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I. INTRODUCTION

Statement of Problem

The Barby Formation is a major rock unit within the Mesoproterozoic Konkiep terrane in
southwest Namibia, which makes up part of the Namaqua-Natal orogenic belt (NNOB) in
southern Africa (Figures 1 and 2). The formation consists mainly of calc-alkaline to shoshonitic
basaltic andesites to andesites formed in a 1.2 Ga volcanic arc (Hoal, 1990; Miller, 2008). Here I
use clinopyroxene (cpx) chemistry in Barby Formation rocks in order to help constrain magma
chamber evolution and characterize the complex magma plumbing system. Samples previously
collected from well-exposed outcrops of volcanic and hypabyssal intrusions in representative
parts of the Barby Formation form the basis for this project (Figure 3). These areas have
previously been mapped by TCU workers and are separated by a half graben filled with younger
sedimentary rocks. Detailed field and geochemical studies of the Barby Formation in these areas
document the eruptive styles and magma compositions of volcanic and associated hypabyssal
rocks (Andrews et al., 2016; 2017; Lehman, 2019; Ohrmundt, 2020). Cpx is highly resistant to
secondary alteration processes and can provide important petrogenic information in altered
igneous rocks (Rossel et al., 2015). Studying cpx compositional variations in the Barby
Formation will give additional insights into the magmatic history of this formation. This study
uses an electron microprobe to analyze cpx in seven samples collected by Andrews et al. (2016,
2017) and in sixteen samples collected by Ohrmundt (2020) to examine compositional trends and

to constrain the magma source chamber characteristics through geothermobarometry.



Regional Geology

The complex geological history in southern Africa starts with rocks in the four main
Archean cratons in the region, which are the Angola-Kasai, Kaapvaal, Zimbabwe, and Tanzania
cratons (Figure 1) (Hanson, 2003). These cratons are > 2.5 Ga in age and are separated by three
younger orogenic systems active during the Paleoproterozoic, Mesoproterozoic, and
Neoproterozoic-early Paleozoic. These three orogenic episodes created the Precambrian
foundation for the present geologic framework of southern Africa (Hoal, 1993; Hanson, 2003;
Miller, 2008). Isotopic ages in the Proterozoic belts range from 2.05-1.8 Ga for the Eburnian
orogenic episode, 1.35-1.0 Ga for the Kibaran orogenic episode, and 650-450 Ma for the Pan-
African orogenic episode (Hanson, 2003). Older orogenic belts in this region have controlled the

placement and shape of younger Proterozoic orogenic belts.

Rocks deformed during the Eburnian orogeny may form the unexposed basement for the
Konkiep terrane and may connect with basement inliers in the Pan-African Damaran belt to the
north (Miller, 2008; 2012). Paleoproterozoic basement inliers found in the western portion of the
Kibaran NNOB have yielded isotopic ages of 1.9-1.7 Ga (Miller, 2008) and include gneisses that
have been metamorphosed to upper amphibolite facies (Miller, 2008). The Rehoboth basement
inlier (RBI) is exposed Paleoproterozoic crust to the northeast of the Konkiep terrane (Miller,
2008). Much of the RBI is covered by younger sedimentary rocks and Kalahari Desert sands.
However, geophysical data show that the Paleoproterozoic rocks extend to the northeast under
cover (Miller, 2008; Cornell et al., 2015). Exposed parts of the RBI give U-Pb zircon ages of

1.78-1.74 Ga (Becker et al., 1996).

During the Mesoproterozoic, the Kibaran orogeny stabilized the Congo and Kalahari

cratons in southern Africa (Figure 1) (Hanson, 2003). The main belt exposed along the Kalahari
2



craton margin is the NNOB, which wraps the whole southern margin of the Kalahari craton
(Figure 1 and 2). Aeromagnetic anomalies allow exposed NNOB segments to be traced under
Phanerozoic cover in South Africa (Hoal, 1993; Hanson, 2003; Miller, 2008). The NNOB
records arc magmatism and amphibolite-granulite facies metamorphism along a major
convergent margin during assembly of the Rodinia supercontinent (Hanson, 2003; Miller, 2012).
Accretion of island arcs was followed by continent-continent collision during this time (Hanson,

2003; Miller, 2012; Cornell et al., 2015).

To the northeast, Mesoproterozoic rocks can be traced using geophysical characteristics
through Botswana beneath extensive cover in the Kalahari Desert and connect with the 1.3-1.1
Ga Choma-Kalomo block exposed in Zambia (Hanson et al., 1988). The Umkondo igneous
province (UIP) was emplaced at 1.1 Ga and overlaps with younger parts of the NNOB.
Widespread tholeiitic gabbroic and diabasic intrusions of this province occur across large parts
of the Kalahari craton (Hanson et al., 2004; 2006). Discontinuous, isolated outcrops of 1.1 Ga
volcanic and sedimentary rocks are found in the Kalahari Desert in Botswana and can be traced
into southwest Namibia along the southern margin of the Damaran belt (Singletary et al., 2003;
Miller, 2008). The UIP developed behind the Namaqua-Natal convergent plate boundary and
was superimposed on a slightly older Mesoproterozoic orogen within Botswana and eastern
Namibia (Hanson et al., 2006). Due to the intraplate setting, the UIP is considered to provide
evidence of a rising mantle plume interacting with stresses from the Namaqua-Natal plate

boundary during Rodinia formation (Hanson et al., 2006).
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Figure 1. Major Precambrian orogenic belts and cratons in southern Africa. Modified from
Hanson (2003) and Singletary et al. (2003).
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Figure 2. Close up of southern Africa showing the study area in southern Namibia. Modified
from Hanson (2003) and Singletary et al. (2003).



Konkiep Terrane

The wedge-shaped Konkiep terrane represents Mesoproterozoic rocks making up a major
part of the NNOB in Namibia, near the western margin of the Kalahari craton (Miller, 2008;
Panzik et al., 2016). U-Pb zircon isotopic dating yields ages of 1.4-1.1 Ga for the terrane. The
terrane is bounded in the south by the Excelsior-Lord Hill lineament and by the Namaqua front in
the northeast (Figure 2) (Corner, 2008; Miller, 2008). The Namaqua front represents the site
where accretion of the Konkiep terrane took place against the Kalahari craton (Miller, 2012). The
Namagqua front is juxtaposed to the northeast against the quiet aeromagnetic signature of
assumed Paleoproterozoic crust related to the RBI in the subsurface (Miller, 2012; Cornell et al.,
2015). In contrast to the RBI signature, very strong and irregular magnetic anomalies can be

detected throughout the Konkiep terrane (Corner, 2008; Miller, 2008).

Stratified rocks in the terrane were included within the Konkiep Group by Miller (2008),
which comprised the Kairab Formation, coeval Nagatis and Welverdiend Formations, Kunjas
Formation, coeval Barby and Haiber Flats Formations, Guperas Formation, and the Aubures
Formation at the top of the sequence (Figure 3). More recently, the Konkiep Group has been
replaced by three separate groups separated by regional unconformities (Cornell et al., 2020).
Each of these groups represents changes in tectonic environment. The Betta Group includes the
Nagatis and Welverdiend Formations and records rifting from 1.36-1.33 Ga, which split the RBI
(Malobela et al., 2019). The Vergenoeg Group includes the 1.2 Ga Barby and coeval Haiber
Flats Formations and records volcanic arc activity. The Ganaams Group includes the 1.1 Ga
Guperas Formation, which is an extension of the UIP, and the overlying sedimentary Aubures
Formation (Malobela et al., 2019; Cornell et al., 2020). Most of these rocks in general show

unusually low-grade metamorphism (zeolite and prehnite-pumpellyite facies) compared to other



rocks within the NNOB, and they preserve a much better record of geological history in the
orogen (Miller, 2008). Together with coeval units in the RBI, they make up the Sinclair

Supergroup (Miller, 2008).

[ ] Post-Nama cover [ ] Nama Group (0.55 Ga)
- Plutonic rocks (1.38-1.1 Ga, mostly granitoids)

|:| Aubures Fm (1.1 Ga, synrift redbeds)

[ ] Guperas Fm (1.1 Ga, bimodal volcanics)

- Barby Fm (1.2 Ga, volcanic arc)

[ Haiber Flats Fm (1.2 Ga, volcanic arc)

[ | Kunjas Fm (1.2 Ga, clastic sediments)

Welverdiend Fm (1.35 Ga, bimodal
- volcanics)

e Nagatis Fm (1.35 Ga, bimodal
volcanics})

Kairab Fm (1.38 Ga,
volcanic arc and
underlying basement)

" Fault .. Shear zone

@ Study area for Andrews
(2016, 2017)

Location of
sill packages

* Study area for Ohrmundt
(2020)

H = Helmeringhausen
Modified from Miller (2008)

Figure 3. Geologic map of the Konkiep terrane modified from Miller (2008). Field areas from
previous TCU studies are indicated within the Barby Formation. Rocks collected from these sites
are the focus of this study.

In some areas of the Konkiep terrane, the basal unit is the metavolcanic Kairab
Formation. Due to Phanerozoic cover, rocks within the Kairab Formation are poorly exposed.
Partly bimodal metavolcanic rocks within the unit range from basaltic to rhyolitic in composition

and are up to 4000 m thick in the Awasib Mountains (Figure 3) (Miller, 2008). The Kairab




Formation generally shows stronger deformation and a higher grade of metamorphism than other
units in the Konkiep terrane and is considered to represent early-stage crustal development in the
terrane (Hoal, 1989). Chemical analyses done by Hoal (1990) indicate compositions typical of
tholeiitic island arcs, supporting a model of island-arc accretion during the Mesoproterozoic

(Miller, 2008; 2012).

Located in the southeast part of the Konkiep terrane, the Nagatis Formation crops out in a
belt trending northwest. Unlike the Kairab Formation, the Nagatis Formation has outcrops only
in the Helmeringhausen area (Figure 3). Bounded by two unconformities, the Nagatis Formation
rests on top of an older granodiorite and is overlain by the Kunjas Formation (Miller, 2008). The
majority of the Nagatis Formation is dominated by A-type rhyolites, interbedded ignimbrites,
and minor sedimentary rock sequences (Miller, 2008; Lehman, 2019). Some evidence of
rheomorphism is shown by the rhyolites (Miller, 2008; 2012). In the southeastern corner of the
Nagatis Formation, the Gamochas caldera is composed of quartz-phyric rhyolites and minor
tholeiitic basalts within ring faults; basaltic dikes also occur (von Brunn, 1969; Miller, 2008;
Lehman, 2019). U-Pb zircon dating by Harris et al. (2020) places this unit at 1.36 Ga, making it
among the oldest undeformed units within the Sinclair Supergroup. Mafic rocks came from
depleted mantle sources, whereas felsic rocks contain large amounts of crustal components with

subduction signatures inherited from older crust (Lehman, 2019; Harris et al., 2020).

The Welverdiend Formation occupies a discontinuous belt trending northwest-southeast
and is exposed in the northern portion of the Konkiep terrane (Miller, 2008). Roughly coeval
with the Nagatis Formation, the Welverdiend Formation is ~5.1 km thick and is bimodal in
composition with tholeiitic basalts and basaltic andesites intercalated with flow-banded rhyolites

and pyroclastic deposits (Brown and Wilson, 1986; Miller, 2008; Cornell et al., 2015). U-Pb



zircon dating done by Cornell et al. (2015) and Harris et al. (2021) yield ages of 1.34-1.33 Ga for
the unit. It is inferred that the Nagatis and Welverdiend Formations formed within a continental

rift setting (Cornell et al., 2020).

The Kunjas Formation rests uncomformably on top of the Nagatis Formation, west of the
Helmeringhausen area (Miller, 2008). It is composed of polymict sedimentary breccia,
conglomerate, and interbedded siltstone, shale, and sandstone layers. Planar and trough cross-
bedding is present throughout, as well as consistent fining-upward packages, indicating fluvial
deposition (Miller, 2008; 2012). In the Awasib Mountains, conglomerate clasts are
predominately granitic and quartzite in composition. Deposition of the Kunjas sediments was
followed by the second main volcanic phase forming a new continental margin arc (Cornell et

al., 2015; Malobela et al., 2019).

The Barby Formation, which is the subject of this study, stretches 90 km along strike
northwest-southeast and is 8.5 km thick. It comprises mainly calc-alkaline to shoshonitic basaltic
andesites and andesites with intercalated lacustrine sediments and minor rhyolitic lava flows
(Watters, 1974; Miller, 2008; Ohrmundt, 2020), and will be discussed in more detail later.
Watters (1974) describes the contact between the Kunjas and Barby Formations as
disconformable in the north to conformable in the south. U-Pb zircon dating yields ages of 1.22-

1.21 Ga for these volcanic rocks (Malobela et al., 2019).

Coeval with the Barby Formation, the Haiber Flats Formation is oriented northwest-
southeast and located further west, closer to the Excelsior-Lord Hill lineament. The Haiber Flats
Formation is composed of volcanic rocks that disconformably overlie the Kunjas strata (Miller,
2008) and range in composition from basaltic andesite to rhyolite. The volcanic rocks are strictly

calc-alkaline in composition and compose up to 90% of the formation (Hoal, 1993). Some



volcaniclastic sedimentary rocks found in the Haiber Flats Formation are the erosional remnants
of extrusive rocks. Trace element relationships are characteristic of hydrous melts in arc settings
(Lehman, 2019). Heterogeneity of Zr concentrations between the Kairab, Barby and Haiber Flats
Formations indicates that the volcanic rocks in these formations come from either two different
mantle sources or from different degrees of partial melting of the mantle source rock (Hoal,
1990; Miller, 2008; Lehman, 2019). As shown by Hoal (1990), rocks within the Haiber Flats
Formation are laterally discontinuous, and therefore cannot be correlated throughout the Awasib

Mountains (Miller, 2008).

