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‘Volcanic Gases’
volcanic - magmatic - hydrothermal

fumaroles, bubbling springs, plumes, 
geothermal wells, diffuse emissions

‘Tectonic Gases’
not related to volcanoes

fumaroles, bubbling springs, 
geothermal wells, diffuse emissions
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Fischer and Chiodini, 2015



Melt inclusions: pre-eruptive melt 
volatile contents

Allow for assessment of pre-eruptive melt composition since they are 
assumed to be less susceptible to degassing and contamination than 
glasses

100µm

Photos: Alison Shaw, WHOI
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Eruptive volcanic SO2 emissions (1978 – 2015)
650 eruptions; 100 Tg total SO2; mean 0.16 Tg; 1σ = 0.9 Tg
~8 eruptions/yr (1978-2004); ~42 eruptions/yr (2004-2014)

El Chichòn

Pinatubo

Nabro

[Bluth et al., 1993; Carn et al., 2003, 
2015, in prep.]

Carn et al., 2017



Excess Sulfur
first recognized at 

Fuego 

Rose, Stoiber and Malinconico, 1982

Rose et al., 1982 recognized that 5 times 
more magma degassed just prior and 
during the 1974 eruption of Fuego, 
Guatemala than what can be attributed to
erupted magma.



The Excess Sulfur ‘problem’

More SO2 erupted into 
atmosphere than what can 
be dissolved in erupted 
magma (factor of 10 –
100)

From: Wallace 2005

The large emissions from open-vent systems are
undoubtedly caused by shallow separation of gas
from melt, which occurs readily in low-viscosity
basaltic magmas. However, the cause of excess S
emissions during sustained explosive eruptions of
more silicic magma is most likely related to the
presence of an exsolved C–O–H–S vapor phase in the
magma before eruption (Luhr et al., 1984; Andres et
al., 1991; Westrich and Gerlach, 1992; Wallace et al.,
2003). Because of the strong temperature control on S
solubility, such low-temperature silicic magmas have
most of their S partitioned into a multicomponent

vapor phase, which would presumably be present as
bubbles dispersed throughout magma in crustal
storage reservoirs. This allows eruptions of silicic
magma to release large amounts of SO2 derived from
the vapor phase even though such magmas have very
low concentrations of dissolved S. The large amounts
of volatiles implied by remote sensing data suggest
that exsolved vapor accumulates in the apical regions
of magma bodies during repose periods between
eruptions or may get trapped below hydrothermal
caps above the body. The presence of an exsolved
vapor phase in crystallizing magma bodies may also
play an important role in triggering volcanic erup-
tions. Based on isotopic and other data, the ultimate
source of S and CO2 in the vapor phase is likely to be
from mafic magma, as it is well established that silicic
magma reservoirs are created and sustained through
long-term intrusion of mantle-derived basaltic magma
into the crust (Smith, 1979; Hildreth, 1981; Shaw,
1985).

7. Concluding remarks

An important observation that is becoming increas-
ingly apparent with the advent of large geochemical
databases is that different arcs erupt significantly
different magma series, on average. For example,
Izu-Bonin, Tonga-Kermadec, and Aleutian magmas
west of Katmai are distinctly Fe-rich relative to
magmas in arcs such as the Andes, central Honshu,
the Trans-Mexican Volcanic Belt, and much of the
Cascades. These more Fe-rich magmas range into
classic island arc tholeiites, that are quite different
from calc-alkaline basalts. In the Aleutians, associated
fractionated magmas at Veniaminof, Fisher Caldera,
and Seguam occur as very thin, nearly aphyric, dacitic
lava flows that lack hydrous phenocrysts (T. Sisson,
written communication). These must have been hot,
relatively H2O-poor, low-fO2

magmas, and they are
associated with tholeiitic basalt and basaltic andesite
parents. As data on the abundance and isotopic
compositions of major volatiles in arc magmas become
increasingly abundant, a fruitful focus of future
research will be to examine how regional variations
in subducted volatiles and the pathways and processes
by which they are recycled to the mantle wedge play a
role in determining magma composition and flux.

