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ABSTRACT

Volatiles are the drivers of volcanic eruptions and monitoring and measurement in
quiescent times are the key in determining when unrest within a volcanic system is
beginning leading to possible cataclysms. Previous studies have focused on direct
measurements from volcanic plumes or fumaroles, however, this study proposes the use
of melt inclusions from tephra to determine volatile contents from the 1992 eruption of
Cerro Negro Volcano, Nicaragua. The analysis of melt inclusions adds a new technique
to the volatile analytical toolbox and can help to determine volatile contents from past
eruptions and their subsequent evolution within a volcanic system.

Though melt inclusions are easier to sample than direct degassing and ideally
represent the undegassed magma at depth, they are not without complications. Vapor
bubbles are almost ubiquitous within all melt inclusions and potentially contain up to
100% of the original carbon dioxide content at entrapment. If the carbon dioxide content
within the vapor bubble is not considered, initial volatile content will be highly
underestimated and thus depth of entrapment could be off by several kilometers.
Additionally, the miscalculated carbon dioxide concentrations lead to errors in other
ratios that help to determine the state of the volcanic system prior to and during eruptive
events.

This study will focus on determining the corrected carbon dioxide contents of
melt inclusions from the 1992 erupted tephra to visualize a new subsurface architecture
of Cerro Negro volcano compared to previous studies that show magma holding bodies at
shallow depths. By correcting for the carbon dioxide contents within the bubble, a new
schematic of the Cerro Negro plumbing system will be presented that comprises multiple
interconnected magma lenses at greater depths than previously presented. This blueprint
is normally suggested for spreading centers, however, this study will show that Cerro
Negro is the optimal example of an arc volcano containing this subsurface architecture.
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1.0 Introduction

Volcanology has progressively moved from a qualitative to quantitative
discipline, however, understanding the plumbing system beneath volcanic complexes
remains problematic. The processes at depth that cause these large edifices to produce
sometimes cataclysmic eruptions continues to be explored to improve our knowledge of
what makes these systems propagate and to help improve hazard mitigation for those
living near these settings. Various techniques have been employed to help answer
questions of how these volcanic systems operate at the subsurface and this study will
explore the analysis of volatiles utilizing melt inclusion within tephra from the 1992
Strombolian eruption at Cerro Negro in Nicaragua to better envision the subsurface
architecture. This is a departure from previous studies that utilize fumarole gases for
volatile analysis and adds a different technique to the toolbox when fumarole sampling
may not be adequate or accessible.

When picturing the subsurface of a volcanic complex, the traditional view is a
magma chamber located at a particular depth connected to the open air crater via a
conduit as shown in Figure 1. This is especially true in arc volcanic settings, where
magma chambers are typically located at 3-6 km depth connected to the surface via a
fluid-filled conduit only during eruptions, though in some settings, magma may ascend
directly from the mantle without being stored in the crust (National Academies of
Science, Engineering, and Medicine, 2017). Though systems like this exist, it is hard to
conceive that all magmatic systems follow this subsurface blueprint. There is growing
evidence that magma reservoirs may comprise an interconnected complex of vertical

and/or horizontal magma-filled cracks, or interleaved lenses of magma and solid material



(Cashman and Giordano, 2014). Additionally, it is likely that some arc volcanoes have
storage bodies in the 3-6 km range, however, the deepest structure beneath volcanoes is
less well constrained. Swarms of low-frequency earthquakes at mid to lower-crustal
depths (10-40 km) beneath volcanoes suggest that fluid is periodically transferred into the
base of the crust (Power et al., 2004). Through the analysis of volatile concentrations
contained in melt inclusions from the 1992 Cerro Negro eruption, the possibility of a
subsurface constructed of magma lenses at discrete depths exceeding 3-6 km will be

explored.

Magma—from source to surface

Continental Magma conduit

Crust

———— Shallow magma
storage

Magma
/_ accumulation

at base of crust

Region of
magma
formation

Figure 1 - Traditional schematic of the subsurface of a volcanic system (USGS).
Melt inclusions are small volumes of melt that are trapped inside phenocrysts at
depth prior to eruption shown in Figure 2. The host crystal will act as a tiny pressure
vessel allowing melt inclusions to remain at higher pressure than the ambient melt

surrounding the crystal as the magma ascends and eventually erupts quenching to glass.



Thus, analysis of melt inclusions can potentially provide a record of magmatic
conditions, including dissolved volatile components, at the time of crystal growth
(Lowenstern, 1995; Danyushevsky et al., 2002; Metrich and Wallace, 2008, Wallace et
al., 2015). In particular, carbon dioxide contents within the melt inclusion record changes
in depth of formation due to its high insolubility within the magma that quickly decreases
upon ascent depressurization acting as a geobarometer. Conversion of the carbon dioxide
concentrations to pressures and thus depth give a more accurate formation location at
depth compared to fumarole gas analysis, especially at locations where low-temperature
fumaroles exist. Low-temperature fumarole gases measured at the surface have
decoupled from the magma undergoing reactions with wall rock and/or water as it
ascends. Therefore, low-temperature fumarole gases show volatile concentrations that
are not representative of the magmatic gas, while melt inclusions ideally sample the
magmatic gas content at the resident depth. Though the information obtained in relation
to carbon dioxide from melt inclusions is valuable, melt inclusions do not necessarily
record all volatiles during crystallization and/or decompression (Iacovino, 2015)
primarily due to the presence of a nearly ubiquitous vapor bubble within the melt

inclusion.



Figure 2 - Melt inclusion with accompanying vapor bubble contained within a host
olivine crystal from the 1992 eruption at Cerro Negro.

The formation of a bubble in a melt inclusion after trapping is a natural
consequence of the pressure-volume-temperature properties of crystal-melt-volatile
systems. Following entrapment, as the host phenocryst and its associated melt inclusion
cool, the volume occupied by the melt inclusion will decrease more than that of the host
crystal due to different thermal expansion properties. If the melt present cannot remain
metastable (Lowenstern, 1995) during initial cooling, a bubble forms in the melt
inclusion as a necessary response to these processes (Roedder 1979, 1984; Moore et al.,
2015). The end result is that to determine the initial carbon dioxide concentration of the
entire melt inclusion at time of entrapment at depth involves adding back the amount of
carbon dioxide in the vapor bubble. If the concentration within the bubble is not
considered, which could be up to 100% of the total carbon dioxide content, trapping
pressures can be underestimated by several kilometers, therefore, this calculation will be

a priority in this study.



Analyses using micro-reflectance FTIR, microprobe analysis, pressure-
temperature modeling and the Redlich-Kwong equation will be employed to determine
melt inclusion composition as well as volatile contents within the melt inclusion and
vapor bubble. Synthesis of this data will lead to a hypothesis of the plumbing system at
Cerro Negro that deviates from the traditional magma chamber linked to the surface, but
instead explore a system of subsurface magma lenses that all contributed to the 1992 VEI

3 eruption.

2.0 Background

2.1 Geologic Setting
Cerro Negro is the youngest volcano along the Central American Volcanic Belt

(CAVB) (Venugopal et al., 2016) where the Cocos Plate subducts beneath the Caribbean

Plate (Figure 3).
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Figure 3 - Map displaying the location of Cerro Negro within the Central American
Volcanic Belt from Roggensack et al., 1997 (left). Photo taken of Cerro Negro before
ascent (right).



The Central American subduction zone is characterized by rapid (70-90 mm/year)
convergence of young (15-25 Ma) oceanic lithosphere (Barckhausen et al., 2001;
DeMets, 2001) with the steepest angle of subduction along the CAVB at approximately
75° - 80° (Funk et al., 2009) off the Nicaraguan coast. Cerro Negro erupts basaltic lava
compared to the felsic stratovolcanoes to the northwest and southeast giving Cerro Negro
its black appearance within the Nicaraguan volcanic range. Though presently listed as a
polygenetic cinder cone (Venugopal et al., 2016), the magma production rate for Cerro
Negro (~1.6 km’/k.v.) is the same magnitude as those of a variety of composite volcanoes
(McKnight & Williams, 1997).

