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We use the chemical and isotopic composition of volcanic gases and steam condensate, in situ measurements of
plume composition and remote measurements of SO2 flux to constrain volatile sources and characterize
subvolcanic conditions at three persistently degassing and seismically active volcanoes within the Katmai Volca-
nic Cluster (KVC), Alaska:MountMartin, MountMageik and Trident. In situ plumemeasurements of gas compo-
sition were collected at all three volcanoes usingMultiGAS instruments to calculate gas ratios (e.g. CO2/H2S, SO2/
H2S and H2O/H2S), and remote measurements of SO2 column density were collected from Mount Martin and
Mount Mageik by ultraviolet spectrometer systems to calculate SO2 fluxes. Fumaroles were directly sampled
for chemical and isotopic composition from Mount Mageik and Trident. Mid Ocean Ridge Basalt (MORB)-like
3He/4He ratios (~7.2–7.6 Rc/RA) within Mount Mageik and Trident's fumarole emissions and a moderate SO2

flux (~75 t/d) from Mount Martin, combined with gas compositions dominated by H2O, CO2 and H2S from all
three volcanoes, indicate magma degassing and active hydrothermal systems in the subsurface of these volca-
noes. Mount Martin's gas emissions have the lowest CO2/H2S ratio (~2–4) and highest SO2 flux compared to
the other KVC volcanoes, indicative of shallow magma degassing. Geothermometry techniques applied to
Mount Mageik and Trident's fumarolic gas compositions suggest that their hydrothermal reservoirs are located
at depths of ~0.2 and 4 km below the surface, respectively. Observations of an unusually reducing gas composi-
tion at Trident and organic material in the near-surface soils suggest that thermal decomposition of sediments
may be influencing gas composition. When the measured gas compositions from Mount Mageik and Trident
are compared with previous samples collected in the late 1990's, relatively stable magmatic-hydrothermal con-
ditions are inferred forMountMageik, while gradual degassing of residualmagma and contamination by shallow
crustal fluids is inferred for Trident. The isotopic composition of volcanic gases emitted fromMount Mageik and
Trident reflect mixing of subducted slab, mantle and crustal volatile sources, with organic sediment and carbon-
ate being the predominant sources. Considering the close proximity of the target volcanoes in comparison with
the depth to the subducted slab we speculate that Aleutian Arc volatiles are fed by a relatively homogeneous
subducted fluid and that much of the apparent variability in volatile provenance can be explained by shallow
crustal volatile sources and/or processes.

© 2017 Elsevier B.V. All rights reserved.
903 Koyukuk Drive, Fairbanks,
1. Introduction

Volatiles (including fluids and gas) are released from arc volcanoes
following a complex journey that begins with subduction and ends
with surficial outgassing. Physical and chemical processes within the
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subduction cycle modify the chemical and isotopic composition of the
cycled volatiles in ways that can often times be deduced using geo-
chemical tools. Within the subduction cycle, fluids that are ultimately
released from arc volcanoes can originate from three possible sources:
the subducted slab, mantle wedge and crust, each of which has distinct
isotopic signatures (Giggenbach, 1982; Giggenbach, 1992a; Sano and
Marty, 1995; Fischer et al., 1998; Fischer et al., 2002). By comparing
the isotopic composition of sampled volcanic fluids with well-studied
reference samples, inferences on volatile provenance can be made
(e.g. Giggenbach, 1992a; Symonds et al., 1994; Sano and Marty, 1995;
Fischer et al., 1998; Fischer et al., 2002; Zimmer et al., 2004). Similarly,
identification of actively degassing magma and constraints on
subvolcanic conditions within the mid to shallow crust can be made
by comparing the chemical and isotopic composition of measured vol-
canic fluid dischargeswith those from otherwell-studied volcanoes, ex-
perimental analogues and/or geochemical models (e.g. Giggenbach,
1987, 1997; Fischer et al., 1998). The composition of recycled andmag-
matic volatiles can bemodifiedwithin the shallow crust due to chemical
reactions among magmatic fluids, rocks, and hydrothermal systems;
mixing with hydrothermal and atmospheric fluids; as well as interac-
tionwith biomass (Giggenbach, 1987, 1997; Chiodini andMarini, 1998).

Among the volcanic arcs around theworld, the Aleutian Arc is one of
the least-studied arcs due to the remote location and relative inaccessi-
bility of the volcanoes, such that volatile cycling within this region is
currently poorly constrained. Here we use the chemical and isotopic
composition of volcanic gases and steam condensate to constrain vola-
tile sources and characterize subvolcanic conditions at three persistent-
ly degassing and seismically active volcanoes within the Katmai
Volcanic Cluster, Aleutian Arc, Alaska (Fig. 1). We employ direct and re-
mote sampling techniques including: fumarole sampling (Giggenbach,
1975; Motegrossi et al., 2001), in situ plumemeasurements using Mul-
tiple Component Gas Analyzer System (MultiGAS) instruments (Aiuppa
et al., 2005; Shinohara, 2005), and remote sensing of SO2 flux by ultra-
violet (UV) spectrometer systems (Galle et al., 2010) to acquire a com-
prehensive characterization of the degassing systems. Additionally, we
build on previous studies (e.g. Symonds et al., 2003a, 2003b) to evaluate
changes in the chemical and isotopic composition of these gases over
time. Finally, we compare the compositional features from the target
volcanoes to other Alaskan volcanoes tomake inferences on volatile cy-
cling within the Aleutian Arc.

2. Geologic setting and volcanic history

The Katmai Volcanic Cluster (KVC) is located on the Eastern Alaska
Peninsula of the Aleutian Arc, ~440 km southwest of Anchorage, Alaska
Fig. 1. Location map. This map depicts the Katmai Volcanic Cluster (red box) within Alaska (A)
ScanDOAS station locations, sample locations, and basecamp (Baked Mountain) (B).
(Fig. 1). The KVC is home to eight, primarily andesitic to dacitic volcanic
centers located over a nearly-linear, arc-parallel ~50 km distance (Jolly
andMcNutt, 1999; Hildreth and Fierstein, 2000; Moran, 2003). The KVC
volcanoes were built primarily on Jurassic marine sedimentary rocks
(e.g. conglomerates, sandstones, siltstones, and shales) of the Naknek
Formation, though Eocene age coal-bearing sedimentary rocks are also
found scattered throughout this region (Keller and Reiser, 1959). The
Katmai region is famous for the 1912 eruption of Novarupta and
resulting collapse of Mount Katmai. This was the largest eruption of
the 20th century and produced N13 km3 of erupted material that filled
what is now known as the Valley of Ten Thousand Smokes (Hildreth
and Fierstein, 2000). In addition to the Katmai/Novarupta eruption of
1912, the 1953–1974 Southwest Trident eruption was the only other
historic KVC eruption, which was sourced from a new vent and pro-
duced ~0.5 km3 of andesite and dacite lavas and tephra (Coombs et
al., 2000). In addition to the significant volcanic activity evident within
the KVC, this region is also known for being one of the most seismically
active regions of Alaska (Dixon et al., 2013). Much of the Katmai seis-
micity has been attributed to subsurface fluid flow, including possible
magma intrusion,magma degassing, and hydrothermal fluid circulation
(Jolly and McNutt, 1999; Moran, 2003; Jolly et al., 2007; O'Brien et al.,
2012; Murphy et al., 2014). It is notable that Mount Martin, Mount
Mageik and Trident volcanoes have had persistent gas plumes for
~100 years (Fig. 2) (Fenner, 1930; Hildreth and Fierstein, 2000;
Hildreth et al., 2001; Hildreth and Fierstein, 2012). The combination of
high levels of volcanic activity, persistent degassing and evidence for
shallow magma storage has made Mount Martin, Mount Mageik and
Trident Volcano the targets of this study.

2.1. Mount Martin

Mount Martin (58.1692°N, 155.3566°W, 1860 m) is a glaciated an-
desitic-dacitic stratovolcano located in the southwest of the KVC (Figs.
1, 2) (Hildreth and Fierstein, 2000). Mount Martin's summit cone con-
tains a ~300 m diameter, steeply walled crater containing a lake and a
vigorously degassing fumarole field (Fig. 2) (Hildreth and Fierstein,
2000). Audible jetting of the active fumaroles can be heard regularly
from Baked Mountain (~16 km away; Fig. 1) and likely indicates rela-
tively high velocity outgassing.

2.2. Mount Mageik

Mount Mageik (58.1946°N, 155.2544°W, 2165 m) is an andesitic to
dacitic compound stratovolcano comprised of four heavily glaciated
summit cones representing different eruptive events (Hildreth and
and a zoomed in view of the Katmai region showing the target volcanoes, MultiGAS and



Fig. 2. Degassing manifestation of the target volcanoes. Mount Martin (top), Mount
Mageik (center), and Trident (I) (bottom) are shown. The Trident MultiGAS station is
seen in the foreground in the bottom photo.
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Fierstein, 2000). It is located ~7 km northeast of Mount Martin, 10 km
southwest of Trident Volcano, and is immediately adjacent to Katmai
Pass (Fig. 1). Its summit hosts a 350 m diameter phreatic crater, that
contains an acidic crater lake and actively degassing fumarole field
(Fig. 2) (Hildreth and Fierstein, 2000).

2.3. Trident Volcano

Trident Volcano (58.2343°N, 155.1026°W, 1097 m) is located
~10 kmNEofMountMageik. It is an andesitic to dacitic compound stra-
tovolcano, comprised of four overlapping edifices: East Trident, Trident
I,West Trident and Southwest (i.e. New) Trident (Fig. 1), as well as sev-
eral adjacent domes (Hildreth and Fierstein, 2000). Trident is the home
of the most recent KVC eruption between 1952 and 1974. An active fu-
marole field is located on the southeast flank of the Trident I edifice.

3. Methods

A field campaign was conducted within Katmai National Park from
10–22 July 2013. During this time period the following objectives
were met: (1) fumarolic gases and steam condensates were directly
sampled fromMountMageik and Trident Volcano; (2)MultiGAS instru-
ments were installed on the crater rims of Mount Martin and Mount
Mageik and adjacent to the Trident I fumarole field to measure major
species plume composition, and (3) scanning ultraviolet (UV) spec-
trometer systems were deployed downwind from Mount Martin and
MountMageik tomeasure SO2flux. These are thefirst fumarole samples
collected at these volcanoes in ~15 years, with prior fumarole samples
collected from Trident and Mount Mageik between 1995 and 1998 by
Symonds et al. (2003a). Additionally, several airborne plume measure-
ments were made by USGS scientists at Mount Martin and Mount
Mageik between 2002–2006 (Doukas andMcGee, 2007),which provide
some baseline volcanic emissions data at these volcanoes.

