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4.1.2. The Gargano promontory survey

The Gargano promontory is a ENE-WSW
ridge extending in the Adriatic Sea (fig. 11).
The geodynamics of the Gargano developed
within the Adriatic micro-plate, which played
the role of foreland for the NE-vergent Apen-
nines as well as for the SW-vergent Dinarides
(Channell and Horvath, 1976). Although appar-
ently part of the Apulian Foreland «stable» block,
several geological and geophysical patterns dis-
tinguished the Gargano sector from the rest of
the foreland: the geomaorphological patterns, the
crustal thickness, the historical-instrumental
seismicity -inland and off-shore, the presence of
gravimetric and magnetic positive anomalies,
the relatively higher heat flow, up to 60 mW/m’,
and the 1ecent]y discovered [Nuid geochemistry
anomalies (Console et al., 1993; Lombardi
ef al., 1999; Salvi et al., 2000). In particular,
remarkable seismic sequences were recorded
between 1986 and 1990, located in the offshore
too, demonstrating that the Adriatic Sea is not
aseismic inside. More recently, instrumental data
showed a moderate seismicity both offshore
(maximum magnitude 5.3 in 1988, strike-slip
fault) and inland, with a maximum magnitude
of 4.4 in 1995, which occurred in the central
sector of the promontory. Destructive earth-
quakes are reported to have occurred in histor-
ical times, with felt effects in the area up to XI
MCS (Console et al., 1993; Boschi et al., 1997).
Extensive damage and casualties were referred
to those events (i.e., Lesina zone: 30/07/1627,
M _ = 6.9 near the recent event M, = 4.0 on
November 3, 1988), but the exact locanon of the
seismogenic structure is still uncertain. A recent
work (Salvi er al., 2000), exploiting the geo-
chemical methods in searching for active faults,
emphasized a possible link between a WSW-
ENE buried fault system and the 1627 probable
seismogenic structure (see fig. 11, S. Spirito
Fault).

In the southern margin of the promontory,
two evident morphological steps joined the rug-
ged land-forms of the carbonate succession to
the plain located south and south-west, i.e. the
Candelaro and Rignano faults (fig. 11). At this
boundary, the Foggia Plain is filled with the
terrigenous sediments of the Apennine fore-deep
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basin, topped by recent continental and marine
deposits. The most evident structure inside the
promontory is the Mattinata Fault, a sub-verti-
cal E-W fault, whose complex kinematics histo-
ry was inferred (Funiciello et al., 1988; Lom-
bardi ef al., 1999), as testified by the presence of
a pull-apart basin (Pantano S. Egidio) and to
compressive deformation (S. Marco in Lamis
area), related to the strike-slip activity of the
fault.

An extensive fluid geochemistry survey was
performed by ING from 1996 to 1997, aimed to
refine fluid geochemistry methods for Seismic
Hazard Assessment (SHA) studies (Lombardi
et al., 1999). About 120 sites were sampled
uniformly throughout the promontory (despite
the scarcity of sampling sites in the central sec-
tor of the promontory, as a consequence of the
karstic hydrogeology).

Besides radon measurement, the physico-
chemiual parameters, dissolved gases (CO,, H.S,

» N,, CO,, Ar, CO,, He, CH,, etc.) and is0-
topu analyses (C, He, O, D, B, Cl) were per-
formed, as discussed elsewhere (Quattrocchi
et al., 1999; Lombardi ef al., 1999; Salvi et al.,
2000). The radon groundwater content was meas-
ured by ASM-LCC for all the samples, while a
subset of samples was selected for CTM-ACC
analysis (table IV).

A significant correlation between fluid geo-
chemistry spatial anomalies and fault system
location was discovered (fig. 11), most of all for
the radon parameter. Its content in groundwater
was related to the lithology, i.e. a low U miner-
als background (high in red-clays deposits), but
mostly to the fault systems (Quattrocchi et al.,
1998): the anomalous values were peaked along
the above-mentioned fault systems, i.e. the Can-
delaro and the Mattinata Faults as well as in
peculiar locations as in the S. Egidio pull-apart
basin and along the S. Spirito buried fault. The
highest radon value was observed at the Mon-
te Granata Well, along the Candelaro Fault, where
it crosses a N-S structure. Here the highest
"He/‘He, Hg, groundwater thermality, magnetic,
gravimentric and heat flow anomalies through-
out the Gargano-Capitanata area were found.

