Kerkis and Ampelos thrusts. Note late top-W displacing fanlt in
westermuost part of cross section which brings the Kerketas nappe onto the Kallithea complex. s
!

Our mapping at the 1:10,000 scale pver the last three years on Samos Island augmented the work og
Theodoropoulos (197%) and Papanikolaou (1979) and revealed that the nappe stack (Fig.1) consists of six
major tectonic units. In ascending order they are: (A) The Kallithea complex consisting of dolomitic and
slicious marble, cale-silicate rock and amphibolite (Theodoropoulos 1979). (B) The Kerketas nappe of the
Basal Unir which is made up of at least 1000 m thick succession of monotonous dolomitic marble, the base
ol which is not exposed. (C) The Ampelos nappe made up ol marble, metapelite, quartzite, metagranite
and metabasite and, (D) the Selithuk nappe. The Seliihuk nappe contains metagabbro, in part in primary
contact with serpentinized peridotite, and garnet-mica schist. The Ampelos and the Selithuk nappes belong
1o the Blueschist Unit. (E) The Kallithea nappe, as part of the composite ophiolite nappe of the Upper
Uniit, consists of peridotite, basalt, Triassic-Jurassic limestone, radiolarite and sandstene (Theodoropoulos
1979y, (F) Fluviatile to lacustrine, molasse-type sediments were deposited in the Miocene in N-, NE- and
WNW-orented grabe¥naakmBiBMotnkn: "QegpeaaTogt - Tiunuae dewAoyidgeAQe sedimentation which



Ma when' Huyiatile-conglomerates were deposited which are in turn overlain by
ent (Weidmann et al. 1984). AT present. Samos Island has a very rugged topography with
g valueson theorderofsisiokms

ol |f E]E%g_l'tislafa;ﬁegI_;I?-Iilgqmgjl;jme]) in the Ampelos nappe are 420-490°C and 11-13
1992) (Fig.2). For the Seliihuk nappe. Mposkos & Perdikatsis (1984) report glaucophane
) ck and Chen (1992) estimated ~550°C and >12 kbar for garnet-mica schist on

ession led to growth of barroisite from glaucophane. This (ransition from blueschist- to
hist-facies conditions occurred at pressures of between 6.5 and 7.5 kbar (Chen 1992). A subsequent
-type metarnorphic overprint in the Ampelos and Seliihuk nappes reached temperatures of
50°C (Chen 1992). Our work indicates that decompression and cooling led to the formation of
(8i=<3.36 pfu), paragonite. chlorite, garnet, (Alm,, .. Grs, ;). albite, and epidote, from
phane, kyanite. chloritoid. garnet, (Almg, .. Grs,, ). albite, and epidote,. Phengite barometry
minimum pressure of 6-7 kbar at 380°C which is in accord with the pressure estimate ol Chen
) for the blueschist/greenschist transition. This M, decompression/ cooling assemblage was then
by biotite, chlorite, muscovite, phengite (5i=<3.24 ptu) gamet, (Alm,, ... Grs, .}, albite, and
during further decompression but increasing temperature (M,). Phengite barometry yielded 4-5
450°C. The occurrence of both corundum and diaspore in metabauxite of the Kerketas nappe
e temperatures of about 400-450°C at 3-5 kbar. The Kallithea nappe was not affected by regional
rphism.
e data indicate metamorphic breaks across the nappe pile (Fig.2). P-T conditions increase abruptly
the Kerkis thrust and slightly across the Ampelos thrust. Both thrusts put higher-pressure rocks
lower-pressure rocks. Since the post-blueschist-facies overprint alfected the entire nappe pile without
discontinuities (Chen 1992), we conclude that the metamorphic breaks formed prior to M,. For the
s thrust, the data indicate a pressure gap of about 6-9 kbar, equivalent to at least 20-30 km of crust.
tectonic contact between the Kallithea nappe and the underlying nappes (Fig. 1) is characterized by an
erse metamorphic break which postdates the M, metamorphism. According to Avigad & Garfunkel
{1991), the composite ophiolite nappe on Tinos was linally emplaced above the underlying units before 18
' Ma. The final emplacement of this

