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ABSTRACT
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ISLAND, SOUTH TYRRHENIAN SEA) BY INTEGRATING IN SITU
PLAGIOCLASE DATA WITH QUANTITATIVE MODELING
by
Aaron Mayfield
July 2012
Compositional diversity occurs via processes dominated by recharge, assimilation
and fractional crystallization (RAFC), quantification of which can provide insights into
eruption catalysts, and therefore assist in hazard mitigation. This study evaluates the
relative roles of RAFC processes in Fossa delle Felci (Salina Island, Italy) magmas,
which span the basalt to dacite range (52-65 wt% SiO2). Integration of petrographic,
whole rock, and in situ plagioclase data with quantitative magma chamber models
suggests differentiation dominated by fractional crystallization and magma
recharge/mixing in reservoirs located at different crustal levels. At ~12 km depth, magma
evolved through crystallization of a pyroxene dominated assemblage; plagioclase
suppression at this depth is indicated by increasing plagioclase Sr concentrations with
increasing whole rock SiO2. Magmas shoaled to shallow (~3 km) depths where
plagioclase crystallized. Basalt intruded the more silicic chamber and was then erupted,
followed by dacites through basaltic andesites.
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CHAPTER I
INTRODUCTION
Arc volcanism is known to produce a variety of volcanic products and eruption
styles (Sisson and Grove, 1993). The compositional diversity noted in arc magmas
occurs via multiple processes, which are dominated by recharge (R), assimilation (A)
and fractional crystallization (FC) (Bohrson and Spera, 2001). Replenishment of an
existing chamber through recharge can maintain the thermal budget of the system, and
in some cases can catalyze eruptions (e.g., Clynne, 1999). Assimilation of crustal and
cognate crystal material is evident in trace element and radiogenic isotopic signatures
(Davidson et al., 2005; Ramos et al., 2004). Effective separation of mineral and melt
through fractional crystallization is thought to be a common process occurring at many
arc volcanoes. The degree of differentiation and path of magma evolution can be
directly related to variables such as volatile content, which directly influences viscosity
and explosivity. The ability to specifically quantify RAFC processes at an arc volcano
will allow for a better understanding of the relative roles that RAFC have in the origin
of these magmas, will yield more quantitative models of crustal growth processes, and
will provide better insight into processes leading to eruption.
The Aeolian archipelago is situated just inboard of the subduction of the Ionian
microplate beneath Calabria (Figure 1) and sits on thinned continental crust (~15-30km)
(Francalanci et al., 2007). The Aeolians are divided by the NNW-SSE trending TindariLetoianni fault (Figure 1), with Alicudi and Filicudi lying east of the fault, Salina,
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Figure 1: Schematic map showing modern tectonic features. The Aeolian Arc is thought
to be a product of subduction of the Ionian microplate subducted beneath the European
plate. Hatched line shows extensional faulting. Thin dashed line shows depth to Ionian
slab. Thick dashed line highlights European-African plate boundary. Figure modified
from Schiano et al., 2004. Inset depicts location of seamounts. TLM shown in inset with
line connecting Salina and Sicily. Inset modified from Francalanci et al., 2007.
Lipari and Vulcano lying within the fault scarp and Panaraea and Stromboli
lying west of the fault. Volcanism within the Aeolian arc is attributed to subduction of
the Ionian microplate beneath Calabria (Francalanci et al., 2007; Gertisser and Keller,
2000; Keller, 1980).
The Aeolian Islands, South Tyrrhenian Sea, Italy (Figure 1) provide an excellent
laboratory for the study of compositional diversity due to the wide range of magmatic
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compositions. Aeolian lavas exhibit a wide range of magmatic affinities (Figure 2),
which range from calc-alkaline to potassic. Previous studies have shown Salina Island,
in particular, provides an excellent framework for the coupling of quantitative modeling
with textural, major and trace element and isotopic analyses due to a compositional
range spanning basalt to rhyolite, which is suggested to have evolved primarily through
FC (Calanchi et al., 1993; Ellam and Harmon, 1990; Gertisser and Keller, 2000; Keller,
1980)
Salina Island comprises six calc-alkaline volcanic centers (Corvo, Capo, Rivi,
Fossa delle Felci, Porri and Pollara) (Figure 3), ranging in age from 500-13 ka (Creamer
et al., 2011, De Rosa et al., 2003, Gertisser and Keller, 2000). This study will focus on
the Fossa delle Felci (FdF) series of flows. Previous geochemical and petrologic studies
of Salina Island indicate that FdF magmas evolved from a maximum pressure of ~8 kb
(Nazzareni et al., 2001), with FC exerting the primary control on differentiation and A
having a minor role (Gertisser and Keller, 2000)
The FdF basalt to dacite sequence provides a stratigraphically and temporally
constrained series of flows, which lend themselves well to quantitative analyses of
RAFC processes. The AFC hypothesis proposed by Gertisser and Keller (2000) is tested
through MELTS (Ghiorso and Sack, 1995), an existing, well-tested thermodynamic
phase equilibria model. Model results are used to constrain the FdF evolutionary history
via AFC through quantitative predictions of the identity of mineral assemblages, and
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Figure 2: K2O vs. SiO2 plots for the seven subaerial Aeolian volcanoes. KS-Potassic,
SHO-shoshonitic, HKCA-High-K calc-alkaline, CA-Calc-alkaline. Figure from
Francalanci et al., 2007.
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Figure 3: Schematic geologic map of Salina Island. a) Generalized geologic map of
Salina highlighting the six eruption centers. Unit colors match schematic stratigraphy.
b) Schematic stratigraphy for Salina Island eruptive centers. SiO2 (wt%) for Corvo,
Capo, Rivi shown in lowest panel. SiO2 (wt%) vs. stratigraphic position for Fossa delle
Felci and total volume % shown in upper panels. Vertical dashed lines and colors reflect
basalt, basaltic andesite, andesite and dacite. Adapted from Gertisser and Keller, 2000.
whole rock and plagioclase major element compositions. The predictions that emerge
using this model are tested through analyses of plagioclase crystals, which are
ubiquitous throughout the FdF and provide a proxy for melt composition. Core to rim
analyses of textures, major and trace element concentrations, and Sr isotopes within
plagioclase will document AFC processes (Davidson et al., 2005; Ginibre et al., 2007;
Streck, 2008) in a representative suite of FdF rocks. The objective of this study is to use
well-established computational models to quantitatively predict which magma chamber
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processes played a role in differentiating the FdF magmas and to integrate model
predictions with textural and geochemical data gathered from plagioclase. To my
knowledge, this is the first study on Salina that applies quantitative models, and in situ
plagioclase trace element and isotopic analyses. Results of this work better constrain
RAFC processes at Salina Island and propose new constraints for the evolution of the
FdF magma sequence.
Results presented here suggest the basalt through dacite sequence was produced
through fractional crystallization and magma recharge/mixing in magma reservoirs
located at different depths, with assimilation playing a minor role. Magmas evolved
through fractional crystallization of a pyroxene dominated mineral assemblage at a
depth of ~12 km. Throughout evolution in the deeper part of the system, plagioclase
crystallization was suppressed as indicated by MELTS models and increasing Sr
concentrations in plagioclase with increasing whole rock SiO2. As the magmas evolved,
they shoaled. Beginning with the basalt, and followed by the dacites through basaltic
andesites, FdF magmas ascended to less than ~3 km where plagioclase crystallized and
eruption followed.

CHAPTER II
BACKGROUND
The Aeolian Archipelago is a volcanic arc located in the southern Tyrrhenian
Sea, west of Calabria and north of Sicily (Figure 1). Salina Island lies at the center of
the arc and is the northern-most island set within a NW-SE trending graben (Figure 1)
lying along the Tindari-Letoianni-Malta (TLM) Escarpment fault system (Calanchi et
al., 1993). The Aeolians consist of seven subaerial volcanic edifices and seven
seamounts forming a ring-shaped structure, with the oldest seamount, Sisifo, dated at
~1.3 Ma (Francalanci and Manetti, 1994). The subaerial volcanoes (Stromboli,
Panaraea, Salina, Alicudi, Filicudi, Lipari and Vulcano) lie in the southeastern section
of the ring with the oldest subaerial samples on Filicudi exhibiting ages of 1.02 Ma
(Santo et al., 1995).
On a broad scale, the tectonic regime responsible for formation of the
Mediterranean is complex. The African and European plates began converging in a
north-south direction following the breakup of Pangaea. From early to mid-Miocene
(23-13 Ma), spreading activated in the northwestern Mediterranean causing the CorsicaSardinia-Calabria block to rotate counter-clockwise (Figure 4). Following an extended
hiatus, extensional activity then resumed and shifted eastward into the Tyrrhenian
Basin, opening the Vavilov (4.3-2.6 Ma) and Marsili (1-0.1 Ma) basins (Carminati et
al., 1998). As extension occurred, the subduction margin migrated eastward (Figure 4).
Currently, deep to intermediate earthquake foci define a Benioff zone extending
northwest to a depth of ~500km, with medium and deep foci located primarily east of
7
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Figure 4: Map depicting tectonic evolution from early Miocene until present. Black
triangles represent migrating subduction boundaries; lines without triangles represent
collisional boundaries; light gray islands with dashed boundaries show positions at 30
Ma; medium gray islands with dotted boundaries show positions at 21 Ma. Black
arrows indicate convergence of African and European plates. Map modified from
Carminati et al., 1998.
the TLM (Falsaperla et al., 1999). Active subduction, as noted by the NW dipping
Benioff zone, is positioned east of the TLM Escarpment with the islands east of the
TLM shifted south relative to the western Aeolians.
Volcanism within the Aeolian arc can be attributed to subduction of the Ionian
microplate beneath Calabria (Francalanci et al., 2007; Gertisser and Keller, 2000;
Keller, 1980). Across the arc, volcanic affinities include calc-alkaline (CA), high-K
calc-alkaline (HKCA), shoshonitic (SHO) and potassic (KO) (Figure 2). All seven
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islands have CA and HKCA rocks while SHO and KS rocks outcrop only on Lipari,
Vulcano and Stromboli (De Rosa et al., 2003; Francalanci et al., 2007). Isotope ratios
and trace element concentrations also vary from east to west. Francalanci et al. (2007)
compiled data from multiple studies across the Aeolians and found systematic increases
in 87Sr/86Sr from west to east as 143Nd/144Nd decreases. However, trace element
concentrations showed little systematic variation when plotted against 87Sr/86Sr.
Salina Island is the second largest island of the Aeolian Archipelago and
comprises six volcanic centers active during the Middle and Upper Pleistocene. Salina
Island is physically dominated by two adjacent stratovolcanoes; the FdF rises 962 m
above sea level and Porri rises 860 m above sea level. Although radiogenic ages for
Salina are poorly constrained, studies suggest activity on Salina can be broadly divided
into two primary eruptive cycles ranging in age from 500-127 ka (Middle Pleistocene)
and 100- 13 ka (Upper Pleistocene) (Creamer et al., 2011, De Rosa et al., 2003,
Gertisser and Keller, 2000) The Corvo, Capo, Rivi and FdF were active during the
Middle Pleistocene. Following a hiatus of ~30 ka, activity resumed during the Upper
Pleistocene, resulting in the Porri and Pollara volcanoes (Gertisser and Keller, 2000)
(Figure 3).
Middle Pleistocene volcanism on Salina Island was dominated by relatively
uniform, high-Al basalts, which compromise ~80% of Salina’s volume (Gertisser and
Keller, 2000; Keller, 1980). The Corvo, Capo and Rivi volcanic centers as well as the
first unit of the FdF consist exclusively of high-Al basalts. Basaltic volcanism in the
first stage of the FdF was followed by a dacitic eruption, with SiO2 decreasing up-
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section and terminating in a basaltic-andesite unit; the evolution of the FdF will be
discussed in more detail in a later section. Corvo, Capo and Rivi magmas contain higher
MgO, lower Al2O3 and higher Ni and higher Cr values than FdF magmas. MgO, Ni and
Cr decrease with increasing SiO2, while Al2O3 increases with increasing SiO2,
indicative of differentiation dominated by olivine, and subordinate clinopyroxene
fractionation (Gertisser and Keller, 2000).
Lavas and pyroclasts of Upper Pleistocene volcanism range in composition from
basalt to rhyolite. Porri volcano was active between 100-66 ka and is dominated by
basaltic andesites to andesites (De Rosa, 1996; Ventura, 1998). Pollara was active
between 30-13 ka with eruptive products spanning the range from basalts to rhyolites.
Activity at Pollara began with emission of the Punta Perciato flows, which were
followed by explosive eruptions at 24 ka and 13 ka that were thought to be the result of
recharge by a deeper rhyolitic magma into an overlying basaltic chamber (Calanchi et
al., 1993). Activity on Salina Island apparently terminated following the explosive
Pollara eruption ~13 ka (Calanchi et al., 1993; Gertisser and Keller, 2000).
The focus of this study is the FdF, a basalt-dacite sequence on the southeast
portion of Salina Island that is characterized by a predominantly plagioclase ±
clinopyroxene ± orthopyroxene ± olivine ± titanomagnetite assemblage. Plagioclase is
ubiquitous throughout the FdF, with amphibole as a minor phase in only the most
compositionally evolved rocks. Based on coherent major element trends (Figure 5), FC
is suggested as the primary magma differentiation process.
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Figure 5: Harker diagrams plotting major element oxides and 87Sr/86Sr vs. whole rock
SiO2. Red circles from Gertisser and Keller, 2000. Blue squares from this study.
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Stratigraphic relations within the Fossa delle Felci series indicate an inverted
eruption sequence from a compositionally stratified chamber (Figure 3). Sr isotope
ratios are positively correlated with SiO2 (Gertisser and Keller, 2000) (Figure 5),
pointing to crustal assimilation as having a minor role in magmatic evolution. Thus, a
picture emerges indicating AFC as the main process leading to the compositional
diversity within the FdF.
Recent studies (e.g. Ginibre et al., 2007; Davidson et al., 2007) of volcanic and
plutonic rocks demonstrate that plagioclase growth records magma chamber conditions
in the area surrounding the crystal due to plagioclase’s resistance to chemical
reequilibration (Grove et al., 1981; Morse, 1984). Hence, plagioclase crystals are well
suited to record surrounding magma chamber conditions. Therefore, core to rim textural
(Streck et al., 2005) and in situ analysis of plagioclase crystals will provide
compositional data that record changing magma chamber conditions. Nomarski
Differential Interference Contrast (NDIC) microscopy will identify plagioclase textures,
and core to rim traverses of plagioclase via electron microprobe will document major
element changes (e.g. An content). Linking An variations with corresponding textural
changes can provide an initial characterization of magma chamber processes. Laser
ablation multi-collector inductively coupled plasma mass-spectrometer (LA-MCICPMS) analysis will determine Sr isotopic characteristics providing more precise AFC
constraints.
Documenting magma chamber processes via quantitative models can assist in
quantifying physical and chemical processes (e.g., Fowler et al., 2007). For example,
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MELTS models allow petrologists to quantitatively document open-system processes
within a magmatic plumbing system. MELTS is a multi-component, thermodynamic
model that integrates experimental phase-equilibria data to model solid solutions and
liquid-solid chemical transfer (Ghiorso and Sack, 1995). MELTS algorithms minimize
Gibbs free energy in order to interpolate and extrapolate phase stabilities across a wide
range of temperatures, pressures and oxygen fugacities. The input of whole rock major
element compositions along with multiple intensive parameters (ƒO2, pressure and
temperature), allows MELTS to predict the mass and major element composition of
minerals and melt (Ghiorso and Sack, 1995). Comparison of MELTS predictions to in
situ plagioclase chemical analyses provides insights into open-system processes
operating beneath a volcanic edifice.

