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Abstract. A six year-long hydrochemical monitoring ope- 1 Introduction

ration was conducted in Vrancea seismic zone (Romania),

addressing a saline spring that proved to be suitable for NaAs hydrothermal solutions flow upward, from large depth to-
K-Mg geothermometry diagnosis. During the consideredward the earth surface, along with the progressive reduction
time-interval (2003-2009), only one important earthquakeOf their temperature, significant changes occur also in their
(mp=5.8) occurred in Vrancea region, this circumstancedissolved-cation content. The slowest rate of chemical ad-
providing an unambiguous reference-moment between prerStment with the host rock is Iiker to be that of the Na-K
seismic and post-seismic periods. On occurrence of tha€ation pair, and therefore the ascending solution would pre-
earthquake, an anomalous fluctuation of the Na-K temperaserve Na/K solute ratios which are characteristic to a deep
ture was detected — a result largely similar to previous onegquilibration temperature. That systematic correspondence
recorded worldwide (Ca"fornia, southwest Egypt, north- noticed between the Na/K solute ratios of a fluid discharge
east India). Yet such fluctuations may not necessarily beand the associated groundwater temperatures at depth has
induced by earthquake-associated processes: they can oeen taken into account in devisirfgournier and Truesdell
cur also “routinely”, possibly reflecting some environmental, 1970 Fournier 1979 Giggenbach1988 the Na-K geother-
meteorologically-induced “noise”. It was therefore impor- mometer investigation method. It calculates values of a so-
tant to examine whether the variations observed in the dat&alledNa-K temperaturg7na«), Which is assumed to ap-
values could be plausibly related to a seismogenesis procesgroximate Giggenbach1988 the actual temperature that
By additionally investigating (in a “scattterplot” diagram) the €xists at the shallowest depth of prolonged stagnation of an
correlation between the Na-K temperatures and the valuegscending groundwater flux.

of a so-called “maturity index”, a specific pattern emerged, In certain well discharges of the Cerro-Prieto geothermal
with pre-seismic data-points plotting in a distinct domain of field, at the southern end of the San Andreas fault system,
the diagram; moreover, those data-points appeared to de/alette-Silver et al.(1989 and Truesdell and Lippmann
scribe a “drift away” pathway with respect to the remaining (1986 have detected episodic increases of the Na-K tempe-
data-points “cluster”, recorded during the subsequent 4 yeargtures by as much as 3G on occurrence of the Imperial

of post-seismic monitoring. The “drift away” pattern per- Valley earthquake of 15 October 197@¢=5.7) and of the
sistently evolved for at least 18 months, ending just beforeVictoria earthquake of 9 June 198@¢=5.6). Later on|dris

the mp=5.8 earthquake and Consequenﬂy Suggesting the ex(2000 noticed that in response to the 12 October 1992 earth-

istence of some kind of long-term precursory phenomenon. quake {2,=5.9) recorded in south-western Egypt, there had
occurred a 10-18C increase in the Na-K temperatures of

certain discharges belonging to the Helwan springs group,
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area, in RomaniaMitrofan et al. (2008 have outlined  withintime records of certain physical and chemical parame-

a fluctuatinglna-k episode that had reached a maximum am-ters (temperature, water electrical conductivity,20@ncen-

plitude of about 17C and had lasted for about 18 months be- tration) of a specific groundwater outlet.

fore the occurrence of the importamig=5.8) earthquake of We have processed the chemical-analytical data provided

27 October 2004. by the hydrochemical monitoring operation that had been
In order to account for the connections inferred to ex- conducted since 2003 in Romania, &8t Moldova Mitro-

ist between the above-indicated earthquakes and the abnofan et al, 2008. The monitored groundwater discharge is

mal behaviors of thdna-k parameter, there have been in- situated at the Carpathians arc bend, in close proximity of

voked either episodic, seismically-related water-intrusionsthe highly seismicRadulian et a].2000 Vrancea area. The

from deeper (and implicitly hotter) reservoirkliis, 200Q occurrence of one significanin(=5.8) earthquake in that

Mitrofan et al, 2008, or, occasionallyValette-Silver et al.  region during the considered monitoring operation has pro-

1985, a hypothetical displacement of magma in the vicin- vided an unambiguous reference-moment for clearly distin-

ity of the sampled aquifer basement. In addition, a corre-guishing between pre-seismic and post-seismic periods.