= ophiolite nappe is generally attributed

/'/ to horizontal crustal extension (Lister

11 et al. 1984), Based on the P-T data

(Fig.2), we suggest that the extensional

emplacement of the Kallithea nappe

16-20 Ma 20 caused a barometric discontinuity of

(M3) <4 Kkbar, equivalent to <14 km of
5 _cau® Missing Crust,

Fig. 2: P-T-1 paths tor the different nappes.
ﬁh\ﬁ\gxihg? Depth ) i ) o
W‘w% {krm) Note that Kallithea nappe (not shown) was

l emplaced late when all nappes reached

N 75,, 40 relatively  shallow  crustal levels.  Age
constraints are from Altherr et al. (1979)

j \\-‘: 50 Ma and Wijhrans et al. (19901, The barometric

Sm Dy — 3 éMb) 5o, . data are converted to depth assuming an
Wneiakn BiBAoBRkn "@eoppactoc” - TuRua rsﬁ‘ﬁ):‘:orﬂgﬁ'dé‘mt@bfz,s glem?,
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No, gémﬁmgﬁc‘ data éxist'for 'Samos Island. Nonetliéless, age data for the Blueschist Unit fi
number of islandy(8ifnos, Naxos, lossSyresy-Tinos, Ikaria) across the entire Aegean are remarkably si

"and are interpreted to date the peak 'of highpressure metamor;;ﬁ\ism at about 50 Ma (Altherr et al. 1979;

Wiibeans el k| 990). €ooling below-=350"Culook-place between 30-40 Ma and the Barrovian-type
m*erm—[m becurred. at about l?a 2& Ma cWIibmm (,t al. 1990) concurrent with a pulse of calc-alkaline
rmgruahsm (Fig.2y

The shape of the P-1-tpath in Fig.2 jllustrates ¢ major change in the thermal structure at ~30 Ma. The
onset Of high= -pressire merambl‘phism in Crete arabout 25 Ma (Altherr et al. 1979) is younger than that of
the Aegum. Hence, we correlate this major thermal transition to initial retreat of the subducting slab.
Asthentspherie. backiloWw “associated with slab retrear may have triggered the voluminous Miocene
magmatism and inereased mantle heat flow may have causeéd the M, metumorphism. Since extensional
deformation is commonly linked to slab retreat (Lister ¢t al. 1984, Buick 1991), horizontal crustal
extension 1s inferred to have started already during the Oligocene. i.e. at about 30 Ma.

4. DEFORMATION

We recognised two generanons ol ductile structures (1, and D,) related 1o the blueschist- and
transitional blueschist/greenschist-fucies metamorphism. D, and D, are separated by a porphyroblastic
stage of blueschist-facies metamorphism. Associated kinematic indicators include (1) asymmetric strain
shadows around garnet, , containing glaucophane, barroisite and chloritoid: (2) rotated glaucophane and
(3) asymmetries of D, , isoclinal folds. Indicators are scarce and do not provide a consistent sense of shear.
however. the majority of the data is consistent with the data of Ridley (1934) lrom Syros Island indicating
top-SE thrusting. At the same time as thrusting was going on in deep levels, the Lycian cover nappes were
also thrust towards the SE as recorded by the development of an FEocene-Oligocene flexural loreland basin
(Collins & Robertson 1997). Deformation/ crystallisation relationships and the P-T data show that the
nappe pile consisting of the Kerketas-, Ampelos- and Seliihuk nappes was assembled during D,

The Kerkis thrust was strongly overprinted by top-E kinematic indicators (1) ). The overall geometric
relationship between the E-dipping nappe contact at the eastern side of Mt. Kerketas, the top-F kinematic
indicators (asymmetric strain shadows around albite, and garnet,. quartz-c-axis fubrics) (Bernet 1995;
Laws 1996) and the geometry of the Miocene graben that occurs about | km above the nappe contact
indicates that top-E transport is due to extensional faulung. Since post-blueschist-lacies metamorphism
shows no major discontinuities acrass the Kerkis and Ampelos thrusts and within the overlving Ampelos
nappe (Chen 1992}, the cummulative throw during extensional reactivation of the Kerkis thrust and along
small-scale normal shear zones within the Ampelos nappe is considered (o be less than about 1-2 km. Dy
kinematic indicators away from this nappe contact yielded alternating 1op-E and top-W shear sense.
Microprobe work on the minerals in D, strain shadows shows that D structures started (o develop during
and closely after the peak of M, melamorphism.

The extensional structures are in turn overprinted by contractional structures (D)), such as upright to
W-vergent folds, reverse faults and top-W displacing thrusts (Fig.1). Weidmann et al. (1984} constrained
this event between 8-10 Ma. Contractional detormation caused a major change in the sedimentury fucies
pattern; lacustrine deposits were replaced by conglomerates suggesting that contraction was associated
with pronounced uplift. After about 8 Ma, extensional faulting revived (Dg) and continues until the
present.