Fig. 12. Volcanic SO2 emissions, in megatons (1 Mt=1012 g), vs.

total volume of erupted magma. SO2 emissions were measured

using remote sensing methods. Most of the remote sensing data are

from TOMS, except for Etna, Fuego, Kilauea, Lonquimay, Pacaya

and Stromboli (COSPEC), Agung (stratospheric optical depth

measurements), and Laki (atmospheric turbidity data). Uncertainties

of F50% for both SO2 emission and eruptive volume are less than

to slightly greater than the size of the symbols. Uncertainties in SO2

emission data are generally considered to be about F30% for the

TOMS data and F20–50% for COSPEC. Data are shown for the

following eruptions: (A) Agung, 1963; (EC) El Chichon, 1982; (F)

Fuego, 1974; (H) Cerro Hudson, 1991; (K) Kilauea, annual average;

(L89) Láscar, 1989; (L93) Láscar, 1993; (Lk) Laki, 1783–1784;

(Lq) Lonquimay, 1989; (ML) Mauna Loa, 1984; (M) Mount St.

Helens, 1980; (Pc) Pacaya, 1972; (P) Pinatubo, 1991; (Rb) Rabaul,

1994; (R) Redoubt, 1989–1990; (Rz) Ruiz, 1985; (S) Spurr, 1992;

(St) Stromboli, annual average. References to data sources can be

found in Wallace et al. (2003). Shown for comparison are predicted

relationships between SO2 emission and eruptive volume for

rhyolitic, andesitic, and basaltic melts calculated by assuming that

the only SO2 released during the eruption is from S that is originally

dissolved in silicate melt. Note that the SO2 emissions for all

eruptions, with the exception of Mauna Loa, Kilauea, and Laki, are

at least one order of magnitude greater than predicted for the

appropriate bulk composition by syneruptive degassing of dissolved

S only.

P.J. Wallace / Journal of Volcanology and Geothermal Research 140 (2005) 217–240 235
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2 Mt CO2/yr in this region

Chiodini et al., 2013

From ISS (NASA)

Etna 3 Mt CO2/yr

~200km
Passive Degassing from a volcano
i.e. during non-eruptive periods

Diffuse Degassing from a volcano
or region



Nyamuragira/Niragongo



Eruptive volcanic SO2 emissions (1978 – 2015) – Satellite data
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Model computes CO2 emission 
rates from magma supply rates 
and undegassed C concentrations

Anderson and Poland 2017

CO2 emission rates used  8,400 ± 1,500 t d−1

Kilauea 2018, Wikipedia



Anderson and Poland 2017

2001 - 2002
2006

Nyamuragira eruption 2011 – 2012

Nyamuragira 
estimate

CO2 saturated at ~ 30 to 40 km
depth at Kilauea 



Anderson and Poland 2017

2001 - 2002
2006

Nyamuragira 
estimate

MORB 

Use 10 ± 1.5 % melt fraction
and C = 0.273 CO2 
to get mantle C 

Nyamuragira 
estimate

MORB

Average DMM 
Saal et al, 2002 ~ 80 ppm C
Le Voyer et al., 2017
average 37.4 ± 14.7 ppm C

(5.5 to 327 ppm total range
BUT questioned by 
Jones, Kurz et al., 2019 EPSL 
2019)



Le Voyer et al., 2017 

37 ppm C

37 ppm C

5 ppm C

In mantle
source 

-> fO2 and mantle CO2 content important
for melting 



37 ppm C

37 ppm C

5 ppm C

In mantle
source 

Nyamuragira (100 ppm C), Kilauea (250 ppm C)
in mantle source



Shinohara 2008

Cashman et al., 2017



Network for Observation of  Volcanic and Atmospheric Change (NOVAC)
http://www.novac-project.eu/



Shinohara 2008

SO2 Flux



Airborne Method
PLUME SPEED à

Werner et al., 2013, JVGR

CO2

ppm

Redoubt Volcano, May 5, 2009 ~ 33 kt/d CO2 C/S = 2

CO2 Flux



Typical High Temp (950°C) arc volcanic gas 
(~mol %)

