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Recent Dlscovery of a New Geothermal Fleld in ItaIy Alfina

R. CATALDI ® ano M. RENmNA*

ABSTRACT

" Research and initial exploration drilling carried out in
the Alfina geothermal area are dealt with in this paper,

The Alfina arca, located in northern Latium (central
ltaly), is almost lacking in hydrothcrmal manifestations at the
surfuce. The research approach included two main steps: the
first consisting of studies and investigations on a regional
basis (geology. photogcology, hydrogeochemistry, gravimetry
and shallow resistivity prospections): the second consisting of
specific surveys (geothermal gradient, heat flow, deep geo-
clectric prospecting, etc.), The latter surveys were conducted
only in the preferential arcas which had been singled out by
mcans of regional investigations. The regional and specific
survey pointed out that the Alfina arca is characterized by a
convergence of different geological factors favourable to the
existence of gco(hmmdl fluids at depth: thus, the first cxplo-
ration well in this arca was drilled and completed in the
summer of 1973,

The results of this well confirm that a geothermal reser-
voir exists in the Alfina arca at depths below 600 m.

An outline is finally gl\mn of the future development of
the new geothermal ficld.

Introduction

Interest in developing geothermal research in the
pre-Apennine belt of central Italy, lacing the Tyrrhenian
coast, dates back to more than a decade. But only in
1965 approximately, a few years after the merging of
the previous electric cnergy utilities into ENEL (Italian
Electric Energy Agency). was it possible to plan an ex-
tensive programme of geothermal research on a national
basis.

Following this programme, different projects were
set up on a rcgioral basis for investigating the geo-
thermal potentiality of some Italian regions.

The « Monti Volsini geothermal project », includ-
ing the Alfina area, is onc of these projects. It concerns
the region surrounding lake Bolsena (northern Latium)
and covers a total surface exceeding 1500 km®.

A geothermal prefeasibility study was thus under-
taken in this region by ENEL about 8 years ago which
aimed at determining whether the arca featured any

geological element encouraging the development -of, the”

Monti Volsini project.

Research approach

Based on the literature existing at that time and
~n a series of on the spot inspections, the prefeasibilitv

* ENEL. Direzione Studi e Ricerche, Centro di Ricerca
Geotermica, Pisa, laly.
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study concluded that the Monti Volsini region was char-
acterized geologically by

— wide cffusions of Quaternary volcanic rocks;
— active faulting of Upper Miocenc-Quaternary;

— a thick impermcable complex at the bottom of the volcanic
cover;

— a confined aquifer underlying the above-mentioned complo.x,
— sporadic spots of hydrothermal manifestations.
neither proved nor

These elements, of course,

disproved the existence of hyperthermal fluids at depth:
they only indicated that it was worthwhile continuing

the geothermal project and passing to the feasnblllly
study propet.

Research was then organized according to a cri-
terion of step-by-stcp development, from regional low-
cost studies to local specific surveys.

Regional approach

The group of regional studies, started in 1968 and
concluded in 1970, consisted of the following investi-
gations. o

Geological study

It mainly involved volcanology, petrology and the
volcano-tectonic setting, since volcanism is the domi-
nant geological feature of the Monti Volsini region.
Indeed, as Figure 1 shows, sedimentary terrains outcrop
only at the borders of the region, evidencing the differ-
ent geological formations which represent the substra-
tum of the thin volcanic cover.

Tectonic attitude, lithology and the stratigraphic
sequence of sedimentary rocks were also studied over
a sufficiently wide area, in order to fit the situation of
the region within a more complete geological frame.

Photogeological study

It included an analysis and a density map of the
total ficld of fractures, sclection and density maps of
the main trends of [ractures, selection of «long
linears », study of the drainage pattern etc.

Besides such elements, the study of air photo-cover-
age enabled the detection and analysis of all « circular
features » occurging in the region. Studying these fea-
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tures (extrusion chimneys, crater edges, calderas, domes,
. etc.) is particularly important in such a volcanic region
as that of Monti Volsini because of the role they play
as local absorption areas of cold rain-water into the
reservoit.

Figure 2 represents a portion of the area covered
by the photogeological study. It shows the density of
N-S and E-W fracture trends obtained from sclection
of the total field of fractures, and evidences that the
geothermal arca of Alfina is located on the western side
of a buried geological feature connected with a densely
fractured area at the surface.

.
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Gravity prospecting e
. It was principally aimed at reconstructing the re-
X gional attitude of deep tectonic features. The average
' spacing of prospection is | point per 2 km* approx.

! As can be scen in Figure 3, Monti Volsini region
':' has a rather contrasting gravimetric attitude, with a
i

i

series of positive and ncgative anomalies roughly trend- LTI [T
ing N-S or NNW - SSE. scais

'R The two main positive anomalies, evidenced by p— s
values exceeding 25 milligals, are situated near Mt. Ca-
nino (the first) and in the Alfina area (the second). The
latter anomaly has a local closure of about 5 milligals,

FiG. 2. — Density map of fractures (Selection N-S and E-W).

They are located as follows: the first near Alfina, the
second west of Bolsena lake (near Latera) and the
third a few kilometres west of Mt. Canino. These three

d which can be attributed to a positive feature of the car- L o

M bonate formations underlying the impermeable flysch- B
E facies terrains. e
]

Special mention should be made of two low-den-
sity sub-circular anomaliés, discovered south of Mez-

—
T

i zano lake and near Bagnoregio. Both anomalies are areas are separated by high-resistivity values (100 ohm+  § y
:i marked by gravimetric values lower than 15 milligals. m or more) but are all placed along a belt, whose di- "
i The first anomaly is certainly related to the volcanic rection (NE -SW) follows the pre-Apennine structural ‘
:! extrusion of the Latera caldera; the second and round- trend and is, therefore, of tectonic significance. ¥ \
' shaped anomaly, on the contrary, may be interpreted N
| as a mass deficit which is the result of an acid stock )
s; probably buried in the region, at a depth of 2.5-3 km. Hydrogeochemical study 3
3; It was initially planned as a regional hydrogeolog: §
i Shallow resistivity survey ical survey of hydrothermal manifestations occurring in

i Like other similar surveys performed in different

Italian geothermal arcas. this survey was planncd on a
multi-purpose basis: [irstly, to determine the depth and
attitude of the top of the argillaceous or shaly forma-
tions underlying the volcanic cover; secondly, to deter-
mine the thickness of this cover and the attitude of the

the whole volcanic area between Mt. Amiata and Rome.
Subsequently, based on this survey, waler, gas, in-
crustations, ctc. of the principal manifestation spots
were chemically (and sometimes also isotopically) ana-
lyzed to reconstruct the geochemical environment of the
potential rescrvoir and to outline the patterns of water

[iv__{/ ./,"’ v i

unconfined water level contained therein; thirdly, to circulation. ti Vi
singlc out low-resistivity areas. Taking into account that Comp]c[e results of the hydl-ogeochcmica[ S[udy are inat
the thickness of the volcanic cover was expected to be contained in this issue in a paper by BALDI ET AL., geni
g in general less than 300 m, an electrode AB distance of which the interested reader is referred to. The main emp
‘ up to 1 km was adopted according to the quadripdle conclusions can be summarized as follows. abo
Schlumberger array. Two principal patterns of circulation exist in the that
The distribution ol resistivity values for the maxi- region: a shallow one, developing essentially within man

mum depth investigated (i.e. corresponding to an AB the volcanic cover, and a deep one, involving the car-
distance of 1 km) is provided in Figure 4. This figure bonate and evaporitic formations which represent the Vols
indicates that three low-resistivity arcas (with values confined aquifer overlain by the flysch-facies complex. fails
less than 10 ohm-m) exist in the Monti Volsini region. Thus, broadly speaking, the whole region between Mon- sign
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¢ ti Volsini and Rome may be regarded as a « water-dom-
"inated geothermal system », with base temperature
 generally lower than 100°C. However, it should be*
B¢ emphasized that spots of hot manifcstations in the
% above-said region have such a scattered distribution
R that vast areas remain entirely void of hydrothermal
¢ manifestations at the surface.

As a matter of fact, the northern part of the Monti
Volsini region (and the area of Alfina in particular)
.. fails to display, over an area exceeding 300 km®, any
_‘_,Eignificam surface trace of hydrothermal circulation;

Fi1G. 3. — Bouguer anomaly map of the Monti Volsini region.

consequently, the general conclusions of the hydrogeo-
chemical study left open the possibility that the Alfina
areca might have a reservoir temperature over 100°C.

Other investigations

In addition to the investigations outlined above,
which covered the whole (or most of) Monti Volsini
project area (wo other kinds of investigations were
conducted on a preliminary basis during the regional
approach stage.
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F1G. 4. — Shallow resislviuily map of the northern and western part of the Monti Volsini region (AB-1000. m).

They are Specific surveys
— a number of deep electric soundings (AB of between 2 and
6 km) to evaluate at certain points the depth of the resistive

substratum possibly corresponding to permeable carbonate
formations;

The integrated evaluation of all the above-men-
tioned regional investigations enabled to conclude that
two areas of the project might deserve [urther attention
for additional and more specific prospections.

These two preferential areas, shown in Figure 35,
cover aggregately a surface of about 500 km®, which

— a few geothermal test-holes 1o determine the feasibiiity of
applying geothermal prospection to such a region as that
of Monti Volsini, where permeable volcanic rocks widely
oulcrop.
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; i Fi16. S. — Area of the Monti Volsini geothermal project.
' The dashed line outlines the whole project area: dotied

areas are the preferentiul ones singled out by regional in-
i vestigations.

;i"vfrepresent about 30% of the total area of the Monti
;"tVolsini project.
The following specific surveys were thus starled in

1972 in the two preferential areas.

i Geothermal gradient survey

¢ It was carried out by drilling 30 shallow holes at
- deplhs of between 60 and 250 m, thus giving an aver-
{ .age depth of 120 m.
g The location of each hole was chosen on the basis
'~ of regional investigations (especially the shallow resisti-
¢ “vity survey), which allowed to select the areas with a
v minimum thickness and the least possible permeability
;“of the volcanic rocks.
~ The final depth of cach hole was such as to reach
and cross, for at least 30 m, the argillaceous or shaly
¢ . terrains lying under the volcanic cover.
The average density of geothermal holes is 1 per
+17 km* approx., but their distribution over the two
. preferential areas is not homogeneous due to geological
““and operative reasons. Despite this seemingly low den-
<y sity, all the geological features of potential interest were
" - covered by many geothcrmal holes.
, Three chiefl anomalies were detected in the Monti
K Volsml region, which are located in the arcas near Mt.
% Canmo Latera and Alfina. These areas, with geother-

‘;;‘_out over the surrounding ones, whose regional value
is 0.05°C/m. All three anomalous areas are aligned
-along the same NE-SW belt described for the shallow
resistivity survey.

Heat-flow survey

This was another specific investigation carried out
in the preferential areas. It was, however, an indirect
survey, as it was based upon the geothermal gradient
survey and thermal conductivity measurements executed
in laboratory.

These measurements were carried out according
to the « needle probe method » on soft rock samples
cored in each hole in correspondence to the depths at
which temperature had to be measured.

The heat-flow map (Figure 6) basically reflects
the gradient map. This has nothing surprising, since
about 85% of conductivity values are concentrated in
the range 3.25-4.75-10° cal/°C cm s (1.36 to 1.99
W/m K approx.). This concentration depends in turn
upon the location of geothermal holes, which were dril-
led in as-impervious-as-possible terrains (clays, shales,
etc.).

As a consequence, the same anomalous areas men-
tioned for the geothermal gradient survey (i. e. Canino,
Latera and Alfina) stand out in the heat-flow map.
These areas are all marked by values exceeding 3 pical/
cm®s (0.13 W/m?*), but those of Canino and Alfina (6
to 8 n cal/cm’s, or 0.25-0.33 W/m®) are even more

marked than that of Latera (4 to 5 (Lcal/cm s, or 0.17-
021 W/m?).

Deep geoelectrical prospecting

It was mainly directed at detecting the -resistive
substratum which was likely to correspond to the top
of the carbonate formations lying under the flysch-
facies complex. Like the shallow resistivity survey, this
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FiG. 6. — Heat-flow map of the Monti Volsini region.
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p.rospccling was performed following the Schiumberger
quadripble method, with a max. AB clectrode distance

~of 4-6 km, which was considered sullicicnt for average

depths (1000-1500 m) of the resistive substratum.
Considering that the main structural trend of the Monti
Volsini region is NNW-SSE, thc geoclectric proliles
were carried out, as far as possible, along a NE-SW
direction, in order to « cross » deep-seated resistive
features. }

The spacing between electric soundings is on the
average 1 km approx. along each profile; while the
distance from one profile to the other is about 2 km.
A greater density was adopted in correspondence to
the areas of geothermal anomaly.

Part of the deep geoelectric prospecting resulis is
shown in Figure 7, which represents the attitude of the
resistive substratum in the Alfina area proper. It can
be noted that in the very central part of this area the
resistive substratum is framed as a closed positive
feature, adjoined by a series of smaller down-thrown
blocks. In the central part of this {eature, the average
elevations of between — 200 and — 500 m with respect
to datum plane (s. l.) correspond (o depths of 600-1000
m, which are very suitable for drilling exploration.
Other positive features of the resistive substratum, com-
parable to that of Alfina, were found in the areas near
Mt. Canino and Latera.

Other surveys

Some additional investigations, besides the above-
said surveys, were performed on a local scale in cor-
respondence to the preferential areas shown in Fig-
ure 5.

_Jorre o
A0 ima

-~ VES (AD'4<6Km)

Contour Unes of Ihe resislive substratum
= (m with renpect 10 0 1)

= Geeslactrical discontinuity

+ 4+ 4+ - Pasitive teatures
0_-‘- ' ] | L fa = Deep wmells
FIG. 7. — Attitude of the resistive substratum in the Alfina

geathermal area.

gu.wam'a _ Viterbo
s 10 20 Km

F1G. 8. — Arcas selected for deep exploration. 1) Torre Alfina;
2) Lateru; 3) Cuanino, .

In short, these additional investigations include:
detailed stratigraphic series ol volcanic and sedimentary
sequences; hydrogeology and chemical analyses of cold
springs; repeated geochemistry of manifestations.

As regards the Alfina area proper, which is almost
completely lacking in hydrothermal manifestations, as
previously said, geochemical investigations could supply
only indirect information, based essentially on a gas
escape existing near the Alfina village.

This escape occurs in a few small pools of cold
water, from which sporadic bubbles of gas (mainly
CO,, as Table 1 shows) are weakly released. Consider-
ing jointly the chemical nature of the gas and the geo-

logical structure.of the area, as well as the hydrogeologi-

cal situation, the hypothesis could be put forward that
a gas cap was likely to exist within the upper part of
the closed feature detected by the deep geoelectric
prospecting.

Selection of promising areas

Comparison and integrated interpretation of all the
regional and specific surveys enabled to focus attention
on the three areas shown in Figure 8: Canino, Latera
and Alfina. i

In fact, by comparing the resulis of each survey
or study, it can be noticed that these three areas arc
characterized by a remarkable convergence of the follow-
ing geological features '

— high valucs of geothermal gradient (0.1-0.2 °C/m);
— high values of conductive heat flow (> 3 peal/em?s)

— clongated gravity highs of a structural type;

— positive features of resistive substratum (probably corre-
sponding to permeable carbonate rocks), whose top lics
at depths of 600-1000 m;
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;‘— a sufficient thickness (500 m or more) of the impermeable

%, complex sealing the underlying resistive complex;
4,

A:— high density of fracture field (> 700 m/km?2);

ot — s Aaban et - b

I

. — scattered spots of hydrothermal manifestations (except for
- the Alfina area);

Due to the coexistence of these geological fea-

# tures, the area which appeared to be promising for un-

dertaking drilling exploration was that of Alfina. Here,
furthermore, as was pointed out for the hydrogeochem-
.ical study, the absence of hydrothermal manifestations

%2t the surface was considered an additional favourable

factor for proceeding to the deep exploration stage.
The planimetric projection of the different geolog-

“wyical features singled out in the Alfina area is shown

:in Figure 9, where the overlapping zone can be regarded

> as preferential for starting drilling exploration. The in-
,terpretallon given to this area before starting drilling
is represented in the cross-section of Figure 10.

'Exploration' of the Alfina area
?»  Exploration of the Alfina area began in the spring
vof 1973 and is still at an early stage. The first test-well,

¢ whose location and projection are shown in Figures 9

g and 10 respectively, began in May 1973 and was com-

pleted in about one month in June 1973, at the final

depth of 633 m. Figure 11 displays the geological situa-
tion of this well, together w1th some thermometric and
geoelectric logs.

As the latter figure shows, the lithostratigraphic
sequence of the well is quite simple and is made up
of a flysch-facies complex lying under a few metres of
volcanic rocks and probably over carbonate formations.

Regardless of the fact that two different formations
(each including two different members) can be distin-
guished within the flysch-facies complex, it can be
claimed that shale is the dominant lithotype of the
sequence, with thin intercalations of marls, marlstones
and limestones. This dominance accounts in turn for
the complete absence of circulation losses or mud ab-
sorption down to the bottom of flysch terrains, as well
as for the remarkable constance of geothermal gradient.

At a depth of 633 m, however, where the cap-rock
is likely to come into contact with the reservoir, a
sudden circulation loss occurred during drilling, which
resulted in a rapid and violent eruption, in spite of the

many attempts made at removing the drill string and at -

introducing the production casing.

The flow rate increased significantly in a few
hours and a considerable amount .of dust and chips,
torn away from the uncased walls of the well by the
endogenous fluid, added to the same fluid, thereby
producing a scene far more impressive than that shown
in Figure 12,

The fluid yiclded by the well was, from the very
beginning of the eruption, a dry fluid, prevalently made
up of CO, and a minor percentage of steam. In the
course of the following 2-3 days, however, the gaseous
rate underwent an evident decrease, whilst temperature,
total amount of [luid and steam percentage were rising.
At the same time, dust and chips diminished and the gas-
steam jet became increasingly high and clean (Fig-
ure 13).

Owing to very hazardous working conditions, the
need arose to repair or to collapse the well; therefore
it was absolutely impossible to undertake the usual meas-
urements for obtaining the actual values of flow-rate,
pressure, gas-steam ratio and temperature. Consequent-
ly, for the initial conditions of production, only some

estimated values can be provided, i. e. 300-400 t/h

for flow rate and 70-80% by weight for gas-steam ratio.

Moreover, shut-in pressure certainly exceeded 33
kg/cm®, since this value was recorded during shutting
operations aimed at causing the walls of the well to col-
lapse.

The chemical composition of the gas exhausted by
the well Alfina 1 (Table 1) is practically the same
as that of the surface escape of .cold gas occurring
about 2 km away from the well site, so confirming
their common origin,

By comparing the gas composition given in Table
1, it can be noted that hydrogen sulphide is practically

113




v:nic-l clectrical 3¢ a 2% N 30 a1 a2 343 244 LT and which
‘ Jonding (VES) however, m
limits of int
and reservo
§ conservative
As to
4 even more «
some physic
“indeed, are i
calculations
§ of the ficld.
[T
QUAT, | vOLC.
o ° k
: ;
i 3
" r
o8
° o
B 2 e w
"1 . : "
0 . cae mock mEswTwoY
| e
- | a
x
« 3
- -]
. e
w
-
" . 5 @
| w
G, 10. — Interpretative cross-section of the Alfina geothermal areu. " o
2
s | 3
|
<
. -
TABLE i-l—- G}as L‘O'NPgsl'lion of the /‘U;’lul/uw;ll a/fd (‘Oll\ll’(l.rt’tl what diffcrent from those of the Mt. Amiata geothermal vl g
to that of a neurby. gas-escape and of the Mt. Anuata o . i " . ., con e N v "
geothermal fields (%, in volume). helds,.lhc nearest of which (Piancastagnaio) is located -
at a distance of over 25 km. .
ALFINA WELL
Compo. Superfi- ~ © o © ©
nents cial gas @ = = a = Mt Next development of the area
escapc £ E E E E  Amiuata ) . .
ncar © & © © & (average) The technical work required to control the violent
Alfina 1 2 3 4 5 eruption of Alfina 1 well severely restricted the possi-
Cco, 98.62 98.54 98.54 98.59 98.65 98.65 9491 bllily of.obtainil.lg. .the ph'ysicﬂl Charact?rislics Or ‘hc Y -
CH. 020 045 017 048 0.7 017  3.64 fluid during the initial period of production and subse- ’L g g
N, L1200 131 129 123 IR L8 076 quently hindered the possibility of carrying on systematic 1 |3
H, fraccs nil nil  nil nil nil .36 . measurements. : 2
0. 006 traces traces traces traces traces il Despite this, it can be deemed that the data and b ‘
H.S il traces nil onil il il 0.33 information provided by Alfina 1 well [ully suppon s 4;_‘ »s
the previous interpretation based on surface surveys and ez CARS. | ¢
confirm that a new geothermal field was discovercd by FG. 11, — -
missing in the Alfina area and that methane is signif- ENEL in ltaly. ) flows an
icantly lower in this area with respect 10 that on average The extension and potentiality of this new ficld § . Z/I’T“’Ilez;m‘
contained in the gas mixture of the Mt. Amiata gco- arc yet to be determined. As concerns extension, Fige &  ies en
thermal fields. These differences lead to the hypothesis ure 9 cnables a first work hypothesis by considering '§  shales w
that reservoir conditions in the Alfina area are some- the area where different geological features overlp §  "@Ho™
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imfwand which covers a surfacé of 15-20 km®. The latter,
Jzhowever, might be an undereslimated figure since the
<-limits of interest for §0me featurds (such as gfavimetry
#:nd reservoir depth) Have been considered following
*{'.Onservatwe asstimplions.
‘ As to the potentiality of the. field, estimates are
‘even more difficult,due to the lack of . 1eslcd values for
Jiisome physmal parameters of the. reservoir. These valués,
} ~;mdeed are indispensable in-approaching thermodynamic
{.Jcalculations dimed .at ghaping a fealistic physical model
3 \Iof the field. In this respect, by dnalogy with other ltalian
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fields, it should be supposed that at least six months
of exploration and production’ aré ‘necded to obtain
the physical parameiers of the resefvoit (porosity, water
baldrice, base. témperature,. thitkness, etc.) and to allow
& substantlal drainage of the gas cap.

With réference to the above-mentioned problems
(extension and potentiality) and to those connected with
industrial cxpioitation of the newfield, a detailed project
tealled « Alfina geotherinal project ») has been set up
by ENEL, which will be implemented on -a step-by-
Step basis, .

As regards the exploration area only, the Tirst step,
which is scheduled for the 1974-76 period, includes

— e,\;;-!ormwn re.s(.um’: peograni, implying delailed snidics
and [investigations on Hecp arid surfate BEGlogy, hydmgco'l
ogy, gwchcmlsrry :geophysics and rescrvoir engineering;

-— 4 dritling program, including 5- 10 testwells and one or
lwo. deep well(s} for disposing of geothermal waters: {f
nLu:SS'lry)

— n ew.fagfu.-f program, simed -ai studying and experiments
ing dlfferu.nt allcmalwes of uh]manon and/or disposal of
geothermal “waters and gascous. gffluénts.
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Fiw: 13; — View of. the Alfina 7 well, 3 days uften e.\f,r;l!oalo.-r
Note the different Height arid def.-nhncsa of “tliv-gas-steiin
jet in Fespect.io’thdt'of Fig. 2.
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the volcanolaglcal standpoint, bul poorly known [rom the gen:

-eral and structural geological standpoint. As a result; basic.
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geothermal explarallon but glso basic Studies and investiga

. lions *with 3 \new to ablammg an improved regional pictite
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ENEL; directed.by Dr. P. CERON; )
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Remarks on the Geothermal Research in the Region s
of Monte Amiata
(Tuscany - Italy) *

R. CATALDI
E.N.E.L. - Dirczione Studi ¢ Ricerche

Introduction
Position and limits of the region

The geothermal region which will be discussed in this paper is
located in southern Tuscany, at approximately 80 km SE of Larde-
rello and 120 km NW of Rome. It is limited by: the Orcia river to
the North, the Formone stream and the superior course of the Paglia
river to the East, the alignment Montebuono-Catabbio to the South,
the superior part of the Albegna river, the range Rocchette-Poggio
Sasso-Poggio Volturaie-Mt. Aquilaia and the Ente stream to the West
(see Fig. 1).

