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Abstract

In the southernmost Appalachians, Devonian-Carboniferous Eastern Blue Ridge (EBR)
syn/post-orogenic granitoids are examined in two groups, high Sr/Y and low Sr/Y granitoids.
The Almond Trondhjemite (AT) is a part of these Alleghenian granitoids, and it shows high Sr/Y
ratio, as well as other adakitic geochemical characteristics, and intrudes Wedowee Group
metasedimentary rocks. Its parent melt was proposed to result from heating of lower crust by
upwelling asthenospheric mantle via delamination. The existing data on AT is neither complete
nor statistically robust to support this interpretation. New whole rock geochemistry data was
complemented by critical novel data such as Sr-Nd isotope systematics, single mineral chemistry
and “°Ar/*Ar thermochronology to solidify interpretations on its source, emplacement, and post
crystallization history in the context of Paleozoic-Mesozoic tectonism in Southern Appalachians.

The AT is a weakly foliated, I-type peraluminous granitoid that consists of
quartzt+plagioclase  (mostly  oligoclase)+muscovite+biotite ~ with  trace amounts of
orthoclase+zircon+apatite and secondary epidote+calcite. Sr-Nd isotope systematics, whole rock
geochemistry and mineral chemistry support previous interpretations of a lower crustal source.
Grenville orogenic affinity of this crustal source was proved with Sr-Nd isotopes. However, the
lack of associated mantle related rocks in the vicinity argues against asthenospheric involvement
in generation of the AT. Biotite crystallization temperatures show that the magma was fluxed
with water during final stages of crystallization. Muscovite *°Ar/>?Ar thermochronology suggests
that cooling of the AT is controlled regional cooling, possibly on the footwall of a core complex-

style exhumation.
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1. Introduction

Deciphering ancient plate tectonic puzzles requires solid knowledge on bookmarks
through time such as supercontinents, ancient oceans and orogenies. Orogenies probably are the
best of these because of their sub-linear extent, grand footprint and trackable nature among
continents that are separate now. To define an orogeny, one should identify rocks of different
origins bounded by faults and sutured in a sub-linear trend. Rocks of each zone (or terrane) in
these accretionary settings will have genetic relationships and identification of different terranes
is done based on multiple lines of evidence using petrology, geochemistry, paleomagnetism,
geochronology, and paleontology (see reviews by Cawood et al., 2009; Kusky et al., 2016;
Kusky and Sengor, 2023). When the oceanic crust between these terranes is lost to subduction,
remaining pieces are accreted on top of each other and amalgamated since their density is not
high enough and/or their root is too thick to subduct fully. Intense compressional deformation
and metamorphism obviously accompanies the amalgamation process which results in increase
in relief and creation of fold and thrust belts, as well as orogens. Driving forces of the
deformation are mainly slab pull and ridge push. During the peak orogenic activity, the relief is
controlled by the interplay of these driving forces, isostasy, and erosion. After some time (tens of
millions of years), when driving forces of slab pull and ridge push are no longer effective by slab
detachment and/or ridge extinction, roles of isostasy and erosion take full control of topography.
This generally leads to a decrease in relief in the long-term as high relief is more prone to
erosion. This interplay between isostatic rebound and erosion results in unroofing of deep rocks,
generally by orogen-parallel normal faulting. In ancient orogens, such as Appalachians, the relief
is greatly lost to erosion and extension, terrane-based identification and correlation with their

lateral extent, and foreland basin studies are important to identify and constraint these.



Igneous activity can be present in all stages of an orogenic system, from subduction stage
to post-collisional extension stage and resulting rocks hold precious information on timing of
events, emplacement environments, as well as deep processes beneath the orogen (e.g., Kusky
and Wang, 2022). Geochemical/isotope geochemical studies on well-mapped areas are required
to unroof this information. Overprinting metamorphic conditions can be observed on igneous
rocks better than sedimentary rocks and they are generally better candidates for geochronological
applications. Furthermore, spatiotemporal variations in igneous characteristics can be used to
make regional tectonic interpretations. For these reasons, studying igneous rocks is essential in
tectonic studies. Continuous development in analytical techniques is also creating the need for
new and improved data to be produced for more sophisticated interpretations.

This study focuses on southernmost Appalachians and uses geochemistry/isotope
geochemistry to characterize an igneous body, the Almond Trondhjemite. Details of the study, its

objective, methodology and the results are discussed in this manuscript.

