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[1] The volatile contents of olivine‐hosted (Fo89–71) melt inclusion glasses in rapidly quenched mafic tephras

from volcanic front volcanoes of the Central American Volcanic Arc (CAVA) in Guatemala, Nicaragua, and
Costa Rica, were analyzed by secondary ion mass spectrometry (SIMS) in order to derive the minimum eruptive output of CO2, along with H2O, Cl, and S. Details of the analytical method are provided that establish
melt inclusion CO2 analyses with the Cameca ims6f at the Helmholtz Centre Potsdam. The highest CO2 concentrations (up to 1800 mg/g) are observed in Nicaraguan samples, while melt inclusions from Guatemala and
Costa Rica have CO2 contents between 50 and 500 mg/g. CO2 does not positively covary with sediment/slab
fluid tracers such as Ba/La, Ba/Th, or U/La. Instead, the highest CO2 concentrations occur in the inclusions
with the most depleted incompatible element compositions and low H2O, approaching the composition
of mid‐ocean ridge basalts (MORBs), whereas the most H2O‐rich inclusions are relatively CO2‐poor
(<800 mg/g). This suggests that CO2 degassing was more extensive in the melts with the highest slab contribution. CO2 /Nb ratios in the least degassed CAVA melt inclusions are similar to those of primitive MORBs.
These are interpreted here as recording a minimum CO2 output rate from the mantle wedge, which amounts to
2.8 × 104 g/s for the ∼1100 km long CAVA. Previously published estimates from quiescent degassing and
numerical modeling, which also encompassed the slab contribution, are 3 times higher. This comparison
allows us to estimate the proportion of the total CO2 output derived from the mantle wedge.
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1. Introduction
[2] Subduction zone volcanoes are significant contributors of gases to the Earth’s surface and the
atmosphere. Organic materials, sediments and seawater can be transported into the mantle at convergent plate margins, where they induce melting
leading to arc volcanism. Volatile phases are
returned to the surface by both fluid cycling within
the fore arc and volcanic activity in the arc. Of the
gas species that may be released from magmatic
systems into the atmosphere, CO2 is considered to
be one of the most important elements with regard to
long‐term global climate evolution.
[3] In the past, several strategies have been employed to understand patterns and quantify natural
emissions of CO2 from subduction zones via studies
of quiescent and eruptive degassing of arc volcanoes
[e.g., Hilton et al., 2002; Shaw et al., 2003, 2007;
de Leeuw et al., 2007], by fore‐arc seafloor venting
[e.g., Kulm and Suess, 1990; Fryer et al., 1999], or
by using numerical modeling [e.g., Connolly, 2005;
Gorman et al., 2006]. This study is focused on
the cycling of CO2 through the Central American
subduction zone, where the amounts of subducted
carbonate‐bearing lithologies and organic‐rich hemipelagic sediments are at a global maximum [e.g.,
Tera et al., 1986; Carr et al., 1990; Plank et al., 2002].
An important question is to what extent such large
carbon inputs affect the CO2 output of the subduction zone. At the Central American Volcanic
Arc (CAVA), several studies have determined the
volcanic CO2 emission from hydrothermal vents
(i.e., hot springs, fumaroles, wells) [Snyder et al.,
2001; Hilton et al., 2002; Shaw et al., 2003; de
Leeuw et al., 2007]; and individual volcanoes were
investigated for eruptive CO2 release via melt
inclusion analyses (e.g., Fuego [Roggensack, 2001a],

Cerro Negro [Roggensack et al., 1997; Roggensack,
2001b], Irazú [Benjamin et al., 2007], Arenal
[Wade et al., 2006]). Variations in melt inclusion
CO2 contents across a Guatemalan arc segment
were described by Walker et al. [2003].
[4] The major goals of this study are to establish the
analysis of CO2 through secondary ion mass spectrometry (SIMS) on melt inclusions and to determine CO2 contents in olivine‐hosted melt inclusions
in mafic tephras from nine volcanoes along the
volcanic front in Central America. These data are
then used to evaluate whether the CO2 concentrations reflect magmatic values or are features induced
by preentrapment degassing. The inclusions with
the most depleted MORB‐like compositions are
processed to estimate the minimum CO2 output rate
at the CAVA, which, combined with published data
for total fluxes, allows us to estimate the proportion
of the slab contribution.