The volcanic massif of Mount Amiata stands isolated in approx-
imately the center of this region. This massif, which is over 1700
meters high, dominates the whole large surrounding region, which
slopes down towards the valleys of the Orcia river to the North, of
the Paglia river to the East, of the Fiora and Albegna rivers to the
" South. Around the main central mountain, there are the reliefs of
Poggio Zoccolino (1035 m) to the NE, of Mt. Civitella {1107 m) and
Mt. Rotondo (951 m) to the S-SE, of Mt. Labbro (1193 m) and of
the range Volturaie-Mt. Buceto-Mt. Aquilaia (1050 +~ 1150 m) to the
W and SW, and other minor hills. All together, such reliefs form the
main morphologic frame of thc region.

————

* Paper presented at the TAV International Symposium on Velcanology (New
Zealand), Nov. 1965,

UNIVERSITY GF UTAM
RESEARCH INSTITUTE
EARTH SCIENCE LAB.
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Brief historical outline of the geothermal research in the Mt. Amiata
region

The exploration drilling, the discovery and exploitation of the
geothermal steam in the Mt. Amiata region belong to a quite recent
phase of research. Already in the years 1953-1956 however, the Geo-
logical Department of the ex « Larderello Company » had started a
scries of preliminary studies to find out whether, in the Mt. Amiata
region too, there existed such clements as to justify an exploration .
project for the research of natural steam. To this purpose, regional -
and local studies were planned and carried out on the lithology, the
stratigraphy and the structure, on the surface and decp hydrological
conditions, on the volcanology and on the surface mineralisations.
They were followed by geophysical surveys; first the gravimetrical, 3
then the electrical and, more recently, the thermal one. On the basis =
of analogical criteria the results of the preliminary studies carried :t‘%
out on the Mt. Amiata region were compared with those of the Lar- 5
derello region and of its producing areas; then, the areas considered :1
as the most favourable were chosen and the locations of the first ;
exploration wells selected.

The research, started in the summer of 1958 with the drilling :
of the wells St. Filippo 1 and Bagnore 1, immediately gave positive
results. The exploration of the producing area of Bagnore, on the 3
SW flank of the Amiata volcano, was completed in 1962 with the 5
drilling of 21 wells. In the summer of 1961, after the latest develop- -
ments of the surface studies, the producing area of Piancastagnaio
was located in the southern slopes of Mt. Amiata. The exploration
ella - of this area has not been completed yet: up to September 1965 only
©Castell’Azzara 16 wells have been drilled.

From 1963 onwards, other areas of the Amiata region have been
tested by exploration wells: Roccalbegna and, above all, the Poggio
Nibbio ones have been considered sufliciently interesting to justify
the drilling of additional test wells (*).

™

e

0

Salvatore

5 Piancastagnaio

Geological Conditions

UoNo
cate The existence of a « steam-field » is strictly conditioned by the
et 2 3 s am association of various geological factors. Among them it is indispen-

. () Note added in proof - As a matter of fact, in April, 1966 a sccond well drilled
In the Poggio Nibbio area resulted productive. Data concerning the exploitation of this

\Ma region. new productive arca will be given in a future paper.
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sable to have: an efficient cap-rock, an underlying permeable complex,
a favourable geologic structure, a substantial thermic anomaly and an
adequate water supply. Therefore, owing to the necessary brevity of
this note, the geological conditions of the Amiata region will be de-
scribed only in the main features with special reference to those
aspects considered as the most important for the applied research of
endogenous fluids.

STRATIGRAPHY

From a geohydrological point of view, the stratigraphic units of
the Amiata region can be grouped into four complexes (see Fig. 2).
From top to bottom they are:

i) Complex I. permeable. It is made up of Quaternary volcanic
rocks only and includes the volcanics of Mt. Amiata (quartz-latitic
ignimbrites, rhecignimbrites and lavas as well as two small trachytic
lava flows) and the « selagites » outcropping in the Senna stream
valley. The surface extension of the latter is rather limited: the vol-
canics of the Mt. Amiata massif, on the contrary, stretch out over
an area of about 90 km?;

ii) Complex II: impermeable. Includes the clastic deposits of the
Neogene (clays, sands and gravels) and the underlying rocks of the
Cretaceous-Eocene flysch (mainly shales and besides marls, limestonces
and sandstones). The latter, more commonly known under the inclu-
sive name of « argille scagliose », torm the real and proper cap-rock.
The Neogenic deposits, although often coarse (and therefore per-
meable) have also been included in Complex II because they gencrally
lie on the impermeable flysch;

iii) Complex III: generally impermeable. It consists of marls,
marly limestones and lithographic limestones interbedded with var-
icoloured shales. This formation, known in Tuscany under the name
of « Scisti policromi », that is polychromous shales, passes upwards
into nummulitic calcarenites.

The terrains of this complex range in age from Crectaceous 1o
Eoccne (3).

(*) Part of such complex is certainly in stratigraphic continuity with the permeable
Complex 1V on which it lies; on the other hand, part of it is probably stratigraphically
connected with the overlyving flyschoid formations of Complex 11,

JAs up 1o now there are not sutlicient data 1o ascribe with certainty the two parts
of Complex 111 to Complexes 1V and 1 respectively, the writer thinks it more advi-
sable to group the « polychromous shales » and the overlying nummulitic calcarenites
in a scparate complex.
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Before ascribing to this complex a precise hydrologic signifi-
cance, in terms of permeability or of impermeability, on the basis
of the rocks which form it, some remarks are necessary. The middle
and upper part of this complex are very often calcareous: on the con-
trary in its basal part the argillaccous beds are clearly prevailing.

In some places, owing to tectonic movements, the calcareous
section is in direct contact with the underlying permeable Complex
1V, and as a result of the hydrological connection which arises be-
tween them, the calcarcous section of Complex ITI becomes a part of
the Complex IV. In general, however, the tectonic movements do not
alter the geometrical relation between the middle-top part and the
basal mainly argillaceous one of the Complex III, so that it behaves,
on the whole, as a cap-rock of the permecable underlying terrains;

iv) Complex IV: permeable. Includes all the formations ranging
from Upper Triassic (Noric) to Tithonic.

From top to bottom the sequence, when complete, is made up as
follows:

— upper cherty limestones (« maiolica »): Tithonic;

— radiolarites; °

— marly limestones and marls with Posidonomya alp.;

— lower cherty limestones;

— yellowish-pink-reddish limestones with Ariethites;

— massive reef limestones;

— evaporitic formation (dolomitic limestones with anhydrite):

Noric-Rhaetic.

In the Amiata region, this complex has a rather limited extension
at the surface: out of a total area of about 1000 sq.km, it covers.only
15 + 20 sq.km (see Fig. 2).

Therefore, the permeable terrains of Complex IV outcrop only
sporadically, like rigid islands, completely surrounded by the imper-
meable formations of the Complexes IT and TII.

STRUCTURE
The substratum of the evaporitic formation does not outcrop at

all in the Amiata region. It has been veached however by means of
a well drilled in the southern part of the vegion here considered, and

it results to be made up of greenish sericitic schists of Carnic age ().

e e .
() Data published for the courtesy of « Mante Amiata SMp.A.» in a previous
fiper by R. Bukaasst, R Cararnr, J. Moutox, F. Scaxngriare (1965},
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As no sullicient data arc available to reconstruct the attitude of
the crystalline basement, the deep structural outline of the Amiata
region can be given only for the top of the cvaporitic formation
which represents the most reliable geometrical element of reference.
The contour map of it is given in Fig. 7. This map, which represents
only the central part of the Amiata region, has been elaborated on
the basis of the results of a geoelectrical survey, integrated with sur-
face geological data and calibrated by means of lithologic logs of
numerous wells. )

In the geological cross-sections (Fig. 8) the permeable Jurassic
formations of the Complex IV (from the massive limestones up to
the radiolarites and/or « maiolica ») have been separated from the
underlying calcareous-anhydritic substratum. The traces of these sec-
tions have been plotted in Figs. 2 and 7.

i) It is known that the whole region North of Mt. Amiata was
affected by a complicated folding tectonics followed, in its turn, by
a chiefly distensive tectonics with a set of normal faults (G. MERLA,
1952; E. GianNINI, R. Narnr, M. ToNGIORGI, 1962).

As Figs. 7 and 8 show, in the region of Mt. Amiata too, the
relief of the calcareous-anhydritic substratum appears prevailingly
controlled by a tension tectonics characterized by a set of normal
faults whose throws vary from about ten to some hundred meters.
In fact, the top surface of the anhydritic formation appears to be
dismembered into a series of unequal blocks, close to each other on
different levels like horst-graben combinations.

Step-faults are not unfrequent: they always represent (however)
lateral and less sunk portions of the nearest downlifted feature.

< FiG. 2 - Geological schematic map of M. Amiata geothermal region.

m guartz-latitic ignimbrites, rheoignimbrites,
COMPLEX 1 lavas, elc. Quaternary
(permeable) selagites
COMPLEX ) clays, sands and gravels (Neogene); flysch (Cretaceous-
(impermeable) n [:] Eocene)

:'g(zf:t_r:l;l‘:‘\)\ 1 E polychrome shales, marlstones, lithographic stones and

impermeable) nummulitic limestones (Cretaceous-Eocenc)
COMPLEN dotomilic limestones with anhydritic layers, massive
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The wideness of each up-faulted block does not exceed 8 + 10 Amiata regic
sq.km; on the contrary, the negative features are generally rather tose-quartzit
wider than the positive ones and can even reach 20 sq.km. ii) As ¢

The presence of folds in the evaporitic formation and in the it would b¢
overlying sequence of Jurassic formations is not easily recognizable, ; existing ami
These folds almost certainly exist, as the data provided by some wells tween each 1
seem to indicate, but it is rather dithcult to single out and above all ever, it is w
to reconstruct them at depth. from a pra¢

' The roughly dome-shaped attitude on the top of many blocks of First 0?

. the evaporitic formation (see Fig. 7) might be considered less as per- 3 nuities and,

} iclinal folds (originated by lateral compression and affecting the particular,

\ whole sedimentary sequence) but rather as a diapiric phenomenon Mesozoic b}

; due to the plasticity of the anhydritic layers. A similar explanation thinning-oui

. was given also for an analogous attitude occurring in the Larderello ConseCI;

: ; region, where the diapiric phenomena are in some places clearly evi- pear to be;
, denced by the complete structural independence between the evap- (see Fig. 8).

: oritic formation and the underlying schistose-quartzitic basement Almost

(R. CATALDI, G. STEFANT, M. TONGIORGI, 1963). also Compl!

Sometimes, this phenomenon originates purely plastic deforma- localized z¢

tions which become more and more moderate upwards within the lation of hc

: argillaceous formations of the Complexes 1I and III. Other times, able is the
the diapirism causes also a series of rigid dislocations, real and prop- The su

er rents in the top of the evaporitic formation, which extend to the which crot

whole overlying sequence up to the surface. It is therefore a sort of under the !

, « piercing tectonics ». face. On tF
: In the writer's opinion, at least part of the fractures and faults recognizabl
which can be singled out in the outcropping blocks of the Complex Complex 1!

IV may be attributed to such a type of « piercing tectonics ». In son

In this respect a typical outcrop appears to be that of Poggio Zoc- formations

2 colino where a series of fractures and faults cross each other in such i the faults -
! an intricate way that it seems difficult to suppose that they may be The d
: the surface expression of an analogous fragmentation in the rigid certainly d
,» schistose-quartzitic basement. All the more if one considers that a % ing format
stratigraphic well (St. Filippo 1) drilled in this area, after about 100 5 underlying

‘ meters of Liassic limestones penetrated through the evaporitic for- i iii) Ar
' mation for the abnormal thickness of more than 1400 meters, without ! Amiata e
: reaching however the schistosc-quartzitic basement. Ch‘dl’aCtC"""_
On the basis of the above mentioned example and other evidence. _

4 it is possible to formulate the hypothesis that the structure of the m":("lzsi‘ o
! evaporitic formation (and in general of the whole Complex 1V) in the Ponsano, Pt

i
.
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Amiata region is very often independent of the structure of the schis-
tose-quartzitic basement.

ii) As regards to the internal structure of Complexes I1 and TII,
it would be out of place in this note to discuss the relationships
existing among the various formations of these complexes, and be-
tween each of them, and the permeable underlying Complex IV. How-
ever, it is worth making a few remarks which seem to be interesting
from a practical point of view.

First of all, it is necessary to stress the remarkable disconti-
nuities and the thickness variability of Complexes I and III. In
particular, Complex III covers and surrounds almost everywhere the
Mesozoic blocks and dies out at a brief distance owing to tectonic
thinning-outs.

Consequently, also the Jurassic formations of Complex IV ap-
pear to be very often wedge-shaped and tectonically reduced blocks
(see Fig. 8).

Almost all the faults which cross the permeable Complex IV cut
also Complex IlI, determining here an intense brecciation and then
localized zones of permeability which can be favourable for the circu-
lation of hot fluids. The more frequently this occurs, the more remark-
able is the reduction in thickness of Complex III.

The same cannot be said about Complex II. Many deep faults,
which cross the evaporitic formation just where it lies directly
under the flyschoid formations of Complex II, do not reach the sur-
face. On the contrary, several of the faults of Complex II which are
recognizable at the surface show a very reduced throw at the top of
Complex IV.

In some places, the surface faults die out within the cap-rock
formations without reaching the permeable complex. In this last case
the faults have not been recorded on the cross-sections.

The disharmony between surface and deep tectonics is almost
certainly due to plastic adjustments that took place inside the cover-
ing formations during their differential movements with respect to the
underlying Complex 1V,

iii) Apart from the main folding, the geological history of the
Amiata region from Oligocene to Upper Tortonian is prevailingly (*)
characterized by a gravitative tectonics with lateral translations in-

() It must be said, to this purpose, that in Tuscany also an intermediate phase of

collapse is known in the period from Burdigalian to Upper Tortonian (Manciano,
Ponsano, Pianosa) (2. Graxxixt - M, Toxcrorel, 1957, 1959 and 1962; L. Dantan, 1964).
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volving at least the flyschoid formations and with consequent shear-
ings out and reductions of series. Such reductions and shearing-outs
cause therefore a direct overlapping of the flyschoid formations of
Complex II (and sometimes with those of Complex IIT at their base)
on any layer of Complex IV. Generally, however, the flyschoid forma.
tions of Complex II lie directly over the evaporitic formation.

The following phases of collapse, marine ingression, and final
re-emersion of the country, due to normal faults, conclude the geo-
logical history of the Amiata region up to the beginning of Qua-
ternary.

iv) In this era another phenomenon occurs: volcano-tectonics,
which plays a very important role in the geothermal framework of
the region.

The main faults which control the volcanic effusions (see Fig. 7)
roughly follow the trends SW-NE and NW-SE which are thosc
prevailing in the Apennine diastrophism.

Apart from the selagites, which represent the initial volcanic
phase (G. MaARINELLI, 1961) and which all outcrop in a SW-NE belt
South of the main mountain, all the extrusion domes recognizable
on Mt. Amiata line up according to the same SW-NE trend or to
the orthogonal one.

During Quaternary the main volcanic faults must have been not
only rather opened (so as to allow the volcanics to rise up) but also
active, as the fact proves that almost all the extrusion domes show
a bifid subdivision.

During the settlement of the volcanics (5) at least the central part
of the Amiata region was affected by upward pushes, typical of plu-
tonic tectonics. Apart from the upheaval of Pliocenic deposits, which
are here a little more than 850 m high a.s.l. (E. Tonciorei, L. TRE-
VISAN, 1957), such pushes are evidenced by a sheal of radial faults
converging towards a point located more or less at the center of the
volcanic outcrop.

These radial faults are accompanied by a series of orthogonal
faults with a roughly concentric trend which rim to a certain extent
the volcanic outcrop (see Fig. 7). At approximately the end of the
eruptive activity, the partial emptying of the magmatic chamber and

(®) The scttlement of the Mt, Amiata volcanic rocks took place in several phases.
cach one characterized by different modalitics of effusion, petrographic texture and
structure, magmatic differentiation and chemical eveolution (G, Mariiiw, 1961; R
Mazzvonr - M. Pratesi, 1963).
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the structural situation created by the plutonic tectonics have deter-
mined the most favourable conditions for a « caldera »-type collapse
in the central part of Mt. Amiata.

The situation as it is today, and which is outlined in Fig. 6 (%),
shows a wide depression at the top-surface of the impermeable ter-
rains. Such a depression, with irregular bottom and rims, is com-
pletely overwhelmed with more or less permeable volcanics.

Hence, the most favourable conditions occur for the storage of
fresh water in the permeable volcanic rocks.

v) To conclude this brief tectonic description, it must be added
that it is rather difficult to determine the main structural trend of
the Amiata region. There exist faults and fractures in all directions:
those with NW-SE and SW-NE directions, which further to the North
represent the prevailing trends of the Tertiary folding, are here ac-
companied by other groups of faults and fractures. Almost certainly
the main faults of the volcanic effusion joined the previous ones,
which were still active during Quaternary; volcanic events, moreover,
originated radial and concentric faults of plutonic type; the «cal-
dera »type collapse of the central part of the volcano finally con-
cluded the tectonic cycle of the Mt. Amiata.

To summarize: the volcanic activity, here determined by the pre-
vious collapse phases, prevails during Quaternary and, in its turn,
alters the previous structural lines with a peculiar plutonic tectonics.

THE GEOTHERMAIL ANOMALY

In the year 1962 a geothermal survey was carried out in the
Amiata region (R. Burcassr, R. CaraLpi, J. Mouton, F. SCANDELLARI,
1965) with the following main purposes:

— to control the existence of a regional geothermal anomaly;

— to determine its extension;

— to find out its minimum values under which the geothermal

research is no more profitable for industrial purposes.

This was accomplished by means of temperature measurements
in shallow wells statistically distributed in the central part of the
region, around the volcanic massif of Mt. Amiata. The survey could
not include the area covered by the volcanics owing to their great

(") Note added in proof - According to the preliminary results of a geoclectrical
survey not yet completed today, the bottom surface of the voleanics and the top
surface of Complex 1V are somewhat deeper than those reported in the central part
of the volcanic vuterop in Figs. 6 and 7.
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permeability and to the presence of a cold water mass. The shallow
wells, with an average depth of 25 + 30 meters, were therefore all
drilled in impermeable terrains (neogenic clays, shaly flysch, « poly.
chromic shales »).

The gradient was determined by means of temperatures measured
at depths of 15 + 25 m. As a matter of fact, it has been experimentally
proved that the superficial yearly thermic excursion is practically
reduced to zero at a depth of 10-12 meters below the ground level.

In order to reach a common criterium in the evaluation of the
observed gradient data from different terrains and wells, a statistical
correction, found on the basis of the electrical logs of all the shallow
wells, has been introduced.

The general attitude of the geothermal gradient in the Amiata
A
L °C/m)

and referred to an ideal homogeneous terrain having a resistivity
of 10 ohm - m, is shown in Fig. 3.

The «regional anomaly » of the gradient, included in the curve
of 1°C/10 m, surrounds the volcanic outcrop almost everywhere,
but it appears somewhat displaced southwards in comparison with
the outcrop itself. '

region, conventionally measured in degrees per 10 meters (

Within "the «regional anomaly », that is, within the curve of

1°C/10 m, there are various areas where the gradient exceeds 2°C/10
m. Such a value has been assumed here to characterize numerically
the « local anomalies » that could be of industrial interest. Of the 3
« local anomalies », 3 are particularly accentuated: that of Bagnorc
and that of Piancastagnaio reach inside values which exceed even
3°C/10 m and both of them correspond to producing areas; that of
Poggio Nibbio, which presents values not exceeding 2.5°C/10 m, is
at present under exploration.

The other two « local anomalies » are located North of Abbadia
S. Salvatore and near Roccalbegna. Both have already been explored
by a first test-drilling: the first anomaly, of a very limited extension,
does not scem to be interesting for industrial purposes; the second
one, on the contrary, has revealed Favourable conditions for the re-
search of geothermal energy.

The anomalies of Roccalbegna, Bagnore and Abbadia S. Salvatore
are almost perfectly aligned along the most important of the main
faults controlling the volcanic effusion; on such an alignment the
regional gravimetric survey has recorded an appreciable mass deficit.
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Fic. 3 - Temperature gradient map in the Mt. Amiata geothermal region.
Also the local anomalies of Poggio Nibbio and Piancastagnaio
and the eastern prolongation of the « regional anomaly » are aligned
-with a trend pavallel to the previous one.
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Such an alignment corresponds to a belt, along which there ap.
pear a series of selagite outcrops and the volcanic dome of Radico-
fani (7). Finally it should be pointed out that all the anomalies cor-
respond to structural highs of Complex IV: this fact leads to the
hypothesis that each one of the «local anomalies » does not rep:

resent anything else but the trace at the surface of an importani

convection cell for the hot fluids circulating within the permeable
Complex 1V.

REMARKS ON THE WATER SUPPLY TO THE GEOTHERMAL AREAS

Analyses concerning the ratio 0'%/0%, carried out by the Labo.
ratory of Nuclear Geology of Pisa, have shown that also in the Amiata
region the water issued from the geothermal wells has a meteoric
origin (R. GoNFIANTINI, E. TONGIORGI: personal communication).

Granting this assumption, it is possible to state the problem of
the hydrologic balance of steam producing areas by comparing the
total capacity of the water drawn out of the wells with that absorb-
ed (*) at the surface by the permeable terrains of Complex IV. To
this purpose, as the minor outcrops of Complex IV may be con-
sidered at present as omissible from the point of view of water supply
at depth (owing to their limited extension, tectonic situation and dis-
tance from the exploitation areas), only the outcrop of Mt. Ro
tondo (*) will be taken into consideration.

The water falling on this outcrop is about 14 X 10° cubic meters/
year. From the comparison of this value with the total yearly output
of the Mt. Amiata wells (i.e. about 6 X 10° cubic m/year (") it ensucs
that the water falling yearly on the Mt. Rotondo permeable Mesozoic
outcrop would be sufficient to guarantee the necessary water supply
to the wells, provided that at least 4045 % of it penetrates undcr-
ground and feeds the deep circulation.

(") 1t is a small volcanic outcrop located about 13 km East of Mi. Aminta, Its
volcanism, genetically analogous to that of the selagites outcropping in the Sennd
stream valley, belongs to the initial volcanic activity of the M1, Amiata. The interested
reader can scee the note of G, MarixNkLLL, 1961,

(") As the map published in 1957 by the Italian Hydrological Survey shows, the
average rainfall values for the Amiata region in a period of 30 years (1921-'50) ranges
from 1,100 and 1300 mm/year.

(°) The outcrop cover an extension of 11 sq. km, with an average height ol 800 m.
and a distance from the « ficlds » of Bagnore and Piancastagnaio of 13 + 14 and 10 + 12
km, respectively.

(") This value, recorded in December 1965, might be actually higher: because, while
the Bagnore « fickd» is now almost stabilized on its maximuwin « water-production *
capacity, the exploration in the Piancastagnaio « ficld » is still going on.