The production of basaltic lavas is aided by the tectonic setting of the region. The
relatively thin crust in Nicaragua and the N-S striking extensional structures that cross the
volcanic front (Figure 4) promote rapid transit of magmas through the crust, allowing less
fractionated basalts to erupt and minimizing hybridization of the different magma types
(Carr et al., 2013). These primitive magmas are the result of dikes paralleling the NNW
extensional regime (La Femina et al., 2002) and thus, where the crust is thinner in
Nicaragua, mafic basalts are abundant (Carr et al., 2013). The volatile concentrations
presented below from melt inclusion analysis also show this primitive basalt signature
compared to the low-temperature fumarole data that displays a more evolved volatile

content.
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Figure 4 - Schematic representation showing the alignment of faults along the Nicaraguan
volcanic front from LaFemina et al., 2002.

2.2 Volcanic History

Cerro Negro is Central America’s youngest volcano having erupted for the first
time in 1850 and subsequently 22 additional times over its 150-year life (McKnight &
Williams, 1997). Cerro Negro produced Strombolian to subplinian type eruptions with
intervals of a few years to several decades producing the present 250-m-high basaltic
cone (volcano.si.edu). On the volcanic explosivity index (VEI) of Carey and Sigurdsson
(1989), the eruptions of Cerro Negro are within the VEI 2 and VEI 3 regions with the
more recent explosive eruptions characteristic of VEI 3 type eruptions, producing the

most voluminous ash-fall deposit in 1992 (McKnight & Williams, 1997). Cerro Negro’s



cone has changed greatly in shape and dimension since its first eruption in 1850 and for

most of its existence, has looked more like a small composite volcano than a cinder cone

(Figure 5).

Figure 5 - Cerro Negro’s black basaltic dome rising from the Nicaraguan vegetated
countryside as shown in the Smithsonian Institution Global Volcanism Program database.

2.3 1992 Eruption

The 1992 Strombolian eruption ended a quiescent period of 21 years on April 9,
1992 (Figure 6). The initial explosive phase produced a plume 7-7.5 km high and
deposited ash to the W and WSW (Figure 7) before slowing on April 12, 1992 and finally
ending on April 14, 1992 (volcano.si.edu). The eruption distributed an estimated 1.7
million tons of ash over a 200 square kilometer area (Malilay et al., 1996). The tephra

from this eruption make up the samples collected and processed in the methods section.



Figure 6 - Photograph of the final stages of Cerro Negro’s 1992 eruption on April 14,
1992 courtesy of G. Soto in the Smithsonian Institution Global Volcanism Program
database.
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Figure 7 - Tephra column from McKnight (1995) showing the thickness of the 1992
eruption for a pit dug 5 km WSW of Cerro Negro. This pit lies between our sampling
sites listed in the methods section.

3.0 Methods
3.1 Sample Collection

Ash samples and fumarole gases were collected from Cerro Negro volcano in
Nicaragua on June 1-3, 2017. A map showing previous sampling pit locations from
McKnight (1995) (Figure 8) was used to determine potential locations for ash collection

WSW of the main vent representing the 1992 eruption.
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Figure 8 - Map showing ash pits from the 1992 Cerro Negro eruption that were sampled
in McKnight’s thesis, 1995.

Upon arrival at INETER in Nicaragua, a 2004 thesis by Kristin Martin was provided that
showed numerous sampling sites of the 1992 eruption accompanied with latitude and
longitude coordinates. From this listing, five sites were chosen (Figures 9, 10, 11) with
coordinates and thickness shown in Table 1. Conversions from northing and easting
coordinates to latitude and longitude were done using uwgb.edu converter. The 1992
eruption overlies the 1971 eruption and is identifiable as a coarse layer with an
abundance of large red lithics (McKnight, 1995) in addition to a soil layer that developed
between the 1971 and 1992 eruptions. The soil layer was confirmed at pit 4 where a

burned tree was located at the bottom of the pit (Figure 9).
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L (‘ ‘ 5
Figure 9 - Base of pit 4 for the 1992 CerroNero eptin at 140 cm showing the
separation of the 1992 and 1971 tephra layers. Note the abundance of red lithics and soil
layer containing the burned tree segment.
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Figure 10 - Google Earth image displaying locations of the pits listed in Table 1 below.
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Figure 11 - Pits and tephra thicknesses of the 1992 Cerro Negro eruption from Martin
(2004). Circles indicate locations sampled in this study listed in Table 1.

Pit Northing Easting Latitude Longitude | Thickness
1 1379744 525983 12.480906 N | 86.760884 W 50 cm
2 1379772 526617 12481154 N | 86.755049 W 54 cm
3 1380543 526109 12.488131 N | 86.759718 W 54 cm
4 1380874 528622 12.491102 N | 86.736588 W | 140 cm
5 1381172 529451 12.493789 N | 86.728956 W | 150 cm

Table 1 - Locations and thicknesses of pits of the 1992 Cerro Negro eruption for ash
collection shown in Figure 11.

Ash collection from pits 1-4 were conducted on June 1, 2017 and pit 5 on June 2,

2017 with the base of the 1992 eruption determined by depths listed in Table 1 (Martin,

2004) and observation of the coarse, red lithic and soil layer at the 1971/1992 boundary.

One-gallon bag samples were collected from pits 1-3 at the base of the pit to 10 cm

above, from 10-30 cm, and from 30 cm to the top of the pit. Two one-gallon bag samples

were taken from the base of the pit and from 0-10 cm for pit 4 followed by one-gallon

bag samples every 20 cm to the top of the pit. Two one-gallon bag samples were taken
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from the base of the pit and from 0-20 cm for pit 5 followed by one-gallon bag samples
every 20 cm to the top of the pit. All samples are located at the Volatiles Laboratory at
the University of New Mexico.

Fumarole gases were collected following the procedure of Giggenbach and
Gouguel (1989) in one 100 ml Giggenbach sampling bottle containing approximately 30
ml 5N NaOH and two 200 ml Giggenbach sampling bottles containing approximately 40
ml 5N NaOH on June 3, 2017. One strongly degassing fumarole was sampled
(12.506959 N, 86.726389 W) shown in Figure 12 expelling large amounts of steam
accompanied by a strong sulfur odor. Gas samples were collected by inserting metal
tubes into the fumarole and attaching a rubber hose to each bottle as described in
Giggenbach and Goguel (1989). The stopcocks were slowly opened and gas was allowed
to flow into each bottle until percolation in the NaOH had ceased after approximately five
minutes. Upon completion of gas collection, the temperature of the fumarole was

measured and recorded at 148.9 °C.

Figure 12 - Google Earth image of the fumarole location at Cerro Negro (left). View of
the degassing fumarole on June 3, 2017 (right).
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3.2 Ash Sample Processing

Approximately one cup of ash was taken from every other one-gallon bag (4-1, 4-
3, 4-5, etc.), washed three times in deionized water, placed in a sonic bath for five
minutes, rinsed three additional times with deionized water, and left overnight to dry. All
samples were sieved into samples that were greater than 500 um and less than 500 um.
Olivine crystals were handpicked from the greater than 500 um sample using a binocular
microscope. Larger olivine crystals (1-2 mm) with minimal ash cover were chosen and
submerged in immersion oil (Cargille Type A, 1.5150 refractive index) and viewed using
a petrographic microscope under reflective light to determine which crystals contained
melt inclusions. Olivine containing melt inclusions ranging from 30 to 100 um in
diameter with accompanying vapor bubbles were selected for FTIR analysis. The melt
inclusions chosen listed with their identification number and location at depth in the

tephra column are listed in Table 2.

Melt Inclusion | Depth (cm)
4-1 140
4-3 120 - 100
4-5 80 - 60
4-7 40 - 20
4-8 20-0
5-1 150
5-3 130-110
5-5 70 - 50
5-7 30-10
5-8 10-0

Table 2 - Melt inclusion sample numbers and representative depths in the tephra column.
Analysis of these basaltic melt inclusions should show pressures in excess of 3

kbar, compared to basaltic andesite (Roggensack, 2001) or any other more evolved melt
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inclusion. Based on the ash chemical composition at Cerro Negro, it should be expected

that pressures determined will exceed 3 kbar.

