AR
W Durham

University
Durham E-Theses

A field and petrological study of an intermediate
composition fissure eruption on Ascension Island

REBECCA WINSTANLEY

How to cite:

WINSTANLEY, REBECCA (2025) A field and petrological study of an intermediate composition
fissure eruption on Ascension Island. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/16023/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/16023/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

A field and petrological study of an intermediate composition fissure eruption
on Ascension Island. R. Winstanley

Ascension Island is a Holocene, intraplate volcanic island in the South Atlantic Ocean and
exhibits a wide compositional range of magma from basalt to rhyolite, but intermediate
products make up <5% of the surface deposits. | focus on the 1.3 km long, trachyandesite
Devil’s Ink Pot fissure (DIP), located in the south-east corner of the island, and one of the
youngest and best-preserved intermediate composition eruption on the island. | present
detailed field work, petrographic, geochemical, and textural data to reconstruct the evolution
of the DIP trachyandesite eruption, understand the genesis of intermediate magmas and
shallow-surface processes occurring at low-flux ocean island volcanoes, and provide
insights to future eruption scenarios on Ascension Island. The fissure is composed of 18
cones, 3 lava flow fields and tephra fall deposits up to 2 m thick. Two contrasting eruption
styles are evidenced in cone deposits along the fissure. Despite the morphological and
lithological differences, whole rock major and trace element analyses show that the erupted
magma is chemically uniform. However, petrological, and geochemical analysis of
plagioclase and olivine crystals identified textural and chemical variations. MELT’s
modelling from the least evolved Ascension Island deposits is not able to reproduce the
same intermediate composition of the DIP fissure, therefore demonstrates that additional
processes must be involved in the generation of intermediate melts. Analysis of feldspar
microlite textures and anorthite contents indicate variations in the time spent in the upper
conduit for the tephra and lava/spatter samples and the conduit dynamics, which can
heavily influence the style of eruption. Small volume eruptions may be missing from the
geological record, leading to a potential underestimation of their frequency. However, even
small-volume eruptions are significant on small islands with limited options for self-
evacuation of local inhabitants, therefore planning for eruptions with shifts in eruption styles

should be incorporated into eruption scenarios on Ascension Island.
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Cameroon Line, (7) Fernando de Noronha, (8) Ascension Island, (9) St. Helena,
(10) Trindade, (11) Tristan da Cunha, (12) Gough Island, and (13) Bouvet Island.
Map from Jeffery and Gertisser (2018).

Figure 2.2: Diagram showing the mechanisms of the collapsing foam model of
Vergniolle and Jaupart (1986) and the Rise Speed Dependant Model of Parfitt
(2004) (Houghton and Gonnerman, 2008).

Figure 2.3: Schematic of a Vulcanian explosion, modified from Clarke (2013). A)
Pre-eruption: a vesicular magma underlies a dense plug. B) The Vulcanian
explosion begins as the plug is moved and ballistic clasts are expelled into the air.
C) A buoyant and/or unsteady jet of gas and fragmented magma mixture erupts
into the atmosphere.

Figure 2.4: Showing the different types of deposits that are produced by lava
fountaining,

depending on the accumulation rate and the amount and rate of cooling Sumner
et al., 2005.

Figure 2.5: Geological map of Ascension Island. The inset shows the location of
Ascension Island relative to the MAR and the AFZ. (Modified from Chamberlain et
al, 2016).

Figure 2.6: The model for the magmatic plumbing system proposed by
Chamberlain et al., (2019) and showing the geographical variation in plutonic body
distribution within the crust and the magma ascent pathways. Mafic plutonic bodies
are blue and mafic ascent pathways are red. Felsic plutonic bodies are purple or
diagonal shading and felsic ascent pathways are purple and blue.

Figure 3.1: Geological map, modified from Chamberlain et al (2016) to include
the intermediate deposits shown in pink. The star represents the DIP fissure,
located in the Letterbox region on the island.

Figure 3.2: A) Geological map and key of the Letterbox area. The DIP deposits
are in pink/red. Lines show the locations of the cross sections. B) Underlying
geological map of the letterbox area. C) Cross section (Xs-Y+4) through the whole
fissure. D) Cross section (X2-Y2) through crater 1. E) Cross section (X3-Y3)
through crater 7. F) Cross section (X4-Y4) through crater 9. G) Cross section (Xs-
Ys) through crater 18. Note that the thicknesses of the units are not true to scale,
and the purpose of the cross section is to show how the underlying geology

changes along the fissure.
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Figure 3.3: Schematic drawing of a cone, where the terminology used throughout
the thesis is labelled.

Figure 3.4: A) Schematic map of the cones showing the distribution of the
different cone types along the fissure. B) A map showing the distribution of vents
along the fissure (filled in green). Pie charts show the total % of each type of lithic
clast counted around the fissure. whTr — White Horse trachyte, gT — green
trachyte, pmTr — trachyte with mafic enclaves, ardC — altered red dense clasts,
aryC — altered red/yellow clasts, sehTr — South East Head trachyte, arbC —
altered red/brown clasts, rTph — red tephra clasts. It should be noted that all lithic
clast counts were taken north of the craters.

Figure 3.5: Images of the different spatter lithofacies identified in the field. A:
Loose lapilli and bombs (LpB) B: weakly agglutinated lapilli and bombs (wagLpB)
C: moderately agglutinated spatter (magSp) D: moderately welded spatter
(mwSp) E: densely welded spatter (dwSp) F: lava-like spatter (I-ISp).

Figure 3.6: A) Box and whisker plot showing the distribution of the aspect ratios
of the spatter lithofacies. Circles represent outliers. B) Graph showing clast size
vs aspect ratio of the different lithofacies. There is a weakly positive correlation
between aspect ratio and clast size.

Figure 3.7: A) Panoramic view of crater 10, an example of the type 1 cones,
showing the weakly stratified spatter units on the northern and southern crater
walls and the fossil fumaroles. Crater is 62 m wide. Inset: schematic map showing
the position of the crater along the fissure and other type 1 cones (stars). B) A
close up of the spatter unit, showing the alternating layers of densely welded
spatter (lithofacies dwSp; table 3.1) and the moderately welded spatter and
moderately agglutinated spatter (lithofacies mwSp, magSp). C) A close up of the
yellow coating surrounding the fossil fumaroles and blocks of densely welded
spatter (lithofacies dwSp). D) Log through the northern crater wall. Location of log
marked by the red line in. Thickness of the units estimated from a distance. scr —
scree, magSp — moderately agglutinated spatter, mwSp — moderately welded
spatter, dwSp — densely welded spatter.

Figure 3.8: A) Panoramic view of crater 3, an example of type 2 cones, showing
the White Horse trachyte lithic clast (lithic clasts whTr; table 3.2) rich talus slope
that makes up most of the southern crater wall. Ballistics are in clusters on the
upper crater walls, (ballistics udB — undifferentiated bombs, vB — vesicular bombs,
cB — composite bombs; table 3.5). Most of the crater walls are composed of scree
(scr). Crater is 72 m wide. Inset: schematic map showing the position of the crater
along the fissure aa and other type 2 cones (blue star) . B) The northern crater
wall showing the distribution of the different ballistics. Crater is 75 m long. C) An

example of the vesicular bombs (ballistics vB) observed in the upper portion of the
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edifice walls. D) Close up view of the highly vesicular bombs seen in the weakly
agglutinated spatter unit (lithofacies wagSp; table 3.1) E) Log through the edifice
wall. Location marked by red line in A. udB — undifferentiated bomb, scr — scree,
wagLpB — weakly agglutinated lapilli bomb, dwSp — densely welded spatter.
Figure 3.9: A) Panoramic view of crater 13, an example of type 3 cones, showing
the trachyte substrate (lithic clasts sehTr; table 3.2) and the overlying spatter unit
composed of a combination of moderately agglutinated spatter, moderately
welded spatter, and densely welded spatter (lithofacies magSp, mwSp, dwSp;
table 3.1). The crater is 66 m wide. Inset: schematic map showing the position of
the crater along the fissure and other type 3 cones. B) A close up of the spatter
unit, where the sharp contact with the underlying substrate, the alternating layers
of moderately agglutinated spatter, moderately welded spatter and densely
welded spatter (lithofacies magSp, mwSp, dwSp) and the layer of densely welded
spatter (lithofacies dwSp). C) A log through the crater wall. Location marked by
the red line in A. Thickness of the units were estimated from a distance. sehTr —
Southeast Head trachyte, magSp — moderately agglutinated spatter, mwSp —
moderately welded spatter, dwSp — densely welded spatter.

Figure 3.10: A) Panoramic view of crater 1, an example of type 3 cones, showing
the two nested craters (NC-A, NC-B) with the septum between them and the
spatter units that build the crater up. The spatter units are composed of loose
lapilli and bombs, moderately agglutinated spatter, moderately welded spatter and
densely welded spatter (lithofacies LpB, magSp, mwSp, dwSp; table 3.1) and
thicken in the direction of the white arrows. The White Horse trachyte (lithic clasts
whTr; table 3.1) talus slopes represent the eruption cutting down into an
underlying White Horse lava flow lobe. B) The spatter unit at nested crater B
(NC-B), showing the weakly stratified appearance of moderately agglutinated
spatter, moderately welded spatter and densely welded spatter (lithofacies
magSp, mwSp, dwSp). C) Showing the distribution of the different spatter
lithofacies within the unit. D) Log through the spatter unit at nested crater B (NC-
B). Location shown by red line in A and B. tsB — tortoise shell bomb, dwSp —
densely welded spatter, mwSp — moderately welded spatter, magSp — moderately
agglutinated spatter.

Figure 3.11: A) Structure map of the lava flows at DIP with the main lava flows
numbered. B) Image of the Northwest lava flow field. C) Image looking down onto
the Southeast Bay lava flow field. D) Image of one of the lava lobes in the
Southeast Head lava flow field. Areas described in detail below.

Figure 3.12: A) Looking up at the F1 lava and rubbly levee showing the maximum
thickness of the flow. Red star indicates vent location. Thick white arrow indicates

direction of flow. B) Looking up at F2 lava and the rubbly levee. Dotted lines
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outline the sections of the channel based on block size. Inset — schematic
diagram of the channel showing the different block sizes and the ranges
measured in the field. Diagram not drawn to scale. Each measurement is average
block size and are cm in diameter. C) Looking down from F1 lava and showing the
outwash plain channel and the remnants of lava banked up along the channel
sides. D) Looking back up towards the F1/F2 lava from the lower outwash
channel.

Figure 3.13: A, B) Brittle glass with the dark grey/black skin infilling fractures
within the lava flow. C) Brittle glass with the individual vesicles and filaments
seen. D) Hand specimen of the glass showing the larger elongate vesicles. E)
The black, ductile, and more viscous glass with the filaments protruding from the
surface.

Figure 3.14: A) The individual channelised lava flows of the FF2 lavas following
the topography. Thick white arrows indicate direction of flow. Red dashed line
indicates contact between FF2 and FF3. B) The channelised lava (F4) flow down
the side of the trachyte dome. Two of the lavas meet the FF3 whilst three cooled
before reaching the base. C) An example of the slabby pahoehoe seen in the
upper section of the lava flows. D) A cross section through one of the channelised
lava flows, showing the rubbly a’a base, dense core and rubbly a’a surface.
Figure 3.15: A) The toe of the north FF2 lava (F4) with sharp contacts to the
underlying substrate. Showing the rubbly a’a surface and location of a tumulus.
Thick white arrow indicates direction of flow. B) Showing the gradational change
from sharp to diffuse contact back towards the vent. C) The tumulus with a dense
core and crenulated surface within the rubbly a’a surface.

Figure 3.16: A) Showing the FF3. The individual lava flows have been outlined.
Thick white arrows indicate direction of flow. Red dashed line indicates contact
between FF2 and FF3. B) Showing the upper end of F8. C) Looking down onto
the toe of the small volume, F5 and F8.

Figure 3.17: A) Showing the F7 lava. The main channel is indicated by the white
dotted lines. A rubbly levee is seen on the left-hand side of the lava flow. White
thick arrow indicates direction of flow. Red dashed line indicates contact between
FF2 and FF3. B) Looking up at the rubbly levee as it drops down onto the lava
delta. C) The lava delta of the F7 lava with smaller rubbly blocks.

Figure 3.18: A) The F6 lava with the toe and western margin showing sharp
contacts with the underlying substrate. The eastern margin has a contact with the
F7 lava. B) The lava tube with the crenulated surface surrounded by the spiny
and rubbly a’a blocks. C) An example of the spiny a’a blocks and the smaller a’a

blocks seen within the F6 lava.
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Figure 3.19: Images of the 6 different ballistics identified along transects in the
field. A) Tortoise shell bombs. B) Rubbly tortoise shell bombs. C) Breadcrust
bombs. D) Cow-pat bombs. E) Vesicular bombs. F) Glassy bombs.

Figure 3.20: A) Distribution map showing the different types of ballistics and their
locations along the fissure. Craters filled in green. N/a is given for any ballistics
that were unidentifiable or marked as lithic clasts. B) Distribution map showing
the size ranges of the ballistics along the fissure. Craters filled in green. Both
maps also indicate the locations of the transects.

Figure 3.21: A) Pie chart showing the different types of bombs along whole
fissure. B) Pie chart showing the different types of bombs along section 1 of the
fissure. C) Pie chart showing the different types of bombs along section 2 of the
fissure.

Figure 3.22: A) Graph showing ballistics size vs distance from fissure. Purple
field represents size range and distance from section 1 of the fissure. Blue field
represents size range and distance from section 2 of the fissure. Symbols show
the size and location of the individual types along the fissure. tsB — tortoise shell
bomb, rtB — rubbly tortoise shell bomb, bcB — breadcrust bombs, cpB — cowpat
bombs, vB — vesicular bombs, gB — glassy bombs, n/a — ballistics that could not
be categorised in the field/from images or were categorised as lithic clasts. B) Pie
chart showing the different sizes of bombs along whole fissure. C) Pie chart
showing different sizes of bombs along section 1 of the fissure. D) Pie chart
showing the different sizes of bombs along section 2 of the fissure.

Figure 3.23: Stratigraphic columns of the proximal tephra fall deposits.
Identifiable units are linked where possible. Inset map showing location of the fall
deposits in relation to the fissure.

Figure 3.24: Stratigraphic columns of the distal tephra fall deposits. Identifiable
units are linked where possible. Inset map showing location of the fall deposits in
relation to the fissure.

Figure 3.25: Md¢ vs o¢ for the different tephra units; Squares represent proximal
fall deposits; triangles are distal fall deposits and circles are pyroclastic flow
deposits. Strombolian field and Surtseyan field (straight and dashed lines) are
from Walker and Croasdale (1971), whilst the Hawaiian, Strombolian,
phreatomagmatic, and Pyroclastic flow deposit fields are from Houghton and
Carey (2015).

Figure 3.26: Schematics showing the different eruption styles. A) Eruption style
from type 1 cones, with lava fountaining leading to spatter build up, lava effusion
and a small plume and weak tephra fallout. B) Eruption style from type 2 cones,
with an eruption related to the breakup of a shallow, dense plug that generated

larger plumes, tephra fallout and ejected ballistic bombs. C) Eruption style from
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type 3 cones, which started as a paroxysmal eruption (similar to cone type 2) and
then transitioned to lava fountaining (similar to cone type 2).

Figure 3.27: Map showing the different cone types and linking them to the
different lava flow fields.

Figure 4.1: Map showing the sample locations from the study. The stars
represent the key sample locations, and the eight deposits used in the textural
study. The coloured symbols represent the deposits.

Figure 4.2: Representative images of the different groundmass microlites used in
the CSD study. Images are digitised from back scattered electron images. Red
represents feldspar microlites, shades of blue represent olivine, clinopyroxene
and Fe-Ti oxides, shades of green represent vesicles and white areas indicate
groundmass glass.

Figure 4.3: Close up images of the different pyroclast morphologies. A) Black and
brown scoria clasts B) Pumice clasts, exhibiting breadcrust texture and adhered
lithic clasts. C) Dense clasts.

Figure 4.4: A) Map showing the location of the proximal tephra deposits (red
dots). The black triangle shows the location of the pyroclastic flow deposit (Unit I).
B) Total componentry distribution for the Unit’s | — IV found within the proximal
deposits. The graph shows scoria clasts are most abundant, whilst pumice clasts,
dense clasts and lithic clasts are less abundant.

Figure 4.5: Pie charts show the total percentage of the different clast types for
Unit |, the pyroclastic flow deposit. Scoria clasts are most abundant with varying
abundances of pumice, dense and lithic clasts.

Figure 4.6: Pie charts show the total percentage of the different clast types
identified in Unit Il at different localities. Scoria clasts are the most abundant with
pumice clasts, dense clasts and lithic clasts abundances increasing away from
the fissure.

Figure 4.7: Pie charts show the total percentage of the different clast types
identified in Unit 11l at different localities. Scoria clasts are the most abundant with
pumice clasts, dense clasts and lithic clasts abundances increasing away from
the fissure.

Figure 4.8: Pie charts show the total percentage of the different clast types
identified in Unit IV at different localities. Scoria clasts are most abundant with
pumice clasts increasing and dense and lithic clasts decreasing away from the
fissure.

Figure 4.9: A) Map showing the location of the distal tephra deposits (red dots).
B) Total componentry distribution for the Unit's V — VIII found within the distal
deposits. The graph shows pumice clasts, dense clasts and lithic clasts are most

abundant, whilst scoria clasts are less abundant.
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Figure 4.10: Pie charts show the total percentage of the different clast identified
in Unit V at different localities. Pumice clasts increase away from the fissure whilst
dense clasts, lithic clasts and scoria clasts decrease.

Figure 4.11: Pie charts show the total percentage of the different clast types
identified in Unit VI at different localities. Pumice clasts generally decrease, and
scoria clasts increase away from the fissure. Lithic clasts remain consistent
throughout and dense clasts fluctuate in abundance.

Figure 4.12: Pie charts show the total percentage of the different clast types
identified in Unit VIl at different localities. Pumice and dense clasts show similar
abundances away from the fissure with increasing scoria and lithic clasts.

Figure 4.13: Pie charts show the total percentage of the different clast identified
in Unit VIII at different localities. Pumice clasts decrease away from the fissure
and dense clasts show similar abundances. Scoria and lithic clasts increase away
from the fissure.

Figure 4.14: Textural images of the DIP tephra deposits, showing the
groundmass textures and the crystal phases Plg — plagioclase, cpx —
clinopyroxene, olv — olivine, ox — Fe-Ti oxides. Circles show plane-polarised light
(PPL) images of the different tephra deposits. A,B) Back scatter electron (BSE)
images of the scoria clasts. C,D) BSE of the pumice clasts E,F) BSE of the dense
clasts.

Figure 4.15: Textural images of the DIP lava deposits, showing the groundmass
textures and the crystal phases. Plg — plagioclase, cpx — clinopyroxene, olv —
olivine, ox — Fe-Ti oxides. Circles show cross-polarised light (XPL) images of the
different lava deposits. A,B) Back scatter electron (BSE) images of lava from flow
field 1 (FF1). C,D) BSE of the lava from flow field 2 (FF2). E,F) BSE of the lava
from flow field 3 (FF3).

Figure 4.16: Cross-polarised light (XPL) and plane-polarised light (PPL) images
of the light and dark bands in the lava. BSE images show the contact between the
two groundmass types and single BSE images of the different types,
characterised by the morphology of the feldspar microlites.

Figure 4.17: Textural images of the DIP spatter deposits, showing the
groundmass textures and the crystal phases. Plg — plagioclase, cpx —
clinopyroxene, olv — olivine, ox — Fe-Ti oxides. Circles show cross-polarised light
(XPL) images of the different spatter deposits. A,B) Back scatter electron (BSE)
images of spatter from cone type 1. C,D) BSE of spatter from cone type 2. E,F)
BSE of the spatter from cone type 3.

Figure 4.18: BSE images showing amphibole with euhedral rims in the tephra

samples
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Figure 4.19: Showing the different reaction rims seen in the type i amphibole
crystals. A,B) Symplectic rims. C,D) Granular rims

Figure 4.20: A, B Irregular volumetric decomposition with an almost fully replaced
amphibole crystal. C) Aligned volumetric decomposition with the crystals following
fractures and cleavage planes.

Figure 4.21: Ternary feldspar plots for the feldspar microlites in the tephra,
spatter and lava deposits. The lava plot shows the different microlite compositions
based on the textures of the lavas.

Figure 4.22 A) A unimodal compositional histogram for all the eruption deposits
(lava, spatter, and tephra clasts). Show the An range and the main mode at Anas.
B) Unimodal compositional histogram for the spatter deposits, showing the main
mode at Anzs. C) Compositional histogram for the tephra deposits. The scoria and
pumice clasts have a uniform distribution, and the dense clasts have two modes
at Anss and Ango. D) Unimodal compositional histogram for the lava deposits and
split based on the textures, showing a wider An range and the main mode at Ana..
Figure 4.23: Graph showing the temperatures from the feldspar microlites in the
different deposits. The circles show the average temperature, and the lines show
the range. The dashed lines show the estimated error depending on the pressure
input.

Figure 4.24: Graphs showing the 2D feldspar parameters for the different
deposits.

Figure 4.25: Zingg plots for the different samples, shown together on one graph
and individually. In many cases, the error bars are smaller than the symbols.
Figure 4.26: CSD'’s for the different samples. Each one is labelled. Error bars are
smaller than the symbols. Dashed lines are regression lines using the 3 steepst
segments of the CSD.

Figure 4.27: Graph comparing the Naand ¢ from a range of eruption styles to the
DIP deposits, including the decompression experiments of Brugger and Hammer
(2010), effusive lava flows from Mauna Loa (Riker et al., 2009), dome eruptions
from Merapi (Hammer et al., 2000; Preece et al., 2013; Preece et al., 2016) and
explosive Vulcanian eruptions from La Soufriere (Frey et al., 2024), Mt St Helens
(Cashman and McConnell, 2005) and Galeras (Bain et al., 2019). A single point
from Mt St Helens also shows a sub-Plinian style explosion.

Figure 5.1: A) Location map of Ascension Island. DIP located in the red square,
in the Letterbox region. B) Schematic map showing the sample locations from the
study (triangles — tephra deposits, circles — lava deposits, squares — spatter
deposits) with the key sample locations marked by stars.

Figure 5.2: TAS diagram with both whole-rock major and glass data for the DIP

samples. Squares, circles, and diamonds show the whole-rock compositions of
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the spatter, lava and tephra samples. Triangles represent the glass compositions

of the tephra samples (scoria, pumice, and dense clasts). Grey field shows all

known Ascension Island whole rock data (Data from Weaver et al, 1996; Kar et

al., 1998).

Figure 5.3: Whole-rock variation for the DIP spatter (red squares), lava (green 143
and blue circles) and tephra (orange, purple, pink and brown diamonds). Full data

set shown in Table 5.23. Grey circles represent other trachyandesite deposits on
Ascension Island (Weaver et al., 1996; Kar et al., 1998). Error bars show 2c

uncertainty.

Figure 5.4: Primitive mantle normalised trace elements from the DIP deposits. 145
The grey field represents the trace elements of all the intermediate deposits on

the island. Solid lines (grey, blue, yellow and green) show trace element

compositions of basaltic and trachytic samples on Ascension Island. OIB

(McDonough and Sun, 1995) and MORB (McDonough and Sun, 1995) also

included.

Figure 5.5: BSE images of the Type 1 feldspar texture in the spatter and lava 147
samples, showing the euhedral rims with sieve textures. B, D) exhibt weak

oscillitary zoning.

Figure 5.6: BSE images of the Type 2 feldspar texture. A) Euhedral crystal with 148
normal zoning. B) Euhedral crystal with no zoning. C, D) Euhedral crystal with

weak oscillitary zoning

Figure 5.7: BSE images of the Type 3 feldspar texture. A,C) Rims with whole 149
cores. B) shows rims and resorbed cores. D) Whole rims with an inner, resorbed

band and a partially resorbed core.

Figure 5.8: BSE images showing the type A olivine crystals 149
Figure 5.9: BSE images showing the type B olivine crystals. 150
Figure 5.10: BSE images showing the type C olivine crystals. 150
Figure 5.11: BSE images of the euhedral and subhedral pyroxene crystals. 151
Figure 5.12: BSE images showing the different amphibole types. A) Type i 151

exhibiting breakdown rims and found in lava and spatter samples. B) Type ii with
euhedral rims and found in the tephra samples.

Figure 5.13: Feldspar ternary plots for the three types of feldspar crystals. The 153
maijority of the feldspars sit within the anorthoclase range, with few type 1 and 2

within the labradorite range. All three types show rare oligoclase and anorthoclase
compositions.

Figure 5.14: Compositional histograms of the An content in cores, rims and 154
groundmass (GM) feldspar crystals in A) All feldspars, B) Spatter feldspars, C)

Lava feldspars, D) Tephra feldspars, grouped into scoria, pumice and dense

clasts, E) type 1 feldspars, F) Type 2 feldspars.
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Figure 5.15: Composition of feldspars in spatter, lava, and tephra (scoria, pumice
and dense clasts), grouped by type and showing cores, rims and groundmass.
Error bars show 2c uncertainty.

Figure 5.16: Showing the ranges in Fo content for the different types of olivine
crystals in each deposit type. T.A— type A olivines, T.B — type B olivines, T.C —
type C olivines.

Figure 5.17: Compositions of the olivine cores, rims and groundmass microlites in
the DIP samples (lava, spatter and tephra). TA — type A olivine, TB — Type B
olivine, TC — Type C olivine, GM — groundmass olivine. Error bars show 2c
uncertainty.

Figure 5.18: Compositional histograms of the Fo content in cores, rims, and
groundmass (GM) olivine crystals in A) All olivines, B) Spatter olivines, C) Lava
olivines, D) Tephra olivine, grouped into scoria, pumice and dense clasts.

Figure 5.19: Pyroxene classification diagram. Composition of the pyroxene cores,
rims and groundmass in all the samples are clustered together, with the exception
of few spatter cores. Modified from Deer et al., (1992).

Figure 5.20: Compositional histograms of the En content in cores, rims and
groundmass (GM) feldspar crystals in A) All pyroxenes, B) Spatter pyroxenes, C)
Lava pyroxenes, D) Tephra pyroxenes, grouped into scoria, pumice and dense
clasts

Figure 5.21: Compositons of pyroxenes cores, rims and groundmass microlites in
the DIP samples (lava, spatter and tephra). GM — groundmass olivine. Error bars
show 2c uncertainty.

Figure 5.22: Compositions of the type i and type ii amphibole cores and rims in
the DIP samples (lava, spatter and dense tephra clasts). Error bars show 2¢
uncertainty.

Figure 5.23: Major element composition graphs for the glass of the three tephra
components. Error bars show 2c uncertainty.

Figure 5.24: MELTs modelling from Cricket Valley starting member at different
water concentrations (1 wt.% - blues, 0.5 wt.% oranges, 0.2 wt.% greys) and a
QFM buffer. Symbols show the DIP data. TiO2 and MgO show the best fits at 1
wt.% and 0.2 wt.% H20 respectively.

Figure 5.25: Two representative Cricket Valley runs showing the two different
buffers (NNO — blue, QFM — orange). Ran using 0.5 wt.% H-O and pressures
from 3000 — 1000 bars at 500 bar intervals.

Figure 5.26: MELTs modelling from Command Hill starting member at different
water concentrations (1 wt.% - blues, 0.5 wt.% oranges, 0.2 wt.% greys) and a
QFM buffer. Symbols show the DIP data. MgO shows the best fits at 0.2 — 0.5
wt.% H20.
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Figure 5.27: MELTs modelling showing the liquid lines of descent when feldspars 170
and olivines are suppressed at 2 wt.% H:O.

Figure 5.28: MELTs modelled from the least evolved DIP deposit. White squares 171
represent the more evolved compositional range on Ascension. Modelled from

56.35 wt.% SiO2, 2.44 wt.% MgO and 0.6 wt.% H-O.

Figure 5.29: Equilibrium graphs for the different crystal phases. For all graphs, 172
the solid line represents the point of equilibrium at a certain value and the dashed

lines represent the range. Any samples within the dashed lines are in equilibrium,

whilst those outside are not in equilibrium. A) Equilibrium graph for the three

different feldspar textures (Putirka, 2005). B) Rhodes diagram for the

clinopyroxene crystals (Neave and Putirka, 2017). C) Rhodes diagram for the

three different olivine textures (Putirka et al., 2007). D) Equilibrium graph for the
amphibole crystals (Putrika, 2016).

Figure 5.30: Graph showing the average (circle for temperature or square for 173
water) and range in temperature of the different crystal phases and water

concentration of the feldspars.

Figure 5.31: Schematic diagram modified from Chamberlain et al., (2019), 181
showing a cross section through the proposed magmatic plumbing system below
Ascension Island. Blue and purple represent felsic magma and the plutonic

bodies. Green represents the trachyandesite magma. Map shows the rough

location of the cross section.
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Chapter 1: Introduction and Aims

1.1 Introduction

Volcanic activity at ocean island volcanoes is dominated by fissure eruptions,
defined by Hawaiian lava fountaining or Strombolian explosions (Head and Wilson, 1989;
Parfitt and Wilson, 1995; Parfitt, 2004; Houghton et al., 2016). However, volcanic activity
can transition between two end members of effusive or explosive and result in different
eruption styles and deposits (e.g., Pioli et al., 2009; Cassidy et al., 2018; Bonadonna et al.,
2022), which in turn controls the type of volcanic hazards (Cassidy et al., 2018).

Many processes occur within the magma storage region and conduit and during
magma ascent, leading to the creation of a wide range of geochemical compositions and
textures in the magma and crystal phases (Pan et al.,, 2022). Understanding these
processes and the conditions involved for the genesis, transportation and storage of any
magma is crucial for understanding the styles and size of volcanic eruptions (Carichi and
Blundy, 2015; Magee et al., 2018; Bellver-Baca et al., 2020; Pan et al., 2022).

Intermediate magmas on ocean islands are less common (e.g., Beier et al., 2006;
Déruelle et al., 2007; Thordarson and Larsen, 2007; Jeffery and Gertisser, 2018) compared
to those erupted in island arc settings (e.g., Mercalli and Silvestri, 1891; Stix et al., 1997,
Morrissey and Mastin, 2000; Burgisser et al., 2010; Gaunt et al., 2020), and identifying the
processes that control the evolution of eruptions of intermediate compositions is difficult due
to the limited exposure. Intermediate deposits can vary from whole eruptive sequences to
inclusions within deposits of different compositions. Intermediate inclusions show that
intermediate magmas do form in the magma chamber and therefore leads to questions
about the Daly Gap and why we don’t always see intermediate deposits on the surface.

Ascension Island is a British Overseas territory and an ocean island volcano active
in the last 500 years (Preece et al., 2018). It has a resident population of ~800 people and
is host to United Kingdom Royal Air Force (UK RAF) and United States Air Force (USAF)
bases. It has critical infrastructure and is strategically important for world communication
systems, GPS systems and intelligence services.

A wide variety of eruption styles indicate that, whilst many eruptions have a localised
impact, others have been more widespread. Some studies (e.g., Chamberlain et al, 2020)
have suggested that the magma is stored at depths that cannot be detected by most
monitoring techniques, and rises quickly to the surface, in the order of hours, resulting in
limited time for warning signs. Therefore, the understanding of previous volcanic activity on
Ascension Island is paramount for developing a volcanic hazard assessment on the island.
Currently, there are no obvious signs of unrest on the island, but what the ‘normal’
background levels are, are unknown, because there is no long-term monitoring in place.

Previous work on Ascension Island has led to building an island wide understanding

of the stratigraphy and age relations of the different deposits (e.g. Neilson and Sibbett,
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1996; Preece et al., 2018; Preece et al., 2021), understanding mafic and felsic magma
genesis (Weaver et al, 1996; Kar et al., 1998; Jicha et al., 2013; Chamberlain et al., 2016;
Chamberlain et al., 2019), understanding mafic and felsic eruptions, their products and
associated hazards (e.g., Neilson and Sibbett, 1996; Weaver et al., 1996; Jicha et al., 2013;
Chamberlain et al., 2019; Preece et al., 2021; Preece et al., 2021; Davies et al., 2021), and
beginning to understand the hazards that will be associated with future eruptions on the
island (e.g., Preece et al., 2021; Davies et al., 2021). This study will be the first attempt to
reconstruct an intermediate eruption and assess the potential hazards and impacts, by
focusing on a single eruption from the Devil’s Ink Pot Fissure (DIP). DIP is located in the
southeast of the island and was chosen as it is one of the most well-preserved, intermediate
composition eruption and shows an interesting link between explosive and effusive eruption
styles. The fissure has never been fully studied, with the exception of a few petrographic
and geochemical analysis of the lava flows (e.g., Daly, 1925; Paulick et al., 2010;
Chamberlain et al., 2019). It cuts through a series of older trachyte and rhyolite domes and
rhyolite lava flows. Previous geochemical analysis (Daly, 1925; Paulick et al., 2010;
Chamberlain et al, 2019) show that the lava from the fissure is of a trachyandesite
composition. “°Ar/3°Ar dating of the fissure provided two different dates that highly contradict

each other and the apparent freshness of the lava flows (Preece, personal communication).

1.2 Aims

The aim of this project is to build a detailed volcanic history of the Devil’s Ink Pot (DIP)
fissure. The project combines detailed fieldwork with petrographic, geochemical and
groundmass texture analysis to understand the eruption dynamics and processes that
occurred prior, during and after the eruption. Specific aims include:
¢ Understand the eruption styles that occurred throughout the DIP fissure and identify
any similarities or differences between trachyandesite fissure eruptions and basaltic
fissure eruptions.
¢ Identify what intermediate eruptions look like from a volcanic hazard perspective and
think about how a future eruption of this style and magnitude would affect the island.
e Understand the magma ascent dynamics and identify the conditions and processes
that occurred as the magma ascended to the surface.
¢ Understand how the intermediate magmas are created.
The outcomes of the project will contribute to the wider study on Ascension Island and
studies on other ocean islands, by aiding in the understanding of different eruption styles
and how they are influenced by the deep magma storage processes and associated ascent
rates, and therefore assist in the preparation of volcanic hazard assessment for future

eruptions.
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Chapter 2: Background Information

2.1 Ocean Island Volcanoes

Ocean island volcanoes are often the largest volume volcanoes on earth (Kligel et al.,
2015) but can experience rapid changes in morphology due to processes such as eruptions,
subsidence, or flank instability (Paris et al., 2018). These volcanoes can have multiple
source parameters (table 2.1, Fig. 2.1), for example, Tristan da Cunha magmatism is
attributed to a deep mantle plume (Le Roex et al., 1990; Hicks et al., 2012), whilst the
Azores is fed by plume formed by the spreading ridge axis (Beier et al., 2006). However,
not all ocean islands generate melt via a plume (Jefferey and Gertisser, 2018). Petrological
and geochemical studies are used to understand the petrogenesis of ocean island basalts
(OIB) and infer the origin of the melt (e.g., Niu et al., 2011; Tepp et al., 2013).

Eurasian Plate
Graciosa
Sao Jorge i
Joroeia e rosiva it
Faial @
Pico Sao Miguel

Mid-Atiantic Ridge
Santa Maria,

11| Tristan d: 12
1] Tistan da .

Inaccessible
’ Island

Nightingale
@lsands o | Gough lsland

Figure 2.1: Maps showing the ocean island volcanoes located in the Atlantic Ocean

(1) Iceland, (2) the Azores archipelago, (3) the Maediera archipelago, (4) the Canary Islands, (5)
the Cape Verde archipelago, (6) the oceanic sector of the Cameroon Line, (7) Fernando de
Noronha, (8) Ascension Island, (9) St. Helena, (10) Trindade, (11) Tristan da Cunha, (12) Gough
Island, and (13) Bouvet Island. Map from Jeffery and Gertisser (2018).
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The magmatic systems of ocean islands can reflect variations in both internal or
external parameters, such as depth and degree of melting, the composition of source rocks,
transport mechanisms and rainfall (Clague and Dixon, 2000), which interact in multiple ways
to form different eruptions styles. Most ocean islands are often believed to have large
similarities to Hawaii, which is in fact not typical of an ocean island system (Cas et al., 2022).
This is because Hawaii erupts mostly an effusive, basaltic composition, whereas other
ocean islands, such as Ascension Island, Tenerife, Azores, erupt both end members of
mafic and effusive to felsic and explosive (e.g., Beier et al., 2006; Jicha et al., 2013; Cas et
al., 2022).

Ocean Island volcanoes transfer magma to the surface through subvertical ascent
through the oceanic crust from the mantle lithosphere and lateral movement via rift zones
(Michon et al., 2015). Eruptions create scoria cones, pit craters and fissure eruptions, and
the size of the eruptive structures can depend on the plumbing system, structure of the crust
and degree of deformation of the volcanic edifice (Dieterich, 1988; Chaput et al., 2014;
Michon et al., 2015).

2.2 Intermediate Magma Genesis

There is a wide debate about the origin of andesitic magmas at convergent boundaries and
uncertainty regarding the processes that form them (Kent, 2014).

It is common to see a wide range in the erupted mafic lava and evolved lava
compositions at ocean island volcanoes, but deposits of intermediate compaositions are
scarce and sometimes result in a Daly Gap, for example in the Azores and St Helena (table
2.1) (Mungall and Martin, 1995; White et al., 1979; Jicha et al., 2013; Jeffery and Gertisser,
2018). The Daly Gap is proposed for places where there are bimodal eruptive products with
a lack of intermediate compositions (Jefferey and Gertisser, 2018). However, the presence
of intermediate composition inclusions within mafic and felsic deposits (e.g., Bachmann et
al., 2002; Ferla and Meli, 2006; Macdonald et al., 2008) is evidence that magma storage
regions can host a complete range of compositions.

Intermediate magma on ocean islands commonly form from fractional crystallisation
of mantle-derived basaltic liquid (Geist et al., 1995; Mungall and Martin, 1995; Weaver et
al., 1996; Beier et al., 2006; ), however they can also be produced by partial melting of
basalt under water-saturated and undersaturated conditions (e.g., Helz, 1976; Bohrson and
Reid, 1997), assimilation (e.g., Haase et al., 2005; Tegner et al., 2006; Freund et al.,
2013), mixing or mingling of two different magma types (e.g., Hibbard, 1981; Martin and
Sigmarsson 2007; Ray et al., 2011) that can form a new, hybrid magma (e.g., MacDonald
et al., 2008) or a combination of these processes (Haase et al., 2005; Freund et al., 2013),
for example fractional crystallisation of basaltic magmas, mixing between basaltic magmas

and further fractional crystallisation along several liquid lines of descent (e.g., Greater

26



Location Age Magma Source Type Intermediate rocks
Iceland 24 Ma Interaction between Mid-Atlantic Basalt — rhyolite, subalkaline tholeiitic trend; 79% mafic, 16% | Basaltic andesite, andesite, basaltic
Ridge and mantle plume. intermediate, 5% felsic. trachyandesite, trachyandesite.
Azores 20-7 Azores plateau, a morphologically Alkali basalt — trachyte; Alkaline trend; Daly Gap; Mafic Mugearite, trachyandesite.
Ma complex area of thickened oceanic products fissure related; Intermediate products infrequent;
crust. Triple plate junction. Felsic products explosive and effusive.
Madeira 5.6 Ma Underlying mantle plume SiOz-overstaurated trend; Picrite and basanite — trachyte; Mugearite, trachyandesite.
Archipelago Dominantly mafic; Rare intermediate and felsic.
Canary 20.6 Ma Underlying mantle plume Multiple evolutionary trends: SiOz-understaurated (basanite Basaltic trachyandesite,
Islands — phonolite); SiO2-oversaturated (basalt — rhyolite); Tholeiitic | trachyandesite, phonotephrite,
trend; Mafic and intermediate. Abundance of felsic rocks is tephriphonolite
variable on each island.
Cape Verde | 26 Ma Two sub-marine chains from SiOz-understaurated. Two magmatic series: picrite — Phonotephrite, tephriphonolite.
underlying plumes. peralkaline phonolite and picrobasalt — trachyte; Not all
islands exhibit entire compositional range.
Cameroon 52 Ma Continental and oceanic sectors. Picrite and basalt — phonolite, trachyte, rhyolite; Uncommon Mugearite, trachyandesite.
Line Underlying plume. intermediate; Oceanic felsics - phonolite and trachyte.
Continental felsics — rhyolite and trachyte.
Fernando de | 40 Ma Underlying mantle plume Three formations; Remédios Formation with two suits of Phonotephrite, tephriphonolite,
Noronha rock: sodic series (basanite — phonolite), potassic series basaltic trachyandesite,
(alkali basalt — trachyte); Quixaba and S&o José Formations: | trachyandesite.
nephelinites and basanites.
Ascension 6-7Ma | Complicated source Sub-alkaline series. Basalt — trachyte; Mafic rocks located Mugearite, trachyandesite.
Island island wide, felsic rocks in two main areas; Lack of
intermediate compositions (Daly Gap).
St Helena 14.3 - Hot spot theory Alkaline suite — alkali basalt — peralkaline trachyte and Basaltic trachyandesite,
11.4 Ma phonolite; 70 — 80 vol.% mafic, 15 — 25 vol.% trachybasalt, 4 | trachyandesite.
vol.% trachyandesite, 1 vol.% felsic.
Trindade 3.6 Ma Underlying mantle plume Multiple formations. Nepheline - phonolite. Rare basanite. Phonotephrite, tephriphonolite.
Tristan da 0.2-0.1 | Underlying mantle plume Mainly SiOz-understaurated basanites (~ 80%); Phonotephrite, tephriphonolite.
Cunha Ma Intermediates (~15%); Tephriphonolites are most evolved
composition (~5%)
Gough 2.55 Ma Underlying mantle plume SiOz-understaurated. Picrite basalt — aegirine-augite Basaltic trachyandesite,
Island trachyte. Felsic rocks dominant in volume and are explosive | trachyandesite.
and effusive.
Bouvet <1.4 Ma | Underlying mantle plume. Single, sodic SiOz-overstaurated series. Alkali-basalts — Mugearite, trachyandesite.
Island peralkaline trachyte and rhyolite.

Table 2.1: Summarising the different ocean island volcanoes from the work of Jeffery and Gertisser (2018) and references therein.
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Olkaria Volcanic Complex, Kenya (Macdonald et al.,, 2008), or fractional
crystallisation and partial melting (e.g., Terceira island (Mungall and Martin, 1995).

Magma mixing is usually characterised by a range of mineral compositions with most
phenocrysts either too evolved or too mafic to be in equilibrium with the whole rock
composition and ranges in groundmass glass compositions that extend from more mafic to
more felsic than the whole-rock compositions (e.g., Reubi and Nicholls, 2005).

Intermediate deposits formed from oceanic crust, often cannot solely be reproduced
by fractional crystallisation (Haase et al, 2005). Instead, it is believed to be the product of
combined fractional crystallisation and assimilation or partial melting of wall rock or
hydrothermally altered material (e.g., Haase et al., 2005; Freund et al., 2013). Incorporation
of wall rock by partial melting or assimilation can also modify the compositional and

fractionation pathways of the initial magma (e.g., Haase et al., 2005; Freund et al., 2013).

2.3 Eruption Processes

Eruptions of intermediate composition magmas result in a wide variety of eruption styles
ranging from explosions with lava fountaining, lava flows and pyroclastic flows (Naranjo et
al., 1992; Yamagishi and Feebrey, 1994; Kimura et al., 2005; Pioli et al., 2008; Zobin et al.,
2015; Bain et al., 2018; Nakada et al., 2019) to effusive dome building events and dome
collapses (e.g., Sparks et al., 1998; Herd et al., 2005; Kimura et al., 2005). Fissure eruptions
with deposits of intermediate composition are very rarely described in the literature (e.g.,
Belousov et al., 2015; Gansecki et al., 2019).

2.3.1 Lava Fountaining

Hawaiian style eruptions generate lava flows and lava fountains. Lava fountains are defined
as sustained ejections of hot pyroclasts (Taddeucci et al., 2015; Snee et al., 2021). The
eruptions result from a mixture of gas and magma that fragments before reaching the
surface (Head and Wilson, 1989; Parfitt and Wilson, 1995; Parfitt, 2004). The exsolved
magma-gas and volatile content, the volume flux and the vent geometry control the lava
fountain temperature, heights, and accumulation rates (Head and Wilson, 1989; Calvari et
al., 2021).

Hawaiian lava fountains can be sub-divided into high fountains (>100 m) or low
fountains (<100 m) (Parcheta et al., 2012). High fountains have rapid discharge rates and
are associated with single point sources, whereas low fountains have low mass eruption
rates and are linked to fissure sources (Parcheta et al., 2012). High lava fountains generally
have viscosity less than 10° Pa s and the difference between the gas and melt velocity is
less than the melt velocity (La Spina et al., 2021). Lava fountains during Hawaiian style
eruptions typically range between 100 — 500 m high (e.g., Brown et al., 2014 and references

therein).
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2.3.2 Eruption Mechanisms

Hawaiian lava fountain eruptions are primarily controlled by magma ascent rates. For a lava
fountain to occur, magma must rise quickly (Parfitt and Wilson, 1995). The Rise Speed
Dependent Model (RSD) demonstrates that if the rise speed is high, bubbles are unable to
rise far enough through the overlying magma before it is erupted (Parfitt, 2004). The RSD
model assumes that both magma and gas are present but act as a single (Fig. 2.2),
combined gas-magma phase, where bubbles can grow and ascend until the bubble volume
is great enough to initiate fragmentation (Sparks, 1978; Houghton and Gonnerman, 2008).
After fragmentation, less friction is exerted on the conduit walls, allowing rapid acceleration
for eruptions to occur (Blackburn et al., 1976; Parfitt, 2004). However, if the rise speed is
low, the rising gas bubbles segregate due to a greater bubble coalescence depleting the
gas-magma mixture, resulting in lower fountain heights (Parfitt and Wilson, 1995). Larger
bubbles rise faster than smaller bubbles and either overtake smaller bubbles or form a gas
slug (Parfitt, 2004). For Hawaiian style eruptions, the RSD model assumes a homogenous
gas-magma flow with different driving gases, but the model only works if H>O is the main
driving gas (Parfitt, 2004).

The Collapsing Foam Model (CF) assumes that magma is stored in a magma
chamber, at depths where gases can exsolve (Vergniolle and Jaupart, 1986; Parfitt, 2004).
As the gas bubbles rise and accumulate at the top of the storage region, they are arranged
into a foam layer (Fig. 2.2). When the foam layer reaches critical thickness, it becomes
unstable and collapses, allowing the bubbles to coalesce and form gas slugs. The gas slugs
migrate up an open vent system, moving faster than the surrounding magma, and are
erupted (Parfitt, 2004; Burton et al., 2007). Hawaiian style eruptions would imply a rapid

foam collapse and depend on CO; as the main driving gas (Parfitt, 2004).

Collapsing Foam Rise Speed
Model Dependant Model

Figure 2.2: Diagram showing the mechanisms of the collapsing foam model of Vergniolle and
Jaupart (1986) and the Rise Speed Dependant Model of Parfitt (2004) (Houghton and
Gonnerman, 2008).
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2.3.3 Paroxysmal Eruptions

Defined as a climatic phase of an eruption where lava fountaining and tephra plumes co-
exist (Alparone et al., 2003; Calvari et al., 2018). However, paroxysmal eruptions can also
have effusive phases (Bonaccorso and Calvari, 2017). During a paroxysmal phase, a
mixture of gas and pyroclasts emerge from a vent as a single jet and expand vertically into
an eruption column (Calvari et al., 2018). There are three main regions of an eruption
column from a paroxysmal eruption: 1) gas-thrust region, is the lowest and contains the lava
fountains. 2) convective region, where atmospheric mixing occurs, leading to the ascent
velocity and lateral wind transport to decrease. 3) umbrella region, where the plume reaches
the zone of natural buoyancy and spreads out laterally (Calvari et al., 2018). The periodicity
of explosions has been related to magmatic composition, where mafic explosions have a
greater frequency than intermediate or silicic explosions (Dominguez et al., 2016;
Bonaccorso and Calvari, 2017). The unusually abrupt transitions in eruptive behaviour
shown during paroxysmal eruptions can be attributed to: (1) the highly efficient draw-down
of the fragmentation front; (2) large-scale eruption column instability initiated either by
changes in the conduit shapes or phreatomagmatic activity; (3) volatile and rheological
contrasts of the magma (Turbeville, 1992).

2.3.4 Fragmentation

Fragmentation transforms from a continuous liquid phase with gas bubbles and crystals to
a gas phase with pyroclasts (Cashman and Scheu, 2015). Fragmentation is a result of
decompression and gas exsolution and can occur when a fresh batch of magma enters the
shallow magma chamber and changes the internal pressure. This leads to the nucleation
of bubbles which forces the magma up towards the surface (Cashman and Scheu, 2015).
As the amount of exsolved gas in the magma increases, fragmentation increases, and the
clast size decreases (Head and Wilson, 1989).

Fragmentation can occur in four ways; 1) rapid magma ascent during explosive
eruptions, 2) after rapid decompression caused by the collapse of lava domes or volcanic
edifices, 3) shearing of magma along conduit walls, 4) impact-induced explosion of hot solid
blocks during dome collapse (Cashman and Scheu, 2015). The low viscosity of basaltic
magma prevents fragmentation and leads to effusive and lava fountaining activity (Arzilli et
al.,, 2019). As magma rises rapidly to the surface, undercooling occurs and drives rapid
crystallisation, which in turn prompts a change in the viscosity and triggers brittle
fragmentation (Zimanowski et al., 1997; Moitra et al., 2018; Arzilli et al., 2019). If the criterion
for brittle fragmentation is not met, than fragmentation occurs by inertial fragmentation or
fluid dynamic breakup (La Spina et al., 2021). The criteria for inertial fragmentation and fluid
dynamic breakup do not apply during ascent in the conduit, therefore lava fountaining can
represent the process where magma arrives at the vent with significant overpressure and a
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high velocity but without fragmenting inside the conduit (La Spina et al., 2021). Instead,
fragmentation occurs once the magma is erupted form the vent (La Spina et al., 2021).
However, it is unlikely that either of the mechanisms can form large, fluidal pyroclasts and
thus there must be an additional mechanism for spatter to form (La Spina et al., 2021).

2.4 Vulcanian Explosions

Vulcanian eruptions occur as the result of magma ascent in a conduit and a gas-rich
accumulation region at the top of the magma column that causes the build-up of pressure
beneath a dense magma plug (Yamagishi and Feebrey, 1994; Stix et al., 1997; Morrissey
and Mastin, 2000; Burgisser et al., 2010; Bain et al., 2019; Gaunt et al., 2020). The intensity,
duration and course of Vulcanian explosion are varied, depend on the amount of pressure
that builds up beneath the pug and can transition between Sub-Plinian and Strombolian
explosions (Maeno et al., 2013; Gaunt et al., 2020), however characteristically, eruptions
only last seconds to minutes (Clarke, 2013). There are limited constraints on the processes
that inflect the observed cyclic behaviour (Wright et al., 2007).

At the point of fragmentation, the vesicular magma is moved into a gas-pyroclast
mixture, propelled upwards and ejected from the vent (Fig. 2.3) (Self et al., 1997; Clarke,
2013). The resulting eruption can produce buoyant plumes up to 20 km high (Nairn and
Self, 1978) and pyroclastic flows (Clarke, 2013).

Vulcanian activity can be associated with ground water interaction followed by
explosions caused by vesiculated magmas (Heiken and Wohletz, 1987). Many basaltic
volcanoes are produced in part by water-magma interaction and produce phreatomagmatic
features, including tuff rings and cones, maars (Walker, 1973; Wohletz and Sheridan, 1983;
Houghton and Schmincke, 1989; Valentine and Gregg, 2008).

2.5 Type of Eruption Deposits

Hawaiian style eruptions can produce several different types of deposits, from scoria cones
to spatter ramparts, lava flows and tephra fall deposits (Wood, 1980; Head and Wilson,
1981; Riedel et al., 2003; Valentine and Gregg, 2008; Taddeucci et al., 2015). Pyroclasts in
the fountains range in grain size and are often coarse enough that they fall to the surface
rather than be entrained into a convecting cloud over the vent (Wilson and Head, 1981,
Valentine and Gregg, 2008; Bonaccorso and Calvari, 2017). Lava fountains can create
scoria cones at point sources or spatter ramparts along fissures (Riedel et al., 2003;
Valentine and Gregg, 2008; Taddeucci et al., 2015), and the spatter deposits have varying
degrees of welding and agglutination. Fine lapilli and ash particles from the fountaining can
be entrained into small wind-advected thermal plumes, carried short distances from the

vents and deposited as tephra fall deposits (Valentine and Gregg, 2008; Taddeucci et al.,

31


https://www.sciencedirect.com/science/article/pii/S0377027319304354?casa_token=Z9EFF1b1VkoAAAAA:Tipnw5e3QpprusbPOmHN288QLltOg6wfqhSOJUaW1pGDqjsj3ztFUjo4KAta3VpSm1HlSQ#bb0255
https://www.sciencedirect.com/science/article/pii/S0377027319304354?casa_token=Z9EFF1b1VkoAAAAA:Tipnw5e3QpprusbPOmHN288QLltOg6wfqhSOJUaW1pGDqjsj3ztFUjo4KAta3VpSm1HlSQ#bb0215
https://www.sciencedirect.com/science/article/pii/S0377027319304354?casa_token=Z9EFF1b1VkoAAAAA:Tipnw5e3QpprusbPOmHN288QLltOg6wfqhSOJUaW1pGDqjsj3ztFUjo4KAta3VpSm1HlSQ#bb0215
https://www.sciencedirect.com/science/article/pii/S0377027319304354?casa_token=Z9EFF1b1VkoAAAAA:Tipnw5e3QpprusbPOmHN288QLltOg6wfqhSOJUaW1pGDqjsj3ztFUjo4KAta3VpSm1HlSQ#bb0045

2015). The textures and chemical composition of juvenile clasts can record changes in the

pre- and syn-eruptive magmatic conditions (D’Oriano et al., 2014).
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Figure 2.3: Schematic of a Vulcanian explosion, modified from Clarke (2013). A) Pre-eruption: a
vesicular magma underlies a dense plug. B) The Vulcanian explosion begins as the plug is moved
and ballistic clasts are expelled into the air. C) A buoyant and/or unsteady jet of gas and
fragmented magma mixture erupts into the atmosphere.

2.5.1 Spatter Deposits

Spatter is defined by Radar and Geist (2015) as an accumulation of fluidal pyroclasts that
agglutinate on landing. The following terminology will be used to describe the different
spatter deposits (Sparks and Wright, 1979; Cas and Wright, 1987; Henry et al., 1989;
Branney and Kokelaar, 1992; Quane and Russell, 2005; Russell and Quane, 2005; Sumner
et al., 2005):

¢ Welding - the sticking together and point contacts and compaction of clasts under

the influence of overburdening pressures in a hot deposit.
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e Agglutination - the flattening, sticking and gradual cooling of hot, fluidal pyroclasts
as they impact on an accumulation surface.
e Coalescence - the process where fluidal droplets form a homogenous liquid and
remnant particle outlines are destroyed.
Multiple semi-quantitative schemes have been defined in order to classify degrees of
welding based on petrographic traits (e.g., Smith 1960), estimated porosities (e.g., Smith
and Bailey, 1966), bulk density measurements and pumice flattening ratios (e.g., Sheridan
and Ragan, 1976; Peterson, 1979; Russell and Quane, 2005) and combinations all the
above (e.g., Streck and Grunder, 1995; Wilson and Hildreth, 2003; Quane and Russell,
2005).

Fountain-fed
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Figure 2.4: Showing the different types of deposits that are produced by lava fountaining,
depending on the accumulation rate and the amount and rate of cooling Sumner et al., 2005.

Agglutination of the clasts only occurs when the exterior temperatures exceed the
glass transition temperature (500 — 739 °C for basalts) (Radar and Geist, 2015). The extent
of fusing of the clasts can aid in quantifying conditions such as accumulation and cooling
rates of eruptions (Radar and Geist, 2015). The abundance of welding and lack of grain
avalanching are typical characteristics of Hawaiian style eruptions (Walker, 1973; Reynolds
et al., 2016). The rapid variations seen in pyroclast sizes and degrees of welding result from
pulsing fountains and variations in the accumulation rates (Sparks and Wright, 1979; Head
and Wilson, 1989; Reynolds et al., 2016). The degree of welding can change over short

vertical intervals without showing any changes in grain size (Quane and Russell, 2005;
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Carey et al., 2008a). Determining accumulation rates of spatter provides insight into
eruptive flux, an essential parameter for understanding eruption behaviour (Sparks and
Wright, 1979; Radar and Geist, 2015).

Sumner et al., (2005) defined five different spatter clast types by ranking them
according to their increasing fluidity (Fig. 2.4). The first type are cold and brittle clasts (e.g.,
scoria clasts). The second are clasts with brittle rims and fluid interiors (e.g., cowpat bombs).
The third are fluidal clasts that agglutinate. The fourth are fluidal clasts that splash on
landing or coalesces to form lava flows. The fifth are clasts with a brittle core and fluid rim.

As the pyroclasts hit the ground several processes can occur. The clasts can deform
in a brittle manner and fracture or deform plastically and flatten. They can also rupture with
a brittle skin, fold or be disrupted by splashing (Sumner et al., 2005).

At higher temperatures, the clasts deform into elongate shapes either during flight
by stretching from the force of the eruption, due to the gravitational impact on landing or
after deposition when gas escapes and the clasts cool and contract (Rader et al., 2018).

The welding process involves sintering, compaction and flattening of hot pyroclastic
material (Sparks and Wright, 1979; Quane and Russell, 2005). For welding of clasts to
occur, there must be short durations of particle transport from fragmentation to deposition
to prevent excessive cooling and high accumulation rates to quickly cover clasts and
prevent overcooling (Sparks and Wright, 1979; Carey et al., 2008a; Carey et al., 2008b).
The degree of welding increases with increasing clast size, as the coarser clasts lose less
heat than smaller clasts within any period, and so have more residual heat available for
welding (Sparks and Wright, 1979; Russell and Quane, 2005; Quane and Russell, 2005;
Carey et al.,, 2008a). The degree of welding also increases with increasing deposit
thickness, as the welding tephra can thermally equilibrate, maintaining the temperature for
longer and allowing the deposit to cool as a single unit (Carey et al., 2008a). Finally, welding
can occur due to the overburden of tephra compacting the underlying deposit (Carey et al.,
2008a).

2.5.2 Lava Flows

Basaltic lava flows originate from vents as coherent flows from a small opening, overspills
from an overflowing or breached lava lake, or from lava fountains where the spatter is re-
established around the vent and flows away (Sumner, 1998). Lava flows can have durations
ranging from weeks to years and can pose long lived hazards (Cashman et al., 2013). A'a
lava flows have a brecciated surface and base and dense core (Harris et al., 2017). The
auto-brecciated surface clasts are classified as clinkery if fresh looking and spiny or rubbly
if they have undergone abrasion during transport (Harris et al., 2017). For magmas to erupt
from sources with high volatile contents, the magma must degas to prevent pressure build
up (Cas and Wright, 1988). This can be done by 1) direct escape of exsolving volatiles 2)
an earlier phase of explosive activity (Cas and Wright, 1988).
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Factors that increase lava flow advance include: 1) high flow velocity, 2) steep
underlying slopes, 3) high lava temperatures, 4) low cooling rates, 5) low bulk viscosity, 6)
high effusion rates (Hulme, 1974; Gregg, 2017), whilst factors that decrease lava flow
advance include: 1) high bulk viscosity, 2) increased crystal content, 3) rigid vesicles, 4) low
lava temperatures, 5) high cooling rates, 6) low flow velocity (Walker, 1967; Hulme, 1974;
Gregg, 2017). Walker (1973) found that the distance travelled by a lava flow was directly
proportional to the effusion rates (Cas and Wright, 1988). The higher the effusion rate, the
further the lava flow will travel before cooling (Cas and Wright, 1988). Lava flows with high
effusion rates form single flow units, whilst lava flows with low effusion rates form small,
compound flows that pile up close to the vent (Cas and Wright, 1988). Levee heights are
good indicators of flow depth and are proportional to the yield stress of the lava (Hulme,
1974; Naranjo et al., 1992). For levees to form, the flow depth, and hence yield strength,
must decrease during the eruption (Hulme, 1974). The change in yield strength can be due
to: 1) change in composition of lava, 2) change in lava temperature, 3) change in eruption
rate (Hulme, 1974).

A’a lava flows have velocity profiles that increase towards the centre (Harris and
Rowland, 2015). Lava channels form either as the lava at the flow margins is too thin and
does not have enough force to flow or due to pre-existing topography confining the lava
(Gregg, 2017). Once the channels are formed, an order of magnitude change in effusion
rate or flow velocity is required to modify the channel morphology (Gregg, 2017). A’a lava
flow fields form when lava is transported through open channels at high eruption rates
(Macdonald, 1953; Pinkerton and Sparks, 1976; Blake, 2000). Flows generated from lava
fountains can be clastogenic lavas and contain remnant clast outlines and spatter fragments
(Cas and Wright, 1987; Sumner, 1998; Carracedo Sanchez et al., 2012). However, in most
spatter fed eruptions the clasts completely coalesce and no textural evidence for clastic
origin is preserved, therefore a clastic origin can only be inferred if the eruption is observed
(Sumner, 1998; Carracedo Sanchez et al., 2012).

2.5.3 Pyroclasts

The morphology and shape of juvenile pyroclasts are heavily influenced by melt viscosity
and vesicle content during fragmentation and transportation (Houghton and Gonnerman,
2008; Houghton and Carey, 2015). Angular and blocky pyroclasts with planar or curvi-planar
surfaces imply brittle failure of a cooler and more viscous magma (Houghton and Carey,
2015) and a more explosive eruption, whilst elongate and fluidal surfaces imply the clasts
were still molten after fragmentation (Jutzeler et al., 2016). The different clast characteristics
suggest that different physical processes, including different fragmentation processes, are

responsible for their formation (La Spina et al., 2021).
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2.5.4 Ballistic Bombs

Air drag limits the transport distance of ballistic particles (Capaccioni and Cuccoli, 2005).

The range of transport distance increases as the size and density of particles are increased
(Capaccioni and Cuccoli, 2005). Ballistics can be ejected on almost parabolic trajectories
(Breard et al., 2014) and the angle of the jet can reflect source depth (Maeno et al., 2013).

Ballistic clasts (defined as anything >64 mm) can be hazardous for areas within 1 —
2 km of a vent (Breard et al., 2014). Understanding the size, mass distribution and lithology
of ballistics is vital for interpreting eruption dynamics and the hazards associated with them
(Breard et al., 2017). Factors that can affect the dispersal of ballistics include: 1) explosion
type (magmatic vs phreatomagmatic vs hydrothermal), 2) explosion depth, 3) mechanism
of the explosive impulse, 4) crater morphology (Breard et al., 2017).

The original study of Vulcano (Walker 1969; Walker, 1982) defined three types of
ballistics: 1) dense blocks that were hot on impact and didn’t expand, 2) blocks with thick
and quenched rinds that had limited expansion, 3) blocks with a thin glassy crust and broad
shallow cracks that were highly expanded (Wright et al., 2007). The difference in ballistic
morphology is related to differences in magma viscosity and clast cooling times (Wright et
al., 2007).

Breadcrust bombs are the products of poorly vesiculated and degassed magma in
an almost solid state (Clarke et al., 2015). The threshold for when dense or vesicular bombs
with no rinds form depends on the initial bubble composition and conditions (Benage et al.,
2014). Therefore, breadcrust bombs can reflect either quenching of magma by external
water (Fisher and Schmincke, 1984; Wright et al., 2007) or delayed vesiculation of partially
degassed magma (Yamagishi and Feebrey, 1994; Wright et al., 2007). There are variations
explanations for the mechanisms that lead to bread crusting. The exterior cracking can
occur due to interior expansions of a bomb with a quenched rind, in response to thermal
contractions of the outer surface or from stresses applied during impact (Wright et al., 2007).
Pre-eruptive magma degassing produces delays in syn-eruptive bubble nucleation and
allows rinds to form (Hoblitt and Harmon, 1993; Yamagishi and Feebrey, 1994; Wright et
al., 2007). Bread crusting of pumice clasts can be produced by locally high temperatures

and low volatile contents (Polacci et al., 2001; Wright et al., 2007).

2.6 Crystal textures

Crystals in volcanic rocks give clues to processes and time scales of magma evolution
(Bacon and Lowenstern, 2005). Crystal phases that are in textural equilibrium with the
magma crystallised almost or fully in equilibrium and the residual magma likely segregated
from the phenocrysts before the next stage of crystallisation occurred (Reubi and Nicholls,

2004). However, the dynamic environment within magma storage regions can lead to
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textural heterogeneities in crystal textures on phenocryst to microlite scales (Grogan and
Reavy, 2002).

Disequilibrium textures in crystals have been widely observed and detailed in
volcanic rocks (Hibbard, 1981; Umino & Horio, 1998; Perugini et al., 2003; Sumner and
Wolf, 2003; Xing et al., 2017; Pan et al., 2022). The main factors that lead to the evolution
of disequilibrium textures is the chemical and physical interaction between different batches
of magma (Grogan and Reavy, 2002). The textures develop due to the processes that guide
the crystallisation of a melt, i.e., rates of nucleation, diffusion, pressure and temperature
variations and crystal growth, changing in response to changing conditions in the magma
storage region, e.g., undercooling (Nixon, 1988; Grogan and Reavy, 2002; Perugini et al.,
2003; Pan et al., 2022). Crystals in volcanic rocks can show a range of disequilibrium
textures within short scales, which suggests that disequilibrium is not consistent throughout
a magma body (e.g., Anderson, 1984; Perugini et al., 2003). Disequilibrium textures can
provide evidence for processes such as magma mixing (e.g., Hibbard, 1981; MacDonald et
al., 2008; Ray et al., 2011; Pan et al., 2022) or crustal assimilation (e.g., Meade et al., 2014).

2.7 Rates of magma ascent and groundmass textures

The style that a volcano erupts is dependent on magmas ascent rates and conduit geometry
(Rutherford, 2008; Brugger and Hammer, 2010; Browne and Szramek, 2015; Befus and
Andrews, 2018). The rate that magma ascends from a storage region can be estimated by
using different technigques, such as: (1) seismicity during eruptive periods (e.g., Scandone
and Malone, 1985; Brugger and Hammer, 2010), (2) plagioclase size distributions (e.g.,
Cashman, 1992; Brugger and Hammer, 2010), (3) reaction rim development on amphibole
crystals (e.g., Rutherford and Hill, 1993; Nicholis and Rutherford, 2004; Browne and
Gardner, 2006; Brugger and Hammer, 2010)

Factors that control the rate of magma ascent include temperature, composition,
volatile budget and crystallinity, all of which also affect viscosity, density and permeability
of the conduit walls (Browne and Gardner, 2006; Browne and Szramek, 2015) and hence
the processes occurring within the conduit. Magma ascent cannot easily be tracked as it
occurs in the subsurface, therefore the understanding of these processes and rates come
from a combination of geophysical measurements, modelling, and comparing high
temperature experiments with textures from past eruptions (Browne and Gardner, 2006;
Befus and Andrews, 2018). Intermediate magmas generally are less buoyant and rise
slowly to the surface, allowing more time for degassing and crystal growth from
decompression (Bugrisser and Degrruyter, 2015).