3.1. Fumarole sampling methods

During the field campaign, fumaroles were sampled from Mount
Mageik's north crater fumarole field and Trident I's southeast (SE) fu-
marole field (Figs. 1, 2; Table 1). Unfortunately, safe access to the vigor-
ously degassing fumarole field within Mount Martin's steeply-walled
crater was not possible, such that no direct samples of Mount Martin's
fumaroles were acquired. In each case, fumarole sampleswere collected
for analyses of: (1) gas chemical composition, (2) O2 and D stable iso-
topes of water vapor, and (3) δ13C of CO2, CH4, C2H6 and C3H8; δ15N of
N2; and 4He/20Ne and 3He/4He ratios. During the sampling procedure,
a titanium tube was inserted into the fumarolic vent and allowed to
thermally equilibrate with the fumarolic gases. Then, a series of
dewared Pyrex glass tubes were connected to modified Giggenbach-
type flasks (Giggenbach, 1975) consisting of pre-weighed 50mL evacu-
ated bottles, each containing 20mL of an0.15MCd(OH)2 and 4MNaOH
suspension to enable quantification of both SO2 and H2S, in addition to
the major and trace gas species following the methods of Motegrossi
et al. (2001). According to this method, the non-condensable gases N2,
Ar, O2, H2, He, CO, Ne, CH4 fill the bottle's head-space, the reactive
gases CO2, SO2, HCl, HF and NH3 are absorbed into the NaOH solution,
H2S reacts with Cd2+ to precipitate solid CdS, and water condenses.
Among the head-space gases, the inorganic gases were analyzed by
gas chromatography (GC) following the methods of Motegrossi et al.
(2001). Volatile organic compounds, including CH4, were analyzed by
GC using a Shimadzu 14A instrument equipped with a flame ionization
detector (FID) and a 10-m-long stainless steel column packed with
Chromosorb PAW80/100mesh coatedwith 23% SP 1700. The analytical
error for GC analysis was b5%. The liquid and solid phaseswere separat-
ed by centrifugation and divided into sample aliquots. The solid CdS,
representing H2S gas, and an aliquot of liquid, containing absorbed
SO2 gas, were each oxidized using H2O2 to form SO4

2− in solution,
which were then analyzed using a 761 Compact Metrohm ion chro-
matograph (IC). CO2 was quantified as CO3

2– by acidimetric titration
(AT; Metrohm Basic Titrino 794), while HCl was quantified as Cl− by
ion chromatography with the same IC used for the analysis of SO4

2−.
H2O concentration was calculated using the sample mass difference
and subtracting the mass of absorbed gases. All major and trace gas
analyses described above were conducted at the Fluid Geochemistry
Laboratory at the University of Florence (Italy).

The analysis of the 13C/12C ratio of CH4, C2H6, C3H8 and C4H10 (δ13C-
CH4, δ13C-C2H6, δ13C-C3H8 and δ13C-C4H10, respectively, expressed as‰
vs. V-PDB) were carried out at the Goethe University in Frankfurt fol-
lowing the methods of Fiebig et al. (2015). External analytical precision



Table 1
Instrument deployment and sample sites.

A) Instrument installations:

Instrument ID Instrument Volcano Date installed Latitude Longitude Altitude (m) Date sampling ceased Site description Sample frequency

MGK_MG MultiGas Mageik 7/12/2013 58.19775 155.24475 1986 7/22/2013 NE Crater Rim 4 × 30 min per day
MGK_DOAS DOAS Mageik 7/12/2013 58.20788 155.20357 1184 NA E Flank Lava Levee Continuously - daylight
MRTN_MG MultiGas Martin 7/13/2013 58.16941 155.35658 1829 8/13/2013 North Crater Rim 4 × 30 min per day
MRTN_DOAS DOAS Martin 7/13/2013 58.19194 155.33517 1177 NA NE Moraine Continuously - daylight
TRI_MG MultiGas Trident I - SE flank 7/17/2013 58.23149 155.0835 1135 8/27/2013 SE Fumarole Field 4 × 30 min per day

B) Gas samples:

Sample ID Sample type Volcano Sample date Latitude Longitude Altitude (m) Temp (deg C)

MGK_Fum_1 Fumarole Mageik 7/12/2013 58.20081 155.24684 1912 92
MGK_Fum_2 Fumarole Mageik 7/12/2013 58.19316 155.24650 1912 93
TRI_Fum_1 Fumarole Trident I - SE flank 7/16/2013 58.23131 155.08412 1159 94
TRI_Fum_2 Fumarole Trident I - SE flank 7/16/2013 58.23141 155.08507 1203 97

C) Water samples:

Sample ID Sample type Location Sample date Latitude Longitude Altitude (m) Temp (deg C) pH Conductivity (μS/cm)

MGK_Lake Water Mageik Crater Lake 7/12/2013 58.19658 155.24596 1888 72.3 0.55 Not measured
Rain Water Water Baked Mtn Huts 7/17/2013 58.29353 155.20155 781 15 6.22 9.99
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for carbon isotope analysis of methane, ethane and propane was
±0.5‰.

The δ15N ratios of N2 (expressed as‰ vs. air) and 40Ar/36Ar ratios in
the flask headspace gas were determined at the Istituto Nazionale di
Geofisica e Vulcanologia (INGV) laboratories of Naples (Italy) using an
Agilent 6890 N GC coupled with a Finnigan Delta plusXP continuous-
flow MS, equipped with a molecular sieve column (MS 5 Å capillary,
30m×0.53mm×50 μm;He carrier gas), a TCD detector and a post-col-
umn switching device (Denswitch), following the methods of Caliro et
al. (2015). Analytical errors were: δ15N ± 0.1‰, 36Ar b 1%, 40Ar b 3%.
The 34S/32S ratios of H2S (δ34S-H2S, expressed as‰ vs. V-CDT) were an-
alyzed at the ISO4 laboratories at Turin (Italy) on SO4

2− obtained from
oxidation (with H2O2) of an aliquot of the CdS precipitate using an EA-
IRMS system consisting of a 20–20 isotope ratiomass spectrometer (Eu-
ropa Scientific, Crewe, UK), equipped with an elemental analyzer
(Sercon Ltd., Crewe, UK). The analytical uncertainty was ±0.3‰.

At each sampling site, a water-cooled condenser was connected to
the sampling line in order to collect a steam condensate aliquot
(~100 mL) and a dry gas sample in double valve sample bottles follow-
ing the methods of Vaselli et al. (2006). The dry gas samples were used
for the analysis of CO concentrations by means of gas-chromatographic
separation with a GC equipped with a high-sensitivity (detection limit
0.05 ppm) reduced gas (HgO) detector and a molecular sieve 5A 1/8'
× 50' column (He as gas carrier). CO cannot be accurately quantified
using the gas in the soda flask headspace due to the conversion of CO
to formate ion (HCOO−) (Giggenbach and Matsuo, 1991).

At the INGV-Palermo Noble Gas Isotopes Laboratory, the dry gas
samples were also analyzed for 3He/4He and 4He/20Ne ratios using a
Helix SFT-GVI mass spectrometer, following the purification procedure
described in Rizzo et al. (2015) and references therein. The 3He/4He ra-
tios (expressed as R/RA, where R is the 3He/4Hemeasured in the sample
and RA is the 3He/4He ratio in air (1.39 × 10−6) (Mamyrin and
Tolstikhin, 1984) were corrected for atmospheric contamination using
the 4He/20Ne ratios (Poreda and Craig, 1989), and reported hereafter
as RC/RA. The analysis of 13C/12C of CO2 (expressed as δ13C-CO2 ‰ vs.
V-PDB) was carried out at the CNR-IGG laboratories (Pisa, Italy) using
a Finningan Delta S mass spectrometer after standard extraction and
purification procedures of the gas mixtures (Evans et al., 1998; Vaselli
et al., 2006). Carrara and San Vincenzo marbles (Internal), as well as
NBS18 and NBS19 (International) standards were used to estimate the
external precision. The analytical error was ±0.05‰ and ±0.1‰,
respectively.

At the Fluid Geochemistry Laboratory at the University of Florence,
HF was quantified as F− in the condensate samples by IC, whereas the
analysis of NH3 (asNH4
+)was carried out by potentiometrywith specific

electrode. The δ18O and δD isotopes of H2O (expressed as ‰ vs. V-
SMOW) were analyzed at the INGV-Naples Geochemistry Laboratory
using a Finningan Delta plusXP continuous-flow MS coupled with
GBII, using equilibration techniques with CO2 for oxygen (Epstein and
Mayeda, 1953), and with H2 for hydrogen (Nelson, 2000; Chiodini et
al., 2012). Analytical errors were: δD ± 1‰, δ18O ± 0.08‰.

3.2. MultiGAS measurements of plume composition

Campaign MultiGAS instruments (Aiuppa et al., 2005) were de-
ployed on the crater rims of Mount Mageik and Mount Martin in the
dominant downwind direction, and adjacent to Trident I's southeast fu-
marole field (Figs. 1, 2; Table 1). These instruments each contain a Gas
Card infrared CO2 analyzer, City Tech SO2 and H2S electrochemical sen-
sors, as well as temperature (T), pressure (P), and relative humidity
(RH) sensors. The instruments and their batteries were contained with-
in weather-resistant aluminum enclosures, with inlet/outlet ports to
provide access to ambient air. During operation, plumegaswas pumped
into the instrument at ~1 L/min and analyzed by each sensor in series. In
the case of the higher-altitude stations at Mount Mageik and Mount
Martin, small electrical heaterswere installedwithin the inlet and outlet
ports to prevent icing. The instruments were configured to collect mea-
surements of reference (plume-free) air (for an ~5 min sample period)
and plume air (for an ~25min sample period) at a 0.1 Hz sample rate for
four thirty-minute periods each day, for approximately one month. The
mixing ratio (ppmv) of eachmeasured species, T, P and RHwere record-
ed on an internal data logger and stored onsite.