3.3 Ash Chemical Composition

Analysis of ash collected was not performed in this study, however, thorough
petrologic analysis of ash from the 1992 eruption was done by McKnight (1995) and this
will be discussed here. McKnight noted in his 1995 thesis that phenocrysts of
plagioclase, augite, and olivine varying in lengths from 1 to 5 mm were the dominant
phases in all the samples and this is what was observed in samples analyzed in this study.
Similar to McKnight’s samples, olivine is easily found in the ash as both small (1 to 3
mm) whole, euhedral phenocrysts and large, broken phenocrysts, though not all contained
melt inclusions. Glass inclusions present were ellipsoidal in shape ranging on the long
axis from ~30 to ~150 um and all glass inclusions analyzed had a vapor bubble present.
One inclusion (4-3) contained a plagioclase crystal as was evidenced by its accidental
analysis during FTIR sampling and confirmation by microprobe analysis, however, the
remaining inclusions showed no other plagioclase inclusions.

Microprobe analysis were performed on both the olivine host crystal and the melt

inclusion and the results of those are shown below in Tables 7 and 8 and Figure 17.

3.4 Single-sided Polished Thin Section Preparation

Chosen olivine crystals were mounted to round glass slides using crystal bond
epoxy. Each sample was polished on one side for FTIR micro-reflectance and
microprobe analysis starting with 15 pm sandpaper to achieve a flat surface and
continually polished incrementally down to 0.5 um sandpaper until the melt inclusion

was exposed and any residual scratches removed. It should be noted that as each melt
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inclusion was exposed, any intersection with the accompanying vapor bubble results in
volatile loss of the vapor bubble.
3.5 FTIR Analysis

FTIR reflectance was performed at the USGS Volcano Science Center in Menlo
Park, California using a Nicolet iN10 MX FTIR with an attached liquid-N,-cooled MCT-
B detector. Three spots on each inclusion were analyzed at 16 scans per inclusion to
produce a reflectance spectra similar to the procedure of King and Larsen (2013). Melt
inclusions 4-1 and 5-3 were large enough to be rotated 180° and analyzed again to
improve data quality and reduce error resulting from non-flat surfaces. Melt inclusion 5-
8 had no visible spectra initially, but produced viable spectra upon 180° rotation and is
listed as such in Appendix A. Smoothing of spectra was done using the Omnic Version
8.2 software utilizing 19 smoothing points to reduce noise and then converted to
absorbance spectra to allow measuring of peak heights. Baselines were applied to the
asymmetric spectra though the use of French curves in OriginPro 2018 given that linear
baselines would produce values below the actual concentrations. Average concentrations
for water and carbon dioxide listed in Table 3 in the results section were calculated
following the equations of King and Larsen (2013), where water is determined by
125%(3650 cm™ peak) and carbon dioxide by 37.2*(2350 cm™ peak) (Figure 13). The
relative standard deviation is high given only 3 analyses were performed on each
inclusion, however additional analyses would not have improved the results due to the
small size of some inclusions and the possibility of non-flat surfaces causing variances in
spectra peak heights. Raw data for the peak measurements and volatile concentrations

are listed in Appendix A. The coefficients for water and carbon dioxide concentration
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calculations were determined by calibration slopes outlined in King and Larsen (2013)
shown in Figure 14. Melt inclusion 4-3 had to be discounted when it was discovered on
the microprobe that a plagioclase inclusion was analyzed opposed to a glass melt
inclusion. Calculation verification of the above technique were performed on two USGS
samples of known water and carbon dioxide concentrations determined from attenuated
total reflectance. Calculations were within the accepted range of error listed in

Lowenstern and Pitcher (2013).
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Figure 13 - Representative absorbance peaks used for the calculation of water content
(left) and carbon dioxide (right).
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Spectra listed in the results section show a distinct peak for water around the 3650
cm’', however, the peak near 2350 cm™ is not as distinguishable, therefore, some

assumptions were made as to the peak height closest to the 2350 cm™ wavenumber,

3.6 Vapor Bubble Concentration Calculation

All melt inclusion samples contained vapor bubbles of varying volumes and given
the small concentrations of carbon dioxide in the melt inclusions calculated from FTIR
analysis, it is likely that a large percentage of the carbon dioxide content is contained in
the vapor bubble. Therefore, it is necessary to calculate the carbon dioxide concentration
within the bubble and add this back to the amount determined by FTIR of the melt
inclusion to get the original carbon dioxide concentration at the time of melt inclusion
formation. This is accomplished by determining the volume of the melt inclusion and
vapor bubble assuming they have an ellipsoidal shape. The axis normal to viewing was
determined by taking the average of the long and short axes, which were measured
photomicrographically as shown in Figure 15, following the procedure outlined by
Tucker (2018, in review). Tucker determined this method produced the least amount of
error when trying to determine the length of the axis normal to viewing. Volume
calculations for the melt inclusions and vapor bubbles are shown in Table 4 in the results

section.
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Figure 15 - Photomicrograph of melt inclusion 4-1 that shows the accompanying vapor
bubble. Measurements represent the long and short axes used to determine the value of
the axis normal to viewing necessary for volume calculations.

Upon calculation of the vapor bubble volume, the Redlich-Kwong equation of
state (EOS) was used to determine the molar volume of carbon dioxide within the vapor
bubble. Given carbon dioxide’s low solubility, it can be assumed that the vapor bubble
contents would be pure carbon dioxide (Wallace et al., 2015) and therefore, the molar

volume can be used to ascertain the carbon dioxide concentration to be added back to the

FTIR calculated concentration. The standard Redlich-Kwong EOS:
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RT a
p = — (1)
Vm_b \/TVm (Vm+b)

R2 TCQ.S

a = 0.42748 2)
RT,
b= 0.08664 3)

where the a and b constants are related to the gas being analyzed and can be calculated
using the critical temperatures and pressures of that particular gas, in this case, carbon
dioxide. For carbon dioxide, the critical temperature is 304.1282 K and the critical
pressure is 73.773 bar (Duan & Zhang, 2006). R is the gas constant appropriate for this
calculation and T is 1443.15 K based on the trapping temperature from Venugopal et al.
(2016). The pressure was calculated using VolatileCalc 2.0 (Newman and Lowenstern,
2002) by determining the saturation pressure based on SiO,, water and carbon dioxide
content along with the trapping temperature. The new average carbon dioxide totals
resulting from this calculation are shown in Table 4 in the results section.
3.7 Microprobe Analysis

Microprobe analyses for oxides, sulfur, chlorine, and fluorine were performed
using a JEOL JXA-8200 WD/ED combined microanalyzer on eight melt inclusions and
ten host olivine crystals at the Microprobe Laboratory in the Institute of Meteoritics at the
University of New Mexico under the supervision of Dr. Michael Spilde. Melt inclusion
4-3 was discounted since the inclusion was found to be plagioclase and not glass and 5-3

was not analyzed due to the inability to locate the melt inclusion within the olivine
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crystal. Samples were carbon coated and analyzed using a beam current of 25 kV with a
beam size of 10 um. All data is listed in Tables 7 and 8 in the results section.
3.8 Fumarole Gas Analysis

Fumarole gases collected in the head space (dry gas) of Giggenbach bottles were
analyzed by gas chromatograph mass spectrometry in the Volatiles Lab at the University
of New Mexico under the guidance of Dr. Hyunwoo Lee. The dissolved carbon dioxide
within the sodium hydroxide solution (wet gas) was analyzed via titration following the
procedures listed in Giggenbach and Goguel (1989). Total sulfur was done by
gravimetric analysis as outlined in Giggenbach and Goguel (1989). All results for
fumarole gases are listed in Table 9 along with previous measurements done at Cerro
Negro for comparison.
4.0 Results
4.1 FTIR

Raw data, spectra, and calculation for each melt inclusion listed in Appendix A.