It e S BEY

> fpesm e mewac

& v

CEa e

P L

—

‘.. B it e e e :.xTL_/M_T;,E_ )

[PIEEY

e s iy o *

As il
almost
(ranspiri

F5
L ene

Fic.

appead
careoy

B
in the
juins

17

TH e o T o A



Al O, St Lk AR R I TS

PR YR L TR I LS T RO Sttt At s oy e i e ol N St i 2 i A s R S 2 2

belt, along which there ap.
ie volcanic dome of Radico.
that all the anomalies cor-
1 IV: this fact leads to the
' anomalies » does not rep-
je surface of an important

ating within the permeable

OTHERMAL AREAS

carried out by the Labo-
own that also in the Amiata
rmal wells has a meteoric
»nal communication).
le to state the problem of
g areas by comparing the
the wells with that absorb-
rrains of Complex 1V. To
Complex IV may be con-
int of view of water supply
tectonic situation and dis-

the outcrop of Mt. Ro

out 14 x 10° cubic meters/
ith the total yearly output
cubic m/year (') it ensucs
tondo permeable Mesozoic
1e necessary water supply
%% of it penetrates under-

13 km East of Mt. Amiata, Its
sites outcropping in the Scnna
*the Mt. Amiata, The interested

Hydrological Survey shows, the
iod of 30 years (1921-30) ranges

ith an average height of 800 m.
astagnaio of 13 + 14 and 10 = 12

actually higher: because, while
maximum  « water-production »
» is still going on.

— 257 —

As in the Mt. Rotondo area, the seasonal rainfall distribution is
almost uniform, and the vegetation is scanty and therefore evapo-
ranspiration is rather limited, an absorption coefficient of 40 + 50 %

—
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Fic. 4 - Hydrostatic levels in the wells of the Mt. Amiata geothermal region (values
observed at completion of each well),

appears to be consistent with the typically karst nature of the cal-
carcous rocks of this outcrop.

But all this could lead to an hydrologic balance at depth only
in the case that the water absorbed by the Mt. Rotondo outcrop
joins the deep circulation of Piancastagnaio and Bagnore « lields »
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without any other leakage. Such an hypothesis does not appear sus.
tainable. In fact, the structurc of the permeable Mesozoic core ¢f
Mt. Rotondo, the number, the cutput and the distribution of i,
springs lead to the conclusion that only about a quarter of the water
infiltrated at Mt. Rotondo can flow underground into the area North
of the outcrop, towards the « fields » of Bagnore and Piancastagnaio,

The question arises, therefore, if other outcrops of permeable
terrains do not contribute to the water supply of the deep reservoir,
The data and information presently available are not sufficient o
make this point clear. However, it is possible to point out that also
the volcanic outcrop of Mt. Amiata represents an absorbing area of
metecoric water.

The large reservoir existing in the permeable volcanic rocks could
be connected with the deep reservoir of the Complex IV through
extrusion chimney and faults which cross in several places the whole
sedimentary sequence (see Figs. 6 and 8).

An indirect confirmation of such a possibility is given by the
hydrostatic levels measured in the wells of Mt. Amiata (see Fig. 4).
The attitude of the equipotential curves shows, in fact, a general
rising of the hydrostatic levels toward the volcanic outcrop, i.c.
toward the supposed absorbing area.

The Producing Areas

« Field » of Bagnore
The drilling, started in August 1958, was ended in November
1962. 21 wells were completed, subdivided as follows:

— producing wells no. 8 = 38%
— non-commercial wells no. 6 = 29%
— sterile wells no. 7 = 33%

Total no. 21 = 100 %

The producing area, which has an extension of 4+5 sq.km.
occupics more or less the central part of the explored zone (15 sq.km)
and corresponds to a positive feature of the permeable Complex 1V.
The geothermal fluids, issued from depths of 500600 m, have
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physical characteristics which vary from the central part towards
the, periphery of the producing area; in fact; in this direction the
whole range of the physical state of the fluids, from superheated

steam to hot water, can be observed.

Figure 7 shows the structural outlivie, the location and the subdi-
vision of the wells ints .proélu'cifng, non:commercial and sterile. Table 1
récords the technical characteristic of the wells and their average
values. Table. 2 shoiws the physical characteristics of the exploited

fluids, with referencé to thé measurements taken within 6 months
after the explosion and to these of June 1965. '

'From Table 2 it is po\s‘sib‘le."to point out:

— a substantial decrease in the total output of fluid in each
well, Such a decrease is very strong in the first years of exploitation
of the ‘« field », but then gradueally diminishes the more the timé in-
terval increases frgm the explosion of the well Bg. 1;

— the stabilization of-the temperature of the fluid obtained from
the producing wells around values of 140 + 150°C at the exploitation
pressure;

— an evolution of the gas/steam ratio;

— a rapid stabilization of the shut-in pressures.

In Fig. 5 the initial shut-in pressure (P) and the gas/steam ratio
(R, percentage in weight) of the various positive (produeing and non-
comunercial) wellss are graphically shown in their evolution from the:
discqvery up to 1965, These diagrams clearly indicate the relation
existing between the P curve. and the R curve and make it possible
to subdivide the history of the Bagihore «field s into two. clearly
distinct periods: ) _

i) the first, a little more than two years long, represents the phase
of the initial rapid decline of ihe ‘physical characteristics {such as
shut-in préssure, gas/steam ratio, output, etc.). It ended in 1961 after
the completion of the well Bg. 9;

it) the second is characterized by more stabilized conditions and,
therefore; by a mére ot less asymptotic. attitude of the P and R
curves. This fact is confirmed by the average values of the SIP of
the. non-commereial wells and by the average values of the gas/steam
ratie of the producing wélls. The two dashed curves representing

- _these dala (se¢ Fig. 5) perfectly correspond, in fact, ivith the: relative

curves of P and R.
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' Capannacad

R TapLe 1 - Mount ‘Amiala geethermlary,,
g Productive.ared. of Bugnore.
g | g & 5 . P B
. 821 8| uBc (88=c| 80, |535 257
t Welis E % = :j::: -53;_, @, ,_;_Lé, f; 8 - E‘E‘ Eg 2 gg gé Result
i 8 3 P 3 EE A SR E )
Bg 1 13- 4059 R3S ghva gsrs 551 447 475 | Producing
d Bg'Z 25-.859 825 13 g 346 350 500 ] Producing
f Bg3 151159 | 875 | 13w g 873 187 500 | Not' commerciad
3 Bg 4 18-11-'59 760 13 g 730 160, 625 | Not commerciil
f ‘Bg 5 23 4760 825 13 12 470 36 475 | Producing
3 B 7 9-7960| 833 | 13w 12— 680 | 446 550 | Producing
; Rg 6 21- 960 850 13 - gt 1025 80 875 | No productiva
: Antgie: 1 | 81160 823 132+ (5 133t 315 1350 | No production
Bg 9 9-11-'60 730 | 1w 12— 586, 229 600 | Producing.
Anteic 2 |25 1-61] 640 gsn g 817 | —5 830 | Not commercial |
Bg2bis | 7-6'61| 825 134 2 346 350 500 | Producing
Bg 12 23 661 713 13 12— 846 121 1350 | No preduction
Bg 8 i3 77611 810 13% 12— 1475 89 975 | No production
; Bg 10 [17-8%61| 1080 | 13 12— 1144 | —48 | 1425 | No production
? By 13 24. 9-’(),1 840 17 161* ’ 6‘&6 189 475 | No production
i Bg 14 15-11-'64 835 130 A 694 188 700. | No. production
Bg 16 7-12-'61 740 13+ 2w b 605 300 525 | Nat commercial
Bg 19 [18- 3782 750 13 12 429 340 500 } Producing
i Bg W 2 562 85 | o v 636 265 470 | Not cammercial
BpdS |25 962|805 | 1w g 105 | 325 | S50 |Noi commerciat
! Bg.18  [i611-62{ 875 13 g 625 411 475 | Producing
! Avevage ' (90 00 \(5:‘«'3+16“’5) Produting: n.§
| 5 \(ilels — 814 - . 765 26 | &5 700 | Nat vomim: b
‘ | No'prodic: n.?
ﬁ%‘*ﬁ‘*— o T R T R T Y TR T o e s o e e

~ Technig

Wells

wnna |

Senng 2

Pefd
Fefd
Pef?
lcf5
fef2
Peft
Pef10
PefIt
e/
Pefl
Pe/13
Pef16
Pef1g

Averagd
af
16 wells

R
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Mount Amiata geothermal areg,

e
55~ (8.8 E —
N -}: Z 18 E;ﬁ;? Result
e lAgt
E
447 475 | Produging

350 500 | Producing
187 500 | Not compricicial
160 625 Naot commereipt |
3% 475 | Protlucing,

46 550 | Producing’

80 875 | No production
375 1350, | Ne production
2219 600 [ Producing.

5 950 | Not commirci
330 300 | Procdueing

121 1330 | No production
83 975 | No production
- 48 1425 | Neo production
189 415 | No production
188 700 | No production
300 525 | Not commerci
340 500 | Producing
263 470 | Not commereial
323 550 | Not commuorcil
i 475 | Producing

Producing: 1.8
HE -\;, 700 | Mot comm n.

No'produc: n.?

Productive
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L Technical characteristics of the ells,

area -of Piancastagiaio

s 8| 5 |78 e 50 |wsz a2t
wels | g 2 HBEIESS (TSN LB |85 BppE  Resw
8§ [47]2% 837722 |~iepes /
e LA 1< = = 2
| Senna. ) 21- 361} 515 9358 g a1 | —105 | 790 | Not commercial
¥ seand 2 L2061 | 575 | 13 | 12 62 77| 510 | Producing.
' Capannaccel| 8 762| 690 | 13 g 972 | — 75 1050 | Not commérciil
po/d 17210762 | 625 | 13 1215 486 171 510 | Producing.
§ res3 2| 780 | o g | 923 | — 50| 5 |Nat commercidl
Rty 15- 563 | 600 1348 13 542 150 820 ! Producing
- pelS "29-7063| G0 | 13 | f2# 1 1059 | —169 | 1700 | Not commercial
opes2 24- 9:163; 953 13 121 Iljii{ — 139 625 | No production
- Pels 2112763 ad6 | 13 L2 647 | — 24 720 | Not- commercial
| pefi0 301164 | 55 | 13 12 3 — 15 790 | Not commereial
 pe/ 301184 | 433 | 13 Jau 561 | — 32 720 | Not' commercial
Pe,}s 16- 2-65] 685 134 1244 591 165 820 | Producing
P/l 29: 3765 | 730 | 13 12 725 155 | 725 | Not‘commefcial
Pe/13 16- 565 520 | 138 1204 651 i5 920 | Praducing
[ re/16 19: 765 | 845 | 13w 12 44 | — 90 830 | Producing
P14 23- 9651 705 13 i 751 — 40 830 1 Producing
Average N , Producing: n. 7
" ?\?:_-Hs — 650 131 12 136 0 | nyB10 |Notcomm:n.8
' No produc: n. 1
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Tamr 2 - Mounl Amiata géothermal srems

Prddiictive ‘ared of Bagrgre

Wells and date

Within ‘6 maoriths afler completion

©On Jurie, 1965

of let; G T R P G T R | P Remarks
Ob COMPRERON | tinm | ¢ | % | At | Tonsh | € | % |Ata
. . | . | ! B
Bg 1(13- 450} 1736, 145 | 81— | 215 245 J 144 | 72 | Producing
Bg2 (25 8’59 2Wd— 143 | 75— | 20— |The. wéll «<igd on | 54 |Replaced by 8
‘ April, 1961 owing to 1 bis
mechanical [ailure
Bg.3(15-13-'59) 29.-—{1) 134 62.5 125 |Only gas since Dec., | 78 | Not commercial
1963
Bi 4 (18-11-'59) 8.—(2)] 138 | 65— | 125 |Died on 1%L - —
Bg'5 (23- 460) 78— 135 | 843 | 114 | 196 J 142 8.1 | — | Producing
Bg 7{ 9- 7-'60) 44— | 130 [ 829 | 105 |[Put out oF steam on | 64 —
’ Jan,, 1963 due 1o in-
creasing. output of
watér
Bg9 ( 9-11'60) 6l— | 138 | 363 | 86 | 154 \ 151 | 93 | — |Producing
i
Anteine 2 eol0—(3) — - — |Died a few days after | — —
{251-161) completion,
Bg.2 big (7:6'61} -50.3 150 8—| 8—| 232 150 7.2 | — |Producing (rc
places Bg 7§
Bg 16 (. 7-12:'61) 634 ) 144 | 7—| T4 Closed 517 —
Bg]g(lﬂ- 3-'52) 68.6 150 107 T— 1 333 l 154 } 1.5 | — | Prodiing
Bg17( 2- 562) {ubout 15 ton/h ol 6.5 Closed 56 —_
waler, stearh and gas '
Bg15(25- 9-62) [about 15 ton/h of | 6.3 Closcd 58 —
water, steam and gas
!
Bg 18416:11-62) 135 ! 1% | 155 | 65 | 13— l 142 124 | — |Producing
| ] _

(1) Nowing with waler al préssures, less thim 12 Ata
(2} ﬂm\'i.ng with waicr at pressures less than 10 Ara
(3} flowing with abdut 90 ton/h 6F waler

(4) Nowing with about 0.2 160/ of water

G
T

putpul ot o dressure-interval of 445 Ada

femperalure il a pressurc-interval of 45 3AY

wana 2 (1-12-

§ Capannacce L

T g T

B O(16e 2-

f R o003

[ %13 (16 54

- Thermaods

- 7‘.
: wells and i
I wmplull"

b enna 1 (275

13-62)

ad (171046
%3 (21116
RT3 5
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a6 (21124
2010 (30-11-
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i 16 (19 74
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unt Amiata geothermal areay . Thermodynamic characleristics of the exploited fluids. |
F
Productive area of Piaucastagnaio i
, 1965 : Within 6 months after completion On June, 1965 3
wells and date .— ) g
R P Remarks i completion G | T l R | P G | T R P Remarks 4
f % {Ata : : Ton/h °C % Ata | Ton/h °C % Ata ‘
- - | ’
, 12 | — | Producing wnna 1 (27-8-'61) 63— 154 1 91— | 281 Closed 24.2 | Not commercial ]
p
xd on | 54 [Replaced by By fwmna2(1-12°61)| 128— 130 40.5 37— |Open flow of about — {Out of stream
ing 1o bis 3 tons/h at 21 Ata since Febr., 1965
lure
cpannacce 1 aol0—(1)]  — —_ 315 Open flow of about — | Not commercial 1
> Dec., | 7.8 | Not commercigl § £7-62) 160 tons/h of water, 3
steam and gas 1
— * #4 (17-10-62) 86— 145 | 46— | 405 15-—(2)1 - | — — | Producing .
: . =
¢ 81 | — | Producing %3 (27-11-62) 13—~ | 122 | 80— | 278 Died -~ - ;
. 3
:am on | 6.4 _ &7 (15- 5-'63) 100.— l 160 | 43— | 40.8 66--—(3)) 187 l 447 ~ | Producing =
© 1o in- . :
put of %5 (29- 7-'63) |about 25 ton/h of water, gas Closed 202 | Not commercial :
and steam A
. . =
93 | — [ Producing N6 (21-12-63) | about 25 ton/h of water, gas Closed 34.— [ Not commercial :
and steam »
s after | — —_ . &
%10(30-11-'64) | A few ton/h of water, gas Closcd 28.2 | Not commercial ¢ ]
and steam 4
72 | — | Producing (re :
places Bg 2) 4 (30-11-'64) 57.5 100 | 92— | 31.4 Closced 33.5 | Not commercial ]
d 5.7 — 8 (16- 2-'65) 10— 177 ) 338 | 36— Closed 36— | Producing since ; R
. Sept., 1965 ;
- . . ¢
15 | — | Producing X1 (29- 3-65) |A few ton/h of stcam, | 32.— Closcd 32.— |Not commereial :
‘ gas and water . =
d 5.6 — v A
%13 (16- 5-'65) 241 (4), 132 56.8 345 Closed 345 | Future produc. ,;f‘
¥
d 58 ) _— 216 (19- 7-'63) | oudT— 168 ; 36.5 36.5 — — Future produc. 53
L
% 14.(23- 8'65) 44— | 138 | 45— | 38— - — | Future produc. ;
124 | — | Producing 5
D Nowing \\:iII\ about 70 l.o;l_/—lréf waler h‘f
N Nowing on stream at a wetl-head pressure of 29.3 Ata 4
3‘) flowing on stream at a well-head pressure of 94 Ata ol
1) flowing with about 5 ton/h of water
. g
ssurc-interval of 445 Ata & = gas/steam ratio (percentage in weight) &
I a pressure-interval of 4=-3AL § B o= ghut-in pressure 4
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« Field » of
< l
< !
23 The in
\\’B'\’P p | o imitiot iP of indivisuot. wets is still goir
20 \.52 O ~ Averoge SIP of not commeérciol wells (hey are su
R A ~Initial ga.s/s!enm rotio of individual wells percentoge 1
& ~Average Gos/steom rotio of Lhe field- production in weight
13
8.3%84%
\15 The d
19 |00 x 87 sq.km, 6 ¢
The a'
L B o . whole are:
[ a7 C 3
8¢ B.;P‘%- as of it.
s 53 N&* Bl T T e e e As Fig
5]
responden
4Je0 .
s W89 main tech
220 . and the pl
4518 "
5 YT ST The |
° - . well as th
3 imlaoyly 4 slanu!, Tmlaayja slen dl] fiamylya ‘Iana]‘ tmlam )l aston nll tmlam gl H]Dnﬂll Imlam iy s slon al;lmﬁm 1y 4 slon al .
19589 1960 1961 1962 1963 1964 1965 acteristics
gradually
F16. 5 - Gas/steam ratio (R) and shut-in pressure (P) in the Bagnore « steam-field » the produ
from 1959 to 1965. P
The r
stagnaio i
In a few words, the more or less stabilized values of the param- stagnaio !
eters determining the industrial capacity of the Bagnore « steam- sures sing
field » are: tion quicl
As [a
— G (total output of fluid utilizable for the the progr
production of electric power) 125 tonn/h is not cl
— p (operating pressure) . 4 = 5 Ata .Acluf
. _ . N peripherp
— T (temperature at the operating pressure) . 145 -+ 150°C initial v
nitial v
— R (gas/steam ratio, percentage in weight) 8 + 10% cludes th
— P (shut-in pressure) . . . 6 Ata This.
the periy.
)
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« Field » of Piancastagnaio

The industrial exploitation of this area, started in August 1961,
is still going on. Up to September 1965, 16 wells had been drilled;
they are subdivided as [ollows:

— producing wells no. 7 = 44%
— non-commercial wells no. 8 = 50%
— sterile wells no. 1 = 6%

Total no. 16 = 100 %

The drilling has covered up to now an extension of about 16
sq.km, 6 of which correspond to the producing area.

The average spacing, therefore, is of 1 well per sq.km out of the
whole area and of 1.1 well per sq.km for the producing central part
of it. ' ‘ -

As Fig. 7 shows, also the Piancastagnaio « field » is located in cor-
respondence of a positive feature in the permeable Complex IV. The
main technical characteristics of the wells are recorded on Table 1
and the physical characteristics of the fluids in Table 2.

The fluids drawn from the various wells of Piancastagnaio, as
well as those of Bagnore, show a succession of thermodynamic char-
acteristics (steam percentage temperature, shut-in pressures, etc.)
gradually improving from the periphery towards the central part of
the producing area. _

The mean steam temperature of the producing wells at Pianca-
stagnaio is higher than that of Bagnore. As a matter of fact, Pianca-
stagnaio recorded somewhat higher temperatures at the shut-in pres-
sures since its discovery; in this « field », moreover a thermic evolu-
tion quicker than that of Bagnore appears possible. A

As far as gas/steam ratio (R) is concerned, the phenomenon of
the progressive gas reservoir drainage determined by the first wells
is not clearly recognizable.

Actually there are two arcas with different characteristics: in the
peripheric area (which includes the non-commercial wells) R reaches
initial values of about 90 %, whereas in the central one (which in-
cludes the producing wells) these values are around 3540 %.

This fact is not likely to depend on the gas drainage caused by
the peripheric wells, both because most of them have been drilled
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after the central ones and because they have been kept constantly
closed. On the other hand also the wells on stream (Senna 2, Pc 4 and
Pc 7), after about a two years’ yielding, show only a very limited
decrease in the gas/steam ratio. A similar limited decrease is recorded
for the production rates of the total output.

As regards the shut-in pressures, the main points are:

— the existence of initial values (30 + 40 Ata) remarkably higher
than those at Bagnore; :

— a-good agreement between the pressure distribution and the
hydrostatic levels measured in the wells;

— a very slight decrease even in wells which have been operating
for many months.

To conclude: the Piancastagnaio « field » is in phase of advanced
development, but up to September 1965 only the fluid found in the
central-western portion of the producing area was utilized (wells:
Senna 2, Pc 4 and Pc 7) for electric power production. Therefore, it has
not been possible to follow in details, as for Bagnore, the behaviour
of the various wells, their possible mutual interferences, and the evo-
lution trend of the physical parameters of the fluids drawn out; in
other words, it has not yet been possible to state the present evolutive
stage of the « field ». However, on the basis of the data gathered up to
now, the Piancastagnaio field may be assumed to have at least a
double capacity in comparison with that of Bagnore.

Reference Notes

The geological interest for the Mt. Amiata region is evidenced
by a large bibliographical contribution.

A summary, however brief, of the purely geological literature
would involve such an extent of space and time as to exceed the scope
of this report, which intends to give only a preliminary contribution
to the knowledge of the geothermal phenomenology of the region.
The writer, thercfore, limits himself to mention here only thost
works considered as the more appropriate to the character of this
report and he refers the interested reader to the relvant bibliography.

For geological questions concerning general characters of the
geology of the Apcnnines and of the Amiata region, the following
studies are to be quoted: G. Meria (1952 and 1959), E. Toxgrorer, L.
Trevisan (1957) and E. Gianninr, R. Narpt, M, Tongrorar (1962).
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The works by P. ErL7Er (1955) and U. Losacco (1959) deal instead
specifically with the stratigraphy and the tectonics of the Mesozoic
nuclei outcropping in the Amiata region.

Among the studies which deal with the volcanological problems
of the region, those by A. DE BenepETTI (1958), G. MaRINELLY (1961)

- and R. MazzuoL1, M. Pratist (1963) deserve a special mention.

The reports by C. De Castro (1914), O. MarinerLr (1919), E.
ConTINI (1950), F. ELter (1955) are particularly concerned with the
metalliferous mineralizations.

On the contrary, the works up to now published about the geo-
thermal problems of the Amiata region are quite few.

For questions of general character, involving also the situation
of the Mt. Amiata geothermal « fields », the notes by G. Facca, F. To-
NANT (1962) and by G. MaRINELLI (1963) are worth mentioning.

As regards specific works on various aspects of the geothermal
research in the Mt. Amiata region, N. GENNAT (1960) gives the results
of the first wells drilled at Bagnore, while R. Burcassi, R. CaTaLDT,
J. MouroN, F. ScaNDELLART (1965) present and discuss the results of
a geothermal survey carried out in the region.
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‘% of the Steam Wells of Larderello
[ w0 '
/;;:’ | O. Rumi /@

ABSTRACT

13 derello area is considered.

\me- {3 After an examination of the_ expe;imental results re:corded
N in many years, and after the discussion of the expenmemgl
,»‘,nv!. flow-rate/pressure curve, an attempt is made to find the theoretic
; ¥ link between pressure and flow-rate at the mouth of the

R borchole. The results of the experimental and theoretical
,:[or.l approach are then compared, and a best fit curve is proposed.
,}ngz Moreover, the flow-rate/well bottom pressure curve as

the true characteristic of the whole system of flow is suggested.
t2pu
,‘ﬁgﬁ The flow-rate/well-head pressure curve
‘,- {. It is very useful to know the relation between the
'"C"5 flow-rate and the well-head pressure: this enables one

§ to understand the phenomena of vapour flow and gives
“wvaif all the necessary indications for the determination of
"8 the best conditions of expioitation. Unfortunately it is
dnot possible to have the experimental characteristic
8 curves for all the wells bacause this would involve a
{ sreat waste of energy. It is thus of interest to consider
3 whether the definition of a theoretical or experimental
#eurve can be made when oniy few daia are available.
de.g. flow-rate and exit presstre in working conditions
Wand shut-down pressure, or flow rate and pressure in
iwo different conditions.