1.1 Regional Geology

The Appalachian Orogen (sensu lato) formed in a long-lived series of orogenic episodes,
forming a spatially extensive mountain belt that covers most of the eastern United States, eastern
Quebec and Newfoundland with numbers of tectonic units overlying one another (Figure 1). It is
thought to correlate with orogens in Europe and be roughly coeval to the Caledonian and
Variscan orogens (Scotese, 2004; Hatcher, 2010; Hibbard et al., 2010; Stampfli et al., 2013;
Henderson et al., 2018), and possibly the Uralian Orogen (Pushkov, 1997). It records a complete
Wilson Cycle, starting from cessation of Grenville Orogeny in Early Neoproterozoic (Tollo et
al., 2004 and references therein) and ending with the opening of Atlantic Ocean in Jurassic

(Labails et al., 2010 and references therein). The older Greenville orogeny marks the assembly



of supercontinent Rodinia, which rifted away by the opening of lapetus and Rheic Oceans in
Late Precambrian-Cambrian.

Major continental pieces that played significant roles in Appalachian orogenic events are
Gondwana and Laurentia. During Silurian, convergence between these two masses started with
other minor tectonic units accreting one on top of/next to one another. Accretion in the
Appalachians occurred in four main stages or events, Taconic (Ordovician), Salinic (Silurian),
Acadian-Neoacadian (Devonian-Mississippian) and Alleghenian (Pennsylvanian-Permian)
(Hatcher, 2010). With the completion of amalgamation, the supercontinent Pangea was formed
and a whole Wilson Cycle was completed. Researchers investigate the Appalachian orogen in
two main parts: Southern Appalachians and Northern Appalachians. The boundary between these
is not a sharp contact but it is roughly located around the New York Promontory, where the
orogen is at its narrowest and widens toward either side (Figure 1). This study focuses on the
southern Appalachians.

The Southern Appalachians consists of polydeformed, folded/faulted, and
metamorphosed terranes that lie in a NE-SW trend (Figure 2). For Figure 2, it is important to
note that Thigpen and Hatcher (2017) used the term Piedmont in a sense that includes central and
eastern Blue Ridge, as well as Inner Piedmont and group them in their figure 1. Their map was
modified to separate Inner Piedmont (IP) and Eastern Blue Ridge (EBR) terranes, for this study
is concerned with EBR. These two and other neighboring terranes were accreted on top of each
other during different stages of Appalachian orogeny, starting from Taconic (Middle-Late
Ordovician). This stage marks the obduction of IP on top of Laurentia along Hayesville and
Brevard Fault zones, squeezing minor continental/magmatic fragments in between (which

includes EBR, Figure 2). Two major components of IP are the Dadeville Complex and EBR,



which consists of metamorphosed granitic, mafic and ultramafic plutonic rocks, amphibolite-
facies metabasalts that formed the arc itself, as well as the back-arc basin that consists of mainly
schists and other metasedimentary sequences. Emplacement of the Dadeville Complex is thought
to have been completed by a dextral transpressional movement through an orogenic channel to
its present location from north during later Alleghenian orogeny (Tull et al., 2018). Ma et al.
(2019) on the other hand, suggests that this movement occurred during Acadian-Neoacadian
orogeny. Nonetheless, metamorphism associated with Taconic orogeny reached up to granulite-
eclogite facies (Moecher et al., 2004; Miller et al., 2010). This stage also has development of
some arc and ophiolite systems that are observed in the Northern Appalachians, but these are

either absent or not well-preserved in the south (Robinson, 1998).

Southern Appalachians

. Northern Appalachians

A
Y

Laurentian Realm Iapetan Realm peri-Gondwanan Realm

- - Fiedmont domain / Dunnage domain Carolina I:l Ganderia  papee

P. accretionary cplx. Peri-Laurentian arc / G
Peri-Gondwana arc I Suwance - Avalonia
B Goochland domain (subsurface)

Figure 1: Major tectonic units of Appalachian Orogeny. BVBL—Baie Verte—Brompton Line; BZ—
Brevard zone; CPSZ—central Piedmont shear zone; DHF—Dover—Hermitage Bay faults, HHLC—Honey
Hill-Lake Char fault system; HLPGF—Hollins Line—Pleasant Grove fault system; RIL—Red Indian Line.

Modified from Hibbard et al. (2010).



