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Abstract

The temperature and hydrogen isotope composition of the fumarolic gases have been studied at Kudriavy
volcano, Kurile Islands, which is unique for investigating the processes of magma degassing because of the occurrence
of numerous easily accessible fumaroles with a temperature range of 100-940°C. There are several local fumarolic
fields with a total surface area of about 2600 m? within the flattened crater of 200X 600 m. Each fumarolic field is
characterized by the occurrence of high- and low-temperature fumaroles with high gas discharges and steaming areas
with lower temperatures. We have studied the thermal budget of the Kudriavy fumarolic system on the basis of the
quantitative dependences of the hydrogen isotope ratio (D/H) and tritium concentration on the temperature of
fumarolic gases and compared them with the calculated heat balance of mixing between hot magmatic gas and cold
meteoric water. Hydrogen isotope composition (8D and *H) shows a well expressed correlation with the gas
temperature. Since D/H ratio and 3H are good indicators of water sources in volcanic areas, it suggests that the
thermal budget of the fumarolic system is mostly controlled by the admixing of meteoric waters to magmatic gases.
The convective mechanism of heat transfer in the hydrothermal system governs the maximum temperatures of local
fumaroles and fumarolic fields. Low-temperature fumaroles at Kudriavy are thermally buffered by the boiling
processes of meteoric waters in the mixing zone at pressures of 3-12 bar. These values may correspond to the
hydrostatic pressure of water columns about 30-120 m in height in the volcanic edifice and hence to the depth of a
mixing/boiling zone. Conductive heat transfer is governed by conductive heat exchange between gases and country
rocks and appears to be responsible for the temperature distribution around a local fumarolic vent. The temperature
and pressure of shallow degassing magma are estimated to be 1050°C and 2-3 bar, respectively. The length of the
‘main’ fumarolic gas conduit is estimated to be about 80 m from the linear correlation between maximal temperatures
of fumarolic fields and distances to the highest-temperature ‘F-940’ fumarole. This value may correspond to the depth
of an apical part of the magmatic chamber. The geometry of the crater zone at the Kudriavy summit and the model of
convective gas cooling suggest different hydrostatic pressures in the hydrothermal system at the base of high- and low-
temperature gas conduits. The depths of gas sources for low-temperature fumaroles are evaluated to be about 200 m
at the periphery of the magma chamber.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The temperature of volcanic gases is one of the
main physical parameters of magma degassing
and often shows a correlation with the stage of
volcanic activity, gas emission rates and magma
chamber depth (e.g., Giggenbach, 1987; Rowe et
al., 1992; Connor et al., 1993; Stevenson, 1993;
Symonds et al., 1996; Nuccio et al., 1999; Shino-
hara et al., 2002). In the case of shallow magma
chambers or conduits, gases can flow through
cracks directly open to the surface that impose
minimal gas cooling. Therefore, temperatures of
fumarolic gases are expected to be close to magma
temperature. Low-temperature fumaroles, in turn,
should be connected with deeper gas sources and/
or gases should have undergone more effective
cooling processes (Fischer et al., 1997). Although
gas temperature is a function of magmatic system
evolution (e.g., Symonds et al., 1996), the cooling
of magmatic gases ascending to the surface, at a
given moment, is mostly governed by the conduc-
tive heat transfer to country rocks and convective
heat transfer in the hydrothermal system of the
volcano.

A numerical model of fumarolic gas cooling as
a result of conductive heat transfer to the gas
conduit walls was developed by Connor et al.
(1993). They showed that the gas temperature in
the fumarole is mainly controlled by mass flow
rates and noted that the response of gas temper-
atures to changes in mass flow is greatest in the
fumaroles with low gas discharge and tempera-
ture. The results of numerical simulation of the
conductive heat budget of a stationary fumarolic
system for a wide range of possible depths of
magmatic source, geometry of gas conduits, gas
discharge rates, rock porosity and temperature
gradients in surrounding rocks (linear conductive
geotherm and ‘hydrothermal’ geotherm) revealed
that the conductive gas cooling increases with a
decrease in conduit diameter and gas discharge,
and an increase in depth of magma and temper-
ature gradient in rocks (Stevenson, 1993). The

effect of rock porosity is insignificant in steady-
state conditions.

The most important result in Stevenson’s model
is the conclusion that the gas pressure at the base
of gas conduits is a few times atmospheric only.
This implies that most of the pressure drop occurs
when gases escape from the magma and indicates
that the vertical pressure gradient within the fu-
marole conduit is close to gasostatic. The idea of
deficient gas pressure with respect to a hydrostatic
gradient in surrounding rocks is also used in the
models of vapor-dominated geothermal reservoirs
(e.g., Truesdell and White, 1973). Furthermore,
the pressure difference between gas conduits and
water-saturated country rocks together with a hy-
drostatic pressure gradient can act as a ‘pump’,
adding groundwaters to magmatic gases. On the
way to the gas channels, groundwaters will be
progressively heated up to boiling temperature,
consuming a significant fraction of heat flow
(e.g., Truesdell and White, 1973; Cathles, 1977;
Hardee, 1982; Carrigan, 1986; Nuccio et al.,
1999). In a region next to and above the boiling
zone, superheated vapor will migrate upward, in-
filtrate into conduits and admix with magmatic
gases. At constant overall permeability of the po-
rous rocks, the depths of a gas source and a mix-
ing zone are very important because they control
pressure gradients between conduits and the hy-
drothermal system, and hence the mass flow of
groundwaters.

Schematic physical-geochemical models of vol-
canic hydrothermal systems (e.g., Giggenbach,
1987; Giggenbach and Sheppard, 1989; Taran et
al., 1992; Chiodini et al., 1993; Nuccio et al.,
1999) and numerical simulation of groundwater
circulation in a volcanic structure (Todesco,
1997) show that the ratio of magmatic and
groundwater mass and heat flows is a very impor-
tant factor controlling the distribution of iso-
therms in the volcanic edifice. Groundwater tem-
perature variations in a 150-m-deep hole drilled
120 m from the active crater of Aso volcano, Ja-
pan, correlated with volcanic activity (Sudo and
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Hurst, 1998). A horizontal fluid velocity ap-
proaching 200 m/yr was determined at Mount
St. Helens, USA (Shevenell, 1991), indicating
that groundwaters can flow significant distances
in short periods through porous rocks. The con-
tinuous inflow of hydrothermal waters can lead to
the formation of a water boiling zone, greatly
buffering the temperature of fumarolic gas and
evolving along a P-T boiling curve (Carrigan,
1986; Nuccio et al., 1999). Such a thermal buffer-
ing effect is probably the best explanation for the
almost constant maximal gas temperature of
about 315°C observed at Vulcano, Italy at the
end of the 1970s and the beginning of the 1980s
(Nuccio et al., 1999) and the occurrence of low-
temperature boiling-point fumaroles at many oth-
er volcanoes.

Chemical (CO,, CHy, He, Ny, O,, Ar, Cl) and
isotope (D, *H, 3C, 180, 3He/*He, *?°Rn/**’Rn)
tracers are often used as indicators of mixing pro-
cesses between magmatic gases and hydrothermal
waters (Taran et al., 1992; Symonds et al., 1996;
Tedesco and Scarsi, 1999; Nuccio et al., 1999;
Goff and McMurtry, 2000; Capasso et al., 2000;
Zimmer et al., 2000; Paonita et al., 2002). More-
over, the results of studies of CO,, He and NaCl
ratios in Vulcano fumarolic gases were used to
create a model of the mixing processes accounting
for mass and thermal budgets (Nuccio et al.,
1999) which was further extended on the basis
of H,O and CO, isotope balance equations (Pao-
nita et al., 2002).