The Guperas Formation begins the third main magmatic cycle at ~1.1 Ga. It is the
youngest volcanic formation, lies unconformably on the Barby and Welverdiend Formations, and
occupies north-trending grabens. Rhyolitic lava flows, pyroclastic deposits, and minor basalt
flows are interfingered with matrix-supported conglomerates and lithic sandstones (Miller,
2008). Volcanic and sedimentary rocks in the Guperas Formation are cut by a bimodal dike
swarm with felsic and mafic members (Cornell et al., 2020). U-Pb zircon dating of these dikes
places the intrusions at 1.1 Ga (Panzik et al., 2016; Cornell et al., 2020). The dikes also yield
paleomagnetic poles that are similar to poles for the Guperas Formation and coincide with poles
for the UIP, providing evidence that the Guperas Formation and the dike swarm formed from the

Umkondo mantle heating event (Panzik et al., 2016; Cornell et al., 2020).

The Aubures Formation constitutes the final Mesoproterozoic unit within the Konkiep
terrane. It is ~2600 m thick and was deposited in two elongate half grabens trending north-
northwest located on the eastern side of the Konkiep terrane (Figure 3) (Watters, 1974; Miller,
1969; 2008). Characteristic redbeds in the formation begin with a poorly sorted basal

conglomerate that fines upwards into well sorted, fine- to very fine-grained, feldspathic



sandstones, shales, and siltstones (Miller, 1969; 2008). Fluvial deposition is indicated by
common tabular and trough cross beds, mud cracks, and clay pellet impressions (Miller, 2008).
U-PDb dating of detrital zircons in the unit provides a maximum sedimentation age of 1108 Ma. A
palaeomagnetic analysis of the Aubures Formation yielded a primary pole that places deposition
of the formation between poles from the UIP and the ~1090 Ma Kalkpunt Formation in South
Africa, confirming the Konkiep terrane was attached to the western margin of the Kalahari

craton by at least 1.1 Ga (Kasbohm et al., 2016).

Recent Work on the Barby Formation

Previous workers concluded that the Barby Formation consists mainly of lava flows and
less abundant hypabyssal intrusive rocks (Watters, 1974; Miller, 2008). More recently TCU
workers have documented abundant pyroclastic rocks formed from small, monogenetic
volcanoes intercalated with lacustrine sequences in representative parts of the formation (Figures
4-7) (Lehman et al., 2016; Andrews et al., 2016; 2017; Hanson et al., 2018; Ohrmundt, 2020).
Andrews et al. (2016, 2017) carried out reconnaissance mapping to the east of one of the half
grabens within which the Aubures Formation was deposited, along with more detailed mapping
in parts of that study area. Ohrmundt (2020) documented volcanic rocks and hypabyssal magma
plumbing systems in a smaller area, 2.5 by 2 km, on the other side of the Aubures half graben

(Figure 3).

Field work in both TCU study areas shows abundant pyroclastic fall deposits up to 80 m
thick that are interbedded with lacustrine sedimentary rocks consisting mostly of planar-
laminated volcaniclastic mudstones, siltstones, and sandstones (Figures 4-7). Lava flows occur in
places, but are much less common (Figure 5). Hawaiian, Strombolian, and phreatomagmatic

eruptions occurred in a topographically low environment with abundant lakes (Andrews et al.,

10



2016; Ohrmundt, 2020). Varying magma ascent rates controlled the eruption style at shallow
depths by dictating the magma to external water ratio, which resulted in major Hawaiian-style
spatter deposits changing upward into Strombolian deposits with dispersed ribbon and fusiform
bombs or into phreatomagmatic deposits with cauliflower bombs and poorly vesicular angular

lapilli (Andrews et al., 2016).

Measured sections 1 and 2

Measured sections 4 and 5

: Barby Formation (undifferentiated lavas, pyroclastics,
uartz porphyry dikes -
/ Q PRty and lacustrine deposits, hypabyssal intrusions

- Proximal pyroclastic deposits in Barby Formation

Guperas Formation

Figure 4. Map of Andrews et al. (2016) field area to the east of the Aubures half graben. Base
map is from Watters (1974). Measured sections are shown in Figure 5.

Pyroclastic fall deposits in some cases form massive, bomb-rich cliffs (Figures 6 and 7)
which are typically separated by lacustrine sequences 10-60 m thick with some bedded
lapillistone and lapilli tuff. Bombs reach up to 1 m in diameter and are fluidal to ellipsoidal in
shape, indicating Hawaiian to Strombolian eruptions. Bomb sags occur in some of the underlying

units (Ohrmundt, 2020).
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Hypabyssal intrusions commonly crosscut bomb-rich units, lacustrine sediments, and
pyroclastic fall deposits throughout the study areas (Andrews et al., 2016; 2017; Ohrmundt,
2020). Tabular dikes and sills intrude bomb-rich units, but more irregular intrusive geometries
occur in the lacustrine and pyroclastic fall deposits (Ohrmundt, 2020). An intrusion in the
pyroclastic sequence shown in measured section 3 (Figure 5) is characterized by fluidal, billowy
contacts against the pyroclastic deposits. These features indicate that the intrusion was emplaced
shortly after the pyroclastic material was deposited. Sill packages occur in places within thick
lacustrine sediments (Figures 3, 8, and 9) to the southeast of the area shown in Figure 4. These
sills were inferred by Andrews et al. (2017) to have been fed from basaltic to andesitic dikes that

could not penetrate the low-density sediments due to buoyancy constraints.

Sills in lacustrine deposits show undulatory, chilled margins and zones of peperite where
quenched magma intermixed with the sediment. Chilled margins of the sills cracked allowing
wet sediments to become fluidized and inject into the margins forming sediment tendrils. All
these features indicate interaction between magma and wet, unconsolidated sediments (Andrews
et al., 2016; 2017; Ohrmundt, 2020). Sill packages 1 and 2 each consist of five individual sills
separated by lacustrine sediments. Sill package 3 consists of six individual sills with sill 2
intruding into sill 1. Sill 4 in this sill package also is penetrated by a small, plagioclase-rich
intrusion. Zones of magma mingling are found in each sill package indicating that some sills
were formed from more than one batch of magma. Locations of samples taken from these sill

packages are shown in Figure 9.

Intrusive pyroclastic rocks up to 30 m thick (Figures 6 and 7) form massive, structureless

units and meter-scale dikes of pyroclastic material that in some cases encase tabular lacustrine

12



sediment masses or show mixing with sediment along their margins. Pyroclasts in the intrusive

units have similar textures to those shown by the extrusive pyroclasts (Ohrmundt, 2020).

Five phreatomagmatic diatremes that acted as feeder conduits to small maar volcanoes
are described by Ohrmundt et al. (2019) and Ohrmundt (2020). The diatremes have elliptical
outlines 60-120 m across (Figures 6 and 7) and are filled with a chaotic mixture of bombs,
blocks, lapilli, spatter, disaggregated sand and mud, and tabular bodies of lacustrine sediment
and pyroclastic deposits. This wide variety of material within the diatremes indicates explosive
behavior with varying combinations of magmatic volatile release and conversion of pore water

into steam within the wet sediments. It also indicates recycling of material that was erupted out

b

then fell back into the conduit and was erupted out again (Houghton and Smith, 1993). Recycled

material erupted out of the vent would have slowly widened the diatreme by collapsing the walls

and ejecta rims.

Previous TCU graduate students analyzed whole-rock geochemistry for samples from

both study areas, including the sill packages. Lehman (2019) analyzed major and immobile trace

elements in twenty-nine samples of the Barby Formation collected from the study area east of the

Aubures half graben (Andrews’ field area). Additional geochemistry performed by Ohrmundt
(2020) for samples in her study area shows close similarities to the samples collected further

east, indicating similar petrogenic histories for the Barby igneous rocks in both areas.
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Location of mapped sill packages

Sill Package 2

Sill Package 1

Sill Package 3

Figure 8. Locations of mapped sill packages. See Figure 3 for general location with respect to
other study areas in the Barby Formation. Map is from von Brunn (1969). Green = typical Barby
Formation (lavas, pyroclastic deposits, etc.); brown = sandstone and tuff in the Barby Formation,
in fault contact to the south with the typical Barby Formation; grey = Kunjas Formation. Heavy
black lines are other faults.
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Figure 9. Measured sections of sill packages 1-3 in Figure 8 (Andrews and Hanson unpublished
data), showing location of samples analyzed in the present study. Brown color represents
lacustrine sediment.

Whole-rock geochemical data from Lehman (2019) and Ohrmundt (2020) for samples

used in the present study are shown in Figures 10-19. Colored fields in those figures encompass
data for all the samples analyzed by Lehman (2019) and Ohrmundt (2020). Harker variation

diagrams indicate a decrease in CaO, MgO, and FeO with increasing silica content (Figures 10-

18



12). This is consistent with fractionation of phenocrysts of olivine and cpx, which are the main

phenocrysts present. On the other hand, TiO,, Na, O, and K, O show scattered data with

increasing silica content (Figures 13-15), which reflects mobility of some of these elements and

Si0, during alteration.
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Figure 10. Harker variation diagram for CaO. Blue field represents samples from Ohrmundt
(2020) and yellow field represents samples from Lehman (2019).
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Figure 11. Harker variation diagram for MgO. See Figure 10 for explanation of fields and

legend.
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Figure 12. Harker variation diagram for FeO. See Figure 10 for explanation of fields and legend.

Figure 13. Harker variation diagram for TiO,. See Figure 10 for explanation of fields and
legend.

TiO | wt%

2

14 ! ! ! ! !
G56-16
1.2 —
M2-
= SO-18173 KB43-16 ]
v
1.0 — —
?8‘\26}\
B PO7-1 -]
M1-1A
08 - —
M6—4% 17/5 SO 1747 A VA&E
- M1-4B VAT6105 -]
S0-1763 G
5041 716 D
0.6 | 1 ] ] 1 1 ] 1
50 55 60 65

S0, wid%

20



Figure 14. Harker variation diagram for Na,O. See Figure 10 for explanation of fields and

legend.

Figure 15. Harker variation diagram for K,O. See Figure 10 for explanation of fields and legend.
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All samples plot within fields for subalkaline andesite and basaltic andesite in Figure 16, which

uses trace elements that are resistant to alteration. Figures 17 and 18 show that the samples
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cluster tightly together in calc-alkaline fields on standard discrimination diagrams. Figure 19

shows that the samples cluster on the border between calc-alkaline andesites to shoshonites with

the majority of the samples plotting in the shoshonitic field.
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Figure 16. Nb/Yb vs. Zr/Ti classification diagram from Pearce (1996). See Figure 10 for

explanation of fields and legend.
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La/10 Nb/8

Figure 17. La/10-Y/15-Nb/8 discrimination diagram from Cabanis and Lecolle (1989). VAT:
volcanic arc tholeiite; N-MORB: normal mid-ocean ridge basalt; E-MORB: enriched mid-ocean
ridge basalt; Cont.: Continental; 1 represents overlap between calc-alkaline and VAT; 2
represents weakly enriched MORB; *: back arc basalts. See Figure 10 for explanation of fields
and legend.

Ti/100

A - Island-arc tholeiites (IAT)

B - MORB or |AT or CAB

C - Calc-alkaline basalts (CAB)

D - within-plate basalts

Zr Y*3

Figure 18. Zr-Ti/100-Y*3 discrimination diagram from Pearce and Cann (1973). See Figure 10
for explanation of fields and legend.
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Figure 19. Ta/YD vs. Th/Yb discrimination diagram from Pearce (1982). N-MORB: normal mid-
ocean ridge basalt; E-MORB: enriched mid-ocean ridge basalt; OIB: ocean island basalt; Thol.:
tholeiite; Calc-alk.: calc-alkaline; Sho.: shoshonite. See Figure 10 for explanation of fields and
legend.

II. METHODOLOGY

Petrographic studies on standard thin sections were used to visually estimate phenocryst
and vesicle percentages. Scanning electron microscope (SEM) images of cpx were taken to
compare the textures seen with optical microscopy. Sample locations are given in Table 1. A
wide range of samples were analyzed, including spatter and agglutinate, bedded lapillistone,
bombs in pyroclastic deposits, one bomb in a diatreme feeder conduit, one bomb within intrusive
pyroclastic rocks, and hypabyssal intrusions including sills and fluidal, irregular bodies. Not all

samples used in this study have whole-rock chemical analyses, and the additional samples
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analyzed here for cpx chemistry provide useful new information on petrogenetic relations in the

Barby Formation.

Table 1. Sample locations. CA = chemical analysis done for whole-rock

Sample CA Rock Type Field Area Latitude Longitude
KB43-16 Yes Sill from sill package 1 | Andrews -25°51°22” | 16°40°03”
PO7-16 Yes Sill from sill package 2 | Andrews -25°50°31” | 16°40°08”
G56-16 Yes Sill from sill package 3 | Andrews -25°52°37” | 16°35°18”
Mo6-4 Yes Sill Ohrmundt | -25°40'06" | 16°29'49"
VA 1603 Yes Spatter and agglutinate | Andrews -25°43°30” | 16°34°42”
SO-18126 A | Yes Spatter and agglutinate | Ohrmundt | -25°40'02" 16°29'43"
SO-1767 C | Yes Spatter and agglutinate | Ohrmundt | -25°40'14" 16°29'49"
M1-1A Yes Spatter and agglutinate | Ohrmundt | -25°40'09" 16°29'46"
VA 16105 Yes Hypabyssal intrusion Andrews -25°43°34” | 16°34°48”
SO-1716 D | Yes Hypabyssal intrusion Ohrmundt | -25°43°13” | 16°29°59”
SO-1763 G | Yes Hypabyssal intrusion Ohrmundt | -25°40°15” | 16°29°43”
M3-4 No Hypabyssal intrusion Ohrmundt | -25°40'08" 16°29'57"
SO-1888 A | No Hypabyssal intrusion Ohrmundt | -25°40'07" | 16°29'36"
SO-189%4 No Hypabyssal intrusion Ohrmundt | -25°40°05 | 16°29°46”
SO-18166 No Hypabyssal intrusion Ohrmundt | -25°40°05" | 16°30'08"
MSe6-7 No Pyroclastic bomb Andrews -25°43°29” | 16°34°43”
M1-4B Yes Pyroclastic bomb Ohrmundt | -25°40'09" 16°29'47"
M2-1A Yes Pyroclastic bomb Ohrmundt | -25°40'05" | 16°29'53"
M3-3 Yes Pyroclastic bomb Ohrmundt | -25°40'09" | 16°29'57"
SO-18173 Yes Pyroclastic bomb Ohrmundt | -25°39'57" | 16°30'26"
SO-18176 B | No Pyroclastic bomb Ohrmundt | -25°39'51" 16°30'11"
SO-1747 A | Yes Pyroclastic bomb Ohrmundt | -25°40°06” | 16°29°43”
1601.2A No Bedded lapillistone Andrews -25°43°28” | 16°34°45”

Electron Microprobe Analysis

Electron microprobe analysis (EPMA) was conducted under the supervision of Dr.

