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Welcome ideas!

Each contribution to the Earth Sciences development represents a new ~brick to the common house”,
irrespective of its timing. The paper of Dr. Roman is such a new brick, not only to the Earth Sciences house
of Romania but to the whole Earth. It is a pleasure for us to have the possibility to publish this paper. In
order to recover the "old” ideas of our colleagues, which work now abroad (the ideas and the colleagues)
and are still valuable (the ideas) we decided to make efforts to collect them (the ideas) in Special Issues
of our journals. Whatever the reasons were the distal position in the past should now be replaced by a
proximal one iu relation to our former colleagues. Not only from a pure human point of view but also from
the point of view of assessing and enhancing communication with everybody working in the fields covered
by our institute should the printing of this book be acceptable.

In order not to alter the primary form of Roman’s thesis and the stacking sequences of his thinking the
text is here reproduced as such, only with small shortenings. In such a way our contribution to the breaking
down of "conspiracy of silence” seems to me to be decidedly greater and much more significant.

Let’s have a look at the "time tunnel”, particularly interesting froni the point of view of one of the most
revolutionary ideas of this century, i.e. the plate tectonics.

Prof. Dr. Gheorghe Udubasa
Director General of the Institute
Member of the Romanian Academy



A FOREWORD

Having been invited by the Geological Institute of Romania to contribute a Foreword to the publication
of the "Seismotectonics of the Carpathians and the Central Asia”, a dissertation submitted for the degree of
PhD (Cambridge 1973), it is my privilege, as Head of the Romanian Academy’s Geonomic Section, to state
that Dr Constantin Roman’s dissertation represented at that time a contribution to the development of the
geophysical approach of Plate Tectonics in general and of the Romanian territory tectonics in particular.

After his graduation as M. Eng. of the Institute of Petroleum, Gas and Geology in Bucharest (1966) -
wlere professors were well known Romanian geoscientists as Sabba Stefinescu, Liviu Constantinescu, lon
Dumitrescu, Iulian Gavat - Constantin Roman was a Scholar of Peterhouse, the oldest Cambridge College,
founded in 1284. which had amongst its members an array of distinguished scientists, amongst whom one
could recall Cavendish, Kelvin, Dewar, Babbage and this century several Nobel prize winners.

Dr Roman’s thesis comprises original work, carried out between 1969 and 1973 at the Department of
Geodesy and Geophysics at. Cambridge. During his first year at Cambridge, Mr. Roman’s project leader,
Dan McKenzie, entrusted his pupil with the sound principle of publishing as fast as possible in order "to
secure the paternity of his ideas and preserve the scientific edge over his fellow scientists”. This resulted
in the article: "Selsmicity in Romania - evidence for the sinking lithosphere™ (”Nature”, 223, 1176-1178).
After only one year as a research student, this was a brillhant start, which subsequently brought the project
supervision under Sir Edward Bullard, the father of Marine GGeophysics. Roman’s examiners were D.H.
Matthews (of sea-floor spreading fame) and Hal Thirloway, Head of the Seismic Laboratory of the UK
Athomic Energy Authority, Aldermaston and a world authority in monitoring Soviet Nuclear tests.

The first part of this thesis deals with the Seismicity of the Romanian territory. This is the first time
that a computer program of statistical mathematics was used on a cluster of Romanian earthquakes in order
to determine with greatest precision their location. The results revealed a new geometry of subcrustal foci,
hitherto impossible to define accurately.

However. what is truly remarkable was the further refining of these seismic results (foci mechanism, fault
plane solutions, travel-time residuals of P-waves) and the author’s attempt of their interpretation in terms
of Plate Tectonics. even if the geotectonic framework of lis model was disputable. Dr. Roman’s Plate
Tectonics research was contemporaneous with the first Plate tectonics model of the Romaunian Carpathians
based on geological arguments (Radulescu and Sandulescu Tectonophysics 16, 1973) and was quoted in
nnportant syntheses as ”Plate Tectonlcs™, Le Pichon et al., Elsevier. 1973, "The Making of the Earth”
ed. Richard Fiefield, Blackwell Publ., 1985, "Pannonian Basin”. ed. Royden et al., AAPG Memoir, 1987
etc, subsequently adopted world-wide, following the publication of his article "Buffer Plates, Rigid Plates,
Sub-Plates - a comment on paper 'Active Tectonics in the Mediterranean” ” (Geophys. J. Roy Astr. Soc..
33, 1973). Roman’s article on the Tibetan and Sinkiang Buffer Plates was printed only weeks before Peter
Molnar, of MIT, published his results.

The sccond part of this dissertation deals with the Hymalaian Seimicity. The relocation of the Central
Asian earthquakes, the analysis of the magnitude versus the spatial distribution of scismicity, the focal
mechamsm and fault-plane solutions of major seismic events, led to the definition of the Tibetan and the
Sinkiang buffer plates. This novel concept coined by Dr. C. Roman remains an important contribution to
the Asian tectonics: "Buffer plates-where continents collide” (new Scientist, 57, 830, 180-181, Londou, 1973,
reprinted in 1985). Other hyperseismic zones of the Eurasian continental crust were thus redefined, such as
the Anatolian buffer and the Persian Buffer Plates, respectively, and this is now history.

The dissertation preserves a real interest for the Romanian School of Geoplysics, which was provided
with a foundation on which subsequent generation of rescarchers built some of their models. In this context
Dr. Roman’s contribution was recognised by the Senate of the University of Bucharest, which elected him an
Houorary Professor and his International expertise in the field of Energy and Natural Resources was called
upon being nominated a Personal Adviser of the President of Romauia.

Taking into account the above noted considerations, I welcome the initiative of the Director of the
Geological Institute of Romania, Professor Gheorghe Udubasa, corresponding member of the Romanian
Academy and the cditing work of the Scientific Secretary of the Institute, Dr. Serban Veliciu, to publish Dr.
Roman’s Ph.D. thesis in recognition of his contribution to the advancement of Earth Sciences.

Acad. prof. dr. Mircea Sandulescu
Head of the Romanian Academy’s Geonomic Section



EDITOR’'S NOTE

Constantin Roman was Incky enough to be doing his research in Cambridge at a time when he "was led,
at the right moment to follow a path trodden by very few and where each wayfarer was conspicuous. It is
now a crowded path on which individuals cannot fail to jostle each other”.

He worked on the Tibetan and Himalayan earthquakes under Sir Edward Bullard (himself remembered
for his first ever mathematical reconstruction of the Atlantic, known as the "Bullard’s Fit”). As a pupil
of Bullard, Roman’s name falls within a direct line of distinguished scientists of the Cambridge School of
Physics, through Thompson, Rutherford and Cavendish, all the way to Sir Isaac Newton. As part of this
tradition, Roman'’s research was going to alter the concept of Global Tectonics.

Constantin Roman’s research led to a new tectonic solution of the occurrence of seismicity within the Con-
tinental Crust of Eurasia: this was fundamental in the development of Plate Tectonics theory at Cambridge
and is unique in several ways.

First and foremost there is its scientific interest in the recognition of the existence of a new type of
lithospheric plate - the "non-rigid plate” or "buffer plate”, published in scientific journals. Several newly-
defined "buffer plates”™ were carved out of large tracts of Continental Crust of Eurasia, in particular the
areas behind the Himalayas - Tibet and Sinkiang, the outcome of which was going to have a huge impact
on the theory of Plate Tectonics. Furthermore, the unexpected discovery of a then yet unknown piece of
oceanic lithosphere sinking vertically under the Continental Crust of the Carpathians the results of which
were published in "Nature " represented a contribution to the huge jig-saw puzzle of the reconstruction of
Tethys. A few months later Dan R&adulescu and Mircea Sandulescu firstly reviewed the evolution of the
Carpathians area as a collection of effects of the plate tectonics.

During the late sixties and early seventies, these new Global Tectonic concepts were going to revolutionise
the understanding of our Planet Earth aud in particular the effect of the collision of Africa, Arabia and India
on Eurasia.

The number of researchers whom it did inspire is amazing - the first articles published in "Nature”, the
" Geophysical Journal” and the ”New Scientist™ remain among the classics of the specialist literature : these
were the early, but heavy days when Vine and Matthews evolved the concept of "sea floor spreading™ and
the Canadian Tuzo Wilson, then a visiting Professor at Cambridge, devised the dynamics of "transform
faults”: 1t caused a frenzy of research which has since transformed GGeology in a manner which has not been
done before, or since.

[t is nevertheless true that Constantin Roman’s thinking, whilst it flourished in the stimulating Cam-
bridge environment which represents the pinnacle of British Academia, would not have been possible without
the broad culture which he received from the Romanian School of Geology and Geophysics, where he was
nurtured, at the University of Bucharest, in the early 1960’s. It is here that he obtained his MA in Geo-
physics with a first ever dissertation on "Palacomagnetism of Complex Copper Ore Deposits of Dobrogea”.
This was an early hint that we got about Roman’s future career, which was defined by his research Tutor
Professor Livin Constantinescu as having made "a significant. contribution, showing both understanding and
perseverance 1n solving a research problem™.

Much more encouraging in discerning the potential talent in Roman’s future input was the assessment
of his dissertation exaniiner and erstwhile professor in Bucharest, the late Acad. Sabba S. Stefinescu, who
wrote: ]

"he managed to work out a very interesting and original diploma paper at the end of his fifth vear
of study...” "The paper was written so passionately and explained so beautifully that Mr. Roman was
congratulated by his examiners™.

It is perhaps ironic to consider the twists and turns of Constantin Roman’s career, where he was led to
excel in domains in which, at the beginning, he was not at all, to put it mildly, "at the head of the pack”. He
confided in me that, when he was 16. he "was not brilliant at Geology and Physics”. only to end up reading
Geophysics for his MA. Likewise, as his contemporaries at the Institute of Oil, Gas and Geology know it
too well, Constantin’s Roman's "forte” were niost decidedly neither Tectonics nor, indeed, Seismology! Yet
in spite of these inauspicious beginnings, at Cambridge, the topic in which he made his mark was ”Seismo-
tectonics”. This success is undoubtedly qualified by the two traits of his character already mentioned by his
professors, namely ”perseverance” and “enthusiasm™. To all these I should add a third one. which is crucial
in our profession, that is "imagination” which he used in interpreting his research data and coming with
unique solutions, often against all odds.



The result of his work at Cambridge has exceeded the expectations - as he described to me so vividly, on
one of his visits to Romania, that “the birth of a new idea was drama of the highest order, as the tension
mounted and mounted towards the final climax”. This was the scientific "rat race” of the 1970’s involving
great scientists, such as D. H. Matthews, Fred Vine, Xavier Le Pichon, John Dewey, Peter Molnar, Dan
MacKenzie, and many others, with their very human faults and foibles, their petty rivalries and driving
ambition. Above all those who heard Constantin Roman’s stories of his debut in Plate Tecfonics at Cam-
bridge they followed an extraordinary excitement of his desperate efforts to beat a group of researchers from
the Massachusetts Institute of Technology to the solution to one of the great enigmas of Ilarth Sciences -
the seismicity of Central Asia. Cocooned n liis Cambridge microcosm and obsessed by his research, Ro-
man was oblivious of Peter Molnar's trans-Atlantic team from MIT working for years on the same Tibetan
earthquakes and accumulating a mass of information, which was about to be published.

This sudden realisation came as a shock, as the very object of his hard-won evidence, which make the
core of his doctorate was put in jeopardy should the American colleagues publish first their results.

This unique instance in Constantin Roman’s struggles, and doubts and final triumphs is a poignant,
example of a dilemma which inevitably confronts the scientist. He is not sure whether the crucial new idea
will be easily accepted by his profession, known more for its conservatism, than for its iconoclasm. Therefore
he finds it prudent to field these new ideas and test them against new audiences in a series of lectures
delivered as a guest speaker of British and Continental universities: Imperial College, Oxford, Cambridge,
Norwich, Newcastle, then crossing the English Channel to Liege and Frankfurt (see enclosed list of invited
lectures). .

There is a somewhat vague code, amongst the scientists, which recognises a claim in a line of research
staked out by a colleague - up to a certain point and this very code had been broken, during Roman’s
time at Cambridge. But when competition comes from more than one quarter there is no holding back
and one has to go out and defend one’s work, the paternity of which has to be preserved at all costs. This
unwritten drama is contained within the pages of the dissertation which we print today which captures with
extraordinary ethos the vivid feel of how creative science really happens: Roman’s PhD Dissertation is not
a history, but an important contribution to the history of Science which some day will be written. Indeed
most of its tenets are still valid today, a living proof of how a solid ground is really laid out, for younger
geilerations to build on.

Finally there 1s the human interest in publishing 25 vears on this Dissertation: those of us who ask
ourselves "why this publication first written in 1973 should come about in 19987” must understand the
issues to be rather more complex but the motives on the whole more straight forward: in this particular
case we deal, at least on a scientific level, with a kind of "restitutio in integrum” of Constantin Roman’s
work. His contributions published in ”Nature” and other prestigious journals were sadly (and for historical
reasons) subjected to the ”conspiracy of silence” in his native country. This has been our loss, the result of
wanton censorship perpetrated by the past regime on the published works of our colleagues in the Diaspora.
It is not our intention here to produce an exhaustive inventory of hardships imposed on most Romanian
scientists prior to 1989, but this is evidence of our stubborn refusal in accepting them, which is one of the
main reasons why we celebrate today Roman’s contribution, as we reclaim our memory and welcome him to
the fold as one of our own, within our prestigious School of Romanian Geophysicists and Geologists, where
he rightfully belongs.

Dr. Serban Veliciu (Editor)
Scientific Secretary of the Geological Institute of Romania



CREATION

Marin Sorescu

I am writing on earthquake.

If some of my words

Slide too far on

It's the crust of the earth that's to blame
With its lack of stability.

You never know

When a volcano will gape in your desk
And after a day's work

You'll sign straight onto ashes.

Everything metamorphoses

Out of its place.

The lamp from the ceiling comes up to my chin

The mountain from the horizon got into my mouth -
A gag whose fragments

Will be spat out for a long time

By my descendants

To the seventh generation.

The leaves from the tops of the trees
Went into the ground
For fear of earthquakes.

Many of my forefathers
Went into the ground
For fear of earthquakes.

I 21lone still try to connect

Like railway tracks after derailment
These two lines

Which run one this way

One that way

Amok.