M EXPERINIENTAL RESULTS

The experimental characteristiz curve giving the
®connection between the flow-rate and the well-head
pressure is usually determined by measuring the flow-
arate at different exit pressures, following the method
Mdescribed by NENCETTI (1961).

As the whole system of vapour generation and flow
Hhas a slow response, it is necessary to wait rather a
long time (the period required for stabilization) before
the true readings of flow-rate and pressure can be taken.
' For a better understanding of this fact, the readings
ttaken during stabilization () and the actual final values,
dare shown in Figure 1.

From all the experimental data obtained from the
qwells of superheated vapour at Larderello it has been

f  * Istituto di Fisica Tecnica. Politecnico di Milano. Now.

gwith A. T. Kearney S.p.A. Management Consultants, via Du-
ini 18, Milano, Italy. .

x Work supported by Istituto Internazionale per le Ricerche

Geotqrmiche del C.N.R. under the research program for the
xploitation of the geothermal energy sources.

# Some Considerations on the Flow-rate/Pressure Curve

\
Vi .
/rg, i The flow-rate/pressure relation for the wells of the Lar-

shown that the relation between flow-rate and well-
head pressure is always of the form

&y o

where p, is the well head shut-down pressure (pressure

when Q = 0) and Qy = lim Q is the maximum theo-
p—0 .

retical flow-rate that can be obtained from the system

under consideration.

n is an exponent generally different for different
wells, depending fundamentally on the geometrical shape
of the fractures conveying the vapour at the bottom of
the well and on the type of flow in these fractures; -
the observed value always ranges between 1.4 and 2
(in Figure 1, n = 1.5). '

In the Figures 2 to 5 the experimental data from
four different wells in the Larderello area are reported.
To account for the influence of the exponent n on the
shape of the curve, in addition to the one with n = 1.7
(mean value between 1.4 and 2 (7)), the curves with
exponent 1.4, 1.5, 1.6, 1.8, 1.9 are drawn.

Qu in equation (1), cannot be determined by exper-
iment. Even if the value obtained with an exhaust
pressure of 2-4 bars is fairly close to the actual value,
a better approximation is obtained by extrapolation of
the experimental curve to the point p = 0 (this method
has been followed for the curves of Figures 1 to 3):
it should be pointed out that this approximation no
longer holds when the curve is very steep in the region
of-higher flow-rates.

(') The need to wait for stabilization before a reading
means that some days are needed for the determination of the
complete curve. If, in addition, we consider the time needed
to provide the well with the instruments and the facilities
necessary, it is easy to understand that the non-producing time
of the well is quite long, and the loss of energy is important.

For this main reason the curve is determined experimen-
tally for only a few wells. In consideration of this situation it
is thus very ‘useful to be able to draw a flow-ratefpressure
curve, even if approximate, when only one point and shut-down
pressure or when two points (even if fairly close) are known.

(*) It has been said before that a different value of n
can be determined for every well. As this from a general point
of view would make the calculation very cumbersome and al-
most impossible, a mean value of 1.7 will be assumed for all
the wells. This of course will imply a slight error: but it is
better to have this error instead of determining a further exper-
imental point of the curve. Afterwards the errors resulting
from this approximation will be evaluated and discussed.
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FiG. 1. — Variations of pressure and flow-rate readings during the opening and closing phase of a vapour well.

. —ee—..phenomenon, we can draw the characteristic curve when
only two expsrimenal points (i.e. pressure and flow

If equation {1) is assumed as the law governing the

- . rate in two different conditions of flow) or one point
and the shut-down pressure are known ().

or

From Eq. (1)
Qu=

In the first situation (two points available) Eq. (2)
and (3) are solved together, while when one point and
Po are known, only Eq. (2) is used.

Output records taken on the wells of the Larderel-
lo field for many years show very interesting results.

Q.

l/ll

Yiin

(2

3)

(t/h)

FLOW RATE

It is for instance noted (and this fact has always been
confirmed) that for a well discharging at constant
exhaust pressure, the flow-rate and the shut-down
pressure decrease with time.

(3) See paragraph Discussion “of the; theoretical - flow-rate/

exhaust pressure curve... elc. fot a.discussion of the ‘accuracy

of results obtained in these two casés.
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As an example in Figure 5 the experimental dat}
taken on the well « La Selvaccia » at an interval of sig
years are reported. ) g
As we can see, the drop both in maximum flovg

1B

pressure

Scarzaj 3
1965

PRESSURE (bar)
F1G. 2. — Actual recorded values Jor well Scarzai'3 and inté%

polating curves obtained applying Eq. (1) with differes

values of the exponent n.
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pressure
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i Fug,

| variaiion:
‘d iosses of the steam. These losses are increasing with
#l time because the. path followed by the vapour to reach

: tion of the borehole:

RATE

FLOW

Y

o > - . 3 .
aew characteristic is of the same family as the curves

of Eq. (D). .
This is perfectly correct because if in the under-
ground flow area no collapses nor anything changing

the suucture of the rock occurred during the time
8 inieral between the two recordings, the physical system
2 of flow is always the same.

The exponent « n » generally undergoes a slight
this depends mainly on the greater friction

the bottom of the well becomes longer and longer as
the exploitation goes on.

The flow-rate/pressure curve depends on the posi-
when a well is far from other
wells the curve can be considered as thé true character-

4 istic of the whole system of flow.

If, on the contrary, the underground flow area of
a well is in communication with the flow area of the
nearby wells, the curve obtained will be affected by
these communications: in this case the shut-down pres-
sure of a single borehole, if measured with the influenc-
ing wells discharging at a certain rate, is different from
the pressure obtained when all the interdependent wells
are closed. The reason lies in the fact that a true static
situation exists only in the second case. Of course the
difference between the true static and the « dvnamic »
shut-down pressure will increase with increasing under-
ground communication of the wells.

However, for a system not isolated the flow-rate-
exhaust pressure relation is of the same form of Eq. (1);
in this case even if the determination of the true abso-
lute value of the shut-down pressure is generally impos-
sible, the curve is always of great help, as it allows
the determination of the best conditions of exploitation.
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DETERMINATION OF THE THEORETIC FLOW-RATE/EX-
HAUST PRESSURE CURVE

Nomenclature:

C, specific heat at constant pressure

D hydraulic diameter of the vapour duct, equals 4 times
the cross section divided by total wetted perimeter

G  mass velocity ' i

G maximum mass velocity (exhaust pressure = 0)

h  enthalpy of unit mass

k  ratio of the specific heats, C,/C,

!

length of duct, positive in the direction of flow and meas-
sured from the beginning of duct

L; total equivalent length of duct
n  a constant
‘p  pressure

po well-bottom shut-dcwn pressure (G = 0), equal to satu-
' ration pressure

heat flux entering the duct

flow rate

Q. maximum flow rate (exhausi pressure = 0)

R steam constant in the equation of perfect gases
Re Reynolds’ number

D-Q

Rys friction force pe} unit surface of the wall of the duct

s  entropy of unit mass _

T  absotute temperature of the fluid

T. absolute saturation temperature at p, pressure I !

u  internal energy of unit mass Ii
. anothet

v specific volume ]

w mean velocity of the vapour in the section under coi
sideration ’

o b BaUas S0 el e e g e

¢ surface roughness of the duct 1 ‘,
% - coefficient of friction, dimensionless changin|
p  density - think th
Q cross section area of the flow. } temperal
For the sake of simplicity let us consider an isolate_' ,:: :;;iil}
barehole, i.e. without any communication with the® 4 Jenel
nearby wells. Making the suitable assumptions an@i., .1
introducing some simplifications, we want to find thg,..0. of
theoretical relation between the flow-rate and ths
exhaust pressure. In this investigation the system i® \
considered in a steady state and the water is assumea® |
" to evaporate at an unknown distance from the bottor}
of the well. The vapour on the way from the generatings With
site to the bottom of the well flows through a fractureg«hays p
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gll e vapour follows the low resistance paths Or the VLlkw veew -
. In addition the equation of state of pertect gases

gr‘wl{!‘%‘i‘s :han possible to substitute for the actual system assumed for the vapour.
nother simplified system consisting of the well and of Let us consider an mflmtesxmal e!eme.nt dl of the
3 aumber of ducts having fength, cross section and hypothetical duct connecting :h_e generating ta{nk to
cocifivient of friction which are unknown. the bottom of the well; neglecting the inclination of
§ A further simplification can be introduced without this duct (the effect of this inclination is actually very
 huncing the initial and final conditions: we can always small) and assuming that a heat flux g is- entering in
cint thet the vapour flows from a tank in which the the duct, we write (*) (Bozza 1967; SHaPIRO 1933):
i wmperaigre T, and the Pressure po (saturation values) (") Equations (4) to (8) and {4a) to (7a) are written for the
are held constant. From this tank the vapor flows to underground path of the vapour to the bowtom of the well; to

the bowom of the ‘well through a duct of diameter D find the exalc(; rg‘alion between ﬂow-rat;': and « exhaust » prfes-
T . L5 o . icti sure it wou e necessary to write the same equations for

. and length L not known; ». is [h: ‘co'efflc;ent Pf friction, the adiabatic flow in the well: these equations are completely
i 4150 unknown, related to the frictional resistance by similar, the only difference being the term g = 0 in Eq. {3)
>q means of the equation and the term (+gdl) entering in Eq. (4! and (5) to account for
2 the effect of gravity, The following integration can be performad
i . in two steps: from the generating site to the bottom of the
L : well and from the bottom to the head of the well. For ths

Rus =735 ow sake of simplicity it has been examined in detail only the first

step: however, from the results obtained at the botiom. the

. L determination of the flow-rate/exhaust pressure curve is extre-

2 With a system of this kind, for every value of mely easy, ?ng the equation of the exhaust curve is of the

. 1afimis : . ; same type of that of the bottom. For this reason in the follow-

xhaust pressure, a definite vaiue of flow-rate will be ing pages we will speak often of exhaust curve, even shen
et up. the right definition would be bottom curve.

(\; i

A

! | i : !
i
| Pozza 145 La Selvaccia
110 i
! 1958
‘ | ~—— 196¢
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o . nD

R L - dl = ' - 4
P d.w - dh —gq Ogw d! 0 Eq. of energy (4)
,dp ) G* 1 _ e
wdw .—Q—-i- 2 E”._D_dl : .0 Eq. of momentum ({5)
d -
/o ds = —-YIf——E—F Eq. of production of entropy (6)
d do dT
=>4 — Eq. of state of perfect gases (7)
7 0 T q p

fda do dw ..
; = . 8
‘ 5 . + ” Eq. of continuity (8)

~ Introducing Eq. (8) in the preceding equations and
observing that the total variation of entropy in the
element d! can be expressed by

ds = dis + des

where dis is the internal and d.s the external change of
entropy, if dis is due ounly to the friction losses it follows:

G!
——— do+ ~ g —=dl =0 4
/ 7 do+ Cp dT q DG d!/ {4a)
2 X 1 ;
-—GQ— do + odp._—G- N dl =0 {5a)
1 {1.G* 1 4y k_ldp dT
LI LRy P22 %<0 6
c,,r(z S A Ts] e e S
T
dp _do _2r _, (Ta)
P .o I

The above system is homogeneous, the unknowns
being ds, dT, dp di. The solution can be obtained
easily by means of the usual mathematical methods. As
the subsequent integration of the above differential
forms is very difficult in the general case, it is practically
impossible to find a simple relation between pressure
and flow-rate. However this relation can be obtained if
some simple assumptions are-introduced.

Considering, for instance, an isothermal flow the
integration is quite easy and leads to the equation

Po 3 pa ( » )’ ]
] —1l=0
n L2+ L LT)G+2RT°[ =0

As generally Inp/p 5—5 L 7, equation (9) becomes

G Y (/) )é' .
_— LY =1 10
(GM + Po o

In this equation (*)

Gy = _,i_ ___D__. (10a)
“"RT, ALy

As we can see Eq. (10) is very like Eq. (1) when
‘n = 2, the only difference being Gy, that is no more

18

g v

constant; this means that the simplifications introduced “.hel.cJ *
do not change the actual system. Furthermore we canf -
observe that the more the exponent n approaches 2,¥ 5, —_-\‘./_
the more closely the flow approaches the nsothermal -
flow. ‘EFor p — (

An approximate relation between flow-rate (oi§ he svstem
mass velocity) and exit pressure, holding -for everyg The e
possible thermodynamic tranformation of the vapour ing ,» varving f
the duct, is obtained in the following way. & can adopt

Let us consider the equatlon of momentum (5a) : 2170

2 - In equ
G L 1

———det+odp +—-C —5-dl=0
Y : . . W relates the
Together with this equation we can use the relation§ gztc:os::iilel
defining the type of thermodynamic transformation’y svstem of fl

Without loss of wenerahty this can. be assumed to beg Startin

of the type . : 5 .I’\’; has been
p V' = constant (11)

Kr

ol kIthe L2y D e
L

where n is an exponent constant along the entire pat,
followed by the vapour (°). 18
For a reversible process, equation (11) would§
represent a polytropic transformation. rae 0. T

Even if a constant value of n along an irreversible® =~ )
man reasor

process, as the one considered, does not allow us to defi§ J
tables or f

ne Eq. (11) as polytropic (i.e. with constant specific heatg Colebrook
gnumber an

it is always possible to think of Eq. (11) as of a relatiorj
linking all the states of the system dunng its evolution$ flow-rates

This relation is only useful in determining -,f o
changes of internal energy, enthalpy, entropy and o%

other parameters; in addition, with this assumpnon‘hﬁ fact tH
it is sufficient to know only the initial and final state$
R PTUSSUres).

of the system. Solving the system of equations (5a) and

As we
decreasing
1

(11), we have ?3&5pour.lh
W] pPo 1 e P -
G (—B—}nFTa——D—-LT)+”+lRT ( 1 &EDiscussi¢
(12 PRESSURE
CTU:
Introducing the value n = 1 in this equation (isotherma} At ‘,:]
flow) Eq. (9) is obtained; this confn‘ms the gener o Gu ir
validity of the equation found. g s avail
1¥of cases,
. S ‘F= constar
In this case, as _Tlﬂ Pulp«—z— 5 LT an - constag

., W€ can write

G\ p)m
—)+ =" =1 18
(Gu) (po (;.

(®) Equation (10) is the bottom equation when Eq. (1055-
accounts only for the underground path and is the well h“}'can be wri
" equation when in Eq. (10a) X and L; account also fOr the ﬂoicg
in the vertical well. Hdensity: K

(8) In the actual case the exponent n is not constant alowalu,-a}s ind
the transformation and is surely different in the undergrou:zé

(lu\

setting m =

flow and in the well because the first part of flow is diabaf
and the flow in the well can be considered adiabatic

Since it does not very much affect the accuracy of ., ..
results, a single mean value of n is assumed for simplicity. ,‘b‘;. auve r¢




1 e
ccedifl where

ot - RN / 1 2D p} /

e C‘“’:-\f “m it RT, \ KF RTo

i For p — 0, Gy is the maximum specific flow-rate of

i the svstem under consideration (7).

eryif The exponent n is not known a priori: but as for

.r inl  varving from 1 to 2, m ranges between 2 and 1.5, we
{# can adopt in all the cases a constant value of m =

wa) ig 17 ().

(14)

LA
in equation (12) and (14) the terni L = K¢

2D
relates the coefficient of friction to the geometric char-
g acteristics of the system; being dimensionless it can
¥ be considered as a characteristic coefficient of the
10048 cvstem of flow of the vapour.

0 'bi Starting from the experimental data of some wells,
i Kr has been calculated, with m = 1.7 from the equation
(113§ Lo ()
e = e ] — [ — 15
pﬂth; Kr G: m RTD I \ Po ) '} 12
lci As we can see in Figure 6, Kr decreases with
Ou-s decreasing exhaust pressure (i.e. with increasing flow
"bl' rate (). This decrease of Kr is probably due to two
.'i;;eff; main reasons: the coefficient 7. as one can verify from

tables or from empirical correlations like the one of
¥ Colebrook (*"), increases with decreasing Reynolds’
i@ fumber and the increase is important if at very low
il flow-rates, somewhere in the flow path the critical
t Revnolds’ number is reached:; more probably, however,
ihe increase in K¢ with decreasing flow-rate comes from
{ the fact that at very low flow-rates (i.e. high bottom

-1ateg i .
1Al pressures). not all the fractures keep conveying the

2 Ly
.. 3R vapour. thus modifying the term T
| H

DiscUssION OF THE THEORETICAL FLOW-RATE/EXHAUST
5 PRESSURE CURVE AND OF ITS APPLICATION TO THE
: ACTUAL CASES

neral Gy in-equation (13) is known when the curve of
Q K_; is available; since this is not possible in the majority

. :A of cases, let us consider equation (13} with G'y =

g = consant = lim G.

, an p—0

'l % The right value of G’y could be obtained by

1» :' extrapolating the curves of the type reported in Figure
i

(*) see note no. 5 on page 18.
. >} see note no. 2 on page 13.
' ¥ {¥) That K, decreases with increasing flow-rate does not
- f@mean that the pressure loss too decreases. This is confirmed
, (102 by the pressure loss relation, that for the system considered
“‘;l‘o can be written Ap = Z)b L+ —OC-:—— = K;

i mdensity: Kr decreases with increase in G, but as a whole Ap is

-, being p the mean

(r%l:x)n always increasing with G. :
y 1 2.5 1 e €
abzmg (10y == 2 log[ — 4+ — — | where — is the
of th Va ReV'A 371D b
y lrelamc roughness

28| . . !
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FiG. 6, — Variation of the characteristic coefficient of flow at
varying exit pressures.

6, but as these are not available an alternative solution
is to be followed.

As we can see in Figure 6 and as it has been
verified in other cases not reported here, the error made
in assuming at p = 0, the value K calculated at the
maximum [low-rate or at the working flow-rate (ie.
with discharge at the pressure of the manifold) is negli-
gible.

For the above mentioned reasons we can easily
draw the flow-rate pressure curve by means of Eq. (13).
assuming a constant value of m, after Gy considered
constant (= G'y) has been determined by introducing
in the same equation (13) the working, or better the
maximum, recorded value of flow-rate and pressure.

The curves reported in Figurss 7 to 10 have been
obtained by this method. In drawing these curves to-
gether with the point defining the maximum recorded
values of flow-rate and pressure, the shut-down pressure
was known.

To show the influence of the exponent m, in addi-
tion to the mean value 1.7, the values 1.5, 1.6, 1.8 and
1.9 have been considered.

Looking at these curves we see that they are less
affected by a variation of the exponcnt than the curves
obtained considering Eq. (1): it follows that with Eq.
(13) the error due to the assumption of a constant
exponent is lower.

In Table 1 are listed the errors obtained when
taking the values calculated by means of Eq. (1) with
a constant 2xponent 1.6 and 1.7 respectively and by
means of Eq. (13) with exponent m = 1.7.

The error e is given by the absolute value of the

Vy — Ve

expression v where Vy and V¢ are the meas-
M

ured and calculated value respectively.

From the table we see that neglecting the last point
of the curves (condition of minimum flow-rate) the
error is always low: it never exceeds 1% in the region
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of highest flow-rates (the region of practical interest TasLe 1. — Errors (%) obtained applying bo!h'eXPerimemdi

for exploitation) when we consider the theoretical curve. and theoretical curves to actual values. ' : 3 1‘
With the same curve the error in the region of - well F—Xl;el;iz;l Experimental curve Theoreﬁcal;'h“d 3
higher pressures seldom exceeds 5%. € fooints N =16 n=r7 UV u:\ cr
For all the wells listed in the table we find a rather - — N f?
high value of the error at the point of minimum flow- Selvaccia 1958 1 gg o g-g i ml‘
rate. This probably depends on the conditions of the 3 64 368 076 & al

experimental recording, and, as explained in the follow- ; 23.25‘ 455 5.44 _:m e

ing, on the change of Gy at lew flow-rates. Selvaccia 1964 1 145 z"_;;' . 1(3) ) ::’ll" .

In fact the flow-rate is affected by a certain system- clvacea 2 3.18 0.81 135 E W

atic error because, due to the nature of the pheno- 3 5.5 0.50 239 g, .

a X 0.50 1 jobtain
| | [ Gabbro 1 1 1.7 © 086 0.11 accura
Scarzai 3 2 .77 . 062 0.36 . constai
1965 3 321 1.38 021 . Fof Jow

4 4.84 . 261 022
5 7.18 4.1 041 fpressui
6 9.55 504 . 040 _Amenta

= 7 14 - 19 437 3} .

N 8 0 - 30 952 s said

- vC/10 1 1.89 113 049 igates. s

e 2 233 . 080 03 g T

w 3 - 5.75 2.64 064 ‘fEq. (1

< 4 87 - 412 245 g

12 5 12.5 123 29.56 jpc WN

2 Scarzai 3 1 41 0.82 o35 W

9 8 2 2.6 1.07 . 615 19

g ; 3 05 645 . 1884 120
4 : at menon, it cannot be measured in the best conditions and§:

' ; with more suitable instruments. . & 110
o ! ! _ The error, insignificant for high flow-rates, is no
o ! 2 3 4 5 6 7 8 negligible when the flow-rate is very low. In addition i ,4,
PRESSUAE  (bar) must be pointed out that the system tends to becomd;

FiG. 7. — Actual recorded values for well Scarzai 3 and inter- unstable when the pressure is close to the shut -dOW. :
polating curves obtained applying Eq. (13) with different _ 90
values of the exponen: m. pressure.

I J |
140 ! ! — Vefto —T—
= : 1963
120

-

F3

S—

: 100

(-]
Q

N\

FLOW RATE
-]
o

™~
Q

N
Q

0 2 4 5 8 10 12 1 16 18 20 22 24 26 28

PRESSURE ( bar) . ;
FiG. 8. — Actual recorded values for well VC/10 and interpolating curves obtained applying Eq. (13) with different value of
exponent m. .
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The accuracy of Eq. (13) is not so very good when
the shut-down pressure is not kmown. This can be
d understood if we think of the way we draw the curve:
B when the shut-down pressure is known together with
8. value of pressure and flow-rate (possibly high, to be
% in a field of Kr = constant), these two points, being
g 5t the opposite ends, define a curve that interpolates
d quite well the experimental results and changes very
fittle with the exponent m (see Figures).

When we have two close points, the curve we
f obtain applying Eq. (13) interpolates with sufficient
d accuracy the region of high flow-rate, where Kr =
E constant, but it gives not acceptable results in the region
of low flow-rates (variable Kr) and for the shut-down
d pressure itself. This because a slight error in the exper-
§imental points of in the exponent adopted, while giving
845 said before, an acceptable interpolation at high flow
8 rates, shifts the curve very much at low flow rates.
This fact can be better understood if we consider
MEq. (13). In this equation the term Gy actually is varia-

put a constant value of Kr (at kigh flow-rate), the inter- -
polation is very good, except at very low flow-rate (see
Table 1), but even at low. pressure, being p, fixed, the
change in Gy does not introduce a very great error.
If instead we know two working points and know-
ing these we determine p, and Gy, p. is not more
constant but it depends on Kr. This increases the above
mentioned shifting. Because, as wé have seen, the exper-
imental curve of Eq. (1) is more affected by a varia-
bility of the exponent, and gives errors greater than
those obtained with the theoretical curve, we suggest
the assumption of Eq. (13) as the equation governing
the phenomenon of vapor flow in Larderello.
Moreover, as we have observed the small influence
of the exponent, and as all the experimental recordings
give a mean exponent m = 1.7, we believe that the

equation
N G
(QM + Po ()

- . . ide i : v (1),
; ble- with the pressure (it depends on Kr). hoids in all the cases with a very good accuracy (')
\ i When we know the shut-down pressure, even if we (11) Within the limits before mentioned.
3 .
4 3N :
i 120 ] ;
" andi ) - 3 Gabbro 7
110 — Q y sz~ —]
on ity gpgp I~
kt: ~
:o.n_u_j3
lowny
) 90
l.
! 15
- a0
iz '
o | 8§ 70
p—)y
. W
| R
[ g
1 3
‘ | ERLY
o
~J
W
40
30
20
\ 10
1
; ;
" 0 |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 .28 30 32

exponent m.