As magma rises, decompression forces water to exsolve from the melt due to the
increasing decompression causing the liquidus temperature of the magma to increase and

changing the stability of anhydrous phases (Cashman and Blundy, 2000; Browne and

37



Szramek, 2015). The kinetics of magma crystallisation can be controlled by melt
composition, mineral phase, pressure, degrees of undercooling, temperature, time, melt
water concentration, oxygen fugacity, cooling and decompression rates (Cashman and
Blundy, 2000; Cashman and McConnell, 2005; Brugger and Hammer, 2010; Arzilli et al.,
2015 and refs in). Although these factors are not independent, they can strongly affect the
nucleation and growth rates.

Groundmass crystal sizes, shapes and abundance control the extent to which
increasing crystallisation affect the rheology of the magma (Cashman and Blundy, 2000).
Change in magma rheology due to variations in volatile concentrations and crystallisation,
can play a large role the changing rate, style and duration of an eruption (Cashman and
Blundy, 2000). Isothermal decompression and degassing generate a driving force for
crystallisation, particularly plagioclase, but the extent to which crystallisation occurs
depends on the effective undercooling, created by the relative rates of decompression and
degassing, and the time before quenching (Casman and Blundy, 2000). Feldspars are
stable at varying temperatures and pressures. A more Ca Rich feldspar will form at high
temperatures whilst a more Na-Rich feldspar will form at low pressures (Flood and Knapp,
1968).

Microlites are sensitive to the host melts degree of undercooling (Befus and
Andrews, 2018). The extent of undercooling can be controlled by the decompression rate.
Fast decompression rates lead to lower degrees of crystallisation and greater degrees of
undercooling (Befus and Andrews, 2018). Microlite number density and size distribution
represent shallow and deep magma conduit environments by provided insights into the
rates that microlites nucleate and grow (Befus and Andrews, 2018).

Natural igneous rocks often contain crystal phases with disequilibrium textures,
suggesting that magmas often follow non-equilibrium, time dependant pathways that are
recorded in the petrological and geochemical characteristics of the rocks (Arzilli et al., 2015;
Befus and Andrews, 2018).

Plagioclase crystallisation in basaltic magmas has been studied as a function of
undercooling (e.g. Lofgren, 1974; Arzilli et al., 2015) but rarely through decompression
experiments (Arzilli et al., 2015 and references therin), whereas intermediate and silicic
composition eruptions are more commonly studied through decompression experiments
(Arzilli et al., 2005; Blundy et al., 2006; Brugger and Hammer, 2010; Shea and Hammer,
2013; Arzilli et al., 2015, Arzilli et al., 2019; Bamber et al., 2020). The basaltic magma
experiments generally show that the decrease in pressure causes water exsolution and an
increase in plagioclase liquidus temperatures, with this undercooling providing the driving
force for crystallisation (Arzilli et al., 2015). Decompression experiments done on
intermediate and silicic systems show that feldspar abundance, composition and
morphology depend on the decompression path, degree of undercooling and viscosity of

the melt (Brugger and Hammer, 2010). These experiments replicate the pressure-
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temperature changes undergone by the magma during ascent (Befus and Andrews, 2018)
and show that average nucleation rates decrease with decreasing decompression rates
(Hammer, 2008; Befus and Andrews, 2018).

Crystal growth is crucial in systems that exhibit small deviations from equilibrium
(Blake, 2000; Brugger and Hammer, 2010). Microlite textures record the effective
undercooling generated during ascent and temporary storage (Cashman and Blundy, 2000;
Blake, 2000; Arzilli et al., 2015) and the crystal shapes are related to growth rates and
undercooling (Arzilli et al., 2015). Crystallisation can occur through nucleation of new
crystals or by growth on existing nuclei (Blake, 2000). Nucleation process dominates when
undercooling is high, and the textures are controlled by rates of crystal nucleation which
vary depending on the decompression pathway the magma takes (Cashman and Blundy,
2000; Blake, 2000; Befus and Andrews, 2018). Experiments by Arzilli et al., (2015) show
that nucleation rates in basaltic magmas are higher than those in basaltic andesites, but
decrease with increasing time, suggesting that the main nucleation event occurs within the
first stage of the process, and that the crystals reach equilibrium within 1-2 hours (Arzilli et
al., 2015).

Plagioclase growth rates vary as a function of cooling rates (e.g., Cashman, 1993;
Conte et al., 2006; Brugger and Hammer, 2010), with low amounts of undercooling favour
conditions for growth on pre-existing crystals (Befus and Andrews, 2018; more refs). Crystal
growth reduces supersaturation of the melt and pushes the system towards equilibrium.
Undercooling also plays an important role in the morphology of plagioclase crystals (Arzilli
et al., 2015). Plagioclase microlite sizes change with decompression rate. The microlites
are larger and more tabular during slow decompression with average growth rate
decreasing exponentially (Brugger and Hammer, 2010; Befus and Andrews, 2018) and
more skeletal and acicular as decompression rates increase (Brugger and Hammer, 2010;
Arzilli et al., 2015).

2.8 Ascension Island

2.8.1 Tectonic History

Ascension Island is situated in the South Atlantic Ocean, ~100 km west of the Mid-
Atlantic Ridge (MAR) and ~50 km south of the Ascension Fracture Zone (AFZ) (Fig. 2.5)
(Nielson and Stiger, 1996; Webster and Rebbert, 2001; Chamberlain et al., 2016). The
subaerial edifice covers ~93 km?, whilst the base, at 3000 m below sea level, covers more
than 2000 km? (Brozena, 1986). The highest point on the island, Green Mountain, is 859 m
asl. The island has four fundamental fault orientations on the island: northwest, northeast,
north-south and east-west (Nielson and Sibbett, 1996). These faults developed from uplift
by the intrusion of melt beneath the island and are one of the main restraints on the location
of eruptions (Nielson and Sibbett, 1996).

39



The origin of the magmatic source for Ascension Island has been heavily debated,
with two competing models proposed to explain the presence of magma underneath
Ascension. The first proposes that the drift of the Mid-Atlantic Ridge axis away from the
Ascension plume led to an asthenospheric flow towards the westward migrating ridge axis
(Schilling et al., 1985; Brozena, 1986). If this model is correct there is no plume directly
underneath Ascension Island now. The chemistry of the basalts provides supporting
evidence for this model: The Pb isotope variations in MORB’s indicate that the plume is
currently underneath the Circe Seamount (Jicha et al., 2013).

The second model proposes that Ascension Island is the product of a flow of hot
material that originates from an off-axis plume that is moving toward the spreading axis and
ridge crest of the AFZ (Brozena, 1986). In this model, the older, thicker lithosphere acts as
a barrier, diverting the flow and forming two seamounts. This means that no plate movement
over a fixed hotspot occurred.

Evidence for a plume relation was suggested to explain the presence of magma
underneath Ascension Island, due to the surface rocks exhibiting mildly alkaline affinities
with typical ocean island basalt trace element systematics (e.g., Harris et al., 1983; Weaver
et al., 1996; Kar et al.,, 1998), however there is no hotspot track and the alignment of
Ascension Island to two sea mounts in the vicinity is inconsistent with plate motions (Paulick
et al., 2010). Also, the crustal structure is inconsistent with a hotspot origin (Klingelhofer et
al., 2001; Paulick et al., 2010). The crustal thickness is 12 — 13 km and includes an
overthickened layer at 7 km thick, which suggests that Ascension Island may have begun
forming on-axis (Klingelhofer et al., 2001; Evangelidis et al., 2004; Paulick et al., 2010).
Therefore, Paulick et al., (2010) suggest that Ascension Island formed on or near the MAR
~5 — 6 Ma. The westward drift of the lithosphere caused the submarine edifice of Ascension
Island to disconnect from its magma supply and cease erupting. The magma generation
was restarted when an enriched mantle domain entered the zone of partial melting beneath
the MAR and in the off-axis region (Paulick et al., 2010). There is an anomalous high velocity
area within the mid-crustal region, which has been inferred to be plutonic regions
(Klingelhoefer et al., 2001; Evangeledis et al., 2004; Chamberlain et al., 2019).

Radiometric dates show that Ascension Island has been undergoing growth at a rate
of 0.4 km/My since 3.4 Ma (Minshull et al., 2010). Compared to a growth rate of 0.9 km/My
from borehole samples from the Hawaii Scientific Drilling Project and 8.6 km/My from
Mauna Kea during its shield building phase (Sharp and Renne, 2005), Minshull et al. (2010)
suggest that Ascension Island is in a its ‘Post Shield Alkalic’ phase.

2.8.2 Volcanic History

The island is composed mainly of volcanic deposits and small quantities of beach
deposits and guano (Daly, 1925; Harris, 1983; Nielson and Sibbet, 1996; Weaver et al.,

1996; Preece et al., 2018; Chamberlain et al., 2019). The first geological observations were
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made by Charles Darwin 1836, when he arrived on the island via the H.M.S Beagle (Daly,
1925; Wilkinson, 2003). The volcanic deposits are made up of ~57% mafic and felsic lava
flows and domes and 43% pyroclastic material (Daly, 1925; Harris, 1983; Weaver et al.,
1996). The volcanic rocks exhibit a compositional range of basalt-trachybasalt-
trachyandesite-trachyte-rhyolite (Nielson and Sibbett, 1996; Weaver et al., 1996; Kar et al.,
1998; Ammon et al., 2009; Jicha et al., 2013; Chamberlain et al., 2016; Chamberlain et al.,
2019).
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Felsic pyroclastic deposits
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Eastern Felsic
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Figure 2.5: Geological map of Ascension Island. The inset shows the location of Ascension
Island relative to the MAR and the AFZ. (Modified from Chamberlain et al, 2016).

Mafic, Strombolian eruptions were the dominant eruption style and were distributed
in the north, northwest and south of the island (Fig. 2.5). Felsic volcanism was localised in
two areas, the Central Felsic Complex and the Eastern Felsic Complex (Fig. 2.5) (Nielson
and Stiger, 1996; Nielson and Sibbett, 1996; Kar et al., 1998; Preece et al; 2021). There
have been more than 80 explosive eruptions during the last 1 Ma, throughout which,
phreatomagmatic and sub-Plinian eruptions have been common, forming at least 12
pyroclastic density currents (Preece et al., 2021).

Submarine volcanism on Ascension Island began ~6 — 7 Ma (Harris, 1983;
Klingelhofer et al., 2001; Minshull et al., 2010; Paulick 2010?). Borehole data collected
during a geothermal exploration programme activity by Nielson and Stiger (1989, 1996),
records most of the island’s volcanic history down to 3126 m below sea level (bsl). The

41



subsurface deposits are composed of basalts, hyloclastites, felsic tuffs interbedded with
basalt and a series of felsic tephra overlain by a rhyolite flow and capped by felsic
pyroclastic rocks that become more mafic upwards (Fisher and Schmincke, 1984; Nielson
and Stiger, 1996). The range in eruptive deposits also show that there was 1.5 — 2 km of
subsidence, with the more felsic deposits formed in the subaerial environment (Nielson and
Stiger, 1996). In the borehole, the Middleton Ridge Rhyolite was seen between 56 — 75 m
deep, with a trachyte flow below it (Nielson and Sibbett, 1996). Most of the felsic rocks sit
above the uppermost hyaloclastite, showing that felsic volcanism is relatively recent in the
history of the island. The lithological relationships also suggest that the felsic eruptions have
become more voluminous with decreasing age. The relationships show that there was an
important trachyte and rhyolite volcanic episode that preceded the formation of the
Middleton Ridge (Nielson and Stiger, 1996).

Subaerial activity began ~1 Ma (Jicha et al., 2013) with felsic activity focused in the
Central Felsic Complex (Middleton Ridge and Green Mountain). The Central Felsic
Complex consists of trachyte, rhyolite and trachyandesite lavas and trachyte pyroclastic
rocks that range from 1094 — 719 ka (Kar et al., 1998; Jicha et al., 2013; Preece et al.,
2022). From 829 — 652 ka, felsic volcanism continued in the northern section of the island
(Jicha et al., 2013), and the final stage of the first, ~500 ka silicic volcanism is seen at
Ragged Hill and on the southwest slope of Green Mountain (Kar et al., 1998), with the
trachytic lavas aged between 637 — 602 ka (Jicha et al., 2013). The eruptions of the first
mafic lavas, located west of Devil's Riding School and east of Cross Hill overlapped with
the felsic volcanism from 758 — 705 ka (Jicha et al., 2013).

Mafic lavas in the southern section of the island, including South Gannett Hill and
southeast of the Green Mountain Peak, were erupted after the Central Felsic Complex
formation and have ages ranging from 589 — 298 ka (Harris, 1983; Jicha et al., 2013).

The Eastern Felsic Complex is the second, younger felsic complex. The trachyte
and rhyolite lava and lava domes, and mafic scoria cones and lava deposits range in age
between 169 — 52 ka (Nielson and Sibbett, 1996; Kar et al., 1998; Jicha et al., 2013).

Mafic deposits, aged between 38 — 0.51 ka prevail in the north-west of the island
(Nielson and Sibbett, 1996; Jicha et al., 2013; Preece et al., 2018). The deposits include
lavas with variable volumes and areal extent, up to 4 km long, and scoria cones up to 413
m high (Weaver et al., 1996; Kar et al., 1998; Nielson and Sibbett, 1996). The youngest
known eruption on the island is located within the Sisters scoria cone complex and has
erupted a series of trachybasalt lavas. The eruption has been dated at 0.51 +/- 0.18 ka

(Preece et al., 2018) and thus classes Ascension Island as an active volcano.

2.8.3 Source and genesis of mafic magmas

Isotopic data from Ascension Island suggests that the source for melt genesis is an ancient,
subducted slab that contained a large volume of sedimentary rocks (Faneros and Arnold,
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2003). However, multiple trace element and isotope studies for on and off axis volcanism
within close proximity to Ascension Island (e.g., Paulick et al., 2010; Hoernle et al., 2011)
indicate that the mantle domain during submarine volcanism had a raised Hf signature, and
therefore was not involved in the genesis of the sub-aerial edifice and magmas (Jicha et al.,
2013). Instead, there is a single zone of melt extraction, derived by varying degrees of
partially melting, which is the source for all Ascension Island volcanism. However, this melt
is geochemically different from the mantle melt that is believed to be responsible for the
larger volume submarine volcanism (Chamberlain et al., 2019).

The mafic magmas are be categorised into three groups based on their Zr/Nb ratios
(Weaver et al., 1996; Kar et al., 1997). The low Zr/Nb lavas (ratio 4.1) are grouped in the
southwest of the island and contain intermediate-aged trachybasalt lavas. The high Zr/Nb
lavas (ratio 6.0) are located in the southeast of the island. The intermediate lavas (ratio 5.0)
cover the rest of the island. This group contains some of the youngest mafic deposits on
the island (Weaver et al., 1996; Kar et al., 1997).

These variations in Zr/Nb could be due to multiple factors: (1) crystal fractionation
involving clinopyroxene and Fe-Ti oxide fractionation; (2) low degrees of partial melting of
the mantle source of mafic magmas; (3) magma tapped from mantle sources that have
different Zr/Nb ratios and undergoes source mixing; (4) a combination of all processes
described above (Kar et al., 1998). However, Weaver et al. (1996) suggests that the low
and high Zr/Nb magmas were not produced by different degrees of melting of a similar
source because there is a contrast in isotopic compositions. The intermediate Zr/Nb lavas
have been suggested to be a product of mixing of the high and low Zr/Nb magmas or their
sources (Weaver et al., 1996; Jicha et al., 2013). The intermediate Zr/Nb lava flows were
originally interpreted to be recent eruptions and the youngest type of mafic magmas, and
therefore were highly unlike to represent early felsic volcanism (Weaver et al., 1996; Kar et
al., 1998). However, further dating found that the eruptive history of these intermediate
Zr/Nb lava flows date back to 705 ka, thus classing it as the second oldest erupted mafic

magma type (Jicha et al., 2013).

2.8.4 Evolution of magmas

The changing compositions seen on Ascension Island have been inferred to be dominated
fractional crystallisation (Harris et al., 1983; Kar et al., 1998; Jicha et al., 2013; Chamberlain
et al., 2016; Chamberlain et al., 2019). Previous studies (e.g., Jicha et al.,, 2013;
Chamberlain et al., 2019) show that trachyandesite results from crystal fractionation of the
intermediate Zr/Nb magmas along a simple liquid line of descent at depths greater than 7
km, whilst the trachyte and rhyolites result from crystal fractionation of the high Zr/Nb
magmas (Harris, 1983). This is evidenced by age data showing that the high Zr/Nb lavas
preceded the felsic eruptions (Kar et al., 1998; Jicha et al., 2013). However, more recent

dating of the intermediate Zr/Nb lavas show that they coexistent with the early periods of
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felsic volcanism (Jicha et al., 2013), and thus could be a suitable parent melt to the felsic
deposits. The major and trace element trends within the rocks and plutonic xenoliths, exhibit
continuous trends that show that the basaltic magmas evolved to intermediate and silicic
compositions by low pressure fractional crystallisation of the intermediate Zr/Nb basalts in
a closed system (Nielson and Sibbett, 1996; Weaver et al., 1996; Webster and Rebbert,
2001; Jicha et al., 2013; Chamberlain et al., 2016; Chamberlain et al., 2019).

Other trachyandesite flows on the island include flows from Broken Tooth, Hollow
Tooth, the northwest flank of Bears Back and southwest of Lady Hill (Weaver et al., 1996;
Nielson and Sibbet, 1996). These flows are smaller in volume than other flows on the island
(Nielson and Sibbett, 1996). The flows are mainly restricted to the west and north of the
island, with the exception of Letterbox in the east (Weaver et al., 1996).

A model for the magmatic plumbing system was suggested by Chamberlain et al.,
(2019) (Fig. 2.6). Within the central region of the island, it has been inferred that there are
discrete plutonic bodies with differing compositions (discuss plutonic block evidence from
past papers here). These bodies stall the rising magma, causing it to fractionate until the
buoyancy has increased enough for them to continue to ascend. This means that felsic
magma evolution can only occur in the lower crust and at pressures greater than 170 MPa.
However, there is evidence for magmatic stalling of the melts at pressures less than this
(Chamberlain et al., 2019). The magmas are all erupted as discrete batches (Chamberlain
et al., 2019). To date, there is no evidence for any long-lived storage or recycling of crystals
between eruptions in either a mushy or melt-dominant storage region, thus magma mixing
cannot be suggested as an eruptive trigger (Chamberlain et al., 2019). The magmas that
feed explosive or effusive felsic eruptions display differences in the presence or absence of
low-pressure phases (Chamberlain et al., 2019). This proposes variations in the storage
region locations and the ascent rates but, fractional crystallisation is still suggested as the

main evolutionary trend (Chamberlain et al., 2019).

2.8.5 Devils Ink Pot and Letterbox region

The Devils Ink Pot fissure is located in the southeast of the island, in the area otherwise
known as Letterbox. The fissure cuts through a series of trachyte and rhyolite domes and a
rhyolite flow. The open fissure erupted lava flows and pyroclastic rocks of trachyandesite
composition (Daly, 1925; Nielson and Sibbett, 1996; Paulick et al., 2010; Chamberlain et
al., 2019). The Devils Ink Pot lavas contain feldspar phenocryst and rare clinopyroxene
phenocrysts and are inferred to represent the more evolved end of the range of mineral
composition within all the mafic lavas (Nielson and Sibbett, 1996; Chamberlain et al., 2019).

The first dome in the Letterbox region is White Horse, a trachyte dome that had an
individual eruptive centre and exhibits multiple outflows up to 200 m thick (Daly, 1925). The
second dome is the Little White Hill dome that reaches 168 m asl (Daly, 1925). It was first

a rhyolite dome, with the most evolved rhyolite composition (Weaver et al., 1996), and
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produced flows to the south and west before a trachyte dome formed on top (Nielson and
Sibbett, 1996). To the west, north and northeast of the dome is a curved ridge, inferred to
be a basaltic crater through which the dome arose (Daly, 1925).

The third dome is Wig Hill dome another trachyte dome that reaches 145 m asl. The
dome is inferred to be a remnant of a different, steep-sided dome that rose up in the
southern section of the same wide crater as Little White Hill dome (Daly, 1925). The remnant
dome is coated by basaltic scoria and driblet flows of vesicular, basaltic lava (Daly, 1925).
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Figure 2.6: The model for the magmatic plumbing system proposed by Chamberlain et al., (2019)
and showing the geographical variation in plutonic body distribution within the crust and the
magma ascent pathways. Mafic plutonic bodies are blue and mafic ascent pathways are red. Felsic
plutonic bodies are purple or diagonal shading and felsic ascent pathways are purple and blue.

It is assumed that the Wig Hill scoria cone represents basaltic activity through a series of
cones that penetrated the dome (Daly, 1925).

The final dome in the area is South East Head dome which forms the Letterbox
peninsula and hosts 6 of the DIP cones, running E-W through the summit of the dome (Daly,
1925). It has a flat top due to multiple overflows and is inferred to be unrelated to the other

domes in the area (Daly, 1925).
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Chapter 3: Contrasting eruption styles from the
intermediate composition, Devil’s Ink Pot fissure

eruption.

3.1 Introduction

Volcanic activity can result in eruptions that have both effusive or more vigorous explosions,
sometimes transitioning between the two end members within a single eruption, resulting in
variable eruption styles and deposits (e.g., Pioli et al., 2009; Cassidy et al., 2018;
Bonadonna et al., 2022). The style of an eruption controls the types of hazards produced
by the volcano (Castro and Gardner, 2008; Cassidy et al., 2018). Eruptions can transition
between eruption styles over time and so hazards can vary throughout the eruption.
Therefore, reconstructing past eruptions in detail is important as classifying eruptions based
on one predominant style can deter the ability to identify potential eruption scenarios and
determine the likely future hazards from a similar eruption (Houghton et al., 2016).

Ocean island volcanoes are predominantly fed by basaltic magmas that erupt
through fissures characterised by Hawaiian lava fountaining and Strombolian explosions
(Head and Wilson, 1989; Parfitt and Wilson, 1995; Parfitt, 2004; Houghton et al., 2016).
Such eruptions produce scoria cones, spatter ramparts, lava flows and weak plumes that
disperse tephra short distances (Wood, 1980; Riedel et al., 2003; Valentine and Gregg,
2008; Taddeucci et al., 2015). Some ocean island volcanoes also erupt felsic magmas,
which produce pumice fall deposits, ignimbrites, lava flows and lava domes (Shea and
Owen, 2016; Jeffery and Gertisser, 2018; Pimentel et al., 2021; Preece et al., 2021).
Intermediate composition magmas are less common on ocean islands (e.g., Beier et al.,
2006; Déruelle et al., 2007; Thordarson and Larsen, 2007; Jeffery and Gertisser, 2018) and
very few intermediate composition fissure eruptions have been described in the literature
(e.g., Sumner et al., 1998; Belousov et al., 2015; Gansecki et al., 2019). Eruptions of
intermediate composition at island arc settings are commonly described as having
Vulcanian eruption styles (Mercalli and Silvestri, 1891; Burgisser et al., 2010; Morrissey and
Mastin, 2000; Stix et al., 1997; Gaunt et al., 2020) and produce lava domes and/or tephra
deposits (Sparks, 1997; Calder et al., 2015; Isgett et al., 2017; Nakada et al., 2019).

Ascension Island is a small, 98 km?, island in the South Atlantic Ocean. The last
eruption on Ascension Island was in the north of the island and produced basaltic lava flows
dated at 0.51 £ 0.18 ka (Preece et al., 2018), The volcanic deposits on the island exhibit a
compositional range from basalt to rhyolite. The basaltic activity on Ascension Island
produces, scoria cones and lava flows (Daly, 1925; Harris, 1983; Weaver et al., 1996; Jicha
et al., 2013; Chamberlain et al., 2016; Chamberlain et al., 2019), whilst the silicic eruptions

have resulted in pumice fall deposits, rare pyroclastic flow deposits and lava domes
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preserved on the island (Nielson and Stiger, 1996; Nielson and Sibbett, 1996; Karr et al.,
1998; Jicha et al.,, 2013; Chamberlain et al., 2019; Preece et al., 2021). Deposits of
intermediate composition are randomly distributed around the island, covering ~ 6% of the
island’s surface (Fig 3.1), and consist of scoria cones, scoria falls and lava flows (Weaver
et al.,, 1996; Nielson and Sibbett, 1996; Jicha et al., 2013). However, no intermediate
composition deposits have been described in detail, and little is known about the character
of the eruptions that produced these deposits.

Here we present the first detailed study to reconstruct the evolution of the Devil’s Ink
Pot (DIP) trachyandesite eruption. Detailed fieldwork highlights two contrasting eruption
deposit that provide evidence for multiple eruption styles and resulting hazards along the
eruptive fissure. These findings contribute an understanding of the intensity, style and
duration of the DIP eruption and the diversity and complexity of the resulting volcanic
hazards. The results provide insights to future eruption scenarios on Ascension Island which

may be useful evidence for planning and preparedness activities on the island.

3.2 Geological Setting
Ascension Island sits on ~ 5 — 6 Ma old oceanic crust (Klingelhdfer et al, 2001; Paulick et

al., 2010; Preece et al., 2021). The magmatic source for Ascension Island has been the
subject of debate, with some studies linking Ascension Island to a mantle plume (Schilling
et al, 1985; Brozena, 1986), while more recent geophysical research indicates that the
crustal structure is inconsistent with a hotspot origin (Klingelhéfer et al, 2001; Paulick et al,
2010) and is instead consistent with an on-axis origin (Klingelhéfer et al, 2001; Evangelidis
et al., 2004; Paulick et al, 2010). The 1 Mya sub-aerial section of the island was produced
by off-axis volcanism, fed by partial melting of an enriched mantle source (Paulick et al.,
2010; Preece et al., 2021) and evolved through fractional crystallisation (Weaver et al.,
1996; Karr et al., 1998; Chamberlain et al., 2016; Chamberlain et al., 2019).

Volcanism on Ascension Island span the compositional range from basalt — hawaiite
— Mugearite — benmoreite — trachyte — rhyolite, with ~ 75 vol.% mafic deposits, ~ 6 vol.%
intermediate deposits and ~ 19 vol.% felsic deposits (Daly, 1925; Harris, 1983; Weaver et
al, 1996; Nielson and Sibbett, 1996; Karr et al, 1998; Ammon et al, 2009, Chamberlain et
al, 2016) (figure 3.1). Eruption styles have varied between effusive and explosive, with >75
explosive eruptions occurring within the last ~1 Myr (Preece et al, 2016, 2022). The mafic
volcanic products include scoria cones, lava flows, and scoria fall deposits, occur all over
Ascension Island and can be split into three categories based on their Zr/Nb ratios (Weaver
et al, 1996; Kar, 1997; Chamberlain et al, 2016). The felsic volcanic products include pumice
fall deposits, pyroclastic flow deposits, lava flows and lava domes and outcrop in two main
areas of the island: the older, Central Felsic Complex (figure 3.1) and the younger Eastern
Felsic Complex (figure 3.1) (Nielson and Sibbett, 1996; Weaver et al., 1996; Karr et al.,
1998; Jicha et al., 2013).
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Figure 3.1: Geological map, modified from Chamberlain et al (2016) to include the intermediate
deposits shown in pink. The star represents the DIP fissure, located in the Letterbox region on
the island.

3.3 Devil’s Ink Pot Fissure (DIP)

The 28 ka DIP fissure (Preece, pers. comms) represents the best preserved and youngest
intermediate composition eruption products on Ascension Island. The 1.3 km long fissure,
on the south-eastern corner of the island, is orientated along an average azimuth of 98°
with minimal offset. The DIP fissure (Fig. 3.2a) consists of 18 cones, numbered from west
to east, sixteen channelised lava flows that form three lava flow fields, pyroclastic fall
deposits, and a ballistic bomb field extending up to 1.5 km north/northwest from the fissure.

The fissure is located on the Eastern Felsic Complex (fig. 3.1) and erupted through
a series of trachyte lava flows and domes (Fig. 3.2b,c). The western-most cones (1 — 5)
make up the first segment of the fissure and erupted through the 70 + 3 ka (Preece, pers
comms), White Horse trachyte dome (Fig. 3.2d), that is overlain by pumice-rich pyroclastic
deposits. The middle segment of the fissure (cones 6 — 11) has erupted through a 488 + 5
ka (Preece, pers comms), porphyritic trachyte lava, characterised by crystal-rich mafic
inclusions. (Fig. 3.2f). This was probably erupted from the White Horse area. The southwest
edge of the fissure, also classed as the middle segment, cut through the Wig Hill scoria
cone (Fig. 3.2e). Remnants of an older trachyte dome (undifferentiated) outcrop below the
Wig Hill scoria cone deposits on the south coast. The DIP South East Head lava flow field
sits on top of this dome.
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Devil’s Ink Pot Deposits
-DIP northwest lava flow field; benomoreite lava flows
-DIP South East Bay lava flow field; benomoreite lava flows
-DIF South East Head lava flow field; benomoreite lava flows
DIP tephra deposits; benmoreite

Mafic Deposits
[EBE] oder, benmoreite tava flow
Basaltic fissure with obsidian pyroclasts and associated
tephra deposits
Undifferentiated mafic tephra; tephra from DIP eruptions and
ballistics from opf baslatic fissure
Wig Hill

-Undineren(ialed mafic lava flows

Unidifferentiated mafic tephra; tephra and ballistics from an
lolder scoria cone on the edge of South East Head dome

Felsic Deposits
[ Jwnite Horse; commenditic trachyte
-SDth East Head; commenditic trachyte

-Undiﬂerenna(ed felsic dome

Felsic lava flow; commednitic trachyte crystal rich lava flow
with mafic enclaves

[ Litte white Horse; ihyolitic dome
-Undl"eren(ialed felsic lephfa
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Figure 3.2: A) Geological map and key of the Letterbox area. The DIP deposits are in pink/red. Lines show the locations of the cross sections. B) Underlying
geological map of the letterbox area. C) Cross section (X1-Y1) through the whole fissure. D) Cross section (X2-Y2) through crater 1. E) Cross section (Xs-Y3) through
crater 7. F) Cross section (Xs-Y4) through crater 9. G) Cross section (Xs-Ys) through crater 18. Note that the thicknesses of the units are not true to scale, and the
purpose of the cross section is to show how the underlying geology changes along the fissure.
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The third segment is the eastern half of the fissure, cones 13 — 18, and erupted through the
South East Head (SEH) trachyte dome (age unknown) (Fig. 3.2g). In the north-eastern
corner of the SEH trachyte dome there is a basaltic scoria cone that erupted through the
side of the dome. The erupted material consists of red and brown scoria clasts and ropey
bombs, easily distinguishable from the fresh, black DIP deposits. There are inactive areas
between several of the cones (Fig. 3.2a). This is mostly observed between each of the
segments. It is possible that these gaps represent regions within the crust where the magma
could not propagate through.
Some of the deposits from the eruption have been eroded or are poorly exposed due to
high erosion rates and on-going volcanic activity at the time of deposition. The proximal and
medial deposits are relatively well preserved, but the distal deposits have been lost to sea.
There is very little work on the structure of the island (Ross et al., 1996; Nielson and
Sibbett, 1996; Evangelidis et al., 2004), however the middle segment of the fissure sits
directly above a trachyte lava flow (ctf; Fig. 3.2a), both the first and middle segments run
parallel to another small basaltic trachyandesite fissure (opf; Fig. 3.2a) (Foster, 2020) and
an older scoria cone sits ~ 400 m from the end of the third segment of the DIP fissure (umtz;
Fig. 3.2a).

3.4 Methods

3.4.1 Fieldwork

A 7-week field season was undertaken from December 2019 to February 2020 and included
detailed logging and identification of lithofacies exposed in crater walls, mapping and
sampling of erupted products, and analysis and sieving of tephra to identify key features
that indicate the type of eruption processes occurring along the fissure. Mapping was only
undertaken of the existing DIP deposits, including their structures, but did not consider faults
or fractures in the DIP deposits or the underlying country rock.

Bulk samples of the fresh spatter were taken from each cone where access was
possible. Bulk lava samples were taken from the tops and ends of the lava flows wherever
possible. Where not possible, samples were taken from flow margins or from features along
the flow.

To sample each individual layer of fall deposits, small, stepped profiles were made,
each layer was scraped onto clean plastic tarp, and then further processed (described in
Chapter 3.2.3). The top of each tephra unit is defined by a palaeosol horizon and reworked
tephra material.

The eruption deposits were mapped, and geospatial data were recorded using a
handheld global positioning system (GPS) with a £ 5 m horizontal accuracy. Where possible,
the crater walls were logged. Where access was not possible, logs were created using
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photographs taken in the field. In cones where detailed examinations were possible, logs
were created on a cm scale to identify and describe lithofacies. Lithofacies were determined
based on grain size, shape and degree of welding or agglutination. Spatter aspect ratios
were calculated by measuring the length and width of 50 spatter clasts at each cone. Lavas
were mapped both in the field and remotely using field photographs and Google Earth.
Measurements for spatter unit thicknesses and lava flow dimensions given are the best
representation but should be seen as a minimum due to loss of deposits, e.g., lavas entering
the sea. Viscosity of the lava flows was calculated based on the model of Giordano et al.
(2008) and does not consider the effect of crystal populations.

The composition and abundances of lithic clasts were documented at each cone to
provide insight into the underlying geology and to attempt to link the tephra fall deposits to
individual cones. At each cone, sampling was conducted within two 5x5 m grids located on
the ground at the cone rim and 100 clasts were described.

Volcanic bombs were mapped to understand the distribution of bomb types and size
of bombs ejected from the cones. North-south transects, at ~100 m spacing were
constructed along the fissure. Every 20 m the largest bomb within 5 m either side of the
transect was measured, described, photographed, and located with a handheld GPS.

Bombs reasonably attributed to neighbouring volcanoes were omitted.

3.4.2 Granulometry

Tephra fall deposits were sieved in the field down to 8 mm. The volume of material sieved
was calculated by weighing the largest clast, and assuming this represents 5% of the total
weight of tephra needed for analysis (Cas and Wright, 1987). The other 95% of the tephra
weight required was collected, weighed, and passed through an 8 mm sieve. Clasts larger
than 8 mm were measured on their longest axis and grouped into the 16 mm, 32 mm, and
64 mm size fractions. For these size fractions, lithic clasts were separated out and both the
tephra clasts and lithic clasts were weighed. Tephra < 8 mm was weighed, poured into a
cone shape, and quartered or halved, depending on the total weight. Where the beds were

fine (<20 cm thick) 2 kg of material were bagged.

3.5 Results

3.5.1 Pyroclastic Cones

The DIP fissure consists of 18 well preserved, sub-spherical cones, numbered from west
(cone 1) to east (cone 18). The terms used to describe the cones are given in Fig. 3.3.

The morphology of the cones gained from field and satellite data reveals a range of sizes
from 10 — 132 m in diameter and 5 — 80 m deep (table 3.1). Minimum areas and volumes

range from 1.9x10% — 2.7x10* m? and 2.0x10? — 1.2x10° m?, respectively. Descriptions are
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Cone & | Dimensions Cone features Spatter Lithofacies Lithic Clasts Ballistics Lava flows
type
C1 120 x 81 m Two vents; 16 x 6.5 m Unit thickens towards SE; NC-B4 —14.2 m NC-A: whTr lithic Tortoise shell -
T3 diameter; 32 | septum creates two nested | thick; NC-A 0 — 2 m thick. NC-A: sharp rich talus slope bombs (bomb
m deep; NC- | cones (NC-A, NC-B); contact pre-eruption substrate; transitions deposits on SE type tsB; table
A-3x6m; Excavated down into White | laterally from unconsolidated, scoriaceous and E cone walls. 3.5);upto4 m
NC-B-9x Horse Trachyte (lithic bomb-rich fall deposit (lithofacies LpB; table in diameter;
11 m (basal clasts whTr; table 3.1) 3.2) to moderately agglutinated spatter, emplaced on top
diameters); substrate. moderately welded spatter and densely of spatter unit.
23750 m? NC-A/septum: fossil welded spatter (lithofacies magSp, mwSp,
area; 121000 | fumaroles reach 5 min dwSp). NC-B: base not seen; weakly
m? volume. diameter; composed of stratified; alternating layers of oxidised red,
vesicular scoria, sub- moderately agglutinated spatter, moderately
rounded trachyte clasts; welded spatter, dark grey, densely welded
anomalous orange, red, spatter (lithofacies magSp, mwSp, dwSp);
yellow discolouration; rare, black, vitreous glassy clasts, up to 4.5
patches of green lichen. cm in diameter, mixed in moderately
agglutinated spatter (~10 m high).
C2 10x8m Single vent; Partially Densely welded spatter (lithofacies dwSp; - - FF1; F1;
T1 diameter; 6 x | destroyed by construction table 3.2); lenses of moderately agglutinated ‘Aa lava
3 m basal of dirt road; spatter and weakly agglutinated lapilli and flow
diameter; 7.5 bombs (lithofacies magSp, wagLpB). extends
m deep; 220 out cone
m?2 area; 196 towards
m?® volume. NE.
C3 75x72m Single vent; E cone wall N cone wall: layer of weakly agglutinated whTr, gTr lithic Composite -
T2 diameter; 20 | borders C4. lapilli and bombs (lithofacies wagLpB; table rich talus slope on | bombs,
m deep; 3.2); rare, <2 cm diameter whTr; moderately S cone wall; rare vesicular bombs
9425 m? vesicular bombs; rare highly vesicular juvenile clasts. (bomb type cB,
area; 29452 bombs. vB; table 3.5)
m?3 volume. Ballistics and spatter occur in upper 11.5 m and
of cone walls. NE cone wall: 35 cm thick; undifferentiated
densely welded spatter coated in moderately bombs sit on
agglutinated spatter (lithofacies dwSp, cone walls and
magSp); black, glassy clasts (as in C1) occur rim.
in dwSp layer.
C4 37 x47m Single vent; E and W walls | N cone wall: upper 1.5 m; layer of weakly whTr lithic clasts; On cone rim; -
T2 diameter; 8 border C5 and C3; 5x 5.5 agglutinated lapilli and bombs (lithofacies surround nested upper4 m S
m deep; m nested cone; surrounded | wagLpB; table 3.2); up to 20 cm diameter cone; within cone wall;
3568 m? whTr lithic clasts; up to 30 cm diameter lithofacies. tortoise shell
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area; 4627

by lithic and juvenile clasts

bombs; moderately vesicular bombs; densely

bombs (bomb

m?3 volume. (10 and 15 cm diameter). welded bombs (lithofacies dwSp); S cone type tsB; table
wall: no spatter deposits. 3.5); clustered in
W end of N cone
wall; dwSp
bombs; >1 m
long.
C5 67 x 66 m Single vent; Fossil S/SW cone wall: partially exposed, 3.7 m S/SW cone wall: S end of ridge NE cone
T3 diameter; fumaroles on ridge thick lapilli and bomb layer; not accessible ardC rich talus has cluster of wall:
variable separating C5 and C6; but inferred to be weakly agglutinated lapilli slope. bombs up to 5 m | fractured
depth; 53 m excavated down into edge | and bombs (lithofacies wagLpB; table 3.2) diameter. lava
SW cone of Wig Hill scoria cone based on other carter deposits, structure and tongue; 17
wall; 10 m W | (lithic clasts ardC). strong alignment of larger bombs; bombs x 14 m
cone wall; heavily cracked; infer some bombs flowed into
7205 m? fragmented on impact; grades into 2 m cone base;
area; 11752 scree; densely welded spatter (lithofacies blocky ‘a’a
m?3 volume. dwSp) with lenses of weakly agglutinated toe 1.5 m
lapilli and bombs and minimal moderately thick;
welded spatter (lithofacies wagLpB, mwSp); ropey
4.8 m thick on S/SW cone wall; occurs texture
around whole cone, varies in thickness ~0.5 transitions
—-7m. into glassy,
tortoise
shell skin
with
aligned
striations
and
scratch
marks.
C6 38x45m Single vent N, NW, SE cone wall: no spatter deposits; Scree <10% lithic | - FF1; F2;
T1 diameter; ~ loose, dense blocks of lava and scree; SW clasts. ‘A’a lava
6m deep; cone wall: minimal moderately welded flow
3236 m? spatter and moderately agglutinated spatter extends
area; 3181 (lithofacies mwSp, magSp); horizontally out cone
m?3 volume. graded; sharp contacts; magSp contains towards
<1% whTr clasts (<2 cm diameter). NE;
fractured
lava
tongue; 5 x
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3.5m

flowed
back into
cone;
glassy
tortoise
shell skin;
dense
coherent
core.
c7 72x45m Single vent; Excavated Deposits vary 4 — 8 m thick; weakly NE cone wall: - FF3; F5;
T3 diameter; down into edge of Wig Hill | agglutinated lapilli and bombs (lithofacies ardC rich talus ‘A'a lava
variable scoria cone. wagLpB); interbedded layers moderately slope; angular flow
depth; 15 m welded spatter and densely welded spatter pmTr bomb; 2 m extends
W cone wall; (lithofacies mwSp, dwSp); sharp contacts diameter. out cone
2 m E cone (mwSp — dwSp); gradational contacts towards S.
wall; 8149 m? (wagLpB — mwSp, dwSp).
area; 2714
m?® volume.
C8 132x75m Two vents; Excavated S cone wall: 1 m thick layer moderately Nested cone Sub-rounded, FF3; F6;
T3 diameter; down ~ 30 minto agglutinated spatter (lithofacies magSp); surrounded by vesicular bombs | Spiny ‘a@’a
variable porphyritic commendite lower 20 cm include 15% altered whTr; upper | whTr lithic clasts; (bomb type vB) lava flow
depth; 30 m lava flow (lithic clasts 80 cm include 10 — 15% gTr and pmTr. clustered on SW | inferred to
N cone wall; pmTr); thin covering of cone wall originate
6 m S cone loose juvenile lapilli and from cone;
wall; 27426 block scree; nested cone; flows S.
m? area; 50 cm high ridge with fossil
27370 m® fumaroles.
volume.
C9 66 x41m Single vent; E cone wall Deposits vary 2 — 3 m thick; sharp contact - Very rare bombs | -
T3 diameter; 9 — | borders C10; excavated with pre-eruption substrate; thicken to E; rare on top of spatter
23 m deep; down into pmTr lava flow; layers weakly agglutinated lapilli and bombs; unit.
6967 m? only exposed on half of S interbedded moderately agglutinated spatter,
area; 10264 and N cone walls. moderately welded spatter and rare densely
m?3 volume. welded spatter (lithofacies wagLpB, magSp,
mwSp, dwSp); dwSp varying degrees if
vesiculation.
C10 62x44 m Two vents; E and W cone Deposits vary 2 — 9 m thick; alternating - - -
T1 diameter; 17 | walls border C11 and C9; layers altered red moderately agglutinated
m deep; E cone wall has fossil spatter and moderately welded spatter (up to
6462 m? fumaroles; yellow coating 40 cm thick) and dark grey densely welded
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area; 17108 on surrounding spatter; spatter (up to 30 cm thick) (lithofacies
m?3 volume. nested cone surrounded by | magSp, mwSp, dwSp).
red spatter blocks.
C11 N cone wall: Single vent; S cone wall Deposit 18 m thick; lower spatter unit 5 m - - FF3; F7;
T1 40 m deep, lost during and/or after thick; undifferentiated spatter as degree of ‘A'a lava
90 m long. eruption; only N cone wall welding/agglutination not identified; upper flow
and small portion of E/W spatter unit 13 m thick; interbedded layers extends
cone walls remain. rare moderately agglutinated spatter, south.
moderately welded spatter, and densely
welded spatter (lithofacies magSp, mwSp,
dwSp); abundant small dwSp bombs; dense
spatter crust covers sections of cone wall;
sits on top of spatter unit.
C12 50 x 56 m Single vent; Large outcrop | Deposits vary 1.5 — 3 m thick; outcrop in - - -
T1 diameter; 5 in centre of cone — central multiple places around cone. CSM: altered
m deep; spatter mound (CSM); two, | red moderately vesicular densely welded
4965 m? parallel, semi-circular spatter, moderately welded spatter, and
area; 4105 spatter deposits — inner moderately agglutinated spatter (lithofacies
m?3 volume. spatter walls (ISW) and dwSp, mwSp, magSp); magSp contains ~
outer spatter walls (OSW). | 2% sehTr lithic clasts. ISW/OSW: as CSM
but no sehTr lithic clasts; become less
welded and agglutinated upwards; grades up
from dwSp, to dwSp bombs and mwSp, to
bomb rich wagLpB.
C13 66 x 39 m Single vent; First on Deposit 6 m thick; sharp contact with the pre- | - - FF2; ‘A’'a
T3 diameter; 80 Southeast Head dome; eruption substrate; interbedded moderately lava flow
m deep; excavated down ~ 74 m welded spatter, densely welded spatter, and field
12393 m? into the trachyte dome rare moderately agglutinated spatter formed as
area; 91232 (lithic clasts sehTr); has (lithofacies mwSp, dwSp, magSp); single, 1.4 lava flows
m?3 volume. three cone walls; E cone m thick layer of dwSp at base of unit; spatter flowed S.
wall borders C14. contours steeply dipping edge of trachyte
dome.
C14 56x20m 3 vents; 3 nested cones Massive cone wall deposits at all NC’s; loose | sehTr identified Composite FF2; F4;
T1 diameter; (NC A-C); NC-A: borders lapilli and bombs (lithofacies LpB); densely around all NC; bombs (bomb ‘Aa lava
elongate C13; 8.5 x 3 m diameter. welded spatter blocks (lithofacies dwSp) most abundant types cB) seen flow field
cone; 2-10 NC-B: middle cone; 7 x 3 between NC-B and NC-C. around NC-C; up but rare. formed as
m deep; 189 m diameter; NC-C: 5x3 m to 30 cm lava flows
m? area; diameter. Fossil fumaroles diameter. flowed S.
1642 m3 between NC-B and NC-C.
volume.
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C15 72x61m Single vent; E cone wall N cone wall: 2.5 m thick deposit; weakly Vesicular bombs | FF2; F4;
T diameter; 11 | borders C16; 3 m high stratified; oxidised red, moderately (bomb type vB); | ‘A’alava
m deep; ridge with fossil fumaroles; | agglutinated spatter and moderately welded upto1.5m flow field
8329 m? excavated down ~6 minto | spatter (lithofacies magSp, mwSp) layers diameter; formed as
area; 14929 trachyte dome (lithic clasts | 22.5 — 37.5 cm thick; densely welded spatter emplaced on lava flows
m?3 volume. sehTr); spatter builds up ~ | bombs (lithofacies dwSp) layers 38 — 78 cm upper 1.7 m of flowed S.
3m above sehTr. thick; dwSp bombs abundant in lower part of cone wall.
unit and rare in layers of magSp and mwSp.
S cone wall: 62 cm thick densely welded
spatter (lithofacies dwSp) deposit; sharp
contact with underlying, weakly stratified
spatter unit (as N cone wall); dwSp unit
pinches to east, 22 cm — 3 m thick; above
dwSp unit 93 cm thick, interbedded magSp
and mwSp. E cone wall: core of a lava flow
contours cone topography; sharp contact
with pre-eruption substrate (sehTr);
gradational contact with N cone wall spatter
deposit; patches of pahoehoe texture.
C16 73x40m Single vent; W cone wall Lava flow cores exposed on S, E, W cone Glassy bombs FF2; ‘A'a
T3 diameter; 40 borders C15; excavated walls; 2 m thick; sharp irregular contact with and rubbly lava flow
m deep; down ~ 35 m into trachyte pre-eruption substrate (sehTr); contours tortoise shell field
10395 m? dome (lithic clasts sehTr); cone topography. S cone wall: 1 m thick bombs (bomb formed as
area; 55805 spatter builds up above lava flow; dips N; sits above another lava types gB, rtB); lava flows
m?3 volume. trachyte dome. flow core. N cone wall: lava flow core in NW emplaced on flowed S.
corner; covered by moderately agglutinated cone rim; up to
spatter (lithofacies magSp); grades into loose 6.5 m diameter.
lapilli and bombs (lithofacies LpB); bombs
highly fragmented; lava flow core unit grades
horizontally into 2.8 m thick, weakly stratified
spatter deposit; alternating layers of densely
welded spatter bombs (11 — 19 cm thick) and
moderately agglutinated spatter (13 — 51 cm
thick) (lithofacies dwSp, magSp); spatter unit
grades horizontally into 2.1 m thick, weakly
agglutinated lapilli and bombs (lithofacies
wagLpB).
Cc17 29x22m Single vent; E cone wall N cone wall: 50 cm thick dwSp band; dwSp Few glassy FF2; 'A'a
T1 diameter; 15 | borders C18. band sharp contact with underlying, blocky bombs and lava flow
m deep; juvenile material and overlying scree; below rubbly tortoise field
1611 m? dwSp band alternating dwSp and lava-like shell bombs formed as
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spatter deposit; grades rapidly up to 2 m
thick, weakly stratified moderately
agglutinated spatter, up to 41 cm thick, and
densely welded spatter, up to 68 cm thick,
(lithofacies magSp, dwSp). S cone wall: 70
cm thick spatter deposit, lava-like spatter (I-
ISp); contours cone topography; lobes
partially dribble back into cone; surface of I-
ISp is rubbly and blocky (as an ‘A’a lava
flow).

area; 3303 spatter (lithofacies I-ISp); gradational (bomb type gB, lava flows
m3 volume. contacts. S cone wall: massive, 11 m thick, rtB); up to 90 cm | flowed S.
densely welded spatter unit (lithofacies diameter;
dwSp). emplaced on
cone rim.
C18 21x17m Single vent; W cone wall N cone wall: sharp contact with pre-eruptive sehTr outcrops at | Breadcrust FF2; ‘A’'a
T1 diameter; 7 borders C17; excavated substrate (sehTr); 9 m thick, massive, lava- base and middle bombs and lava flow
m deep; 763 | down ~ 1.5 minto trachyte | like body (lithofacies I-ISp); sehTr lithic clasts | of S cone wall; vesicular bombs | field
m? area; 808 | dome (lithic clasts sehTr); welded surface of lower 1.1 m; sub-spherical | highly fractured. (bomb type bcB, | formed as
m?3 volume. spatter deposits build up ~ | bulges within I-ISp; vertical and sub- vB) emplaced lava flows
11 m above trachyte dome. | horizontal cracks cut through bulges and on cone rim. flowed S.

Table 3.1: Descriptions of the cones, including cone features, spatter lithofacies, lithic clasts, surrounding ballistic bombs (separate to bombs
in the lithofacies) and associated lava flows.
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provided below of pyroclastic and lithic components of each of the cones from which the
cones have been subdivided into types to evaluate the evolution of the eruption (Fig 3.4a).

a - crater width
b - crater depth
c - crater base
d - crater wall

e - crater flank
f - crater rim

Figure 3.3: Schematic drawing of a crater, where the terminology used throughout the thesis is
labelled.

3.5.2 Lithic Clasts

The lithic clasts in the pyroclastic deposits exposed in the crater walls of each cone are
derived from the underlying geology (Fig. 3.4b) and are described in table 3.2.

A

[Etype 1
[type 2
[Mtype 3

= lava flow

Key: mwhTr mgTr mpmTr madrC maryC msehTr © arbC ' rTph
Figure 3.4: A) Schematic map of the cones showing the distribution of the different cone types
along the fissure. B) A map showing the distribution of vents along the fissure (filled in green).
Pie charts show the total % of each type of lithic clast counted around the fissure. whTr — White
Horse trachyte, gT — green trachyte, pmTr — trachyte with mafic enclaves, ardC — altered red
dense clasts, aryC — altered red/yellow clasts, sehTr — South East Head trachyte, arbC — altered

red/brown clasts, rTph — red tephra clasts. It should be noted that all lithic clast counts were
taken north of the craters.
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Name Abbrv. Textures Crystal Phases Other features
White Horse | whTr Light grey/yellow colour; some have grey flow bands; light bands, up | Essential: feld, cpx. Rare, dark purple, aphanitic
trachyte to 7 mm thick, fine - medium grained, aphyric; dark bands, up to 1 Accessory: Fe-Ti ox inclusions; some have ~ 3 vol.%
cm thick, aphanitic and/or glassy; non-banded aphyric, fine grained Groundmass: feld, ox feldspar phenocrysts.
and/or glassy; non-vesicular.
Green gTr Grey/green colour; weak bands of darker crystals; crystalline, fine Essential: feld Patches of red/orange alteration;
trachyte grained phaneritic; non-vesicular. Accessory: Fe-Ti ox single dark, porphyritic inclusion
Groundmass: feld, ox with black, 1.4 cm thick rims.
Trachyte pmTr Light grey colour; dark grey patches with weakly aligned crystals; Essential: feld, cpx Rich in dark, porphyritic
with mafic crystalline, fine — medium grained phaneritic, weakly porphyritic; Accessory: Fe-Ti ox inclusions.
enclaves non-vesicular. Groundmass: feld, ox
Altered ardC Brown/red colour; microcrystalline, fine grained, aphanitic; Essential: feld, cpx. Heavily altered clasts.
dense clasts incipiently/moderately vesicular. Accessory: n/a
Groundmass: n/a
Altered aryC Red/yellow surface; interior dark grey/black; microcrystalline, Essential: feld Surface is heavily altered.
red/yellow aphanitic; non-vesicular. Accessory: n/a
clasts Groundmass: n/a
SHE sehTr Pale grey/brown; fine grained, crystalline, aphanitic; non-vesicular. Essential: feld, cpx, hbl Dark grey/brown inclusions.
trachyte Accessory: Fe-Ti oxides White alteration patches on the
Groundmass: feld, ox, surface of some of the clasts.
Altered arbC Red/brown; microcrystalline, fine grained, aphanitic; non-vesicular Essential: feld Crumbly and can be platy.
red/brown Accessory: n/a
clasts Groundmass: n/a
Pumice Pu Pale grey; aphyric; microvesiuclar Essential: feld, Contains altered orange specks.
Accessory: n/a
Groundmass: n/a
Rounded rdC Black/ dark grey; microcrystalline, fine grained, aphanitic; non- Essential: feld Some clasts have weak platy
dense clasts vesicular Accessory: n/a surface.
Groundmass: n/a
Jagged jdC As rdC Essential: feld As rdC
dense clasts Accessory: n/a
Groundmass: n/a
Red tephra rTph Red; aphyric; moderately vesicular Essential: n/a
Accessory: n/a
Groundmass: n/a
Unidentified | Unid'd Clasts are either too small or are too weathered/altered to clearly identify a specific type.
clasts

Table 3.2: The different lithic clasts found in the field. Where possible, the crystal phases from microscopy work have been included. For samples where this was not
possible, descriptions are based wholly on hand specimen descriptions and n/a is implied.




White Horse trachyte lithic clasts (whTr) clasts are either pale yellow-cream or banded and
are inferred to originate from a lobe of lava. Green trachyte lithic clasts (gT) do not outcrop
on the surface and are inferred to be an older, now sub-surface, trachyte deposit, covered
by more recent eruptions. Porphyritic trachyte lithic clasts (pmTr) with mafic inclusions are
inferred to be the product of an older trachyte lava lobe that outcrops beneath cones 7 —
12. The altered, dense, red lithic clasts derive from the Wig Hill scoria cone, which cones 5
and 7 partially overlie. The altered red and yellow lithic clasts are inferred to have originated
from cone 10 or cone 11. The SEH trachyte is from the underlying South East Head trachyte
dome. The altered dark brown lithic clasts are too altered to identify original textures. Red
tephra clasts are inferred to be not in situ and have been transported in a plume from a

previous eruption.

loose block

4

o

Figure 3.5: Images of the different spatter lithofacies identified in the field. A: Loose lapilli and
bombs (LpB) B: weakly agglutinated lapilli and bombs (wagLpB) C: moderately agglutinated
spatter (magSp) D: moderately welded spatter (mwSp) E: densely welded spatter (dwSp) F:

lava-like spatter (I-ISp).
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3.5.3 Pyroclastic Cone Lithofacies

Six different lithofacies (Fig. 3.5; table 3.1) were recognised in the cone walls based on
degree of coalescence, agglutination and welding, and size of clasts (Cas and Wright, 1987;
Henry et al., 1989; Branney and Kokelaar, 1992; Sumner et al., 2005). As the degree of
welding and/or coalescence increases, the clasts become more deformed and outlines less
visible, void space decreases and contacts between different lithofacies become sharper.
Welded and moderately agglutinated lithofacies occur in crater walls, whilst weakly
agglutinated and loose lapilli deposits occur in crater walls and up to 400 m from the cones.
Clast aspect ratios increase with welding intensity (Fig. 3.6a) and there is a strong positive
correlation between clast size and aspect ratio (Fig. 3.6b).

Three types of cones were identified in the field based on the lithofacies exposed in
the crater walls. Type 1 (Fig. 3.7) consist of moderately agglutinated, moderately welded,
and densely welded spatter deposits and some been the source of lava flows. Type 2 (Fig.
3.8) consist of weakly agglutinated and loose scoria? lapilli and bombs, lithic clast-rich talus
slopes and ballistic bombs. Type 3 cones are composed of the spatter lithofacies seen in
type 1 and the talus slopes and ballistic bombs seen in type 2. Some of the type 3 cones
have evidence of a single eruption vent (Fig. 3.9), whilst others exhibit individual spatter
characteristics around nested craters, which is evidence for more than one eruption vent.
For example, at cone 1 (Fig. 3.10), a nested crater (NC-A) exhibits lithic clast rich talus
slopes and non-welded fall deposits, whilst a second nested crater (NC-B) is surrounded by
thick, moderately agglutinated, moderately welded, and densely welded spatter deposits.
Of the cones, 10 are type 1, 2 are type 2 and 6 are type 3. No one cone type is larger than

the other, however, the type 3 cones are always the deepest (up to 80 m deep).
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Figure 3.6: A) Box and whisker plot showing the distribution of the aspect ratios of the spatter
lithofacies. Circles represent outliers. B) Graph showing clast size vs aspect ratio of the different
lithofacies. There is a weakly positive correlation between aspect ratio and clast size.
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ASPECT

NAME RATIO COMPOSITION AND TEXTURE STRUCTURE OCCURRENCE INTERPRETATION
Black or golden-brown coarse ash — bombs, <1 - 128 cm; Fall deposits from an unstead
moderately - poorly sorted; clast supported; aphanitic; .o . . Up to 20 m from vent, ep 9y
- ) . Massive; unconsolidated; clasts eruption plume above Hawaiian
Lapilli & angular - sub-rounded shapes; moderate - highly on all outer cone i .
N/A . § . . undeformed and randomly fire fountains. Pyroclasts too cool
bombs (LpB) vesicular; vesicles sub-rounded - elongate, up to 3 cm; . . . walls/ top of all cones . .
L . . S 1 orientated; abundant void space. ) to sinter or agglutinate on
variations in scoriaceous and pumice-like textures; angular along whole fissure. deposition
lithic clasts, varying compositions. P )
Weakly E)I:C_k ooro?-:te;z?—t;z(-ﬂct;)l;os\;vzijfmgrltizl-mcgsg n;l()js,ess ;1;590 em Massive; lack of fines (< 2 mm) As above. Accumulation of mostly
agglutinated 195 oigi gontayctS' all (;Iasts visi‘t))?e' a Hanitic sco?'iaceous between clearly defined outlines of | <10 m from vent in solidified well fragmented clasts.
lapilli and 2'00 ?exture' an ulér— sub-rounded’shpa o m<’)deratel  highl particles; clasts undeformed; 39% of cone walls to Higher accumulation rates allow
bombs ’ ) I’ . gu® les i | | Pe; 9 y_ 9 Iy random - weakly orientated; the west of fissure. pyroclasts to sinter but maintain
(wagLpB) vesicular, vesices irregular — & ongate, up.to cm; angular | opundant void space blocky shapes on deposition
lithic clasts, up to 20 cm, varying compositions. ) )
e - Massive; lack of fines (<2 mm)
Moderately Dark. grey or altered red., fine lapilli ~ bombs, 3.'5 - 89 cm between clearly defined outlines of . Fallout from the outer part of a fire
agglutinated 1.03 - long; moderately sorted; clast supported; multiple point particles; sharp contacts; clasts < 10 m from vent in ~ fountain with increasing
spatter 2-85 contacts; edges of some clasts visible; aphanitic; irregular weakl d’eformed no claic,t 67% of cone walls accumulation rates leading to
(;a Sp) : - sub-rounded shape; moderately vesicular; vesicles sub- fIatten)i/n . weakl ’orientated' along whole fissure. agalutination on de ositiog
gop rounded — irregular, up to 2 mm. moderat% void sgace ’ 99 P '
Moderately Black or altered grey/brown; 7 — 45 cm long; few clast Massive; sharp contacts; clasts <10 m from vent in ~ Fallout from the inner part of the
welded spatter 1.05 - outlines visible; aphanitic; can have a scoriaceous texture moderately deformed; some clast 61% of cone walls fountain with rapid accumulation
(mwSp) P 2.59 and blue iridescence; poorly - moderately vesicular; flattening; moderately orientated; alor: whole fissure on deposition P
P vesicles irregular - elongate, up to 1.5 cm. voids rarely seen. 9 ) P )
Black/dark grey; spatter bombs with flattened and elongate
Densely shape;‘range from 13 - 450 (_:m long a’?d 3-59.cm .W.'de; Massive; sharp contacts; clasts <10 m from vent in ~ .
welded spatter 218 — no obvious pyroclast texture; clast outlines rarely visible, fully deformed- clasts strondl 89% of cone walls Fallout of large clasts ejected from
(dwSp) P 9.82 defined by varying zones of vesiculation; weakly fIati/ened' no vZ)id space 9y alor: whole fissure the inner part of the fountain.
P vitrophyric; non — incipiently vesicular; vesicles irregular - ’ pace. 9 ’
sub-rounded, rarely up to 1.5 cm.
Fallout of clasts from the inner
Lava like Black/dark grey; no obvious pyroclast structure; clast Massive; vertical and horizontal j550‘r’2 g?g:);gr&;nns ;Onudngﬁglﬁ;ggﬁzféscﬁg;n:EEZ?
N/A outlines not visible; weakly vitrophyric; non-vesicular; cooling joints; bulges; clasts fully ) ! e
spatter (I-ISp) along the South East pyroclasts coalesce on deposition

jagged and spiny or smooth surface.

deformed; no void spaces.

Head dome.

due to limited time for cooling
between clasts landings.

Table 3.3: Descriptions, interpretations and abbreviations of the different cone lithofacies seen in the field. Descriptions were aided by the classification scheme of Quane and Russell (2005).
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Figure 3.7: A) Panoramic view of crater 10, an example of the type 1 cones, showing the
weakly stratified spatter units on the northern and southern crater walls and the fossil
fumaroles. Crater is 62 m wide. Inset: schematic map showing the position of the crater along
the fissure and other type 1 cones (stars). B) A close up of the spatter unit, showing the
alternating layers of densely welded spatter (lithofacies dwSp; table 3.1) and the moderately
welded spatter and moderately agglutinated spatter (lithofacies mwSp, magSp). C) A close up
of the yellow coating surrounding the fossil fumaroles and blocks of densely welded spatter
(lithofacies dwSp). D) Log through the northern crater wall. Location of log marked by the red
line in. Thickness of the units estimated from a distance. scr — scree, magSp — moderately
agglutinated spatter, mwSp — moderately welded spatter, dwSp — densely welded spatter.

3.5.4 Lavas
The DIP eruption produced at least 16 small, channelised lavas of variable surface

morphology. They form three distinct flow fields: the northwest flow field (NWFF); South
East Head flow field (SEHFF) and South East Bay flow field (SEBFF) (Fig. 3.11). All but one
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of the lavas are clinkery ‘a’a lavas but can show transitions to and from a slabby pahoehoe
crust, the other is spiny ‘a’a lava. The lavas range in measured length from 145 - 630 m

Key:
[Euds
Bscree
B waglLps

Edwsp

1m S | —

Figure 3.8: A) Panoramic view of crater 3, an example of type 2 cones, showing the White
Horse trachyte lithic clast (lithic clasts whTr; table 3.2) rich talus slope that makes up most of
the southern crater wall. Ballistics are in clusters on the upper crater walls, (ballistics udB —
undifferentiated bombs, vB — vesicular bombs, cB — composite bombs; table 3.5). Most of the
crater walls are composed of scree (scr). Crater is 72 m wide. Inset: schematic map showing
the position of the crater along the fissure aa and other type 2 cones (blue star). B) The northern
crater wall showing the distribution of the different ballistics. Crater is 75 m long. C) An example
of the vesicular bombs (ballistics vB) observed in the upper portion of the edifice walls. D) Close
up view of the highly vesicular bombs seen in the weakly agglutinated spatter unit (lithofacies
wagSp; table 3.1) E) Log through the edifice wall. Location marked by red line in A. udB —
undifferentiated bomb, scr— scree, wagLpB — weakly agglutinated lapilli bomb, dwSp — densely
welded spatter.

long and may exceed these lengths where the lava flows enter the sea. The volume of
individual lavas have been calculated using the mapped extents and average lava flow
thicknesses. Lava flow volumes range from ~1.4 x10° — 2.2 x10° m® (table 3.4). All
measurements should be classed as minimum dimensions due to uncertainties of mapping
boundaries and loss of material either into the sea, from weathering or burial during the
eruption. Initial viscosities were calculated using the method of Giordano et al., (2008),
without considering the effect of crystal populations. The viscosity of the lava ranges from
10%° - 10*" Pa S and consistency is seen for each lava flow field (table 3.4).

3.5.4.1 Petrography of Lavas
The DIP lavas are dark grey, fine grained aphanitic and are incipiently to poorly vesicular

(vesicle classification based on Houghton and Wilson, (1989)) with irregular shaped
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vesicles. They contain phenocrysts, and microphenocryst assemblages dominated by
stumpy plagioclase crystals up to 2 mm in diameter (<3 vol.%), olivine, clinopyroxene and
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e DAL \
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Figure 3.9: A) Panoramic view of crater 13, an example of type 3 cones, showing the trachyte
substrate (lithic clasts sehTr; table 3.2) and the overlying spatter unit composed of a
combination of moderately agglutinated spatter, moderately welded spatter, and densely
welded spatter (lithofacies magSp, mwSp, dwSp; table 3.1). The crater is 66 m wide. Inset:
schematic map showing the position of the crater along the fissure and other type 3 cones. B)
A close up of the spatter unit, where the sharp contact with the underlying substrate, the
alternating layers of moderately agglutinated spatter, moderately welded spatter and densely
welded spatter (lithofacies magSp, mwSp, dwSp) and the layer of densely welded spatter
(lithofacies dwSp). C) A log through the crater wall. Location marked by the red line in A.
Thickness of the units were estimated from a distance. sehTr — Southeast Head trachyte,
magSp — moderately agglutinated spatter, mwSp — moderately welded spatter, dwSp — densely
welded spatter.

Lava Lava Length Cone Width | Thickness | Area (m?) Total Volume Total FF Viscosity
Flow | Flow (m) No. (m) (m) FF Area (m3) Volume (PaS)
Field (m?) (m°)
Flow F1 260 2 55 2.5 1.4 x10* 3.4 x10* 103!