Translated from the Romanian
by
C. Roman and T. Cribdb
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1

PREFACE

This work consists of two parts: Part {1 deals with the
seismotectonics of the Carpathians and Part 2 with the
seismotectonics of Central Asia. There is no apparent
correlation between the two regions except the tools 6f
investigation and the claim that the Himalayas are part of
the same mountain system as the Carpathians. There are also
certain similerities between the seismicity of the Carpathians
and that of the Hindu~Kush in Central Asia.

The interest of the Carpathian seismicity lies in the
fact that the intermediate depth foci occur under continental
crust and that the Benioff zone is confined to a very small
subduction zone (60 ¥m horizontal front) and is contained within
a vertical parallelepiped. As for Central Asia, the main
interest lies in the presence of the world's widest area of
shallow seisnicity. This study tekes into account for each
of these areas the geological and geophysical factors
(chapters 1 and 5), describes the processing of the seismological
information (chapters 2 and 6) and presents physical end
geological models for the evolution of the crust (lithosphere)
in chapters 3 and 7. The conclusions for each part are
presented in chapters 4 and 8 respectively. A% the beginning
of each of the two parts, that is in chapters 1 and 5
respectively, there is a summary of the seismotectonics
of the Cafpathians and Central Asia.

The original contribution of Part 1 presents the

Carpathian Benioff zone as a vertical parallelepiped
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(Roman, 1970) and its subsequent seismotectonic interpretation
(Roman, 1971 and 1973c), answering such key questions as the
cause of the verticality of the Benioff zone, of its
confinement to the elbow of the Carpathian arc, as well

as the reason for the intermediate-depth seismicity under
continental crust (Roman, 1973b). The original contribution
of Part 2 is not so much the computation of a number of focal
mechanisms based on the WWSSH readings (Roman, 19734) as
their geotectonic interpretation, in particular the movement
of the crust, the geometry of the crustal faults, the
relationship between compressional and tensional axes,

and the major system of crustal faults which qualify for

the status of plate boundaries. Another contribution is
made by introducing a guantitative element, that of the
seismic magnitude, in addition to the freguency element
already used in defining the plate bopndaries; this was

made possible by devising the relatively simple technique

of mazgnitude screening in half-magnitude classes, This
technique led to the definition of a new type of lithospheric

plate, the buffer plate (Roman, 1973a). In the Black Sea

region, the study of the seismicity led to the definition of
yet another type of lithospheric plate, the sub-vlate
(Roman, 1973b).
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Except where specific acknowledgements are made,
or reference cited, the work described in this dissertation
is original. It is not substantially the same as any
that has been, or 1s being, submitted to any other
University and does not exceed 80,000 words in length.
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A. infroduction

CHAPTER 1

Carpathians

Supmery

The revision of earthquake epicentres, focal depths
and origin times for 7O Carpathian earthquakes (1928-1965),
using Bolt's relocation program, reveais a vertical Benioff
zone in the form of a parallelepiped 60 km long, 30 km wide,
160 km deep and oriented NBSOE, tangent to the Carpathian arc
(Vrancea mountains). The area of shallow focus events is
adjacent to the intermediate focus area. Between the 30 km
and 60 km depth there is a region of low activity, while
between 60 km and 160 km depth there is a region responsible
for the present events. Beyond this depth seismicity ends
abruptly. '

The presence of large masses of andeside , high heat flow,
type of basement, crust structure, negative Bouguer anomalies
fit the model of a relict piece of lithosphere sinking at a
rinimum average rate of 1.6 cm/yr under the Carpathian arc
very well. This vertical slab is considered to be part of
the Black Sea Plate, the boundaries of which correspond
roughly to those of the Black Sea basin.

If Bolt's relocation method offers a good basis for
interpreting the seismic results in terms of Plate Tectonics
theory such is not the case with the P travel time residuals.
For the spatial distribution of residuals of all.stafions for

each individual earthquake does not show, as one would expect,
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8 negative residual anomaly in the azimuth of the slab (N35°E).
A parallel method of relocation has thus been tried
(Joint Epicentre Determination, JED) for 58 Carpathian earth-
quzkes from the previous T0. Here the average P travel time
residuals of all 58 events at each individual station within

a close epicentral distance show a zone of late arrivals

(up to +6 seconds) in Hungary, in the arez of high heat flow,

and early arrivals (-1 second) towards the Black Sea (Crimeaz).
A two-dimensional model of the evolution of plates is.

discussed for a periéd since the Alpine orogenesis and the

limitations of the theory as applied to the Carpathian

seismotectonics are considered.

1.1 Introduction to the seismotectonic framework

Since the early stages of development of seismology as
a modern branch of science, earthquakes in Romanias have
attracted the attention of such pioneers as Jeffreys,
Gutenberg and Richter. This interest stemmed from the
existence of a persistent nest of foci, under the continental
crust, of the Carpathian arc. Macroseismic observations in
Romania have been carried out in observatories since 1893,
though spurious information is found as far back as 1716 in
"Descriptio Moldaviae", written by Dimitrie Centemir, the then
ruling prince of Moldavia and a Fellow of the Berlin Academy.
The old chronicles of Moldavia and Wallachie mention quite a
few destructive earthquekes, said to be of bad omen for the
ruling prince, who thus ran the risk of being repleced by a

rival pretender to the throne. However, some of the earliest
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selismological evidence, 2500 years ago, comes from the
archaeological sites of ancient Greek and Roman cities of
Pontus Buxinus (Black Sea) which suffered from earthquakes.
The Roman poet Ovid (43 B.C. - 17 A.D.), exiled at Tomis
(Constanta), mentioned one of these earthquakes in "Pontica" -
would this have been the shock which destroyed the city of
Bisone (Cavarna) as suggested by Atanasiu (1961)?

In our study of seismicity we did not make use of
historical records. Even for a more recent period, from 1893
to 1928, we found there was not enough information to allow
reliable relocations of earthguakes. From the existing
Romenian literature on seismology we made use only of the
study of isoseismals from Atanesiu's work "Cutrenmurele de
pamint din Romania™ (1961). Some focal mechanisms have been
published by Constantinescu, Radu, Ritsema and others, but
unfortunately the quality of their input data is questionable
(see discussion in chapter 2.3). There was also no reliable
location of both shallow and intermediate focus events at the
Carpathian arc.

It was therefore found necessary to relocate all Carpathian
events from 1928 to 1965 using Bolt's and subseguently JED
methods (chapter 2.1). A comparative sfudy of these two
methods (Bolt and JED) was the object of some very useful
geophysical correlations between the P travel time residuals
and various anomalies (gravity, heat flow) in the Carpathian
area (chapter 2.2). Unfortunately, again the general
geophysical information covering Hungary, Romania, Russia

and the Black Sea basin is scarce. There is available only
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e Bbuguer anomaly map for Romania and a vaguely qualitative
free-air gravity map for the same area. . This made it
impossible to check our plate model (chapter 3) against any
quantitative anomaly profile measured on the field. There
are good heat flow results for Hungary, Slovakia, the Soviet
Union (Sub-Carpathian flysch, Russian Platform and Crimesa)
and some parts of the Black Sea, but no published records of
heat flow in Romania (not even from bore holes) (see 1.3.2).
Some deep seismic soundings have been published whilst others
are pending results of current work (1.3.3). There 1s, on
the other hand, a wealth of petrographic, mineralogic and
gtratigraphic evidence readily available in the Romanian
literature. This helped in substantiating the tectonic
model proposed for the Carpathians (chapter 3.1).

Qur data processing involved some computation carried out:
in Cambridge and Blacknest using the Bolt and JED relocation
programs (see appendix for figures)as well as some minor
plotting routines for wvarious types of projections of hype-
centres and epicentres on a Calcomp plotter. The input data
cane from the ISC and BCIS bulletins.

Our work on relocation was published in'Nature' (1970) and
reviewed by the 'New Scientist' (1970). The seismotectonic
nodel for the Carpathians was submitted to and published by the
European Seismoclogical Commission in the Proceedings of its
XIIth Meeting in Luxemburg (1971). A discussion on seismo-
tectonic boundaries and plate evolution at the Carpathian arc
(Roman, 1973b) and a study of P travel-time resiauals for the same

(Roman, 1973c) have just been published. A series of talks
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on the same subject was delivered at colloquia in various
Universities, during the period 1969-1972: Geophysics,
Cambridge (1970 and 1972); Geophysics, Frankfurt (1971);
UKAEA (1972); Geophysics, East Anglia (1972); Geology,
Cambridge (1972); Université de Litge, Belgium (1972) and
Department of Geology, Oxford (1973). Together with private
consultations in the Deparitment of Geophysics et Cambridge
they proved to be of great help in shaping the present views
on geismotectonics in the Carpathians and its interpretation

in terms of plate tectonics.

1.2 Introduction to the Cerpathian Geology

The mzin units of the Carpathian system are: (1) BEastern
Carpathians, (2) Southern Carpathians, (3) Western Carpathians
or the Transylvanian Alps, (4) Transylvanian Basin,

(5) Panonian Basin; external to the mountain arc are:
(6) Russien Platform, (7) Gaetic Basin, and (8) Black Sea
Basin (fig. 1-1 ).

(1) Bastern Carpathizns: these form a sharp bend of 90O

in the zone of the Vrancea mountains, before linking with the
Southern Carpathians. The interest of Vranceaz resides in
the presence of the persistent nest of intermediate focus
events, which form the subject of our seismic investigations.
The Bastern Carpathians have two interesting
cheracteristics: first a parallel geologic seguence, from
west to east - the crystalline zone, the flysch zone and the
Neogene zone. This geguence indicates the passage from the

older lMesozoic formations to the younger ones from the leogene



24

*3x93 9U3} UF

BUOTITATPNS 9Y3 03 puodgadIod SIaqunu 9A0Q8 YT °wrgBq
893 HOBTH ﬁwv uamﬂmMﬁdm 873 puB susTUindas) ulayinog

973} WR9M30q) UTIBq OT398YH (L) fmxoryeTd usTISTY va
{urgeq wsTUOUUBI (3) fuTgvq UBTUBATASUBI] A¢v
‘ummﬂﬁdPndoE Tusandy 2uyg X0 ¢$g9dTy uoTuvaATAausxy,

9q3 x0) suwetyjzedre) ureisep (¢) {susTyiedre) wrafginog (zg)
uAmMook OT3TSOPUB dU2T09N JO SUTBIUNOW BRLTYIIBH-UWeWL[BD 9273
pae %e8ToxTO PTTO3 fIuUTEBluUNOW BOOUWBI) IYjF I9pun L£3TOTwITOI

Te3snIoqung FO 2U0Z 9yl mﬁﬁvdﬂonﬁv gusTy3edIB) WIdlgeqg AHV

vome.dowm ¥ NOFI[0V0YG hmv%dv BTUBWOY JFO daW JDTUO30IY

T~T°2T4



25

0 82
= M v
S e
> o L -
O 3 _ J\E
-~ - vioison v ;—\nwﬁ\\\\\
O Q ™ «_\\ e
T : {i¢
S an 2 jus
0 S jgang ol
ol N

H
o

A
- I8

soiunisaldap pHW YV ===
lwiopoyd 210 tunIxa)4 — v —
25DOUNWIBIUL J0)jUNISaIdap DYWL T YT ==

2uvbodu ayowbay H L
L . ¢ Ap
BuUDISIIY JojInysiS
c:.u_.:wv_:ﬁo Mv %coN Enz«jzw»z_:

TIINVATISNYY L

A=t (AN

22Ju0)223ysod 2uiZpg [ WHZ 4 <uza_wum.am9\
pu2d0}jdoiw D>30dID) DSOJUDAY m. .w Hmw < \ ) .f\"lﬂs. \4A/ “
2U|B}S$440 21221904 + DUaboajod — W..AVV. / uzD.\m ,A_.,.
—DD0Z0Z2W 2JDJUBUIPDS 2P DUOZ 2 Y ]
e} DDA |P0}OD ’ 4 .
WW ucum:o;u:_un> ___UE:?um il Z II S Y/, ( [TANNW ¢
mTi< ugpa? pind 1ziea umsid FHOH| 2 77 \
00 31U Y LNy E="5 > (o) \~\ \.. > S
o2 ploN 3p oaboiqed] E= |4 /
MV psny pwoyoid P01 O
>t [} ‘S\Q 50

<

vaN3231

=xo.~<xcm<.._8_w NIS3INLIWAG'Y 10 YLIAJOLNL
YOINOLDZL vidvH 1§ o -
21907039 1NL3LIK0D 3¢ YLYy08Y13
000 00$:1 Y219017039 Vi¥VH Ydnad

1T INVINO Y L

YOINOLD3IL VLIHOS

1
0€ 8z o2 o0Z




26

and at the same time shows that the axis of the Carpathian
geosyncline, where these deposits were formed, gradually
nigrated eastward. (figel-3). .

A second important characteristic of the Eastern
Carpathians is the presence of the large Caliman-Harghita
volcanic range. The volcanoes are mainly andesitic, with
the odd rhyolites, dacites and basalts, and are known to have

erupted during Neogene times.(figs.1-1,1-3,1-30),

(2) The Southern Carvathiazns are formed by a crystalline

zone, which is autochtonous and is overthrust from the south

by schists (the Gaetic overthrust).

{(3) The Transylvanian Alvs also present 2 crystalline zone.

Older volcanics are of Triassic-Cretaceous age (230-70 m.y.)
and younger acid volcanics are of Neogene age (25 m.y.).

‘ The geological evidence (Mazcovei, 1958; Oncescu, 1959)
shows thet during the whole of Tertiary times (70 - 1 m.y.) the

Carpathien system was an islard arc.(fig.1l-7).

(4) The Transylvenizn Basin, having the Caliman-Harghita
volcanic range to the east and the Transylvarian Alps to the
wvest, was formed through subsidence during the Upper Cretaceous
(70 m.y.) giving way to an internal sea. The Transylvanian

basin hag important salt end methane gas deposi%s.

(5) The Panonian Bagin to the east of the Transylvanian

Alps was, like the Transylvanian basin, an internal sea during
the Cretaceous and Tertiary. One therefore finds the same

geological history for both. The deep seismic sounding



(Sollogub, 1969) shows a similar basement structure for both
the Panonian and Transylvanian basins. Yanshin (1966)

considers this basement of Alpine tectonic ege(figs.1-5,-13,-22),

(6) The Russian Platform borders the Eastern Carpathians

to the east and the Black Sea basin to the north. During the
whole period of the Alpine (Carpathian) orogenesis the basement
was not active,bsince it was formed by crystalline schists of
Pre-Cambrian zge (Oncescu, 1959). According to Yanshin (1966)
the last tectonic movements which affected the platform
happened during the Hercynian orogenesis, to which the Urals

and part of the Crimean mountains belong.