2. Geologic Setting
[5] Volcanic activity at the CAVA results from
the northeastward subduction of the Cocos Plate
beneath the Caribbean Plate (Figure 1), at a convergence rate of ∼74–85 mm/yr [DeMets, 2001].
The subducting slab outboard of northwest Central America has normal mid‐ocean ridge basalt
(N‐MORB) type composition, while the uppermost
mantle of the incoming plate outboard of Nicaragua
has been hydrated and converted to serpentinite at
the outer rise due to extensive bend‐faulting reaching down to mantle depths [Ranero et al., 2003;
Grevemeyer et al., 2007; Ivandic et al., 2008].
Younger crust of the Galapagos hot spot track
subducts beneath Costa Rica and western Panama
[Werner et al., 1999, 2003; Hoernle et al., 2000,
2002, 2008; Sadofsky et al., 2009]. The subduc2 of 16
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prior to analysis. Whole‐rock analyses of some of
the samples are presented by Hoernle et al. [2008]
and Gazel et al. [2009].
[7] CO2, H2O, Cl, and S concentrations presented in

Figure 1. Schematic map of the Central American Volcanic Arc, formed by the subduction of the Cocos Plate
beneath the Caribbean Plate. The Galapagos hot spot
track (Seamount Province and Cocos Ridge) is subducting beneath Costa Rica. The yellow‐red triangles indicate
the volcanic front volcanoes, for which we report melt
inclusion data in this study; the white triangles indicate
other volcanic front volcanoes. Image courtesy SRTM
Team NASA/JPL/NIMA, modiﬁed.

tion geometry (Figure 2) is characterized by thick
(∼46 km) continental crust of the overriding plate in
northwestern Guatemala, where the slab subducts at
an angle of about 48°. From El Salvador to Nicaragua, the slab angle steepens to a maximum of 64°
[Syracuse and Abers, 2006] and the crust thins to
∼25 km beneath the Nicaragua volcanic front [e.g.,
Ligorria and Molina, 1997; Narcía‐López et al.,
2004; Auger et al., 2006; MacKenzie et al., 2008].
Further south in Costa Rica and Panama, the slab
angle becomes shallower again (44°) and the mafic
crust thickens to ∼38 km [MacKenzie et al., 2008].

3. Methods
[6] Olivine‐hosted melt inclusions were selected for

analysis from young (Holocene to historic) mafic
tephras erupted from volcanoes along the CAVA
(Figure 1). These inclusions had been previously
analyzed for major elements, sulfur and chlorine by
electron microprobe at IFM‐GEOMAR using a
Cameca SX 50, and for trace elements, water and
fluorine with a Cameca ims4f ion microprobe at
the Institute of Microelectronics and Informatics,
Yaroslavl, Russia [Sadofsky et al., 2008]. All the
studied inclusions are glassy and usually contain small
gas bubbles; they were not reheated/homogenized

this paper were determined using a Cameca ims6f
ion microprobe at the Helmholtz Centre Potsdam.
For the purpose of interlaboratory comparison and
also to confirm the external repeatability of the
data, the Cl and S contents in the melt inclusions
were replicated (comparative plots are provided in
Figure S1 in the auxiliary material).1 The polished
and ethanol‐cleaned olivine crystals were mounted
together with the reference materials in indium metal
contained on a single aluminum disk (adopting the
procedure of Hauri et al. [2002] and Koga et al.
[2003] and stored for two months in an ultrahigh
vacuum before being inserted into the instrument.
The strict avoidance of epoxy has proved crucial to
minimize background values by preventing degradation of vacuum in the secondary ion source
chamber, which remained stable at ∼2 × 10−10 torr
throughout the measurement series. A primary
voltage of 10 kV was applied to the primary 133Cs+
source, and an electron flood gun operated at ∼5 mA
was used to achieve charge compensation. To
eliminate isobaric molecular interferences, a mass
resolving power of M/dM = 3500 was applied. For
the analyses, the beam was set to raster an area of
40 mm, in conjunction with an 8 mm field‐of‐view
aperture so as to ensure that no contaminants from
the margins of the rastered area reached the detector.
[8] The Cameca ims6f ion microprobe was calibrated using a set of natural basaltic and andesitic
glasses: Na22‐5, ALV519‐4, CFA‐47, Na23‐6,
A‐46, TRD 80, SC1, OB93, 169ds2, P2‐3, P103‐2,
30‐2, 40‐2, Etna 2, and Etna 3 [Sobolev and
Chaussidon, 1996; Dixon, 1997; Danyushevsky
et al., 2000] (and unpublished data kindly provided by R. Botcharnikov, Hannover, 2008). To
quantify the volatile element concentrations, intensities of the secondary ions 1H−, 12C−, 32S−, 35Cl−
were measured and normalized to the intensity of
28 −
Si . The data obtained on the reference glasses
are presented in Table S1 in the auxiliary material
and are used to constrain calibration curves presented in Figure 3. The two main reference materials
(Na22‐5, ALV519‐4) were measured two to three
times per day during the 5 day analytical run and
proved highly reproducible with a repeatability of
5.3% (Na22‐5, 1s, N = 10) and 6.2% (ALV519‐4,
1s, N = 9) relative for CO2. The other reference
1
Auxiliary materials are available in the HTML. doi:10.1029/
2010GC003412.
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Figure 2. Along‐arc profile of the CAVA, extending ∼1000 km, illustrating the variations in the depth to the surface of
the subducting slab, crustal thickness, mantle wedge thickness and composition of the overlying crust. The crust is thinnest beneath Nicaragua and thickens both to the north toward Guatemala and to the south toward Costa Rica. Slab depth
and Guatemalan crustal thickness from Syracuse and Abers [2006]; crustal thicknesses of Nicaragua and Costa Rica
from MacKenzie et al. [2008].
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Figure 3. SIMS calibration curves for abundances of (a) carbon dioxide, (b) water, (c) sulfur and (d) chlorine.