The subsequent Salinic event is not prominent in the Southern Appalachians and has been
recognized mainly in the northern part of the orogen (van Staal et al., 2004), therefore the next
event for the study region is Acadian-Neoacadian orogeny that marks docking of Avalon,
Carolina and Ganderina(?) (super-)terranes to Laurentia (Shekan and Rast, 1990). Among these,
only the Carolina Superterrane is found in the southernmost Appalachians, whereas the others
belong to Northern Appalachians. Carolina is a composite superterrane that is peri-Gondwanan
in origin, exotic to Laurentia, and it consists of Late Precambrian volcanic arc-subarc plutonic
complexes as well as volcanogenic sediments related to these. Some of the sub-terranes of this
unit were accreted and metamorphosed at ca.530Ma (Rast and Skehan, 1983; Barker et al.,
1998), well before their amalgamation to Laurentia as a composite terrane during Acadian-
Neoacadian events. This event is characterized by zippering tectonics from north to south with a
westward subduction in the Southern Appalachians (Hatcher, 2010 and references therein).
Moreover, the Cat Square Terrain, that consists of aluminous schist, metagreywacke and granites
that intrude these, is thought to be a remnant ocean basin that accreted towards west during this
time (Bream et al., 2004; Merschat and Hatcher, 2007). The latest Neoacadian orogeny is
thought to be more uniform between northern and southern Appalachians (Hibbard et al., 2010)
and this stage was accompanied by upper amphibolite facies metamorphism (Merschat et. al.,
2005; Miller et al., 2010).

Acadian-Neoacadian was a long-lived stage and was followed by the last stage of
Appalachian orogeny during Carboniferous, Alleghenian. This final stage marked the closure of
the Rheic Ocean with amalgamation of Laurentia and Gondwana and formation of Pangea.
Crustal thickness was at its highest during this orogenic event since it marked the climax of

deformation with continent-continent collision and numerous thrust sheets were emplaced. The



Greater Black Warrior Basin was formed as a foreland basin due to flexural subsidence and it
was later structurally separated into sub-basins (Thomas, 1976; Haque and Uddin, 2016).
Metamorphic grade reached up to upper greenschist-lower amphibolite facies in EBR during this
time (Miller et al., 2010, Stowell et al., 2019). With the collision, the Appalachian Orogeny
(sensu lato) was completed, and supercontinent Pangea was formed.

Intense plutonism that had started at the latest Neoacadian also reached its climax during
Alleghenian. A number of these plutons are cropping out in Alabama and were grouped as EBR
plutons and IP plutons according to the tectonic units they intruded in. EBR plutons are felsic in
composition and lying in an orogen parallel (SW-NE) trend (Figure 3). These plutons contain
important information for the tectonic evolution of southernmost Appalachians and for the crust-
mantle interactions during the Paleozoic.

EBR plutons in southernmost Appalachians were grouped as low Sr/Y (Rockford Granite
and Bluff Springs Granite) and high St/Y (Almond Trondhjemite, Blakes Ferry and Wedowee
plutons) magmas with the former preceding the latter. Low Sr/Y suite is thought to be formed
between ca 390Ma and 365Ma by anatexis of supracrustal rocks. The high Sr/Y suite formed
between ca 349Ma and 335Ma and source these magmas is a matter of debate with previous
arguments including partial melting of subducted oceanic crust and lower-crustal melting
(Stowell et al., 2019 and references therein). Degree of mantle interaction during formation of
high Sr/Y plutons is also controversial. One whole rock geochemistry data was presented for

each pluton in this paper, therefore, the data validity is in question.
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Figure 2: Simplified tectonic map of southern Appalachians. (Modified from Thigpen and Hatcher, 2017).
Terrane of interest for this study is shown in legend and others are excluded for the sake of simplicity. C-
Cowrock terrane, CT-Cartoogechaye terrane, Chatt F- Chattahoochee—Holland Mountain fault, GMW-
Grandfather Mountain Window, HF- Hayesville Fault, PMW-Pine Mountain Window, SRA-Smith River

allochthon.

The Almond Trondhjemite (AT) of high Sr/Y EBR plutons crops out as multiple small

scale igneous bodies that show strong NE-SW elongation. Figure 3 was made using shapefiles



that are available on the USGS website (https://pubs.er.usgs.gov/publication/ds1052) and the AT
is shown with red outcrops. There seems to be a discrepancy in literature, some outcrops of the
AT are named locally by some researchers as Blakes Ferry and Wedowee plutons (Neathery and
Reynolds, 1975; Size and Dean, 1987). On top of these, some proportions of neighboring highly
heterogeneous Rockford Granite seem to show trondhjemitic affinities (Deininger et al., 1973).
Genetic relations between these trondhjemitic rocks were discussed in unpublished reports of
Geological Survey of Alabama and although weak, there is evidence that these might belong to
the same magma series. Another argument that is not conclusive was older Elkahatchee Quartz
Diorite Gneiss was the source of high St/Y granitoids (Deininger et al., 1973; Size and Dean,
1987, Defant et al., 1987).