(7) The Gzetic Basin is contained between the Southern

Carpathians and the Balkans. The basement of the Gaetic basin
belongs to the same unit s the Russian platform (Hercynian)
(Yanshin, 1966) and is overlain by thick Mesozoic, Neogene

and buaternary sediments (Oncescu, 1959).

(8) The Black Sea Basin is a remnant of the old Tethys

sea and has all the characteristics of the internal seas, as
described by Menard (1967). During Cretaceous times the Tethys
sea covered the Gaetic basin, precisely during the period when
the Carpathian mountains were an island arc and the Cretaceous
éeas from Western Burope transgressed the Panonian and
Transylvanian basihs, behind the island arc. (figs.1-7,-32).

The Black Sea presents partly an oceanic crust to
the south and partly an intermediate type of crust to the

north (towards the Crimean), showing a transition from the

27
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oceanic to the continental type of crust (Sollogub, 1969;
Kosminskava et al., 1969).

1.2.1 Dvnamics of the Carpathiansg

Certainly the most accurate account of the tectonics of
the Carpathians and adjoining areas would come from deep seismic
soundings, the results of which have been commented on by

Constantinescu et al. (1972) and Enescu et 21. (1972) and

will be discussed in detail in chapter 1.3.3.

There are a number of gravity surveys (Constantinescu

et al., 1967; Socolescu et al., 1964; Petrescu and Radu, 1965)

showing major crustal displacements in Romania, but the quality
of the interpretation has been proved to be less reliable

since the deep seismic sounding (Constantinescu et al., 1972;

Enescu et al., 1972).

There is a very interesting survey of the vertical
movement in Romania showing a2t the Carpathian arc, over the
area known to have the thickest packet of sediments (18 km at
Focsani), a zone of subsiderce with a sinking rate of 1 mm/yr.
This zone is external to the Carpathian arc and follows the(fig.1-2)
trend of the mounteain elbow. Other areas in the South
Carpathians produce an uplift up to 2-3 mm/yr. These figures
have been obtained through repeated lend surveys by Ciocérdel
et al, (1968). It is striking that this zone of subsidence
is confined to the Carpathian elbow instead of following all
along the mountain arc; it does in fact correspond to a2 cuvette

in the @oho (Cbnstantinescu et al., 1972) and is no doubt linked

with the nest of intermediate depth foci at the Carpathian arec,
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22°

Vertical movement at the Carpathian arc (after Ciocfirdel
& al.,l972)s as it eppears from repeated survey.

The éubcrustal foci are represented by a solid circle.
The isocathabasis (lines of equal uplift/depression) are
in mm/yr. It is noticeable that at the Carpathian arc
in the region identified with the zone of lithospheric
underthrust responsible for the subcrustal foci, there is
a trough with a depression rate of 1 mm/yr (shaded area).
This trough also corresponds to a cuvette formation in

the Moho, recently evidenced by the deep seismic soundinge
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being the very region which accumulates, through the
gravitational force, the sediments of the continental

crust which is pulled by the sinking lithosphere under

the mountain elbow -~ this accounts for the 18 km thick packet

of sediments. Cioc&rdel end Socolescu (1971) discuss the

geometry of the crustal faults in that region and show that
the fractures are parallel to the tangent of the Carpathian
arc. Ciocirdel et al. (1970) suggest that the cuvette

external to the Carpathien zrc is tectonically lined with a
subduction zone along the southern sub-Carpathians and in an
eastward direction with the region north of the Crimea and
the Caucasus. These authors also suggest that the 2 mm pa
uplift of the Southern Carpathian is due to the push from the
Adriatic. If such is the case, then this movenent must be
relatively recent, i.e. when the Adriatic started to close up
some 5 my ago and the South Carpathian uplift was at its
maximum rate.

An even more intriguing correlation cculd be found between
the megatectonic movement caused in the western Mediterranean
by the opening of the Atlantic and its possible cbnsequence
in the eastern Mediterranezn basin and the Carpathians. It
the opening of the Atlantic has coincided with the closing up
of the Tethys, then it would be normal that since Jurassic
times, some 180 my ago, the floor of the Tethys must have been
consumed somewhere and that there should be some geological
evidence for it (Smith, 1971). Probably such a front
along wﬁich the oceanic floor was consumed was also the

Southern Carpathians; CiocArdel and Socolescu (1963} found
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lower Jurassic deposits of serpentinites and basic tuffs,

the former being the énd product of a geochemical process
¥nown as the serpentinizZation of the basic rocks which once
formed the oceanic floor. These, together with the ophiolites
and the diabase found by Codarcea (quoted by CiocArdel ard

Socolescu, 1969), seem to support Smith's interpretation (1971).
Other basic formations in the Southern Carpathians, according

to CiocArdel and Socolescu (1969), have been transformed into

amphibolites and micaschists.

Large masses of pillow lavas (diabase, porphyrites,
melaphyres) in the Mures Mountains, within the range of the
Transylvanian Alps, are typilcal of the oceanic floor of post-
Triassic age (younger than 180 my) and are similar to the
formations of the Sumad ja Mountains in Yugoslavia; apparently
during the post-Triassic - middle Cretaceous period (180-100 my
ago) the Mures Mountains were carried some 100 miles away into
their present position. This event, involving huge
compressionzal forces associated with the destruction of the
oceanic floor, links the tectonics of Transylvania and the
Southern Carpathians with the anticlockwise movement of Italy
and its corollary, the closure of the Adriatic.

If we are satisfied that the Southern Carpathians and the
Transylvanian Alps bear sufficient geological evidence to
account for the closure of Tethys and that their structure
is closely enough linked with the evolution of the central
and eastern liediterranean, this does still not explain the
dynanics of the Bastern Carpathians and the presence of the

subcrustal nest of earthquakes under its arc (in the region
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of the Vrancea Mountains).(fig.1-15).

It is a fact that the history of the Eastern and Southerm
Carpathians is different and that they developed in different
stages. Without taking into account the tectonic movement,
this difference is apparent from the age of the flysch and
the molasses, which suggest the delay between the orogeny
of the Southern Carpathians and that of the Eastern Carpathians,
Take for example the molasses which are younger (of Neogene age;
25 my) in the Eastern Carpathians than in the Southerm
Carpathians (of Paleogene and Neogene age; 70 my). The
flysch likewise is younger in the Eastern Carpathians
(Cretaceous + Paleogene; 130-25 my) than in the Southern
Carpathians and the Transylvanian Alps (Cretaceous, 130-70 my)

(Ianovici et 2l., 1966). This would also imply that the

pericd during which the compressional forces acted varied
fron the eastern branch to the southern branch of the
Cerpathians and algso that the life span of the oceanic trench
external to the Carpathien arc differed when these mountains
were an island arc. A1l this evidence leads ug to believe
that the oceanic trench ard its subduction zone (e.g. sinking
lithosphere) lasted until more recent times along the Eastern
Carpathians than along the Southern Carpathians. This image
fits the distribution of the acid lNeogene volcanism, which
exists within the Eastern Cérpathian branch alone and not
within the Southern Carpathians. This point also helps to
clarify the reasons why there is no subcrustal seismic activity
at all along the Southern Carpathians, but only under the

Vrancea Mountains which are part of the Eastern Carpathians.



The reason why this nest of subcrustal foci is confined to

only a small area (Egggg, 1970) at the southern end of the

Eastern Carpathian chain can be explained very easily in

geological terms: as it appears that the Neogéne volcanism

in the Eastern Carpathians is much younger in the south than

in the north, it results that the oceanic trench external to

these mountains first closed to the north and then to the south.

Knowing that the thermal gradient of the sinking lithosphere

could not last longer than for 10 my, this means that the

sinking lithosphere disappeared first in the north, whilst

under Vrancea in the south this thermal gradient still exists

in the region of the subcrustal events.(fig.1=35 end chapter 3-2),
There is no doubt that a trench once existed along the

Eastern Carpathian mountains: Bancila (1967) shows in a.cross

section the eastward overthrust of the Fastern Carpathians in (g ,.,1-3

the direction of the Russian platform. The novement between

two adjoining tectonic blocs being relative, it is difficult

to say whether the geometry of the Eastern Carpathians is due

to the forces coming from the Transylvenian basement to the

west or from the action of the Russian platform to the east.

Ciocérdel and Socolescu (1969) speak of a clockwise rotation

of Transylvania with respect to the Russian platform, and the
same authors (1972) lafer rmention a westward drift of the
Russian platform which accounts for the overthrust of the
Eastern Carpathian sedimentary over the platform; +this image
fits our model well for the feeding of the Eastern Carpathian
trench from the east and the gradual closure of this arm of

the sea (probably during the Miocene times - Macovei, 1958).

(figse1l=32 and 1-35),
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Ciocfrdel and Socolescu also mention a major wrench fault
along the Southern Carpathians extending eastward towards

the Black Sea and westward towards the Alpine mountains of
Albania (Skutari). This line corresponds to an isostatic
"high" to the north and an isostatic "low™ to the south, which
exﬁlains the uplift of the Southern Carpathians continuing
today.

Crustal fractures connected to the Carpathian mountain

systen. One of the major crustal fractures along the Eastern
Carpathian mountains crosses the zone of Vrancea, where the
subcrustal foci are, reaching the Danube valley further to

the south, and the territory of Bulgaria, where it is knbwn

as the Tvardica fracture. According to Cioc&rdel and Socolescu

(1969), this crustal fault is part of a 1,700 km front linking
the Karawanken Mountains to the Tvardica fault. It is
difficult to assess the relationship between this crustal
fracture and the seismicity of the Vrancea Mountains, but
one can say, however, with certainty that this fault is no
longer active, as it is not kmown to produce any important
shocks (Atanasiu, 1961).

The Capidava-Canara fracture (fig.1-4,5), known from

gravity surveys (Socolescu“et al., 1967; Constantinescu et al.,

1967) in Central Dobrogea, is another important crustal fracture
which is the product of the Cymmerian diastrophysm (180-130 my
ago, contemporary with the opening of the Atlantic) (Ianovici
et al., 1966). This fault line probably extends eastward
across the Black Sea basin towards the Crimea and further

east to the Caucasus, separating the Hercynian from the Alpine
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orogenesis. To the west the Capidava-Canara fault appears
to be lirked with the Carpathian arc, as it results from the
deep seismic sounding of Enescu et al. (1972); the geometry
of the fault line suggests that the southern bloc underthrust
the northern bloc. There are a number of historic earthquakes
in Dobrogea, some of which may have occurred along this
fracture line, but this fact can be established only with
certeinty by a microseismic study. Only three destructive
earthquakes with epicentres in Dobrogea are known in historic
times: in the 18t century B.C. -~ which destroyed the city of
Bisone; in 543 — which destroyed the city of Dyonisopolis
(Balcic) and more recently on 31 March 1901; but their
epicentres must have been further south from the Capidava-
Canara fracture, Jjudging at least from the position of the
most modern event of the three.

The wrench fault along the Southern Carpathians is again
difficult to assess as to its seismic activity, because of the
poor gquality of the local seismic network. The seismic station
in Romania had mechanical seismographs until 1956, only capable
of detecting events of megnitude larger than 2.7 (mB) (Radu
and Tobyas, 1965 and 1968). Since 1956 the introduction of
electromagnetic seismographs did not improve the detection

capability. Airinei (j966), Petrescu et 21. (1965) and

Atanasiun (1961) review the seismic activity linked with the
active faults of the southern sub-Carpathians, and yet again
only a complete microseismic study can assess which faults
are active and which are not, and what tectonic significance

they might have on a regional scale.
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o conclude, the only active cyustal faults in Romania
are situated at the Carpathian elbow and are intimately
connected with the zone of intermediate depth earthquakes.
During the past tectonic history other major crustal faults
may have been seismically active, but they no longer are today,
their presence being revealed merely by gravity or DSS surveys.
However, the geometry of folding coupled with petrologic
observation is capable of yielding inforwation as ‘o the
evolution of the zone of subsidence at the Carpathian elbow,
suggestive of a relict piece of lithosphere now under

continental crust.

1.2.2 Mineralogic and petrographic evidence

The Molasse fills the various intra-Carpathian basins
(Panonian, Transylvanian basins) and the avanifosse. In the
Eastern Carpathians the molasse is of Neogene age (25-1 my),
whilst in” the Southern Carpathians and the Transylvanian Alps
the age is Paleogene and lieogene (70-1 my). Devocsits of
evaporites (salt, gypsum) and coal are typical of the Carpathian

molasse (Ianovici et 2l., 1966).

The Flvsch has mainly Cretaceous deposits (in the
Eastern Carpathians it has also Neogene deposits). In the
Eastern Carpathians the flysch is of geosyrncline type, whilst
in the Transylvanian Alps it is of an eugeosyncline type,
sterting with a basic volcanism (diabase, porphyrites).

Ophiolites of Mesozoic age are apparent in the
Transylvénian Mps (Meteliferi, Trascau mountains) and the

Southern Carpathians (Cerma, liehedinti, Vulcan, Paring
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mountains). Both ophiolitic ranges are connected with
ferrous and manganese ore deposits. In the Eastern Carpathians
ophiolites are 4o be found in the Haghimas and Rarau mountains.

The Volcanic formations present two stages:

(1) from the Upper Cretaceous to the Paleocene
(100-60 ny), corresponding to the sub-Hercynian and Laramide
phases; such volcanics are present in the Transylvanian Alps
and the Southern Carpathians and they are intrusive rocks
(granodiorites, diorites), dykes (porphires, andesites,
lamprophires) and extrusive rocks (tuffs, agglomerates).

(2) The Neogene (25~1 my) volcanism is almost
exclusively confined to the Caliman-Harghita mountains in
the Eastern Carpathians and contains andesites, dacites)

rhyolites and some basalts and pyroclastics.(fig.1~30).

The study of volcanism gives at least two clues to the
interpretation of Plate Tectonics activity: = one refers to the
temperature, pressure and depth corresponding to the formation
of certain types of rocks; a second clue is given in
conjunction with radiometric age determination as to what
phase of tectonism such volcanics belong.