MultiGAS data were analyzed following themethods of Aiuppa et al.
(2010, 2012, 2014), Tamburello (2015) and Tamburello et al. (2015).
First, electrochemical sensor data were corrected for temperature and
pressure using the Ideal Gas Lawand themeasured atmospheric param-
eters (T, P, RH). H2Omixing ratios were calculated usingmeasurements
of T, P and RH and the Arden Buck equation (Tamburello, 2015). Cross-
sensitivity effects of H2S on the SO2 sensor and vice versa were mea-
sured in the lab prior to deployment and corrected valueswere calculat-
ed; however because the measured SO2/H2S was ≪1 at each site, and
because no interference effects were observed in the data, non-interfer-
ence-corrected values were used in the following analyses. Minimum
values in each dataset were assumed to represent ambient air and
were subtracted to get baseline-corrected values. Additionally, effects
of instrument drift, which were commonly observed for H2O, and at
times CO2, were removed from these datasets throughmanual selection
of baseline values for each sample period using RatioCalc software
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(Tamburello, 2015). Because varying wind directions modified the
proportion of plume vs. atmospheric gases measured by the instru-
ment, H2S values greater than a threshold value were used to identi-
fy periods when the plume was detected. Threshold values were
selected based on the maximum observed noise level for each of
the three H2S sensors, with threshold values of H2S N1, 1.5, and
4 ppmv used at Mount Martin, Mount Mageik and Trident Volcano,
respectively. Changes in gas composition were evaluated over time,
and linear correlations between measured parameters were evaluat-
ed for each sample period as well for the full dataset using Matlab
and RatioCalc analyses software. All ratios were calculated with re-
spect to H2S, the main volcanic gas tracer.

3.3. DOAS measurements of SO2 flux

Campaign continuously scanning DOAS instruments (Galle et al.,
2010) were deployed ~2.8 km NE (in the dominant down-wind direc-
tion) of both Mount Martin and Mount Mageik. These instruments use
scattered UV radiation and Differential Optical Absorption Spectroscopy
(DOAS) principles (Platt and Stutz, 2008) to convert measured absor-
bance by SO2 into SO2 slant column density (Galle et al., 2002;
Edmonds et al., 2003; Galle et al., 2010). A series of thesemeasurements
are collected in a conical arc across the overhead sky containing the
plume to provide an SO2 column density cross-section, which can
then be integrated over plume width and multiplied by plume speed
to calculate SO2 flux (t/d or kg/s). Plume width was calculated trigono-
metrically using an assumed plume height equivalent to the crater rim
altitude at Mount Martin (550 m above instrument altitude) and
Mount Mageik (750 m above instrument altitude), and the angular
plume scan measurements by the DOAS instrument. These plume alti-
tudes are consistent with our visual observations during the field cam-
paign and supported by frequent detection of volcanic gases by the
crater rim MultiGAS instruments. Plume speed was determined either
from modeled wind data from National Oceanic and Atmospheric Ad-
ministration (NOAA) or European Center for Medium-Range Weather
Forecasts (Galle et al., 2010), or helicopter-based measurements of
GPS wind-drift following the methods of Doukas (2002). The DOAS in-
struments employed at Mount Martin and Mount Mageik were modi-
fied from the standard model described in Galle et al. (2010) in order
to improve performance at high-latitudes, considering the frequent
harsh-environmental conditions and low angle solar radiation. Specifi-
cally, a more UV sensitive MayaPro2000 spectrometer replaced the
standard Ocean Optics S2000+ spectrometer, and a closed scanner
with a cylindrical quartz tube replaced the rotating hood with window.
Additionally, a cylindrical lens was implemented in the optical system
that resulted in a rectangular FOV covering a 7.2° angle for each mea-
surement interval to maximize coverage of the volcanic plume. Using
a fixed exposure time of 150 ms and co-adding 15 spectra resulted in
a total scan duration of 2 min. Although useful measurements could
only be obtained between approximately 09:00 and 19:00 (local
time), the instrumentwas powered ~24 h per day to prevent condensa-
tion in the closed scanner compartment. Scanning data were first eval-
uated to identify periods during which: (1) at least 70% of the plume
was sampled in individual scans, and (2) measurements were collected
within five hours of solar noon (9:00 and 19:00 local time), which pro-
vided sufficient UV radiation tominimize error in SO2 columndensity to
≤5 ppmm, with error calculated as spectral residual peak-to-peak size
scaledwith the SO2 absorption cross-section (Platt and Stutz, 2008). Ad-
ditional details on the DOAS analyses methods are described in Galle et
al. (2010).

In addition to the continuously scanning ground-based DOAS instru-
ments, airborne mobile-DOAS measurements were made at Mount
Martin and Mount Mageik on 15 July by flying circular orbits around
the target volcanoes and below the plume to measure vertical SO2 col-
umn densities. A total of two and three measurement orbits were
made around Mount Mageik and Mount Martin, respectively, between
16:23 and 16:58 local time (00:23–00:58 UTC on July 16). Additionally,
three “wind circle” GPS orbits were made up wind of Mount Martin, at
plume altitude, and with constant speed and turn of the helicopter, in
order to determine plume speed and direction following the methods
of Doukas (2002). The total flight path is shown in Fig. 3, where the
color bar scale indicates total measured SO2 column density (ppmm)
above the instrument, where 1 ppmm = 2.85 × 10−5 kg/m2 (Gerlach,
2003).
4. Results

4.1. Chemical and isotopic composition of fumarolic gases

4.1.1. Mount Mageik
Fumarole and steam condensate samples were collected from two

fumaroles on the north crater wall of Mount Mageik on 12 July 2013
(Fig. 1, Table 1). The measured outlet fumarole temperatures were
both ~93 °C, which is boiling point at the sample altitude. The pH and
temperature of the crater lake were measured at 0.55 and 72.3 °C, re-
spectively. The chemical composition of the Mount Mageik gases was
largely composed of H2O (~97 mol%), CO2 (~3 mol%), H2S (0.12 mol%)
and N2 (0.09–0.13-mol%) (Table 2). The acid volcanic gas species were
absent (e.g. SO2) and/or present in very minor quantitates (e.g. HCl ~2
× 10−5 mol%). The composition of low solubility inorganic gases was
dominated by N2 (up to 0.13 mol%) and H2 (0.013 and 0.016 mol%),
whereas O2, Ar, Ne, He and CO show minor concentrations (up to
0.0061, 0.0011, 7.5× 10−5, 3.3 × 10−5, and 8.3×10−6mol%, respective-
ly). Methane was by far the most abundant organic gas compound
(0.00072 and 0.00097 mol%) (Table 2).

The δD and δ18O of H2O from Mount Mageik's steam condensate
ranged from −85.4 to −90.1‰ and −5.0 to −5.7‰ vs. V-SMOW, re-
spectively. The Cl content in the condensate ranged from 0.09 to
0.2 mg/L. Only one measurement of 3He/4He was obtained which
gives a value of 7.40 RA. Using the measured 4He/20Ne ratio of 13.5,
we calculate an RC/RA of 7.56 (Table 4). The δ13C-CO2 values (−8.6
and −8.9‰ vs. V-PDB) were slightly depleted with respect to mantle-
related fluids ([from −8 to −3‰ vs. V-PDB; Pineau and Javoy, 1983;
Javoy et al., 1986; Hoefs, 1997). The δ15N-N2values were 0.6 and
−0.02‰ vs. air, whereas the δ34S-H2S values were −1.5 and −1.8‰
vs. V-CDT (Table 3). These data are available in the EarthChem Library
(Lopez et al., 2017).
4.1.2. Trident Volcano
Fumarole and steam condensate samples were collected from two

fumaroles within the southeast fumarole field on the flank of Trident I
on 16 July 2013 (Fig. 1, Table 1). The outlet fumarole temperatures
were 94 and 97 °C, i.e. near boiling point temperature at the sample al-
titude (~96 °C). The Trident fumarolic emissions were composed pri-
marily of H2O (~92 mol%), CO2 (~6 mol%), H2 (0.86–0.97 mol%), H2S
(0.49–0.55 mol%), CH4 (0.13–0.19 mol%), N2 (~0.06–0.07 mol%) and
CO (0.0038–0.0040 mol%) (Table 2). Acid gases were absent or present
in low quantity, with SO2 below detection limit, and HCl a minor com-
ponent (~1.3 × 10−4mol%). Following CH4, the nextmost abundant hy-
drocarbons measured at Trident were C2H6 (0.015–0.023 mol%), and
C3H8 (0.0029–0.0048 mol%).

The δD and δ18O of H2O values from Trident's steam condensate
ranged from −71.3 to −76.4‰ and −2.8 to −3.8‰ vs. V-SMOW, re-
spectively. The Cl content of in the condensate was ~0.1 mg/L. The R/
RA values of 7.0 and 7.1, and 4He/20Ne ratios of 8.9 and 9.6 measured
in the dry gas samples, yield RC/RA values of 7.2 and 7.3, respectively.
The δ15N values were 3.5 and 3.2‰ vs. air, suggesting a minimal atmo-
spheric contribution to the sampled gases. The δ13C of CO2 values
were −10.9 and −11.1‰ V-PDB, while the δ34S of H2S values ranged
from 2.2 to 2.4‰ vs. V-CDT (Table 3; Lopez et al., 2017).



Fig. 3. Spatial distribution of mobile-DOAS measurements. Airborne SO2 column density measurements are shown in ppmm collected near Mount Martin and Mount Mageik (black
triangles) on July 15, 2013 (A), and a zoomed in view of the measurements at Mount Martin (B).
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4.2. MultiGAS measurements of gas composition

4.2.1. Mount Martin
The Mount Martin MultiGAS instrument collected measurements

from 14 July through 13 August 2013, resulting in 31 days of data ac-
quired (Table 1). Based on measured H2S concentrations, we find
19 days during the sample period when the instrument was measuring
the volcanic plume and not ambient air. Themeasured plumewas com-
posed of H2O, CO2, H2S, and SO2. During this study, linear correlations
were consistently observed between SO2/H2S withmolar ratios ranging
from 0.2–0.6 (Table 5). Linear correlations were also occasionally ob-
served among other gas species, with CO2/H2S ratios ranging from
1.7–3.7 on five days and H2O/H2S ratios ranging from 351–366 on two
days (Fig. 4; Table 4).

4.2.2. Mount Mageik
MultiGAS measurements from Mount Mageik's crater rim were ac-

quired between 13 and 21 July 2013 UTC. Unfortunately, challenging
environmental conditions (e.g. icing of the inlet) likely contributed to
only nine days of data being collected at this site. Based on measured
H2S concentrations the plume was measured on six days during the
sample period. The measured plume was composed primarily of H2O,
CO2, H2S, and H2, with no SO2 detected. Over the study period, a consis-
tent linear correlationwas observed between CO2 and H2S with amolar
CO2/H2S ratio ranging from of 6–9.5 (Fig. 4; Table 5). Additionally, on 13
and 14 July, linear correlations were observed between H2O/H2S with
ratios of 114 and 118, respectively.