5 of 16

Geochemistry
Geophysics
Geosystems

3 WEHRMANN ET AL.: CO IN MAFIC MELT INCLUSIONS AT THE CAVA 10.1029/2010GC003412

G

2

Table 1 (Sample). Compositions of Melt Inclusions in Olivine From the Central American Volcanic Arca [The full Table 1 is
available in the HTML version of this article]
Volcano

Segment

Rock Sample

Inclusion

Analytical method
Santa María
Santa María
Santa María
Santa María
Atitlán
Atitlán
Agua
Agua
Agua
Cerro Negro
Cerro Negro
Cerro Negro
Cerro Negro
Cerro Negro
Cerro Negro
Cerro Negro
Nejapa
Nejapa
Nejapa
Nejapa
Nejapa
Nejapa
Nejapa
Nejapa
Nejapa
Masaya
Masaya
Masaya
Granada
Granada
Granada
Granada
Granada
Granada
Arenal
Arenal
Arenal
Irazú
Irazú
Irazú
Irazú
Irazú

GU
GU
GU
GU
GU
GU
GU
GU
GU
NWN
NWN
NWN
NWN
NWN
NWN
NWN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
SEN
CR
CR
CR
CR
CR
CR
CR
CR

GU19d
GU19d
GU19d
GU19d
GU25b
GU25b
GU11d
GU11d
GU11d
P2‐3a
P2‐3a
P2‐3a
P2‐3b
P2‐3b
P2‐3d
P2‐3d
P2‐32d
P2‐32d
P2‐32d
P2‐32d
P2‐32d
P2‐32d
P2‐32d
P2‐32d
P2‐32d
P2‐47
P2‐47
P2‐47
P2‐58
P2‐58
P2‐58
P2‐58
P2‐58
P2‐58
CR‐61C
CR‐61C
CR‐61C
P2‐72
P2‐72
P2‐72
P2‐72
P2‐72

1b
3a
3b
6
1
3
2a
2b
1
2‐46a
46b
3‐10
2‐60a
2‐60b
1a
1b
1
2
3a
3b
4a
4b
6a
6b
7
2
3a
3b
27a
27b
8
2‐07
2‐59
2‐32
53
57
59
40a
40b
10
3‐01
3‐02

H2O

CO2

S

Cl

F

SiO2

SIMS

SIMS

SIMS

SIMS

SIMS

EMP

1.50
2.23
2.24
2.69
2.34
2.47
2.77
2.65
1.77
2.81
3.11
4.99
2.34
0.75
2.29
2.66
0.51
1.19
1.84
1.65
1.63
1.84
1.55
1.50
0.76
1.39
1.91
1.47
3.22
3.34
2.73
2.04
1.97
1.94
1.03
1.16
1.42
0.81
0.78
1.51
3.01
2.11

486
214
273
165
461
94
300
n.d.
304
464
409
755
210
68
155
435
85
140
n.d.
1543
1466
1419
1777
n.d.
83
369
n.d.
n.d.
281
93
n.d.
692
1451
1200
136
346
131
147
445
n.d.
194
56