Steven Singletary. Data were collected from twenty-three samples using the JEOL JXA-8530F

electron microprobe at the Southeastern North Carolina Regional Microanalytical and Imaging

Consortium at Fayetteville State University (Figure 20), which is funded by U.S. Department of

Defense Grant W911NF-09-1-0011. Mineral compositions measured were collected using a

beam current of 20 nA with an accelerating voltage of 15 kV and a beam size of 5 um. Five
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wavelength dispersive spectrometers (WDS) with ten diffracting crystals were used to measure
the major oxides of Si, Ti, Al, Fe, Mn, Mg, Ca, Na, Cr, and K, with counting times of thirty
seconds on the peak and fifteen seconds on the backgrounds. To ensure the accuracy of each

analysis, appropriate natural and synthetic standards from the Astimex mineral block were used.

Data collection consisted of a single core-to-rim traverse with four to eight analysis
points on each phenocryst. Two to four phenocrysts were analyzed per sample. Once EPMA data
were collected, they were examined for any discrepancies or outliers between data points. For
example, points that were unknowingly analyzed too close to the crystal edge or to a crack
within the crystal would not give accurate weight percents or cation totals. Inconsistent data
points of this type were not used in the final data analysis. Compositional changes from core to
rim in each phenocryst were examined for differentiation trends and compared to trends seen in
the whole-rock data. In addition, Mg# was calculated as a measure of differentiation in the
magma chamber. Mg# can be calculated using different formulas based on the overall cation
ratio of magnesium to iron within rocks or minerals. For this study, Mg# was calculated for each

data point using the equation,

—__Ms
Mgh = —Ee * 100.

26



Figure 20. Electron microprobe at Fayetteville State University.

Geothermobarometry

Geothermobarometry follows methods outlined by Putirka (2008) and Wang et al. (2021)
using cpx-only thermobarometers. Both models were calibrated using experimental hydrous
systems for mafic lavas (Putirka, 2008; Wang et al., 2021). Cpx components are calculated on a
six-oxygen basis with a cation sum of 4 + 0.02. AlV! and Fe?* in equations were calculated from
original cation data for atoms per formula unit (a.p.f.u.) using the Carleton College Mineral
Formula Recalculation spreadsheet (Brady and Perkins, 2008). Use of the Putirka (2008)
thermometer and barometer required the calculation of diopside + hedenbergite (DiHd) and
enstatite + ferrosilite (EnFs) obtained using the same recalculation spreadsheet (Brady and

Perkins, 2008).

The Putirka barometer used the following equation:
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P(kbar) = 3205 + 0.384T(K) - 518InT(K) — 5.62(X,/") + 83.2(X32") + 68.2(X ) +

2.52In(X ) — SLIK i )2 + 34.8(Xghre)?

The Putirka thermometer uses the following equation:

T(K) =

93100 + 544P(kbar)
61.1+ 36.6(X;7) + 10.9(XP*) — 0.95(X; 7" + XP* — X P* — X7P*) + 0.395[In(ar*)]?

l Na

The barometer has a standard error of estimate (SEE) of + 5 kbar, and the SEE for the
thermometer is = 50-60 °C. The term Xﬂ)x is used to represent total Al. Temperature is recorded

in degrees Kelvin and is converted to degrees Celsius for ease of comparison with Wang et al.

(2021).

The thermometer and barometer from Wang et al. (2021) use a nonlinear term (NLT)
dependent on AlV! in jadeite (Jd). Al! is pressure dependent during crystallization and is used to

calculate the NLT in Wang et al. (2021). The Wang et al. barometer uses the following equation:
P(kbar) = a x NLT x In(AIV") + bSi + cFe'°t + dMg + eCa+ fNa + g
The Wang et al. thermometer uses the following equation:
T(°C) =100 [a x NLT + bTi + cAl + dMn + eMg + fCa + gFe?* + hH,0(wt%) + i

The barometer has an SEE of +1.66 kbar and the thermometer has an SEE equal to £36.6 °C.
The thermometer accounts for H,O (wt%) in solving for temperature. However, because rocks
used in this study have been altered, H, O is neglected. Results from both geothermobarometric
methods are compared as a check on their validity and to highlight any discrepancies such as

negative pressures or extremely high temperatures.
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III. RESULTS

Petrography

Petrographic analysis indicates that low-grade metamorphic and alteration products are
abundant in every sample. Thin section descriptions of the samples are shown in Tables 2-6.
Representative photomicrographs of phenocrysts are shown in Figures 21-23. Olivine phenocryst
content ranges from 5-15%, forming 1-2 mm long typically euhedral crystals that are completely
altered to hematite, serpentine, chlorite, and brucite. Some samples have minor secondary
epidote and iddingsite. Cpx phenocryst content ranges from 5-20%, forming 1-3 mm long,
euhedral crystals. Simple and polysynthetic twinning occurs in some crystals. The cpx shows
alteration in centers of crystals and along some oscillatory zones, but the alteration products are
too fine-grained to identify with certainty. Olivine and cpx sometimes form glomerocrysts. The
groundmass in the samples consists of plagioclase microlites, cpx, and opaque microlites with
textures ranging from intersertal to hyalopilitic. Some bomb and intrusive samples show
pilotaxitic texture. Vesicles range from 15-30%, are 1-3 mm across, have round to elongate
shapes and are filled with quartz, chalcedony, zeolites, calcite, prehnite and minor pumpellyite

(see also Ohrmundt, 2020).

Plagioclase phenocrysts are only present in sill package samples KB43-16, PO7-16, and
(G56-16. Plagioclase content in these samples ranges from 20-25%, forming 2-5 mm long
phenocrysts in PO7-16 and G56-16 and reaching up to 1 cm in length in KB43-16. The
plagioclase is almost completely sericitized in anorthite-rich cores, which pass into albite-rich

rims. Sill samples typically have coarser grained diabasic or subophitic texture.
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Igneous disequilibrium textures characteristic of intermediate volcanic rocks are
common. Oscillatory zoning in cpx can be seen in SEM imagery (Figure 24) and under the
petrographic microscope, indicating changes in magma chamber composition or disequilibrium
effects during crystal growth. Plagioclase phenocrysts in KB43-16, PO7-16, and G56-16 also
show sieve texture in anorthite-rich cores, representing an influx of hotter magma in the chamber
causing dissolution of plagioclase. Other textures in thin section include reaction rims of cpx on

olivine in hypabyssal intrusions and bomb samples.

Figure 21. Pyroclastic bomb sample SO-1747A with rectangles outlining cpx phenocrysts.
Groundmass shows intersertal texture. A: amygdule; Ol: olivine.
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Figure 22. Pyroclastic bomb sample SO-18176 B, showing olivine (Ol) almost completely

altered to hematite, serpentine, and chalcedony, with unaltered cpx phenocrysts. A: amygdules.

Figure 23. Agglutinate sample SO-1767 C, showing round to elongate amygdules (A), olivine
(Ol) completely altered to hematite, and cpx in the upper right corner with some alteration
visible.
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100pm UNCESU
15.0kV COMPO WD 10.8mm

Figure 24. Hypabyssal intrusion sample SO-1894 showing cpx phenocrysts with excellent
oscillatory zoning. The larger crystal in the center is a glomerocryst. White scale bar (100 um) is
shown at the bottom of the image.
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Cpx Chemistry

Complete data for cpx analyses are shown in Appendices I and II and are plotted on the
pyroxene quadrilateral from Morimoto (1988) in Figures 25-30. Data from Ohrmundt’s field area
are tightly clustered in the diopside and augite field. Diopside is generally more abundant in
these samples. Data from Andrews’ field area are also tightly clustered in the diopside and augite
field (Figure 25). However, cpx from sill packages 1, 2, and 3 generally shows more abundant

augite, including some subcalcic augite in sample KB43-16 (Figure 26).

Wo50 Wo50 O Bomb

Di Hd Di Hd
Y A Spatter and Agglutinate
Augite Augite 0 sill
¢ O Other Hypabyssal Intrusion
/ A Pig \ / B. Pig \

3 Bedded Lapillistone

/ Cl-en 1 Cl-fs \ / Cl-en 1 Clfs \

En Fs En Fs

Figure 25. All data points for cpx analyzed in this study. Left quadrilateral (A) shows data for
Andrews' samples and right quadrilateral (B) is for Ohrmundt's samples. En: enstatite; Cl-en:
clinoenstatite; Fs: ferrosilite; Cl-fs: clinoferrosilite; Pig: pigeonite; Di: diopside; Wo:
Wollastonite; Hd: hedenbergite.

Wo50

Di — Hd Di Wo50 Hd
AR 7 \ / o \
Y ®
Augite Augite
v
W Crystal1
KB43-16 Pig \ / PO7-16 Pig QO Crystal2
/ Cl-en 1 ClHs \ J CFen I Cl-fs N\ Y Crystal3
En Fs En Fs
DI Wo50 Hd Di Wo50 Hd ¢ Crystal 4
a l A @ Crystal5
L
Augite \ Augite Crystal 6
G56-16 Pig M6-4 Fig
/ Cl-en . 1 Y LCHs N\ / Cl-en,, 1 o Clfs N\
En Fs En Fs

Figure 26. Cpx compositions for sills. Symbols indicate sites probed on individual cpx crystals.
See Figure 25 for explanation of abbreviations.
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En Fs En Fs

Figure 27. Cpx compositions for spatter and agglutinate. Symbols indicate sites probed on
individual cpx crystals. See Figure 25 for explanation of abbreviations.
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Figure 28. Cpx compositions for other hypabyssal intrusions. Symbols indicate sites probed on
individual cpx crystals. See Figure 25 for explanation of abbreviations.
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Figure 29. Cpx compositions for pyroclastic bombs. Symbols indicate sites probed on individual
cpx crystals. See Figure 25 for explanation of abbreviations.
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Figure 30. Cpx compositions for bedded lapillistone from Andrews' area. Symbols indicate sites
probed on individual cpx crystals. See Figure 25 for explanation of abbreviations.

Variations in average values for major oxides FeO, MnO, MgO, TiO,, Al,05, CaO,

Na,O, and Cr,05 as well as for Mg# are shown in Table 7 and Figures 31-36. All samples show
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a strong trend of decreasing FeO with increasing Mg# (Figure 31), while most samples show a
weaker trend of decreasing FeO with increasing MgO (Figure 32). Generally, samples show
increasing FeO with decreasing MnO (Figure 33). All three of these trends are typical
fractionation trends in cpx (Deer et al., 2013). In contrast, Cr, 05 increases with Mg# (Figure 34)

which is expected because Cr is compatible in cpx (Deer et al., 2013).
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Figure 31. Average Mg# vs. FeO wt% for individual crystals. Red box indicates samples from
sill packages.
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Figure 32. Average FeO vs. MgO wt% for individual crystals. Red box indicates sill packages.
See Figure 31 for legend.
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Figure 33. Average FeO vs. MnO wt% for individual crystals. Red box indicates samples from
sill packages. See Figure 31 for legend.
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Figure 34. Average Mg# vs. Cr, 05 wt% for individual crystals. Red box indicates sill packages
and one other hypabyssal intrusion. See Figure 31 for legend.
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for individual crystals. See Figure 31 for legend.
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Figure 36. Average Al,05 vs. Ti0, wt%. Red box indicates samples enriched in TiO,.

In Figure 35, all samples show scattered data for CaO and Na, O when plotted
against Mg#. Most of the data for Al,0; show a slight increase when plotted against Mg#. Six
samples show unusually high TiO, values, although, these same samples show a decreasing
trend with increasing Mg#. When these five samples are plotted against Al,05, the data for TiO,

are scattered (Figure 36).

