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San Cristóbal volcano in northwest Nicaragua is one of the most active basaltic–andesitic stratovolcanoes of the
Central American Volcanic Arc (CAVA). Here we provide novel constraints on the volcano's magmatic plumbing
system, by presenting the first direct measurements of major volatile contents in mafic-to-intermediate glass
inclusions from Holocene and historic-present volcanic activity. Olivine-hosted (forsterite [Fo] b80; Fob80)
glass inclusions from Holocene tephra layers contain moderate amounts of H2O (0.1–3.3 wt%) and S and Cl up
to 2500 μg/g, and define the mafic (basaltic) endmember component. Historic-present scoriae and tephra layers
exhibit more-evolved olivines (Fo69–72) that contain distinctly lower volatile contents (0.1–2.2 wt% H2O,
760–1675 μg/g S, and 1021–1970 μg/g Cl), and represent a more-evolved basaltic–andesitic magma. All glass
inclusions are relatively poor in CO2, with contents reaching 527 μg/g (as measured by nanoscale secondary
ion mass spectrometry), suggesting pre- to postentrapment CO2 loss to a magmatic vapor. We use results of
Raman spectroscopy obtained in a population of small (b50 μm) inclusions with CO2-bearing shrinkage bubbles
(3–12 μm) to correct for postentrapment CO2 loss to bubbles, and to estimate the original minimum CO2 content
in San Cristóbal parental melts at ~1889 μg/g, which is consistent with the less-CO2-degassed melt inclusions
(MI) (N1500 μg/g) found in Nicaragua at Cerro Negro, Nejapa, and Granada. Models of H2O and CO2 solubilities
constrain the degassing pathway of magmas up to 425 MPa (~16 km depth), which includes a deep CO2

degassing step (only partially preserved in the MI record), followed by coupled degassing of H2O and S plus
crystal fractionation at magma volatile saturation pressures from ∼195 to b10 MPa. The variation in volatile
contents from San Cristóbal MI is interpreted to reflect (1) Holocene eruptive cycles characterized by the rapid
emplacement of basaltic magma batches, saturated in volatiles, at depths of 3.8–7.4 km, and (2) the ascent of
more-differentiated and cogenetic volatile-poor basaltic andesites during historic-present eruptions, having
longer residence times in the shallowest (b3.4 km) and hence coolest regions of themagmatic plumbing system.
We also report the first measurements of the compositions of noble-gas isotopes (He, Ne, and Ar) in fluid inclu-
sions in olivine and pyroxene crystals. While the measured 40Ar/36Ar ratios (300–304) and 4He/20Ne ratios
(9–373) indicate some degree of air contamination, the 3He/4He ratios (7.01–7.20 Ra) support a commonmantle
source for Holocene basalts and historic-present basaltic andesites. Themagmatic source is interpreted as gener-
ated by a primitive MORB-like mantle, that is influenced to variable extents by distinct slab fluid components for
basalts (Ba/La ~ 76 and U/Th ~ 0.8) and basaltic andesites (Ba/La ~ 86 and U/Th ~ 1.0) in addition to effects of
magma differentiation. These values for the geochemical markers are particularly high, and their correlation
with strong plume CO2/S ratios from San Cristóbal is highly consistent with volatile recycling at the CAVA
subduction zone, where sediment involvement in mantle fluids influences the typical relatively C-rich signature
of volcanic gases in Nicaragua.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Central American Volcanic Arc (CAVA) extends 1100 km from
the border between Mexico and Guatemala to Costa Rica (Fig. 1) and
is generated by the northeasterly subduction of the Cocos Plate under-
neath the Caribbean Plate (DeMets, 2001). Nicaragua is located in the
middle of this volcanic chain (Fig. 1) and is characterized by several
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Fig. 1. Regional map of Nicaragua and San Cristóbal. a)Map of the subduction zone integrating arc segments from El Salvador (ESS), Nicaragua (NS), and Costa Rica (CRS). Arrows indicate
the direction of motion of the Cocos Plate and the convergence velocities relative to the Caribbean Plate (in millimeters per year) (after DeMets, 2001). The topography effect is the
cartographic layer file CleanTOPO2 (1:10 m Natural Earth II with Shaded Relief and Water) released by Smith and Sandwell in 1997, with contour shape files from ESRI and mapped
with ArcGIS (ArcMap 10.1,WorldMap). Plate segments and trench structures are interpreted from the bathymetry imaging in VonHuene et al. (2000). b)Map of themain lithostratigraphy
in the San Cristóbal–El Chonco–Casita area is based on the work of the Geological Survey of the Czech Republic (Havlicek et al., 2000; Hazlett, 1977, 1987). The instrument setting for mon-
itoring San Cristóbal is also shown.
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active volcanoes that show specific geochemical and petrological fea-
tures (Carr, 1984). Among these, San Cristóbal is a large (~107 km3)
and relatively young [~160 ± 60 ka, average ± standard deviation
(SD)] stratovolcano located in the Cordillera de los Maribios mountain
range on the northwestern margin of the Nicaraguan volcanic arc seg-
ment (Carr et al., 2007) (Fig. 1). Since the beginning of the Holocene,
San Cristóbal has alternated between quiescence phases with eruptive
cycles, including effusive eruptions, mild (Strombolian) to moderate
(Vulcanian) explosive eruptions, and rarer pumice-bearing sub-Plinian
eruptions (Havlicek et al., 1999, 2000; Hazlett, 1977, 1987). Volcanic
activity resumed at San Cristóbal in 1971, possibly indicating the onset
of a new eruptive cycle. San Cristóbal is currently one of themost active
basaltic–andesitic stratovolcanoes in Nicaragua (Fig. 1a). A better
understanding of the volcano's eruptive history and the present-day
plumbing system is therefore key to ensuring adequate preparedness
for any future, potentially harmful volcanic event.

A vast amount of petrological (Carr, 1984; Hazlett, 1977, 1987) and
volcanic gas (Aiuppa et al., 2014; Elkins et al., 2006; Hilton et al.,
2002; Shaw et al., 2003, 2006) information is available for San Cristóbal,
whereas the abundance and degassing behaviors of volatile species
have received little scrutiny. Filling this information gap is imperative
for identifying the depths of magma saturation and storage in the
crust underneath San Cristóbal and – in view of the role that volatiles
play inmantlemelting at subduction zones – themagma differentiation
(Zellmer et al., 2015 and references therein) and eruption style (Blundy
and Cashman, 2008 and references therein). In addition, few investiga-
tions of San Cristóbal have identified any temporal trends in the
chemistry of the erupted volcanic rocks, from the Holocene and historic
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to present-day, or derived the geochemical signatures of parental
magmas and mantle feeding sources.

In order to address the above-described deficiencies, the present
study explored the abundance, source, and behavior of volatiles in
magmas erupted during certain key Holocene and historic-present
eruptions at San Cristóbal. Our main objectives were to (1) identify
the volatile-related magmatic processes, and their variations over
time, and (2) provide new constraints on the San Cristóbal crustal
plumbing system. Glass inclusions from San Cristóbal were analyzed
for the first time for major elements and volatiles (CO2, H2O, S, and Cl)
using an electron microprobe and nanoscale secondary ion mass
spectrometry (NanoSIMS). A set of inclusions (of size 10–50 μm) was
also analyzed by micro-Raman spectroscopy in an attempt to correct
for CO2 loss to shrinkage bubbles, and thus to improve the estimated
entrapment depths of melt inclusions (MI). The first measurements of
He, Ne, and Ar noble-gas isotopes in fluid inclusions (FI) from mineral
separates from the same materials are also presented, with the aim of
tracing the origin of magmatic fluids, and for verifying if the Holocene
and historic-presentmagmas originated from the same parental source.

2. San Cristóbal volcano

San Cristóbal (12°70′ N and 87°00′W) is a basaltic–andesitic strato-
volcano at the northwest end of the Cordillera de los Maribios range in
the CAVA (Fig. 1a). San Cristóbal is part of a volcanic chain that includes
(from northwest to southeast) Casita (a composite volcano east of
San Cristóbal flanks), Telica, Santa Clara, Cerro Negro, Las Pilas, and
Momotombo (Fig. 1a). The SanCristóbal peak, or El Viejo, has a symmet-
rical morphology, is the highest cone in Nicaragua (1745m a.s.l.), and is
dominated by a 500 m × 600 m crater.

The volcanic complex including San Cristóbal and Casita also
contains older satellite volcanoes from the Pleistocene to the Holocene
(Fig. 1b) that are partially eroded and covered with lahar/mudflow
deposits and volcanic alluvium, such as Moyotepe (a composite basaltic–
andesitic cone), Apastepe (a tuff cone), and Chonco (a composite dacite
cone). Caldera La Pelona was formed by the only probable Plinian
eruption since the Plio-Pleistocene (Martinez and Viramonte, 1971).
The San Cristóbal–Casita complex also includes Pleistocene to Holocene
secondary scoriae cones andmaars with their associated lavas (Hazlett,
1977, 1987).