4.2.3. Trident Volcano
The Trident MultiGAS instrument successfully acquired plume mea-

surements for 41 days between 18 July and 27 August 2013 (UTC). The
close proximity of the instrument and the plume resulted in acquisition
of plume measurements on all days during the study period. During this
study period a linear correlation was consistently observed between
CO2/H2Swith values ranging from10.3–11.3 (Fig. 4; Table 4). A linear cor-
relation betweenH2O/H2Swas also observed on one day during the study
period (23 July) with a value of 88.6. SO2 concentrations were around or
below detection limit for the duration of the field campaign.

4.3. SO2 and total volatile flux

4.3.1. Scanning DOAS measurements from Mount Martin and Mount
Mageik

Scanning DOAS measurements were acquired from 13–28 July and
13–25 July at Mount Mageik and Mount Martin, respectively.
Unfortunately, unforeseen voltage limitations of the recycled batteries
prevented operation for the full sample period, and due to variable
wind directions during the sample period, only one day resulted in
high quality data acquired that allowed calculation of SO2 fluxes from
Mount Martin. Additionally, SO2 emissions were not detected from
Mount Mageik throughout the entire measurement period, which is
consistent with other results suggesting minimal (below detection
limit) quantities of SO2 outgassed. The only day in which plume direc-
tion and sampling conditions permitted high quality scanning DOAS
measurements of Mount Martin's plume to be made was 15 July 2013.
These data were evaluated using a plume height of 550 m (the height
of the crater rim above the instrument, consistent with visual observa-
tions), a plume direction of 195° and a plume speed of 6 m/s (see
Section 4.3.2). Of the total 1545 scans made on 15 July, only 357 scans
met the required plume completeness and time of day requirements.
These data resulted in an average plume completeness of 0.77 and an
average SO2 flux of 71 ± 24 t/d.

4.3.2. Mobile DOAS measurements at Mount Martin and Mount Mageik
Airbornemobile DOASmeasurementswere collected atMountMar-

tin andMountMageik on 15 July 2013. As can be seen in Fig. 3, SO2 was
clearly detected east of Mount Martin withmaximum SO2 column den-
sities of ~150 ppmm. Airborne wind circle measurements (Doukas,
2002)were used to calculate a plume speed of ~6m/s, and to determine
the dominant wind direction from the southwest. Using the measured
plume speed, SO2 fluxes of 77, 66 and 81 t/d were calculated for the
three orbits around Mount Martin, with an average value of 75 t/d.
These results exhibit good agreement with the scanning DOAS mea-
surements (average of 71 t/d), even though the plume scans were in-
complete and possible variations in wind speed were not considered.
Notable quantities of SO2 were also detected close to the ground near
the base camp (BakedMountain, Figs. 1, 3a)wheremeasurements com-
menced, aswell as NWofMountMageik (Fig. 3a). In fact, nearly the en-
tire region showed slightly above background SO2 emissions, with the
exception of south of MountMartin andMountMageik, where the low-
est SO2 column densities were observed (Fig. 3a). Given that the strong
emission from Mount Martin were observed E-NE of the Martin crater,
and that no SO2 was detected E of Mageik, we conclude that only
Mount Martin emits detectable quantities of SO2 (Fig. 3b). Thus, the
SO2 seen at Baked Mountain as well as NW of Mount Mageik is
interpreted to be emanating fromMount Martin volcano. This interpre-
tation is consistent with the dominant wind direction on 15 July, the
close proximity of the two volcanoes (~7 km apart), as well as the
below detection limit quantities of SO2measured in both fumarole sam-
ples and the MultiGAS instrument from Mount Mageik throughout the
study period (Fig. 3).



Table 2
Major species fumarole composition (in mol%) from Trident and Mount Mageik.

Mol% mmol/mol

Temp (°C) H2O CO2 H2S HCl HF NH3 N2 O2 Ar H2 CH4 CO He Ethane Ethene Propane Propene

TRI1 94 92.3 6.08 0.49 1.2E−04 1.0E−04 1.6E−04 0.072 6.4E−04 1.3E−04 0.86 0.19 0.0038 2.5E−05 0.015 0.00012 0.00289 0.0010
TRI2 94 92.2 6.09 0.55 1.4E−04 9.4E−05 1.8E−04 0.061 6.7E−04 1.4E−04 0.97 0.13 0.0040 1.7E−05 0.023 0.00014 0.00478 0.0013
MGK1 92 96.6 3.09 0.12 1.7E−05 0 5.0E−06 0.13 0.0061 1.1E−03 0.013 7.2E−04 3.4E−06 3.3E−05 0.0078 0 0.0040 0.000035
MGK2 93 96.8 2.99 0.12 1.9E−05 0 5.5E−06 0.088 3.9E−04 7.2E−04 0.016 9.7E−04 8.3E−06 2.8E−05 0.015 0 0.0076 0.000080

Table 3
Isotopic composition of measured Trident and Mount Mageik fumarole samples and steam condensate.

R/RA
a 4He/20Ne RC/RA δ15Nb δD-H2Oc δ18O-H2Oc δ13C-CO2

d δ13C-CH4 δ13C-C2H6 δ13C-C3H8 δ13C-C4H10
13C/12C δ34S-H2Se 40Ar/36Arf 3He (mmol/mol) CO2/3He N2/3He

TRI1 7.01 8.86 7.24 3.53 −71.31 −2.75 −11.11 −20.5 −24.4 −22.9 (−23.9) 0.01111 2.4 312 3.3E−08 2.4E+10 2.83E+08
TRI2 7.07 9.62 7.28 3.2 −76.40 −3.76 −10.94 −20.8 −23.9 −22.3 NA 0.01111 2.2 302 2.2E−08 3.6E+10 3.60E+08
MGK1 7.4 13.52 7.56 0.59 −85.39 −4.99 −8.61 −31.1 −27.7 −26.5 −25.9 0.01114 −1.5 296 1.0E-07 8.8E+09 3.60E+08
MGK2 NA 0.37 NA −0.02 −90.13 −5.73 −8.94 −30.6 −28 −27 −26.7 0.01114 −1.8 297 NA NA NA
Rainwater NA NA NA NA −115.06 −15.15 NA NA NA NA NA NA NA NA NA NA NA

a The 3He/4He reference standard for air (RA) has a value of 1.39 × 10−6 (Fischer et al. 2002).
b The 15N/14N reference standard from air has a value of 3676 × 10−6 (Junk and Svec, 1958).
c The 2H/1H and 18O/16O on water reference standards based on Vienna Standard Mean Oceanic Water have values of 155.76 × 10−6 (Hagemann et al., 1970) and 2005.20 × 10−6 (Baertschi, 1976), respectively.
d The 13C/13C reference standard is known as Pee Dee Belemnite (PDB) and has a value of 11,237.2 × 10−6 (Craig, 1957).
e The 34S/32S reference standard is known as Vienna Canon Diablo Triolite (VCDT) has a value of 45,004.5 × 10−6 (Jensen and Nakai, 1962).
f The 40Ar/36Ar reference standard for air is 295.5 (Marty et al., 1995).
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Fig. 4. MultiGAS ratios. CO2/H2S (top) and H2O/H2S (bottom) in ppmv as measured at Mount Martin (left), Mount Mageik (center) and Trident (right) are shown. Note that linear
correlations between gas species were not observed everyday, likely reflecting a mixture of gas sources (ambient air, volcanic plume, crater lakes, etc.). Time periods when linear
correlations are observed are shown here.
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4.3.3. Total volatile flux estimates for Mount Martin
Fortuitously, one of the only days inwhich linear correlations of SO2/

H2S, CO2/H2S and H2O/H2S were observed in the Mount Martin
MultiGAS data corresponded with the single day in which airborne
and scanning DOAS measurements enabled SO2 flux calculation from
Mount Martin to be made. These combined datasets acquired on 15
July 2013 allowed total volatile fluxes to be estimated, using the mea-
sured molar ratios, the molar masses of each species and the calculated
average SO2 flux from the airborne mobile-DOAS measurements (see
values in Table 5). Assuming that these four speciesmake up themajor-
ity of the emitted volatiles (Gerlach, 2004), we calculate a total flux of
gases released from Mount Martin of ~26,580 t/d (Table 5). This total
Table 4
Molar gas ratios and correlation coefficients (when available) from direct fumarole samples a
comparison.

Measurement Date Reference H2O/H2S

TRI1 Fumarole 2013 This study 187
TRI2 Fumarole 2013 This study 166
TRI MG MultiGAS 2013 This study 88.6
Trident Fumarole 1994 Symonds et al., 2003a –
Trident Fumarole 1995 Symonds et al., 2003a –
Trident Fumarole 1997 Symonds et al., 2003a, 2003b 257
Trident Fumarole 1998 Symonds et al., 2003a –
MGK1 Fumarole 2013 This study 821
MGK2 Fumarole 2013 This study 793
MGK MG MultiGAS 2013 This study 114–118
Mageik Fumarole 1995 Symonds et al., 2003a –
Mageik Fumarole 1997 Symonds et al., 2003a, 2003b 262
Mageik Fumarole 1998 Symonds et al., 2003a –
Mageik Fumarole 1998 Symonds et al., 2003a
MRTN MG MultiGAS 2013 This study 351–366

–: Correlations coefficients not available due to limited dataset or calculated result. nd: SO2 wa
related H2O/H2S and CO2/H2S measurements.
volatile flux includes ~75 t/d SO2, 133 t/d H2S, 638 t/d CO2 and
25,734 t/d H2O. We note that ~96.8% of this total volatile flux is H2O.
We speculate that a significant portion of thewater, comprising thema-
jority of this total volatile flux, is meteoric in origin; however without
chemical and/or isotopic constraints we cannot determine the quantity
of meteoric water involved. Further complicating interpretations, we
expect that this total water flux may be underestimated with respect
to the fumarole composition due to condensation of steamprior tomea-
surement by the MultiGAS instrument. This interpretation is consistent
with our observations from Mount Mageik and Trident, and suggests
that the MultiGAS water concentration may be underestimated by up
to a factor of 2 (see details in Section 5.1.1).
nd MultiGAS measurements. Data from Symonds et al. (2003a, 2003b) are presented for

R2 CO2/H2S R2 SO2/H2S R2 H2O/CO2 R2

– 12 – nd – 15 –
– 11 – nd – 15 –
0.7 10.3–11.3 0.6 nd – 8⁎ –
– 24.1 – – – – –
– 15.3 – – – – –
– 23.9 – – – 11 –
– 20.7 – – – – –
– 26 – nd – 31 –
– 24 – nd – 32 –
0.5–0.9 6–9.5 0.95 nd – 16–19⁎ –
– 10.5 – – – – –
– 10.0 – – – 26 –
– 10.1 – – – – –
– 9.6 – – – – –
0.7–0.8 1.7–3.7 0.6 0.2–0.6 0.90 97⁎ –

s not detected so corresponding ratios cannot be calculated. *: Values calculated from cor-



Table 5
Mount Martinmeasured major species molar gas ratios and SO2 flux, as well as calculated
fluxes for H2S, CO2, and H2O, and total volatile flux.