. 4 4 3.1
Field [F2 | 180 |6 50 | 4:1 T4 x10 25 [ 45x10° | 79,404 |10
1 x10
Flow F3 90 -1 13-18 30 -] 1+£025- | 1.1x10° 2x10° 1030
Field 570 120 2+0.5 1.2 2.2 x10°
2 F4 115 15-16 70 2+0.5 1.0 x10* x10° 2.1 x10* ' 1030
Flow F8 150 unknown | 25 5+1.25 1.2 x10° 5.7 x10° 103!
Field F5 155 7 20 0.6+0.15 | 2.4 x10° 9.3 1.5 x10° 1.9 x10° 10%!
3 F7 630 11 75 1.5+0.38 | 6.5x10* x10* 9.8 x10* ' 103!

F6 265 8 40 6+15 1.4 x10* 8.4 x10* 103!

Table 3.4: Showing the main dimensions of the lava flows and lava flow fields. Each dimension is the
minimum dimension. FF = flow field.
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amphibole (<1 vol.% each) (Fig. chapter 5). Fe-Ti oxides are also present. The groundmass
is microcrystalline and consists of plagioclase, olivine, clinopyroxene and Fe-Ti oxides.
Further details on the petrography of the lavas and the crystal assemblages are in Chapter
4 and 5.

Key:
tsB
dwSp
mwSp
B magsp

Key for photographs:
v Vvvycrater rim «=== units within the crater === loctaion of log
AAAAAA ballistics «+++-++ spatter lithofacies “# crater base
------- crater features

Figure 3.10: A) Panoramic view of crater 1, an example of type 3 cones, showing the
two nested craters (NC-A, NC-B) with the septum between them and the spatter units
that build the crater up. The spatter units are composed of loose lapilli and bombs,
moderately agglutinated spatter, moderately welded spatter and densely welded
spatter (lithofacies LpB, magSp, mwSp, dwSp; table 3.1) and thicken in the direction
of the white arrows. The White Horse trachyte (lithic clasts whTr; table 3.1) talus slopes
represent the eruption cutting down into an underlying White Horse lava flow lobe. B)
The spatter unit at nested crater B (NC-B), showing the weakly stratified appearance
of moderately agglutinated spatter, moderately welded spatter and densely welded
spatter (lithofacies magSp, mwSp, dwSp). C) Showing the distribution of the different
spatter lithofacies within the unit. D) Log through the spatter unit at nested crater B
(NC-B). Location shown by red line in A and B. tsB — tortoise shell bomb, dwSp —
densely welded spatter, mwSp — moderately welded spatter, magSp — moderately
agglutinated spatter.
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Key:

b - clinkery 'A'a surface

r-rb - clinkery 'A'a surface with pressure ridges
sp - spiny 'A'a surface

sl-ph - slabby pahoehoe surface

|1 - lava levee

ch - open channel

lo - lobe m
c

[ Flow Field 1 (FF1)
[l Flow Field 2 (FF2)
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contact between lava outcrops and
outwash sediment
__ contact between South East Head flow
field and South East Bay flow field
7 direction of lava flow
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South East Head
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Llsva flow T mw . e
Figure 3.11: A) Structure map of the lava flows at DIP with the main lava flows numbered. B)
Image of the Northwest lava flow field. C) Image looking down onto the Southeast Bay lava flow
field. D) Image of one of the lava lobes in the Southeast Head lava flow field. Areas described in
detail below.

3.5.4.2 Flow Field 1 (FF1)

FF1 has an area of 3.6 x10* m? and a volume of 2 x 10° m® and is composed up of two

partially preserved, channelised rubbly ‘a’a lavas, F1 and F2, and an outwash plain, where
the lava has been eroded (Fig. 3.12c). Along the outwash plain, the remnant, 2.5 m high
levee of the F1 lava intercept the levees of the F2 lava, which bank up on the margins of a
pre-DIP trachyte lava (Fig. 3.12a). The lava flowed over a cliff and down a ~ 40° slope, into
a lower outwash channel with 5.5 m high, rubbly levees (Fig. 3.12d). An inaccessible lava
delta protrudes from the coastline, but its exact relation to the DIP lavas is unknown. Due
to the lack of outcrop and textural similarities in the field, it was not possible to understand
the original extent of the F1 lava.

Dark grey, highly vesicular, brittle, stretched glassy filaments infill cracks within the
F1 lava (Fig. 3.13a-d). In places, the glassy material has a highly viscous appearance and
is inferred to have been more ductile, with filaments protruding away from the surface (Fig.
3.13e).

The F2 lava channel is roughly symmetrical in appearance, looking up flow, with

the largest blocks (15 — 110 cm in diameter) in the central channel, the smallest blocks (10
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— 60 cm in diameter) either side of the central channel, and the medium sized clinker (10 —
100 cm in diameter) at the rubbly levees.
@ N

. location of brittle [ i s S presereved lava flow A
rubbly levee indicates and ductile glass > N G 1
maximum thickness of the ~ 7 Z. .

1.7 -62.3  13.3-31 13.7-1103 8.7-48.3
cm in diameter

rubbly surface

dense core
rubbly base

outwash plain &=
material

R s % % =
> o outwash plain g

Figure 3.12: A) Looking up at the F1 lava and rubbly levee showing the maximum thickness of
the flow. Red star indicates vent location. Thick white arrow indicates direction of flow. B) Looking
up at F2 lava and the rubbly levee. Dotted lines outline the sections of the channel based on block
size. Inset — schematic diagram of the channel showing the different block sizes and the ranges
measured in the field. Diagram not drawn to scale. Each measurement is average block size and
are cm in diameter. C) Looking down from F1 lava and showing the outwash plain channel and
the remnants of lava banked up along the channel sides. D) Looking back up towards the F1/F2
lava from the lower outwash channel.

3.5.4.3 Flow field 2 (FF2)

FF2 is located on the South East Head dome. The lava flow field is made up of at least eight

channelised, rubbly ‘a’a lavas, of which seven of the lava flows flowed south (F3), following
large joints and narrow valleys and one lava flow flowed north (F4) over a relatively flat
terrain.

F3 lava flows followed valleys carved out of the trachyte dome. There is no evidence
for hiatuses between the lava flows and | assume they were erupted close in time (Fig.
3.14a). Seven lava flows advanced down the side of the trachyte dome (Fig. 3.14b). Four
of the lava lobes merge into the South East Bay flow field and three lobes cooled on the
side of the dome. Large pahoehoe slabs, up to 4 m in diameter, with ropey textures occur
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Figure 3.13: A, B) Berittle glass with the dark grey/black skin infilling fréctures within the lava flow.

C) Brittle glass with the individual vesicles and filaments seen. D) Hand specimen of the glass
showing the larger elongate vesicles. E) The black, ductile, and more viscous glass with the
filaments protruding from the surface.

in the upper part of the lava flows and at small break outs (Fig. 3.14c). The vent proximal
parts of the lava flows are composed of equant ‘a’a blocks ranging in size from 15 — 80 cm
in diameter at the channel centre and 10 — 70 cm in diameter at the channel margins (Fig.
3.14d). The lower sections of the lava flow are composed of blocks of up to from 2 - 40 cm
in diameter.

The F4 lava is a low-profile, simple lobe of rubbly pahoehoe and flowed over a <5°
slope. The low aspect ratio and syn-eruption/deposition of tephra/ ballistic deposits make
the margins hard to define (Fig. 3.15a,b). The toe of the lava flow has a sub-spherical, ~ 3.5
m long, 3 m wide and 0.2 m thick tumulus (Fig. 3.15a,c) with a dense core and a crenulated
upper surface.

3.5.4.4 Flow field 3 (FF3)

FF3 is made up of at least seven channelised, rubbly ‘a’a (F5, F7) and spiny ‘a’a (F6) lava
flows (Fig. 3.16a) that follow a relatively flat terrain towards the coast. A ridge of lava (F8),
assumed to be older than the DIP deposits based on field relationships (dip direction and a
large variation in thickness compared to the DIP products), runs along the northwestern
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Figure 3.14: A) The individual channelised lava flows of the FF2 lavas following the topography.
Thick white arrows indicate direction of flow. Red dashed line indicates contact between FF2 and
FF3. B) The channelised lava (F4) flow down the side of the trachyte dome. Two of the lavas meet
the FF3 whilst three cooled before reaching the base. C) An example of the slabby pahoehoe seen
in the upper section of the lava flows. D) A cross section through one of the channelised lava flows,
showing the rubbly a’a base, dense core and rubbly a’a surface.

margin of the lava flow field. The surface of the ridge is composed of large breadcrust
bombs, spatter bombs with lapilli clasts up to 8 cm in diameter and abundant rhyolitic scree.
Dense, coherent lava occurs at the upper end of the ridge.

The F5 lava flow follows a narrow channel between cone 7, cone 8 and Wig Hill
scoria cone (Fig. 3.16c¢). The lava flow is the smallest along the fissure, with the toe stopping
just before the older lava ridge.

F7 is confined at the mouth by the F6 lava flow and South East Head dome (Fig.
3.17a). As the F6 lava flow ends, the F7 lava flow fans out and forms a 170 m wide lava
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Figure 3.15: A) The toe of the north FF2 lava (F4) with sharp contacts to the underlying substrate.
Showing the rubbly a’a surface and location of a tumulus. Thick white arrow indicates direction of
flow. B) Showing the gradational change from sharp to diffuse contact back towards the vent. C)
The tumulus with a dense core and crenulated surface within the rubbly a’a surface.

delta (Fig. 3.17c). The F7 lava flow is the largest channelised flow in the flow field. A rubbly
levee, on the southern side of the lava flow, banked up 10 m onto the side of South East
Head dome (Fig. 3.17b). A'a blocks range in size from 10 — 90 cm in diameter at the start
of the delta to 5 — 45 cm in diameter at the end of the delta.

The F6 lava flow runs alongside the F8 lava ridge and has a sharp contact with the
F7 lava flow (Fig. 3.18a). The surface of the lava flow exhibits crenulations up to 8 cm high
in a slightly stepped profile. A small, 5 m long and 50 cm wide, crenulated lava tube is
exposed towards the toe of the flow (Fig. 3.18b). Spiny, angular blocks on the surface (Fig.
3.18c) of the lava flow are up to 125 cm in diameter, whilst rubbly ‘a’a blocks range from 5

— 90 cm in diameter.

3.5.5 Ballistic bombs
More than 200 ballistic bombs were documented at distances up to 600 m from the fissure.

Seven different types (Fig. 3.19) were identified based on morphology, surface texture, rind
thickness and presence and abundance of cracks (Wright et al, 2007) (table 3.4). These
features all presented distinctly different ballistic bombs and therefore categorising them
was done through visual observations. Tortoise shell bombs, rubbly tortoise shell bombs,
breadcrust bombs, cowpat bombs, vesicular bombs, and glassy bombs (ballistic bombs tsB,

rtB, bcB, cpB, vB, gB; table 3.5) occur along the whole fissure (Fig. 3.20a), whilst the
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lava flow field 282 m wide
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Figure 3.16: A) Showing the FF3. The individual lava flows have been outlined. Thick white
arrows indicate direction of flow. Red dashed line indicates contact between FF2 and FF3. B)
Showing the upper end of F8. C) Looking down onto the toe of the small volume, F5 and F8.

composite bombs (ballistic bombs cB; table 3.5) only occur within or on the rims of cones.
Bomb reach 15 m in diameter (Fig. 3.20b). Only ballistic bombs larger than 40 cm were
described to ensure exclusion of bombs fallen from eruption columns. There was no
evidence of impact craters around the ballistic bombs. In some cases, the ballistic bombs
had broken on impact, however this was only observed within 100 m of the fissure and
predominantly in the vesicular bomb type.

Vesicular bombs and rubbly tortoise bombs (ballistic bombs vB, rtB; table 3.5) are
the most common types along the fissure (35 vol.% and 30% vol.% respectively). Tortoise
shell bombs (ballistic bombs tsB; table 3.5) are the least abundant (4 vol.%). Cowpat bombs
(13 vol.%) and breadcrust bombs (11 vol.%) (ballistic bombs cpB, bcB; table 3.5) have
similar abundances, whilst glassy bombs (ballistic bombs gB; table 3.5) account for 7 vol.%
of bombs > 50 cm in diameter (Fig. 3.21a).

In section 1 of the fissure (cones 1 — 12), ballistic bombs were identified up to 160
m from the vents, excluding a single transect on Razer’s Edge that ran from 280 — 580 m
from the fissure (refer to map). In section 2 of the fissure (cones 13 — 18), ballistic bombs
were identified up to 460 m from the fissure.

Vesicular bombs (ballistic bombs vB; table 3.5) are most abundant in both sections
(38 vol.% (section 1) and 34 vol.% (section 2) respectively) and tortoise shell bombs
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Figure 3 17 A) Showmg the F7 Iava The main channel is lndlcated by the wh/te dotted lines. A
rubbly levee is seen on the left-hand side of the lava flow. White thick arrow indicates direction of
flow. Red dashed line indicates contact between FF2 and FF3. B) Looking up at the rubbly levee
as it drops down onto the lava delta. C) The lava delta of the F7 lava with smaller rubbly blocks.

western margin has sharp
contact with underlying substrate
o

dense and
renulated surface

y smaller a’a blocks

= § : S\ TR
Figure 3.18: A) The F6 lava WIth the foe and Western margin showmg sharp contacts with the
underlying substrate. The eastern margin has a contact with the F7 lava. B) The lava tube with the
crenulated surface surrounded by the spiny and rubbly a’a blocks. C) An example of the spiny a’a
blocks and the smaller a’a blocks seen within the F6 lava.
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(ballistic bombs tsB; table 3.5) are the least abundant in both sections (5 vol.% (section 1)
and 4 vol.% (section 2) respectively), (Fig. 3.21b,c). Rubbly tortoise shell bombs (ballistic
bombs rtB; table 3.5) have similar abundances in each section (28 vol.% section 1 and 31
vol.% section 2). Glassy bombs and breadcrust bombs (ballistic bombs gB, bcB; table 3.5)
are more abundant in section 1 (9 vol.% and 12 vol.% respectively) compared to section 2
(7 vol.% and 10 vol.% respectively) whilst cow pat bombs (ballistic bombs cpB; table 3.5)
are more abundant in section 2 (15 vol.%) compared to section 1 (9 vol.%).

Half of the measured ballistic bombs were 0.5 — 2 m in diameter (Fig. 3.22b) and
almost one third of the measured ballistic bombs were 2 — 5 m in diameter. The ballistic
bombs within these size factions are mainly rubbly tortoise bombs (ballistic bombs rtB; table
3.5) with very rare tortoise shell bombs and vesicular bombs (ballistic bombs tsB, vB; table
3.5). Ballistic bombs less than 0.5 m in diameter make up ~ 10 vol% and between 5 — 15 m

in diameter make up less than 5 vol.%. Although these size groups are the least abundant,
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Exterior

Name - Interior
Textures Rind Cracks
Tortoise shell | Rounded/sub-rounded shape; fluidal; glassy; Glassy; non- Moderately cracked; can cut Poorly vesicular; highly vesicular
bombs (tsB) | aphanitic; smooth; polygonal joint pattern vesicular; 0.1 - through rind into core; 0.1 — 49 | zones with scoriaceous texture;
perpendicular to surface (like a tortoise shell); 10 cm thick. cm deep; 0.4 — 36 cm wide; aphanitic

vesicular patches; tensional fractures.

some are surficial.

Rubbly Angular shaped; breadcrust texture; variations Glassy where Moderately cracked; cut Aphanitic; poorly vesicular;
tortoise between welded rubbly, smooth, tortoise shell and tortoise shell is through all textures; 0.3 — 26 irregular shaped vesicles up to
bombs (rtB) smooth poorly vesicular textures; tortoise shell present; 0.5 -5 | cm wide; up to 12 cm deep; 0.4 cm.

texture is glassy and incipiently vesicular; rubbly cm thick; absent | Surficial cracks radiate in

texture composed of juvenile and lithic clasts up to elsewhere. similar orientations.

10 cm; vesicular surface has sub-rounded vesicles

up to 0.5 cm; all textures aphanitic; tensional

fractures.
Breadcrust Sub-angular shape; aphanitic; poorly vesicular; Aphanitic; poorly | Moderately cracked; 0.3 - 7 cm | Poorly vesicular; jagged and
bomb (bcB) breadcrust texture; rind grades into a smooth poorly | vesicular; 0.5 - | wide. rough; scoriaceous texture; blue

vesicular surface. 6 cm thick. iridescent; aphanitic.
Cow pat Rounded shape; rough, irregular surface; aphanitic; | Thin rind; 0.5 — Mainly seen around edges; 1.5 | Black; aphanitic; poorly vesicular;
bombs (cpB) | poorly vesicular; weak scoriaceous texture. 3 cm thick; not —4 cm deep; 0.4 — 5 cm wide; | spherical — elongate shaped

well defined. any on surface are <1 cm wide | vesicles — 2.5 cm.
and infilled.

Vesicular Sub-rounded to angular shape; can be fluidal No rind. Highly cracked; normally Poorly vesicular; vesicles irregular
bombs (vB) shaped; aphanitic; poorly vesicular; very weak defined by the weak shaped, up to 2 cm; aphanitic;

bread crusted texture; exhibits similar texture to ‘a’a breadcrust texture; 0.2 — 3.5 scoriaceous texture becomes

lava blocks. cm wide. more apparent towards core.
Glassy Rounded to angular shaped; fluidal; dense glassy No difference Moderately cracked; 0.2 — 1.5 | Dense glassy interior; aphanitic;
bombs (gB) exterior; aphanitic; tortoise shell pattern; patches of | between rind cm wide; up to 3 cm deep; non — incipiently vesicular.

welded rubbly texture; patches of vesicles elongate | and core. surficial cracks; 1 mm wide.

in same direction; vesicles up to 0.2 cm.
Composite Sub-angular shape; surface has agglutinated No rind. Moderately cracked; 0.7 - 3 cm | Black; moderately vesicular;
bomb (cB) spatter clasts 2-5 cm — 35 cm or as tsB texture; wide. Segregation vein 3 cm aphanitic.

moderately vesicular; aphanitic.

wide.

Table 3.5: Descriptions and abbreviations of the different ballistic bombs seen in the field.
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it is important to understand that these eruptions were capable of erupting material of this

size. The ballistic bombs generally decrease in size away from the vent, with the occasional

larger ballistic bombs seen (Fig. 3.22a), for example a ballistic bomb with a maximum

diameter of 6 m was seen ~ 360 m from the fissure, whilst the surrounding ballistic bombs

had maximum diameters of between 0.3 — 0.8 m.
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Figure 3.20: A) Distribution map showing the different types of ballistics and their locations along
the fissure. Craters filled in green. N/a is given for any ballistics that were unidentifiable or marked
as lithic clasts. B) Distribution map showing the size ranges of the ballistics along the fissure.

Craters filled in green. Both maps also indicate the locations of the transects.

In section 1 and section 2, over one third of the measured ballistics were 1 —2 min

diameter. Ballistic bombs with maximum diameter of <0.5 — 1 m are greater in section 2 (14
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Figure 3.21: A) Pie chart showing the different types of bombs along whole fissure. B) Pie chart
showing the different types of bombs along section 1 of the fissure. C) Pie chart showing the
different types of bombs along section 2 of the fissure.

vol.% and 28 vol.% respectively) than section 1 (6 vol.% and 13 vol.% respectively),
whereas ballistic bombs with a maximum diameter of 2 — 5 m are greater in section 1 (19
vol.% and 6 vol.% respectively) than section 2 (16 vol.% and 3 vol.% respectively). In both
sections, ballistic bombs with a maximum diameter of 5 — 15 m are the least abundant (6
vol.% and 1 vol.%, respectively) (Fig. 3.22c,d). The 5 - 15 m ballistic bombs are found within
100 m of the vents and have the identical rubbly tortoise texture and fluidal shapes as the

smaller sized ballistic bombs.
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Figure 3.22: A) Graph showing ballistics size vs distance from fissure. Purple field represents
size range and distance from section 1 of the fissure. Blue field represents size range and distance
from section 2 of the fissure. Symbols show the size and location of the individual types along the
fissure. tsB — tortoise shell bomb, rtB — rubbly tortoise shell bomb, bcB — breadcrust bombs, cpB
— cowpat bombs, vB — vesicular bombs, gB — glassy bombs, n/a — ballistics that could not be
categorised in the field/from images or were categorised as lithic clasts. B) Pie chart showing the
different sizes of bombs along whole fissure. C) Pie chart showing different sizes of bombs along
section 1 of the fissure. D) Pie chart showing the different sizes of bombs along section 2 of the
fissure.
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3.5.6 Tephra Deposits

Tephra deposits appear to have been dispersed to the north west of the fissure, based on
the preserved deposits, and represent several components from multiple cones. The
proximal locations (SC-1, SC-2, SC-3, SC-9, SC-10), within 200 m of the fissure (Fig. 3.23),
are composed of scoria clasts, whilst the distal locations (SC-4, SC-5, SC-6, SC-7, SC-8,
SC-11, SC-12, SC-13, SC-14), up to 600 m from the fissure (Fig. 3.24), are composed of
scoria clasts, pumice clasts and lithic clasts. Eight distinct units (Unit | — VIII) were identified
throughout the tephra deposits. Unit | is a pyroclastic flow deposit, whilst Unit Il — VIII are

fall deposits.

T
14310

Figure 3.23: Stratigraphic columns of the proximal tephra fall deposits. Identifiable units are linked
where possible. Inset map showing location of the fall deposits in relation to the fissure.

Unit |
Unit | is massive, 30 cm thick, and poorly sorted with a sorting coefficient (o¢) ranging from

2.35-2.95 0¢. The unitis composed of fine, sub-rounded and medium, sub-angular, dense,
pumice and scoria lapilli to coarse ash, and up to 28 vol.% angular lithic clasts. The unit has
a bimodal grain size distribution with a weak peak at -2¢@, and a median grainsize (Mdo)

ranging from —0.9¢ — -1.5¢. The PDC was deposited up to 80 m from the vent.
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Unit [l
Unit Il is massive, 22 — 74 cm thick and poorly sorted (o¢ 2.2 — 2.45) with coarse black

scoriaceous blocks, sub-rounded medium to coarse scoria lapilli and up to 16 vol.% angular
lithic clasts. The unit has a unimodal grain size distribution, with a modal peak at -4¢ and

Mdeo ranging from -3.4¢ — -3.7¢.

Unit 1
Unit lll is massive, 15 — 41 cm thick, moderate to poorly sorted (1.85 — 2.25 @) with fine,

sub-rounded and medium, sub-angular, dense, pumice and scoria lapilli to coarse ash, an
absence of coarse scoriaceous blocks and up to 10 vol.% angular lithic clasts. The unit has
a unimodal grain size distribution with modal peaks decreasing from -5¢ to -3¢ with distance

from the fissure, and Mde ranging from -3.2¢ — -4.3@.

Unit V:
Unit IV is weakly reverse graded, 30 — 39 cm thick and poorly sorted (0@ 2.5 — 3.4) with

sub-rounded medium to coarse scoria, rare dense and pumice lapilli clasts and up to 20
vol.% angular lithic clasts. The upper section of the unit is composed of sub-angular,
medium to coarse scoriaceous blocks and the finer material is reworked. The unit has a
unimodal grain size distribution with modal peaks decreasing from -6¢ to -4¢ with distance

from the fissure, and Mdeo ranging from -4.2¢ — -4.4¢

T
4310 14308 14302

Figure 3.24: Stratigraphic columns of the distal tephra fall deposits. Identifiable units are linked
where possible. Inset map showing location of the fall deposits in relation to the fissure.
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Unit V:

Unit V is a massive, 9 — 40 cm thick, moderate to poorly sorted (1.3 — 1.9 o) with sub-
angular coarse ash, fine to medium pumice lapilli, medium pumice and scoriaceous blocks
and lapilli, and up to 21 vol.% angular lithic clasts. The unit has a broadly unimodal grain
size distribution with modal peaks decreasing from -3¢ to -1¢ with distance from the fissure,
however SC-8 is weakly bimodal with a second, minor peak at 3¢. Mde ranges from -1.6¢
—-3.6¢.

Unit VI

Unit VI is massive, 13 — 21 cm thick, moderately sorted (0.9 — 1.7 o@) with denser, sub-
rounded medium pumice and dense and rare scoria lapilli, rare coarse ash, and up to 22
vol.% angular lithic clasts. The unit has a unimodal grain size distribution with modal peaks

ranging from -3¢ to -1¢, and Md¢ ranging from -1.6¢ — -3.3@.

Unit VII:

Unit VIl is massive, 10 cm thick and moderately sorted (1.3 — 1.4 0@), with sub-rounded fine
pumice and dense lapilli, rare fine scoria lapilli and up to 21 vol.% angular lithic clasts. The
unit has a unimodal grain size distribution with modal peaks at -1¢ and 0@, and Md¢g ranging

from -1.2¢ — -1.4@.

Unit VIII:
Unit VIII is massive, 14 — 15 cm thick and moderate to poorly sorted (1.75 — 2.35 o) with

sub-rounded fine to medium pumice and dense lapilli, rare fine scoria lapilli, medium to
coarse ash and up to 14 vol.% angular lithic clasts. The unit has a broadly unimodal grain
size distribution with modal peaks at -1¢, however SC-11.6 is weakly bimodal with a second,

minor peak at 3¢. Mdg ranges from -0.9¢ — -1.3¢.

When Mdeg is plotted against o¢ (Inman, 1952) the samples plot within a range of fields
defined by Walker and Croasdale (1972) and Houghton and Carey, (2015) (Fig. 3.25). The
proximal units (Units I, Il and Ill) are coarse grained and poorly sorted. They mostly sit above
the Strombolian field (Walker and Croasdale, 1972) and overlap of the Hawaiian,
Strombolian and weakly Phreatomagmatic fields (Houghton and Carey, 2015). Both
samples from Unit | plot within the Surtseyan field (Walker and Croasdale, 1972) and one
sample sits within the PDC field (Houghton and Carey, 2015). The distal deposits (Units IV,
V, VI, VIl and VIII) are relatively coarse grained but more well sorted. All of the units sit

within the Strombolian field (Walker and Croasdale, 1972) and either in the weakly
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Phreatomagmatic or Hawaiian fields with some overlap into the Strombolian field (Houghton
and Carey, 2015).
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Figure 3.25: Md¢ vs o¢ for the different tephra units; Squares represent proximal fall deposits;
triangles are distal fall deposits and circles are pyroclastic flow deposits. Strombolian field and
Surtseyan field (straight and dashed lines) are from Walker and Croasdale (1971), whilst the
Hawaiian, Strombolian, phreatomagmatic, and Pyroclastic flow deposit fields are from Houghton
and Carey (2015).

3.5.7 Summary of results

Three contrasting cone types were identified in the field, based on spatter lithofacies, lithic
clast and ballistic bomb distribution (table 3.6). Although monogenetic, the cones do not
exhibit characteristics of a typical scoria cone or spatter rampart expected along a fissure
(e.g., Fedotov et al., 1980; Wood, 1980; Parcheta et al., 2012). For example, the cones are
up to 80 m high, generally <80 m wide (with the exception of two cones), and the flanks dip
<5°. There is no significant difference between the mean dimensions (table 3.4), however
type 3 cones are always the deepest cones and type 2 cones occur next to each in the first

section of the fissure.

3.6 Interpretation of deposits and surface features.

3.6.1 Type 1 Cones (T1)

Type 1 cones are characterised by weakly interbedded, moderately agglutinated to densely
welded spatter, indicative of open vent, pulsating lava fountaining, with variations in
accumulation and discharge rate affecting spatter build up phases and effusive lava flow
phases (Fig. 3.26a) (e.g., Allen, 2004; Carracedo Sanchez et al., 2012). Two of the spatter

cones have been breached by lava flows, suggesting that lava fountaining coexisted with
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Type 1 (T1) Type 2 (T2) Type 3 (T3)
Lithofacies magSp; mwSp; dwSp LpB; wagLpB magSp; mwSp;
dwSp; sits on top of
exposed country
rock.
Lava flows yes no Some produce lava

flows, others do not.

Lithic clast distribution

No lithic clast-rich talus
slopes.

Visually seen fewer
lithic clasts on the
ground around the
cones.

Lithic clast rich talus
slopes. Abundant lithic
clasts on the ground
around the cones.

Lithic clast rich talus
slopes at some
cones; Abundant
lithic clasts on the
ground around the
cones.

Ballistic bombs

Rare ballistic bombs.
Spatter bombs more
abundant.

Abundant around cone
rims and on cone
slopes.

Moderately
abundant around
cone rims but not on
cone slopes.

Tephra deposits

Abundant scoria
clasts.

Rare pumice, dense
and lithic clasts.

Seen up to 100 m from
fissure.

Abundant pumice,
dense and lithic clasts.
Pumice clasts can
have breadcrust
texture

Rare scoria clasts
Seen up to 0.7 km
from fissure.

Abundant pumice,
dense and lithic
clasts.

Pumice clasts can
have breadcrust
texture

Rare scoria clasts
Seen up to 0.7 km
from fissure.
Weak PDC seen up
to 80 m from cone
1

Table 3.6: Summary of the differences between the three cone types. Lithofacies codes from
table 3.3.

lava effusion. The moderately agglutinated spatter (magSp; lithofacies table 3.3) is
composed of clasts that fell from the outer section of a lava fountain, where high
accumulation rates lead to agglutination on deposition (e.g. Head and Wilson, 1989;
Andronico et al., 2008; Brown et al., 2014; Reynolds et al., 2016). The moderately welded
and densely welded lithofacies (mwSp, dwSp; lithofacies table 3.3) are larger clasts ejected
from the inner section of the lava fountains (e.g. Head and Wilson, 1989; Sumner et al.,
2005; Carey et al., 2008(L); Cabrera and Caffe, 2009; Brown et al., 2014; Reynolds et al.,
2016). Retention of heat on deposition, coupled with rapid accumulation and deposition
rates led to the development of weakly stratified welded deposits (e.g., Thomas and Sparks,
1992; Allen, 2004; Russell and Quane, 2005; Cabrera and Caffe, 2009). The positive
correlation between spatter clast size and aspect ratio (Fig. 3.5a) is typical of basaltic
pyroclast deposits, as larger clasts retain heat for longer and are more likely to be fluid as
they land (Sumner et al., 2005; Brown et al., 2014).

Gradual to sharp variations in welding intensity, laterally and vertically, within the
deposits of the cone walls record spatial and temporal variation in accumulation rates and
grain size, probably resulting from unsteady and non-uniform fountaining. Gradual
transitions between the mwSp and magSp imply a gradual change in magma discharge rate
(e.g., Head and Wilson, 1989; Carey et al., 2008R; Carracedo Sanchez et al., 2012).
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Uniform beds of dwSp in the lower regions of the deposit imply a high accumulation rate in

the early stages of the eruption.

3.6.2 Type 2 Cones (T2)

Type 2 cones are characterised by a general absence of non-welded and non-agglutinated
deposits (Fig. 3.8), suggesting accumulation rates were lower (e.g., Head and Wilson, 1989;
Sumner et al., 2005; Valentine and Gregg, 2008), therefore lava fountaining was unlikely to
be the dominant process. Loose lapilliand bombs and weakly agglutinated lapilliand bombs
(lithofacies LpB, wagLpB; table 3.3) represent mostly solidified and well fragmented clast-
rich fall deposits from an unsteady eruption plume (Valentine and Gregg, 2008). The
preservation of whole clasts and surface textures suggests that the LpB pyroclasts were too
cool to sinter or agglutinate on deposition (e.g., Allen, 2004; Quane and Russell, 2005),
whereas the waglLpB clasts are inferred to have fallen out under slightly higher
accumulation rates, allowing the pyroclasts to sinter but maintain their blocky shape on
deposition (e.g., Allen, 2004; Russell and Quane, 2005; Sumner et al., 2005; Cabrera and
Caffe, 2009; Brown et al., 2014).

Angular ballistic bombs, abundant lithic clast rich talus slopes on the cone walls and
rims, and outcrops of underlying substrate suggest a more explosive eruption (Fig. 3.26b)
(e.g., Naranjo and Lara, 2004), with a higher eruption column, allowing more time for the

erupted material to cool before deposition.
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Figure 3.26: Schematics showing the different eruption styles. A) Eruption style from type 1
cones, with lava fountaining leading to spatter build up, lava effusion and a small plume and weak
tephra fallout. B) Eruption style from type 2 cones, with an eruption related to the breakup of a
shallow, dense plug that generated larger plumes, tephra fallout and ejected ballistic bombs. C)
Eruption style from type 3 cones, which started as a paroxysmal eruption (similar to cone type 2)
and then transitioned to lava fountaining (similar to cone type 2).
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3.6.3 Type 3 (T3) Cones

The type 3 cones are hybrids of both type 1 and type 2. Some of the cones, for example
cone 8 and cone 13, exhibit outcrops of country rock (T2), up to 40 m thick, overlain by
spatter deposits (T1) up to 5 m thick, and abundant ballistic bombs (T2) focused on a single
vent (Fig. 3.9) which indicates eruptions from these cones transitioned from more explosive
explosions to lava fountaining and possibly fed lava flows. | suggest that these cones initially
formed during paroxysmal explosions (Fig. 3.26¢). Other cones, such as cone 1 and cone
9, exhibit the same characteristics as above, but around separate vents within the main
cone, which indicates that both explosive eruptions and lava fountaining occurred

simultaneously (Fig. 3.26c¢).

3.6.4 Tephra Deposits

Unit | has been interpreted as a small volume, lithic rich pyroclastic flow deposit around the
base of cone 1, identified by the presence of rounded clasts and poor sorting (Fig. 3.25).
The pyroclastic flow deposit has a greater abundance of scoria clasts and lithic clasts, which
isn’t a combination of components seen together in the fall deposits. The eruption at cone
1 occurred through a lithic rich debris fan that resulted in a dense eruption jet containing a
lot of cold lithic clasts. | infer that this collapsed to form a short-lived pyroclastic flow that
travelled <100 m from the cone (e.g., Di Roberto et al., 2014).

Two different types of tephra fall deposits were recognised extending away from the
cones. The first type is a scoria fall deposit, with abundant scoria clasts with few pumice
clasts, dense juvenile clasts and lithic clasts, and the second is a pumice fall deposit, with
abundant pumice clasts, dense juvenile clasts and lithic clasts and rare scoria clasts.

Unit Il - V are coarse-grained, poorly sorted, scoria rich deposits that outcrop within
200 m of the fissure and represent episodes of open-vent Hawaiian fountaining and fallout
from eruption plumes created above the fountains (e.g., Head and Wilson, 1989; Houghton
and Gonnerman, 2008; Calvari et al., 2021; Namiki et al., 2021). The lack of fine ash in the
proximal fall deposits and spatter deposits suggests that the lava fountaining events
underwent a more fluidal fragmentation rather than brittle fragmentation (Turbeville, 1992;
Self et al., 1993; Head and Wilson, 1987; La Spina et al., 2021). The increase in grain size
for Unit IV is suggested to be due to a degree of reworking.

Unit VI — VIII are finer grained, moderately well sorted deposits, pumice, dense and
lithic clast rich deposits are found more distal to the fissure and are implied to represent
more explosive episodes that generated larger, more sustained plumes (e.g., Fiske et al.,
2009). The lack of these outcrops in the proximal region is due to the lack of exposure and
covering by larger and younger clasts. The presence of ash in the unit VI — VIII deposits
implies elevated fragmentation efficiencies which is commonly described during water-
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magma interactions (Sheridan and Wohletz, 1893; Houghton and Hackett, 1984; Liu et al.,
2017), whilst the abundance of lithic clasts and dense clasts throughout these deposits
implies the onset of more explosive activity, which | infer to be due to the role of a plug of
partly solidified magma in the upper part of the magma column (e.g., Burgisser et al., 2011;
Bain et al., 2019; Thivet et al., 2020). The lack of stratification within the units shows that
there was no transition to a more unsteady eruption dynamic and could suggest that
phreatomagmatic activity was not the driver for the change in eruption style (e.g., Houghton
et al., 2015).

These two contrasting types of fall deposits result from two different eruption styles.
Evidence for changing eruption styles can be identified in the changing stratigraphy and
clast types away from the fissure. Further investigation into the componentry and textures
of the clasts will be presented in Chapter 5. Due to lack of distal deposits, no deposit

volumes could be reasonably calculated.

3.6.4.1 Lithic Clasts
The bulk of the lithic clasts at each cone derive from the shallowest older lava, for example

the White Horse lava, the trachyte with mafic enclaves and the South East head lava. This
shows that they are derived from the shallow widening of conduits (e.g., Reynolds et al.,
2016), therefore the conduits themselves must be shallow. The lack of other lithic clasts
shows that there was little erosion at greater depths, therefore the conduits likely narrowed
rapidly to a dike at depths of more than a few tens of meters. The shallow nature of the

conduit also suggests that the eruptions were short-lived.

3.6.5 Ballistic Clasts

The textural variations of ballistic bombs infer contrasting degrees of magmatic vesiculation
at the point of fragmentation. This, combined with the systematic variation and distribution
of the different types of ballistic bombs clasts on both sections of the fissure (Fig. 3.21),
suggests that each type of ballistic bomb represents a region of a plug of semi-solidified
magma within the conduit (e.g., Yamagishi and Feebrey, 1994; Bain et al., 2018). The
tortoise shell ballistic bombs and dense glass bombs are inferred to be from the coolest,
solidifying, upper section of the magma column or dense plug, whilst the cowpat and
vesicular bombs are inferred to form from hotter, less viscous magma in the lower section
of the magma column (e.g., Yamagishi and Feebrey, 1994; Gaunt et al., 2020). The largest
ballistic bombs (5 — 15 m in diameter) have the same tortoise shell ballistic bomb texture
and are inferred to be larger sections of the upper, cooling magma column. Similar sized
blocks have been identified in other Vulcanian explosions but have been ejected greater

distances (e.g., Nairn and Self, 1978; Yamagishi and Feebry, 1994), which suggests that
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the explosive energy of the DIP eruption was smaller than other Vulcanian explosions (e.g.,
Melson and Saenz, 1973; Nairn and Self, 1978; Yamagishi and Feebry, 1994).

Blocks of almost identical texture have been identified in block and ash flow deposits
(e.g., Hoblitt et al., 1980) however, they formed by collapse of lava domes rather than
Vulcanian explosions (Yamagishi and Feebry, 1994).

Dense glass ballistic bombs, related to plug formation, were erupted during
Vulcanian explosions at both Soufriere Hills Volcano, Montserrat (Druitt et al., 2002;
Formenti et al., 2003) and Galeras volcano, Columbia (Bain et al., 2018). Variation in the
textures of the cowpat and vesicular bombs suggest that the magma was zoned in respect
to the degree of vesiculation and degassing (Yamagishi and Feebrey, 1994; Wright et al.,
2007; Isgett et al., 2017; Bain et al., 2018). Breadcrust textures could have formed by either
quenching of magma by an external water source, inflation by internal degassing or
vesiculation along impact fractures, caused by a pressure decrease when the fracture
opened (e.g., Yamagishi and Feebrey, 1994; Wright et al., 2007). Breadcrust textures have
also been produced during many Vulcanian explosions e.g., Eboko volcano, Guagua
Pichincha, Galeras volcano, (Morissey and Mastin, 2000; Wright et al., 2007; Bain et al.,
2018; Belousov et al., 2021).

3.6.6 Lavas

Lava flows were emitted from 11 cones during the DIP eruption however, lava flows from
other cones may have been resurfaced and be underrepresented beneath the later lavas.
Most were erupted from either T1 or T3 cones (Fig. 3.27).

FF1 is composed of two ‘a’a lavas, inferred to have been fed from a combination of lava
fountaining and effusion from the vent at cone 2 and cone 6. The levee described at the
F1/F2 intercept (Fig. 3.12) suggests that the two synchronous lavas merged into one main
channel. The F1 levee is higher than the main lava body (Fig. 3.12a,c), inferring that the
lava was once at least 2.5 m thick, before the eruption rate declined and the channel
drained (e.g., Magnall et al., 2017). Extensive erosion since the emplacement of the lava
(Fig. 3.12c,d) is due to alluvial processes and suggests that the lava flows were rubbly,
incoherent, and relatively young (e.g., Macdonald, 1953).

FF2 is composed of ‘a’a lavas, implied to have been fed by multiple lava fountaining
events. Individual lavas have been emplaced as thin (1 — 2 m thick) lobes that coalesced
as they advanced away from the vent area. However, there is little evidence of time relations
between lava flows within the flow fields. Coalescence of the lavas at the start of the lava
flow field, and the rubbly morphology of the lava away from the fissure are suggested to be
related to the changing terrain, from relatively flat to steeper slopes with predefined
channels. Blocks of slabby pahoehoe lava (Fig. 3.14c) within the lava indicate that the flow

rate was too great for the crust to accommodate shear strain plastically and that there were
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b - clinkery 'A'a surface

r-rb - clinkery 'A'a surface with pressure ridges
sp - spiny 'A'a surface
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Figure 3.27: Map showing the different cone types and linking them to the different lava flow
fields.

variations on the rate of lava supply along the second half of the fissure (e.g., Walker, 1991;
Guilbard and Self, 2005; Lakroud et al., 2019).

The gradual boundaries of the F4 lava (Fig. 3.15) suggests that the lava flowed
slightly uphill rather than downhill. Tumuli seen in the lava imply an increase in flow rate,
related to an increase in head pressure (e.g., Guildbard and Self, 2005; Lakroud et al.,
2019), however inflation features such as tumuli are rarely seen in ‘a’a lavas (Gregg, 2017).

In FF3, the F5, F6 and F7 lavas are implied to have formed from a combination of
lava fountaining and effusion directly out of the main vents (e.g., Valentine and Gregg, 2008)
at individual cones (cone 7, cone 8, carter 10 and cone 11, respectively). F7 lava is confined
at the mouth by F6 lava (Fig. 3.16a), before fanning out into the lava delta, and therefore is
younger than F6 lava. F7 lava is too small to make any assumptions on time relations (Fig.
3.16¢). The raised rubbly levee at the contact of the F7 lava and South East Head dome
(Fig. 3.17 suggests that the lava ponded in the channel (e.g., Harris et al., 2009), however,
the lack of a stepped profile in the levees suggest that the lava was not stagnated (e.g.,
Naranjo et al., 1992). It can be assumed that the sea front was higher up and cooled the
toe of the lava quickly. Over time, cracks and cooling fractures weakened the toe and

caused the lava to spill out into the sea, forming the lava delta. A blockage within the channel
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can cause flow rates to temporarily increase, hence increasing flow depths (e.g., Naranjo
et al., 1992).

The F6 lava is implied to have been fed by a lava fountain with an increase in magma
discharge rates and fountain heights that produced a largely degassed lava (e.g., Head and
Wilson, 1989; Guilbard and Self, 2005), allowing it to effuse from the main vent. The
viscosity of the F6 lava is no different to the viscosity of the other lava deposits from the DIP
fissure, which suggests that the different morphology of the flow (Fig. 3.18a) is not related
to viscosity. The small-scale lava tubes (Fig. 3.18b) suggest that, although the surface
solidified, the effusion rate remained steady (e.g., Gregg, 2017). The absence of secondary
levees within all the lava channels suggest that the channels remained stable for the

duration of the flow (e.g., Harris et al., 2009).

3.7 Comparison with basaltic fissure eruptions and other

intermediate eruption deposits

The DIP eruption is a rare example of a trachyandesitic, intermediate composition fissure
eruption. Intermediate composition eruptions are common in arc-related zones but less
common in ocean island settings (e.g., Jeffery and Gertisser, 2018). Intermediate-
composition volcanic centres erupt through a range of styles including Violent Strombolian
(e.g., Naranjo et al., 1992; Pioli et al., 2008) and Vulcanian (e.g., Yamagishi and Feebrey,
1994; Kimura et al., 2005; Zobin et al., 2015; Bain et al., 2018; Nakada et al., 2019), and
often lead to the production of lava domes, (e.g., Sparks et al., 1998; Herd et al., 2005;
Kimura et al., 2005). Such eruptions can produce eruption columns up to 20 km high (Cas
and Wright, 1987) and lava flows with viscosities up to 10° PaS (e.g., Naranjo et al., 1992).

Few fissure eruptions with a basaltic trachyandesite or trachyandesite composition
have been described in the literature (e.g., Belousov et al., 2015; Gansecki et al., 2019).
The 2012-2013 basaltic trachyandesite fissure eruption at Tolbachik had Hawaiian,
Strombolian and Phreatomagmatic phases (Edwards et al., 2013; Belousov et al., 2015;
Volynets et al., 2015). Unlike the DIP, the Tolbachik fissure was ~ 8 km long and the cones
were up to 100 m wide (Belousov et al., 2015). Lava flows reached 10 km long from the
vents and had an erupted volume of 0.53 km® (non-DRE) (Kubanek et al., 2015) and
eruption columns attained heights of 6 km (Edwards et al., 2013; Belousov et al., 2015).
The Lower East Rift Zone eruption at Kilauea in 2018 produced a fissure, offset from the
main fissure, that erupted andesitic magma (55 — 60 wt.% SiO). The fissure produced lava
fountains, viscous lava flows and explosions (Gansecki et al., 2019). Although rare, other
intermediate composition eruptions on Ascension Island have produced lava flows and
scoria cones, however, there has been little work on the morphology of the deposits and

associated landforms.
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In general, as the silica content of the magma increases, eruptions become more
complex. Although small in size and length compared to other fissure eruptions (e.g.,
Belousov et al., 2015; Pederson et al., 2017; Houghton et al., 2019) the DIP shares some
similarities with basaltic fissure eruptions, such as spatter deposits and spatter bombs in
the cone walls (Fig. 3.7), lava flow fields (Fig. 3.11), scoria-rich proximal tephra fall deposits,
and a small plume, evidenced by the dispersal of scoria clasts away from the vent. However,
the proximal scoria clasts are blocky, but not fluidal, and the lavas show no evidence of
being spatter-fed and clastogenic (e.g., Sumner, 1998). The lava flow fields produced from
both the T1 and T3 cones range in volume from 1.9 x10° — 2.2 x10° m® (non-DRE) (table
3.4) which are smaller than flow fields from fissure eruptions at Holuhraun, Iceland, 1.4 x
10° m® (Pederson et al., 2017) and Mt Etna, Sicily (18.5 x10° m® (Guest et al., 1987). Two
of the lava flow fields at DIP flowed into the sea, and therefore the calculated total erupted
volume of 8.9 x 10° m® is a minimum estimate. The viscosity of the DIP lavas (10° PaS) sits
within the range expected for basaltic lavas (10> — 10° PaS (Harris and Rowland, 2015)).

There were also explosive phases during the DIP eruption (Fig. 3.8, 3.9, 3.10). Until
recently, explosive eruptions at basaltic/intermediate volcanoes have received relatively
little attention (Allen, 2004). The well recorded fissure eruption of Volcan de Tajogaite, La
Palma, demonstrates that multiple, contrasting eruption styles can occur at a single time,
with vents less than 100 m apart producing contrasting eruption styles (e.g., Carracedo et
al., 2022; Pankhurst et al., 2022; Bonadonna et al., 2022). This has implications for the
anticipated impacts of future eruptions, such as evacuations on a small island, impacts on
infrastructure and roof collapse (e.g., Osman et al., 2022).

Various terminology is used in the literature to describe small-scale explosive
activity, some of which include Violent Strombolian (MacDonald, 1973) and Vulcanian
(Mercalli and Silvestri, 1891). Small scale Vulcanian explosions produce light grey ash-poor
plumes up to 3 km high with minimal ash and ballistic bombs (e.g., Karymsky, Colima and
Semeru (Cassidy et al., 2015; Clarke et al., 2015) and are often linked to the failure of a
shallow magmatic plug within the conduit (Diller et al., 2006; Clarke et al., 2015). However,
the best studied Vulcanian eruptions are those that involve intervals of explosive activity
during dome building events (e.g., Isgett et al., 2017 and references therein). The
morphology of the ballistic bombs ejected produced during the DIP eruption (Fig. 3.19) are
also similar to those from Vulcanian explosions (e.g., Mercalli and Silvestri, 1981; Diller et
al., 2006; Bain et al., 2018).

Vulcanian explosions that do not involve magma-water interaction rarely contain
lithic clast fragments whereas those that do contain abundant country rock fragments
(Heiken and Wohletz, 1987; Clarke et al., 2015). Vulcanian explosions within the Nevados
de Chillan Volcanic Complex contained 5 — 10 vol.% lithic clasts and has been linked to
phreatomagmatic activity (Naranjo and Lara, 2004), whereas Vulcanian explosions with

purely magmatic phases at Sakurajima volcano contained 3 — 5 vol.% lithic clasts (Gabellini
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et al., 2022). Therefore, small-scale, intermittent phreatomagmatic activity cannot be ruled
out as the driver behind the explosive activity at the T2 cones, as water in the aquifer will
most likely intermittently interact with the rising magma.

Phreatomagmatic eruptions are common at some point during many eruptions (e.g.,
Houghton and Schmincke, 1986; Houghton and Schmincke, 1989; Bertagnini and Landi,
1996; Belousov and Belousova, 2001; Kosik et al., 2016), with phreatomagmatic eruptions
on ocean islands common (e.g., White and Schmincke, 1999; Pallister et al., 2005; Clarke
et al., 2009;). Previous studies on Ascension have identified a range of stratigraphical units,
from tuff rings that indicate substantial water-magma interaction (e.g., Preece et al., 2021),
to thin ‘wet’ ash layers that show more intermittent water magma interaction (e.g.,
Winstanley, 2020; Preece et al., 2021). The increased lithic clasts and presence of finer ash
in the distal deposits show that the DIP eruption sits within the range of phreatomagmatic
activity identified in Ascension.

The movement of water through faults is a common occurrence (e.g., Gevrek and
Kazanci, 2000; Nemeth et al., 2001; Lara and Moreno, 2008; Son et al., 2012; Kosik et al.,
2016). Given the suspected reactivation of a fissure along a fault line in the DIP region, the
interaction of water and magma along the faults to aid the more explosive eruptions cannot

be ruled out.

3.8 Eruption Reconstruction

At the DIP fissure, magma rose through the crust in dikes. The DIP fissure runs parallel to
another fissure, sits directly above a trachyte lava flows and is aligned with an older, basaltic
scoria cone, therefore, it is likely that there was a pre-existing feeder system that
reactivated, with dikes propagating along faults (e.g., Valentine and Krogh, 2006; Thiele et
al., 2021) before localising as sheet dykes (e.g., Valentine and Krogh, 2006; Burchardt et
al., 2011; Tibaldi et al., 2013; Tibaldi, 2015; Reynolds et al., 2016; Burchardt et al., 2018)
and allowing the magma to reach the surface. The presence of inactive areas between the
cones (Fig. 3.2b) also suggests that the magma followed specific routes to the surface.

The DIP fissure eruption was characterised by predominantly lava fountaining,
which constructed small spatter cones and dispersed scoria lapilli and ash away from the
vents (Fig. 3.26a). Seven of the cones produced paroxysmal explosions (Fig. 3.26c¢,d),
excavating down into the underlying country rock and ejecting ballistic bombs up to 600 m
from the fissure. The proximity of cones and shared crater walls showed that multiple cones
erupted simultaneously. A single paroxysmal explosion through a debris fan generated a
short-lived pyroclastic flow that travelled less than 80 m away from the vent.

Lava flows at 11 cones were syn-erupted with the lava fountaining and produced a
minimum total erupted volume of 8.9 x 10° m®. The complex lava flow fields indicate that

multiple lava flows were effusing at the same time (Fig. 3.11) and occupy paleotopographic
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depressions in the country rock (e.g., Fig. 3.14). Lava flows from FF3 flowed into the sea
and created a lava delta (Fig. 3.16). Two cones underwent more explosive activity (Fig.
3.26b), related to the breakup of a shallow plug, ejected ballistic bombs and lithic clasts and
generated higher plumes that deposited pumice and dense clasts up to 600 m from the
fissure. The plugs formed as either the magma stagnates in different areas, or the conduit
becomes clogged, and material accretes onto the sides. The pressure from the ascending
magma caused the plugs to break, creating more explosive and wider cones, evidenced by
the range in lithic clasts.

Due to limited preservation and proximity to the coast, there is little indication of the
plume height and more widespread distribution of the fall deposits. The deposits described,
are those seen on the surface of the fissure and can be said to represent the end members
of the eruption. The DIP eruption was one single eruption, evidenced by the lack of soils.
There is a lack of chronological links between the deposits, however, the detailed
morphology and deposit characterisation allows gaps to be filled by modern observations.

The DIP eruption was short-lived. The absence of a single, built-up edifice, the
minimal spatter deposits and the small, low angled cones, and small lava flows shows that
activity along the fissure was short lived and declined rapidly. The lack of infill in adjacent
craters is evidence that the activity in the adjacent cones was not sustained for long periods
of time. Turbeville (1992) showed that the eruption of Pitagoliano, Latera Caldera, built up
~15 — 20 m of spatter proximal to the vent in 5 — 6 hours, based on the minimum
accumulation rates needed for efficient agglutination (Sparks and Wright, 1979).

DIP cones built up to 20 m above the underlying country rock (e.g., Fig. 3.9, 3.10
and produced a minimum total erupted volume of 8.9 x 10° m®. Lava flows range in length
from 0.12 — 0.63 km and the lava flow fields cover areas ranging from 0.03 — 0.12 km? (Fig.
3.11). In comparison, the main cone from the Tajogaite eruption, La Palma grew to 130 m
high in 4 days (Carracedo et al., 2022; Romero et al., 2022), lava flows advanced up to 3.7
km per day and 5.75 km in 9 days (Pankhurst et al, 2022; Romero et al., 2022), and covered
an area of 12 km? by the end of the eruption (Carracedo et al., 2022; Romero et al., 2022).
The first phase of the Fagradalsfjall eruption, Iceland, lasted 9 days and during that time,
the lava flows reached lengths of ~0.6 km and covered an area of 0.33 km? (Pedersen et
al., 2022). Activity during this time changed from multiple eruptive vents to focusing on two
vents (Eibl et al., 2022), but no heights of the two cones could be found in the literature.
After 2 months, eruptive activity was confined to a single vent and the cone built up to more
than 100 m above the pre-eruption surface (Bindeman et al., 2022; Eibl et al., 2022).
Therefore, it can be assumed that the DIP eruption likely lasted no more than a week.
However, without knowing effusion rates, this time frame should be only weakly considered.

The DIP eruption was a hybrid eruption, that emitted effusive products (e.g., lava
flows) and explosive products (e.g., tephra blankets, PDC’s, scoria cone) that resulted from

changing eruption styles (Bonadonna et al., 2022 and references therein). Hybrid eruptions
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are common in long-lived eruptions where eruption dynamics vary depending on magma
supply rates and fragmentation mechanisms (e.g., Valentine and Gregg, 2008; Pioli et al.,
2008; Cioni et al., 2008; Bonadonna et al., 2022). Shifts in eruption styles and activity
occurring at multiple vents during hybrid eruptions makes it difficult to classify based on
traditional strategies, e.g., VEI (Newhall and Self, 1982) and erupted products (Walker,
1973; Valentine and Gregg, 2008; Bonadonna et al., 2022).

3.9 Conclusions

The Devil’s Ink Pot fissure eruption is a small volume fissure eruption that demonstrated
three different eruption styles:

a) Lava fountaining, evidenced by moderately agglutinated to densely welded spatter
deposits, scoria clast-rich fall deposits and the generation of lava flows.

b) Explosive activity, evidenced by loose to weakly agglutinated lapilli and bomb
clasts, ballistic bombs, lithic clast rich talus slopes and pumice and lithic clast rich
fall deposits. Although minimal evidence, water-magma interaction cannot be ruled
out as a driver for this more explosive activity.

c) Paroxysmal explosions followed by lava fountaining, evidenced by deep rooted
cones, exposing up to 40 m of underlying country rock, ballistic bombs, moderately
agglutinated to densely welded spatter deposits and in some places, the generation
of small volume lava flows.

The range of eruption styles produced in the DIP eruption bridge those typical of both
basaltic and silicic eruptions which presents a much wider range of hazards, including lava
flows, ballistic bomb ejecta, pyroclastic flow deposits and pyroclastic fall deposits of different
components. Intermediate composition fissure eruptions are rarely seen or described and
therefore are most likely underrepresented in the geological record. However, the fact that
the DIP eruption mostly presents like a basaltic fissure eruption, with spatter deposits and
spatter bombs in the cone walls, lava flow fields with viscosities within the expected range
of basaltic lavas (e.g. Harris and Rowland, 2015), scoria-rich proximal tephra fall deposits,
and a small plume, evidenced by the dispersal of scoria clasts away from the vent, suggests
that planning on Ascension Island for a basaltic eruption scenario could be applied to a
future DIP style eruption, but geochemical and petrological analysis integrated within is

needed to identify the eruption scenario for effective response.
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Chapter 4: Quantitative textural analysis and shallow
magma processes

4.1 Introduction
For unwitnessed volcanic eruptions, pyroclastic deposits play a key role in reconstructing

eruption styles, modes of transport and deposition, fragmentation mechanisms and
dispersal (e.g., Ross et al., 2022), but they can also provide insight into eruption dynamics
such as magma ascent and vesiculation (Ross et al., 2022). Ascent rates are an important
parameter that influence eruption scenarios (Martel and Schmidt, 2003; Lormand et al.,
2021). The style of magma ascent and syn-eruptive degassing during ascent plays a large
role in determining the style of eruption (Preece et al., 2013; Preece et al., 2023) and
understanding the processes and timescales of magmatic storage and ascent processes is
vital for understanding eruption triggers and for volcano monitoring (Kilgour et al., 2014;
Lormand et al., 2021). Within the conduit there are multiple parameters that interact in order
for the magma to rise to the surface. Some of these include volatile solubility, water and
carbon dioxide contents, bubble coalescence, permeable outgassing and crystal nucleation
and growth (e.g., Wallace, 2005; Zhang et al., 2007; Gonnerman and Manga, 2013; Ripepe
et al., 2021). Conduit dynamics also play a large role in controlling the ascent rates, with
conduit widening causing magma acceleration (Vitturi et al., 2008).

During ascent, groundmass crystallisation occurs due to decompression-induced
degassing, and microlite textures can record snapshots of magmatic processes in time
(Frey et al., 2024). Textural and compositional analysis of the microlites provide an ideal
way to gain a better understanding of the magma ascent and the degassing processes
(Cashman and McConnell, 2005; Preece et al., 2013; Preece et al., 2016; Frey et al., 2024).
Crystal size distribution (CSD) analyses can be used to identify any changes in
crystallisation conditions prior to eruption (Cashman, 1992; Higgins, 1996; Hammer et al.,
1999; Lormand et al., 2021; Mangler et al., 2022; Frey et al., 2024). Crystallisation can occur
through nucleation of new crystals or by growth of existing crystals (Blake, 2000).
Nucleation is dominant when the degree of undercooling (AT) is high. Undercooling is
defined as the difference between the temperature of the liquidus and the temperature of
the magma (Preece et al., 2023) whereas the growth of pre-existing crystals occurs when
the degree of undercooling is low (Hammer, 2004; Befus and Andrews, 2018), but the
observed textures depend on the amount and rate of decompression (Cashman and
Blundy, 2000; Blake, 2000; Befus and Andrews, 2018). Larger, tabular microlites form
during slow decompression with average growth rate decreasing exponentially (Brugger
and Hammer, 2010; Befus and Andrews, 2018), whilst skeletal and/or acicular microlites

form as decompression rates increase (Brugger and Hammer, 2010; Arzilli et al., 2015).
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In this chapter, | combine analysis of microlite abundances, textures, and
compositions in a range of deposits from the trachyandesite DIP magma. By combining 2D
and 3D feldspar microlite textures and chemical compositions, in addition to and amphibole
textures, | elucidate the shallow magma storage and ascent conditions. These findings
contribute to an understanding of the magmatic processes that led to the variation in
eruption styles identified in chapter 3 and the evolution of the DIP system during a single

eruption.

4.2 Methods

4.2.1 Componentry
Componentry analysis of the individual layers of the tephra fall deposits was undertaken to

identify differences in the tephra fall deposits, described in chapter 3, in order to link them
to eruption styles. For each layer, 400 juvenile clasts (or the whole sample where there was
not 400 clasts) were randomly picked from the -3¢ and -2¢ size fractions. They were then
grouped based on their physical characteristics: colour, shape and vesicularity (Eychenne
and Le Pennec, 2012). 100 lithic clasts (or the whole sample where there was not 100
clasts) were randomly picked from the -6¢ - -2¢ size fractions. The larger size fractions were
included for the lithic clasts as they were easily identifiable and important for linking

individual units.

4.2.2 Petrology & Geochemistry
Thin sections of 25 spatter and lava samples were made at Durham University. Nine tephra

samples were also made into thin sections by mounting the clasts into resin. The nine tephra
samples represented the initial components (1) golden scoria, (2) transitional scoria, (3)
black scoria, (4) black pumice, (5) transitional pumice, (6) pumice, (7) breadcrust textures
(8) dense clasts, (9) banded clasts. Further analysis, including visual inspection and
petrography allowed for the grouping of these components into the three main groups
described below (1) scoria, (2) pumice, (3) dense clasts. Only one of each type was
mounted onto a thin section and therefore no comparisons can be made to textures based
on distance from vent.
Images were taken using a Zeiss microscope in the Durham University microscopy lab and
the Hitachi SU-70 Scanning Electron Microscope (SEM) in the Durham University Physics
Department.

Analysis of feldspar microlite chemical compositions was undertaken using EPMA.
Full methods for the geochemical and petrological analysis, including standards and

accuracy/precision is in chapter 5.

94



4.2.3 2D and 3D Textural Analysis of Crystals

4.2.3.1 Samples and Image Collection
Data acquisition for the microlite textural analysis was done following the method of Preece

et al., 2013. Seven samples were selected for the textural study (table 4.1, Fig. 4.1). On
visual inspection, groundmass textures for the spatter and lava were relatively uniform, with
the exception of lava samples with dark and light bands (normal lava), therefore the chosen
samples were representative of the textural variations. From here in, the term normal lava
is given to the typical and common textures seen within the lava samples. Dark lava bands
is the term given to the thinner, less common, darker bands seen within some of the lava
samples. Groundmass montages were created on the Hitachi SU-70 SEM by using the
automation feature on Aztec 2.0. The SEM was used with a voltage of 15.0 kV and a working
distance of 15.00 mm. Images were taken using the backscatter detector. The magnification
was set to x400 and the grid sizes between 1.0 x 1.0 mm to 2.0 x 2.0 mm depending on the

vesicularity and phenocryst content of the sample, to ensure enough groundmass crystals

T 1 A
300 m 600 m
N
k wind direction

were captured (n = >700).

Key Sample Locations

A Proximal Tephra Deposits
Distal Tephra Deposits
Lava Flow Field 1
Lava Flow Field 2

. Lava Flow Field 3

[l spatter Deposits

Figure 4.1: Map showing the sample locations from the study. The stars represent the key
sample locations, and the eight deposits used in the textural study. The coloured symbols
represent the deposits.
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Sample No. Loc. Sample Type Analysis Grid Ref.
Al-19-008 Cone 1 Spatter EPMA; CSD 0575924, 9121450
Al-19-121 Cone 8 Spatter EPMA; CSD 0576339, 9121425
Al-10-026 F6; FF3 Lava EPMA; CSD 0576508, 9121239
Al-19-028 F7; FF3 Lava EPMA; CSD 0576513, 9121149
Al-19-028 F7; FF3 Lava — dark EPMA; CSD 0576513, 9121149

bands
DIP-3 Proximal fall Scoria Clasts EPMA; CSD 0575955, 9121622
deposit
DIP-5 Distal fall deposit | Pumice Clasts EPMA; CSD 0575995, 9121929
DIP-8 Distal fall deposit Dense Clasts EPMA; CSD 0575995, 9121929

Table 4.1: Table showing the samples selected for analysis and description of each sample,
including type of sample, location and type of analysis conducted. Loc. — location, F — lava flow,
FF — lava flow field, EPMA — electron microprobe analysis, CSD — crystal size distribution.
Proximal deposits are less than 100 m from the fissure. Distal deposits are more than 100 m
from the fissure. Map showing the locations of each sample can be seen in Fig. 4.1.

4.2.3.2 Digitising Process
SEM images were imported into Adobe Fresco in order to digitise them. Plagioclase

microlites were outlined and filled using an iPad, Apple Pencil, and the Adobe Fresco (Fig.
4.2). Past studies suggested that in order to gain accurate 3D shapes of the crystal
population, where the true shape is unknown, the number of measured crystals must be
greater than 200 (Mock and Jerram, 2005) or 250 (Morgan and Jerram, 2006). However, a
study by Preece et al., (2013) found that at least 600 crystals should be analysed, and
therefore in this study the number of crystals range from 750 — 3800.

4.2.3.3 2D Shape Analysis

ImagedJ was used to calculate crystal dimensions, individual crystal area, mean crystal area,
% area occupied by the feldspars, vesicles, and mafic phases (olivine, pyroxene, and Fe-
Ti oxides), and total area. Crystal dimensions were measured using the best fit ellipsoid
method. The digitised crystal outline images were opened in Imaged and the image was
converted to an 8-bit greyscale image and a threshold was set to include all the crystals
and make a binary image. The scale and area to be measured (excluding the scale bar)
were identified and the measurements to be made were defined by selecting the
commands: Area, Fit Ellipse, Centroid, Limit threshold to 2 decimals. The crystals were then
analysed by selecting the commands: Show outlines, display results, Clear results,
Summarize, Exclude on edges and Record starts. Excluding edges ensured that no partially
included crystals were analysed. Imaged then output a results table with the major and
minor crystal axis, which was exported as a .csv file for CSDSlice (Morgan and Jerram,
2006) and ShapeCalc (Mangler et al., 2022) and a .csd file for CSDCorrections, using the
CSD Output plugin.

4.2.3.4 2D to 3D conversion
CSD'’s convert the 2D crystal measurements into 3D and therefore the 2D length

and width must be converted into 3D long (L), intermediate (1), and short (S) axis. CSDSlice
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Fig. 4.2: Representatlve images of the different groundmass mlcrolltes used in the CSD study
Images are digitised from back scattered electron images. Red represents feldspar microlites,
shades of blue represent olivine, clinopyroxene and Fe-Ti oxides, shades of green represent
vesicles and white areas indicate groundmass glass.

(Morgan and Jerram, 2006) and ShapeCalc (Mangler et al., 2022) are both models
that can do this. CSDSlice compares the measured 2D w/l dimensions to a database of 703
model w/l dimensions for 3D shapes, from 1:1:1: to 1:10:10 and identifies the five best S:I:L
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estimates based on a best fit test on the mode of the distribution (Morgan and Jerram, 2006;
Mangler et al., 2022). The best fit should produce an R? value of >0.8.

ShapeCalc uses 2D width-length data to estimate 3D crystal shapes. The model compares
the measured dimensions with 2618 model w/l dimensions from 1:1:1 to 1:20:20 and
identifies the best match by maximising the cumulative measure of the goodness of fit
(Mangler et al., 2022). The best fit should produce an R.? value of >0.975, and lower values
show poor model fits (Mangler et al., 2022). For ShapeCalc, the length-width datasets were
grouped into bins based on crystal lengthwith L=0-4.9 um, 5—9.9 um, 10 — 29.9 um, 30
—99.9 um and >100 um. These bins ensure sufficient crystal intersection data for 3D shape

modelling and allows for direct comparisons between samples (Mangler et al., 2022).