Sample H,0 Content CO; Content
4-1 2.56+0.4 65.54 £ 50.1
4-5 1.87+0.2 133.33 +£40.5
4-7 2.70+0.3 177.54 + 36.8
4-8 2.20+0.6 201.20 +72.7
5-1 2.13+04 85.47 +43.8
5-3 2.46 + 0.5 138.88 + 61.6
5-5 1.82+0.5 75.37 £26.0
5-7 1.61+£0.3 159.79 +£45.9
5-8 377+ 1.5 102.39 £25.1

Table 3 - Average water and carbon dioxide contents with standard deviations of each
Cerro Negro melt inclusion sampled based off FTIR analyses and calculations methods of
King and Larsen (2013). Sample 4-3 not listed due to accidental FTIR analysis of a
plagioclase inclusion.
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CO; from CO; from
Pressure Bubble Spectra Redlich- Total CO, % CO3 in
Sample | (bar) Volume % (ppm) Kwong (ppm) (ppm) bubble
4-1 0.794 2.35 65.54 3491 3557 98.16
4-5 0.545 1.34 133.33 2423 2556 94.78
4-7 0.997 0.92 177.54 9926 10104 98.24
4-8 0.750 3.25 119.99 1518 1638 92.67
5-1 0.645 241 85.47 1639 1724 95.04
5-3 0.887 2.68 142.39 1621 1763 91.93
5-5 0.499 2.37 75.37 1154 1229 93.87
5-7 0.547 1.42 89.61 1345 1435 93.75
5-8 1.564 1.94 102.39 11313 11415 99.10

Table 4 - Restorative values of CO, for each Cerro Negro melt inclusion except 4-3 due
to incorrect FTIR analysis. Trapping temperature for each inclusion of 1170 °C based on
Venugopal et al. (2016).

Pressure
CO; from Restored CO;
Spectra Pressure | Depth CO, restored New Depth

Sample (ppm) (kbar) (km) (ppm) (kbar) (km)

4-1 65.54 0.794 2.94 3557 6.21 22.97

4-5 133.33 0.545 2.02 2556 3.20 11.83

4-7 177.54 0.997 3.69 10104 8.02 29.67

4-8 119.99 0.750 2.78 1638 2.17 8.03

5-1 85.47 0.645 2.39 1724 3.74 13.84

5-3 142.39 0.887 3.28 1760 4.15 15.36

5-5 75.37 0.499 1.85 1229 2.78 10.29

5-7 89.61 0.547 2.02 1435 2.68 9.90

5-8 102.39 1.564 5.79 11415 11.25 41.63

Table 5 - Depth calculated (3.7 km/kbar) from the average CO, values of the sampled
Cerro Negro melt inclusions based on FTIR calculations and after restoring original CO,
values using the Redlich-Kwong equation.
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New depth based
on average H,O Depth based on Depth based on
and CO; ppm minimum H,O and maximum H,O and
Sample (km) CO; ppm (km) CO; ppm (km)
4-1 22.97 0.00 25.54
4-5 11.83 10.39 13.49
4-7 29.67 24.57 30.27
4-8 8.03 4.21 12.56
5-1 13.84 4.84 17.79
5-3 14.61 10.53 20.19
5-5 10.29 2.25 16.14
5-7 9.90 3.60 13.46
5-8 41.63 11.11 44.07

Table 6 - New depths of origination for the 1992 Cerro Negro eruption calculated from
restored CO, concentrations along with the minimum and maximum depths based off
minimum and maximum H,O and CO; concentrations from FTIR analysis that were used

to calculate additional restored CO, concentrations for each sample.
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Melt Inclusion CO, and H,O Values From Pits 4 & 5
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Figure 16 - Plot of CO;, vs H,O for each Cerro Negro melt inclusion with CO, values
restored with error after vapor bubble volume calculation as done by Tucker (2018, in
review) and molar volume determination utilizing the Redlich-Kwong equation as done
by Wallace et al. (2015). Each melt inclusion is labeled to show variations based on pit
depth location (4-1 bottom of pit, 4-8 top of pit).



4.2 Microprobe Analysis

Raw data for each melt inclusion analysis included in Appendix B.

4-1 4-3 4-5 4-7 4-8
Si02 48.84 46.83 47.27 46.54 46.30
TiO2 0.92 0.88 1.06 0.78 0.83
Al203 17.52 19.38 18.57 16.42 17.86
FeO 941 10.01 9.95 11.65 10.22
MnO 0.17 0.19 0.20 0.22 0.18
MgO 5.79 3.99 3.78 5.96 5.14
CaO 10.81 12.33 10.24 10.88 11.99
Na20 0.43 0.71 0.30 0.48 0.53
K20 0.37 0.29 0.33 0.24 0.28
P205 0.15 0.07 0.19 0.12 0.11
S ppm 1232 1050 1543 720 938
Cl ppm 541 652 521 474 428
F ppm 25 21 24 4 4
5-1 5-5 5-7 5-8
Si02 49.00 49.18 48.45 48.39
TiO2 1.12 1.01 0.84 0.88
Al203 15.96 16.52 18.09 18.78
FeO 12.09 12.19 9.93 9.05
MnO 0.24 0.22 0.18 0.16
MgO 5.25 5.73 5.34 4.90
CaO 9.82 9.67 11.60 11.42
Na20 0.51 0.47 0.35 0.40
K20 0.52 0.34 0.29 0.31
P205 0.12 0.10 0.10 0.18
S ppm 540 1154 834 948
Cl ppm 654 502 538 378
F ppm 0 21 13 63

Table 7 - Average oxide, sulfur, chlorine, and fluorine concentrations for each Cerro
Negro melt inclusion analyzed. Sample 5-3 omitted due to inability to locate the
inclusion on the microprobe.



Raw data for each olivine analyzed included in Appendix B.

4-1 4-3 4-5 4-7 4-8
olivine olivine olivine olivine olivine
SiO; 39.15 38.45 38.84 37.26 38.28
TiO, 0.00 0.00 0.01 0.01 0.00
AL O3 0.07 0.03 0.03 0.02 0.03
FeO 17.80 18.97 20.25 21.66 19.27
MnO 0.27 0.29 0.34 0.34 0.28
MgO 42.02 40.30 40.03 40.18 40.66
CaO 0.18 0.19 0.17 0.18 0.19
Na,O 0.00 0.00 0.00 0.01 0.00
K,O 0.00 0.00 0.00 0.01 0.00
P,0s5 0.00 0.01 0.02 0.01 0.01
S ppm 26 15 13 51 0
Cl ppm 11 11 50 51 45
FO mol % 80.35 78.64 77.47 76.33 78.52
5-1 5-3 5-5 5-7 5-8
olivine olivine olivine olivine olivine
SiO; 37.68 35.77 38.81 39.58 40.12
TiO; 0.01 0.01 0.01 0.00 0.01
Al O3 0.03 0.06 0.04 0.11 0.04
FeO 23.76 22.64 22.57 17.93 17.81
MnO 0.41 0.36 0.37 0.30 0.26
MgO 38.24 36.84 38.38 42.27 40.06
CaO 0.21 0.18 0.17 0.19 0.17
Na,O 0.00 0.01 0.00 0.00 0.00
K,O 0.00 0.00 0.00 0.00 0.00
P,0s5 0.01 0.01 0.00 0.01 0.01
S ppm 31 27 5 4 0
Cl ppm 9 28 5 69 28
FO mol % 73.64 73.92 74.77 80.30 79.59

Table 8 - Average oxide, sulfur, chlorine, and FO mol % concentrations for each Cerro

Negro host olivine analyzed.
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Figure 17 - Major elements vs. K,O for each Cerro Negro melt inclusion analyzed by
microprobe. Though some volatile evolutionary trends can be seen (TiO; vs. K,0), the
variability of the inclusions are clear.