lation between a Na/K solute ratio anomaly and a signifi-

cant (n,=5.5) contemporary earthquake has also been doc-

umented in northeast Indi&kelton et al.2008; however, 2 The Na-K-Mg geothermometry approach

the latter authors made no reference to any geothermometryl:

related issues, invoking instead variable mixing between tw

chemically-distinct reservoirs.

o he Na-K-Mg combined geothermometer method was intro-

duced byGiggenbach1988, mainly as a tool aimed to as-

; ; : . .sess the reliability of the Na-K temperature estimates. While,

Yet in addressing the previously mentioned fluctuations ; . ) . . .
as previously mentioned, the dissolved cation pair Na-K is

exhibited by theTak values on occurrence of significant likely to respond most slowly to temperature changes under-
earthquakes, the indicated papers generally ignored to iden- y P y P 9

; . . . o gone by an up-flowing solution, the relative contents of K
tify and isolate some environmentally-induced “noise” that . .

. . N . and Mg are, alternatively, much faster to adjust to shallower
could distort the geothermometric “signals” carried by the

. o . (and implicitly cooler) thermal conditions. The two subsys-
sampled fluids. Specifically, an ascending hydrothermal so- . "
. ) ; -tems, Na-K and K-Mg, can therefore be viewed as a pair of
lution may also be subject to variable degrees of chemi-. .
S distinct geothermometers.
cal re-equilibration at shallower depths (lower temperatu- : o .
. . For a system that is thoroughly equilibrated in terms of
res), or to the admixture of various amounts of shallow,

. . : ater-rock compositions, the value of tkeMg temperature
meteorically-derived waters. All these processes are inferre T ), computed by means of the K-Mg geothermometer
to induce fluctuations in th@&\a-k values of a spring dis- K=Mg/, P y 99 '

: - will match the Na-K temperature value. Alternatively, the
charge Giggenbach198§, even though the correspondlng_ two temperatures will progressively depart from each other

deep-origin temperature (i.e. that at which the fluid had ini- ; : AT )
. . . (Tk-mg<Tnak), as chemical disequilibrium increasingly af-
tially been equilibrated) remained the same. A - . )

fects the cationic composition during the solution upward

Such “spurious” fluctuations of th&ya-k values are ex- . . .
. . . migration toward the ground surface. A numerical (non-
pected to occur routinely, without the involvement of any . : . . L B
dimensional) estimator for that disequilibrium is the “matu-

major geo-tectonic events. The original papeGiggenbach rity index” (MI), defined byGiggenbach(1988 in terms of

(1989 sgggested that variations recorded in T values the Na, K and Mg concentrations of the ascending hydrother-

of a particular water-discharge should be normally accompa- .
: e ; - mal solution:

nied by some specific evolutions of another parameter, which

that author defined asraaturity index(Ml). The latter non- MI = o.315|og<cﬁ/c,\,|g) —log(ck /cna) Q)

dimensional parameter estimates — by additionally consid-

ering the fast-readjusting K/Mg solute ratio — the hydrother-where the concentrationsa, ck andemg of the ions Nd,

mal solution departure from the state of chemical equilibriumK* and respectively Mg are expressed as mg/kg (ppm).

mirrored by Tna-x: smaller Ml values will indicate a more When rewriting Eg. (1) in terms of the formulas provided

severe chemical disequilibrium, pointing consequently to thefor Tya-k and7k-mg by Giggenback{1988, a rather simple

fact that the compute@iva-k values are less reliable. How- dependence between Miya-k andTk-mg becomes appar-

ever, no actual observation data have so far documented, tent:

our knowledge, the inferred Ml verst§ -k correlation pat- 1390 1390

terns. Ml =2.66— ( - ) (2
In the following, in order to isolate the assumed “rou- Tik-mg+27316  Tnark +27316

tine” correlations between MI andnak, and to high- There can be immediately seen from Eg) that under

light possibly-existing seismotectonically-induced patterns,full equilibrium conditions, whefk-mg = Tna-k, the matu-

we have tested the applicability of the “scatterplot” analy- rity index reaches its largest value, 2.66. Accordingly, as the
sis. This rather simple technique has been previously used byalues of7ik-mg and Tna-x progressively depart from each
Cioni et al.(2007), for identifying earthquake-related signals other, Ml will gradually decrease below its maximum value
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of 2.66. For several fluid discharges supplied by a common 430
deep hydrothermal reservoir in Taupo Volcanic Zone (New
Zealand),Giggenbach(1986 assumed that contrasting de- %
partures recorded between the:-« andTk-mg values likely