H2O 95 N2 0.025
CO2 1.6 Ar 0.001
SO2 1.3 He 0.00014
H2S 0.4 H2 0.770
HCl 0.7 O2 <0.0005
HF 0.01 CH4 0.00005

CO 0.0008
C, N, S, H, O, He, Ar isotopes

Fischer et al., 1998 EPSL





Key Gas Reactions

CO + 0.5 O2 = CO2

H2+ 0.5 O2 = H2O 
fO2

K’s and T



Key Gas Reactions

CO + 0.5 O2 = CO2

H2+ 0.5 O2 = H2O 
fO2

K’s and T

Air contamination during sampling or close to surface
Use N2/Ar and N2/O2 ratios to correct
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H2S + 1.5O2 = H2O + SO2

H2+ 0.5 O2 = H2O 
fO2
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Buffered by Magma
CO - CO2

Buffered by Gas
H2-H2O
H2S- SO2



Oppenheimer et al., 2018

Open-Path FTIR measurements at Kilauea

Fast-rising bubbles during vigorous degassing cool 
adiabatically, and lose the redox signature of their 
associated melts. 

mild

vigorous



Permanent gas monitoring network
multiGAS for CO2, SO2, H2O, H2 in plume - > gas ratios



Aiuppa et al., 2014
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VillarricaShinohara and Witter, 2005