5. VERTICAL DUCTILE THINNING

To quantily the degree of ductile thinning of the overburden ol the high-pressure rocks, finite strain
and the mean kinematic vorticity number, W __have been estimated. Finite strain wus ussessed trom the
shape of detormed feldspar augen in orthogneiss, the outlines of chloritoid porphyroblasts in kyvanite-
chloritnid schist and the grain shape ol deformed quartz grans. The albite, chloritoid and quartz grains

vield a strain ratio of W}?@m@%'?gﬂm Ilt@ﬁé@’ﬂﬂoaf)ﬁ‘nés-E%HHJrE‘ﬁ)\%%L‘?ﬂlgliscd. these estimates are




indication of finite strain is provided by the
ehout the region of distributed shear, this angle
n intervening low-strain areas. The change in
v stimated from the orientation of the long axes of

.dﬂomm hy blasts of chfferen[ aspect ratios with the mesocopic foliation in zones of
d[p Q\ﬁ!# Fhe plots in Fig3 suggest W, of ahout 0.88. Wallis (1992) used
- betw n t[.[fn girdle of quartz c-axis ams and the flattening plane of strain, b, to
@grams from 26 sam ernet 1995: Laws 1996) have yielded 2° < b < 23,

s a huge range 0 < i ean for W, as deduced from the quartz c-axis

e 15068
al Fig. 3: Aspect ratio. R, plotted
al 80 ". . Feldspar Augengneiss against angle between long axis
4 % e ® of porphyroblasts and
& .a ¢ . N =133 penetrative foliation. Plots are
- 60 .','“ ¢ shown for albite porphyroblasts
b - f‘f H : ° . in teldspar augengneiss from
d E o .’ Samos Isalnd. The dashed line
n 2§ 0 o 15. 1 delines critical aspect ratio, R,
" ‘s % 2 gfee “.'.. .' t which divides clasts whose long
2 3 do Vo0 g O e s : axes reached a stable position
i @ g © ) * D A 5 5 7 subparallel to the foliation and
3 E 5 L ¢ fae ! R those with lower aspect ratios
: =] g S5 e o ! that did not find a stable
: % o -30 :' o.: ! position and thus show a large
: & X . scatter in readings. Since this
' oA change occurs,  delormation
-g’ -60 - '. % deviated from simple shear and
] P o . caused thinning in the vertical.
e 8§ The inferred R - suggests W of

e about 0.88

The amount of vertical shortening can be calculated using a# Mohr circle construction. Assuming
ﬁlrady state flow and isochoric deformation and using a value of R, =5 and W _ = 0.9 provides a bulk

vertical shortening of 33% (Fig.4).
. Fig. 4: Mohr-circle construction showing angle

Mohr circle for Fy; between flow plane (fohation) and axes of finite
strain in stretch space. T = distance [rom the origin 1o
Wm=09 R;=50,A=0 centre of circle. h = distance of centre of circle above

horizontal axis, R = radius of crcle. W_, R, and
assumed dilatancy number, A, are shown above Mohr
circle. Caleulated amount of vertical ductile thinning
is 33,

vertical ductile
thinning = 33%

This value is considered a minimum estimate. W less than 0.9 and/or deformation-related volume loss
would vield an estimate higher than 40%. To properly esuimate the contribution that vertical ductile
thinning made to the total exhumation of the blueschists, we need to consider both the vertical rate at
which the rocks moved through the wedge and the rate of thinning of the remaining overburden at each
step along the path. For this purpose. we use a numerical model which models exhumation and ducule
strain for a particle moving through a steadv—state wedge (Feehan 1997). To model vertical ductile
thinning, we need tWhgiakd BREAI0BAKN itGedppaciog HTghua MesihdyiagidAlR.@recenschist-facies conditions
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lasted:at leastuntil-abodt 16/Ma suggesting that subgreenschist-facies conditions in the blueschists were not
reached much before 10 Ma~Thi§ suggests:that the blueschists were in the ductile field for about 40 Ma,

'The depth of the 'brittle-ductile transition lin the Blueschist Unit probably has been lifted up during

€xhuination.andawe-envision it10.besat 40-km depth.The model calculations are based on a ductile-strain-
ratelaw that is proportional with depth and indicate that ductile thinning contributed about 23% or ~12 km
o the, overall exhumation.

Table 1, Orogeni¢ parameters

iPrincipal Streches (X .Y : Z) 2.07: 4= (_148
Mean.Kinematie Vorlicity Number 08
Depth of Accretion S0.Km
Depth of Brittle-Ductile Transition 10 km
Residence Time in Ductile Regime 40 Ma

6, EROSION

Ahnert (1970) tormulated a [unctional relationship between topography and rates of erosion for
temperate regions. Applying this approach yields a present-day erosion rate of about 0.2 mm/a for the
study area. Westaway (1994) calculated a long-term erosion rate of up to 0.2 mm/a from the river
discharge in the Menderes Massif. A rate of (.2 mmya yields a total erosional denudation of about 6 km
since the proposed onset of horizontal extension in mid-Oligocene times. This estimate has to be regarded
as a minimum estimate because relief and erosion rate might have been greater during earlier orogenic
events when higher lopography may have been present.