Tipmen et al. (1972), discussing the Cenozoic volcanism

in the Western United States, conclude that there are typical
assoclations between Lower and Middle Cenozoic volcanic fields
and plate convergence. Lavas are typically andesites, dacites,
rhyodacites, just as there are in the Eastern Carpathians

(Ianovici et 2l., 1966). Hypabissal intrusive rocks are

granodiorites, monzonites ard quartz-monzonites, which, again,

exist in the Transylvanian Alps and the Southern Carpathians.
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Fig.1-6

The slkalic content of volcanoes above the Benioff zone

(after Lipman et al.,197l). In the case of the Bastern

Carpethian Neogene volcanism the K20 content (at 60% 8102)
is of 1,6%, which would reguire a 160 km depth for the
Benioff zone; this is in agreement with the Vrances
seismicity. The values for the Carpathians are marked in
shaded thick line. Kuno (1965) howéver postulates a 200

kim depth necessery for the formation of andesites.
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The same authors interpret the presence of ash flow tuffs
and low silica rhyolites as high-level differentiates of
intermediate composition magmas. Again, tuffs and rhyolites

are present in the Carpathians (Janovici et al., 1966).

It is known that, in the circum-Pacific regions of active
subduction—related.volcanism, the K20—Si02 ratios of andesitic
rocks increase systematicelly with increasing depth of the
Benioff zone that marks the subduction boundary (Dickinson

and Hatherton, 1967; Hatherton and Dickinson, 1969). In the

case of the Carpathians this Kzo—-SiO2 ratio could prove a
useful method in establishing the depth and shape of the
Middle Cenozoic subduction system. Atanasiu (1958), in his
study of the Neogene in Romania, quotes a 1.39% (1.41%) K50
for a 53.53%% (52.60%) SiO2 content for the basaltic andesites
of Calimani mogntains; this alkalic percentage would be some
1.55% (1.605%) to 60.0% SiOz. If one compares this alkalic
content of the Carpathians with the one of the andesites of
the United Staves by using the least square best £it line

suzgested by Hatherton and Dickinson (1969), then the inferred

depth of the Benioff zone under the volcanoes would be
approximately 160 km (fiz. 1-6 ). It ray be plausible to
suggest though that the active seismic Berioff zone of Vrancea
mountains (E. Carpathians), which is today contained on a

60 km front, was at one time following the entire Carpathian
arc, when the mountains were a Cenozoic island arc {(fig. -7 ).
At least the presence of large masses of andesites within the
Eastern Carpathiané, from the Vrancee mountains to Slovakia,

are a proof of a former subduction zone, acitive all along the
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Palaecogeographic mep of Burore during the Miocene (after

Macovei,1958). The Carpathians are an islend arc.and
judging from the presence of the Neoggne andesites, an
ective trench stretched from Slovakia, through southern
Poland to the Vrancea mountains, The Pannonian end
Transylvanian basins were an internal sea behind the

Carpathian island arc.
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arc during the Tertiary and now confined to the 60 km front
of underthrust tangent to the Vrancea arc.

According to Kuno (1965), andesites are formed at a depth
of at least 200 km, which implies that, during the Neogene
volcanic activity, the Carpathian subduction zone was much
more important than it appears to be today. From the point
of view of plate tectonics, this has major implications, as
it means that the Benioff zone was deeper than the present
160 km, the heat transfer more important, the sinking rate
more rapid than the present minimum average of 1.6 cm/yr and
consequently the seismicity more active, i.e. a larger number
of earthquakes of a greater magnitude (Roman, 1971).

As for the implications of mineral analysis, it appears
that a detailed study of olivines would give information-on

the direction of stress (Sugimura and Uyeda, 19567). The

olivines from the Muresau region, in the Eastern Carpathiansg,
could possibly throw light on the build up of stress through

plates movement (Roman, 1971).

1.3 Introduction to the geophysical aspects of the Carpathians

The structure of the earth's crust in Romania was the
subject of a few gravity studies whose interpretation was

presented by Botezatu (1959), Socolescu et al. (1964),

Petrescu and Radu (1965) and Airinei (1966). Constantinescu

et al. (1967) correlated the gravity and seismological
observations in an attempt to put constraints on to the
gravity.model of the earth's crust. These reasurements and

their interpretation proved of little value for two reasons:
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first, the deep seismic sounding carried out on the territory
of Romania gave absolute values for the Conrad and Moho
discontinuities which contradicted the results of the gravity
interpretation: this proved that the gravity model was wrong;
secondly, the map of the freedir gravity anomalies for Romania,

on which the model was based, was never made available to allow
us to meke our own model, particularly at the Carpathian arec,
known for its thick packet of sediments and lithospheric
underthrust (Roman, 1970 and 1971).(fig.1-11).

There are no direct measurements of heat flow on the
Romanian territory, but these values can be extrapolated by
considering similar geological units (Alpine orogeny foredeeps,
platforms) from the neighbouring countries, where such
information is available (Boldizsar (1964) for Hungary;
Boldizsar (1965) for Slovakia; Boldizsar (1968) for the Vienna

basin; Sologub and Mihailova (1969) for the Ukraine, Crimea

and the Caucasus; Lee and Uyeda (1965) for the Black Sea besin

and the Caucasus). .

So far only studies are available for the post-volcanic
activity in the Carpathians invelving temperatures of thermal
springs either at the surfacé, or well logging, ranging from

1800 to 40.500 in the Eastern Carpathians (Airinei and Pricaijan,

1972a,Db). These data should be treated with utmost caution

as they may not be directly linked with a high heat flow behind
the Carpathian arc, but merely with the effect at the surface
of the exothermic changes due to the Neogene volcanism, now
extinct.

An attempt to correlate the model of a lithospheric
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undgrthrust at the Carpathian arc, and its consequence

the high heat flow from the Transylvaniah, Panonian and
Vienna basins, made by Roman (1971), showed that such a high
heat flow as measured in Hungary can be generated by a 160 km
depth of lithosphere under the Carpathian arc of Romania.

The deep seismic sounding was carried out only recently
along 2 most important profile oriented ESE-WNW from the Black
Sea basin across the Cérpathian arc in the zone of the Vrancea
mountains right through Traﬁsylvania t0 the Panonian basin;
another profile NNE;SSW is at a right angle to the previous
D3SS profile, which it crosses at Galati, near the Danube, and
crosses a Hercynian basement covered with a thick layer of
sediments. Finally, explosion in the Panonian basin in
Hungary a2long the profile III allowed the evaluation of the
Moho and Conrad subsurface in the NW region of Transylvania(fige.l-12) -

The specific values obtained by the D3S in Romania will
be discussed in detail in chapter 1.3.3. What one could
comment on at this stage is that the values for the Moho

obtained by Enescu et al. (1972) under the Carpathian arc,

of 50-55 km depth, are compareble with the ones presented by
Sologub (1969) for the Carpathians and by Closs (1969) for the
Western Alps. Also it may be worthwhile pointing out that
the structure of the crust as revealed by DS3 in the Black Sea
and the Panonian basins shows the same values; without having
such information, and based solely on the comparative Bouguer
anomaly map for SE Europe, I suggested (Romanm, 1§70 and 1971)
that the structuresof the crust in these basins should be the

same, as they underwent a similar history with a more pronounced
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continentalisation process in the Panonian than in the Black
Sea basin. These absolute values for the earth's crust in
East Europe all round the Carpathian arc substantiate the
model we proposed for the tectonic evolution of the area.
The seismological data a2lso produced useful information
as to the physical quality of the basement from a map of
isoseismals (Atanasiu, 1961), travel-time anomalies (ggggg,
1973 and chapter 2.2) or the map of isovelocities computed

fron explosion seismology (logging) (Ciocirdel, Socolescu and

Popescu, 1972). (figs.1-8 and 1-9).

1.3.1 Gravitz_

As azlready pointed out in the introduction to the
geophysical properties of the Carpathians, the main difficulty
in considering the quality of the gravity information available
from the Romanian literature is the lack of guantitative maps -
only qualitative maps (with shadings but no absolute values)
are available. Looking 2% such a map presented by Ciocfrdel
and Esca (1966) (fig.1-10 ), the general trend of the Bouguer
negative anomalies follows the trend of the Carpathian arc.

MHore precisely one could say that the negative Bouguer anomalies
coincide with the region of the sub-Carpathian foredeeps; this
is hardly surprising, as the packet of accumulated sediments

is very thick indeed in all Alpine foredeeps. Therefore, the
Carpathians are no exception to the rule and no particular
correlation could be estatlished between the subcrustal nest

of foci at the elvow of the mountain arc (the Vrancea mountains)

and the negative Bouguer anomaly.



0f greater value is the correletion between the positive
Bouguer values on either side of the Vrancea mountains, at
the SE in the Dobrogea region, very clcse to the Black Sesa
basin, and to the NW in the Panonian basin of Western
Transylvaniz; they suggest a similar structure of the
earth's crust corresponding %o a basaltic layer overlain by
a packet of sediments granitized at the bottom. Thus the
crust on either side of the Carpathian arc underwent the same
history, starting as an oceanic type of crust (towards the
Black Sea, this was part of the Tethys oceanic floor, while
in the Panonian basin it was an internal sea linked to the
western lMediterranean - fig. 1-7 ). This has undergone a
continentalisation process of the type described by Menard
(1967), more pronounced in the Panorniar basin, where the crust
has become a continerntal type, and still incomplete in the
Black Sea basin, where there is an intermediate type of crust
(Roman, 1970, 1971). This point of view was later
substantiated by DSS in these regions (see chapter 1.3.3).

0f still greater wvalue to us would have been the original

data used by the authors (Cioc&rdel and Esca, 1966) in computing

their Bouguer reduced map. But a2 free air gravity map is
unavailable in Eastern Europe. The same hendicap applies
when one considers the map of the Ioho discontinuity computediﬁg{balf

from free air gravity data by Socolescu et al. (1964), as we

are presented only with the end-product, not with the original
free eir gravity map on which these computations were carried
out. The map of the koho discontinuity with which we do not

agree has become obsolete by recent D3S observations carried

55



56

out by Enescu et 21. (1972), which differ by as much as

10-15 km for SE Dobrogea. Sti11ll these results based on
gravity measurements outlining the features of the Moho

(Socolescu et al., 1964) are presented in figure 1-11

merely to show the general trend a2long the major tectonic
units and to compare relative values for Dobrogea and the
Panonian basin, even though they are erroneous.

There are only two isolated values confirming the steep
isostatic gradient across the Carpathian erc: -60 mgals at
Focsani (in the Carpathian foredeeps) and +70 mgals at Fagaras
(in the Transylvanian basin); this gives an average gradient
of 1 mgal/km, decreasing from west to east across the

Vrancea mountains (Petrescu and Radu, 1965).

1.3.2 Heat Flow

The general picture which characterises the heat flow
anomaly on either side of the Vrancea's intermediate earthquake
zone is very simple indeed: =at the west, in the Panonian and
Transylvanian basins, there is a high heat flow, followed by
a low heat flow in the region of the Carpathian flysch; at
the east, in the zone external to the Carpathian arc (the
Russian Platform and the Black Sea basin) there is a normel
heat flow (Roman, 1970).(fig.1-23).

The Intra-Carpathian Basin (Panoniz and Transylvania):

heat flow measurements frox Hungary are presented by Boldizsar
(1964) who gives an average value of 2.4.h.f.u._ This value
makes the Panonian heat flow the most important in Europe.

The heat flow measured in Slovakia (Boldizsar, 1965) is part



of the same high anomaly: 2.66 h.f.u. at{ Banska Striavnica.

Transylvania, like Slovakia, is part of the same heat
flow zone as Hungary. However, no geothermal data from the
boreholes in Transylvania have been released. The only
information one has in connection with the heat flow comes
from geological observations. It is known that the whole
intra~Carpathian basin of Panonia-~Slovakia-Transylvanla is
rich in thermal springs. Oncescu (1959) quotes temperatures
of 20.8°C at Tusnad, 23.6 - 26.7°C at Toplitae, 20 - 22.5°C at
Lobogo, and 22.5° at Lunca, which are all spas on the
Transylvanian side of the Eastern Carpathians; west of the
Transylvanian Alps, near the city of Oradea, there are lakes
with temperatures from 41°C to 4BOd (in these lakes a unique
lily from Tertiary times (70 my ago) has been preserved, the
Nymphaea Lotus Thermalis).

The Carpathian Flvsch: this zone is characterised by a

low heat flow. There are nevertheless few measurements qubdted
in the literature, ranging from 0.75 to 1.35 h.f.u. (Boldizsar,
1968), the lower values being on the flysch side of the
Carpathians and the higher values of the range towards the
Carpathian foredeeps.

The Russisn Platform is quoted by Sollogudb and kihaillova

(1969) as having an average of 1.05 * 0.1 h.f.u.

The Black Sea Basin (with the exception of some very

localised high heat flow values in the Crimea and the Caucasus,
connected with active fractures) has =2 normal heat flow of

1.2 h.f.u. (Lee and Uyeda, 1965).
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1.3.3 Deep seismic sounding

Since the 1ate'1960‘s the Carpathian-Balkan commission
for Geology and Geophysics designed e series of profiles along
which deep seismic sounding should be carried out in SE Europe,
in order to investigate the structure of the crust. In 1969
none of these profiles was supposed to cross the Carpathian
elbow (Prosen , 1969), which should be by far the most
interesting from the seismotectonic point of view and for
our wnderstanding of the subcrustal phenomena. In 1970, at
the 9th assembly of the Buropean seismological commission in
Luxemburg, I proposed (nggg, 1971) trhat one of the DSS profiles
should cross the zone of lithospheric underthrust. At present
some of these observations have just been published and

commented on by Enescu et 21. (1972) =nd Constantinescu et al.

(1972) (fig. 1-12).

These results are of the utmost importance because they
give absolute values for the crustsl siructure in the Vrarcea
foredeep. They show the tectonic accidents and their
geometry, wnich might be indicative of the possible plate
boundaries linking the Carpathian lithospheric underthrust
to recognised plate boundaries in the Crimea (profile XI,
fig. 1-11 ) and also because they substantizte our interpretation
cf the gravity anomalies for the Dodbrogea end the Panonian basin
(profiles II and III, fig. 1-12 ).

Tne review of the DSS findings is presented below:

1. The sedimentary layer of the Carpathian foredeep
behaves &5 a contiruous medium from fthe seismic point of view

(e.g. velocity increases with depth). Two discontinuities
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were found within the sedimentary at 4-5 m, Vy = 4.2 km/sec,
et the level of the Pliocene (probably the lower Pliocene, e.g.
Pontian or Meotian, 10 my), and at 10-11 km depth,

VL = 5.6 km/sec (Jurassic or Triassic, e.g. 180 or 230 my

ago) . The Carpathian foredeep at Focsani presents a uniquely
thick packet of sediments of 18 km.