Moussallam et al, in prep

Sawyer et al 2011

~ 1

Aiuppa et al, 2017 G3

Villarrica

November 2014



VillarricaShinohara and Witter, 2005

Moussallam et al, in prep

Sawyer et al 2011

~ 1 ~ 1

Villarrica multiGAS 
installed

Aiuppa et al, 2017 G3



VillarricaShinohara and Witter, 2005

Moussallam et al, in prep

Sawyer et al 2011

~ 1 ~ 1

Paroxysmal 
phase

Increase in activity

Villarrica

Aiuppa et al, 2017 G3



Aiuppa et al., 2009, 2010
Burton et al., 2009

Stromboli
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Figure 4. Selected inversion results from geophysical studies of the Altiplano-Puna Magma Body (APMB) near Uturuncu volcano, Bolivia (labeled U). (A) Location map with 
two shaded rings showing the approximate locations of ground uplift and subsidence around Uturuncu (e.g., Henderson and Pritchard 2013). Black and gray symbols are 
magnetotelluric (MT) stations used in the inversions in B and C. The red line is the MT profile A-B-C shown in B. The blue line shows the seismic velocity profile shows the 
seismic tomography profile W-X in D, E, and F. East-west profiles in B, D, E, and F, have been approximately aligned horizontally. (B) Two-dimensional MT inversion along 
the A-B-C transect shown in A. Low resistivity values (red to yellow) indicate interconnected, electrically conductive fluids, such as brines or partial melt. Dotted lines show 
regions of low density from two inversions of the gravity data (del Potro et al., 2013). The white-boxed region was investigated with the 3D inversion and is shown by the 
arrow in C. The model does not resolve the black diagonally hatched areas. Red triangle shows location of volcanic arc, after Comeau et al. (2015), in B. The horizontal white 
lines in B-F show the approximate locations of the upper and lower Vs = 2.9 km/s contours in d. (C) 3D inversion of region shown in B with same color scale, after Comeau 
et al. (2016). The low-resistivity region labeled C4 overlaps earthquakes (black dots: Jay et al., 2012) and petrological depth inferences for the dacites (e.g., Muir et al., 2014a, 
2014b). Note the change in depth of the upper boundary of the feature C2 between B and C. (D) Vs from joint inversion of seismic ambient noise tomography and receiver 
functions along the W-X transect shown in A. The large horizontal low velocity zone is the APMB, after Ward et al. (2017). (E and F) Vs and Vp from tomography (same color 
bar) using earthquakes from the subducting Nazca slab. The low Vs and high Vp below Uturuncu is well resolved in the center of the PLUTONS array, while the low Vs zone 
in the volcanic arc at the edge of the array is less well resolved (Kukarina et al., 2017). The Vp/Vs ratio from this same profile is shown in Figure 5.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/3/954/4181657/954.pdf
by Univ New Mexico user
on 19 November 2018
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Figure 4. Selected inversion results from geophysical studies of the Altiplano-Puna Magma Body (APMB) near Uturuncu volcano, Bolivia (labeled U). (A) Location map with 
two shaded rings showing the approximate locations of ground uplift and subsidence around Uturuncu (e.g., Henderson and Pritchard 2013). Black and gray symbols are 
magnetotelluric (MT) stations used in the inversions in B and C. The red line is the MT profile A-B-C shown in B. The blue line shows the seismic velocity profile shows the 
seismic tomography profile W-X in D, E, and F. East-west profiles in B, D, E, and F, have been approximately aligned horizontally. (B) Two-dimensional MT inversion along 
the A-B-C transect shown in A. Low resistivity values (red to yellow) indicate interconnected, electrically conductive fluids, such as brines or partial melt. Dotted lines show 
regions of low density from two inversions of the gravity data (del Potro et al., 2013). The white-boxed region was investigated with the 3D inversion and is shown by the 
arrow in C. The model does not resolve the black diagonally hatched areas. Red triangle shows location of volcanic arc, after Comeau et al. (2015), in B. The horizontal white 
lines in B-F show the approximate locations of the upper and lower Vs = 2.9 km/s contours in d. (C) 3D inversion of region shown in B with same color scale, after Comeau 
et al. (2016). The low-resistivity region labeled C4 overlaps earthquakes (black dots: Jay et al., 2012) and petrological depth inferences for the dacites (e.g., Muir et al., 2014a, 
2014b). Note the change in depth of the upper boundary of the feature C2 between B and C. (D) Vs from joint inversion of seismic ambient noise tomography and receiver 
functions along the W-X transect shown in A. The large horizontal low velocity zone is the APMB, after Ward et al. (2017). (E and F) Vs and Vp from tomography (same color 
bar) using earthquakes from the subducting Nazca slab. The low Vs and high Vp below Uturuncu is well resolved in the center of the PLUTONS array, while the low Vs zone 
in the volcanic arc at the edge of the array is less well resolved (Kukarina et al., 2017). The Vp/Vs ratio from this same profile is shown in Figure 5.
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Figure 4. Selected inversion results from geophysical studies of the Altiplano-Puna Magma Body (APMB) near Uturuncu volcano, Bolivia (labeled U). (A) Location map with 
two shaded rings showing the approximate locations of ground uplift and subsidence around Uturuncu (e.g., Henderson and Pritchard 2013). Black and gray symbols are 
magnetotelluric (MT) stations used in the inversions in B and C. The red line is the MT profile A-B-C shown in B. The blue line shows the seismic velocity profile shows the 
seismic tomography profile W-X in D, E, and F. East-west profiles in B, D, E, and F, have been approximately aligned horizontally. (B) Two-dimensional MT inversion along 
the A-B-C transect shown in A. Low resistivity values (red to yellow) indicate interconnected, electrically conductive fluids, such as brines or partial melt. Dotted lines show 
regions of low density from two inversions of the gravity data (del Potro et al., 2013). The white-boxed region was investigated with the 3D inversion and is shown by the 
arrow in C. The model does not resolve the black diagonally hatched areas. Red triangle shows location of volcanic arc, after Comeau et al. (2015), in B. The horizontal white 
lines in B-F show the approximate locations of the upper and lower Vs = 2.9 km/s contours in d. (C) 3D inversion of region shown in B with same color scale, after Comeau 
et al. (2016). The low-resistivity region labeled C4 overlaps earthquakes (black dots: Jay et al., 2012) and petrological depth inferences for the dacites (e.g., Muir et al., 2014a, 
2014b). Note the change in depth of the upper boundary of the feature C2 between B and C. (D) Vs from joint inversion of seismic ambient noise tomography and receiver 
functions along the W-X transect shown in A. The large horizontal low velocity zone is the APMB, after Ward et al. (2017). (E and F) Vs and Vp from tomography (same color 
bar) using earthquakes from the subducting Nazca slab. The low Vs and high Vp below Uturuncu is well resolved in the center of the PLUTONS array, while the low Vs zone 
in the volcanic arc at the edge of the array is less well resolved (Kukarina et al., 2017). The Vp/Vs ratio from this same profile is shown in Figure 5.
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“The Whopper” – Bergantz, CIDER 2019