CHAPTER III
METHODS
This project combined fieldwork, whole rock major and trace element and
radiogenic isotope analyses, textural and in situ compositional data for plagioclase and
quantitative modeling, in order to identify and quantify processes of magmatic
differentiation at Salina Island, Italy.
Field Methodology
Thirteen samples were collected in the field over a two-week period in the
summer of 2009. Sample sites were determined ahead of time by overlaying existing
geologic maps and sample sites from previous studies (Gertisser and Keller, 2000) onto
Google Earth maps in order to identify likely sample locations for all rock types (Figure
6). Heavy vegetation was pervasive across the island yielding less than optimal
sampling conditions. Therefore, it was not possible to collect samples at all locations
sampled in previous studies. However, care was taken to ensure all rock types were
sampled and that the least altered samples were collected. A portion of each sample was
then lain on top of the outcrop from which it was collected and crushed into ~1 cm
pieces and placed in cloth sample bags. This procedure was performed with every
sample collected in order to minimize cross-contamination. GPS coordinates were
determined for each sample site and noted in the field notebook.
Samples were processed at Central Washington University. Six representative
samples of FdF magmas were chosen based on relative freshness and rock type, with a
dacite (SF-13) provided by Dr. Ralf Gertisser. From these samples, billets were cut and
14
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Figure 6: Geologic map of Salina Island showing sample locations from this study. Key
for individual units of FdF located at the bottom.
sent to Spectrum Petrographics for processing into 30 µm thin sections and 100 µm
thick sections. Rock chips prepared in the field were taken to Washington State
University (WSU) to be further processed for X-ray fluorescence (XRF) and inductively
coupled plasma mass spectrometry (ICP-MS) analyses.
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Whole Rock Analysis
X-ray Fluorescence Spectrometry
Sample preparation followed the method of Johnson et al. (1999). Samples (~28
g) were crushed and then powdered in a tungsten carbide swing mill for 2 minutes.
Three and a half grams of the powder was then transferred to a plastic container along
with 7 g of spec dilithium tetraborate (Li2B4O7) and mixed for twenty seconds on a
Vortex mixer. The mixed powders were then transferred to graphite crucibles and fused
in a 1000ºC muffle furnace for 5 minutes. Following fusion, beads were removed from
the furnace, allowed to cool and removed from the graphite crucibles. The glass beads
were crushed, powdered, and fused again to ensure a homogenous mixture prior to
analysis. Beads were then labeled and polished and transferred to the XRF
spectrometer.
X-ray fluorescence spectrometry measures the concentration of 29 elements by
comparing the X-ray intensity of each element against intensities of 106 known
standards. The 106 standards were used to calibrate the instrument approximately every
ten months. In order to maximize and track single run precision, two internal standards
(BCR-C and GSP-2) were placed in the same position within the automatic loader and
run after every 28 samples. Accuracy of XRF analyses was verified by identifying the
scatter of standards analysis around given values (Govindaraju, 1994) and through
comparison with standards analyses produced at other labs (WSU ICP-MS, WSU
INAA, OSU INAA, Los Alamos XRF, King’s College ICP). (Johnson et al., 1999).
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Inductively Coupled Plasma Mass Spectrometry
For each sample, a portion of the remaining powder was mixed in equal parts
with 2 g of Li2B4O7 and fused in the muffle furnace. The resulting beads were ground in
a carbon-steel shattermill, and 250 mg were placed in a Teflon vial and dissolved in an
acid mixture comprised of 2 ml of nitric acid (HNO3), 6 ml of hydrofluoric acid (HF)
and 2 ml of perchlorate (HClO4). The resulting solution was then evaporated on a hot
plate at 110ºC. Once dried, the samples were wetted and the sides of the vials rinsed
with ultra-pure de-ionized water (DI). A second dissolution with 2 ml of HClO4
followed, which was then evaporated on a hot plate at 160ºC. Once dried, samples were
brought into solution with 10 ml DI, 3 ml HNO3, 8 drops of hydrogen peroxide (H2O2),
and 3 drops HF and lightly heated on a hot plate until a clear, stable solution was
achieved. Samples were then transferred into clean 60 ml high-density polyethylene
(HDPE) bottles and diluted to a total weight of 60 g with DI water for a dilution factor
of ~1:480. Agilent’s Integrated Sample Introduction System dilutes solutions by ~10
times during analysis.
Samples were analyzed on an Agilent 7700 ICP-MS. Analyses are internally
standardized with Ru, In, and Re in order to correct for instrument drift and sample
introduction effects. In order to compensate for interferences, the ICP-MS was tuned to
keep CeO/Ce ratios below 0.3%. Additionally, interferences were corrected via two
mixed-element solutions with elements added to quantify specific oxide, isobaric, and
doubly charged interferences. Calibration was performed by placing two repetitions of
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three in-house standards within each group of 18 unknowns. Standards are prepared in
the same manner as the unknowns, and weighed, dissolved, and analyzed with each
batch of unknowns. Long term precision of ≤ 3% is achieved using this method, and
accuracy relative to several accepted rock powder standards is less than 10% for
elements analyzed at levels greater than 1/10th chondrite (Knaack et al., 1994;
Boroughs, pers. comm., 2012).
Microdrill Sample Collection for 87Sr/86Sr Analysis
Two groundmass samples each were obtained for all seven samples by
microdrill. Microdrilling collected ~1 mg of sample, which was followed by chemical
separation, discussed below. Samples were drilled with a semi-automated New Wave
Microdrill at WSU, using a carbide scriber point HP dentist drill bit. Thick section
slides were mounted on the stage and secured using double-sided tape. Once secured,
the slide was positioned and 3-4 drops of ultra-pure DI water was applied to the drill
site and 30 µl of DI water was placed on clean parafilm. The microdrill software was
then programmed to follow a 400 µm trough, descending 10 µm per traverse for three
traverses. Once the trough was drilled, the solution was removed from the slide via
clean pipette and placed in a 7 ml Teflon beaker. The drill site was then rinsed with
several aliquots of DI water from the parafilm in order to collect any remaining sample.
Following sample collection, the drill site was inspected to ensure the trough
encompassed only groundmass. The drill bit was rinsed three times in separate aliquots
of ultra-pure DI water following each traverse and changed every two samples.
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Thermal Ionization Mass Spectrometry
Whole rock Sr and Nd isotope analyses were performed via thermal ionization
mass spectrometry (TIMS) at New Mexico State University under the direction of Dr.
Frank Ramos. Thirteen samples were collected in the field and crushed at WSU’s
Geoanalytical Lab. One hundred mg of powdered sample was placed in 15 ml Teflon
beakers and dissolved in 6 ml of 1:1 acid mixture containing HNO3 (effectively
dissolves organic, carbonate and sulfate materials) and HF (effectively dissolves silicate
materials). The solution was left to dissolve for 24 hours, and then dried on a hot plate.
The remaining product was mixed with 6 ml of HNO3, dissolved for 24 hours and left to
dry. Organic materials dissolved in HNO3 can produce residual fluoride material. In
order to remove potential fluorides, 6 ml of 6N HCl was added to complete a final
dissolution. The HCl solution was then left for 24 hours and dried. Finally, 1 ml of 2.5N
HCl was added, and the solution was centrifuged for 3 minutes. Two stages of column
chromatography were then performed in order to separate Sr and Nd.
Sr separation was performed in Pyrex columns filled with cation resin and
pretreated with 10 ml of 2.5N HCl. Following column pretreatment, 0.5 ml of the
sample solution was loaded into the column and washed through with successive
additions of 0.5 ml, 6.5 ml, 3 ml and 5 ml of 2.5N HCl. Sr collection was completed
into a Teflon beaker with the addition of 6.0 ml of 2.5N HCl, and subsequent drying on
a hot plate. Total Sr collected was ~10-20 µg. Following Sr collection, rare earth
elements (REEs) were collected in a Teflon beaker by washing the column with 10 ml
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of 6N HCl. The solution was then placed on a hot plate to dry. Following collection,
columns were cleaned with 15 ml of 6N HCl and backwashed with H2O.
Once dry, REE samples were mixed with 0.5 ml of 0.25N HCl. Nd was
separated from the remaining REEs using Pyrex columns filled with HDEMP
chromatography resin and pretreated with 10 ml 0.25N HCl. Columns were then loaded
with 0.5 ml of sample solution. Two washes of 0.5 ml were added to the columns
followed by successive additions of 1 mL and 4 ml of 0.25N HCl. A final wash with 6
ml of 0.25N HCl was added, and Nd was collected in a Teflon beaker and dried on a hot
plate. The total mass of Nd collected was ~50 µg. Columns were then cleaned with 15
ml of 6N HCl and backwashed with H2O (Johnson, 2008).
Dried samples of Sr and Nd were then re-dissolved separately using 1-2 µl of
5% HNO3. Sample solutions were loaded onto filaments, which were introduced into
the TIMS. After the filaments were loaded, the chamber was sealed and pumped to
vacuum conditions, and the filaments were heated in order to ionize the samples.
Sample ions were then accelerated down the flight tube and separated by magnets based
on their mass to charge ratio. Charge differences produced when the ion beams strike
the Faraday cups were then correlated to specific isotopes. Signal intensities for each
isotope were then recorded, and a computer compiled the data.
Plagioclase Mineral Data
Nomarski Differential Interference Contrast Imaging
Plagioclase textural analyses were performed on all seven FdF samples using
Nomarski Differential Interference Contrast (NDIC) images to elucidate prominent
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textural features and boundaries. Nomarski imaging applies a reflected light, beamsplitting technique, which enhances surface relief present in an etched crystal (Streck,
2008). Unlike standard petrographic microscope images, Nomarski imaging provides
detailed imaging of a crystal based on subtle compositional differences within an etched
crystal.
NDIC sample preparation and imaging were completed at Central Washington
University. Samples for this study were etched by submersing doubly polished, 100 µm
thick sections in HFB4 (hydrofluoroboric acid) for ~22 seconds and rinsed in a saturated
solution of NaHCO3 (sodium bicarbonate), in order to neutralize the HBF4. HBF4
preferentially dissolves the more Ca-rich regions of the crystal, producing
microtopography visible with a petrographic microscope equipped with a Nomarski
prism. Four representative textures, discussed below, were identified, imaged and
described.
Electron Microprobe Analysis
Approximately 3-4 crystals of each textural type per sample were selected for
major and trace element analyses. Electron microprobe analyses were completed at the
University of California Santa Barbara under the direction of Dr. Gareth Seward.
Electron microprobes produce electrons by heating a filament. Electrons are then
accelerated down a column, focused into a spot a few microns in diameter and aimed at
the sample target. As the electrons bombard the target, x-rays are produced and
reflected onto a detector. By comparing the number of generated x-rays to a known
standard, the chemical composition of the sample spot is determined.
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Data were collected using the Cameca SX-100 with 5 wavelength spectrometers.
Sample run conditions included a beam with a 1-3 µm spot size, 20 nA beam current,
15 kV accelerating potential and 10-90 sec count times (element dependent). The fully
automated system was operated by “Microprobe for Windows ©” (Kremser, 2010)
Points closest to the core and rim were analyzed with remaining intermediate analysis
points located to either side of prominent textural features noted within each crystal
(i.e., contrasting regions in patchy zones, either side of dissolution rims, either side of
transitions into and out of sieved zones, etc.).
In Situ Plagioclase Trace Element Analysis
Plagioclase crystals demonstrating significant variations in anorthite (An) across
textural boundaries were chosen for laser ablation plasma mass spectrometry (LAICPMS) analysis. LA-ICPMS was performed at WSU under the direction of Charles
Knaack and followed the method of Olin (2007). Select trace element concentrations
(Mg, Ti, Rb, Sr, Y, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, 157Gd, 160Gd, Tb, 206Pb, 207Pb and
208