Regarding the cause of radon enrichment in
the above-mentioned sites, we suggested con-
vection-advection processes along fault system,
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as a consequence of the intensive fracture field,
while we excluded a predominant role of carrier
gases as observed both in the Eastern Alps area
and in the Colli Albani area, because of the low
CO, content and the low dissolved gas volume
in the area, that reach only 3-4 times the ASW
content (Air Saturated Water at 20°C; total dis-
solved gas 8.65 x 10-4 mol/L).

Table IV shows that a good agreement was
found between the ASM-LCC and GSM-CTM
methods, used in the frame of the Gargano
surveys: in particular almost all the samples
show the GSM-ACC values within 2 ¢ of the
ASM-LCC value method (fig. 10).

4.1.3. The Ardea Basin survey (Colli Albani)

The Colli Albani quiescent volcano is one of
the ancient volcanoes along the NW-SE exten-
sional belt of the Tuscan-Latium peri-thyrrenian
margin, built up since the Plio-Pleistocene, also
called in literature the Roman Comagmatic Prov-
ince (RCP). Along the RCP the carbonate base-
ments under the volcanic edifices have different
seismogenic behavior, probably due to different
fluid circulation and pore pressure regime at
depth (Quattrocchi and Calcara, 1998). The qui-
escent volcano is considered a seismogenic struc-
ture {(Amato et al., 1994). Most of the Colli
Albani seismic activity was condensed over the
Western sector of the volcano, with swarm hypo-
centers clustered between 3 and 6 km at depth:
a cut of seismicity exists around 10 km. On
the other hand, the recent Rome earthquake
(June 12, 1995, M, = 3.6, fig. 12) showed dilffer-
ent seismicity patterns with respect to the typi-
cal swarm activity of the Colli Albani region,
defining a limited seismogenic fault segment
in the southern sector of Rome (Basili et al.,
1996).

The volcano was defined as a fading off
geothermal system (Giggenbach, 1988; Quat-
trocchi and Venanzi, 1989). Recently the hy-
pothesis of a strict link between the recorded
seismicity and the volcano uplift and deforma-
tion was strengthened (i.e. Colli Albani unrest,
Delaney er al., 1996), just in the sectors where
fluid geochemistry spatial and temporal anom-
alies (CO,, H,S, *Rn, B, NH,, etc.) have been
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discovered (Quattrocchi and Venanzi, 1989; Quat-
trocchi and Caleara, 1998; Pizzino et al., 1999),
Normally, within the Colli Albani region, the
recent volcanic rocks overlap the seismogenetic
layer of Meso-Cenozoic Latium-Abrutium Car-
bonate Platform (5-10 km). Otherwise the RCP
belt may also be characterized by recent hasins
filled by thick sequences of marine clastic de-
posits dating back from the Messinian to the
early Pleistocene. It is the case of the Ardea
Basin, defined as a transfer-related basin (Fac-
cenna et al., 1994): the common characteristics
of these transfer structures are that the slip vec-
tor along the transfer [ault is mainly dip-slip,
meaning that the local extension direction is
orthogonal to the regional direction, with devel-
opment of narrow and deep half-graben basin
structures.

In this structural {ramework we found more
developed diffuse gaseous gushing pools,
groundwater convection and hydrothermal ac-
tivity, as a consequence of the increased facility
1o deep-fluids uplift. Convective circulation may
be easily inferred by groundwater temperature
and radon, the highest in the Colli Albani area,
just at the ARDH and ARD sites.

In particular, the S. Stefano-Ardea thermal
spring (ARD site, 21°C, see fig. 12) is the old-
est commercial thermo-mineral water over
the area, showing both a slight temperature
anomaly as well as high CO, and “*Rn content,
deserving interest for geochemical monitoring
(Quattrocchi and Calcara, 1998; ING-ENEA un-
published data). The interest of the Ardea Basin
was enhanced recently, by the drilling of the S.
Stefano-Ardea thermal Well (ARDH site): this
is the hottest CO,-H,S rich Na-HCO, groundwa-
ter (with 54°C at 85 m depth) discovered 1o
date in the Colli Albani area, near the new gushed
pools named FSGD (Quattrocchi and Calcara,
1998). The 6"C and *He/ He analyses undertak-
en at these sites suggested a clear deep input and
a slight mantle signature (unpublished data of
the GSZ EC program, Lombardi er al., 1999).
The new experimental evidence suggested the
possibility to revise the gas geothermometric
estimates provided in the past (Giggenbach
etal., 1988; Duchi er al., 1991), that constrained
the Colli Albani deep-carbonate geothermal res-
ervoir to low-medium enthalpy range.