4.3 Fumarole Data

Date T (°C) H,O CO,
CN Fumarole 1/16/02 98 922.60 57.43
NIC 14-1 Fumarole 3/15/14 165 957.67 31.90
NIC 14-3 Fumarole 3/15/14 165 966.24 29.99
CN 17-1 Fumarole 6/3/17 149 924.53 66.24
CN 17-2 Fumarole 6/3/17 149 943.18 47.79
CN 17-3 Fumarole 6/3/17 149 963.12 29.33

SO, H,S S H,S/SO, | C/S Ratio

CN Fumarole 3.37 17
NIC 14-1 Fumarole 0.171 0.057 0.23 0.332 140
NIC 14-3 Fumarole 0.157 0.159 0.32 1.012 95
CN 17-1 Fumarole 2.778 0.000 2.94 0.000 23
CN 17-2 Fumarole 1.273 0.868 2.06 0.682 23
CN 17-3 Fumarole 2.315 1.076 4.17 0.465 7

Table 9 - Fumarole data compiled over time showing the gas content evolution of the

existing fumarole at Cerro Negro. Concentrations in mmol/mol.

CO; ppm

(Restored) S ppm C/S Ratio | CI/F Ratio
4-1 3557 1232 2.9 22
4-5 2556 1543 1.7 22
4-7 10104 720 14.0 119
4-8 1638 938 1.7 105
5-1 1724 540 3.2 0
5-5 1229 1154 1.1 24
5-7 1505 834 1.8 43
5-8 11415 948 12.0 6

29

Table 10 - C/S ratios calculated from microprobe data and average restored CO, values

for sampled Cerro Negro melt inclusions. Note the much lower values compared to

fumarole data. CI/F ratios for each sample calculated from microprobe data are included.
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5.0 Discussion

5.1 H,S/S80; Ratios from Fumaroles

In a study done by Moor et al. (2016) H,S/SO; ratios from fumarole sampling
greater than 0.3 are a relatively unambiguous indicator of hydrothermal interaction.
Based on the fumarole data listed in Table 9, the H,S/SO; ratio indicates that Cerro
Negro exhibits a hydrothermal interaction at depth given that the ratio is greater than 0.3
and has been for at least fifteen years. When comparing Cerro Negro to other arc
volcanoes worldwide, it is evident that volcanic systems across these regimes show
variations from purely magmatic (<0.3 H,S/SO; ratio) to highly hydrothermal (>0.3
H,S/SO; ratio). Studies done at Etna (Roberts et al., 2017) and Redoubt (Werner et al.,
2013) display a clear magmatic signature with H,S/SO, ratios of 0.02 and 0.1
respectively. In contrast, analyses done at Lastarria (Lopez et al., 2018), Poas (Fischer et
al., 2015) and Vulcano (O’Dwyer et al., 2003) give clear hydrothermal signatures with
H,S/SO; ratios of 0.21, 0.6 - 0.4, and 0.7 - 6.3 (Chiodini et al., 1995). The variations
seen in the H,S/SO; ratios is a direct result of the fumarole temperature. At temperatures
above 445 °C, the boiling point of elemental sulfur, significant remobilization to the gas
phase will occur that can lower the H,S/SO; ratio. At Etna, Madonia et al. (2013)
recorded a fumarole temperature of up to 500 °C, high enough to increase the SO, content
and lower the H,S/SO; ratio. In contrast, at Lastarria, Lopez et al. (2018) recorded a
fumarole temperature of 260 °C, Fischer et al. (2015) measured a fumarole temperature
of <100 °C at Poas, and O’Dwyer et al. (2003) noted a fumarole temperature of 271 °C at

Vulcano, all significantly lower than the boiling point of sulfur allowing for more
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interaction with subsurface water increasing the H,S/SO, ratio that gives the
hydrothermal interaction signature. Therefore, based on the low temperature of the
fumarole, it can be concluded that there is a hydrothermal interaction present at Cerro
Negro and the presence of this hydrothermal interaction can have a large effect on

carbon/sulfur ratios expressed in fumarole gases sampled at the surface.

5.2 Carbon/Sulfur Ratios - Fumarole vs. Melt Inclusion Analysis

COy/Sr ratios are an additional indicator of magmatic vs. hydrothermal interaction
where ratios greater than 4.5 could indicate pulses of deeply derived CO,-rich gas
preceding explosive activity (Moor et al., 2016). The CO/Siota1, CO2/SO,, or C/S ratio is
commonly used to assess variations in volcanic activity because the solubility of CO, and
S in magmas differ significantly (Carroll and Webster, 1994; Holloway and Blank, 1994)
and upon magma ascent CO, is expected to degas first, resulting in high C/S ratios. For
instance, Aiuppa et al. (2005) showed that an increase in C/S ratio potentially indicates
renewed magmatic activity at Vulcano, and that an increase in C/S ratio in combination
with an increase in CO, flux is a strong indicator of renewed volcanic activity likely due
to the injection and degassing of new magma into the system at Stromboli (Aiuppa et al.,
2009).

Aiuppa et al. (2014) looked at several volcanoes around the world as well as
along the Central American Volcanic Arc (Figure 18), and upon closer investigation of
the volcanoes in Nicaragua, they discovered that trends converge at high temperature

fumaroles (>455 °C) to CO,/St ratios of ~3 in Nicaragua. From the data in Table 9, the

fumarole at Cerro Negro shows C/S ratios up to two orders of magnitude larger than the

average value shown by Aiuppa et al. (2014). The cause of this in the case of Cerro



32

Negro is due to the low-temperature (148.9 °C) fumarole that is not representative of
magmatic gas. This occurs due to their deep CO,/St magmatic fingerprint being
obscured by selective scrubbing of water-soluble S (Symonds et al., 2001): this is
reflected by the high CO,/St ratios (up to >1000) in some of the low-temperature crater
gas manifestations (Aiuppa et al., 2014). Therefore, due to the hydrothermal interaction
and low-temperature of the fumarole at Cerro Negro, CO,/St ratios are controlled by
sulfur partitioning into the liquid hydrothermal system or gas scrubbing reactions in a
shallow subsurface environment (Symonds et al., 2001), and as such cannot be used to
track volatile origin at depth (Aiuppa et al., 2017). Therefore, this study will focus on
C/S ratios from melt inclusions that should be more representative of magmatic gas
compared to the hydrothermal signature seen at the low-temperature fumarole

measurements.
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Figure 18 - C/S ratios from volcanic arc systems around the world with the inset
(B) narrowing in on volcanoes in Nicaragua displaying a C/S ratio in the range of 2 - 4
from Aiuppa et al. (2017). The ratios are based on high-temperature fumaroles, however
this study will utilize C/S ratios from melt inclusions due to the nature of the low-
temperature fumarole sampled at Cerro Negro.

Given the low-temperature nature of the fumarole gas at Cerro Negro, it is clearly
not magmatic, however, magmatic (+mixed) gases, instead, are characterized by means
of magmatic arc gas CO,/Sr ratios of ~2.5 (Aiuppa et al, 2017). From the data presented
in Table 10, the mean C/S ratio of melt inclusions analyzed is 4.8, somewhat higher to
the mean determined for arc volcanoes shown in Figure 18 from Aiuppa et al. (2017) due
to elevated CO, contribution from the eruption. Therefore, melt inclusions give a better

picture of the volatile concentration and state of the magma at depth, however it is

interesting to note that the melt inclusions analyzed in this study are variable throughout
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the tephra column, which will be discussed in the next section. As new inputs of magma
are introduced into the volcanic system, the CO,/Sr ratio increases substantially as new
pulses of CO,-rich magma ascend from depth. The fumarole CO,/Stratios above suggest
that this undegassed magma sits very close to the surface, which as seen by the low
temperature of the fumarole as well as the lack of a presence of a lava lake proves
otherwise. Therefore, melt inclusion analysis is the most reliable source in order to
determine volatile concentrations at depth in low temperature fumarole systems, which
encompass a large quantity of volcanic systems worldwide. All previous results for C/S
ratios at arc volcanoes have been done by analysis of either the fumarole or the degassing
plume. This study adds a new technique to the analysis toolbox where melt inclusions
that tend to be easier to sample than vent gases, can be used to determine background C/S
levels.

One key factor in this analysis is that the CO,/St ratios calculated would not be
robust if the CO, concentration lost to the vapor bubble is not added back to the total CO,
content. If only the CO, concentration from the FTIR analysis on the melt inclusion is
used without considering the vapor bubble, the CO,/Stratios would be up to two orders
of magnitude less, not representative of the magma at depth that melt inclusions sample.
Consequently, future analysis where melt inclusion data is utilized must include the
volatile content in the vapor bubble to be robust.