Pb) were calculated for all plagioclase. The WSU LA-ICPMS is a ThermoFinnigan

Element2® ICP-MS, coupled with a New Wave UP213® Nd:YAG laser. The UP213®
laser ablated material using a 213 nm laser with ablated material delivered to the plasma
stream via helium gas flowing at a rate of ~1.2 L/min. (i.e., dry plasma). Laser tracks
were 20 µm x 220 µm with the laser operating at a 20 Hz pulse rate, and a fluence rate
of 4.00 ± 0.25 J/cm2. Baselines were measured during a 7 second warm-up period with
the shutter closed. After 7 seconds, the shutter opened and the laser continued to fire for
22 seconds, traversing the target plagioclase at 10 µm/sec.
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Data were recorded in counts per second (cps) and imported into Microsoft
Excel ® for offline data reduction. For each analysis, data were evaluated for
consistency in cps, and spurious data were removed. Microprobe Si values were used as
an internal standard in order to convert counts per second into elemental concentrations.
It must be noted that Si values taken from EMPA points did not directly coincide with
laser troughs. Therefore, average Si for each crystal was used. Due to the large area
covered by a laser trough, microphenocrysts and smaller phenocrysts were not
analyzed.
In Situ Plagioclase Isotope Analysis
Sr isotope analysis was performed at WSU under the direction of Dr. Charles
Knaack utilizing techniques developed by Dr. Frank Ramos (Ramos et al., 2004). LAMC-ICPMS analysis utilized a New Wave UP213® Nd:YAG laser, coupled with a
doubly focused ThermoFinnigan Neptune® MC-ICPMS equipped with 9 Faraday
collectors and 10-11 Ω resistors (Ramos et al., 2004). Typical methodology produces
laser troughs that are 80 µm x 600 µm, in order to maximize Sr signals. However due to
high Sr concentrations within the FdF plagioclase crystals, laser troughs were reduced
to 60 µm x 600 µm. Trough depths were typically 70-80 µm. Ablated sample was
carried into the plasma via helium gas flowing at ~1.0 L/m. Again, crystals were chosen
based on significant An variations within and across textural boundaries. However, due
to the large area covered by laser troughs, microphenocrysts and smaller phenocrysts
were not analyzed for Sr isotopes.
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MELTS Modeling
MELTS (Ghiorso and Sack, 1995) models were generated to investigate
magmatic phase equilibria constraints present during the evolution of the FdF magmatic
series. MELTS is a multi-component, thermodynamic model, which integrates
experimental phase-equilibria data to model solid solutions and liquid-solid chemical
mass transfer (Ghiorso and Sack, 1995). MELTS algorithms minimize Gibbs free
energy in order to interpolate and extrapolate phase stabilities across a wide range of
temperatures, pressures and oxygen fugacities. Input of whole rock major element
compositions along with multiple intensive parameters (oxygen fugacity, pressure and
temperature), allows MELTS to predict the mass and major element composition of
minerals and melt (Ghiorso and Sack, 1995).
Prior to modeling, a set of initial conditions was determined. Previous work by
Gertisser and Keller (2000) suggested fractional crystallization as the primary mode of
magmatic differentiation with assimilation having a minor role, and suggested sample
Ca1113 as the parental melt. Using Gertisser and Keller’s (2000) initial conditions, 271
MELTS models were generated varying initial conditions such as pressure, temperature,
oxygen fugacity (ƒO2) and initial water content. Clinopyroxene crystal analysis by
Nazzareni et al. (2001) suggested a magma chamber at a maximum depth of 8 kilobars
(kb)(~24 km). Hence, initial pressure estimates started at 8 kb. The majority of
simulations applied a polybaric ascent path. Beginning temperatures were determined
based on MELTS liquidus calculations, which were informed by the initial composition
and pressure of the system. Wet chemistry performed by Gertisser and Keller (2000)
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determined the ferric/ferrous ratio (ƒO2) within the FdF. However, final iron
partitioning within a system might also be affected by atmospheric interaction (Bohrson
pers. comm., 2012). Therefore, some models were run allowing MELTS to determine
the initial ferric/ferrous ratio.
Gertisser and Keller (2000) also suggested assimilation may have played a
minor role in magmatic differentiation. In order to test this hypothesis, MELTS models
were also generated using xenolith whole rock compositions found in the literature
(Fowler et al., 2007; Frezzotti et al., 2004; Keller, 1980) and initial conditions similar to
previous model runs. Assimilant compositions were then input into MELTS and FC
simulations were performed using a range of initial conditions described previously.
Predicted solid phase mineral compositions were then input as assimilant into MELTS
simulations in 10 increments of 0.5-1 g starting at liquidus temperatures.

CHAPTER IV
RESULTS
Whole Rock Major and Trace Element and Isotope Data
A suite of fourteen samples (Figure 6) from FdF, Salina Island, Italy was the
focus of this study. Thirteen samples were collected in the field. Dr. Ralf Gertisser
provided the final sample: a dacite from his study of Salina Island (Gertisser and Keller,
2000). Whole rock major and trace element and Sr and Nd isotope analyses were
completed for 13 samples, with most data for the dacite from Gertisser and Keller
(2000). Whole rock isotope data for the dacite is pending. Whole rock analyses allowed
each sample to be identified as basalt, basaltic andesite, andesite or dacite based on the
classification scheme be LeBas et al. (1986). Based on whole rock analysis, a
representative subset of seven samples (at least one sample from each rock type) was
chosen for detailed petrographic, textural and in situ plagioclase major and trace
element and Sr isotope analysis.
Whole Rock Major Element Oxide Data
Whole rock analyses, tabulated in Table 1, range from basalts to dacite. All
samples show calc-alkaline affinities, span the compositional range reported by
Gertisser and Keller (2000) and show similar trends to data reported by Gertisser and
Keller (2000) (Figure 7). Four of the samples are tightly clustered close to the basaltbasaltic andesite boundary (52.76 – 52.96 wt% SiO2) and will herein be referred to as
basalts in order to maintain consistency with classifications applied by Gertisser and
Keller (2000). Six samples are basaltic
26
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Table 1. Whole Rock Major and Trace Element Data
Rock Type
Sample ID
SiO2
TiO2
Al2O3
FeO*
MnO
MgO
CaO
Na2O
K 2O
P 2O 5
Ni
Cr
Sc
V
Ba
Rb
Sr
Zr
Y
Nb
Th
Hf
U
Pb
Cs
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
La/Yb

Basalt
SAL10-8
52.76
0.69
19.63
8.94
0.17
3.70
10.38
2.51
1.06
0.17
12
7
28
291
248
27
766
54
18
4.5
2.32
1.41
0.85
4.45
0.65
12.62
24.17
3.23
13.62
3.28
1.06
3.31
0.54
3.32
0.70
1.94
0.28
1.75
0.27
7.22

Basalt
SAL10-7
52.80
0.69
19.64
9.04
0.17
3.64
10.33
2.51
1.03
0.17
10
7
27
285
251
26
769
55
18
4.7
2.29
1.44
0.82
4.41
0.62
12.42
23.86
3.17
13.30
3.17
1.04
3.18
0.52
3.26
0.68
1.85
0.28
1.73
0.27
7.17

Basalt
SAL10-9
52.80
0.69
19.61
8.99
0.16
3.67
10.31
2.55
1.04
0.17
11
7
28
285
253
28
773
55
18
4.7
2.38
1.47
0.86
4.74
0.64
12.77
24.52
3.29
13.83
3.36
1.06
3.29
0.54
3.40
0.70
1.92
0.28
1.80
0.29
7.10

Basalt
SAL10-23
52.96
0.66
19.47
8.63
0.16
4.00
10.33
2.46
1.15
0.18
14
8
29
284
259
30
754
57
18
4.6
2.36
1.51
0.85
4.85
0.58
13.31
25.89
3.43
14.20
3.39
1.06
3.27
0.55
3.26
0.68
1.86
0.27
1.74
0.27
7.67

Basaltic
Andesite
SAL10-17
55.17
0.68
18.11
8.44
0.17
4.15
8.94
2.74
1.40
0.19
12
13
30
235
339
35
651
66
19
4.4
3.24
1.75
1.01
7.70
0.84
15.22
29.47
3.74
15.68
3.63
1.16
3.58
0.58
3.58
0.74
2.03
0.30
1.92
0.30
7.93
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Rock Type
Sample ID
SiO2
TiO2
Al2O3
FeO*
MnO
MgO
CaO
Na2O
K 2O
P 2O 5
Ni
Cr
Sc
V
Ba
Rb
Sr
Zr
Y
Nb
Th
Hf
U
Pb
Cs
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
La/Yb

Basaltic
Andesite
SAL10-10
55.26
0.62
17.98
8.24
0.17
4.29
9.12
2.74
1.41
0.16
11
6
30
275
380
34
636
65
18
4.6
3.46
1.70
1.32
6.63
0.92
16.44
30.20
3.85
15.40
3.56
1.07
3.36
0.55
3.36
0.70
1.94
0.29
1.82
0.29
9.04

Table 1. (cont.)
Basaltic
Basaltic
Andesite
Andesite
SAL10-3
SAL10-1
55.34
55.38
0.63
0.64
17.94
18.05
8.41
8.53
0.16
0.17
4.21
4.36
9.08
8.58
2.65
2.69
1.41
1.44
0.16
0.16
12
14
9
16
30
31
276
251
383
387
34
33
632
611
64
63
21
21
5.0
4.6
3.55
3.57
1.71
1.69
1.36
1.51
6.58
9.87
0.97
0.59
16.52
21.21
30.33
35.87
3.84
4.96
15.55
19.75
3.75
4.43
1.13
1.27
3.73
4.09
0.60
0.64
3.71
3.95
0.77
0.81
2.11
2.20
0.32
0.32
1.99
2.02
0.32
0.32
8.29

10.48

Basaltic
Andesite
SAL10-2
55.43
0.62
17.93
8.28
0.16
4.26
9.04
2.70
1.41
0.16
12
9
29
270
386
34
628
66
19
5.3
3.60
1.72
1.33
6.53
0.97
17.11
30.85
4.01
16.08
3.62
1.15
3.60
0.58
3.54
0.74
2.05
0.30
1.90
0.30
9.02

Basaltic
Andesite
SAL10-6
56.97
0.63
17.53
7.90
0.16
3.84
8.22
3.00
1.59
0.17
10
6
28
263
436
39
611
74
20
5.7
4.11
1.98
1.55
7.32
1.11
19.27
33.62
4.40
17.56
3.93
1.17
3.73
0.60
3.71
0.77
2.15
0.32
2.07
0.34
9.30
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Table 1. (cont.)
Rock Type
Sample ID
SiO2
TiO2
Al2O3
FeO*
MnO
MgO
CaO
Na2O
K 2O
P 2O 5
Ni
Cr
Sc
V
Ba
Rb
Sr
Zr
Y
Nb
Th
Hf
U
Pb
Cs
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
La/Yb

Andesite
SAL10-12
58.75
0.65
17.46
7.03
0.15
3.30
7.43
3.18
1.87
0.18
8
5
25
231
456
47
578
87
22
6.4
4.88
2.28
1.70
7.10
1.07
21.48
37.94
4.78
18.90
4.23
1.23
3.93
0.64
3.97
0.82
2.30
0.34
2.23
0.35
9.61

Andesite
SAL10-13
61.11
0.56
17.31
6.15
0.15
2.44
6.19
3.52
2.36
0.21
4
2
16
158
543
61
647
98
23
6.8
5.73
2.50
2.29
10.59
1.84
24.03
43.10
5.32
20.43
4.45
1.24
4.02
0.67
4.05
0.84
2.35
0.36
2.32
0.37
10.36

Andesite
SAL10-15
61.91
0.55
17.26
5.92
0.15
2.22
5.75
3.64
2.40
0.21
6
4
15
142
563
62
634
103
21
7.0
5.81
2.69
2.37
10.91
1.66
23.51
41.30
5.02
19.50
4.20
1.27
3.85
0.63
3.83
0.80
2.25
0.35
2.26
0.36
10.39

L.O.D
2-sigma
0.19
0.012
0.082
0.18
0.002
0.073
0.043
0.036
0.015
0.003
3.5
3
1.6
5
11.7
1.7
4.6
3.9
1.2
1.2
0.013
0.02
0.014
0.07
0.02
0.011
0.009
0.009
0.04
0.03
0.009
0.03
0.006
0.018
0.006
0.02
0.007
0.02
0.006
-

Table 1: Major elements normalized to 100%; trace elements in ppm. Major elements,
Ni, Cr, Sc, V, Ba, Rb, Ba, Rb, Sr, Zr and Nb analysis by XRF; remaining trace elements
by LA-ICPMS. Samples given in order of increasing SiO2. L.O.D.-limit of detection.
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andesites (55.17 – 56.97 wt% SiO2). Five samples cluster at ~55 wt% SiO2. Three
samples are andesites (58.75 – 61.91 wt% SiO2) and the final sample is a dacite (65.26
wt% SiO2) (Figure 7).

Figure 7: Total alkali vs. silica diagram (Le Bas et al., 1986) for FdF volcanic rocks.
Blue diamonds are basalts. Red squares are basaltic andesites. Orange circles are
andesites. Blue triangle is dacite supplied by Gertisser and Keller (2000) for this study.
Black circles are from Gertisser and Keller (2000).
Al2O3, MgO, CaO, FeO*, MnO, and TiO2 are negatively correlated with SiO2
and exhibit similar trends to Gertisser and Keller’s (2000) data (Figure 8). Compared to
overall trends, basalt MgO values are offset to slightly lower values while basalt Al2O3
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Figure 8: Harker diagrams for select compatible major element oxides vs. whole rock
SiO2. Symbols are the same as in Figure 7. Note high Al2O3 and low MgO. Overall
trends consistent with fractional crystallization.
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values are slightly elevated. Na2O, K2O and P2O5 increase with increasing SiO2 (Figure
9). CaO, K2O, Na2O and FeO* exhibit the most systematic trends. Al2O3 data show a
slight change in inflection between 60 - 62 wt% SiO2. TiO2 data show significant scatter
at the mafic end, with trends becoming more linear beyond ~61 wt% SiO2. MnO trends
are similar to TiO2 trends. P2O5 trends are the least systematic.

Figure 9: Harker diagrams for select incompatible major element oxides. Symbols are
the same as in Figure 7.
Compared to contemporaneous studies of Alicudi (Hunt, 2012) and Filicudi
(Harris, 2012) islands, Salina samples demonstrate the most linear total alkali trend vs.
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SiO2 trend, and for most of the samples, the least alkali enrichment (Figure 10). Al2O3
trends for Filicudi and Salina are negatively correlated with SiO2 (Figure 11).
Conversely, Al2O3 increases with increasing SiO2 at Alicudi. For all three islands, CaO,
MgO and FeO* data are negatively correlated with SiO2 (Figure 11). With respect to
Alicudi and Filicudi, Salina trends show the least scatter. Salina shows the highest
Al2O3 and Alicudi exhibits the lowest Al2O3 at the mafic end (<54 wt% SiO2), with

Figure 10: Total alkali vs. silica diagram (LeBas et al., 1986) for select Aeolian
volcanic rocks. Orange diamonds are Salina. Green triangles are Alicudi. Black
triangles are Filicudi. Note similarities in basalts for all islands and divergence in more
silicic samples, especially for Alicudi. Relevant rock names are listed.
Filicudi data intermediate. CaO and FeO* trends are similar among the three islands,
although Salina shows slight FeO* enrichment over the intermediate silicic values (56-
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61 wt% SiO2). Alicudi demonstrates the highest MgO values at the mafic end (<54 wt%
SiO2) and Filicudi and Salina exhibiting similar MgO values vs. SiO2 (wt%).	
  