Gas species Molar mass
(g/mol)

Gas
ratios

Measured
molar ratios

Flux
(t/d)

SO2 64 75
H2S 34 H2S/SO2 3.3 133
CO2 44 CO2/SO2 12.4 638
H2O 18 H2O/SO2 1220 25,734
Total volatile (magmatic +
meteoric) flux

26,580
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5. Discussion

5.1. Geochemical constraints on subvolcanic conditions

5.1.1. Interpretations from volcanic gas chemical composition

5.1.1.1. Mount Martin.When comparedwith other arc volcanoes, Mount
Martin's gas composition seems to be consistent with both magma
degassing and an active hydrothermal system, a system commonly re-
ferred to as mixed magmatic-hydrothermal. In addition to moderate
fluxes of CO2 andH2S (hydrothermal andmagmatic gases),MountMar-
tin also emits significant quantities of SO2 (~75 t/d), an unambiguous
magmatic gas (Symonds et al., 2001). This SO2 flux is in the range of air-
borne SO2 flux measurements made at Mount Martin by Doukas and
McGee (2007) in 1998, 2004 and 2006,whodetected SO2fluxes ranging
from 24 to 114 t/d. The relatively low SO2/H2S ratio (~0.3)measured via
MultiGAS (Table 4) and the presence of a crater lake indicate thatMount
Martin also has an active hydrothermal system. This is illustrated in the
CO2-H2O-St ternary diagram (where St = SO2 + H2S; Fig. 5b), where
Mount Martin's median normalized gas composition plots near the
overlapping region of magmatic and hydrothermal gases. The low
SO2/H2S observed at Mount Martin can result from several processes
in a mixed magmatic-hydrothermal system. Scrubbing, which consists
of chemical and physical processes that cause the partial or total remov-
al of acid gases released from a magma source during their uprising to-
ward the surface (Symonds et al., 2001), is common in hydrothermal
Fig. 5. Ternary diagrams depictingmeasured gas compositions. Relative concentrations of CO2-S
and other Alaskan volcanoes are shown. Regions associated with typical magmatic and hydrot
areas for reference. A “scrubbing” trend showing the change in gas composition as a result o
pressure of 5 MPa calculated by Symonds et al. (2001) is shown for reference. MultiGAS com
H2S. Variations in MultiGAS and direct fumarole samples are seen in (B) likely due in part to
meteoric water at Mount Mageik. See text for discussion.
reservoirs. Therefore the preferential removal of SO2 relative to CO2

and H2S by a hydrothermal reservoir could partially explain the low
SO2/H2S observed at Mount Martin. Additionally, in mixed magmatic-
hydrothermal systems redox conditions can be controlled by either
the “sulfur gas buffer” under high temperature, quickly equilibrating
magmatic conditions, through the following reaction (Giggenbach,
1987):

H2Sþ 2H2O ¼ SO2 þ 3 H2 ð1Þ

and/or the “rock buffer” under lower temperature, slowly equilibrating
systems typical of hydrothermal environments (Giggenbach, 1987),
both of which can influence the sulfur speciation. It is notable that sig-
nificant quantities of SO2 were released fromMount Martin in compar-
ison with Mount Mageik and Trident volcano, even in the presumed
presence of a hydrothermal system, which suggests a significant contri-
bution of high-temperaturemagmatic gases toMountMartin's total gas
emissions.

5.1.1.2. Mount Mageik. The chemical composition of Mount Mageik's
gases is composed of relatively high proportions of CO2 and H2S, typical
of hydrothermal gases, in addition to low and/or below detection limit
quantities of the acid magmatic gases HCl and SO2. The absence of
acid magmatic gases, is further supported by below detection limit
fluxes of SO2, and argues for a hydrothermal-dominated system. This in-
terpretation is illustrated in the CO2-St-HCl and CO2-H2O-H2S ternary
diagrams (Fig. 5) where the Mount Mageik normalized gas composi-
tions plot well within the typical compositional regions associated
with hydrothermal gases. The relatively low N2/Ar ratios (b125) ob-
served in Mount Mageik's fumarolic emissions are lower than the typi-
cal ratios from subduction zone volcanoes (Giggenbach, 1992b), and
suggest mixing between the sampled gases and ambient air and/or
air-saturated waters (Fischer et al., 1998). This is further supported by
low He/Ne ratios with respect to typical magmatic gases (Fig. 7b).

During the 2013 field campaign the sampled fumaroles and de-
ployedMultiGAS instruments had different locations that likely contrib-
uted to differences in measured gas composition. The Mount Mageik
MultiGAS instrument was deployed on the crater rim, ~360 m from
the sampled fumaroles and measured the composition of the volcanic
t-HCl (A) and CO2-H2O-St (where St= SO2+H2S) (B)measured from the target volcanoes
hermal gas compositions using data from Giggenbach (1992a, 1992b) are plotted as gray
f increased proportion of hydrothermal water relative to magmatic gases for a reservoir
positions were calculated using the median of the measured gas ratios with respect to

steam condensation (dashed gray lines) and potentially secondary scrubbing by shallow
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plume, representing numerous coalesced fumaroles as well as direct
degassing off the crater lake (e.g. Werner et al., 2006; Shinohara et al.,
2015; Tamburello et al., 2015; Gunawan et al., 2016; de Moor et al.,
2016). The two Mount Mageik fumarole samples were collected from
the edge of the fumarole field to minimize healthy and safety risk, and
may not be representative of the entire fumarole field. The H2O/H2S
and H2O/CO2 measured in the fumarole samples are factors of ~8 and
~2 times greater than measured by the MultiGAS instrument, respec-
tively (Fig. 5; Table 4). Additionally, the CO2/H2S molar ratios measured
in the fumarole samples of ~24–26 are ~2.5–4 times larger than mea-
sured by the Mount Mageik MultiGAS instrument (6–9.5) (Table 4).
Higher relative concentrations of H2O with respect to CO2 and H2S
observed in the fumaroles compared with the MultiGAS measure-
ments are also observed at Trident Volcano (see below) and can be
explained in part by condensation of the plume as it disperses and
cools within the atmosphere. Due to the observations of: (1) incon-
sistently higher H2O/H2S (~8×) and H2O/CO2 (~2×) ratios observed
in the fumarole samples in comparison with the MultiGAS measure-
ments, and (2) significantly higher CO2/H2S and H2O/H2S ratios in
the fumarole samples compared with the MultiGAS measurements,
we conclude that an additional source or process must be influencing
the gas geochemistry within Mount Mageik's system. The higher
proportion of CO2/H2S in the fumarole samples suggests a higher de-
gree of gas scrubbing by meteoric water (Symonds et al., 2003b; Di
Napoli et al., 2016). The simplest explanation of this observation is
that the peripheral fumaroles sampled in this study have a larger me-
teoric water influence than the bulk plume composition measured
by MultiGAS (Fig. 2). In this scenario, secondary scrubbing by shal-
low meteoric water is preferentially removing H2S from the gas
phase (Fig. 5b).

5.1.1.3. Trident Volcano. LikeMountMageik, the chemical composition of
Trident's volcanic gases is dominated by the hydrothermal gases H2O,
CO2 and H2S with minimal quantities of acid magmatic gases. Also,
like Mount Mageik, Trident's normalized gas composition plots near
and within the typical regions associated with hydrothermal gases
shown in the ternary diagrams of Fig. 5. UnlikeMountMageik, Trident's
gases also contain high concentrations of reduced gases (e.g. CO, CH4, H2

and light hydrocarbons), in comparison with typical volcanic-hydro-
thermal systems, whichmay reflect a strongly reducing C-rich environ-
ment. As previously proposed by Symonds et al. (2003a, 2003b), we
speculate that this unusual composition may be explained by thermal
decomposition of crustal sediments overlying the hydrothermal system
(see Section 5.2 for details). In contrast to Mount Mageik, the N2/Ar ra-
tios of Trident's emissions range from 445–557, indicating minimal air
contamination of the samples.

At Trident Volcano only ~90 m separated the MultiGAS instrument
from the sampled fumaroles. Good agreement in molar CO2/H2S ratios
is observed between the fumarole samples (11−12) and MultiGAS
plume measurements (10.3–11.3), which suggests fairly homogenous
degassing within the Trident fumarole field (Table 4). The H2O/CO2

and H2O/H2S ratios observed in the Trident fumaroles are ~2 times
higher than observed in the MultiGAS measurements (Table 4). The
consistent two-fold larger proportion of fumarolic H2O with respect to
CO2 and H2S, suggests that a single process can explain the larger quan-
tities of H2O relative to the MultiGAS measurements. We propose that
condensation of water in the atmosphere is the most likely process to
preferentially remove water from the plume prior to sampling by the
MultiGAS instrument (Fig. 5b).