The Pleistocene to historic-present San Cristóbal pyroclastic deposits
(Havlicek et al., 2000; Heydolph et al., 2012) comprise well-sorted
layers of ash, scoriae, and pumice from long-lived Strombolian to
moderately Vulcanian activity. Volcanic bombs and blocks dominate
theproximal deposits (Hazlett, 1987). Theflanks of SanCristóbalmainly
comprise basaltic to basaltic–andesitic lava flows (Bolge et al., 2009;
Carr, 1984; Carr et al., 1990; Feigenson et al., 2004; Hazlett, 1977,
1987; Heydolph et al., 2012;Martinez and Viramonte, 1971) that record
recurrent effusive activity during theQuaternary andmost recently dur-
ing the 16th and 17th centuries (Hazlett, 1977; Mooser et al., 1958).
Most of the San Cristóbal magmatic eruptions have been explosive in
nature and concentrated at the central crater (Havlicek et al., 1999,
2000; Hazlett, 1987; Stoiber, 2001). Explosive eruptions with a volcanic
explosivity index (VEI) of 1 to 3 and producing pumice layers have been
reported since the 16th century (Hazlett, 1987; Stoiber, 2001 and
references therein; GVP, 2014). Fumarole activity also persisted during
the 16th and 17th centuries (Mooser et al., 1958).

After almost 3 centuries of dormancy, degassing activity restarted at
the San Cristóbal summit crater onMay 3, 1971 (Hazlett, 1977). Intense
gas emissions and small explosions continued throughout May–July
1971 (Stoiber, 2001). The degassing activity persisted until March
1976, when strong jet-like plume activity started that was accompanied
by significant increases in the fumarole temperatures, major collapses
inside the crater, and subsidence with minor seismic activity (Hazlett,
1977; Stoiber, 2001). A major violent explosion finally occurred on
March 16, 1976, since when quiescent degassing and explosive phreatic
events (VEI = 1–2) have alternated at the summit crater. SO2 fluxes
have been found to vary between b300 and 3050 tons/day depending
on the volcanic activity (Gemmell, 1987; Hazlett, 1977; Stoiber, 2001),
averaging at ~860±490 tons/day (see Conde et al., 2015 and references
therein; Galle et al., 2010). The volcanic gas plume is dominated by H2O
(Aiuppa et al., 2014; Robidoux, 2016).

The volcanic rocks erupted at San Cristóbal include basalts, basaltic
andesites, and dacites (Bolge et al., 2009; Carr, 1984; Carr et al., 1990;
Hazlett, 1977, 1987; Heydolph et al., 2012; Martinez and Viramonte,
1971; Patino et al., 2000). The main petrological processes active at
San Cristóbal were reviewed by Carr (1984), Hazlett (1977), and
Hazlett (1987). Geochemical tracers have been used to relate the
magmatic source to fluid contributions from the subducting plate
(e.g., Zr/Nb, Bolge et al., 2009; 18δO, Eiler et al., 2005; Sr, Nd, and Pb
isotopes, Heydolph et al., 2012; B/La, Leeman et al., 1994; Ba/La,
Patino et al., 2000). The results have been interpreted in light of regional
major- and trace-element patterns recognized along the various
segments of CAVA, but also up and down the stratigraphical sequence
of each volcano (Carr, 1984 and references therein; Patino et al.,
2000). The correlations between trace elements and isotope ratios
(e.g., B and Be) have been attributed to an increased slab sediment
input in Nicaragua (Carr et al., 1990; Leeman et al., 1994; Patino et al.,
2000).

3. Sampling and methods

3.1. Petrography and mineral chemistry

The petrology samples investigated in the present study consist of
crystal-rich scoriae and ash-fall deposits from historic-present (SC01A,
SC01B, SC02B, and SC5K) and Holocene (SC5C and SC11D) eruptions.
These deposits are from periods of intense explosive eruptions at San
Cristóbal, and were selected due to the presence of abundant olivine-
hosted glass inclusions. To standardize the conditions of phenocryst
formation, we used ash samples sieved at 0.5–2 mm, which minimizes
the effects of cooling rates and hydrogen lost during the formation of
MI (Lloyd et al., 2013).

Full details about the deposits are presented in Appendix A, with
stratigraphic sections described in Appendices B, C, and D. The period
of historic-present volcanism starts with the youngest samples (SC01A
and SC01B) that are fine-to-medium coarse ashes emitted during
December 2012. SC02B is a medium-to-coarse ash and lapilli-rich
layer that was deposited during the eruption in March 1976. SC5K is a
layer of coarse ashes and small lapilli with several lithic fragments
that comprises several volcanic and volcaniclastic layers deposited
from the historic to the present (1971–1977) eruptive cycle.

For the period of Holocene volcanism, SC5C is a layer of coarse ashes
and homogeneous lapilli-sized scoriae that forms part of the Escoria
Negra ashes and block with a maximum age of the Holocene based on
the stratigraphic correlation performed by Havlicek et al. (2000). The
older SC11D sample comprises medium-to-large lapilli-sized scoriae
and corresponds to the block-and-ashes deposit previously described
by the same authors.

Whole-rockmajor-element compositionswere analyzed for pyroclast
materials using wavelength-dispersive (WD) X-ray fluorescence (Rigaku
ZSX Primus) at DiSTeM (University of Palermo) (Table 1) with the WS-E
and JB-1a standards (Appendix E). Major elements were determined on
disks prepared from 9:1 mixtures of Li-tetraborate and pressed rock
powder that had been heated and oxidized when determining the loss
on ignition (LOI) values. Fe2O3 was calculated as the total iron content.
LOI values were obtained frommeasurements at 1100 °C for 1 h on repli-
cate powders dried for 24 h at 110 °C. The powder duplicatewas analyzed
for trace elementswith fusion inductively coupled plasmamass spectros-
copy (WRA4B2) at Actlabs (FUS-MS Code 4B2-Std, Ancaster, Canada).

Olivine, clinopyroxene phenocrysts, and glass fragments were
handpicked, prepared on Crystal-Bond™ resin, and then polished on



Table 1
Bulk-rock analysis of San Cristóbal samples. Major-element analysis performed based on the wavelength-dispersive X-ray fluorescence. LOI values have not been corrected for oxygen
uptake upon conversion of FeO to Fe2O3T in the furnace. Trace elements and REE were analyzed by inductively coupled plasma mass spectroscopy.

Period of magmatism Historic-present Holocene

Material Ashes Scoria Scoria Spatter/scoria Scoria Scoria
Age 12/25/2012 March 1976 15th Cent.-1977 Historic Holocene Holocene
Sample SC01A SC02B SC5K SC5J SC5C SC11D
Long. N12°41′47.587″ N12°41′53.221″ W87°00′59.8″ W87°00′59.8″ W87°00′59.8″ W87°00′32.6″
Lat. W87°01′41.727″ W87°01′7.867″ N12°41′59.3″ N12°41′59.3″ N12°41′59.3″ N12°41′29.8″