PRESSURE

{ bar)

- 9. — Actual recorded values for well Gabbro 1 and interpolating curves obtained upplying Eq. (13} with different value of the
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The flow-rate/well bottom pressure curve.

We have so far studied the flow-rate/pressure curve
at the head of the well, having considered the vertical
casing pipe as part of the system of flow. It is, however
advisable not to take into consideration this part.

The reason lies in the fact that the fractures act-
ing as conveying ducts depend only on the underground
structure and nothing can be done to modify their
shape; on the contrary, the casing pipe is the only
element of the whole system not strictly predetermined,
because the diameter, fixed according to considerations
of drilling and of anticipated flow-rate, can be chosen
within certain limits.

Thus, if we define a flow-rate/pressure curve at
the bottom of the well, we have the limiting working
conditions of the borehole under examination. And
because it-is impossible to modify these conditions
(unless underground modification changes the structure
of the conveying fractures) we can verify, after a cal-
culation of the pressure loss, how good the vertical
discharge tube is.

It is not difficuit to draw the well bottom curve:
starting from the values of pressure and temperatures

o adty]
H

measured at the well-head by means of one of th:¥
methods outlined by Rumi (1967) it is possible to find
the condition at the bottom ('*). 3
The well bottom curve is, as said before, of the§
same family of curves of Eq. (13) and the exponent m
can be considered the same. :
This allows the drawing of an approximated well
bottom curve when the shut-down pressure and the§
values of flow-rate and exit pressure in working condi¥
tions are known (**). In this case too a mean. exponem
m = 1.7 should be adopted. i
The method is the same of that employed in the "
drawing of the well-head curve. %
In Flgures 11 and 12 are reported the bottom .
(*?) From the experimental data at the head the flowl}
rate/bottom temperature curves for different wells have beeﬂu
calculated. The results are not reported in this paper becaus
the discussion about the shape of the curves obtained woul¢
imply come considerations on the superheating of the vapor®

and this would take too long a time. This subject will be widely
discussed in another paper. .

(*3) Whenever the shut-down pressures are not availabli§
another value of flow-rate and pressure must be known; tha
curve obtained in this case does not hold, as explained beforej
at low flow-rates. .

T

120
| | T 1
! ) ta Selvaccia -
' \\Q ® 1958
2 — o 1964 |
100 RS
50 3\:§
80 :
PN
-~ 70
gl 1]
<
@
> 50
')
-t
“ 4o A\
30 4 :
. : . ®
' .5
20 i
!
10 .
0 ; : . .
0 2 4 6 8- 10 12 14 16 18 20 22 24 26 28
PRESSURE . ( bar) Fu; !

FiG.
of the exponent m,

10, — Actual recorded values lor well La Selvac‘cm and mlerpolalmg curves obtamed applying Eq. 13) wmr dxllerem vu’lg ;
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Gabhre 1

L. Diameter $=032!'m
Depth .of casing 7i0m
-—— =—— Well bsifem curve A
e Well heagd measured valies (1962) |
. {
- & Walil botter caicufalted values : :‘
i : | i : ) 3
7 2 < 5 8- 10 2 4 16 18 20 22 2. 26 28 30 32
PRESSURE (barl
Fic. 1. — Boftom curvessjor the well Gabbro 4 and corresponding well-head curves for different well diunteters.
curves of the wells: Gabbro 1 and Gabbro 9. Starting
from these, the characteristic curves at the well-head
have been calculated considering different values of
the diameter of the well. ]

It is very interesting to observe how the increase
in the diaimeter of the vertical pipe is promising only
undet certain value. Surely it is mot worth-while fo

I e 2l go above these limits, because the higher cost of the
='m52rjlj Ty, : u\ borehole and of thé.casing is not compensated by the
S .20 ] S gain. in thé amourit of energy obtained..
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Determination of the sources and circulation paths of thermal fluids:
the Abano region, northern Italy

D. NorTON
Department of Geosciences. University of Arizona. Tucson. AZ 85721, US.A.

and

C. PanicHi
CNR. Istituto Internazionale per le Ricerche Geotermiche. Pisa. Italy

(Received 21 March 1977: uccepted in recised form 13 April 1978)

Abstract—Water samples from natural springs and artesian wells in the Abano region of northern
Ttaly are characterized by anomalous temperatures and compositions. Concentrations of major com-
ponents and oxygen isotopes in samples of these fluids have been interpreted in the context of the
regional geologic environment, circulation of groundwaters, and reactions between rocks and circulating
groundwaters. These considerations define sourceregions and pathlines of the groundwaters.
Circulation of fluids in the Abano region is interpreted to be the result of meteoric water infiltration
into outcrops of Permian and Mesozoic aquilers in the pre-Alps. which lie north of the Abano region.
These aquifers have southerly dips and. therefore. extend under the Abano region at depths between
0.5 and 2.5 km. This aquifer geometry is conducive to forced convection both of aqueous ions derived
from the evaporite, limestone and dolomite bearing formations, and of thermal energy along flow
paths which extend from the outcrops in the sourceregions to depths of 2 km below the Abano region
and upward along high angle faults to thermal sprmgs Locai vanallon in compositions of water
samples is consistent with the mixing of local meteoric waters and formation fluids that were ultimately

it e X e

i-

derived [rom Alpine sources.
INTRODUCTION

THE ABaNO region in northern ltaly contains
numerous occurrences of saline thermal waters which
are utilized in the local termes. These thermal waters
flow from springs and artesian wells located around
the Berici and Euganei hills and in the valley separat-
ing these hills. The Abano thermal area lies at the
northern edge of the Po River Valley and at the
southern edge of the pre-Alps. Calcareous mudstones
of Cretaceous age, pyroclastic volcanic rocks of Ter-
tiary age, and alluvium outcrop in the area.

The presence of a hydrothermal system in the sub-
surface rocks beneath the Abano region has been
hypothesized by PiccoLr et al. (1973) On the basis
of positive correlations between salinity and tempera-
ture of spring samples, they postulated a regional cir-
culation system and further concluded that the sys-
tematic variation in salinity and correlations between
major dissolved components were the result of sub-
surface fluids lowing along different circulation paths.
In particular, they noted that samples with relatively
large concentrations of chloride are also characterized
by high temperatures. These samples were inferred
to represent fluids derived from evaporite bearing for-
mations at depths below the region.

Oxygen isotope data on samples from the region
indicate that these fluids were originally of meteoric
origin (PANICHI et al,, 1967). However. they observed
that some of the samples are depleted in '80 with
respect to the local meteoric waters and are more

representative of precipitation which falls at high sie-
vation, such as occurs to the north of Abano in ihe
pre-Alps. Variations in the 'O content of sar piss
were, therefore, attributed to mixing of metcaric
waters from the pre-Alps with local meteoric waisrs.
The correlation between high salinity and low & O
values was also observed. and this Panichi et al. sug-
gested to be evidence for a deep circulation at
through the subsurface rocks, as hypothesized by Mic-
coui et al. (1973). However, Panichi et al. poisiad
out that these waters were probably meteoric in ori-
gin and were derived from the pre-Alps. Calculstion
of mixing ratios conformed this hypothesis for manv
of the samples (PANICHI et al., 1976).

Fluid-rock reactions along fluid circulation paths
occur in response to changes in temperature, presa.re,
and composition of the environment through w=ich
the fluids flow. As a single fluid packet flows {rom
a sourceregion along its pathline, the rate of chsinge
in concentration of aqueous ions and isotopes in the
Ruid phase is the result of both equilibrium and =on-
equilibrium mass transfer between fluid and minerals
(NORTON, to be published). Therefore, associated w1th
the flow path of a particular fluid packet is a complex
reaction path that affects the fuid’s composii:on.
These reaction paths can be represented by equiih-
rium diagrams which include the composition of :he
aqueous phase (HELGESON et al., 1970). When £aid
compositions along the reaction paths coincide with
mineral stability fields. u reasonable hypothesis is that
local equilibrium occurs between the mineral and i%e
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1284 D. Norton and C. PanicHi

fluid. Extrapolation of thesc reaction paths furiher
suggests the mineralogical composition of environ-
ments which occur ‘upstream’ from the observation
point. On the basis of this premise, a sample of the
aqueous fluid at some point along its flow path
should have a composition characteristic of the
product mineral phases present at that point. Further-
more, a sequence of samples along the flow path
should define a reaction path which passes through
the stability fields of the product minerals and trends
toward overall equilibrium between the solution and
initial reactant phases along the flow path.

Since the composition of fluid along a circulation
path is the result of reactions which occurred further
‘upstream’. the chemical and mineralogical composi-
tion of the upstream environment should be evident
from the fluid composition. Obviously, for very

complex flow paths. or in systems characterized by.

flow rates which are small relative to reaction rates,
this may be practically impossible. However, if inde-
pendent data are available which define the original
fluid source and the geologic environment between
the source and sample site, the reliability of the inter-
pretation is enhanced.

Samples from the Abano region are well suited for
this type of analysis since the original fluid sources
are defined by oxygen isotope data. the possible fluid
pathlines are defined by the regional circulation pat-

terns of groundwaters. and the rock compositiong
along the pathlines are known from geologic map.
ping. The purpose of this communication is to reinter.
pret the Abano data on the basis of the concept thy,
fluid compositions are diagnostic of the geologic ep,.
vironment which occurs upstream along the floy
paths.

DATA

Water samples from the Abano region were collected
from artesian wells and springs (Fig. 1), and have beep
analyzed for their major element and oxygen isotope cop.
tent by PANICHI et al. (1976) (see Table 1). Samples of
spring waters were collected during dry (September) apg
rainy (January-June) seasons 10 ascertain the effect of seg.
sonal variations (Table 2). Replicate analyses were algqg
made to ascertain the reliability of both oxygen isolope
and major element determinations. The precision s
+0.1%, for oxygen isotope determinations and +5% for
major element determinations.

Geologic data on the surface and subsurface envirop-
ments was taken from the summary discussion and geolo-
gic sections in Piccovs et al. (1973). The true onic strength
of the samples ranges between 0.01 and 0.2 molal. The
electrical balance for water analyses was found to be
<0.005 meq/kg. Mineral stability data for equilibrium dja.
grams were taken from HeiGeson (1969). From approx
225 of these samples, 88, for which the analytical data were
complete and most reliable, were selected.

The activities of ions and aqueous complexes were com-
puted from the major component concentrations and tem-

peratures of each sample, using program DIST (KNiGHT.
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Fig. I. Topographic and sample location map for the Abano region. northern ltaly.
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The Abano region. northern ltaly 1285
;ompositions . Table 1. Analytical data on Abano region samples*
ologic map-
1S to reinter- - - -
O reinter sanolel pu  Temp. €80 A1*Hr g+ war catr wytr N,Si0, SO0 CO €1
concept that o 4777 3
geologic en-
) 4-9 6.66 l7.6 - 9.5 U.u3 §.2 53 ledi ls.2z 11.3 133  z49 44
ng the flow 196 6.5 3u.3 -19.9 u.l  16.v 116  9u  3l.> Zl.4 47 113 177
6u-1  7.¥5 1b.4 =lb.z v.2 1l.1 7w lug 32.w 15.6 1ll.v v4 3y
6l-y  7.v5 3e.6 -lu.3 ®¥.v3 2.6 leb Llud 5t.1 13.8 352y 219 145
6z-9 6.95 24.5 -16.3 v.l 18.2 91 ldg 55.9 15.5 4ul 14 Lz6
63-9 .12 34.5 - 9.9 .1 17.8 97 16  49.5 15.1 2735 244 1zh
72-9 6.9 16.5 -~ d.8 u.ub 9.4 27 llu 15.2 6.6 Be.? 328 35
were collected 73-1  7.95 17.u - 8.9 wv.ed 2.5 Ll.v 1 6.2 11.0 Sb.u 43 14
rd have been 74-9  7.65 25.8 ~ 9.6 v.v?7 l5.v Y6 1¢6 46.5 14.3 363 2wy 73
n isotope con- 78-9 7.16 25.z ~9.8 vu.l 17.2 83 37  49.5 15.6 346 zlz 164
'} Samples of 76-5  6.95 2b.5 ~ 9.5 v.9y 16.2 94 1lZ  46.2 138  zud 273 126
:ptember) and go-y  7.10 26.5 - 5.8 W.1 147 75 25 4b.4 1S.w 362 312 95
e effect of sea. 81-5  7.v6 &B.8 ~11.5 w.u2 17.9 123 luy 46.2 15.v 28y 244 174
'ses were also 4-~9 5.75 17.3 - 7.9 1.8 1v 1¥3 7.0 .8 ly.v 340 13
Xygen isotope 5-9 6.60 14.9 - 8.1 1.3 8 lué 5.6 b.0 l4.8 337 Y
precision is 6~9 7.08 36.v - 9.4 20.1 118 85 9.6 zl.8 17y 21z 175
and +5% fo 9~9 6.86 2.2 -9.3 1.7 64 95 21.1 15.1 112 27 109
nd +5% for 11-6  7.10 1.8 - 9.1 7.9 2@ 29 2.1 12.6 9.6 7.6 2v
12-6  6.14 11.5 - 9.2 1.4 4 3 ¢.7 6.3 Lol 19.2 4
rface environ- 13-6 7.5 12.8 - 9.4 1.7 7 7 1.7 16.5 7.5 31.9 6
i 14-6 7.9 13.5 - 9.1 2.1 19 7 2.0 1l.a .0l 46.8 8
?;‘n?:‘:lf::':’h 15-6  6.75 15.2 - 8.5 3.4 24 11z 8.7 8.8 36.1 351 22
g 16-9  6.55 15.8 - 3.5 8.3 Ss2 115 51.3 17.5 2.9 733 51
.2 molal. The 19-9  7.20 48.9 -1ll.% S4.1 638 15¢ 35.1 2v.6 334 273 980
found 1o be 22-6 7.1y 14.8 - 8.9 85.7 85 152 48.7 7.9 1lz¢ 84l 60
quilibrium dia- 23-6 7.8 16.5 - 8.8 68.6 67 115 32.1 135 87.6 624 2y
From approx 24-9 6.8 17.8 - 8.4 28.8 78 1Sy 31.9 le.9 152 567 59
N ppro 26-1  6.95 17.6 - 9.2 14.2 121 1z 2zl.1 17.3 17.4 219 181
tical data were 28 6.82 5.8 v3.9 184b 352 7l.b 44.4  ¥S8 18.6 287
29 6.82 75.8 86.6 1180 369 64.8 43.8 865 18.6 3uus
:Xes were com- 3u 7.18  52.0 66.8 872 336 1.7 33.8 8vl 849 1429
tions and tem- 31 l.08 70.9 69.6 828 367 62.2 36.3 835 1Bl  l4ou
MST (KNIGHT 32 .18 4.0 116 1330 486 59.u 45.7 89 195 225
: . 33 7.3a 5.4 81.2 NA 397 63.2 53.2 78l 176 24uy
34 7.50 72.9 95.6 1670 498 Bl.l 41.3 998 192 1770
. 3s 7.4 80.9 85.G 1549 452 B8B8.9 46.9% 830 168 2620
36 7.2¢ 67.% 160 143 352 65.9 56.3 876 186 236
37 7.49 76.49 113 1526 394 73.4 43.2 899 168 25l¢
39 7.3v 8l.® Bo.v 1288 377 59.4 39.4 B3® 1Y 216w
qu 7.26 W.U 118 1349 376 75.¢ 46.3 B4? 168 2476
41-6  6.%0 73.8 -19.3 72.4 1818 333 5.4 36.9 778 265 1720
42-6 7.86 62.¢ -10.6 176  113¢ 391 88.9 52.5 865 175 20669
43-6 6.50 B6.8 -11.9 94.3 1484 4v5 8.7 53.5 B61  34.8 Z63p
44-6 6.96 4.8 -10.7 69.5 1479 392 58.6 36.3 830 12y 2520
45-6 6.7 74.5 -19.5 68.6 189¢ 332 68.8 43.3 784 20y 1830
46-6 7.20 70.@ -19.6 187 1406 384 64.6 4u.7 887 196 2350
47-6 6.70 J8.¥ -18.9 67.9 787 332 65.4 49.9 865 134 1329
48-6 6.80 77.9 -10.4 76.4 785 345 66.4 49.4 872 1%  134p
49-6 6.85 72.v -1l.4 6l.0 612 156 33.u» 4l.e 316 147 leld
58~6 7.18 67.06 -11.5 68.0 642 162 36.8 59.6 316 166 1luzy
51-9 ~11.7 62.9 575 159 30.6 46.0 328 143 1ludle
53-9  7.U5 43.84 -11.6 36.9 262 113 47.8 35.@ 358 114 0440
54~9. 6.85 72.6 ~11.5 65.8 589 148 36.9 44.8 359 133  1@2¢
erme 55-9  7.48 67.8 NA 2.4 309 1% 2i.v 35.6 326 113 14w
56=9 7.35 8.3 NA ©2.4 S 161 22,8 1l.6 222 122 1249
57-9  7.30 69.¢ NA 9.0 613 159 3z.9 52.64 330 182 999
58-9 6.90 72.9 NA 78.4 976 388 7Y.7 43.8 778 152 1669
59-6 7.686 12.8 - 8.9 1.6 6 5 1.3 11.7 .81 31.8 5
64-6 6.75 12.8 ~- 7.8 133 96 174 75.3 12.3 197 837 126
65-9  6.75 15.5 - 7.6 18.7 68 84 65.0 16.6 25.1 577 124
66-9 7.u5 16.5 - 7.9 1.4 49 89 s58.4 13.1 33.3 S16 83
67-6 7.38 14.5 - 1.9 24.2 43 195 S51.4 1.9 168 677 57
68-9 6.65 16.8 - 7.8 1.9 13 126 35.7 13.3 21.6 525 29
69-6 6.80 14.9 - 7.7 8.70 7 137 28.9% 6.6 66.1 474 11
71-9  7.40 12.4 - 3.7 0.40 2 169 1.7 .01 2.8 333 4
75-9  6.98 19.5 - 9.5 13.0 5 117 27.9 1v.8 162 294 3¢
Terme 76-1  7.18 24.6 =-1v.3 13.2 9% %  47.6 14.9 266 200 117
77-9  7.25 24.8 -lo.1 15.8 115 64  45.7 15.6 244 155 165
. 83-1 7.v5 6.4 -9.4 .81 2 1@6 2.1 4.6 21.0 297 4
87-9 6.65 15.3 - 8.9 1.6 11 120 33.5 5.4 37.7 5i7 i¢
. §5-9 6.75 15.B - 7.5 29.8 33 14l 56.5 11.8 111 61l 57
* Temperature, “C, 8'%, % concentrations in ppm.
. ! Sample numbers and month of collection, e.g. 8-9: sample 8 was collected 91th month of the
year.
P
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Table 2. Analytical data on Abano region replicate samples*

sanplel  pu  temp &'%  m**t k' me* ca**  ag™ msio, =07 coy” c1”
NO . N
4-1 6.85 17.6 - 8.2 - 1.70 8 93 5.4 28.9 12 301 13
3-1 6.85 1l4.8 - 8.3 - 1.1 8 11» 5.6 27.9  14.65 347 lv
6-1 7.5 33.8 -10.2 trace wv.l 113 86 32.5 42.4 163 1lu4 171
y-1 6.75 15.4 =-9.2 - 4.1 Y 92.3 5.% 17.4 42 264 13
19- 6.95 29.6 - 9.9 v.1 13.% 96 82 33.v 41.9 161 222 153
15-1 6.65 13.6 =- 8.8 - 2.6 6 1v? 5.2 12.6 41 395 9.2
61-12 6.85 36.5 -11.0 y.ws 17.4 13t 103 49.9 24.6 338.1. 167 153
61-1 7.85 27.4 =11.0 trace lo.w 97 113 44.7 17.7 326.0 oo 146
63-2 7.25 25.6 =-10.0 trace l4.¢ 94 ¥4 47.2 V.8 Z18.b 209 122
63-2 7.1 32.6 =-10.0 p.19 1l4.u 92 8O 44.6 2.0 277.4 147 12)
63-2 7.75 34.5 -10.0 trace 15.2 91 W 45.4 24.0 278.0 193 126
71-1 7.38 9.8 - 9.1 - 1.9 2 56.4 2.9 5.9 5.8 299 4
72-12  6.80 17.5 - 9.1 y¢.uve 8.9 32 9% 17.2 15.7 1¥9.7 251 52
12-1 T.ub 12,8 - 8.8 trace 3.7 la 82 9.4 17.6 SY.4 243 11
74-12  6.BU 24.0 - 9.5 9.u7 14.9 58 115 36.3 23.6 296.9 212 62
74-1 6.0 23.2 - 9.3 trace 9.y 33 97 31.7 16.8 19b.0 236 40
75-1 7.06 19.6 = 9.7 - 16.1 56 187 36.5 17.1 175.¢ 289 76
71-1 7.5 20.8 -=10.0 trace ly.z 68 78 27.v 19.5 162.v 190 9y
78-12 7.00 28.5 -10.2 v.11 16.4 5 130 51.4 25.3 4w5.8 173 112
78-1 7.65 27.8 <-10.5 trace 15.4 76 13z 46.9 23.8 399.0 186 1y?
75-12  6.85 28.5 =-10.8 §.¢9 16.6 Ol 13 4%.u 20.5 298.7 211 14y
76-1 7.0 27.6 -10.5 trace 14.2 &7 B8 48.0 22.4 286.0 168 123
§0-12  7.8w 25.3 -10.5 y.1l1 14.6 71 117 46.4 27.8 361.8 17 1ul
bu-1 7.5 25.» =-10.3  trace 13.9 71 1o 42.5 24.3 362.6 131 94
8l-12  6.95 2v.o» -11.5  g.¢2 137.4 116 57 37.9 27.7 295.6 11S  1dw
51-1 7.5 ¢b.5 -11-.4 trace 15.8 113 85 45.7 26.7 297.0 136 175

* Temperature. “C. §'8, °,, concentrations in ppm.
! Sample numbers and month of collection, e.g. 6-1: sample 6 was collected i5st month of the year.
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Fig. 2. Composition diagram showing relative amounts of major anjons and cations in samples. Sample
compositions. small open circles, in relative milliequivalents, are depicted in ternary plots of cations
(lower left) and anions (lower right). Points from lernary plots are projected into central diamond
where points represent meq%, of both anion and cation concentration, generalized from PanicHi (1976).
All Abano samples project into the very small labeled region on the diagram, whereas the samples
from Berici and Euganei-A-B clearly have a range in bulk composition. as indicated by the circle
and triangle and mixing lines connected 1o other samples. Euganei-C samples all project into large
region outlined by circle.
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Fig. 3. Temperature histogram for samples from the Abano region showing number of samples vs
temperature at which samples were collected, solid line, and temperature predicted by assuming quartz
saturation for each sample, dotted line, Total sample numbers for each group in parentheses.

1976). These computations were based on equilibrium sta-
bility constants for aqueous complexes, taken from HeLGe-
SON (1969), and on a modified Debye-Hiickel expression.
taken from HELGESON and JaMEs (1968).