Cpx phenocrysts in sill packages 1-3 in Andrews’ study area (PO7-16, G56-16, and
KB43-16) area show unusual trends as compared to the rest of the samples, with higher total FeO
and MnO, low Cr,03, and low Mg# (Figures 31, 33, and 34). Sample VA 16105, a hypabyssal
intrusion discussed previously in Chapter 1, also tends to plot away from the main trend and

closer to the sill package samples.
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Table 7. Average cpx wt% of major oxides in each sample. FeO* indicates total Fe is reported as
FeO

SO-18126 A  SO-1767C  MI1-1A SO-1716 D SO-1763 G M3-4 SO-1888A

Sio, 51.47 51.28 50.85 51.07 52.20 50.87 51.29
TiO, 0.01 0.01 0.57 0.36 0.28 0.01 0.00
Al, 05 2.28 2.05 2.52 2.49 1.73 2.13 241
FeO* 6.28 5.40 7.09 6.54 5.46 6.34 6.96
MnO 0.22 0.16 0.19 0.17 0.16 0.17 0.18
MgO 15.22 15.99 13.72 14.53 15.15 15.22 14.18
CaO 20.53 20.47 22.49 21.8 22.69 20.73 21.12
Na, 0 0.41 0.36 0.29 0.29 0.24 0.20 0.40
K,0 0.03 0.01 0.00 0.01 0.00 0.02 0.00
Cr,0; 0.12 0.53 0.27 0.33 0.43 0.20 0.11
Total wt% 96.16 96.27 97.99 97.58 98.34 95.88 96.65
M3-3 SO-18173 SO-18176 B SO-1747A  M6-4 PO7-16 G56-16 KB43-16
Si0, 52.31 50.53 49.85 51.13 48.87 50.78 51.33 50.40
TiO, 0.44 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Al,0, 1.74 2.86 1.97 2.29 2.96 2.15 1.95 1.85
FeO* 6.66 7.02 6.58 5.96 6.45 8.82 10.39 10.40
MnO 0.19 0.18 0.16 0.16 0.16 0.26 0.29 0.38
MgO 15.09 12.88 14.07 14.06 14.23 15.05 14.06 13.56
CaO 22.61 21.39 21.46 21.51 20.48 19.29 17.59 17.88
Na,O 0.19 0.25 0.26 0.27 0.27 0.33 0.33 0.34
K,O 0.01 0.00 0.01 0.01 0.03 0.00 0.00 0.05
Cr,03 0.14 0.23 0.29 0.35 0.31 0.12 0.00 0.01
Total wt% 99.39 95.35 94.65 95.74 93.77 97.19 95.97 94.53
SO-1894 SO-18166 M1-4B M2-1A VA1603  VA16105 MS6-7 1601.2A
Sio, 50.76 51.19 50.75 51.23 51.85 50.60 51.60 51.12
TiO, 0.01 0.01 0.58 0.45 0.01 0.01 0.01 0.01
Al,0, 2.45 1.35 2.94 1.97 2.13 1.80 2.44 2.46
FeO* 6.70 4.84 6.65 6.09 4.96 8.91 5.57 5.75
MnO 0.17 0.14 0.16 0.17 0.12 0.25 0.14 0.15
MgO 15.07 15.34 14.24 14.54 15.74 13.72 13.60 14.87
CaO 20.92 21.00 22.97 22.73 21.95 19.94 21.25 20.98
Na,O 0.25 0.36 0.28 0.22 0.22 0.31 0.23 0.24
K,O 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.00
Cr,03 0.29 0.28 0.29 0.35 0.30 0.06 0.41 0.29
Total wt% 96.62 94.51 98.87 97.76 97.30 95.60 95.27 95.86

Cpx discrimination diagrams for basalts and basaltic andesites from Leterrier et al. (1982)
are shown in Figures 37 and 38. These are calculated using atoms per formula unit (a.p.f.u).
Most samples plot as calc-alkaline to tholeiitic basalts except for the five that are enriched in Ti
(Figure 37). The reason for the Ti enrichment remains unclear and was previously noted in the
same samples in Figure 35. All samples, however, plot in the field for orogenic basalts consistent

46



with a volcanic arc setting (Figure 38). This result is also consistent with the fact that all the
samples plot in calc-alkaline fields using whole-rock discrimination diagrams (Figures 17 and

18).
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Figure 37. Ca+Na vs. Ti discrimination plot from Leterrier et al. (1982) measured in a.p.f.u.
Field T represents orogenic basalts and non-orogenic tholeiites. Field A represents alkaline basalt
compositions.
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Figure 38. Ca vs. Ti+Cr discrimination plot from Leterrier et al. (1982). Cations measured in
a.p.f.u. Field D represents non-orogenic tholeiites. Field O represents orogenic basalts
characteristic of volcanic arc settings. See Figure 37 for legend.
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Geothermobarometry

Geothermobarometric results using the Putirka (2008) and Wang et al. (2021) calibrations
resulted in a wide range of temperatures and pressures. Pressure and temperature values for all
cpx samples are shown in Appendix III and the average values for each sample are shown in
Table 8. It is important to note that both thermobarometers only use compositions of cpx (rather
than cpx plus liquid, for example) and are calibrated using experimental data. Both
thermobarometers are used in this study as a check on the validity of the pressure and
temperature results. Average temperature values range from ~1150-1300 °C and are consistent
for both calibrations. However, the calculated pressures do not correlate closely between the two
techniques. Also, both barometers yield negative pressures for some pyroclastic bomb and
intrusion samples (Appendix IIT). Omitting the negative values, average pressure values range
from ~0-10 kbar for the Wang et al. (2021) barometer and ~1.6-9 kbar for the Putirka (2008)

barometer.

Results for the Wang et al. (2021) calibrations for all samples are shown in Figures 39-
43 (omitting the negative pressure values). Crustal depth is shown on the right side of the figures
and was calculated using an approximate increase of pressure of 0.3kbar/km. Overall, Wang et
al. (2021) calibrations give lower temperatures consistent with basaltic andesites and fewer
negative pressures, while also having a lower SEE for the thermobarometer than the calibration
of Putirka (2008). For these reasons, results from the Wang et al. (2021) thermobarometer are

preferred here.
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Table 8. Average temperature and pressure values for each sample

Sample

KB43-16
PO7-16

G56-16
Mo-4

VA 1603

SO-18126
A

S0-1767 C
MI-1A
VA 16105
SO-1716 D
S0-1763 G
M3-4
SO-1888 A
SO-1894
SO-18166
MS6-7
M1-4B
M2-1A
M3-3

SO-18173

SO-18176
B

SO-1747 A

1601.2A

Rock Type

Sill from sill
package 1
Sill from sill
package 2
Sill from sill
package 3

Sill

Spatter and
agglutinate
Spatter and
agglutinate
Spatter and
agglutinate
Spatter and
agglutinate
Hypabyssal
intrusion
Hypabyssal
intrusion
Hypabyssal
intrusion
Hypabyssal
intrusion
Hypabyssal
intrusion
Hypabyssal
intrusion
Hypabyssal
intrusion
Pyroclastic
bomb
Pyroclastic
bomb
Pyroclastic
bomb
Pyroclastic
bomb
Pyroclastic
bomb
Pyroclastic
bomb
Pyroclastic
bomb
Bedded
lapillistone

Temperature

(°C) Wang et al.

(2021)

1160 + 35
1234 + 65

1214 £49

1195 £ 12

1217 £ 18
1198 +34
1218 £21
1151 £12
1164 £13
1164 £26
1178 £26
1195 £ 18
1209 =20
1185+ 15
1242 £29
1294 £ 44
1152 £8.5
1171 £34
1172 £28
1225 +44
1170 £ 17
1232 £10

1233 +40

Temperature
(°C) Putirka
(2008)

1192 £35
1244 £ 49

1208 £25
1225 £10

1241 £12
1226 +£27
1244 £ 18
1180 £ 10
1197 £8
1196 + 15
1204 £ 19
1220 £ 10
1235 £ 11
1214 £ 12
1256 =19
1252+ 16
1178 £7.6
1185+ 13
1225 £ 15
1226 + 14
1203 £ 11
1235+ 6

1226 £25

Pressure (kbar)

Wang et al.
(2021)

4.19+3.8
9.63+£4.1

5.82+2.5
3.91+0.7

411+1.3
4.67+2.0
4.94+2.0
0.85+0.9
3.24+£0.7
1.50£1.6
1.12+1.6
3.18+£0.7
5.54+0.7
276+ 1.4
598+1.3
6.19+£0.6
0.13+0.7
0.14+1.3
0.32+1.3
4.69+0.6
1.68 £0.9
495+0.7

4.77+2.2

Pressure (kbar)
Putirka (2008)

745+£2.2
4.09+1.7

925+1.5

4.48+1.0

1.64+1.7
540+1.2
327+1.2
536+1.5
591+0.8
4.01+2.7
233+1.3
330+ 1.8
470+1.9
378+ 1.2
1.95+1.1
5.06+1.8
5.08+1.0
3.66+1.9
2.19+1.6
551+1.6
3.01+£1.3
3.87+1.0

4.00+3.4
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Sills typically give the largest pressure and temperature range compared to the other rock

types. Cpx in samples from sill packages 1, 2, and 3 yields crystallization temperatures of 1086-

1283 °C (Figure 39). The same samples yield a pressure range of 0.13-13.99 kbar (Figure 39).
Cpx from spatter and agglutinate, other hypabyssal intrusions, pyroclastic bombs, and bedded
lapillistone yields a temperature range of 1123-1349 °C, but pressures range from 0-9.2 kbar

(Figures 40-43). Some data points from cpx in hypabyssal intrusions and bomb samples with

higher Ti0, yielded negative pressures due to a lower A

omitted from Figures 41 and 42.
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Figure 39. Temperature and pressure results for sills using the Wang et al. (2021)

thermobarometer.
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Figure 40. Temperature and pressure results for spatter and agglutinate using the Wang et al.
(2021) thermobarometer.
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Figure 41. Temperature and pressure results for other hypabyssal intrusions using the Wang et
al. (2021) thermobarometer.
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Figure 42. Temperature and pressure results for pyroclastic bombs using the Wang et al. (2021)
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Figure 43. Temperature and pressure results for bedded lapillistone using the Wang et al. (2021)

thermobarometer.
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IV. DISCUSSION AND CONCLUSIONS

Cpx Chemistry

Cpx compositions generally range from diopside to augite for all samples analyzed in this
study (Figure 25). The tight clustering of cpx compositions in pyroclastic deposits and the
different types of hypabyssal intrusions suggests all these units are broadly petrogenetically
related (Figures 26-30). This conclusion is also supported by the typical fractionation trends
shown in cpx chemical variation diagrams (Figures 31-34). This is especially true for the well-
defined trend between Mg# vs. FeO (Figure 31). The cpx fractionation trends are clearer than
those seen in the whole-rock Harker variation diagrams (Figures 10-15). This could be due to the

effects of alteration on the whole-rock oxides, which cpx is resistant to.

Samples from sill packages 1, 2, and 3 (samples KB43-16, PO7-16, and G56-16) cluster
within the augite field on the pyroxene quadrilateral (Figure 26). Sample KB43-16 also contains
some sub-calcic augite. This type of augite forms during rapid cooling of high temperature
magma (Deer et al., 2013), consistent with the fact that this sample was collected from the sill’s
lower chilled margin. Cpx fractionation trends defined by FeO, MnO, MgO, Cr,05, and Mg#
differ from the other samples in Figures 31-34, indicating a somewhat different petrogenetic
history and derivation from a separate magma reservoir. The data for the three sill packages are
also tightly clustered in these figures, providing evidence that the sills are part of an
interconnected feeder network, which may have transported magma laterally for significant

distances through the host sedimentary sequences (e.g., Magee et al., 2016).

Another hypabyssal intrusion (sample VA16105) has cpx compositions that cluster
mainly within the augite field on the pyroxene quadrilateral (Figure 28). This sample also tends

to plot separately from the sill packages and other samples on cpx variation diagrams. This
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indicates the intrusion represents a separate magma batch from all the other samples, pointing to
additional complexities in the magma plumbing system. The additional insights that are provided
by cpx compositions and fractionation trends for the sill packages and VA16105 are not seen in

the whole-rock chemistry and discrimination diagrams.

Six samples from Ohrmundt’s field area are enriched in Ti (Figure 36) relative to the
other samples. However, it is important to note that these samples (M1-1A, M2-1A, M1-4B, M3-
3, SO-1763G, and SO-1716D) do not plot separately from the other samples in composition or
fractionation trends. Higher Ti is only seen in the whole-rock chemistry for two of these samples
(M2-1A and M3-3). In Figure 37, these six samples also plot within a different field on the cpx
discrimination diagram. The reason for the Ti enrichment in these six samples requires a more

in-depth study.

Geothermobarometry

Comparisons between the Putirka (2008) and Wang et al. (2021) thermobarometers
indicate that the latter thermobarometer may give more reliable results. It yields less negative
pressures and better precision (lower SEE). Calculated temperatures using the Wang et al. (2021)
thermometer for all the samples generally give reasonable values for basaltic andesites and other
volcanic rocks of similar compositions (e.g., Sheehan and Barclay, 2016; Feng and Zhu, 2019).
There is a wide range in temperatures (~1150-1250 °C) for the samples in this study, however,

which is likely due to magma mixing during cpx crystallization.

Sill package samples with unusually high pressures result in cpx crystallization depths up
to ~46 km. These pressures should be treated with great caution. Part of the problem with
inconsistent pressures could be that the Wang et al. (2021) barometer is only calibrated for

pressures up to 12 kbar, meaning that the cpx in some of my samples might have crystallized out
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of the calibration range for the barometer. Some samples also give negative values for both the
Putirka (2008) and Wang et al. (2021) techniques, but the error bars on these values (Appendix

IIT) suggest that the cpx could have equilibrated at shallow depths beneath the surface.

Most cpx samples within the data set show a downward trend in pressures from 6-7 kbar
for pyroclastic bombs, agglutinate, other hypabyssal intrusions, and bedded lapillistone. This
trend could be consistent with magma staging in the mid-crust, as commonly seen in volcanic arc
settings (e.g., Rossel et al., 2015). If this is a valid conclusion, the downward trend shown by the
calculated pressures could record continued cpx crystallization and growth in the magma moving
upwards within the crust, leading to eruption or intrusion at shallow depths beneath the surface.
However, some of the downward trend could be partly the result of alteration or disequilibrium

effects.
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APPENDIX I: EPMA DATA

Table 9. Sample KB43-16 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,O K,O Cr;0; fv‘;f,zl
1 48.12 0.00 652 11.44 048 1486 11.85 0.64 034 001  94.26
1 51,58 0.00 075 679 0.61 13.82 2239 023 002 000 96.18
1 4976 0.01 1.95 1099 028 13.99 17.78 031 001 003 95.11
2 | 4803 001 520 921 064 1214 1557 088 0.09 001 91.79
2 5095 000 198 776 084 1233 1971 026 020 002 94.04
3 5192 0.02 129 1125 034 1416 1836 028 006 002 9770
3 5163 0.0 1.23 1132 034 1410 1827 033 005 002 97.29
4 5099 001 125 1031 027 1446 1819 029 0.05 001 9581
4 |5153 004 122 1054 029 1519 1735 027 003 000 9646
5 4874 000 115 1092 030 13.16 18.08 031 001 001  92.67
5 4875 000 127 1089 032 13.09 18.16 027 001 0.00 92.75
5 4897 003 128 1065 032 12.95 18.04 029 000 0.00 92.53
5 4903 001 125 1074 028 12.89 1806 028 001 0.00 92.55
5 5021 000 142 1098 032 13.19 1840 028 001 0.04 94.85
5 5007 000 126 11.09 025 13.14 1829 029 001 0.02  94.40
6 |5026 000 119 1094 027 13.61 17.87 026 002 0.05 94.45
6 |50.18 001 129 11.02 030 1337 17.65 031 002 0.02 94.16