5.3 CI/F Ratios

Another ratio that can be looked at to determine level of degassing is the CI/F

ratio, where low ratios (~16) show a high level of degassing (Taran et al., 2018). This is

due to the high solubility of fluorine in silicate melts, thus if the magma is highly
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degassed, the fluorine content increases and therefore lowers the CI/F ratio. The way this
ratio can be applied in this study is by looking at sample 5-8, the melt inclusion with the
largest CO; content after CO, restoration. The CI/F ratio is 6, meaning a high level of
degassing, however, this is for the melt inclusion. This can be interpreted that the melt
inclusion is highly degassed and that the volatile loss is contained within the vapor
bubble leading to the large CO, concentration determined when calculating the
restorative value. Though this could be an additional check on degassing trends, this is
not without trepidation. The CI/F ratio for the next highest volatile melt inclusion (4-7) is
119 meaning the melt inclusion is not as degassed, however, the volatile content
calculated in the vapor bubble is 98%, similar to the 99% of sample 5-8 that is highly
degassed based on the CI/F ratio. Consequently, using the CI/F ratio can be useful,
however, knowledge of the true amount of degassing is still highly variable and
uncertain.
5.4 Reasons for Variability - Disequilibrium in the Magma Holding Body

Ideally, in introductory geology textbooks, we would picture the magma holding
body in equilibrium and upon eruption, tephra recovered would represent the magma
concentration from top to bottom as the magma holding body is evacuated. Based on the
data in this study, this inference is not accurate given that the volatile concentrations are
variable throughout the ash column represented by the melt inclusion analyses. If
equilibrium was present, expectations suggest that the melt inclusions at the bottom of the
pit (4-1 and 5-1) would contain the highest volatile concentrations, however, as seen in
Figure 16 this is not the case. Therefore, and not surprisingly, it cannot be assumed that

there is simply a large magma body that erupts from top to bottom in one continuous
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event. The melt inclusion data suggests that formation could be at any depth and the
dynamics of the magma holding body transport melt from below where it can possibly be
stalled at a shallower depth prior to eruption lending to the variability of volatile content
throughout the tephra column.
5.5 Reasons for Variability - Magma Input During Eruption

Building on the previous section, an ideal eruption starts when volatile content
exceeds the holding capacity resulting in an eruption that drains the entire magma body in
one event, however, as observed from countless occurrences, eruptions ebb and flow due
to new inputs of magma during the evacuation process. With new inputs of magma, the
volatile content would also be variable throughout the tephra column that show periods of
magma recharge and quiescence. This process should be tracked by the CO,/St ratio in
the melt inclusions similar to vent degassing that represent variable melt concentrations at
depth as the eruption evolves in response to magma concentration. This was shown to be
accurate in a study done on the March, 2015 eruption of Villarrica volcano by Aiuppa et
al. (2017). During background degassing Phase I (13 November, 2014 to 25 January,
2015), the derived CO,/SO; ratios in the gas discharges were systematically lower than 3
(range 0.65 - 2.7), and mostly between 1 and 2. Starting from January 26, or Phase 11 (26
January to 5 February), the CO,/SO; ratios fluctuated more widely, and peak values as
high as 8.3 were noticed with the mean CO,/SO;ratio of 2.1. Fluctuating high (up to 9.1)
CO,/SO; ratios persisted during Phase III that preceded the March 3 eruption with the
mean CO,/SO; ratio of 2.7, or the highest of the 3 periods (Aiuppa et al., 2017). The
steady increase in CO»/SO; ratios up to the eventual eruption show that spikes in the

CO,/SO; ratio can indicate new impulses of magma into the volcanic system. Similarly,
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the observations made at Villarrica are reminiscent of the CO,/SO, cycles seen prior to
eruption at other volcanoes, such as Etna (Aiuppa et al., 2007, 2010a; Patane et al., 2013),
Redoubt (Werner et al., 2013), and Turriabla (de Moor et al., 2016). The data from the
Cerro Negro melt inclusions show that this could be an explanation for the 1992 eruption.
Variability in melt inclusion contents and CO,/St ratios throughout the tephra column
could record how the magma was evacuated from the holding body with possible
recharge events from the introduction of new magma. As the CO,/St ratio increases, it
can be hypothesized that new magma is being added. The data from pits 4 and 5 show a
large increase in the CO,/Sr ratio occurring towards the end of the eruption. Based on
the CO,/St ratio, the hypothesis can be made that pulses of new magma were added

during the eruption from varying depths until the entire magma body was evacuated.

5.6 Reasons for Variability - New Perspective on the Plumbing System

The previous two sections have suggested that there is a large magma body that is
evacuated completely during eruption, however, is this a reasonable schematic of the
plumbing system beneath Cerro Negro? It has been hypothesized for the 1992 eruption
shown from Venugopal et al. (2016) (Figure 19) that a magma chamber exists beneath
Cerro Negro at 8 km with a large magma source near 14 km. Roggensack et al. (1997)
states that magma rich in water and carbon dioxide content ascended to a level of 6 km
before the large Strombolian eruption in 1992, though not shown in the Venugopal et al.
(2016) figure. MacQueen et al. (2016) performed a gravity anomaly analysis at Cerro
Negro and determined from the density contrast between basaltic inclusions and volcanic
tephra that there are shallow intrusive complexes providing avenues for magma transport.

However, the density anomalies imaged in the MacQueen study likely only represent the
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shallowest portion of a deeper multi-level magma plumbing system feeding Cerro Negro.
An issue with gravity anomaly analysis is that shallow structures (< 2 km) are resolved
more precisely than deeper structures meaning that gravity anomaly differences are likely
not the best way to resolve magma chambers at larger depth. Additionally, the melt
inclusion data from Venugopal et al. (2016) and Roggensack (1997) show great
variability similar to my sampled melt inclusions meaning that the inclusions are
sampling melt from various depths within the plumbing system that also cannot be
resolved by gravity anomaly analysis. Therefore, it is more plausible to deduce that the
melt inclusions originated from varying deeper sources that were entrained from these

variable locations in the 1992 eruption.
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Figure 19 - The proposed model for the plumbing system beneath Cerro Negro and the El
Hoyo Complex from Venugopal et al., 2016. This illustration is a combination of
previous studies, notably: 14 km primitive source region (Roggensack, 2001), Cerro
Negro reservoirs at 7-8 km (Roggensack et al., 1997; MacQueen, 2013).
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In contrast to the schematic of Venugopal et al. (2016), the more realistic view
of the plumbing system is a series of magma lenses beneath Cerro Negro similar to the
diagram in Cashman et al. (2017) (Figure 20). The variation in content of the melt
inclusions is better explained from origination of separate magma holding bodies at depth
that are in discrete equilibrium compared to a large magma body maintaining overall
equilibrium. Though the results of melt inclusion analysis by Venugopal et al. (2016)
and Roggensack (1997) suggest a shallow magma holding body, the inability of
geophysical methods to identify large melt-rich bodies in the upper crust, by
contrast, suggests that large volumes of upper crustal melt are likely ephemeral,
therefore, it is more likely that crystals with different histories, stored in different parts of
the magmatic system, are transported to the growing upper crustal magma chamber and
amalgamated shortly before eruption (Cashman et al., 2017). Therefore, one alternative
mechanism is to rapidly redistribute melt from vertically stacked lenses into a single

magma chamber (Allan et al., 2013; Christopher et al., 2015; Wotzlaw et al., 2015).
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Figure 20 - Transcrustal magmatic system from Cashman et al., 2017, where melt
processing in the deep crust produces melts that are transferred to mid- and finally upper
crustal levels. The potential for transient vertical connectivity in this system presents the

possibility of successive destabilization of melt lenses (Christopher et al., 2015).
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What makes this an innovative hypothesis is that this type of magma lens
structure has mainly been applied to regions with axial spreading centers. In extensional
environments such as mid-ocean ridges, identified melt lenses are thin and sill-like in
shape (Kiser et al., 2016; Ward et al., 2014; Hill et al., 2009), where distributed melt
lenses can destabilize rapidly to accumulate in the shallow crust, or are tapped syn-
eruptively to produce large cumulative erupted volumes (Cashman et al., 2014).
However, with the new study done by Cashman et al. (2017), the application of the melt
lens hypothesis to transcrustal magmatic systems is gaining ground, and the example of
Cerro Negro in Nicaragua proves to be a prime example.