BULK CHEMICAL COMPOSITION OF
SAMPLES

The concentration of major components in the
water samples indicates that there are five principal
types of 'spring waters in the region. These are referred
to as Abano, Euganei-A, Euganei-B, Euganei-C, Ber-

ici, and shallow groundwater, and they are distinctly
different in their bulk composition, temperature, and
isotopic composition (Figs. 2, 3 and 4). The relative
composition diagram for these waters indicates the
Abano samples are relatively concentrated in Na + K
and SO, + Cl relative to the other cations and anions
(Fig. 2). These same samples represent Ruids which
have an average temperature of 75°C (Fig. 3), and
which are used in the Abano, Battaglia, and Monte-
grotto termes. They also have larger ionic strengths
{~0.2molal) than the other samples. Euganei-B

coLtLl
BERICI
Meteoric 30'8 » -§
g D=
. Al
| 95°20'N ®
SHALLOW \ >
SPRINGS  WELLS N
® BERIC,_V /

coy

A O JEUGANE! D
8O

o

Skm
-

1°40'E

MONTEGROT.TO

BATTAGLIA .

Fig. 4. Oxygen isotope map of the Abano region. §'%0 values in %, are contoured for both artesian
well and spring samples. Sample points are also accordingly coded 1o bulk composition groups, as
.defined in Fig. 2. 6'%0 values for meteoric waters in the Euganei and Berici hills and for the terme

wells are also

indicated.
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samples have similar compositions. but trend toward
relatively higher Ca + Mg and SO, + Cl. and their
temperatures range from 50°C down to ~20°C. They
also have correspondingly lower ionic strength,
~0.15-0.1 molal. Several samples from springs which
occur in the valley at the base of the Berici Hills
are similar to the Abano and Euganei-B groups of
samples, with respect to their relatively high
SO, + Cl and moderately anomalous temperatures.
They also tend to contain relatively larger amounts
of Ca (Fig. 2). These three groups of samples have
anomalous temperature and bulk composition with
respect to other samples in the Abano region.

Extremes in bulk compositions are represented by
sample groups: Euganei-A, Euganei-C and local
groundwaters (Figs. 2 and 3). Relatively concentrated
in HCO;3 and total calcium (Fig. 2). these samples
come from springs along the base of Euganei Hills,
in the valley between the Euganei and Berici hills,
and in the Berici Hills (Fig. 1).

Oxygen isotope compositions of the samples in this
region vary from —11.8 to —7.5%, (Fig. 4). The very
low values are typical of samples from Berici and
Abano. Montegrotto and Battaglia termes. whereas
the slightly more positive values. —10%, are in
samples which come from an area which extends into
the Euganei region adjacent to the south end of the
Euganei Hills. Samples from the valley between the
Euganei and Berici hills contain the highest 6'%0
values, —7.5%, whereas samples containing the low-

est 8'%0 values are from springs or artesian wells

which occur along bedrock fracture zones. The high
480 samples also tend to have relatively high
SO, + Cl and Ca + Mg concentrations (Fig,. 2).

Linear correlations between the oxygen isotopic
composition and salinity have been defined for dife.
ent sample groups by Panicui et al. (1976) (Figs. §
and 6). These trends suggest that the Eugane;, Berig
and Abano waters are a result of mixing between lg,,
'8Q-content high salinity waters and lower salinity
high '80 waters. The isotopic values obtained by
extrapolation of these functions to zero salinity mjgh,
be expected to coincide with isotopic values of locy
meteoric waters. In the case of Berici and Eugane;j.4
samples, there is reasonable agreement beiween the
local meteoric and ground-water values with the zerq
salinity value, 6'%0 ~ 7.2%, (Fig. 6) whereas the
Euganei-B and Abano functions extrapolate 1o ,
6'0, < —9%, (Fig. 5). All three of the sample groups
have similar §'®0 maximum values, approx ~-1°,
which suggests that fluid circulation of these differeq
types of water may originate in the same source
region and that their different bulk chemical charac.
teristics are related to differences in the reservojr
rocks through which they flowed. The §'%0 value for
local meteoric waters in the Berici area is ~8%, ang
in the Euganei area is —9%, (Fig. 4). These values
are somewhat lighter, but generally agree with extra-
polated values for local meteoric waters. as derived
in Figs. 5 and 6. Isotopic values which lie between
the extremes of local meteoric water values and the
— 1%, water values derived from springs are appar-
ently the result of mixing of meteoric or shallow
groundwater and subsurface waters.

The seasonal variations in composition of the water
samples further substantiate the observation that
local meteoric waters are mixing with waters (rom
another source. Spring waters from the two regions
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Fig. 5. Oxygen isotope variations. expressed as 6'%0. °,. as a function of salinity, géneralized from
PaNICHI et al. (1976). Systematic increases in §'®O values noted for Abano, Euganei-A and Euganei-B
sample groups are expressed as linear functions. as computed from least squares analysis of daia.
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Fig. 6. Oxygen isotope variations, expressed as §'30. %,.
as a function of salinity, generalized from PANICHI er al.
(1976). Systematic increases in 8'%0 values noted for Berici
and Euganei-A sample groups are expressed as linear func-
tions, as computed from least squares analysis of data.

each show linear correlations between the oxygen iso-
topic composition and total salinity, but in each case
values on samples collected in September extrapolate
to §'80 values at zero salinity, which are notably
more positive than those obtained from January to
June (Figs. 7 and 8). During this same period the
salinity values are higher, thus confirming the hypoth-
esis that there is a smaller contribution to the mix-
tures from the surface waters, with very low salinity
and relatively higher '80 contents. This is particu-
larly clear for the Berici area and Euganei-A families
whose seasonal variations in salinity are about 10%,
for all the samples, with isotopic variations of 0.3%.

The chemical characteristics of the water from
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Fig. 7. Season variation of 8'%0 values in Berici and

Euganei-A samples represented in 6'%0 vs salinity plot.

Note January-June trend derived from sample points in
Fig. 6.

some boreholes in the low elevation plain lying
between the Berici and Euganei hills indicate that
none of the samples in this group has a high chloride
content. There are some waters whose chemical com-
position is identical to the Berici samples, whether
they be sulfate or carbonate types, and to the
Euganei-C samples. Therefore, these appear to be
wells that draw, at shallow depths, [rom very shallow
circulation waters characterized by the bicarbonate
ion and by a varying percentage of the Ca and
Na + K ions, depending on the amount of volcanic
rock present.

The source region for the waters characterized by
~11%, 6'80 values must be aquifer recharge areas
at much higher elevations, such as realized to the
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Fig 8. Season variation of 6'%0 values in Abano and Euganei-B samples represented in §'%0 vs
salinity plot. Note January-June trend derived from sample in Fig 6.
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6 Reaction between fluids and rocks along the fgy,
0 ABANO path might .also cgnlrib}xte_lo the isotopic shiftg
~Y These reactions might include exchange betwee,
o 12 o waters and CO, gas at low temperatures. such g
G ST L { S _Uq"-" observed by FERRARA er al. (1965): however. Abang
K] Ca-MONT. & Mo region waters are all low in CO,. Mineral wate
3 lor §‘ \o<o4’ exchange reactions in subsurface environments woulg

] KAOLINITE 1z \Q‘e cause shifts toward more positive §'%Q values.
3 N Representation of the sample compositions oy
8 S T o mineral equilibrium diagrams depicts the relationship

Log Qyg++/ OHZ’

Fig. 9. Theoretical activity diagram for the system CaO-
Mg0O-Al,0,;-8i0,-C0O,-H,S0O,-HCI)-H,0 in the pres-
ence of an aqueous phase at 75°C. 1 bar. and unit activity
of H,O and of the mineral phases. log ay 50, = —0.34.
Dashed lines represent saturation surfaces of calcite and
dolomite at P, = 10~? bar. Compositions of samples
from the Abano Terme are projectied onto the equilibrium
diagram.

north in the Alpine region. Isotopic gradients
measured under similar climatic conditions in Tus-
cany are 0.22°,, per 100 m elevation change, Panichi.

_unpublished data: therefore, the 3.5%, difference

would require a 1.6km elevation change. Isotopic
values on local river waters, Adige (—17.4%,). Brenta
(-10.0",) and Piave (—9.9".). at elevations of 1.6/
1.3 and 1.3 km. respectively. lend further support to
this observation. Further evidence for a meteoric ori-
gin of these waters is provided by the §D and §'%Q
values, determined on thermal and cold water springs
in the Venice plain. BorTOLAMI €1 al. (1973) observed
that the values for the cold springs range from
oD = —42 to —-53%,. and. furthermore, that the
values are coincident with the meteoric water line,
defined by 6D = 85'%0 + 15.
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Fig. 10. Theoretical activity diagram for the sysiem CaQ-
MgO-A1,0,-5i0,C0,;-H,S0,~HCI-H,O0 in the presence
of an aqueous phase at 25°C. | bar, and unit activity of
H, O and of the mineral phases log ay s;6, = —4.0. Dashed
lines represent saturation surfaces of calcite and dolomite
at P, = 10~2 bar. Compositions of samples from the
Berici area are projected onto diagrams in two groups.

between the natural waters and the stability of cop,.
mon rock forming minerals, as well as reaction pathg
between the fluids and minerals (Figs. 9-11). Although
aluminum was not determined on most of the
samples. the solution compositions project on to kap.
linite and montmorillonite stability fields, suggesting
local equilibrium between solution and these types
of phases. The nature of the reaction paths, implied
by the composition of the waters in activity-activity
coordinates and the minerals which were locally ip
equilibrium with the fluids, permits interpretation of
the mineralogy of the subsurface environment
through which the fluids have circulated.

Abano sample compositions plot along the Ca.
monimorillonite~Mg-montmorillonite saturated solu-
tion phase boundary in close proximity to the calcite-
dolomite saturation surface for Pco, = 10”2 (Fig. 9),
whereas the Berici and Euganei sample compositions
(Figs. 10 and 11) plot entirely within the kaolinite-
solution field and close to the calcite and dolomite
saturation surface at Peo, = 1072, but clearly on the
undersaturated side of this surface. The sample com-
positions generally plot along a line whose slope is
equivalent to the cation charge ratios on the activity-
activity diagrams. These types of compositional

trends have been recognized' in other groups of

natural waters (NORTON: 1974; Pales, 1972; Gar-
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Fig. 11. Theoretical activity diagram for the system CaO-

MgO-Al,0;-8i0,~-C0O,-H,50,~HCI-H,0 in the pres-

ence of an aqueous phase at 25°C. 1 bar. and unit activity

of H,0 and of the mineral phases log ay g0, = —40

Dashed lines represent saturation surfaces of calcite anq

dolomite at Py, = 10"? bar. Compositions Euganti
samples are projected onto diagram.
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Log 0
9 %y sio,
'
F-Y

60 a0
TEMPERATURE (°C)

Fig. 12. Theoretical activity-temperature diagram for SiO,~H,O system relating the saturation surface
to the aqueous phase at P = | bar. ay 50, for all samples shows slight supersaturation with respect
to quartz at low temperatures. Log ays0, vs T line approximates values of log ay g0, in samples.

RELS and MACKENZIE, 1967) and are consistent with
numerical simulations of irreversible solution-rock
reactions (HELGESON, 1968: HELGESON ef al., 1969:
HELGESON, 1970). They are a consequence of overall
irreversible reactions between minerals and solutions
in which there is a simple consumption or production
of hydrogen ions as the solution' composition evolves
toward equilibrium with the bulk mineralogy of the
reactant mineral assemblage. Reaction paths tend to
be locally discontinuous functions which trend from
product phase stability fields toward the stability
fields of the phases which are causing the overall irre-
versible reaction. Because of the temperature vari-
ations between the samples and with depth, the reac-
tion paths are examined in composition as well as
temperature coordinates. Variation in reaction pro-
gress with temperature is related to the distance, W,
along reaction paths in activity-activity diagrams by

W = [(log ac,:-/afi- ¥ + (108 awg:-/af-}1%>.

The samples all appear to be saturated or only
slightly supersaturated with quartz, collected at
T> 20°C, but samples collected at T < 20°C range
from quartz saturation to supersaturation with chal-

" with montmorillonite

cedony. This feature is not normally observed in low
temperature waters. Samples from both Euganei and
Berici groups might have been saturated with quartz
at temperatures higher than collection temperatures,
and the supersaturation effect would then be the
result of cooling from the higher temperature. Based
on this hypothesis, their predicted saturation tem-
peratures range from 10 to 30°C higher than the tem-
peratures at the collection point (Fig. 3) except for
Abano samples, which are saturated with quartz at
their collection temperatures. Subsequent diagrams
are constructed using log a0, = A(T), as defined
by the heavy line in Fig. 12,

The relationship between the stability fields for alu-
mina silicate minerals and the solution compositions
indicates that the Abano solutions are in equilibrium
and kaolinite (Fig. 13),
whereas the other samples are equilibrated with only
kaolinite; and a few Berici and Euganei samples sug-
gest a temperature—concentration trend toward the
montmorillonite~kaolinite phase boundaries, line
A-B (Fig. 13). Temperatures that were predicted on
the basis of the quartz saturation surface and ay g0,
in the samples would shift all these samples closer
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Fig. 13. Temperature-composition projection for the theoretical activity diagr,
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Fig. 14. Theoretical temperature-activity diagram for CaO-H,SO~HCI-H,0 system at | bar in the i
.00 . L reali
presence of an aqueous phase at 1 bar,und unit activity of H,0 and the mineral phases. The saturation
surface for anhydrite at log (aso;-Man-) = —18. —17 and —16 is shown. and the composition of ther
samples which are close to saturation with anhydrite are represented by squares with their respective watt
log (aso:- Xaj,-) values. Euganei samples suggest reaction path depicted by arrow. isoti
by
to the phase boundary. Seven of the ten Abano log units less than the value necessary for anhydrite wot
samples are saturated with respect to anhydrite, saturation at the respective temperatures and log Sin¢
i two are undersaturated with respect to anhydrite. ac,:-/af. values. Only a few samples from each of surl
“ and the other two are undersaturated with respect the groups is close to or saturated with respect to tot
to anhydrite by only 15-20°C (Fig. 14). These calcite and dolomite (Fig. 15) because of the relatively the
same two samples are also supersaturated. by about low P, values in the majority of the samples. The me
10°C. with respect to quartz. The Euganei samples, reaction.paths in composition and temperature coor- g int¢
with temperatures in the 30-50°C range. are slightly dinates all suggest many of the solutions were in equi- val
undersaturated. but their distribution on the diagram librium with anhydrite, calcite or dolmite, at slightly f
is suggestive of a trend toward the anhydrite satu-  higher temperatures. and that these phases occur or
ration surface. All the Berici and Euganei sample along their flow paths ‘upstream’ from the collection rea
compositions have log (aso;-Xag-) values one to two  point. tiol
8 []-aeano -
@R
' /\ “EUGANE!
’
14
r- we [(Loq aCu” /0“2')2 + {Log quoo /0:‘)2] vz é
1 1 1 - ) -
20 40 60 80 - s
TEMPERATURE (*C)
Fig. 15. Temperaturc-composition projection for the theoretical activity diagrams. Figs. 6-8. in the
Ca0-MgO-Al,0,;-5i0,-HCI-H,50,-CO,-H,0 system at log a, g0, = — 1073 T ~ 4.2, 1 bar. and 2
unit activity of H,0 and the mineral phases. Compositions of samples which are saturated or nearly
saturated with respect to calcite and dolomite are represented by respective paths. The log Py, value
for each sample appears in the point for comparison with the saturation surfaces for calcite and
dolomite at log P, = —2 and —1. Other samples are at least | log unit undersaturated in their .
activity products and are not represenied on this projection.
_A
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CONCLUSIONS require that certain wineral assemblages were ' . %
encountered along the pathlines as the water circu- i *
The combined isotopic and major component data  lated from the sourceregions to the sample site. P4
suggest the waters in the general region have been  Samples from the Abano thermal wells are saturated i
derived from both local meteoric and groundwater  with respect to anhydrite and Ca-Mg-montmoril- %
sources. Systematic shifts in compositions of these lonite and are supersaturated with respect to calcite ‘-
waters can clearly be attributed to fluid-rock reac- and dolomite at temperatures between 50 and 90°C. ‘
tions along pathlines at depth and to mixing with  This feature suggests that at some point along their i
waters in shallow and deep aquifers. Major element  circulation paths aquifers containing anhydrite, clay d
compositions of the waters indicate the mineralogic  minerals, calcite, and dolomite were encountered (Fig. i
composition of the subsurface aquifers through which  16). Rocks of this composition, Permian evaporites ;i
the waters flowed, and isotopic compositions indicate  which extend northward into the source regions of . g
the ultimate sources of the water. the meteoric water, occur at 2 km depths below the 5
Low 6'80, —11%, values of the Abano and some region. The fact that the Abano waters are supersatur- R
of the Berici and Euganel A samples require that ated with the carbonates probably reflects internal g
these waters were ultimately derived from meteoric  solution disequilibrium as a result of circulation from =
he waters at ~1.5km elevations. These elevations are  low P, environments below the surface to higher b
on realized in the pre-Alps. northwest of the region. and.  Pq, surface environments. Samples from Euganei-B !
of therefore, are probably the sourceregion for these and Berici springs are saturated with respect to calcite .
ive waters (Fig. 16, large circle Ab). In the event that and dolomite, but are undersaturated with anhydrite. 'fA
isotope values of deeply circulating fluid were affected  These Berici and Euganei-B waters are also relatively :
by mineral-fluid exchange reaction, these waters concentrated in SO, Cl, Ca and Mg. These charac- vl
anhydrite would have had sources at even higher elevations. teristics require that flow paths through limestones x--:
s and log Since exchange reactions between fluids and the sub- and dolomites contain pore fuids relatively concen- : ,{
m*each of surface rocks would tend to shift the oxygen values trated in SO, and Cl, or that these latter components e
respect to to more positive than —11%,, local sources, in either  result from mixing with Abano type waters. The '
¢ relatively the Berici or Euganei hills, for the samples with inter- Mesozoic stratigraphic section beneath the region
nples. The mediate §'30 values, ca —9.5 to '—8%, and in the consists of a 1.5 km thick sequence of limestones and iy
iture coor- intervening valley for samples with the lowest 8'®0  dolomites, which accounts for these characteristics. et
ire in equi- values, —7.5",, are also possible (Fig. 16). The Berici and Euganei-B samples, which tend to H
at slightly Fluid pathlines from the sourceregions to the spring  have léwer SO, and Cl but high Ca, probably flowed i
ases  occur or well locations are constrained by the mineral-fluid  through the Tertiary marine limestones and volcanics b
: collection reaction paths and the mineral-fluid equilibrium rela-  that comiprise the Berici and Euganei hills (Fig. 16). i
tionships depicted in Figs. 6-12. These relationships  Euganei‘C and local groundwaters tend to be satu- {§§
— NE SW— ’ }
[ '.!
s ~h ‘ ;i
o - N |
: -8’}’) ﬁ?} 42 xm : . f
V17177 T 17777 : ﬁ
,BERICI HILLS ’////‘77 ;U:c €1 HILLS — ,
VALLEY
S Jeriey 7 Z.z C;::%!'; ~4-V°"-v IS ?:’n?c"'; ' SEA LEVEL ’
L ]
| pre - Alps —L.—IH ./ _’E]-l 3k d !
/5 _ﬁ‘T‘TT= 1—‘—r T 3—-::[_ ] ;g 3 2 ‘,! ‘
| % % * Holite 8 Anhydrite = Permlan 3 T 24 =48] 3 J-2¢m R i
L// // /7 j/;/ 27457 g e i B
/ Slates /f f s ' h & é .
° [} 108m Late Pateczoic / /‘ S / b
- ///»‘x//r/zL S
the - Fig. 16. Schematic geologic cross-section of Abano region from NE to SW relating geologic units ' ;
and and fluid circulation paths deduced from this study. Source regions of various sample groups are
arly indicated by large circles with group names: Abano = Ab, Euganei-C = EC, and Berici low temperature ' '
alue samples = BL. Pathlines of fluids are depicted by lines with arrows and large squares with sample
and group letiers as above, plus Euganei-A = EA, Euganei-B = EB, Berici high temperature = BT, and
heir Berici low temperature samples = BL. Note subsurface mixing, particularly of Berici and Euganei-A i
and Euganei-B samples. N &
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rated with kaolinite, montmorilionite and quartz, but
are undersaturated with respect to calcite. dolomite

and anhydrite, suggesting flow paths through the allu-

vium or volcanic rocks or shale beds.

The circulation paths for waters which occur in the
Abano area are from sources in the pre-Alps, at an
elevation of ~ 1.5km, as evidenced by the '®0 data.
This meteoric waler then circulates into subsurface
aquifers which contain anhydrite, halite, calcite, and
dolomite. The Permain evaporites and Mesozoic car-
bonates near the basement contact (Fig. 16) are the
aquifers through which these fluids lowed. The fluid
paths through the evaporites intersect the surface, pri-
marily in the termes, whereas those paths through
the Mesozoic carbonates form springs near the base
of the Berici and Euganei hills. Mixing of shallow
groundwaters with those {from the deeper aquifers is
clearly indicated by the oxygen isotope values which
vary as a function of salinity with the season. The
dilution effects between local meteoric waters and
groundwater appear less for the more saline (e.g.
decper) groundwaters, further substantiating the pre-
dicted fluid pathline. The time duration of fluid circu-
lation from the source regions in the Alps is unknown
except that tritium data on two Abano samples
require that they are greater than 20 yr old.

The anomalous thermal energy content of the
Abano waters apparently results from a forced con-
vection system caused by groundwater recharge at
high elevations into confined aquifers. The circulating
fluid transports thermal energy from | to 2 km depth
below the Abano region upward, along faults which
transect the confined aquifers. to the surface. A
moderate geothermal gradient of 25°C/km and exoth-
ermic reactions between anhydrite and meteoric
waters are sufficient to account for the 75°C tempera-
tures of the tcrme waters. The local volcanic rocks
are apparently not the source of thermal energy in
these waters. Because of their Tertiary age. they have
long ago cooled'to ambient conditions.
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APPLICATION OF ELECTRICAL PROSPECTING METHODS TO
TECTONICS IN THE SEARCH FOR NATURATL STEAM AT
LARDERELLO, ITALY*

" J.J. BREUSSEt ano J. P. MATHILZt

ABSTRACT

In this paper are examined bricfly the conditions which seem necessary for the presence of
natural steam exploited industrially, These conditions are fullilled in the Larderello field. The
geological features of the soffioni region are summarized.

The use of the well known technique of electrical sounding were aimed at determining the
structural features, outlining the horsts, and tracing the main faults. Later on reconnaissance wells
were located on the horsts near these major thrusts,

The electrical characteristics of the various geological horizons are illustrated by some ex-
amples of typical electrical soundings. The results of this tectonical investigation are summarized

in a contour map of the productive layer and this was the first structural map of the great horst
Larderello-Castelnuovo.

An interesting application of eclectrical prospecting is also mentioned: the delermination of
warm zones corresponding to a local lowering of the resistivity of the overburden through the rise
of temperature caused by the heat given out by steam. This is a striking example of direct pros-
pecting in case of natural steam. A resistivity map of the lower layers of the overburden shows
clearly this phenomenon and to our knowledge this is one of its first practical utilizations.

Finally a chart of the first wells drilled on the results of the electrical survey brings forth an
estimation of its accuracy.

—_—_— e —— ~

A zone of boraciferous soffioni covers an area of approximately 200 sq km in the
upper Maremma in Tuscany, Italy from Volterra in the north to the Massa Maritima
mining center in the south. The largest emanations are grouped around the following
cight places: Larderello, Castelnuovo Val di Cecina, Sasso Pisano, Monterotondo,
Lago, Lagoni Rossi, Serrazzano, and T'ravade.

In 1818, the Larderello Company created a veritable mining industry by first
working natural soffioni, then artificial soffioni obtained from wells and shallow drill-
ings. Steam was first utilized in 1913 as a source of thermal energy and seven electric
power houses of an overall installed power of 258,000 kilowatts now consume 2,900
tons of natural steam per hour, the temperature of which varies according to the
borings from 140° to 290° C and the pressure from 3 to 6 atmospheres under pro-
duction conditions.