Table 10. Sample

PO7-16 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,O Cr;03 fv‘;f,j:)'
1 [5139 001 050 1412 051 1132 1975 035 000 007 98.02
1 |5083 001 067 1295 039 1151 2088 032 001 005 97.61
1 5095 002 212 898 026 1548 1890 032 000 012 97.13
1 |5075 000 235 898 026 1532 19.06 031 000 013 97.16
1 |5039 000 300 918 027 1488 1866 035 000 025 9697
1 |5078 001 211 913 024 1525 1879 037 000 008 96.76
1 |5036 000 222 935 025 1501 1878 035 000 012 9645
2 | 5163 000 261 897 029 1473 1929 032 002 023 9809
2 |5125 000 254 918 023 1506 1932 034 003 016 98.09
2 4999 000 230 951 023 1491 1884 033 000 012 9624
2 4998 004 211 949 025 1491 1874 035 000 005 9591
2 4959 001 238 1015 026 1457 1893 033 000 007 9629
35227 000 053 1260 044 1219 2024 026 000 005 9857
3 5101 004 243 881 022 1526 1978 029 000 022 98.06
3 5067 000 235 981 026 148 1868 033 000 011 97.03
35073 002 242 1028 027 1472 1838 035 000 004 97.20
4 |5064 001 215 882 026 1505 1929 033 000 0.1 9665
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Table 11. Sample G56-16 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,0 Cr,0; fv‘;f,zl
1 53.09 0.00 262 1008 0.33 14.04 1683 0.56 0.00 0.00 97.54

2 5039 0.07 1.64 1060 0.34 13.88 18.05 0.27 0.00 0.00 95.24

3 51.08 0.00 1.80 1031 0.28 1439 1759 0.26 0.00 0.00 95.72

4 5178 0.02 195 1022 0.25 13.87 17.75 0.26 0.00 0.00 96.11

4 [5031 001 173 1076 026 14.14 17.73 028 0.00 0.00 9522

Table 12. Sample M6-4 wt% of major oxides. FeO* indicates total Fe is reported as FeO

. . Total

Crystal | 8i0, TiO; Al,03 FeO* MnO MgO CaO Na;0 K0 Cr03 .,
1 50.85 0.00 1.78 573 0.17 1574 20.09 0.21 0.03 0.22 94.82

1 4993 0.00 2.07 692 020 1471 1992 0.22 0.04 0.07 94.06

1 49.71 0.01 2.21 7.01 0.16 1476 20.00 0.20 0.02 0.09 94.16

1 50.52  0.00 1.76 586 0.17 1558 19.73 0.21 0.02 0.32 94.18

1 48.62 0.03 3.1 6.02 0.15 14.00 20.53 036 0.01 0.66 93.90

2 48.73 0.01  3.17 572 0.17 14.11 2095 030 0.01 0.89 94.04

2 48.78 0.00 3.11 6.51 0.12 13.58 21.63 031 0.02 0.08 94.16

2 48.59 0.03 3.24 6.83 0.17 13.68 2134 032 0.03 0.16 94.39

3 46.81 0.00 4.35 7.65 0.14 13.00 20.04 0.28 0.07 0.05 92.38

3 47.60 0.00 3.67 6.47 0.17 13.84 2047 0.27 0.02 042 92.94

3 4749 0.00 3.64 6.29 0.13 13.56 20.55 032 0.01 0.50 92.49
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Table 13. Sample VA1603 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,O0 K,O Cr,0; fv‘;f,zl
1 50.84 0.00 3.23 544 0.11 1497 2195 024 0.01 0.12  96.90
1 52.50 0.00 1.82 415 0.10 15.78 2232 020 0.00 0.62 9748
1 51.91 0.00 2.32 478 0.12 1578 2195 0.22 0.00 038 9744
1 52.17 0.00 2.16 457 0.11 1578 2195 024 0.02 040 97.38
1 51.00 0.05 3.08 587 0.15 1499 21.30 0.25 0.01 0.15 96.85
1 50.37 0.00 3.62 7.19 0.16 14.80 1995 0.29 0.01 0.12 96.51
1 50.72  0.02 3.04 6.70 0.16 14.80 20.53 0.27 0.01 0.10 96.33
2 52.19 0.01 1.72 4.81 0.11 1593 2250 0.17 0.01 0.12 97.56
2 5241 0.02 1.85 462 0.09 1583 2242 0.19 0.00 0.14 97.58
2 51.73 0.01 1.89 4.71 0.10 15.34 2250 0.20 0.01 024 96.73
2 52.45 0.01 1.89 420 0.11 16.09 2246 0.20 0.01 0.57 9798
2 52.55 0.03 1.69 455 0.16 16.05 2237 022 0.00 0.16 97.79
3 52.44 0.00 1.92 485 0.10 1591 22.61 0.21 0.00 0.17 98.21
3 52.17 0.03 1.99 484 0.11 16.03 2195 0.26 0.00 029 97.66
3 52.02 0.00 1.95 431 0.14 16.18 2197 0.27 0.00 0.71 97.55
3 52.21 0.02 1.61 4.00 0.14 1645 2243 0.21 0.00 048 97.54
3 52.23  0.00 1.35 429 0.15 1623 2232 023 0.00 044 9724
3 51.97 0.02 1.65 515 0.10 16.33 21.50 0.21 0.00 049 9741
3 51.20 0.00 1.78 529 0.17 1576 22.08 0.18 0.00 0.08 96.52

Table 14. Sample SO-18126A wt% of major oxides. FeO* indicates total Fe is reported as FeO
. . Total

Crystal | Si0; TiO; Al,03 FeO* MnO MgO CaO Na;O0 K;0 Cr05 '
1 50.08 0.01 2.90 6.09 0.14 1476 21.60 0.28 0.01 0.39 96.25
1 48.33 0.00 4.24 7.59 0.15 1346 21.17 030 0.00 0.10 9533
1 51.12  0.00 1.66 877 022 1440 20.12 033 0.00 0.03 96.63
1 48.59 0.00 4.44 7.70 0.17 1350 2098 036 0.00 0.08 95.83
1 4949 0.00 3.70 6.60 0.15 1429 21.66 033 002 023 9647
2 52.50 0.02 2.37 544 032 1634 1998 0.60 0.07 026 97091
2 52.25 0.00 2.08 6.09 0.16 1544 2037 0.31 0.05 0.31 97.06
2 51.40 0.01 2.40 5.03 0.27 15.19 20.57 055 0.04 038 95.83
2 51.00 0.00 2.23 5.01 0.30 15.89 21.33 0.56 0.08 0.04 9644
3 4947 0.02 3.37 8.52 023 14.10 20.32 0.39 0.00 0.00 96.42
3 4940 0.01 3.14 8.17 0.19 14.18 20.80 0.33 0.01 0.00 96.24
3 50.49 0.00 2.60 6.04 029 1522 2086 059 0.06 0.01 96.16
4 47.68 0.01 4.89 7.70  0.14 1329 21.67 0.32 0.01 0.22 9593
4 47.88 0.00 4.28 8.61 0.22 13.15 20.85 036 0.02 0.03 9541
4 48.54 0.00 3.67 8.78 023 13.64 2041 037 0.03 0.01 95.68
4 48.34 0.00 4.14 8.11 0.20 13.46 2094 031 0.01 0.08 95.57
4 50.56 0.00 1.93 8.17 030 1437 19.08 032 0.00 0.00 94.73
4 52.41 0.00 2.23 790 028 1458 19.29 030 0.04 0.00 97.03
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Table 15. Sample SO-1767 C wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,O K,O Cr;03 fv‘;f,zl
1 51.69 0.03 220 5.18 0.18 1587 2038 042 0.00 0.59 96.53
1 51.59 0.00 234 525 0.14 1597 2031 042 000 0.73 96.74
1 5142 0.00 226 528 0.12 16.06 20.13 044 0.01 0.67 9641
1 51.05 0.00 247 544 0.13 16.06 1999 045 0.02 0.69 96.31
1 51.29 0.01 1.87 497 0.12 1636 20.60 039 0.01 045 96.06
2 51.02 0.00 1.71 5.65 0.17 1625 2033 024 0.02 049 9588
2 50.67 0.02 1.89 558 028 1635 1890 042 0.01 0.58 94.69
3 5146 0.00 1.88 549 020 16.06 20.83 0.34 0.03 040 96.69
3 51.15 0.00 1.64 560 0.16 1586 2087 0.22 0.02 0.56 96.08
4 51.85 0.02 1.63 514 0.14 1598 21.64 0.22 0.00 0.25 96.86
4 51.81 0.07 1.74 491 0.11 16.13 2127 036 0.00 0.75 97.13
4 5043 0.00 295 633 0.17 1489 2045 042 0.00 020 95.83

Table 16. Sample M1-1A wt% of major oxides. FeO* indicates total Fe is reported as FeO
. . Total

Crystal | Si0, TiO, Al,03 FeO* MnO MgO CaO Na,O0 K,0 Cr,0; Wi%
1 51.66 045 233 638 0.19 1461 2247 029 0.00 0.34 98.70
1 50.66 0.54 234 7.06 0.18 1393 2247 0.29 0.00 030 97.77
1 5133 039 195 643 0.13 1454 2257 023 0.00 031 97.88
1 5125 047 1.73 620 0.17 1439 23.16 024 0.00 033 9794
1 5038 0.59 2,69 6.84 029 13.78 2290 0.32 0.00 0.26 98.05
2 5095 059 295 7.6 0.17 13.66 2219 0.29 0.00 0.28 98.24
2 5036 0.74 310 7.12 0.19 1340 23.08 0.34 0.01 0.37 98.70
2 51.89 041 1.71 6.94 024 1435 2235 026 0.00 0.17 98.32
2 5264 042 180 637 022 1461 2292 025 0.02 028 99.53
2 51.53 054 237 640 015 13.79 2342 025 001 0.63 99.09
2 51.67 0.51 237 656 0.16 1393 23.10 0.32 0.00 046 99.08
2 51.62 0.55 247 641 020 13.66 2289 0.29 0.00 0.44 98.52
3 5045 0.60 275 6.88 0.18 13.50 2271 0.34 0.03 033 97.77
3 4933 0.89 436 818 021 12.85 2207 0.36 0.00 0.09 98.34
3 4999 0.62 254 698 0.17 13.52 23.00 0.27 0.00 032 9740
3 5037 0.58 2.71 7.38 0.19 1378 21.76 039 0.03 023 9743
3 48.19 092 374 860 0.19 1195 2231 0.29 0.00 0.05 96.24
4 49.55 0.73  3.51 800 0.24 13.00 22.11 036 0.00 0.14 97.64
4 5130 055 195 7.11 0.18 13.83 2226 0.23 0.00 0.28 97.69
4 5132 045 203 735 0.18 1346 2222 025 000 0.16 9741
4 52.01 055 203 724 019 1420 2202 0.21 0.00 0.10 98.54
4 49.69 053 222 811 0.16 13.16 2147 0.29 000 0.10 95.73
4 5136 057 240 738 021 13.73 21.78 0.29 0.00 0.15 97.87
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Table 17. Sample VA16105 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,0 Cr,0; fv‘;f,zl
1 50.89 0.00 1.57 1073 0.32 13,51 1931 0.29 0.01 0.00 96.64
1 50.68 0.02 147 9.16 031 1455 19.00 0.33 0.00 0.00 95.51
1 51.27 0.00 142 890 026 1394 1929 0.28 0.01 0.06 95.42
1 51.08 0.01 1.47 854 023 14.19 1984 0.32 0.00 0.05 95.73
2 51.31 0.01 1.13 882 032 1478 1899 0.22 0.00 0.08 95.66
2 50.19 0.00 2.26 9.10 0.22 1338 2031 0.34 0.00 0.06 95.87
2 50.74 0.00 1.72 814 023 14.01 2064 030 0.00 0.11 95.89
2 5031 0.01 1.99 9.06 026 1347 1949 035 0.00 0.05 94.98
2 50.73 0.00 1.73 830 025 1399 2025 030 0.02 0.15 95.71
3 49.72 001 247 942 023 13.18 19.62 0.37 0.01 0.05 95.07
3 4993 0.03 246 9.00 0.21 13.26 20.17 0.34 0.01 0.05 95.45
3 50.77 0.00 1.68 817 022 1324 2090 0.31 0.00 0.10 95.39
3 5098 0.00 1.70 828 023 13,56 20.88 0.32 0.00 0.11 96.06
3 4986 0.00 2.12 9.07 023 1296 2044 0.28 0.02 0.03 95.00

Table 18. Sample SO-1716 D wt% of major oxides. FeO* indicates total Fe is reported as FeO
. . Total