Figure 11: Harker diagrams for select compatible major element oxides for select
Aeolian volcanic rocks. Green triangles are Alicudi samples. Note high Al2O3 and low
MgO values for Salina samples relative to Alicudi and Filicudi.
Whole Rock Trace Element Data
Sample values are reported in parts-per-million (ppm) in Table 1. Compatible
trace elements lack systematic behavior with increasing SiO2 (Figure 12). Cr values
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show modest negative correlation with increasing SiO2, with data exhibiting scatter at

Figure 12: Harker diagrams for select compatible trace elements. Symbols are the same
as in Figure 11. Note scatter in basaltic andesites. Insets show expanded scale to
accommodate high Ni and Cr values for Alicudi samples.
~ 55 wt% SiO2 (Figure 12d). Ni and Sc concentrations are similar from 52-55 wt%
SiO2, and decrease at ≥56 wt% SiO2 (Figure 12b, 12c). Similar to Cr, Ni and Sc
abundances show scatter at ~55 wt% SiO2, but scatter is less pronounced in Sc. Sr
values show a decrease from ~52-58 wt% SiO2, followed by an increase from 58-61
wt% SiO2 before decreasing again from 61-65 wt% SiO2 (Figure 12a).
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Sc abundances are similar for Alicudi, Filicudi and Salina, with Salina
exhibiting slight enrichment between 55-59 wt% SiO2 (Figure 12c). Salina and Filicudi
show similar abundances for Ni and Cr, although Filicudi exhibits slight enrichment in
Cr between 57-61 wt% SiO2 (Figures 12b, 12d). Alicudi shows the highest Ni and Cr
concentrations. Sr abundances for all three islands show scatter (Figure 12a).
Ba, Zr, Nb, Hf, Ta and Th are positively correlated with SiO2. All exhibit welldefined, systematic trends (Figure 13), although some minor scatter is observed for Ba
concentrations at 55 wt% SiO2. Rb, Y, U, Cs and Pb abundances also increase with
increasing SiO2; however trends are less systematic (Figure 14). U concentrations show
scatter at 55 wt% SiO2 (Figure 14c) and scatter is observed for Y, Cs and Pb at ≥55
wt% SiO2 (Figures 14b, 14d, 14e). REEs also increase with increasing SiO2 and exhibit
well-defined, systematic trends (Figure 15).
Generally, Salina is less enriched in Ba, Zr, Nb, Hf, Ta, Th, Rb, U, La, Ce, Nd
and Eu, when compared to Alicudi and Filicudi (Figures 12, 13, 14). Similar
concentrations are observed among islands for Y, Cs and Lu (Figures 12, 13, 14). Salina
shows similar Pb concentrations at 52 wt% SiO2, but shows the highest Pb abundances
at ≥56 wt% SiO2 (Figure 13).
Chondrite-normalized REE diagrams (Figure 16) were plotted using
normalization values from Boynton (1984). Enrichments range from 40-78 times
chondrite in La to 8-11 times chondrite in Lu. REE enrichment increases with
increasing degree of differentiation. Negative Ce and Eu anomalies are present in most
samples (Figure 17).
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Figure 13: Harker diagrams for select incompatible trace elements. Symbols are the
same as in Figure 11. Note linear array of Salina samples versus Alicudi and Filicudi.
Also note overall lower values for Salina samples relative to Alicudi and Filicudi.
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Figure 14: Harker diagrams for select incompatible trace elements. Symbols are the
same as in Figure 11. Note scatter present in Salina samples for whole rock SiO2 values
≥55 wt%.
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Figure 15: Harker diagrams for select REE’s. Symbols are the same as in Figure 11.
Note scatter present in basaltic andesites. Also note overall lower values for Salina
samples relative to Alicudi and Filicudi.
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Figure 16: Chondrite normalized REE diagrams for Salina samples. REE concentrations
normalized to Boynton (1984). Note slight negative Ce and Eu anomalies in most
samples.
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Figure 17: Normalized whole rock Eu and Ce concentrations. Values normalized to
lowest analyzed value, respectively. Values greater than one define positive anomalies;
values less than one define negative anomalies.
Whole Rock Sr and Nd Isotope Data
Whole rock Sr and Nd data for 13 samples are presented (Table 2). Whole rock
87

Sr/86Sr ranges from 0.70433 to 0.70474. Whole rock 143Nd/144Nd ranges from 0.51276

to 0.51284. Analytical uncertainty for all analyses is no greater than 0.00003. With the
exception of SAL10-01, all values plot within the existing data field for other rocks
from Salina (Figure 18).
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Sample

Sr/86Sr

Table 2. Whole Rock Sr and Nd Isotopes
Uncertainty
Uncertainty
143
Nd/144Nd
x 10-5
x 10-5

Rock Type

SAL10-7

0.70444

1.0

0.51279

1.2

Basalt

SAL10-8

0.70443

0.8

0.51280

2.2

Basalt

SAL10-9

0.70443

1.0

0.51280

1.1

Basalt

SAL10-23

0.70466

1.1

0.51277

1.8

Basalt

SAL10-1

0.70433

1.1

0.51278

1.0

Basaltic Andesite

SAL10-2

0.70437

1.0

0.51282

1.8

Basaltic Andesite

SAL10-3

0.70436

1.1

0.51279

2.9

Basaltic Andesite

*0.51279

1.1

SAL10-6

0.70439

1.1

0.51277

1.2

Basaltic Andesite

SAL10-10

0.70438

2.0

0.51278

1.0

Basaltic Andesite

SAL10-17

0.70442

1.5

0.51284

1.2

Basaltic Andesite

SAL10-12

0.70446

1.1

0.51276

3.2

Andesite

*0.51277

1.4

0.51277

1.0

Andesite

0.51278

1.1

Andesite

SAL10-13
SAL10-15

0.70475

1.3

*0.70474

1.1

0.70474

1.1

Table 2: Whole rock Sr and Nd isotopes: values and associated 2σ analytical
uncertainties.
* Denotes replicate analysis.
Sr isotope values are similar to Gertisser and Keller (2000) values. When plotted
vs. SiO2, basalts and andesites exhibit the most scatter and basaltic andesites have the
least scatter (Figure 19). When plotted with Gertisser and Keller’s (2000) data, a subtle
increase in 87Sr/86Sr with increasing SiO2 is observed. Sr isotope data for Salina all
exhibit higher values than those reported for Alicudi (Figure 19). Sr isotope data for
Salina are less scattered than Filicudi, show similar values at <59 wt% SiO2 and show
higher values >61 wt% SiO2 (Figure 19).
With the exception of two basaltic andesite samples, Nd isotope values are
similar to data from Gertisser and Keller (2000) (Figure 20). Conversely to 87Sr/86Sr,
143

Nd/144Nd values show the greatest scatter within the basaltic andesites. Basalt
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143

144

Nd/ Nd data show moderate scatter and andesites show the tightest cluster.

Figure 18: Bulk earth isotope diagram. Salina, Alicudi and Filicudi samples plotted with
data from other studies of the Aeolian Islands. Salina samples from this study in red;
diamonds are basalts, squares are basaltic andesites, circles are andesites. Black
triangles are from Alicudi. Black squares are from Filicudi. Figure adapted from
Gertisser and Keller (2000), including fields for Aeolian Islands. Fields for Salina,
Vulcano and Stromboli (Ellam et al., 1988; Ellam and Harmon, 1990), Filicudi
(Francalanci and Santo, 1993), Alicudi (Peccerillo et al., 1993) and Lipari (Esperança,
1992).
Significant overlap is observed between Filicudi and Salina data, both of which exhibit
lower values than Alicudi samples. Observed Nd isotope ratios for Salina present the
most systematic trends, while no trends are apparent in Alicudi and Filicudi data.
Petrography
Representative samples are listed as follows: one basalt (SAL10-07), two
basaltic andesites (SAL10-01, SAL10-03), three andesites (SAL10-12, SAL10-13,
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Figure 19: Whole rock Sr isotope values for Alicudi, Filicudi and Salina. Salina samples
from this study are as follows: Blue diamonds are basalts, red squares are basaltic
andesites, orange circles are andesites. Green triangles are from Alicudi. Black triangles
are from Filicudi. Purple triangles are from Gertisser and Keller, (2000) (Salina). Aqua
triangles are from Ellam and Harmon, (1990) (Salina). Note overall increase in 87Sr/86Sr
with increasing SiO2 for most Salina samples. Also note distinctly lower values for
Alicudi relative to Salina and Filicudi.
SAL10-15) and one dacite (SF-13) provided by Dr. Ralf Gertisser (Table 3). The
mineralogy for all samples is similar. Plagioclase, clinopyroxene and iron-titanium
oxides are present in all samples. Plagioclase is the dominant phase in all samples,
present in modal abundances of 15-36%. Modal abundance for clinopyroxene ranges
from 3-11%. Iron-titanium oxides are present in modal abundances of 2- 4%. Olivine is
present in trace amounts in the basalts and basaltic andesites. Trace amounts of
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Figure 20: Whole rock Nd isotope values for Alicudi, Filicudi and Salina. Symbols are
the same as in Figure 17. Note elevated values for Alicudi relative to Salina and
Filicudi.
Table 3. Modal Abundance and Rock Type
Sample
SAL10-07

Plag
36

Cpx
10

Ol
2

Opx
-

Fe-Ti oxide
2

GM
50

SAL10-03

26

11

1

3

3

56

SAL10-01

26

10

1

4

2

57

SAL10-12
SAL10-13
SAL10-15
SF-13

15
21
20
20

5
8
5
3

trace
-

5
3
3
5

4
2
3
3

71
65
69
69

Rock Type
Basalt
Basaltic
Andesite
Basaltic
Andesite
Andesite
Andesite
Andesite
Dacite

Table 3: Modal abundances in percent for representative samples, listed on a vesicle
free basis. Abbreviations are as follows: Plag-plagioclase, Cpx-clinopyroxene, Ololivine, Opx-orthopyroxene, Fe-Ti oxide-iron-titanium oxides, GM-groundmass.
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amphibole are present in one andesite (SAL10-15). Apatite is also found in trace
amounts as inclusions in plagioclase in all samples except the basalt. Generally,
phenocryst abundances decrease and groundmass abundance increases with increasing
degree of differentiation. Groundmass comprises 50-71% of samples, with plagioclase
and clinopyroxene as the primary groundmass constituents. Glass comprises ≤3% of
groundmass.
Basalt Petrography
The basalt sample (SAL10-07) is highly porphyritic with phenocryst abundances
of 50% (Figure 21a). Phenocryst phases include plagioclase, clinopyroxene, olivine and
Fe-Ti oxides. Plagioclase is the dominant phenocryst phase at 36%. Phenocryst habits
are generally subhedral with microphenocrysts exhibiting euhedral crystal habits.
Polysynthetic twinning, oscillatory zoning and sieve textures are the primary textures
present in phenocrysts; a more in depth discussion of textures follows in a later section.
Clinopyroxene is the second most abundant mineral phase, with a modal abundance of
10%. Most clinopyroxene crystals exhibit subhedral to anhedral habits although the rare
euhedral crystal is present. Texturally, clinopyroxenes exhibit polysynthetic twinning
and rare oscillatory zoning. Clinopyroxene is also present in the rare glomerocrysts
along with olivine. Olivine and Fe-Ti oxides are the least abundant phases at 2%.
Olivine has an anhedral habit and is generally rimmed by clinopyroxene coronas.
Basaltic Andesite Petrography
Basaltic andesite samples (SAL10-01, SAL10-03) are slightly less porphyritic
than the basalt with phenocryst abundances of 43-44% (Figure 21b). Phenocryst phases
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include plagioclase, clinopyroxene, orthopyroxene, olivine and Fe-Ti oxides.
Plagioclase is again the dominant phase, with a modal abundance of 26%. Multiple
textures are present in plagioclase and include monotonous and oscillatory zoning,
patchy and sieved textures and polysynthetic twinning. Clinopyroxene phenocrysts

a)

b)

c)

d)

Figure 21: Representative cross-polar photomicrographs of each rock type. a) basalt, b)
basaltic andesite, c) andesite, d) dacite.
are present at 10-11% modal abundance, and have euhedral to subhedral habits.
Polysynthetic twinning is common. Rare clinopyroxenes exhibit undulatory extinction,
although this texture is only found in glomerocrysts. Plagioclase, orthopyroxene and
trace olivine are other phases found in glomerocrysts. Orthopyroxene is present at 3-4%
modal abundance with olivine and Fe-Ti oxides present at 1% and 2-3% respectively.
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The largest difference between SAL10-01 and SAL10-03 lies in groundmass
composition. The groundmass of SAL10-01 has a higher glass component than SAL1003, and fewer microphenocrysts. Modal abundances for basaltic andesite groundmass
are 56-57%.
Andesite Petrography
Andesites (SAL10-12, SAL10-13, SAL10-15) exhibit the greatest petrologic
variety (Figure 21c). Although mineral assemblages are similar among the andesites,
phenocryst and groundmass abundances vary across the samples. SAL10-12 has the
least amount of plagioclase present in any of the seven samples with a modal abundance
of 15%, while SAL10-13 and SAL10-15 have 20% and 21%, respectively. Phenocryst
habits range from euhedral to anhedral and microphenocrysts are commonly euhedral
and tabular to acicular. Multiple textures are observed including oscillatory, patchy and
sieved zones. Rare monotonously zoned crystals are present as well. Clinopyroxene
modal abundances range from 5-8%, and orthopyroxenes exhibit a range of 3-5%.
Pyroxenes are generally euhedral to subhedral with simple twinning observed in some
clinopyroxenes. Fe-Ti oxides are present at 2-4%. Trace apatite is present in all samples
with trace olivine present in SAL10-15 and trace amphibole present in SAL10-12.
Glomerocrysts are present in all andesite samples and contain plagioclase,
clinopyroxene and orthopyroxene. Trachytic texture is also present in all andesite
samples and is defined by commonly oriented acicular plagioclase crystals. This texture
is most pronounced in SAL10-12 and most subtly expressed in SAL10-15.
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Dacite Petrography
The dacite sample (SF-13) is moderately porphyritic with phenocryst
abundances of 31% (Figure 21d). Phenocryst phases include plagioclase, clinopyroxene,
orthopyroxene and iron-titanium oxides. Plagioclase is again the dominant phase,
present at 20%. Multiple textures are present in plagioclase and include monotonous
and oscillatory zoning, patchy and sieved textures and polysynthetic twinning. Unlike
the other six samples, clinopyroxene is present at 3%. Clinopyroxenes generally are
anhedral, commonly exhibit simple twinning and many are rimmed by orthopyroxene.
The dacite also contains glomerocrysts comprised of plagioclase, clinopyroxene and
orthopyroxene. Orthopyroxene is present at a modal abundance of 5% and is euhedral to
subhedral. Fe-Ti oxides are present at 4%. Similar to basaltic andesites and andesites,
trace amounts of apatite are present as inclusions within plagioclase. Groundmass is
present at 69% with groundmass plagioclase defining a trachytic texture.
In situ Plagioclase Data
Plagioclase Textural Data
Textures present within plagioclase crystals are the results of successive periods
of crystallization and dissolution over the crystal’s history. Sequences of crystallization
and dissolution (equilibrium vs. disequilibrium) are determined by a variety of
magmatic processes such as recharge, assimilation and fractional crystallization
(Ginibre et al., 2002; Streck, 2008). NDIC imaging allows for detailed study of textures
present within plagioclase crystals, which can then be linked to physical parameters
within the chamber.
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This study applies NDIC imaging to characterize a variety of textural features
present in the FdF suite. Analyzed plagioclase phenocrysts range in size from 100 µm to
2 mm in length and are texturally complex. Ten to seventeen crystals were imaged per
slide, totaling 97 crystals. Due to the complex nature of crystals, classifications are
assigned based on the absence or presence of disequilibrium textures within each
crystal. Crystals with few to no disequilibrium textures are then classified as
monotonous, simple or complex oscillatory. Crystals exhibiting significant
disequilibrium textures are then classified as either having sieved to patchy cores or
sieved to patchy rims. Detailed descriptions and images of each texture are provided
below. An inventory of all NDIC images is provided in Appendix A.
Texture Types
It is generally accepted (Lofgren, 1974; Shore and Fowler, 1996; Ginibre et al.,
2002; Pearce and Kolisnik, 1990) that oscillatory zoning is a primary growth feature.
Previous studies by Ginibre et al. (2002) and Pearce and Kolisnik (1990) attribute
localized kinetic effects to the production of oscillatory zoning within plagioclase. For
purposes of this study, crystals exhibiting oscillatory zoning are subdivided into two
categories: Simple and complex oscillatory textures. Simple oscillatory textures (Figure
22a) are defined by repeated, parallel zones of alternating composition resulting in a
concentric pattern of growth zones that can vary from a few to tens of microns in width.
Simple oscillatory textures are not limited to linear arrays and may also grow
conformably upon irregularities such as resorption surfaces. Simple oscillatory textures
are found in all FdF samples. Conversely, non-conformable, non-concentric
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a)