SiO2, wt% 52.31 52.85 50.18 49.84 47.48 48.44
TiO2 0.70 0.88 0.92 1.06 0.85 0.98
Al2O3 18.43 16.51 18.48 18.00 20.10 18.24
Fe2O3T 10.32 11.00 10.92 11.16 10.68 11.57
MnO 0.17 0.21 0.21 0.21 0.19 0.21
MgO 2.94 3.88 4.03 3.47 4.66 4.77
CaO 10.48 10.33 9.78 9.63 11.74 10.48
Na2O 2.82 2.41 2.80 2.94 2.18 2.60
K2O 0.42 0.50 0.66 0.74 0.42 0.57
P2O5 0.13 0.14 0.20 0.23 0.14 0.18
L.O.I. 0.22 0.81 0.29 0.98 0.76 0.51
Total 98.94 99.52 98.19 97.27 98.43 98.02
Mg# (FeOT) 0.36 0.41 0.42 0.38 0.46 0.45
V, ppm 250 308 292 310 314 325
Cr b20 b20 b20 b20 b20 b20
Co 26 29 22 21 26 26
Ni b20 b20 b20 20 20 b20
Cu 150 190 160 210 200 220
Zn 200 100 90 110 80 90
Ga 19 19 20 20 19 19
Rb 11 13 14 15 9 11
Cs b0.5 b0.5 b0.5 0.5 b0.5 b0.5
Sr 592 572 562 541 523 498
Y 16 21 21 24 16 19
Zr 42 50 49 57 34 41
Nb 2 2 b1 1 b1 b1
Ba 509 594 601 646 407 484
La 5.8 7.5 7.5 8 4.6 5.9
Ce 12.7 16.6 16.2 18 10.5 13.6
Pr 1.93 2.52 2.52 2.8 1.78 2.2
Nd 9.2 12.7 12.5 14.1 9 11
Sm 2.6 3.4 3.4 4.1 2.6 3.2
Eu 0.92 1.08 1.07 1.24 0.86 1.01
Gd 2.6 3.5 3.5 4 2.6 3.4
Tb 0.5 0.6 0.6 0.7 0.5 0.6
Dy 3 3.9 3.7 4.4 2.9 3.6
Ho 0.6 0.8 0.8 0.9 0.6 0.7
Er 1.8 2.3 2.1 2.7 1.7 2.2
Tm 0.26 0.34 0.33 0.41 0.25 0.33
Yb 1.7 2.2 2.1 2.6 1.7 2.2
Lu 0.28 0.36 0.33 0.39 0.25 0.33
Hf 1.1 1.3 1.5 1.8 1 1.3
Ta b0.1 b0.1 b0.1 b0.1 b0.1 b0.1
Pb b5 b5 b5 b5 b5 b5
Th 0.8 1 0.9 0.9 0.5 0.6
U 0.6 0.7 0.7 0.8 0.5 0.6
Ba/La 87.8 79.2 80.1 80.8 88.5 82.0
U/Th 0.8 0.7 0.8 0.9 1.0 1.0
La/Yb 3.41 3.41 3.57 3.08 2.71 2.68
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one side to allow intersection of glass inclusions. The contents of major
elements, Cl, and S in glass inclusions (Section 3.2) and the composi-
tions of groundmass glasses and crystals were determined using a
JXA-8200 combined WD/ED (energy-dispersive) electron microprobe
(EMPA) at Istituto Nazionale di Geofisica e Vulcanologia (INGV) in
Rome. The analytical conditions were a beam current of 6.3 nA, acceler-
ating voltage of 15 kV, and beam diameter of 5 μm. The counting times
for the glass inclusions were 10 and 5 s at the peak and background, re-
spectively. Appendix F presents EMPA compositions for 41 different
glass inclusions from 20 different olivine crystals and 2 clinopyroxenes.
Additional EMPA spot measurements without inclusion results were
made on 27 olivines (for different core and rim spots), and other 12
spots on 6 clinopyroxenes. Crystal reference materials were used for
the following elements (standard abbreviations in parentheses): Na
(Ano), Ca (An), K (kfs), S (Brt), Cl (sdl), Mg (Aug), P (Ap), Fe (Fa), Ti
(TiO), Mn (Rdn), Cr (Mg-chromite), and Ni (Ni-metal). Appendix G
lists the average matrix glass compositions of the studied samples.
Duplicates of international glass references were analyzed to evaluate
the measurement accuracy (Fine and Stolper, 1986; Hauri et al., 2002,
2006) (Appendix H).

The compositions of MI in olivine phenocrysts were corrected for
postentrapment crystallization (PEC) and for Fe loss using Petrolog3
(Danyushevsky and Plechov, 2011) while fixing an Fe–Mg distribution
coefficient between olivine and liquid (KD

Fe–Mg
ol–liq = 0.30) (Toplis,

2005). The major-element concentrations were recalculated on a
volatile-free basis. The ratio of ferric Fe3+ to total iron specie FeOT (cal-
culated as Fe3+/∑Fe) was approximately 0.24 (Kilinc et al., 1983). An
Ni–NiO buffer (NNO) was used for the distribution coefficient, which
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corresponds to the median value of the oxidation state in arc magmas
(Jugo, 2009). In this method, an olivine component is added
incrementally in steps of 0.01% until the MI reach equilibrium with
the host olivine and follow the general FeOT-vs-MgO trend of bulk
rocks. Uncorrected values are listed in Appendix F with their mineral
host compositions, while the corrected values are listed in Appendix I.

Similarly, MI hosted in clinopyroxene phenocrysts were corrected for
PEC using a custom-made Excel spreadsheet, adding the clinopyroxene
component to the MI until equilibrium (KD

Fe–Mg
cpx–liq = 0.27) was

reached, with the same redox conditions and ratio of iron species
applied as for olivine.
3.2. Volatile contents in glass inclusions

The CO2, H2O, S, and Cl concentrations were determined using a
Cameca NanoSIMS 50/50L ion probe at Carnegie Institution for Science
in Washington. The polished crystals and standard samples were
pressed into Indium inside 25-mm-diameter Aluminum-metal disk
mounts in accordance with the procedure described by Hauri et al.
(2002). Samples and standards were analyzed in a vacuum chamber
(pressure b 5 × 10−9 Torr). A primary voltage of ~8 kV was applied to
the primary 133Cs+ source. Themeasurements involved a presputtering
time of 180 s over an area of 20 × 20 μm2, followed by data collection
within the central area of the sputter crater (down to 3.8 × 3.8 μm2).
Limiting data collection to the central part of the crater eliminates sur-
face contamination of volatiles that can occur at the crater edge (Hauri
et al., 2002). The NanoSIMS 50/50L device was calibrated using the fol-
lowing set of natural basaltic and basaltic–andesitic glasses as well as
nominally anhydrous minerals: 1654, 1833-11, 1833-1, 1846-12, 519,
A288opx, CM58ol, GRR1012ol, Herasil, IndiaEn, KBH-1opx, KenyaEn,
KLV-23ol, ROM177ol, ROM250-13ol, ROM250-2ol, ROM273opx, and
WOK28-3 (Hauri et al., 2002, 2006; H. E. Hauri, personal communica-
tion). To quantify the concentrations of volatile elements, intensities
of the secondary ions 12C−, 16OH−, 32S−, and 35Cl− were measured
and normalized to the intensity of 30Si− (Appendix J). Two secondary
reference materials (GL07 D30-1 and ALV519-4-1, from Hauri et al.,
2002) were measured two or three times per day during the 4-day an-
alytical period. The relative errors for CO2, H2O, S, and Cl were 13.8%,
7.1%, 11.4%, and 14.8%, respectively. The instrument calibration is
based on low-CO2 (maximum 600 μg/g) reference materials since the
calibration curve does not remain perfectly linear for higher values,
which may affect the estimation of volatile contents. The resulting
concentrations are listed in Appendix K.
3.3. Raman spectroscopy

A subset of inclusions was selected for testing the presence and
extent of CO2 migration into bubbles (Robidoux, 2016). In this investi-
gation, olivine crystals holding bubble-bearing glass inclusions were
prepared in CrystalBond™ on sections polished on one side for micro-
Raman spectroscopy (Horiba Jobin Yvon HR800, LABRAM HRVIS,
Laboratorio di spettroscopia MicroRaman, Dipartimento di Scienze
della Terra, Università degli Studi di Torino). Samples were observed
with a micro-Raman petrographic optic microscope with high resolu-
tion of 1 μm (BX41, Olympus). Five bubbles from naturally quenched
glass inclusions (analyzed for volatile contents) were selected for
Raman spectroscopy, and they occupied ~b5 vol% of glassy, spheri-
cal–ellipsoidal-shaped fully-enclosed inclusions, with no visible
postentrapment daughter crystals, oxides, or crystallization on the
inclusion walls (Appendix L). Based on these textural characteristics
we considered that the selected samples were shrinkage bubbles with
CO2 exsolved from the host MI entirely as vapor after trapping, which
could be reintroduced into the glass by mass-balance calculations
(Aster et al., 2016; Wallace et al., 2015 and references therein).
3.4. Noble-gas isotopes from mineral separates

The element and isotope compositions of He, Ne, and Ar were
measured in FI hosted in the olivine and pyroxene crystals at INGV in
Palermo. Olivine and pyroxene crystals were separated from 0.5 to
1 mm fractions of the ashes and scoriae layers using a heavy liquid
(sodiumpolytungstate), and then carefully handpicked under a binocular
microscope. The selected crystals were cleaned using a bespoker protocol
(Di Piazza et al., 2015), and then each group of samples (0.1–1.3 g) was
placed inside stainless-steel bowls and installed in a crusher. Noble
gases trapped inside FI were released by in-vacuo single-step crushing,
which minimizes the contribution of cosmogenic 3He and radiogenic
4He that could be trapped in the crystal lattice (e.g., Hilton et al., 2002).
Gas released from the mechanical fragmentation of crystals was cleaned
in an ultra-high-vacuum purification line. He isotopes (3He and 4He)
and 20Ne were measured separately by two different split-flight-tube
mass spectrometers (Helix SFT-Thermo). The 3He/4He ratios are
expressed in units of R/Ra (where Ra is the 3He/4He of air; i.e., 1.39 ×
10−6). The analytical uncertainty of He-isotope ratio measurements was
b11%. The R/Ra values were corrected for atmospheric contamination
based on 4He/20Ne (e.g. Sano and Wakita, 1985) and are expressed
hereafter as Rc/Ra values. Ar isotopes (36Ar, 38Ar, and 40Ar)were analyzed
by amulticollectormass spectrometer (GVI Argus) at an analytical uncer-
tainty of b1.5% (Appendix M). The uncertainty in the measured amounts
of He, Ne, and Ar elements was b5%. Typical blanks for He, Ne, and Ar
were b10−14, b10−16 and b10−14 mol, respectively. Further details on
sample preparation and analytical procedures are available in Di Piazza
et al. (2015).