Crystal | Si0, TiO, Al;0; FeO* MnO MgO CaO Na,O0 K,0 C(Cr;0;3 Wit%
1 52.03 0.27 251 7.23 022 1493 2099 030 0.01 0.16 98.64
1 51.40 0.30 2.31 724 025 1479 21.19 029 0.00 020 97.97
1 5033 043 274 6.87 0.19 14.15 2194 030 0.03 037 9734
1 50.20 040 3.06 7.41 0.19 14.13 20.70 0.37 0.00 0.28 96.73
2 4995 045 3.05 731 014 13.77 21.69 0.33 0.00 0.32 97.00
2 50.57 038 324 7.16 0.18 1436 21.55 0.33 0.00 0.32 98.08
2 50.09 0.51 285 7.27 0.18 13.82 21.60 0.24 0.01 022 96.77
2 4924 0.69 380 810 0.18 13.11 21.70 0.28 0.00 0.12 97.21
2 5092 040 2.09 489 0.07 1466 2335 0.28 0.00 0.59 97.25
2 51.11 0.35 251 5.08 0.15 1452 2297 023 0.00 065 97.58
2 50.29 054 292 593 0.17 1395 2256 026 0.01 046 97.08
3 52.19 029 2.08 745 0.16 1496 2065 0.27 0.03 0.19 98.26
3 5236 032  2.03 6.88 0.16 1494 21.21 027 0.00 020 98.37
3 5069 043 272 672 0.17 14.10 22.02 0.26 0.01 030 9742
3 5223 023 215 7.13  0.19 1492 2153 032 001 0.09 98.80
3 50.78 0.34  2.63 7.75 021 14.00 2131 034 0.00 0.08 97.44
3 51.12 029 230 620 0.13 1500 21.67 0.36 001 0.18 9727
4 4932 0.76 4.16 857 020 12.74 21.63 0.26 0.01 0.04 97.68
4 53.59 0.14 1.23 422 0.12 1599 2259 0.26 0.00 0.76 98.90
4 52.05 0.19 1.71 5.62 0.16 1548 2145 028 0.00 055 97.50
4 5132 0.15 1.4l 483 0.15 1551 2244 029 0.00 0.57 96.66
4 51.76  0.13 1.30  4.04 0.11 1580 2283 026 0.01 0.69 96.92
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Table 19. Sample SO-1763 G wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,O Cr,0; fv‘;f,zl
1 5229 028 201 533 015 1581 2280 026 000 052 99.45
1 |5227 022 168 502 012 1565 2335 023 000 0.62 99.15
1 |5234 018 115 481 017 1576 22.65 021 001 0.57 97.86
2 [5210 034 1.82 650 0.4 1504 2252 021 000 0.2 98.80
2 5231 031 1.67 660 022 1484 2226 0.7 000 0.09 98.46
2 5123 044 218 660 0.17 1452 22.84 022 000 0.2 9833
2 5223 033 165 579 0.5 1484 2314 026 001 025 98.64
2 [51.02 040 214 583 0.5 1419 2362 020 000 046 98.01
2 5216 044 242 637 0.13 1425 2258 023 000 026 98.84
2 5222 033 1.89 583 025 1429 2213 033 002 045 97.73
3 5355 015 1.14 458 0.17 1647 21.58 023 000 042 9829
3 [5200 029 211 572 0.14 1479 2274 023 000 047 9851
3 15095 027 221 608 0.2 1435 2253 024 000 058 97.33
3 5362 011 1.18 3.88 0.5 1623 2292 027 000 066 99.03
3 5247 023 145 479 0.18 1528 2277 029 000 065 98.11
4 5273 021 158 485 0.10 1572 22.69 024 001 051 98.63
4 5207 021 130 476 0.17 1533 22.64 025 000 046 97.19
4 5197 022 1.62 487 0.12 1538 2271 025 000 058 97.72

Table 20. Sample M3-4 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,0 Cr,0; fv‘;f,zl
1 | 4864 000 351 879 026 1269 20.64 031 0.13 000 94.96
1 |5153 003 165 648 020 1576 20.15 022 001 007 96.10
1 |5214 000 142 607 018 1600 2006 0.16 000 020 9624
1 |5197 001 160 628 020 1611 2003 0.17 000 0.12  96.49
1 |5073 001 265 58 017 1480 2123 022 003 050 96.15
2 [ 4929 000 292 745 018 1427 2033 022 0.0l 0.00 94.66
2 5065 000 165 621 012 1585 1997 0.5 001 009 9471
3 | 4867 001 432 834 021 13.03 2088 024 007 000 9576
3 [5198 003 142 534 016 1598 21.04 0.17 001 029 9642
3 [5147 000 156 545 0.3 1597 2127 0.9 0.02 020 9625
4 5091 000 203 650 017 1511 21.01 018 00l 005 9596
4 5160 000 154 587 013 1574 2087 0.5 0.00 0.16 96.05
4 5204 000 124 492 012 1623 2123 019 000 031 9627
4 5063 002 227 520 011 1556 21.60 022 002 075 9637
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Table 21. Sample SO-1888A wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,O Cr,0; fv‘;f,zl
5096 0.00 2.63 7.0 0.19 1429 2055 029 000 0.02 96.63
5083 0.00 277 7.89 0.19 1338 2077 046 0.00 0.01 96.29
5071 0.00 3.6 791 0.19 1343 2077 050 0.00 0.04 96.70
50.61 0.00 3.4 773 0.16 13.63 2126 042 000 001 96.96
50.62 0.00 298 805 023 1340 2081 047 000 0.03 96.60
5244 000 147 549 0.4 1517 21.84 031 000 027 97.13
5186 001 1.52 543 0.5 1496 21.62 036 000 027 96.19
5230 0.00 1.65 551 0.6 1521 2134 035 000 021 96.73

N NN = e e e

Table 22. Sample SO-1894 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,O K,O Cr;0; fv‘;f,zl
5158 0.00 1.67 684 0.19 1569 20.16 023 0.00 0.16 96.52
50.11 0.00 2.16 7.33 0.19 1501 2090 020 0.0 0.06 95.97
4972 0.00 251 754 020 1479 20.05 0.19 0.01 0.18 95.19
50.66 0.02 251 637 0.6 1505 2143 027 0.02 029 96.77
5147 001 252 663 013 1514 2133 024 000 030 97.76
51.13 0.00 214 7.01 0.7 1526 20.86 020 0.03 0.16 96.96
5090 0.00 2.03 612 0.8 1574 21.18 024 001 034 9673
5114 0.02 172 699 020 1543 2056 023 0.02 0.07 96.39
51.61 0.00 158 652 021 1601 2073 020 002 022 97.11
5129 0.03 1.69 571 0.3 1590 21.17 025 0.00 036 96.52
51.81 0.00 1.57 595 0.5 1595 2124 020 0.02 037 97.24
49.83 0.00 3.66 747 021 1433 20.64 032 0.02 0.10 96.58
4868 0.00 4.13 814 0.15 1341 2080 026 0.0 0.05 95.62
50.00 0.04 251 651 0.17 1498 21.10 024 0.00 034 9588
5076 0.00 233 626 0.8 1499 21.12 028 0.02 048 96.42
51.17 0.01 250 595 0.5 1565 21.50 029 0.0 0.58 97.80
5035 0.00 324 7.07 0.16 1421 21.02 030 0.0l 030 96.66
51.85 0.00 236 629 0.5 15.17 21.04 022 0.00 035 97.43
5096 0.00 2.58 631 0.5 1489 2128 032 0.00 0.54 97.02
5099 0.00 249 639 0.17 15.03 2076 027 0.0l 048 96.59
5123 0.00 236 6.14 0.5 1491 2090 024 000 047 96.41
4950 0.00 371 778 0.13 13.92 2049 028 0.00 0.17 95.98

Ah A A A A WWWWRWRWNNEDNNNNE = -



Table 23. Sample SO-18166 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,O Cr,0; fv‘;f,zl
1 |5152 000 130 437 009 1532 2146 039 0.00 024 94.70
1 |5131 000 131 437 013 1536 2122 042 000 036 94.50
1 |5149 000 146 454 013 1552 2171 038 0.02 024 9549
2 5037 0.02 148 740 024 1420 2025 026 0.02 0.00 9425
2 [5141 000 1.04 408 0.1 1567 21.06 032 000 036 94.04
2 [5143 000 1.11 455 0.15 1565 2093 033 000 030 94.46
3 [51.05 000 1.05 498 0.8 1562 2060 029 001 0.14 93.92
3 [51.57 004 120 408 0.11 1558 2131 039 001 042 9472
3 5014 000 221 569 0.5 1497 2036 046 000 0.19 94.17
3 [51.57 000 138 435 009 1555 21.06 037 000 050 94.87

Table 24. Sample MS6-7 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,O0 Cr,0; fv‘;f,zl
1 [4867 000 450 888 021 11.88 2026 035 0.04 000 94.78
1 [5066 002 258 7.04 023 1224 1927 029 0.03 003 92.38
1 [4960 000 381 740 0.8 1231 2072 034 001 0.2  94.49
2 [5205 002 193 599 020 1409 2053 022 008 0.12 9522
2 [5205 001 199 621 016 1406 2009 0.18 006 0.05 94.86
2 | 5187 003 216 678 016 13.83 2001 0.17 003 0.00 9502
2 | 5160 000 230 598 0.8 1378 21.02 0.8 0.00 0.02 9504
3 |5306 000 180 422 009 1427 2216 0.19 000 0.68  96.48
3 |528 000 178 406 010 1453 2237 026 0.00 0.65 96.59
3 |5225 000 123 38 012 1430 2204 020 0.00 049 9452
3 5337 002 130 406 012 1451 2250 024 0.02 049  96.63
3 | 5344 000 134 400 009 1440 2248 0.18 0.00 045 9637
3 |5318 001 134 392 010 1458 2238 0.8 0.00 044 96.13
4 |51.08 002 320 532 012 13.09 21.82 023 00l 095 9581
4 |5058 000 339 550 0.1 1294 2133 027 003 097 95.12
4 |5057 002 326 563 016 1346 21.14 021 001 089 9536
4 |5029 000 3.62 577 012 1289 2114 023 001 0.66 94.72
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Table 25. Sample M1-4B wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, AlL,0; FeO* MnO MgO CaO Na,0 K,0 Cr,0; fv‘;f,zl
1 5035 061 326 7.6 0.17 1373 23.19 033 002 004 98.86
1 |5127 048 218 641 0.8 1487 2290 021 00l 026 98.77
1 | 4996 065 375 7.17 0.5 1339 23.14 029 002 0.2  98.63
1 |51.10 065 328 649 015 13.84 2389 029 000 037 100.06
1 5007 064 338 639 015 1394 2323 037 000 071 98.87
1 | 5224 044 199 686 0.17 1487 2191 020 000 0.15 98.84
1 5199 043 194 7.5 0.19 1514 2205 024 00l 012 9926
2 5063 050 3.16 644 0.16 1418 2337 026 001 026 98.96
2 5207 042 215 644 0.6 1531 2194 028 0.02 025 99.04
2 5033 052 299 620 0.3 1405 23.63 032 000 033 9850
2 4916 090 377 679 0.1 1359 2295 032 000 059 98.18
2 | 4983 068 348 632 0.6 1392 2347 030 003 031  98.50

Table 26. Sample M2-1A wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,0 Cr,0; fv‘;f,j:)'
1 |5024 049 227 602 0.5 1415 2335 0.9 000 034 97.20
1 | 5045 043 223 560 0.5 1452 2288 026 000 087  97.39
1 | 5245 027 142 627 021 1592 21.08 0.3 000 040  98.15
1 5092 053 247 626 0.6 1416 22.88 027 000 029 97.93
1 |5208 035 130 580 015 1471 2303 0.17 002 021 97.84
1 5209 036 120 613 0.5 1470 2232 0.8 00l 016 97.29
2 4963 094 388 808 0.7 1264 2251 029 002 000 98.17
2 [5159 044 215 574 014 1433 23.09 022 000 042 98.12
2 [51.88 030 1.09 606 019 1537 2208 0.19 000 024 97.40
2 [5181 030 1.06 596 020 1523 2217 020 001 024 97.18
3 [51.04 054 272 637 017 1395 2312 027 0.00 045 98.63
3 5074 069 250 732 023 1437 21.85 022 0.00 000 97.93
3 [5121 048 199 571 015 1432 2311 023 000 040 97.61
4 [5054 051 262 612 017 1398 2323 022 003 040 97.82
4 [5188 031 123 542 013 1542 2274 0.8 000 044 97.74
4 5217 024 139 501 018 1544 2288 024 001 062 9818
4 [5076 046 208 586 0.16 1427 2333 028 0.00 043 9761
4 5067 051 193 583 020 1418 2352 0.19 000 043  97.46
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Table 27. Sample M3-3 wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, AlL,0; FeO* MnO MgO CaO Na,0 K,0 Cr,0; fv‘;f,zl
1 53.10 035 1.67 643 020 1545 2269 0.18 001 0.17 100.23
1 53.85 038 1.46 6.63 0.16 1531 2286 020 000 0.18 101.03
1 53.41 040 137 6.48 020 1541 2259 0.17 001 0.13 100.17
1 5345 040 1.34 6.62 021 1538 2262 020 000 0.15 100.37
1 53.60 040 1.29 642 0.18 1543 2284 0.17 002 0.18 100.51
1 53.13 041 1.40 6.16 0.19 1573 23.11 0.18 0.01 0.28 100.59
2 52.09 042 1.77 6.79 021 15.13 2290 0.21 0.00 0.01 99.53
2 5234 042 154 6.34 0.18 15.10 2296 021 0.00 0.18 99.28
2 52.60 039 146 6.17 0.15 1546 2338 0.14 001 0.19 99.93
2 52.51 0.40 1.68 547 020 15.08 2347 022 001 0.32 99.34
2 52.86 036 1.50 580 0.19 1556 23.11 021 001 0.22 99.83
2 51.70  0.50 191 732  0.16 1523 2196 022 001 0.10 99.11
2 50.12 0.67 3.22 7.23 0.19 1337 2234 028 001 0.11 97.53
3 5039 054  2.09 792 023 1454 21.18 0.16 0.00 0.00 97.04
3 51.18 053  2.29 7.79 024 1464 2153 0.15 0.00 0.02 98.36
3 50.66 0.49 1.82 6.98 020 14.67 2223 020 0.01 0.07 97.33

Table 28. Sample SO-18173 wt% of major oxides. FeO* indicates total Fe is reported as FeO
. . Total