1380
1224
1195
1931
1690
988
2303
1081
2611
1862
1477
1584
1422
1065
546
1679
242
853
1058
1129
1685
1221
1193
1281
1089
448
420
365
1037
1721
2047
2219
1301
1346
2065
1814
2033
222
293
475
2009
1388

572
817
746
990
1192
1051
1481
1915
1329
1277
1007
926
1266
1418
965
1033
460
453
299
320
659
325
316
405
462
1278
1531
1382
1414
839
1081
906
591
557
1655
1742
2069
2287
3137
3704
751
877

519
n.d.
n.d.
n.d.
414
456
661
n.d.
296
122
n.d.
144
n.d.
n.d.
219
n.d.
255
202
119
n.d.
291
171
100
n.d.
351
475
597
672
186
139
203
131
172
160
407
350
n.d.
2143
3159
2633
611
712

53.07
56.19
56.61
53.35
54.97
55.23
53.82
55.30
51.93
49.53
50.01
50.35
48.91
50.22
53.16
47.90
50.32
48.65
47.80
48.90
47.26
47.68
48.74
48.92
48.54
52.60
53.71
53.37
52.20
50.89
47.57
46.54
47.93
49.42
50.68
50.94
51.40
60.43
57.62
63.29
52.33
52.05

a
Volatile concentrations except F from this study (H2O in wt %, CO2, S, Cl in mg/g; corrected for postentrapment crystallization); major elements
(wt %), F (mg/g) and nonvolatile trace elements (mg/g) and host olivine compositions (wt %) from Sadofsky et al. [2008]. Major elements normalised to
100% volatile free. Original total retained; n.d., not determined.
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Figure 4. Concentration of CO2 in melt inclusions plotted versus (a) CaO, (b) MgO, (c) Fo contents of host olivines,
(d) concentration of H2O versus compositions of host olivines, and CO2 versus (e) Ba/La, (f) B/La, (g) U/Th, (h) Nb.
Red squares depict the Guatemalan melt inclusions; the yellow triangles are from Cerro Negro, pale green downward
pointing triangles from Nejapa, medium green triangles from Masaya, black‐rimmed green triangles from Granada
in Nicaragua; dark blue circles from Arenal, light blue circles from Irazú in Costa Rica.
7 of 16
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element concentrations of the melt inclusions and
compositions of the host olivines as published by
Sadofsky et al. [2008].
[10] CO2 forms a crude positive correlation with

the CaO contents, reaching highest values in the
Nicaraguan samples (Figure 4a). In the Granada
melt inclusion suite, high CO2 concentrations (up to
1450 mg/g) are associated with high MgO concentrations (Figure 4b) and forsteritic olivines (Fo > 85;
Figure 4c). The Nejapa inclusions form two groups
at similarly evolved olivines (Fo83–82): a high‐CO2
group with concentrations from 1400 to 1800 mg/g
CO2 and a low‐CO2 group with values in the range
of 90–140 mg/g CO2. In contrast, at Irazú (1963
eruption), a more restricted range of CO2 concentrations (60–450 mg/g) was measured despite the
presence of both very Fo‐rich (Fo88–89) and fairly
evolved (Fo71) olivines (Figure 4c).
[11] Evaluation of along‐arc variations is restricted

Figure 5. Melt inclusion volatile compositions versus
distance along the arc from Guatemala to Costa Rica for
(a) CO2, (b) H2O, (c) Cl, (d) S; dark gray symbols from
this study; light gray symbols show additional data from
Roggensack et al. [1997] and Roggensack [2001a, 2001b]
for Guatemala and Nicaragua and from Wade et al. [2006]
and Benjamin et al. [2007] for Costa Rica.

materials were measured repeatedly for additional
monitoring of data quality. The instrument’s background was monitored by three analyses of an
olivine from highly depleted MORB with expected
H2O concentration in olivine below 2 mg/g [Koga
et al., 2003]. The background remained at 17–
21 mg/g for CO2, 10–13 mg/g for H2O, below 1 mg/g
for Cl and S.