Claudio Guadoni, Luca Pizzino and Benedetto Porfidia

Carlo Mancini, Fedora Quattrecchi,

¢

(000T) 19 12 1A[BS WO} PINII[Is 1M

vlep [pAmonds-0a3 L, ne oKl *§ = § neq oreppue)
1NE] BRUTE = ] (WSAS 10Ty [RUOLSaI AU Suoe PAILIO[ AIL SIELUOUL

= ¢ ‘urseq Jede-[nd opisy 'S ouwviuegd =T
UIBLU 3y} ISIRMpUnoId OUREIED A} UL UOTIRIUIDLOD UOpey] 11 ‘31

sajlepunog _mu_mo_m\mﬂﬂ

syne} aneyjodAiy
eiep jeotways0alb Aq pauagyl \/\
syney paung N/

syned /\/

S2INJONIS SOIL010D L

oooz < nod @

ocoz > od > 100 G
0oL > 110d > 108 o
og > inod >0 =

SIU21L0D LOPEI JBlEMPUnolY)

sioWoly OF

0g

7 i
.

e o8

preyey

W

%

50



VOLC

ya
e
\ \\ = ZFR “© 0 Neml Lake //
%\ é‘%
& A%
) P |
2 i
L, \
7
é@ - F \\ 2,
P u | ® Fsa
c?,? DHA . —/ \
N & AN
. / 5
@ /f’ ﬁ\m \
E / b
oV
J 2 =
a 11 22 33 44 Kilometers
LEGEND
&= C02 gushing area 02-11-1995 N Roads

@ Epicenters /\/ River and Lakes
= RAn monitoring sites (1995-1998) N Coastlines

Fig. 12. Map showing the location of the Ardea Basin within the Rome-Colli Albani quiescent volcano area.

With black squares ING radon monitoring sites are indicated: ARD = Ardea S. Stefano spring; ARDH = Ardea

3. Stefano thermal well; FSG = Fossignano 1 pool; FSGD = Fossignano 2 pool; ZFR = Zolforata pool;

BAR = Barozze well; CIA = Ciampino town; SMM = Santa Maria delle Mole town; VLR = Valleranello well;

II;AU' = Acqua Laurentina spring; PAU = Acqua S. Paoclo spring; TIV = Tivoli town; RCP = Roman Comagmatic
rovince.
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Table V. Comparison of results of radon measurements obtained by the GSM and ASM-LCC methods, performed
at the Ardea 5. Stefano (ARD) site, within the Colli Albani area on 13 September 1996. The units are in Bg/L.

ACC = Active Charcoals canisters; BM = Beaker Marinelli; LCC = Lucas CellEouming.

Measure AvcraTge BM ING LCC (H Average ACC ING LCC (2)
1 266 160 268 113
2 269 218 269 139
3 266 149 264 131
4 266 199 278 161
3 270 229 279 193
6 268 173 266 123
Average 267.5 188.0 270.7 143.3
Standard deviation 1.8 323 6.3 203

At the new ARDH well the highest Rn con-
tent to date was found within the Colli Albani
region (up to 1185 Bg/L), inferring the exist-
ence of a deep and fast hydrothermal circulation
through a widespread fracture system. While
the Rn concentration at the ARDH and FSGD
sites seems to vary with time, considering the
few available data recorded up to now, the ARD
site Rn content denoted a noteworthy constancy
with time: this fact spurred us to select this
site for the present intercalibration of different
methods.

The role of CO, as carrier for Rn, verified
over the Colli Albani area as a whole, was also
confirmed for the Ardea Basin sites, as inferred
by the strict relationships between CO, flux
from soils/groundwater and Rn anomalies (G.
Chiodini and S. Lombardi data). This area may
be exploited to verify the CO, diffuse flux over
a quiescent volcanic area, whose global contri-
bution should not be under-evaluated (Brantley
and Koepenick, 1995; Pizzino et al., 1999).