4.2.3.5 3D Shape Analysis

The crystal size distribution (CSD) is described as “the number of crystals of a mineral per
unit volume within a series of defined size intervals” (Higgins, 2006). A CSD plots the
population density against crystal size, with many systems plotting on straight lines, and
therefore, the slope of the line can be used to calculate growth rate (G) or crystal residence
time () (Higgins, 2006).
slope (a) = —1/Gt (1)
CSDCorrections (Higgins, 2000) was used to perform stereological calculations on
the 2D crystal data from each image and calculate the 3D crystal size distribution (CSD).
The crystal shape is the crystal habit calculated using ShapeCalc and the rock fabric is
massive. The 3D data was binned into 5 groups, based on the recommendations of Higgins,
(2000) and any bins with less than 5 data points were removed to reduce the intersection
probability effect (Brugger and Hammer, 2010a; Miwa et al., 2013; Preece et al., 2013; Bain
et al., 2019).

4.3 Results

4.3.1 Componentry of Tephra Deposits
Componentry analysis led to the identification of 3 different types of juvenile tephra clasts.

These are grouped as scoria, pumice, and dense clasts. Lithic clasts were also identified
throughout the fall deposits and have been linked back to the lithic clasts and underlying
geology described in table 3.2.

The scoria clasts (Fig. 4.3a) are a pale brown to black in colour and up to 64 mm in
diameter. The pyroclasts range from jagged to sub-angular, elongate, and blocky shaped,
with the black end member also exhibiting weakly fluidal shapes. The surfaces of the black
scoria clasts are characterised by a thin, fluidal glassy skin that covers the vesicular interior,
whereas the pale brown scoria clasts have no skin. Elongate ridges and surface mounds

cover the vesicles and individual vesicle filaments can be seen. The surfaces of the clasts
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Figure 4.3: Close up images of the different pyroclast morphologies. A) Black and brown scoria
clasts B) Pumice clasts, exhibiting breadcrust texture and adhered lithic clasts. C) Dense clasts.

are lightly covered in fine, <10 um in diameter, spherical to elongate precipitates and rare
fragments up to 50 um in diameter, that protrude out from the surface. These clasts are
both moderately to highly vesicular (terminology from Houghton and Wilson, 1989), with
vesicularity ranging from 60 — 83%. Vesicles are up to 2000 um in diameter and are mostly
randomly distributed, sub-rounded and irregular shaped. There are also some bands of
weakly aligned, elongate, irregular shaped vesicles. Individual vesical filaments can
sometimes be seen, more so in the black pyroclasts than the brown.

The pumice clasts (Fig. 4.3b) are pale brown colour, up to 64 mm in diameter and
sub-angular, elongate, or blocky. The surfaces of the pumice clasts can either exhibit a
weak, wrinkly breadcrust texture, covering a vesicular interior or a microvesiuclar texture.
The surfaces of both textures are characterised by a smooth exterior, with a honeycomb
texture and a complex network of vesicles that are surficial or extrude deeper into the
samples. Surface vesicles are smaller than 80 um in the breadcrust texture and 500 um in
the microvesiuclar texture. The breadcrust texture also exhibits surface cracks up to 500
um wide. In both textures, the surfaces are heavily covered fine (<10 m in diameter),
spherical or blocky precipitates and angular ash fragments. Lithic clasts can be seen
adhered onto the surface of a number of the breadcrust textured clasts. The pumice
pyroclasts are moderately vesicular, with vesicularity ranging between 60 — 70%. Vesicles
are up to 1500 um in diameter and range from randomly distributed, sub-rounded and
irregular shaped, to elongate, irregular shaped and weakly aligned. The larger, elongate
vesicles formed by coalescence of multiple, smaller vesicles and individual vesicle filaments
can sometimes be identified.

The dense clasts (Fig. 4.3c) are aphyric, dark grey/black colour, range in shape from
angular to sub-rounded and equant and are up to 64 mm in diameter. The surfaces of the
dense clasts are smooth with surficial, rounded vesicles up to 300 m in diameter. The
surfaces are heavily covered with fine (<10 m in diameter), spherical or blocky precipitates

and angular ash fragments. The dense clasts are poorly vesicular, with vesicularity ranging
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between 10 — 50%. Vesicles are up to 700 um in diameter and are elongate, irregular
shaped or sub-rounded and weakly aligned.

The abundance of the different pyroclasts varies throughout the deposits, based on
proximity to the vents. The three described components are seen throughout all the size
fractions within each unit. Scoria clasts are most abundant in the proximal deposits and rare
in the medial/distal deposits. Pumice clasts and dense clasts are most abundant in the

medial/distal deposits and rare in the proximal deposits.

4.3.1.1 Proximal Deposits

The proximal deposits are defined as any deposit within 200 m of the fissure and include
Unit’s I-IV (Fig. 4.4). Unit | is a pyroclastic flow deposit, whilst Unit’s Il — IV are pyroclastic
fall deposits. In the pyroclastic fall deposits and the pyroclastic flow deposit scoria clasts
are most abundant, ranging from 38 — 85 vol.%. Pumice clasts, dense clasts and lithic clasts
ash are generally less abundant and range from 0 — 21 vol.% and 4 — 19 vol.%, respectively.
However, pumice clasts, dense clasts and lithic clasts are more abundant in the pyroclastic
flow deposits (7 — 21 vol.%, 15— 17 vol.% and 26 — 28 vol.% respectively), compared to the
pyroclastic fall deposits (0 — 13 vol.%, 4 — 19 vol.% and 1 — 20 vol.%, respectively). The
abundance of scoria clasts and dense clasts decreases away from the fissure, whilst the

abundance of pumice clasts and lithic clasts increases.
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Figure 4.4: A) Map showing the location of the proximal tephra deposits (red dots). The black
triangle shows the location of the pyroclastic flow deposit (Unit ). B) Total componentry distribution
for the Unit’s | — IV found within the proximal deposits. The graph shows scoria clasts are most
abundant, whilst pumice clasts, dense clasts and lithic clasts are less abundant.

Unit 1

Unit | is only identified at one locality and has been interpreted as a pyroclastic flow. The
unit is made up of two beds of fine grained, sub-rounded and medium grained, sub-angular,
dense, pumice and scoria lapilli to coarse ash and sub-angular lithic clasts up to 16 mm in
diameter. Scoria clasts and pumice clasts have a relatively wide range in abundance from
38 — 48 vol.% and 7 — 21 vol.%, respectively (Fig. 4.5). Whilst, dense clasts and lithic clasts

exhibit a narrower range, from 15 — 17 vol.% and 26 — 28 vol.%, respectively (Fig. 4.5). The
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lower bed (1.1) is composed of more pumice clasts, whilst the upper bed (1.2) is composed

of more scoria clasts, dense clasts, and lithic clasts (Fig. 4.4).

[l scoria [ Jpumice [ dense [ Jlithics

b

Figure 4.5: Pie charts show the total percentage of the different clast types for Unit I, the
pyroclastic flow deposit. Scoria clasts are most abundant with varying abundances of pumice,
dense and lithic clasts.

Unit Il

Unit Il is composed of coarse scoriaceous blocks, sub-rounded medium to coarse
scoria lapilli and rare pumice and dense clasts, and angular lithic clasts up to 16 mm in
diameter. Scoria clasts are the most abundant, ranging from 69 — 85 vol.% and decrease
away from the fissure (Fig. 4.6). Pumice clasts are not seen in the most proximal deposits
but are up to 5 vol.% away from the fissure (Fig. 4.6). Dense clasts show a narrow range,
from 9 — 11 vol.%, but decrease slightly in abundance away from the fissure (Fig. 4.6). Lithic
clasts show a similar pattern, ranging from 4 vol.% in the most proximal deposit and up to

16 vol.% away from the fissure (Fig. 4.6).

[l scoria [ |pumice [ dense [ Jiithics
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Increasing distance from
fissure
Figure 4.6: Pie charts show the total percentage of the different clast types identified in Unit Il at
different localities. Scoria clasts are the most abundant with pumice clasts, dense clasts and lithic
clasts abundances increasing away from the fissure.

Unit 1l
Unit Ill and is composed of fine, sub-rounded and medium, sub-angular, dense, pumice and
scoria lapilli to coarse ash and angular lithic clasts up to 16 mm in diameter. Unit lll exhibits

a similar componentry distribution to Unit Il (Fig. 4.7). Scoria clasts are the most abundant,
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ranging from 68 — 82 vol.% and decrease away from the fissure (Fig. 4.7). Pumice clasts
are not seen in the most proximal deposits but are up to 6 vol.% away from the fissure (Fig.
4.7). Dense clasts exhibit a narrow range, from 17 — 17 vol.% but decrease in abundance
away from the fissure, whereas lithic clasts range from 1 — 10 vol.% and increase away

from the fissure (Fig. 4.7).

Bl scoria [ Jpumice [ dense [ Jlithics
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Figure 4.7: Pie charts show the total percentage of the different clast types identified in Unit Ill at
different localities. Scoria clasts are the most abundant with pumice clasts, dense clasts and lithic
clasts abundances increasing away from the fissure.

Unit IV

Unit IV is composed of sub-rounded medium to coarse scoria, rare dense and pumice lapilli
clasts and angular lithic clasts up to 16 mm in diameter. Scoria clasts are still the most
abundant, ranging from 54 — 70 vol.%, however, the abundance increases away from the
fissure (Fig. 4.8). Pumice clasts range in abundance from 7 — 13 vol.% and increase away
from the fissure (Fig. 4.8). Dense clasts and lithic clasts range from 4 — 19 vol.% and 14 —

20 vol.%, respectively, and decrease away from the fissure (Fig. 4.8).

Bl scoria [ Jpumice [ dense [ Jlithics
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fissure

Figure 4.8: Pie charts show the total percentage of the different clast types identified in Unit IV at
different localities. Scoria clasts are most abundant with pumice clasts increasing and dense and
lithic clasts decreasing away from the fissure.
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4.3.1.2 Distal Deposits

The distal deposits are defined as any deposit between >200 — 600 m from the fissure and
include Unit's V — VIII (Fig. 4.9). All of the distal deposits are pyroclastic fall deposits. Pumice
and dense clasts are most abundant throughout the units, ranging from 25 — 75 vol.% and
9 — 42 vol.%, respectively, whereas scoria clasts range from 0 — 26 vol.%. There is a
negative correlation between pumice clasts and scoria clasts. As the abundance of scoria
clasts decreases, the abundance of pumice clasts increases and the distance from the
fissure has no influence on this correlation. Scoria clasts are more abundant in the deposits
closest and furthest from the fissure. The abundance of dense clasts decreases away from

the fissure. Lithic clasts abundances range from 10 — 22 vol.% and increase away from the

fissure.
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Figure 4.9: A) Map showing the location of the distal tephra deposits (red dots). B) Total
componentry distribution for the Unit’s V — VIII found within the distal deposits. The graph shows
pumice clasts, dense clasts and lithic clasts are most abundant, whilst scoria clasts are less
abundant.

Unit VvV

Unit V is composed of sub-angular coarse ash, fine to medium pumice lapilli, medium
pumice and scoriaceous blocks and lapilli, and angular lithic clasts up to 16 mm in diameter.
Scoria clast abundances range from 0 — 22 vol.%, with the abundance generally decreasing
away from the fissure, but with a slight increase from 0 — 7 vol.% at the furthest point from
the fissure (Fig. 4.10). Pumice clast abundances range from 41 — 75 vol.% and generally
increase away from the fissure, but with a slight decrease from 75 — 49 vol.% at the furthest
point from the fissure (Fig. 4.10). Dense clast abundances range from 9 — 20 vol.% and
decrease in abundance away from the fissure (Fig. 4.10). Lithic clasts abundances show

minimal range, from 18 — 21 vol.% and fluctuate away from the fissure (Fig. 4.10).
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Figure 4.10: Pie charts show the total percentage of the different clast identified in Unit V at
different localities. Pumice clasts increase away from the fissure whilst dense clasts, lithic clasts
and scoria clasts decrease.

Unit VI

Unit VI is composed of denser, sub-rounded medium pumice, dense, and rare scoria lapilli,
rare coarse ash, and angular lithic clasts up to 16 mm in diameter. Scoria clast abundances
range from 9 — 26 vol.% (Fig. 4.11). The abundance is consistent at 13 vol.% and then
increases up to 26 vol.% away from the fissure. Pumice clast abundances range from 25 —
36 vol.%. The abundance of pumice clasts fluctuates, with the greatest vol.% (35 — 36 vol.%)
closest to the fissure and a slightly lower vol.% away from the fissure (25 — 31 vol.%) (Fig.
4.11). Dense clast abundances range from 21 — 42 vol.% and generally decrease in
abundance away from the fissure (Fig. 4.11). Lithic clast abundances exhibit a narrow

range, from 17 — 22 vol.% and increase away from the fissure (Fig. 4.11).
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Figure 4.11: Pie charts show the total percentage of the d/fferent clast types identified in Unit VI
at different localities. Pumice clasts generally decrease, and scoria clasts increase away from the
fissure. Lithic clasts remain consistent throughout and dense clasts fluctuate in abundance.

Unit VI

Unit VII is composed of sub-rounded fine pumice and dense lapilli, rare fine scoria lapilli
and angular lithic clasts up to 16 mm in diameter. Scoria clast abundances range from 10
— 13 vol.% and exhibit a weak increase away from the fissure (Fig. 4.12). Pumice clast and
dense clast abundances range from 29 — 34 vol.% and 37 — 41 vol.%, respectively, and
exhibit a weak decrease away from the fissure (Fig. 4.12). Lithic clast abundances range

from 16 — 21 vol.% and increase away from the fissure (Fig. 4.12).
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Figure 4.12: Pie charts show the total percentage of the different clast types identified in Unit VIl
at different localities. Pumice and dense clasts show similar abundances away from the fissure
with increasing scoria and lithic clasts.

Unit VI

Unit VIl is composed of sub-rounded fine to medium pumice and dense lapilli, rare fine
scoria lapilli and medium to coarse ash, and angular lithic casts up to 8 mm in diameter.
Scoria clast abundances range from 0 — 17 vol.% and increases away from the fissure (Fig.
4.13). Pumice clasts range in abundance, from 37 — 63 vol.% and decreases away from the
vent (Fig. 4.13). Dense clasts and lithic clasts range in abundance from 28 — 33 vol.% and
10 — 14 vol.%, respectively. Both the vol.% of dense clasts and lithic clasts increases away
from the fissure (Fig. 4.13).
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Figure 4.13: Pie charts show the total percentage of the different clast identified in Unit VIl at
different localities. Pumice clasts decrease away from the fissure and dense clasts show similar
abundances. Scoria and lithic clasts increase away from the fissure.

4.3.2 Tephra Petrography

4.3.2.1 Scoria

The scoria clasts (golden-scoria and black scoria) are composed of <1% tabular plagioclase
phenocrysts up to 800 um in diameter, and ~2% tabular and acicular plagioclase
microphenocrysts, up to 500 um in diameter, with ~85% exhibiting internal sieve texture and
~20% exhibiting weak swallow tail textures (Fig. 4.14a,b). Other microphenocryst phases

include ~1% subhedral, sub-rounded or tabular olivine crystals, up to 350 um in diameter,
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<1% subhedral, sub-rounded clinopyroxene crystals, up to 300 um in diameter, <1%
elongate amphibole crystals, up to 350 um in diameter, with no opaque rim and <1% blocky
Fe-Ti oxides (Fig. 4.14a,b).

Groundmass textures

The scoria groundmass is hypocrystalline, pale brown, sideromelane glass and composed
of plagioclase and rare olivine microlites <100 um in diameter (Fig. 4.14a,b). Plagioclase
microlites are acicular, elongate and ~20% exhibit weak swallow tail texture. Olivine
microlites are subhedral, fragmental, or tabular, or anhedral with external resorption with
varying degrees of hopper textures. Clinopyroxene microlites are not present in the

groundmass.
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Figure 4.14: Textural images of the DIP tephra deposits, showing the groundmass textures and
the crystal phases Plg — plagioclase, cpx — clinopyroxene, olv — olivine, ox — Fe-Ti oxides.
Circles show plane-polarised light (PPL) images of the different tephra deposits. A,B) Back
scatter electron (BSE) images of the scoria clasts. C,D) BSE of the pumice clasts E,F) BSE of
the dense clasts.

4.3.2.2 Pumice

The pumice clasts are composed of <1% tabular, plagioclase phenocrysts, up to 800 um in
diameter with ~60-70% exhibiting internal sieve textures and ~2% tabular, plagioclase
microphenocrysts, up to 400 um in diameter, with ~40% exhibiting internal sieve textures

and ~45% exhibiting weak swallow tail textures (Fig. 4.14c,d). Other microphenocryst
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phases include ~1% subhedral or tabular olivine crystals, up to 400 um in diameter, <1%
subhedral clinopyroxene crystals, up to 300 um in diameter, <1% euhedral amphibole
crystals, up to 300 um in diameter, with no opaque rims, and <1% blocky Fe-Ti oxides (Fig.
4.14c,d).

Groundmass textures

The groundmass is hypocrystalline, pale brown, sideromelane glass and with plagioclase
microlites and Fe-Ti oxides up to 100 um in diameter (Fig. 4.14c,d). Plagioclase microlites
are acicular or tabular, with ~40 — 50% exhibiting swallow tail textures. No olivine or

clinopyroxene is present in the groundmass.

4.3.2.3 Dense Clasts

The dense clasts are composed of <1% tabular plagioclase phenocrysts up to 1000 um in
diameter with ~90% exhibiting internal sieve textures and ~2 - 3% tabular
microphenocrysts, up to 550 um in diameter, with ~30% exhibiting internal sieve textures
and ~75% exhibiting swallow tail textures (Fig. 4.14e,f). Other microphenocryst phases
include ~1 — 2% subhedral, sub-rounded and elongate olivine crystals, up to 450 um in
diameter, <1% subhedral clinopyroxene crystals, up to 400 um in diameter, <1% euhedral,
tabular amphibole crystals, up to 900 um in diameter, with no opaque rims and blocky Fe-
Ti oxides (Fig. 4.14ef).

Groundmass textures

The groundmass is hypocrystalline, pale brown, sideromelane glass which contains
plagioclase, olivine, and Fe-Ti oxides up to 100 um in diameter (Fig. 4.14e,f). The
plagioclase microlites have a weak trachytic texture and are acicular or tabular, with ~20%
exhibiting swallow tail textures. The olivine microlites and Fe-Ti oxides range from
subhedral and blocky or tabular to anhedral with varying degrees of resorption and hopper

textures. No clinopyroxene crystals were identified in the groundmass.

4.3.3 Lava and Spatter Petrography

4.3.3.1 Lava Flow Field 1

The lavas in lava flow field 1 are black to dark, hypocrystalline, and fine-grained aphanitic
(Fig. 4.15a,b). The lavas are non- to incipiently vesicular with elongate and aligned vesicles
up 5 mm in diameter and <1 mm in diameter sub-spherical vesicles.

The lavas contain up to 2% euhedral, tabular, and acicular phenocrysts up to 7 mm
in diameter, with internal sieve textures. Microphenocryst assemblages include 2 — 5%

tabular plagioclase crystals, up to 600 um in diameter, with 30-50% exhibiting internal sieve
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textures or normal zoning, ~2% subhedral, prismatic and anhedral, heavily resorbed olivine
crystals, up to 500 um in diameter, <1% subhedral, sub-rounded or tabular clinopyroxene
crystals, up to 450 um in diameter, and <1% elongate amphibole crystals, up to 600 um in
diameter, with opaque rims. Rare, <1%, subhedral, feldspar antecrysts up to 12 mm in
diameter, are seen in few of the samples. Further details on the crystal phases and their
associated textures for all the erupted products are described in detail in Chapter 5.

Groundmass textures

The groundmass is microcrystalline and consists of plagioclase, olivine, very rare
clinopyroxene and Fe-Ti oxides up to 100 um in diameter (Fig. 4.15a,b). Three distinct
textures (light, dark and transitional) are identified within the lava flow deposits (Fig. 4.16).
The lighter bands (normal lava) are the typical groundmass textures observed throughout

Figure 4.15: Textural images of the DIP lava deposits, showing the groundmass textures and
the crystal phases. Plg — plagioclase, cpx — clinopyroxene, olv — olivine, ox — Fe-Ti oxides.
Circles show cross-polarised light (XPL) images of the different lava deposits. A,B) Back scatter
electron (BSE) images of lava from flow field 1 (FF1). C,D) BSE of the lava from flow field 2
(FF2). E,F) BSE of the lava from flow field 3 (FF3).

each sample. They are hypocrystalline and contain abundant acicular plagioclase microlites
up to 100 um in diameter, with ~20% exhibiting weak swallow tail textures. In addition,
subhedral, tabular and fragmented olivine microlites and few blocky or irregular shaped Fe-
Ti oxides are present. The darker bands (dark lava bands) are also hypocrystalline and
contain abundant tabular feldspar microlites, up to ~ 90 um in diameter, with ~10%
exhibiting weak swallow tail textures, and a visually high abundance of subhedral to

anhedral olivine microlites and blocky and sub-rounded Fe-Ti oxides that are <10 um in
108



diameter. The transitional bands are very rare but are as the normal lava bands but with a
greater abundance of oxides.

4.3.3.2 Lava Flow Field 2

The lavas in lava flow field 2 are black to dark grey, hypocrystalline and aphyric to fine-

grained aphanitic (Fig. 4.15¢c,d). Two lavas from FF2 were used in the textural study — Al-
9-026 (F6) and Al-19-028 (F7). The lavas are non-vesicular vesicular with weakly aligned,
elongate vesicles up to 8mm in diameter and sub-spherical vesicles up to 2 mm in diameter.

The lavas contain up to 1%, tabular plagioclase phenocrysts, up to 3 mm in
diameter, with ~95% exhibiting internal sieve textures. The microphenocryst assemblage
consists of ~3 — 4 % plagioclase microphenocrysts, up to 600 um in diameter, with ~80%
exhibiting internal sieve textures or normal zoning, 1 — 2%, subhedral and tabular or heavily
resorbed olivine microphenocrysts, up to 400 um in diameter, <1% subhedral and sub-
rounded clinopyroxene microhenocrysts, up to 400 um in diameter, and <1% elongate

amphibole microphenocrysts, up to 650 um in diameter, with opaque rims.

Figure 4.16: Cross-polarised light (XPL) and plane-polarised light (PPL) images of the light and
dark bands in the lava. BSE images show the contact between the two groundmass types and
single BSE images of the different types, characterised by the morphology of the feldspar
microlites.

Groundmass textures

The groundmass is microcrystalline and consists of plagioclase, olivine, very rare
clinopyroxene and Fe-Ti oxides up to 100 um in diameter (Fig. 4.15c,d). Black, mafic-rich
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bands (dark lava bands) are common throughout the samples. Plagioclase microlites are
acicular or tabular, and ~30% exhibit weak swallow tail textures. Olivine microlites are
subhedral, sub-rounded or blocky. Clinopyroxene microlites are euhedral to subhedral,

elongate or sub-rounded. Fe-Ti oxides ae tabular, blocky, or sub-rounded.

4.3.3.3 Lava Flow Field 3

The lavas in lava flow field 3 are black to dark grey, hypocrystalline and aphyric to fine-
grained aphanitic (Fig. 4.15e,f). The lavas are non-vesicular with weakly aligned elongate
vesicles up to 3 mm in diameter and sub-spherical vesicles up to 2 mm in diameter.

The lavas contain up to 3% tabular and elongate plagioclase phenocrysts up to 5
mm in diameter, with ~80% exhibiting sieve textures or normal zoning. Microphenocryst
assemblage includes ~5% tabular plagioclase crystals, up to 600 um in diameter, with ~40
— 80% exhibiting internal sieve textures or normal zoning, 2 — 3% euhedral, prismatic, or
tabular and anhedral, heavily resorbed olivine crystals, up to 400 um in diameter, ~1%
subhedral, sub-rounded or tabular clinopyroxene crystals, up to 400 um in diameter, and
<1% subhedral amphibole crystals, up to 600 um in diameter, with opaque rims. Rare, <1%

anhedral feldspar antecrysts up to 11 mm in diameter are seen in a number of samples.

Groundmass textures

The groundmass is microcrystalline and consists of plagioclase, olivine, very rare
clinopyroxene and Fe-Ti oxides up to 100 um in diameter (Fig. 4.15e,f). Dark, mafic-rich
bands (dark lava bands) are seen in at least two of the samples. Plagioclase microlites are
acicular or tabular and <1 mm in diameter. ~30% of the plagioclase microlites exhibit weak
swallow tail textures. Olivine microlites are euhedral to subhedral, tabular or fragmental.
Clinopyroxene microlites are euhedral to subhedral, elongate or sub-rounded. Fe-Ti oxides

are blocky, sub-rounded or irregular shaped with some weak resorption.

4.3.3.4 Type 1 Cones

The moderately to densely welded spatter clasts at the type 1 cones are black to dark grey,
hypocrystalline, and fine-grained aphanitic (Fig. 4.17a,b). The spatter is non- to incipiently
vesicular with varying regions of vesicularity. Spherical vesicles are usually <5 mm in
diameter, whilst sub-spherical vesicles are usually up to 9 mm in diameter. Elongate and
irregular shaped vesicles range from <1 mm — 8 mm in diameter.

The T1 cone spatter contains ~1% tabular plagioclase phenocrysts, up to 7 mm in
diameter, with ~95% exhibiting internal sieve textures, and <1% sub-rounded clinopyroxene
phenocrysts (Fig. 4.17a,b). Microphenocryst assemblages include ~ 3 — 5% tabular
plagioclase crystals, up to 600 um in diameter, with 50 — 60% exhibiting internal sieve

textures or normal zoning, ~2% subhedral to anhedral, heavily resorbed olivine crystals, up
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to 500 um in diameter, ~ 1% sub-spherical or tabular clinopyroxene crystals, up to 450 um
in diameter, and <1% subhedral amphibole crystals, up to 550 um in diameter, with opaque
rims. Rare, <1%, subhedral and tabular or anhedral feldspars antecrysts up to 20 mm in
diameter and black subhedral and tabular clinopyroxenes up to 5 mm in diameter are seen
in few deposits.

Groundmass textures

The groundmass is microcrystalline and consists of plagioclase, olivine, rare clinopyroxene
and Fe-Ti oxides up to ~100 um in diameter (Fig. 4.17a,b). The dark lava bands are seen
in two samples from cones 11 and 12. Plagioclase microlites are acicular or tabular, <1 mm
in diameter and can exhibit a weak trachytic texture. ~25 — 30% exhibit a weak swallow tail
texture. Olivine microlites are subhedral and blocky or anhedral with varying degrees of
internal and external resorption, hopper textures and spherical and elongate opaque
inclusions. Clinopyroxene microlites are very rarely seen but are subhedral. Fe-Ti oxides
are blocky and tabular.

Figure 4.17: Textural images of the DIP spatter deposits, showing the groundmass textures and
the crystal phases. Plg — plagioclase, cpx — clinopyroxene, olv — olivine, ox — Fe-Ti oxides.
Circles show cross-polarised light (XPL) images of the different spatter deposits. A,B) Back
scatter electron (BSE) images of spatter from cone type 1. C,D) BSE of spatter from cone type 2.
E,F) BSE of the spatter from cone type 3.
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4.3.3.5 Type 2 Cones

The weakly agglutinated spatter clasts at the type 2 cones are dark grey or black,
hypocrystalline and fine-grained aphanitic (Fig. 4.17c,d). The spatter is incipiently vesicular
with irregular shaped vesicles up to 15 mm in diameter, which in some places show weak
alignment, and sub-spherical vesicles up to 5 mm in diameter. The largest vesicles exhibit
broken filaments.

The T2 cone spatter contains <1% tabular plagioclase phenocrysts, up to 5 mm in
diameter, with all the phenocrysts exhibiting internal sieve textures, and <1% subhedral
olivine phenocrysts up to 1 mm in diameter. Microphenocryst assemblages include ~2% of
tabular plagioclase crystals, up to 600 um in diameter, with ~80% exhibiting internal sieve
textures or normal zoning, ~1-2% subhedral and anhedral, prismatic, or heavily resorbed
olivine crystals, up to 500 um in diameter, ~1% euhedral to subhedral clinopyroxene crystals
up to 600 um in diameter, and <1% amphibole microphenocrysts up to 600 um in diameter,

with opaque rims.

Groundmass textures

The groundmass is microcrystalline and consists of plagioclase, olivine, clinopyroxene and
Fe-Ti oxides up to ~100 um in diameter (Fig. 4.17c,d). Plagioclase microlites are euhedral,
elongate, and acicular or tabular with ~25% exhibiting weak swallow tail textures. Olivine
and clinopyroxene microlites are euhedral to subhedral and elongate or prismatic. Olivine
microlites contain spherical to elongate opaque inclusions. Fe-Ti oxides are euhedral to

subhedral, sub-rounded or sub-elongate.

4.3.3.6 Type 3 Cones

The moderately to densely welded spatter clasts at the type 3 cones are dark grey,
hypocrystalline, and fine-grained aphanitic (Fig. 4.17e,f). Two samples from type 3 cones
were used in the textural study — Al-9-008 (cone 1) and Al-19-121 (cone 8). The spatter is
non- to incipiently vesicular with varying regions of vesicularity. Sub-spherical vesicles are
up to 2 mm in diameter, whilst elongate vesicles are up to 9 mm in diameter.

The T3 cone spatter contains ~2% of tabular plagioclase phenocrysts up to 8 mm in
diameter, with ~90% exhibiting internal sieve textures, and <1% sub-rounded clinopyroxene
phenocrysts. Microphenocryst assemblages include ~ 1 — 5% tabular plagioclase crystals,
up to 550 um in diameter, with ~40-60% exhibiting internal sieve textures or normal zoning,
~2% subhedral to anhedral, heavily resorbed olivine crystals, up to 450 um in diameter, ~
1% sub-spherical or tabular clinopyroxene crystals, up to 450 um in diameter, and <1%
subhedral amphibole crystals, up to 500 um in diameter, with opaque rims. Rare, <1%
subhedral and tabular or anhedral feldspar antecrysts up to 6 mm in diameter are seen in

few deposits.
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Groundmass textures

The groundmass is microcrystalline and consists of plagioclase, olivine, rare clinopyroxene
and Fe-Ti oxides up to ~100 um in diameter (Fig. 4.17e,f). Plagioclase microlites are
acicular or tabular, <1 mm in diameter and can exhibit a weak trachytic texture. ~25 — 30%
of plagioclase microlites exhibit a weak swallow tail texture. Black, mafic-rich bands (dark
lava bands) are seen in a single sample from cone 7. Olivine microlites are subhedral and
blocky or anhedral with varying degrees of internal and external resorption, hopper textures
and spherical to elongate opaque inclusions. Clinopyroxene microlites are rarely seen but
are subhedral. Fe-Ti oxides are blocky and tabular or sub-rounded with spherical opaque

inclusions.
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Figure 4.18: BSE iages showing amphibole with euhedral rims in the tephra aples.

Amphiboles phenocrysts and microphenocrysts in the spatter, lava and tephra deposits
exhibit different degrees of breakdown textures. The amphiboles in the tephra deposits
(type ii) are euhedral and have no breakdown rims (Fig. 4.18), whereas the amphiboles in
the spatter and lava (type i) have reaction rims that vary in thickness from 5 — 50 ym and
exhibit varying textures. Symplectitc rims (Fig. 4.19a,b) are most common in the spatter and
lava samples and are made up of crystals that are perpendicular to the crystal face and
have sharp contacts with the amphibole phase. Granular rims (Fig. 4.19c,d) are less
common but observed in spatter and lava samples with crystals that have thicker reaction
rims (30 — 50 ym) or have completely broken down. Due to the size of the grains and
accuracy of the electron probe beam, identification of the crystal compositions was not
possible, however petrographic analysis suggests they are composed of feldspar, pyroxene
and Fe-Ti oxides. Some amphibole crystals in the spatter and lava exhibit multiple
breakdown rims with gradual transitions through from symplectitc to granular. The
amphibole crystals in the spatter and lava also exhibit irregular volumetric decomposition,

where the crystal is almost fully replaced by the breakdown rim (Fig. 4.20a,b) or aligned
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volumetric decomposition, with the crystals in the breakdown rims following fractures and

cleavage planes within the amphibole crystal (Fig. 4.20c).

Figure 4.19: Showing the different reaction rims seen in the type i aphibole crytals. A,B)
Symplectic rims. C,D) Granular rims.

Sample  AI_19_ AI_19_  AI_19_ AI_19_  AI_19- AI_19- AI_19- AI_19- AI_19-
034 034 008 008 _121 _121 _028 _028 _028
Type Spatter  Spatter  Spatter Spatter  Spatter  Spatter Lava Lava Lava DB
SiO2 59.57 59.13 58.18 58.33 57.97 58.35 59.55 57.66 57.08
TiO2 0.12 0.11 0.15 0.10 0.09 0.06 0.10 0.10 0.10
Al203 24.60 24.66 25.80 25.48 25.86 26.10 24.87 26.09 26.19
FeO 0.65 0.63 0.79 0.72 0.66 0.35 0.72 0.56 0.57
MnO 0.00 0.01 0.01 0.01 0.00 0.01 0.01 -0.01 0.01
MgO 0.06 0.05 0.08 0.05 0.04 0.00 0.05 0.01 0.04
CaO 7.31 7.62 8.11 7.83 8.27 7.81 7.34 8.47 8.69
Na20 7.05 6.94 6.68 6.89 6.63 6.80 6.98 6.48 6.40
K20 0.69 0.57 0.56 0.61 0.46 0.47 0.57 0.39 0.43
SrO 0.08 0.09 0.11 0.10 0.07 0.13 0.11 0.26 0.25
Total 100.13 99.82 10046 100.13 100.04 100.47 100.29 100.02 99.94
An 35 37 39 37 40 38 36 41 42
Or 4 3 3 3 3 3 3 2 2
Ab 61 60 58 59 58 60 61 57 56
AI_19- AI_19- AI_19- DIP-3 DIP-3 DIP-6 DIP-6 DIP-8 DIP-8
_028 _026 _026
Lava Lava Lava Scoria Scoria Pumic Pumic Dense Dense
DB e e
SiO2 56.67 59.16 57.80 57.58 59.36 58.35 58.16 58.05 56.96
TiO2 0.11 0.16 0.10 0.15 0.15 0.13 0.10 0.09 0.08
Al203 26.17 24.68 26.42 25.80 24.71 25.47 25.52 25.07 26.04
FeO 0.65 0.75 0.66 0.86 0.78 0.85 0.70 0.78 0.66
MnO 0.03 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.01
MgO 0.10 0.05 0.07 0.10 0.07 0.09 0.06 0.06 0.07
CaO 8.55 6.98 8.42 8.40 7.24 7.79 7.84 7.64 9.01
Na20 6.49 7.06 6.54 6.38 7.11 6.80 7.10 6.97 6.41
K20 0.41 0.90 0.49 0.45 0.60 0.53 0.54 0.47 0.37
SrO 0.32 0.25 0.15 0.12 0.10 0.11 0.08 0.17 0.17
Total 99.95 100.02 100.67 99.84 100.15 100.12  100.11 99.32 99.79
An 41 34 40 41 35 38 37 37 43
Or 2 5 3 3 3 3 3 3 2
Ab 56 61 57 56 62 59 60 61 55

Table 4.2:
Table showing
representative
values of
groundmass
feldspar
chemistry.

For full data set
see appendices
2. DB = dark
band.
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4.3.5 Groundmass Feldspar Compositions

The composition of feldspar microlites were analysed (table 4.2) to understand the range of
crystallisation conditions. Microlite compositions are mostly andesine (Fig. 4.21a-c), with
rare anorthoclase in the transitional lava samples (Fig. 4.21b) and single oligoclase in the
spatter samples (Fig. 4.21c). There is no clear change in microlite composition depending

on the type of deposit and the texture of the lava deposits.

Figure 4.20: A, B Irregular volumetric decomposition with an almost fully replaced amphibole crystal.
C) Aligned volumetric decomposition with the crystals following fractures and cleavage planes.
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Figure 4.21: Ternary feldspar plots for the feldspar microlites in the tephra, spatter and lava
deposits. The lava plot shows the different microlite compositions based on the textures of the
lavas.

Anorthite (An) contents of the microlites range from AnzAbegOrzs — AnsgAbsoOr2 and a
histogram is unimodal with a modal peak at Ansg (Fig. 4.22a). There is very little variation in
An contents between the spatter and tephra clasts. Groundmass crystals in the spatter
range from Anz3AbesOr7 — AnssAbs2Orz, with a mode at Anss (Fig. 4.22b), and those in the
scoria, pumice and dense clasts range from AnzsAbgiOrs — Ans1Abs7Orz, AnszAbeoOrs —
An3eAbssOrs, AnzsAbsoOrs — AnsszAbssOrs, respectively (Fig. 4.22c). The scoria and pumice
clasts have a uniform distribution and no mode, whilst the microlites in the dense clasts
have two modes at AnsgAbsoOrz and AnseAbsgOr.

The results from the tephra should be treated with caution as not many data points
were collected due to time constraints. Feldspar microlites in the lava show a wider range,
from AnzAbegOras — AnsgAbsoOr, and have a main mode at Ans2AbssOrz (Fig. 4.22d). When
the lava deposits are broken down into textures, the normal lava samples have An12Ab760r12
— AngsAbs,0rs.

The normal lava and dark bands have very similar An contents, ranging from
An3zsAbe2Ors — AnsgAbsoOrz, whilst the transitional bands show a larger range with two
distinct populations at AnzAbsgOrzs — AnsAb7oOr2s and AnszAbeoOrs — AnssAbszOrz. However,
the populations at AnzAbesOrzs — AnsAbzoOrzs are not in equilibrium with the whole-rock
magma and are evidence of microlite growth at a later stage, likely from a more degassed
magma. All the other groundmass feldspars in each deposit type are with the whole rock

composition. The tephra components are not in equilibrium with the glass compositions.
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Figure 4.22 A) A unimodal compositional histogram for all the eruption deposits (lava, spatter,
and tephra clasts). Show the An range and the main mode at Anss. B) Unimodal compositional
histogram for the spatter deposits, showing the main mode at Anss. C) Compositional histogram
for the tephra deposits. The scoria and pumice clasts have a uniform distribution, and the dense
clasts have two modes at Anss and Ans. D) Unimodal compositional histogram for the lava
deposits and split based on the textures, showing a wider An range and the main mode at Ans..

4.3.6 Intensive Variables

The feldspar-liquid thermometer (Putirka, 2005) was used to establish which crystal
phases are in equilibrium with the melt (Fig. 5.29). Equilibrium was determined by
comparing the An-Ab exchange (Putirka, 2005). For temperatures <1050 °C, the An-Ab

exchange value should be 0.1 + 0.05, and for temperatures >1050 °C the An-Ab exchange
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value should be 0.28 + 0.11 (Putirka, 2005) (Fig. 5.29a). The thermometer require pressure

as an input and so the sensitivity of the pressure input was tested.
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Figure 4.23: Graph showing the temperatures from the feldspar microlites in the different
deposits. The circles show the average temperature, and the lines show the range. The dashed
lines show the estimated error depending on the pressure input.

The initial pressure was started at 330 Kbar, as that marks the base of the
lithosphere (refs). The testing confirmed that a difference of 1000 bars had only 6 °C
difference on temperature, however, the microlites likely formed at lower pressures and
therefore until further data is acquired, the temperatures should be treated with caution.
Feldspar microlites in the erupted deposits have average temperatures ranging from 1102
— 1109 + 12 °C. These temperatures are potentially too high for intermediate composition
magma microlites, however narrow range is the point to be made. The lava and spatter
have the widest range, from 1099 — 1117 °C (Fig. 4.23). When broken down, the normal
lava texture shows the whole range (1099 — 1117 °C) (Fig. 4.23), whilst the transitional lava
bands range from 1105 — 1113 °C, and the dark lava bands range from 1102 — 1111 °C
(Fig. 4.23). The pumice clasts show the narrowest range, from 1104 — 1106 °C (Fig. 4.23),
whilst the scoria and dense clasts show a slightly wider range, from 1102 — 1109 °C and
1099 — 1107 °C, (Fig. 4.23) respectively.
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4.3.7 2D Feldspar microlite textures

The feldspar number density (Nx) ranges from 126 — 9812 mm (table 4.3), with the highest
densities in the dense tephra clasts and the lowest in one of the spatter samples. N, for the
lava and spatter samples range from 1525 — 4732 mm™ and 126 — 2387 mm, respectively.
Na for the normal lava textures is within a similar range (1525 — 1779). The tephra samples
show the largest range with N, of 2761, 1170 and 9812 for scoria clasts, pumice clasts and

dense clasts.

Table 4.3: The textural parameters obtained from the 2lmagedJ analysis, *ShapeCalc
(Mangler et al., 2022) analysis and °CSD Corrections analysis (Higgins, 2000).

Sample Spatter  Spatter Lava Lava Dark Scoria Pumice Dense
lava Clasts Clasts Clasts
band

Type Al-19- Al-19- Al-19- Al-19- Al-19- DIP3 DIP5 DIP8

008 121 026 028 028

No. of crystals | 1548 750 1110 2887 2556 3890 2059 2078

Area 0.36 0.33 0.30 0.24 1.91 0.26 0.48 0.04

analysed

(mm?) 2

Na®? 2378 230 1779 4723 1525 2761 1170 9812

Crystallinity 2 | 0.604 0.103 0.496 0.440 0.523 0.201 0.288 0.263

Mean crystal | 231 438 274 85 748 68 232 20

area ?

S/LP 0.18 0.18 0.19 0.15 0.14 0.11 0.16 0.11

Sb 1 1 1 1 1 1 1 1

[ 2.7 2.8 3.5 3.6 3.9 6.2 4 6.2

L> 5.6 5.6 5.2 6.8 7.2 8.8 6.4 8.8

R¢? 0.982 0.982 0.961 0.931 0.993 0.968 0.956 0.971

S/I b 0.37 0.36 0.29 0.28 0.26 0.16 0.25 0.16

I/L®° 0.48 0.50 0.67 0.53 0.54 0.7 0.63 0.70

CSD slope a© | -20.33 -23.53 -27.89 -25.29 -19.98 -45.37 -26.03 -83.16

Ne ¢ -13.95 -15.63 -13.25 -12.35 -14.66 -13.15 -14.73 -9.56

The groundmass feldspar crystallinity ¢ ranges from 0.103 — 0.604 (table 4.3), with the
highest crystallinity in the one of the spatter deposits, and the lowest in the scoria clasts. ¢
for the lava samples range from 0.488 — 1.488, however there is little variation between the
two ‘normal’ lava samples (0.488 and 0.496) and the dark bands (0.523). The spatter and
tephra samples also show little variation in ¢, from 0.604 — 0.614 and 0.201 — 0.288,
respectively.

Mean crystal areas have a wide range from 20.41 — 748 um? (table 4.3), with the
lowest mean crystal area in the dense clasts and the highest in one of the spatter samples.
Mean crystal areas exhibit wide ranges within the different deposit types; in the lava it
ranges from 85 — 748, with no similarities between the normal samples, whilst in the spatter
it ranges from 231 — 438. The tephra clasts range from 20 — 232, with the dense clasts
exhibiting the lowest mean crystal area and the pumice clasts exhibiting the highest.

Crystal aspect ratios S/L have a narrower range from 0.11 — 0.19 (table 4.3), with
the lowest S/L in the scoria and dense clasts, and the highest in a lava sample. S/L ranges

from 0.14 — 0.19 in the lava samples, with no similarities in the normal lava textures. S/L is
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constant in the spatter samples (0.19). S/L in the tephra samples is consistent at 0.11 for
scoria and dense clasts, but higher at 0.16 for the pumice clasts.

As Na decreases, the mean crystal area slightly increases (Fig. 4.24). An exception
to this is the dark lava bands, where the mean crystal area increases with increasing Na. Na
also generally increases with increasing ¢ . The dense clasts have a higher ¢ than the other
samples. Although very similar, Na slightly decreases with increasing S/L (Fig. 4.24). The
low S/L values represent more elongate, prismatic crystal shapes and correlate with a lower
Na Higher S/L values represent tabular or equant crystal shapes. As S/L increases, the
mean crystal area also increases. However, the dark lava bands have a low S/L but much

higher mean crystal area (Fig. 4.24).
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Figure 4.24: Graphs showing the 2D feldspar parameters for the different deposits.
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Figure 4.25: Zingg plots for the different samples, shown together on one graph
and individually. In many cases, the error bars are smaller than the symbols.
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In summary, the textural parameters show that the groundmass textures range from glassy
to more crystalline with variations between many small, prismatic microlites and fewer,
larger prismatic microlites. The lava samples are more crystalline than the rest of the DIP
deposits, with small, prismatic microlites, whilst the dark bands have a similar crystallinity
but with fewer, larger, prismatic microlites. The spatter samples show some variation and
either exhibit a low crystallinity with fewer, larger, prismatic microlites or a higher crystallinity
with more, smaller prismatic microlites. The scoria and pumice clasts are glassy with fewer,
small, prismatic microlites, whilst the dense clasts are glassy but with many small, prismatic

microlites.

4.3.8 3D Crystal Populations

Higgins (1994) showed that the 2D length of a crystal shape is closer to the 3D intermediate
dimension and that the 2D width is more likely the 3D short dimension. The 2D — 3D
stereological conversion models, CSDSlice (Morgan and Jerram, 2006) and ShapeCalc
(Mangler et al., 2022) provide the best S:I:L estimates based on a best fit test on the mode
of the distribution of the crystal shapes and dimensions. The best fit values for CSDSlice
should produce an R? value of >0.8, whereas the best fit value for ShapeCalc should
produce an R.? value of > 0.975, and lower values show poor model fits. Estimates for the
best fit values for the DIP samples tend to produce much poorer fit models (table 4.3) with
R. values ranging from 0.5243 — 0.8686 (only two samples > 0.8), and R.? values ranging
from 0.931 — 0.993 (only 3 samples > 0.975). However, when binned on crystal length,
shape estimates with acceptable fits are more common. The binned data sets produced R¢?
between 0.825 — 0.999, with over 75% having R¢? values > 0.975.

When the best 3D estimates were plotted on a Zingg diagram for the spatter and
lava, there are a few patterns identified between crystal size and shape (Fig. 4.25). In the
spatter and lava samples, the largest crystals (> 100 um bin) are typically bladed shapes,
whilst crystals in bins 5 — 100 ym are either bladed or tabular shapes and the crystals in the
< 5 um faction are equant shapes. An exception to the above is a single spatter sample,
where the > 100 uym faction has tabular shapes and the crystals in the 30 — 100 ym faction
are bladed shapes. Crystals in the 5 — 10 ym and < 5 ym faction of the spatter and lava
samples are prismatic shapes. In the dark lava bands, the crystals in the > 100 um faction
have tabular shapes, whilst the 10 — 30 and 30 — 100 um crystal factions have bladed
shapes. Crystals in the 5 — 10 uym faction of the dark lava bands are prismatic and those in
the < 5 ym faction are equant shaped. The variation in crystal size and shape in the spatter

and lava samples may also be a factor of syn-emplacement crystallisation.
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Figure 4.26: CSD's for the different samples. Each one is labelled. Error bars are
smaller than the symbols. Dashed lines are regression lines using the 3 steepst
segments of the CSD.
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The pumice clasts and dense clasts have a wider range in crystal shapes (Fig. 4.25).
In the pumice samples, the largest crystals (30 — 100 and >100 pm bins) and the smaller
crystals (5 — 10 um bin) have bladed shapes, whilst the crystals in the 10 — 30 ym bin have
tabular shapes. The smallest crystals in the <5 ym bin have prismatic shapes. In the dense
clasts, the two largest crystal factions (> 100 ym and 30 — 100 ym bins) have bladed and
tabular shapes, respectively. The smaller crystal factions (10 — 30, 5 - 10 and < 5 ym bins)
in the dense clasts are tabular shaped. For the scoria clasts, all of the crystal sizes, with the
exception of the smallest crystal faction (<5 ym bin) cluster with tabular shapes (Fig. 4.25).
Crystals in the <5 ym faction have bladed shapes. The combined ShapeCalc data sets for
all samples (Fig. 4.25) (although not all had R > 0.975 or R. > 0.8) are skewed towards
higher I/L with more tabular shapes, whilst the CSDSlice data sets are skewed towards
lower I/L with bladed shapes (Fig. 4.25).

4.3.9 Crystal Size Distributions (CSD)

The CSD of a rock can be defined as the number of crystals of a mineral per unit volume
within a series of defined size intervals (Marsh, 1988). The CSD’s calculated for the feldspar
microlites in the spatter, lava and tephra samples are concave-up (Fig. 4.26) and reflect
progressive changes in crystal growth and nucleation rates as a function of changing
undercooling (AT). The CSD’s can be grouped into two types. The first group consists of
the spatter, lava, scoria, and pumice clasts and has y-axis intercept (n°) values of -12.35 —
-15.63 with gradual slopes (a), -19.98 — -45.37 (table 4.3), that extend into the larger crystal
sizes. The second group consists of the dense tephra clasts and has a lower n° of -9.56
and a steeper a (-83.16) that does not extend into the larger crystal sizes (Fig. 4.26).

The negative change of slope in the smallest crystal populations has been inferred
to be related to the intersection probability effect (Brugger and Hammer, 2010a; Miwa et al.,

2013; Preece et al., 2013; Bain et al., 2019) and are discounted from further analysis.

4.4 Discussion

Combining textural, and chemical measurements is crucial to characterize, understand, and
monitor eruptive activity. Crystallisation can occur through nucleation of new crystals or by
growth on existing nuclei (Blake, 2000), depending on the degree of undercooling. The
erupted deposits from the DIP exhibit a range of textures, which are evidence for variations

in the shallow storage and ascent conditions.

4.4.1 Componentry

Scoria clasts represent lava fountaining activity. The abundance of scoria clasts in the
proximal fall deposits are further evidence that they are associated to lava fountaining

activity. The golden-brown scoria clasts formed in the middle of the lava fountains, whilst
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the black scoria clasts formed in the lower sections and margins of the lava fountains. The
morphologies of the scoria clasts (e.g., Fig. 4.3) represent ductile deformation within the
fountain (e.g., Lautze and Houghton, 2005; Di Traglia et al., 2009; Winstanley, 2020; Thivet
et al., 2020) and the stretched filaments and weak alignment of vesicles represent shearing
at the margins of the conduit (e.g., Romero et al., 2018).

The abundance of pumice clasts and dense clasts in the distal deposits represent
periods of more explosive activity where fragmentation efficiencies were different. The
pumice textures suggest that the magma experienced significant pre-eruptive nucleation
(e.g., Thivet et al., 2020)

The high vesicularity of the scoria and pumice clasts (> 60%) shows that the magma
underwent rapid expansion and bubble nucleation (e.g., Polacci et al., 2006; Stovall et al.,
2011; Parcheta et al., 2013; Winstanley, 2020; Thivet et al., 2020) and the glassy skins on
the scoria clasts show rapid quenching. The vesicularity of the scoria clasts sits within range
of Hawaiian lava fountain tephra fall deposits (e.g., Houghton and Wilson, 1989; Di Traglia
et al., 2009), however, the relatively narrow range exhibited by the DIP scoria shows
fountaining events were moderate to high intensity and the rapid ascent rates prevented the
bubbles from migrating through the magma (e.g., Houghton and Wilson, 1989; Parcheta et
al., 2013).

The dense, tachylite clasts are inferred to represent fragments of a magmatic plug
within the upper section of the conduit. The higher content of small microlites and the poor-
to non-vesicularity in the clasts suggests the magma had longer residence times within the
conduit (e.g., Taddeucci et al., 2004). The evolution of conduit geometry controls the
magmas ascent pathways at shallow levels (e.g., Pioli and Harris, 2017; Thivet et al., 2020),
and therefore, the presence of dense clasts suggests that the magmatic flux decreased,
allowing the magma to start degassing and crystalising to either form a plug before
fragmenting prior to the explosion (e.g., Thivet et al., 2020) or allowing material to accrete
onto the sides of a shallow and widening conduit. For this discussion, the term plug is used
to describe a build-up of material that prevented the magma from initially reaching the
surface, whether that be a cooling body of magma that stalled due to a decrease in
magmatic flux (e.g., Thivet et al., 2020) or a blockage from the accretion of material along
the conduit wall (e.g., Vitturi et al., 2008; Viccaro et al., 2021).

4.4.2 2D Textural Variations in the DIP deposits

The different eruptive deposits (lava, spatter, scoria, pumice and dense clasts) have the
same bulk composition and therefore are inferred to have originated from the same
magmatic source prior to microlite crystallisation. The alignment of the DIP, in relation to
other volcanic structures such as an older fissure, a lava dome and a scoria cone, suggests
that the DIP was influenced by the reactivation of pre-existing feeder system and therefore

magma will have reached the surface through a series of dikes that propagated along faults
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before forming sheet dikes and reaching the surface. The explosive nature of a number of
the cones (type 2 and type 3) and the associated deposits, in particular the lithic clasts being
derived from the shallowest older lava, (chapter 3) has been linked to the shallow widening
of the conduit and limited erosion at depth and shallow conduit clogging (e.g. Vitturi et al.,
2008).

The composition of the feldspar microlites in the DIP deposits exhibit very little
variation in An content (e.g., Fig. 4.21) and temperature (e.g., Fig. 4.23) which shows that
the microlites all crystallised in similar conditions and so there is no correlation between
microlite composition and the type of sample it was found in. For example, feldspar
microlites in the dense tephra clasts, have been inferred to represent plug material and
would be assumed to have undergone the most degassing, but have the same An contents
as the feldspar microlites in all the other deposits (e.g., Fig. 4.21). Therefore, the lack of
correlation between microlite composition and deposit type shows that crystallisation likely
occurred due to degassing-driven crystallisation during ascent and under similar conditions
(e.g., Bain et al.,, 2019; Thivet et al., 2020). For the more explosive eruptions, this
crystallisation also likely occurred prior to plug emplacement or accretion along the widening
conduit walls. The few lower An content microlites in the transitional lava bands (e.g., Fig.
4.21) are not in equilibrium with the host magma and represent either antecrysts or minimal
evolution.

Na and mean crystal area are 2D parameters. Na varies as a function of crystal size
due to the intersection probability effect, therefore must be treated with discretion (Royet,
1991; Bain et al., 2019). The inverse relationship between N, and mean crystal area (e.g.,
Fig. 4.24) shows that the samples either have a high number of small microlites or a lower
number of large microlites, whilst the positive correlation between Ny and ¢ means that
samples with a higher N are more crystalline. The weak negative correlation between Na
and S/L (e.g., Fig. 4.24) shows that samples with higher N4 have more prismatic microlites
and those with lower N4 have more tabular microlites. However, the <0.1 difference between
the S/L suggests that all the microlites are prismatic, independent of Na.

The higher N4, smaller mean crystal sizes and lower ¢ of the dense clasts compared
to the scoria and pumice clasts and the spatter and lava samples, shows that there must
have been spatial variation in AT during crystallisation on ascent, associated with the
widening of the conduits due to the more explosive nature of the type 2 and 3 cones. These
textural observations show that the AT in the magma that erupted as dense clasts was
higher compared to the magma that erupted as scoria, pumice, spatter and lava samples,
and that the dense clasts underwent faster degassing. The higher mean crystal area in the
dark lava band suggests that it had been crystallising at depth for a longer period of time,
whilst the increase in crystallinity for the lavas and spatter suggests that the magma stalled.
The lower crystallinity for the second spatter (Al-19-008) sample could indicate that it was

one of the first explosions and therefore had no time to stall and crystallise. The higher
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number of smaller crystals in the spatter and normal lava (at least one normal lava) suggest
that there was higher undercooling taking place. The DIP microlites have prismatic
morphologies and show very little variation irrespective of Nx and average size. The
similarity in textures of the lava, spatter, scoria and pumice samples (e.g., Fig. 4.24)
suggests that they shared a similar storage history and therefore the eruptive style must be
determined by processes happening in the shallow magma system (e.g., Preece et al.,
2023).

The 2D dimensions for crystal shape suggest that the crystals are all prismatic,
whereas the 3D calculations for crystal shape suggest that there are differences in crystal
shape (e.g., Fig. 4.25), with many of the larger crystals exhibiting more tabular morphologies
and the smaller crystals more prismatic morphologies. The presence of different shaped
crystals within all the DIP samples, suggests that crystal growth was a common process,

as different growth rates and stages led to the variation in crystal sizes and shapes.
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Figure 4.27: Graph comparing the Naand ¢ from a range of eruption styles to the DIP deposits,
including the decompression experiments of Brugger and Hammer (2010), effusive lava flows
from Mauna Loa (Riker et al., 2009), dome eruptions from Merapi (Hammer et al., 2000; Preece
et al., 2013; Preece et al., 2016) and explosive Vulcanian eruptions from La Soufriere (Frey et
al., 2024), Mt St Helens (Cashman and McConnell, 2005) and Galeras (Bain et al., 2019). A
single point from Mt St Helens also shows a sub-Plinian style explosion.

When compared to a range of eruption styles at other volcanoes, the DIP data show various
overlaps (Fig. 4.27). The low Naand higher ¢ of the spatter and lava samples is indicative

of crystal growth dominated crystallisation and lower degrees of undercooling (lower AT)
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and is more common in lower intensity eruptions, similar to values recorded for dome-
forming eruptions (e.g., Hammer et al., 2000; Riker et al., 2009; Brugger and Hammer,
2010a; Preece et al., 2016; Bain et al., 2019). Vulcanian explosions at Montserrat, Galeras
and La Soufriere show similar textural characteristics to low intensity eruptions, likely due
to rapid shallow ascent (Clarke et al., 2007; Bain et al., 2019; Preece et al., 2023; Frey et
al., 2024). However, the high Na and low ¢ of the dense tephra samples is indicative of
nucleation dominated crystallisation and higher degrees of undercooling (higher AT) and is
more common in higher intensity eruptions, such as those seen at Mt St Helens (e.g.,
Cashman and McConnell, 2005; Brugger and Hammer, 2010a; Bain et al., 2019; Preece et
al., 2023).

Following on from the 2D textural data, most studies would conduct or compare
decompression experiments to understand the kinetics of crystallisation during ascent
(Brugger and Hammer, 2010a). However, to the best of my knowledge, there has been no
decompression experiments undertaken on material similar to the DIP deposits. For
comparison, the decompressed samples from Brugger and Hammer (2010a) were plotted

against the DIP samples, but do not overlap (Fig. 4.27).

4.4.3 Crystal Size Distribution Analysis

The curved CSD’s reflect changes in the rates of growth and nucleation of the microlites
during magma ascent and suggests progressive changes in AT during ascent and not
individual episodes of growth or nucleation (e.g., Preece et al., 2013; Bain et al., 2019). The
CSD analysis identifies two groups within the DIP samples. The first group consists of the
spatter, lava, scoria, and pumice clasts, and have shallow gradients, lower y-axis intercepts
(n°) and larger crystal sizes (e.g., Fig. 4.26), which suggests that microlites grew under are
growth-dominated conditions rather than nucleation dominated (e.g., Thivet et al., 2020).
The second group consists of the dense tephra clasts and has a steeper gradient, higher
n° and smaller crystal sizes (e.g., Fig. 4.26 which suggests microlites grew under
nucleation-dominated conditions and supports the idea that AT was higher for the eruption
of these deposits (e.g., Preece et al., 2013; Bain et al., 2019;).

Crystallisation times can be calculated from a CSD slope, as long as the crystal
growth rate is known, using the equation from Marsh (1988): Slope = -1/Gz, where G is
growth rate and z is crystallisation time. For example, using the slope of the 3 steepest
segments represents the smallest crystals and the most recent crystallisation events (Zieg
and Marsh, 2002; Preece et al., 2013). Nucleation rate (J) is calculated using the y-axis
intercept (n°) and the known growth rate (G), using the equation from Marsh (1988): J =
n°G.

Growth rates can differ with changing undercooling (Kirkpatrick, 1977; Preece et al.,

2013). This factor, combined with the absence of known growth rates or crystallisation time
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for the DIP and island-wide deposits, and to the best of my knowledge, no decompression
experiments undertaken on deposits of a similar composition, means that the calculated
crystallisation rates and nucleation rates shown should be treated with caution. Due to this,
| compare a range of growth rates for crystallisation times and nucleation rates.

Decompression experiments in basaltic systems found feldspar microlite growth
rates ranged between 10~*and 10~°> mm s~ (Arzilli et al., 2015, Arzilli et al., 2019; Bamber
et al., 2020), whilst those using basaltic andesites produced growth rates of 10~ mm s~
(Shea and Hammer, 2013; Bamber et al., 2020). On the other hand, growth rates reported
in the literature for Etna magmas range from 10~"and 10~"" mm s~" (Pompilio et al., 2017).
In contrast, experiments for andesitic and more silicic compositions produced feldspar
microlite growth rates ranging from 10 ~®and 10 ~° mm s ~' (Hammer & Rutherford, 2002;
Couch et al., 2003; Brugger and Hammer, 2010a). Due to the trachyandesite composition
of the DIP deposits, but the more alkaline nature of the magma and the basaltic nature of
the eruption style, including magma viscosity, crystallisation times are compared using the
minimum growth rate of 10~°> mm s~ " and the maximum growth rate of 10~" mm s~". Using
these growth rates, the estimated crystallisation times range over three orders of magnitude
for each sample (table 4.4). The shortest crystallisation time is ~ 20 minutes and the longest
is ~ 5.69 days. Brugger and Hammer (2010a) suggested that the most accurate growth rate
for decompression-induced crystallisation of plagioclase is 10 =8 mm s~ ', however when
that growth rate is applied to the DIP samples, crystallisation times of range from ~ 13.92 —
57.93 days. The shorter timescales suggest crystallisation was more likely to occur due to
degassing-induced crystallisation on ascent or deep within the conduit (e.g., Bain et al.,
2019; Thivet et al., 2020).

Basaltic paroxysmal eruptions in Stromboli, Kilauea and Mt Etna have crystallisation
times ranging from 3 — 8 minutes (Moschini et al., 2023), whilst basaltic sub-Plinian
eruptions are able to crystallise hopper and skeletal microlites within 1 — 5 minutes, and
tabular microlites crystalise within 13 — 15 hours, with the range in growth rates 10~*— 10~
*mms~"and 10-" mm s~', respectively (Bamber et al., 2020). These crystallisation times
are faster than those suggested to have occurred at the DIP, however, the rapid
crystallisation seen here is distinctive for basaltic sub-Plinian eruptions (Arzilli et al., 2019;
Bamber et al., 2020). On the other hand, more intermediate composition eruptions produce
crystallisation times of ranging between 9 — 40 days (e.g., Cashman and McConnell, 2005).
This shows that the composition of the magma, and likely viscosity can affect the
crystallisation and growth rates (Thivet et al., 2020).

Nucleation rates are also compared using the maximum growth rate of 10~° mm s~
" and the minimum growth rate of 10 =7 mm s ~'. Using these growth rates, the estimated
nucleation rates also range over three orders of magnitude for each sample. The estimated
nucleation rates are based on y-axis intercept from the steepest section of the CSD which

represents the smallest and last crystals to form (Preece et al., 2013).
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Using a range of decompression experiments to identify growth rate and nucleation
rates can give a very small insight into the shallow magma processes, but the reliability of
the results is questionable due to the large assumptions made. For example, in the case of
growth rates for the DIP deposits, the range varies from hours to days which, in terms of

future volcano monitoring would be crucial.

Crystallisation Time (mm™)

Growth Rate 10° 10 10”7

Minutes | Hours | Hours | Hours Days
Lava (Norm) 1.00 | 9.96| 99.59 4.15
Lava (Norm) 1.10 | 10.98 | 109.84 4.58
Lava (Dark) 1.39 | 13.90 | 139.03 5.79
Spatter 1.18 | 11.81 | 118.05 4.92
Spatter 1.37 | 13.66 | 136.63 5.69
Scoria Clasts 36.7| 0.61]| 6.12| 61.22 2.55
Pumice 1.07 | 10.67 | 206.71 4.45
Clasts
Dense Clasts 20| 0.33| 3.34 33.4 1.39
Table 4.4: Showing the range in crystallisation times for the different
samples depending on the growth rates used.

4.4.4 Amphiboles

Two types of amphiboles have been identified within the DIP deposits. Amphiboles with
reaction rims (type i) are only present in the spatter and lava samples. The reaction rims
show that the crystals left the stability field for >4 days and became unstable due to the
pressure and the concentration of water in the melt decreasing on ascent to the surface
(e.g., Rutherford and Hill, 1993; Browne and Gardner, 2006; Preece et al., 2023). However,
Experiments by De Angelis et al., (2015) found that reaction rims can form over a 3 — 48-
hour timescale with heating to 10 — 50 °C over their stability limit. The reaction rims identified
in the DIP deposits are similar to those seen in dome forming eruptions, explosive eruptions,
and effusive eruptions, and in compositions ranging from basalt to trachyandesite and
andesite (e.g., Rutherford and Hill, 1993; Devine et al., 1997; Browne and Gardner, 2006;
D’Mello et al., 2021; Pontesilli et al., 2022).

The symplectitc and granular rims in the lava and spatter (e.g., Fig. 4.19) formed
due to the reaction of unstable amphibole with the host magma (e.g., D’Mello et al., 2021),
with the gradual transitions between the two suggesting there was local regions of lower
undercooling favouring crystal growth, likely linked to formation of melt pockets around the
crystals (D’Mello et al., 2021). Irregular volumetric decomposition (e.g., Fig. 4.20) shows
that there was a reaction between interstitial melt trapped within the amphibole and the
amphibole during decompression induced degassing (D’Mello et al., 2021), whilst aligned
volumetric decomposition (Fig. 4.20) shows that the breakdown crystals formed when the
amphibole was heated past it’s stability limit (De Angelis et al., 2015; D’Mello et al., 2021).
The finer grained, and acicular shape of the crystals within the reaction rims suggests that

they formed from slow ascent rates and possible stalling at shallow depths (e.g., Browne
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and Gardener, 2006). The variations of the breakdown textures alone suggests that the rims
cannot be characterised by single processes such as heating or decompression as seen in
experimental decompression studies (e.g., Rutherford and Hill, 1993; De Angelis et al.,
2015, D’Mello et al., 2021).

The type ii amphiboles are only found in the tephra deposits and have no reaction
rims (e.g., Fig. 4.18), which initially suggests that the magma rose rapidly to the surface,
likely during a more explosive episode (e.g., Rutherford and Hill, 1993; Nicholosi and
Rutherford, 2004; Cashman and McConnell, 2005; Browne and Gardner, 2006).
Amphiboles with no rims but rounded crystal edges have been observed in experimental
and natural amphibole samples of hawaiite and basalts to trachyandesites (e.g., Nicholosi
and Rutherford, 2004; Brown and Gardener, 2006; D’Mello et al., 2021). The studies
suggest that for these crystals to form, amphibole dissolution rates are lower than the
transport rate of material away from the crystal-melt boundary, and therefore no reaction
rim can occur. However, if this processes occurred, it would be expected to see an increase
in modal abundance of plagioclase, orthopyroxene, and Fe-Ti oxides (Browne and
Gardener, 2006), which for the DIP deposits is not the case. The amphibole data fits with
the textural data, which shows that the dense tephra clasts ascended faster than the spatter
and lava samples. The scoria and pumice clasts have similar textures to the spatter and
lava samples, but the lack of amphibole reaction rims suggests that this magma also
ascended slightly faster.