Hydrogen and oxygen isotope ratios not only
reflect the contribution of different sources to the
composition of volcanic gases (O’Neil, 1986) but
also show a correlation with the temperature of
gases in many cases (e.g., Fischer et al., 1997;
Goff and McMurtry, 2000). Such a correlation
between temperature and isotope composition of
fumarolic gases was already found in the first
study on geochemistry of Kudriavy volcano gas
jets (Tkachenko et al., 1992) and more recently by
Taran et al. (1995) and Goff and McMurtry
(2000). This was interpreted as a dilution and
cooling of magmatic gases by meteoric waters.
The heat exchange between gases and country
rocks reduces gas temperature as well but the
relationship of conductive and convective heat

transfer in the volcano thermal budget has not
been properly estimated to date. Several aspects
are still not clearly understood: the contribution
of meteoric waters to the gas composition of fu-
maroles with temperatures from 900 to 100°C;
P-T conditions and the mechanism of mixing
between groundwaters and gases; why fumaroles
with a wide temperature range of more than
800°C are located on the same fumarolic field;
in which manner the magmatic source is con-
nected with the different fumarolic fields and
what the possible depth of the magmatic source is.
To elucidate these issues, we compared the cal-
culated heat balance of mixing between hot mag-
matic gas and cold meteoric water with a similar
balance of isotope tracers. To do this, we studied
the quantitative dependences of the hydrogen iso-
tope ratio (D/H) and tritium content on the tem-
perature of fumarolic gases. Estimations of geom-
etry and characteristic sizes of fumarolic conduits
were then made applying a simplified model of
water filtration through the porous medium.

2. Kudriavy volcano

Kudriavy volcano (991 m elevation) is located
in the northern part of Iturup Island, Kuril arc,
Russia (Fig. la). The volcano is part of a post-
caldera eruptive complex, consisting of the Med-
vezhy, Sredny, and Kudriavy, oriented along an
NE-SW-trending line, and Men’shoi Brat volca-
noes (Fig. 1b). Its last magmatic eruption with
basaltic andesite lava flows occurred in 1883
(Gorshkov, 1970). The report of additional erup-
tive activity in 1946 documented by Simkin and
Siebert (1994) was erroneous or there was a weak
phreatic eruption because the ruins of Japanese
mining are still in the crater. A recent phreatic
eruption was observed on October 7, 1999 (Kor-
zhinsky et al., 2002). The geological setting and
rock compositions of Kudriavy volcano and Med-
vezhya caldera have been described in detail by
Gorshkov (1970), Vlasov and Petrachenko (1971),
Ermakov and Semakin (1996), Ermakov and
Steinberg (1999), and Piskunov et al. (1999).

The total length of the Kudriavy summit is
about 500-600 m with a width of 200-250 m
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Fig. 1. (a) Location map of Kudriavy volcano in Iturup Island, Kuril arc. (b) Sketch map of the northeastern part of Iturup Is-
land (contours every 200 m starting at 300 m elevation). Stars denote the positions of volcanoes, rhyolite domes are shown in
black. Open circles are the camps at the base and at the summit of Kudriavy.

(Fig. 2). The volcanic slopes are composed of nu-
merous basalt andesite lava flows, and pyroclastic
debris and are mapped by Ermakov and Steinberg
(1999). The top of the Kudriavy volcano consists
of two cones: the eastern one is immediately ad-
jacent to Sredny volcano and the western one is

steeply sloping towards the Men’shoi Brat volca-
no (Fig. 1b). The eastern part is a flattened closed
crater with an andesitic dome (about 20 m eleva-
tion) in the center (Fig. 2). The small crater (30 m
in diameter and 25 m in depth) was formed just
near the dome as a result of the last phreatic
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Fig. 2. The map of the crater zone at Kudriavy volcano. Big numbers denote the main fumarolic fields within the craters of Ku-

driavy and correspond to the numbers of fumarolic fields in Table

1. Solid lines are the distances from the highest-temperature

fumarole ‘F-940’ to the fumaroles with maximum temperature at each fumarolic field (see also Fig. 3).

eruption in 1999. A second large explosive crater
is located further to the west and is mostly filled
with pyroclastic material. All lava flows from the
last magmatic eruption are adjacent to the third
crater located in the western part of the summit.

Kudriavy volcano is unique for investigating
the processes of magma degassing because of the
occurrence of numerous easily accessible fuma-
roles with a temperature range of 100-940°C at
the top of a flattened cone (Fig. 2). There are
several local fumarolic fields with a total surface
area of about 2600 m?. The highest-temperature
fumaroles are distributed on the top and on the
slopes of the dome in the eastern crater. These
high-temperature fumarolic fields occupy the larg-
est area at the summit and produce the largest
emission of SO, flux (Fischer et al., 1998). Some
fumaroles in these fields are characterized by out-
gassing velocities up to 120 m/s (Botcharnikov et
al., 1998). Fumarolic fields of the second crater
have medium temperatures (up to 630°C) and sur-
face areas. Three low-temperature fumarolic fields
with a total area of about 45 m? are located in the
western crater.

An extensive volume of data on volcanic gas
geochemistry was collected at Kudriavy on an an-
nual basis from 1989 to 1999 (Tkachenko et al.,
1992; Taran et al., 1995; Tkachenko, 1996; Wah-
renberger, 1997; Fischer et al., 1998; Goff and
McMurtry, 2000; Korzhinsky et al., 2002; Botch-
arnikov, 2002). Chemical and isotopic composi-
tions of the Kudriavy volcano fumarolic gases
are typical of arc volcanism (Giggenbach,
1992a,b). High temperatures of fumarolic gases,
more than a 100-year period of intensive degas-
sing and a 40-75-year age of admixing ground-
waters (Goff and McMurtry, 2000) make it pos-
sible to suggest a quasi-steady-state degassing of
shallow convecting magmatic melt in the volcanic
edifice (Taran et al., 1995; Korzhinsky et al.,
2002). However, the geometry and depth of the
magmatic chamber are still unknown even after
seismic and gravimetric measurements (Ermakov
and Steinberg, 1999; Steinberg, personal commu-
nication, 2002). A compositional convection and
degassing in a stratified magma chamber was pro-
posed by Simakin and Botcharnikov (2001) as a
possible mechanism for the continuous degassing



50

Table 1

R.E. Botcharnikov et al. | Journal of Volcanology and Geothermal Research 124 (2003) 45-66

Hydrogen isotope composition (8D, %o and 3H, T.U.) of Kudriavy volcano fumarolic gas condensates sampled in 1990-1999

Number Sample Temperature D (%o) H (T.U.)*  Fumarolic field number or location
(°C) 1990-91 1993 1995 1999 1995

1 ZN1000P 932 —17 0
2 T926P 926 -21 0
3 TFC6-1° 920 —-19 0
4 TFC6-2° 920 —22 0.06 0
5 B916* 916 -19 0
6 TK1391° 910 -12 0
7 B910-12 910 -22 0
8 B910-22 910 -23 0
9 B820? 820 -22 2
10 T810P 810 —21 2
11 ZN800> 800 -19 2
12 T735b 735 -20 3
13 B685? 685 -30 3
14 TECS® 680 —40 0.59 3
15 T630P 630 —41 5
16 B620? 620 —24 5
17 TK291P 585 —23 5
18 B545 545 -33 5
19 TK391° 542 —23 5
20 T538P 538 —29 5
21 K790° 511 -38 6
22 B4742 474 —27 6
23 T465P 465 —-23 6
22 B450? 450 —26 6
24 K1190° 430 —26 6
25 ZN300P 300 —27 6
27 K990° 240 -32 7
28 TK2591° 187 —45 7
29 TFC10-1° 187 —51 245 7
30 TFC10-2¢ 187 —52 7
31 T170° 170 —54 7
32 B170* 170 —47 7
33 K 690° 160 —49 8
34 TK1791° 130 —45 8
35 Warm spring® 39 —63 Caldera
36 Warm spring® 32 —64 9.4 Caldera
37 Rain-1¢ 14 —46 10.8 Caldera
38 Rain-2¢ 14 —47

2 This work.

b After Taran et al. (1995).
¢ After Goff and McMurtry (2000).

d T.U. = tritium units, where 1 T.U.=1 *H atom in 10'® H atoms (Goff and McMurtry, 2000).

activity of the Kudriavy volcano. Alternatively,
Fischer et al. (1998) have suggested that the
long-term high-temperature degassing at Ku-
driavy is caused by a steady-state release of vola-
tiles from the depth of arc magma generation and
high heat flow from the mantle.