Crystal | Si0, TiO, Al,0; FeO* MnO MgO Ca0O Na,O K;0 C(Cr,03 Wi%
1 49.19 0.00 3.69 930 030 12.03 20.07 0.30 0.02 0.04 9494
1 47.03 0.02 509 99 024 11.27 20.08 0.30 0.00 0.01 9394
1 47.53 0.01 4.78 852 0.14 11.68 21.24 0.27 0.00 0.02 94.18
1 49.60 0.01 3.1 7.39 0.19 12.60 21.59 026 0.01 0.17 95.24
1 48.84 0.00 335 752 021 1251 21.55 0.26 0.00 0.14 94.38
1 50.75 0.00 330 735 0.13 12,65 21.74 025 0.01 0.06 96.23
1 4935 0.00 4.14 845 0.16 11.82 21.16 0.27 0.00 0.00 9534
2 5023 0.03 325 7770 0.19 1256 2138 0.23 0.00 0.13 95.70
2 5042 0.00 3.05 724 0.18 1274 2150 024 001 024 95.62
2 4936 0.00 4.09 796 024 12.10 21.13 0.29 0.00 0.08 9525
3 52.15 0.00 216 732 021 1297 2085 0.18 0.00 0.00 9584
3 5222 0.00 212 7.42 022 13.21 2080 0.18 0.00 0.00 96.17
3 52.19 0.00 240 591 0.15 1323 21.76 0.22 0.00 0.53 96.38
3 5173 0.00 240 6.00 0.14 13.62 2195 0.29 0.00 0.56 96.70
3 5131 0.00 218 573 0.13 13.11 2240 0.24 0.00 043 9552
3 51.80 0.02 223 576  0.16 13.13 2243 022 0.01 043 96.18
4 50.61 0.00 1.40 556 0.15 13.84 2194 024 0.00 0.32 94.05
4 50.22 0.00 2.02 557 0.16 14.17 2041 040 0.00 0.82 93.77
4 52.82 0.00 1.48 5.65 0.19 1416 21.78 0.18 0.02 0.30 96.59
4 51.96 0.03 1.66 6.50 0.13 13.58 21.02 0.17 0.01 0.10 95.16
4 50.81 0.03 259 622 0.16 1289 21.77 0.26 0.00 0.30 95.02
4 51.53 0.03 205 552 0.14 1356 22,13 0.22 0.00 044 95.62
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Table 29. Sample SO-18176 B wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,O Cr,0; fv‘;f,zl
1 50.75 0.00 1.63 555 0.10 14.65 2195 0.28 0.01 0.63 95.55
1 49.88 0.00 1.54 7.43 0.20 14.13 20.65 0.21 0.00 0.03 94.08
1 50.20 0.00 1.61 574 0.13 1429 21.71 0.26 0.01 0.62 9457
1 48.24 0.01 2.50 7.31 0.19 13.04 21.69 030 0.01 0.10 93.38
1 48.49 0.00 2.31 6.64 0.15 13.84 21.23 030 0.00 0.31 93.27
1 49.72  0.02 2.12 6.15 0.15 1421 21.51 027 002 025 9442
2 50.64 0.00 2.24 6.52 0.11 1321 2191 0.26 0.01 0.19 95.07
2 48.78 0.03 3.05 822 017 1272 21.20 0.29 0.01 0.07 9454
2 49.19 0.03 2.59 6.79 0.13 1395 21.57 031 000 035 9492
2 48.89 0.00 2.58 7.59 020 1341 21.32 029 000 0.15 9443
2 48.80 0.02 2.57 7.16 0.15 1349 21.76 0.28 0.03 0.13 94.40
2 49.58 0.00 2.10 591 0.13 1420 2198 027 0.00 056 94.73
3 50.63 0.00 1.37 6.17 0.18 1471 21.26 0.25 0.04 0.51 95.11
3 51.57 0.00 0.98 536 0.17 1533 21.54 0.21 002 038 9557
3 50.90 0.01 1.21 6.56 0.18 1492 21.05 0.19 0.03 0.10 95.15
3 51.28 0.01 1.13 6.18 0.18 15.10 21.00 0.16 0.00 0.27 95.31
Table 30. Sample SO-1747A wt% of major oxides. FeO* indicates total Fe is reported as FeO
. . Total
Crystal | Si0; TiO, Al,0; FeO* MnO MgO CaO Na,0 K,0 Cr,03 .,
1 51.07 0.00 3.06 5.98 0.14 13.85 21.82 0.33 0.00 0.64 96.90
1 51.11 0.00 2.84 6.05 0.16 13.63 21.76 0.31 0.01 0.24 96.11
1 51.71 0.00 2.28 5.96 0.13 14.13 22.09 0.17 0.04 0.14 96.65
1 50.85 0.01 3.07 6.09 0.13 13.77 21.51 0.33 0.00 0.61 96.38
2 51.93  0.00 1.64 6.00 0.17 1436 21.77 0.20 0.00 0.20 96.27
2 5245 0.02 1.37 5.11 0.18 14.68 22.20 0.22 0.00 0.46 96.69
2 51.85 0.00 1.49 5.78 0.10 14.47 22.00 0.22 0.01 0.17 96.08
2 51.70 0.00 1.61 5.99 0.17 14.55 2141 0.21 0.03 0.24 95.90
3 51.46 0.03 1.90 5.67 0.15 14.55 21.37 0.24 0.01 0.41 95.78
3 51.34 0.00 2.02 6.18 0.19 14.10 20.87 0.29 0.01 0.40 95.41
3 50.51 0.00 2.18 6.01 0.20 13.97 20.69 0.32 0.00 0.43 9431
3 4991 0.01 2.75 5.96 0.16 13.49 21.27 0.29 0.02 0.42 94.28
3 48.78 0.00 3.56 6.77 0.14 13.17 2090 0.38 0.00 0.21 93.90
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Table 31. Sample 1601.2A wt% of major oxides. FeO* indicates total Fe is reported as FeO

Crystal | Si0, TiO, Al,0; FeO* MnO MgO CaO Na,0 K,0 Cr,0; fv‘;f,zl
1 |5250 000 132 406 0.10 1627 21.64 020 002 043  96.53
1 |5153 000 131 426 012 1706 2140 032 000 036  96.36
1 |528 000 133 417 0.2 1643 2146 017 000 041  96.95
1 5271 002 150 415 0.11 1648 21.57 020 0.00 064 97.38
2 | 4843 000 4.19 855 019 1178 2023 028 0.00 0.06 93.72
2 4974 000 296 641 016 12.94 2048 031 000 0.3  93.13
2 [5125 002 1.8 7.4 018 1460 1853 0.15 0.00 020 93.89
3 4980 000 3.68 823 020 1335 2074 032 000 003 9635
3 5012 000 370 629 014 1417 2152 022 000 0.19 9635
35209 000 207 447 012 1541 2186 0.18 000 0.69 96.90
3 5204 004 221 507 017 1507 2152 022 000 0.16 96.50
3 5038 000 349 624 019 1484 2077 024 000 0.17 96.32
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APPENDIX II: CPX CHEMISTRY

Each site represents a single cpx crystal probed in each sample (Figures 44-66). Multiple

points were analyzed in each crystal as indicated by the symbols on legends for the graphs.
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APPENDIX III: CPX TEMPERATURES AND PRESSURES

Table 32. KB43-16 temperatures and pressures

Point on Temperature Temperature Pressure Pres.sure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka

(2021) (2008) (2021) (2008)

1 2 1228.47 1268.49 13.49 10.49

1 4 1110.04 1187.38 0.13 0.94

1 5 1149.95 1179.62 3.19 7.99

2 1 1237.94 1285.30 13.99 11.98

2 2 1209.48 1228.87 6.02 7.01

3 1 1151.12 1178.43 3.14 5.53

3 2 1147.12 1178.83 3.26 7.69

4 3 1155.94 1183.07 2.89 6.95

4 4 1165.07 1186.56 3.42 7.49

5 1 1130.89 1161.51 1.40 6.87

5 2 1127.58 1162.54 1.47 7.11

5 3 1138.61 1174.84 2.80 7.53

5 4 1143.96 1173.99 2.74 7.53

5 5 1145.72 1178.01 3.14 7.73

5 6 1150.85 1175.44 3.01 7.78

6 4 1156.67 1177.43 3.02 7.73

6 5 1166.73 1185.21 4.10 8.33



Table 33. PO7-16 temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 1 1086.91 1136.29 1.37 7.79
1 2 1111.12 1152.67 2.29 2.25
1 3 1260.54 1265.10 11.03 3.26
1 4 1273.40 1274.10 12.03 3.13
1 5 1279.64 1273.71 12.13 4.98
1 7 1261.38 1263.65 11.05 3.76
1 8 1264.50 1266.62 11.63 3.51
2 1 1242.21 1252.04 9.32 5.44
2 2 1270.89 1266.94 11.31 4.18
2 3 1270.28 1271.39 12.40 2.84
2 4 1258.36 1261.81 11.42 3.10
2 5 1269.28 1276.73 13.77 1.96
3 1 1101.90 1141.50 0.26 7.69
3 3 1277.18 1276.58 12.21 242
3 4 1250.13 1253.05 10.43 4.55
3 5 1242.20 1245.02 9.99 5.40
4 5 1260.49 1265.73 10.99 3.18

Table 34. G56-16 temperatures and pressures

Point on Temperature Temperature Pressure Pressure

Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 2 1283.17 1248.55 10.01 10.14207

4 2 1150.55 1183.11 3.39 7.813208

5 1 1189.15 1199.71 4.73 8.103203

6 2 1229.79 1207.94 5.66 8.774168

6 3 1216.70 1199.76 5.33 11.40827



Table 35. M6-4 temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1211.06 1234.33 4.20 2.90
1 2 1187.43 1216.84 3.48 4.12
1 3 1184.94 1210.70 2.85 4.16
1 4 1214.59 1233.36 4.26 3.25
1 5 1208.50 1240.11 5.27 5.23
2 2 1194.79 1232.64 4.03 4.23
2 3 1192.61 1220.54 3.58 4.19
2 4 1179.67 1213.19 3.08 4.68
3 2 1187.11 1215.29 4.11 6.52
3 3 1189.00 1222.84 3.70 4.90
3 4 1198.59 1230.23 4.42 5.08

Table 36. VA 1603 temperatures and pressures

Point on Temperature Temperature Pressure Pres.sure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 1 1224.86 1245.16 5.04 3.24
1 2 1256.44 1258.60 5.33 1.02
1 3 1227.55 1250.48 4.97 1.88
1 4 1245.64 1257.97 5.66 1.74
1 5 1215.56 1239.42 4.92 4.05
1 6 1210.00 1235.33 5.57 5.92
1 7 1209.40 1233.68 5.04 4.93
2 1 1207.69 1232.76 3.07 0.37
2 2 1231.76 1247.90 4.65 0.80
2 3 1217.64 1241.16 4.00 0.81
2 4 1225.32 1249.88 4.38 0.67
2 5 1218.39 1245.40 4.34 0.64
3 1 1216.43 1239.72 3.86 0.83
3 2 1222.45 1244.86 4.49 1.65
3 3 1219.20 1249.24 4.37 1.24
3 4 1207.69 1239.45 3.03 -0.28
3 5 1198.49 1233.15 2.61 -0.30
3 6 1191.36 1219.63 1.85 1.32
3 7 1175.20 1210.03 0.94 0.61



Table 37. SO-18126 A temperatures and pressures

Cpx crystal

AR B PA, P PR WWLWWNDNDNDDNDE=———

Table 38. SO-1767 C temperatures and pressures

Cpx crystal

BAIDA D WDRKN N — = o—m |

Point on
crystal

NN R W N NN =R WD~ OB R W

Point on
crystal

W= W W wnm W —

Temperature Temperature

Wang et al.
(2021)
1192.21
1181.17
1162.10
1189.15
1194.52
1254.99
1249.66
1254.24
1219.10
1172.74
1166.19
1216.94
1172.63
1163.04
1163.88
1169.64
1190.14
1247.61

Temperature Temperature

Wang et al.
(2021)
1239.19
1238.63
1239.92
1235.34
1223.98
1187.98
1217.89
1183.37
1200.46
1207.55
1221.89

Putirka
(2008)
1222.41
1213.67
1193.72
1221.60
1224 .84
1280.80
1248.73
1280.69
1255.14
1206.84
1197.58
1249.70
1207.25
1200.68
1198.07
1205.99
1218.06
1235.15

Putirka
(2008)
1262.37
1261.95
1260.97
1258.03
1247.03
1217.22
1251.37
1215.44
1228.63
1234.83
1247.48

Pressure
Wang et al.
(2021)
3.14
3.65
2.55
4.64
3.88
9.17
6.12
8.87
5.90
3.77
2.38
6.32
2.97
3.21
3.05
3.26
4.88
6.36

Pressure
Wang et al.
(2021)
6.85
6.75
6.69
6.49
4.87
2.07
6.02
1.83
2.97
3.53
6.27

Pressure
Putirka
(2008)
3.55
5.96
5.23
6.44
4.65
5.10
441
4.56
2.66
6.34
5.51
4.38
6.17
6.76
6.54
6.23
5.97
6.81

Pressure
Putirka
(2008)
4.01
4.12
4.06
4.26
2.50
2.25
4.18
1.99
1.36
2.30
4.99
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Table 39. M1-1A temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 1 1162.54 1193.51 1.28 4.38
1 2 1146.07 1175.01 0.14 4.96
1 3 1155.91 1182.72 -0.02 3.54
1 5 1140.88 1169.97 -1.43 2.85
1 7 1136.29 1175.32 0.11 5.14
2 1 1157.32 1188.91 1.89 6.05
2 2 1144.09 1174.29 0.59 6.20
2 3 1149.19 1184.36 0.73 3.97
2 4 1158.85 1191.51 0.94 3.48
2 5 1148.92 1181.71 0.21 4.32
2 6 1156.89 1189.25 1.16 4.61
2 7 1168.87 1193.98 1.72 4.83
3 1 1153.59 1183.54 1.15 5.56
3 2 1141.67 1174.75 2.03 8.64
3 3 1137.06 1165.19 -0.81 4.98
3 5 1160.29 1186.98 1.98 6.27
3 6 1123.09 1153.27 0.38 8.54
4 1 1140.96 1175.20 1.61 7.55
4 2 1153.49 1177.72 0.57 4.80
4 3 1163.23 1184.52 1.37 5.11
4 4 1169.32 1182.84 1.16 541
4 5 1143.50 1169.76 0.76 6.11
4 6 1168.59 1188.53 2.10 6.09



Table 40. VA 16105 temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1136.30 1175.30 2.38 7.01
1 2 1156.08 1191.90 2.84 5.88
1 3 1195.47 1205.26 4.15 6.37
1 4 1170.32 1201.99 3.42 5.33
2 1 1165.88 1192.57 2.52 5.48
2 2 1159.61 1195.78 3.23 6.13
2 3 1160.09 1197.35 2.45 4.62
2 4 1171.89 1204.66 431 6.48
2 5 1162.88 1200.21 2.95 6.30
3 1 1164.31 1200.47 4.18 7.04
3 2 1165.52 1199.68 3.68 6.45
3 3 1175.94 1204.13 3.41 4.90
3 4 1162.97 1201.34 3.11 4.81
3 5 1152.03 1190.53 2.71 5.87