In this study, all the collected rocks are from the AT in its narrower description (i.e.
which excludes, Blakes Ferry and Wedowee plutons). Tull (1978) suggested that the AT is pre-
metamorphic to syn-metamorphic. Two of the samples were collected from an unmapped small
outcrop of the AT (near Alexander City). It is defined as an I-type, peraluminous trondhjemite
with metasediment-tonalite enclaves and intermediate Si02 (67%-71%) content (Deininger et al.,
1973; Size and Dean, 1987) and it intrudes the Wedowee Group. Moreover, Stowell et al. (2019)
classified it as a high St/Y suite and calculated initial ¥’Sr/%¢Sr as 0.7041-0.7054, using data from
Russell et al. (1987) and their zircon 2*°Pb/?*8U age (~340 Ma). It should be noted that measured
87S1/3%6Sr data of Russell et al. (1987) show a great uncertainty of £0.0065. Stowell et al. (2019)
argues that petrogenesis of Almond Trondhjemite is related to slab-breakoff that occurred in

Latest Neoacadian-Earliest Alleghenian stage.



Whole rock geochemistry data regarding trondhjemitic bodies of EBR was compiled
from unpublished reports and a thesis. It is apparent that the data is neither complete nor reliable

by modern standards (Appendix A).
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1.2 A Note on Trondhjemites/Adakites

Adakites were defined by Defant and Drummond (1990), as “volcanic or intrusive rocks
in Cenozoic associated with subduction of young (<25Myr) oceanic lithosphere”, as they were
documented in Adak Island (Alaska) by Kay (1978). ‘Original adakites’ are characterized by
>56% S102, >15% AlLOs (rarely lower), usually <3% MgO, low Y and heavy rare earth elements
(HREE) relative to island-arcs (for example, Y and Yb < 18 and 1.9 ppm, respectively), high Sr
relative to island-arcs (rarely <400 p.p.m.), low high-field strength elements (HFSEs), as in most
island-arcs. In the original definition, another possible way of generating adakitic rocks were
given as melting of lower crust by underplating, however, this option was contended because of
absence of negative Eu anomalies and >15% Al2Os content. It was concluded that the anatexis of
young oceanic slab (i.e., a slab that is hot enough to melt relatively early on its way to the
mantle) is the source of adakites, as supported by existence of amphibolites and eclogites
associated with these rocks (Defant and Drummond, 1990). However, in subsequent years, the
term ‘adakite’ has started to be used in a broader context, regardless of petrogenesis and tectonic
setting and became a more descriptive term rather than a petrogenetic one. In an attempt to
constraint the term, Martin et al. (2005) further divided adakitic rocks into sub-groups, main ones
being high-silica adakites, low-silica adakites and continental adakites. Apart from these, some
fractionated andesites and sodic rhyolites were also discussed in this paper as they might show
adakitic signature. Regardless of variations, adakitic signature is mainly characterized by high
Sr/Y and La/Yb ratios. Sr and Y mobility during melting is depth sensitive. Destabilizing
plagioclase at depth is releasing Sr whereas newly stabilizing garnet and amphibole retains Y
which results in increasing Sr/Y ratio in resulting melt (Moyen, 2009). The effect of

garnet/amphibole in residue is also observable as depleted HREE patterns. Apart from this, a
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source with a high Sr/Y ratio is also possible, which bypasses the deep source argument. Another
possible contribution to high Sr/Y and La/Yb ratios is mantle interaction, which would also
increase Mg#, Cr and Ni values of the rock. Although garnet fractionation at depth is thought to
be the main factor in creating the adakitic signature, further modification to a higher Sr/Y ratio is
possible with shallower amphibole fractionation according to Moyen et al. (2007).