5.1.2. Geothermometry constraints on hydrothermal reservoir conditions
Since the chemical composition of volatiles released from the target

volcanoes are consistent with subsurface hydrothermal systems, we
employ gas geothermometry techniques here in an effort to constrain
temperature, pressure and redox conditions of the hydrothermal reser-
voirs. Hydrothermal reservoir temperature can be reliably estimated by
considering the chemical equilibria among the measured gas species:
H2O, CO2, H2, CO and CH4 (Chiodini and Marini, 1998), as described by
following chemical reactions:

CO2 þH2⇔COþH2O ð2Þ

3CO2 þ CH4⇔4COþ 2H2O ð3Þ

whose temperature dependence is given by:

log XCO=XCO2ð Þ− log XH2=XH2Oð Þ ¼ −2248=Tþ 2:485 ð4Þ

3log XCO=XCO2ð Þ þ log XCO=XCH4ð Þ ¼ −17;813=Tþ 19:605 ð5Þ

The dependence of [log (H2O/H2) + log(CO/CO2)] and [3log(CO/
CO2) + log(CO/CH4)], in: (i) a single saturated vapor phase (vapor),
(ii) a single saturated liquid phase (liquid) and (iii) vapors produced
by single-step vapor separation (SSVS), on temperature (Ts), is graphi-
cally described in Fig. 7a. The main advantage of this approach is that
the two sums of log-ratios depend only on temperature and water fu-
gacity, and are not controlled by redox conditions provided that all gas
constituents occur in overall equilibrium. According to themodel results
presented in Fig. 7a, the Mount Mageik fumarolic gases have attained
equilibrium in a vapor phase at 220–260 °C. In contrast, the Trident
samples plot out of the vapor-liquid grid, in the field of superheated va-
pors at equilibrium temperatures ~380 °C (Chiodini and Marini, 1998).
Considering the relatively low outlet temperature of the Trident fuma-
roles, which were close to the boiling point of water, we expect that
steam condensation occurred, which can shift these gas compositions
off the vapor equilibrium line. Similar equilibrium temperatures are ob-
tained by separately considering the chemical equilibrium of the H2/
H2O and CO/CO2 redox pairs (Fig. 7b) that rapidly respond to changes
in chemical-physical conditions (Giggenbach, 1987), such as during
the uprising of the hydrothermal fluids to the surface. The Mount
Mageik gases plot close to the line of vapors equilibrated under the con-
trol of the D'Amore and Panichi (1980) buffer system (“A&P” in Fig. 7b).
On the contrary, the log(XH2/XH2O) ratios (RH) of the Trident gases (~
−2) are significantly higher (i.e. more reducing) than that established
under the control of the FeO-FeO1.5 redox pair (−2.8), which is the pre-
viously mentioned “rock” redox buffer, typically assumed for hydro-
thermal fluids (Giggenbach, 1987). Such high RH values have only
been found in high-temperature (N800 °C) gases from active volcanoes,
where redox conditions are controlled by the H2S/SO2 redox pair, or in
fluids in contact with ultramafic rocks affected by serpentinization
(Taran et al., 2002, 2010), neither scenario seems likely here. The
fayalite-magmetite-quartz (FMQ) buffer system can also produce RH N

−2.8, although this mineral assemblage is thought to be uncommon
in a hydrothermal environment (Giggenbach, 1987), though such con-
ditions have been observed under low-grade metamorphism of sedi-
mentary rocks (Holloway, 1984). Steam separation due to
condensation, a process already invoked to justify the left-shift of the
Trident gases in Fig. 7, may have produced an increase of the log(XH2/
XH2O) ratios; however, it cannot explain the highly reducing conditions
that control the chemical equilibria among the carbon-bearing redox
species (Fig. 7c). Considering the predominantly sedimentary basement
and that patches of coal-bearing rocks of Cenozoic age inter-bedded
with volcanic rocks commonly occur within the Katmai region (Keller
and Reiser, 1959), along with the occurrence of dark gray consolidated
material, presumed to be organic in nature, composing the ground
near the fumarole field, we speculate that C-rich soils and rock beneath
Trident's fumarole field may be influencing fumarole gas composition.
Hence, in this geological framework, CO2 and C (graphite) may be able
to fix the redox conditions. This is consistent with results by Holloway
(1984) who finds that at temperatures b400 °C and pressures between
300–1000 bars, CO2 and/or CH4-rich fluids can coexist in equilibrium
with graphite at redox conditions similar to the FMQ buffer. In this
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case, the chemical reactions among CO2, H2, and CO can be written as
follows:

CO2 þ 2H2⇔2H2Oþ C ð6Þ

CO2 þ C⇔2CO ð7Þ

On the basis of the equilibrium constant of reaction (6) (K6), pCO2

can be calculated, as follows:

log pCO2ð Þ ¼ 2log pH2O=pH2ð Þ− log K6 ð8Þ

whereas the dependence of K6 on temperature in the gas phase is given
by:

logK6 ¼ −5:26þ 4482=T Kð Þ ð9Þ

Considering that the Trident fumaroles had 2log(pH2O/pH2) = 4
(Table 2), at the equilibrium temperature calculated in the H2O-CO2-
H2-CO-CH4 system (~380 °C) the value of pCO2 is ~60 bar. Hence, ac-
cording to the CO2 concentration (0.06%; Table 2), the ptot value at
this volcano is ~1 kbar.

On the other hand, the pCO2 value can be calculated on the basis of
the equilibrium constant of reaction (7) (K7), as follows:

log pCO2ð Þ ¼ log pCOð Þ2− log K7 ð10Þ

The dependence of K7 on temperature is given by:

logK7 ¼ 9:34−9063=T Kð Þ ð11Þ

Thus, we obtain the pCO2 value based on reaction (7) of ~66 bar,
which is consistent with that computed using reaction (6).

If we assume a crustal density of 2550 kg/m3 (Kienle, 1970), we es-
timate that the hydrothermal reservoir below Trident resides at ~4 km
depth (below the surface, or ~3 km b.s.l). This depth is ~1 km greater
than that estimated by Symonds et al. (2003b) in 1997 calculated
using the method of D'Amore and Panichi [1980]. Much of this discrep-
ancy is likely due to our new method being more sensitive to higher-
pressure conditions and likely suggests relatively stable geothermal
conditions at depth; however since CO concentrations were not report-
ed in Symonds et al. (2003b) a direct comparison between our datasets
is not possible.

As far as Mount Mageik is concerned, an estimation of pCO2 can be
obtained on the basis of the CO and H2 concentrations, as suggested
by Chiodini and Cioni (1989), as follows:

log pCO2ð Þ ¼ 3:573−46=T Kð Þ− log H2=COð Þ ð12Þ

At 260 °C, i.e. the maximum temperature calculated for Mageik in
the H2O-CO2-H2-CO-CH4 system (Fig. 7a), the computed pCO2 value is
~1.6 bar that, considering the CO2 molar fraction (~0.03; Table 2), indi-
cates that ptot ~53 bar. This pressurewould correspond to anunrealistic
shallow depth of the Mageik hydrothermal system (~0.2 km), if we as-
sume it lies directly above the magmatic system. This apparent shallow
depth could be due to re-equilibrium of the kinetically fast H2-CO pair
during the fluids uprising and/or to secondary scrubbing CO (whose
concentrations are more than two orders of magnitude lower than
those measured in the Trident gases) when the hydrothermal fluids
approached the surface. We consider this depth to be an upper limit of
Mageik's hydrothermal system and note that greater depths are
plausible.

5.2. Geochemical constraints on volatile sources

The isotopic composition of volcanic gases from Mount Mageik and
Trident are consistent with both deep and shallow volatile sources,
including subducted fluids, mantle-derived magma, and crust-derived
volatiles. The 3He/4He ratios from both Mount Mageik and Trident re-
flect degassing of magma generated through partial melting of a Mid
Ocean Ridge Basalt-like mantle wedge (MORB RC/RA = 8 ± 1
(Graham, 2002)) and indicate minimal interaction with fluids and/or
rocks bearing crustal-derived radiogenic 4He. The RC/RA values of ~7.6
at Mount Mageik and ~7.3 at Trident (Fig. 7b and Table 3) are within
the range of the typical values of gases from most of arc volcanoes
(e.g., Poreda and Craig, 1989; Hilton et al., 2002; Taran, 2009; Di
Piazza et al., 2015; Robidoux et al., 2017), and indicate the presence of
active magma degassing in the subsurface. The isotopes on the sampled
steam condensate from Mount Mageik and Trident are relatively
enriched in both δD and δ18O in comparison with local meteoric
water, and may reflect mixing between recycled sea-water referred to
as andesitic water (Taran et al., 1989) and meteoric water sources. If
we assume that these isotopic compositions are due solely to two-com-
ponent mixing, we calculate that between 27–32% of Mount Mageik's
steam is andesitic water and ~68–73% is meteoric in origin, while 41–
46% of Trident's steam is andesitic water and ~54–59% ismeteoric in or-
igin (Table 6, Fig. 7) (Giggenbach, 1992a). However, the very low quan-
tities of Cl in our steam condensate (~0.1–0.2 mg/L from both
volcanoes), likely due to scrubbing, prevent confirmation of these
values. Acknowledging that these water isotopic values are shifted off
the two-component mixing line in the direction of higher δ18O (Fig.
6), it is likely that other processes (e.g. isotopic fractionation) are
influencing their isotopic composition. This δ18O shift is commonly
seen in volcanic settings and can be attributed to chemical reactions be-
tween water and host rock in the subsurface hydrothermal system
(Craig, 1963) as well as through steam condensation.

WhenMountMageik and Trident's δ15N values are considered along
with N2/He ratios, mixing between three nitrogen sources: ambient air
(likely through interaction with air-saturated meteoric water), sedi-
ment, and mantle, is apparent. Applying the three component mixing
model of Sano and Marty (1995) and the methods of Fischer et al.
(2002), we find that the N2 emissions from Mount Mageik are sourced
primarily from atmospheric air (~84–92%), with minor contributions
from both sediment (~3–12%) and mantle (~4%). The significant atmo-
spheric component to Mount Mageik's fumarole emissions is further
supported by 40Ar/36Ar ratios that are similar to air (Table 4). In con-
trast, Trident's nitrogen is sourced primarily from sediment (~52–
58%), with moderate contributions from air (~37–44%), andminor con-
tributions from the mantle (~3–4%) (Fig. 6; Table 6).