3. Field data

Measurements of physical parameters and gas
sampling were repeatedly carried out on a long-
and short-term basis at different fumaroles at Ku-
driavy during the last decade. The variations of
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Fig. 3. The dependence of maximum temperature of fumarol-
ic field on the distance from the highest-temperature ‘F-940°
fumarole. Note that distances are measured in different direc-
tions as shown in Fig. 2. Numbers correspond to the dif-
ferent fumarolic fields. The dashed line is for boiling tem-
peratures of low-temperature fumaroles (see text). The
extrapolation of the linear trend to ‘negative distances’ up to
a temperature of 1050°C made it possible to estimate the
depth of the magmatic gas source to be about 80 m. Star
shows the temperature and depth of the magmatic source
(see text for details).

magmatic gas temperature and composition in the
highest-temperature fumarole ‘F-940’ have been
discussed in detail by Korzhinsky et al. (2002).
Here we summarize the data on gas temperatures
and hydrogen isotope composition from different
fumaroles and fumarolic fields located in the cra-
ters of Kudriavy volcano.

3.1. Fumarolic gas temperature

Temperature measurements are the most pre-
cise and can be performed with an error in accu-
racy of less than 1%. Chromel-alumel thermo-
couples, sheathed by a stainless steel capillary of
6 mm outer and 3 mm inner diameter, were used
to measure the temperature of volcanic gases.
Temperature measurements were conducted peri-
odically at main fumarolic fields of Kudriavy be-
tween 1991 and 1999. Seasonal and weather tem-
perature variations of high-discharge fumaroles at
Kudriavy were within a range of 20°C. Kor-
zhinsky et al. (2002) have reported that measure-
ments at the highest-temperature fumarole ‘F-940’
showed a rapid temperature increase from 910°C
in 1991 to 940°C in 1992 and then a small gradual
temperature decrease from 940 to 907°C from

- known big fumarole outlets

Fig. 4. Sketch map showing the distribution of temperature contours every 50°C (thin lines) on ‘605’ fumarolic field (shown as
number 5 in Fig. 2). Temperatures were measured at 20-30 cm depth after rock sample collection. Filled circles show the points
of temperature measurements. Thick curved lines show the boundaries of the fumarolic field. Big stars are known fumaroles with
high discharge rates. The straight solid line connecting points ABC is a temperature profile across the fumarolic field also shown

in Fig. 12.
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1992 to 1999. Other fumaroles are also character-
ized by almost constant temperature values during
the last decade. Each gas sampling for isotope
analysis was accompanied by a measurement of
gas temperature (Table 1).

Fumaroles with a wide range of temperatures
from the highest-temperature ones, with high dis-
charge rates, to weakly steaming low-temperature
ones are located almost at each fumarolic field. It
must be noted, however, that maximal tempera-
tures for each fumarolic field reveal a correlation
with the distances from the highest-temperature
‘F-940’ fumarole (Fig. 3). The location of this
‘main’ hot fumarole was assumed as a zero refer-
ence distance while the distances to other fuma-
roles were measured in different directions as
shown in Fig. 2.

The detail map of temperature contours at ac-
tive fumarolic field ‘605’ (number 5 in Figs. 2 and
3) of Kudriavy is shown in Fig. 4. Temperatures
were measured during geochemical rock sampling
of fumarolic fields at Kudriavy volcano in 1995.
The measurements were performed at a depth of
about 20-30 cm from the surface just after rock
sample collection. Black solid circles in Fig. 4
correspond to points of rock sampling and tem-
perature measurements. Big stars in Fig. 4 denote
the locations of several known vigorous fumaroles
within this field.

3.2. Hydrogen isotope composition of fumarolic
gases

The fraction of magmatic water in volcanic
gases may be determined from the ratios of stable
isotopes of hydrogen and oxygen (e.g., Taran et
al., 1995; Todesco, 1997; Goff and McMurtry,
2000). The isotopic composition of hydrogen in
volcanic gases is more relevant for this purpose
whereas oxygen isotopic composition may be
changed by gas—rock interaction (‘O-shift’, e.g.,
Matsuo et al., 1974; Mizutani, 1978; Taran et
al., 1995). Thus, in this study we have concen-
trated mostly on the behavior of hydrogen iso-
topes in fumarolic condensates.

The sampling procedure of gas condensates for
isotopic analyses at Kudriavy has been described
by Taran et al. (1995) and Goff and McMurtry

(2000). The data of this and previous studies on
deuterium (0D, %o ) and the data of Goff and
McMurtry (2000) on tritium (PH, T.U.) isotopic
compositions in fumarolic gases of Kudriavy vol-
cano are presented in Table 1 and Fig. 5. All
samples in Table 1 are separated by the date
and place of sampling where the numbers of fu-
marolic fields relate to the numbers in Fig. 2. The
various markers in Fig. 5 correspond to samples
of different years. Circles denote the data ob-
tained in 1990-91, squares represent the data of
1993, triangles denote the data of 1995, and
crosses are the data of 1999. However, the tem-
poral variations of 8D composition in a single
fumarole vent in 1991-1999 were studied only
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Fig. 5. Temperature dependence of hydrogen isotope compo-
sition in fumarolic gases of Kudriavy volcano: (a) deuterium,
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T.U.=1 3H atom in 10'"® H atoms). Circles denote the data
obtained in 1990-91, squares correspond to the data of 1993,
triangles denote the data of 1995, and crosses are the data of
1999 (see Table 1 for references). Two arrows show the
range of D/H variations in the highest-temperature ‘F-940’
fumarole. The isotopic signatures for local rain and the
warm spring are also plotted on both diagrams.
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al., 2002).

for fumarole ‘F-940’ (numbers 1-8 in Table 1)
with 7>900°C (average compositions for differ-
ent years are shown in Fig. 6). The other fumar-
oles were not sampled repeatedly except two low-
temperature fumaroles with 77=187°C (numbers
28-30 in Table 1) and 170°C (numbers 31-32 in
Table 1). Tritium concentrations in fumarolic
gases were studied only in 1995 for the three fu-
maroles with different temperatures (Fig. 5b).

The deuterium compositions show a clear pos-
itive dependence on temperature (Fig. 5a) while
the tritium content of fumarolic condensates cor-
relates negatively with temperature (Fig. 5b). The
waters of the warm spring inside Medvezhya cal-
dera and local rains in 1995 are significantly en-
riched in tritium compared with the fumarolic
gases.

4. Discussion

4.1. Hydrogen isotope composition of the meteoric
and magmatic end-members

Taran et al. (1995) and Goff and McMurtry
(2000) have pointed out that the fumarolic gases
at Kudriavy are composed of a mixture of waters
from magmatic and meteoric sources only. Their
conclusion was drawn on the basis of 8D vs. §'%0
and 3H vs. 8'80 relations in gases shown in Fig. 7.