b)

c)

d)

e)
Figure 22: Representative NDIC images of all described texture types. a) simple
oscillatory, b) complex oscillatory, c) patchy, d) sieved, e) monotonous. In this study,
sieved and patchy textures have been combined.
compositional zones define complex oscillatory textures (Figure 22b). However, the
widths between the complex textural features are similar to those of simple oscillatory
zones.
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As opposed to oscillatory zoning, patchy and sieved textures are primarily
associated with partial dissolution of plagioclase. Dissolution of plagioclase results in
the complete or partial breakdown of the existing crystal due to disequilibrium
conditions. A study by Nelson and Montana (1992) demonstrated that rapid
decompression of plagioclase produced partial dissolution. Patchy textures will result
from partial dissolution of plagioclase if crystallization continues and the resorption
channels are infilled with plagioclase of different composition. Tsuchiyama (1985) also
showed that sieved textures are produced when plagioclase is out of equilibrium with
the surrounding melt yet is still within its compositional stability field. In this study,
patchy and sieved textures have been combined. Patchy textures are characterized by
boxy, rectangular to sub-rectangular glass or plagioclase inclusions (Figure 22c). Sieved
textures are characterized by areas of closely spaced, microscopic glass inclusions,
giving the zones a “dusty” appearance (Figure 22d). Large areas devoid of any
discernable textures are defined as monotonous zones (Figure 22e).
Plagioclase Electron Microprobe Analysis
EMPA was performed on select crystals from all samples in order to determine
major and trace element (e.g., Fe, Ti, Mg, Sr, Ba) concentrations (Appendix B). One
hundred three crystals were analyzed with core to rim spot traverses completed on 1020 crystals per sample. Traverses were designed to capture major and trace element
changes across prominent textural boundaries identified through NDIC imaging.
Appendix A contains EMPA results plotted with the corresponding NDIC image. Single
point analyses were performed on four microlite plagioclase crystals per sample. Four
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microphenocrysts from the dacite were also analyzed. All major element data are
reported in oxide weight percent, minor elements are reported in elemental
concentration (ppm), and Anorthite content (An) is reported in mol%.
Anorthite Data
Combined An data for all samples range from An94-An38 (Figure 23). All
samples exhibit similar An ranges; the basalts (An91-An50) and andesites (An87-An38)
demonstrate the smallest An ranges while basaltic andesites (An94-An40) and the dacite
(An92-An41) exhibit the largest variability in An values (Figure 23a). In general, no
systematic trends are noted between An content and whole rock SiO2. (Hereafter, all
comparisons to SiO2 will refer to whole rock SiO2 unless otherwise noted.) However,
plagioclase decrease in average An values with increasing SiO2 is noted (Figure 23b).
Overall, core An data range from (An94-An40) with values for the basalt showing the
least variability (An90-An82). With the exception of the basalt (SAL10-07), significant
overlap occurs between core and rim values (Figure 23c). Rim An data for all samples
range from An73-An38, with the dacite (An59-An41) exhibiting the most limited range.
Typically, core An values are higher than corresponding rim values. SAL10-12 is the
exception; core and rim values exhibit similar ranges. Except for samples SAL10-03
and SAL10-12, microlite An values exhibit a similar range to rim values (Figure 23d).
Trace Element Data
Select trace element concentrations (Ti, Fe, Mg, Sr and Ba) were collected for
all plagioclase; Ti ranges are 724-216 ppm, Fe ranges are 10884-1349 ppm, Mg ranges
are 1111-161 ppm, Sr ranges are 1791-776 ppm and Ba ranges are 822-266 ppm.
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Figure 23: Anorthite values for all analyzed crystals vs. whole rock SiO2. a) All
phenocryst An values analyzed, b) Averaged An value for all points within a single
crystal, c) Plagioclase core-most and rim-most values, d) Microlite An values. For all
panels, colors correspond to individual samples: Dark blue-SAL10-07, red-SAL10-03,
green-SAL10-01, purple-SAL10-12, aqua-SAL10-13, orange-SAL10-15, light blue-SF13. For panels a, b and d, symbols are as follows: Diamonds are basalts, squares are
basaltic andesites, circles are andesites, triangles are dacites. For panel c, circles are
core values and open squares are rim values. Note considerable overlap in An values
throughout samples. Also note distinctive core and rim values in basalt in contrast to
core and rim overlap in remaining samples.
Detection limits were calculated by Microprobe for Windows (Kresner, 2010) for all
trace element concentrations and are listed in Appendix B. Neither incompatible nor
compatible trace elements demonstrate highly systematic trends with increasing SiO2
(Figure 24). A few subtle trends are observed; Ti, Fe and Mg decrease and Sr increases

55

Figure 24: Anorthite and EMPA trace element data vs. whole rock SiO2. Colors and
symbols are the same as in Figure 23. Values below detection limits have been omitted.
with increasing SiO2 (Figures 24a, 24d, 24e, 24f). However, no systematic trends are
observed in Ba data with increasing SiO2. Notably, a change in the slope for trace
element trends vs. SiO2 is observed at ~59 wt% SiO2. Microlite trace element trends are
similar to phenocryst trace element trends (Figure 25). With the exception of Fe and Ba,
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Figure 25: Microlite An and EMPA trace element data. Colors and symbols are the
same as in Figure 23, except gray symbols are phenocryst values for respective samples.
Values below detection limits have been omitted.
microlite data show a slightly narrower range in values; Ti ranges are 659-231 ppm, Fe
ranges are 11393-4659.
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Trace element data show considerable scatter when plotted versus An. However,
discrete trends are observed (Figure 26). The most apparent trends are observed with Fe

Figure 26: Scatter plots showing EMPA plagioclase trace elements vs. An content.
Colors and symbols are the same as in Figure 23. Values below detection limits have
been omitted. Note increase in Sr concentrations with increasing degree of
differentiation. Also note distinct groupings in Mg and Fe panels. Basalts and
andesites/dacites exhibit distinctive clusters with basaltic andesites exhibiting a
sweeping array between least and most silicic samples.
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and Mg (Figures 26c, 26d). For SAL10-07, Fe and Mg increase with decreasing An. As
samples become more silicic, the rate at which Fe and Mg increase in relation to
decreasing An diminishes. Ti and Ba concentrations demonstrate subtle increases as An
decreases (Figures 26b, 26e), although EPMA data are limited due to inherent detection
limits. Sr shows the greatest amount of scatter (Figure 26a), with the highest values in
the dacites (1955-1056 ppm).
Combined Plagioclase Textural and EMPA data
Plagioclase textural data are most informative when combined with microprobe
data. Differences in major (An) and trace element (i.e., Fe) concentrations across
textural boundaries elucidate changing magma chamber conditions. For example,
Ginibre et al. (2002) suggest changes in An of less than 10 mol% can be attributed to
kinetic effects under equilibrium growth conditions. However, for An variations greater
than 10 mol%, disequilibrium conditions (i.e., resorption) must be considered. Figure 27
highlights overall core to rim changes as well as point-to-point variations. The majority
of crystals are normally zoned (Figure 27a). However, crystals exhibiting reverse
zoning across textural boundaries are present in all samples but SAL10-07 (Figure 27a).
Changes in An≥10 mol% are present in all samples, though changes ≤10 mol% are most
prevalent (Figure 27b). An variations ≥10 mol% are most common transitioning into
simple oscillatory zones and rimward of dissolution rims (Figure 28).
In Situ Plagioclase Trace Element Data
In situ trace element data for select plagioclase crystals were collected at WSU by
LA- ICPMS. A complete list of in situ plagioclase trace element results is tabulated in
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Figure 27: Changes in An plotted vs. whole rock SiO2. Colors and symbols are the same
as in Figure 23. Positive values indicate an increase in An (reverse zoning); negative
values indicate a decrease in An (normal zoning). a) Point to point changes in An
content for all core to rim traverses. b) Overall change in An calculated by subtracting
the rim-most point from the core-most point.
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Figure 28: Diagram plotting the change in An as zoning transitions into a specific
texture. Colors and symbols are the same as in Figure 23. Positive values indicate an
increase in An (reverse zoning); negative values indicate a decrease in An (normal
zoning).
Appendix C. Concordant with whole rock trace element data, plagioclase REEs become
more enriched with increasing SiO2 (Figure 29). The bulk of basalt plagioclase exhibits
the least REE enrichment with most values clustering in a narrow range (Figure 29a).
Two andesites, samples SAL10-12 and SAL10-15 (Figures 29d and 29f, respectively)
are more enriched in REEs and exhibit systematic trends. The remaining samples
(Figures 29b, 29c, 29e and 29f) demonstrate wider variability with respect to degree of
enrichment. However, the majority of analyses display values similar to the andesites.
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Figure 29: Chondrite normalized trace element diagrams for in situ plagioclase analyses
for each sample. REE values normalized to Boynton (1984) chondrite values. Rock
types are as follows: a) basalt; b, c) basaltic andesites; d, e, f) andesites; g) dacites.
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In situ plagioclase compatible trace element abundances show little systematic
correlation when plotted vs. plagioclase La abundances (Figure 30). However, two
distinct trends are observed for Ti abundance with increasing La concentrations (Figure

Figure 30: Variation diagrams for select in situ plagioclase compatible trace element
data plotted vs. La. Colors and symbols the same as in Figure 23.
30). For the basalt, Ti abundances sharply increase with increasing La values, while Ti
abundances within the dacite show no increase with increasing La. Sr concentrations
lack systematic correlation with increasing La concentrations (Figure 30).
In situ plagioclase incompatible abundances plotted vs. plagioclase La
concentrations exhibit trends that vary from systematic to non-systematic. Ce and Pr
concentrations increase systematically with increasing La abundances (Figure 31).
Although some outliers are present, all data exhibit well-defined trends regardless of
sample. Ba, Eu, Nd and Y abundances also increase with increasing La concentration,
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Figure 31 Variation diagrams for select in situ plagioclase REE data plotted vs. La.
Colors and symbols the same as in Figure 23.
but show less systematic trends than Ce and Pr (Figure 32). Cs and Rb concentrations
lack systematic trends with increasing La abundances (Figure 33).
In Situ Plagioclase 87Sr/86Sr
Sixty-two crystals were analyzed for in situ 87Sr/86Sr and data are listed in Table
4. Core to rim traverses were possible for 35 crystals. Due to the large trough size (60
µm- 600 µm), 27 crystals were only large enough for a single trough. The total 87Sr/86Sr
range for all analyses is 0.70369-0.70595. Standard error is ≤0.00006. All samples
exhibit heterogeneous in situ plagioclase 87Sr/86Sr signatures, with the basaltic andesites
exhibiting the widest range (0.70395-0.70457) and SAL10-12 (andesite) showing the
least variability (0.70384-0.70420) (Figure 34). Typically, in situ analyses lie below

64

Figure 32: Variation diagrams for select in situ plagioclase incompatible data plotted
vs. La. Colors and symbols the same as in Figure 23.
whole rock values. Core, intermediate and rim values for all samples show considerable
overlap. However, subtle differences in core, intermediate and rim values are noted.
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Figure 33: Variation diagrams for select in situ plagioclase incompatible trace element
data plotted vs. La. Colors and symbols the same as in Figure 23.
MELTS Models
Two-hundred and seventy-one MELTS simulations were generated and results
were plotted against FdF whole rock data from this study and from Gertisser and Keller
(2000). Fit quality for all model simulations was then evaluated based on a visual
inspection of how closely predicted data bracketed observed data.
MELTS Sensitivity Testing
Sensitivity tests were conducted to constrain conditions under which magma
most likely differentiated. Nazzareni et al. (2001) investigated clinopyroxene crystal
chemistry in order to determine magma chamber depths across several Aeolian Islands.
Results suggested polybaric FC from a maximum pressure of 8 kilobars (kb). Therefore,
initial MELTS models simulated ascent from 8 kb, 4 kb and 2 kb (~24 km, 12 km and 6
km depth) to 20 bars (~subvolcanic reservoir). Water contents were varied in order to
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Figure 34: In situ plagioclase 87Sr/86Sr values for all core, intermediate and rim
analyses. Core values are solid circles, intermediate values are open diamonds and all
rim values are open squares. Whole rock isotope values denoted by black triangles.
Note the majority of in situ plagioclase analyses lie below whole rock values.
determine maximum and minimum saturation values. The oxidation state of the system
was varied between the quartz-fayalite-magnetite (QFM) (more reducing) and hematitemagnetite (HM) (more oxidizing) buffers.
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Polybaric models initiated from 8 kb yielded ambiguous results over a variety of
initial conditions (Figure 35). Data modeled along the HM buffer mimicked observed
data for MgO, CaO, Na2O and K2O. However, model predictions did not correlate well
with data in the mafic range for Al2O3 (Figure 35). Increasing the water content can
provide a better fit with Al2O3 data. However, increased H2O will suppress predicted
MgO and CaO vs. SiO2 trends to values lower than observed. Modeled TiO2 data fit
observed trends at ≤56 wt% SiO2, but became progressively more enriched relative to
observed data at greater SiO2 values. Due to the highly oxidized state of the system,
FeO* is depleted throughout model runs. A better fit to observed data can be obtained at
more reduced oxidation states. However, a more reduced oxidation state exacerbates
mismatched trends for all other oxides.
Model runs initiated at depths of 2 kb yielded results more inaccurate than 8 kb
models. Data modeled along the HM buffer mimicked actual data for CaO, Na2O and
K2O. Predicted MgO values are bracketed well when the system is water saturated.
However, predicted Al2O3 values do not correlate well with observed data. Plagioclase
comes on the liquidus too early, thereby driving down Al2O3 values relative to existing
data. Modeled TiO2 and FeO* data are similar to 8 kb results.
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Table 4. In Situ Plagioclase 87Sr/86Sr
Sample