Ascent rates based on the thickness of amphibole rims can be done if the amphibole
stability field is known (Rutherford and Hill, 1993; Devine et al., 1998; Preece et al., 2023),
however no work on this has been undertaken on Ascension Island and, to the best of my
knowledge similar volcanic systems. In this study, the significance of the amphibole rim
texture is not to provide accurate estimates of ascent rates but rather to show that there
were changes in the ascent rates and degrees of decompression and heating for the
different components throughout the eruption.

Although it is not possible in this study to gauge accurate ascent rates using the
amphiboles and the textural data, a previous study of a mingled fall deposit on Ascension
Island was able to use entrapment pressures from melt inclusions to identify storage depths
and combined with the mingled textures, estimate an ascent rate of 0.13 ms™, from 11 km
depth (Chamberlain et al., 2020). This ascent rate fits within published values of Vulcanian
explosions, similar in style to the inferred eruption styles, (e.g., Miwa et al., 2009; Cassidy
et al., 2015; Cassidy, 2018) and is at least one to two orders of magnitude higher than those
in Strombolian explosions (e.g., Szramek et al., 2006), mildly explosive Vulcanian
explosions (e.g., Cassidy et al., 2015; Cassidy, 2018) and effusive eruptions (e.g.,
Rutherford and Hill, 1993; Rutherford and Devine, 2003; Cassidy et al., 2015). However,
paroxysmal eruptions on Mt Etna, Stromboli and Kilauea can produce ascent rates ranging
from 4 — 10 m s™' (Cassidy 2018; Moschini et al., 2023).
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4.5 Conclusions and constraints on ascent rates and shallow

surface processes

Textural studies like this are mainly completed for dome forming eruptions or well
documented eruptions and often combine a number of data sets, such as seismic data and
observational data (e.g., Preece et al., 2013; La Spina et al., 2016; Frey et al., 2024).
Textural interpretations are also reliant on decompression experiments to be able to
determine growth rates and conditions for formation (Cashman, 2020). The results from
these can then be applied to natural samples to gain a more accurate understanding of
storage and ascent processes. Without access to decompression experiments from the
same, or very similar compositions, further assumptions have to be made, and it is not
possible to accurately quantify ascent rates, growth rates and nucleation rates. However,
this study has shown that by combining textural and compositional data, it is possible to
quantitatively identify variations in the shallow surface processes.

The similarities between the phenocryst textures of the lava, spatter and tephra
deposits suggest that the erupted products had shared storage conditions and so the
variation in eruptive styles must have been controlled by shallow magma system processes.
Microlites for the different eruptive products show some variation in, number density, shape,
and size. Microlites within the dense clasts are small and prismatic with a high Na but a
relatively low ¢, and therefore crystallised in nucleation-dominated conditions at a higher
AT, which is suggested to be related to faster degassing and higher ascent rates. These
dense clasts are associated with the more explosive, type 2 and type 3 cones (chapter 3).
The presence of abundant lithic clasts (chapter 3) within these deposits shows that at the
more explosive cones, the rapid ascent and more explosive nature of the explosions caused
the conduit walls to erode, widening the conduit further (e.g., Vitturi et al., 2008).

On the other hand, microlites in the spatter and lava samples are also prismatic but
are larger, with a lower Na and relatively high ¢, and therefore crystallised in growth-
dominated conditions at a lower AT with higher crystallisation times, which is suggested to
be related to slower ascent rates and slower degrees of decompression. Slower ascent
rates in the lava and spatter samples, as the magma migrated through a pre-existing feeder
system, are also evidenced by the presence of amphibole reaction rims. Microlites in the
scoria and pumice clasts exhibit similar textures to the spatter and lava samples, however
the amphiboles exhibit no break down rims which suggests that the magma rose more
rapidly to the surface. Although very similar, the feldspar microlites in the spatter and lava
samples exhibit a slightly wider compositional range compared to the tephra samples.

| suggest that the explosive activity, results from sub-surface cooling and degassing
of a magma body due to decreases in the local magmatic flux resulting in the formation of

a dense plug or accreted material along the conduit walls, represented by the dense clasts.
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As the magma continued to ascend, it caused an increase in the pressure, and the plug to
crack, which enhanced volatile exsolution and the growth of crystals so fragmentation could
occur (e.g., La Spina et al., 2019; Thivet et al., 2020), as well as causing the shallow conduit
walls to erode and become wider, allowing for a more explosive eruption to occur.

Very few textural studies have been completed on Ascension Island (e.g., Davies,
2023), and although lacking some desirable data, the study has provided valuable insights
into the different processes occurring within the magma chamber. The similarities in the
textures of the spatter, lava, scoria and pumice clasts suggests that even though the
eruption styles were different (lava fountaining vs more explosive explosions) all the events
were relatively small explosions from low intensity eruptions. As the textural and
compositional differences are very minimal, it suggests that there was little variation in the
average ascent rates, however differences between effusive and explosive activity can be
linked to very small changes in ascent rates, regardless of the composition of magma
erupting (Szramek et al., 2006). Variations in ascent rates will cause implications for
monitoring and heightens the need for a dense seismic network to be installed on the island
(e.g., Chamberlain et al., 2020). Such slight changes within ascent rates can be difficult to

forecast during monitoring (e.g., Cassidy et al., 2018).
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Chapter 5: Intermediate magma evolution

5.1 Introduction

In oceanic environments, intermediate magmas are less abundant than basalt or trachyte
(Baker, 1968 The absence of eruptive deposits in this compositional range has been
described as the ‘Daly Gap’. The cause of these gaps has been linked to crystal
fractionation crystallisation (Dufek and Bachman, 2010; Waters et al., 2021), magma
chamber stratification (Bonnefoi et al., 1995; Waters et al., 2021), magma mixing (Kent
2014; Waters et al., 2021) or combinations of all.

Intermediate magmas can be generated in multiple ways: fractional crystallisation,
magma mixing, partial melting, assimilation, and magma mush remobilisation (Anderson,
1976; Helz, 1976; Bohrson and Reid, 1997; Huppert and Sparks, 1988; Grove et al., 1992;
Bachmann and Bergantz, 2003; Deruelle et al., 2007; Pan et al., 2022). The understanding
of the processes and conditions involved in genesis, transportation, and storage of
intermediate magmas in crucial for understanding the styles and size of volcanic eruptions
(Caricchi and Blundy, 2015; Magee et al., 2018; Bellver-Baca et al., 2019; Pan et al., 2022).

Eruptions of (trachy)andesite magmas are mostly found in arc settings (e.g.,
Yamagishi and Feebrey, 1994; Sparks et al., 1998; Herd et al., 2005; Kimura et al., 2005;
Zobin et al., 2016; Bain et al., 2019; Nakada et al., 2019), whilst the erupted products of
intermediate magmas on ocean islands are much less common, with some examples
including up to ~4 % on St Helena and up to ~16% on Iceland (Jeffery and Gertisser, 2018).
Crystal phases within these volcanic rocks can give key information on the generation,
evolution and storage of these intermediate melts, by studying the abundance, texture, and
composition of mineral phases (e.g., Bachman et al., 2002; Reubi et al., 2003; Reubi and
Nicholls, 2004; Ray et al., 2011;). Studies of intermediate magmas erupted from ocean
islands have shown their generation through a range of process: magma mixing (e.g.,
Deruelle et al., 2007), high- or low-pressure fractionation (e.g., Mungall and Martin, 1995)

partial melting of crust (e.g., Sigmarsson et al., 1991; Martin and Sigmarsson, 2007), or

a combination of different processes (e.g., Mungall and Martin, 1995; Macdonald et al.,
2008; Pontesilli et al., 2022). Thus, there is no single process through which intermediate
magmas are generated in ocean islands settings.

The volcanic deposits on Ascension Island exhibit a compositional range from
transitional basalt to trachy basalt through to rhyolite (Nielson and Sibbett, 1996; Weaver et
al., 1996; Kar et al., 1998; Ammon et al., 2009; Jicha et al., 2013; Chamberlain et al., 2016;
Chamberlain et al., 2019). Deposits of intermediate composition are mainly restricted to the
north and west of the island (Fig. 5.1), cover ~6% of the islands surface and include scoria
cones, scoria falls and lava flows (Weaver et al., 1996; Nielson and Sibbett, 1996; Jicha et
al., 2013).
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Previous studies on Ascension have shown that the wide compositional range is
due to fractional crystallisation (Harris et al., 1983; Kar et al., 1997; Jicha et al., 2013;
Chamberlain et al., 2016; Chamberlain et al., 2019). The trachyandesite deposits are
believed to be the products of fractional crystallisation of intermediate Zr/Nb magmas at
depths greater than 7 km (Weaver et al., 1996; Jicha et al., 2013). The whole rock major
and trace element trends within the volcanic rocks and plutonic xenoliths, exhibit continuous
trends that show that the basaltic magmas evolved to intermediate and silicic compositions
by fractional crystallisation of the intermediate Zr/Nb basalts in a closed system (Nielson
and Sibbett, 1996; Weaver et al., 1996). Whilst fractional crystallisation has been inferred
to be the dominant process for magma evolution, some studies of individual eruptions have
highlighted a role for magma mixing (Chamberlain et al., 2020). This suggests that there
may be additional complexity within individual eruptions, not evident when studying the
entire island’s volcanic history.

Here | present the first detailed petrological study of the products from a purely
intermediate composition magma on Ascension Island, erupted from the Devil’s Ink Pot
(DIP) fissure, located in the Letterbox region (Fig. 5.1) as a series of effusive and explosive
events. By collecting whole rock major and trace element data, alongside textural and
chemical characterisation of the crystal cargo | can elucidate how intermediate magma is
generated and erupted. These findings contribute an understanding to the magma chamber

dynamics and the styles and magnitude of volcanic eruptions in low-flux ocean island.

5.2 Geological Setting

Volcanic activity on Ascension Island was dominated by mafic, Strombolian
eruptions in the north, northwest and south of the island (Fig. 5.1a), whilst felsic volcanism
was localised to two areas, the Central Felsic Complex and the Eastern Felsic Complex
(Fig. 5.1) (Nielson and Stiger, 1996; Nielson and Sibbett, 1996; Kar et al., 1998; Preece et
al; 2021).

The mafic magmas on Ascension are categorised into three groups based on their Zr/Nb
ratios (Weaver et al., 1996; Kar et al., 1997), however later studies have found that these
groups have no significance (e.g., Chamberlain et al., 2019). Previous studies (e.g., Jicha
et al., 2013) show that the trachyandesite results from crystal fractionation of intermediate
Zr/Nb (ratio 5.0) mafic magmas along a simple liquid line of descent at depths greater than
7 km, whilst the trachyte and rhyolites formed by crystal fractionation of high Zr/Nb magmas
(ratio 6.0) (Harris, 1983). This is evidenced by age data showing that the high Zr/Nb lavas
preceded the felsic eruptions (Kar et al., 1997; Jicha et al., 2013). The major and trace
element trends within the rocks and plutonic xenoliths, exhibit continuous trends that show
that the basaltic magmas evolved to intermediate and silicic compositions by low pressure

fractional crystallisation in a closed system (Nielson and Sibbett, 1996; Weaver et al., 1996;
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Webster and Rebbert, 2001; Jicha et al., 2013; Chamberlain et al., 2016; Chamberlain et

al., 2019).

Magma mixing is evident in at least one of the deposits on the island (Chamberlain
et al., 2020) and is a possible cause for intermediate compositions. However, the non-linear
variations seen in the island-wide studies of major and trace elements and the crystal
phases show that this is unlikely (e.g., Weaver et al., 1996; Kar et al., 1997; Jicha et al.,

2013; Chamberlain et al., 2019).
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Figure 5.1: A) Location map of Ascension Island. DIP located in the red square, in the
Letterbox region. B) Schematic map showing the sample locations from the study (triangles
— tephra deposits, circles — lava deposits, squares — spatter deposits) with the key sample
locations marked by stars.
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5.3 Methods

Samples were collected during a 7-week field season (detailed in Chapter 3.2). The type of
samples, locations and type of analysis conducted are summarised in Table 5.1 and Fig.
5.1.

Sample Loc. Sample Analysis Grid Ref. Sample Loc. Sample An_aly S Grid Ref.

No. Type No. Type is
Al-19-008 c1 Spatter XRF; EPMA; 0575924, Al-19-030 F3; FF2 Lava XRF 0576761,
CSD 9121450 9120979
Al-19-106 Cc3 Spatter XRF 0576011, Al-19-032 F8; FF3 Lava XRF 0576472,
9121487 9121029
Al-19-134 Cc4 Spatter XRF 0576086, Al-19-039 F1/F2; Lava XRF 0576563,
9121518 FF1 9121982
Al-19-145 Cc5 Spatter XRF 0576156, Al-19-046 F1; FF1 Lava XRF 0576043,
9121512 9121491
Al-19-127 c7 Spatter XRF; EPMA 0575980, Al-19-049 F2; FF1 Lava XRF 0576218,
9121531 9121561
Al-19-121 c8 Spatter XRF; EPMA; 0576339, Al-19-126 F5; FF3 Lava XRF 0576303,
CSD 9121425 9121407
Al-19-154 c10 Spatter XRF 0576477, Al-19-148 C5 lava Lava XRF 0576156,
9121474 9121512
Al-19-155 c11 Spatter XRF 0576617, Al-19-161 F4; FF2 Lava XRF 0576958,
9121438 9121482
Al-19-156 c12 Spatter XRF 0576635, DIP1 Proximal  Light XRF 0575955,
9121434 brown 9121622

Scoria

Al-19-159 Cc15 Spatter XRF 0576901, DIP2 Proximal ~ Scoria XRF 0575955,
9121400 9121622
Al-19-071 C16 Spatter XRF 0577037, DIP3 Proximal ~ Scoria XRF; 0575955,
9121332 EPMA; 9121622

CSD
Al-19-157 c17 Spatter XRF 0577041, DIP4 Distal Pumice XRF 0575995,
9121361 9121929
Al-19-034 C19 Spatter XRF; EPMA 0577037, DIP5 Distal Pumice XRF; 0575995,
9121332 CSD 9121929
Al-19-025 F8; Lava XRF 0576427, DIP6 Distal Pumice XRF; 0575995,
FF3 9121266 EPMA 9121929
Al-19-026 F6; Lava XRF; EPMA; 0576508, DIP7 Distal Pumice XRF 0575995,
FF3 CSD 9121239 9121929
Al-19-027 F7; Lava XRF 0576661, DIP8 Distal Dense XRF; 0575995,
FF3 9120943 EPMA; 9121929

CSD
Al-19-028 F7; Lava XRF; EPMA; 0576513, DIP9 Distal Banded XRF 0575995,
FF3 CSD 9121149 9121929

Table 5.1: showing the samples selected for analysis and description of each sample, including type
of sample, location and type of analysis conducted. Loc. — location, C — crater, F — lava flow, FF —
lava flow field, XRF — x-ray fluorescence, EPMA — electron microprobe analysis, CSD — crystal size
distribution. Proximal samples are less than 100 m from the fissure. Distal samples are more than
100 m from the fissure. Map showing the locations of each sample can be seen in Fig. 5.1.

5.3.1 Cleaning and crushing

Samples were scrubbed in tap water and cleaned in an ultrasonic bath for 5 minutes to
remove excess ash adhering to the surface before being soaked in milli-RO water for 48
hours. After soaking, the samples were lightly scrubbed and placed in the ultrasonic bath
for 5 minutes. This process was repeated a minimum of three times or until the water
appeared visually clear after the ultrasonic bath. Once clean, the samples were dried in an
oven for 72 hours at 70°C.

Tephra samples had previously been sieved (chapter 3) to 5¢ (32 um) and samples
selected for crushing were from 0 —-1¢ (1 — 2 mm) size fraction. The samples were crushed
further using a hammer, pestle and mortar before milling to powder in an agate swing mill
for 15 minutes at Durham University. Spatter and lava samples were sent to the British

Geological Survey (BGS) for crushing and milling.

137



5.3.2 XRF major and trace element analysis of whole rock

Thirty-six lava, spatter and tephra samples were selected for x-ray fluorescence (XRF)
analysis. Analyses of major and trace elements were undertaken using the PANalytical
Axios Advanced spectrometer at University of Leicester. Major elements were determined
on fused glass beads prepared from ignited powders, with a sample to flux ratio of 1:7.5,
80% Li metaborate: 20% Li tetraborate flux. Results are quoted as component oxide weight
percent and re-calculated to 100% to remove LOI. Trace elements were analysed on 32
mm diameter pressed powder briquettes. 7.5g sample was mixed with 15-20 drops of 7%
PVA solution as a binding agent and pressed at 10 tons per sq. inch. Calibrated standards
were run throughout the XRF analysis, at the start and end of each run to monitor for drift
and assess precision and accuracy. Tables 5.2 — 5.4 show the calibrating values for three
of the standards used (BH-1, WS-1 and MRG-1).

SiO2 TiO2 Al203 Fe203 MnO MgO Ca0 Na20 K20 P20s
Average 67.36 0.41 15.22 5.72 0.13 2.48 3.50 3.93 0.84 0.08
Minimum 68.31 0.40 15.34 5.74 0.14 2.45 3.52 3.98 0.82 0.09
Maximum 68.42 0.41 15.55 5.80 0.14 2.58 3.58 5.06 0.83 0.09
20 (wt.%) 0.112 0.003 0.216 0.060 0.00 0.133 0.062 0.082 0.007 0.002
20 (%) 0.16 0.66 1.49 1.04 0.19 5.29 1.74 2.04 0.90 1.75
Reference 66.35 0.42 13.99 5.66 0.13 2.44 3.44 3.84 0.85 0.07
Offset (wt.%) 2.01 0.02 0.45 0.11 0.01 0.08 0.11 0.18 -0.02 0.02

Table 5.2: Precision and accuracy of XRF analyses for BH-1 standard (Haslip, no year). N=5

SiO2 TiO2 Al203 Fe203 MnO MgO Ca0 Na20 K20 P20s
Average 51.30 2.51 13.94 13.46 0.18 5.30 8.72 3.04 1.34 0.30
Minimum 51.53 2.50 13.90 13.36 0.17 5.04 8.57 2.94 1.29 0.30
Maximum 51.69 2.52 15.00 13.48 0.17 5.27 8.75 3.04 1.29 0.30
20 (wt.%) 0.16 0.02 0.10 0.12 0.00 0.22 0.18 0.10 0.01 0.00
20 (%) 0.31 0.79 0.73 0.91 0.24 5.14 213 3.30 0.68 0.87
Reference 50.99 2.52 13.95 13.43 0.18 5.28 8.81 3.08 1.36 0.30
Offset (wt.%) 0.63 0.03 0.03 0.07 0.01 0.04 0.19 0.07 0.04 0.00

Table 5.3: Precision and accuracy of XRF analyses for WS-1 standard (Potts et al., 1994) N=5

SiO2 TiO2 Al203 Fe203 MnO MgO Ca0 Na20 K20 P20s
Average 39.49 3.83 8.51 18.12 0.16 13.72 15.77 0.77 0.18 0.07
Minimum 39.87 3.89 8.51 18.16 0.15 13.65 15.83 0.74 0.17 0.06
Maximum 40.01 3.93 8.54 18.32 0.16 13.86 15.12 0.80 0.18 0.06
20 (wt.%) 0.13 0.05 0.03 0.17 0.00 0.21 0.30 0.06 0.00 0.00
20 (%) 0.33 1.16 0.34 0.91 1.32 1.54 1.99 7.99 2.75 5.54
Reference 39.09 3.77 8.46 17.93 0.17 13.55 15.71 0.74 0.18 0.08
Offset (wt.%) 0.80 0.11 0.11 0.38 0.01 0.34 0.11 0.05 0.00 0.02

Table 5.4: Precision and accuracy of XRF analyses for MRG-1 standard (Abbey, 1975). N=5

5.3.3 Petrography

All thirty-four samples in table 5.1 were made into thin sections. Lava and spatter samples
were made into glass slides, whilst the tephra samples were impregnated with resin prior to
being cut and mounted onto glass slides. The sections were studied under a petrographic
microscope and a Hitachi SU-70 Scanning Electron Microscope (SEM) at Durham
University. To prepare the samples for the SEM they were coated in up to 30 nm of carbon.
The SEM was used with a voltage of 15.0 kV and a working distance of 15.00 mm. Images

were taken using the backscatter detector for mineral identification and to look for changes
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in textures. Images under the petrographic microscope were taken in both plane polarised

light and cross polarised light.

5.3.4 EPMA major element analysis of minerals and glass

Six spatter and lava samples and four tephra samples for analysis were selected to
represent the range in textures and mineral abundances observed in thin sections. The
selected samples were made into thin sections at Durham University. Spatter and lava
samples were mounted on to glass slides, whilst tephra samples were mounted into resin
and polished down by the Thin Section Lab team. The first set of analyses were undertaken
using the CAMECA SX100 electron microprobe (EPMA) at the University of Edinburgh.
Analytical conditions varied depending on the material being analysed (Table 5.5) and
follow the analytical techniques dictated by the lab technician. For all samples, an
accelerating voltage of 15 kV was used for analyses. For each set of analysis, two column
conditions with varying currents were used for different elements (Table 5.6) Major element
concentrations were calibrated using standard allocations (Table 5.7) and the results are

presented as weight percent (wt.%) oxide concentration, with Fe calculated as total FeO.

. Current (nA) . Acceleration Potential
Sample Type Material Cond 1 Cond 2 Beam Size (um) (kV)

Feldspar 6 100 2.2 15

§ . Pyroxene 6 100 2.2 15
tse‘:)itrt:r&:z::' Pense  Givine 6 100 2.2 15
Amphibole 6 100 2.2 15

Glass 6 100 2.2 15

Feldspar 2 80 8.8 15

Scoria tephra clasts; Py_rc_)xene 2 80 88 15
Pumice tephra clast;, OI|V|n§ 2 80 88 15
Amphibole 2 80 8.8 15

Glass 2 80 8.8 15

Table 5.5: Analytical conditions for the EPMA at University of Edinburgh. Following analytical
procedures dictated by the lab technician.

Secondary standards were run throughout the EMPA analysis at the start and end
of each run to monitor precision and accuracy (Table 5.8 — 5.12). Access to the published

standard values was not possible and therefore only the precision is shown.

Sample Type Column Condition Elements

Spatter; Lava, Dense tephra Condition 1 Na, Si, Fe, Mg, Ca, Al

clasts Condition 2 Fe, Mg, Ca, K, Ti, Mn, Cr, Al, Sr, Ni, P
Scoria tephra clasts; Pumice Condition 1 Na, Mg, Al, Si, K, Ca, Fe

tephra clasts Condition 2 Cl, S, P, Ti,Mn, F, Cr

Table 5.6: Table showing the different elements measured under the different columns at
University of Edinburgh.

The second set of analyses were undertaken using the JEOL JXA8230 EPMA at the
Leeds Electron Microscope and Spectroscopy Centre (LEMAS), University of Leeds.
Analytical conditions varied depending on the material being analysed (Table 5.13). Major
element concentrations were calibrated using standard allocations and the results are

presented as weight percent (wt.%) oxide concentration, with Fe calculated as total FeO.
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Standard Wollastonite Spinel Jadeite PuMn Fayalite Orthoclase
Elements Si, Ca Mg, Al Na Mn Fe K
Standard Celestite Rutile Quartz PuNi Forsterite

Elements Sr Ti Si Ni Mg, Si

Table 5.7: Showing the EPMA primary standards at Edinburgh University. Some elements
varied and were measured using different standards. There is no link between the standards
used and the type of material analysed.

SiO2 TiO2 Al20s3 FeO MgO MnO Cao NiO
Average 49.966 0.003 0.603 16.445 7.897 0.485 22.813 0.002
Minimum 49.538 -0.002 0.593 16.345 7.814 0.469 22.564 49.538
Maximum 50.536 0.008 0.615 16.564 8.026 0.497 23.040 50.536
20 (wt.%) 0.804 0.007 0.018 0.182 0.141 0.020 0.326 0.009
20 (%) 1.610 213.04 3.07 1.1 1.79 5.11 1.43 421.04

Table 5.8: Precision of EPMA analyses of local reference material Cpx Block 7 used for a
combination of olivine, clinopyroxene and amphibole analysis. N=5

SiO2 FeO MgO MnO NiO
Average 40.070 9.730 49.600 0.130 0.320
Minimum 39.881 9.593 49.552 0.115 0.300
Maximum 40.310 9.916 49.637 0.138 0.340
20 (wt.%) 0.360 0.273 0.0740 0.018 0.033
20 (%) 0.900 2.810 0.150 15.480 10.320

Table 5.9: Precision of EPMA analyses of local reference material Olv Block used for
a olivine, clinopyroxene and amphibole analysis. N=3

SiO2 TiO2  Al2Os FeO MgO MnO CaO Na20 K20 Cr203 P20s  Cl
Average 55346 2262 13.125 12454 3581 0.187 7.052 3296 1854 0002 0.343 0.010
Minimum  53.631 2256 12.891 12247 3501 0.183 7.025 3209 1.832 -0.001 0322 0.008
Maximum 55793 2266 13400 12570 3650 0.191 7.089 3.361 1.892 0.004 0.354 0.012
20 (Wt%) 1.022 0006 0419 0293 0122 0007 0055 0.127 0.054 0005 0.029 0.004
20 (%) 1.88 025 320 2.35 341 381 077 387 292 20761 833 3865

SOz F
QYe_fage 8-88(2) 8-812 Table 5.10: Precision of EPMA analyses of BCR-2 (Wilson, 1997)
Mo 0005 0.02 used for a combination of plagioclase, olivine, clinopyroxene,
20 (Wt.%) 0.004  0.005 amphibole and glass analysis. N=3
20 (%) 181.99 33.46

SiO2 TiO2  Al2Os FeO MgO  MnO Cao Na20 K20 Cr20s  P20s Cl
Average 75240 0080 12902 1514 0034 0063 0760 5106 5198 -0.004 0016  0.369
Minimum  75.004 0074 12658 1415 0031 0053 0705 5061 5137 -0.006 0010 0.364
Maximum 75502 0.085 13.043 1578 0038 0071 0833 5129 5258 -0.002 0020 0.376
20 (Wt.%) 0.409  0.009 0.346 0141 0006 0015 0107 0.064 0.098 0003 0008 0.010
20 (%) 0.55 10.98  2.68 9.34 1883 2326 1511 155 189  -7346 5251 278

SOz F
Average 0.002 0.068 .. ,
Minimum  0.002 o0.062 Table 5.11: Precision of EPMA analyses of local reference material
Ma?imts/n; 0.003  0.078 [jpari used for a combination of plagioclase, olivine, clinopyroxene,
20 (Wt.%) 0.001  0.01 : o N
26 (%) 5594 2014 amphibole and glass analysis. N=3

SiO2 TiO2 Al20s3 FeO MgO MnO Cao Naz20 K20 SrO

Average 51181  0.038 29.931 0.409 0.138 0.003 13.442 3.842 0.119 0.059
Minimum  50.186  0.035 29.467 0.393 0.134 -0.011 13.128 3.728 0.115 0.035
Maximum  51.958  0.045 30.624 0.435 0.143 0.011 13.639 5.005 0.123 0.092
20 (Wt.%)  0.896 0.005 0.497 0.025 0.004 0.014 0.335 0.129 0.005 0.030
20 (%) 1.75 13.96 1.66 6.17 3.03 566.64  2.49 3.36 5.22 52.01

Table 5.12: Precision of EPMA analyses of local reference material Labradorite used for
plagioclase analysis. N=20

Material Current (nA) Beam Size (um) Acceleration Potential (kV)
Feldspar 10 20
Pyroxene 30 0 20
Olivine 30 0 20

Table 5.13: Showing the EPMA analytical conditions from Leeds.
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Secondary standards were run throughout the EMPA analysis, including at the start and
end of each run to monitor precision and accuracy. Tables 5.14 — 5.21 show the values for

each secondary standard.

SiO2 TiO2 Al2O3 FeO MnO Ca0 Na20 K20 SrO
Average 52.836 0.067 29.337 0.342 0.004 12.154 5.520 0.285 0.125
Minimum 52.298 0.047 29.116 0.317 -0.010 11.979 5.364 0.248 0.020
Maximum 53.193 0.097 29.482 0.367 0.022 12.299 5.666 0.333 0.245
20 (wt.%) 0.407 0.027 0.242 0.028 0.017 0.178 0.189 0.057 0.153
20 (%) 0.8 40 0.8 8.1 408 1.5 5.2 20 122
Reference 53.000 0.065 29.580 0.353 0.008 12.261 5.440 0.273 0.125
Offset (wt.%) 0.164 0.002 0.243 0.011 0.004 0.107 0.080 0.012 0.000

Table 5.14: Precision and accuracy of EPMA analyses of SPH Labradorite (Kearns, no year)
used for plagioclase analysis. N=4

SiO2 Al20s3 FeO MgO Cao Naz20 K20 SrO
Average 52.884 29.440 0.434 0.074 12.063 5.458 0.366 0.156
Minimum 52.534 29.222 0.412 0.049 11.976 5.267 0.331 0.024
Maximum 53.213 29.722 0.467 0.113 12.215 5.662 0.424 0.224
20 (wt.%) 0.438 0.298 0.031 0.039 0.114 0.222 0.060 0.114
20 (%) 0.8 1.0 7.2 52.0 0.9 5.0 16.5 72.9
Reference 52.865 29.250 0.457 0.089 12.383 5.304 0.337 0.132
Offset (wt.%) 0.019 0.190 0.023 0.015 0.320 0.154 0.029 0.024

Table 5.15: Precision and accuracy of EPMA analyses of SKL1 Labradorite (Kearns, no year)
used for plagioclase analysis. N=4

SiO2 Al2O3 Na20 K20
Average 65.813 18.714 1.375 15.485
Minimum 65.482 18.556 1.289 15.570
Maximum 66.244 18.972 1.523 17.457
20 (wt.%) 0.422 0.192 0.108 2.067
20 (%) 0.6 1.0 7.9 13.3
Reference 65.036 18.536 1.361 15.672
Offset (wt.%) 0.777 0.178 0.014 0.813

Table 5.16: Precision and accuracy of EPMA analyses of GEO2 KSPAR (ref unknown) used for
plagioclase analysis. N=4

SiO2 Al20s3 FeO MgO Cao Naz0 K20 SrO
Average 51.277 30.575 0.410 0.128 13.522 3.723 0.120 0.090
Minimum 50.963 30.363 0.385 0.101 13.364 3.661 0.103 0.038
Maximum 51.474 30.801 0.430 0.163 13.720 3.822 0.145 0.188
20 (wt.%) 0.296 0.247 0.029 0.035 0.230 0.096 0.026 0.104
20 (%) 0.6 0.8 71 26.9 1.7 2.6 21.3 115.3
Reference 51.299 30.179 0.424 0.138 13.770 3.688 0.114 0.067
Offset (wt.%) 0.022 0.396 0.014 0.010 0.248 0.035 0.006 0.023

Table 5.17: Precision and accuracy of EPMA analyses of SKBy1 Bytownite (Kearns, no year)
used for plagioclase analysis. N=3

SiO2 Al2O3 CaO Na20 K20
Average 67.291 20.324 0.934 10.974 0.410
Minimum 67.010 20.141 0.888 10.705 0.347
Maximum 67.673 20.430 0.966 11.190 0.493
20 (wt.%) 15.140 9.697 11.842 6.906 0.250
20 (%) 22.5 47.7 1267.7 62.9 60.8
Reference 67.350 20.540 0.960 11.010 0.340
Offset (wt.%) 0.059 0.216 0.026 0.036 0.070

Table 5.18: Precision and accuracy of EPMA analyses of local reference material WRS1485
Plag used for plagioclase analysis. N=3

SiO2 FeO MnO MgO Cao NiO
Average 40.084 9.560 0.138 48.340 0.091 0.374
Minimum 39.693 9.499 0.130 48.118 0.087 0.363
Maximum 40.289 9.603 0.150 48.545 0.095 0.392
20 (wt.%) 0.362 0.070 0.011 0.240 0.006 0.018
20 (%) 0.9 0.7 8.2 0.5 7.0 59
Reference 40.810 9.550 0.139 49.421 0.050 0.370
Offset (wt.%) 0.726 0.010 0.001 1.081 0.041 0.004

Table 5.19: Precision and accuracy of EPMA analyses of San Carlos Olivine used for olivine
and clinopyroxene analysis. N=2
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SiO2 Al20s3 FeO MnO MgO Cao Naz20

Average 55.170 0.049 0.197 0.037 18.496 25.906 0.053
Minimum 53.089 0.041 0.182 0.029 18.429 25.777 0.035
Maximum 55.908 0.060 0.214 0.043 18.563 25.961 0.068
20 (wt.%) 1.319 0.010 0.020 0.009 0.086 0.112 0.022
20 (%) 24 21.0 9.9 256 0.5 0.4 41.9

Reference 55.872 0.110 0.241 0.040 18.301 25.631 0.340
Offset (wt.%) -0.702 -0.061 -0.044 -0.003 0.195 0.275 -0.287

Table 5.20: Precision and accuracy of EPMA analyses of NY Diopside (Jarosewich, 1980) used
for olivine and clinopyroxene analysis. N=2

SiO2 FeO MgO Cao
Average 55.679 0.729 18.446 25.576
Minimum 55.201 0.697 18.336 25.432
Maximum 55.035 0.767 18.510 25.738
20 (wt.%) 0.472 0.049 0.100 0.172
20 (%) 0.9 6.8 0.5 0.7
Reference 55.360 0.900 18.130 25.720
Offset (wt.%) 0.681 0.171 0.316 0.144

Table 5.21: Precision and accuracy of EPMA analyses of GEO2 Diopside (Jarosewich, 1980) used
for olivine and clinopyroxene analysis. N=2

5.4 Results

5.4.1 Whole rock geochemistry

The whole-rock compositions of all DIP products are trachyandesite with limited
variations in major element concentrations (Fig. 5.2, Table 5.22). Whole-rock SiO, and Mg#
((Mg0O/40.3)/[(Mg0/40.3) + (FeO*2/159.69)]) (Putirka et al., 2007) show minimal variation
from 56.28 — 57.80 wt.% and 33 — 36. Total alkalis range from 7.89 — 8.48 wt.%.
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Figure 5.2: TAS diagram with both whole-rock major and glass data for the DIP samples.
Squares, circles, and diamonds show the whole-rock compositions of the spatter, lava and
tephra samples. Triangles represent the glass compositions of the tephra samples (scoria,
pumice, and dense clasts). Grey field shows all known Ascension Island whole rock data (Data
from Weaver et al, 1996; Kar et al., 1998).

The spatter samples range between 2.1 — 2.4 wt.% MgO (Fig. 5.3) and show no
significant variations in major element concentrations. Samples from craters 3 and 18,
craters 15 and 16 and crater 11, cluster at 2.2 wt.% MgO, 2.3 wt.% MgO, and 2.4 wt.%
MgO, respectively, however they are all within the 2c error range. As the spatter samples
increase in MgO concentration, they also increase in TiO2, Fe2O3 and CaO concentrations
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Figure 5.3: Whole-rock variation for the DIP spatter (red squares), lava (green and blue circles)
and tephra (orange, purple, pink and brown diamonds). Full data set shown in Table 5.23. Grey
circles represent other trachyandesite deposits on Ascension Island (Weaver et al., 1996; Kar et
al., 1998). Error bars show 2c uncertainty.

and decrease in SiO, Al,O3, MnO, Na;O and KO concentrations. There is no correlation
between the changes in major elements and spatial location along the fissure.

Lava samples range between 2.1 — 2.5 wt.% MgO, however they are all within the
2-sigma error range (Fig. 5.3). Samples from flow field 1 cluster within the 2.1 — 2.2 wt.%
MgO, whilst lava samples from flow field 2 cluster between 2.4 — 2.5 wt.% MgO and lava
samples from flow field 3 also cluster between 2.1 — 2.2 wt.% MgO, with two samples within
the 2.4 — 2.5 wt.% MgO. Scoria components have the lowest MgO concentrations (1.9 -2.0
wt.% MgO), whilst the dense clasts and pumice clasts range within the 2.1 — 2.2 wt.% MgO.
Lava samples from flow field 2 is more enriched in MgO than all lavas samples in flow field
1 and all but one of the lavas in flow field 3. Lava from the top of the ridge (F8 — Fig. in Ch.3)
in flow field 3 is enriched in SiO,, Al,O3, MnO and K>O wt.% for any given concentration of
MgO wt.%. Lava from the base of the ridge sits within the cluster of the flow field 3 samples.
Single lava flows also show minimal changes along the flow, with <0.04 difference in MgO
concentrations. Minimal variation is also observed in flow field 2. Samples from one of the
central channels has lower MgO concentrations than samples from the channel margins
(2.3 and 2.4 wt.% MgO, respectively) but slightly higher MgO concentrations (2.2 wt.%
MgO) than a lobe that broke out from the central channel.

Some differences were identified from the whole rock data for the different tephra
components (Fig. 5.3). The scoria clasts are slightly depleted in MgO, MnO and Fe,O3
compared to both the dense clasts and the pumice clasts. The pumice clasts are more
depleted in SiO, TiO2, Fe203 and KO and enriched in Na;O, CaO and Al,O3; compared to

the dense clasts.

144



The compositions of the DIP samples overlap with those reported in previous studies
of Ascension Island (e.g., Weaver et al., 1996; Kar et al., 1998; Chamberlain et al., 2019).
However, the DIP samples are slightly depleted in TiO» and enriched in Na2O in comparison
(Fig. 5.3).

5.4.2 Trace Elements

Trace element concentrations also show limited variations (Fig. 5.4) and, although all follow
a similar trend to OIB in REE space, are more enriched in all trace elements than a classic
OIB (Sun & McDonough, 1995). The DIP products are more enriched than classic OIB
(McDonough and Sun, 1995). The DIP products sit within the same range as the other
trachyandesite samples on the island, however, U and Pb concentrations show the widest
range, with some samples more enriched and others more depleted. High Zr/Nb basalts
(Fig. 5.4)). The Low Zr/Nb basalt is more enriched in U and sits within the range of the DIP
products, whilst the Sr concentrations sit just above the DIP products. On the other hand,
the Ascension trachyte products are generally more enriched in incompatible trace
elements than the DIP products (Fig. 5.4), with the exceptions of U, La, Ce and Nd which

are within the same range, and Sr and Y which are more depleted.
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Figure 5.4: Primitive mantle normalised trace elements from the DIP deposits. The grey
field represents the trace elements of all the intermediate deposits on the island. Solid lines
(grey, blue, yellow and green) show trace element compositions of basaltic and trachytic
samples on Ascension Island. OIB (McDonough and Sun, 1995) and MORB (McDonough
and Sun, 1995) also included.

145



Sample: Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19-

008 106 134 145 127 121 154 155 156 157 159 034 071 024
Type: Spatter. Spatter. Spatter Spatter Spatter. Spatter. Spatter. Spatter. Spatter. Spatter. Spatter. Spatter. Spatter. Lava
SiO2 57.31 57.66 57.58 57.68 57.63 57.61 57.52 57.01 57.31 57.44 57.24 57.03 56.73 55.95
TiO2 1.46 1.46 1.45 1.45 1.46 1.45 1.46 1.60 1.44 1.45 1.52 1.53 1.52 1.51
AlLOs 16.72 16.71 16.78 16.82 16.76 16.80 16.80 16.68 16.72 16.79 16.70 16.71 16.54 16.44
Fe;0s3 8.28 8.31 8.26 8.26 8.25 8.26 8.29 8.60 8.24 8.14 8.45 8.40 8.36 8.34
MnO 0.26 0.26 0.26 0.26 0.25 0.26 0.26 0.25 0.26 0.26 0.26 0.25 0.25 0.24
MgO 2.16 222 2.14 217 2.16 215 2.15 241 215 217 2.30 220 2.28 215
Ca0 5.62 5.54 5.56 5.58 5.61 5.63 5.53 5.14 5.58 5.66 5.77 573 5.76 5.13
Na,0O 5.74 5.71 5.79 5.77 5.81 5.77 572 5.61 5.76 5.77 5.74 5.68 5.56 5.66
K20 2.53 2.58 254 255 2.56 2.54 254 245 2.53 2.53 247 249 246 243
P20s 0.67 0.67 0.67 0.67 0.66 0.71 0.70 0.96 0.68 0.67 0.71 0.89 1.01 1.45
SO; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LOI 0.26 0.28 0.29 0.20 0.17 0.16 0.41 0.24 0.12 0.22 0.16 0.30 0.44 0.61
Total 100.00 100.39 100.31 100.39 100.32 100.35 100.35 100.95 99.78 100.10 100.31 100.19 99.90 99.91
As 15 0.8 <0.6 <0.7 1.4 1.1 0.7 1.1 1.0 0.9 1.0 29 1.0 3.3
Ba 620.1 602.5 620.8 606.6 623.2 620.0 621.5 589.9 622.8 623.0 605.2 592.6 598.1 585.8
Ce 122.4 120.6 127.6 127.7 125.5 127.8 129.5 127.6 128.9 121.0 119.3 125.6 128.5 125.2
Co 6.6 8.6 6.5 9.1 8.2 9.0 79 79 8.0 6.6 8.6 8.3 10.4 8.0
Cr <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Cs <1.8 25 24 <17 1.9 <1.8 21 <1.8 <1.9 26 <1.8 <1.8 27 <18
Cu 55.6 6.5 15.3 9.9 15.3 7.9 33.6 291 19.3 6.6 33.2 13.1 6.4 140.2
Ga 273 251 27.0 26.6 26.9 271 26.8 26.0 271 28.1 26.5 25.8 26.6 26.2
La 63.5 63.5 62.4 63.2 63.9 62.2 65.0 61.1 63.3 61.9 60.3 60.7 61.0 60.4
Mo 57 5.2 5.6 53 54 52 54 5.3 57 57 55 6.2 5.0 55
Nb 90.6 89.8 921 89.9 91.8 91.6 921 89.1 91.7 91.2 90.2 89.7 89.8 88.1
Nd 61.6 57.6 61.8 59.3 65.1 60.3 63.0 62.8 62.0 59.4 59.8 62.9 60.2 60.2
Ni <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Pb 34 27 34 3.6 26 27 29 37 34 3.1 3.1 5.3 34 3.0
Rb 53.1 52.7 53.0 52.4 53.8 53.1 53.5 50.5 53.8 52.9 52.2 51.4 50.9 50.7
Sb <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 <11
Sc 12.2 11.6 13.3 13.1 13.0 1.9 121 12.2 1.5 13.1 13.6 1.9 15.3 12.8
Se <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Sn 15.0 29 6.0 27 5.1 26 10.4 8.2 7.0 22 9.1 3.8 3.6 422
Sr 415.4 399.9 4154 405.0 419.3 421.4 416.6 4571 420.4 425.5 428.0 436.1 443.5 456.3
Th 74 59 6.3 74 6.8 6.9 6.2 6.2 73 72 6.4 6.5 6.2 71
U 22 1.0 17 1.8 21 1.8 1.7 1.9 17 20 15 3.1 1.9 26
\ 49.1 49.0 49.2 46.2 46.8 48.4 49.5 58.8 47.6 48.6 51.2 52.7 56.9 55.2
w 25 1.3 1.6 <12 13 24 2.6 0.2 <12 27 <12 22 <12 1.8
Y 59.1 58.8 60.2 58.5 59.6 59.7 59.8 59.0 60.0 59.3 59.2 59.1 59.7 58.2
Zn 142.7 132.9 135.9 135.7 135.5 132.6 135.6 138.9 133.0 136.1 137.4 136.8 136.1 137.6
Al-19- Al- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19-
Sample: 025 19_026 027 028 029 30 125 126 148 032 031 033 013 161
Type: Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava
SiO2 57.49 57.33 57.63 56.73 57.21 56.22 57.15 57.92 57.21 56.67 56.66 57.04 56.35 56.68
TiO2 1.44 1.46 1.44 1.47 1.43 1.62 1.44 141 1.51 1.62 1.53 1.51 1.63 1.63
AlLOs 16.71 16.76 16.84 16.64 16.64 16.56 16.70 16.71 16.76 16.68 16.67 16.70 16.63 16.68
Fe;0s3 8.22 8.27 8.25 8.28 8.16 8.69 8.22 8.13 8.42 8.69 8.47 8.41 8.75 8.73
MnO 0.26 0.25 0.25 0.24 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
MgO 21 212 213 21 2.08 242 212 2.09 225 246 231 225 244 247
Ca0O 5.54 5.66 5.64 5.81 5.70 5.09 5.69 5.49 5.76 5.05 5.85 5.80 5.05 5.1
Na,0O 5.82 5.75 5.81 5.75 5.76 5.63 5.69 5.84 5.74 5.49 5.67 5.66 5.57 5.64
K0 257 2.55 2.56 253 2.55 241 253 2.66 252 242 242 249 2.39 240
P20s 0.73 0.81 0.71 1.14 1.01 1.00 0.86 0.72 0.78 0.88 0.81 0.90 0.86 0.81
SO; 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02
LOI 0.25 0.36 0.10 0.38 0.30 0.22 0.48 0.18 0.24 0.21 0.57 0.31 0.24 0.26
Total 100.13 100.32 100.37 100.09 100.08 100.12 100.16 100.39 100.44 100.42 100.21 100.33 100.15 100.67
As 22 1.2 0.7 22 1.6 15 0.7 <0.6 1.6 1.4 0.8 1.2 1.2 1.8
Ba 615.7 601.1 613.6 601.3 591.7 582.1 612.6 605.6 595.8 565.6 596.1 606.2 572.7 590.7
Ce 127.0 122.5 125.9 125.0 121.5 120.2 123.3 125.9 119.9 123.4 125.3 123.5 119.4 126.1
Co 10.2 76 78 7.8 8.8 8.2 76 7.8 79 9.1 8.6 77 8.5 10.5
Cr <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Cs <1.8 <1.8 <18 <18 22 <1.8 1.9 55 24 <1.8 <1.8 20 <1.8 <18
Cu 15.3 1.4 1.2 13.8 15.3 10.1 222 12.4 5.8 725 16.7 17.3 18.0 10.7
Ga 26.6 26.1 26.5 26.6 26.8 26.5 26.5 26.9 255 252 26.4 26.3 26.0 26.4
La 63.3 63.0 61.4 61.7 62.8 61.2 62.3 614 62.1 61.0 65.1 60.6 57.2 60.7
Mo 6.0 57 55 55 55 5.8 52 54 5.0 55 52 6.0 5.1 6.0
Nb 92.4 89.4 91.2 914 90.4 88.5 90.6 93.7 88.7 86.8 89.2 90.8 87.3 88.2
Nd 614 61.1 63.9 61.2 59.9 60.8 60.9 61.7 59.6 59.6 60.2 60.0 60.3 62.5
Ni <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Pb 3.8 3.1 39 34 29 3.0 21 3.2 24 3.1 29 3.1 25 25
Rb 55.8 52.5 53.7 52.4 53.0 49.7 52.4 55.0 51.0 49.8 51.3 52.0 49.3 50.0
Sb <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 <11 1.1
Sc 13.4 12.0 12.4 12.6 13.1 15.2 13.8 13.2 13.3 12.6 12.5 13.2 13.5 15.2
Se <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 1.0 0.7 <0.7 <0.7
Sn 59 1.9 3.1 35 55 3.6 9.1 5.9 21 21.0 3.8 6.2 54 28
Sr 411.4 418.7 421.7 465.9 423.9 459.3 422.8 406.9 419.8 439.5 441.4 438.8 440.6 448.1
Th 7.3 6.5 73 7.4 7.2 7.0 6.4 7.0 6.0 6.5 71 6.6 6.8 6.1
U 29 20 24 29 1.8 29 1.7 1.4 15 22 28 22 25 1.8
\ 48.0 47.4 48.0 50.4 45.9 60.5 46.1 47.4 55.1 59.5 55.0 50.0 61.9 61.6
w 24 1.8 20 <12 23 26 <12 <12 <12 1.9 13 3.6 23 27
Y 60.1 58.4 60.0 59.6 59.0 59.1 58.6 60.7 58.2 58.0 59.5 59.8 58.8 58.8
Zn 137.8 137.0 136.1 143.7 139.2 141.8 132.0 136.8 137.4 145.6 137.9 141.0 142.1 140.0
Al-19- Al-19- Al-19- Al-19-
Sample: 039 046 049 023 DIP3 DPI3 DIP6 DIP8
Type: Lava Lava Lava Lava Scoria Scoria Pumice Dense
SiO2 57.33 57.93 57.21 52.57 57.79 57.77 57.75 57.99
TiO2 1.45 1.45 1.47 1.43 1.42 1.45 1.46 1.48
AlLOs 16.82 16.87 16.76 15.43 16.78 16.89 16.81 16.75
Fe;0s3 8.29 8.25 8.30 7.80 8.16 8.24 8.28 8.33
MnO 0.25 0.25 0.25 0.22 0.23 0.23 0.24 0.24
MgO 2.08 213 2.16 217 1.97 2.01 220 214
Ca0O 5.61 5.65 5.61 6.78 5.61 5.69 5.78 5.68
Na,0O 5.76 5.79 5.74 5.51 5.66 5.69 5.76 573
K20 2.55 2.55 248 2.34 2.58 2.56 255 2.62
P,0s 0.78 0.69 0.75 3.48 0.87 0.87 0.66 0.75
SO; 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00
LOI 0.35 0.19 0.37 1.10 0.67 0.60 0.44 0.18
Total 100.27 100.75 100.11 98.96 100.73 101.02 100.93 100.88
As 14 0.7 1.2 34 23 20 14 21
Ba 611.6 618.1 620.4 555.7 662.0 622.5 645.1 597.9
Ce 123.7 121.6 125.4 120.3 128.5 129.8 125.9 128.8
Co 8.9 79 74 8.3 6.7 8.1 6.6 8.3
Cr <0.7 <0.7 <0.7 <0.7 <0.6 <0.6 <0.6 <0.7
Cs <1.8 <1.8 20 <19 <17 <17 <17 <17
Cu 54 5.1 15.8 90.6 8.1 10.1 8.7 1.1
Ga 276 258 26.9 255 26.9 26.5 26.4 257
La 61.3 61.1 62.2 61.4 63.7 63.5 62.6 65.8
Mo 5.6 5.3 6.0 52 53 52 54 5.0
Nb 90.7 90.1 91.6 86.3 91.7 91.5 90.5 93.2
Nd 58.7 60.4 59.2 59.3 60.7 61.4 60.5 58.4
Ni <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Pb 26 28 27 34 5.0 3.9 39 3.9
Rb 53.1 52.6 52.1 49.8 53.5 53.1 52.9 55.2
Sb <11 <11 1.6 <11 75 17 8.1 <11
Sc 13.1 12.7 11.6 1.2 15.3 12.6 15.0 15.8
Se <0.7 <0.7 <0.7 1.0 <0.7 <0.7 <0.7 <0.7
Sn 22 27 57 321 27 22 25 15
Sr 421.9 412.2 4225 568.0 419.4 426.0 4271 4101
Th 71 71 6.9 59 6.6 6.6 6.4 74
U 22 1.9 20 17 22 21 27 1.8
\ 48.7 475 49.5 514 45.3 47.9 50.9 52.2
w 27 14 1.6 <12 27 25 27 3.5
Y 59.1 59.0 59.5 571 60.1 59.8 59.1 60.2 .
7n 1333 1317 152.0 o 1475 1312 153.6 1339 Table 5.22: The whole rock data for spatter, lava and
zr 525.8 522.8 528.2 489.4 538.7 535.8 526.1 541.8 tephra samples
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5.4.3 Petrography

Following the definition of D’Mello et al., (2021) | consider macrocrysts as any single grain
>300 um in diameter, microphenocrysts are 300 — 30 um in diameter and microlites are <30
um in diameter. Macrocrystand microphenocryst phases, in order of abundance, consist of
feldspar, rare olivine, pyroxene, amphibole and Fe-Ti oxides. Groundmass textures are
described and discussed in chapter 4/5.

5.4.3.1 Plagioclase Feldspar

Plagioclase feldspar macrocrysts and microphenocrysts are the most abundant
mineral phase in all samples. The plagioclases in the spatter and lava are similar sizes,
ranging from 100 — 4000 um in diameter, whilst the plagioclase in the tephras is smaller and
range from 100 — 1000 um in diameter. Three different textures were identified in back
scatter electron (BSE) imagery. Type 1 feldspars only occur in spatter, lava and dense clast
tephra samples. Type 2 feldspars occur in all the DIP samples and Type 3 feldspars are

only present in the lava and spatter samples.
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Type 1 feldspars (Fig. 5.5) make up ~ 45% of the feldspar population in the samples
and occur as macrocrysts and occasionally microphenocrysts. They are euhedral to
subhedral, tabular and can be both elongate and stumpy. Type 1 are characterised by sieve
textures. Approximately 1% of the feldspars exhibit oscillatory zoning, however this is
difficult to identify due to the sieve textures.

Type 2 feldspars (Fig. 5.6) are the most common and make up ~55% of the feldspar

population. Macrocrysts are euhedral or subhedral, tabular and vary between elongate and
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Flgure 5 6 BSE images of the Type 2 feldspar texture. A) Euhedral crystal with normal zoning.
B) Euhedral crystal with no zoning. C, D) Euhedral crystal with weak oscillitary zoning.

stumpy. In the spatter and lava samples, ~50 — 60% of the stumpy crystals exhibit normal,
reverse, or oscillatory zoning and ~5% of the macrocrysts exhibit weak, external
embayment. Zoning is rarely seen in the tephra feldspars (<1%), whereas ~30% of the
macrocrysts exhibit varying degrees of external embayment. Microphenocrysts and
microlites are subhedral, elongate, tabular or skeletal, with no evidence for internal
resorption. Approximately 70% of the microphenocrysts throughout the samples exhibit
either weak embayment or a hopper texture.

Type 3 feldspars (Fig. 5.7) occur as macrocrysts and make up ~1% of the crystal
population in each sample. They are subhedral to anhedral. The crystal cores and inner
rims are resorbed and exhibit sieve textures. Crystal rims show between weak to strong
external resorption, and a number of feldspars have an overgrowth of feldspar microlites to
form a new, outer rim. The crystals show varying degrees of reverse zoning but is
distinguish due to the strong resorption. Approximately 60% of the crystals exhibit a
breakdown texture between the core and the rim.

5.4.3.2 Olivine

Olivine crystals are similar sizes in the lava, spatter and tephra samples (up to 500 um) and
account for up ~1-2 vol % of the erupted products. Three different types were identified
throughout. Type A is the most common and found in the spatter, lava and tephra samples,
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Flgure 5 7 BSE images of the Type 3 feldspar texture. A,C) R/ms with whole cores.
B) shows rims and resorbed cores. D) Whole rims with an inner, resorbed band and a
partially resorbed core.

whilst type B and C are rarer and only found in spatter and lava samples. Type A olivine
grains (Fig. 5.8) are present from microphenocrysts to microlites in all of the DIP samples.
The microphenocrysts are subhedral and equant, whilst the microlites range between
euhedral to subhedral, equant, tabular and fragmental. Approximately 5 — 10% of the Type
A microlites are embayed and ~2 — 5% exhibit hopper textures.

Flgure 5.8: BSE i lmages show:g the type A ollvme crystals

Type B (Fig. 5.9) are present solely as microphenocrysts in the spatter and lava
samples only. They are anhedral and have heavily resorbed rims. The crystals often exhibit
Fe-Ti oxide overgrowths and amoeboid melt inclusions.
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Figure 5.9: BSE imae showing the type B ovaine cstal.

Type C (Fig. 5.10) are restricted to microphenocrysts in the spatter and lava samples only
and are anhedral. They exhibit sieve textures, which vary between fine to coarse (Fig.
5.10a) internal sieve texturing and finer sieve textures around the rims. The finer sieve
texture is symplectitc (Fig. 5.10b,c) and forms near-perpendicular to the crystal rims. Fe-Ti

oxides grow over the crystals.

Figure 5.10: BSE images showing the type C olivine crystals.

5.4.3.3 Clinopyroxene

Macrocrysts and microphenocrysts of clinopyroxene crystals are up to 600 um in diameter
(Fig. 5.11) and make up <1% of the crystals in all the samples. They are subhedral and
equant. Approximately 15 — 20% of the microphenocrysts exhibit normal zoning to Fe-rich
rims. The crystals commonly exhibit oxide, apatite, and olivine overgrowths.

5.4.3.4 Amphibole

Amphibole crystals as rare (<1%), subhedral to anhedral macrocrysts to microphenocrysts,

with rounded edges, and reach ~ 900 um in diameter. Type i amphiboles are found in the
spatter and lava samples and exhibit breakdown textures (Fig. 5.12a). Further details on
the amphibole rim textures have been described in chapter 5. Type ii amphiboles are only
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Figure 5.12: BSE images showing the different amphibole types. A) Type i exhibiting
breakdown rims and found in lava and spatter samples. B) Type ii with euhedral rims and
found in the tephra samples.

seen in tephra samples. These crystals are mainly macrocrysts, up to ~ 900 ym long and

euhedral to subhedral with no breakdown rims (Fig. 5.12a).

5.4.4 Crystal Chemistry

5.4.4.1 Plagioclase Feldspar

Andesine (AbsgAnsoOr2 — Abs3sAnszoOr7) is the most abundant feldspar composition for cores
and rims in the DIP products (Table 5.23), with rare labradorite (Abs7Ans10r2 — AbsgAnseOry?),
oligoclase (AbesAn290rs — Ab76An120r12) and anorthoclase (Abs7An2Orso — Ab72AngOrao) (Fig.
5.13, 5.15). Compositional histograms show the main modes at Anse for crystal cores, Anas

for crystal rims and Anss for groundmass feldspars (Fig. 5.14a). Cores and rims are
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Sample Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- DIP-8 DIP-8

number 034 034 008 008 121 121 028 028 028 028 026 026
Spot T1C T1R T1C T1R T1C T1R T1C T1R T1C T1R T1C T1R T1C T1R
Descriptio Spatter Spatter Spatter Spatter Spatter Spatter Lava Lava Lava Lava Lava Lava Dense Dense
n
SiO2 55.80 57.57 57.59 58.13 56.42 56.46 57.89 57.85 45.20 56.18 56.53 58.42 56.54 56.53
TiO2 0.04 0.07 0.05 0.07 0.06 0.06 0.05 0.06 0.05 0.07 0.07 0.04 0.05 0.07
Al20, 26.87 25.77 25.53 25.37 26.93 26.70 26.05 25.85 21.29 27.17 27.21 26.00 26.61 26.23
FeO 0.45 0.58 0.38 0.52 0.40 0.40 0.38 0.37 0.43 0.41 0.48 0.40 0.43 0.52
MnO 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.03 0.01 0.01
MgO 0.06 0.06 0.04 0.05 0.03 -0.01 0.04 0.02 0.01 0.04 0.04 0.03 0.05 0.05
CaO 9.88 8.47 8.51 8.09 9.06 8.92 8.12 8.36 9.41 9.51 9.39 7.91 9.24 8.83
Na,O 5.85 6.37 6.56 6.73 6.14 6.34 6.67 6.54 5.91 6.05 6.03 6.80 6.08 6.11
K20 0.32 0.39 0.40 0.46 0.36 0.37 0.43 0.40 0.33 0.32 0.41 0.47 0.33 0.34
Sro 0.11 0.13 0.11 0.13 0.19 0.07 -0.12 0.08 0.11 0.21 0.18 0.20 0.14 0.15
Total 99.38 99.43 99.16 99.55 99.31 99.37 100.61 100.95 100.02 99.54 100.23 100.29 99.47 98.85
An 47 41 41 39 44 43 39 40 46 46 45 38 45 43
Or 2 2 2 3 2 2 2 2 2 2 2 3 2 2
Ab 51 56 57 58 54 55 58 57 52 53 52 59 53 54
Sample DIP-8 DIP-8 Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19-
number 034 034 008 008 121 121 028 028 028 028 026 026
Spot T1C T1R T2C T2R T2C T2R T2C T2R T2C T2R T2C T2R T2C T2R
Descriptio D Spatter Spatter Spatter Spatter Spatter Spatter Lava Lava Lava Lava Lava Lava
n ense Dense
SiO2 57.40 57.03 57.92 58.46 57.00 57.72 55.94 57.85 56.94 56.70 57.08 57.62 58.52 57.32
TiO2 0.04 0.06 0.06 0.07 0.05 0.07 0.06 0.06 0.07 0.07 0.08 0.07 0.05 0.08
Al20, 25.55 26.32 26.38 25.99 2717 26.03 27.29 25.95 26.61 27.19 26.52 26.32 26.01 27.16
FeO 0.41 0.50 0.40 0.53 0.41 0.54 0.40 0.38 0.47 0.45 0.49 0.50 0.33 0.46
MnO 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 -0.01 0.02 0.00 0.01
MgO 0.04 0.05 0.05 0.06 0.05 0.05 0.02 0.04 0.05 0.04 0.09 0.03 0.00 0.05
CaO 8.32 8.76 8.81 7.87 9.35 8.54 9.57 8.01 8.91 9.10 8.83 8.45 8.06 9.20
Na,O 6.44 6.30 6.48 6.85 6.04 6.56 6.06 6.95 6.13 6.30 6.31 6.51 6.75 6.30
K20 0.38 0.35 0.36 0.49 0.36 0.39 0.30 0.43 0.39 0.34 0.35 0.40 0.49 0.40
Sro 0.15 0.15 0.11 0.13 0.1 0.14 0.15 0.12 0.31 0.14 0.02 0.19 0.21 0.26
Total 98.72 99.53 100.58 99.45 100.54 100.06 99.33 99.05 99.82 99.47 100.08 100.07 100.43 101.24
An 41 43 42 38 45 41 46 38 44 44 43 41 39 44
Or 2 2 2 3 2 2 2 2 2 2 2 2 3 2
Ab 57 55 56 59 53 57 52 60 54 55 55 57 59 54
Sample DIP-3 DIP-3 DIP-3 DIP-3 DIP-6 DIP-6 DIP-6 DIP-6 DIP-8 DIP-8 DIP-8 DIP-8 Al-19- Al-19-
number 121 121
Spot T2C T2R T2C T2R T2C T2R T2C T2R T2C T2R T2C T2R T3C T3R
Descriptio Scoria Scoria Scoria Scoria Pumic Pumice Pumic
n e e Pumice Dense Dense Dense Dense Spatter Spatter
SiO2 57.89 57.72 56.87 58.26 57.64 58.15 58.14 58.78 58.89 56.61 57.29 57.85 56.39 59.34
TiO2 0.03 0.27 0.04 0.56 0.06 0.10 0.07 0.09 0.04 0.07 0.05 0.09 0.07 0.03
Al20, 25.30 25.16 26.30 25.66 25.58 25.38 2591 2525 25.31 26.20 26.49 25.28 27.56 25.58
FeO 0.37 1.13 0.40 2.40 0.59 0.77 0.58 0.67 0.36 0.48 0.40 0.56 0.31 0.26
MnO 0.01 0.03 0.01 0.07 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.02
MgO 0.04 0.18 0.05 0.45 0.05 0.06 0.06 0.06 0.03 0.05 0.04 0.06 -0.01 0.00
CaO 8.03 7.66 8.74 8.05 8.19 7.27 7.95 7.66 7.59 9.14 8.97 7.85 9.34 7.18
Na,O 6.83 6.76 6.37 6.43 6.60 6.93 6.79 6.86 6.99 6.20 6.28 6.84 6.26 7.45
K20 0.42 0.81 0.37 1.29 0.42 0.54 0.46 0.56 0.51 0.34 0.33 0.44 0.30 0.50
Sro 0.11 0.07 0.12 0.09 0.14 0.12 0.14 0.15 0.11 0.15 0.16 0.14 0.17 0.12
Total 99.02 99.77 99.26 102.25 99.27 99.32 100.11 100.09 99.82 99.24 100.01 99.11 100.01 99.86
An 38 37 42 38 40 36 38 37 36 44 43 38 44 34
Or 2 5 2 7 2 3 3 3 3 2 2 3 2 3
Ab 59 59 56 55 58 61 59 60 61 54 55 60 54 63
Sample Al-19- Al-19- Al-19- Al-19- Al-10- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19-
number 121 121 127 127 028 028 028 026 026 026 026 026
Spot T3 T3 T3 T3 T3 T3

Point Point Point Point T3C T3IR TSR T3C T3IR TSR Point Point
Sescriptio Spatter Spatter Spatter Spatter Lava Lava Lava Lava Lava Lava Lava Lava
SiO2 61.69 61.24 61.77 61.31 62.48 57.81 61.34 65.72 65.10 59.02 67.63 68.53
TiO2 0.24 0.22 0.36 0.28 0.01 0.04 0.00 0.01 0.02 0.12 0.01 0.06
Al20, 2272 22.67 22.14 2297 22.82 25.83 23.58 21.88 22.29 25.62 19.52 18.23
FeO 0.93 0.90 0.97 0.74 0.18 0.28 0.28 0.21 0.18 0.68 0.50 1.20
MnO 0.01 0.01 0.02 -0.01 -0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.02
MgO 0.11 0.03 0.16 0.05 0.02 0.01 0.00 0.01 0.00 0.03 0.01 -0.02
CaO 5.15 5.05 5.31 5.44 5.23 7.99 5.49 2.92 3.50 7.52 0.80 0.69
Na,O 7.65 7.73 8.07 7.79 8.57 6.85 7.99 9.32 9.19 6.72 8.51 8.05
K20 1.44 1.76 1.81 1.43 0.88 0.39 0.79 1.65 1.35 0.91 5.57 5.68
Sro 0.05 0.04 0.03 0.06 0.34 0.14 0.14 0.06 0.13 0.24 -0.02 0.00
Total 100.00 99.67 99.64 100.06 100.26 100.25 100.01 100.78 100.77 100.88 101.53 101.44
An 25 24 20 26 20 38 26 13 16 36 4 3
Or 8 10 10 8 5 2 5 9 7 5 25 27
Ab 67 66 69 66 75 59 69 78 76 59 71 70

Table 5.23: Table showing the representative values of feldspar chemistry. For full data set see appendices 2. T1 =type 1, T2 =
type 2, T3 = type 3, C = core, R =rim, IR = inner rim.

predominantly andesine (Ansi.4g and Ansg.so, respectively) with rare oligoclase (AbssAngeOrs
— Ab7sAn130re, AbesAn290rs — AbessAngsOriq), labradorite (AbssAnseOrz, AbszAnsiOrz) and
anorthoclase (Ab72AngOrz, Abs7AnzOr2 — Ab72AngOry), respectively. Groundmass
compositions are also predominantly andesine (AbsoAnssOr, — AbesszAnzoOrz) with rare
oligoclase (Abs7An270rs — Ab76An120r12) and anorthoclase (AbssAnzOrag — Ab70ANnsOras).
Feldspar crystals in the spatter are predominantly andesine (AbsgAnsOr, —
AbesAn320rs), with rare labradorite (Abs7Ans1Or1), oligoclase (AbssAnzgOrs — AbggAn190ry2)
and anorthoclase (Abs7AneOr2z — Ab72ANngOrz). Compositional histograms show the main
modes at Angs for crystal cores and rims, and Ansg for groundmass crystals (Fig. 5.14b).
Feldspar crystals in the lava show very similar compositions to the spatter, with the main

composition being andesine (Ab4gAnssOr. — AbesAns1Or3), and rare labradorite (Abs7Ans;Ors
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Figure 5.13: Feldspar ternary plots for the three types of feldspar crystals. The majority of the
feldspars sit within the anorthoclase range, with few type 1 and 2 within the labradorite range. All
three types show rare oligoclase and anorthoclase compositions.