The topography of the area is quite rough with elevations varying from 200 to
1,000 m. From the geological point of view, the basement consists of several horsts
of autochthonous Primary and Secondary formations. They arc covercd by an
allochthonous overburden of “scagliose” clays which include formations from the
upper Cretaceous to the Eocene.

We shall limit ourselves to the Larderello-Castelnuovo area, which alone is the

* Read at the Algiers Geological Congress, September 1951, Manuscripl received by the Lditor
August 12, 1954.
1 Compagnic Générale de Géophysique, Paris, France,
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object of this paper. The surface elevations in that zone range from 350 m in the
Possera valley to 650 m in the hills on each side of the river.

The Permian which is very thick is also the oldest horizon. It is formed chiefly of
compact schists and of quariziferous sandstones. They are usually topped by very
cavernous, fissured, and brecciated limestones of Rhaetic age, which constitute an
excellent storing rock. This formation was submitted to extensive crosion by atmos-
pheric and mechanical agents and its thickness does not exceed 150 to 200 meters.
In some places it has completely disappeared leaving the Permian directly in contact
with the overburden on some of the higher parts of the structures.

In the arca situated southwest of Castelnuovo, there are found Macigno Oligo-
cene sandstone strata with alternations of clay shales resting on the Rhaetian.

The overburden consists chiefly of shaly clays sometimes encasing large masses
of limestone (Alberese) and ophitic rocks. This flowage mass constitutes a splendid
impervious cover.

From the tectonical point of view the structural examination of Primary and
Mesozoic outcrops and mining operations had shown the existence of numerous
fractures which appeared during the Miocene. The main dircction is that of the
Apennine thrusts, that is, northwest-southeast with accompanying faults which are
more or less perpendicular to that direction. Consequently, the tectonic style of the
basement is a horsts and grabens mosaic and the very special nature of the sedi-
mentary allochthonous overburden does not allow the reconstitution of its elements
by a geological study of the surface.

It was obvious that the fractures provide natural active channels through which
steam rises from depth to be stored in the permeable layers (Rhactic calcareous for-
mations, Permian quartziferous sandstone, and even some Eocene calcarcous
masses). These feeder faults were formerly not well known and were difficult to
locate, so that in practlice borings were carried out rather empirically according to
the results of drillings in the vicinity.

At that stage, in 1950, clectrical methods of prospecting were introduced in an
endcavor (o clarify tectonics and establish a more rational drilling program.

The problem was analyzed and simplified and the following working hypothesis
was presented: determination of the main faults, search for horsts, borings on the
horsts and preferably in the vicinity of the main faults.

A large clectrical sounding, involving an output line 21 km (13 miles) long, was
carried out in 1949 between Larderello and Serrazzanc to determine approximately
the depth of the magmatic basin which was the supposed generator of steam. The
problem was not completely solved but measurements indicated that it was possible
to rely on excellent electric differentiation between the overburden and the basement.

Scagliose clays are conductive (3 to 20 ohms m) in comparison with Rhaetic
limestones anc Permian schists, the resistivity of which is greater than 100 ohms m.
Statigraphic conditions are thus favorable and this compensates to a certain extent
for the important perturbations caused by the hilly topography and the many over-
burden heterogeneities. A fairly considerable difficulty is caused by the blunting of
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the substratum by ecrosion, mentioned carlier, which causes the partial or complete
disappearance of the steps caused by fractures on the top of the resistive substratum,
The result is a certain lack of precision in the outline of the faults in relation o the
subsurface morphology and the relicf of the basement.

On the other hand, clectrical methods of prospecting will not distinguish in the
substratum between the Rhaetian and the Permian and will therefore be unable to
determine the areas, a priori less favorable, where scagliose clays are in direct con-
tact with schists.
 The technique used was the electrical sounding (Schlumberger quadripole) with
output lines reaching up to 1,000 to 3,000 m depending on the thickness of the
overburden. Some typical electrical soundings (E.S.) are given in Figure 1. Geo-
physical estimations and results of boring carricd out subsequently are shown under
each diagram.

A detailed reconnaissance of the Larderello-Castelnuovo region was carried out
in this manner. The study involved nearly 300 E.S. spread over an area of opproxi-
mately 1,200 hectares, that is a station per 4 hectares (10 acres).

The results are shown on a contour map of the resistant substratum (equi-
distance so0 m) in Figure 2. The map shows the large horst which extends over
a length of 4 km (2.5 miles) from Castelnuovo to Lardercello. The main fracturcs,
which border it to the east and to the west, were traced together with a large trans-
versal thrust in the Lardercllo zone proper. A number of secondary fractures were
certainly missed by clectrical prospecting, given the adopted density of stations. It
is permissible to accord to some of them a rather small part in the problem of steam
production.

Before presenting verifications and results obtained from this geophysical study,
it is advisable to indicate the important phenomenon clearly shown by this survey.
It is the investigation of warm zones by the lower resistivity of the bottom layers
of the overburden under the action of temperature. This phenomenon which is well
known in theory had never been given, to our knowledge, a practical application
on the field. In Larderello it was possible to conceive that the lower part of the over-
burden in contact with the storing rocks was heating up by conduction, therefore
causing a lowering of its resistivity and creating locally conductive zones in the
general map of the true resistivity of the lower layers of the overburden (TFig. 3).

Comparison with the preceding map is rather striking. It shows that equiresis-
tivity curves outline the general shape of the structure, the 5 ohms m curve roughly
enveloping the high productivity arca. Naturally, this map should not be considered
too literally as resistivity is equally affected by the lithologic variations of the
scagliose clays, which may have an action just as important as the one caused by
rise in temperature. However, the fact that the productive horst of Larderello-
Castelnuovo is clearly indicated on the equiresistivity map of the lower layers of
the overburden, in spite of its chaotic conditions, constitutes an encouraging ele-
ment. It gives some hope that clectrical methods of prospecting may be used in
the search for hot zones.
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We shall conclude with a chart showing the results of verifications by borings
and steam production obtained over a period slightly less than two years. Among
the wells one must differentiate between those located before the arrival of the
geophysical party and approved by the party chief later on bcfore their exccution,
and those, more numerous, which were located as a result of electrical prospecting
. only.

Criart Snowine REsuLrs OuraiNen

Estimated
No. of No. of depth 1o True Production in
E.S. well Lasement depth - tons/hour
(in metres)
A—Larderello
147 F.56* 300 312 70
23 Fas* . s15 517 130
70 ¥.76* 370 370 130
77 For7t 455 427 94
149 F.781 390 340 25
14 F.791 380 350 23
(at 8o m)
16 F.8ot 360 353 42
18 1".821 440 453 303
20 .83t 450 — drilling stopped
93 ¥.811 375 454 30
(at go m)
165 I.85% 3% 391 202
10 I-.88% 380 307 50
160 F.8gt 410 —_ drilling stopped
B—Castelnuavo
100 .86% 170 228 10
102-110 ".871 145 144 o
367 F.got 340 418 o
121 Fort 430 430 62
(at 50 m)
188-195 ¥.g2t 1435 160 in course of drilling

* Well drilled with the approval of the geophysical party chief.
1 Well drilled as a result of the electrical survey.

It should be noted that basement depths were checked with an error of less that
5 percent computed over 14 wells. This excellent accuracy is the result of numerous
calibration measurements which were carried out on the old borings. In the case of
new areas which have not vet been explored, the error should assume the normal
value reached in the course of such electrical prospecting, that is 10 to 135 percent.

Tt should also be noted that we have left out of the average error calculations
borings F.86 and F.go, situated southwest from Castelnuovo. Determination of
the thickness of the overburden was much less accurate in their particular cascs.
The cause lies in the presence of thick Oligocene limestone (Macigno), the lower
clectrically resistant part of which cannot be distinguished from the underlying
substratum. Under these conditions, the F.9o boring which was supposed Lo be car-
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ried out at the limit of the horst was unfortunately situated west of the bordering
fault, in the graben, and remained sterile. It is located the same way as borings

F.43, F.49, .64, F.70 and T.74, which are drilled over grabens and whose produc-
tivity is nil, or very small.

We may say, in conclusion, that electrical prospecting has greatly advanced the
technical problem of the search for steam. As studies and borings progress, the
working hypothesis justifies itself increasingly.

Prospecting is at present responsible for a production of 2,300 tons of steam
per hour. Let us mention at Larderello a “soffionissimo” of 292 tons/hour at the
F.85 boring, tonnage which had not been equalled to date, at Castelnuovo boring
F.g1, the largest producer, with 62 tons/ hour and, finally, on a new structure found

west of Larderello, boring F.82, found a second “soffionissimo” yielding 303 tons/
hour.
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Mineral Chemistry and Petrogenetic Aspects
of the Vico Lavas, Roman Volcanic Region, Italy

A. Cundari
Schoo! of Geology, University of Melbourné, Parkville, Viétoria 3052, Australia

Abstract, A detatled study of _lhe phase chemistry of selécted lavas from
Vico shiows that the **excess silica™ in leucite is a significant and widespréad
crysial-chemical ‘charactéristic which may be interpreted in terms of dn
extended solubility of KAISi;Oy andfor differential loss of potassium from
theleucite struciure. Plugioclase gcolhc: mometer data suggest inercusing pla-
gioclase control in the differentiation with decrcasing Mg/Mg+Fe* ™ ratios

for the bulk rocks. The pyroxenc compositions show moderate aimounts of

ferri-Tschermik’s and Ca-Tschermak’s moleculés, probably cortrolled by
temperature and compositional variations in the cooling liquids. Both'micro-
phenocrystal and late- Lrv‘;mlhzmg micus correspond to phlogopite composi-
tions (hroughout the suitc. ]

The phase, chiemistry is discussed ih relation to the differentiation of the
suite and current petrogenetic models.

Introduction

The object of this investigation is pritharily to provide complementury mineralogi-
cal data to the petrochemistry of thé Vico leugite-bearing luvas, occurring in
the northern part of the Roman volcanic 1cg10n (cf. Matligs and Ventriglia,
1970), and to attempt a correlation between the phase chemistry and the differen-
tiation of the host'rocks. '

The compositienal variation of the Vico lava suite extends from tephritic
leucitite through phonolitic tephrite.and Igphritic phonolite variants fo leucite-
trachyte compositions (Cundari and Mattiys, 1974). The chronological succession
of the lavas indicates that the chemical evolution of the magma was recurrent
throughout its. cruptive history, thé most recent lavas. virtually retracing the
compositional variation of the eirlier ones.

Bulk-rock analysesand estimated modal compositions are: prowdcd by Cundari.

and Mattias {1974, Table 1): Thespecimens Sclecied for detailed mineral chemistry
represent leucite-trachytes:(LTR-156. LTR-29 arid LTR-180). tephritic Jeucite-
phonolites (TLP-18 and TLP- 191) and phonnlmc Iehicite-tephrites” (PLT-176)
along the prédominung compositional “spread” of the Vico lava suité, which
compounds 72.6% of the total variance; as deduced by a principal component’
analysis {Cundari-and Mattias, 1974).
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Table 1. Chemicul analyses and structural formulae of leucite and alkali feldspar

A. Cundari

wt.% Leucite
(g.m.) (pxLrim) (pxl.core) (pxl.core) (g.m.) (pxl.core) (pxl.corc) (pxi.core)
18/1 1812 18/3 18/9 29/4 2917 156/8 17643
SiO, 56.2 56.2 56.8 56.6 56.9 56.9 56.4 55.9
TiO, 0.04 0.04 . 0.04 0.07 0.05 0.03 0.04
Al,0, 23.8 240 238 232 225 22.8 238 24.1
Fe,0,° 0.36 0.36 0.42 0.23 0.31 0.22 0.30 0.31
Mno . * * ¥ 0.04 * . C
MgO . * * . . » . *
Cao * » * » » * » *
Na,0 0.37 0.43 0.38 0.43 0.17 0.18 0.31 0.42
K,0 19.2 19.2 18.8 19.7 200 20.0 19.0 18.6
2.; 99.97 100.23 100.20 100.20 99.99 100.15 99.84 99.37
Cation Content : (6 oxygen atoms).
Si 2.012 2.008 2.022 2.027 2.044 2.040 2,018 2.007
Al 1.005 L.on 0.999 0.979 0.953 0.963 1.004 1.020
Fel* 0.010 0.010 0.011 0.006 0.008 0.006 0.008 0.008
Mn - - - - 0.001 - - -
Ti 0.001 0.001 - 0.001 0.002 0.001 0.001 0.001
Mg -’ - - -~ - - - -
Ca - - - - - - - -
Na 0.026 0.030 0.026 0.030 0.012 0.013 0.022 0.029
K 0.877 0.875 0.854 0.900 0.917 0915 0.867 0.852
XYz 3.93 3.94 3.91 394 3.94 3.94 3.92 3.92
Y 1.02 1.02 1.01 .99 0.96 097 1.0 1.03
X 0.90 0.9 0.88 0.93 0.93 0.93 0.89 0.88
Qz 319 317 KRN 3.0 314 313 326 32.8
wt.% Ne 1.7 20 1.8 2.0 0.8 038 1.5 2.0
Ks 66.4 66.3 65.1 67.0 67.8 67.8 65.9 65.2

* Below limit of detection (Ti0),. MnO, MgO, CaO =0.02% wi., respectively).
Y=X(Al+Fe*" 4 Mn+Ti+Mg+Ca).
X=2(Na+K).

® Total iron us Fe,0,.

Analyst: A K. Ferguson.

Analytical Mcthods

The chemical analyses were obtained from polished-thin sections of the analyzed bulk rocks by
means of an antomated IXNA-5A cleciron microprobe operated at 15 Kv {aceclerating voltage) and
0.02-0.03 A (specimen current), the Lutter suitably reduced to minimize volatilization during the
analysis of alkali-rich phases. Chemical standards were seleeted from natural mineral sets to approach
the. composition of the analyzed phases. The results were corrected according to the method of
Mason ¢f aof. (1969} and are considered nccurate to within 2-3 percent for major clements and
better thian 9 percent for minor clements,

TR IO

et =

petrogenetic Aspuut

Table 1 (continuedy]

—_—d
(z.m.) (pxl. corel
L6/4 1805

e
|

56.0 55.8
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0022 g2

0867  0.852
392 3.92
1.01 i.03
0.89 0.8%

32.6 3R
l.5 2.0

65.9 652

ely),

nalyzed bulk rocks by
1cce|ar.umn valtuge) and
vol.u;h/.llmn during the
minctal sets o appregch
rding o the siethod of
for major clements and

Petrogenctic Aspecis of the Roman Volcanic Region ' 131

Table 1, {continued)

Alkali_feldspar-

(gm)  (pxl. core).{pxl. rim) (pxlcore) (gm] (pxl.core} em)  (pxl)
1764 180/5 1808 18049 19171 19114 15672 1569
$60 558 56,5 55.1 59.8 552 65.0 5.0
0.09 . 0.04 0.04 0.05 0:03 0.12 0.06
4.7 25.0 25.1 24.1 24,4 24.1 19.5 19.8
0:37 0,43 0.36 1.04 037 037 0.52 0.23
. # w i * 0.04 ® *
* E2 ER * X P N -
005 * (.03 « . * 0.79 .78
0:35 0:43 0.31 0,62 0.57 0:44 3.3 2.3
19.0 1838 177 19.4 1590 19:0 11.0 120
10056 10046 100.04 10030 10019 9913, 10023 10017

432 oxygen atoms)

1991 1985 2.000 1979 2070 1.994 11.797 11813
1.035 1048, LD48 1,021 0.995 1 026 4172 4.242
0010 9012 (.00 0.028 0'010 0.0t0 0.071 0.031
- -~ ~ - - 0.001 o~ -
6.002 -~ - 0.001 0.001 4,001 0.00t 0.016 0008
0002 -~ 0061 - - = 0154 0.152,
0.024 0030 0.021 D043 0.038 0.031 1.161 0310
0862 0.853 0.500 0.589 0.662 0.876 2548 2783
393 39% 388 3.96 378 3.94 19919 1983
1.05 106 106 105 101 104 Z 1606 16,09,
0.89 0.48 0.82 0.93 08.70 0.91 ¥ 3Ee 375
1 22 353 00 427 34 OF  67.] 75.3
L7 2l 1.5 2.9 2.8 21 W% Ab 288 20.6
66.2 65.7 63.2 671 54,4 665 An 4l 4.

Z=X(5i 4+ Al+Fe* +Ti).
=X(Na+ K +Cua},

Leucite and Alkali Feldspar

Leucite:is ubiquitous in the Vico Java svite and shows variable crystal develop-
ment, within and between flows, from micr 0c1ysml]mu, typical of Jeucite trachytes
(e.f. LTR-185A, LTR-192, LTR-156), to 1'/, cm across {e.z. TLP 185B). Evi-
dence of resorption. purticularly in the Targer erystals, is not infrequent. Vieo
leucites ureseldom transtucent with vitréous fuster. More commonly, the crystals
are opaque and pseudomorphed (o various degrees by mixtures -of anilcime

i,

Tt i
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132 A. Cundag
andjor¢lay minerals(Cundariand Graziani, 1964). chroscopm observation shows
glassy, presumed frésh leucite, as cotourless cu-subhedra with complex lwinning
and weak positive: birefringence, while altered crystals are cloudy, fractured to
granylated and show the, development of a brownish pseudomorph with low,
speckly birefringence.

Phcnocrystal {px!.) and groundmass (g.m.) analyses of gldssy leucites aré gwan
in Table | with relative structural forthulae. and recalculated compositions in-
the system NaAlSiO, +—KAISIO—SiQ,. The reduction of the analysés shows
a systematic cation deficiency, gencrally less than 0.07 from the stofchiometric
value of 4.00, but reaching. deficiencies of 0.12 4nd 0.22 in 180/8 and 19141,
respectively. In ‘particular, the X-groups are 7-12% lower than the expected
value of 1.00 and as low as 18% and 30% in 1808 and 191/1, respectively.
Except for the latier c.omp’osii'io’n the potash contents fall within the range 17.6-
20.0% K K50 (mean (71=183%K 4Q) calculated fremthe K determinations (flame
photometty) reported by Burbieri e aof. (1968, Table 2) for. Vico leucites. The
Na/K tatio varies significantly (0.013-0.057), even for leucites in the same rock
specimen. The phenocrystal cores gencrally show higher Na/K ratios than the
coexisting rimand groundmass compositiens. in agreement with the data reported
by Carmichde] er of. (1974, Figs. 5-13) for leucites in_similar Java types from
the. Roman Region, However, the compositions of the Vies Teucites dilfer from
the latter analogues in their Lll’LCf exciss silica” over the experimentally deter-
mined leucite solid solution in the system NaAlSIO,~K AlSi0, —Si0,—H, 0
(Fudali, 1963). This 15 iHlustrated in HQ ! by the resulfing trend toward the
alkali feldspar Join, the extent: of NaAlSi; O substitution in KAISi,04 solid
solutions being relatively miner (1.1-5.0% wt. NdAlShO,,} On the other hand,
the’ NaAlSle,{ solid bolub:hly n cocxisting phenocrysial and groundmass alkali
feldspars {(156/9 and 156/2, respectively: Table ) is comparitively .high (20.6~
28.8% wt. NuAlSi,O,) and, contrary to feucite, increases for latescrystailizing

composifions,

The “silica excess™ in Vico leucites is by no mcans unique. Similar, if less
conspicuous, stoichiometric ** anomalies ™ are reparted for leucites from the Leu-
cite Hills (Carmichacl, 19671), Korath Range {Brown and Carmichael, 1969).

New South Wales (Cundiari, 1973} and Bufumbira (&.{‘nel‘ihicd in Fig. 1), It
sgems, therefore, plausiblé to consider such “silica excess®™ in leucite as a wide-
spread crystal- -chemical charadteristic, rathier than a regional peuﬂmmy

In the light of the daui-on Vico, it is Suggested that the “sifica excess”
may be due, at least partly, to an extended solid solubility of KAISi;Op in
leucite. The common occurrence of sanidine in the.anilcime pscudormdrphs after
Vico teucites (Cundari and Graziani., 1964) may derive from the subsolidusbr euk-
down of Iwc:lt, solid solutions with a h15h K AISi;0y component. It should
be noted that *...leucite solid solutions were made which contained about §
weight percent KAISHOB *(Fudali, 1963, p. 1105) and rio evidence is so far
availuble to the writer thatthis is infact an upper limit 0!”%\{\1850 solid solubility
in natural Teucites. Notably, this imit is éxceeded by the leucite compositions
from Vico and {he other locilities mentioned above.

Alternatively, a differential loss of potassium from leucite will indirecily in-
cichase the weight percent of silica in the leucite compuositions. Such loss is nol
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unreasonable in view of the poor K-retentivity of leucite in the subsolidus, relative
(10 Rb, Li and Cs (Fornaseri and Penta, 1960). The ratio:

[K/Rb]uuche

_[KIRb}'“' }
may be used indicatively to contrast the near-stoichiometric leucites from New
South Wales (0.7-1.0; mean (4)=0.88; Cundari, 1973, p. 480) to the low-K
Vico leucites, averaging 0.60, deduced from independent data reported by Barbiceri
et al. (1968; Table 2: leucite mean (7) K/Rb=85; Table 1: lcucitc and feldspar-
bearing rocks mean (28) K/Rb=141).

Plagioclase

Typically a microphenocrystal phase, occasionally glomcrophyric, the plagioclase
in the Vico lavas is strongly zoned and scldom resorbed. 1t is commonly obscrved

Table 2. Chemical analyses and structural formulae of plagioclase feldspar

wt.%  (pxl.rim) (pxl.core) (pxl.core) (g.m.)

(pxt.core) (pxl.rim) (pxl.core) (pxl.core) (pxi.rim)

18/7 18/8 29/2 293 [S6/3  1S6/4 1769 180/6 1912
Si0, 458 46.3 47.4 52.7 46.1 47.2 48.] 45.9 47.5
Tio, * . 0.02 007 * . . . .
ALO, 34.0 34.0 32.0 29.0 330 32.0 32,0 34.0 4.0
Fe,0, 0.74 0.75 0.58 0.72 0.75 0.73 0.71 0.41 0.84
MnO 006 * 0.04 004 ¢ 002 * . 0.02
MgO * . 0.04 006 * C0.04 0.04 0.03 0.04
Ca0 184 175 17.1 12.2 18.3 17.8 16.0 17.8 16.1
Na,0 123 1.50 2.3 3.9 1.63 23 29 1.29 1.96
K, 0 ol 0.21 0.35 0.73 0.14 0.38 0.15 0.23 0.28

z 100.34 100.26 99.83 99.42 99.92 100.47 99.90 99.66 100.74

Cation content (32 axygen atoms)

Si 8.443 8.520 8771 9.634 8.543 8.709 8.861 8.495 8.662
Al 7.388 7.375 6.980 6.250 7.209 6.960 6.949 7.418 7.309
Fe3* 0.103 0.104 0.081 0.099 0.105 0.101 0.098 0.057 0.115
Mn 0.009 - 0.006 0.006 - 0.003 - - 0.003
Ti - - 0.003 0010 ~ ~ - - -
Mg - - 0.011 0.0i6  ~ 0.011 0.011 0.008 0.011
Ca 3.635 3.45] 3.391 2.390 3.634 3.519 3.159 3.530 3.146
Na 0.440 0.535 0.825 1.382 0.5%6 0.823 1.036 0.463 0.693
K 0.026 0.049 0.083 0.170 0.033 0.089 0.035 0.054 0.065
z .15.94 16.00 15.85 16.02 15.86 15.78 15.92 15.98 16.10
X 4.10 4.04 4.30 3.94 425 4.43 4.23 4.05 3.90
Or 0.7 1.2 22 4.5 0.9 24 09 1.4 1.7
A% Ab 10.4 12.4 18.2 34,1 13.0 17.3 22.8 10.8 16.9
An 88.9 $6.4 79.6 61.4 86.1 0.3 76.3 87.8 81.4

e IR

* Below limit of detection (TiO;, MnO. MO =0.02% wt.,
* Total iron us Fe, Q.
Analyst: A.K. Ferguson,

respectively).
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NaAlISi;O .
/ e N \0
4 -
feldspar .
— *‘
eutite KAISiQQ
tm leucite ot 1Kb N
nepheline \
KAISI0,
NaAISiQ, . :

Y m— e ——

Wt7,
Fig. 1. Salic normative constituents of the Vico lavas (Cundari and Mattias, 1974, Table 1 large
symbols and generalized fields indicated by dash-dot line) and theie constituent leucite, alkali feldspar
and plagioclase (small open symbols: phenocrystal core compositions: small filed symbols: phenocrys-
tal rim and groundmass compaositions. Analyses in Tables 1 and 2). projected onto the CaAl,Si,04
NaAlSi; 0, —KAISi, Oy and part ol the NaAlISiQ, — KAISIO,

~Si0, joins of the phonolite pentihed-
ron (Carmichael et «f..