Next, we consider the δ13C-CO2 from Mount Mageik and Trident's
volcanic gases along with the CO2/3He ratios. Using the traditional
three-component mixing model of Sano and Marty (1995) we find the
observed compositions to be consistentwithmixing between carbonate
minerals, presumed to be from the altered oceanic crust, sediment and
mantle, and calculate that ~63% of Mageik's carbon is sourced from car-
bonate minerals, ~20% from sediment, and ~17% from the mantle. Sim-
ilarly, Trident's carbon is calculated to be sourced from ~64% carbonate
minerals, ~30% sediment, and ~5%mantle (Fig. 6; Table 6). At most vol-
canic arc settings, carbonate and sediment sources are presumed to re-
flect subducted slab provenance (e.g., Sano and Marty, 1995; Snyder et
al., 2001); however, due to the crustal sedimentary rocks beneath the
Katmai volcanoes (Keller and Reiser, 1959), we cannot conclusively dis-
tinguish subducted slab from crustal carbon using these standard tech-
niques. It is notable that when the three-component mixing model
results for nitrogen and carbon calculated here are normalized to con-
sider only mantle and sediment (including both organic sediment and
carbonate) sources, good agreement is found between the two models.
Specifically, we find ~4–7% mantle and ~93–96% sedimentary sources
for Trident's nitrogen and carbon, and ~17–24% mantle and ~76–83%
sedimentary sources for Mount Mageik's nitrogen and carbon (Table
6). This finding suggests that both CO2 and N2 emissions are derived
from the same source (i.e. subducted slab and/or crust). Several studies
have used arc-wide geochemical trends to distinguish between crustal
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and subducted carbon sources. Specifically, a new study by Aiuppa et al.
(2017) used arc-wide trends in CO2/S ratios to identify crustal contribu-
tions to volcanic emissions. Based on the low CO2/S observed from sev-
eral Aleutian Arc volcanoes they inferminimal crustal C contributions to
Aleutian Arc emissions. Conversely, Symonds et al. (2003a), observed
linear correlations between CH4/3He, N2/3He and CO2/3He in fumarole
samples for several Aleutian and Cascades arc volcanoes and used
these correlations to infer a singular crustal N2 and CO2 source. They
argue that the linear correlations between these three volatile species,
while considering the instability of CH4 atmagmatic temperatures, sug-
gests that the three correlating species must all be sourced from crustal
sedimentary rocks. This later interpretation is further supported by the
analysis of subducted sediment composition by Plank and Langmuir
(1998) who find primarily silicate sediments, with no detectable car-
bon, being subducted beneath mainland Alaska and the Alaskan Penin-
sula in the two sediment cores analyzed. Without clear consensus we
conclude that more work is needed to robustly distinguish between
crustal and subducted carbon sources in Aleutian Arc emissions.

We observe δ34S-H2S values from Mount Mageik of ~−1.7‰ V-CDT
and from Trident Volcano of ~+2.3‰ V-CDT. These values are some-
what lower than typically observed from hydrothermal gases (Marini
et al., 2011) and/or arc volcanoes (e.g. deMoor et al., 2013). The deplet-
ed δ34S-H2S signatures from both volcanoes likely result from isotopic
fractionation at relatively low temperatures due to secondary processes,
including: (1) the reduction of primary magmatic SO2 (likely δ34S ~ 0±
2‰,) to H2S (Vinogradov, 1958; Thode et al., 1961), and (2) the addition
of biogenic sulfides generated through bacterial sulfate reduction
(Giggenbach, 1996; Marini et al., 2011).

Carbon isotope partitioning between methane and its higher chain
homologues (Fig. 8) has been used to identify the origin of thehydrocar-
bons (Sherwood Lollar et al., 2002, 2008; Proskurowski et al., 2008).
This criterion can only be applied if the entire amount of methane and
the C2+ n-alkanes derive from a common thermogenic source. The
Mount Mageik hydrocarbons display a “thermogenic” trend that is typ-
ically observed for hydrocarbons that are derived from the thermal de-
composition of organic matter, i.e. δ13C increases with the number of
carbons constituting the hydrocarbons (Fig. 8). For Trident,methane oc-
curs more enriched in 13C than ethane (i.e. shows a carbon isotope re-
versal trend). Sherwood Lollar et al. (2002) suggested that such an
isotopic reversal trendmight be characteristic for abiogenically generat-
ed (i.e. without organic material) hydrocarbons. However, laboratory
experiments revealed that abiogenic hydrocarbons are not always char-
acterized by a carbon isotope reversal between methane and ethane
(e.g., Taran et al., 2007, 2010; McCollom and Seewald, 2006). Moreover,
it has been recognized that thermogenic hydrocarbons originating from
ahighlymature organic source can also exhibit a carbon isotope reversal
between methane and ethane (e.g. Tilley and Muehlenbachs, 2013). As
a consequence, the carbon isotope patterns observed for the Trident hy-
drocarbons may still be in agreement with a common thermogenic ori-
gin. Considering this, organic matter may have influenced the overall
gas composition observed at both volcanoes, as is also indicated from
field observations (see above); high proportions of CH4, H2, H2S, and
CO; and the correlation plot between CO2/3He and δ13C-CO2 (Fig. 6d).

5.3. Temporal variations in the chemical and isotopic composition of mea-
sured gases

When the composition of Mount Mageik's gas emissions is com-
pared with previous gas samples, several similarities and differences
are observed. First, the 3He/4He ratio measured at Mount Mageik in
2013 (7.56 RA) is similar to measurements by Symonds et al. (2003a)
(7.5–7.6 RA) carried out between 1995 and 1998 (Fig. 6b). This indicates
thatmagmadegassing inMountMageik's subsurface has persisted since
the mid 1990's. The fumarole samples collected by Symonds et al.
(2003b) between 1995 and 1998 found consistent CO2/H2S ratios of ~
9.6–10.5, which are ~2–3 times lower than the 2013 fumarole samples



Fig. 6. Isotopic compositions of volcanic fluids. Trident (red squares, this study; open squares Symonds et al. (2003a)) and Mount Mageik (blue triangles, this study; open triangles
Symonds et al. (2003a)) compositions are shown in comparison with reference standards. (A) δD and δ18O on sampled steam condensate relative to local meteoric water collected at
Baked Mountain and Andesitic water from Taran et al. (1989). (B) Fumarolic composition of 3He/4He and He/Ne relative to air; mixing line assumes a mantle RA value of 7.5. Empty
circles represent samples from other Aleutian volcanoes (data from Symonds et al. (2003a) and Poreda and Craig (1989)) showing various degrees of mixing with air and
contributions from crustal radiogenic helium. (C) Fumarolic composition of δ15N and N2/He in comparison with mantle and air; reference values from Fischer et al. (2002). D)
Fumarolic composition of δ13C-CO2 and CO2/3He relative to mantle, limestone and organic end-members; reference values from Sano and Marty (1995).
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(~24–26), but are in fact quite similar to the 2013 MultiGAS measure-
ments (6–9.5). When this observation is considered along with the dif-
ferences between the fumarole samples and the MultiGAS
measurements described above, it is likely that these discrepancies are
simply due to spatial heterogeneities within the fumarole field, such
that the fumaroles sampled in 2013 from the edge of the fumarole
field have a larger meteoric influence then the fumarole samples ana-
lyzed by Symonds et al. (2003), as well as from the bulk plume mea-
sured by MultiGAS in 2013 (see Section 5.1.2 for details). This could
also explain the higher extent of air contamination found in fluids col-
lected in this work compared to those collected in 1995–1998
(Symonds et al., 2003a), as testified by the 4He/20Ne (Fig. 6b) and
40Ar/36Ar ratios measured in these samples. Considering the relatively
stable 3He/4He ratios observed between the fumarole samples collected
between 1995 and 1998 and the fumarole andMultiGASmeasurements
of 2013, we speculate that no significant change in Mount Mageik's
magmatic-hydrothermal system has occurred since 1996. Over this ~
17-year period an increase in the proportion of shallow crustal fluids
(e.g. 4He) would be expected as magma degassed in the absence of
magma recharge (e.g., Hilton et al., 1993; Nuccio et al., 2008; Correale
et al., 2014; Di Piazza et al., 2015). This absence may suggest that peri-
odic, small magma recharge events may have occurred in the past
~15 years beneath Mount Mageik to sustain these high 3He/4He ratios,
as already highlighted by Symonds et al. (2003a) for other Aleutian
volcanoes.

The fumarole composition from Trident measured in this study is
similar to the composition measured by Symonds et al. (2003a), with
a few differences. The 3He/4He ratios measured in 2013 at Trident
(7.2–7.3 RA) are appreciably lower than those measured in 1995–1998
by Symonds et al. (2003a), which varied from 7.5 to 7.8 RA (Fig. 7b).
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In contrast to what was observed at Mageik, this may indicate that
magma feeding the fumaroles in the last ~15 years at Trident has under-
gone a gradual degassing and contamination by crustal-derived 4He
that led to the decrease of the mantle-like 3He/4He ratio (e.g., Hilton
et al., 1993; Nuccio et al., 2008; Correale et al., 2014; Di Piazza et al.,
2015). A second significant difference observed in Trident's fumarole
chemistry is that the CO2/H2S ratio measured in 2013 (~11) is some-
what lower than the range measured between 1994 and 1998 of ~15–
24 (Table 4). The consistent CO2/H2S ratios measured in 2013 fumarole
samples and MultiGAS measurements suggests that these changes are
not explained by spatial heterogeneity within the fumarole field. The
observed decrease in the CO2/H2S ratio over time could suggest a de-
crease in the relative volume of hydrothermal water with respect to
magmatic volatiles in Trident's subsurface over the past ~17 years
(Fig. 6a). If this change were due to increased magmatic activity, we
would expect additional chemical changes in fumarole chemistry. Con-
sidering the decrease in 3He/4He over time and absence of detectable
SO2, we do not think it is likely that a significant magma recharge
event occurred in recent years. One possible explanation to reconcile
these observations is continued degassing of residual magma since the
1990's combined with a decrease in hydrothermal system water-vol-
ume due to environmental factors such as decreased precipitation or in-
creased permeability due to seismicity. Additional samples and/or data
are required to better discriminate the factors controlling these ob-
served changes.

5.4. Comparison of KVC volatile provenance with other Aleutian Arc
Volcanoes

In Section 5.1, we conclude that, like other subduction zone volca-
noes, both Mount Mageik and Trident reflect volatiles that originated
from mantle, subducted slab and crustal sources. In Fig. 9, we plot the
volatile provenance as calculated from the three component mixing
model of Sano and Marty (1995) and following the example from
Hilton et al. (2002) for Trident, Mount Mageik and other Aleutian Arc
gas samples collected in this study and by Symonds et al. (2003b) and
Motyka et al. (1993). In Fig. 9, both Trident andMountMageik gas emis-
sions plotwithin the range of samples collected from other Aleutian Arc
volcanoes, in the lower left apex of the ternary diagram, which repre-
sents predominance by carbonate minerals presumed to be sourced
from the altered oceanic crust within the subducted slab. It is notable
that this general gas composition is very similar to what has been ob-
served from arc volcanoes around the globe (e.g. Hilton et al., 2002).
Two exceptions to the carbonate dominance are seen in Aleutian sam-
ples, Okmok Volcano sampled 1981 and Douglas Volcano sampled in
1982 both byMotyka et al. (1993), where gas composition reflects a pri-
marily mantle source. Of these two samples, the Okmok 1981 sample
was likely collectedwithin a fewmonths of an eruption, which suggests
that this deviation to greater mantle input could be related to volcanic
unrest. We propose that diversions to greater mantle contribution
along the left axis (M-C) of the ternary diagram are due to increased
proportions of 3He from mantle-derived magma and likely represent
shallow magma emplacement, which overprints longer-term volatile
cycling signatures (e.g. Hilton, 1996).