At this site, the inter-calibration sampling
procedure between ASM-LCC and GSM meth-
ods (table V) provided steps of concomitant
refilling of both the ING RU200 Unit glass
cylinder, the BM and the CTM stripping-bottle
to fill the ACC (performed alternatively and
repeated six times, during a period two hours).

The collected samples both by CTM-ACC
and by BM underwent y-spectrometry analyses
at the DINCE Laboratory the day after, by 600 s
counting, extended to the representative two
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rois. The measures were repeated on September
16, 1996, with a counting time of 900 s, and the
average of the obtained results was considered.
Table V reports the radon concentration ob-
tained by ING and by DINCE analyses. The
results obtained by ASM-LCC are in notewor-
thy disagreement with those obtained by the
GSM methodologies. The ING data arc also
characterized by a scarce precision and reliabil-
ity of the entire system, comprising the degas-
sing units and Lucas Cells.

4.2. Discussion on the intercomparison
between methods on the field

A comparative analysis of the radon results
obtained throughout the three selected areas
(Gargano, Eastern Alps and Colli Albani) showed
that the radon concentration values obtained by
ING uwsing the ASM-LCC method are about
62% lower on average with respect those ob-
tained by DINCE using the GSM methods.
Moreover the ASM-LCC data presented note-
worthy fluctuations (fig. 13). After defining the
ASM-LCC/GSM-CTM ratio for each sample,
with obvious significance, all the measures with
the ratio > 3.0 were been removed: despite this
restriction, the standard deviation of the ratios
distribution (with an average value of 0.62) was
0.37, meaning 60% of the average value. This
result dramatically disclosed the low precision
of the ASM-LCC method used by ING.
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Fig. 13. Diagram of the Alpha Scintillation by Lucas Cell Counting (ASM-LCC) — Gamma Counting (GC as
GSM in the text) ratios versus the number of the analysed samples referred to the inter-calibration measurcments

as a whole (Gargano, Eastern Alps, ARD site).

Regarding the radon concentration values
found in the different surveys as a whole, it may
be possible to infer the need to have high radon
(> 50 Bg/L) content to obtain comparable re-
sults.

The Minimum Detection Limit (MDL) of
the two methods have been inferred as 1 Bg/L.

In conclusion, the analysis of the inter-com-
parison performed on the field inferred that the
GSM method adopted by DINCE, in particular
the GSM-CTM(ACC), is more reliable than the
ASM-LCC method used by ING, particularly as
verified at the ARD site, the error being less
than 10% with respect the ASM-LCC method,
which error exceeds 200% for higher Rn concen-
trations.

The ASM-LCC configuration showed some
failings: in particular the Pylon Inc™ type glass-
cylinder configuration is unable to minimize the
air-contact and the sampling routine is not easy
to standardize. Therefore, the pre-requisite con-
ditions to obtain precision are not easy to ac-

complish, i.e. the measure appeared to be de-
pendent on the handling of the operator (gas
bubbling minimization, exact volume refilling,
air-stripping valve switching, time selected for
stripping, etc.).

To overcome these drawbacks, the DINCE
Laboratory first made up a different glass cylin-
der configuration (with a removable cap, de-
scribed above), trying to assure the sample re-
filling with a rigorously constant volume, min-
imizing the air contact during sampling. After a
first screening, this substitution did not seem to
have brought an appreciable best-fitting in the
inter-comparison data sets. The second attempt
was to optimize the diffusing filter, used during
the degassing time, with the final aim to en-
hance the stripping efficiency.

On the other hand, the EDA Instruments
Ine™ Lucas Cells failings were inferred to be
the true cause of the lack of reliability of the
ASM-LCC method as a whole. Therefore, we
decided to submit these ZnS ,  devices to seri-
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ous accurate calibration in the laboratory both
for each ING Lucas Cell and for each glass-
cylinder refilling modality, when linked to the
air re-circulation unit (RU200 Unit).

5. Laboratory inter-calibration between
ASM-LCC and GSM methods

5.1. Method: the DINCE Standuard Radioactive
Source (DSRS)

The results of the inter-calibration during the
field surveys suggested investigating the prob-
lem, starting an inter-calibration routine among
the three methods, ASM-LCC, GSM-CTM and
GSM-BM, in the laboratory too.