These relations resemble mixing trends from the
high-temperature to the low-temperature samples
and allow an evaluation of the isotopic composi-
tions of the magmatic and meteoric end-members.
It is clear that local rains cannot be the main
source of meteoric waters admixing with mag-
matic gases because they are enriched in both
deuterium and tritium relative to the low-temper-
ature fumaroles (Figs. 5 and 7). The isotopic com-
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Fig. 7. The relationship between hydrogen and oxygen iso-
tope compositions of the fumarolic gases (solid circles after
Taran et al., 1995; open circles after Goff and McMurtry,
2000; triangles from this study), rains (squares after Goff
and McMurtry, 2000) and warm spring (solid diamond after
Taran et al., 1995; open diamond after Goftf and McMurtry,
2000) at Kudriavy volcano. The D/H isotopic ratio shows a
positive correlation with §'%0 in panel a, where the dashed
line is a linear trend for the data of Taran et al. (1995). Tri-
tium content correlates negatively with oxygen isotope com-
position (b). The extrapolated linear trend for tritium data
points in panel b reaches the oxygen isotopic composition of
the warm spring, which is assumed to be a meteoric end-
member, at a value of about 4 T.U. (black star).
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position of water in the warm spring is more rel-
evant for the meteoric source at least for the deu-
terium data (Figs. 5a and 7a). The contrast in
tritium contents between fumarolic gases and
waters from the warm spring and rain (Figs. 5b
and 7b) implies that the meteoric end-member of
Kudriavy contains less *H than any modern me-
teoric water source and is about 40-75 years old
(Goff and McMurtry, 2000). If we assume that
meteoric water sampled in the warm spring is
the meteoric end-member then we can estimate
the apparent 3H content in meteoric waters cur-
rently admixing with magmatic gases. Oxygen iso-
tope composition of the meteoric waters should
be relatively constant in time (8'%0=—10.5%o
in the warm spring). Therefore, extrapolation of
the linear trend in fumarolic samples of the *H vs.
8'80 diagram (Fig. 7b) up to this constant value
of the warm spring gives a tritium concentration
in the apparent meteoric end-member of about
SH=4T.U.

It has been suggested that the high-temperature
gases discharged from Kudriavy fumaroles dis-
play strong magmatic characteristics in both
chemical and isotopic compositions (Taran et
al., 1995; Fischer et al., 1998; Goff and McMur-
try, 2000; Korzhinsky et al., 2002). Thus, we can
suggest that the hydrogen isotope composition of
fumarolic gases with temperatures above 900°C
corresponds to the composition of pure magmatic
gas at Kudriavy volcano which originated from
‘andesitic waters’ (Giggenbach, 1992a). However,
as shown in Fig. 6, this magmatic end-member
has been continuously depleted in deuterium
from 1991 to 1999 whereas the amount of H,O
in the fumarolic gas continuously increased (aver-
age compositions after Korzhinsky et al., 2002).
In this case we may expect one of two main pro-
cesses affecting gas composition: a progressive di-
lution of initial magmatic gas by meteoric water
or a continuous change in degassing conditions of
a magma chamber.

A simple meteoric water dilution process will
result in the continuous depletion in the high-tem-
perature gas of the main magmatic components
and D/H ratio. The 8D vs. H,O relation is shown
in Fig. 8 for the three years (1991, 1995 and 1999)
when fumarolic gases were sampled at ‘F-940" fu-
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Fig. 8. The relationship between deuterium composition, rel-
ative concentrations of S, and CO, and water content of
the highest-temperature fumarolic gases sampled in 1991,
1995 and 1999. The dashed line shows a trend of simple dilu-
tion of magmatic gas by meteoric water. The concentrations
of sulfur and carbon dioxide have been assumed equal to 1
in 1991 and to 0 in pure water vapor.

marole for both chemical and isotopic analyses.
The 8D composition changes linearly with in-
creasing water content in the high-temperature fu-
marolic gas, though showing a different behavior
from the one that can be expected from simple
dilution by meteoric waters (dashed line in Fig.
8). Fischer et al. (1998) revealed changes in chem-
ical composition of parent magmatic gas at Ku-
driavy from 1992 to 1995. Further evolution of
concentrations of major gas components in the
parent gas was observed in 1998 and 1999 (Kor-
zhinsky et al., 2002). Temporal changes in relative
CO, and S;,; contents versus H,O concentration
in fumarolic gas from ‘F-940’ fumarole are plot-
ted in Fig. 8 for comparison (average concentra-
tions after Korzhinsky et al., 2002). The concen-
trations of those magmatic components were
assumed to be equal to 1 in 1991 when sampling
was started and 0 in pure water vapor. The
amount of sulfur decreases linearly with increas-
ing water content similar to 8D but also more
slowly than expected from simple meteoric water
dilution. On the other hand, the carbon dioxide
abundance in the magmatic end-member de-
creases much faster than deuterium and sulfur
and even faster than meteoric water dilution.
This means that the process of magmatic gas di-
lution by meteoric waters is not the main factor
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controlling the temporal changes in composition
of the magmatic end-member.

The continuous increase in H,O concentration
and decrease in 0D, CO,, and S, contents in
fumarolic gases are likely to be directly related
to degassing processes of Kudriavy magma and,
moreover, to conditions of volatile release from
an isolated magma volume (e.g., Giggenbach,
1996; Symonds et al., 1996). For gas exsolution
close to the surface, open-system Rayleigh-type
degassing will lead to continuous fumarolic gas
depletion of deuterium (e.g., Matsuhisa, 1992;
Shevenell and Goff, 2000) in accordance with hy-
drogen isotope fractionation coefficients between
magmatic melt and fluid (Dobson et al., 1989;
Pineau et al., 1998). However, the trend of hydro-
gen isotope changes in Fig. 6 does not correspond
to the expected trend of deuterium depletion by
Rayleigh-type fractionation. Note that the tem-
perature of ‘F-940° fumarole increased dramati-
cally from 910°C in 1991 to 940°C in 1992 and
then gradually decreased to 907°C in 1999 (Kor-
zhinsky et al., 2002). Changes in chemical and
isotope magmatic gas composition at Kudriavy
since 1992 correlate well with a gradual temper-
ature decrease from 940 to 907°C and may sug-
gest an injection of a new, small, magma batch
into a shallow magmatic chamber in 1992 and its
further degassing (see also discussion by Korzhin-
sky et al. (2002)). In the case of a small magma
batch injected into the magma chamber we can
expect a rapid change in the ‘new’ magmatic gas
composition gradually shifting to the gas compo-
sition of the ‘old” magma. However, the lack of
data before 1990 makes it impossible to unambig-
uously solve this problem. The fast change in CO,
concentration and relatively slow changes in deu-
terium and sulfur contents shown in Fig. 8§ prob-
ably result from the difference in distribution co-
efficients between magmatic melt and fluid phase
for those components. Carbon dioxide has a
much higher distribution coefficient than the other
components resulting in rapid CO, depletion of
the magmatic gas (e.g., Giggenbach, 1996; Dob-
son et al., 1989; Pineau et al., 1998).

Similar changes in chemical composition and
hydrogen isotope ratio were found in samples
from high-temperature A-1 fumarole at Showa-

shinzan volcano collected during a 40-year period
of volcano post-eruptive activity (e.g., Mizutani
and Sigiura, 1982; Symonds et al., 1996). The
decrease in fluctuations of hydrogen isotope com-
position with time was also shown at Showashin-
zan (Mizutani, 1978). The Rayleigh-type trend of
deuterium depletion was observed at Mount St.
Helens during the 1980-1994 period of magma
degassing (Shevenell and Goff, 2000). In contrast,
input of fresh magmatic material into the mag-
matic system led to an increase in the D/H ratio
of magmatic gases as reported by Taran et al.
(2001) for the new stage of Colima volcano erup-
tive activity.

Thus, we suggest that the magmatic end-mem-
ber at Kudriavy is affected by continuous tempo-
ral variations mainly due to degassing processes in
the magma chamber itself. The dilution effect of
meteoric waters on the magmatic gas composition
is supposed to have been relatively small during
the last decade. Therefore, the absolute value of
the D/H ratio in magmatic gas at Kudriavy
changes with time but at each given moment re-
flects the isotopic composition of the parent mag-
matic gas and we can assume that the maximal D/
H ratios for each year when samples were col-
lected are close to the composition of magmatic
gas. Goff and McMurtry (2000) estimated the tri-
tium content of the Kudriavy magmatic end-
member to be about *H=-—0.32 T.U. in 1995
and to date nothing is known about temporal
variations of the tritium concentration.