Pritchard et al., 2018
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minerals and glass make up 70%–50% of the modal volume. Eruptive activity 
at Uturuncu was episodic with six eruptive periods separated by >50 k.y. hia-
tuses with major edifice construction occurring between 595 and 505 ka (Muir 
et al., 2015).

Petrological analysis (experiments and melt inclusions) suggests that the 
dacite lavas that erupted at Uturuncu >250 ka were stored 2–4.5 km below the 
surface (at or above sea level, Muir et al., 2014a, 2014b). There are geophysical 
anomalies (Table 2: low resistivity, earthquakes, and low Vs; Figs. 3C and 4; 
e.g., Jay et  al., 2012) at approximately the same depth region today. While 
a shallow dacite magma chamber fed Uturuncu eruptions, it is unlikely that 
magma is present at shallow depth today. In order to explain the observed 
resistivities, 80%–100% dacite partial melt would be required (Fig. 6C) because 
dacitic melt is resistive (e.g., Laumonier et al., 2015; Comeau et al., 2015, 2016). 
This amount of melt at these depths is implausible—being ruled out by the 
nonzero values of Vs (e.g., Jay et al., 2012; Kukarina et al., 2017). Instead, the 
low resistivity of C4 (Fig. 6B) can be explained by saline fluids of magmatic 
and/or meteoric origin (Comeau et  al., 2015, 2016). The resistivity of brines 
at 300–500  °C (Fig. 2) is 0.1–0.01 Ωm (e.g., Unsworth and Rondenay, 2013), 
which is consistent with the observed bulk resistivity for plausible values of 
porosity and fluid interconnectivities (Fig. 6D). For example, if we assume sa-
linity to be 30,000 ppm (3%) and temperature 200–400 °C, the brine resistivity 

is calculated to be ~0.03 Ωm (Ussher et al., 2000). For plausible upper-crustal 
interconnected porosity of 5%, we calculate the bulk resistivity observed in the 
MT-derived model (5 Ωm) using a modification of Archie’s Law (Fig. 6D).