87

Sr/86Sr

SAL10-07 Plag 4 core

0.70399

SAL10-07 Plag 6 core
SAL10-07 Plag 6 rim

Uncertainty
x 10-5

Sr/86Sr

Uncertainty
x 10-5

Sample

87

6.0

SAL10-01 Plag 2 core

0.70402

3.0

0.70403

6.0

SAL10-01 Plag 5 core

0.70407

3.0

0.70406

6.0

SAL10-01 Plag 3 core

0.70418

3.0

SAL10-07 Plag 11 core
SAL10-07 Plag 11 int
SAL10-07 Plag 11 rim
SAL10-07 Plag 12 core
SAL10-07 Plag 12 int
SAL10-07 Plag 12 rim
SAL10-07 Plag 16 core

0.70397
0.70413
0.70419
0.70422
0.70410
0.70414
0.70420

6.0
6.0
6.0
6.0
6.0
6.0
6.0

SAL10-01 Plag 3 rim
SAL10-01 Plag 9 core
SAL10-01 Plag 9 int 2
SAL10-01 Plag 9 rim
SAL10-01 Plag 15 core
SAL10-01 Plag 15 int
SAL10-01 Plag 15 rim

0.70398
0.70424
0.70423
0.70412
0.70406
0.70408
0.70412

3.0
3.0
3.0
3.0
3.0
3.0
3.0

SAL10-07 Plag 16 rim
SAL10-07 Plag 17 core
SAL10-07 Plag 17 rim
SAL10-07 Plag 18 core
SAL10-07 Plag 20 core
SAL10-07 Plag 20 int
SAL10-07 Plag 20 rim

0.70412
0.70408
0.70418
0.70418
0.70418
0.70431
0.70425

6.0
6.0
6.0
6.0
6.0
6.0
6.0

SAL10-01 Plag 16 core
SAL10-01 Plag 19 core
SAL10-01 Plag 19 int
SAL10-01 Plag 19 rim
SAL10-01 Plag 17 core
SAL10-12 Plag 1 core
SAL10-12 Plag 1 rim

0.70409
0.70457
0.70400
0.70413
0.70395
0.70420
0.70404

3.0
3.0
3.0
3.0
3.0
3.0
5.0

SAL10-07 Plag 21 core
SAL10-07 Plag 21 rim
SAL10-07 Plag 8 core
SAL10-03 Plag 2 core
SAL10-03 Plag 2 rim
SAL10-03 Plag 5 core
SAL10-03 Plag 8 rim

0.70425
0.70435
0.70411
0.70415
0.70422
0.70405
0.70428

6.0
6.0
6.0
3.0
3.0
3.0
3.0

SAL10-12 Plag 2 core
SAL10-12 Plag 4.7 core
SAL10-12 Plag 4.7 rim
SAL10-12 Plag 5 core
SAL10-12 Plag 5 rim
SAL10-12 Plag 12 core
SAL10-12 Plag 12 rim

0.70412
0.70409
0.70410
0.70421
0.70397
0.70414
0.70400

5.0
5.0
5.0
5.0
5.0
5.0
5.0

SAL10-03 Plag 9 core
SAL10-03 Plag 9 int
SAL10-03 Plag 9 rim
SAL10-03 Plag 10 core
SAL10-03 Plag 10 int
SAL10-03 Plag 10 rim
SAL10-03 Plag 11 core

0.70397
0.70398
0.70405
0.70420
0.70408
0.70412
0.70496

3.0
3.0
3.0
3.0
3.0
3.0
3.0

SAL10-12 Plag 15 core
SAL10-12 Plag 15 rim
SAL10-12 Plag 21 core
SAL10-12 Plag 21 int
SAL10-12 Plag 21 rim
SAL10-12 Plag 24 core
SAL10-12 Plag 22 core

0.70414
0.70415
0.70414
0.70408
0.70401
0.70406
0.70384

5.0
5.0
5.0
5.0
5.0
5.0
5.0

SAL10-03 Plag 11 int
SAL10-03 Plag 11 rim
SAL10-03 Plag 15.17 core
SAL10-03 Plag 15.17 rim
SAL10-03 Plag 16 core
SAL10-03 Plag 22 core
SAL10-03 Plag 25 core
SAL10-03 Plag 26 core

0.70427
0.70428
0.70438
0.70450
0.70396
0.70421
0.70427
0.70407

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

SAL10-13 Plag 1 core
SAL10-13 Plag 5.7 core
SAL10-13 Plag 5.7 int 1
SAL10-13 Plag 5.7 int 2
SAL10-13 Plag 5.7 rim
SAL10-13 Plag 10 core
SAL10-13 Plag 11 core
SAL10-13 Plag 13 rim

0.70421
0.70430
0.70445
0.70452
0.70418
0.70451
0.70420
0.70441

5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
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Table 4. (cont.)
Sr/86Sr

Uncertainty
x 10-5

Sample

87

SAL10-13 Plag 16 core

0.70441

5.0

SAL10-13 Plag 20.23 core 0.70414

5.0

SAL10-13 Plag 8 core

0.70447

5.0

SAL10-13 Plag 8 rim

0.70415

5.0

SAL10-15 Plag 5 core

0.70413

5.0

SAL10-15 Plag 8 core

0.70423

5.0

SAL10-15 Plag 10 core

0.70421

5.0

SAL10-15 Plag 10 rim

0.70414

5.0

SAL10-15 Plag 14 core

0.70431

5.0

SAL10-15 Plag 14 rim

0.70430

5.0

SAL10-15 Plag 17 core

0.70414

5.0

SAL10-15 Plag 18 rim

0.70417

5.0

SAL10-15 Plag 19 core

0.70457

5.0

SAL10-15 Plag 19 rim

0.70409

5.0

SAL10-15 Plag 20 core

0.70434

5.0

SAL10-15 Plag 20 rim

0.70440

5.0

SAL10-15 Plag 23 core

0.70422

5.0

SF-13 Plag 6 core

0.70430

3.0

SF-13 Plag 11 core

0.70431

3.0

SF-13 Plag 11 int

0.70452

3.0

SF-13 Plag 11 rim

0.70424

3.0

SF-13 Plag 12 core

0.70427

3.0

SF-13 Plag 12 int

0.70438

3.0

SF-13 Plag 12 rim

0.70438

3.0

SF-13 Plag 15 core

0.70424

3.0

SF-13 Plag 15 rim

0.70425

3.0

SF-13 Plag 16 core

0.70427

3.0

SF-13 Plag 16 rim

0.70415

3.0

SF-13 Plag 19 core

0.70438

3.0

SF-13 Plag 19 int

0.70447

3.0

SF-13 Plag 19 rim

0.70424

3.0

SF-13 Plag 27 core

0.70504

3.0

SF-13 Plag 27 rim

0.70421

3.0

SF-13 Plag 29 core

0.70419

3.0

SF-13 Plag 33 core

0.70430

3.0

Sample

87

Sr/86Sr

SF-13 Plag 9 rim

0.70420

Uncertainty
x 10-5
3.0

Table 4: LA-MC-ICPMS plagioclase analyses for all samples; values and associated
uncertainties. Int-intermediate 87Sr/86Sr analyses.
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Figure 35: Harker diagrams for select major element oxides highlighting observed
trends vs. predicted MELTS FC trends.
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Best Fit MELTS Models
Best-fit MELTS models were defined by modeled data that most closely
bracketed observed whole rock data. MELTS mineral data were also evaluated to
further assess MELTS ability to predict FdF’s magmatic evolution. Sensitivity tests
determined best-fit conditions, and are summarized in Table 5. Existing data were
closely bracketed with the following parameters: polybaric ascent from 3-4 kb to 20 bar,
an ƒO2 between QFM+3 and HM, and an initial water content of 1.5 and 3 wt%.
Polybaric models initiated from 3 kb provided best-fit trends at higher oxidation
states (Figure 36). Data modeled along the HM buffer mimicked actual data for CaO,
Na2O and K2O (Figures 36c, 36d, 36e). MELTS predictions also correlate well with
Table 5. Best-fit MELTS Parameters and Mineral Stability Fields
Stability Fields (kb)
Parental Melt Composition,
Sa1113 (Gertisser and
Keller, 2000)
Mineral
FC, M1
FC, M2
AFC, M3
SiO2
51.57
Clinopyroxene
4.00-1.20
2.12-0.30
4.00-1.26
TiO2
0.62
Spinel
3.44-0.02
3.00-0.20
3.58-0.02
Al2O3
16.18
Olivine
1.46-0.98
1.24-0.98
FeO*
8.94
Plagioclase
1.20-0.02
0.83-0.02
1.26-0.02
MnO
0.16
Orthopyroxene
0.96-0.02
0.30-0.02
0.96-0.02
MgO
6.9
CaO
10.96
Na2O
2.15
K 2O
1.07
P 2O 5
0.15

AFC, M4
2.26-0.03
0.32-0.02
1.08-0.02
3.00-0.03

Table 5: Best fit MELTS parameters and mineral stability fields. For assimilation runs,
5% gabbro was assimilated over ten 0.5 g increments at liquidus temperatures. All
MELTS simulations listed above are modeled under polybaric ascent conditions. All
simulations used dP/dT of 20 bar/1°C. M1-4kb, 3.0 wt% H2O, QFM+3; M2-3 kb, 1.5
wt% H2O, HM; M3-4kb, 3.0 wt% H2O, QFM+3; M4-3 kb, 1.5 wt% H2O, HM.
observed data at 52 wt% SiO2 for elevated MgO values and lower Al2O3 values over the
same silica range. Increasing the initial water content for the 3 kb simulation can
provide a better fit with the MgO data. However, increased H2O suppresses plagioclase
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Figure 36: Harker diagrams for select major element oxides highlighting observed
trends vs. predicted MELTS FC trends.
crystallization, thereby driving predicted Al2O3 values too high. Modeled TiO2 data fit
observed trends at ≤56 wt% SiO2, but became progressively more enriched at greater
SiO2 values. Due to the highly oxidized state of the system, predicted FeO* data are
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lower than observed data for all SiO2 values. A better fit to observed FeO* data can be
obtained at more reduced oxidation states.
Polybaric models initiated from 4 kb provided best-fit trends at lower oxidation
states. Predicted CaO trends are offset to lower values than observed data while Na2O
and K2O trends are offset to higher values (Figures 36c, 36d, 36e). Data modeled along
QFM+3 correlate well with observed data for depleted MgO values at 52 wt% SiO2 and
66 wt% SiO2 (Figure 36a). Model results mimic elevated Al2O3 values at 52 wt% SiO2
and >62 wt% SiO2 (Figure 36b). Decreasing the water content can provide a better fit
with the MgO data. However, decreased H2O stabilizes plagioclase crystallization,
thereby driving predicted Al2O3 values too low. Modeled TiO2 data fit observed trends
at 51 wt% SiO2 and 58-60 wt% SiO2. Similar to the 3 kb simulations, predicted FeO*
values are lower than observed values over the relevant range of SiO2.
Predicted and observed mineral data correlate relatively well. With the
exception of olivine, predicted mineral phases present on the liquidus correlate well to
observed mineral assemblages. However, the maximum predicted plagioclase An
contents were lower than observed at all whole rock SiO2 values (Figure 37).
MELTS Assimilation Models
Due to discrepancies between predicted and observed An values, assimilation
models were performed. Assimilation models were designed to assess potential sources
of high An plagioclase and document thermo-chemical implications for input of new
material into the existing chamber. A thorough literature review was performed to
determine potential assimilant compositions (Fowler et al., 2007; Frezzotti et al., 2004;
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Figure 37: Observed An ranges for all samples plotted vs. predicted An. Red diamonds
are predicted An values for FC models at 4 kb, ƒO2-QFM+3, 3% H2O, red triangles are
predicted An for FC models at 3 kb, ƒO2-HM, 1.5% H2O, open circles are AFC models
at 4 kb, ƒO2-QFM+3, 3% H2O, open squares are AFC models at 3 kb, ƒO2-HM, 1.5%
H2O. Blue bars represent core An values for each sample, gold bars represent rim-most
An values, gray bars represent overlap between core and rim values. The blue bar at ~51
wt% SiO2 represents predicted An values for the assimilant used in AFC models. Note
that no plagioclase crystallizes in the basaltic range.
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Keller, 1980). Best-fit assimilation models utilized a gabbro xenolith composition from
Keller (1980). The gabbro composition was input into MELTS and isobarically
fractionated at 4 kb depth down-temperature to 1000°C.
Five percent addition of gabbroic assimilant showed little effect on most
predicted vs. observed oxide trends for both 3 kb and 4 kb model runs (Figure 38).
However, higher observed Al2O3 at 52-53 and 56-60 wt% SiO2 were more closely
mimicked. Notably, predicted An values from the assimilation experiments were similar
to non-assimilation model simulations. Most notably, predicted An values for the
gabbroic xenolith mimicked observed high An plagioclase values (Figure 37).
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Figure 38: Harker diagrams for select major element oxides highlighting observed
trends vs. predicted MELTS AFC trends.
	