This procedure needed, in this specific case,
to build up a standard aqueous solution with an
adequately high radon concentration, i.e. about
500 Bg/L or more. This was accomplished as a
DINCE Standard Radioactive Source (DSRS).
The main DSRS pre-requisite was to permit
the parallel and concomitant sampling of water
aliquots by the diverse mentioned methodology
(fig. 14).

In the DINCE laboratory, two liquid sources
were available, made up of an agqueous solution,
each containing around 15000 Bq of ™Ra. As
suggested by the EPA (Environmental Protec-
tion Agency), the solutions contain nitric acid,
in such a concentration sound to buffer the pH
around 2, and barium chloride, to avoid radium
diffusion from the internal walls of the contain-
ers. The solution is normally preserved in a
glass cruet, designed in the laboratory, made up
of a candle-shaped diffusive filter, with zero
porosity and by two glass taps, allowing the
extraction of air saturated by radon.

During the laboratory inter-calibration it was
soon collected above the free surface of the
solution. The method used for the preparation
of the «high radon standard water» provided the
re-circulation through the water volume of ra-
don enriched air, drawn off the cruets filled with
the liquid solution,

The main criteria of the DSRS design were
as follows: 1) the form and dimensions (8 liters)
to assure sound and powerful re-circulation;
ii) the capability to avoid the re-entry of water

54

inside the circuit of the re-circulation pump
(a PVC disk was added. that separated the water
from the air above); iii) the possibility to ac-
complish more than one sampling on parallel
lines; iv) steadfastness and proof to radon gas;
v) minimization of the exchange surface be-
tween water and the air above,

The principle of functioning of the DSRS
was simple: with a specific syringe, fitted with
a small Tygon™ tube, and air-tight materials, an
aliquot of air overlying the liquid sources of
*“Ra was drawn off. Subsequently, the air was
injected into the plastic lung located at the top
of the cylindric container, which was already
filled with water, by a tap located behind. Once
the connections were established and the vent-
hole through a needle (with the function of in-

Fig. 14. The DINCE Standard Radioactive Source
{DSRS) as described in the text.
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rroducing a noteworthy hydraulic resistance)
were opened, the re-circulation pump was
switched on for a time interval around 10-20
min (a small membrane pump with a 1 I/minute
flow). The radon enriched air passed through
the candle-shaped filter located at the bottom of
the container, gurgling within the water, and
then returned to the pump through the small
tube. In this way, a huge fraction of the radon
inside the air, and most of all of the short-life
daughters were transferred to the liquid mass.
At the end of the re-circulation stage, and after
waiting to reach secular equilibrium, the water
was ready to be drawn off and analyzed.

During the sampling, it was nccessary Lo
ensure an air re-entry, to avoid creating a de-
pression, which, in agreement with Henry’s law,
may involve an alteration of the radon distribu-
tion between air and water.

The above-described DSRS radon-rich wa-
ter (around 24 h constant radon concentration
achieved by DINCE) was used for a laboratory
inter-calibration between the ASM-LCC and the
GSM methods at the same time, as described
previously.

5.2. Results

The total number of Rn concentration meas-
urements accomplished by the DSRS comprised
eleven cycles of measurements, for each ING
Lucas Cell (a total of 14 cells available). Another
ten cycles were performed using the GSM meth-
od (alternatively by the BM or by ACC sam-
plers) finally resulting in 154 measures with
ASM-LCC and 10 measures with GSM. The
measuring procedure remained unchanged dur-
ing the experiment as a whole, strictly adopting
the same routines used on the field. Moreover, a
cross-check was made between the described
DINCE customized water-stripping glass-cylin-
der and the Pylon™ type one used by ING. In
the text and figures the two cylinders are men-
tioned as open (ING one} and closed (DINCE
one). The test routine was accomplished both
by the open and by the closed cylinders at the
sume time. Each ZnS ,  cell was always coupled
with the same kind of cylinder throughout the
experiment,
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The results obtained are summarized in the
table VIa,b (¢ = open cylinder; ¢ = closed cylin-
der). Table VIb shows the efficiency value (cal-
culated with respect the GSM methods) of each
ZnS,,  cell, for each measurement cycle; more-
over the average values of the efficiency and
data dispersion, expressed as standard devia-
tions are reported (table VIb). Then, the Proper
Calibration Factor (PCF) for each cell was cal-
culated, with the relative statistical error associ-
ated. The divergence of the values was almost
wide, inferring a scarce precision of the meas-
ures made by the available Lucas cells.