2. The Conrad discontinuity at the Carpathian elbow 1is
deeper (26-28 km) and decreases north and south of the elbow
to 20-23 km; the same pattern applies to the Moho discontinuity,
which presents a cuvette external to the elbow of the mountain
arc. The earth's crust increases its thickness from east to
vest along the profile XT: 42-44 km at the easternmost limit
of profile ¥I, then 47 km at Focsani and fin2lly 50-55 km
under the Carpéthians.

3. There is another discontinuity deeper down than the
Moho, at 80-90 km, which is interpreted by the authors
(Enescu et al., 1972) as the upper limit of the low velocity
layer. The lower 1limit of the low velocity layer appears
from P-wave data at a depth of 250 km and from S-wave data

at 400 km.

Comments on the seismotectonic implications of the DSS data

Firstly, it would be valuazable to compare the Romanian
D3S observations with D33 wvalues obtained for simjlar

tecteonic units within the Alpine system of Europe.(teble 1-1),
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A very brief consideration of the above figures allows
us to see that the DSS confirms the interpretation originally
nade from gravity data (Roman, 1970, 1971), showing the (fig.1-13)
similarity between the structure of the crust in the Black
Sea region and that in the Panonian basin; also it is clear
that the Moho wvalues obtained for the Cerpathians are similar
to those found for the western Alps. The above more general
consideration supports the continentalisation process on either
side of the Carpathien arc. It compares the crustal structure
of the Carpathians with the western Alpine system and suggests
that there are no differences in the Moho valuss between the
Bastern Carpathians and the Western Alps.

S0 far as the sedimentary layer external to the Carpathian
elbow (the Vranbea Ifountains) is concerned, the implications of
the D3S observations are extremely veluable for two reasons:
firstly, it shows a cuvette containing the thickest packet of
sediments ever found in an Alpine foredeep and, secondly, it
shows that the sediments accumulate since the Pliocene (10 mny
ago) are only 4-5 km deep. With respect to the first point,
the presence of the cuvette can be associated with the
existence of a process of subsidence localised at the elbow
of the mountain arc, externzl to the zone of intermediate
depth foci; as for the second point, it clarifies the fact
that not the entire packet of sediments of 18 km was
accumulated through gravitational force since the beginning
of the Alpine orogeny, some 18 my ago, but only = fraction
of it, from 4-5 km. The remzinder of 13-14 km go back to‘

Jurassic or Triassic times, that is, some 180 or 230 my ago.
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Crustal structure profile in SE Europe (after Roman,1971).

Note the similerity between the crustal structure in Hungary

and the one near Crimea, in the Black Sea: they both started

as typicelly oceanic crust and subsequently underwent a

process of continentalisation, now complete in the Pannonian

basin, but still going on in the region of the Black Sea.
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It is therefore very simple to deduce the average rate of
sedimentation for the.past 10 my, which is 5 x 105 cm/ 10'7 yr
= 0.5 mm/yr. Considering that for the same period of time
the average sinking rate of the lithosphere was 1.6 cm/yr,
wnhich is 30-40 times as much, it is not clear whether the
iithospheric underthrust should be altogether responsible
for the thickness of a layer which at the 0.5 mm/yr rate of
sedimentation could have accumulated in normal circumstances.
If one computes the average sedimentation rate for the past
180 my, that is, 18 x 10° cm/18 x 10! yr = 0.01 cm/yr = 0.1 mn/yr,
then it seems even more plausible that this rate, since the
Jurassic, occurred in the rormal conditions without any
specific link with the gravitational accumuwlation of
sediments.

Lastly, it is worth noting the discontinuity below the
Moho at 80-390 km, which coincides with the depth at which the
Bolt relocation of hypocentres (Romen, 1970) shows an increase

in the seismic activity.(fig.1-16).

1.3.4 Seismicity in Romznia - 2 czse history

The historical earthquakes in Romania are mentioned
in a number of chronicles or in notes made by monks ('letopiset')
and they are related to contemporary historical and political
events.(the letopiset of the Bistrita monastery: 1359-1506;
the Serbo-lioldavian chronicle of the Neamt monastery: 13%25-1512;
the Moldavian-Polish chronicle of Nicholas Brzeski: 1359-1566;
the chronicle of Moldavia and Wallachia by Miron Costin, 1684).

Details on Transylvania, where some of the Vrancea earthquakes



were felt, are found in the Saxon and Hungarian chronicles.

Ezarlier, when the Black Sea coast of Romdnia was part of the
Byzantine empire or, prior to that, part of the Roman empire
and Greek colonies (belonging to the city of Milletus in Asia
Minof), more evidence can be found about ancient earthquakes.

A review of these sources is presented by Draghiceanu
(1896), Stefanescu (1901), Popescu (1938) and, more recently,
by Atanasiu (1961). The most important of these historical
earthquakes are the ones with epicentres at the Carpathian arc,
known as "Moldavian earthquakes". A series of the larger
shocks, some of which are destructive, is presented by
Atanasiu (1961): 1170, 1196, 07.02.1258, 24.11.1516, 08.11.1620,
11.06.1701, 11.06.1738, 06.04.1790, 26.10.1802, 10.02.1821,
26.11.1829, 23.01.1838, 13.11.1868. Since the turn of tﬁe
century the installation of seismic stations on the territory
of Romania allowed the recording of smaller earthquakes.

It is not our intention to mention all studies of
seismicity made in Romania, the more recent of these are
included in the reference list at the end. We shall only
-extract from these papers a few ideas, to show whaf was
already known before the present study was started and to
show what is still to be done.

Epicentre distribution. There are many papers giving lists

of epicentres:
Popescu (1957): 1,800 epicentres
Radu (1965): 559 epicentres, between 1901-1963

Sacuiu and Zorilescu (1968): 377 events, 1937-1962,
2.3 m L7.5

Niculescu (1968): 567 events, 1800-1963,
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The quality of the epicentral distribution for the above
events is poor. Perhaps the most valuable study in this
respect is that of Radu (1968) which finds a N 30°E orientation
of the epicentral region at the Carpathian arc, and that of
JTosif (1968) who gives an orientation of N 30°E computed from
P waves and of N 60°E computed from S waves. The study by
Tosif (1968) is based on 77 events of magnitude smaller than
5.0 between 1952 and 1966, and he finds a difference in the
epicentral location between the P waves and S waves methods
verying from 8 to 22 knm. However, the results of Iosgif
computed from 3 wave data are wrong, since in many cases
the author assumes automatically the co-ordinates, f = 45.7N;
A = 26.6E, when the event is not located.

Hypocentre distribution. The approximate depth of the

intermediate foci under the Carpathian arc was known for some

time (Jeffrevs, 1935; Gutenberg and Richter, 1938) and it was

often quoted to be at some 150 km depth. In the Romanian
literature there is no consistent difference in the definition
of "shallow" and intermediate depth events. Radu (1968)
includes in the category of shallow earthguakes all foci up

to 100 km and the same author, in a different article of the
same year, quotes 80 lm as the maximum depth of shallow events.
He mentions the occurrence of sub-crustal foci up to a depth

of 200 km. Iosif (1968), in his study of the 77 subcrustal
events between 1952 and 1966, finds the nest of subcrustal foci
stretching from 80 to 160 km depth. This eveluation is closer
to rezlity, but a more careful consideration of the results

reveals that these events have strangely the same increment



of 5 km in the estimates of focal depth; the distribution of
epicentres is available, but not of the hypocentres of the

same events. Also no explanation is given for the confinement
of foci within such a small space under the mountain arc.

Even arbitrarily aésuming that some of the epicentral wvalues
-were situated at 45.7N; 26.€E, this spatial distribution of
foci would be erroneous. Radu (1968) underlines in his
conclusions that no apparent correlation exists between the
gshallow znd the intermediate depth events at the Carpathian
arc.

Low velocity laver. Iosif (1965a) finds a low velocity

layer between 100 and 200 km depth, by studying the P and S
waves of intermediate depth events; for the Vrancea lNountains
Tosif (1965b) states that the low velocity layer, as
suggested by the study of shear waves (S waves), stretches
between 100 and 250 km.

Fagnitudes. There are iwo studies carried out by Radu
(1964 2nd 1968) on the magnitudes of Carpathian earthquakes.
The latter study is based on observations of some 160 events,
at intermediate depths, which occurred between 1942 and 1960,
having a magnitude span of 3.1 £ mgy$ 6.5, and of 18 shallow
events (h < 80 ¥m) between 1943 and 1962. The author uses
the formula where the energy is a function of the period of
oscillation, log E = 16.51 + 3.21 1lgt, but log E = 11.8 + 1.5M;
so he finds for the Carpathians' subcrustal events that:

My = 2.14 1gt + 3.14
which is similar to the formula found for the Hindu Kush

‘subcrustal events of:
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Mt = 2.12 1gt + 2.87
For the shallow events, Iosif (1968) uses the formula

log B = 16.15 + 2.781 1lgt, so that he finds:

M, = 2.12 1gt + 2.66
for the Carpathians, which compares with the Hindu Kush
shallow events as follows:

My = 2.0 1gt + 2.46.
A 20% error in the period of oscillation results in a * 0.2
error in the estimate of the magnitude My.  Iosif (1968) also
makes an interesting remark, showing that for the same
magnitude the period of intermediate foci earthquakes is
shorter than that of the shallow earthquakes.

Frequency. In terms of "seismic risk", Sacuiu and

Zorilescu (1968) claim that every 120 years there should be

a destructive earthquake comparable to the one of 10.11.1940,
which was of magnitude 7.5 (}M1); their study is based on the
statistical analysis of some 377 events which occurred between
1937 and 1962.

So far as the magnitude-frequency study is concermed, it
is almost always difficult to compare the "b" values computed
by various authors, since they use different megnitude scales
and different areas, and consequently the physical significance
(if there is one at all) is not the same. However, one should
mention a value of b = 0.80 (EKarnik, 1969) and another value of

b = 0.76 (Constantinescu and Enescu, 1964) for the Carpathians.

Radu (1965) finds for the Vrancea a value of b = 1.5,

Enefgy. Constantinescu and Enescu (1964) computed the

amount of energy released through seismic activity at the
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Carpathian arc, between 1937 and 1962, as B = 8.76 x 1O22 ergs,
out of which 90% was released by one majér shock on 10.11.1940,

ihe average of 0.33 x 1O22 erg/yr of Constantinescu and Enescu

(1964) for 1937-1962 is about three times as much as the average
found by Radu (1965) for the period 1601-1963: 0.86 x 10°' erg/
yr. This is hardly surprising considering that since 1601
until the 20th century a lot of the smaller tremors must have
.been left out and that the energy would have been more difficult
to estimate than for the more recent events. For the period

1901-1963 Radu (1965) finds an energy of E = 11.24 x 10°2 ergs

which gives a yearly average of 0.18 x 1O22 ergs/yr; this,
though more accurate than the previous average, is about twice
as smzl]l as Constantinescu's figure of 0.33 x 1022 ergs/yr.

Travel-time residusls. Petrescu et al. (1965), in a

study of intermediate depth foéi Ifrom the Cervathians, find
early arrivals for stations with a A4 25O and late arrivals
for stations with a 25°< & < 35% for shellow events they
find alnost the reverse, that is, late arrivals for stations
with a A < 13.50 and early arrivals for seisnic stations with
a A\ j>13.5°; unfortunately, the conception of shallow for
this study includes hypocentres up to 100 km devth and the
events are not relocated. The method made use of the pP waves
(which are the waves reflected at the crust in the neighbourhood

of the epicentre). Tosif and Tosif (1968) point out in their

study of the spectra of seismic waves from thz intermediate
depth foci in the Vrancea mountains that the arrival of the
waves is influenced by the geological structure undernecth

the receiving station; +this coincides with our study of the
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travel-time residuals (Roman, 1973¢c). The correlation between
the geological structure and the transmission of the

longitudinal waves is emphasised by CiocArdel et al. (1972).

Focal mechanisms. Constantinescu and Enescu (1963) and

Constantinescu et al. (1966) computed 2 number of focal

rechanisms of Carpathian earthquakes between 1934 and 1960(fig.1-25)

and found most of the events of a thrust type with a strike-
slip component. Only three events (29.03.1934; 12.03.1945
and 19.12.1945) are a combination of normal faulting with
gtrike-slip, but they are very likely crustal events. Radu
and Purcaru (1964) also note & prevailing thrust type of
rechanisms as opposed to the normal faulting. They also
point out that the comvressional axes of the Carpathian
earthquakes are horizontal. Ritsema (1967) also computed
some focal mechanisms of the Carpathian earthquakes, but he
presents average solutions for groups of events and, as these
are not relocated, it may happen that the same group should
include shallow and intermediate depth foci at the same time -
or these tend to have a different type of mechanism (thrust
for the intermediate depth focl and normazl faulting for the

shallow foci).{fig.1-25).

Comments on the study of seismicity in Romania by other authors

What is lacking so far in the specizlist literature on
the seismicity under the Carpathian arc is a unified view of
the seismlc phenomena, an overall accurate evaluation of the
parameters and their correlation with othér geophysical and

geological features. In the 1960's attenpts at "geophysical
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integration™ of seismic data were made but the conclusions
were marred by poor results. Individual papers may have some
valuable results which we shall use as a means of comparison
in éhapter 2, and also in our interpretation in chapter 3,
but as a whole the few good results are obscured by a mass

of very inaccurate observations, poor qualitative methods in
the data processing, and general lack of perspective in the
interpretation.

As a consequence of the above situation, it appeared
necessary to re-evaluate the seismic parameters (epicentre
end hypocentre relocation, re-evaluation of the origin
times, travel-time residuzls) to distinguish between the
good and poor quality work done so far and to reinterpret
it all. These aspects will be dealt with in the following

chapters.
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B. data processing

CHAPTER 2

Seismological Study of the Vrancea Earthquakes

" The Vrancea eartﬁquakes have already been the subject of
several of our papers (Roman, 1970, 1971, 1973a,c) and
seminars (1970-1973).

70 events between 1928 and 1965 were relocated at Cambridge
by making use of Bolt's (1960) program. New origin times were
found and the residuals were plotted on a focal sphere for
each individual event (see appendix for figures).

A first interpretation of the geometrical significance of
the focal distribution was presented (Roman, 1970) in terms of
plate tectonics theory. A two—dimensiongl plate model, and =z
first crude estimate of 2 possible thermic model for the
Carpathian arc, were presented %o the 9th Buropean Seismological
Commission, at Luxemburg, in September 1970 (Roman, 1971).