4. Results
[9] Results for CO2, H2O, S, and Cl values are

reported in Table 1, corrected for postentrapment crystallization, along with the major and trace

here to a general view because of the limited data
set available. The highest CO2 concentrations
were found in Nicaragua (up to 1800 mg/g), while
lower concentrations were observed in Costa Rica
(60–450 mg/g). The Guatemalan inclusions analyzed
in this study range between 100 and 500 mg/g, which
is markedly lower than in Nicaragua (Figure 5a).
In a previous investigation, however, Roggensack
[2001a] reported that CO2 reaches concentrations
up to 1249 mg/g at Guatemala’s Fuego volcano.
Besides CO2, H2O concentrations also show peak
values in Nicaragua. Whereas H2O has been shown
to correlate with a number of proxies for a slab‐
derived component [Wade et al., 2006; Sadofsky
et al., 2008], CO2 fails to directly correlate with
Ba/La, B/La or U/Th ratios (Figures 4e–4g) and,
opposite to H2O, tends to have the highest concentrations in melt inclusions with the lowest Ba/La,
Ba/Th and U/Th ratios (Figures 6a and 6b). The
measured Cl concentrations are highest in Costa
Rica, but our S data do not show any systematical
regional pattern (see Figure 5 and Sadofsky et al.
[2008]).

5. Discussion
[12] The solubility of CO2 is very low in silicate

magmas, so that in the case of magma saturation it
preferentially partitions away from the melt to form
a CO2‐bearing fluid phase [e.g., Dixon et al., 1995;
Liu et al., 2005; Papale, 2005; Wallace, 2005;
Papale et al., 2006]. Therefore, preentrapment
degassing is widely believed to decrease the amount
of CO2 in magmas. Melt inclusions from the CAVA
8 of 16
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Figure 6. Variations of incompatible trace element ratios in the melt inclusions, modified after Sadofsky et al. [2008].
Symbols are as in Figure 4, whereby the sizes of the symbols reflect CO2 concentrations. (a) Ba/Th versus U/La (weight
ratios), showing that the highest CO2 values occur in samples plotting near mantle compositions, whereas the inclusions
with higher sediment contribution show low CO2. Compositions of carbonate and hemipelagic sediments (CS and HS,
respectively) are from DSDP site 495 [Patino et al., 2000]; DMM denotes depleted MORB mantle source after Salters
and Stracke [2004]. (b) Ba/La versus La/Sm, underscoring the lower CO2 concentrations at increasing fluid/sediment or
slab melt input [after Sadofsky et al., 2008]. Again, samples plotting close to mantle values (DMM) have the highest CO2
concentrations.
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rocks studied here are hosted in olivines of variable
and mostly evolved compositions, and thus are
expected to represent variably degassed magmas.
When CO2 concentrations from a particular locality
decrease with for example decreasing Fo contents of
the host olivines (Figure 4c), along with an increase
in incompatible elements, magmatic degassing as
magma differentiation proceeded appears to be the
major process affecting CO2 concentrations in the
melt inclusions. This is observed here at Nejapa, and
to a lesser extent at Cerro Negro (Nicaragua)
(Figure 4h). An additional process which is known
to deplete CO2 in the residual melt in inclusions is
the formation of bubbles [Métrich and Wallace,
2008]. Although the effect of this process cannot
be quantitatively accounted for at present, it is
similar to magmatic degassing and drives the melt
composition toward lower CO2 contents at nearly
constant or slightly decreasing H2O.
[13] Because concentrations of CO2 in the glasses of

many inclusions studied here were likely compromised by bubble formation, it is only possible to
infer the minimum pressures at the time of melt
inclusion entrapment. The pressures were estimated
here by using two alternative models for the solubility of mixed CO2‐H2O fluids in magmas, which
are VolatileCalc [Newman and Lowenstern, 2002]
(Figures 7a and 7b) and the model of Papale et al.
[2006] (Figures 8a–8d). Even though the models
were revealed to have some intrinsic restrictions
when applied to arc magmatism [e.g., Burton et al.,
2007; Moore, 2008; Roggensack and Moore, 2009;
Johnson et al., 2010], they appear to bracket the
possible pressure range at given H2O and CO2
contents in island arc melts as shown in recent work
by Shishkina et al. [2010]. Based on the available
data, the VolatileCalc model allows us to reconstruct
the minimum pressure range of melt saturation with
a CO2‐H2O fluid to range from 370 to 25 MPa for
Nejapa and Cerro Negro melts (Figure 7a). The melt
inclusions from Granada, Irazú, and Santa María
indicate a narrower pressure range, generally not
exceeding 130 MPa (Figure 7b).
[14] The low H2O contents previously reported in
some of the Central American subduction‐related
volcanic rocks and particularly from Nicaragua
[Sadofsky et al., 2008] could reflect preentrapment
H2O degassing at low pressures. The high CO2
contents and steep degassing curve for samples with
relatively low H2O (1.6–1.9 wt. %) at Nejapa,
however, indicate that these low H2O contents are
features of the parental melt (Figure 7a). Inclusions
from Cerro Negro are collectively considered here
from the 1971, 1992, and 1999 eruptions and com-