SLANIC MOLDOVA

reflected differences in the rise velocities of the correspond- ** O O
ing waters. Therefore Ml could be viewed — from an intu- O A QB ——

itive, yet highly simplified perspective — as a proxy of the =z *” aAA O

time required by a hydrothermal up-flow to reach the sam- %4550 A o) O o
pling point at the surface (specifically, the smaller the Ml SARAT O
value, the longer the duration of the fluid up-flow). . o BRAILA

A somehow arbitrary value (2.00) has been seGiygen- o ot [ BUZAU
bach (1988 as the lower Mi-threshold below which Na-
K temperature assessments were considered to be no mor
reliable. This value was suggested by empirical observa- s
tions that concerned samples which were obviously far from 200 mn imal enl 2 Loi:fie S
chemical equilibrium (such as acid waters or low TDS soda
springs), and which systematically ranged in the<®I0  Fig. 1. Location of the sampling site at Biic Moldova and of
domain. Anyway,Giggenbach(1988 stipulated that the the epicenters of the main seismic events recorded in Vrancea area
MI <2.0 criterion “should only be taken as a rough guideline, during the hydrochemical monitoring operation. Epicenters of the
as the reliability of the Na-K-Mg geothermometer is likely to subcrustalearthquakes listed by the Harvard CMT Catdiayer
decrease gradually with MI, the reliability @fo-x decreas- the considered time-interval (April 2003-May 2009) are indicated
ing more rapidly than that dfk-mg". by triangles: in red there is represc_anted the importary=6.8)

There is in addition another limitation which, alternatively, earthquake of 27 October 2004, while the othebcrustalevents
needs to be far more strictly obeyed in diagnosing subsur{*= b =5.3) are represented in dark-green. Dots display the

face fluids by means of the Na-K-Mg geothermometer ap_crustalselsmluty {n, > 3.0) recorded by the ISC Cataldgver the

) . . . same period, with larger symbols designatingthe> 4.0 events:
proach: only near-neutral pH, sodium-chloride or SOdlum'in light blue there is indicated the shock having preceded the ma-

bicarbonate waters should be considered; in contrast, thg earthquake of 27 October 2004, while light-yellow designates
method is not applicable in the case of acid sulfate or chlorideshocks having occurred afterwards. Inset map indicates the study
sulfate water samples. area location (rectangle).

45.00 4

g

3 Vrancea seismic region flysch deposits. Among the multitude of groundwater outlets

. . ' _ sampled byvaselli et al.(2002 within that thrust belt area,
In Vrancea area (Fig. 1), in a narrowly confinetib it was only at Skhnic Moldova that a considerable amount of

crustal domain (20 knx50km lateral extent; 70-180km . . .
: . L : mantle-derivedHe could be detected in gas samples, which
depth range), episodes of intense seismicity occur quite fre-

quently Radulian et a].200Q Spemer et al2001). The Har- were associated with discharges of saline fluids. The latter

vard CMT Catalog for example has recorded for the 1976— were presumably carried to the surface via deep (regional)

2009 time interval four distinct episodes when the individual faults, an inference additionally supported by the D ar O

events magnitudes had exceedgs5.5, reaching values as :jsigtor?:;eg\(gsceelﬂt(ra?t;c;nzsoggd by Na-K-Mg geothermometry
high asmp=6.7. 9 ’ ’
The most recent such instance has occurred on 27 October o ]
2004 the corresponding main event was, by far, the stronget  Data acquisition and processing
(mp=5.8) recorded in Vrancea area since 1980r{jer et al,

2005 At Slanic Moldova, about 30km outside the margin of

Vrancea epicentral area (Fit), a cold (8.8 C average tem-

Thecrustaldomain (above 55 km depth) is, alternatively, erature), HS-rich soda-spring that continuously discharged
subject to only moderate magnitude shoaks & 5.0): their pera Lo pring y ged
sodium-chloride water has been sampled on an approxi-

epmgnters are strewn across a'mu.ch broader area, that er?{ately monthly basis between April 2003 and May 2009.
sentially overlies thesubcrustalseismicity domain, yet also

extending farther to the east and to the southeast. The sampling frequency has been occasionally increased, for

. instance during the 2 months period that followed the impor-
The focal region of the Vrancea subcrustal earthquakes un nt Vrancea earthquake§=5.8) of 27 October 2004, when

. . . al
derlies a secnon of the Easterq Carpathians fold-and-thrusﬁhere was collected up to 1 sample/day. On the other hand,
belt which consists of successions of Cretaceous-Neogen

the time-interval between two consecutive sampling dates
Lavailable at:http://www.globalcmt.orglast access: 1 Septem- has never exceeded 70 days, even in periods when adverse
ber 2009 circumstances arose problems of access to the outlet.
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Table 1. Some general characteristics of the hydrochemical monitoring site.