4.2. T-6D and T->H correlation trends

Since fumarolic gases at Kudriavy volcano are
a mixture of magmatic and meteoric waters only,
the fraction of each constituent in gas samples can
be evaluated from the simple equation:

X™MAGM + MET-(1—X™) = SAMP (1)

where X™ is the fraction of magmatic water in
fumarolic gas, MAGM and MET denote hydro-
gen isotopic composition for pure magmatic gas
and pure meteoric water, respectively, and SAMP
is the isotopic composition of hydrogen for each
sample. (The deuterium isotopic composition of
meteoric water is assumed to be constant with
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time (0D =—63 %o, X™=0). The tritium concen-
tration of meteoric water, determined as *‘H=4
T.U., is assumed to be the signature of meteoric
end-member (X™ =0) for fumarolic gas composi-
tions in 1995. Although the magmatic water has a
continuously changing 8D composition, it is as-
sumed to be representative of the magmatic end-
member for each year of sampling (X™ =1).) The
magmatic signature for tritium is known only for
1995 and equals —0.32 T.U.

The X™ deuterium values calculated in this way
versus temperature are presented in Fig. 9a where
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Fig. 9. Temperature dependence of magmatic water molar
fraction calculated according to Eq. 1 (points) for the data
on deuterium (a) and tritium (b) isotope compositions. Filled
circles are the high-temperature gases, open circles denote
low-temperature data. Dashed lines are linear trends for
high-temperature points. The 7-X™ linear trend of high-tem-
perature samples in panel a achieves an X™ value equal to 1
at a temperature of 1050°C, which may correspond to the
temperature of magmatic melt. Five-pointed stars show the
magmatic end-member.

two series of data points can be clearly separated:
samples with temperature > 200°C (solid circles)
and samples from low-temperature fumarolic
fields (T'=130-187°C, open circles). The dashed
line in Fig. 9a shows the 7-X™ linear trend for
high-temperature samples. The extrapolated linear
trend of high-temperature points (dashed line)
reaches the line of maximal D/H ratio (X™=1)
at a temperature of about 1050°C (star in Fig.
9a). This temperature likely corresponds to the
temperature of pure magmatic gas when it escapes
from the magmatic melt and hence to the magma
temperature. This value compares well with the
estimated temperatures of andesitic magmas (e.g.,
Soufriere Hills volcano, Murphy et al., 1998;
Unzen volcano, Venezhky and Rutherford, 1999;
Ruapehu volcano, Nakagawa et al., 1999).

The X™ vs. T dependence calculated for tritium
compositions is shown in Fig. 9b. The tempera-
ture of the magmatic end-member is assumed to
be 1050°C and its tritium content (—0.32 T.U.) is
after Goff and McMurtry (2000). The dashed line
again shows the linear trend for the three high-
temperature points. The slopes of the linear trends
are almost identical for deuterium and tritium
data points, suggesting a similar temperature de-
pendence for the two hydrogen isotopes.

The observed wide variations in D/H values
may be caused by many factors. The precision
of 8D measurements is usually * 1% while ana-
lytical dispersion in different laboratories may in-
crease this value by a factor of 2. The additional
error may result from hydrogen isotope fraction-
ation through condensation/evaporation during
sampling with temperature dependence on not
only the value, but also the sign of fractionation.
The gas phase is ‘lighter’ in deuterium in relation
to liquid at temperatures <250°C, and ‘heavier’
in deuterium at temperatures >250°C (O’Neil,
1986). Therefore, the isotopic composition of
some condensate samples from high-temperature
fumaroles may be enriched in deuterium due to
partial evaporation during sampling. It is also
evident from Fig. 9a that several ‘high-tempera-
ture’ points have low X™, i.e.,, dD values. Such
sample depletion in deuterium may be expected
from evaporation at 7>250°C, however it is
not possible according to the sampling procedure
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and sample conservation (Taran et al., 1995; Goff
and McMurtry, 2000).

One mechanism explaining the observed shift of
‘middle-temperature’ points from the 7-X™ trend
in deuterium depletion in Fig. 9a may be an ex-
cess heating of gases enriched in meteoric compo-
nent. High-discharge-rate fumaroles can heat the
surrounding rocks and low-discharge gas jets. If
sampling is conducted in such a low-discharge-
rate but ‘overheated’ fumarole then sample is ex-
pected to be depleted of deuterium in relation to
the 7-X™ trend. Also, a portion of meteoric water
flow may be heated up and boiled by the mag-
matic chamber itself. Then, these hot meteoric
vapors can mix with magmatic gases in the fuma-
rolic conduits, preserving low D/H ratios and high
gas temperatures.

Another mechanism is more hypothetical.
Twenty-day continuous monitoring of the high-
temperature Kudriavy fumaroles revealed a dra-
matic increase in H, concentration from 1-1.3 up
to 10 mol% in fumarolic gases during 5 days in
1998. Elevated hydrogen contents up to 5 mol%
in gases were also observed after the phreatic
eruption in 1999 (Korzhinsky et al., 2000). These
observations suggest a cause of significant varia-
tions in D/H ratio. The difference between 8D
values in water vapor and hydrogen of fumarolic
gases (Mizutani and Sigiura, 1982) and in the
H,O-H, system (Richet et al., 1977) is about
200 %o at temperatures around 600°C. This means
that Hj; is highly depleted of deuterium in relation
to H>,O. An admixing of this hydrogen to fuma-
rolic gases following its oxidization to H,O and
the accompanying reduction of SO, to H,S adds
‘light’ water to the system. A possible great influ-
ence of deuterium exchange in the HyO-H,S-H;—
HCI-HF gas system on the D/H ratio of fumarol-
ic gas was also discussed by Chiodini et al. (2000).
However, it is difficult to quantitatively determine
this effect of the exchange reactions among gas
components.

It must also be noted that the processes of iso-
tope fractionation from meteoric water boiling/
condensation around the gas conduits are likely
to have no effect on isotopic composition of fu-
marolic gases. The stability of fumarolic temper-
atures at Kudriavy volcano during a long period

suggests almost isothermal conditions of magma
degassing, quasi-steady-state conditions of heat
and mass transfer in the volcano edifice, and
hence a continuity of magmatic and meteoric
water flows. In this case, the hydrogen isotope
composition of both meteoric water and mag-
matic gas entering the zone of mixing is constant.

Since the temperatures of high-temperature fu-
marolic gases correlate well with their isotopic
composition, we suggest that the process of mix-
ing between magmatic and meteoric waters plays
a very important role in the thermal budget of the
fumarolic system at Kudriavy.

4.3. Heat balance of mixing between magmatic
gases and meteoric waters

The heat balance of mixing, between cold me-
teoric water and hot magmatic gas, can be easily
calculated. Since fumarolic gases at Kudriavy vol-
cano consist mainly of water vapor (93-98 mol%:;
Taran et al., 1995; Wahrenberger, 1997; Fischer
et al., 1998; Korzhinsky et al., 2002), a mixing
relationship can be considered for cold water
(T'=20°C) and high-temperature water vapor.
We calculated the enthalpies of mixing at various
ratios (molar fractions) of these components tak-
ing into account an additivity of enthalpies and
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Fig. 10. Temperature dependence of mixing between hot
magmatic gas and cold meteoric water (calculated by Eq. 2).
Solid lines show the temperature dependence of the molar
fraction of magmatic water in the mixture at different initial
temperatures (900-1100°C and P=1 bar) of magmatic gas.
Dashed lines denote mixing relationships at pressures of 10
and 50 bar and a temperature of 1100°C.
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specific enthalpy of vaporization/condensation.
The calculation procedure can be expressed by
the following equation:

Hm.ym +Hmet,(1_Xm) _ Hmixt (2)

where H™, H™', and H™*! are the specific enthal-
pies (kJ/mol) of hot water vapor (magmatic gas),
cold meteoric water, and the resulting mixture,
respectively; X™ denotes the molar fraction of
magmatic gas in the mixture. Further, the ob-
tained enthalpy values (H™X') allow determina-
tion of the temperatures of mixture for both lig-
uid and vapor from the data set. The data from
the steam tables of Haar et al. (1984) were used.