  

CHAPTER V
DISCUSSION
Combining whole rock major and trace element and isotopic data, in situ
plagioclase textural, compositional and Sr isotopic data and quantitative modeling
results allow elucidation of magmatic processes responsible for the evolution of the FdF
volcanic sequence. Gertisser and Keller (2000) suggest the compositional diversity
observed at FdF is produced by assimilation and fractional crystallization (AFC), with
FC as the primary control on magma differentiation. These authors also suggest all FdF
products resided within a single, compositionally zoned chamber. In addition,
clinopyroxene crystal chemistry data from Nazzareni et al. (2001) suggest that the
magma chamber shoaled over time from a maximum pressure of 8 kb. The following
discussion will augment the idea that AFC processes are responsible for the
compositional diversity, will propose that recharge and magma mixing occurred and
were responsible for generating the basaltic andesites, and will propose a new
hypothesis for the relationships among FdF magmas.
Crustal Level Processes
Data from this study supports the conclusions of Gertisser and Keller (2000) that
highlight the importance of AFC processes in the evolution of the FdF sequence.
Polybaric MELTS simulations performed invoking fractional crystallization provided
best-fit bracketing of observed major element data (Figure 36), despite some deviations.
Initial conditions for best-fit MELTS simulations invoked polybaric FC from 4 kb (~ 12
km) to the surface under highly oxidized conditions (ƒO2 of QFM+3-HM), with an
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initial H2O content of 1.5-3 wt%, producing a final mineral assemblage of
clinopyroxene + spinel + plagioclase + olivine + orthopyroxene (in order of appearance
on the liquidus). Best-fit results predict ~25-30% liquid remaining in the system at the
termination of the runs (~65 wt% SiO2), which is consistent with groundmass
percentages for all samples (Table 3).
Deeper Level Processes
Evidence for Fractional Crystallization
With the exception of olivine and amphibole, initial conditions and predicted
mineral phases of best-fit MELTS simulations are consistent with observed data from
this study as well as previous studies (Ellam and Harmon, 1990; Gertisser and Keller,
2000; Nazzareni et al., 2001). High oxygen fugacities of the system are consistent with
the observed whole rock negative Ce anomaly and lack of whole rock Eu anomaly
(Figures 16, 17) (Rogers and Setterfield, 1994).
It must be noted that MELTS simulation were based on the most primitive
sample analyzed at Salina. However, it is likely that this sample was not a melt in
equilibrium with typical mantle (Gertisser and Keller, 2000; Keller, 1980). MELTS
simulation results did not yield olivine as a stable phase until pressures <1.46 kb (Table
5). As MELTS predictions concerning the stability of olivine are robust (Ghiorso, pers.
comm., 2012), additional modeling is required in order to address this inconsistency.
Similarly, an absence of olivine as a liquidus phase would have driven Ni
concentrations higher, which is not consistent with observed data (Figure 12).
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Similar to olivine, MELTS models do not predict amphibole as a stable phase,
yet amphibole is observed in FdF dacites (Gertisser and Keller, 2000), and there is
evidence to suggest the presence of cryptic amphibole within the FdF suite. Davidson et
al. (2007) suggest amphibole is a common mineral fractionating in deeper crustal arc
magma chambers; in some cases, however, amphibole is not observed within arc
samples. There are two possibilities for this lack of amphibole. Either decreasing
pressures encountered as magmas ascend displaced amphibole away from its stability
field, resulting in resorption (Barclay and Carmichael, 2004) or amphiboles were
separated from the melt and were plated to the chamber walls as cumulate material due
to density differences (Davidson et al., 2007). However, amphibole resorption would
not leave a chemical fingerprint in whole rock analysis. Conversely, FC of amphibole
(Davidson et al., 2007) leaves a chemical fingerprint characterized by whole rock trends
of increasing La/Yb and decreasing Dy/Lb with increasing SiO2. Gertisser and Keller
(2000) noted the presence of amphibole in some andesite and dacite samples, and
Figure 39 illustrates whole rock La/Yb and Dy/Lb trends from FdF consistent with
amphibole fractionation.
However, clinopyroxene exhibits similar REE signatures to amphibole (Marks et
al., 2004). Davidson et al. (2007) suggest amphibole would dominate the fractionation
trends due to significantly larger REE distribution coefficients than clinopyroxene.
However, if the mass of fractionating clinopyroxene were considerably greater than the
mass of fractionating amphibole, it is possible the amphibole signature is in fact the
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result of clinopyroxene fractionation. Additional work is required to document the role
of amphibole fractionation in FdF magmas.

Figure 39: Dy/Yb and La/Yb vs. whole rock SiO2. Data shown define differentiation
trend for FdF lavas. Arrows define expected amphibole fractionation trends
Consistent with predicted phase assemblages discussed previously, MgO, Al2O3,
CaO, TiO2 and FeO* are negatively correlated with SiO2, whereas Na2O and K2O are
positively correlated with SiO2 (Figures 8, 9). However, some deviations are noted.
Al2O3 and MgO exhibit sharp changes in slope between 52-54 wt% SiO2. Two
hypotheses are proposed to address the higher Al2O3 and lower MgO. The first involves
the crystallization of plagioclase while clinopyroxene and/or olivine are suppressed
below 53 wt% SiO2. Consequently, as SiO2 increases, Al2O3 would decrease while
MgO increases. However, MELTS results consistently show clinopyroxene as a
fractionating phase, and, over the entire range of SiO2 in the FdF suite, Ni and Cr
concentrations decrease with increasing SiO2. Because Ni is preferentially incorporated
into olivine, and Cr is preferentially incorporated in clinopyroxene and spinel (Johnston
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and Schwab, 2004; Tuff and O’Neill, 2010), the trends of these trace elements support
olivine, clinopyroxene and spinel as fractionating phases.
The second hypothesis suggests that suppression of plagioclase crystallization
would drive more mafic melts to higher Al2O3 values as SiO2 increased. Once the
plagioclase stability field was reached, plagioclase would begin to crystallize, rapidly
decreasing Al2O3 relative to SiO2. This is consistent with all best-fit MELTS
simulations, as early liquidus phases are dominated by clinopyroxene and spinel, with
plagioclase only stabilizing once the melts reached pressures of < 1.26 kb (Figure 40).
Coupling MELTS results with in situ plagioclase Sr data also implies FdF melts
evolved into the more silicic range prior to plagioclase fractionation. If plagioclase were
stable throughout the differentiation from basalt to dacite, plagioclase Sr concentrations
would likely decrease with increasing whole rock SiO2. Instead, Sr concentrations
increase with increasing SiO2 (Figures 23, 41) suggesting plagioclase was not a stable
phase within the deeper chamber and did not stabilize until the melts ascended to
shallower depths.
Similar to major elements, trace elements also display trends consistent with
fractional crystallization as the dominant mode of differentiation. Again, Ni is
compatible in olivine (Johnston and Schwab, 2004) and Cr is compatible in
clinopyroxene and spinel (Tuff and O’Neill, 2010). Consistent with fractionation of
olivine, clinopyroxene and spinel, Ni and Cr concentrations decrease with increasing
SiO2. Similarly, incompatible trace element concentrations such as Ba, Zr, Nb, Hf, Ta,
Th, Rb, Y, U, Cs, and Pb increase systematically with increasing SiO2. Chondrite
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Figure 40: MgO vs. SiO2 variation diagrams highlighting best-fit FC and AFC MELTS
models. Pressures are contoured in black. Mineral stabilities indicated by first
appearance on liquidus. Sp-spinel, Cpx-clinopyroxene, Ol-olivine, Plag-plagioclase,
Opx-orthopyroxene.
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Figure 41: Sr vs. An for each crystal population. Diamonds are basalts; Squares are
basaltic andesites; Circles are andesites; Triangles are dacites. Note the increase in
plagioclase Sr concentration with increasing degree of differentiation (i.e., basalts have
lowest plagioclase Sr concentrations, dacites have highest plagioclase Sr
concentrations), indicative of plagioclase suppression until later stages of
differentiation.
normalized REE abundances also increase with increasing degrees of differentiation
(Figure 16), consistent with fractional crystallization.
Maximum incompatible trace element abundances that could be generated by
FC were calculated using the Rayleigh equation. Bulk distribution coefficients were set
to zero to provide an upper limit for trace element concentrations, and a predicted melt
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fraction of .30 was used, based on best-fit MELTS models, as described above. For
most samples, observed whole rock trends plot below predicted trends (Figure 42),
suggesting that all samples can be related to each other through fractional
crystallization.
In summary, trends are consistent with evolution within the deeper part of the
system dominated by fractionation of clinopyroxene+olivine+FeTi oxides. Consistent
with this result, Ni and Cr concentration decrease systematically with increasing SiO2.
MELTS simulations generated illustrate that plagioclase was suppressed as a liquidus
phase (Figure 40) until the melts ascended to shallower depths.
Shallow Level Processes
Evidence for Fractional Crystallization
MELTS modeling results coupled with observed mineral assemblages and
plagioclase major and trace element data suggest FdF resided in the shallow part of the
system where melts evolved primarily through FC and were strongly influenced by
recharge and assimilation. Best-fit MELTS simulations suggest initial plagioclase
crystallization occurred in magmas with between 3-4 wt% H2O that resided at pressures
of 1.26-0.02 kb (Figure 40). At these depths, clinopyroxene and spinel are shown to
coexist on the liquidus with plagioclase (Table 5). Predicted mineral assemblages are
consistent with observed mineral assemblages in all samples.
Additionally, Sr is preferentially incorporated into plagioclase relative to other
mineral phases (Bindeman et al., 1998). If plagioclase had stabilized in the deeper part
of the magmatic system, plagioclase Sr concentrations would decrease with increasing
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Figure 42: Select incompatible trace element concentrations. Blue diamonds are FdF
basalts; red squares are FdF basaltic andesites; purple circles are FdF andesites; blue
circles are FdF dacites; green triangles are Alicudi samples; black diamonds are Filicudi
samples; black lines are FC trends FdF melts assuming KD=0. FdF data lying above line
indicative of open system processes. FdF data lying below line indicative of closed
system processes.
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Table 5. Best-fit MELTS Parameters and Mineral Stability Fields
AFC (5% Gabbro
FC
Assimilant)
Parental Melt Composition,
Mineral
Sa1113 (Gertisser and
Phases,
4kb, 3.0
3kb, 1.5
4kb, 3.0
3kb, 1.5
Keller, 2000)
stability fields
wt% H2O,
wt% H2O,
wt% H2O,
wt% H2O,
(kb)
QFM+3
HM
QFM+3
HM
SiO2
51.57
Clinopyroxene
4.00-1.20
2.12-0.30
4.00-1.26
2.26-0.03
TiO2
0.62
Spinel
3.44-0.02
3.00-0.20
3.58-0.02
0.32-0.02
Al2O3
16.18
Olivine
1.46-0.98
1.24-0.98
FeO*
8.94
Plagioclase
1.20-0.02
0.83-0.02
1.26-0.02
1.08-0.02
MnO
0.16
Orthopyroxene
0.96-0.02
0.30-0.02
0.96-0.02
3.00-0.03
MgO
6.9
CaO
10.96
Na2O
2.15
K2O
1.07
P2O5
0.15

Table 5: Best fit MELTS parameters and mineral stability fields. For assimilation run,
5% gabbro was assimilated over ten 0.5 g increments at liquidus temperatures. All
MELTS simulation listed above are modeled under polybaric ascent condition. 3 and 4
kb simulations have dp/dt of 20 bar/1°C.
whole rock SiO2. Conversely, data from this study show plagioclase Sr abundances
increasing with increasing whole rock SiO2 (Figure 41), consistent with plagioclase
crystallization in a shallower chamber after the range of magma compositions acquired
the distinctive Sr concentrations that are preserved in plagioclase. Furthermore, Sr
concentrations exhibit a relatively flat slope vs. decreasing An content for each sample
(Figure 43). This implies that plagioclase of different An contents grew from melts that
had the same Sr concentration. Taken together, the evidence implies a system in which
melts experienced differentiation within the deeper part of the system, and then
ascended to shallower depths, where plagioclase began to crystallize and further
differentiation occurred.
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Evidence for Assimilation
Previous studies (Ellam and Harmon, 1990; Gertisser and Keller, 2000) at Salina
utilize 87Sr/86Sr, 143Nd/144Nd and δ18O in order to identify the assimilation signature at

Figure 43: Sr vs. An for each crystal population and associated trendline. Symbols are
the same as in Figure 41. Note relatively flat slopes on trendlines for each sample.
Salina. Both studies agree that assimilation of a crustal component is necessary to
describe the observed isotopic variations, yet the authors disagree as to the amount of
material assimilated. The conclusions suggest Salina lavas have experienced
assimilation of crustal material ranging from <10% (Gertisser and Keller, 2000) to
~30% (Ellam and Harmon, 1990). The difference in interpretations may result from the
sampling size. The data set from Ellam and Harmon (1990) consider data from all six
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volcanic centers, whereas Gertisser and Keller (2000) consider data from the Middle
Pleistocene volcanic rocks (Corvo, Capo, Rivi and FdF).
Whole rock and in situ plagioclase 87Sr/86Sr and MELTS models further support
the hypothesis that assimilation has played a role in the evolution of the FdF. It is
beyond the scope of this study to definitively determine the composition of the
assimilant, but whole rock and in situ plagioclase 87Sr/86Sr analyses and MELTS results
allow inferences to be made about the potential composition of the assimilant and the
timing of assimilation.
Crustal rocks generally exhibit higher 87Sr/86Sr and lower 143Nd/144Nd (Wilson,
2007). Although trends are not systematic, data from my study exhibit subtle increases
in 87Sr/86Sr with increasing SiO2 (Figure 19) and decreases in 143Nd/144Nd (Figure 20)
with increasing SiO2. The lack of significant change in isotopic ratios could imply that
the melts did not assimilate anatectic melt from the surrounding country rock, or that
the surrounding country rock was derived from a mantle source that had Sr and Nd
isotope characteristics similar to FdF magmas. Oxygen isotope studies by Ellam and
Harmon (1990) and Gertisser and Keller (2000), demonstrate an increase in δ18O with
increasing whole rock SiO2, implying the second scenario is the most likely.
In situ plagioclase Sr isotopic zoning can potentially be used to identify a crustal
assimilation signature. For example, considerable rimward increases in 87Sr/86Sr may
imply incorporation of crustal material (Davidson et al., 2001; Tepley et al., 1999).
Plagioclase in situ plagioclase data from all FdF samples that show rimward increases
of in situ plagioclase 87Sr/86Sr greater than analytical error are observed in crystals from
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all samples (Figure 44), which is consistent with the interpretation that FdF magmas
experienced assimilation.