3.5. Volcanic gas plume measurements

To complement the volatile studies of rocks, we also measured the
H2O, CO2, and SO2 compositions of the San Cristóbal plume during
April 11–16, 2013 using a multicomponent gas analyzer system
(Multi-GAS; see Aiuppa et al., 2005; Shinohara, 2005). The sensor as-
semblage used in this study is described in Aiuppa et al. (2014). Data
were processed using the Ratiocalc software to calculate ratios between
individual volatiles according to the method of Tamburello (2015).

4. Results

4.1. Petrography and mineral chemistry

The studied rocks are variably porphyritic, with phenocryst and
microphenocryst (void-free) abundances in the SC02B, SC5K, SC5C,
and SC11D samples of 55, 55, 45, and 60 vol%, respectively, as deter-
mined by scanning electronmicroscopy/EDX-ray spectroscopy imaging
(Romano, 2015). The phenocryst abundance decreased in the order
plagioclase N olivine N clinopyroxene N magnetite. Scoriae fragments
of coarse-ash size are frequently highly vesicular, and groundmass is
generally microcrystalline to glassy, but some samples can have a high
microcrystalline density with equigranular plagioclases in the matrix.
Frequent intergrowths including these four phases have been observed
in the SC02B and SC5K historic-present samples, while in SC5C, SC5J and
SC11D, the fragments are less microcrystalline, highly vesicular, and
contain more phenocrysts of plagioclase and olivine, with rare-to-
absent clinopyroxene.

4.1.1. Olivine phenocrysts
Olivine phenocrysts are euhedral to subhedral and show lower

forsterite (Fo) content (in mol%) in historic-present scoriae samples
than in Holocene ones, oftenwith normal zoning (Fig. 2). SC02B pheno-
cryst cores (number of spots [n] = 19; Fo66–71) are slightly more mag-
nesian than the rims (n = 3, Fo64–66). Olivine Fo69 enclosed inside
clinopyroxene [Mg/(Mg + Fe) = 0.72] is also present. In SC5K, the
core (n = 8, Fo69–71) shows a similar composition to the rim (n = 3;



Fig. 2. Histogram of Mg# from mafic phenocrysts in tephra. Spot measurements were
made by electron microprobe analyses at INGV in Rome. The average (“Avg.”) Fo
contents for olivines and Mg# from clinopyroxene (expressed as Mg/(Mg + Fe) in
Appendix F) in each layer were calculated according to Morimoto (1988).
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Fo66–71). The proportion of olivine crystals with MgO lower in the rim
than in the core is greater for historic-present samples (six of six)
than for Holocene ones (three of six). Holocene magmas such as SC5C
do not exhibit core–rim zoning (core: n = 7, Fo69–74; rim: n = 3,
Fo72–73), but the olivine phenocrysts at the top of the SC5C sequence
(SC5D) have a higher Fo% (n = 8, Fo78–80). SC11D has Fo77–80 in the
core (n= 8) and Fo76–79 (n= 3) in the rim. To determine which series
of olivines provide the best conditions for inclusion entrapment, 100
olivineswere selected in each layer, then the proportion of olivines con-
taining glass inclusions were calculated (in the order SC02B, SC5K,
SC5C, and SC11D), with the results being 100%, 100%, 67%, and 46%,
respectively. The proportions of olivines with closed glassy inclusions
that contain a bubble were 4%, 3%, 15%, and 12%, respectively.

4.1.2. Clinopyroxene phenocrysts
Clinopyroxene phenocrysts are euhedral to subhedral and exhibit

matrix–rim contact with no disequilibrium textures. They are classified
as augite (En41–44 Wo39–41), and core-to-rim zoning is absent.
Fig. 3. FeOT vs MgO and rock classification diagram. Basalt and basaltic andesite phenocrysts-
southeast and northwest Nicaragua (Atlas, 2008; Portnyagin et al., 2014; Roggensack et al., 199
for bulk rock from San Cristóbal are represented by the black squares (Bolge et al., 2009; Carr, 1
1971). Repeated analyses involving international standard glasses resulted in errors of ≤1%. a) Fe
dots with the same color representing the data set) and with correction for PEC (large green a
pretation of the references to color in this figure legend, the reader is referred to the web vers
Mg/(Mg + Fe) varies between 0.70–0.74 (n = 12; SC02B) and
0.67–0.71 (n = 2; SC01A) (Fig. 2).

4.2. Major- and trace-element geochemistry

4.2.1. Whole rock
Thewhole-rock composition ranges frombasaltic to basaltic–andesitic

(SiO2= 48.7–52.8 wt%, K2O=0.55–1.71 wt%; Fig. 3b). The least-evolved
sample is SC5C, a high-alumina basalt, with 48.7 wt% SiO2, 4.7 wt% MgO,
and a relatively low total alkali content (Na2O + K2O = 2.7 wt%). The
most-evolved sample is SC01A, with SiO2 = 52.9 wt% and MgO =
2.8 wt%. Younger samples of ashes and scoriae lapilli (historic-present
samples SC02B and SC5K) are more evolved, with 53.6–54.3 wt% SiO2

and total alkalis at 3.0–3.3 wt%. The K2O content in bulk-rock samples is
much lower (0.47 wt%) for the 1976–2012 series (SC01A and SC02B)
than for older Holocene scoriae, while the MgO content is higher in
Holocene bulk rocks (4.7–4.9 wt%) than in historic-present samples
(3.0–4.2wt%) (Fig. 3a). Fig. 4 shows that the compatible oxides are similar
for all samples, as for example in CaO (10.0–12.1 wt%) and Al2O3

(17.0–20.6 wt%), but also TiO2 (0.7–1.1 wt%) and FeO (9.3–10.7 wt%).
CaO, Al2O3, and MgO (Fig. 4a,b,c,d) are negatively correlated with SiO2.
All samples fall in the calc-alkaline series.

The primitive mantle-normalized rare-earth elements (REE) bulk-
rock trends of all samples are rather flat in the multielement variation
diagram in Fig. 5, with a small light-REE enrichment (La/YbN =
1.8–2.4). Eu anomaly is small (Eu/Eu* = 0.92–1.07), and is slightly
more pronounced for basaltic andesites. San Cristóbal rocks are
enriched in large-ion lithophile elements (e.g., Cs, Rb, and Ba) relative
to normal-type (N-MORB), and they overlap the enriched-type
(E-MORB) range (Fig. 5a). Most samples have low contents of high-
field-strength elements (Ta, Nb, Zr, and Hf), and show a pronounced
negative Ta andNbanomaly (Fig. 5b). The SanCristóbal rocks exhibit es-
pecially high Ba/La and U/Th (79–88 and 0.7–1.0, respectively; Table 1),
similarly to other volcanoes in Nicaragua (Carr et al., 1990).

4.2.2. Glass inclusions and matrix glass compositions
Historic-present (uncorrected) glass inclusions generally follow

the same FeOT-vs-MgO trend of the corresponding bulk rocks (FeOT/
MgO = 2.7; with four bulk-rock samples having MgO b4.0 wt%)
hosted MI are shown as rounded shapes with white and striped interiors that represent
7; Sadofsky et al., 2008; Wehrmann, 2005; Wehrmann et al., 2011). Data in the literature
984; Carr et al., 1990; Hazlett, 1977, 1987; Heydolph et al., 2012;Martinez and Viramonte,
OT-vs-MgO trendofMIwithout correction for PEC (green and orange areas enclosing small
nd orange dots), and b) PEC-corrected MI with their K2O-vs-SiO2 classification. (For inter-
ion of this article.)
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(Fig. 3a). Instead, most of the Holocene (uncorrected) samples fall
along a trend at FeOT/MgO=2.1, which is the typical ratio for basalts
and Holocene bulk-rock samples from San Cristóbal literature and
our study (Fig. 3a). Nineteen out of 26 historic-present uncorrected
inclusions required the addition of N3% olivine to correct for PEC to
reach an equilibrium KD

Fe–Mg
ol–liq (0.30 ± 0.04), as explained above

(Fig. 3a). Eleven out of 17 Holocene uncorrected inclusions required
the addition of N3% olivine to reach equilibrium. The PEC includes
two anomalous inclusions in Fig. 3b that plot close to the trend of
evolved historic-present samples, owing to their more-differentiated
nature (olivine of Fo73 in SC5Cr6). The FeOT is generally higher in glass in-
clusions andmatrix glasses than in the bulk-rock samples of the same age
category.

The PEC-corrected glass inclusions from historic-present magmas
(SC01A, SC02B, and SC5K) are generally basalts to andesites. Holocene
magmas (SC5C and SC11D) are basalts that are rich in compatible
elements. For example, glass inclusions are richer in K2O in historic-
present samples (0.9–1.5 wt%) than in Holocene samples (0.3–1.2 wt%)
(Fig. 3b), with corresponding values of 51–56 wt% and 43–51 wt% for
SiO2.