The proposed NaCl content is realistic given the composition of Uturuncu 
dacites, phase relations in the system NaCl-H2O, and the NaCl contents (10%–
50%) measured at other volcanoes (e.g., Aguilera et  al., 2016). The dacite 
magma prior to eruption, as shown by melt inclusions (Muir et al., 2015), con-
tained ≤3.9 wt% H2O and 0.23 wt% chlorine. If we convert this composition into 
a bulk equivalent salinity (NaCleq, i.e., assuming all Cl is complexed by cations 
such as K, Na, and Ca), we calculate 9 wt% or 2.7 mol%. At a solidus tempera-
ture of ~600 °C, such a fluid will be supercritical at pressure above 90 MPa but 
condense to a mixture of high-salinity brine and low-salinity vapor at lower 
pressures (Driesner and Heinrich, 2007). The corresponding depth depends 
on the density of the surrounding rock and the extent to which the fluids are 
interconnected, i.e., lithostatic or hydrostatic pressure. In the former case, with 
a rock density of 2600 kg/m3 (Fig. 2A), 90 MPa corresponds to 3.5 km depth. In 
the latter case, taking fluid density as 1300 kg/m3, the depth is 7 km. Thus as 
magmatic fluids ascend and separate in the depth range 3.5–7 km, brines with 
compositions consistent with the low-resistivity anomaly are formed (Fig. 6B). 
Numerical modeling of fluid release and brine condensation above solidify-
ing plutons (Weis, 2015) indicates that the brine can accumulate in cylindrical 
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cross section of inverted Vp/Vs from earthquake tomography 
(Kukarina et al., 2017: see Fig. 4 for profile location), with other 
interpreted features labeled; upper surface of subducting slab 
(Wadati-Benioff Zone) defined by earthquakes; deep crustal 
 reflector (e.g., mafic sills and cumulates) as located from re-
ceiver functions from McFarlin et al. (2018); the Altiplano-Puna 
Magma (or Mush) Body (APMB) from Ward et al. (2014b); and 
ground deformation from Henderson and Pritchard (2013). 
 Notice the two zones of high Vp/Vs: One region below 
Uturuncu is well resolved to be ~20 km wide, elongate in the 
east-west axis; with Vp/Vs ratio >1.9; shallows to 5 km below 
sea level (bsl); extends deep beneath the APBM. The second 
region is at the western edge of the model, between 60 and 
140 km depth, Vp/Vs is not well resolved, although high Vp/Vs 
shallower than 60 km on this western edge may be related to 
the vol canic arc. (B) Cross section of the preferred 3D resistivity 
model (Fig. 4C) with the deep low- resistivity region interpreted 
as the APMB and the shallow low resistivity zone interpreted 
as the hydrothermal system (see text), modified from  Comeau 
et  al., 2016. The point labeled U is the location of Volcán 
Uturuncu. The dotted line shows the region of fluid and/or 
magma pressurization and depressurization that matches the 
surface uplift and subsidence (Gottsmann et al., 2017). Black 
dots are earthquake hypocenters from Jay et  al. (2012). The 
inferred flows of silicate melt and aqueous fluids in the man-
tle (A) and crust (B) are indicated by arrows. Regions of partial 
melting within the mantle (A) and within the crust atop the 
APMB (B) are shown with crosses. Images created by Simon 
Powell, University of Bristol.
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from !2.5% to þ0.5%, which is explained as the result of
extraction of heavier C from crustal formations, or the assim-
ilation of carbonate-rich sediments in the source region, rather
than degassing fractionation. Paonita et al. (2002) modeled
the isotopic mixing of CO2 and H2O at Vulcano. They showed
that the isotopic composition of fumarole gases can be
explained by mixing of magmatic and hydrothermal fluid
end-members and further suggested that C isotope fraction-
ation of CO2 occurs due to vapor exsolution during magma
depressurization.

Water degassing from melts can be modeled in the same
fashion. However, fractionation factors depend strongly on the
speciation of water in the melt, that is, as H2O or OH!.
Newman et al. (1988) showed that the bulk distribution coef-
ficient for D and H between vapor and melt is also a strong
function of the water content in the melt and varies between
1.004 and 1.049 (av–m) for water contents of 3–0.1 wt%. This
implies that, as the melt degasses, the fractionation factor
changes and becomes larger during degassing. Fractionation
factors slightly below 1 (av–m), that is, 0.9857, were deter-
mined for H2Ov–H2O dissolved H2O molecules and imply
that dD enrichment can be produced by magma degassing
(Newman et al., 1988). At high water contents exceeding around
4.5 wt%, molecular H2O is the dominant species dissolved in
melts (Stolper, 1982), and initial degassing of H2O vapor results
in D enrichment in the vapor. Once the water content of themelt
falls below that value, the vapor will become depleted in D due
to fractionation factors >1. Figure 19 shows expected dD values
in the gas and melt phases due to water exsolution. The highest
water contents in arc magmas are up to 8–10 wt% measured in
the Cascades, USA (Grove et al., 2002; Sisson and Layne, 1993),
and up to 6 wt% at Cerro Negro, Nicaragua (Roggensack et al.,
1997), implying that initial water contents may have been even
higher for some arc magmas (Fischer and Marty, 2005). How-
ever, due to the small H2Ov–H2O dissolved H2O molecules
fractionation factor, dD enrichment due to initial degassing of
high water content melts of mantle composition (dD !80%;
Taylor, 1986) would only slightly increase the dD value of the

vapor and would not raise dD values to that of ‘andesitic’ or ‘arc-
type’ water (Section 4.4.2.4), as sampled by subduction melt
inclusions (dD around !20%) (Shaw et al., 2008).