— Ab4gAnsoOr»), oligoclase (AbssAnzsOrs — AbzeAn120ri2) and anorthoclase (AbszAn2Orsp —

Ab71An4Or25). Compositional histograms show the main modes at Anso for crystal cores,
Anys for crystal rims, and Ans. for groundmass crystals (Fig. 5.14c).

Feldspar crystals in the tephra clasts are solely andesine (AbssAnseOr> —
Abe1An330rs). There is very little difference between cores (Abs,AnssOrz — Abs2ANn350r3) and
rims (AbssAnsoOr, — Abe1AnssOrs). Groundmass compositions range from AbssAnssOr to
Abeg2An340rs. Compositional histograms show the main modes at Ang, for crystal cores, Anas
for crystal rims, and Ansgand Anse for groundmass crystals (Fig. 5.14d).

Within the DIP products, three groups of plagioclase (type 1, type 2 and type 3) were
identified based on textural and compositional properties (Fig. 5.5 - 5.7). Type 1 (T1)
feldspar crystals are dominantly andesine with rare labradorite, oligoclase and anorthoclase
(Fig. 5.13). Compositional histograms show the two main modes at Anss for cores and Anas4
for rims (Fig. 5.14e). Type 2 (T2) feldspar crystals, similar to type 1, are dominantly andesine
with rare oligoclase, anorthoclase and labradorite (Fig. 5.1, 5.153). Compositional
histograms show that the two main modes for the cores are lower than the type 1 feldspars,
at Anso and Angz, whilst the two modes for the rims are lower at Ans, but also the same at
Anys (Fig. 5.14f). Type 3 (T3) feldspar crystals are different to type 1 and type 2 and have
the most evolved compositions of andesine, oligoclase and anorthoclase (Anz.47) (Fig. 5.13,
5.15). The outer rims of the T3 feldspars are dominantly andesine, whilst the inner rims and
cores are less calcic and mainly have oligoclase compositions (Fig. 5.13, 5.15). The points

vary in composition from oligoclase to anorthoclase (Fig. 5.13).
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Figure 5.14: Compositional histograms of the An content in cores, rims and groundmass (GM)
feldspar crystals in A) All feldspars, B) Spatter feldspars, C) Lava feldspars, D) Tephra feldspars,
grouped into scoria, pumice and dense clasts, E) type 1 feldspars, F) Type 2 feldspars.
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Figure 5.15: Composition of feldspars in spatter, lava, and tephra (scoria, pumice and dense
clasts), grouped by type and showing cores, rims and groundmass. Error bars show 2c

uncertainty.

5.4.4.2 Olivine

Olivine crystals occur in all the DIP samples and range from Fos1.67 (Fig. 5.16; Table

5.24). Overall, crystal cores range from Foeo.s6, Whilst rims have a wider range from Foué.66.

155



70

65

(@)
o
L

(&)
o
L

45

40

—o— T.A Lava Core
- © -T.A Spatter Rim
—o— T.A Dense Core
—&—T.C Lava Core
—@—Lava GM

—@— Dense GM

& ---9

-6 -T.ALava Rim

—o— T.A Scoria Core
- © -T.A Dense Rim

—8—T.C Lava Rim

—@— Scoria GM

—o— T.A Spatter Core

- & -T.A. Scoria Rim

=T B Lava Points
—@— Spatter GM
O— Pumice GM

Figure 5.16: Showing the ranges in Fo content for the different types of olivine crystals in each
deposit type. T.A — type A olivines, T.B — type B olivines, T.C — type C olivines.

Al-

Sample  Al-19- Al-19- Al-19- Al-19- 19- Al-19- Al-19- Al-19-
number 008 008 121 121 028 028 026 026 DIP3 DIP3 DIP3 DIP3 DIP 8
Spot TAC TAR TAC TAR TAC TAR TAC TAR TAC TAR TAC TAR TAC
Type Spatter ~ Spatter  Spatter  Spatter Lava Lava Lava Lava Scoria Scoria Scoria Scoria Dense
SiO2 36.31 36.38 36.41 35.96  35.91 36.19 35.54 35.17 37.44 37.29 36.74 36.87 36.33
TiO2 0.04 0.03 0.05 0.04 0.04 0.04 0.27 0.08 0.04 0.05 0.04 0.04 0.03
Al20s3 0.02 0.04 0.02 0.02 0.01 0.01 0.03 0.02 0.00 0.00 -0.01 -0.01 0.01
FeO 31.80 31.97 31.77 35.85 31.56 31.77 33.41 36.70 29.47 29.34 31.05 31.07 31.47
MnO 1.07 1.08 1.09 1.19 1.1 1.08 1.20 1.51 1.00 0.99 1.14 1.13 1.08
MgO 30.49 30.62 30.65 2846  31.14 31.01 29.70 26.48 31.68 31.57 30.08 30.10 30.96
CaO 0.18 0.18 0.18 0.20 0.17 0.19 0.20 0.26 0.18 0.18 0.18 0.18 0.17
Cr20s 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 -0.01 -0.01 0.00
NiO -0.01 -0.01 0.01 0.00 0.00 -0.01 0.00 0.00 -0.01 -0.01 -0.01 0.00 0.00
Total 99.95 100.32 100.20 100.74  99.99 100.32 100.36  100.29 99.79 99.40 99.21 99.37  100.11
Fo 63 63 63 59 64 64 61 56 66 66 63 63 64
Fa 37 37 37 41 36 36 39 44 34 34 37 37 37
Sample Al-
number Al-19- 19- Al-19- Al-19- Al-19- Al-19-  AI19-  AI-19-  AI-19-  AI-19-

DIP 8 DIP 8 DIP 8 026 026 026 026 026 026 026 026 026 026
Spot B B B B B B

TAR TAC TAR Point Point Point Point Point Point TCC TCR TCC TCR
Type Dense Dense Dense Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava
SiO2 37.01 36.65 36.90 36.00 35.82 36.57 36.43 36.34 36.32 33.94 36.14 35.23 36.16
TiO2 0.03 0.02 0.04 0.06 0.05 0.04 0.06 0.03 0.05 0.11 0.06 0.16 0.04
A0 0.02 0.02 0.02 -0.01 0.00 0.00 -0.01 0.00 -0.01 -0.02 -0.01 -0.01 -0.01
FeO 30.97 31.43 31.47 3259 3274 31.42 31.27 31.31 31.32 45.62 31.58 43.14 31.71
MnO 1.12 1.09 1.09 1.23 1.25 1.15 1.15 1.12 1.15 2.35 1.15 2.27 1.18
MgO 30.66 31.03 30.73 29.10  29.19 30.46 29.91 30.04 30.05 18.48 29.92 19.65 29.87
CaO 0.19 0.18 0.19 0.18 0.18 0.17 0.32 0.18 0.18 0.17 0.18 0.21 0.17
Cr20s -0.01 0.00 -0.01 0.00 -0.01 0.00 -0.01 0.01 0.00 0.00 0.00 0.00 -0.01
NiO 0.01 -0.01 0.00 -0.01 -0.02 0.01 -0.01 -0.01 0.00 -0.02 -0.01 0.00 -0.01
Total 100.04 100.47 100.45 99.14  99.19 99.82 99.11 99.03 99.05 99.63 99.00 99.65 99.11
Fo 64 64 64 62 61 64 63 63 63 42 63 45 63
Fa 36 36 36 38 39 36 37 37 37 58 37 55 37
Table 5.24: Table showing the representative values of olivine crystal chemistry. For full data set see appendices 2. TA = type A, TB =type B, TC =

type C, C = core, R = rim. Define Fo Fa
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Crystal rims are higher in MnO wt.% and lower in SiO2 wt.% compared to the cores
(Fig. 5.17a,c). CaO concentrations are low and range from 0.15 — 1.93 wt.% (Fig. 5.17b).

Groundmass crystal compositions range from Foas1.67. Compositional histograms (Fig. 5.18)
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show a main mode at Foss. Crystal cores and rims exhibit the same modes at Foes for

spatter, lava and dense clasts and Foes for scoria clasts. In all crystals, NiO wt.% and Cr.O3

wt.% concentrations were below the detection limit.
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Figure 5.18: Compositional histograms of the Fo content in cores, rims, and groundmass (GM)
olivine crystals in A) All olivines, B) Spatter olivine, C) Lava olivines, D) Tephra olivine, grouped
into scoria, pumice and dense clasts.

Three types of olivine crystals were identified in the samples. Type A crystals are
the most abundant. In the spatter they have Foasz.63 (Fig. 5.16), with crystal cores showing a
very minimal range (Fos263) and rims showing a greater range (Fos7.63). Whereas, in the
lava the crystals have a similar range (Foss.ss) (Fig. 5.16), but the cores and rims exhibit
wider ranges (Foso6s and Foue.66, respectively). Olivine crystals in the scoria clasts have the
same core and rim ranges (Foe2-67) (Fig. 5.16). Dense clasts olivines range from Foss.s3, with
cores and rims showing a minimal range of Foe2.63 (Fig. 5.16).

Compared to type A, type B crystals have a very narrow range (Foso-s3) (Fig. 5.16).

Due to the resorbed shapes, no core and rim data could be collected. The type C crystals
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Sample Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al- Al- DIP-3 DIP-3

number 034 034 008 008 127 127 026 026 026 026 19- 19-

026 026
Spot C R C R C R C R C R Point Point C R
Description Spatter Spatter Spatter Spatter Spatter Spatter Lava Lava Lava Lava Lava Lava Scoria Scoria
SiO2 51.36 51.04 50.84 51.19 49.56 50.98 51.69 50.86 51.14 50.61 51.18 50.85 49.78 48.27
TiO2 0.63 0.88 0.87 0.85 1.04 0.76 0.54 0.87 0.81 0.93 0.66 0.69 0.94 1.39
Al20; 1.97 2.49 271 253 2.62 221 1.45 247 247 2.65 1.61 1.82 2.69 5.16
FeO 10.32 9.39 11.14 9.42 11.36 9.28 11.49 9.33 11.15 9.62 10.02 9.29 10.29 9.85
MnO 0.67 0.51 0.71 0.54 0.76 0.53 0.77 0.52 0.65 0.54 0.67 0.58 0.69 0.48
MgO 15.11 15.39 13.47 15.24 13.65 15.58 15.43 15.37 13.51 15.18 15.07 15.88 13.69 13.86
CaO 19.01 20.55 19.77 20.58 19.02 20.45 18.87 20.04 19.53 19.42 19.17 19.98 19.97 19.38
Na,O 0.47 0.49 0.50 0.51 0.53 0.47 0.37 0.50 0.43 0.48 0.35 0.42 0.53 0.58
K20 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00
Cr03 0.00 0.01 0.00 0.00 0.01 0.00 -0.01 0.00 0.00 0.01 -0.01 -0.01 0.01 -0.01
Total 99.54 99.75 100.03 99.89 98.55 99.27 99.59 98.98 99.68 98.45 98.70 98.52 98.57 97.97
Wo 40 43 42 43 41 43 39 42 42 42 40 42 42 42
Fs 17 15 18 15 19 15 19 15 19 16 16 15 17 17
En 44 42 40 41 41 42 42 42 40 42 44 43 40 42
Mgt 72 73 68 73 68 74 75 72 64 73 73 74 70 71
Sample DIP-3 DIP-3 DIP-6 DIP-6 DIP-6 DIP-6 DIP-8 DIP-8 DIP-8 DIP-8
number
Spot C R C R C R C R C R
Description Scoria Scoria Pumice Pumice Pumice Pumice Dense Dense Dense Dense
SiO2 49.90 50.92 50.21 50.64 50.61 50.70 51.68 50.56 50.28 50.45
TiO2 0.81 0.55 1.05 1.07 0.89 0.95 0.83 0.97 1.47 1.20
Al20; 243 1.49 3.00 3.10 2.84 2.81 2.31 2.77 5.00 3.95
FeO 11.16 10.96 11.27 9.83 10.44 9.84 9.21 9.76 9.84 10.30
MnO 0.73 0.79 0.70 0.53 0.62 0.58 0.44 0.55 0.49 0.57
MgO 13.23 15.51 13.70 13.92 13.50 15.11 15.37 15.19 13.92 15.07
CaO 19.74 18.95 19.26 20.32 20.28 20.05 19.38 19.70 19.09 19.37
Na,O 0.46 0.38 0.54 0.49 0.52 0.49 0.45 0.49 0.55 0.44
K20 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.18
Cr03 0.00 0.00 0.00 0.00 -0.01 0.00 0.00 0.00 0.00 0.00
Total 98.47 98.55 99.73 99.91 99.70 99.53 99.66 98.99 99.65 100.52
Wo 42 40 41 43 43 42 40 42 41 41
Fs 19 18 19 16 17 16 15 16 17 17
En 39 42 40 41 40 41 45 42 42 42
Mgt 68 70 70 73 70 72 72 72 70 71

Table 5.25: Table showing the representative values of pyroxene crystal chemistry. For full data set see appendices 2. C = core, R = rim.
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have a similar range to the type A crystals (Fos1.62), however, the type C crystal cores wider

ranges than type A (Fos1.62) and the rims have similar ranges (Fos4.62) (Fig. 5.16).
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Figure 5.20: Compositional histograms of the En content in cores, rims and groundmass (GM)
feldspar crystals in A) All pyroxenes, B) Spatter pyroxenes, C) Lava pyroxenes, D) Tephra
pyroxenes, grouped into scoria, pumice and dense clasts.

5.4.4.3 Clinopyroxene

Clinopyroxene in the DIP samples are augitic (Fig. 5.19; table 5.25) with Mg# of 54 — 76

(WO037.44, En3i.as, Fs1427). Crystal cores range from Wo037.44, ENnsias, Fs14.27, whilst rims have

smaller ranges, from Wo0a40.43, ENs1.44, FS14-19 (fig. 5.19). Groundmass microlite compositions
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are more restrictive and range from Woa3o.43, Enso-44, Fs14.15. Compositional histograms (Fig.

5.20) show a strong mode at two identical modes at Ens2 and Enss. Crystal cores and rims.
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exhibit main modes at Engg for lavas, Ens, for pumice clasts, Ena4 for dense clasts and scoria

clasts and Ena4 for spatter, with rims at Ens2. The crystals show minimal variation in chemical

composition, with the exception of a number of crystal cores in the spatter samples have

lower MgO wt.% and higher FeO wt.%. There is no obvious increase in Al,O3 or TiO2 with

increasing En, and Na.O doesn’t increase with decreasing En (Fig. 5.21).

Clinopyroxene crystals in the spatter encompass almost the entire compositional

range of all DIP clinopyroxenes: with Mg# 54 — 74 (W037.43, Ens1.44, Fs15.27). Crystal cores
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exhibit a range from Enaz1.44, whilst rims and groundmass microlites exhibit a narrow range
from Ens143. Crystals in the lava have a narrower range than the spatter with Mg# 64 - 76
(Wo037.43, Enszgas, Fsis20). Crystal cores range from Ensess, whilst crystal rims and
groundmass microlites have narrow ranges, Ens1.42and Enss.44, respectively, similar to those
in the spatter.

Clinopyroxene crystals in the three tephra samples show similar ranges to the
spatter and lava, but are more restricted, in Mg# and composition to the spatter and lava
sourced clinopyroxene (Mg# 67 - 75 (Wo0a40.44, Ens7s, FS1421)). As in the spatter and lava,
the crystal cores show a wider range in the cores (Ensz.s) and a narrow range in the rims
(Ens1.44). Groundmass crystals were seen in the scoria clasts and also have a narrow range

(Enso.43). No groundmass crystals were seen in the pumice clasts and dense clasts.

5.4.4.4 Amphibole

Two types of amphibole were identified based on rim textures. The first, type i, exhibit
breakdown rims, whilst the second, type ii, have euhedral rims. Both types are rich in CaO
(7 — 11 wt.%). The amphiboles show weak variations in FeO, MgO, MnO, and TiO, wt.%
(Fig. 5.22; Table 5.26).

Sample Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19- Al-19-
number 034 034 121 121 127 127 026 026 026 026
Spot C R C R C R C R C R
Description  Spatter Spatter Spatter Spatter Spatter  Spatter  Lava Lava Lava Lava
SiO2 43.05 42.23 42.32 41.99 43.49 42.49 41.46 41.72 41.98 42.38
TiO2 3.78 3.79 5.46 5.42 3.89 3.60 5.69 5.45 5.57 5.43
Al,03 10.34 10.32 10.68 10.64 10.31 10.21 10.35 10.41 10.13 10.09
FeO 15.74 15.79 15.87 15.81 15.70 15.86 13.42 15.03 13.10 13.33
MnO 0.48 0.51 0.41 0.39 0.46 0.51 0.38 0.41 0.38 0.39
MgO 12.39 11.68 11.96 12.11 12.62 11.85 12.77 12.34 12.81 12.47
Ca0O 11.03 10.83 10.99 10.96 10.92 10.69 10.71 10.67 10.72 10.71
NazO 2.92 2.91 2.89 2.89 2,97 2,97 2.96 2.77 2.83 2.90
K20 0.69 0.71 0.63 0.66 0.68 0.71 0.61 0.62 0.60 0.63
Cr203 0.01 -0.01 0.00 0.01 0.00 -0.01 0.00 0.00 0.01 0.01
Cl 0.05 0.06 0.04 0.04 0.05 0.06 0.03 0.03 0.04 0.04
F 0.26 0.25 0.17 0.17 0.24 0.23 0.47 0.44 0.46 0.44
Total 99.73 99.08 99.41 99.08 100.34 99.18 97.87 97.91 97.63 97.82
Mg# 60 57 59 59 60 57 63 61 64 63
Sample

number DIP8 DIP8 DIP8 DIP8

Spot C R C R

Description Dense Dense Dense Dense

SiO2 41.23 41.69 40.92 41.21

TiO2 5.30 5.17 3.93 5.12

Al,03 10.18 10.11 10.32 10.03

FeO 16.58 17.26 17.29 17.44 Table 5.26: Table showing the representative values of amphibole
MnO 0.50 052 0.52 0.51 crystal chemistry. For full data set see appendices 2. C = core, R =
MgO 10.73 10.31 10.65 1030 Y - o oe anp : g
Ca0O 10.36 10.28 10.28 10.34 :

NazO 2.90 2.76 2.89 2.77

K20 0.63 0.67 0.61 0.67

Cr203 0.00 -0.01 0.00 0.00

Cl 0.04 0.05 0.04 0.04

F 0.37 0.39 0.39 0.35

Total 97.82 98.21 97.85 97.78

Mg# 54 52 52 51

Core and rim compositions in the spatter type i amphiboles overlap with MnO
ranging from 0.34 — 0.55 wt.%, TiO» from 3.55 — 5.79 wt.% and FeO from 12.12 — 17.92
wt.%. The Mg# also overlaps (50 — 64). Rims have more variable CaO and MgO
concentrations (7.45 — 11.29 wt.% and 6.90 — 13.01 wt.%), than the cores (10.72 — 11.22
wt.% and 10.21 — 13.07 wt.%) (Fig. 5.22). Core and rim compositions in the lava type i
amphiboles overlap, with MnO ranging from 0.37 — 0.56 wt.% and TiO, from 5.29 — 5.69
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wt.%. Unlike the spatter, the CaO compositions also overlap from 10.58 — 10.96 wt.% and
the FeO and MgO compositions and Mg# show more variation with cores from 12.78 —
17.46 wt.%, 9.67 — 12.88 wt.% and 50 — 64, and rims from 13.33 — 15.03 wt.%, 12.34 -
12.47 wt.% and 61 — 63 (Fig. 5.22). Type i amphiboles in the lava have slightly higher TiO-
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and MgO wt.% compared to the type i amphiboles in the spatter, but lower MnO, FeO wt.%
and Mg#.

Core and rim compositions in the tephra type ii all overlap. MnO ranges from 0.50 —
0.53 wt.%, CaO from 10.23 — 10.36 wt.%, TiO2 from 3.93 — 5.30 wt.%, MgO from 10.19 —
10.80 wt.%, FeO from 16.45 — 17.49 wt.%, and Mg# from 51 — 54 (Fig. 5.22). The type ii
amphiboles have higher FeO and MnO wt.% and lower MgO, CaO and TiO, wt.% than the
type i spatter amphiboles but are within the ranges of the type i lava amphiboles. For both

types, there is very little increase in Al.Os with increasing Mg# (Fig. 5.22f).

5.4.5 Glass Chemistry

Matrix glass compositions for the tephra clasts range from trachyandesitic scoria clasts (59
— 61 wt.% SiO») to trachytic pumice and dense clasts (61 — 62 wt.% SiO>) (Fig. 5.1; table
5.27). Total alkali contents for the tephra clasts range from 9.1 — 10.4 wt.%. Dense clasts
have the highest total alkali contents (9.5 — 10.4 wt.%) and scoria clasts and pumice clasts
have lower (9.1 — 9.6 wt.% and 9.2 — 9.7 wt.%, respectively). The major element
compositions of the glasses show similar trends observed in the whole rock data. Pumice
and dense clasts have lower MgO concentrations (1 — 1.5 wt.%) than the scoria (1.6 — 1.9
wt.%) (Fig. 5.23).

Sample Scoria Scoria Scoria Pumice Pumice Pumice Dense Dense Dense
number Clasts Clasts Clasts Clasts Clasts Clasts Clasts Clasts Clasts
Description DIP3 DIP3 DIP3 DIP6 DIP6 DIP6 DIP8 DIP8 DIP8
SiO2 60.60 59.19 61.04 61.44 62.46 61.39 62.35 62.43 61.40
TiO2 1.84 1.93 1.67 1.25 1.30 1.29 1.49 1.34 1.37
Al202 15.90 15.91 15.15 16.21 16.17 15.84 15.88 15.40 16.02
FeO 7.7 7.96 6.89 6.07 6.24 6.13 6.32 6.42 6.23
MnO 0.27 0.28 0.27 0.23 0.24 0.26 0.26 0.25 0.27
MgO 1.57 1.79 1.57 1.49 1.34 1.37 1.33 1.47 1.37
Cao 3.63 3.76 3.14 3.18 3.02 3.03 242 2.76 2.98
Na20 5.71 5.74 5.87 6.05 5.96 6.08 5.95 6.11 5.95
K20 3.44 3.63 3.77 3.41 3.23 3.52 5.13 3.61 3.60
Cr203 0.01 -0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00
Cl 0.18 0.17 0.20 0.19 0.20 0.19 0.16 0.19 0.21
F 0.10 0.10 0.09 0.08 0.08 0.07 0.22 0.22 0.22
P20s 0.73 0.72 0.55 0.44 0.46 0.43 0.52 0.46 0.49
Total 100.17 100.17 100.22 100.05 100.70 99.61 100.04 100.67 100.11

Table 5.27: Table showing the representative values of tephra glass chemistry. For full data set see appendices 2.

The pumice has higher SiO. and Al.O3 concentrations and lower TiO2, FeO and
CaO concentrations than the scoria (Fig. 5.23). Dense clasts follow the same trends but
have a slightly greater range in Al203 wt.% (15.88 — 17.01 wt.%) (Fig. 5.23c). For Na.O
concentrations pumice and dense clasts (5.78 — 6.37 wt.%) are generally higher than scoria
clasts (5.63 — 6.08 wt.%) (Fig. 5.23g), whilst K.O show a similar range in both pumice and
scoria clasts (3.19 — 3.77 wt.%) but dense clasts have a slightly higher concentration (3.57
—5.19 wt.%) (Fig. 5.23h).
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546 M

ELTS modelling

Previous studies on Ascension Island have shown that the intermediate magmas were

formed through closed system fractional crystallisation (e.g., Chamberlain et al., 2019).
MELTs modelling (Gualda et al., 2012) was undertaken on the DIP products to test the
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Figure 5.23: Major element composition graphs for the glass of the three tephra components.
Error bars show 2c uncertainty.

fractional crystallisation hypothesis. Modelling was initially done using the Cricket Valley
lava flow as the starting composition (Weaver et al., 1996; Kar et al., 1998) due to its
relatively high MgO concentration (5.23 wt.%), relatively low SiO2 concentration (50.58
wt.%) and close proximity to the fissure. The Cricket Valley lava also sits within the High
Zr/Nb grouping of Weaver et al., (1996) and Kar et al., (1998). Isobaric modelling was
undertaken at a range of pressures, from 300 MPa to 100 MPa, at 50 MPa intervals, to
simulate a range of depths from just above the base of the lithosphere under Ascension
(Evangelidis et al., 2004) and in line with entrapment pressures inferred from melt inclusion
analyses (Chamberlain et al., 2016, 2020). Initial water concentration was varied, with
models run at 0.2, 0.5 and 1 wt.% H-O (Fig. 5.24) based on the initial water concentrations
from the feldspar hygrometry and water concentrations at other ocean island systems (e.g.,
Beier et al., 2006; Chamberlain et al., 2019). Models attempted to run at higher than 1 wt.%
initial H2O failed to find thermodynamic solutions. Both the QFM and the Nickel-Nickel Oxide
(NNO) fO, buffers were used, however, a better fit was generated for the QFM buffer (Fig.
5.25). Evolution of the melt through a closed system fractional crystallisation does not
reproduce the major elements of the whole rock data for the DIP, in particular Al,O3, CaO
and Na2O (Fig. 5.24). TiO, whole rock trends best match high pressure, 1 wt.% initial H.O
conditions, whilst MgO whole rock trends best match high pressure, 0.2 wt.% initial H.O
conditions (Fig. 5.24).

Modelling was also run using the same criterion as above but with higher MgO (6.65
wt.%) and lower SiO, (47.53 wt.%) initial concentrations, taken from the Command Hill lava
flow (Weaver et al., 1996; Kar et al., 1998). The Command Hill lava sits within the
Intermediate Zr/Nb grouping (Weaver et al., 1996; Kar et al., 1998). The modelled data
produced very similar liquid lines of descent to the Cricket Valley lava flow (Fig. 5.26). Runs

that suppressed olivine and feldspar phases, independently, were undertaken for
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show the DIP data. TiO2 and MgO show the best fits at 1 wt.% and 0.2 wt.% H20 respectively.

Command Hill using the same inputs but 2 wt.% initial H>O but also could not reproduce the

same liquid line of descent curves (Fig. 5.27). Modelling run from the least evolved DIP
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product was also not able to reproduce the more evolved compositional range identified on
Ascension Island (Fig. 5.28). The MELTSs data shows that the Zr/Nb ratio has no significant
impact on the evolution of the magma and that closed system fractional crystallisation

hypothesis is not the sole driver for the intermediate magma composition of the DIP. .5

5.5 Intensive Variables

Temperature and water content were modelled for the erupted products (Table 5.1),
using the feldspar-liquid thermometer (Putirka, 2005), olivine-liquid thermometer (Putirka et
al., 2007), clinopyroxene-liquid thermometer (Neave and Putirka, 2017), amphibole-liquid
thermometer (Putrika, 2016) and the plagioclase-liquid hygrometer (Waters and Lange,
2015). A maximum pressure of 330 MPa was assumed, as that marks the base of the
lithosphere at Ascension (Evangelidis et al., 2004) and is in line with those inferred from
melt inclusion analyses (Chamberlain et al., 2016, 2020). The thermometers were also used
to establish which crystal phases are in chemical equilibrium with the melt. For all samples
whole rock compositions are used as the liquid composition. The use of glass compositions

resulted in no crystal phases in equilibrium.
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Figure 5.25: Two representative Cricket Valley runs showing the two different buffers (NNO —
blue, QFM — orange). Ran using 0.5 wt.% H:0 and pressures from 3000 — 1000 bars at 500 bar
intervals.
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For the plagioclase-liquid thermometer, equilibrium was assessed by comparing the
An-Ab exchange (Putirka, 2005). For temperatures <1050 °C, the An-Ab exchange value
should be 0.1 + 0.05, and for temperatures >1050 °C the An-Ab exchange value should be
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Figure 5.26: MELTs modelling from Command Hill starting member at different water concentrations
(1 wt.% - blues, 0.5 wt.% oranges, 0.2 wt.% greys) and a QFM buffer. Symbols show the DIP data.
MgO shows the best fits at 0.2 — 0.5 wt. % H20.
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0.28 + 0.11 (Putirka, 2005) (Fig. 5.29a). Both the feldspar hygrometer and thermometer

require pressure as an input and so the sensitivity of the pressure input was tested. The
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testing confirmed that a difference of 100 MPa had only 6 °C difference on temperature and

0.02 wt.% difference on water concentrations.
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Figure 5.29: Equilibrium graphs for the different crystal phases. For all graphs, the solid line
represents the point of equilibrium at a certain value and the dashed lines represent the range.
Any samples within the dashed lines are in equilibrium, whilst those outside are not in
equilibrium. A) Equilibrium graph for the three different feldspar textures (Putirka, 2005). B)
Rhodes diagram for the clinopyroxene crystals (Neave and Putirka, 2017). C) Rhodes diagram
for the three different olivine textures (Putirka et al., 2007). D) Equilibrium graph for the
amphibole crystals (Putrika, 2016).

To test for equilibrium in the clinopyroxene-liquid thermometer, olivine-liquid
thermometer and amphibole liquid thermometer, the Ko(Fe-Mg) value was used. For the
clinopyroxene-liquid thermometer, the Kn(Fe-Mg)® " value should be close to 0.27 + 0.03
(Neave and Putirka, 2017), for the olivine-liquid thermometer, the Ko(Fe-Mg)°""@ should be
close to 0.30 £ 0.03 (Putirka et al., 2007) and for the amphibole liquid thermometer, the
Ko(Fe-Mg)®™"4 should be close to 0.28 + 0.11 (Putrika, 2016) (Fig. 5.29d). Both Kp(Fe-
Mg)®®*9 and Kp(Fe-Mg)®"4 equilibrium tests can also be shown visually on a Rhodes
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Diagram (Fig. 5.29b-c) (Roeder and Emslie, 1970; Putirka et al., 2007; Neave and Putirka,
2017).

Results from the feldspar-liquid thermometer yield temperatures ranging from 1095
— 1126 °C (Table 5.24) and an average temperature of 1107 °C (Table 5.25) for all the
crystals in equilibrium (Fig. 5.30). There is no difference in the modelled temperatures
between the samples studied or the textural classification of the feldspar. However, the T3

feldspars cores and inner cores are not in equilibrium with the whole rock composition.
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Figure 5.30: Graph showing the average (circle for temperature or square for water) and range
in temperature of the different crystal phases and water concentration of the feldspars.

The olivine-liquid thermometer yields temperatures ranging from 1043 — 1076 °C
(Table 5.24) and an average temperature of 1061 °C (Table 5.25) for all crystals in
equilibrium (Fig. 5.30). The olivine crystals in the lava have the widest range (1046 — 1076
°C). The olivine crystals in the spatter and dense clasts are hotter, ranging from 1067 —
1075 °C, whilst the olivines in the scoria clasts are cooler at 1043 °C. There is no difference

in the modelled temperatures between the textural classification of the olivine.
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The pre-eruptive temperatures produced by the feldspar and olivine phases are
unusually hot for trachyandesite magmas. They are similar to those from the andesitic
fissure at Kilauea in 2018 (1030 — 1080 °C) and to andesitic magmas from the southern
Taupd Volcanic Zone (1010 — 1130 °C) (Lormand et al., 2020). However, the Pavin
trachyandesite (Massif Central, France), which has a near- identical composition to the DIP
trachyandesite yielded temperatures of 950 — 975 °C (Rondet et al., 2019), while
trachyandesites from Gran Canaria yielded lower temperatures still (850 — 900 °C) (Freundt
and Schmincke, 1995).

Pyroxene crystals are rarely in equilibrium with whole rock and glass compositions.
The few that are yield temperatures ranging from 1023 — 1073 °C (table 5.24) and an
average of 1050 °C (table 5.25) (Fig. 5.30). Pyroxenes in the pumice samples show the
widest range (1039 — 1071 °C) and overlap with both the spatter samples (1025 — 1055 °C)
and lava (1054 — 1073 °C). However, the clinopyroxenes in the lava samples are hotter than
the spatter samples, and the clinopyroxenes in the dense clasts are cooler (1023 — 1028
°C) than the spatter, lava, and pumice clasts. The lack of pyroxenes in equilibrium do mean
that these temperatures should be treated with more caution. Amphiboles are not in
chemical equilibrium in the spatter and lava samples but have much lower temperatures
(Fig. 5.30). The similarity in amphibole composition (Fig. ch.4) shows that the amphiboles
all have similar growth histories, and the majority are in chemical equilibrium with the
surrounding magma which suggests that they are do not have a xenocryst origin and so the
thermobarometers may be useful.

The temperatures range from 776 — 997 + 25 °C and 969 — 989 + 25 °C (table 5.24)
and yield average temperatures of 977 + 25 °C and 939 + 25 °C, respectively (table 5.25).
Amphiboles in the dense clasts are not in equilibrium. No amphibole data is recorded from
the pumice or scoria clasts. The presence of amphibole suggests that the magma did not
achieve water saturation below the stability limit of amphibole (e.g., Gardner et al., 1995;
Reubi and Nicolls 2004).

Pressures calculated from the amphibole-liquid thermometer (Ridolfi, 2021) have an
average of 262 and 270 MPa (~8 — 9 km deep) for the spatter and lava samples, and 253
MPa (~8.6 km deep) (table 5.26) for the dense tephra clasts, which is slightly lower than
entrapment pressures, from melt inclusions from the Mingled Fall deposit 330 MPa (~ 11
km deep) (Chamberlain et al., 2020), but within range of the pressures from the Zoned Fall
deposit (250 MPa, ~ 8.5 km) (Chamberlain et al., 2016).

Results from the plagioclase-liquid hygrometer yield water concentrations ranging
from 0.43 — 0.71 wt.% H2O (Table 5.27) and an average of 0.62 wt.% H2O (Table 5.27) for
all the crystals in apparent chemical equilibrium (Fig. 5.30). For the feldspar crystals in the
spatter, modelled water contents range from 0.43 — 0.66 wt.% H20 with an average of 0.61
wt.% H20 and for the feldspar crystals in the lava, the water contents range from 0.54 —

0.67 wt.% H-O with an average of 0.62 wt.% H>O. The feldspars in the tephra range from
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0.51 - 0.71 wt.% H20, with feldspars in the scoria, pumice and dense clasts ranging from
0.55 - 0.71 wt.% H20, 0.60 — 0.63 wt.% H20 and 0.51 — 0.62 wt.% H.O, respectively.
Average feldspar water contents for the scoria clasts, pumice clasts and dense clasts are
0.68 wt.% H20, 0.61 wt.% H.0O and 0.59 wt.% H-O. There is no systematic difference in the
modelled H>-O contents based on textural types (Table 5.27). Water concentrations are
lower in the DIP samples than in other intermediate composition eruptions from both arc
settings e.g., Soufriere Hills; 2.8 — 3.1 wt.% H>O (Frey et al., 2024), Sakurajima; 2.0 — 3.5
wt.% H20 (Okumura, 2011; Miwa et al., 2013), and ocean island e.g., Eyjafjallajokull; 1.3 —
1.8 wt.% H20 (Keiding and Sigmarsson, 2012; Cioni et al., 2014).

5.6 Discussion

The trachyandesite magma erupted from the DIP fissure exhibits very little compositional
variation in both whole rock major and trace elements and in crystal phase compositions.
However, crystal phases exhibit disequilibrium textures which provide insights into the
processes that occurred in the magma chamber to generate the intermediate magma. On
ocean islands, deposits of intermediate compositions have been found to form through
magma mixing (e.g., Deruelle et al., 2007), high- or low-pressure fractionation (e.g., Mungall

and Martin, 1995) or partial melting (e.g., Sigmarsson et al., 1991; Martin and
Sigmarsson, 2007). In some locations, intermediate composition material is only erupted

as inclusions, (e.g., Bachmann et al., 2002; Ferla and Meli, 2006; Macdonald et al., 2008),
however the inclusion of intermediate compositions is still evidence that magma storage

regions host a complete range of compositions in many locations.

5.6.1 Intermediate magma genesis at the Devil’s Ink Pot fissure

Whole rock major and trace element data, crystal compositions and macrocryst phases
show little variation between the different types of deposits which suggests that the mode
of intermediate magma genesis was consistent throughout the eruption.

Isobaric MELTs modelling from an intermediate Zr/Nb basalt, a high Zr/Nb basalt
and from the least evolved DIP sample were unable to fully reproduce the same
intermediate composition of the DIP fissure and the more evolved compositions on the
island. Polybaric MELTs models were not evaluated as MELTs was not able to provide
solutions for the inputs used. The MELT’s modelling showed that the Zr/Nb ratio of the
basalt has no importance on the degree of fractional crystallisation. Fractional crystallisation
at higher pressures (>250 MPa, corresponding to depths greater than 7 km, can account
for the compositional variation in the MgO and TiO2 but cannot account for any other oxides
such as CaO, NaO and Al;Os (e.g., Fig. 5.24, 5.25). This means that simple fractionation

is unable to solely reproduce the compositional variation of the DIP magma through liquid
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lines of descent and therefore challenges previous island-wide studies that show that
evolved magmas on Ascension have been derived by simple closed-system fractional
crystallisation with parental magmas from either the intermediate Zr/Nb basalts (e.g.,
Weaver et al., 1996; Chamberlain et al., 2019) or high Zr/Nb basalts (e.g., Kar et al.,1998).
Evidence of this is also seen in the 2018 Kilauea fissure eruption. An offset fissure erupted
an andesite magma that could not be reproduced in MELTs using local magma sources
within the Lower East Rift Zone, whilst additional modelling suggested the andesite was
also not produced from two component magma mixing (Gansecki et al., 2019). As there are
very few examples where individual, intermediate composition eruptive sequences are
pulled apart in detail, the possibility that this is more common than once thought, cannot be
dismissed.

Further evidence for fractional crystallisation on Ascension can be seen in deposits
from a zoned magma storage region (e.g., Chamberlain et al., 2016), whereby the closed-
system fractional crystallisation created a continuous gradation in the composition, with
trachyte at the top of the magma storage region and trachy-basaltic andesite at the base
(Chamberlain et al., 2016). However, mingled deposits have also been identified in multiple
locations around the island (e.g., Chamberlain et al., 2020) so it is known that fractional
crystallisation is not the sole process occurring and that there is a mix of open and closed
system events.

Instead, the higher concentration of the CaO, Na.O and Al;Os in the DIP samples
compared to the modelled MELTs trends, could have resulted from the accumulation of
feldspar antecrysts. However, simple accumulation calculations show that more than 50%
feldspars would need to be accumulated to get the DIP composition from basaltic Ascension
magmas with different compositions, and therefore accumulation of feldspars alone is also
not able to reproduce the observed composition.

Magma mixing is not an obvious candidate for intermediate magma genesis for the
DIP eruption, due to the restricted range of both macrocryst and matrix glass compositions
(e.g., Fig. 5.15, 5.17, 5.23) (e.g., Reubi and Nicholls, 2004). However, the diversity in the
textures of the DIP feldspar (e.g., Fig. 5.5 — 5.7) and olivine crystals (e.g., Fig. 5.8 — 5.10)
represent different growth conditions and, combined with the disequilibrium textures, could
indicate that there was an initial degree of mixing early on in the magma evolution rather
than in the final stages when the growth of new rims and microlites occurred (e.g., Tepley
et al.,, 1999; Reubi et al., 2002; Reubi and Nicholls, 2004; Pal et al., 2007; Martin and
Sigmarsson 2007; Loewen et al., 2021). Magma mixing linked to zoned and resorbed
feldspar crystals has also been inferred on other ocean islands such as Iceland and
Stromboli (Landi et al., 2004; Martin and Sigmarsson, 2007). The mixing of two magma
bodies may have created a hybrid magma that became fully homogenised during or after
the mixing event (e.g., Wyers and Barton, 1986). In this scenario, new crystals form in
equilibrium with the new magma and crystals not in equilibrium are fully or partially resorbed
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(e.g., Wyers and Barton, 1986). However, for a magma to mix and become fully hybrid, it
requires a relatively long time within a storage region (Macdonald et al., 2008). The
generation of a potential early, hybrid magma could be the reason why fractional
crystallisation trends cannot be successfully modelled in MELTSs (e.g., Longpré et al., 2014;
Gansecki et al., 2019).

It is more likely that the evolution of intermediate magma at the DIP is partly due to
the accumulation of crystals, with varying compositions, from multiple sources, such as
mush zones and plutonic bodies (e.g., Chamberlain et al., 2019), and that the disequilibrium
textures are evidence that the crystals have been incorporated into new magma.

Partial melting of intrusive material can lead to intermediate magma genesis
(Lanzafame et al., 2021). No evidence is found at Ascension to support this hypothesis: the
lack of cumulates and glomerocrysts in the samples and the co-linearity of the island wide
trace elements suggests that partial melting was not the main driver for intermediate magma
genesis at the DIP (e.g., Kar et al., 1997; Bohrson and Reid, 1997; Jicha et al., 2013;
Chamberlain et al., 2019). Due to the lack of data on xenoliths and crustal end members in
this study, it was not possible to test the effect of assimilation with any accuracy, however
simple assimilation calculations show that 50% crustal assimilation is needed to reach the
DIP composition. A study on magma evolution by Wyers and Barton, (1986) found that K-O
concentrations become enriched relative to Na;O concentrations during assimilation: a
trend not observed in the DIP samples. Recent studies on Ascension Island have shown
that whilst fractional crystallisation is responsible for the compositional range seen on the
island, it cannot produce the water-rich rhyolite magmas (Chamberlain et al., 2020). Instead,
these more evolved magmas formed from partial melting of gabbroic cumulates, a rare
process in low-flux islands like Ascension, due to the lower input rates of crustal basalt into
the lower crustal melting regions (Chamberlain et al., 2020).

The lack of evidence for a single evolutionary process (e.g., simple fractional
crystallisation evidenced along a single liquid line of descent or magma mixing evidenced
through distinct crystal populations suggests that more than one process was involved in
the generation of the DIP magma. This has been proposed for other volcanic systems (e.g.,
Greater Olkaria Volcanic Complex, Kenya (Macdonald et al., 2008)) undergoing fractional
crystallisation of basaltic magmas, mixing between basaltic magmas and further fractional
crystallisation along several liquid lines of descent (e.g., Macdonald et al., 2008), and others
(e.g., the Azores) undergoing fractional crystallisation and partial melting of dry or hydrated
basaltic material within the mid or lower crust (e.g., Mungall and Martin, 1995).

Island-wide studies of ocean island volcanoes can show closed system fractionation
trends (e.g., Sete Cidades (Beier et al., 2006)), but on further investigation, intermediate
compositions do not always fit within the trends which suggests that they formed through
different or multiple processes (e.g., Legendre et al., 2005; Lanzafame et al., 2021). This

has been proposed for Nuku Hiva island, where the mafic and felsic magma evolved through
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closed system fractionation but the trachyandesites formed through partial melting
(Legendre et al., 2005), and on Tenerife, where the deposits of intermediate composition

provide evidence of magma mixing (e.g., Cas et al., 2022).

5.6.2 Crystal phases and disequilibrium textures

The majority of the feldspar and olivine microphenocrysts appear to have had at least one
phase of disequilibrium with the surrounding magma as evidenced by the sieve and
resorption textures and the normal, reverse, and oscillatory zoning patterns in the type 1
and 2 feldspars (T1 and T2) (e.g., Fig. 5.5 — 5.6) and type B and C olivines (TB and TC)
(e.g., Fig. 5.9 -5.10). Disequilibrium textures observed in the TB and TC olivines are similar
to the olivine textures described in metamorphic rocks, which result from increasing heat
and pressure (e.g., Peltonen, 1990), but they appear to be underrepresented and rarely
described in the igneous petrology literature.

The resorbed textures of the olivines and feldspars suggest that the crystals were
taken out of their stability domains during the evolution of the magma and the resulting
chemical disequilibrium led the crystals to be partially dissolved by the magma. Where new
rims were able to form (e.g., type 1 and type 3 feldspars), the crystals must have reached
a composition where growth could continue. The dissolution rates of the feldspars are
controlled by the degree of disequilibrium between the feldspar and the melt (Wark and
Stimac, 1992). Olivines in trachyandesites can be resorbed over a period of 8 — 375 hours
depending on the degree of super heating of the magma and the extent of chemical
disequilibrium (Wyers and Barton, 1986).

Although many of the feldspar and olivine crystals exhibit obvious signs of
disequilibrium, the compositions of the majority of the feldspar and olivine crystals are in
apparent chemical equilibrium (e.g., Fig. 5.29a, c). T1 and T2 feldspars have similar
compositions (e.g., Fig. 5.13) and show little difference in composition between core and
rim, which shows that they formed in the same magma source rather than being
incorporated as antecrysts. The type 3 feldspar textures (T3) represents either rapid growth
from a liquid in an undercooled environment (e.g., Hibbard, 1981; Anderson, 1984; Ray et
al., 2011) or the transformation of sodic to calcic by dissolution of the sodic component,
during heating (e.g., Anderson, 1976; Ray et al 2011). The compositional relationships of
the crystals, where the resorbed inner rim is more calcic than the core and less calcic than
the outer rim, suggest the T3 crystals formed from the transformation of sodic to calcic
plagioclase. This process that forms the T3 textures does not necessarily result from mixing
of two magma bodies but could solely represent the accumulation of more sodic feldspar
into a less evolved magma. Instead, the destabilisation of the feldspar could be related to
shifts within the feldspar stability field, influenced by the concentration of volatiles (e.g.,
Tepley et al., 2000) or the pressure and melt water concentration within the magma (e.g.,

Freise et al., 2003; Ray et al., 2011)
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The TA olivines and groundmass olivines in the spatter and lava have lower Fo%
than the TA olivines and groundmass olivines in the tephra clasts and the TB and TC
olivines (e.g., Fig. 5.16) which suggests that the olivines in the spatter and lava grew on
ascent. The TB and TC olivines have varying degrees of equilibrium with the whole rock
composition (e.g., Fig. 5.29), and those not in equilibrium have higher average temperatures
(~1149 °C compared to 1061 °C) and are also inferred to have been incorporated as
antecrysts.

The calcic composition of the plagioclase and the presence of clinopyroxene
suggest the crystals grew from more mafic melts (e.g., Bachmann et al., 2002). However,
the T1 feldspars with a resorbed cores overgrowths and euhedral rims are typical following
the entrainment of plagioclase from a more felsic magma into a more mafic magma (e.g.,
Bellver-Baca et al., 2020). The lower MgO compositions of the glass compared to the whole
rock shows that the accumulation of mafic phases modified the whole rock composition
(e.g., Beier et al., 2006). The olivine crystals are mostly in chemical equilibrium with the
whole rock compositions, whilst the pyroxenes are not. Therefore, it is probable that the
whole rock composition was partially modified by clinopyroxene crystals derived from a
more mafic magma. The closeness to equilibrium of the plagioclase and olivine crystals
also suggests that, if mixing did occur, the difference in composition of the two mixed
magmas was minimal or that only a small volume of mafic magma was involved (e.g., Reubi
and Nicholls, 2005).

The co-existence of calcic plagioclase and olivine with limited variation in
compositions and the weak oscillatory zoning seen in some of the feldspars could suggest
a combination of weak magma mingling and crystal accumulation (e.g., Tepley et al., 1999;
Ray et al., 2011). However, the T3 feldspars and the heavily resorbed olivines suggest
substantial mixing prior to cooling (Pal et al., 2007; Ray et al., 2011). The olivines likely
resorbed during or after mixing if the hybrid magma didn’t sit on the olivine saturation
surface (e.g., Wyers and Barton, 1986).

The onset of these disequilibrium textures could be due to multiple factors, such as
a large oversaturation via addition of volatiles, repeated recharge and mixing processes,
decompression, or rapid crystal growth by extreme undercooling, all of which can occur
alongside fractional crystallisation (e.g., Reubi and Nicholls, 2005; Shaw and Dingwell,
2008; Ray et al., 2011; Freund et al., 2013; Bellver-Baca et al., 2020). A large oversaturation
of volatiles can be ruled out, as although fractional crystallisation at depth can release
volatiles, it is less likely in this case given the melts low water concentration (0.43 — 0.71
wt.%) and the failure pf MELTS models ran at higher than 1 wt.% H>O. Decompression can
Finally, magma mixing can be ruled out due to the absence of distinct crystal populations
and lack of variation in glass composition for individual samples.

The erupted minerals hosted in the DIP samples are texturally different to other

erupted minerals on the island (e.g., Harris, 1983; Chamberlain et al., 2019; Winstanley,
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2020) due to the abundance of sieve textures and overgrowths compared to simple,
euhedral to subhedral crystals. The DIP deposits were erupted between the Central Felsic
Complex and the Eastern Felsic Complex and have likely accumulated crystals from more
evolved felsic or plutonic bodies that have sat in evolving magmas and re-equilibrated over
a range of time frames. The mafic deposits on the rest of the island have been shown to
have risen to the surface with limited evidence for stalling or crystal accumulation (e.g.,
Harris, 1983; Weaver et al., 1996; Chamberlain et al., 2019; Winstanley, 2020). There are

no petrological observations on other trachyandesite composition deposits on the island.

5.6.3 Island model for evolved magma genesis

The magmatic plumbing system model of Chamberlain et al., (2019) requires that antecrysts
are incorporated shortly before eruption and during ascent. However, the reaction rim
textures in the DIP samples suggest that the antecrysts must have been incorporated within
the storage region for long enough periods of time for the formation of new rims in chemical
equilibrium with the host magma. The TB and TC olivines are inferred to have accumulated
as the magma ascended, but prior to the period of stalling, which allowed for varying
degrees of resorption as the magma evolved. The incorporation of these antecrysts,
particularly the feldspars, can shift the whole rock composition and is the reason why the
composition cannot be remodelled in MELTs. Although not described in the results, rare
plutonic lithic clasts were identified within a number of the DIP samples in the field, which
agrees with the model in that mafic magmas ascend and then stall and fractionate due to
overlying felsic bodies. Therefore, combined with the textural evidence and the more
evolved composition, | propose that the T3 feldspar antecrysts were incorporated from the
felsic plutonic bodies into a stalled magma undergoing fractional crystallisation (represented
in dark purple; Fig. 5.31).

The Ascension model, combined with modelled entrapment pressures from melt
inclusions in a zoned fall deposit (Chamberlain et al., 2016) shows that felsic magma
evolution occurs at pressures between 200 — 300 MPa (6.8 — 10.2 km depth). Pressures
obtained from amphibole barometers also sit within this region and average at 229 MPa
which corresponds to a depth of ~7.8 km (assuming a crustal density of 3000 kg m?
(Webster and Rebbert, 2001). However, the addition of entrapment pressures from melt
inclusions within the DIP samples will be more beneficial in identifying storage depths.
The DIP magma is compositionally homogenous in terms of major element and trace
element compositions, which suggests that there was not an influx of fresh magma into the
shallow storage region prior to eruption, and therefore mixing was not an initial eruption
trigger. Also, the lack of at least two compositionally distinct crystal phases and glass
compositions also suggests that late-stage magma mixing or mingling did not occur and
also cannot be the eruptive trigger.

Intermediate magmas are usually not buoyant enough to continue to rise and erupt

(Mungall and Martin, 1995), however, alkaline melts are less viscous than tholeiitic melts
180



(Romano et al., 2003) and therefore, it is possible that the lower viscosity of the melt allowed
it to rise to the surface. On the other hand, it is possible that the magma body became a
convective, self-mixing layer (Couch et al.,, 2001; Reubi et al., 2005; Bachmann and
Bergantz, 2006) and become buoyant enough to begin to ascend. The lack of macrocrysts
within the trachyandesite magma would allow this process to occur much easier. This self-
mixing can also explain the occurrence of both resorbed and euhedral phenocrysts and the
slight range in crystal composition (e.g., Reubi and Nicholls, 2005). Other studies have
shown that a combination of self-mixing and degrees of fractional crystallisation have
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generated intermediate magma compositions (e.g., Lascar Volcano, Chile (Matthews et al.,
1999), Montserrat (Couch et al., 2001), Batur Volcano, Bali (Reubi and Nicholls, 2004;
Reubi and Nicholls, 2005), Daisen Volcano, Japan (Tamura et al., 2003)). An increase
magma volatile content would be expected if the hot mafic body accumulates at the base
and cools. Volatile exsolution during the crystallisation of the lower mafic magma would be
transferred to the trachyandesite magma (Reubi and Nicholls, 2005) and could trigger

volatile oversaturation and an eruption.
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The absence of intermediate deposits in many locations is inferred to be related to
their inability to erupt (Mungall and Martin, 1995). Therefore, the scarcity of intermediate
composition eruptions on Ascension island could be controlled by eruption dynamics, where
the rising viscosity and rapid crystallisation through a short temperature range prevents the
intermediate magma from rising (e.g., Mungall and Martin, 1995).

Volcanic eruptions have been found to be triggered by regional earthquakes (e.g.,
Pinatubo (Bautista et al., 1996) and Puyehue-Cordon Caulle (Lara et al., 2004). Ascension
Island is located within 100 km of the Mid-Atlantic Ridge is approximately 50 km from the
Ascension Fracture Zone, and so regional earthquakes of magnitude 4 and higher can and
have occurred (Manga and Brodsky, 2006; Chamberlain et al., 2016).

The DIP aligns with an older fissure to the north, a trachyte dome to the west and a
scoria cone to the east, which suggests there is a fault system that has been reactivated
through magma intrusion (e.g., Medynski et al., 2016; Witt et al., 2018). The intrusion of
magma altered the compressive and decompressive stresses within the fault system (e.g.,
Marzochhi et al., 2002; Walter and Amelung, 2006;Gabrieli et al., 2015), causing the
reactivation of a dormant system by unclogging the structures. Once these systems evolve
to a critical state, any further small stress change can trigger the increase of magma
pressure and cause an eruption (e.g., Walter and Amelung, 2006; Walter, 2007). However,
on many occasions, earthquakes alone cannot trigger eruptions, instead they initiate other
processes such as volatile exsolution (Canon-Tapier, 2014).

Velocity modelling of Ascension Island interpreted a high velocity body beneath the
DIP region to be frozen magma storage regions (Evangelidis et al., 2004) however, high
velocity bodies beneath rift zones in the Canary Islands have been linked to shallow level
dyke intrusions (Krastel and Schmincke, 2002; Evangelidis et al., 2004). Therefore, without
further investigation it cannot be completely ruled out that these bodies do not also
represent shallow dyke intrusions that have allowed the fault systems to reactivate

If a seismic network was deployed on Ascension Island in the future for the purpose

of volcano monitoring the following processes, timescales and features of the DIP magma
transport, storage, and plumbing system could be considered. The relatively small melt

volume and the storage depths of the magma suggests the usual monitoring techniques
(e.g., Kilburn and Sammonds, 2005; Biggs and Pritchard 2017; Magee et al. 2018) used to
infer the accumulation of an eruptive magma may not be able to identify a small volume

accumulation of eruptible melt at depth on Ascension Island (e.g., Chamberlain et al., 2020).

5.7 Conclusions

The DIP trachyandesites are characterised by narrow ranges in plagioclase and olivine
compositions that are mostly in chemical equilibrium with the host magma, and groundmass

glass that is more evolved than the whole-rock composition, which suggests that the

182



trachyandesites represent a homogenous magma. However, the pyroxenes in the magma
are not in equilibrium with the host magma and are more mafic than both the olivine and
whole rock composition, suggesting that they did not crystallise in the same magma and
therefore must have an antecryst origin. There is limited of evidence for magma mixing
(e.g., lack of variation in crystal and glass compositions), however the range in
disequilibrium textures in the plagioclase and olivine crystals and the poor-fit of the liquid
lines of decent from MELTs modelling (Gualda et al., 2012) shows that simple fractional
crystallisation did not occur. Instead, | suggest that either the magma mixed earlier on to
create a new hybrid magma, where many of the original crystals were fully or partially
resorbed, or that few antecryst feldspar crystals from the felsic plutonic bodies were
accumulated into a magma that was undergoing fractional crystallisation and allowed to re-
equilibrate during storage, which modified the whole rock composition and lead to further

disequilibrium textures in the other crystal phases
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Chapter 6: Conclusions

In the following concluding chapter, | outline the principal conclusions of this thesis, outline
the implications for volcanic hazards, on Ascension Island and DIP-style eruptions
elsewhere, and make a series of recommendations for use of the results of this study and

further work.

6.1 Synthesis of the DIP fissure eruption

At the DIP fissure magma rose through the crust as a series of dikes that propagated
through faults, before localising as a sheet dikes and migrating vertically up the conduits to
the surface, following the reactivation of a pre-existing feeder system on the Letterbox
Peninsular. The presence of inactive areas between a number of the cones shows that the
magma must have followed pre-existing routes to the surface.

As shown in the magmatic plumbing system of the island (Chamberlain et al., 2019),
mafic magma ascended and then stalled, evidenced by the higher crystallinity for the lava
and spatter samples, and began to fractionate due to a zone of plutonic bodies at depths of
~ 7.8 km. Antecrysts from these plutonic bodies were incorporated into the evolving DIP
magma, which remained within the storage region for a period of time long enough to allow
the formation of new rims in chemical equilibrium with the host magma. The incorporation
of these crystals shifted the whole rock composition and led to further disequilibrium
textures in crystal phases. As the magma ascended towards the surface, crystallisation of
the microlites occurred under similar conditions due to degassing driven crystallisation.

The textural similarities between the eruptive products, except for the dense clasts,
shows that they shared a similar storage history and therefore the changes in eruptive style,
evidenced on the surface must be determined by processes happening in the shallow
conduit.

Possible eruption triggers include regional earthquakes (e.g., Lara et al., 2004), a
change in buoyancy due to the magma body becoming a self-mixing layer (e.g., Couch et
al., 2001; Reubi et al., 2005; Bachmann and Bergantz, 2006) or the alteration of
compressive and decompressive stresses within the reactivated fault system triggering the
increase of magma pressure (e.g., Walter and Amelung, 2006; Walter, 2007).
Phreatomagmatic activity can also not be ruled out for influencing the more explosive
eruption styles.

The DIP fissure erupted predominantly as lava fountains with moderate to high
intensity, and constructed small spatter cones (type 1), whilst dispersing scoria lapilli and
ash away from the vents. Lava flows at 11 of the cones were syn-erupted with the lava
fountaining and the complex lava flow fields show multiple lava flows were effusing at the
same time. The lava and spatter textures indicate a crystal growth environment and low

degrees of under cooling, often identified in lower intensity eruptions, with slightly slower
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ascent rates (e.g., Clarke et al., 2007; Bain et al., 2019; Preece et al., 2023; Frey et al.,
2024).

Two cones (type 2) underwent more explosive activity (Fig. 3.26b), ejected ballistic
bombs and lithic clasts and generated higher plumes that deposited pumice and dense
clasts up to 600 m from the fissure. The high Na and low ¢ of the dense tephra samples is
indicative of nucleation dominated crystallisation and higher degrees of undercooling, which
is more common in higher intensity eruptions with rapid ascent rates (e.g., Cashman and
McConnell, 2005; Brugger and Hammer, 2010a; Bain et al., 2019; Preece et al., 2023). The
dense clasts represent fragments of either accreted material that built up along the conduit
wall, preventing the magma from reaching the surface, or a cooling body of magma that
stalled due to a decrease in the magmatic flux. Combined with the distribution of the
shallowest old lava lithic clasts, and the two cones being adjacent to each other, the
explosive activity is linked to pressure from the ascending magma causing the plugs to
break, leading to the shallow widening of the conduit at depths of no more than a few tens
of meters (e.g., Reynolds et al., 2016). The lack of other lithic clast types shows that there
was little erosion deeper down, therefore the conduit likely narrowed rapidly to a connected
dyke at depths more than a few tens of meters.

Nine of the cones (type 3) produced paroxysmal eruptions and ejected ballistic
bombs up to 600 m from the fissure. A single paroxysmal eruption through a debris fan
generated a small pyroclastic flow that travelled less than 80 m from the vent at cone 1. The
textures of the erupted products from these explosions also show many similarities which
shows that even though the eruption styles were different (lava fountain vs explosive
eruptions) all the events must have been relatively small explosions from low intensity
eruptions and that there was little variation in average ascent rates. The differences
between effusive and explosive activity can be linked to small changes in ascent rates and

possible conduit shape dynamics.

6.2 Evolution of the DIP fissure

1. The DIP eruption was short lived, evidenced by the lack of evidence for a time break,

and created a series of low angled (< 5°) cones, with small volume lava flows, scoria-
rich and pumice-rich pyroclastic fall and flow deposits and ejected ballistic bombs.

2. The fissure follows a similar trend to another fissure in the area and sits above a trachyte
lava flow. Therefore, the reactivation of a feeder system through movement of magma
along faults cannot be ruled out.

3. The DIP fissure had three different eruption styles:

a. Lava fountaining: moderately agglutinated to densely welded spatter deposits,
scoria clast-rich fall deposits and lava flows.
b. Explosive activity: loose to weakly agglutinated lapilli and bomb clasts, ballistic

bombs, lithic clast rich talus slopes and pumice and lithic clast rich fall deposits.
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c. Paroxysmal explosions followed by lava fountaining events: deep rooted cones
exposing up to 40 m of underlying country rock, ballistic bombs, moderately
agglutinated to densely welded spatter deposits and in some places, small
volume lava flows.

The fissure eruption shared similarities with basaltic fissure eruptions (e.g., spatter
deposits, lava flows with low viscosity lava, and scoria-rich proximal tephra fall deposits,
but had a smaller minimum total erupted volumes compared to other basaltic fissure
eruptions (e.g., Iceland, Hawaii, Sicily).

The explosive activity is not as common in basaltic fissure eruptions and demonstrated
that multiple, contrasting eruption styles could occur at a single time in close proximity.
The explosive activity is linked to sub-surface cooling and degassing-driven
crystallisation of a magma body due to decreases in the local magmatic flux resulting in
the formation of a dense plug.

Although minimal evidence, the increasing percentage of lithic clasts in the distal fall
deposits means that water-magma interaction cannot be ruled out. However, if water
content was the main cause of explosive variation, then there would be no differences
in the groundmass of the DIP samples, but differences in the groundmass textures are
present (e.g., Szramek et al., 2006).

Evidence for the dense plug can also be seen in the systematic variation and distribution
of the different types of ballistic bombs clasts on both sections of the fissure. Each type
of ballistic bomb represents region of a plug of semi-solidified magma within the conduit.
The range of eruption styles span those of basaltic and silicic eruptions and so present

a wider range of volcanic hazards.

6.3 Influences on eruption style

1.

The bulk eruptive products have the same composition and therefore had shared
storage conditions, so the variation in eruptive styles must have been controlled by
shallow magma system processes.

The similarity in An content and temperature show that the feldspar microlites
crystallised at the same time under similar conditions due to degassing-driven
crystallisation either on ascent or in the deep magma storage region.

The similarities in the textures of the spatter, lava, scoria, and pumice clasts show that
even though the eruption styles varied from lava fountaining to more explosive

explosions, all the events were on a relatively small-scale from low intensity eruptions.
The textures of the dense clasts favoured nucleation dominated conditions, high

degrees of undercooling during faster ascent rates and degassing, leading to a high

intensity eruption.
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The higher intensity eruptions are related to erosion and shallow widening of the conduit.
Accretion of material along the conduit walls formed small plugs which were destroyed
as the pressure from the rising magma built up.

The textures of the spatter, lava, scoria, and dense clasts favoured growth dominated
conditions, lower degrees of undercooling due to slower ascent rates, leading to low
intensity eruptions.

Amphibole breakdown rims in the spatter and lava samples show that the ascent rates
were slower, compared to the tephra samples in which breakdown rims were not
observed.

The minimal differences in the textures and compositions of the DIP samples, shows
that there was little variation in average ascent rates, however the differences between
the effusive and explosive activity have been linked to very small changes in ascent

rates.

6.4 Intermediate magma genesis:

1.

MELTS modelling alone was unable to reproduce the intermediate compositions of the
DIP and the more evolved compositions on the island.

The higher concentration of CaO, Na,O and Al,Os; phases in the magma of the DIP
samples compared to the modelled MELTs trends, may have resulted from the
accumulation of feldspar antecrysts. However, simple accumulation calculations
showed that the accumulation of more than 50% feldspars would be needed to acquire
the DIP composition from basaltic Ascension Island magma. Therefore, accumulation
of feldspars alone also cannot reproduce the observed composition.

Most of the feldspar (Type 1, 2 and 3) and olivine (Type A, B, C) crystals exhibit obvious
signs of disequilibrium, but the compositions of the majority of the crystals are in
apparent chemical equilibrium. However, the compositional relationships of the Type 3
crystals, where the resorbed inner rim is more calcic than the core and less calcic than
the outer rim, shows that these crystals formed from the transformation of sodic to calcic
plagioclase; a process that can solely represent the accumulation of more sodic feldspar
into a less evolved magma.

The reaction rim textures in the DIP samples, particularly the T3 feldspars, show that
the antecrysts have been incorporated within the storage region for a period long
enough for the formation of new rims in chemical equilibrium with the host magma. The
TB and TC olivines accumulated as the magma ascended, but prior to the period of
stalling, and resorbed as the magma evolved. The incorporation of these antecrysts,
particularly the feldspars, shifted the whole rock composition and is the reason why the
composition cannot be remodelled in MELTSs.

The T3 feldspar antecrysts were incorporated from more evolved felsic or plutonic

bodies into a stalled magma body, at ~7 km depth, undergoing fractional crystallisation.
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6. There are few examples where intermediate composition eruptions are studied. Island-

wide studies can show closed system fractionation trends (e.g., Sete Cidades (Beier et
al., 2006)), but detailed studies reveal that intermediate compositions do not always fit
within the trends. This suggests intermediate magmas may commonly form through

multiple processes (e.g., Legendre et al., 2005; Lanzafame et al., 2021).

6.5 Implications

The data presented in this thesis uses a detailed characterisation of the DIP eruptive

products to provide interpretations of magma genesis, storage, and pathways, and

ultimately to reconstruct the eruption. These insights can be used to interpret volcanic unrest

if volcano monitoring, e.g., ground deformation and seismicity (Sigmundsson et al., 2022)

is in place and form an eruptive scenario for Ascension Island. A hazard analysis has not

been conducted as part of this study, but the data could be used to provide input parameters

for modelling that could then be incorporated into volcanic hazard assessments. There are

several specific findings that are significant for planning and preparation for the potential

impacts of future volcanic eruptions on Ascension Island:

1.

Understanding seismic unrest is important to provide insights to magma movement that
may precede an eruption. Previous studies have suggested that it may be difficult to
detect eruptible magma unless there is a dense seismic network installed. The
combination of mid-crustal storage depth, variations in ascent rates and relatively low
melt volume from the DIP fissure provide evidence that may support the interpretation
of seismic signals if a seismic monitoring network is installed on Ascension Island in the
future.

Eruptive styles associated with fissure eruptions are strongly influenced by magma
ascent rates (Wilson and Head, 1981; Parfitt, 2004; Valentine and Gregg, 2008; Kdsik
et al., 2016) and the availability of external water (Németh and Cronin, 2011; Kdsik et
al.,, 2016). Rapid ascent rates mean little warning may be given due to rapid magma
transport from the deep magma storage site (e.g., Chamberlain et al., 2020) to the point
of eruption. In the absence of a seismic monitoring network, it may not be possible to
detect volcanic unrest on Ascension Island. The change in eruption styles for the DIP
fissure is influenced by changing ascent rates, therefore it is crucial to be able to monitor
magma movement through seismic networks and ground deformation.