Matrix glass samples have similar major-oxide contents in the
Holocene and historic-presentmagmas, and they are classified as basaltic
andesites (Figs. 3, 4). The SiO2 content is higher in matrix glass samples
(52–56 wt%) than in their corresponding glass inclusions and bulk
rocks. Matrix glasses from pumice fragments from Robidoux (2016)
(63–73 wt%) (Fig. 4) are among the most-evolved pyroclastic products,
with much lower MgO, CaO, and Al2O3 contents (Appendix G;
Fig. 4a,b,c). In comparison, the most-evolved sample in the literature is
a bulk-rock analysis from a flank lava flow (the Cola de Iguana Flow in
Hazlett, 1977) which was classified as a dacite.
Fig. 4. Harker diagram of major elements. The red contour circles are the proposed primitive
process (Ol for olivine; Plg for plagioclase), constructed using the XLFRAC program with part
percentage crystallization (volume fraction) are illustrated for distinct mineral phases. a) Ca
Fig. 3, but including historic-present pumice composition from Robidoux (2016). (For interp
version of this article.)
4.3. Contents of volatiles

H2O contents, as measured by NanoSIMS, are lower in glass
inclusions of historic-present samples SC01A–SC02B (0.1–1.9 wt%)
and SC5K (0.1–2.2 wt%) than in Holocene samples such as SC5C
(0.2–2.7wt%) and SC11D (2.0–3.3wt%) (Appendix K). The CO2 contents
determined by NanoSIMS are also lower in glass inclusions of historic-
present samples: 17–150 μg/g in SC01A–SC02B and 16–202 μg/g in
SC5K. Low-to-moderate CO2 contents are observed in Holocene
samples: 92–527 μg/g in SC5C and 117–406 μg/g in SC11D. These find-
ings indicate a broad correlation between the CO2 and H2O contents.
For instance, the average CO2 content is four times higher in Holocene
samples (347 μg/g) than in historic-present samples (88 μg/g), while
the average H2O content is twofold higher in Holocene samples than
in historic-present samples (2.3 vs 1.3 wt%).

Historic-present andHolocene glass inclusions contain comparable S
and Cl contents (Appendices I and K). Although a few inclusions were
analyzed for S and Cl by both EMPA and NanoSIMS (with good overall
agreement between the two techniques; see Robidoux, 2016), only
NanoSIMS results are reported here since the smaller minimum aper-
ture window size in this instrument allows smaller glass inclusions to
be measured. Results for matrix glasses were obtained using EMPA,
whose wider laser beam allows larger surface areas to be analyzed
(Appendix G).

Glass inclusions of historic-present samples show S contents of
270–1676 μg/g in SC5K and 37–818 μg/g in SC01A–SC02B by using
NanoSIMS measurements (Appendices I, K). Holocene samples (SC5C
and SC11D) contain on average 1889 μg/g S (range = 275–2532 μg/g).

Matrix glasses measured by EMPA in SC02B (n = 6) contain
32–372 μg/g S (Appendix G). The glassy border rims of olivine
composition used for modeling (inclusion sample SC11D1) fractional crystallization (FC)
ition coefficients listed in Robidoux (2016). The length of each vector and the minimum
O vs SiO2. b) Al2O3 vs SiO2. c) MgO vs SiO2. d) TiO2 vs SiO2. Symbols are the same as in
retation of the references to color in this figure legend, the reader is referred to the web



Fig. 5. Spidergrams for trace elements and REE in bulk rock. Original values were normalized to the pyrolite sample fromMcDonought and Sun (1995) representing primitive mantle. In
San Cristóbal bulk rock, ash and scoriae products are representedwith lava samples analyzed from the literature (see Bolge et al., 2009; Carr, 1984; Carr et al., 1990; Heydolph et al., 2012)
with distinct pyroclast chemistry and line colors individualized for each sample in the present study. The minimum andmaximumnormalized samples in Nicaragua are delimited with a
gray polygon (see regional data in Carr et al., 2007; Patino et al., 2000 and references therein; Bolge et al., 2009; Feigenson et al., 2004; Heydolph et al., 2012; Walker et al., 2003 and
references therein). N-MORB and E-MORB are from Gale et al. (2013). a) REE (left to right: light to heavy). b) Trace elements and REE (left to right: decreasing incompatibility). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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phenocryst samples are ideal sites for comparisons between the trapped
melt that normally conservemost of the original volatile contents vs the
glassy rim affected by external melt crystallization and loss of volatiles.
Samples in SC5K (n= 3) contain 929–1189 μg/g S (Appendix G), while
for Holocene (SC5C and SC11D), olivine glass rims contain 68–196 μg/
g S (n = 3) in their matrix glasses (Appendix G).

Scoriae from historic-present samples (SC01A, SC02B, and SC5K)
contain on average 1043 μg/g Cl in their glass inclusions measured
with NanoSIMS (20–1479 μg/g; Appendices I, K). In scoriae from Holo-
cene samples (SC5C and SC11D), olivines contain on average 1542 μg/g
Cl (1351–2210 μg/g Cl; Appendices I, K).

Matrix glasses measured by EMPA in SC02B groundmass contain
850–1220 μg/g Cl, and 100–1650 μg/g Cl was detected close to the
border of olivine phenocrysts (Appendix G). The glassy border rims of
olivine phenocrysts contain 770–1220 μg/g Cl in SC5K. Holocene sam-
ples SC5C and SC11D have matrix glasses containing 930–1180 μg/g Cl
(Appendix G).
4.4. Raman-corrected CO2 contents

Several glass inclusions contained bubbles, representing 0.4–2.2 vol%
of the inclusion volumes.We selectedfive such spherical/ellipsoidal glass
inclusions (among those for which NanoSIMS CO2 data were available in
Robidoux, 2016), and measured the CO2 contents of the bubbles based
on the presence of two intensity peaks at ~1285 and ~1380 cm−1 in
the Raman spectrum, defined as Fermi diad peaks. Only five out of
these samples had bubbles yielding clear CO2 signals in the Raman spec-
tra (Appendix L). No Fermi diads were detected for any bubble in SC11D
(N4.5 vol%), and so the presence of CO2 was not confirmed in these
samples.

The Fermi diad spacing is proportional to the fluid density inside the
bubble, which was calculated according to Fall et al. (2011). The CO2

mass contained in each bubble (bubble volumemultiplied by its density)
was then added to the mass of CO2 in the host glass inclusion as derived
from the glass density and volume (according to Ochs and Lange, 1999)
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and the CO2 content as measured by NanoSIMS. The derived total CO2

concentrations (in glass inclusions and bubbles) were 718–1889 μg/g
(with an uncertainty of ±26) and substantially exceed the original
(uncorrected) glass-inclusion CO2 contents of 71–527 μg/g.
4.5. Noble-gas isotopes in fluid inclusions

We analyzed He, Ne, and Ar in six samples (layers SC02B, SC5K, and
SC11D) in which sufficient olivine and pyroxene (only for SC02B)
crystals were available for separation and isotope analyses. The obtained
data are presented in Appendix M.

The 4He concentrations measured in FI from olivines of scoriae and
ash samples varied from 1.42 × 10−14 to 7.02 × 10−14 mol/g, with the
gas content generally being higher for Holocene basalts than historic-
present ones (Fig. 6). Clinopyroxene crystals were only found in
sufficient quantity in SC02B, and the resulting 4He concentration was
1.59 × 10−14 mol/g, which is comparable to that of olivine crystals
(Fig. 6). Ne and Ar in olivines range from 6.61 × 10−16 to 3.76 ×
10−15 mol/g and from 1.89 × 10−13 to 1.30 × 10−12 mol/g,
respectively. 40Ar/36Ar was 300–304 in all samples, which is close
to the atmospheric signature (40Ar/36Ar = 295.5). Coherently,
4He/20Ne was 10–374 (the atmospheric 4He/20Ne is 0.318). Both
40Ar/36Ar and 4He/20Ne indicate that gases released from FI contain
an atmospheric-derived component.

The 3He/4He ratios (expressed as Rc/Ra values) (number of samples
[N] = 5) vary between 6.44 and 7.20 Ra (6.95 ± 0.30 Ra) in olivines,
while the only measurements of clinopyroxenes (in SC02B) yielded
6.45 ± 0.75 Ra (Fig. 6). The two lowest values (6.44 and 6.45 Ra)
were found in olivines of SC5K (rich in lithic material) and in
clinopyroxenes of SC02B. Previous volcanic gas studies (Elkins et al.,
2006) in Nicaragua considered 3He/4He lower than 6.8 Ra to be unrep-
resentative of the magmatic source, and affected by the significant
addition of crustal 4He to the gases. The range of 3He/4He can be thus
restricted to 7.01–7.20 Ra, which is within MORB-like values (R/Ra =
8 ± 1; Graham, 2002).
Fig. 6. Rc/Ra vs He concentration (mol/g). FI hosted in olivines (circles) and clinopyroxenes (di
theMORB-like range (7–9 Ra) from Graham (2002), here reported as gray area. Samples from s
blue line. (For interpretation of the references to color in this figure legend, the reader is referr
4.6. Plume composition

The volcanic gas plume, measured by a portable Multi-GAS, was
characterized by a hydrous composition, with H2O/CO2 at 6.9–41.6
(18.7 ± 9.4) (Conde et al., 2015; Conde, 2015; Robidoux, 2016). The
coacquired CO2/SO2 ratios (Aiuppa et al., 2014) were 2.8–5.2 (3.8 ±
0.7). From these ratios, and assuming minor contributions from gases
such as H2, H2S, and HCl, the molar proportions of the major volcanic
components (H2O, CO2, and SO2) in the plume were calculated at
85–97 mol% H2O (average of 92%), 2–12 mol% CO2 (average of 6%),
and 3–5 mol% SO2 (average of 3.8%).