As the study of the travel-time residuals computed through
Bolt's program did not appear to show the expected pattern of

anomalies (Davies and licKenzie, 1969), a parallel method of

relocation was tried, by using the joint epicentre determination
(JED) method (Douglas, 1966). The processing was carried out
at Blacknest. This time only 58 out of the previous 70
relocated events were used for the same period 1928-1965.

The epicentre distribution as computed through JED presents

a more concentrated area of seismicity than thé distribution

of epicentres relocated through the Bolt program: some of the
events which were originzlly situated in Transylvania behind

the Carpathian arc (a region considered as aseismical) were
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now pulled in front of the mountain arc, together with the.
bulk of the epicentres; these were probably shocks of a
lesser magnitude which occurred in the late 1920's and the
early 1930's, some of which were recorded at seismic stations
vhich have since ceased to function. Events of the same
magnitude occurring in the 50's znd 60's would automatically
be better located due to an improved number of stations which
functioned long enough to allow good estimates of the average
travel-time residuals to be made. A comparative presentation
of the epicentre locafion through Bolt and JED programs is
published (Roman, 1973c) and is presented in chapter 2.1.3,
and a study of the residuals in chapte¥ 2.2.

The focal mechanisms of the Carpathian events were not
studied for twb reasons: (a) since the installation of the
standard seismic network, the W¥SSN, in 1962, large enough
shocks did not occur to determine 2 reliable mechanism;

(b) some of the mechanisms since 1934 were reasonably well

defined by Constantinescu et 21. (1965) using observations

of seismograzs from non-standerd stations, and these appear

to fit in well with the general interpretation of our results
(Romen, 1970). 'Furthermore, the zone of subcrustal events,
like the one underlthe Carpathian arc or the Hindu Kush, would
understandably produce thrust mechanisms whose nodal planes

vere in the same azimuth as the plane of the sinking lithosphere,
so that no surprise could be expected there. Far more
interesting would te the study of shallow events to determine
the movement of the crust off the Carpathian arc, along the

fault lines linking the elbow.of the mountains (the Vrancea



Mountains) to the Crimean thrust fault, north of the Black
Sea. Here the diffiéulty lies in the relatively reduced
seismic activity and in the fact that shallow events are of
lesser magnitude than the intermediate depth shocks at the
arc.

A general interpretation of these results is presented

in chapter 3.

2.1 Relocation methods

The source of errors in epicentre locaticn could be due to:

(a) an error in the estimate of the onset time of the
first arrival;

(b) lack of station correction required by the varying
geologicel structures beneath the recording station;

(c) a possible structural variation about the source

(source bias; Douglas and Lilwzall, 1968);

(d) errors in the computation of the travel-time curve
used for Finding the best least squares fit of the
first arrivals.

All these sources of error are likely tq introduce large
travel-time residuals and consecuently wrong estimates,
especially for the smaller magnitude earthguakes, since the
corrections are greater for the nearer seismic stations
because shallow ray paths are confined to the inhomogeneous
crust and upper mantle. In the normal course of events for
large earthguzkes these effects at close and distant
stations are averaged out.

The two relocation methods used are well presented Ly
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their respective authors (Bolt, 1960, and Douglas, 1966);
s0 we shall content ourselves with briefly presenting the
principles only.

Bolt's method of relocation fits the observations of P

and PEP trevel-times to the times in the Jeffreys-Bullen
tables by the least squares method. The number of the
equation of condition can be reduced by combining groups of
stations with similar distance and azimuth. The following
are the main steps:

1. The conditlion equation is repeated for "n" stations,
taking the travel-time residuals as a function of the following
parameters:

(2) the true crigin time %

(b) the co-ordinates of the true focus (x,y,z)

(c) distance (AS ) and azimuth ( X ) of the station
from the trial epicentre

(d) the theoretical P or PEP travel-time to
distance Cl(t).

The equation is:

%: T - (x sin X + y cos X ) 9\t9£i)z+z &é\zg

2. A weighting techmnique is used to remove the large
residuals, due to observational or copying errors, before these
observations are incorporated in a least squares solution.

3. After the weighting operation two matrices are formed:
A: n(nr of observations) X 4 (nr of coefficients rg,x,y,z)

B: n X 1, formed by residuals _% e
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4. The epicentre distance and azimuths are computed for
‘the observing stations from the epicentres, after computing
the geocentric direction cosines from the co-ordinates.

5. Elipticity adjustments are introduced.

6. The derivatives St/gwﬁ and 9t/9~z are conmputed.

7. The columns of the highest element are searched
before pivoting. ‘

8. Matrix elements are reduced by 100 and the resulting
correction is scaled accordingly to focal depths.

9. For the normal earthquakes only one column of the
matrix with travel-time residuvals is entered.

10. For intermediate earthquzkes both the P and pP travel-
time residuals are taken into account.

1. The'soiution provides Yi,x,y,z vhich are used to revise
the trial origin-time, epicentre and focdl depth.

12. After each iteration a root-mean-square and a standard
error are computed relative to the new weighting function. .

13. Iterations are stopped when )x] , ly] < 0.1°
and \‘Z\ < 0.1 sec.

Remarks on the Bolt's method of revision of epicentres, focal

depths and origin-times.

Part of the procedure of the relocation program, which
reduces the equations of condition, combines groups of stations
according to their distance and azimuth from the trial
epicentre. This practice has certein disadvantages, as can
be seen in chapter 2.1.3, where a comparison is made between

the epicentre creation computed through Bolt's program and
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those obtained through the joint epicentre determination (JED) (f.1-17

program. In addition, it is kmown (see chapter 2.2), by
observing the travel-time residuzals, that some seismic stations
have systematic late arrivals and some have early arrivals.
Bolt's program produces a list of residuals for each individual
event but not average P-travel-time residuals for all
Carpathian events at each individual station, as does JED,

A guick glance at the pattern of the anomalous late arrivals
(fig. 1-20 ) is enough to realise that the cause of the
anomaly lies not under the source but under the station itself,
and is due to the structure of the lithosphere. The seismic
stations grouped according to their distahce and azimuthal
angle from the epicentre will not 21l have the same type of
crust beneath them. This is obvious fof the case of the
Carpathians where most of the Russian stations would be
situated on an o0ld continental platform, whilé the seismic
stations of the Panonian basin (at comparable distance from
the Carpathian epicentres) would be situated on a young
continental crust, where the high heat flow and the crustal
structure would produce late arrivals. Through such a
grouping of seismic gstations one can introduce a certain error
in the location of those events which are of a lesser magnitude,
received only by a limited number of seismic stations close to
the epicentre. This is how some of the shallow events at the
Carpathian arc (see chapter 2.1.1) appear wrongly located in
Transylvania, a region lmown to be seismically inzctive - a
hinterland compared to the Carpathian foreland.(fig.1-15).

If an earthquake is well observed, the standard error in
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Fig.l-14

Flow diagram of .Bolt's relocation progranm (after Bol't.1960).

The program as we used it waes slightly modified by Davies &
McKenzie (1&69) to allow for the plotting of the residual
spheres of P travel-times, which we present in chapter 2,2

and in the addendum I,
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the epicentral latitude and longitude is about 0.050, that

is, within 5 km from the true epicentre (Jeffreys, 1959).

For the Bikini atomic explosion of 28 February 1954, Bolt (1960)
finds a standard error of 1.25 seconds.

In order to make a qualitative evaluation of each of the
epicentre locations at the Carpathian arc all the focal spheres
containing the distribution of residuals are presented in the
appendix at the end of Part I of this work. There it appears
obvious that, where there are few residuals (e.g. few seismic
observations) and the stations are not evenly distributed,
the location is less accurate.

For a clearer presentation of the Bolt program, a flow-

diagram is shown in figure 1-14,

Remarks on the Joint Evicentre Determination (JED) method:

revision of epicentres and origin times.

This method of relocation wazs developed by Douglas (1967).
The principle of the JED method is to compute the total travel-
time correction, the position, and the origin-time of a group
of earthquakes simultaneously, using the following equation

of condition:

ysj+ébHi+ J'hi &T . cos{X ;. gT - vy sin(X &T

3N TR QA1
- T,

13 0 Asj

where
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- H - -8

13 = P13 7L - Tyy - 8y

Sj = the jth station correction

Hi = the approximate origin-time of the ith event
. th

hi = the approzimate depth of the 1 event

é5ij = the distance from the approximate epicentre of

the ith event to station }

15 = the aziputh from the approximste epicentre of the

ith event to station J

Aij = the time of the first arrival at station j of
the ith event
Tij = the travel time of the P wave from the approximate
th

epicentre of the i event to station J

c_’O
=]

= the partial derivative of the travel time with respect

-
D>
L=

e
o

to distance at the point £>ij’ hi

o = the partial derivative of the travel time with respect

op
=

to depth at /\ iy B

¢ o Q

-§:Z-—— and hT are obtained from travel time tables.
ij i

i

The depths hi for the Carpathian earthquakes were
restrained at the values computed through Bolt's program,
which were considered to be satiSfactory. Since the equation
of conditicn cannot be solved uniguely, a supplementary
condition has to be applied: for the Carpathians we preferred
to any of the other possible conditions (the suﬁ of the ctation

" corrections Sj be made equal to zero; and one of the Sj terms
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be specified) to choose the condition of restraining in time
end position the largést ragnitude event of 10 Novemﬁer 1940,
called "the master event", as it has a large number of seismic
station recordings (i.e. 148 stations) and a good azimuthal
distribution of seismic stations (fig. 1-18 ). The location
of the master event of 10 November 1940 was computed through
Bolt's program, and from table 1-3 one can see that this
earthquake's relocation is quite reliable (SELAT = 6.1 km;
SELON = 2.7 km; SEDEPTH = 6.0 ¥m; SETIME = 0.6 seconds).

The reason why we dropped the condition :E:Sj =0 is
that this is normzlly applied when the events are spread over
a wide areea and so the varying geological structures beneath
the recording'stations (station corrections) can be evened out.
Furthermore, we could not use the alternative condition of
specifying one of the Sj terms, as we could not derive it from .
a nuclear explosion anyvhere near our evicentral area. For
these reasons we introduced the condition of restraining the
parameters of a master event.

A comparative table of epicentral relocations through Bolt
and JED progfams erd a comparative epicentral map are presented
in chapter 2.1.3. At this stage one can state with certainty
that the JED relocation method seems to be more advantageous
than Bolt's method for the simple reason that the nest of
seismic activiiy is concentreted within a2 very small area,
thus allowing good station corrections to be made in the regilon
close to the epicentres at stations which are rmost important
for the estimate of the epicentral location of sm2ll magnitude

éarthquakes. Beafing in mind that seismic activity at the



Carpathian arc is rather weak, one can see immediately why
it is important to have good relocations of smaller magnitudes

(see chapter 1.3.4).

2.1.1 Shallow events at the Carvathian arc

The spatial distribution and origin times of the shallow
events at the Carpathian arc, after they have been relocated
through Bolt's program, can be seen in figure 1-=1o and
table 1-2.

The seismic observations of the itrial locations of the
events, and times of arrivals of the P waves, come from the
bulletins of the BCIS and ISC issued between 1928 and 1965.
Comments on the quality of the relocations are sﬁmmarised below:

(1) A shallow event is considered to have a2 focus within
50 km of the surface; this is a fair assumption for the
average crust at the Carpathian arc.

(2) For a given period of time and range of magnitudes,
there is a considerable smaller number of shallow events than
of intermediate depth events at the Carpathian arc. There is
also a tendency for the shallow seismicity to have a lower
nagnitude span than the intermediate depth seismicity.

(3) The majority of shallow events are external to the
Carpathian arc (those very few events which appear behind the
arc, in the region of Transylvania, are very likely mislocations).

(4) There is no particular correlation between the local .
tectonics and the distribution of shallow epicentres, as there
is no apparent trend in the spatial distribution of these

events (fig. 1.1),

83



(5) The focal depth is rather poorly located.because of
the limited number of seismic observations (see column 5,table 1=-2,
indicating the number of seismic stations, NSTA). This is
due to the smell magnitudes and to the wfong estimates of the
trial hypocentres which "throw" the values of the first
corrected hypocentres after the first iteration somewhere
above zero: as a consequence the hypocentres become
automatically zero and remain so until the last iteration.(fig.1-1o).
(6) The standard error in the depth location for most
hypocentres is zero where the depths of focl become zero;
the early events of 1929 and 1932 have large standard errors
for their hypocentres due to small magnitudes and poor seismic
observations which led to large residuzals. It is noticeable
that comparzble small magnitude events since the late 1950's
have better hypocentre estimates (SEDEPTH = 5-15 km), because
of the growing number of seismic observetions (NSTA). (table 1-x).
(7) Standard errors for the evicentres (SELAT and SELON)
are equally large when there are few seisnic observations and
large residuals, but can be reasonably low when the trial
epicentre was close to the relocated one and the residuals
were small.
(8) There is no apparent correlation between the crustal
(k £ 50 km) and subcrustal events at the Carpatnian arc, (fig.l-lo)
except that on the epicentral map the shallow events are
mostly located in a region external to the zone of

intermediate focus events.
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2.1.2 Subcrustal events at the Carpathian arc

The revision of earthquake epicentres, focal depths,
and origin times using Bolt's program revealed a vertical
seismic body in the form of a parallelepiped, 60 km long,

30 km ﬁide end 160 km deep (Roman, 1970, figs.l-1» & 1-16).
The epicentral map of intermediate depth events between

1928 and 1965 shows that most of the subcrustal earthquakes
occur in a region external to the arc and are contained within
a rectangle, 30 kn x 60 km, at a tangeht to the elbow of the
mountain arc (the Vranceaz mountains of the E. Carpathians);
they are oriented N 35°E (fig. 1-1o ). The two vertical
cross sections through the parallelepiped (figs.l-16)

are at right angles to eacﬁ other and run parallel to the
sides of the séismic body. The sc¢lid circles mark the best
located foci (within 10 km), whilst the open circles mark
the foci with larger standard errors.

If one considers the two vertical cross sections
through the Benioff zone under the Carpathian arc of Romania,
one can make the following comments:

(1) The maximum depth of the seismic activity under the
Cerpathian arc is 200 km, if one takes into account the less
well located foci (marked with open circles), and most certainly
the meximum depth could be estimated at 160 km if cne takes into
account only the best located foci (within 10 km accuracy;
marked with solid circles). -

{(2) The paximum of seismic activity occurs between
100 and 160 knn depth.