Latitude Longitude Monitoring Outlet pH TDS TNa-K Tk-Mg Ml
N E time-interval temperature range range range range range
range ¢C) (9/kg) ) 0

46.20 26.43 16 April 2003-2 May 2009 5.1-13.0 5.60-6.73 10.01-11.53 162-185 123-133 2.26-2.36

* TDS: total dissolved solids values calculated by summing the major ionic constituents and converting bicarbonate into equivalent carbonate.

10000 which the time series are displayed in F&y.have been fur-
v ther used to compute, by means of procedures defined by
(T of the KM temperature” i ) and ofthe ma-
turity index” (MI). The variation-ranges of those parameters,
together with other general characteristics of the monitoring
site are provided in Table.

All the considered samples complied with the basic suit-
ability criteria for the Na-K-Mg geothermometry diagnosis
(Giggenbach1988), i.e. they had NaCl chemical character
K and close-to-neutral pH values. Additionally, Ml values al-
ways fell (Tablel) within the 2.00-2.66 range, thus making
the considered samples fully compliant with the suitability
100 criteria stipulated bysiggenbach{1988.

For delineating the key-trends in the considered param-
eters evolutions, the time-series of the actually computed
Tna-k, Tk-mg @and Ml values have been filtered by means of
a running average procedundifrofan et al, 2008. Specifi-
cally, as sampling dates were not evenly distributed in time,
10 . : : : the running average of 3 consecutive samplés, was com-
puted by weighting the arithmetic averages of each two con-
secutive samplegM, + M,_1)/2 and(M, + M, 1+1)/2 re-
spectively, with the reverse of the time interval between the
corresponding sampling dates/ (&, —#,—1), and ¥ (¢,11 —

Fig. 2. Time-series of the N&, K+ and M+ ion concentrations ), respectively). The overall corresponding expression
recorded in the monitored spring a&8lc Moldova. The 27 Octo- reads:
ber 2004m,,=5.8 earthquake is marked by the red vertical bar.

1000

concentration (ppm)

1-Jan-2003
1-Jan-2004
1-Jan-2006
1-Jan-2007
1-Jan-2008 -
1-Jan-2009
1-Jan-2010

31-Dec-2004

}"H M1+ M,
2= n—t-1

My=—"T—"— 3)
To a large extent, the present study makes use of the raw il
chemical data which have already been considerédiby- kZ_n h—1r 1

fan et al.(2008. The latter authors provided also specific de-
tails concerning the analytical methods they had employed. whereM stands for eithefa-k, Tk-mg OF MI, as appropri-
Additionally, besides updating the&slic Moldova chem-  ate.
ical data-series with more recent samples, our current ap- Additionally, residuals ¥, — M,) have been computed
proach has also included a slight adjustment of the procedurér all three above-indicated parameters and plotted in
adopted for computing the solution density required in theFig. 3. We estimate that the computed residuals incorpo-
concentration scales conversion (from mg/l to ppm): specifi-rate both irregular hydrological inputs, and random errors
cally, instead of the formula proposed Bhen and Millero  which affected the chemical-analytical procedures. Unfortu-
(1986, that had been employed in the paperMitrofan nately, uncertainties associated with the use of the Na-K-Mg
et al. (2008, the presently used concentration values havegeothermometer equations are not specifie@iggenbach
been computed by means of the relations derivec€Clagg (1988. This is in contrast with more recent approaches (for
and Whitfield(1991). The resulting ion concentrations (for instanceDiaz-Gonalez and Santoy®008 Diaz-Gonalez
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Table 2. Main seismic events having occurred in Vrancea area during the hydrochemical monitoring operation (April 2003—May 2009).
The strongest earthquakes (as recorded by the Harvard CMT CHtalegall located in the subcrustal domain (the italic font entries). In
addition there are listed (in normal font) the significant, (> 3.0) crustal earthquakes, as indicated by the ISC CatalBhe entry for the

major event of 27 October 2004 is listed in bold text.