Degassing fractionation of H to lower dD values has been
proposed as an explanation for data obtained by Taran et al.
(2002) for 740–800 #C fumaroles at Colima Volcano, México,
from 1996 to 1998 (Figure 20). The isotopic composition of
lower-temperature fumaroles from the same volcano is inter-
preted to reflect mixing with a meteoric water end-member.

Nonequilibrium fractionation of H and O isotopes due to
evaporation is described by Criss (1999) for a body of water
evaporated into an infinite, humid atmosphere. Commonly,
the evaporated waters are enriched in the heavy isotope,
and in dD–d18O space, the evaporation trends display a
slope of about 5. These slopes are generally too steep to
explain the trends in dD and d18O values seen in fumaroles
(Figure 9(a)). However, experimental results for successive
sampling of a beaker of boiling water on a hot plate show
that, under these conditions, the dD versus d18O data plot on
a straight line, but with a slope of approximately three (in
fact, variable slopes can be produced, depending on the
humidity of the atmosphere into which the steam evaporates;
Criss, 1999).

A slope of three coincides with the majority of trends deter-
mined from sampling of arc fumaroles (Figure 9(a)). At F
values (fraction of water remaining) of approximately 0.15
(i.e., 85% of water evaporated), this process can reproduce
the dD and d18O signature of the ‘andesitic’ or ‘arc-type’ water
end-member discussed in Section 4.4.2.4. It is important to
note that the trend representing nonequilibrium evaporation
experiments shows the isotopic composition of the remaining
water, not the steam that is sampled by fumaroles. The co-
existing steam would have dD and d18O values lighter than
those of the water according to the fractionation factor at
that temperature. For example, if the water boils at 100 #C,
the aD and a18O values would be 1.030 and 1.035, respectively
(Dansgaard, 1964), resulting in dD and d18O values of the
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factors from Table 8.
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4.4.5 Isotope Fractionation in Volcanic and
Geothermal Fluids

Volcanic degassing will isotopically fractionate volatiles when a
change in oxidation state occurs. For example, in basaltic melts,
C is predominantly dissolved as CO3

2! and degasses as CO2,
and the C isotope fractionation factor (Dv–m) of CO2–CO3

2! is
2.0–4.0%. In rhyolites, C dissolves as CO2 and the fractionation
factor of CO2–CO2 is 0.0% (Holloway and Blank, 1994).
Similarly, the dD fractionation factor between H2O vapor and
OH! versus H2O varies significantly (Newman et al., 1988).
However, unless a time series (several years) of volcanic gas
data is available, preferably from a high-temperature fumarole
for which mixing with meteoric water and shallow-level con-
tamination is minimal, degassing trends are difficult to docu-
ment. One such case is Colima Volcano, México, where data
have been collected at 800 "C fumaroles over a 3-year time
period (Taran et al., 2002). This section provides a short review
of isotope fractionation, followed by application to understand-
ing degassing and shallow-level hydrothermal processes.

The isotopic fractionation factor between two components
A and B is defined as

aA!B ¼ RA=RB [17]

In terms of d values, this becomes

aA!B ¼ 1000þ dA=1000þ dB [18]

The fractionation factor is related to the equilibrium con-
stant, K, for isotope exchange reaction by

a ¼ K1=N [19]

where N is the number of atoms exchanged, which is normally
1. For example, the oxygen isotope exchange between CO2 and
H2O is

1 /2C
16O2 þH2

18O ¼ 1 /2C
18O2 þH2

16O [20]

and the equilibrium constant for that reaction is given by

K ¼ a ¼ ð18O=16OÞCO2=ð18O=16OÞH2O [21]

Values of a are usually very close to unity, that is, 1.00X, and
therefore, it is common to describe the isotopic fractionations
in terms of the value of X, in per mil (%). Fractionation factors
a are a function of temperature, and values are only meaning-
ful if temperature is specified (Sharp, 2007).