{3) The a2brupt ending of the Benioff zonme at 160 km depth
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probably corresponds to a low-velocity layer and, if compared
with other Benioff zones for intermediate orrdeep seisnic
activity, one can sez that at about 160 km depth there is
either a complete cegssation of this activity, or a gap.

(4) Under the Carpathian arc, the spatizl distribution
of the hypocentres presents a zone of low seismic activity
between 30 and 60 lk=m depth.

(5) The verticality of the Benioff zone under the
Carpathians is rather an unusuzl feature when compared to
other zones of intermediate depth foci, most of which dip

at an angle around 45° (Isacks and Molnar, 1969).

The above comments may be completed with a few remarks
regarding the quality of the relocation of subcrustal events
vresented in table

(6) Between 1928 and 1965, the intermediate depth earth-
guakes were more freguent than the crustal earthquakes, the
subcrustal events revresenting 75% of the total seismic activity
(53 events out of 2 total of 70). Eeeping in mind that the
rost destructive shocks are located at intermediate depths,
it follows that the maximum release of energy corresponds to
the intermediate depth seilsmicity.

{7) The hrypocentres tend to be less well located than
the epicentres, as is obvious from comparing the columns showing
the standard errors for latitude, longitude and depth.(table 1-3),
Nevertheless, the standard errors for hypocentres tend to
decrease with the increase in nuzmber of Buropean seismic
stations in the 1950's, since the standerd error for focal

depth rarely goes beyond 10 km (and this for the smallest
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nagnitudes only). -
(8) The reliability of hypocentres, on which is based
the division of hypocentres into two groups marked by "open"

end "go0lid" circles, is determined by the formula:

(solid circle) 0L 10 = \/(SELATZ + SELON® + SEDEPTE?)/3 < 0O
» open circle)

where
SELAT = standard error latitude (km)
SELON = standard error longitude (lkm)
SEDEPTH = stendard error focal depth (km)

hyﬁocentre location within 10 km

H,

solid circle accuracy o

il

oven circle

accuracy of hypocentre location without 10 km.

2.1.%5 Convnarative study of epicentral relocations at the

Carvathizn erc, usirnz Rolt's and JED methods (fig.1-17).
—_

As we heve a2lready rpointed out in chapter 2.1, the
stetion corrections are very importent when they are close to
the epicentre. In the case of the Carpathian seismicity the

stations situated in the intra-Alpine basins of Transylvania

end Panonia present large residuals, ‘up to + 6 seconds (see fig.1l-2U)

chapter 2.2), due to the large inhomogeneities in the crust

end upper mantle, which are cauvsed by the high heat flow in
Eungary. It is obvious that the location of small magnitude
events at the Cerpathian arc relies heavily on these seismic
stetions with large residuals. Vhen the relocetions were made
individually (Bolt's program), these residuzls could not be

entirely corrected, as they are not evenly distributed and



Table 1-4 Comparative table of JED and Bolt relocated

events at the Carpathian arc (1928-1965)

JED BOLT
NFR.
DATE LAT LON LAT LON DEPTH

1 23.11.23. 13.968 7
2 20.05.249 43.812 30
3 01.11.29 4311 141
! 02.02.51 45,259 0
5 29.03.3 43,101 h1¢)
t 13.07.35 43,392 ST
n 17.05.56 43,135 1650
N 01.11.36 43.351 ,-,
9 13.07.38 43.5327 102
10 05.09.39 45,483 124
it 21.06.-10 43.515 114
12 22.10..10 43,408 122
13 10.11.40 45.333 111
11 08.11.40 43213 141
15 11.11..10 45.66Y 1
16 19.11.-10 13.211 178
17 23.11.40 13,171 133
18 1501012 1606 187
10 28.0 143 43,618 u
20 12,03.45 43,4453 4]
21 07.09.-45 13,003 Gt
120 09.12.45 43.3493 T2
24 03.10. 16 117
21 03.11.46 131
25 17.10.17 122
26 13.05. 48 163
i 20,0118 1538
28 290518 129
20 26512449 150
: 16.01.50 s
20.06.50 141

L0750 3%

15.03.51 116

10.01.52 .

03.06.52 By

03.08.02 14N

01.05.55 125

16.02.56 10

18.0:-0.06 Il

07.05.H06 146

18.11.56 160

02,1257 RN

23.12.57 ]

27.04.58 106

LA.06.58 138

25.06.58 116

$31.05.58 ny

26.06.HY 135

30.06.59 114

19.08.59 157

01.01.69 33

26.01.60 152

13.10.60 152

140163 111

53 17.06.61 12
H6 08.08.6 1 67
57 10.01.65 1.3
B 16,0965 33
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Fig.1-17

Comparative map of Bolt and JED relocated epicentres

at the Carpathien arc (19028-1965) (after Roman,19730).

There is a southward 'migration' of the epicentre location

from Bolt to JED. As a whole the JED epicentres appear

better clustered at the Carpathian elbow, The precise

locations ere given in table 1-4, page 93
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especially as they are not comparable, even though their
distances from the epicentre are the same (see fig. 1-1o

in chapter 2.2 and the residual spheres in the appendix).

When the relocation is done simultaneously for a group of
events this difficulty is overcome, as the average travel-time
residual for each individual station is taken into account
before the events are relocated; thisvtask is facilitated

by the fact that the source of seismicity is almost punctual
(at the global scale a Benioff zone like that at the Carpathian
arc, of 30 km x 60 km x 160 km, could easily be recognised as
such) - so the source bias would in all cases be the same.

That is why from the discussion in chapter 2.2 it appears
clearly that the cause of the P-travel-time anomalies is under
the recording station and not under the source. Consequently,
the relocations computed through one method or another show
copparatively more discrepancy for the smaller magnitude
earthguakes (and probably for shallow events and for events
prior to the 1950's) than for the larger ragnitude events like
the master event of 10 November 1940, which is the largest of
the whole group for the period 1928-1965. The exact figures for
relocated epicentres are presented in table 1-4

on which the above assertions are made.

Perhaps a more intuitive way of looking at these results
appears from the epicentral map in figure 1-1¢ , Where the
Bolt relocations are marked with open circles and the JED
epicentres with solid circles. It immediately becomes clear

that ®
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(1) the spread of the seismic activity alongAthe
longitude is greater according to the Bolt locations than
according to the JED locations;

(11) the concentration of JED epicentres appears more
clearly confined to a small zone tangent to the mountain arc
than the Bolt epicenixes which appear more scattered. (This
is also the case in Transylvania, that is in the hinterland,
known to be aseismic);

(iii) the "path" of the same epicentre from the Bolt to
the JED location seems to be greater in the north than in the
south; for example, the Bolt epicentres furthest to the north
of the seismic zone tend to have a longer path of migration
towards the master event, which is at the Carpathian arc,
vhile the Bolt epicentres which are already close to fhe
nester event tend to migrate along shorter paths;

(iv) 2 path could be as long as 0.5° (latitude/longitude)

for the smaller magnitude events.

2.2 Study of the P travel-time residuals in the Carpathians

The revision of 70 Carpathian earthquakes between 1928
and 1965, using Bolt's program (Bolt, 1960), revealed a vertical
parallelepiped (60 ki long, 30 km wide, 160 km deep) tangent to

the Carpathian arc (chapter 2.1). This has been interpreted

in the light of Plate Tectonics theory (Roman, 1970)(figs.l-29%1-%1)

(chapter 5.1); a number of geophysical and geological
characteristics of the area adjoining the Carpathians have
been recognised as typical of regions affected by a sinking

lithosphere (Roman, 1971)itig.1~30).
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For each Carpathien earthquake which has been relocated
through Bolt's program, the travel-time residuals of every
station have 21so been computed and subsequently plotted on
a focal sphere in equal area projection.(fig. 1=-lo )., As
seen from this projection, the P arriveals at the Buropean,
Asian and African stations are of crucial importance for
relocating the events at the Carpathien erc, while the arrivals
from the American stations clearly are of lesser weight.

The main difficulty in studying the residuals comes from
the seismic source of the Carpathian arc which seldom produces
eartnquakes of a rmagnitude Dy larger than 5.0. Therefore, in
the case of smaller magnitude events, a good three quarter of
the focal sphere lacks information.

One of thé best covered events during the period 1928-1965
occurred on 10 November 1940 (45.74°N, 26.63°E, 111 km depth).
Looking at its residual sphere (fig.l-lo ) it is apparent that
the remotest stations from Asiz and North America tend to give
fairly large travel-tirme residuzls, due probably to the poor
readings of the onset of first arrivals. The fairly even
distribution of both positive and negative residuals on the
foczl sphere is zlso evident. We would expect, as is suggested

=

ir. the case of sinking lithosrhere (Dzvies and lcEenzie, 1969;f.1-1y,

l'c¥enzie and Julian, 1971), %o obtain a clear distribution of

residuals indicative of the orientatiorn of the sinking plate

<t

et the Carpathian arc (Az = 35°, Dip = 99°).  Yet such is not
ne case even for this event (10.11.1940, M = 10 - Mercalli
scale), which has the largest magnitude of the series

(Lf=n=siy, 1x61). Smaller znd more recent events have,
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however, qualitatively and quantitatively improved entries,
yet they equally failAto show the expectéd 350 azimuthal
orientation of negative residuals indicative of the cold plate.
The presence of cold slabs was, however, revealed by this method
in regions béneath island arcs (the Aleutians, the Kuriles,fig.1l-19,
Tonga—Fiji—Kermadec). This may suggest that P travel-time
anomalies reflect a greater velocity contrast in the region
of island arcs than on continents. In the case of the
"inactive slab", northwesfern United States, there is an
equally good contrast between the Pacific oceanic crust and
the continental margin. In the case of the Carpathians, the
intermediate focus earthquakes occur under continental crust,
which is to be found on either side of the sinking slab. So
far, by calculating the P travel-time residuals of a2ll stations
for each individual earthquake (Bolt's method), one can only say
that the residual pattern is ceused by velocity anomalies |
beneath the receiving stations rather than beneath the source.
In order to substantiate this assessment, a parallel method
has been used in relocating 58 of the previous 70 Carpathian
events, using the same entries from the ISC and BCIS bulletinms.,
This is the Joint Epicentre Determination (JED) program
(Douglas, 1967). By using the mean station correction,
the JED method has the advantage of locating accurately even
the events of smaller magnitude, which appear more écattered
vhen Bolt's method is used (table 1l-a , fig. 1-1r,
chapter 2.1). After several iterations, the JED program
conputes for each individual station a mean P travel-time

residual from the 58 events. The mean P travel-time residuals
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for stations within 1200 km of the source have been plotted
to cover the area between the Panonian Basin and the Caucasus;
subsequently a map of the P travel-time anomalies has been
drawn (fig. 1-20).

A cross section of the travel-time anomaly from the
Panonian Basin towards the Black Sea, through the Carpathian
arc, shows a steep gradient (5 seconds/1000 km) over the sinking
slab. On the western side of the sinking slab, in the Panonian
Basin, the residuals are between +6 seconds and 42 seconds,
while on the eastern side, in the region externzl to the
Carpathian arc, the residuals vary between +£ seconds in the
Carpathian foredeeps and -1 second in the oceanic type of crust
of the Black Sea basin (fig. 1l-<1).

This picture correlates remarkably well with the tectonic
(Yanshin, 1966), isoseismzl (Atanasiu,1961 ) and heat flow

(Lubimova znd Polvak, 1969) evidence for southeastern Europe.

On the one hand, there is the intra-Carpathian (Pznonian) Basin,
having a young Alpine basement (fig. 1-22 ), 2 high heat flow
(fig. 1~23 ) 2nd an absorpiion area (fig. 1-24 ) which
corresponds to late arrivals (+6 secs to +2 secs); on the
other hand, there is the rezion external to the Carpathian arc,
having an older basement (Hercynian), 2 normal and low heat
flow, and a2 highly traensmitting area, which corresponds to
early arrivals in the zone of the Black Sea oceanic crust.

Eerrin and Tagzeart (1958) point out that mean station

corrections for P travel-times are positive in the tectonically

active areas and negative in the more stable regions. This is

‘indeed verified by the pattern of P travel-time at the

Carpathizan arc.
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Conclusions »

The P travel-time residuals of stations for each individual
event computed through Bolt's program do not show an anomalous
region for the sinking slab under the Carpathian arc.

The mean P travel-time residuals, computed (JED) from
58 events for stations within 1200 km from the seismic
gource, show late arrivals (+6 secs to +2 secs) for the
Panonian Basin and garly arrivals (-1 sec) for the Black Sea
Basin, with a steep gradient over the sinking slab in the
region of the Carpathian arc. The travel-time enomaly
correlates well with the type of basement as well as with'
the heat flow and isoseismal pattern in southeastern Europe.

It is suggested that the velocity anomaly is due to

causes beneath the station rather than beneath the source.

2.3 Tocal rechanisms and P and T axes

Since the establishment of the World Wide Standard Seismic
Network (WWSSX), no large enough earthquakes have occurred in
the Vrancea region to enable us to plot reliable focal
mechanisms. As can Dbe seen from figure 1~18 inbchapter 2.2,
the African ard Asizn seismic stations on the focal sphere are
essential for an even distribution of the input data. It is
obvious that no reliable focal mechanism could be obtained for
any Carpathian event of magnitude oy smaller than 5.0, A
solution would prove almost impossible for the older events,
such as the great earthquake of 10 November 1940, because rmost
of the oid seismograms have been destroyed.

Some Carpathian mechanisms for the smaller and more recent
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events have been published by Constantinescu et al. (1966) (fig.1-25)

and Ritsema (1969), but these rust be considered with caution,
for the guality of the input data is gquestionable: Dboth
Constantinescu and Ritsema used onset polarities, not from
their own direct readings of the seismograms, but from the
readings of a variety of people at the seismic stations
concerned. The practice resulted in impﬁrtant errors in

the input. Ritsemé admits thet his individual mechanisms are
poor, so he proposes "average mechanisms™ for grouns of events,
In fact, his "type II" mechenism corresponds to what we would
expect for the subcrustal shocks of Vranéea. We know already
from chapter 2.1 that Bolt's relocation shows an orientation

N 35°E of the slab. As a consequence we would expect a thrust
focal mechsnism with the nodal planes roughly in the 350
azimuth (fig. 1-25).

The foczal mechanisms of intermediate earthguakes show the
compressional P axis very close to the horizontal (fig. 1-26)
and perpendicular to the vertical slab. The tensional T axis
(fig. 1-26 ) is remarkably well contained in the plane of the
slab. This result suggests that the slip is caused by the
gravitational force of the litkosphere itself.