Slight variations in ascent rates, such as those that occurred during the DIP eruption,
can be difficult to forecast (e.g., Cassidy et al., 2018). Even if a seismic monitoring
network is in place there may be only subtle changes in monitoring parameters once an
eruption is underway. Therefore, consideration of the change in volcanic hazards, for
example transitions between more effusive eruptions with lava fountain and lava flows

to more explosive eruptions with tephra fall deposits, weak pyroclastic flow deposits and
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the ejection of ballistic bombs up to 15 m in diameter, during an eruption needs to be
adding into plans for future volcanic activity on the island.

The DIP fissure had both effusive and explosive phases of the eruption, which resulted
in a wide range of hazards, including lava flows, ballistic bomb ejecta, tephra fall, PDC’s,
and would likely to have been accompanied by gas and aerosol emissions. The DIP
eruption could be viewed as bridging those eruptive styles typical of both basaltic and
silicic eruptions and an eruption scenario based on the DIP would as a result include
this range of hazards. This may make it more difficult to plan for such an eruption given
the spread of eruptive vents across Ascension Island and potential for a future eruption
to occur anywhere on the island.

The DIP eruption is a good example of shifts in eruptive activity over a short time scale.
This leads to challenges in understanding the eruption from a hazard perspective. Whilst
the eruption may not be long-lived, the volcanic hazards produced would have a range
of impacts that may need to be considered in planning for future potential eruption
scenarios on Ascension Island. Intermediate composition fissure eruptions are rarely
seen or described and therefore are most likely underrepresented in the geological
record for hazard assessment.

The abundance of ballistic clasts and lithic clasts around the cones and the tephra
deposits are poorly sorted and lithic clast rich, which may indicate brief phases of limited
magma-water interaction. The possible reactivation of the DIP fissure along a fault line
shows that the interaction between water and magma along the fault cannot be ruled
out. Phreatomagmatic activity can result in lofting of fine volcanic ash that has local
impacts. The lack of preservation of fine ash in the geological record means that
phreatomagmatic explosions on Ascension Island are underrepresented, and risk is
potentially underestimated.

The definition of thresholds that anticipate the transitions between effusive and
explosive eruptions is vital for improved volcano hazard assessment (Lindoo et al.,
2017). For future hazard assessment the types and likelihoods of the eruption styles
and hazards, including impact areas and hazard zones should be considered in order
to plan effective emergency response measures and long-term plans.

The DIP fissure is located on a topographic high and sits on top of an older trachyte lava
flow. An older fissure runs parallel to the DIP fissure, whilst an old basaltic scoria cone
and trachyte dome are aligned with the DIP fissure. This shows that there is likely an
established feeder system that could be reactivated under certain conditions and

therefore the possibility of another eruption in this location cannot be ruled out.

6.6 Recommendations

Understanding the style, duration, magnitude and likely impacts from past eruptions

provides evidence for potential hazards and impacts that may need to be considered in the
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event of a future eruption. Ascension Island is in an isolated location and doesn’t have self-
evacuation options so planning for eruption scenarios is important to reduce the risk of
potential loses. Whilst the DIP eruption occurred in an unpopulated part of Ascension Island,
there are volcanic vents distributed across the island and it may be possible for such an
eruptive scenario to occur elsewhere onshore. The DIP eruption is a good example of shifts
in eruptive activity over a short time scale, which leads to challenges in understanding the
eruption from a hazard perspective. Whilst the eruption may not be long-lived, hazard
footprints of the DIP eruption that can be considered for an eruption of a similar style and
magnitude include:
- Fissure length ~ 1.3 km.
- Fire fountains (heights unknown, but at least 60 m based on cone depths).
- Ash dispersal to 1.5 km depending on meteorological conditions.
- Ash fall thicknesses likely to range from ~ 10 to 200 cm depending on eruption
duration.
- Ballistics projecting up to 0.6 km from the axis of the eruptive fissure.
- Lava flow length up to 0.63 km (dependent on local topography for an 8.9 x 10° m?
eruption volume).
- PDCs up to 0.08 km from the fissure.
- Ash sizes ranging from 64 mm (-6 ¢) to 32 um (5 o).
If such an eruptive scenario occurred offshore the eruptive hazards may differ. Offshore
eruptions are likely as only a small part of the volcanic edifice is subaerial.
| propose that detailed petrological studies are an underutilised tool in volcanic
hazard assessment and emergency response and may be able to provide more of an insight
into the magmatic processes and the initiation of eruptions (Re et al., 2021). Syn-eruptive
petrological work demonstrated that documenting changes in the magma during ongoing
eruptions is key (e.g., Pankhurst et al., 2022; Corsaro and Miraglia, 2022; Frey et al., 2023).
Although the hazards associated with basaltic eruptions are well understood, the fact that
the intermediate composition eruption of the DIP can present like a basaltic eruption yet
project large ballistics in hazardous explosive phases highlights the need for rapid
geochemical and petrological response protocols to be established within the volcanic
hazard assessment (e.g., Re et al., 2021; Pankhurst et al., 2022). By knowing the initial
composition of the erupting magma, the possible eruption styles and associated hazards
can be identified. Using petrology and geochemistry as part of a rapid response toolkit can
provide interpretations of the processes driving the eruption and the physical behaviour of
the erupted products (Re et al., 2021; Pankhurst et al., 2022). It is also important in volcanic
centres where there is no eruptive record, as the current eruptive products can be compared
to historical eruptive products (Pankhurst et al., 2022).
Other eruptive scenarios on Ascension Island may differ from the DIP eruption (e.g.,
Chamberlain et al., 2016; Chamberlain et al., 2020; Winstanley, 2020; Preece et al.., 2021;
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Davies et al., 2021). An eruptive scenario from the most recent eruptive centre, Sister’s
Peak, has been the focus of discussions with the Ascension Island Government (Vye-Brown
et al. 2019). The cumulative result of this study leads me to suggest that although the DIP
fissure eruption is different to other eruptions on the island, the range of hazards are similar.
Therefore, if the possibility of short-term shifts in eruption styles with explosive phases
lofting significant amounts of tephra are incorporated into planning for the Sister’s eruption

scenario, then response to an eruption similar to the DIP eruption will be covered.

6.7 Further work

As a result of my work, | have identified a number of areas that would benefit from further

work, including the following.

6.7.1 Ascent rates

Textural studies can provide useful quantitative data to understand magmatic system
processes and can be interlinked with direct observations and/or seismic data. However,
textural studies are reliant on decompression experiments to establish crystal growth rates,
residence times and ascent rates. Without decompression experiments on similar magmatic
compositions, it is not possible to accurately quantify ascent rates, growth rates and

nucleation rates. Decompression experiments on feldspar microlites (e.g., Szramek et al.,

2006) from Ascension Island samples would provide vital data on magmatic processes on
Ascension Island, as well as other similar volcanic systems.

Decompression on amphibole crystals would provide information on processes and
depths of rim breakdown, and ascent rates (e.g., Szramek et al., 2006; Preece et al., 2023).
Heating experiments have found clinopyroxene crystals in the rims (e.g., De Angelis et al.,
2015) whilst decompression experiments produce orthopyroxene in the rims (Rutherford
and Hill, 1993; Browne and Gardener, 2006).

Increasing the number of feldspar microlites studied in the deposits would identify
whether there is a greater range in the An contents or the different textures. This would
allow a greater understanding as to where the microlites formed and whether there were
further variations in ascent rates, but also identify as the role of magma mixing. An contents
can be used to calculate water concentrations and temperatures to make links between
them in response to decompression processes (e.g., Bain et al., 2019).

Temperature data from feldspar microlites and CO: volatiles (obtained through melt
inclusion studies) pressure estimates could be converted into depths of microlite formation.

Further textural work could also include:

o A study into the ballistic bomb types, to provide more detailed insights into the upper
conduit processes and plug emplacement and to identify further differences or

similarities between the explosive and effusive eruption styles (e.g., Bain et al., 2019).
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o \Vesicle size distributions and vesicle number density studies to link vesicle size and

shape to ascent rates.

6.7.2 Intermediate Magma Genesis

To further understand the genesis of intermediate magma on Ascension a few

recommendations are suggested:

1. To support the hypothesis that the crystals have been accumulated, | suggest expanding
the datasets and collecting more chemical analyses of the different phases, in particular
feldspar and olivine, to identify variations in the source magma. Trace element data
could identify key processes during magma evolution.

2. The accumulated crystals are considered to be related to the felsic plutonic bodies that
block ascending magma and allow them to evolve. Therefore, plutonic inclusions within
the DIP deposits or in surrounding deposits, should be studied to identify any differences
or similarities in crystal textures and chemical composition compared to the DIP
xenocrysts.

3. Srisotopes and O isotopes (5'®0) provide insights into the evolutionary processes by
identifying whether the system was open or closed and could be considered in both
plagioclase crystal phases and in the whole rock samples (e.g., Troll, 2002; Bellver-
Baca et al., 2020). By combining the whole rock isotope data and trace element data, a
multi-modelling approach, following the methods of Bellver-Baca et al., (2020) could
identify whether RFC (recharge and fractional crystallisation), AFC (assimilation and
fractional crystallisation), or EC-RAFC (energy constrained recharge, assimilation, and
fractional crystallisation) (DePaolo, 1981; Bohrson and Spera, 2007; Freund et al.,
2013; Bellver-Baca et al., 2020) had an effects on the evolution of the DIP magma.

4. Complete a similar geochemical and textural study on the deposits of other intermediate
composition eruptions on the island, focusing on another eruption within the Eastern
Felsic Complex and comparing it to an eruption on the north-west coast, where most
eruptions have produced basaltic scoria cones and lava flows. This would improve
understanding of whether the eruption location affects intermediate magma genesis.

Very few studies, especially those on ocean islands, focus purely on intermediate deposits,

however a single study on Hawaii (Gansecki et al., 2019) has also shown that multiple

processes can lead to intermediate magma genesis, and therefore this may be more
common than once thought as not many studies. Comparative studies on islands elsewhere
would help explore intermediate magma genesis on ocean island volcanoes.

This could also be done by combining MELTs modelling to look for liquid lines of descent

but also through petrological and geochemical analysis, for example looking at crystal

phases, their textures and their chemistry and whole rock chemistry of associated deposits.
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6.7.3 Melt Inclusions

A NERC grant to study melt inclusions (MIl) was awarded for the study. However due to
COVID and multiple factors beyond our control, the data collection has yet to be done. The
MI study will analyse volatile (H, C, F, Cl) and light lithophile trace elements (LLE: Li, Be, B)
in melt inclusions and groundmass glass from the DIP and provide insights into intermediate
magma genesis and the impact of degassing on eruption style. The Ml compositions will be
used to test the hypothesis that intermediate magmas stall in the lower crust, by calculating
pressures, temperatures, and water concentrations. Combining the melt inclusion data with
field and textural data, will provide further insight into how ascent affects the variability of

eruption styles in a small-scale eruption and the shallow conduit region.

6.7.4 Sub-surface structures

Very little work has been done on understanding the sub-surface geometry of Ascension
Island. To fully understand the links between different eruption sites further work must be
completed on understanding the conduit dynamics. One way to do this could be through
modelling. There are many models such as the 1D steady state model (La Spina et al.,
2015), which assumes a cylindrical conduit (La Spina et al., 2019). Fissure eruptions are
assumed to have more complicated plumbing systems, however past studies have used
the 1D steady state model to analyse the upper 500 m of the conduit (e.g., La Spina et al.,
2019). Another model to consider would be one that considers unsteady flows (e.g., Melnick
and Sparks, 2002; Mason et al., 2006), due to the reasoning that initial explosive eruptions
undergo more rapid decompression and fragmentation (Mason et al., 2006). The additional
textural work suggested, with the addition of vesicle studies (e.g., Lautze and Houghton,
2005; Moitra et al., 2013; Pioli et al., 2017) will also help to further understand the processes

that are occurring in the shallow conduit region.
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Appendices 1 — Sample Log
WR - whole rock data, G — glass data, Xtl - EPMA crystal data, Pet — petrography, CSD —
crystal size distribution data.

Sa’\rlr; ple Locality Grid Reference Description WR | G | Xtl | Pet | CSD
Glassy blebs in
Unit 10 spatter
Al-19-007 | LB4 575924 | 9121450 | from Crater 1a
X X | X X
Spatter from
Al-19-008 | LB4 575924 | 9121450 | Crater 1
Lithic inclusions in
bomb 2 from
Al-19-009 | LB7 575933 | 9121600 | Crater 1
Glassy inclusion in
bomb 2 and
contact with the
Al-19-010 LB7 575933 | 9121600 | vein and spatter
Glassy clasts in
bomb 2 from
Al-19-011 LB7 575933 | 9121600 | Crater 1
Margin to interior
of bomb 2 from
Al-19-012 | LB7 575933 | 9121600 | Crater 1
Lava sample from | X
the flow on
letterbox
Al-19-013 | LB8 575651 9121124 | peninsula.
Glassy block from
Al-19-018 LB4 575924 | 9121450 | base of crater 1a
Al-19-019 | LB4 575924 | 9121450 | Plutonic inclusion
Plutonic inclusion
Al-19-020 | LB4 575924 | 9121450 | within lava block
Large crystal from
a bomb on the
Al-19-021 LB4 575924 | 9121450 | crater 1 ridge
Banded rhyolite
with transition to
Al-19-022 | LB4 575924 | 9121450 | glass
Block of
lava/spatter from
Al-19-023 the mound on the
CVYE-018 | LB13 576473 | 9121154 | dome
Block of X
lava/spatter from
Al-19-024 the top of the ridge
CVYE-019 | LB14 576458 | 9121197 | close to dome
Al-19-025 Lava from base of X X
CVYE-020 | WP 32 576427 | 9121266 | the ridge
Lava from the X X | X X
Al-19-026 spiny black lava
CVYE-021 | WP 33 576508 | 9121239 | flow
Al-19-027 Lava from the lava X
CVYE-022 | WP 38 576661 9120943 | levee
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Al-19-028 Lava block from
CVYE-023 | LB 16 576513 | 9121149 | base of delta

Lava block from
Al-19-029 | LB17 576631 | 9120939 | top of delta

Lava block from

the flow off the sea
Al-19-030 cliffs on the
CVYE-024 | WP 40 576761 | 9120979 | peninsula

Block of lava from

the central lava on
Al-19-031 letterbox (marked
CVYE-025 | WP 41 577614 | 9121243 | on map)

Block of the oldest

lava flow on the
Al-19-032 | LB 18 576472 | 9121029 | base

Block of lava from
Al-19-033 the furthest flow on
CVYE-026 | WP 42 577099 | 9121272 | the peninsula

Lava samples from
Al-19-034 | LB 22 577037 | 9121332 | within the crater 18

Lava sample from
Al-19-039 the end of the flow
BECCA LB24 576563 | 9121982 | lower lava

Lower lava from
Al-19-040 | LB34 576329 | 9121823 | C6

Stretched glass
Al-19-042 | LB35 576043 | 9121491 | (two bags)

host lava with
Al-19-043 | LB35 576043 | 9121491 | glassy strands

host lava with
Al-19-044 | LB35 576043 | 9121491 | glassy strands

host lava with
Al-19-045 | LB35 576043 | 9121491 | glassy strands

Lava sample from
Al-19-046 | LB35 576043 | 9121491 | the C2 flow

Grey, xtl rich lithic
Al-19-047 | LB36 576167 | 9121549 | clast

Grey, xtl rich lithic
Al-19-048 | LB37 576167 | 9121549 | clast

Lava samples with
Al-19-049 | LB38 576218 | 9121561 | large xtls

Pink xtl rich lithic

clasts - mafic
Al-19-050 | LB39 576411 | 9121515 | blob?

Grey med xtls lithic
Al-19-051 LB39 576411 | 9121515 | clast

Pink/brown lava on

path between

turning circle and
Al-19-052 | LB85 576392 | 9121734 | peninsula.

Lava block with

large crystal found

on the track at
Al-19-053 LB85 576392 | 9121734 | entrance to DIP
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Lava block with

Al-19-054 | LB41 576067 | 9121672 | large crystal

Lithics from Crater
Al-19-066 | LB43 576757 | 9121450 | 13

Lithics from Crater
Al-19-067 | LB44 576786 | 9121442 | 14

Trachyte inlcusion

in juvenille material

on pre-peninsula
AlI-19-070 | LB85 576392 | 9121734 | path

large xtl in juvenille
Al-19-071 LB22 577037 | 9121332 | material

A) country rock

with inlcusions, B)

country rock with
Al-19-072 | LB22 577037 | 9121332 | fresh face

XTL rich inlusion

from peninsula
Al-19-073 | LB85 576392 | 9121734 | path
Al-19-074 | LB49 575955 | 9121622 | Unit 1 tephra A-C
AlI-19-075 | LB49 575955 | 9121622 | Unit 2 tephra A-D
Al-19-076 | LB49 575955 | 9121622 | Unit 3 - tephra A-D
AlI-19-077 | LB49 575955 | 9121622 | Unit 4 - tephra A-D
AlI-19-078 | LB49 575955 | 9121622 | Unit 5 - tephra A-E

Juvenille with large
Al-19-079 | LB42 576742 | 9121424 | xil from top of C11

Spatter bomb from
AlI-19-075 | LB50 576684 | 9121536 | Unit 2

Unit 1 maximum
Al-19-077 | LB50 576684 | 9121536 | clasts
AlI-19-078 | LB50 576684 | 9121536 | Unit 3a tephra A-C
AlI-19-079 | LB50 576684 | 9121536 | Unit 3b tephra A-C
Al-19-081 LB51 576075 | 9121708 | Unit 3 tephra A-D
Al-19-082 | LB51 576075 | 9121708 | Unit 2 tephra A-D
Al-19-083 | LB51 576075 | 9121708 | Unit 1 tephra A-D
Al-19-084 | LB52 575949 | 9121867 | Unit 1 tephra A-F
Al-19-085 | LB53 576044 | 9121813 | Unit 1 tephra A-D
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Al-19-086 | LB53 576044 | 9121813 | Unit 2 tephra A-B
Al-19-087 | LB53 576044 | 9121813 | Unit 3 tephra A-B
Al-19-088 | LB54 575898 | 9122098 | Unit 1 tephra A-C
Al-19-089 | LB54 575898 | 9122098 | Unit 2 tephra A-B
Al-19-090 | LB54 575898 | 9122098 | Unit 3 tephra A-B
Al-19-091 LB55 575899 | 9122090 | Bomb from Unit 2
Al-19-092 | LB55 575899 | 9122090 | Unit 3 tephra A-C
Al-19-093 | LB55 575899 | 9122090 | Unit 2 tephra A-C
Unit 1 tephra
AlI-19-094 | LB55 575899 | 9122090 | unsieved
Unit 1 tephra
Al-19-095 | LB56 575877 | 9121988 | unsieved
Al-19-096 | LB57 569670 | 9122914 | Glassy bomb
Juvenile material
Al-19-097 | LB5 575953 | 9121520 | with glass patches
Spatter with big
Al-19-098 | LB58 576011 | 9121487 | black xtl (LF2)
Bag of scoria from
AlI-19-099 | LB58 576011 | 9121487 | LF3 C3
Vesicular rich core
Al-19-100 | LB58 576011 | 9121487 | from a bomb
Glassy rind
Al-19-101 LB58 576011 | 9121487 | trachyte bomb
Thick glassy rind
Al-19-102 | LB58 576011 | 9121487 | trachyte bomb
Yellow trachyte
AlI-19-103 | LB58 576011 | 9121487 | substrate
Vesicular, low
density brittle
Al-19-104 | LB58 576011 | 9121487 | looking clasts
Lithics from Crater
Al-19-105 | LB58 576011 | 9121487 | 3
Dense core and
agglutinated
Al-19-106 | LB58 576011 | 9121487 | spatter from C3
Trachyte and mafic
A-19-119 LB69 576339 | 9121425 | blebs in C8
Tephra off crater 8
Al-19-120 | LB69 576339 | 9121425 | floor
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Dense spatter from

Al-19-121 LB69 576339 | 9121425 | Crater 8
Vesicular spatter
Al-19-122 | LB69 576339 | 9121425 | from Crater 8
Vesicular spatter
Al-19-123 | LB69 576339 | 9121425 | from Crater 8
Black, needle-like
Al-19-124 | LB69 576339 | 9121425 | coating on spatter
Lava block from
Al-19-125 | LB70 576354 | 9121403 | top of spiny flow
Lava block from
Al-19-126 | LB71 576303 | 9121407 | top of crater 7 flow
Al-19-127 | LB72 575980 | 9121531 | Crater 7 spatter
Blue/grey lithic
Al-19-128 | LB72 575980 | 9121531 | clast
LF4 spatter from
Al-19-129 | LB72 575980 | 9121531 | crater 7
2 samples, have
large xtls from
Al-19-130 | LB72 575980 | 9121531 | bombs
Inclusions on the
Al-19-131 LB72 575980 | 9121531 | spatter
Red clasts from
AlI-19-132 | LB75 576266 | 9121474 | Crater 7
2 samples, have
large xtls from
AlI-19-133 | LB79 576156 | 9121512 | bombs
Dense spatter from
Al-19-134 | LB80 576086 | 9121518 | Crater 4
Transect
Al-19-140 | 7B 576079 | 9121537 | Bomb sample
Transect Bomb Sample with
Al-19-141 7D (2) 576100 | 9121576 | lithic inclusion
Transect Bomb Sample
Al-19-142 | 7D (2) 576100 | 9121576 | fresh
Transect
Al-19-143 | 7D 576100 | 9121576 | Bomb Sample
Transect
Al-19-144 | 7E 576119 | 9121597 | Bomb sample
LF1 spatter from
Al-19-145 | LB79 576156 | 9121512 | crater 5
Layer 1 in the
Al-19-146 | LB79 576156 | 9121512 | squeeze out
Ripple marks on
Al-19-147 | LB79 576156 | 9121512 | the squeeze out
Layer 3 in the
Al-19-148 | LB79 576156 | 9121512 | squeeze out
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LF1 spatter from
crater 5 with large

Al-19-149 | LB79 576156 | 9121512 | xtl
Sample of the
Al-19-150 | LB79 576156 | 9121512 | bomb in crater 5
Speckled lithic
Al-19-151 LB82 576134 | 9121473 | clast
Transect Tephra off the floor
Al-19-152 9 576228 | 9121500 | near crater 7
Tephra sample off
Al-19-153 LB83 576368 | 9121502 | floor near crater 8
Al-19-154 | LB63 576477 | 9121474 | Crater 10 spatter
Al-19-155 | LB67 576617 | 9121438 | Crater 11 spatter
Al-19-156 | LB68 576635 | 9121434 | Crater 12 spatter
Al-19-157 | LB86 577041 | 9121361 | Crater 17 spatter
Plutonic inclusion
Al-19-158 LB88 576972 | 9121339 | from a bomb
Al-19-159 | LB91 576901 | 9121400 | Crater 15 spatter
Lithic inclusion
Transect from a bomb on
Al-19-160 | 4B 576998 | 9121419 | the peninsula
Upper lava flow on
Al-19-161 LB95 576958 | 9121482 | peninsula
Al-19-162 | LB101 575995 | 9121929 | Green lithic clast
Inclusion clast
from the beast
Al-19-163 | LB102 575917 | 9121475 | bomb
Mafic blebs on
peninsula (SE) red
Al-19-164 | LB103 577062 | 9120931 | bleb
mafic blebs on
peninsula (SE)
Al-19-165 | LB103 577062 | 9120931 | black bleb
Trachyte country
Al-19-166 | LB104 577184 | 9121097 | rock
Country rock from
Al-19-168 | LB105 575200 | 9121140 | White Horse
Wig Hill Trachyte
Al-19-169 | 4 576079 | 9121057 | cauliflower bomb
Al-19-170 | Wig Hill | 575960 | 9121229 | Wig Hill scoria
LB107
(Crater Banded lithic
Al-19-171 2) 575979 | 91212531 | clasts
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Unit 6 tephra bag

Al-19-172 | LB101 575995 | 9121929 | unsieved

Unit 5 tephra bag
Al-19-173 | LB101 575995 | 9121929 | unsieved

Unit 4 tephra bag
Al-19-174 | LB101 575995 | 9121929 | unsieved
Al-19-175 | LB101 575995 | 9121929 | Unit 3 tephra A-D

Unit 2 tephra bag
AlI-19-176 | LB101 575995 | 9121929 | unsieved
AlI-19-177 | LB101 575995 | 9121929 | Unit 1 tephra A-D

Unit 5 tephra bag
AlI-19-178 | LB100 576116 | 9121831 | unsieved

Unit 4 tephra bag
Al-19-179 | LB100 576116 | 9121831 | unsieved

Unit 3 tephra bag
Al-19-180 | LB100 576116 | 9121831 | unsieved

Unit 2 tephra bag
Al-19-181 LB100 576116 | 9121831 | unsieved
Al-19-182 | LB100 576116 | 9121831 | Unit 1 tephra A-D

Unit 2 tephra
AlI-19-183 | LB99 576111 | 9122105 | unsieved
Al-19-184 | LB99 576111 | 9122105 | Unit 1 tephra A-C

5% samples that

need to be
AlI-19-185 | LB99 576111 | 9122105 | weighed

Whole bag of
Al-19-186 | LB98 576108 | 9122108 | tephra unsieved
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Appendices 2 — EPMA Data

2.1 Feldspar EPMA

C - core (Type 2), R—rim (Type 2), R-C — resorbed core (Type 1), R-R — resorbed rim

(Type 1), RR —reaction rim (Type 3 (T3)), GM — groundmass, LB — normal lava bands, TB
— transitional lava, DB — dark lava bands.

Sample Type Dataset Sios Tios Al2O3 FeO MnO MgO | Ca0 | Na:0 | KO | sro Total
Al-19-034 c 8/1. 57.92 0.06 26.38 0.40 0.01 005 | 881 | 648 | 036 | 011 | 10058
Al-19-034 c 9/1. 56.70 0.05 26.71 043 0.00 005 | 939 | 616 | 035 | 0.11 99.94
Al-19-008 c 11, 57.24 0.05 27.27 0.42 0.01 005 | 956 | 59 | 035 | 010 | 101.01
Al-19-008 c 2/1. 57.00 0.05 27.47 0.41 0.01 005 | 935 | 604 | 036 | 041 | 10054
Al-19-008 c 3/1. 56.73 0.05 27.29 0.42 0.00 005 | 951 | 621 | 034 | 011 | 10071
Al-19-008 c 12/1. 58.89 0.04 25.63 0.32 0.00 003 | 806 | 675 | 043 | 012 | 10026
Al-19-008 c 13/1. 58.04 0.05 25.76 0.30 -0.01 003 | 800 | 684 | 043 | 012 | 9955
Al-19-008 c 1471, 58.96 0.05 2551 0.30 0.00 003 | 807 | 690 | 043 | 012 | 10036
Al-19-008 c 30/1. 58.68 0.04 24.92 0.39 0.01 004 | 774 | 693 | 047 | 011 99.32
Al-19-008 c 31/1. 58.61 0.04 25.34 0.38 0.00 004 | 781 | 687 | 047 | 013 | 9968
Al-19-008 c 32/1. 57.78 0.06 25.57 0.45 0.00 005 | 832 | 649 | 040 | 012 | 99.23
Al-19-121 c 1 55.50 0.06 27.60 0.41 0.01 004 | 995 | 599 | 031 | 033 | 10021
Al-19-121 c 2 57.56 0.06 26.34 037 0.01 004 | 847 | 667 | 041 | 005 | 9953
Al-19-121 c 3 55.94 0.06 27.29 0.40 0.00 002 | 957 | 606 | 030 | 015 | 9933
Al-19-121 c 4 56.67 0.06 26.91 0.38 -0.01 006 | 898 | 626 | 037 | 012 | 100.24
Al-19-121 c 5 56.77 0.04 26.81 0.35 0.01 003 | 888 | 636 | 036 | 019 | 9988

DIP-3 c 1. 55.12 0.06 26.77 043 0.00 005 | 967 | 594 | 032 | 011 98.47

DIP-3 c 12/1. 55.38 0.06 26.80 043 0.00 005 | 955 | 610 | 032 | 010 | 9879

DIP-3 c 16/1. 55.93 0.04 26.10 0.40 0.00 004 | 877 | 627 | 038 | 010 | 9805

DIP-3 c 171, 56.69 0.05 26.01 0.42 -0.01 004 | 871 | 643 | 038 | 010 | 9883

DIP-3 c 2711, 57.89 0.03 25.30 037 0.01 004 | 803 | 68 | 042 | 011 99.02

DIP-3 c 28/1. 56.87 0.04 26.30 0.40 0.01 005 | 874 | 637 | 037 | 012 | 99.26

DIP-3 c 35/1. 57.58 0.05 25.69 0.38 0.00 004 | 819 | 674 | 045 | 012 | 9922

DIP-3 c 36/1. 57.56 0.05 25.01 0.39 0.01 005 | 774 | 68 | 048 | 013 | 98.26

DIP-3 c 37/1. 56.80 0.1 25.99 0.80 0.02 016 | 875 | 643 | 059 | 010 | 99.75
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DIP-6 C 3/1. 57.88 0.07 26.32 0.55 0.01 0.06 8.42 6.60 0.42 0.12 100.45
DIP-6 C 4/1. 57.93 0.08 26.44 0.57 0.01 0.06 8.36 6.66 0.44 0.13 100.68
DIP-6 C 12/1. 59.47 0.03 25.35 0.39 0.01 0.04 7.37 7.25 0.48 0.09 100.48
DIP-6 C 13/1. 57.73 0.04 26.37 0.39 0.00 0.04 8.55 6.78 0.38 0.09 100.37
DIP-6 C 2711. 57.64 0.06 25.58 0.59 0.00 0.05 8.19 6.60 0.42 0.14 99.27
DIP-6 C 28/1. 58.14 0.07 25.91 0.58 0.01 0.06 7.95 6.79 0.46 0.14 100.11
DIP-6 C 42/1. 57.36 0.04 26.53 0.40 0.01 0.04 8.80 6.53 0.35 0.11 100.17
DIP-6 C 43/1. 56.81 0.03 26.43 0.38 0.01 0.04 9.05 6.50 0.34 0.10 99.70
DIP-6 C 50/1. 56.31 0.05 26.68 0.42 0.01 0.05 9.34 6.23 0.33 0.10 99.53
DIP-6 C 51/1. 56.09 0.06 27.14 0.44 0.00 0.05 9.53 6.13 0.33 0.11 99.87
DIP-8 C 13/1. 57.06 0.06 26.14 0.38 0.00 0.04 8.69 6.39 0.35 0.15 99.26
DIP-8 C 14/1. 56.84 0.05 26.32 0.39 0.00 0.05 8.87 6.17 0.33 0.16 99.18
DIP-8 C 15/1. 57.29 0.05 26.49 0.40 0.00 0.04 8.97 6.28 0.33 0.16 100.01
DIP-8 C 19/1. 58.52 0.03 24.80 0.33 0.01 0.03 7.61 6.92 0.52 0.10 98.87
DIP-8 C 20/1. 58.89 0.04 25.31 0.36 0.00 0.03 7.59 6.99 0.51 0.11 99.82
DIP-8 C 21/1. 59.01 0.04 25.04 0.36 0.00 0.03 7.54 6.85 0.53 0.12 99.51
DIP-8 C 47/1. 56.47 0.05 25.95 0.41 0.01 0.04 9.1 6.12 0.32 0.15 98.63
DIP-8 C 48/1. 58.68 0.04 25.07 0.38 0.00 0.04 7.54 6.92 0.43 0.14 99.25
DIP-8 C 49/1. 56.21 0.06 26.78 0.43 0.00 0.05 9.28 5.86 0.33 0.17 99.17
DIP-8 C 53/1. 57.76 0.05 26.26 0.37 0.01 0.04 8.61 6.27 0.39 0.16 99.92
DIP-8 C 54/1. 57.51 0.05 26.36 0.37 0.00 0.04 8.62 6.44 0.38 0.15 99.92
DIP-8 C 55/1. 57.60 0.05 25.91 0.39 0.01 0.04 8.39 6.60 0.39 0.16 99.54
Al-19-028 C 7/1. 58.86 0.04 25.46 0.30 0.00 0.03 8.44 6.57 0.37 0.14 100.21
Al-19-028 C 8/1. 58.67 0.04 25.70 0.30 0.01 0.03 8.46 6.68 0.38 0.16 100.43
Al-19-028 C 9/1. 58.99 0.04 25.50 0.30 -0.01 0.03 8.09 6.83 0.39 0.14 100.30
Al-19-028 C 13/1. 59.68 0.04 25.81 0.33 0.00 0.03 8.16 6.75 0.39 0.15 101.33
Al-19-028 C 14/1. 60.03 0.04 25.55 0.32 0.00 0.02 7.84 6.95 0.41 0.14 101.32
Al-19-028 C 15/1. 59.76 0.04 25.44 0.32 -0.01 0.03 8.12 6.66 0.40 0.14 100.89
Al-19-028 cLB 21 57.61 0.10 26.41 0.45 0.00 0.04 8.36 6.51 0.40 0.09 100.32
Al-19-028 cLB 22 57.08 0.08 26.52 0.49 -0.01 0.09 8.83 6.31 0.35 0.02 100.08
Al-19-028 cLB 23 57.09 0.07 26.24 0.45 0.00 0.04 8.61 6.38 0.40 0.02 100.13
Al-19-028 cLB 24 58.93 0.02 25.39 0.23 0.00 0.01 7.48 7.07 0.44 0.17 100.39
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Al-19-028 CcDB 32 56.94 0.07 26.61 0.47 0.00 0.05 8.91 6.13 0.39 0.31 99.82
Al-19-028 CcDB 33 55.65 0.08 27.51 0.44 0.02 0.05 9.92 5.75 0.30 0.04 99.65
Al-19-028 CcDB 40 67.59 0.01 19.71 0.25 0.00 0.01 0.50 7.96 5.01 0.22 100.16
Al-19-028 CcDB 42 56.71 0.08 26.97 0.52 0.01 0.08 9.23 5.98 0.34 0.23 100.17
Al-19-026 C 1/1. 57.29 0.06 26.37 0.50 0.00 0.05 9.22 6.19 0.35 0.13 100.15
Al-19-026 C 2/1. 57.08 0.05 26.31 0.45 0.01 0.05 9.50 5.92 0.33 0.14 99.84
Al-19-026 C 3/1. 57.79 0.06 26.50 0.45 0.00 0.05 9.29 5.96 0.38 0.12 100.61
Al-19-026 C 7/1. 58.92 0.04 25.99 0.40 0.00 0.04 8.35 6.68 0.41 0.16 101.00
Al-19-026 C 8/1. 57.91 0.05 26.72 0.42 0.01 0.04 9.23 6.23 0.34 0.14 101.10
Al-19-026 C 9/1. 57.94 0.05 26.70 0.43 0.01 0.04 9.19 6.23 0.36 0.16 101.12
Al-19-026 C 371/1. 56.93 0.06 26.96 0.39 0.00 0.05 9.72 5.88 0.30 0.13 100.41
Al-19-026 C 38/1. 57.03 0.06 26.88 0.41 0.00 0.05 9.79 5.75 0.29 0.13 100.40
Al-19-026 C 39/1. 56.76 0.06 26.92 0.40 0.00 0.05 9.70 5.78 0.29 0.13 100.09
Al-19-026 C 55/1. 58.82 0.04 26.20 0.31 0.01 0.03 8.50 6.58 0.35 0.15 100.98
Al-19-026 C 56/1. 58.45 0.05 26.22 0.31 0.00 0.03 8.63 6.52 0.35 0.14 100.71
Al-19-026 C 571/1. 59.05 0.04 26.20 0.31 0.01 0.03 8.65 6.45 0.35 0.15 101.23
Al-19-026 C 6 58.52 0.05 26.01 0.33 0.00 0.00 8.06 6.75 0.49 0.21 100.43
Al-19-026 C 7 57.32 0.04 27.16 0.29 0.00 0.04 8.86 6.40 0.40 0.16 100.66
Al-19-026 C 8 58.09 0.04 26.35 0.26 0.01 0.00 8.21 6.87 0.42 0.22 100.47
Al-19-026 C 9 58.15 0.05 26.38 0.26 -0.01 0.01 8.32 6.83 0.46 0.23 100.68
Al-19-034 R 10/1. 58.46 0.07 24.99 0.53 0.00 0.06 7.87 6.85 0.49 0.13 99.45
Al-19-034 R 11/1. 58.67 0.04 25.01 0.33 0.00 0.03 7.57 7.08 0.46 0.12 99.31
Al-19-008 R 4/1. 57.72 0.07 26.03 0.54 0.01 0.05 8.54 6.56 0.39 0.14 100.06
Al-19-008 R 5/1. 59.60 0.08 25.41 0.53 -0.01 0.04 7.58 7.05 0.57 0.10 100.95
Al-19-008 R 6/1. 60.84 0.09 24.78 0.57 0.00 0.05 6.77 7.26 0.72 0.11 101.18
Al-19-008 R 15/1. 57.69 0.08 25.87 0.51 0.00 0.05 8.75 6.54 0.46 0.11 100.06
Al-19-008 R 16/1. 56.40 0.07 26.57 0.48 0.01 0.05 9.40 6.11 0.35 0.10 99.54
Al-19-008 R 17/1. 58.89 0.09 25.22 0.57 0.00 0.05 8.03 6.78 0.55 0.10 100.28
Al-19-008 R 33/1. 59.67 0.09 24.41 0.62 0.01 0.05 6.79 7.16 0.64 0.08 99.54
Al-19-008 R 34/1. 60.94 0.11 22.51 0.66 0.01 0.05 4.93 8.00 0.94 0.07 98.22
Al-19-008 R 35/1. 63.35 0.15 21.03 0.69 0.00 0.05 3.82 8.38 1.39 0.05 98.90
Al-19-121 R 1 54.40 0.09 28.27 0.47 -0.02 0.04 10.69 5.42 0.25 0.07 99.81
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Al-19-121 2 56.85 0.07 26.99 0.45 0.01 0.05 9.26 6.09 0.36 0.05 99.62
Al-19-121 3 57.85 0.06 25.95 0.38 0.00 0.04 8.01 6.95 0.43 0.12 99.05
Al-19-121 4 57.70 0.05 26.57 0.36 -0.01 0.03 8.50 6.70 0.40 0.20 99.96
Al-19-121 5 56.88 0.05 26.53 0.34 0.01 0.05 8.94 6.41 0.37 0.32 99.90
DIP-3 13/1. 57.41 0.10 25.21 0.59 0.01 0.06 7.98 6.91 0.42 0.10 98.79
DIP-3 14/1. 57.31 0.10 25.63 0.60 0.01 0.06 8.24 6.63 0.41 0.11 99.11
DIP-3 18/1. 56.32 0.08 26.16 0.51 0.01 0.05 8.96 6.24 0.40 0.11 98.84
DIP-3 19/1. 56.29 0.07 25.76 0.54 0.02 0.05 8.76 6.28 0.40 0.11 98.28
DIP-3 29/1. 57.72 0.27 25.16 1.13 0.03 0.18 7.66 6.76 0.81 0.07 99.77
DIP-3 30/1. 58.26 0.56 24.66 2.40 0.07 0.45 8.05 6.43 1.29 0.09 102.25
DIP-3 31/1. 59.26 0.11 24.33 0.66 0.01 0.08 7.10 7.18 0.55 0.11 99.38
DIP-3 32/1. 57.84 0.09 25.49 0.67 0.01 0.07 8.1 6.40 0.47 0.11 99.25
DIP-3 38/1. 54.72 0.09 26.89 0.69 0.01 0.08 10.43 5.61 0.32 0.12 98.96
DIP-3 39/1. 55.17 0.11 25.83 0.72 0.01 0.09 9.58 5.88 0.39 0.12 97.91
DIP-6 5/1. 58.76 0.09 25.24 0.67 0.02 0.06 7.49 6.92 0.56 0.10 99.89
DIP-6 6/1. 59.02 0.13 24.99 0.75 0.01 0.09 7.44 7.10 0.63 0.12 100.28
DIP-6 14/1. 59.08 0.09 25.28 0.59 0.01 0.06 7.53 7.06 0.45 0.11 100.26
DIP-6 15/1. 57.67 0.08 25.13 0.56 0.00 0.06 7.77 6.67 0.42 0.10 98.47
DIP-6 16/1. 58.22 0.09 25.37 0.59 -0.01 0.06 7.74 7.02 0.44 0.12 99.65
DIP-6 29/1. 58.15 0.10 25.38 0.77 0.01 0.06 7.27 6.93 0.54 0.12 99.32
DIP-6 30/1. 58.78 0.09 25.25 0.67 0.01 0.06 7.66 6.86 0.56 0.15 100.09
DIP-6 44 /1. 58.52 0.08 26.02 0.58 -0.01 0.06 8.03 6.88 0.47 0.14 100.77
DIP-6 45/1. 57.35 0.07 26.07 0.52 0.01 0.05 8.75 6.46 0.42 0.11 99.82
DIP-6 46 /1. 58.07 0.09 25.85 0.56 0.00 0.06 8.22 6.76 0.43 0.10 100.14
DIP-6 52/1. 56.34 0.05 26.26 0.44 0.00 0.05 9.08 6.24 0.35 0.10 98.92
DIP-6 53/1. 56.34 0.06 26.67 0.45 -0.01 0.05 9.21 6.20 0.35 0.10 99.42
DIP-8 16/1. 57.85 0.09 25.28 0.56 0.01 0.06 7.85 6.84 0.44 0.14 99.11
DIP-8 17/1. 57.54 0.08 25.98 0.53 0.01 0.05 8.34 6.44 0.38 0.15 99.50
DIP-8 18/1. 56.60 0.07 25.78 0.56 -0.01 0.06 8.49 6.44 0.37 0.15 98.51
DIP-8 22/1. 56.61 0.07 26.20 0.48 0.00 0.05 9.14 6.20 0.34 0.15 99.24
DIP-8 23/1. 56.71 0.06 26.13 0.49 0.00 0.05 8.96 6.25 0.35 0.13 99.13
DIP-8 241/1. 56.74 0.07 26.16 0.53 0.00 0.06 8.99 6.17 0.38 0.18 99.26
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DIP-8 R 50/1. 57.43 0.07 24.87 0.57 0.02 0.06 7.97 6.86 0.42 0.15 98.42

DIP-8 R 51/1. 57.46 0.08 25.72 0.58 0.00 0.06 8.19 6.51 0.40 0.14 99.15

DIP-8 R 52/1. 56.99 0.08 26.05 0.63 0.01 0.07 8.48 6.45 0.40 0.19 99.35

DIP-8 R 56/1. 57.74 0.05 25.88 0.50 0.02 0.05 8.40 6.69 0.40 0.15 99.87

DIP-8 R 571/1. 57.94 0.05 26.13 0.50 0.00 0.05 8.50 6.50 0.41 0.16 100.24

DIP-8 R 58/1. 57.82 0.06 24.68 0.50 0.01 0.05 7.39 7.00 0.41 0.15 98.09
Al-19-028 R 10/1. 58.13 0.06 26.34 0.46 0.01 0.05 9.08 6.16 0.34 0.14 100.77
Al-19-028 R 11/1. 57.95 0.05 26.09 0.45 0.01 0.05 8.96 6.29 0.36 0.15 100.36
Al-19-028 R 12/1. 58.35 0.06 26.13 0.47 0.00 0.04 8.88 6.27 0.35 0.14 100.69
Al-19-028 R 16/1. 57.34 0.06 27.05 0.46 0.01 0.05 9.42 6.00 0.33 0.13 100.85
Al-19-028 R 17/1. 57.84 0.06 26.79 0.47 0.01 0.05 9.64 5.93 0.33 0.13 101.24
Al-19-028 R 18/1. 58.04 0.06 26.37 0.47 0.01 0.05 9.23 6.18 0.33 0.13 100.88
Al-19-028 RLB 21 56.72 0.06 26.75 0.54 0.01 0.07 8.92 6.31 0.36 0.08 100.43
Al-19-028 RLB 22 57.62 0.07 26.32 0.50 0.02 0.03 8.45 6.51 0.40 0.19 100.07
Al-19-028 RLB 24 58.02 0.05 26.12 0.29 0.00 0.01 8.00 6.80 0.41 0.07 100.03
Al-19-028 RLB 25 56.25 0.07 27.21 0.39 0.00 0.04 9.56 5.86 0.35 0.14 99.64
Al-19-028 RLB 46 58.23 0.05 26.09 0.28 0.02 0.00 7.91 6.76 0.41 0.16 99.77
Al-19-028 R DB 32 56.70 0.07 27.19 0.45 0.01 0.04 9.10 6.30 0.34 0.14 99.47
Al-19-028 R DB 33 54.35 0.08 27.12 0.45 0.02 0.02 9.98 5.54 0.31 0.19 99.77
Al-19-028 RTB 40 67.24 0.03 19.43 0.25 0.01 0.01 0.52 7.70 5.32 0.14 99.79
Al-19-028 RTB 42 56.91 0.05 26.51 0.48 0.01 0.04 9.1 6.34 0.38 -0.03 99.73
Al-19-026 R 4/1. 60.24 0.40 24.00 1.57 0.03 0.14 6.81 7.42 1.1 0.07 101.78
Al-19-026 R 5/1. 57.92 0.08 25.74 0.58 0.00 0.06 8.69 6.42 0.39 0.15 100.04
Al-19-026 R 6/1. 59.75 0.09 24.87 0.64 0.02 0.05 7.77 6.88 0.56 0.15 100.78
Al-19-026 R 10/1. 59.33 0.08 25.47 0.61 0.01 0.06 8.03 6.73 0.44 0.16 100.93
Al-19-026 R 11/1. 59.37 0.05 25.73 0.42 0.01 0.03 8.15 6.96 0.40 0.15 101.28
Al-19-026 R 12/1. 58.36 0.06 25.79 0.54 0.02 0.06 8.66 6.42 0.37 0.18 100.45
Al-19-026 R 40/1. 59.78 0.05 25.37 0.43 0.01 0.04 7.82 6.83 0.41 0.15 100.88
Al-19-026 R 41/1. 59.00 0.05 25.73 0.46 0.00 0.05 8.25 6.61 0.37 0.15 100.68
Al-19-026 R 42/1. 57.24 0.07 26.76 0.52 0.01 0.05 9.58 5.95 0.38 0.15 100.70
Al-19-026 R 58/1. 59.49 0.04 25.75 0.40 0.01 0.04 8.18 6.72 0.40 0.13 101.15
Al-19-026 R 59/1. 61.40 0.04 24.33 0.39 0.01 0.03 6.84 7.45 0.51 0.17 101.16
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Al-19-026 R 60/1. 58.34 0.05 26.37 0.47 0.01 0.05 8.76 6.54 0.36 0.14 101.10
Al-19-026 R 6 57.32 0.08 27.16 0.46 0.01 0.05 9.20 6.30 0.40 0.26 101.24
Al-19-026 R 7 56.91 0.06 26.95 0.38 0.02 0.04 9.06 6.35 0.40 0.13 100.29
Al-19-026 R 8 55.75 0.06 27.00 0.36 0.02 0.06 9.68 5.97 0.34 0.13 99.37
Al-19-026 R 9 57.12 0.06 26.96 0.36 0.01 0.03 8.92 6.17 0.39 0.14 100.16
Al-19-026 R 10 57.35 0.07 26.39 0.41 0.01 0.03 8.59 6.46 0.44 0.12 99.86
Al-19-026 R 10 56.54 0.09 27.12 0.47 0.02 0.05 9.22 6.06 0.37 0.49 100.43
Al-19-034 R-C 1/1. 55.94 0.05 27.53 0.47 -0.01 0.05 10.09 5.79 0.30 0.11 100.32
Al-19-034 R-C 2/1. 55.80 0.04 26.87 0.45 0.01 0.06 9.88 5.85 0.32 0.11 99.38
Al-19-034 R-C 8/1. 56.75 0.05 26.35 0.44 0.01 0.05 9.32 6.15 0.35 0.10 99.57
Al-19-034 R-C 9/1. 56.78 0.05 26.14 0.39 0.00 0.05 9.18 6.05 0.39 0.12 99.16
Al-19-034 R-C 23/1. 58.77 0.03 25.41 0.24 0.00 0.03 7.43 7.16 0.47 0.11 99.64
Al-19-034 R-C 241/1. 58.96 0.04 25.70 0.25 0.01 0.02 7.77 7.04 0.46 0.12 100.38
Al-19-008 R-C 241/1. 57.07 0.05 26.53 0.40 0.01 0.05 9.39 6.00 0.34 0.11 99.93
Al-19-008 R-C 25/1. 57.19 0.05 26.68 0.41 0.02 0.04 9.40 6.17 0.34 0.10 100.41
Al-19-008 R-C 26/1. 57.28 0.05 26.95 0.40 0.00 0.04 9.19 6.19 0.35 0.11 100.56
Al-19-008 R-C 36/1. 56.90 0.06 25.72 0.41 0.00 0.04 8.62 6.44 0.42 0.11 98.72
Al-19-008 R-C 371/1. 57.59 0.05 25.53 0.38 0.01 0.04 8.51 6.56 0.40 0.11 99.16
Al-19-008 R-C 38/1. 56.19 0.05 26.35 0.40 0.00 0.05 9.40 6.05 0.35 0.09 98.93
Al-19-008 R-C 48/1. 56.29 0.06 26.58 0.40 0.00 0.05 9.68 5.90 0.33 0.12 99.41
Al-19-008 R-C 49/1. 56.35 0.06 27.38 0.41 0.01 0.05 9.75 5.87 0.31 0.10 100.27
Al-19-008 R-C 50/1. 56.65 0.04 26.09 0.37 0.01 0.04 9.02 6.25 0.36 0.11 98.94
Al-19-121 R-C 10 58.47 0.05 25.73 0.32 0.00 0.00 7.90 7.03 0.44 0.26 100.03
Al-19-121 R-C 10 56.92 0.06 26.96 0.36 0.01 0.02 9.03 6.19 0.34 0.26 99.73
Al-19-121 R-C 45 57.40 0.03 26.56 0.35 0.00 0.02 8.75 6.30 0.38 0.08 100.28
Al-19-121 R-C 6 56.63 0.06 27.38 0.38 0.01 0.10 9.30 6.30 0.33 0.25 99.98
Al-19-121 R-C 7 56.42 0.06 26.93 0.40 0.01 0.03 9.06 6.14 0.36 0.19 99.31
Al-19-121 R-C 8 59.77 0.02 24.66 0.31 0.00 0.02 6.53 7.43 0.58 0.20 100.23
Al-19-121 R-C 9 55.88 0.06 27.35 0.43 0.01 0.05 9.64 6.04 0.34 0.25 99.84

DIP-8 R-C 59/1. 57.40 0.04 25.55 0.41 0.00 0.04 8.32 6.44 0.38 0.15 98.72

DIP-8 R-C 60/1. 57.21 0.03 26.07 0.41 0.00 0.04 8.60 6.32 0.36 0.14 99.18

DIP-8 R-C 61/1. 56.54 0.05 26.61 0.43 0.01 0.04 9.24 6.08 0.33 0.14 99.47
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DIP-8 R-C 65/1. 57.27 0.07 25.59 0.50 0.01 0.05 8.62 6.44 0.43 0.13 99.12
Al-19-28 R-CLB 26 55.71 0.05 27.27 0.46 0.01 0.04 9.75 5.89 0.30 0.16 101.11
Al-19-28 R-CLB 27 57.89 0.05 26.05 0.38 0.01 0.04 8.12 6.67 0.43 -0.12 100.61
Al-19-28 R-CLB 29 56.82 0.06 26.96 0.39 0.00 0.03 9.04 6.08 0.37 0.23 99.89
Al-19-28 R-CLB 30 58.87 0.05 25.23 0.37 0.02 0.01 7.32 6.96 0.48 0.09 99.34
Al-19-28 R-C DB 31 57.51 0.03 26.59 0.42 0.01 -0.02 8.63 6.49 0.37 0.28 100.59
Al-19-28 R-C DB 34 44.20 0.05 21.29 0.43 0.01 0.00 9.41 5.91 0.33 0.11 100.02
Al-19-28 R-CTB 41 55.79 0.07 27.32 0.46 0.00 0.07 9.99 5.73 0.32 0.32 100.16
Al-19-28 R-CTB 43 57.91 0.06 26.16 0.28 -0.01 0.01 8.05 6.67 0.41 0.21 100.19
Al-19-026 R-C 1" 57.93 0.05 25.68 0.41 0.01 0.01 8.18 6.59 0.45 0.31 99.63
Al-19-026 R-C 12 56.28 0.06 27.38 0.43 0.00 0.07 9.48 5.96 0.34 0.14 100.14
Al-19-026 R-C 13 56.00 0.05 27.27 0.45 0.01 0.01 9.51 5.92 0.35 0.18 99.73
Al-19-026 R-C 14 56.53 0.07 27.21 0.48 0.02 0.04 9.39 6.03 0.41 0.11 100.29
Al-19-026 R-C 15 55.22 0.06 28.07 0.47 0.01 0.04 10.37 5.53 0.32 0.03 100.12
Al-19-026 R-C 31 57.25 0.05 26.79 0.35 0.02 0.05 8.75 6.42 0.39 0.19 100.27
Al-19-026 R-C 32 56.11 0.08 27.76 0.43 0.01 0.08 9.71 5.71 0.34 0.00 100.23
Al-19-034 R-R 3/1. 56.75 0.08 26.47 0.56 0.02 0.05 9.22 6.08 0.36 0.11 99.71
Al-19-034 R-R 4/1. 57.57 0.07 25.77 0.58 0.00 0.06 8.47 6.37 0.39 0.13 99.43
Al-19-034 R-R 10/1. 55.64 0.08 27.26 0.56 0.01 0.07 10.21 5.62 0.31 0.11 99.86
Al-19-034 R-R 11/1. 55.89 0.07 27.75 0.48 0.01 0.06 10.05 5.71 0.29 0.10 100.40
Al-19-034 R-R 21/1. 56.95 0.06 27.49 0.49 0.01 0.05 9.48 6.04 0.33 0.11 101.00
Al-19-034 R-R 22/1. 56.65 0.07 27.41 0.56 0.00 0.05 9.55 5.76 0.33 0.11 100.47
Al-19-008 R-R 271/1. 61.70 1.01 2272 2.06 0.06 0.29 5.46 7.96 2.01 0.05 103.33
Al-19-008 R-R 28/1. 60.41 0.13 23.71 0.55 0.00 0.05 6.11 7.54 0.86 0.07 99.43
Al-19-008 R-R 29/1. 64.73 1.77 18.17 3.24 0.09 0.46 1.67 7.86 3.34 0.03 101.36
Al-19-008 R-R 39/1. 56.24 0.07 26.60 0.50 0.00 0.06 9.47 6.15 0.36 0.14 99.59
Al-19-008 R-R 40/1. 58.13 0.07 25.37 0.52 0.01 0.05 8.09 6.73 0.46 0.13 99.55
Al-19-008 R-R 51/1. 57.13 0.05 25.56 0.45 0.00 0.05 8.83 6.47 0.38 0.11 99.04
Al-19-008 R-R 52/1. 56.47 0.06 26.20 0.43 0.00 0.05 9.27 6.29 0.36 0.11 99.24
Al-19-008 R-R 53/1. 56.27 0.06 26.13 0.47 0.01 0.05 9.38 6.03 0.36 0.10 98.85
Al-19-121 R-R 45 56.22 0.06 27.01 0.44 -0.01 0.03 9.57 5.88 0.30 0.25 99.47
Al-19-121 R-R 6 57.55 0.06 26.20 0.39 0.00 0.02 8.40 6.54 0.39 0.19 99.87
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Al-19-121 R-R 7 56.46 0.06 26.70 0.40 0.01 -0.01 8.92 6.34 0.37 0.07 99.38
Al-19-121 R-R 10 57.70 0.06 26.32 0.39 0.03 0.01 8.25 6.61 0.42 0.11 99.58
Al-19-121 R-R 10 56.51 0.09 26.86 0.46 0.01 0.03 9.34 6.05 0.33 0.17 99.80
Al-19-121 R-R 8 56.89 0.06 26.49 0.39 -0.01 0.04 8.74 6.49 0.41 0.33 100.52
Al-19-121 R-R 9 56.85 0.06 26.37 0.44 0.01 0.01 8.91 6.43 0.37 0.03 97.90

DIP-8 R-R 68/1. 58.60 0.38 24.31 1.86 0.04 0.24 7.14 7.25 1.02 0.08 100.92

DIP-8 R-R 70/1. 58.66 0.36 24.66 1.71 0.06 0.26 7.01 7.16 0.90 0.10 100.87

DIP-8 R-R 62/1. 57.03 0.06 26.32 0.50 0.01 0.05 8.76 6.30 0.35 0.15 99.53

DIP-8 R-R 63/1. 57.06 0.07 26.47 0.52 0.00 0.05 8.91 6.14 0.35 0.14 99.71

DIP-8 R-R 64/1. 56.53 0.07 26.23 0.52 0.01 0.05 8.83 6.11 0.34 0.15 98.85
Al-19-028 R-RLB 26 56.71 0.06 26.68 0.44 -0.01 0.07 9.07 6.38 0.37 0.16 100.46
Al-19-028 R-RLB 27 57.85 0.06 25.85 0.37 0.00 0.02 8.36 6.54 0.40 0.08 100.95
Al-19-028 R-RLB 28 56.08 0.06 27.58 0.39 0.02 0.04 9.85 5.87 0.29 0.03 99.58
Al-19-028 R-RLB 28 57.16 0.07 26.00 0.47 0.02 0.03 8.37 6.41 0.41 0.24 100.73
Al-19-028 R-RLB 29 56.55 0.07 27.26 0.43 0.01 0.02 9.34 6.10 0.34 0.20 99.84
Al-19-028 R-RLB 30 56.56 0.07 26.85 0.41 0.00 0.02 9.36 6.07 0.33 0.27 99.68
Al-19-028 R-RDB 31 57.74 0.07 25.88 0.37 0.00 0.02 8.02 6.60 0.42 0.14 99.82
Al-19-028 R-RDB 34 56.18 0.07 2717 0.41 0.00 0.04 9.51 6.05 0.32 0.21 99.54
Al-19-028 R-RTB 43 59.31 0.03 25.21 0.26 0.01 0.03 7.20 7.18 0.47 0.24 100.19
Al-19-026 R-R 1" 55.87 0.06 27.46 0.47 0.01 0.01 9.73 5.85 0.34 -0.01 99.81
Al-19-026 R-R 12 54.98 0.07 28.13 0.48 0.00 0.04 10.51 5.36 0.28 0.18 100.02
Al-19-026 R-R 13 58.34 0.04 26.17 0.36 0.00 0.04 8.27 6.71 0.46 0.19 100.58
Al-19-026 R-R 14 58.42 0.04 25.99 0.40 0.03 0.03 7.91 6.80 0.47 0.20 100.29
Al-19-026 R-R 15 57.94 0.03 26.03 0.46 0.01 0.03 8.23 6.72 0.45 0.16 100.09
Al-19-026 R-R 31 56.59 0.05 27.20 0.45 0.00 0.05 9.30 6.08 0.39 0.21 100.31
Al-19-026 R-R 32 57.42 0.06 26.49 0.38 0.01 0.02 8.64 6.32 0.41 0.22 99.98
Al-19-121 RR 8/1. 62.38 0.20 21.79 0.82 0.02 0.03 4.16 7.85 2.08 0.04 99.38
Al-19-121 RR 9/1. 58.41 0.17 25.07 0.91 0.03 0.05 7.60 6.95 0.65 0.09 99.94
Al-19-121 RR 10/1. 61.69 0.24 2272 0.93 0.01 0.1 5.15 7.65 1.44 0.05 100.00
Al-19-121 RR 12/1. 61.24 0.22 22.67 0.90 0.01 0.03 5.05 7.73 1.76 0.04 99.67
Al-19-121 RR 13/1. 59.86 0.19 23.67 1.25 0.03 0.19 5.85 7.66 1.07 0.06 99.82
Al-19-121 RR 15/1. 61.78 0.27 2279 0.93 0.02 0.16 4.77 7.97 1.44 0.06 100.18
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A19-121 | TYPE3C 1 56.39 0.07 27.56 0.31 0.00 001 | 934 | 626 | 030 | 047 | 100.10
A19-121 | TYPE3R 1 59.34 0.03 25.58 0.26 0.02 000 | 718 | 745 | 050 | 012 | 99.86
Al-19-127 RR 4411, 63.03 0.45 19.81 1.23 0.03 007 | 378 | 747 | 204 | 004 | o797
Al-19-127 RR 4971, 60.94 0.27 23.18 0.88 0.02 009 | 598 | 755 | 155 | 005 | 10051
Al-19-127 RR 51/1. 62.39 0.48 2210 1.29 0.08 076 | 451 | 798 | 222 | 004 | 10186
Al-19-127 RR 52/1. 61.77 0.36 2214 0.97 0.02 016 | 431 | o7 | 181 | 003 | 9964
Al-19-127 RR 53/1. 61.31 0.28 22,97 0.74 -0.01 005 | 544 | 779 | 143 | o006 | 100.06
Al-19-127 RR 54/1. 64.45 1.29 1817 297 0.10 030 | 086 | 547 | 342 | 001 97.03
A-19-028 | T3RIM 28A 61.34 0.00 23.58 0.28 0.01 000 | 549 | 799 | 079 | 014 | 100.01
A19-026 | T3RIM 1 59.02 0.12 25.62 0.68 0.00 003 | 752 | 672 | 091 | 024 | 10088
A-19-026 | T3RIM 2 56.30 0.1 27.12 0.63 0.02 004 | 953 | 592 | 051 | 011 | 10027
A19-026 | T3RIM 3 57.49 0.16 26.37 0.81 0.02 007 | 866 | 640 | 068 | 012 | 10079
A-19-028 | T3RIM 4 56.01 0.1 27.46 0.75 0.00 001 | o984 | 58 | 042 | 025 | 10070
A-19-028 | T3 SIEVE 288 60.34 0.89 19.81 3.64 017 070 | 522 | 637 | 241 | 014 | 9974
A19-026 | T3 SIEVE 1 58.94 0.20 24.74 1.00 0.04 012 | 737 | 665 | 112 | 003 | 10020
A19-026 | T3 SIEVE 2 61.16 0.84 19.87 388 0.15 068 | 48 | 638 | 268 | 009 | 10059
A19-026 | T3 SIEVE 3 61.43 0.27 22,64 1.57 0.07 027 | 539 | 722 | 207 | 008 | 101.01
AL19-028 | T3 INHER 28C 57.81 0.04 25.83 0.28 0.01 001 | 799 | 68 | 039 | 014 | 10025
AL19-026 | T3 INER 1 64.10 0.02 22.29 0.18 0.00 000 | 350 | 919 | 135 | 043 | 10077
Al-19-026 | 19 g‘f,\"/‘lER 2 61.44 0.02 23.98 0.26 0.03 004 | 549 | 809 | 076 | 013 | 10024
Al-19-026 | 19 g‘f,\"/‘lER 3 63.01 0.07 2147 1.44 0.05 014 | 458 | 722 | 222 | 020 | 10041
Al-19-028 | T3 CORE 28D 62.48 0.01 2282 0.18 -0.01 002 | 423 | 857 | o088 | 034 | 10026
AI-19-026 | T3 CORE 1 64.72 0.01 21.88 0.21 0.00 001 | 292 | 932 | 165 | 006 | 10078
AI-19-026 | T3 CORE 2 60.17 0.04 24.78 0.24 0.02 000 | 659 | 764 | 062 | 006 | 100.15
AI-19-026 | T3 CORE 3 64.29 0.03 21.92 0.21 -0.01 002 | 314 | 894 | 171 | 030 | 10052
AI-19-026 | T3 CORE 4 58.05 0.07 26.17 0.44 0.00 001 | 828 | 677 | 047 | 005 | 10032
AL19026 | oS 5 67.63 0.01 19.52 0.50 0.00 001 | o080 | 851 | 457 | 002 | 10153
AL19-026 | oS 5 68.53 0.06 18.23 1.20 0.02 002 | 069 | 805 | 468 | 000 | 10144
AL19-026 | oS 5 68.44 0.04 18.27 0.95 -0.01 000 | 037 | 810 | 541 | 002 | 10159
Al-19-034 GM 1471, 59.57 0.12 24.60 0.65 0.00 006 | 731 | 705 | 069 | 008 | 10013
Al-19-034 GM 15/1. 50.68 0.1 24.48 0.69 0.01 005 | 68 | 710 | 080 | 010 | 9985
Al-19-034 GM 5/1. 58.19 0.12 24.43 0.70 0.02 006 | 769 | 68 | 059 | 009 | 9869
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Al-19-034 GM 6/1. 58.42 0.13 24.75 0.78 0.02 0.06 7.74 6.88 0.72 0.09 99.58
Al-19-034 GM 17/1. 59.13 0.11 24.66 0.63 0.01 0.05 7.62 6.94 0.57 0.09 99.82
Al-19-034 GM 20/1. 58.40 0.12 25.03 0.72 0.01 0.06 7.83 6.91 0.56 0.09 99.72
Al-19-008 GM 1/1. 58.25 0.13 25.10 0.67 0.01 0.05 7.57 7.00 0.71 0.07 99.56
Al-19-008 GM 2/1. 57.55 0.10 25.32 0.68 0.00 0.07 8.08 6.62 0.55 0.11 99.09
Al-19-008 GM 3/1. 60.85 0.25 21.73 0.95 0.03 0.08 4.78 7.81 1.25 0.03 97.77
Al-19-008 GM 4/1. 58.96 0.12 24.47 0.79 0.01 0.06 6.82 7.14 0.69 0.08 99.13
Al-19-008 GM 5/1. 58.67 0.13 24.34 0.79 0.02 0.05 6.98 7.21 0.68 0.11 98.98
Al-19-008 GM 6/1. 58.56 0.12 24.68 0.78 0.02 0.1 7.24 713 0.78 0.07 99.50
Al-19-008 GM 31/1. 58.59 0.08 24.87 0.65 0.00 0.06 7.62 6.95 0.53 0.12 99.47
Al-19-008 GM 32/1. 58.64 0.11 24.79 0.64 0.01 0.06 7.40 7.16 0.55 0.13 99.49
Al-19-008 GM 34/1. 58.18 0.15 25.80 0.79 0.01 0.08 8.1 6.68 0.56 0.11 100.46
Al-19-008 GM 35/1. 58.33 0.10 25.48 0.72 0.01 0.05 7.83 6.89 0.61 0.10 100.13
Al-19-121 GM 12 56.22 0.07 27.21 0.47 0.01 0.03 9.40 5.92 0.31 0.08 99.82
Al-19-121 GM 13 58.70 0.12 25.44 0.54 0.00 0.04 7.64 6.87 0.48 0.21 99.98
Al-19-121 GM 14 57.46 0.08 26.28 0.53 -0.01 0.06 8.62 6.55 0.37 0.18 81.81
Al-19-121 GM 15 57.20 0.06 26.55 0.45 0.00 0.05 8.69 6.41 0.35 -0.03 100.17
Al-19-121 GM 16 57.97 0.09 25.86 0.66 0.00 0.04 8.27 6.63 0.46 0.07 100.04
Al-19-121 GM 17 58.35 0.06 26.10 0.35 0.01 0.00 7.81 6.80 0.47 0.13 100.47
Al-19-121 GM 18 58.03 0.11 25.63 0.60 0.01 0.10 7.73 7.14 0.56 -0.13 100.37
Al-19-121 GM 19 57.75 0.10 25.65 0.58 0.03 0.00 7.97 6.75 0.51 0.02 101.08
Al-19-121 GM 20 56.68 0.06 25.60 0.40 0.00 0.02 7.65 6.86 0.39 0.29 100.04
Al-19-121 GM 21 59.03 0.13 25.02 0.60 0.01 0.02 7.10 6.94 0.78 0.31 100.12