Table 41. SO-1716 D temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 3 1182.30 1210.71 3.51 5.46
1 4 1163.14 1197.68 2.17 5.07
1 5 1158.73 1189.01 1.23 5.21
1 6 1174.35 1204.71 3.50 6.59
2 1 1163.26 1190.84 1.95 6.10
2 2 1170.30 1200.40 2.56 5.97
2 3 1153.52 1183.83 1.27 5.88
2 4 1143.54 1174.22 1.43 7.70
2 6 1167.11 1194.49 -0.08 2.27
2 7 1173.19 1207.99 1.46 3.10
2 8 1161.27 1194.38 1.27 4.82
3 1 1194.01 1205.33 3.18 5.59
3 2 1197.30 1207.55 3.01 5.04
3 3 1163.68 1193.85 1.64 5.09
3 4 1178.03 1206.96 2.92 4.65
3 5 1163.47 1195.35 2.60 5.92
3 6 1185.70 1209.65 2.59 4.19
4 1 1069.79 1146.62 -1.28 3.29
4 2 1193.77 1220.64 1.44 -0.70
4 3 1137.15 1188.46 -0.77 -0.18
4 4 1151.14 1190.23 -1.33 -0.95
4 5 1159.52 1198.50 -1.21 -1.95



Table 42. SO-1763 G temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 2 1166.99 1197.73 0.16 2.21
1 4 1155.90 1187.48 -1.40 0.81
1 5 1162.67 1198.46 -0.37 0.41
2 1 1159.08 1185.20 0.12 3.22
2 2 1162.13 1190.57 0.77 3.30
2 3 1145.58 1175.22 -0.62 3.71
2 4 1162.68 1192.74 0.36 2.29
2 5 1143.71 1177.27 -1.18 2.73
2 6 1188.76 1200.80 2.07 4.72
2 7 1206.40 1219.23 3.52 4.25
3 2 1242.96 1241.53 4.22 2.01
3 4 1173.77 1204.95 1.52 3.03
3 5 1164.04 1195.47 0.80 3.41
3 6 1226.48 1244.86 3.83 0.14
3 7 1185.83 1217.64 1.97 1.57
4 2 1192.31 1217.04 1.85 1.55
4 3 1179.62 1212.76 1.40 1.08
4 4 1179.53 1209.99 1.14 1.54

Table 43. M3-4 temperatures and pressures

Point on Temperature Temperature Pressure Pres.sure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1163.08 1200.36 3.51 6.79
1 3 1194.06 1221.51 3.50 3.42
1 4 1230.33 1232.09 4.21 3.34
1 5 1210.40 1226.68 3.79 3.32
1 6 1202.85 1233.11 4.12 3.54
2 1 1180.04 1209.57 3.10 4.98
2 3 1194.28 1215.72 2.54 2.79
3 1 1170.01 1206.24 3.56 6.70
3 3 1211.44 1229.63 3.32 1.80
3 4 1191.44 1218.91 2.11 1.37
4 1 1185.60 1214.66 2.69 3.05
4 2 1201.81 1221.99 2.89 2.13
4 3 1213.49 1234.57 3.41 0.91
4 4 1187.49 1218.61 1.81 2.06



Table 44. SO-1888A temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1188.21 1219.12 4.38 5.31
1 2 1200.65 1231.25 6.12 5.96
1 3 1200.77 1235.08 6.51 6.55
1 4 1195.41 1226.05 5.25 5.81
1 5 1190.73 1228.23 5.90 6.38
2 1 1227.68 1241.95 4.88 2.21
2 3 1225.73 1244.44 5.21 2.35
2 4 1243.79 1251.94 6.04 3.01

Table 45. SO-1894 temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 1 1188.42 1216.13 3.13 3.64
1 2 1152.70 1184.99 0.05 3.35
1 3 1169.31 1200.50 2.06 4.57
1 5 1184.23 1214.97 2.58 3.40
1 6 1193.92 1220.49 3.35 3.82
2 1 1178.23 1206.07 2.11 3.60
2 2 1170.10 1203.00 0.88 2.26
2 3 1172.11 1202.34 1.76 3.32
2 4 1166.90 1199.54 0.85 2.39
2 5 1182.33 1211.16 1.53 1.97
2 6 1179.63 1208.74 1.36 1.92
3 1 1191.23 1223.33 4.53 5.71
3 2 1176.69 1208.39 3.56 6.40
3 4 1172.12 1205.28 1.68 3.50
3 5 1188.50 1221.91 3.24 3.47
3 6 1186.07 1218.36 2.39 2.95
4 1 1194.67 1225.58 4.43 5.15
4 2 1216.52 1232.46 4.40 3.78
4 3 1196.54 1228.18 3.97 3.95
4 4 1199.80 1229.65 4.22 4.12
4 5 1215.43 1233.99 4.49 3.78
4 6 1189.25 1217.79 4.24 6.04
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Table 46. SO-18166 temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1263.18 1269.19 7.02 1.49
1 2 1251.92 1268.44 6.93 1.64
1 3 1230.83 1255.80 5.59 1.14
2 1 1173.69 1206.43 2.95 4.00
2 2 1268.88 1268.92 6.68 1.09
2 4 1245.52 1258.07 5.90 1.37
3 1 1224.18 1244.82 4.84 1.41
3 2 1259.07 1267.08 6.59 1.39
3 3 1231.02 1253.38 6.48 4.02
3 4 1267.28 1268.57 6.85 1.92

Table 47. MS6-7 temperatures and pressures

Cpx crystal Point on Temperature Temperature Pressure Pressure
crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 3 1177.73 1218.19 5.65 8.08
1 4 1314.23 1243.80 7.03 7.99
1 5 1227.62 1234.47 6.07 7.09
2 1 1292.87 1247.41 6.13 5.32
2 2 1307.37 1245.65 6.10 5.78
2 3 1290.05 1235.38 5.53 6.24
2 4 1282.96 1243.33 5.60 5.06
3 1 1338.44 1267.11 6.50 3.74
3 2 1322.54 1273.04 7.03 3.10
3 3 1332.84 1270.74 6.74 2.56
3 4 1329.71 1269.87 6.80 2.86
3 5 1349.21 1270.04 6.68 3.03
3 6 1340.62 1270.00 6.64 2.76
4 1 1280.18 1248.70 5.49 5.27
4 2 1282.20 1252.38 6.06 5.78
4 3 1260.28 1244.88 5.34 5.29
4 4 1276.40 1247.69 5.81 6.01
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Table 48. M1-4B temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1148.76 1175.21 0.35 5.80
1 2 1142.55 1169.62 -1.41 3.50
1 3 1148.47 1177.06 0.66 6.36
1 4 1147.67 1178.98 0.14 5.25
1 5 1152.55 1181.22 0.32 5.58
1 6 1168.11 1189.50 1.20 4.50
1 7 1150.85 1176.14 -0.14 4.28
2 1 1150.82 1180.91 -0.04 4.70
2 2 1170.68 1195.09 1.33 4.28
2 3 1150.83 1178.88 -0.37 4.41
2 4 1147.38 1167.67 -0.13 6.86
2 5 1147.53 1174.99 -0.33 541

Table 49. M2-1A temperatures and pressures

Cpx crystal Point on Temperature Temperature Pressure Pressure
crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 1 1208.58 1190.51 0.86 5.23
1 2 1222.79 1205.61 1.96 5.38
1 3 1202.94 1205.83 2.03 4.00
1 4 1207.18 1198.73 2.08 5.80
1 5 1185.27 1195.84 0.88 2.60
1 6 1188.23 1193.68 0.98 3.17
2 1 1136.86 1165.77 1.11 8.17
2 2 1162.95 1192.91 0.63 3.24
2 3 1248.32 1176.56 -1.33 1.46
2 4 1147.39 1178.69 -1.13 1.66
3 2 1151.88 1185.16 0.55 4.65
3 3 1142.28 1170.07 0.14 5.80
3 6 1155.67 1186.03 -0.03 3.12
4 1 1146.93 1178.89 -0.43 4.03
4 2 1146.08 1175.38 -2.07 0.99
4 3 1158.37 1195.43 -0.36 1.08
4 4 1145.00 1175.96 -1.09 2.96
4 5 1129.89 1164.37 -2.32 2.55
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Table 50. M3-3 temperatures and pressures

Cpx crystal

[(SSREUSRETSIE NG RN NS NI NS R NS N NS R NS N NS R S S N S Y

Point on
crystal

~N QN N0 J N R W= O R W

Temperature Temperature

Wang et al.
(2021)
1154.96
1169.70
1161.60
1155.10
1159.91
1140.48
1198.31
1192.24
1196.04
1200.72
1202.83
1202.97
1195.48
1133.12
1138.08
1132.94

Putirka
(2008)
1228.21
1230.73
1227.70
1225.48
1225.38
1210.32
1231.95
1234.89
1230.72
1247.96
1246.45
1227.29
1228.11
1198.41
1207.34
1197.97

Pressure
Wang et al.
(2021)
0.06
0.57
0.16
0.06
-0.18
-2.09
1.20
1.09
0.30
1.65
1.60
1.43
2.31
-0.99
-0.25
-2.09

Pressure
Putirka
(2008)
1.08
1.38
1.12
1.08
0.76
-0.20
3.11
2.27
1.67
1.64
1.72
4.31
6.00
3.24
3.39
1.33
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Table 51. SO-18173 temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)
1 1 1167.81 1207.42 4.85 7.88
1 2 1145.77 1197.68 4.43 8.99
1 3 1162.62 1204.59 3.78 7.34
1 4 1184.87 1217.98 4.16 5.46
1 5 1166.31 1210.43 3.47 5.30
1 6 1227.04 1223.96 4.72 6.09
1 7 1189.88 1213.19 4.63 6.83
2 1 1199.97 1214.69 4.11 6.13
2 2 1212.91 1222.32 4.46 5.63
2 5 1189.28 1220.94 5.03 6.99
3 1 1271.78 1226.85 5.08 6.44
3 2 1263.90 1225.23 4.95 6.30
3 3 1288.01 1243.38 5.50 5.33
3 4 1248.78 1241.22 5.33 4.39
3 5 1252.75 1236.88 4.71 3.83
3 6 1260.26 1236.55 4.72 431
4 1 1213.51 1227.25 3.52 1.90
4 2 1241.15 1251.50 6.19 4.17
4 3 1279.25 1242.16 5.13 3.88
4 4 1276.07 1229.90 4.74 5.16
4 5 1247.47 1234.34 4.98 5.06
4 6 1262.59 1239.35 4.80 3.91
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Table 52. SO-18176 B temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1182.35 1215.26 1.93 1.77
1 2 1155.78 1191.38 1.17 3.42
1 3 1175.32 1211.76 1.79 1.98
1 4 1148.87 1188.61 0.87 3.91
1 5 1161.54 1197.31 1.08 3.19
1 7 1180.75 1213.54 2.46 291
2 1 1218.03 1225.03 4.15 3.94
2 3 1160.53 1197.53 2.76 5.76
2 4 1168.41 1201.13 1.64 3.86
2 5 1154.95 1193.82 1.59 4.42
2 6 1158.11 1191.21 0.94 3.86
2 7 1164.98 1202.45 0.85 2.23
3 2 1166.21 1202.55 1.10 2.08
3 3 1184.87 1216.29 1.87 0.76
3 4 1164.62 1197.19 0.90 2.07
3 5 1181.96 1207.63 1.69 1.95

Table 53. SO-1747A temperatures and pressures

Point on Temperature Temperature Pressure Pres.sure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1227.33 1244.29 5.55 4.45
1 3 1240.28 1244.46 5.75 4.60
1 4 1235.07 1232.14 4.21 3.39
1 5 1230.44 1243.19 5.59 4.79
2 1 1229.96 1230.24 4.10 3.04
2 2 1245.21 1240.55 4.46 2.25
2 3 1229.44 1230.43 3.94 2.35
2 4 1226.57 1230.32 4.10 3.07
3 1 1234.68 1236.60 4.56 3.33
3 2 1245.39 1240.73 5.50 4.57
3 3 1236.70 1243.92 5.75 4.44
3 4 1225.35 1238.79 5.14 4.34
3 5 1204.60 1236.24 5.63 5.68
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Table 54. 1601.2A temperatures and pressures

Point on Temperature Temperature Pressure Pressure
Cpx crystal crystal Wang et al. Putirka Wang et al. Putirka
(2021) (2008) (2021) (2008)

1 1 1263.70 1262.65 5.76 0.74
1 2 1165.52 1194.36 -1.91 -2.45
1 3 1273.03 1262.64 5.84 1.16
1 4 1252.23 1256.82 5.14 0.99
2 2 1188.15 1196.38 5.02 8.63
2 3 1258.05 1225.40 6.30 6.72
2 4 1279.03 1212.47 5.52 7.16
3 1 1179.57 1197.44 4.64 7.37
3 2 1206.54 1213.42 4.64 5.38
3 3 1259.34 1234.03 5.27 2.79
3 4 1263.24 1232.17 5.78 4.03
3 5 1211.70 1218.60 5.22 5.49
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ABSTRACT

USING CLINOPYROXENE CHEMISTRY TO CONSTRAIN MAGMA PLUMBING
SYSTEMS IN A 1.2 GA ANDESITIC TO SHOSHONITIC VOLCANIC ARC, BARBY
FORMATION, NAMIBIA

By Lauren Taylor Burden, M.S., 2022
Department of Geological Sciences
Texas Christian University

Thesis Advisor: Richard Hanson, Professor of Geology

The 1.2 Ga Barby Formation located in SW Namibia is composed of basaltic andesites
and shoshonites erupted in a volcanic arc setting. Clinopyroxene (cpx) from samples of
pyroclastic rocks and hypabyssal intrusions previously collected by TCU graduate students was
analyzed using an electron microprobe at Fayetteville State University, North Carolina.
Correlations between cpx and whole-rock chemistry are used to provide additional insights into
the complex magma plumbing system feeding the Barby Formation. Cpx compositions and
cation ratios were also used in an attempt to constrain pressure and temperature conditions in the
source magma chambers using geothermobarometry. Cpx data from hypabyssal intrusions in one
part of the study area provide evidence of a different magma reservoir compared to the other

samples.
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