5. Discussion

5.1. Volatile contents and magma composition

The composition of the San Cristóbal MI suggests low-to-moderate
volatile contents based on the available information on CAVA magma
chemistry. The H2O content in San Cristóbal MI is 0.5–3.3%, which is
comparable to values in Guatemala (1.5–2.8%) (Roggensack, 2001;
Walker et al., 2003; Wehrmann et al., 2011) and Costa Rica (0.2–3.9%)
(Benjamin et al., 2007; Wade et al., 2006; Wehrmann et al., 2011), but
is distinctly lower than that for other Nicaraguan volcanoes, such as
Telica (~3%), Granada (1.9–5.0%), and Cerro Negro (0.5–6.1% during
1971–1995) (Atlas, 2008; Portnyagin et al., 2014; Roggensack et al.,
1997; Sadofsky et al., 2008; Wehrmann et al., 2011). Major oxides in
glass inclusions indicate that H2O loss is associatedwithmelt differenti-
ation. San Cristóbal basalts (SiO2 b 52 wt%) have an H2O content of
2.2± 0.7 wt%, which is nearly twice that of a basaltic–andesitic compo-
sition (SiO2 N 52%; H2O= 1.3 ± 0.5 wt%). Some H2O loss cannot be ex-
cluded even for the H2O-richest (3.3 wt% H2O) most-mafic inclusions,
whose host olivines (Fob80) are far from representing typical primary
basalts (FoN90). In addition, the presence of microporphyric textures in
the groundmass and around crystal rims (Romano, 2015) suggests
that quenching was too slow to preserve the original H2O content.
Moreover, postentrapment H2O loss (Section 5.3) cannot be ruled out.
amonds) from this study are illustrated with their error bars (1σ). Values are compared to
ummit fumaroles collected in 2002 from Shaw et al. (2003) are represented by the dashed
ed to the web version of this article.)
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The S and Cl abundances also decrease upon melt differentiation,
reflecting decreasing solubilities upon magma ascent and decompres-
sion (Wallace and Carmichael, 1992). The average S content is far higher
in basalts than in basaltic andesites (1316 ± 621 vs 755 ± 507 μg/g),
while Cl is moderately enriched in basalts (1522 ± 490 vs 1143 ±
412 μg/g).

The correlation between the abundance of volatiles in San Cristóbal
magmas and the major-element composition is clearly evident in
Fig. 7, which shows the respective roles of crystallization and degassing
in controlling the enrichment and depletion of volatiles in melts. To un-
derstand the effect of magma differentiation on volatiles, both K2O and
Mg# are used as tracers. The abundance of K2O is very low inmostmafic
melts belonging to the subalkaline series, and this is commonly used as
a crystal fractionation index due to potassium incompatibility during
magma differentiation (Ruscitto et al., 2012 and references therein).

The K2O-normalized abundances of volatiles at San Cristóbal
(Fig. 7a,b,c,d) exhibit single, continuous compositional trends that are
concurrently determined by crystallization and degassing, with most
CAVA magmas plotting along the same compositional trend (Fig. 7).
The evolutions of Holocene and historic-present samples are somewhat
distinct, following nearly vertical and nearly horizontal trends, respec-
tively. This suggests that the volatile behaviors of less-evolved, basaltic
volatile-rich inclusions from Holocene eruptions (SC5C and SC11D)
are mainly determined by degassing, including a large proportion of
the volatiles being lost during the early differentiation stages. More-
differentiated and volatile-poor inclusions from historic-present erup-
tions (SC02B and SC5K) appear to have trapped already-degassed
Fig. 7. Volatiles vs indices of MI differentiation frommajor elements. NanoSIMS data for volatil
andesitic MI data from the literature. Telica and Cerro Negro (1992–1995) represent the northw
2008), while Nejapa, Granada, and Masaya represent the southeast Nicaraguan segment (Atlas
2011). Some representative MI from Guatemala segment are shown, for Fuego (Roggensack, 2
Atitlan–Agua (Wehrmann et al., 2011), aswell as the Costa Rica segmentwith Irazu andArenal
K2O. b) Cl/K2O vs K2O. c) S/K2O vs K2O. d) CO2/K2O vs Mg#, including Raman-corrected data (
inclusions). Arrows show the effects of CO2 addition. Raman-corrected data at Fuego are from
of the references to color in this figure legend, the reader is referred to the web version of this
melts, and their volatile/K2O ratios are mainly controlled by the extent
of crystallization. We conclude that the polybaric crystallization of
fluid-saturated magma at San Cristóbal governs the transition from pa-
rental basalts to basaltic andesites (Blundy and Cashman, 2008).
Degassing upon crystallization also explains why S/Cl is lower in basal-
tic–andesitic inclusions than in basalts (Fig. 7e).

The CO2 contents (uncorrected for Raman spectroscopy) in San Cris-
tóbal MI (17–527 μg/g CO2) are at the lower end of the CAVA MI range
(21–2342 μg/g CO2) (see Fig. 7d). Preentrapment CO2 loss (as discussed
in Section 5.2) can only account for these low CO2 contents, because San
Cristóbal glass inclusions do not overlap with the compositional do-
mains of C-rich CAVA magmas even after correction (see Figs. 7, 8a,b).
San Cristóbal is a long-standing stratovolcano (Hazlett, 1977; Mooser
et al., 1958) characterized by relatively slow magma ascent through a
plumbing system with multiple shallow ponding zones (Section 5.4)
that may favor CO2 loss to vapor before MI are trapped in host olivines
during crystal growth. The rate of magma ascent may thus be the
main factor controlling the CO2 content in CAVA glass inclusions
(Blundy and Cashman, 2008), resulting in deeply trapped CO2-rich in-
clusions (inmafic olivines) beingmore commonwheremagmahas rap-
idly been decompressed through the crust. The variations evident in
Figs. 7 and 8 are thus mainly due to degassing and crystallization
processes, and the low CO2 content of San Cristóbal MI relative to the
other Nicaraguan volcanoes could reflect (1) CO2 loss in the vapor
phase (including shrinkage bubbles) and/or (2) a higher extent of
degassing and shallow entrapment pressure. Both of these processes
are discussed in the next sections.
es from PEC MI (colored circles) are compared with a compilation of basaltic and basaltic–
est Nicaraguan segment (Portnyagin et al., 2014; Roggensack et al., 1997; Sadofsky et al.,
, 2008; Portnyagin et al., 2014; Sadofsky et al., 2008; Wehrmann, 2005; Wehrmann et al.,
001), Pacaya and surrounding monogenetic cones (Walker et al., 2003), and Santa Maria–
volcanoes (Benjamin et al., 2007;Wade et al., 2006;Wehrmann et al., 2011). a) H2O/K2O vs
black dots inside the green and orange circles; same color code as for uncorrected Raman
Moore et al. (2015) (black dot inside a blue square). e) S/Cl vs Mg#. (For interpretation
article.)
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5.2. Postentrapment CO2 loss to bubbles

As discussed above, San Cristóbal glass inclusions exhibit low-to-
moderate CO2 contents, which is probably due to CO2 separation into a
vapor phase at moderate-to-deep crustal depths (e.g., prior to magma
entrapment as glass inclusion; Métrich and Wallace, 2008). A low CO2

content is a common feature of arc basalts and andesites (Dixon et al.,
1995; Lowenstern, 2001; Sano and Williams, 1996; Wallace, 2005).

In addition to pre-entrapment CO2 degassing (Métrich and Wallace,
2008), low CO2 contents in MI can also be caused by syn- to
postentrapment CO2 partitioning into bubbles within MI (Lowenstern,
2001). We here attempt to evaluate – and correct for – this latter process
using a methodology inspired by recent technical advances in Raman
spectroscopy (Section 4.4). This correction increases the minimum
entrapment pressure of olivine MI (Section 5.3). After Raman-based
corrections representative of San Cristóbal melts, we consider a
minimum total CO2 content ranging from 527 μg/g (with SC5Cr6 having
the maximum value for uncorrected samples) to 1889 μg/g (with
SC5Kr1b having the maximum value for the five corrected samples).
Our maximum corrected value is close to those recently obtained at
Fuego volcano (Moore et al., 2015), where the measured CO2 contents
in MI were similarly corrected using Raman spectroscopy (and after
reheating the inclusions). These CO2-corrected results are difficult to
compare with uncorrected values that are commonly reported in the
literature for most arc volcanoes (Figs. 7, 8), and so both corrected
and uncorrected CO2 contents are utilized in the following discussion.
5.3. Evolution of deep and shallow magmatic volatiles

In order to evaluate the conditions of magma storage, ascent, and
degassing at San Cristóbal, the volatile contents in glass inclusions and
their major-element concentrations were compared with the results
of model simulations of volcanic degassing. To characterize the
shallower part of the plumbing system, the MI-based model results
were also compared against the compositions of major gas species in
the volcanic gas plumes as derived from Multi-GAS observations.