plemented by literature data from the 1992 and 1995
eruptions [Roggensack et al., 1997] to delineate the
degassing trend of the young magmatic system. At
Cerro Negro, melt inclusion chemistry correlates
with host crystal size and thus melts were interpreted
to evolve and decompress in a shallow ephemeral
dike system (sub‐) continuously fed by a deeper
source, implying that multiple magmas have interacted in individual eruptions [Roggensack, 2001b].
Compared to Nejapa, the Cerro Negro melt inclusions fall along a shallower trend (Figure 7a), which
would imply either an unrealistically large amount
of fluid phase in the magma during closed system
degassing, or, more likely, result from open system
addition of a CO2‐rich gas phase. Such gas fluxing
into the rising magma from below would induce
a lowering of the melt water content as the system strives for reequilibration with the gas phase
[Métrich and Wallace, 2008; Johnson et al., 2010].
The gas phase might be released from degassing
deeper magma [Johnson et al., 2010] or from a slab
fluid that was never part of a melt. Métrich and
Wallace [2008] conclude that such gas fluxing processes may be a common feature in basaltic systems.
[15] The crudely inverse trend on the H2O versus

CO2 diagram for the Santa María suite and the melt
inclusions from the 1963 Irazú eruption indicate that
these melt inclusions could have been trapped during isobaric magma fractionation at fluid‐saturated
conditions leading to an enrichment of the melt
in H2O and depletion in CO2 (Figure 7b). Isobaric
trends inferred for melts from long‐living volcanoes
such as Santa María and Irazú would be consistent with the possible presence of shallow magma
chambers beneath these volcanoes. This contrasts
with the findings of Benjamin et al. [2007], who
reconstructed a rather simple path of degassing
coupled with crystallization as the magma ascended
prior to the 1723 Irazú eruption.
[16] At Granada, inclusions show a negative corre-

lation between Fo content of the olivine and the H2O
content of the melt inclusion, which could reflect
incompatible behavior of water during differentiation (Figure 4d). This would imply that the low
water contents more closely reflect the composition
of the undegassed parental magmas. The relationship between H2O and CO2, however, indicates
that these melts do not follow any simple degassing
path at polybaric or isobaric conditions and therefore were likely derived from two distinct parental
magmas with high and low H2O contents. This
is consistent with the interpretation of Sadofsky et al.
[2008], who also pointed to strikingly different trace
element patterns of the high‐ and low‐H2O Granada
10 of 16
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Figure 7. (a) CO2 versus H2O for Nejapa (inverted green triangles) and Cerro Negro melt inclusions (this study: yellow
triangles with blue rims for 1971 eruption, with black rims for 1992 eruption, with green rims for 1999 eruption; data
from Roggensack et al. [1997]: gray triangles with yellow rims for 1992 eruption, with orange rims for 1995 eruption).
Melt inclusions from the 1992 eruptions analyzed in this study are considerably more degassed than those presented by
Roggensack et al. [1997]. Formation of gas bubbles in the melt inclusions after entrapment might reduce volatile
concentrations in the glass by gas redistribution from the silicate melt toward the bubble during the cooling process, thus
representing minimum concentration values as well as minimum saturation pressures [Métrich and Wallace, 2008].
Saturation isobars are shown for pressures of 50 to 500 MPa. Degassing paths were modeled using VolatileCalc 1.1
[Newman and Lowenstern, 2002] at temperatures of 1200°C for Nejapa and 1160°C for Cerro Negro (estimated from
mineral‐melt phase equilibria); dotted lines indicate open system degassing, while dash‐dotted lines represent closed
system degassing with 1% exsolved vapor assumed, and dashed lines represent closed system degassing with 5%
exsolved vapor assumed. Nejapa melt inclusions follow a low‐degree closed system degassing trend. For the Cerro
Negro system, melt inclusions depart from the predicted degassing trends, which is likely related to an open system gas
fluxing process [Métrich and Wallace, 2008]. For Nejapa, CO2 degassed over the same pressure interval without significant loss of H2O, underlining the much lower solubility of CO2 in silicate melts compared to H2O, which essentially
remained dissolved till about 50 MPa. (b) CO2 versus H2O for Granada (black‐rimmed green triangles), Irazú (light blue
circles), and Santa María (red squares) melt inclusions. Entrapment at narrower ranges of saturation pressures indicates
more limited degassing than observed at Nejapa and Cerro Negro.
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Figure 8. Plots of melt inclusion CO2 versus H2O concentrations for (a and b) Nejapa (Figure 8a is a close‐up of
Figure 8b) and (c and d) Granada (Figure 8c is a close‐up of Figure 8d), including saturation isobars based on the
model of Papale et al. [2006]. Red lines depict saturation isobars calculated with an average of the high‐CO2, high‐CaO
group of Nejapa, and the highest‐CO2, highest CaO inclusion of Granada, respectively. Blue lines show saturation
isobars of the averaged low‐CO2, low‐CaO Nejapa inclusions, and the lowest CO2, second lowest CaO inclusion of
Granada. Temperature assumptions were 1189°C for Nejapa (high), 1232°C for Nejapa (low), 1451°C for Granada
(high), and 1174°C for Granada (low), based on mineral‐melt equilibria. The differences between the corresponding
isobars illustrate the effect of decreasing CaO on decreasing the solubility of CO2 as predicted by the Papale et al. [2006]
model. The modeled saturation pressures are lower than those estimated with VolatileCalc (Figures 7a and 7b). For
further discussion how these models compare, see also Shishkina et al. [2010].