In addition to variations in proportions of mantle-derived gases
modifying volcanic gas composition on the left-hand axis of Fig. 9, we
also observe significant variability in gas composition along the bottom
Fig. 7. Traditional geothermometry model calculations. Model results for Trident (red
squares) and Mount Mageik (blue triangles) hydrothermal systems are shown. (A)
Redox independent geothermometry calculation of Chiodini and Marini (1998); (B) Fast
reacting log(CO/CO2) vs log(H2/H2O) geothermometer of Giggenbach (1987); (C) Slow-
reacting log(CO/CO2) vs log(CH4/CO2) geothermometer of Giggenbach (1987).
Consistent, equilibrium temperatures of ~200–250 °C are observed for Mount Mageik,
while higher temperatures (N350 °C) and potentially disequilibrium conditions are
observed for Trident. See text for details.



Fig. 8. Carbon isotope partitioning. CH4 (1), C2H6 (2) and C3H8 (3) δ13C values are shown
for Trident (red squares) and Mount Mageik (blue triangles) fumarole compositions.
When compared with “abiogenic” (e.g. Kid Creek) and “thermogenic” samples from
Lollar et al. (1994, 2002), Trident's C isotopes reflect an apparent abiogenic signature,
while Mount Mageik's C isotopes reflect a more typical thermogenic signature. See text
for details.

Fig. 10. Subsurfacemodel of the Katmai Volcanic Cluster. This schematicmodel is based on
interpretations from this study and previous geophysical studies. The yellow low-velocity
zone is based on seismic tomography by Murphy et al. (2014). Small batches of magma
(orange circles) are schematic only as inferred from gas geochemistry beneath Mount
Martin, Mount Mageik and Trident Volcanoes. The speculated presence of organic
matter based on this study is schematically illustrated. Hydrothermal system depths are
from geothermometry model results described in Section 5.1. See text for further details.
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axis from Aleutian Arc volcanoes, reflecting mixing between carbonate
and organic sediment. For typical subduction zone volcanoes it would
be assumed that both carbonate and organic sediment would be
sourced from the subducted slab and overlying marine sediments, re-
spectively. We have previously mentioned that sedimentary rocks are
commonwithin the KVC region, such that crustal rocksmay be contrib-
uting to these sedimentary sources. Because the horizontal distance be-
tween the target volcanoes (within ~17 km) is significantly smaller
than the depth to the subducted slab (~85 km (England et al., 2004)),
we would expect these volcanoes to reflect very similar volatile prove-
nance compositions if the volatiles were sourced entirely from the
subducted slab and mantle. Similarly, if the apparent variations in
Fig. 9. Aleutian Arc volatile sources. Calculated volatile source compositions from the
target volcanoes are shown relative to other Aleutian Arc volcanoes. End member
compositions reflecting C (carbonate), S (sediment) and M (mantle) sources were
calculated using the three component mixing model of Sano and Marty (1995). Figure
after Hilton et al. (2002). See text for discussion.
carbonate and organic carbon within Aleutian Arc volcanoes were due
entirely to deep processes (e.g. variable influx of organic marine sedi-
ment), wewould expect to see spatial variations in predominance of or-
ganic vs. carbonate sources that correspondwith latitude, which are not
observed in the available gas samples. The significantly larger propor-
tion of “organic carbon” in the Trident gas emissions relative to Mount
Mageik when considering their very close spatial proximity (~10 km),
supports variations in crustal compositions or processes between the
two volcanoes. Specifically, spatial heterogeneity in the shallow crust,
for example, thermal decomposition of organic sediments in the crust
beneath Trident volcano could comprise the primary source of “organic”
gases released from Trident's fumarole field that is not observed at
Mageik. Alternatively, variations in isotope fractionation processes be-
tween the two volcanoes could lead to different apparent carbon
sources. These observations lead us to conclude thatwithin the Aleutian
Arc shallow crustal processes (e.g. isotopic fractionation andmagma in-
trusion) and/or crustal volatile sources likely contribute to variability in
apparent volatile provenance.

5.5. Schematic subsurface model for KVC

Based on our interpretations of subvolcanic conditions beneath the
target volcanoes according to gas geochemistry data and interpretations
from previous studies in the literature, we present a schematic subsur-
face model of the KVC region (Fig. 10). First, the close proximity of the
target volcanoes to each other in comparison with the depth to the
subducted slabmakes it reasonable to assume an influx of relatively ho-
mogenous subducted fluids to volcanoes within the KVC. We therefore
propose that much of the variation in surface gas emissions can be at-
tributed to variations in shallow crustal subvolcanic conditions and/or
processes. Secondly, the abundance of CO2 and H2S, and absence
(Mount Mageik and Trident) or minor quantities of HCl and SO2

(Mount Martin, only), in the volcanic emissions from the target volca-
noes supports the presence ofwell-developed subsurface hydrothermal
systems. This is further supported by the presence of crater lakeswithin
the summit craters ofMountMartin andMountMageik. Using themea-
sured gas compositions and geothermometry tools described in Section
5.1.2 and assuming chemical equilibria, we calculate that Trident Volca-
no has subsurface hydrothermal systems at depth of ~4 km below the
surface (~sea-level and 3 km below sea level, respectively), whereas
the kinetically fast gas species (H2 and CO) in the Mount Mageik gases
seem to equilibrate at relatively shallowdepth (~0.25 km). The relative-
ly deep hydrothermal system seen at Trident is consistent with a grad-
ual deepening of seismicity observed from west to east within the KVC
region (Murphy et al., 2014). We assume that crystallizing and
degassing magma is providing heat and magmatic fluids to the overly-
ing hydrothermal systems.We support previous interpretations that in-
trusion of small quantities of magma are common within the KVC
region (Hildreth, 1987; Jolly et al., 2007) and envision several discrete
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magma batches degassing beneath each volcano. We note that this re-
gion is well-monitored by the AVO seismic network, such that we ex-
pect most significant and shallow magma intrusions to be observed
seismically (e.g. Jolly and McNutt, 1999; De Angelis, 2006; O'Brien et
al., 2012), that may in turn be linked to changes in gas composition.
The significant quantities of SO2 degassing from Mount Martin and the
relatively low CO2/SO2 ratio, are consistent with degassing of shallow
magma, and may support seismic interpretations of magma intrusion
in 2006 by O'Brien et al. (2012). Therefore themagmatic gases released
from Mount Martin may represent residual degassing of the 2006
magma. Similarly, it is likely that the most recent shallow intrusion of
significant quantities of magma beneath Mount Mageik occurred in as-
sociationwith the1996 seismic swarm, as proposedby Jolly andMcNutt
(1999) based on seismic observations of low b-values and increasing
depth of seismicity and supported by an increase in crater lake temper-
ature by ten degrees between July 1995 and July 1997 (Jolly and
McNutt, 1999). Therefore we speculate that the 1996 Mount Mageik
magma continues to provide heat andmagmatic gases to the hydrother-
mal system, and acknowledge that additional heat and gas may also be
provided by more recent, small-volume and/or aseismic intrusions as
suggested by similar 3He/4He ratios measured in 1998 (Symonds et al.,
2003a) and in 2013 (~7.5 RA; Fig. 7b). Based on our literature review
we do not find seismic evidence to support shallow magma intrusion
beneath Trident since the AVO seismic network was installed in 1995.
An earthquake swarmnear Trident volcanowas observed in 2008 tomi-
grate with time from NE of Trident's summit to the SW toward Katmai
Pass, however based on the seismic data, Murphy et al. (2014)
interpreted this swarm to represent migration of magmatic gases and/
or hydrothermal fluids. We conclude that if magma is present in the
shallow crust beneath Trident Volcano, which we argue is likely due
to the persistent fumarole emissions, active hydrothermal system, and
high 3He/4He ratio of the fumarolic gases, we think that it was mostly
likely emplaced prior to 1995 or was of sufficiently small volume to in-
trude aseismically.

6. Conclusions

We used the: (1) chemical and isotopic composition of fumarolic
gases and steam condensate, (2) major species gas composition mea-
sured from coalesced fumaroles and/or crater lake degassing, and/or
(3) the flux of volatiles fromMount Martin, Mount Mageik and Trident
volcanoes, Alaska, to constrain volatile sources and characterize
subvolcanic conditions within the Katmai Volcanic Cluster. The MORB-
like 3He/4He ratios observed in Mount Mageik and Trident's fumarole
emissions and moderate SO2 flux from Mount Martin, combined with
gas compositions dominated by H2O, CO2 and H2S from all three volca-
noes indicatemagma degassing and active hydrothermal systems in the
subsurface of the three target volcanoes. Mount Martin's gas emissions
have the lowest CO2/H2S ratio (~2–4) and highest SO2 flux (~75 t/d) in-
dicating that Mount Martin's emissions have a greater magmatic
degassing component. This observation combined with seismic inter-
pretations of magma intrusion in Mount Martin's subsurface in 2006,
suggest thatMountMartin is home to themost recent (significant) shal-
low-crustal magma intrusion within the KVC. Below detection limit SO2

frombothMountMageik and Trident indicate efficient scrubbing of acid
magmatic gases consistentwith a relatively low ratio ofmagmatic gases
to hydrothermal waters. Assuming geochemical equilibria in the sub-
surface beneath Mount Mageik and Trident, we estimate the depth of
the hydrothermal reservoirs of 0.2 and 4 km, respectively, whichwe as-
sume overly the magmatic system. Carbon, helium, and nitrogen iso-
topes from Mount Mageik and Trident indicate mixtures of crustal,
mantle and subducted volatile-sources, with a predominance of sedi-
mentary sources from the subducted slab or crust. When volatile prov-
enances for the target volcanoes are compared to other Aleutian Arc
volcanoes, a predominance of volatiles sourced from carbonate rocks
is apparent though significant scatter is observed. Considering the
close proximity of the target volcanoes in comparison with the depth
to the subducted slab, we speculate that Aleutian Arc volatiles are fed
by a relatively homogeneous subducted fluid composition and that
muchof the apparent variability in volatile provenance can be explained
by shallow crustal volatile sources and/or processes (e.g. shallow
magma intrusion and/or isotopic fractionation).
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