We used the SolEx software (Witham et al., 2012) to model the
degassing path of San Cristóbal magmas and calculate the equilibrium
compositions of coexisting melt and vapor phases over a range of pres-
sure and temperature conditions relevant to the system (Figs. 9–11).
The SolEx software has the advantage of allowing saturation models
to be derived in theH–O–C–S–Cl system. SolEx calculations take into ac-
count the compositional dependence ofmelt–fluid partition coefficients
for these species.
Fig. 8.Volatile normalization. a) CO2/S vsH2O/Cl. b) S/Cl vs CO2/H2O. Symbols are the same as in
MI trends from San Cristóbal, respectively.
Three sets of model runs were carried out (Figs. 9–11). Model 1 was
initialized using the highest volatile content measured in historic-
present MI, and is therefore considered representative of the degassing
behavior of basaltic andesites. In particular, the inclusion selected to ini-
tialize the simulations corresponds to sample SC5K3G, which contains
2.16 wt% H2O, 191 μg/g CO2, 1675 μg/g S, and 1970 μg/g Cl. Simulations
were performed at redox conditions of NNO = 0 and at 1120 °C, and
starting from an initial pressure of 90 MPa, which is the inclusion en-
trapment pressure calculated from the dissolved H2O and CO2 contents
using the SolEx model.

From the initial pressure of 90MPa, the degassing pathswere gener-
ated by a step-by-step decompression in either closed- or open-system
conditions; the simulations are shown by the continuous and dashed
lines in Fig. 9, respectively. Most of the measured historic-present
glass-inclusion compositions plot to the left of the model curves, indi-
cating either a lower (1.5–1.7 wt%) parental melt H2O content or,
more likely, that natural melts evolved in a vapor-buffered system.
Most of the historic-present glass inclusions cluster along the gas iso-
pleth at CO2 ~20%, and we assume that their host basaltic–andesitic
magmas evolved in a relatively shallow (b65MPa; Fig. 10) mafic reser-
voir, flushed by CO2-rich deeply sourced gas bubbles.

The gas in equilibriumwith theMI is somewhat richer in CO2 (~20%)–
and therefore more deeply sourced – than the San Cristóbal gas plume
we measured in April 2013 (CO2 = 2–12 mol%). Based on comparison
with model-predicted (model 1) gas compositions (Fig. 10), for this
latter gas we derive an equilibrium pressure of 55–65 MPa, which we
suggest corresponds to the pressure and depth of gas–melt separation
of the historic-present magmas. This assumption is supported by the
similar and typical CO2-rich compositions of other open-vent basaltic
to andesitic CAVA volcanoes in CAVA (e.g., Masaya) and the continuous
supply of CO2-rich gas from deeply stored magma (Giggenbach, 1992;
Wallace, 2005). Open-vent San Cristóbal plume emissions share similar
characteristics (moderately high CO2 fluxes and CO2/SO2 ratios in the
plume; Aiuppa et al., 2014), pointing to a CO2 contribution from deeply
stored magma.

Simulations involving model 2 were run in order to reproduce the
conditions of basaltic Holocenemagmaswith uncorrected CO2 contents.
The starting conditions for model 2 were taken from the composition of
SC11D1A (3.3 wt% H2O, 406 μg/g CO2, 2401 μg/g S, and 1446 μg/g Cl),
with NNO = 0 and at 1145 °C. The initial pressure was 195 MPa
(lower than that of 425 MPa for model 3), which instead used a maxi-
mum bubble-corrected CO2 content for the same input parameters
(1889 μg/g; Section 5.2).

Models 2 and 3 were thus similar, with both exhibiting degassing
trends (Fig. 9) showing rapid CO2 depletion in the melt at a constant
Fig. 7. B and BA indicate “only basaltic–andesitic” and “both basaltic and basaltic–andesitic”



Fig. 9. CO2 vs H2O ofMI from San Cristóbal. The volatile contents fromNanoSIMS (large circles) are plotted along isobars (continuous lines) and isopleths (dashed lines) constructed using
themodel ofWitham et al. (2012). Findings are shown for threemodels with starting pressures of 90, 195, and 425MPa (models 1, 2, and 3, respectively). For eachmodel, degassing paths
are shown for a closed system (continuous lines) and an open system (dashed line) with their respective starting pressures. The gray striped area represents CO2/H2O ratios from 2 to
12 mol% in the vapor from Multi-GAS plume data. To facilitate the interpretation of each group of samples in the solubility model and also because they have similar magma
compositions, the SC5C and SC11D basalts were grouped together has Holocene samples. SC02B and SC5K basaltic andesites were grouped as historic-present samples including the
eruption of March 1976 and December 2012. The same degassing paths in closed and open systems 1, 2, and 3 are also presented in Figs. 10–11.
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H2O (3.31 wt%) until a pressure of ~100 MPa was reached, followed by
H2O degassing at lower pressures. From thesemodels we conclude that
a CO2-rich deeply sourced magmatic system (relative to the historic-
present period) might have fed San Cristóbal activity during the Holo-
cene (N425 MPa), while historic-present eruptions might have been
generated from magmas residing in shallower parts of the plumbing
system. However, the H2O and CO2 contents measured in natural sam-
ples (MI) deviate from the model-derived degassing trend(s) even in
the Holocene case. Although postentrapment H2O diffusion through
the crystalline host network (Gaetani et al., 2012) cannot be ruled out,
H2O loss via CO2 fluxing (Blundy et al., 2010; Métrich and Wallace,
2008) is again suggested.
Fig. 10. Composition of volcanic gases and melt degassing-path models with relative H2O,
CO2, and St molar contents (total St is SO2 + H2S). Plume gas compositions from Multi-
GAS are shown with diverse degassing-path models from NanoSIMS MI data for volatile in
the vapor obtained using the SolEx software (Witham et al., 2012). The average quiescent
degassing plume composition during April 11–16, 2013 is shown, with the SD indicated.
The presence of gas fluxing is further supported by the plot of CO2 vs
S in Fig. 11a, inwhich glass inclusionswithout bubbles cluster along two
distinct groups with a clear linear relationship. Most of the glass inclu-
sions, including historic-present samples with moderate (~800 μg/g) S
contents and Holocene samples with high (N1600 μg/g) S contents, dis-
play CO2/S = 0.16–0.35. A group of MI exhibits a higher CO2/S (~0.35)
that is not matched by the trends of either model 1 (historic-present)
or models 2 and 3 (Holocene). This is considered further evidence of
the melt volatile contents being buffered by an external CO2-rich gas
phase that drives the early exsolution of both H2O and S. We assume
that early H2O exsolution in themelt (caused by CO2 fluxing) decreases
the S solubility (Moretti et al., 2003), thus resulting in amarked S deple-
tion from 1600 to 450 μg/g (Fig. 11).We caution that since S solubility is
strongly dependent on melt redox conditions (and on the formation of
solid sulfides/sulfates; Moretti et al., 2003), and because this is undeter-
mined for San Cristóbal, more rigorous modeling of S degassing is nec-
essary. However, we have found that the MI H2O-vs-S relations are
qualitatively reproduced by our models (Fig. 11b).