The fractionation, expressed as 103 ln a, is well approxi-
mated by the D value:

DA!B ¼ dA ! dB ¼ 103 In aA!B [22]

Therefore, by subtracting the d values, one gets a good
approximation of the per mil fractionation, which is also within
the limits of analytical error when the individual values of dA and
dB and DA–B are less than about 10 (Sharp, 2007). For degassing
processes, batch or closed-system fractionation and Rayleigh or
open-system fractionation (Section 4.4.3.6) are both relevant.
Closed-system or batch fractionation is expressed by

dl ¼ adtot þ 1000F a! 1ð Þ=a 1! Fð Þ þ F [23]

where F is the fraction of vapor remaining. In batch fraction-
ation, the condensed liquid and the remaining vapor are in
contact with each other and allowed to exchange in equilib-
rium. This end-member scenario is most relevant when vola-
tiles remain trapped in magmatic vesicles or below a sealing
cap that allows only minimal escape of gases to the atmo-
sphere. The open-system or Rayleigh fractionation model
describes condensation, where the condensate is continuously
removed from the system. In this case, each increment of liquid
exchanges isotopically with the vapor but is then removed
from the system and no further exchange occurs. Rayleigh
fractionation is expressed by

dv ¼ dv, i þ 1000
! "

Fð
a!1Þ ! 1000 [24]

dl ¼ a dv þ 1000ð Þ ! 1000 [25]

where subscripts v and i refer to the composition of the initial
vapor. Open-system fractionation may be the more generally
relevant process, especially during passive ‘open-vent’ degas-
sing of magma directly to the atmosphere.

4.4.5.1 Carbon Dioxide and Water

Degassing fractionation between CO2 and C dissolved in the
melt depends on the carbon speciation in the melt. As shown in
Table 8, CO2v–CO3m

2! fractionation factors (Dv–m) range from
4.3 to 2.0, whereas the CO2v–CO2m fractionation factor is 0. As
a result, no C isotope fractionation is expected during rhyolite
melt degassing, where all carbon is dissolved as CO2. Figure 18
shows the open-system degassing path for CO2v–CO3m

2!.
Variations in d13C and CO2/

3He ratios have recently been
documented by Hilton et al. (2010), who showed that d13C
changes are not the result of magma degassing, but are rather
caused by increasing and decreasing crustal contributions to
gas discharges. Tedesco and Scarsi (1999) presented an exten-
sive record of He, Ne, and C isotopes in fumaroles at Vulcano
from 1986 to 1994. Here, the d13C values of fumaroles vary

Table 8 Carbon isotope fractionation factors for silicic liquids

Melt Melt species Dv–m (%) T ("C) References

CO2

Basalt CO3
2! 4.3 ('0.4) 1120–1280 Javoy et al. (1978)

Basalt CO3
2! 2.0 ('0.2) 1200–1400 Mattey (1991)

Rhyolite CO2 0.0 ('0.2) 800–1200 Blank et al. (1993)
H2O
Rhyolite OH! 51–40 ('1) 530–850 Dobson et al. (1989)
Rhyolite H2O:OH

!¼1:1
Variable

11.9
4–48

850 Newman et al. (1988)
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~ 1 km 

Diffuse CO2 degassing

Fischer and Chiodini, 2015



1. Map of CO2 Earth degassing in Italy

Cinf Cinf + Cdeep

0.003

Chiodini et al. (2000)

Apennine aquifers are affected by the same process occurring at 
volcanic aquifer: the input of a large amount of deeply derived, 
inorganic CO2!

Cext = Cinf + Cdeep = TDIC -Ccarb

δ13Cext = (δ13CTDIC x TDIC - δ13Ccarb x Ccarb) / Cext 

Chiodini DCO meeting 2015

C inf= C infiltration (organic sources)
C ext = C inf + C deep



from G. Chiodini: DCO 2015



ABOVE: New frontiers for volcanic gas sampling

From Emma Liu and ABOVE grouphttps://deepcarbon.net/dco-above-expedition-updates-field