melts, the former being an arc‐type low‐Nb melt,
carrying a carbonate sediment signature, and the latter
being a high‐Nb melt, derived from an E‐MORB‐
type mantle wedge composition with only minor
contribution from the subducting slab.
[17] Diagrams of Ba/Th versus U/La, or Ba/La ver-

sus La/Sm (Figures 6a and 6b) can be used to assess
the contributions of hemipelagic and carbonate
sediments to the mantle wedge [Patino et al., 2000].
Interestingly, the inferred subducted sediment contribution and CO2 content in melt inclusions appear
to be decoupled. The highest CO2, though lowest
H2O contents are observed in samples with the most
depleted (MORB‐like) trace element compositions.
While MORB‐like inclusions with low CO2 are

also present, none of the strongly slab‐affected inclusions show a significant CO2 enrichment (Figures 6a
and 6b).
[18] A comparison of CO2 with Nb can be instruc-

tive (Figure 9), since both are highly incompatible
and have similar partition coefficients during mantle
melting. The CO2 /Nb ratio in primitive MORB
shows a relatively large range with proposed values
of 239 [Saal et al., 2002] and ∼530 [Cartigny et al.,
2008], and an average value of ∼400 [Hauri and
Saal, 2009]. The least degassed melt inclusions
studied here have CO2 /Nb values similar to those of
MORB, which is best expressed in the Granada melt
inclusion suite. This suggests that the observed CO2
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Figure 9. Melt inclusion CO2 versus Nb concentrations, symbols are as in Figure 4. Green‐shaded black lines show
the MORB CO2 /Nb ratios of 400 after Hauri and Saal [2009] and of 239 after Saal et al. [2002], DMM denotes
depleted MORB mantle source after Salters and Stracke [2004]. The samples with the highest CO2 have CO2 /Nb
ratios similar to MORB.

concentrations in the melt inclusions were derived
primarily from the mantle wedge.

6. CO2 Output Rate Quantification
[19] Although our data on partially degassed melt

inclusions cannot provide information about the
total CO2 fluxes from CAVA volcanism, the high‐
CO2 melt inclusions that have E‐MORB‐like compositions yield information on the CO2 flux from
the mantle wedge to the surface with only a limited
overprint from the slab. Details concerning our
output rate calculation are provided Text S1 and
Table S2 in the auxiliary material. These calculations indicate an arc‐length‐normalized output of
2.6 × 10−2 g/m/s CO2, equivalent to a rate of 2.8 ×
104 g/s for the entire arc (∼1100 km). As expected,
this rate estimate is lower than those reported in
previous studies for the entire CO2 flux through the
subduction system. Hilton et al. [2002] estimated
8.1 × 104 g/s output flux of CO2 for the entire CAVA
(unit converted from 6.9 × 1011 g C per year) by
COSPEC remote sensing techniques coupled with
measured SO2‐CO2 gas ratios. This estimate is
slightly lower than the value of 9.9 × 104 g/s (unit
converted from 7.1 × 1010 mol CO2 per year) of Shaw
et al. [2003] obtained from C‐He gas ratios characterizing quiescent degassing. Numerical modeling
by Gorman et al. [2006] produced CAVA subarc
CO2 fluxes of 9.2 × 104 g/s (6.6 × 1010 mol/year),