The mixing proportions between hot magmatic
vapor and cold water, calculated as a function of
temperature and pressure, are plotted in Fig. 10.
The calculations were conducted for initial tem-
peratures of magmatic gas in the range of 900-
1100°C considering mixing P =1 bar and for mix-
ing pressures of 10 and 50 bar at 7'=1100°C.
Vertical lines on the diagram correspond to the
liquid-vapor phase transition at different pres-
sures. The data show that magmatic gas can be
cooled down 1000°C (from 1100 to 100°C, P=1
bar) when diluted less than 50% by meteoric
water (at admixing of approximately 46% meteor-
ic water).

The variations in the initial temperatures of
magmatic gas also slightly affect the resulting tem-
perature of mixture. With a magma temperature
decrease of 200°C (from 1100 to 900°C, P=1
bar), the ratio of components changes by 0.04
X™ (10 relative %) at water-saturated conditions.
A pressure increase yields almost no effect on
component ratios in liquid and vapor phases
(Fig. 10) but leads to an increase in the temper-
ature of vaporization/condensation, in accordance
with P-T conditions of water saturation.

These calculated proportions of magmatic gas—
meteoric water mixing can be compared with the
temperature dependence of 8D and *H measured
in fumarolic gases of Kudriavy (Fig. 9). Since the
T-X™ trend of isotopic data points in Fig. 7 al-
lowed an evaluation of the magma temperature of
about 1050°C, the calculated temperature depen-
dence of gas—water mixing was found to be in
accordance with Eq. 2, assuming the temperature

of magmatic gas is also equal to 1050°C at pres-
sures of 1, 10, and 50 bar. The results are shown
as solid lines in Fig. 11. As can be seen from the
diagrams, isotope compositions are in good agree-
ment with the calculated trends of the magmatic
gas—meteoric water mixing relationship (dashed
lines), even at temperatures < 200°C. The temper-
ature trend for tritium gas composition lies a bit
lower than the calculated trend of mixing between
meteoric and magmatic water (Fig. 11b) but there
are only a few points and large uncertainties in
determination of ‘tritium’ end-members.
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Fig. 11. Comparison of the magmatic water fraction in fu-
marolic gases vs. temperature derived from hydrogen isotope
compositions (points in panel a from deuterium data and in
panel b from tritium data, Eq. 1) and calculated from the
heat and mass balance at mixing of hot magmatic gas and
cold meteoric water 7=1050°C and P=1, 10 and 50 bar
(solid lines, Eq. 2). Filled circles are the high-temperature
samples and open circles are low-temperature ones. Five-
pointed stars are magmatic water and four-pointed star in
panel b corresponds to meteoric water.
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The low-temperature points in Fig. 11 lie on the
calculated lines of meteoric water boiling in the
temperature range of 130-187°C. These boiling
temperatures correspond to pressures of about
3-12 bar. As mentioned above, the pressure gra-
dient between gas channels and water-saturated
country rocks is controlled by the boundary con-
ditions: gasostatic pressure in the gas channels
and hydrostatic pressure in rocks. Since the gaso-
static pressure is low, the pressure gradient will be
governed mostly by the hydrostatic pressures of
meteoric waters. If the zone of meteoric water
boiling and mixing is localized at some depth in
the volcano structure then these values may reflect
the hydrostatic pressures of water columns about
30-120 m in height from the level of underground
waters and hence the depths of the mixing/boiling
zone. At a high rate of meteoric water inflow into
gas conduits, they can buffer the surface emission
temperature of fumarolic gases at the level corre-
sponding to P-T conditions of the boiling/mixing
zone (Nuccio et al., 1999). In contrast, if this zone
is distributed along all the length of fumarolic
conduits then those pressure values will corre-
spond to some average pressures of meteoric
water boiling and admixing.

It must also be noted that the level of under-
ground waters is not constant due to the high
porosity of friable crater material and the high
intensity of meteoric precipitation on the Kuril
Islands. The variations in precipitation intensity
lead to pressure fluctuations in the zone of mete-
oric water filtration and hence to variations in the
magmatic/meteoric water ratio. Therefore, gas
samples collected on different dates may have dif-
ferent isotopic D/H compositions while fumarolic
temperature variations may be delayed due to the
heat capacity of country rocks. This means that
the intensity of meteoric precipitation may be an
additional explanation for possible variations in
isotopic gas composition discussed earlier.

The close correlation between the calculated
temperature dependence of magmatic gas—meteor-
ic water mixing and the data derived from hydro-
gen isotope composition of fumarolic gases sug-
gests that the admixing of meteoric waters is a
dominant mechanism governing the thermal bud-
get of the fumarolic system at Kudriavy volcano.

4.4. Conductive heat transfer

Conductive heat transfer is also very important
in volcanic areas. McGetchin and Chouet (1979),
for instance, have reported that “aside from con-
vection, conduction accounts for the order of 84%
of the total energy balance” of Stromboli volcano.
The contribution of conductive heat transfer in
the fumarolic system of Kudriavy can be exempli-
fied by the following observations.

The map of temperature contours at active fu-
marolic field ‘605" of Kudriavy is shown in Fig. 4.
The temperature profile along line ABC (Fig. 4) is
plotted in Fig. 12. The temperature peaks (I-1V)
in Fig. 12 are related to four local fumarole out-
lets within the fumarolic field. A steep slope of the
left part of peak I apparently shows a sharp tem-
perature gradient between separate fumarolic
vents on the edge of the fumarolic field and sur-
rounding rocks. The calculated temperature distri-
butions in a medium (rocks) with conductive cool-
ing of a cylindrical pipe (gas conduit) are shown
as dashed lines in the inset of Fig. 12. Calcula-
tions were performed with the help of a simplified
equation, taking no account of heat losses from
the surface and of physical properties of the sur-
rounding rocks (e.g., Isachenko et al., 1969):
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Fig. 12. The temperature distribution at ‘605’ fumarolic field
along line ABC as shown in Fig. 4. Peaks [-IV represent the
local fumarole outlets. The inset shows temperature distribu-
tion in rocks (dashed lines) at conductive cooling of the gas
conduit calculated by Eq. 3 and temperature distribution of
peak 1.
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T, = To—(To—Tx)ln (%) /In (%) (3)

where 7, (°C) is the temperature of the medium at
distance r (m) from the gas conduit, 7; (°C) rep-
resents the temperature of gas and conduit wall,
r« (m) denotes the distance from the conduit
where the temperature 7. (°C) is equal to the
ambient temperature of 20°C, and ry (m) is the
conduit radius. The initial temperature of gas and
conduit wall was assumed to be 650°C, corre-
sponding to the maximum temperature of peak I
while the conduit radius was assumed to be 0.1 m.
The different temperature profiles correspond to
distances r» =50, 100, 200, and 1000 m from the
conduit to the point of ambient temperature and
hence to different temperature gradients in coun-
try rocks. As can be seen from the diagram, the
shape of the temperature profiles for the calcu-
lated conductive heat transfer agrees in a first ap-
proximation with the shape of the temperature
profile of peak I. This implies that conductive
heat transfer can be responsible for the distribu-
tion of isotherms just around the local fumarole.
In this case, the temperature gradients in country
rocks can reach values of about 140°C/m or even
higher (see Fig. 12).