5.4. Evolution of the plumbing system at San Cristóbal

The degassing paths simulated for historic-present and Holocene
samples (Figs. 9–11) can be used to sketch the plumbing system
beneath San Cristóbal and make some inferences on its evolution. The
difference in saturation pressures between the Holocene and historic-
present samples supports polybaric fractional crystallization behavior
(Section 5.1). Historic-present magmas (SC02B and SC5K) are found
to have saturation depths of 0.2–3.4 km (Fig. 12). This range of depths
could correspond to a shallow ponding zone where magmas reside
and differentiate before eruption. Indeed, historic-present samples
uniquely have a basaltic–andesitic composition. The magma–gas equil-
ibration estimations made for plume gases (Fig. 12) yield a depth range
of 1.9–2.4 km, which is within the saturation range modeled for
historic-present magmas (Section 5.3). This implies that an active



Fig. 11. Binary diagram of volatileswith degassing paths of MI from San Cristóbal. The volatile contents fromNanoSIMS (circles) are plottedwith their SDs. a) Diagram of CO2 vs S showing
closed-open degassing paths initiating at 90 and 195MPa (models 1 and 2, respectively) with a regression line linking to groups with low (0.16) and high (0.35) CO2/S for MI. The closed-
open degassing path from model 3 is for CO2-corrected Raman data with a maximum S content of 2425 μg/g. The fumarole data from Stoiber (1972) (in Stoiber, 2001) are plotted as a
dotted line. Multi-GAS data are represented by the gray striped area delimited by the minimum and maximum ratios. Red polygons from SC5C are added to highlight the difference in
S contents relative to SC11D. b) Diagram of S vs H2O as in panel a for the degassing paths with the exception of model 3. The continuous line indicates the sulfide saturation from
Arenal with the gray rounded area representing their MI compositions similar to San Cristóbal data set (Wade et al., 2006). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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shallow ponding zone (b3.4 km below the vents at San Cristóbal) feeds
surface degassing. On the other hand, Holocene magmas resided more
deeply (at 3.8 and 7.4 km) before the eruption according to glass-
inclusion records (Fig. 12). Considering that Holocene samples have a
basaltic composition, historic-present magmas could reflect a longer
residence time in the plumbing system before an eruption. Pumice-
rich layers in old stratigraphic sequences of Holocene and historic-
present periods have been reported by Havlicek et al. (1999) and
Hazlett (1977) and support an even more complex magma intrusive
process (R. Hazlett, personal communication). However, there is cur-
rently insufficient geochronological information on the pre-Holocene
activity or evidence for repeated variations in themagmadepth storage.

The foundations of the San Cristóbalmagmatic plumbing system can
be partly explored based on the highest volatile content (corrected
Raman CO2 content) recorded in the most-primitive MI (SC11D1A) of
our data set. This inclusion leads to amagma–gas equilibration pressure
of 425 MPa, which corresponds to a depth of 16.1 km (Fig. 9). Other
independent methods support such depth estimation from the
clinopyroxene–liquid geothermo-barometer of Putirka (2008;
Eq. (32c)). Indeed, coexisting glass and crystals in the SC02B sample
(n = 8) (Appendices F, G) allow equilibrium pressures to be estimated
for a corresponding KD

Fe–Mg
cpx–liq that approaches equilibrium (0.27 ±

0.03) at temperatures of ~1140 °C (Appendix N). If clinopyroxene rim
compositions vs bulk matrix glasses (n = 8) are used, calculated
pressures vary from 158 MPa (SD = 20) to (i) 316 MPa (SD = 2), if
using melt inclusion (uncorrected for PEC) vs their own host
clinopyroxene core analyses (n = 2), or to (ii) 455 MPa, if instead are
used clinopyroxene cores vs bulk rock (n = 1). These results for the
crystal–liquid geothermo-barometer tests probably constrain a depth
range for the onset of magma differentiation between 4.1 and 17.2 km
(SD = 0.9).

Considering that the hypocenters of volcanotectonic seismicity re-
ported by INETER (GVP, 2014) are at depths of 1–15 km, and that the
crust beneath San Cristóbal is 24.6 ± 3.5 km thick (MacKenzie et al.,



Fig. 12. Model of scaled saturation depths for each magma composition at San Cristóbal since the Holocene. Depth values are based on a crustal geostatic gradient of 27 MPa/km. The
shallow zone for volatile separation is illustrated along the orange cylinder with transparent bubbles (1.5–2.5 km below summit). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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2008), it is reasonable to suppose that a depth of ~16 km is the lower
limit of the plumbing system at which magmas ascend directly from
the mantle.

5.5. Inferences on the magmatic source

As reported in Section 5.1 and shown in Fig. 4, a process of fractional
crystallization starting from a parental melt composition similar to
Holocene magma (SC11D) is able to reproduce the basaltic–andesitic
composition found in historic-present samples. This means that the
composition of the magmatic source beneath San Cristóbal could have
remained the same from Holocene to present times. This is supported
by noble gases in FI of olivine crystals from Holocene and historic-
present samples exhibiting a narrow 3He/4He ratio of 7.01–7.20 Ra
(Fig. 6) independently of Mg# variation in host crystals (Fig. 2). This
range is compatible with a MORB-like magmatic source (8 ± 1 Ra;
Graham, 2002), whichmay have remained homogeneous at San Cristóbal
since the Holocene, with no clear evidence of crustal contamination
within the plumbing system. The 3He/4He ratios measured in FI are
the highest ever found at this volcano, being sensibly higher than
those previously reported for fumaroles (5.65–5.74 Ra) (Elkins et al.,
2006; Shaw et al., 2003) (Fig. 6). This indicates that fumarole gases at
San Cristóbal are contaminated within a shallow hydrothermal system
by crustal rocks or fluids bearing radiogenic 4He before being released
at the surface (Snyder et al., 2003; Shaw et al., 2003) and so are not
representative of the magmatic source; another possibility is that the
magmatic activity was low at the time of sampling. Irrespective of the
process that reduces 3He/4He at the fumaroles, our study of FI has
indicated that it is crucial to assess whether the magmatic source
remained constant over time since the Holocene and at different depths
in the plumbing system.

We now consider the 3He/4He signature of San Cristóbal magmas in
the framework of other Nicaraguan volcanoes, and in comparison with
Ba/La (Fig. 13a,b) as an indicator of slab input and more specifically
sediment input from the Cocos Plate to the generation of magmas in
Central America (e.g., Patino et al., 2000 and references therein). It is
well documented that Ba/La shows large variations within CAVA, and
specifically within the Nicaraguan segment (Carr, 1984; Protti et al.,
1995). These variations along the arc coincide with changes in the
dipping of the subducting slab, whereas the steepest dip in Nicaragua
induces intensive metasomatism and melting of a smaller volume of
mantle (Carr et al., 1990). This results that the melt generated in the
mantle is heavily imprinted with the signature of the subducted slab
(i.e., high Ba/La). On the other hand, the 3He/4He signature does not
show important variations in the central and northern parts of the
Nicaraguan segment, for which data are available (Fig. 13b). The few
measurements made in FI from other volcanoes as well as most of the
measurements in fumarole gases show 3He/4He within the MORB
range, as also observed in several other arc volcanoes (Di Piazza et al.,
2015; Hilton et al., 2002; Rizzo et al., 2016). This implies that the
variable sediment input from the subducting slab (highlighted by Ba/La)
and the extent of mantle melting do not involve 4He-bearing rocks.

6. Conclusions

Volatile contents and major-elements data for olivine-hosted MI
were used to investigate the composition of primitivemagmas involved
in the explosive eruptions of San Cristóbal volcano in Nicaragua. We
found that some large explosive Holocene eruptions at San Cristóbal
were fed by basaltic magmas andweremoderately enriched in volatiles
(H2O and CO2). From the volatile contents in the glass inclusions, we
infer a minimum source depth of magmatic processes of 7.4 km. The
presence of CO2 in bubbles inside the glass inclusions, as detected by
Raman spectroscopy, indicates higher original C contents in the most-
primitive melts (N1889 μg/g CO2), and therefore greater entrapment
depths (N16 km or N425 MPa). In contrast, historic-present eruptions
have been associated with more volatile-poor basaltic–andesitic
magmas, which we attributed to degassing and polybaric crystal frac-
tionation of the primitive basaltic endmember. Longer residence times
in the shallow (b3.4 km) plumbing system prior to historic-present



Fig. 13. Plots of (a) Ba/La and (b) Rc/Ra vs distance (in km) along the arc from the border between northwest and southeast CAVA. Ba and La data are from the RU_CAGeochem database by
Carr et al. (2014), but only basalts and basaltic andesites from literature (b52wt% SiO2)withMgO N2.5wt%were selected for the illustration.MORB-range of Ba/La data is from Patino et al.
(2000), and includes both upper and lower altered oceanic crust (Ba/La calculated as 7–10). Ocean island basalts (OIB)-Galapagos Ba/La ranges are from Gazel et al. (2009). Rc/Ra data
measured in gases from Nicaraguan volcanoes (black bar) are from Elkins et al. (2006), Shaw et al. (2003), and Snyder et al. (2003), while Rc/Ra data from FI are from Poreda and
Craig (1989) and Shaw et al. (2006). Rc/Ra data are only shown if they are higher than our fixed threshold of 5.5.
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eruptions support the emission of more-evolved (basaltic andesites)
and volatile-poor magmas, all exsolved early in the vapor after being
fluxed by deep CO2.

Nevertheless, both Holocene and historic-present magmas reflect a
commonmantle source that has not undergone temporalmodifications,
as indicated by a narrow range of 3He/4He = 7.01–7.20 Ra in FI. These
ratios are higher than those measured in surface gases, suggesting that
the latter are contaminated by crustal fluids, which mask the pristine
He-isotope signature. The quiescent degassing plume of San Cristóbal
remains a C-rich indicator of the magma, and the correlation of CO2/S
with slab fluid tracers from trace elements and isotopes indicates the
importance of sediments along the subducting margin of Nicaragua in
comparison to other volcanoes of CAVA.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2016.12.002.
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