If magma lenses are more likely to be present in extensional regimes, the tectonic
setting for Cerro Negro shown in Figure 4 displaying a region of transform faults creating
the extensional horst and graben subsurface provides the perfect transcrustal setting for
the formation of magma lenses. The variability in the volatile contents shown from melt
inclusion analysis suggest that their origination from greatly varying depths is better
explained by contributions from several magma holding bodies that are amalgamated into
one larger erupting body as the system destabilizes as the eruption proceeds. The
schematic from Venugopal et al. (2016) (Figure 19) showing magma holding bodies at 8
km and a source at 14 km for the 1992 eruption is accurate, however, I argue that the
magma holding bodies at these depths are lenses part of a larger system shown in Figure
22. The magma lens hypothesis better explains the variability in the melt inclusion
volatile concentrations in my analysis. Additionally, the melt inclusion analyses done by
Venugopal et al. (2016) and Roggensack (1997) do not account for the carbon dioxide

concentration within the vapor bubble and therefore ignore possible magma sources at
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greater depth.

A notable difference in the schematic presented in this study are the magma
holding bodies at depths an order of magnitude larger than presented in previous
analyses. Based on tomographic data collected by the Tomography Under Costa Rica
and Nicaragua (TUCAN) seismometers, the depths of originating melt presented in
Figure 22 are realistic. Based off low velocities in the subducted plate, more so beneath
Nicaragua, suggest hydration of the subducted crust and upper mantle to 150 km depth.
A sheet of elevated Vp/Vs, suggesting possible melt, rises from the slab beneath the
volcanoes in Nicaragua (Figure 21), supporting the possibility of localized region of melt
vertically connecting the slab to the volcanoes (Syracuse et al., 2008), which could

provide the magma for each discrete lens beneath the Cerro Negro volcanic complex.
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Figure 21 - Tomographic imaging from Syracuse et al. (2008) based of Vp/Vs ratio
beneath the volcanoes of Nicaragua, shown as orange triangles at the surface. The black
inverted triangles represent TUCAN seismometers used for the analysis. Circles
represent hypocenters along the subducting slab that indicate depths of subduction up to
200 km with a vertical Vp/Vs contrast beneath the Nicaraguan volcanoes that suggest
melt could emanate from greater depths than previously believed.
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Figure 22 - Proposed schematic of Cerro Negro’s plumbing system based off melt
inclusion analysis done in this study.

6.0 Conclusion

Though advances have been made in the analysis of plumbing systems at volcanic
complexes, more investigation into the dynamic processes are necessary. Melt inclusions
act as a tiny pressure vessel allowing melt inclusions to remain at higher pressure than the
ambient melt surrounding the crystal as the magma ascends and eventually erupts
quenching to glass. Thus, analysis of melt inclusions can potentially provide a record of
magmatic conditions, including dissolved volatile components, at the time of crystal
growth (Lowenstern, 1995; Danyushevsky et al., 2002; Metrich and Wallace, 2008,
Wallace et al., 2015) and give us the best snapshot to the subsurface plumbing
architecture.

The ability to quantify water and, in particular, carbon dioxide concentrations at

depth through the analysis of melt inclusions is key. The presence of carbon dioxide



45

within the melt inclusion is an indication of high-pressure entrapment (Wallace, 2005)
and will change quickly as the magma ascends and depressurizes relative to water, which
stays fairly constant due to its increased solubility in magma. Thus, carbon dioxide is a
great indicator of depth of formation based on the pressure calculated from the carbon
dioxide concentrations. However, a concern with melt inclusions involves the process
during post-entrapment cooling and crystallization where the pressure decrease causes
nucleation of a vapor bubble inducing loss of volatiles from the melt into the bubble
(Anderson and Brown, 1993, Steele-Maclnnis et al., 2011, Moore et al., 2015, Wallace et
al., 2015, Aster et al., 2016). Therefore, this study has shown that due to the high
percentage of carbon dioxide loss to the vapor bubble, up to 99% in some cases, the
content within the vapor bubble must be added back to the original carbon dioxide
measurements obtained from FTIR analysis to give a true concentration recorded at
depth. This is further supported by the CO,/Sr ratio calculated in this study that would be
understated up to two orders of magnitude without the vapor bubble carbon dioxide
contents restored and would not be consistent with the previously recorded CO,/Sr ratios
for the Nicaraguan volcanic front.

The restored carbon dioxide values, newly calculated depths of formation and the
CO,/St ratios show a high variability among the tephra erupted during the 1992 eruption.
After exploring possible explanations for this variability, the best scenario proposed
based on the volatile inconsistency and the tectonic setting results in a new perspective on
the plumbing system at Cerro Negro. Previous studies present a schematic of a magma
chamber at 8 km depth supplied by a deeper magma source at 14 km, however, the

analyses of melt inclusions in studies done by Venugopal et al. (2016) and Roggensack



46

(1997) are highly variable and do not take into consideration the carbon dioxide content
within the vapor bubble. Consequently, based on a new schematic proposed by Cashman
et al. (2017), the volatile variability is better explained by the existence of a network of
subsurface magma lenses supplying the main conduit at eruption versus the traditional
view of long-lived magma chambers at depth that are evacuated at the time of eruption.
Unfortunately, at the present time, speculation on the plumbing system is simply
that. Continued investigation through the use of tomographic data need to be acquired to
better constrain where melt resides at depth. If the proposed NSF project for volcano
communities in Nicaragua comes to fruition, a better understanding of the subsurface
environment at several volcanoes in Nicaragua including Cerro Negro can be realized.
Employing melt inclusion analysis and tomographic data could provide a system that can
be applied to other prevalent volcanic systems around the world that pose a threat to
society. Collection of melt inclusions from tephra is less harmful than sampling direct
degassing and can provide an overall picture of volcanic eruption evolution over time as
well as provide background levels expected at particular volcanic arc systems. Increased
knowledge of where magma resides at depth in addition to when this magma is rising is
the key factor in determining possible volcanic activity and helping to mitigate damage

and loss of human life.
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FTIR Peak Heights and Volatile Concentrations

Water Y-Base Y-Peak H20 wt%
4-1a 1.1697 1.1858 2.01
4-1b 1.1417 1.1581 2.04
4-1c 1.1697 1.1908 2.64
4-5a 0.9772 0.9937 2.05
4-5b 0.9718 0.9868 1.87
4-5¢ 0.9683 0.9817 1.68
4-7a 1.0913 1.1152 2.99
4-7b 1.0922 1.1145 2.79
4-Tc 1.0975 1.1160 2.31
4-8a 1.0548 1.0672 1.55
4-8b 0.8850 0.9035 2.31
4-8¢ 0.8810 0.9030 2.75
5-la 1.1473 1.1669 2.46
5-1b 1.1468 1.1601 1.67
5-1c 1.1569 1.1750 2.27
5-3a 1.1712 1.1878 2.07
5-3b 1.1752 1.1967 2.69
5-3¢ 1.1655 1.1848 2.42
5-5a 1.0946 1.1107 2.02
5-5b 1.1286 1.1463 2.21
5-5¢ 1.0649 1.0748 1.24
5-7a 1.0986 1.1130 1.80
5-7b 1.0812 1.0910 1.23
5-7¢ 1.0927 1.1070 1.79

4-1a (Rotated) 1.2371 1.2626 3.19
4-1b (Rotated) 1.2006 1.2222 2.71
4-1c (Rotated) 1.2124 1.2345 2.76
5-3a (Rotated) 1.1771 1.2031 3.25
5-3b (Rotated) 1.1660 1.1872 2.65
5-3c (Rotated) 1.1242 1.1379 1.71
5-8a (Rotated) 1.2246 1.2635 4.86
5-8b (Rotated) 1.2038 1.2200 2.03
5-8c¢ (Rotated) 1.2360 1.2715 4.44
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Table 1 - Peak baselines and heights for each melt inclusion analysis for water content

calculations.