However, taking into account the calculated
PCF for each cell, the expeditious radon meas-
ure, performed on the field during the geochem-
ical surveys, may be considered reliable for the
purposes of the research. The concomitant use
on the field of both methods is strongly recom-
mended, the former to have real-time knowl-
edge of the radon distribution in situ, the latter
for a more accurate radon study.

6. Conclusions

The on field and laboratory inter-calibration
comparisons between the Alpha Scintillation
Method by Lucas Cell Counting (ASM-LCC)
method adopted by ING and the Gamma Spec-
trometry (GSM) methods adopted by DINCE,
using both the Beaker Marinelli (BM) and the
Active Charcoal Collectors (CTM-ACC) was
very useful to discriminate the respective fail-
ings, disadvantages and critical aspects, in dif-
ferent logistic and geodynamic settings.

In fact, radon concentration in groundwater
was highly variable in different seismotectoni-
cal and lithological setlings, as a consequence
of ie., the presence of active faults involving
convection of groundwater (i.e. the Pejo, Giudi-
carie and Tonale lines over the Eastern Alps, and
the Candelaro and S. Spirito lines over the
Gargano arca, the graben faults of the Ardea
Basin), CO, gas-carrier presence, peculiar phys-
ico-chemical conditions, volcanic or metamor-
phic lithology with high radon background, etc.

All this evidence stresses the need to make a
parallel use of both methods, during the ING
geochemical surveys, aimed at seismotectonical
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studies, i.e. in situ fault recognition, water-rock
interaction studies, earthquake prediction ex-
periments, Rn-indoor studies, etc., as a conse-
quence of the need to obtain sound instrumen-
tation for all the situations encountered. In
particular, this need arises from the evidence
that the ASM-LCC method is strongly lacking
in accuracy and precision. A standardization of
the ASM-LCC method was almost impossible,
as a consequence of the intrinsic gas stripping
strategy, the kind of Pylon™ glass cylinder con-
figuration, the difference between each Lucas
Cell, the Lucas Cells drifting or consumption,
the air re-circulation circuit employed, operator
handling , etc. The ASM-LCC method adopted
by ING requires a periodic inter-calibration with
other methods, i.e. by GSM methods.

The ASM-LCC method was found particu-
larly sound for expeditious field radon measure-
ment, to have a gross evaluation of the radon
concentration in groundwater, during geochem-
ical surveys, ie. during an ongoing tectonic/
volcanic event, or to follow in situ the trace of a
buried fault zone and of a peculiar lithologic
body, but not sound enough to collect exact
radon concentration values. In fact, il expedi-
tious and quick information in the field is not
required, the GSM methods are particularly con-
venient for the routine simplicity and low-cost
devices. The detection limit was found still low-
er with respect to the ASM-LCC method one.
The global errors due to the instrumental assem-
bly were above 7-109% with respect the ASM-
LCC method (above 20%).

The experimental devices made and the re-
sults collected during this work may be useful
to improve ING-DINCE collaboration: the as-
sembly and inter-calibration of ASM-LCC and
GSM radon continuous monitoring stations, still
in progress, exploiting the DINCE experience
on radionuclides measurement and overcoming
the ING-Civil Protection surveillance needs, as
well as adopting the ING geochemical network
criteria (GSM I prototype).

We are strongly convinced that the earth-
quake prediction approach must be changed,
mostly considering the study of seismic fore-
runners as a multivariable and multidisciplinary
study of the seismic cycle as a whole: in this
sense fluid geochemistry methods exploited by

58

ING have proved powerful tools in understand-
ing the seismic cycle fluid-related processes in
the pre-seismic phase too. Baseline continuous
and discrete data also in aseismic periods are
necessary to understand the observed anomalies
and to refine the earthquake prediction algo-
rithms formulated to date.

The overall radon information gathered in
this work is pre-requisite to define the prone-
areas where the deepening of Rn-indoor studies
must been accomplished. This is a new open
problem in Italy, recently highlighted by EC
directives and laws.
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