7. EXHUMATION

In broad terms, the exhumation history ol the Blueschist Unit can be separated into two general steps:
(1) 25 km of syn-contraction exhumation hetween ~50 Ma and 30 Ma; and (2) 25 km of syn-extensional
exhumation between 30 Ma and 0 Ma. Since the steep increase in metamorphic pressure across.the Kerkis
thrust was created before the M, greenschist-lacies overprint. we propose that this break is due to
thrusting of the Ampleos nappe on top of the Kerketas nappe. Accordingly, the greenschist-facies
overprint in the Kerketas nappe is due to tectonic loading by the advancing blueschist-facies nappes.
Because the Kerketas nappe only shows a greenschist-facies overprint, the Blueschist Unit must have been
reduced in thickness by about 20-30 km before final emplacement on top of the Kerketas nappe. The
simultaneous contractional deformation in the cover (Lycian nappes) indicates that no extensional
structures were active in the Eocene and Early Oligocene. Consequently, thickness reduction in the
Biueschist Unit during this stage was apparently due to erosion and vertical ductile thinning. From the
strain data above, we conclude thar that the 25 km of exhumation during the contractional phase can be
factorized into about 9-10 km due to vertical ductile thinning and ~15-16 km due (o erosion at an average
rate of ~0.8 mm/a. Eocene and Early Oligocene thrusting of the Blueschist Unir on top of a cold foreland
unit coupled with erosion caused rapid cooling and decompression of the blueschists (Fig.2). Exhumation
of the remaining 25 km during horizontal extension since mid Oligocene time can be separated as follows:
(1) Omission of section underneath the ophiolite nappe and above the Kerketas nappe suggests about <15-
16 km of extensional denudation; (i) ~2-3 km due 1o vertical ductile thinning: and (/) contributed another
>6 km due to erosion. We consider these estimates to be accurate within £20%. The estimates for erosion
and vertical ductile thinning are minimum values whereas the amount for exhumation by horizontal
extension is a maximum estimate.

Our first-order calculations suggest that erosion was the major plaver that contributed to the
exhumation of the Aegean blueschists exposed on Samos Island. The average erosion rates reported herein
are moderate, but indirectly inferred. In general. erosion is a function of roughness (Ahnert 1970) which is

i turn dominantly contyhGrkF BIBAGBRKA "OEs@PasTot L TER b TRoyibke Alme!Ie for the Eocene and
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‘Eiﬁgacene in-the portheastern Tethys was in general subtropical and temperate (Prothero & Berggren
: é ;hf, barometric data suggest that the crust in the Eocene was at least 50 km thick. Assuming that the

ni-oi fime needed.for the ggomorphi¢ systermsto Teach steady state was short, crustal thickening
. d have produeed an average elevation of=a couple of kilometers. Increased elevation in temperate
-,, | _regloﬁs should .have resulted in increased erosion rates, Paleogene sediments are widespread and
| & voluminous,-especially’ in‘the-foreland-units to the south (Pindos and Westhellenic units). They include the
_ Pindos {lysth (Seidel 1971 )wparts.of the Phyllite series on the'Peloponnes (1.ekkas & loakim 1981) and the
dipper parts of the Plattenkalk seties (Jacobshagen 1986):

8. CONCLUSIONS

Qur calculations are approximate, but they indicate some interesting conclusions: (1) Exhumation
typically occurs by multiple processes. (2) Erosion was the major agent that exhumed the blueschists on
Samos Island. Theretore this study provides another example demonstrating that erosion is an efficient
exhumation process and commonly plays a major role. (3) About 50% of the overall exhumation occurred
during horizontal crustal contraction. This demonstrates pronounced crustal shortening along the
exhumation path. (4) Because the time span for contractional deformation (=20 Ma) was shorter than the
span for horizontal extension {~30 Ma), average cxhumation rates during crustal shortening were
generally higher than during crustal extension. (§) Since subhorizontal thrusting of the Blueschist Unit onto
the Kerketas nappe was characterized by a degree of noncoaxiality less than simple shear. thrusting was
associated by subvertical ductile thinning which contributed about 40% o the total exhumation during this
stage. (6) Retrograde metamorphism during decompression was caused by thrusting of the Blueschist Unit
onto the cold foreland. (7) During overall horizontal crustal extension normal faulting contributed <60%
to the overall exhumation of the Samos blueschists.
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