Carbon Dioxide Y-Base Y-Peak CO; (ppm)
4-1a 1.2039 1.2049 36.84
4-1b 1.1764 1.1770 20.00
4-1c 1.2015 1.2024 35.79
4-5a 1.0048 1.0081 126.32
4-5b 1.0021 1.0047 96.84
4-5¢ 0.9967 1.0014 176.84
4-Ta 1.1250 1.1286 136.84
4-7b 1.1239 1.1295 208.42
4-Tc 1.1269 1.1319 187.37
4-8a 1.0826 1.0858 120.00
4-8b 0.8370 0.8440 260.40
4-8c 0.8400 0.8460 223.20
5-1a 1.1873 1.1901 104.84
5-1b 1.1840 1.1850 35.37
5-1c 1.1919 1.1950 116.21
5-3a 1.2101 1.2128 97.89
5-3b 1.2148 1.2190 155.79
5-3c 1.2048 1.2095 173.47
5-5a 1.1298 1.1323 92.21
5-5b 1.1590 1.1602 45.47
5-5¢ 1.0988 1.1011 88.42
5-7a 1.1375 1.1415 147.79
5-7b 1.1163 1.1196 121.05
5-7c 1.1282 1.1339 210.53

4-1a (Rotated) 1.2736 1.2758 80.84
4-1b (Rotated) 1.2297 1.2339 157.89
4-1c (Rotated) 1.2473 1.2490 61.89
5-3a (Rotated) 1.2185 1.2249 237.26
5-3b (Rotated) 1.2094 1.2119 94.32
5-3c (Rotated) 1.1654 1.1674 74.53
5-8a (Rotated) 1.2768 1.2803 131.16
5-8b (Rotated) 1.2453 1.2478 91.37
5-8c (Rotated) 1.2765 1.2787 84.63

content calculations.
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Table 2 - Peak baselines and heights for each melt inclusion analysis for carbon dioxide



Appendix B
Microprobe Raw Data
4-1 4-1 4-1 4-3 4-3 4-3
Si02 48.90 48.71 48.92 46.82 47.11 46.55
Ti02 0.91 0.92 0.94 0.86 0.88 0.88
Al1203 17.53 17.55 17.48 19.14 19.48 19.50
FeO 9.45 9.33 9.44 9.99 10.05 9.99
MnO 0.18 0.17 0.16 0.19 0.20 0.18
MgO 5.79 5.76 5.80 4.14 3.86 3.98
CaO 10.76 10.78 10.89 12.28 12.40 12.31
Na20 0.42 0.43 0.43 0.67 0.74 0.72
K20 0.38 0.36 0.38 0.28 0.29 0.29
P205 0.13 0.13 0.19 0.11 0.03 0.08
SO3 0.49 0.54 0.59 0.47 0.48 0.41
Cl 0.09 0.10 0.10 0.11 0.13 0.10
F 0.00 0.00 0.01 0.01 0.00 0.00
0) 0.00 0.00 0.00 0.00 0.00 0.00
H20 4.97 5.22 4.66 4.92 4.36 5.00
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00

Table 1 - Raw oxide data for each of three spots analyzed on each melt inclusion.
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Sample 5-3 not included due to inability to locate the melt inclusion on the microprobe.



4-5 4-5 4-5 4-7 4-7 4-7
Si02 47.37 47.08 47.36 46.25 46.64 46.72
TiO2 1.03 1.07 1.08 0.77 0.75 0.81
Al203 18.74 18.22 18.75 16.39 16.45 16.41
FeO 9.86 10.17 9.83 11.67 11.61 11.68
MnO 0.19 0.20 0.20 0.22 0.22 0.21
MgO 3.57 4.10 3.66 6.00 6.08 5.81
CaO 10.27 10.29 10.17 10.82 10.90 10.92
Na20 0.31 0.31 0.29 0.43 0.52 0.48
K20 0.35 0.30 0.35 0.24 0.24 0.25
P205 0.13 0.22 0.22 0.12 0.08 0.16
SO3 0.75 0.71 0.65 0.29 0.34 0.35
Cl 0.11 0.08 0.10 0.11 0.08 0.07
F 0.00 0.00 0.01 0.00 0.00 0.00
O 0.00 0.00 0.00 0.00 0.00 0.00
H20 7.32 7.26 7.34 6.69 6.09 6.13
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00

Table 1 continued - Raw oxide data for each of three spots analyzed on each melt
inclusion. Sample 5-3 not included due to inability to locate the melt inclusion on the
microprobe.



4-8 4-8 4-8 5-1 5-1 5-1
Si02 46.13 46.44 46.32 49.26 49.20 48.56
TiO2 0.80 0.83 0.85 1.11 1.11 1.13
Al203 17.79 17.96 17.83 15.93 16.07 15.87
FeO 10.26 10.20 10.20 12.15 12.05 12.06
MnO 0.19 0.19 0.16 0.22 0.25 0.24
MgO 5.19 5.07 5.17 4.97 5.52 5.26
CaO 12.02 12.00 11.95 9.95 9.66 9.84
Na20 0.53 0.55 0.50 0.53 0.51 0.50
K20 0.27 0.29 0.29 0.52 0.52 0.51
P205 0.09 0.14 0.11 0.14 0.10 0.13
SO3 0.42 0.38 0.46 0.29 0.26 0.16
Cl 0.08 0.07 0.07 0.12 0.12 0.11
F 0.00 0.00 0.00 0.00 0.00 0.00
O 0.00 0.00 0.00 0.00 0.00 0.00
H20 6.21 5.90 6.07 4.80 4.64 5.62
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00
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Table 1 continued - Raw oxide data for each of three spots analyzed on each melt
inclusion. Sample 5-3 not included due to inability to locate the melt inclusion on the
microprobe.



5-5 5-5 5-5 5-7 5-7 5-7
Si02 49.07 49.27 49.20 48.25 48.72 48.39
TiO2 1.00 1.01 1.01 0.84 0.85 0.83
Al203 16.55 16.55 16.47 18.16 18.07 18.05
FeO 12.19 12.18 12.20 9.97 9.92 9.90
MnO 0.20 0.22 0.22 0.17 0.20 0.18
MgO 5.75 5.74 5.72 5.34 5.27 542
CaO 9.63 9.63 9.74 11.52 11.66 11.62
Na20 0.47 0.48 0.45 0.33 0.37 0.37
K20 0.36 0.32 0.35 0.28 0.29 0.29
P205 0.12 0.08 0.09 0.10 0.11 0.10
SO3 0.50 0.49 0.51 0.34 0.37 0.37
Cl 0.07 0.11 0.08 0.10 0.08 0.10
F 0.01 0.00 0.00 0.00 0.00 0.01
O 0.00 0.00 0.00 0.00 0.00 0.00
H20 4.09 3.91 3.97 4.60 4.10 4.37
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00

Table 1 continued - Raw oxide data for each of three spots analyzed on each melt
inclusion. Sample 5-3 not included due to inability to locate the melt inclusion on the
microprobe.



5-8 5-8 5-8
Si02 48.08 48.56 48.54
TiO2 0.88 0.90 0.87
Al203 18.76 18.71 18.86
FeO 9.00 9.08 9.08
MnO 0.15 0.15 0.18
MgO 4.93 4.87 491
CaO 11.50 11.34 11.41
Na20 0.39 0.41 0.41
K20 0.31 0.30 0.30
P205 0.18 0.17 0.20
SO3 0.41 0.44 0.40
Cl 0.05 0.07 0.08
F 0.00 0.03 0.00
O 0.00 0.00 0.00
H20 5.37 4.97 4.76
TOTAL 100.00 100.00 100.00

Table 1 continued - Raw oxide data for each of three spots analyzed on each melt
inclusion. Sample 5-3 not included due to inability to locate the melt inclusion on the
microprobe.
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