in agreement with the results of Hilton et al. [2002]
and Shaw et al. [2003] but about three times higher than our estimated output rate from the mantle
wedge.
[20] For two reasons, however, it should not be

attempted to reconcile these flux estimates derived
from approaches of such strongly different nature
with an expectation of conformity in absolute
values. First, the CO2 emission from open vents is
usually monitored over periods of seconds to a few
years, hence potentially capturing features of short‐
term variability [e.g., Garofalo et al., 2007], while
the melt inclusions investigated in this study cover
time spans of years to tens of ka at a lower temporal
resolution. Likewise, reference values when flux
estimates are based on gas ratios may be subject to
temporal or geographic variability. This might apply
for example for 3He output fluxes, which were in
previous studies adopted from published values for
mid‐ocean ridge degassing, and assumed to be representative for global arc mantle wedges.
[21] Second, and more important, the differences in

the estimated fluxes reflect different processes in the
subduction system. Studies of quiescent degassing
are more likely to quantify the total amount of CO2
released from melts, including those that remain
as intrusions solidified in the lithosphere and from
the fractions of CO2 in the erupting magmas that
exsolve to form free CO2‐bearing fluid phases. As
inferred from the low CO2 concentrations in the melt
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inclusions with the highest slab signal, this latter
process appears to be most pronounced in melts with
the highest contribution of CO2 from the subducting
plate, derived primarily from the subducted sediments and carbonate in the crust. In contrast, the
highest concentrations of CO2 in the melt inclusions
can be well accounted for by mantle melting without
significant contribution from subducting slab. The
difference between the flux estimates can therefore serve to distinguish between the CO2 flux from
the mantle wedge, represented by the highest‐CO2
MORB‐like melt inclusions, and the total flux
from the subduction system, derived from quiescent
degassing and numerical modeling. Our results,
combined with the published fluxes, therefore imply
that about two thirds of the CO2 emitted from the
entire Central American subduction system originated from the subducting slab. This ratio implies a
higher mantle contribution to the total budget of
CO2 than previous estimates, which provide percentages of 10% mantle origin, while 76% are
considered to stem from marine carbonates and 14%
from organic sediments [de Leeuw et al., 2007]. The
estimate of Shaw et al. [2003] attributes an even
higher portion to the marine carbonates (86.4%
relative to 5.6% mantle and 8.1% organic sediments). With regard to atmospheric effects of arc
volcanism, this means that explosive CO2 emissions
into higher atmospheric levels involve only a subordinate fraction of the total CO2 emitted. A far
larger amount of CO2 reaches the surface through
quiescent degassing and is discharged into the
atmosphere at near‐surface altitudes.

7. Conclusions
[22] Olivine‐hosted melt inclusions from the mafic

tephras along the CAVA analyzed in this study
contain up to 450 mg/g in Costa Rica, 1800 mg/g in
Nicaragua, and 500 mg/g CO2 in Guatemala. The
highest CO2 concentrations are found in the inclusions that trend toward MORB‐like compositions.
CO2 contents are decoupled from geochemical slab
tracers such as Ba/La, Ba/Th, and U/La, suggesting
that either the large input of sediments and carbonated slab components at the CAVA does not inherently lead to an increased CO2 output signal, or that
stronger degassing takes place in the most slab‐
affected melts because of an early formation of a
CO2‐bearing fluid phase. CO2 /Nb ratios in the least
degassed melt inclusions from small cinder cones
such as Granada and Nejapa are within the MORB
array and suggest that the CO2 in these inclusions
could be close to that in undegassed melts formed

from the mantle wedge. The CO2 emissions estimated
for the mantle wedge amounts to 2.8 × 104 g/s.
Comparison of this rate with published data derived
from both quiescent degassing and numerical modeling, which are more likely to represent a total CO2
flux for the subduction system, implies that two
thirds of the CO2 flux to the surface in Central
America is derived from the subducting plate. This
study indicates that the CO2 in melt inclusions can
only provide minimal flux of CO2 out of a volcanic
arc. The power of volatile contents in melt inclusions, however, is that combined with the major and
trace element composition of the inclusion, they can
help identify a range of parental melt compositions
and distinguish different processes in magmatic systems such as polybaric or isobaric fractionation and
also identify gas fluxing from depth.
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