Date Latitude Longitude Depth Depth Magnitude Catalog
N E (km) domain p)
30 April 2004 45.5445  26.9950 37.0 crustal 3.9 ISC
27 September 2004  45.74 26.56 153.5 subcrustal 4.8 Harvard CMT
27 October 2004 45.73 26.67 93.8 subcrustal 5.8 Harvard CMT
17 December 2004 45.9330 27.3776 0.9 crustal 4.0 ISC
14 May 2005 45.67 26.48 139.0 subcrustal 5.1 Harvard CMT
18 June 2005 45.67 26.50 138.4  subcrustal 4.8 Harvard CMT
21 August 2005 45.5474 27.9472 4.2 crustal 3.2 ISC
21 August 2005 45.5915 27.9259 3.0 crustal 3.5 ISC
10 September 2005 45.2709 27.2521 33.0 crustal 3.6 ISC
31 October 2005 45.8329 27.1341 53.9 crustal 3.7 ISC
15 November 2005 45.8480 27.0691 54.0 crustal 4.5 ISC
13 December 2005 45.82 26.69 138.3 subcrustal 4.8 Harvard CMT
30 January 2006 45.9623 27.9815 18.2 crustal 35 ISC
30 October 2007 45.4970 27.6250 50.0 crustal 4.1 ISC
29 November 2007 45.5740 27.0400 7.1 crustal 4.0 ISC
21 March 2008 45.7900 27.1250 23.0 crustal 3.7 ISC
6 September 2008 45.8480 26.5490 24.6 crustal 4.5 ISC
25 April 2009  45.59 26.71 106.6  subcrustal 5.3 Harvard CMT

et al, 2008, which in proposing novel Na-K temperature  The overall setting suggested by Fiis that in the case

equations, also indicated the uncertainties associated to eacti the considered spring discharge, themg — dependent

of the equation coefficients. We still preferred to use interm in Eg. ) behaves more or less like a constant. Un-

the present study — in spite of an inevitably smaller accu-der this particular circumstance, the relationship expressed

racy of the error assessments — the original equations oby Eq. @) is reduced, to a large extent, to a reverse correla-

Giggenbach’'s Na-K-Mg geothermometer: the reason wadion between Ml versu8yas-k — a fact which Fig4a indeed

that none of the subsequent refinements of the considereseems to suggest.

ionic geothermometers provided a similarly integrated set of The next step has been to construct a scatterplot diagram,

numerical relationships. in which there were plotted the averaged values of Ml ver-
For the three parameterfa-«, Tk-mg and MI) derived by sus the averaged values Bfak (Fig.5). That latter proce-

means of the Na-K-Mg combined geothermometer methoddure — somehow analogous to one previously useGibyi

the time series of the averaged values, processed as abovet al. (2007 for identifying earthquake-related signals in

indicated, are plotted in Figt. A preliminary visual inspec-  time-series of temperature, electrical conductivity anc, CO

tion can thus be made of the actually recorded behavior, agoncentration of a specific outlet — made readily apparent

compared to the one predicted by ER):(specifically, one  certain distinct correlation-regimes, which shall be given de-

may evaluate how Ml fluctuations are correlated with thosetailed discussion in the next section.

of Tna-k and of Ti-mg. In order to test the ionic geothermometry approach sen-
There can be noticed (Figa) that the averaged time se- itjvity to nearby significant earthquakes, there have been

ries of Ml and of7e-k display contrary, yet highly coherent j the first place considered all the seismic events that the

evolutions. This circumstance is also substantiated by thgqzryard CMT Cataloylisted for Vrancea area over the con-

very good coefficient obtained for the direct correlation be- cgrned monitoring period (Tab®.

tween Ml andZiak (R =—0.91). Alternatively, variations There can be noticed (Tab® that during the considered

displayed byTk-mg appear to be much less significant (Fig. heriod, no crustal earthquake was strong enough for being

4b) and virtually uncorrelated with those of MR —0.21  tocorded by the Harvard CMT CatafogNevertheless, even

for the MI versusTk-wg correlation). moderate-magnitude crustal earthquakes might have possibly

been associated to geothermometric anomalies, which had
been inferred to originateMitrofan et al, 2008 no deeper

www.nat-hazards-earth-syst-sci.net/10/217/2010/ Nat. Hazards Earth Syst. Sci., BZ222010
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. . . Fig. 4. Comparative illustrations of the averaged time-seriegaf:
Fig. 3. Residuals (differences between the values actually computeq ", g Tiak; (b) MI and Ti-g. The 27 October 2004y1,=5.8

and the averaged values), illustrated as time-series(&)rTNa.K;_ earthquake is marked by the red vertical bar.
(b) Tk-mg; (€) MI. The 27 October 2004;2,=5.8 earthquake is

marked by the red vertical bar.