In contrast, the temperature distribution within
the fumarolic field is characterized by rather
smooth temperature variations with the average
temperature gradient along profile BC being
about 10°C/m (Fig. 12). Local fumaroles ther-
mally interact with each other inside the fumarolic
area due to convective heat exchange, controlling
the distribution of temperatures within the local
fumarolic field. In addition, there are low-dis-
charge gas jets around the fumaroles that also
affect temperature distribution. These facts imply
that sufficient interference of heat fields of the
fumaroles may be expected within the local fuma-
rolic area. This can lead to possible variations in
the T-D/H relationship in low-discharge-rate fu-
maroles because of the excess heating by neigh-
boring high-discharge vents. Such a mechanism of
heat exchange among different fumaroles, along
with those mentioned above, can partially explain
the wide variation of points in Figs. 9a and
11a.

Thus, conductive heat transfer from gas con-

duits, discussed in detail by Stevenson (1993)
and Connor et al. (1993), appears to be a minor
factor of the thermal budget, governing the tem-
perature distribution only around local fumarolic
vents, whereas convective heat transfer in the hy-
drothermal system controls the maximum temper-
atures of local fumaroles and the temperature dis-
tribution inside the fumarolic fields.

4.5. Other mechanisms controlling gas temperature

As discussed above, the temperature regime of
fumaroles is mostly controlled by the heat ex-
change of fumarolic gases with the hydrothermal
system and country rocks. However, apart from
the heat exchange, gas temperature measured in
the surface fumaroles may also be dependent on
two additional processes in the gas phase itself.
The first process is gas cooling due to adiabatic
expansion as gases ascend from the magmatic
chamber to the surface while the second is gas
heating due to exothermic reactions of gas oxida-
tion when gases interact with air.

The temperature change due to adiabatic ex-
pansion is thoroughly described in standard ther-
modynamics texts (e.g., Vukalovich and Novikov,
1972). There are two idealized end conditions of
this process: (1) a completely reversible adiabatic
gas expansion and (2) a completely irreversible
expansion.

(1) The simple example of a reversible adiabatic
process is gas expansion by slow pulling of a fric-
tionless piston out of a cylinder. The amount of
gas cooling in this process can be estimated from
the Poisson equation:

x—1

Ty =T; / (%)7 (4)

where T;, Ty, P;, and P; are temperatures and
pressures at initial and final conditions, respec-
tively; y= C,/C, is the ratio of gas heat capacity
at constant pressure and volume. In this case,
temperature drop may be significant. If 7;=
1100°C then a decrease in pressure from P; =10
bar to Py=1 bar will result in a temperature
decrease to Ty =630°C.

(2) Irreversible adiabatic gas expansion is anal-



R.E. Botcharnikov et al. | Journal of Volcanology and Geothermal Research 124 (2003) 45-66 61

ogous to the process of rapid gas decompression
from a chamber to a vacuum. In practice, this
effect may be recognized when gases flow through
a valve with small perforations or a porous par-
tition (Joule-Thomson effect). The gas enthalpy
during the expansion process remains constant,
as the work done by the expanding gas is almost
balanced by the work done during gas forcing
through the porous partition. If the pressure dif-
ference is small then the change in gas temper-
ature through adiabatic expansion may be esti-
mated from the equation (e.g., Vukalovich and
Novikov, 1972):

Ti—T; = a(Pr—P;) (5)

where T;, Ty, P;, and Py are initial and final gas
temperature (K) and pressure (bar), respectively;
a denotes the Joule-Thomson coefficient (K/bar).
The extrapolation of data of Haar et al. (1984) on
o temperature dependence of water vapor to tem-
peratures of 1000-1100°C at low pressures gives a
value of about 0.12 K/bar. Thus, the temperature
decrease during irreversible adiabatic gas expan-
sion, for instance, from 10 to 1 bar, is estimated
to be about 1-2°C.

It is expected that the Joule-Thomson mecha-
nism of gas expansion is more relevant at depth,
where rock permeability is low. At shallow
depths, within the last 500 m, rock permeability
can be increased by a factor of 1000 (Criss and
Taylor, 1986), which leads to a shift of gas expan-
sion conditions toward the first case of adiabatic
expansion (as suggested by Nuccio et al., 1999).
This effect may be well expressed in volcanic en-
vironments where fractured old magma channels
exist.

Since the permeability of rocks is expected to be
relatively high in the Kudriavy edifice, the adia-
batic gas expansion should be very efficient. As we
measured surface fumarolic temperatures up to
940°C, we assume a low pressure gradient be-
tween the magmatic source and surface. The anal-
ysis of Eq. 4 implies that the pressure above the
magma at a temperature of 1050°C will be equal
to only 2-3 bar. This conclusion agrees well with
the results of the numerical simulation of fuma-
rolic gas flows conducted by Stevenson (1993).

The elevated temperatures of volcanic gases in

relation to magmatic melt were measured, for in-
stance, at Erta’Ale and Niragongo lava lakes.
Temperature measurements of the magma and
releasing gases revealed differences of 100-260°C
(e.g., Le Guern et al., 1979; Le Guern, 1987). The
increase in gas temperatures was due to involve-
ment of air and exothermic oxidation of gas com-
ponents. However, analyses of fumarolic gas
chemical compositions at Kudriavy showed low
concentrations of N, and Ar and hence insignif-
icant air contamination (Taran et al., 1995; Wah-
renberger, 1997; Fischer et al., 1998; Korzhinsky
et al., 2002). Thus, the effect of oxidizing reactions
may be eliminated.

4.6. Geometry of gas conduits

Fumaroles with a wide temperature range are
located in each fumarolic field but maximal tem-
peratures of the fumarolic areas revealed a corre-
lation with the distance from the highest-temper-
ature ‘F-940’ fumarole (Fig. 3). The location of
the ‘main’ hot fumarole was assumed as a zero
reference distance while the distances to other fu-
marolic fields were measured in different direc-
tions as shown in Fig. 2. The apparent linear de-
pendence allows one to make some suggestions
about the geometry of the magmatic gas source
and gas conduits assuming the mixing relationship

Surface fumaroles

3 4
Gas L
pocket ]
+ + + + 7
* Magmatic melt
+
+

Fig. 13. Schematic geometry of gas conduits and magmatic
chamber. The relationship among different gas conduits 1-4
is discussed in the text.
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of magmatic gases and meteoric waters as a dom-
inant mechanism of the thermal budget of the
fumarolic system.

The possible geometry of gas conduits connect-
ing the magmatic gas source with the surface fu-
maroles is shown schematically in Fig. 13. Case 1
corresponds to a gas conduit supposed for the
‘main’ fumarole where admixing of meteoric
water is minimal or absent. Case 2 differs from
case 1 only in length whereas case 3 is analogous
to case 2 but with a different depth of the mag-
matic gas source. Case 4 is supposed for a mag-
matic chamber separated as several apophyses
with different depth, mass of magmatic melt and
degassing kinetics. If model 4 is realized at Ku-
driavy then the linear dependence in Fig. 3 may
appear only occasionally while a regular increase
in meteoric water content with increasing distance
from the ‘main’ fumarole requires a rather special
structure of magma apophyses.

The simpler model of a single source of mag-
matic gas is likely to be a more appropriate ex-
planation of the observed regularity. The sur-
rounding rocks may be considered as a porous
isotropic medium where filtration of meteoric
waters is governed by Darcy’s law. This means
that rock permeability is relatively constant and
the involvement of meteoric waters in gas con-
duits, approximated as hypothetical ‘tubes’, is de-
pendent upon the hydrostatic pressure (Pp) and
the total surface area of the ‘tube’ walls. Other
factors being equal, the total surface area of the
‘tube’ is proportional to its diameter and length.

In the case of diameter increase at constant
length, the ‘tube’ cross-section will increase more
rapidly than its surface area. Thus, the discharge
of magmatic gas will increase more rapidly than
the quantity of admixing meteoric water. There-
fore, higher temperatures may be expected at fu-
maroles with larger diameters. If this takes place
then the regular decrease in diameter of gas con-
duits from the central crater to the periphery will
lead to a regular decrease in fumarolic tempera-
tures. However, such a suggestion would be ap-
propriate only for a volcanic structure with a reg-
ular radial distribution of fissures, for instance,
for a single explosive crater. The summit of Ku-
driavy volcano consists of at least three overlaid

craters of different age (see Fig. 2), therefore the
single-fissure structure is unlikely.