DIP-3 GM 20/1. 57.92 0.16 2412 0.80 0.00 0.07 712 7.06 0.70 0.08 98.03

DIP-3 GM 23/1. 57.58 0.15 25.80 0.86 0.02 0.10 8.40 6.38 0.45 0.12 99.84

DIP-3 GM 25/1. 57.48 0.13 25.48 0.74 0.02 0.08 8.42 6.49 0.45 0.10 99.40

DIP-3 GM 46 /1. 59.36 0.15 24.71 0.78 0.01 0.07 7.24 7.1 0.60 0.10 100.15

DIP-6 GM 56/1. 58.13 0.10 25.42 0.68 0.00 0.07 7.96 6.71 0.49 0.10 99.65

DIP-6 GM 8/1. 58.32 0.08 25.55 0.58 0.01 0.05 8.23 6.78 0.47 0.13 100.21

DIP-6 GM 47/1. 58.35 0.13 25.47 0.85 0.02 0.09 7.79 6.80 0.53 0.11 100.12

DIP-6 GM 48/1. 58.16 0.10 25.52 0.70 0.01 0.06 7.84 7.10 0.54 0.08 100.11

DIP-8 GM 1/1. 58.05 0.09 25.07 0.78 0.02 0.06 7.64 6.97 0.47 0.17 99.32
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DIP-8 GM 3/1. 58.56 0.10 24.83 0.65 0.01 0.05 7.36 6.97 0.51 0.16 99.19
DIP-8 GM 8/1. 57.85 0.10 25.10 0.66 0.01 0.06 7.82 6.86 0.48 0.16 99.10
DIP-8 GM 9/1. 56.76 0.11 25.50 0.71 0.00 0.07 8.00 6.45 0.49 0.16 98.24
DIP-8 GM 13/1. 58.33 0.11 24.46 0.74 0.02 0.06 7.40 6.99 0.52 0.16 98.79
DIP-8 GM 14/1. 57.40 0.08 25.78 0.73 0.00 0.06 8.39 6.71 0.44 0.18 99.76
DIP-8 GM 15/1. 57.44 0.10 26.11 0.71 0.00 0.06 8.41 6.50 0.40 0.16 99.89
DIP-8 GM 18/1. 57.61 0.08 25.12 0.63 0.01 0.06 7.77 6.78 0.46 0.19 98.70
DIP-8 GM 19/1. 57.92 0.10 25.23 0.67 0.03 0.05 8.04 6.84 0.47 0.15 99.49
DIP-8 GM 241/1. 56.96 0.08 26.04 0.66 0.01 0.07 9.01 6.41 0.37 0.17 99.79
DIP-8 GM 28/1. 57.37 0.06 25.29 0.45 0.01 0.04 8.33 6.72 0.42 0.14 98.82
DIP-8 GM 33/1. 56.75 0.08 25.83 0.67 0.01 0.07 8.60 6.54 0.40 0.18 99.15
DIP-8 GM 34/1. 58.71 0.09 25.12 0.62 0.01 0.06 7.65 6.90 0.45 0.13 99.74
Al-19-028 GM 1/1. 59.72 0.11 24.45 0.69 0.01 0.04 6.70 7.07 0.64 0.10 99.54
Al-19-028 GM 2/1. 60.13 0.23 22.92 1.13 0.03 0.09 6.37 7.26 1.18 0.09 99.43
Al-19-028 GM 6/1. 59.55 0.10 24.87 0.72 0.01 0.05 7.34 6.98 0.57 0.11 100.29
Al-19-028 GM 8/1. 58.00 0.09 24.92 0.62 0.01 0.06 7.67 6.73 0.48 0.15 98.74
Al-19-028 GM LB 1" 57.66 0.10 26.09 0.56 -0.01 0.01 8.47 6.48 0.39 0.26 100.02
Al-19-028 GM LB 12 56.53 0.08 26.38 0.60 0.02 0.03 9.06 6.11 0.42 0.16 99.38
Al-19-028 GM LB 13 55.45 0.12 27.44 0.55 0.02 0.01 10.01 5.78 0.29 0.22 99.91
Al-19-028 GM LB 14 57.41 0.10 26.00 0.62 0.01 0.03 8.36 6.65 0.42 0.20 99.80
Al-19-028 GM LB 15 56.09 0.07 26.93 0.46 0.01 0.07 9.55 5.85 0.32 0.11 99.46
Al-19-028 GM LB 16 57.43 0.08 25.97 0.57 0.02 0.06 8.48 6.62 0.42 0.16 99.80
Al-19-028 GM LB 17 58.71 0.10 24.83 0.63 0.00 0.05 7.36 7.09 0.66 0.11 99.53
Al-19-028 GM LB 18 58.37 0.12 25.50 0.58 0.02 0.04 7.68 6.87 0.53 0.26 99.97
Al-19-028 GM LB 19 57.24 0.07 26.66 0.55 0.00 0.00 8.80 6.31 0.39 0.16 100.19
Al-19-028 GM LB 20 57.95 0.09 26.02 0.56 0.00 0.05 8.25 6.73 0.44 0.23 100.32
Al-19-028 GM DB 1 58.57 0.10 25.45 0.60 0.02 -0.01 7.68 6.77 0.49 0.21 99.89
Al-19-028 GM DB 10 58.11 0.07 25.71 0.54 0.01 0.07 7.95 6.83 0.43 0.18 99.69
Al-19-028 GM DB 2 57.08 0.10 26.19 0.57 0.01 0.04 8.69 6.40 0.43 0.25 99.94
Al-19-028 GM DB 3 57.53 0.12 25.99 0.60 0.01 0.06 8.39 6.55 0.44 0.10 99.10
Al-19-028 GM DB 4 58.62 0.09 25.02 0.56 0.02 0.06 7.05 7.04 0.53 0.12 99.03
Al-19-028 GM DB 5 57.03 0.09 26.03 0.53 0.00 0.02 8.50 6.30 0.42 0.16 99.93

211




Al-19-028 GM DB 6 57.29 0.08 26.25 0.52 0.01 0.04 8.59 6.58 0.41 0.18 99.37
Al-19-028 GM DB 7 56.67 0.11 26.17 0.65 0.03 0.10 8.55 6.49 0.41 0.32 99.95
Al-19-028 GM DB 8 58.94 0.10 25.08 0.67 0.01 0.05 717 7.07 0.56 0.27 99.47
Al-19-028 GM DB 9 57.67 0.08 25.60 0.59 0.02 0.07 8.01 6.72 0.44 0.06 99.79
Al-19-028 GM TB 35 67.00 0.03 19.48 0.28 0.01 -0.09 0.58 7.99 4.92 0.19 99.63
Al-19-028 GM TB 36 66.43 0.05 19.88 0.30 0.01 0.00 1.03 7.91 4.35 0.22 100.01
Al-19-028 GM TB 37 56.67 0.09 27.04 0.53 0.02 0.04 9.42 6.19 0.35 0.25 100.48
Al-19-028 GM TB 38 58.42 0.07 25.62 0.47 0.02 0.00 7.74 6.83 0.48 0.32 100.70
Al-19-028 GM TB 39 57.44 0.10 26.17 0.57 0.01 0.01 8.39 6.42 0.42 0.30 100.10
Al-19-026 GM 1/1. 61.13 0.13 24.40 0.84 0.01 0.04 7.10 6.99 0.91 0.11 101.66
Al-19-026 GM 2/1. 63.41 0.12 23.68 0.75 0.01 0.04 5.80 7.76 1.06 0.09 102.71
Al-19-026 GM 3/1. 61.63 0.11 24.89 0.93 0.00 0.04 6.93 7.30 0.88 0.10 102.82
Al-19-026 GM 4/1. 66.03 0.66 18.60 4.51 0.14 0.54 2.08 7.54 1.81 0.05 101.97
Al-19-026 GM 5/1. 59.55 0.08 25.53 0.64 0.02 0.05 7.99 6.73 0.57 0.15 101.32
Al-19-026 GM 6/1. 60.76 0.33 24.65 1.41 0.03 0.14 7.01 7.25 1.25 0.10 102.92
Al-19-026 GM 7/1. 60.81 0.10 25.04 0.61 0.02 0.05 7.61 6.93 0.67 0.12 101.95
Al-19-026 GM 16 58.18 0.23 25.02 1.04 0.02 0.07 7.92 6.48 0.82 0.09 99.86
Al-19-026 GM 17 58.12 0.11 26.17 0.59 0.01 -0.03 8.24 6.43 0.56 0.21 100.41
Al-19-026 GM 18 58.10 0.10 26.16 0.59 0.02 0.00 8.13 6.68 0.50 0.19 100.46
Al-19-026 GM 20 59.16 0.16 24.68 0.75 0.02 0.05 6.98 7.06 0.90 0.25 100.02
Al-19-026 GM 21 58.66 0.09 25.23 0.63 0.02 0.00 7.55 6.89 0.59 0.00 99.66
Al-19-026 GM 22 57.82 0.09 25.95 0.55 0.01 0.04 8.32 6.51 0.49 0.06 99.84
Al-19-026 GM 23 58.09 0.09 25.96 0.66 0.00 0.05 8.14 6.57 0.50 0.12 100.16
Al-19-026 GM 19 57.54 0.10 25.36 0.55 0.03 0.04 8.73 6.76 0.52 0.17 99.79
Al-19-026 GM 24 58.10 0.24 25.10 1.16 0.02 0.06 7.33 6.61 0.90 0.19 99.70
Al-19-026 GM 25 56.12 0.08 27.06 0.58 0.00 0.02 9.50 5.94 0.34 0.21 99.84
Al-19-026 GM 26 57.05 0.08 26.31 0.61 0.01 -0.02 8.65 6.39 0.44 0.33 99.85
Al-19-026 GM 27 58.49 0.09 25.74 0.66 0.02 0.04 7.84 6.71 0.64 0.22 100.43
Al-19-026 GM 28 58.07 0.11 25.98 0.66 0.02 0.07 8.17 6.47 0.49 0.20 100.25
Al-19-026 GM 29 57.01 0.10 26.34 0.58 -0.01 0.05 8.78 6.03 0.44 0.22 99.54
Al-19-026 GM 30 57.80 0.10 26.42 0.66 0.02 0.07 8.42 6.54 0.49 0.15 100.67
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2.2 Olivine EPMA

C —core (Type A), R—rim (Type A), TB — type B, TC — Type C, GM — groundmass.

Sample Type %?:t? SiO2 TiO2 Al203 FeO MnO MgO CaO Cr203 P20s NiO Total
Point
Al-19-034 GM 12/1. 34.99 0.06 0.02 36.14 1.44 26.00 0.38 0.00 0.14 0.00 99.18
Al-19-034 GM 131 34.24 0.12 0.05 35.20 1.30 26.40 1.1 0.01 2.31 0.01 100.75
Al-19-034 GM 18/1. 35.04 0.11 0.11 37.50 1.51 23.80 0.63 0.00 0.33 -0.01 99.03
Al-19-034 GM 19/1. 35.23 0.06 0.02 34.82 1.33 27.42 0.26 0.00 0.18 0.01 99.34
Al-19-008 GM 33/1. 34.57 0.06 0.02 39.43 1.71 23.70 0.26 0.00 0.25 0.01 100.01
Al-19-008 GM 36/1. 35.40 0.05 0.02 34.02 1.30 28.66 0.23 0.01 0.21 0.00 99.89
Al-19-008 GM 37/1. 35.50 0.06 0.02 34.83 1.39 27.21 0.30 0.00 0.18 -0.01 99.48
Al-19-008 Grain 30/1. 35.63 0.05 0.02 33.82 1.27 28.87 0.43 0.01 0.27 0.00 100.36
Al-19-008 Cc 18/1. 36.72 0.05 0.02 31.74 1.09 30.76 0.17 0.00 0.04 0.01 100.58
Al-19-008 Cc 19/1. 36.31 0.04 0.02 31.80 1.07 30.49 0.18 0.01 0.04 -0.01 99.95
Al-19-008 Cc 20/1. 36.50 0.04 0.01 32.39 1.09 30.62 0.17 0.00 0.03 -0.01 100.84
Al-19-008 R 21/1. 36.13 0.03 0.02 31.94 1.09 30.92 0.17 0.00 0.01 -0.01 100.31
Al-19-008 R 22/1. 36.38 0.03 0.04 31.97 1.08 30.62 0.18 0.00 0.02 -0.01 100.32
Al-19-008 R 23/1. 36.28 0.03 0.02 31.79 1.10 30.78 0.18 0.00 0.02 0.01 100.20
Al-19-121 Cc 18/1. 36.41 0.05 0.02 31.77 1.09 30.65 0.18 0.00 0.03 0.01 100.20
Al-19-121 Cc 19/1. 36.50 0.04 0.01 32.24 1.09 30.45 0.17 -0.01 0.03 0.01 100.55
Al-19-121 Cc 20/1. 36.31 0.05 0.02 31.68 1.07 30.81 0.17 0.01 0.03 0.00 100.15
Al-19-121 Cc 25/1. 36.54 0.03 0.01 31.99 1.06 30.91 0.18 -0.01 0.03 -0.01 100.72
Al-19-121 Cc 26/1. 36.19 0.03 0.01 31.58 1.08 30.98 0.18 -0.01 0.02 -0.01 100.05
Al-19-121 R 21/1. 35.96 0.04 0.02 34.85 1.19 28.46 0.20 -0.01 0.03 0.00 100.74
Al-19-121 R 22/1. 36.35 0.03 0.01 32.08 1.13 30.38 0.91 0.00 0.98 -0.01 101.86
Al-19-121 R 23/1. 36.25 0.03 0.02 31.37 1.08 30.61 0.21 -0.01 0.04 0.00 99.59
Al-19-121 R 24/1. 35.86 0.03 0.02 31.77 1.10 30.76 0.19 0.00 0.04 -0.02 99.75
Al-19-121 R 271/1. 35.61 0.05 0.04 36.58 1.43 26.08 0.27 -0.01 0.12 0.00 100.17
Al-19-121 R 28/1. 35.30 0.04 0.02 35.43 1.34 26.70 0.21 0.00 0.08 -0.01 99.11
Al-19-121 R 29/1. 35.07 0.05 0.01 36.45 1.41 25.99 0.23 0.00 0.10 0.00 99.31
DIP-3 GM 21/1. 35.98 0.03 29.25 0.93 31.92 0.26 98.39
DIP-3 GM 22/1. 36.39 0.05 30.71 1.02 30.48 0.27 98.97
DIP-3 GM 26/1. 35.58 0.01 34.47 1.33 28.27 0.26 99.96
DIP-3 GM 33/1. 36.57 0.03 29.22 0.90 32.40 0.22 99.36
DIP-3 GM 34/1. 35.92 0.02 30.67 0.98 31.32 0.29 99.24
DIP-3 GM 45/1. 36.55 0.19 0.03 28.62 0.86 33.98 0.24 0.00 100.49
DIP-3 GM 47/1. 35.51 0.05 0.03 3243 1.15 29.61 0.28 0.00 99.09
DIP-3 GM 48/1. 36.11 0.06 0.04 28.65 0.86 33.24 0.47 0.00 99.48
DIP-3 GM 49/1. 36.03 0.06 0.04 28.95 0.91 33.62 0.53 -0.01 100.17
DIP-3 GM 57/1. 36.34 0.06 0.03 29.16 0.93 31.96 0.22 0.01 98.71
DIP-3 GM 58/1. 36.40 0.11 0.18 32.00 1.13 28.46 0.34 -0.01 98.75
DIP-3 GM 1 36.94 0.04 0.04 27.12 0.89 31.66 1.93 0.01 0.01 98.64
DIP-3 GM 2 37.63 0.13 0.65 28.35 0.95 29.48 0.74 0.00 0.01 97.94
DIP-3 R 2 36.87 0.04 -0.01 31.07 1.13 30.10 0.18 -0.01 0.00 99.37
DIP-3 R 3 37.29 0.05 0.00 29.34 0.99 31.57 0.18 0.00 -0.01 99.40
DIP-3 R 4 37.52 0.03 0.00 27.81 0.85 33.27 0.27 0.00 0.00 99.75
DIP-3 R 5 37.62 0.03 0.01 27.83 0.84 32.97 0.19 -0.01 -0.01 99.48
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DIP-3 C 2 36.74 0.04 -0.01 31.05 1.14 30.08 0.18 -0.01 -0.01 99.21
DIP-3 C 3 37.44 0.04 0.00 29.47 1.00 31.68 0.18 0.00 -0.01 99.79
DIP-3 C 4 37.39 0.03 0.00 27.91 0.85 32.88 0.18 -0.01 0.00 99.23
DIP-3 C 5 37.09 0.05 0.01 27.98 0.85 32.99 0.18 0.00 -0.01 99.13
DIP-6 GM 40/1. 35.88 0.05 0.03 31.83 1.13 30.74 0.22 0.00 99.92
DIP-6 GM 10/1. 35.72 0.05 0.07 33.40 1.28 28.38 0.28 0.00 99.23
DIP-8 C 1/1. 36.51 0.03 0.02 31.62 1.1 30.90 0.19 -0.01 0.04 0.00 100.41
DIP-8 C 2/1. 36.22 0.03 0.02 31.90 1.09 30.94 0.18 0.00 0.07 0.00 100.46
DIP-8 C 3/1. 36.82 0.03 0.07 31.75 1.12 30.98 0.27 0.00 0.09 0.01 101.15
DIP-8 C 711. 36.33 0.03 0.01 31.47 1.08 30.96 0.17 0.00 0.05 0.00 100.11
DIP-8 C 8/1. 36.64 0.05 0.51 32.24 1.05 30.83 0.42 0.00 0.20 0.00 101.95
DIP-8 C 9/1. 36.65 0.02 0.02 31.43 1.09 31.03 0.18 0.00 0.05 -0.01 100.47
DIP-8 C 371/1. 36.56 0.06 0.02 31.77 1.09 31.00 0.16 0.00 0.03 0.01 100.70
DIP-8 C 38/1. 36.38 0.05 0.02 32.12 1.10 31.18 0.16 0.00 0.03 0.01 101.06
DIP-8 C 39/1. 36.61 0.05 0.02 31.97 1.1 31.15 0.16 0.01 0.02 0.01 101.10
DIP-8 R 4/1. 36.05 0.04 0.02 31.72 1.10 30.93 0.31 0.00 0.03 0.00 100.21
DIP-8 R 5/1. 36.81 0.03 0.02 31.55 1.1 30.82 0.22 0.00 0.04 0.00 100.60
DIP-8 R 6/1. 36.91 0.04 0.02 32.08 1.09 30.70 0.20 0.00 0.02 0.00 101.06
DIP-8 R 10/1. 37.01 0.03 0.02 30.97 1.12 30.66 0.19 -0.01 0.02 0.01 100.04
DIP-8 R 11/1. 36.67 0.03 0.02 31.32 1.09 30.62 0.19 -0.01 0.03 -0.01 99.95
DIP-8 R 12/1. 36.90 0.04 0.02 31.47 1.09 30.73 0.19 -0.01 0.03 0.00 100.45
DIP-8 R 40/1. 36.22 0.03 0.02 31.95 1.08 31.10 0.18 0.00 0.03 0.00 100.59
DIP-8 R 41/1. 36.44 0.02 0.02 31.86 1.09 31.24 0.17 0.01 0.04 0.00 100.88
DIP-8 R 42/1. 36.62 0.03 0.02 31.79 1.07 31.39 0.17 0.01 0.05 0.01 101.14
DIP-8 GM 2/1. 35.92 0.06 0.04 31.38 1.14 30.29 0.29 0.01 0.28 -0.01 99.38
DIP-8 GM 4/1. 35.85 0.08 0.03 31.82 1.17 30.34 0.24 -0.01 0.13 0.00 99.64
DIP-8 GM 5/1. 35.53 0.06 0.03 31.54 1.13 30.68 0.22 0.00 0.24 0.00 99.43
DIP-8 GM 10/1. 36.08 0.10 0.44 32.38 1.22 29.06 0.35 0.00 0.14 0.00 99.78
DIP-8 GM 16/1. 36.41 0.08 0.08 33.67 1.34 27.64 0.26 0.00 0.12 0.01 99.61
DIP-8 GM 17/1. 35.42 0.06 0.03 31.19 1.16 29.33 0.52 0.01 0.30 0.01 98.03
DIP-8 GM 20/1. 35.95 0.05 0.03 31.52 1.18 30.03 0.24 -0.01 0.22 0.01 99.21
DIP-8 GM 21/1. 36.57 0.06 0.03 31.51 1.15 30.56 0.23 0.00 0.21 -0.01 100.31
DIP-8 GM 271/11. 36.13 0.08 0.05 31.70 1.13 30.94 0.26 0.00 0.09 0.01 100.38
DIP-8 GM 30/1. 35.41 0.06 0.03 31.86 1.19 30.19 0.23 0.00 0.15 -0.01 99.13
DIP-8 GM 31/1. 36.35 0.06 0.03 31.63 1.16 30.61 0.22 0.00 0.23 0.01 100.29
DIP-8 GM 36/1. 36.01 0.05 0.03 31.89 1.1 30.46 0.21 0.00 0.21 0.01 99.99
Al-19-028 C 1/1. 36.40 0.04 0.01 31.98 1.10 31.13 0.17 -0.01 0.03 -0.01 100.86
Al-19-028 C 2/1. 35.91 0.04 0.01 31.56 1.1 31.14 0.17 0.01 0.04 0.00 99.99
Al-19-028 C 3/1. 35.85 0.04 0.01 32.49 1.09 31.20 0.17 0.00 0.03 0.00 100.88
Al-19-028 C 25/1. 36.69 0.02 0.01 29.53 0.90 33.08 0.17 0.00 0.06 0.00 100.46
Al-19-028 C 26/1. 36.30 0.02 0.02 29.76 0.91 33.19 0.17 -0.01 0.07 0.00 100.43
Al-19-028 C 271/1. 36.89 0.06 0.38 30.00 0.88 33.06 0.29 0.00 0.06 0.00 101.62
Al-19-028 C 19/1. 36.79 0.06 0.02 30.18 0.94 32.20 0.18 0.00 0.00 100.36
Al-19-028 C 20/1. 36.98 0.08 0.02 29.98 0.92 32.08 0.15 -0.01 0.00 100.19
Al-19-028 C 21/1. 36.91 0.06 0.02 30.45 0.93 32.20 0.19 0.00 0.00 100.76
Al-19-028 R 4/1. 35.76 0.04 0.02 31.99 1.10 31.12 0.18 0.00 0.08 0.00 100.29
Al-19-028 R 5/1. 36.19 0.04 0.01 31.77 1.08 31.01 0.19 0.01 0.04 -0.01 100.32
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Al-19-028 R 6/1. 35.47 0.05 0.04 32.31 1.19 29.76 0.24 0.00 0.17 -0.01 99.23
Al-19-028 R 28/1. 36.53 0.03 0.01 29.53 0.92 32.64 0.19 0.00 0.03 0.01 99.89
Al-19-028 R 29/1. 36.50 0.03 0.01 29.49 0.92 32.92 0.19 0.00 0.05 0.00 100.11
Al-19-028 R 30/1. 36.39 0.03 0.02 29.59 0.93 32.88 0.20 0.00 0.04 0.00 100.06
Al-19-028 R 22/1. 36.12 0.04 0.02 31.62 1.1 30.12 0.17 0.00 0.01 99.23
Al-19-028 R 23/1. 36.47 0.03 0.02 30.21 0.94 31.68 0.19 0.00 0.00 99.56
Al-19-028 R 241/1. 36.86 0.03 0.01 30.10 0.96 31.85 0.17 0.00 0.00 99.99
Al-19-028 GM 4/1. 34.31 0.10 0.03 31.94 1.64 29.47 0.26 0.00 0.27 0.00 98.02
Al-19-028 GM 5/1. 35.80 0.06 0.03 32.85 1.65 28.86 0.27 0.00 0.25 -0.01 99.67
Al-19-028 GM 7/1. 35.01 0.08 0.05 33.78 1.45 28.43 0.26 0.00 0.20 0.00 99.26
Al-19-028 GM 9/1. 35.88 0.13 0.64 32.76 1.68 28.45 0.38 -0.01 0.16 0.00 99.98
Al-19-028 GM 3/1. 36.48 0.21 0.15 31.91 1.49 29.76 0.28 0.00 0.01 100.32
Al-19-026 GM 14/1. 34.93 0.07 0.02 37.52 1.67 24.58 0.34 -0.01 0.24 0.00 99.36
Al-19-026 GM 15/1. 34.97 0.07 0.02 37.70 1.67 24.72 0.42 0.00 0.26 0.00 99.84
Al-19-026 GM 21/1. 36.04 0.05 0.02 35.96 1.50 26.81 0.25 0.00 0.06 0.01 100.71
Al-19-026 GM 271/11. 35.15 0.08 0.02 37.82 1.66 24.57 0.39 -0.01 0.21 0.00 99.90
Al-19-026 GM 10/1. 34.67 0.09 0.04 37.25 1.66 24.97 0.35 0.00 0.00 99.06
Al-19-026 GM 11/1. 34.70 0.07 0.02 38.05 1.68 24.07 0.35 0.00 0.00 98.94
Al-19-026 GM 12/1. 34.84 0.05 0.02 38.23 1.65 24.42 0.29 0.00 0.01 99.55
Al-19-026 C 16/1. 36.25 0.05 0.02 32.39 1.19 29.59 0.19 0.00 0.05 -0.01 99.73
Al-19-026 C 17/1. 35.72 0.05 0.01 32.99 1.22 29.35 0.18 0.00 0.07 0.00 99.60
Al-19-026 C 31/1. 35.54 0.27 0.03 33.41 1.20 29.70 0.20 0.00 0.02 0.00 100.36
Al-19-026 C 32/1. 36.08 0.07 0.02 33.35 1.156 29.50 0.19 0.00 0.01 0.00 100.38
Al-19-026 C 33/1. 36.23 0.07 0.02 32.46 1.12 30.75 0.17 0.00 0.01 0.00 100.84
Al-19-026 C 43/1. 35.88 0.02 0.03 31.71 1.02 31.05 0.16 0.00 -0.01 99.85
Al-19-026 C 44 /1. 35.82 0.02 0.03 32.20 1.02 31.49 0.17 0.00 -0.01 100.73
Al-19-026 C 45/1. 35.74 0.02 0.03 32.19 1.03 30.48 0.16 0.00 0.00 99.67
Al-19-026 R 34/1. 35.17 0.08 0.02 36.70 1.51 26.48 0.26 0.00 0.08 0.00 100.29
Al-19-026 R 35/1. 35.44 0.05 0.02 35.13 1.41 27.56 0.22 0.00 0.05 0.01 99.89
Al-19-026 R 36/1. 35.53 0.04 0.02 34.64 1.35 28.43 0.21 -0.01 0.02 -0.01 100.22
Al-19-026 R 46 /1. 34.21 0.03 0.02 42.71 2.01 21.40 0.21 0.00 -0.01 100.56
Al-19-026 R 47/1. 34.78 0.04 0.03 40.00 1.75 22.99 0.28 0.00 0.00 99.89
Al-19-026 R 48/1. 34.41 0.05 0.03 40.10 1.78 23.03 0.26 0.00 -0.01 99.65
Al-19-026 R 18/1. 35.30 0.08 0.08 37.05 1.69 25.32 0.56 -0.01 0.25 0.00 100.22
Al-19-026 R 19/1. 34.79 0.12 0.02 38.04 1.58 25.57 0.29 0.00 0.14 -0.01 100.53
Al-19-026 TCC 1 33.94 0.11 -0.02 44.62 2.35 18.48 0.17 0.00 -0.02 99.63
Al-19-026 TCC 6 36.14 0.06 -0.01 31.58 1.156 29.92 0.18 0.00 -0.01 99.00
Al-19-026 C 5 36.41 0.04 -0.01 31.63 1.16 30.12 0.18 -0.01 -0.01 99.51
Al-19-026 C 7 36.61 0.03 0.00 30.16 1.03 31.46 0.17 0.01 -0.01 99.47
Al-19-026 C 8 36.18 0.02 0.00 31.02 1.12 30.48 0.18 0.00 0.01 99.00
Al-19-026 C 8 36.18 0.02 0.00 31.02 1.1 30.40 0.18 0.00 -0.02 98.90
Al-19-026 C 9 35.96 0.03 -0.01 31.03 1.12 30.48 0.18 -0.01 0.00 98.79
Al-19-026 C 14 36.30 0.03 -0.02 31.28 1.12 30.74 0.19 0.00 -0.01 99.64
Al-19-026 C 16 36.40 0.03 0.00 31.31 1.16 30.20 0.18 0.00 0.00 99.26
Al-19-026 TCR 1 34.23 0.16 -0.01 43.14 227 19.65 0.21 0.00 0.00 99.65
Al-19-026 TCR 6 36.16 0.04 -0.01 31.71 1.18 29.87 0.17 -0.01 -0.01 99.11
Al-19-026 R 5 36.39 0.03 0.00 31.92 1.19 29.79 0.17 -0.01 0.00 99.47
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Al-19-026 R 7 36.51 0.03 0.00 30.09 1.02 31.57 0.20 0.01 -0.01 99.42
Al-19-026 R 8 36.45 0.03 0.00 30.79 1.12 30.48 0.18 0.01 -0.01 99.04
Al-19-026 R 9 36.38 0.03 0.01 31.21 1.12 30.45 0.17 0.00 0.00 99.36
Al-19-026 R 14 36.61 0.05 0.00 31.38 1.10 30.80 0.16 -0.01 0.00 100.12
Al-19-026 R 16 36.57 0.02 0.00 31.33 1.12 30.19 0.18 0.01 0.00 99.40
Al-19-026 C 2 35.21 0.05 0.02 35.00 1.63 26.21 0.29 -0.01 0.01 98.30
Al-19-026 B 10 36.66 0.03 -0.01 31.40 1.13 30.05 0.18 -0.01 -0.01 99.43
Al-19-026 B 11A 36.00 0.06 -0.01 32.59 1.23 29.10 0.18 0.00 -0.01 99.14
Al-19-026 B 11B 35.82 0.05 0.00 32.74 1.25 29.19 0.18 -0.01 -0.02 99.19
Al-19-026 B 12A 36.57 0.04 0.00 31.42 1.156 30.46 0.17 0.00 0.01 99.82
Al-19-026 B 12B 36.43 0.06 -0.01 31.27 1.156 29.91 0.32 -0.01 -0.01 99.11
Al-19-026 B 13A 36.34 0.03 0.00 31.31 1.12 30.04 0.18 0.01 -0.01 99.03
Al-19-026 B 13B 36.32 0.05 -0.01 31.32 1.156 30.05 0.18 0.00 0.00 99.05
Al-19-026 B 17A 36.87 0.05 0.00 31.41 1.16 30.22 0.18 0.01 0.02 99.90
Al-19-026 B 178 36.48 0.04 0.00 31.19 1.14 30.26 0.21 0.01 -0.01 99.31
Al-19-026 GM 1 35.53 0.05 0.00 36.29 1.66 25.11 0.29 0.00 0.00 98.92
Al-19-026 GM 2 35.86 0.03 0.00 34.88 1.48 26.85 0.21 0.00 -0.01 99.30
Al-19-026 GM 4 35.28 0.05 -0.01 35.78 1.63 25.57 0.35 0.01 0.00 98.66
Al-19-026 GM 5 35.94 0.04 -0.02 34.87 1.51 26.55 0.22 0.00 -0.01 99.10
Al-19-026 GM 6 35.32 0.09 0.07 36.57 1.70 24.08 0.98 0.00 -0.02 98.78
Al-19-026 GM 1 36.94 0.04 0.04 2712 0.89 31.66 1.93 0.01 0.01 98.64
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2.3 Pyroxene EPMA

C - core, R —rim, GM — groundmass.

Sample Type g?t? SiO2 TiO2 Al202 FeO MnO MgO Ca0 Naz0 K20 Cr203 Total
Point

Al-19-034 C 16/1. 51.56 0.53 1.46 11.56 0.77 14.66 18.80 0.37 0.00 0.00 99.72
Al-19-034 C 171/1. 50.35 0.81 2.78 10.95 0.65 13.68 19.59 0.50 0.00 0.00 99.30
Al-19-034 C 20/1. 51.37 0.65 2.02 10.39 0.68 15.10 19.03 0.45 0.00 0.00 99.70
Al-19-034 C 21/1. 51.36 0.63 1.97 10.32 0.67 15.11 19.01 0.47 0.00 0.00 99.54
Al-19-034 C 12/1. 50.85 0.79 2.32 9.78 0.51 14.43 20.34 0.47 0.00 -0.01 99.48
Al-19-034 C 13/1. 50.90 0.80 242 9.72 0.54 14.49 20.08 0.45 0.00 -0.01 99.40
Al-19-034 R 14/1. 50.72 0.88 2.57 9.43 0.52 14.28 20.39 0.52 0.02 0.00 99.33
Al-19-034 R 15/1. 49.99 0.86 2.48 9.35 0.52 14.33 20.45 0.47 0.02 0.01 98.48
Al-19-034 R 16/1. 51.04 0.88 2.49 9.39 0.51 14.39 20.55 0.49 0.01 0.01 99.75
Al-19-034 R 18/1. 51.31 0.62 1.75 10.09 0.64 14.86 19.41 0.41 0.01 0.01 99.10
Al-19-034 R 19/1. 51.90 0.65 1.85 9.58 0.59 14.76 19.83 0.44 0.01 -0.01 99.59
Al-19-034 R 22/1. 51.74 0.71 2.10 9.48 0.59 14.95 19.76 0.46 0.03 0.00 99.82
Al-19-034 R 23/1. 50.38 0.80 2.37 9.43 0.55 14.21 19.94 0.48 0.02 0.00 98.18
Al-19-034 GM 711. 51.20 0.56 1.60 10.74 0.69 14.99 18.93 0.40 0.00 0.00 99.12
Al-19-034 GM 25/1. 51.53 0.57 1.83 10.62 0.71 14.58 19.07 0.45 0.00 -0.01 99.36
Al-19-008 C 711. 50.84 0.87 2.71 11.14 0.71 13.47 19.77 0.50 0.00 0.00 100.03
Al-19-008 C 8/1. 50.15 0.85 2.69 11.08 0.67 13.55 19.68 0.47 0.00 0.00 99.12
Al-19-008 C 42/1. 50.30 0.52 1.76 15.88 1.01 10.46 19.53 0.46 0.00 0.00 99.92
Al-19-008 C 43/1. 50.21 0.52 1.76 15.58 1.03 10.37 19.64 0.48 0.00 0.01 99.60
Al-19-008 C 44 /1. 50.45 0.53 1.77 15.66 1.00 10.46 19.71 0.47 0.00 0.00 100.06
Al-19-008 R 9/1. 51.19 0.85 2.53 9.42 0.54 14.24 20.58 0.51 0.02 0.00 99.88
Al-19-008 R 10/1. 50.85 0.85 2.50 9.36 0.57 14.43 20.69 0.48 0.02 0.00 99.74
Al-19-008 R 45/1. 50.23 0.87 2.52 9.41 0.54 14.37 20.09 0.52 0.01 0.01 98.57
Al-19-008 R 46/1. 50.66 0.69 1.94 9.21 0.56 14.82 20.19 0.44 0.00 -0.01 98.51
Al-19-008 R 471/1. 51.16 0.74 2.07 9.43 0.54 14.58 20.24 0.50 0.00 0.01 99.26
Al-19-008 GM 11/1. 50.84 0.72 2.15 10.63 0.63 14.08 19.94 0.52 0.01 0.00 99.51
Al-19-127 C 55/1. 49.79 1.02 2.95 10.84 0.65 13.90 19.49 0.53 0.00 0.00 99.15
Al-19-127 C 56/1. 49.56 1.04 2.62 11.36 0.76 13.65 19.02 0.53 0.00 0.01 98.55
Al-19-127 C 571/1. 51.94 0.55 1.53 11.78 0.81 14.92 17.87 0.40 0.00 0.00 99.80
Al-19-127 C 60/1. 51.66 0.55 1.57 10.90 0.73 15.19 18.49 0.43 0.00 0.00 99.51
Al-19-127 R 58/1. 51.62 0.70 1.95 9.80 0.61 14.65 19.78 0.47 0.03 0.00 99.61
Al-19-127 R 59/1. 50.98 0.76 221 9.28 0.53 14.58 20.45 0.47 0.01 0.00 99.27
Al-19-127 R 61/1. 50.38 1.09 3.07 9.90 0.55 13.88 20.13 0.46 0.01 -0.01 99.45
Al-19-127 R 62/1. 50.01 1.06 297 10.01 0.56 14.05 20.06 0.50 0.01 0.00 99.23
DIP-3 C 1 50.16 0.61 1.68 10.03 0.70 14.51 19.82 0.39 0.00 -0.01 97.88
DIP-3 C 2 51.20 0.62 1.59 10.37 0.71 14.88 19.10 0.41 0.00 0.00 98.88
DIP-3 C 3 49.90 0.81 243 11.16 0.73 13.23 19.74 0.46 0.00 0.00 98.47
DIP-3 C 4 49.40 1.30 3.40 8.61 0.37 14.29 20.72 0.53 0.00 -0.01 98.60

217




DIP-3 C 6 49.78 0.94 2.69 10.29 0.69 13.69 19.97 0.53 0.00 0.01 98.57
DIP-3 C 7 49.69 0.91 2.66 10.95 0.70 13.50 19.49 0.49 0.00 0.00 98.40
DIP-3 R 1 50.81 0.65 1.67 9.80 0.65 15.01 19.38 0.41 0.00 0.00 98.38
DIP-3 R 3 50.92 0.55 1.49 10.96 0.79 14.51 18.95 0.38 0.00 0.00 98.55
DIP-3 R 4 48.16 1.73 4.21 9.31 0.43 13.68 20.22 0.58 0.00 0.00 98.33
DIP-3 R 6 49.46 1.17 3.07 8.46 0.42 14.44 20.41 0.52 0.00 0.00 97.95
DIP-3 R 7 48.27 1.39 4.16 9.85 0.48 13.86 19.38 0.58 0.00 -0.01 97.97
DIP-3 POINT A 5 50.79 0.71 1.85 9.31 0.60 14.87 19.99 0.42 0.01 -0.01 98.53
DIP-3 POINT B 5 50.37 0.78 2.19 9.20 0.56 14.51 20.20 0.48 0.00 0.00 98.29
DIP-3 POINT A 8 50.16 0.97 2.69 10.27 0.63 13.77 19.96 0.48 0.00 0.00 98.94
DIP-3 POINT B 8 49.19 1.08 3.10 10.14 0.59 13.38 20.23 0.53 0.01 -0.01 98.22
DIP-3 POINT A 9 48.76 1.17 3.31 10.79 0.67 13.22 19.59 0.52 0.00 0.00 98.02
DIP-3 POINT B 9 49.18 0.98 291 9.90 0.59 13.74 20.11 0.54 0.00 0.00 97.95
DIP-3 POINT 10 48.92 1.27 3.41 8.68 0.37 14.38 20.26 0.52 0.01 0.01 97.82
DIP-3 POINT A 15 50.19 0.86 2.33 10.29 0.63 14.06 19.94 0.47 0.00 0.00 98.77
DIP-3 POINT B 15 49.87 0.95 2.56 10.40 0.66 14.06 19.49 0.47 0.01 0.01 98.47
DIP-6 C 31/1. 50.11 0.99 3.04 11.63 0.74 13.42 18.86 0.54 0.00 0.00 99.33
DIP-6 C 32/1. 50.21 1.05 3.00 11.27 0.70 13.70 19.26 0.54 0.00 0.00 99.73
DIP-6 C 35/1. 50.61 0.89 2.84 10.44 0.62 13.50 20.28 0.52 0.00 -0.01 99.70
DIP-6 C 36/1. 50.58 0.88 2.83 10.64 0.61 13.59 20.17 0.47 0.00 0.00 99.77
DIP-6 C 18/1. 50.28 1.22 3.64 10.81 0.57 14.38 18.86 0.50 0.00 0.00 100.26
DIP-6 C 19/1. 48.86 1.69 4.42 10.53 0.54 13.56 19.68 0.60 0.00 0.01 99.90
DIP-6 C 23/1. 50.35 1.09 3.10 10.57 0.62 14.02 19.27 0.48 0.01 0.00 99.50
DIP-6 C 24/1. 50.02 1.06 3.12 10.75 0.64 14.06 19.33 0.50 0.00 0.00 99.49
DIP-6 R 33/1. 50.31 1.03 2.88 9.72 0.54 14.06 20.43 0.46 0.02 0.01 99.46
DIP-6 R 34/1. 50.64 1.07 3.10 9.83 0.53 13.92 20.32 0.49 0.02 0.00 99.91
DIP-6 R 37/1. 50.70 0.95 2.81 9.84 0.58 14.11 20.05 0.49 0.01 0.00 99.53
DIP-6 R 38/1. 50.05 0.96 2.83 9.92 0.57 13.95 19.99 0.50 0.01 0.00 98.78
DIP-6 R 39/1. 50.66 0.96 2.85 10.04 0.57 14.13 20.27 0.47 0.01 -0.01 99.95
DIP-6 R 21/1. 49.93 1.18 3.06 11.34 0.58 14.21 19.03 0.54 0.01 0.00 99.89
DIP-6 R 22/1. 50.67 1.30 3.40 10.19 0.57 14.45 19.93 0.54 0.01 0.00 101.05
DIP-6 R 25/1. 51.20 0.85 242 9.43 0.56 14.45 20.26 0.45 0.03 0.00 99.63
DIP-6 R 26/1. 51.33 0.72 215 9.60 0.60 15.07 19.96 0.44 0.08 -0.01 99.93
DIP-8 C 31/1. 51.68 0.83 2.31 9.21 0.44 15.37 19.38 0.45 0.00 0.00 99.66
DIP-8 C 32/1. 51.02 0.86 248 8.64 0.46 15.10 19.59 0.45 0.00 0.00 98.60
DIP-8 C 33/1. 50.26 0.97 2.65 9.65 0.42 14.55 19.56 0.53 0.00 0.00 98.58
DIP-8 C 43/1. 50.28 1.47 4.00 9.84 0.49 13.92 19.09 0.55 0.00 0.00 99.65
DIP-8 C 44 /1. 50.61 1.06 3.01 9.83 0.48 14.45 19.58 0.54 0.01 0.00 99.57
DIP-8 C 71/1. 51.38 0.56 1.64 11.06 0.65 13.64 19.69 0.47 0.00 -0.01 99.08
DIP-8 C 72/1. 51.23 0.52 1.65 11.46 0.73 13.16 20.09 0.48 0.00 0.00 99.32
DIP-8 C 73/1. 51.42 0.48 1.45 12.43 0.77 12.55 19.91 0.46 0.00 0.00 99.48
DIP-8 C 22/1. 51.63 0.67 1.84 9.90 0.64 14.73 19.63 0.48 0.01 0.00 99.54
DIP-8 R 34/1. 50.56 0.97 277 9.76 0.55 14.19 19.70 0.49 0.01 0.00 98.99
DIP-8 R 35/1. 50.44 1.00 2.82 9.56 0.54 14.25 19.62 0.50 0.01 0.00 98.74

218




DIP-8 R 36/1. 50.83 1.02 291 9.80 0.57 14.24 19.29 0.57 0.01 0.00 99.23

DIP-8 R 45/1. 50.45 1.20 3.95 10.30 0.57 14.07 19.37 0.44 0.18 0.00 100.52

DIP-8 R 46 /1. 51.50 0.93 3.44 9.77 0.55 14.42 19.72 0.52 0.04 0.00 100.88

DIP-8 R 74171. 51.14 0.89 2.64 9.57 0.54 14.50 20.03 0.53 0.02 0.00 99.88

DIP-8 R 75/1. 51.26 0.84 247 9.47 0.54 14.59 19.80 0.47 0.01 0.00 99.47

DIP-8 R 76 /1. 51.03 0.89 257 9.52 0.52 14.51 19.96 0.49 0.02 -0.01 99.49

DIP-8 R 23/1. 50.86 0.97 275 9.53 0.55 14.28 20.07 0.52 0.01 0.00 99.52
Al-19-026 C 13/1. 51.69 0.54 1.45 11.49 0.77 14.43 18.87 0.37 0.00 -0.01 99.59
Al-19-026 C 14/1. 51.38 0.54 1.52 10.87 0.74 14.39 19.14 0.43 0.00 0.00 99.02
Al-19-026 C 15/1. 51.76 0.54 1.48 10.99 0.73 14.49 18.85 0.38 0.00 -0.01 99.19
Al-19-026 C 19/1. 49.21 1.39 3.79 11.17 0.64 12.92 19.19 0.54 0.00 0.00 98.85
Al-19-026 C 20/1. 49.35 1.18 3.39 11.32 0.66 13.07 19.44 0.56 0.00 -0.01 98.95
Al-19-026 C 21/1. 48.91 1.30 3.91 11.58 0.63 13.08 19.00 0.62 0.00 0.00 99.02
Al-19-026 C 49/1. 51.01 0.73 222 11.13 0.63 13.48 19.49 0.47 0.00 0.00 99.14
Al-19-026 C 50/1. 51.14 0.81 247 11.156 0.65 13.51 19.53 0.43 0.00 0.00 99.68
Al-19-026 C 51/1. 50.64 0.86 2.60 10.92 0.60 13.33 20.08 0.46 0.00 0.00 99.48
Al-19-026 R 16/1. 50.86 0.87 247 9.33 0.52 14.37 20.04 0.50 0.01 0.00 98.98
Al-19-026 R 171/1. 50.60 0.91 2.56 9.64 0.52 14.24 19.82 0.51 0.01 0.00 98.82
Al-19-026 R 18/1. 50.30 1.12 274 10.06 0.57 14.19 19.32 0.51 0.01 0.00 98.83
Al-19-026 R 22/1. 51.04 0.95 273 9.42 0.55 14.33 19.71 0.47 0.02 0.00 99.22
Al-19-026 R 23/1. 50.59 1.06 3.04 9.82 0.56 13.91 19.66 0.53 0.01 0.00 99.19
Al-19-026 R 24/1. 50.56 0.88 257 9.46 0.54 14.22 19.95 0.43 0.01 -0.01 98.62
Al-19-026 R 52/1. 50.80 0.98 277 9.79 0.55 14.10 19.62 0.53 0.02 0.00 99.16
Al-19-026 R 53/1. 50.61 0.93 2.65 9.62 0.54 14.18 19.42 0.48 0.02 0.01 98.45
Al-19-026 R 54/1. 50.72 0.97 276 9.68 0.55 14.07 19.88 0.48 0.02 0.00 99.13
Al-19-026 R 1 49.57 0.96 2.64 10.76 0.68 13.73 19.29 0.48 0.00 0.00 98.10
Al-19-026 R 2 49.39 1.09 3.09 9.90 0.57 14.03 19.36 0.50 0.00 -0.01 97.94
Al-19-026 R 4 48.83 1.56 4.02 9.54 0.46 13.94 19.83 0.52 0.00 0.00 98.71
Al-19-026 R 5 48.07 1.41 3.72 9.73 0.50 13.86 19.66 0.56 0.00 0.01 97.54
Al-19-026 R 10 49.19 1.01 277 10.25 0.64 13.95 19.49 0.49 0.00 0.00 97.79
Al-19-026 C 1 50.64 0.62 1.51 10.45 0.71 15.03 18.57 0.43 0.00 0.01 97.98
Al-19-026 C 2 50.95 0.61 1.51 10.56 0.72 14.53 19.29 0.35 0.00 0.01 98.53
Al-19-026 C 4 47.90 1.562 3.84 9.55 0.46 13.71 20.06 0.52 0.00 0.00 97.56
Al-19-026 C 5 48.23 1.45 3.64 9.50 0.50 13.87 19.99 0.54 0.00 -0.02 97.69
Al-19-026 C 10 48.55 1.25 3.23 10.66 0.64 13.58 19.29 0.51 0.00 0.00 97.71
Al-19-026 POINT A 3 50.76 0.71 1.80 9.44 0.59 14.87 19.81 0.41 0.00 -0.01 98.38
Al-19-026 POINT B 3 51.18 0.66 1.61 10.02 0.67 15.07 19.17 0.35 0.00 -0.01 98.70
Al-19-026 POINT 6 50.67 0.72 1.79 9.63 0.62 14.91 19.69 0.43 0.00 -0.01 98.46
Al-19-026 POINT 7 50.85 0.69 1.82 9.29 0.58 14.88 19.98 0.42 0.01 -0.01 98.52
Al-19-026 POINT A 8 49.36 0.93 261 10.66 0.67 13.93 19.15 0.49 0.00 -0.01 97.80
Al-19-026 POINT A 9 49.65 1.1 2.88 10.23 0.56 14.96 18.25 0.43 0.01 0.00 98.08
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2.4 Amphibole EPMA

C —core, R—rim.

Sample Type %Zt; SiO2 TiO2 Al202 FeO MnO MgO CaO Na20 K20 Cr203 Cl F Total
Point
e c 4/1. | 4305 | 378 | 1034 | 1474 | o048 | 1230 | 1103 | 292 0.69 0.01 0.05 026 | 9973
P c 5/1. | 4263 | 373 | 1030 | 1490 | o048 | 1222 | 1091 | 287 0.69 000 | 006 027 | 99.05
e c /1| 4179 | 432 | 1048 | 1638 | 047 | 1094 | 1094 | 287 0.67 0.00 0.04 021 | 9912
P c 210\ apa1 | 437 | 1068 | 1657 | 048 | 1088 | 1095 | 278 0.68 000 | 004 020 | 9974
e R 6/1. | 4223 | 379 | 1032 | 1579 | o051 1168 | 1083 | 291 0.71 -0.01 0.06 025 | 99.08
P R 7/1. | 4245 | 378 | 1027 | 1561 | o050 | 1176 | 1077 | 273 0.72 000 | o007 022 | 9858
A('J';f' R 28/ | 4168 | 436 | 1071 | 1590 | o045 | 1108 | 1086 | 278 067 | -0.01 0.04 020 | 9883
P R 2970 | 4157 | 444 | 1072 | 1630 | 045 | 1124 | 1099 | 281 068 | -001 | o004 019 | 99.44
A c 171. | 4232 | 446 | 1068 | 1487 | 041 | 1196 | 1099 | 2.89 0.63 000 | 004 017 | 99.41
A c 2/1. | 4160 | 447 | 1065 | 1497 | o040 | 1203 | 1103 | 289 0.64 0.01 0.04 017 | 9890
A c 3/1. | 4198 | 446 | 1064 | 1498 | 039 | 1199 | 1093 | 286 0.63 000 | o004 017 | 99.06
A R 4/1. | 4190 | 442 | 1064 | 1481 | 039 | 1211 | 1096 | 289 0.66 0.01 0.04 017 | 99.08
A R 5/1. | 4185 | 446 | 1069 | 1468 | 039 | 1200 | 1098 | 288 0.63 0.00 0.04 018 | 98.80
A1"2119' R 6/1. | 4157 | 444 | 1063 | 1476 | 040 | 1210 | 11.04 | 288 0.63 0.00 0.04 016 | 9865
A1"2179' c 35/ | s184 | 432 | 1060 | 1700 | o050 | 1071 | 1081 | 283 0.68 0.00 0.05 016 | 99.49
A c 1T | a1et | 422 | 1064 | 702 | 055 | 1021 | 1104 | 286 067 | -001 | 005 016 | 99.93
A1"2179' c 37/ "] 4158 | 479 | 1076 | 1307 | 034 | 1307 | 1110 | 289 064 | -0.01 0.03 020 | 9847
A c BIT | 4185 | 478 | 1079 | 1320 | 034 | 1200 | 1122 | 295 0.64 000 | 003 018 | 9898
A1"2179' c 63"’ | 4349 | 380 | 1031 | 1470 | o046 | 1262 | 1092 | 297 0.68 0.00 0.05 024 | 10034
A c 6470 | 4222 | 397 | 1043 | 1467 | 045 | 1263 | 1072 | 293 0.67 000 | 005 021 | 9893
A1"2179' c 65/ | 4260 | 401 | 1038 | 1446 | 045 | 1280 | 1092 | 290 0.67 0.00 0.05 021 | 99.44
A G 10| 4155 | 430 | 1056 | 1620 | 047 | 1128 | 11.00 | 294 0.68 000 | 005 018 | 99.19
A1"2179' R 39/ "| 4126 | 425 | 1035 | 1782 | 053 | 1034 | 1097 | 278 0.66 0.00 0.05 015 | 99.16
A R 0711 ago2 | 395 | 1447 | 1212 | 038 6.90 7.45 5.24 0.92 0.00 0.03 009 | 10047
A R T 4238 | 477 | 1105 | 1304 | 034 | 1301 | 1129 | 287 0.65 0.00 0.04 019 | 9963
A1"2179' R 42/ "] 4190 | 427 | 1046 | 1751 | o052 | 1045 | 1093 | 296 0.68 0.00 0.05 015 | 99.86
A R 6671 | 4249 | 360 | 1021 | 1586 | 051 11.85 | 1069 | 297 0.71 -0.01 0.06 023 | 99.18
A1"2179' R 67/ | 4232 | 360 | 1025 | 1595 | o054 | 1198 | 1075 | 293 0.71 0.00 0.06 024 | 9932
A R 68/1 | 4325 | 355 | 992 | 1599 | 054 | 1189 | 1065 | 3.07 0.71 0.00 0.06 023 | 99.84
A1"2179' R 69/ | 4338 | 355 | 995 | 1590 | o054 | 1167 | 1054 | 296 0.70 0.00 0.06 020 | 99.56
DIP-8 c /1| 4076 | 420 | 1017 | 1645 | 051 1080 | 1023 | 283 0.64 0.00 0.04 038 | 97.10
DIP-8 c ZGA’ "1 4123 | 430 | 1018 | 1658 | 050 | 1073 | 1036 | 290 0.63 0.00 0.04 037 | o782
DIP-8 c 2T a092 | 393 | 1032 | 1720 | 052 | 1065 | 1028 | 289 0.61 0.00 0.04 039 | o785
DIP-8 R 28/1 4169 | 417 | 1041 | 1726 | 052 | 1031 | 1028 | 276 067 | -0.01 0.05 039 | 9821
DIP-8 R 211 121 | 412 | 1008 | 1744 | 051 1030 | 1034 | 277 0.67 0.00 0.04 035 | o778
DIP-8 R 3°A” 4115 | 411 | 1006 | 1749 | 053 | 1019 | 1031 | 275 0.67 0.00 0.04 036 | 97.66
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o 9/1. | 4054 | 420 | 1041 | 1746 | o056 | 967 | 1063 | 291 067 | 000 | 004 | 036 | 9753
o 210 | 4100 | 460 | 1048 | 1313 | 038 | 1260 | 1096 | 281 065 | 0.01 004 | 043 | 9806
A('J';g' 25/ "| 4165 | 458 | 1016 | 1278 | 037 | 128 | 1072 | 284 060 | -0.01 0.03 046 | 97.07
o 2611 | 4146 | 469 | 1035 | 1342 | 038 | 1277 | 1071 | 296 | o061 000 | 003 | o047 | o787
A('J';g' 2711 | 4198 | 457 | 1043 | 1310 | 038 | 1281 | 1072 | 283 0.60 0.01 0.04 046 | 9763
o 1T 4172 | 445 | 1041 | 1403 | 041 | 1234 | 1067 | 277 | o062 000 | 003 | o044 | 97.91
A('J';g' 2911 | 4238 | 443 | 1000 | 1333 | 039 | 1247 | 1071 | 290 0.63 0.01 0.04 044 | o782
o 11| 4175 | 440 | 1021 | 1370 | 042 | 1245 | 1058 | 279 | 063 000 | 004 | 045 | 97.41
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2.4 Glass EPMA

iamp g:ttf Si02, | TiO2 | A0, | FEO | MnO | MgO | CaO | NaO | K:O | Cr0s | Cl F P,0s | SO, | Total
Point
DIP3 | 6/1. | 6060 | 184 | 1490 | 7.47 | 027 | 157 |363 | 571 |344 |00t |08 |o040 |073 | o001 | 10
DIP-3 [ 7/1. | 5989 | 1.89 | 1492 | 770 | 027 | 166 [375 |577 |357 |-001 [019 |010 |072 |o001 | 004
DIP-3 | 8/1. | 5083 | 1.91 | 1472 | 740 | 027 | 169 | 367 |591 |351 |001 |o019 |o011 |o072 |o001 | 99.95
DIP-3 | 9/1. | 5958 | 1.80 | 1471 | 754 | 026 | 159 | 336 | 563 | 352 |-001 | 019 |o011 | 060 | 001 | 9889
pip-3 | 191 | 6104 | 167 | 1515 | 689 | 027 | 157 |314 | 587 |377 |00t [020 |009 |055 |o001 | 1002
oip3 | 2/ | 5919 | 193 | 1491 | 796 | o028 | 179 [376 | 574 |363 |-001 |047 |o040 |o072 | o001 | 1%
oip3 | 3/ | 5065 | 188 | 1498 | 684 | o026 | 171 | 381 |608 | 319 | 000 | 016 |008 | 072 |o001 | 9937
pip-3 | *4/7 | 5894 | 195 | 1510 | 760 | 027 | 174 [390 |571 [347 |000 |08 |010 | 075 |001 | 99.74
DIP6 | 1/1. | 6144 | 125 | 1621 | 607 | 023 | 149 [318 [605 | 341 | 000 | 019 |o008 | o044 |o000 | 000
DIP6 | 2/1. | 6178 | 128 | 1656 | 577 | 024 | 138 [332 [600 |326 | 001 |018 |009 |o045 |o000 |00
DIP-6 [ 7/1. | 6182 | 128 | 1618 | 610 | 024 | 142 |319 |595 |334 |000 |019 |008 |044 |o000 | 1002
DIP6 | 9/1. | 6246 | 130 | 1617 | 624 | 024 | 134 [302 |59 |323 |000 |020 |o008 |o046 |00t | 07
pips | "1/ | 6166 | 131 | 1593 | 606 | 026 | 132 [294 [637 |320 | 000 |020 |009 | 043 |001 | 99.87
pip6 | ®/7 | 6164 | 133 | 1591 | 615 | 025 | 125 [298 |585 [340 | 000 |021 |009 |042 |000 | 99.49
oip6 | /1 | 6130 | 120 | 1584 | 613 | o026 | 137 | 303 |608 |352 | 001 | 019 |007 | 043 | o000 | 9961
DIP-8 | 6/1. | 61.01 | 113 | 17.01 | 599 | 025 | 119 | 260 | 631 | 409 | 000 | o021 |o022 | o042 1004
DIP-8 | 7/1. | 6235 | 149 | 1488 | 632 | 026 | 133 | 242 | 595 | 413 | 000 | o016 | 022 | 052 00
pipg | "/ | 6104 | 155 | 1496 | 640 | 030 | 134 |252 |578 |405 | 000 |022 |026 | 056 99.87
oip-g | 2/ | 6213 | 152 | 1505 | 586 | 023 | 100 |220 |579 |419 | 000 | 014 |023 | 053 99.05
pip-g | 2°/7 | 6192 | 134 | 1567 | 633 | 026 | 140 |282 |604 [371 |000 |020 |022 | 049 1004
pip-g | 2/ | 6243 | 134 | 1540 | 642 | 025 | 147 |276 |641 | 361 | 000 | 019 |022 | 046 1006
pip-g | 2/ | 6140 | 137 | 1602 | 623 | o027 | 137 |298 |595 | 360 | 000 | 021 |022 | 049 1001
pip-g | 32/7 | 6245 | 136 | 1605 | 633 | 026 | 144 [293 |620 [357 |000 |020 |021 | 049 1015
pipg | /1 | 6144 | 138 | 1572 | 621 | o027 | 142 | 279 | 601 | 372 | o001 |021 |o024 | 051 99.91
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Appendices 3 — Crystal Size Distribution (CSD) Data

Classic CSD — Al-19-008 (Spatter)

Mi((trl:;er In(pop den) In(min PD) In(max PD) Cry Num vol%
662 22561 ANAME? 24.92 229E-09 5.711
417 231 23.71 2273 1.78E-08  11.17
263 2117 -21.49 -20.92 779E-08 12.26
166.2 192 -19.37 -19.04 352E-07 13.93
104.9 17.67 17.8 1755 1.03E-06  10.2
66.2 -15.81 -15.89 -15.74 4.15E-06  10.35
417 1435 -14.41 -14.29 1.13E-05 7.074
26.3 -13.39 -13.46 -13.34 1.85E-05  2.907
16.62 -12.66 1273 126 0.0000242 0.957
10.49 1243 1253 1233 0.0000194 0.192
6.62 -14.28 -15.81 137 1.92E-06  0.004
4.17
2.63
1.662
1.049

0.662
Classic CSD — Al-19-121 (Spatter)

M'(‘L r'g;er In(pop den)  In(min PD) In(max PD) Cry Num vol%
403 -23.89 24.32 2358 7'%‘5‘ 4.567
254 -22.46 -22.79 -22.21 2'%25 3.025
160.3 20.7 -20.91 -20.53 7'%2'5' 2.766
101.1 -18.92 -19.04 18.8 2'%‘;5 2.619
63.8 -17.49 1759 174 7"(‘)‘;'5' 1.724
40.3 -16.31 16.4 -16.23 1'%2'5' 0.891
25.4 15.53 15.63 15.45 2.825- 0.307
16.03 -15.01 -15.14 14.9 2%3(;5 0.082
10.11 -15.63 -16.02 -15.35 7'%3'5' 0.007
6.38
4.03
2.54
1.603
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Classic CSD — Al-19-026 (Normal Lava)

'V“(‘fj :;‘;er In(pop den)  In(min PD) In(max PD) Cry Num  vol%
474 -24.79 #NAME? -24.1 3.72E-09 5.133
299 -21.8 -22.25 215 4.67E-08 16.17
189 -20.23 -20.53 19.99  1.43E-07 12.42
119.1 -19.07 -19.34 18.86  2.86E-07 6.25
75.1 17.15 17.3 17.02  1.23E-06 6.761
47.4 -15.27 -15.36 1518  5.11E-06 7.038
29.9 -13.94 -14.02 13.87  1.21E-05 4.19
18.9 -13.08 -13.16 -13.01 1.81E-05 1.573

11.91 -12.34 -12.43 12.26  0.000024 0.523
7.51 -11.55 -11.65 1146 0.0000333 0.182
4.74 -12.16 -12.45 1193  1.15E-05 0.015
2.99
1.89
1.191
0.751
0.474
Classic CSD — Al-19-028 (Normal Lava)

'V“(‘i :\‘;er In(pop den)  In(min PD) In(max PD) Cry Num  vol%
603 -25.15 #NAME? 2446  3.31E-09 5.631
380 -22.86 -23.58 2245  2.06E-08 8.801
240 -20.33 -20.59 2013 1.63E-07 17.55

151.4 -19.01 -19.22 -18.84  3.87E-07 10.43
95.5 17.07 -17.19 16.97  1.69E-06 11.46
60.3 -15.31 -15.39 1524  6.23E-06 10.61
38 -13.61 -13.66 1356  2.15E-05 9.198
24 -12.49 -12.54 12.44  4.16E-05 4.469

15.14 -11.59 -11.64 1155  0.0000642 1.734
9.55 -10.8 -10.85 -10.74  0.0000902 0.611
6.03 -10.12 -10.19 10.07  1.11E-04 0.189
3.8 -11.02 -11.25 -10.84  2.86E-05 0.012
2.4

1.514

0.955

0.603
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Classic CSD — Al-19-028 (Dark Lava Bands)

M'gj:;‘;er In(pop den)  In(min PD) In(max PD) Cry Num vol%
589 -25.22 -26.08 2477  3.01E-09 4.629
372 2247 22.73 2226  2.99E-08 11.54
234 -21.06 21.27 20.89  7.71E-08 7.474
147.9 19.2 -19.32 19.09  3.12E-07 7.597
93.3 -16.98 -17.04 16.92  1.82E-06 11.15
58.9 15.15 15.19 1511  7.17E-06 11.01
37.2 14.07 14.11 14.03  1.33E-05 5.127
23.4 14.2 14.27 1413 7.37E-06 0.714
14.79
9.33
5.89

Classic CSD — DIP-3 (Scoria clasts)

M'(‘i:;‘;er In(pop den) In(min PD) In(max PD) Cry Num  vol%
286 24.37 -25.07 2397  3.42E-09 0.639
180 2214 2245 21.91 2.01E-08 0.942
113.7 -20.06 -20.22 -19.93 1.01E-07 1.193
71.8 -18.14 -18.23 18.05  4.40E-07 1.3
453 -16.41 -16.48 -16.36 1.55E-06 1.153
28.6 14.85 -14.89 14.8 4.69E-06 0.876
18 -13.59 13.63 -13.56 1.04E-05 0.487
11.37 12.65 -12.69 12.62 1.67E-05 0.197
7.18 -12.02 -12.06 11.97 0.00002  0.059
4.53 -11.84 11.91 4177 0.0000151 0.011
2.86 -13.49 14.11 13.11 1.83E06 0
1.8
1.137
0.718
0.453
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Classic CSD — DIP-5 (Pumice clasts)

M'(‘i:;‘;er In(pop den)  In(min PD) In(max PD) Cry Num vol%
510 -26.2 -27.43 2567  9.82E-10 1.275
322 -23.79 -24.21 235  B.80E-09 2.247
203 -21.36 -21.53 2121  4.97E-08 4.07
128.2 -20.31 -20.48 2017  8.93E-08 1.837
80.9 -18.68 -18.79 18.58  2.87E-07 1.485
51 17 17.08 16.93  9.73E-07 1.264
32.2 -15.66 15.72 15.6  2.35E-06 0.766
20.3 -14.55 14.61 145  4.50E-06 0.368
12.82 -13.48 13.53 13.43  8.27E-06 0.17
8.09 -13.07 13.14 13 7.85E-06 0.04
5.1 13.71 13.92 1353 2.62E-06 0.003
3.22
2.03
1.282
0.809
0.51

Classic CSD — DIP-8 (Dense Clasts)

M'(‘fj:;‘;er In(pop den)  In(min PD) In(max PD) Cry Num  vol%
180 -22.32 #NAME? 2162  1.69E-08 0.792
113.7 -19.46 -19.93 1913 1.86E-07 2.193
71.8 17.79 -18.1 1756  6.20E-07 1.836
45.3 15.72 -15.89 1559  3.09E-06 2.297
28.6 -14.09 14.2 13.99  1.00E-05 1.87
18 -12.29 -12.36 1222 3.83E-05 1.798
11.37 -10.94 11 10.89  9.28E-05 1.093
7.18 -9.71 -9.76 -9.67  2.00E-04 0.591
4.53 -9.06 -9.11 -9 0.000243 0.18
2.86 -9 -9.1 892  0.000162 0.03
1.8 -9.36 -9.61 916  7.15E-05 0.003
1.137 -8.42 -8.64 -8.24 1.15E-04 0.001
0.453 -6.58 -8.75 6.44  0.000289 0
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