5 Results and discussion

On the MI versusTna-k Scatterplot (Fig.5) two distinct

than 7-8km. That is why our analysis has also conside<correlation-regimes are noticeable:
red (Table2) the main crustal eventsng > 3.0), listed for
Vrancea area by the ISC CatafogFrom that catalog, we
have generally retrieved the ISC reviewed data; yet for the
earthquakes having occurred since August 2007 —for which _ g series of more poorly correlated data-points, which
ISC data-revisions were no more available — we have re-  gppear to “drift away” from the main “cluster”.

trieved instead, from the same catalog, the data provided by

the National Earthquake Information Center (NEIC) of the 5.1 The “drift away” regime

US Geological Survey.

— highly correlated data-points, occurring as some kind of
“cluster”;

The “drift away” data-points correspond to sampling dates
which cover the time-interval from the very beginning of
the monitoring operation (the first averaged-values are as-
cribed to 10 May 2003), until October 2004: averaged

2available at: http://www.isc.ac.uk/search/bulletifast access:
1 September 2009
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values ascribed to 30 September 2004 still belong to the 238
“drift away” domain, while the subsequent sampling date,
26 October 2004, provides the first data-point which already

27 October 2004:
major Vrancea subcrustal
earthquake mb=5.8

2.36 -

#00Z 190 92

“reaches” into the cluster. e 9
The next sampling date was 29 October 2004 which, simi- 6‘?'

larly to all subsequent sampling dates, belonged to the “clus- 234 1

ter” domain. In-between the two consecutive sampling dates?

of 26 October 2004 and of 29 October 2004, there has oc-z. 53, |

curred the strongest Vrancea earthquake recorded during theé

30 Sep. 2004

29-30 April 2004:
Vrancea crustal
earthquakes sequence
(main shock of mb=3.9)

ty

monitoring operation (27 October 2004,=5.8). = —
It clearly results that the entire “drift” period predated that ~ ** |
important seismic event, ending shortly before its occurrence 10 May 2003 R 27 Aprf 2004
(Fig. 5). On the other hand, no other “drift” regime was 2.28 [ —+—10 May 2003 - 26 L 1.Jun. 2004
recorded on occurrence of the subsequent, lower magnitude o g:‘gz:zl:o:w_ 7 Aug. 2003 =
events indicated in Tab2and Fig.6. 21 March 2009 ‘
Those observations seem to indicate that the “drift” regime 2'26180 e 5 =2 i e

was generated under certain exceptional circumstances an
that its occurrence could have been associated with the
strongest Vrancea seismic event recorded during the monigig. 5. MI vs. Tyak Scatterplot (plotted values had been averaged
toring period. as indicated in the text). The red dots “cluster” is interpreted to re-
Additionally, a knick-point (actually preceded also by flect “routine” behavior (i.e. occurring in the absence of major geo-
some kind of “loop” behavior) was discernible in the “drift” tectonic events). The blue diamonds indicate an anomalous (“drift”)
regime (Fig.5): it marked the moment from which on data behavior (occurre_d during the time-span May 2003—October 2004),
points started to “drift back” toward the main “cluster”. Itis asSumedly associated to the strong%5.8) subcrustal earthquake
interesting to notice (Figb) that the knick-point occurrence ©F 27 October 2004. Selected sampling dates during the “drift

was rouahlv contemporarv to the onlv sianificant crustal event are indicated by blue labels. Notice that close to the “drift”
gnly P y y sig regime knick-point (marking the moment when data points started

earthquake (in' fact, the main shock O_f an earthqualfe S€o “drift back” toward the main “cluster”), there has occurred the
quence -Radulian et a].2007 recorded in Vrancea region onjy significantcrustal earthquake (in fact, the main shock of an
during the “drift away” period (Figsl and6). earthquake sequenceRadulian et al.2007) recorded in Vrancea
The indicated overall setting suggests that the “drift” be- region during the “drift away” period.
havior exhibited certain specific patterns, both on occur-
rence of a Vrancemajor subcrustal earthquakand on oc-
currence qﬂhe mpst significant crustal event precedlr_mg it correlations: R = —0.76 for the “cluster” regime, as com-
Since the immediate cause of the processes controlling the g
) ared toR = —0.53 for the “drift” regime.