On the other hand, if we make a rough assump-
tion that the diameters of all hypothetical ‘tubes’
are rather equal, then the ‘tube’ surface area will
be proportional only to its length. In this case, the
difference in meteoric water influx and hence in
fumarolic temperatures for ‘tubes’ 1 and 2 is a
function of conduit length. For a single gas source
in model 1-2, this function may be considered
linear to a first approximation. Then, we suggest
that the extrapolation of linear temperature de-
pendence in Fig. 3 to ‘negative distances’ corre-
sponds to motion from the ‘main’ fumarole outlet
to the magmatic chamber. A temperature of
1050°C, which was assumed from isotopic data
as the magmatic temperature (Fig. 9), is achieved
at a depth of about —80 m (see Fig. 3 for details).
This would suggest a very shallow magma at a
depth of about 100-150 m under the central crater
if a volume of a possible gas pocket in the apical
part of the magma chamber is taken into account.
It must also be noted that these values are in good
agreement with the independent estimations of the
depth of the mixing zone between magmatic gases
and meteoric waters obtained above. Similar esti-
mations of the depth of the apical part of the
magmatic chamber have been done by Ohminato
and Erditato (1997) at Satsuma Iwojima volcano,
Japan, which is also characterized by long-
term (500-600 years) and high-temperature (7=
870°C) fumarolic activity (Shinohara et al., 1993,
2002). Geophysical studies revealed the source of
low-frequency earthquakes at a depth of about 40 m
just under the Satsuma Iwojima volcano crater
which was interpreted as a result of active degas-
sing processes (Ohminato and Erditato, 1997).

The model of gas conduit geometry according
to type 1-2 explains the linear dependence of tem-
perature on distance from the ‘main’ fumarole but
is in poor agreement with the observations on
a quantitative basis. The length of hypothetical
‘tubes’ increases more slowly than would be ex-
pected from the degree of gas—water mixing at a
given temperature. Analysis of the diagrams in
Fig. 11 shows that the quantity of meteoric water
in fumaroles with temperatures of 900°C may be
up to 10%, whereas in low-temperature fumaroles
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with temperature of 200°C it may reach 40%. If
one recalculates the above values to 1 kg of mag-
matic gas they can be estimated as about 111 and
666 g of meteoric water, respectively. This means
that the contribution of meteoric water to low-
temperature fumaroles is six times greater than
to high-temperature ones and, assuming that the
proportion of meteoric water is solely dependent
on conduit length, the length of the low-temper-
ature gas conduit will be: 80X6=480 m. Obvi-
ously, at the single gas source and with the hori-
zontal distance from the ‘main’ to the low-
temperature fumarole equal to 270 m (Fig. 2),
this value is almost two times more than that
obtained from the simple geometric considera-
tions.

The model of type 1-3 seems more relevant in
this sense because with an increase in gas source
depth, the hydrostatic pressure of admixing mete-
oric waters also increases. This increase in Pj, will
lead to a further increase in mass flow and inten-
sity of meteoric water influx into gas conduits. In
this case, the integral mass flow of meteoric
waters, depending not only on conduit length
but also on hydrostatic pressure at all levels,
must be taken into account for the same mag-
matic gas-meteoric water ratios in high- and
low-temperature fumaroles. In the simplified
case, the mass flow (J) is directly proportional
to hydrostatic pressure (P, =pg-H; since gas
pressure is very low inside fumarolic conduits)
and the total surface of the gas conduit or, at
constant diameter, to its length (H):

H\
J=PyH= | p-gHdH=H?/2
Hy
(if prg = const) (6)

where p is water density and g is acceleration due
to gravity. Then, this dependence of meteoric
water mass flow on the length of gas conduits
allows an estimation of the possible depth of a
low-temperature fumarole source to a first ap-
proximation. The ratio of meteoric water in
high- and low-temperature fumaroles as 1-+6
gives:

6H3}/2 = H}/2 (7)
where H; =80 m is the length of the ‘F-940° fu-

marole conduit whereas H, denotes the length of
a low-temperature one. Then:

H, =/8026=195m (8)

These simple calculations show a slower in-
crease in the length of gas conduits in the case
of different depths of gas sources according to
model 1-3 than was derived from model 1-2.
This fact, however, is not in contradiction with
the linear regularity of maximum fumarolic tem-
perature distributions in the Kudriavy crater but
rather testifies to an irregular shape of the apical
and peripheral parts of the magmatic chamber.
The length of high-temperature fumarolic con-
duits and the depth of the apical part of the mag-
ma chamber is estimated to be about 100 m,
whereas the depth of the peripheral part with
low-temperature fumarolic channels is considered
to be about 200 m.

5. Conclusions

(1) The thermal budget of the fumarolic system
at the Kudriavy volcano is controlled by the hy-
drothermal system inside the volcanic edifice. Me-
teoric water mass flow, boiling and admixing to
fumarolic gases affect fumarolic gas temperatures
and hydrogen isotope composition. The decrease
in gas temperature is proportional to the quantity
of admixing meteoric water when the heat of
evaporation is accounted for. Magmatic gas can
be cooled down by 1000°C when diluted with
meteoric water by less than 50%. The extrapola-
tion of the mixing 7-X™ trend to the magmatic
end-member allowed an estimation of magma
temperature of about 1050°C.

(2) Low-temperature fumaroles at Kudriavy
may be thermally buffered by the boiling process-
es of meteoric waters in the mixing zone at pres-
sures of 3—12 bar. If the zone of meteoric water
boiling and mixing is localized at some depth in
the volcano structure then these values may reflect
the hydrostatic pressures of water columns about
30-120 m in height from the level of underground
waters and hence the depths of the mixing/boiling
zone. In contrast, if this zone is distributed along
the length of fumarolic conduits then those pres-
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sure values will correspond to some average pres-
sures of meteoric water boiling and admixing.

(3) Conductive heat transfer is governed by
conductive heat exchange between gases and
country rocks and appears to be responsible for
the temperature distribution around the local fu-
maroles, whereas convective heat transfer in the
hydrothermal system controls the maximum tem-
peratures of the fumaroles and the temperature
distribution inside the fumarolic fields. In the
case of Kudriavy, the conductive temperature gra-
dient in country rocks around fumaroles reaches
values of about 140°C/m. The temperature distri-
bution within the fumarolic areas is about 10°C/
m. These data explain the occurrence of fumaroles
with a wide temperature range up to 800°C at the
same fumarolic field.

(4) The process of adiabatic gas expansion is
expected to be very efficient in the fumarolic sys-
tem of Kudriavy. Very high temperatures of sur-
face fumaroles imply that the pressure difference
between the magmatic gas source and the surface
is not larger than 2-3 bar when adiabatic gas ex-
pansion is accounted for.

(5) The length of the ‘main’ fumarolic gas con-
duit of about 80 m is estimated from the linear
correlation between maximum temperatures of
fumarolic fields and distances to the highest-tem-
perature ‘F-940° fumarole. This value may cor-
respond to the depth of the apical part of the
magmatic chamber.

(6) The significant variations in the degree of
meteoric water admixing to low- and high-temper-
ature fumaroles suggest different lengths of gas
conduits. It is likely that different fumarolic fields
have different depths of gas sources within a sin-
gle magmatic chamber. In this case, the linear
regularity of the maximum fumarolic temperature
distribution at Kudriavy crater suggests an irreg-
ular shape of the apical and peripheral parts of
the magmatic chamber. The possible length of
low-temperature fumarolic channels at the periph-
ery of the magmatic chamber is estimated to be
about 200 m.
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