1974 Figs. 5-10). Coexisting plagioclases and a residual glass are joined
by tic-lines to the respective bulk-rock compositions. corrected for the pyroxene contributions in
the CaAl,Si,0, — NaAlSi;O, —~ KAISI Oy join. Lettered circles represent mean pumice and *foam
lava™ compostiions. calculated from Locardi and Mittempergher (1967, Tabic | A: 7 anulyses:
B: S analyses: C: 8 analyses) and from Locuardi (1965, Table 1: D: 2 analyses). Experimental phase
boundarics and leucite solid solution in the system NuAlSiO, — KAISIO, - Si0, —~ H,0 at 1 Kb H,0
(Fudali, 1963) arc indicsted by continuous line: dushed line refers 1o the analogue dry system
(Schairer, 1957). The ficld of the Bufumbira leucites (A.K. Ferguson, pers. comm.) is represented
by dotted line

as euhedral inclusions in the larger leucite phenocrysts, but it is also a notable
groundmass constituent throughout the suite (e.g. TL-30, PLT-176, TLP-19L.
LTR-1506).

Chemical analyses and relative structural formulae of representative plagioc-
fases are given in Table 2 and plotted in the join NaAISi;04—K AISi;Og—CaAl,
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§i,0; (Fig. 1). The phenocrystal compositions show significant concentric zoning
(up to ca 6% wt. An variation), both normal (156/3-156/4) and reversed (18/8-18/
7), and high anorthite contents (76.3-88.9% wt. An.) in the trachytic (29,156,180)
as well as tephritic phonolite (18,191) and phonolite tephrite (176) assemblages.

Plugioclase geothermometer

Some indications of the plagioclase-liquid relationships in the Vico lavas may
be obtained by cstimating the crystallization temperatures of the analyzed plagioc-
lases, following the method proposed by Mathez (1973) for basaltic (dry) rocks.
The results of the calculations are summarized betow with the values of the
Differentiation Index (Thornton and Tuttle, 1960) and the Mg/Mg + Fe?* ratios
for the relative bulk rock compositions:

Pxl. plagioclasc An% mol. T°C D.I. Mg/Mg+Fe?™
18/7 89.2 1312 70.4 0.59

180/6 88.4 1265 65.0 0.60

156/3 §6.1 ‘1262 62.7 0.66

29/2 80.4 1217 59.5 0.68

176/9 75.3 1165 499 0.71

In view of the assumptions and limitations of the above method (Kudo and
Weill, 1970; Muathez, 1973) and since the Vico lavas are not strictly basalts,
the estimated crystallization temperatures may not be accurate in detail. However,
the correlation of these temperatures with the Differentiation Indices (correlation
coefficicnt =0.988) and with the Mg/Mg 4 Fe? * ratios (correlation coefficient = —
0.914) may be petrologically significant. From these data it is expected that
the plagioclase crystallization temperatures arc depressed in the lavas with higher
entropics of melting. Consequently, the plagioclase control in the diflerentiation
may have been more significant in the most differentiated compositions of the
Vico lavas, i.e. the Ieucite-trachytes.

Pyroxene

The pyroxene is an ubiquitous microphenocrystal phase, seldom rcaching '/, cm
along the c-axis, as well as a common groundmass constituent. It is exclusively
monoclinic, pale-green (e.g. LTR-29) to distinctly pleochroic according to the
scheme:

a=pale green: f=yecllowish green: y=dcep green; the absorption being
a< fi<y. Oscillatory zoning showing concentric and scctor-like geometries with
both sharp and gradational contacts are commonly observed.

Analyses of representative pyroxences are given in Table 3. with relative struc-
tural formulae and normative compositions calculated according to Kushiro's
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A. Cundari
Table 3. Chemical analyses, structural formulue and normative compositions of clinopyroxene
wt. % {core) (inner rim)  (rim) {core) (inner rim) (rim)  (core)  (outer core) (i,
18/4 18/6 18/5 29/13 29/12 29/5 156/6  156/7 156
Si0, 49.5 48.8 45.8 50.2 49.9 50.5 51.8 47.7 495
TiO, 0.72 0.64 1.39 045 0.75 0.74 0.39 0.87 or
Al O, 53 4.6 6.7 3.6 38 39 3.1 6.2 44
Cr,0, * * . 0.11 * . 0.39 0.19 s
FeO* 6.1 8.6 9.3 85 8.4 9.4 4.1 8.7 6.3
MnO 0.18 0.29 0.31 0.28 0.27 0.24 0.06 0.20 0.1
MgO 13.8 119 109 133 13.2 12.6 15.7 12.4 143
NiO 0.10 * * * * 0.05 * * 0.04
Ca0 238 24.2 24.5 23.4 23.0 22,0 235 231 237
Na,O 0.2i 0.36 0.39 0.35 0.37 0.31 0.12 0.28 0.2
K,0 » 0.02 0.02 * . 0.02 * * 0.2
z 99.71 99 4) 99.31 100.19 99.69 99.76  99.16  99.64 99.42
FeQ® 35 4.7 30 48 5.4 8.60 34 4.6 27
Fe,O," 29 4.3 7.0 4.1 33 0.87 0.77 4.6
Cation content (6 oxygen atoms)
Si 1.832 1.833 1.727 1.863 1.862 1.893 1912 1.782 1.83
Al 0.168 0.167 0.273 0137 0.138 Q107 0088 0218 0.1
Al 0.063 0.036 0.025 0.020 0.029 0.065 0046  0.055 0.02:
Ti 0.020 0.018 0.039 0.013 0.021 0.021 0011 0.024 0.0
Fel* 0.081 0.122 0.199 0.114 0.093 0.024 0021 0429 0.4
Cr - - - 0.003 - ~ 0011 0.006 -
Fe?* 0.108 0.148 0.095 0.149 0.169 0.270 0105  0.144 0.0s:
Mn 0.006 0.009 0.010 0.009 0.009 0.008 0.002 0.006 .00
Mg 0.761 0.666 0.613 0.736 0.734 0.704 0863  0.690 0.7
Ni 0.003 - - - - 0.002 - - 0.00
Ca 0.944 0.974 0.990 0.930 0.920 0.883 0929 0925 0.9+
Na 0.015 0.026 0.029 0.025 0.027 0.023  0.009 0.020 0.0
K - 0.001 0.001 - - 0.061 - - 0.001
Normative components (%%wt.)
NaCrSi,04 - —~ - 0.32 - - 1.09 0.55 -
KFeSi, 0, - 0.09 0.09 - - 0.09 - - 0.08
NaFeSi,0, 1.44 2.53 277 2.4 2.58 2147 - 1.41 1.51
CaFe,Si0, 2.62 3.87 6.86 3.69 2.62 0.04 0.85 4.67 3N
CaTiAl O, 1.86 1.70 372 117 1.97 1.95 0.99 2,29 1.99
CaAl,Si0, 9.66 8.58 11.28 6.75 6.38 6.67 5.67 1145 7.58
Ca,Si,0, 37.73 39.60 36.56 38.55 3844 . 3821 40.00 3499 3790
Mg,5i,0, 41.94 37.02 34.25 40.71 40.62 39.13 4696 38.27 43.45
Fe,Si, 0 4.76 6.62 4.47 6.70 7.40 1173 443 6.6 3T

* Below limit of detection (Cr,0;, NiO=0.03%wt., respectively: K ,0=0.02%wt.)
* Total iron us FcO.

® Calculated values assuming X (WXYZ)=4.00 and Z =2.00 on the busis of 6 oxygen atoms.
Analyst: A.K. Ferguson,

(1962) method after forming the NaCrSi,O4 component (Binns er al., 1970).
The ferric ion contents are deduced assuming that the pyroxenes are stoichiometric
(4.00 cations) on the basis of 6 oxygen atoms. Data extracted from a computer
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.63 0.85 0.76 :
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. . 017 !
o8 9.6 S l
1.26 0.27 0.08 )
ga 13201811
oot * ;
we 231 238 2
037 037 015 |
[ 0.02 . 0.02 !
N8 10009  99.48 1O
53 39 23 !
19 6.3 34 '
i
1866 1.813  1.848 i
0134 0176 0152
0.016 — 0.031 (
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library of published pyroxene analyses shows thit the mean différence FeQ (analy-
tical) — FeO (caleulated )= 0.08% wt. (S.1D. =2.55% wt.) for a sumple of 580 clino-
pyroxene compositions (A K. Fergusen, pers. comm., 1975),
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40

Fe totaleMn

Atom percent

Fig. 2. Pyroxenc phenocrystal core (open circles). rim and groundmass (fitied circles) compositions
(Table 3), plotted in the conventional Ca~Mg—X(FFe total+Mn) variation diagram. Cocxisting
compositions in TLP-18 are joined by tic-lines (sce text) L

In the conventionu! Cu—Mg—F¢ total4 Mn diagram (Fig. 2),"the pyroxene
compositional variation falls mainly within the salite domain and shows a gencral
Fe-cnrichment trend parallel to the diopside-hedenbergite join, with no clear dis-
tinction between core and rim compositions for the various rock types. Only
the pyroxene in a tephritic leucite phonolite (18/4.6.5). indicated by tie-lines,
shows a distinct Ca-cnrichment trend (cf. Carmichael e of., 1974, Figs. 5-31).
This may be influenced by competing plagioclase crystallization, which would
generally tend to reduce the amount of calcium available to the pyroxene. Signifi-
cantly, calcium and concomitant sodium enrichment trends characterize similar
pyroxene compositions from plagioclase-free leucitites (Cundari. 1973).

The Si-deficiency in the Z-sites (5.7-13.6 atoms percent) is Jower than 20.3
atoms percent reported by Carmichael er af. (1974, Table 5-5) for groundmass
pyroxenc in lcucite phonolite, and sufficient aluminium is available in all but
one composilion (176/2) to make the Z-groups up to 2.00. Gencerally, the percent-
age of total aluminium atoms in the Z-groups (Al,) is greater than 80. Lower
values (76~77 atoms percent) are obtained for the pyroxenc compositions (180/
3,4,10,13) in & relatively differentiated leucite trachyte (LTR-180; D1=65.0).
However, the small runge of SiO;—undersaturation for the selected lavas (nega-
tive C.1.LP.W. Q=9.15-1.72) does not encourage conclusions on the correlation
of Al, with differentiation (Lc Bas, 1962).

The distribution of Ti relative to AL, in coexisting core and rim compositions
gencrally shows contrasting trends, suggesting a complex history of multiple
equilibrations i the pyroxene-liquid relationships (¢f. Thompson, 1972 Fergu-
son. 1973). This may be influenced by temperature and/or water content fluctui-
tions in the relatively viscous Vico lavas (Si0, =49-58% wt.) during the protracted
crystallization of the pyroxene.
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The normative compositions are notable for the absence of jadeite (Na,K)Al-
$i,06), resulting from an excess of Fe** over (Na +K) after demite ((Na,K)Fe*
$i,04) is formed. This leads to the presence of significant ferri-Tschermak’s
molecule (CaFe3 *SiOg) in the normative compositions, combined with moderate
contents (5.7-13.9% wt.) of Ca-Tschermuk’s molecule (CaAl,SiOg) and accessory
amounts (1.2-3.8% wt.) of acmite. The titan pyroxene component (CaTiAl,Og)
is also present in accessory amounts (less than 2.5% wt.).

The variation in Ca-Tschermak’s content within und between pyroxenes in
the same lava, coexisting with calcium-rich plagioclase, supports the view that
the solubility of the Ca-Tschermak’s molecule in the Vico pyroxenes should
be primarily sensitive to crystal-liquid equilibria and related chemistry and crystal
chemistry (Hollister and Gancarz, 1971) rather than pressure changes in the
volcanic regime. Likewise, the factors controlling the solubility of the ferri-Tscher-
mak’s molecule are probably the relatively low sodium contents in the host
lavas (Na,0=1.6-2.7% wt.), for which thc concomitant crystallization of plagioc-
lase is expected to compete, and the oxidizing conditions prevailing, rhythmically,
in the liquid during pyroxenc crystallization (cf. Huckenholz ¢r al., 1969).

Mica and Fe-Ti Oxide Minerals

Mica is a common accessory occurring both as microphenocrysts, generally cor-
roded, as well as interstitially in the groundmass. Pleochroism is strong according
to the scheme: %= pale yellow; fi > =dcep brown to greenish brown, the absorp-
tion being 2 < ff ~+. The chemistry and structural formulae of the anulyzed micas
are given in Table 4. Because of the undetermined fluorohydroxy!l groups, the
structural formulae are calculated on the anhydrous busis of 22 oxygen atoms.
Except for analytical crror, the deficiencies in the X and Y groups may be
attributed to the undectermined clements, particularly Fe?! and Ba, after the
Z-groups arc made up to 8.00.

Surprisingly for intermediate rock compositions (LTR-180, TLP-191), the
Mg/Fe ratio of the analyzed micas is greater than 2:1, indicating phlogopite
compositions. The mica in the groundmass of a basic phonolitic lcucite 1ephrite
(176/8) is also within the phlogopite range. However, the Mg/Fe ratios (2.66-3.05;
mean (4)=2.88) arc lower than the values for analogues in more basic leucite
bearing lavas (cf. Carmichacl, 1967a, Tuble 6; Cundari, 1973, Table V) and gener-
ally decrcasc for late-crystallizing compositions.

The Fe-Ti oxide mincrals are ubiquitous accessory constituents of the Vico
lavas, generally occurring as equant microphenocrysts as well as microliles in
the groundmass (c.g. PLT-176). In polished-thin section under reflected light
theerystals are generally homogeneous and isotropic with high reflectivity. Repre-
sentative chemical analyses (Table 4) and calculated ulvéspinel and ilmenite com-
ponents (Carmichacl, 1967b) show in all cases that the FeO and Fe,0, values
are best recast on the ilmenite basis. This points to substantial contents of the
y-phascin the *“ magnetite ™ solid solutions and suggests oxidation of the f-spinels.
Relatively high aluminium and low magnesium and chromium contents rellect
the compositions of the host lavas.
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§ Tabhle 4. Chemical analyses and structural formulae of mica and iron-titanium oxides
|
‘ wt%  Mica lron-titanium oxides
(gm) (pxLy (pxl)  (pxl) (pxl.)  (pxl}  (pxl)  (pxl)
176/8 180/l 180/2 19173 18/10  29/1 176/10 1918
Si0, 402 39.0 39.6 36.8 0.83 0.51 0.38 042
TiO, 1.88 499 4.63 4.94 1.0 17.5 13.0 12.3
ALO, 11.8 13.5 13.5 14.6 28 2.7 XN 25
Cr,0, 003 * LI , » 006  0.05
FeO* 108 10.7 10.7 10.5 2.0 71.0 76.0 77.0
MnO 0.11 0.10 0.08 0.09 1.5 0.80 0.67 1.1
MgO 16,1 18.3 18.0 16.6 0.21 0.20 0.66 0.19
NiO * * * * 0.04 * 0.09 *
Ca0 2.1 0.04 * 0.09 44 0.05 0.29 0.16
Na,0 0.61 0.42 0.22 0.37 0.11 0.06 * 0.06
K,O 89 94 9.5 8.6 0.17 0.07 * 0.13
z 9253 9645 96.23  92.59 93.06 9289 9425 939
Cation content (22 oxygen atoms) Ulvospincl basis
Si- 6.067 5640 5726 5530 Fe,0, 41.5 28.0 384 399
Al" 1.933 2301 2274 2470 FeO 4.6 45.8 414 41.0
AlY 0166  — 0.027  0.116 z 97.2 95.7 9%.1 97.9
Ti 0213 0543 0504  Q.558 Ulvdspinel  36.8 56.5 413 39.1
Fe?* ~ 1363 1294 1294 1320 (Mol.%)
Mn 0014 0012 0.010 0011
Cr 0.004 - - - Imenite basis
Mg 3622 3944 3879 3718
Ca 0.340  0.006 - 0.014 Fe,0, 76.6 62.2 73.5 74.7
Na 0.178  0.118  0.062  0.108 FeO 3.0 15.0 9.8 9.7
K 1.714 1.735 7 1753 1.649 by *100.7 99.1 1016 101.4
zZ 8.00 8.00 8.00 8.00 Himenite 240 36.8 26.8 25.6
Y 5.38 5.31 5.7 572 {Mol.%)
X 223 1.86 1.82 177

Mg/Fe 266 305 300 28

* Below limit of detection (Cr0;. NiO, Nay0=0.03%wt..
respectively).
* Total iron as FeO.

Analyst: A.K. Ferguson.

respectively; CaO, K,0=0.02%wt.

The Phonolite Pentahedron

The investigated lavas and pertinent phase assemblages are projected onto the
NaAlSi;0;—KAIS1,04—CaAlSi,O4 and part of the NaAlSiO,—KAISIO—
Si0, join (Fig. 1) of the phonolite pentahedron (Carmichacl ef al., 1974, p. 241{1.).
The selected lava compositions (numbered symbols) are corrected for the CaAl;
Si,04 contributions of the respective pyroxene. where the range of the CaAl;
Si,0g component in the NaAlSi;04—KAISi;05—CaAl,Si,04 join is 75.6-
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93.4% wt. Mean compositions of the analyzed pumices and ‘‘foam lava™ asso-
ciated to the lava suite, calculated from Locardi and Mittempergher (1967) and
Locardi (1965), are included for comparison. Two compositions straddling the
alkali feldspar join (LTR-29; SiO,=44.1% wt., NaAlSiO,=18.5% wt., KAI-
$i0,=37.4% wt.; and B:Si0,=44.6% wt., NaAlSiO,=18.6% wt., KAI-
Si0, =36.8% wt.) plot infact on the SiO, side of the NaAlISiO,—KAISiO,—SiO,
join.

Although this system is as yet undetermined experimentally, the available
data from Vico may be discussed in the light of the model proposed by Carmichacl
etal. (1974, Figs. 5-14). The sclected lava compositions and the gencralized
fields of the suite show that the dominant differentiation trend of Vico follows
a course of the type PLT->TLP—LTR, along a possible liquid path of thermal
descent controlled by the carly and protracted crystallization of leucite and pla-
gioclase. In the NaAlSiO,—KAISiO,—Si0, join this path is slightly curved,
directly away from KAISi,O4 and toward the leucitc-alkali feldspar boundary,
conforming with the fractionation curves predicted by Fudali (1963, Fig. 10)
in the system NaAlSiO,—KAISiO4—SiO,—H,0 at P, =1 Kb. It should be
noted that the “silica excess™ of leucite may influence the SiO, content in the
differentiating liquids and, ultimately, the level of silica-saturation in the extreme
salic derivatives.

Plagioclase fractionation could produce K-enrichment variations across the
dominant differentiation trend of the suite, as illustrated by LTR-29/glass and
tie-lined bulk-rock composition. Fractionation of the ualuminous pyroxenc
phenocrysts cocxisting with the carly-crystallized plagioclase will essentially con-
cur with the plagioclase control in this system and may prevail at the busic
end of the suite. as indicated by crystal extract calculations (Cundari and Mattias,
1974).

The compositions of the pumices and *foam lava™ arc generally consistent
with the established trends and may be regarded as possible salic differentiates
of the suite, akin to the leucite-trachytes.

In summary, the leucite and plagioclase differentiation controls can account
for the observed variations of the Vico suite in this system, consistently with
possible crystallization paths experimentally deduced or inferred from independ-
ent data on similar assemblages.”

The stability of phlogopite. coexisting with leucite and alkali feldspar under
ncar-atmospheric pressurce regime, is predicted by Carmichael er al. (1974, p.
250ff.) in the system NaAlSiO;—KAISIO,—Mg,Si0,—H,0, which may be
regarded as @ mafic variant of the phonolite pentahedron. It should be noted,
however, that the major role of phlogopite in the differentiation of the Vico
suite may develop at depth, where the crystal fractionation processes in a leucite-
tephrite magma are controlled largely by phlogopite +pyroxene assemblages
(Cundari and Le Maitre. 1970: Ferguson and Cundari, 1973).

It is concluded that the Vico suite may be interpreted as a serics of genetically
related liquids derived from a common parental magma of tephritic (sensu lato)
composition. The recurrent chemistry of the rocks in the chronological succession
of the eruptions may well reflect distinet but reproducible cveles of evolution
of the parcntal magma.
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Discussion

The dominant differentiation trend of the Vico suite is consistent with the general
variation found by Locardi and Mittempergher (1969, Fig. 2) and conforms to
Appleton’s (1972, Fig. 6 and p. 437) “Trend B™ for the lavas of the Roman
Region. However, the petrogenetic model advocated by Locardi and Mittem-
pergher (1969) for Vico is based on two distinct but genetically related differentia-
tion trends attributed to the fuvas (tephrite-basanite-leucitite) and to the ** pyroc-
lastic”” materials (trachyandesite-latite-trachyte-alkali trachyte), respectively. Nei-
ther of these trends nor the invoked carbonate syntexis hypothesis can be substan-
tiated by the available data. Also, the alleged influence of the volcanic structures
and related magma feeders on the'course of magmatic differentiation and relative
quantity of erupted differentiates (Locardi and Mittempergher, 1967, 1969) is
singularly unsatisfactory for Vico. where the recurrent chemistry of the volcanic
rocks crupted from major and minor vents in various amounts conforms to
the dominant differentiation trend.
The carbonate-syntexis hypothesis (Rittmann., 1933, 1963 ; Marinelli and Mit-
tempergher, 1966: Locardi and Mittempergher, 1969: Burri, 1968) is rejecied
as a viable petrogenetic model for the Vico suite. Notably, the advocates of
this hypothesis fail to produce for Vico any supporting cvidence of magma-
carbonatc rock inleraction bearing on the development of the clusive **syntectic
magmau ™, alleged to be parental to the fava suite. Considering the shallow magma
reservoir deduced for Vico from geophysical data {1-13 Km: Molina and Sonag-
lia, 1969) and the large volume of erupted materials (ca. 14 Km? for the * pyroclas-
tic™ rocks alone. according to Locardi and Mittempergher. 1967, Tuble 1), 1t
seems unlikely that concrete evidence of the “syntectic™ process escaped sumpling
by the extended activity of Vico. Additional limitations of the carbonate syntexis
hypothesis in the petrogencesis of the leucite-beuaring luvas are discussed elsewhere
(e.g. Savelli, 1967, 1968: Wutkinson and Wyllic, 1969 Bell and Powell, 1969)
and the available evidence strongly points to crystal-liquid relationships within
the magma as the essential differentiation controls of the derivative lavas (cf.
Brown and Carmichael. 1969; Appleton, 1972 Cundari, 1973). In conclusion.
the differentiation trends of the'leucite-bearing lavas and associated ** pyroclastic™
materials from Vico depend on reproducible crystal-differentiation processes.
consistent within the Romun Volcanic Region (Cundari and LeMaitre, 1970)
and similar to the Bufumbira analogues (Ferguson and Cundari, 1975).
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