Figure 44: ∆87Sr/86Sr from core to rim for each crystal/sample. Delta values are obtained
by subtracting the coreward value from the previous rimward value. Individual crystals
are separated by a space. Single bar = rim - core for a single crystal. Two bars
immediately adjacent to each other: 1st bar = intermediate - core, 2nd bar = rim intermediate. ∆87Sr/86Sr>0=AFC, ∆87Sr/86Sr<0=Recharge. Gray bar represents 2σ
uncertainty.
Although Ellam and Harmon (1990) suggest crustal contamination as the
dominant assimilant signature, disaggregation and incorporation of preexisting
cumulate material must be considered (Beard et al., 2005; Beard, 2007). Several authors
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(Calanchi et al., 1993; Gertisser and Keller, 2000; Keller, 1980) have noted the presence
of cumulate xenoliths at Salina. It is possible that these cumulates have experienced
histories similar to the surrounding lavas. Therefore, if cumulates have similar Sr and
Nd isotopic ratios to the FdF magmas, this lack of isotopic contrast makes identification
and quantification of assimilation difficult.
To test the hypothesis of cumulate assimilation, MELTS models were performed
incorporating a gabbro xenolith composition (Keller, 1980). Best-fit MELTS results
from 3-4 kb suggest that incorporation of ~5% gabbro into the melt would not
drastically alter the liquid lines of descent. Similarly, predicted An values from
assimilation models did not vary significantly from An values predicted by nonassimilation models (Figure 37), reinforcing the difficulty of quantifying cumulate
assimilation.
Taken together, the above arguments suggest FdF magmas experienced
assimilation. It is likely that the nature of the assimilant included both crustal and
cumulate components. Oxygen isotope analyses (Ellam and Harmon, 1990) and whole
rock (Gertisser and Keller, 2000) and in situ plagioclase 87Sr/86Sr data suggest a crustal
component and MELTS results from this study imply that cumulate assimilation is
equally likely. Additional quantitative modeling is required to further constrain the
composition and degree of involvement (i.e., mass) of the assimilant.
Coupling whole rock and in situ plagioclase isotope data can elucidate the
relative timing of assimilation. For FdF samples, whole rock 87Sr/86Sr values are
generally higher than in situ plagioclase values. This implies that much of the
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assimilation occurred at a later stage in the evolution, after analyzed plagioclase crystals
formed. It must be noted here that groundmass analyses are pending and thus are not
reported here. As whole rock chemical analysis provides an average composition of
minerals and groundmass, the Sr mass balance of the system would necessitate that
pending groundmass values lay above whole rock values. If groundmass values lie
above whole rock values, this could be indicative of late stage assimilation, in which
plagioclase crystals did not have sufficient time to re-equilibrate with the hybrid melt
(Ramos and Reid, 2005). However, if groundmass values lie at or below whole rock
values, alternative scenarios must be considered. One possibility to be considered is the
sampled crystal population. Because the LA-MC-ICPMS sampling trough is large (60
µm x 600 µm), the population of plagioclase that was analyzed is biased towards larger
crystals. It is possible that a distinct subset of crystals exhibiting much higher 87Sr/86Sr
values was not sampled.
Evidence for Magma Recharge and Magma Mixing
Plagioclase textural, major and trace element and Sr isotopic data provide
evidence that the basalt recharged an existing chamber and was subsequently mixed
with existing melts to produce the shared crystal cargo and the basaltic andesites.
Plagioclase textural data identify abundant, complexly zoned crystals, some of
which are reversely zoned (Figure 27b), indicative of recharge (Ginibre et al., 2002).
Rimward increases in An content ≥10 mol% across textural boundaries are typically
accompanied by subsequent drops in An content ≥10 mol%, further suggesting recharge
followed by FC.
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Plagioclase Sr/ Sr values provide further evidence for recharge. With the
exception of the basalt, all samples have crystals that exhibit significant rimward
decreases in 87Sr/86Sr values (Figure 44). This might suggest that the melts assimilated
country rock whose 87Sr/86Sr values were lower. However, whole rock 87Sr/86Sr values
show a slight increase with increasing degrees of differentiation (Figure 19).
Conversely, more primitive magmas are suggested to have lower 87Sr/86Sr values.
Recharge of a more mafic melt is more consistent with observed data, especially when
coupled with plagioclase textural and major element data presented above.
As the basalt recharged the overlying chamber, the basalt shared a portion of its
crystal cargo with the more silicic melts. Plagioclase crystals exhibiting La
concentrations ≤2 ppm coupled with An values ≥84 are interpreted to have formed in
the basalt but are observed in all samples except an andesite (SAL10-12). The
chemically distinct crystals suggest the plagioclase crystals formed in the basalt prior to
the basalt’s interaction with the remainder of the melts present in the shallow part of the
system.
Based on the data presented, it is likely the basalt intruded into a shallow
chamber where more silicic magma resided. Recharge of a more mafic melt into an
existing chamber can induce mixing if the density contrast between the melts is low or
if the recharge is energetic enough (Clynne, 1999). There is ample evidence for magma
mixing within FdF melts. Gertisser and Keller (2000) suggested mixing occurred based
on mafic enclaves observed in andesites. However, it was concluded that mixing was
subordinate to fractional crystallization as a significant factor in FdF evolution.
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Data discussed previously suggest that intruding basalts shared some portion of
its crystal cargo with the overlying melts. However, data also imply a larger degree of
mixing beyond a sharing of crystal cargo. Plagioclase major and trace element data
imply the basaltic andesites may be the product of complete mixing between the basalt
and more silicic magma. An values show considerable overlap across all samples and
core and rim An values show considerable overlap within samples (Figure 23a).
Moreover, plagioclase Mg concentrations for the basaltic andesites exhibit trends
intermediate to those of basalt (higher Mg concentrations) and the andesites and dacites
(lowest Mg concentrations) (Figures 45, 46). Furthermore, plagioclase REE and LILE
vs. Mg concentrations for basaltic andesites exhibit sweeping trends that lie between
basalt trends and andesite/dacite trends (Figure 47). Taken together, the evidence
indicates that, at a minimum, the basalts shared some portion of its crystal cargo with
the more evolved melts upon recharge, as evidenced by plagioclase crystals unique to
the basalt. Additionally, more complete mixing may have occurred between the basalts
and the more evolved melts, resulting in production of the basaltic andesites.
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Figure 45: Plagioclase Mg box and whisker diagram. Box and whisker plots describe a
data set by determining the median value, upper quartile (Q3) and lower quartile (Q1).
The line segments at top and bottom of each box are the upper and lower limits as
defined by the Q1 or Q3 values multiplied by 1.5 (IQR). Any values lying outside of the
IQR are considered outliers (open symbols). Disparity between the basalt and
andesites/dacites suggests basalt and andesites/dacites did not share the same
crystallization history. Similarly, intermediate basaltic andesite Mg abundances imply
formation of basaltic andesites is the result of mixing between basalts and
andesite/dacites.
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Figure 46: Plagioclase Mg concentrations vs. An for each crystal population. Diamonds
are basalts; squares are basaltic andesites; circles are andesites; triangles are dacites.
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Figure 47: Select incompatible trace element concentrations vs. Mg concentrations of
plagioclase. Diamonds are basalts; squares are basaltic andesites; circles are andesites;
triangles are dacites. Note three distinct trends. Basalts group together, andesites and
dacites group together, and basaltic andesites form an array between the two, indicative
of mixing between the basalts and andesites/dacites producing basaltic andesites. a) and
b) are REE’s, c) and d) are large ion lithophile elements.
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Time Integrated Model for the Fossa Delle Felci Magmatic System
Combining the discussions from the previous sections provides a hypothesis for
a time-integrated history for the evolution of the FdF sequence. Gertisser and Keller
(2000) proposed that all FdF magmas were part of a single, compositionally zoned
reservoir, which was gradually tapped over time. In contrast, data from this study
suggest polybaric FC from ~12 km to 3-4 km produced some compositional diversity
observed in FdF, with clinopyroxene+olivine+FeTi oxides±amphibole as the primary
liquidus phases under highly oxidized conditions (Figure 48).
Important to this interpretation that deeper level FC occurred without
plagioclase on the liquidus is the observation that plagioclase Sr concentrations increase
with increasing whole rock SiO2. This observation is unusual in that typically, if
plagioclase fractionates, Sr concentrations in both whole rock and plagioclase decrease
with increasing degrees of differentiation. Because Sr is strongly compatible in
plagioclase, as plagioclase is fractionated, the Sr concentration in the melt decreases,
leaving less Sr available to be incorporated as more plagioclase forms. Therefore, until
the melt enters the plagioclase stability field, Sr melt concentrations will increase with
increasing degrees of differentiation. If plagioclase had stabilized prior to formation of
more silicic melts, Sr concentrations in the plagioclase found in andesites and dacites
would be lower than those in the basalts. However, the inverse is observed (Figure 41).
This strongly suggests plagioclase did not stabilize until the melts had evolved beyond
53-55 wt% SiO2.
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Figure 48: Schematic illustration showing early stages of FdF magmatic development at
depths up to ~12 km. FdF melts experience an early history of differentiation through
FC of olivine (Ol), clinopyroxene (Cpx), Fe-Ti oxides (FeTi) and possible amphibole
(Amp). Figure modified from Spera and Bohrson, 2004.
Best-fit MELTS results suggest plagioclase did not become a stable phase until
the melts at 53-55 wt% SiO2 had shoaled to depths of ~3-4 km (Figure 40). Once these
magmas ascended into the plagioclase stability field, plagioclase began to fractionate
along with clinopyroxene, orthopyroxene, and spinel. This FC permitted the formation
of andesites and dacites. Rimward increases in plagioclase 87Sr/86Sr suggest the
influence of assimilation during the andesites/dacites residence within the shallow part
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of the system (Figure 49), and disequilibrium between plagioclase and whole rock Sr
isotope suggests assimilation continued after the plagioclase crystallized.

Figure 49: Schematic illustration depicting shoaling of early FdF melts close to
plagioclase stability field. Melts begin to experience assimilation, possibly due to latent
heat of crystallization. Clinopyroxene and Fe-Ti oxides still fractionating. Figure
modified from Spera and Bohrson, 2004.
Andesites and dacites were then intruded by basalt (Figure 50). The critical
observation in support of this involves the identification of a distinctive basalt
plagioclase crystal population that has high An content (>84) and low La concentration
(<2 ppm). Crystals from the basalts have been identified in the basaltic andesites,
andesites and dacites, suggesting the basalt recharged the shallower part of the system
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and shared some portion of its crystal cargo with the more silicic melts. This intruding
basalt erupted as the first event in the FdF sequence.

Figure 50: Schematic illustration depicting recharge of the basalt into a shallower part
of the system. Basalt eruption followed. Figure modified from Spera and Bohrson,
2004.
Large amounts of plagioclase present in the basalt (~36%) suggest some portion
of the crystallizing plagioclase did not separate from the melt. This may imply the
basalt experienced a shorter residence time relative to the remaining FdF melts.
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Large amounts of plagioclase would also account for the increased Al2O3 and decreased
MgO values at relevant SiO2 values. Relatively flat plagioclase Sr concentration slopes
vs. decreasing implies that plagioclase of different compositions crystallized from melt
that had similar Sr concentrations. Unerupted basalt may have mixed with the
andesite/dacite, producing the basaltic andesites (Figure 51). This interpretation is

Figure 51: Schematic illustration depicting mixing between the basalt and some of the
more silicic magma in the shallower part of the magmatic system. This resulted in the
production of the basaltic andesites.	
  Figure modified from Spera and Bohrson, 2004.
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supported by considerable overlap in core and rim An values of all samples, plagioclase
Mg concentrations vs. increasing whole rock SiO2 and mixing trends exhibited by
plagioclase REE and LILE abundances vs. Mg concentrations. Following mixing, the
remainder of the products in the chamber were erupted (Figure 52), potentially
catalyzed by the recharge event as suggested by Clynne (1999) and Salisbury et al.
(2008) for the 1915 Lassen Peak eruption.
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Figure 52: Schematic illustration depicting final stages of FdF magmatic development.
Basalt recharge and mixing have potentially destabilized the shallower part of the
magmatic system. Following the basalt eruption, dacite, andesite and basaltic andesite
were erupted with dacites first and basaltic andesites last. Figure modified from Spera
and Bohrson, 2004.

CHAPTER VI
CONCLUSIONS
In this study, I present whole rock major and trace element and isotope data, in
situ plagioclase major and trace element and isotope data and MELTS models to
document the evolution of the FdF basalt to dacite sequence. Results presented here
suggest the basalt through dacite sequence was produced through fractional
crystallization and magma recharge/mixing in magma reservoirs located at different
depths, with assimilation playing a minor role. Melts in the deeper part of system
evolved through fractional crystallization of a pyroxene dominated mineral assemblage
at pressures greater than 1.26 kb. Throughout evolution in the deeper part of the system,
plagioclase was suppressed as indicated by MELTS models and increasing plagioclase
Sr concentrations with increasing whole rock SiO2. Once melts shoaled to pressures
<1.26 kb, plagioclase stabilized and melts continued to evolve into andesites and
dacites. The basalt then intruded the andesites and dacites. The intruding basalt was
then erupted as the first product in the FdF sequence, and may have mixed with some of
the more silicic magma to produce the basaltic andesites. Subsequent eruptions of dacite
through basaltic andesite followed.
Best-fit MELTS models, whole rock trace element and plagioclase Sr data are
consistent with FdF differentiation occurring over a range of pressures from 3-4 kb to
0.02 kb. Best-fit MELTS simulations suggest differentiation of the FdF suite occurred
from initial pressures of 3-4 kb, with plagioclase suppressed as a liquidus phase until
melts ascended to pressures <1.26 kb. Additionally, decreases in whole rock Ni and Cr
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coupled with increases in plagioclase Sr with increasing whole rock SiO2 suggest
evolution of magmas up to 53 wt% SiO2 in the deeper part of the system through
fractionation of a mineral assemblage dominated by olivine, clinopyroxene and Fe-Ti
oxides.
Best-fit MELTS models, plagioclase major element and isotope data show
magmas continued to differentiate through FC in the shallower parts of the system and
were also affected by assimilation and recharge. MELTS modeling suggest plagioclase
stabilized at pressures <1.26 kb, and coexisted on the liquidus with clinopyroxene, FeTi oxides and orthopyroxene. Relatively flat plagioclase Sr concentration slopes vs.
decreasing An content imply plagioclase of different compositions crystallized from
melt with unchanging Sr concentrations.
Assimilation and recharge in the shallower parts of the system are supported by
whole rock and plagioclase 87Sr/86Sr data and plagioclase major element data. Subtle
increases in whole rock 87Sr/86Sr coupled with rimward increases in plagioclase
87

Sr/86Sr suggest assimilation contributed to differentiation of the FdF magmas, and

likely occurred at a later stage of differentiation. Similarly, rimward decreases in in situ
87

Sr/86Sr and increases in An content >10% suggest recharge affected FdF magmas.
Basalt intruded the andesites and dacites. This interpretation is supported the

identification of a distinctive basalt plagioclase crystal population. This population is
identified by its high An content (>84) and low La concentration (<2 ppm). Crystals
from the basalts have been identified in the basaltic andesites, andesites and dacites,
suggesting the basalt recharged and mixed into the more silicic melts. Some or all of the
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unerupted basalt possibly mixed with some silicic magma, producing the basaltic
andesites. This interpretation is supported by considerable overlap in core and rim An
values, plagioclase Mg concentrations vs. increasing SiO2 and mixing trends exhibited
by plagioclase REE and LILE abundances vs. Mg concentrations.
Future Work
This study establishes that RAFC processes occurred within reservoirs located at
different crustal depths. In situ plagioclase analyses can only constrain relationships
between the FdF magmas once the melts have reached the plagioclase stability field (for
this study, <1.26 kb). In situ plagioclase major and trace element and Sr isotope
analyses of clinopyroxene and olivine would allow for better constraints to be placed on
the relationships between the melts at depths outside of the plagioclase stability field.
MELTS models performed in this study were limited by the lack of a primitive
mantle melt. Melt inclusion work on clinopyroxene could potentially identify a parental
melt composition, and allow for more detailed MELTS models. Furthermore, MELTS
models could be coupled with EC-RAFC models (Bohrson and Spera, 2001) could
better describe the nature of the assimilant (i.e., composition, mass and thermal
characteristics). In addition, EC-RAFC models could be applied to constrain the relative
masses of RAFC in the FdF magma system. This would allow predictions to be made
regarding the amount of new mantle material vs. recycled crustal material in the FdF
system. Such an analysis would provide insight into how the crust beneath Salina grows
and evolves.
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