By comparing the situation with the study made by

Isaks and lolnar (1969), we can immediately see that the

Carpathizan intermediate earthquakes show similar characteristics
to those of the intermediate shocks under most of the island

arcs (fig. 1-27).
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C. interpretation '

CHAPTER

Seismotectonic Interpretation of the Carpathians

There are three unusual features in the Carpathian
seismicity which we shall attempt to explain in this chapter
by means of plate tectonic interpretatiop:

(1) the existence of a nest of earthquakes at intermediate
depths, under an intra-continental mountain arc; ¢

(2) the confinement of the Benioff zone to a 60 km
horizontal front at the elbow of the Carpathian arc;

(3) the vefticality of the Benioff zone.

The first éspect is unusual because, with the exception
0f the Hindu Kush mountains, all other intermediate and deep
seismic zones occur under oceanic trenches, at the limit between
an oceanic and a continental type of crust. The intermediate
depth earthquakes at the Carpathian afc have continental crust
on either side of the mountain arc and the closest portion of
oceanic crust is actually found in the Black Sea some 250 km
to the southeast.

The second aspect is the spatial limitation of the Benioff
zone to a 60 km horizontal front tangent to the mountain arc,
vhen it isAknown that similar seismicity at intermediate depths
occurs under oceanic trenches following the whole extent of
an island arc or orogenic trend.

Finally, the verticality of the Carpathian subcrustal nest
of foci is unusual in the sense that most of the existing
Benioff zones dip at an angle varying between 30° and 60° -

from the horizontal.
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In conformity with the Plate Tectonics hypothesis we
assume that the seismic body under the Carpathian arc is part
of a lithospheric plate (the Black Sea plate) which comes from
the southeast and descends vertically (Roman, 1970).(fig.1-28),

In chapter 3.1 we shall describe the plate boundaries a%
the Carpathian arc, present physical and geological two-
dimensional models in chapters 3.1.1 and 3.1.2 respectively
and discuss the limitations of these models in chapter 3.1.3.
A speculative viewpoint as to a possible evolution of plates
in SE Europe since the Alpine orogenesis will be presented

in chapter 3.2.

3.1 Plate boundaries at the Carpathian arc

There are several seismotectonic elements defining =a
plate, which is understood to be a piece of rigid lithosphere
whose boundaries are outlined by seismic belts.

(1) First of all the concept of "rigidity" implies the
absence of seismic deformation within the boundaries of a
lithospheric plate, if we are to go on calling it a plate.

(2) Secondly the boundaries should be seismically active
along oceanic ridges and trenches, major crustal faults and
ophiolitic belts.

(3) Thirdly the seismic activity along the boundaries
should be confined to very narrow strips (i.e. at the global
scale the epicentre distribution should be unidimensional as
opposed to being scattered over wide areas).

The concept of rigidity is important because it permics

us to treat the plate as an entity, whose movement can thus be
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described as that of a cap on the surface of a sphere; as

a consequence of Buler's theorem we can express the movement
of the plate as a rotation about some axis through the centre.
of the sphere.

The definition of plate boundaries and its-corollary, the
recognition of a given seismic belt as a plate boundary, is
equally important because the relative motion between plates
is taken up along such boundaries. It is along these
boundaries that the plates are created along oceanic ridges,
destroyed under trenches, or slip past each other.

Untll recently it was believed that the Carpathian
seismicitonccurred within the Eurasian plate and this idea
8ti1ll lingers on in present-day literature on Plate Tectonilcs.
This author mentioned for the first time (Egggg, 1970) the
possibility of the lithospheric underthrust at the Carpathian
arc being part of a Black Sea plate, whose boundaries he
defined a2t the 12th Luxemburg lleeting of the European
Seismological Commission (Roman, 1971) (fig. 1-28 ).

This means thzt the Eurasian plate had to be carved up and

a new plate, the Black Sea, defined. When it comes to the
definition of plate boundaries across continental crust, this
practice of carving up large rigid plates into smaller ones

is particulerly attractive, because it eliminates the
possibility of seismic deformation occurring within plates.
Consequently we have a greater number of small rigid plates,

2s shown by lcXenzie.(1972) and Nowroozi (1972).(fig.1-34). The
usefulness of small plates is, however, debatable (Roman,

1973b), when one is concerned with global tectonics, and
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therefore this author is particularly cautious about fhe
definition of any new plate and its importance.

Would the Black Sea plate qualify for the status of a
lithospheric plate and, if so, what would be its boundaries?

Certainly, the southern boundary, which is the north
Anatolian fzult, and the eastern bourdary, which is the Caucasus,
are both well defined by seismically active faults; +the Black
Sea plate has also some of the oceanic crust which is "desirable"
for a plate and most of the basin is free from seismic
deformations, which accounts for the required rigidity.
The northern boundary could be described by a discontinuity
which crosses the Azov Sea and the Crimea from east to west,
to join the Carpathian arc of Romania (Yanshin, 1966). But
this line is seismically rather inactive, both in frequenéy
and magnitude, as no destructive shock has ever been recordeéd
in historical or modern times; in more recent years, no
earthquaxe has been lerge enough to allow the construction
of a reliable focal mechanism. This has great disadvantages
as no slip vectors could be deduced to suggest the relative
povement of the Black Sea plate with respect to the Eurasian
plate, apart from the slip vectors at the Carpathian arc,
a2long the north Anatolian fault and the Caucasus; however, these
are not sufficient. It is very difficult to close up the
boundary of the plate through a line which should ideally unite
the Carpathian's 60 km front of subduction zone with the
westernmost end of the north Anatolian fault.(fig.1-28).There ere
indeed some basement discontinuities in Bulgaria (the Tvardica

fracture, for example), but they are seismically too inactive
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ANATOLIAN

e PLATE

ARABIAN PLATE

Fig.1-2&

Plate model for the Bleck Sea end E Nediterrenean (after Roman,1971)

A comparetive model of plates in SE Europe is found in fig.l-=34
end in the selection of publications in the pocket of the end of

volume 2 (Roman,1973b).

The plate boundaries are marked by faults (solid 1ines), ridges
(double solid lines) and trenches (crossed solid lines),

Uncertain boundaries are marked with dotted lines (sub-plate).

The shaded area represents an active seismic region (buffer plate)

Solid arrows show the reletive movement of pletes withe respect
to Eurasia and the open arrow the uncertain relative movement

of the Black Sea sub-plate.
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to qualify them for a plate boundary. The western boundary
of the Black Sea plate'remains an unsolved problem, unless one
considers the whole region as a "sub-plate" (Roman, 1973b),
about which we shall say more in chapters 3.1.3 and 3.2.
Perhaps at this stage we can assert that there is no physical
or geological evidence for & western boundary to the Black Sea

plate, as proposed by McKenzie (1972b)(fig. 1-34).

3.1.1 Physical modél of plates in the Carpathian region

The geometrical distribution of subcrustal earthquakes
allowed us the definition of the subduction zone under the
Carpathian arc, which for a horizontal front of 60 km is part
0f the Black Sea boundary. Other sections of the plate's
boundary have béen similarly defined by observing the strips
of crustal events in northern Anatolia, the Caucasus and the
Crimea. (fig.1-28).

From the tectonic point of view the north Anatolian
fault is a right-handed strike-glip fault, the details of which

are known in some detail (Ambraseys, 1970). Along the Crimean

and the Caucasus front the boundary is formed by thrust faulis
(licKenzie, 1972b).

The Deep Seismic Sounding (DSS) in Romania and the Plack
Sea basin has provided additionzl information about the
structure of the crust within the Black Sea plate and about
the buried geometry of the faults considered to be plate
boundaries. There, where available, the focal mechanisms
would also give a clue as to the type of boundaries (McEKenzie,

1972b). Despite the DSS observations we reviewed in



chapter 1.3.3, we cannot speculate much on the guestion of

the possible western bouhdary of the Black Sea plate, which

we left open. There might be, though, an area which should
be interesting to consider: +{his is between the Carpathian
gubduction zone and the Crimea. There the DSS revealed a
major crustal discontinuity, buried under the thick packet of
sediments, which looks like a thrust fault, running ESE-WNW

and suggesting that the southern bloc, which is part of the
Black Sea plate, underthrusts the Eurasian plate (Enescu et 21.,
1972). We cannot at this stage state what the seismic slip
along this fault, called the Capidava-Canara fracture line, is.
Other information es to the physical structure of the Black Sea
plate refers to the type of crust and suggests that most of the
oceanic crust underwent a process of continentalisation which
today is fournd in various stages of completion, at least
judging by the sequence of discontinuities (packet of sediments,
granitic layer, basaltic layer) (fig.1-13 ). This would
help us to construct a first fairly simple physical nmodel of
plates at the Carpathian arc, by presenting a series of vertical
cross sections of the lithospheric underthrust. This two-
dinensional model is oriented NW-S5Z and, for a start, it helps
us to understand the simpler processes of the plate evolution,
before we can present a more realistic geological model, in
chapter 3.1.2. My first model (Rozzn, 1971) presented an
evolution of the plates since the Jurassic (fig. 1-29 ),

that is the time of the ovening of the Atlantic. It showed
the lithospheric underthrust teing in a vertical position from

the very beginning, which may not necessarily be true, at least

119
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Physical model for plete evolution at the Carpathian arc of

Romania (after Rozan,1971).

This mainly speculative model

intuitively siggests the relationship between the lithospheric

underthrust under the Vrancea mountains and the high heat flow

in Hungary, which speeded up the process of continentalisation

behind the Carpathian island arc,

cell is also intuitive.

The shape of the convective



from the geologicai point of view. The advantage of the
model lies, however, in the fact that it can justify the
relationship between the underthrust of the cold lithosphere
under the Carpathian arc znd the presence of high heat flow

in Hungary. The idea is that the cold lithosphere going down
into the mantle gives rise to a convective cell which produces
the high heat flow in the Panonian basin. To get an idea of
the order of magnitude of energy transfer caused by a down-

going sladb of this size, let us consider the formula suggested

by McKenzie and Sclater (1269) for heat loss caused by sea~floor

spreading and apply it to the sinking lithosphere under the

Vrancea mountains:

H = ¢ CL av (T, - T ),
where
H = heat loss transfer through the sinking of the
cold lithosphere
9 = average density of the lithosphere
C = specific heat _
4 = horizontal length of the sinking lithosphere
L = thickness of the slab
v = ninimum average sinking rate
T1 - TO = heat transfer.

Then the substitution of

§ 3 g/cc
3.0 x 10° em

1

0.25 cal/g°c

L
C
d 6 x 1O6 cm
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v = 1.6 en/yr
o
T1 - To = 550°C
gives a heat loss H = 1.2 x 1016 cal/yr

or else H=5.0x 102 erg/yr

n

which is greater by a factor of two than the average energy
released through earthquakes, over the period 1937-1962

(Constantinescu and Enescu, 1964). The values for L and 4

are found from the estimate of the Benioff zone after the
relocation of the Carpathian earthquakes; v, the minimum
average rate of sinking lithosphere, is inferred from the
160 km vertical length of the underthrust over the past 10 my.

The above exercise enables us to get an idea of the order
of magnitudes involved in the heat transfer due to the
lithospheric underthrust at the Carpathian arc and to see
whether a physical model like the one we proposed could be
regarded as realistic or not. It results that the cold down-
going slabd at the Carpathian arc could account for the high
heat flow in the Panonian basin and its corollary, the process
.of continentalisation of the lMiocene oceanic crust which once
existed in that basin.

As we shall see from the geological model in chapter 3.1.2,
the Carpathian mountains started as an island arc whose oceanic
trench destroyed part of the Tethys ocean floor: the present
lithospheric underthrust is only a relic of the former Tethian
floor. The process of continentalisation already mentioned,
wnich started concurrently with the beginning of the underthrust,
can be revealed on the sole basis of physical obserxvations (DSS)

even prior to our constructing a more complex geological moded,
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this proved tc be a great advantage for the physical model
in this chapter.

Comments on the physical model of plates at the Carpathian arc

This model, based on physical observations, allows the
understanding of the following characteristics of plates at
the Carpathian arc:

(1) The Benioff zone is 160 km deep, 30 km wide and 60 km
long and it can be assumed to be a vertical lithospheric under-
thrust which is part of the Black Sea plate. (fig.1-16).

(2) The minimum average sinking rate of the lithosphere
under the Carpathian arc is 1.6 cm/yr.

(3) The cold, down-goirng sleb under the Carpathian arc is
capable of genefating through heat transfer a convective cell
in the upper mantle which is responsible for the high heat
flow in the Panonian basin.(fig.1-29).

{(4) The presence of the high heat flow related to the
Carpathian underthrust and the structure of the crust on either
side of the Carpathian arc, which is revealed by DSS
observations, supports the idea of a process of
continentalisation.(fig.1-29).

(5) As a corollary of (4) it results that at the beginning
of the Carpathian orogenesis'these mountains were an island arc
with oceanic floor on either side; the beginning of the under-
thrust was possible only because the slab was formed at that
time of oceanic lithosphere. Through the gradual chénge of
the crust from oceanic to continental type, the trench in front

of the Carpathians disappeared and the sediments accumulated
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owing to the subduction of now a continental lithosphers.
As a consequence, the Carpathian underthrust could be regarded
as a relic piece of oceanic lithosphere of the former Tethys
Sea, a remnant of which is the Black Sea. (fig.1-32),

(6) The boundaries of the Black Sea plate to which the
Carpathian underthrust belongs cannot be closed towards the
west (i.e. between the Vrancea mountains and the north

Anatolian fault).(fig.1-28).

%Z.1.2 Geological model of plates at the Carpathian arc

The first geological evidence which enabled the
construction of such a model was published by this author{f.1-30,-31)
in 1970 and 197t1. Such a geological model of plates at fhe
Carpathian arc is meant to give further verisimilitude to‘the
Tormer idealised ﬁhysical model of plates in an attempt to
solve such unanswered guestions as the reasons for the
verticality of the slab and its confinement to a 60 km
horizontal front at the elbow of the mountain arc.

Qur vertical geological cross-section showing the process
of continentalisation since the beginning of the lithospheric
underthrust to the present day is based on geological
characteristics of the Carpathian region, which we discussed
in chapter 1.2 (and its subdivisions, 1.2.1 and 1.2.2): +the
nodel is self-explanatory. Perhaps one should stress the fact
that the important body of Neogene andesites within the East
Carpathians.(the Caliman-Harghita mountains) required a |
comparatively high energy release; on the other hand, as

the andesites are acknowledged to form at depths greater than
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