observed Na-K-Mg geothermometer fluctuations assumedl| Relving on the above considerations. we presume that
occurred in the shallow crust, at a depth of about 7-8 km att . ying . : X i ' prest .

he “cluster” regime is the expression of inter-relationships

maximum (Mitrofan et al, 2008, a definite coupling should . . ; .
then exist betweenubcrustaland crustal deformations, re- which Giggenbach(1989 'f‘fe”ed to exist beweeﬂﬂ'\‘a"ﬁ
and MI values of a specific groundwater discharge “rou-

lated — in one way or another — to the generation of thetinel ", i.e. in the absence of any disturbing processes (major
Vrancea major earthquakes. This is in contrast with opinions y.le.l . Y Irbing p J
eo-tectonic events included). Specifically, there seems that

expressed by most previous investigators, who, by takin intd® .
P y P ga y 9 Jone of the many moderate-magnitude earthquakes that oc-

. . L - curred in Vrancea area after October 2004 — either in the sub-
be reticent in admitting that present-day deformation of the . )
g P y crustal or the crustal domains (Figsand6) — correspond-

crust could be distinctively related to the subcrustal domain. e . i
seismogenesis (see, for instarSperner et 2001, Gvirtz- ingly acted as a "disturbing process”.
man 2002 Van Der Hoeven et gl2005 Heidbach et al.

2007 Radulian et a].2007, Caporali et al.2008. 6 Conclusions

Na-K temperature ("C)

5.2 The “cluster” regime According to previous investigations, ionic (Na-K-Mg)
geothermometers might be able to diagnose episodic,
As compared to those of the “drift” regime, the “cluster” do- earthquake-related alterations in the overall thermo-
main data points occur more tightly correlated, within a nar-hydrological regime of a deep-origin groundwater discharge.
rower, more compact region of the diagram. There is a visi-Yet some specific, robust procedure was still necessary
ble distinction between “cluster” and “drift” data-points also for discriminating between genuine seismically-related
in terms of quality of their corresponding Ml versiliga- signatures, and certain “spurious” fluctuations of the
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Fig. 6. Time-series of the significant seismic events recorded in Vrancea area during the hydrochemical monitoring operation. Above: the
strongest earthquakes of that period, as indicated by the Harvard CMT Catalinose events have occurred in tebcrustaldomain);

below: ISC Cataloﬁ records of the significantrustal events which, however, due to their moderate magnitudes: (30< 4.5), had not

been included in the Harvard CMT Cataiog’he shaded region indicates the period when the “drift” regime has occurred.

geothermometrically-derived temperatures. In an attemptation. Alternatively, that seismic event had been predated
to fulfil this requirement, we processed, by means of theby a continuous, 18-months-long “drift” period; the “drift”
scatterplot diagrams approach, the chemical-analytical datahenomenon ended just before the strong earthquake, and
provided by a monitoring operation that had addressed ano other “drift” regimes were observed on occurrence of the
saline spring at @nic Moldova, close to Vrancea seismic lower magnitude events recorded subsequently.
area. Those observations seem to indicate that while the “clus-
For that specific spring discharge, the Na-K temperatureter” regime mirrored the “routine” behavior of a deep origin
(Tnak) fluctuations seem to be strongly correlated with thosegroundwater discharge, the “drift” regime has occurred un-
of the “maturity index” (M), a parameter which quantifies der certain exceptional circumstances: the latter were most
(Giggenbach1988 the extent to which the chemical com- probably connected to the preparation stage of the strongest
position of a sampled fluid departs from the last attainedVrancea earthquake recorded during the monitoring opera-
water-rock “full-equilibrium” conditions. The particular cir- ~tion.
cumstance of an outstandingly good correlation between Ml

and TNaTK appears to be associated with rather InSIgnlflcantAcknowledgementsWe feel deeply indebted to Manfred Hochstein
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