Experimental studies were successful in generating adakitic signature using mid-ocean
ridge basalt (MORB) as starting material and applying fluid-absent melting conditions (Rapp and
Watson, 1995; Moyen and Martin, 2012). According to some other experimental studies
(Rudnick and Gao, 2003; Qian and Hermann, 2013), it is possible to generate adakites by 10-40
wt% melting of hydrous mafic lower crust in a depth as shallow as ~35km and with lower
temperatures. This formation does not necessitate eclogitization and delamination (Figure 4). It
was also argued that K>O content in adakites are mainly controlled by the source effect in some

experiments (Wang et al., 2022 and references therein).
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Figure 4: P-T diagram for adakitic melt generation. Red rectangle is the proposed conditions for adakite
formation from partial melting of mafic lower crust and the blue rectangle represents previously
proposed zone of adakite generation from subducted oceanic crust (Qian and Hermann, 2013; and

references therein).

In the light of these, there are several possible geological settings that give rise to adakitic
signature, the usual suspect being slab melting as the original proposition (Defant and
Drummond, 1990; Kay et al., 1993; Qu et al., 2004; Martin et al., 2005;). Slab derived melts that
interact with the mantle wedge or ridge subduction may alter chemical and Sr-Nd isotope
signatures towards more primitive values (Aguillén-Robles et al., 2001, Tuena et al., 2008).

Relatively shallow slab melting may be caused by ridge subduction in these settings. During the
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rise of these magmas, they can have assimilation and fractional crystallization to a level that they
produce high silica rhyolites as documented in Southern Philippines by Castillo et al. (1999).
Another mode of formation is partial melting of thickened lower crust (Petford and
Atherton, 1996; Hou et al., 2004; Topuz et al., 2005; Guo et al., 2007; Eyuboglu et al., 2012;
Zhao et al., 2013; Pang et al., 2016; Zhou et al., 2016; He et al., 2018; Hao et al., 2021). These
can be primary melts or the ones that have equilibrated or interacted with mantle via
delamination or underplating (Castillo, 2012) (Figure 5). The former gives way to low MgO,
high silica rocks and the latter results in high MgO (low FeO/MgO) and high Cr-Ni content. The
difference between these two modes of formation should also be visible in Sr-Nd isotope
signatures, as the involvement of mantle will result in lower ¥Sr/%Sr and higher **Nd/"**Nd
ratios. However, a possible complication regarding this is the degree of mantle melting effect,
which will impact chemical signatures of the rock. This type of adakite petrogenesis also
requires the lag time between cessation of subduction by collision and generation of adakites
since increased crustal thickness is required. It also requires a heat source, especially for the low
MgO-high silica rocks, that is generally argued to be mantle derived ultrapotassic-potassic rocks
that are ponding in juvenile crust (MASH zone) to be this heat source. Lastly, some researchers
argued that adakitic signatures can be achieved by hydrous melting or decompression melting

through crustal extension (Wang et al., 2006) without an external heat source required.
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Figure 5: Proposed formation of post-collisional adakites from thickened crust in Lhasa Terrane.

Modified from Annen et. al. (2006) by Guo et al. (2007).

1.3 Objectives and Significance

The objective of this study is to generate precise, accurate and statistically acceptable

geochemical data from fresh samples of the AT, which is an especially important problem in

Southern Appalachians because of the polyphase deformation, regional/local overprinting

metamorphism and subsequent weathering and alterations. Furthermore, the possibly

15



heterogeneous nature of igneous intrusions may lead to misleading interpretations. Therefore,
additional data allow researchers to converge interpretations to true nature of this intrusive rock
and its tectonic meaning.

Although there existed geochemical and Sr isotope data from the AT, it is scarce and was
collected 70’s and 80’s and rather recent unpublished whole-rock geochemistry data of Ingram
(2012) is questionable. The uncertainty of measured ¥’Sr/*¢Sr by Russell et al. (1987) is 0.0065
but modern mass spectrometer can achieve much higher precision <0.00001. In addition, Nd
isotopic compositions ('**Nd/'**Nd) are still lacking but are needed for a robust geochemical
characterization. The whole rock major and trace element data is rather recent (Ingram, 2012;
Stowell et al., 2019) but it still needs to be complemented because of the reasons discussed
above, as well as high Loss on Ignition (LOI) values of analyses in these manuscripts. Another
aimed contribution is extensive data collection on single mineral major oxides using electron
probe micro analysis (EPMA) which has not been reported from the AT. Lastly, another data that
does not exist but will be produced is muscovite *’Ar/*°Ar dating.

The AT was classified as a high St/Y granitoid by previous researchers and generation of
high Sr/Y granitoids is a matter of debate in the literature as established earlier in this
manuscript. Discussion about these potential sources of the AT requires more reliable whole rock
major and trace element geochemistry and Sr-Nd isotope data because of their combined strength
of characterizing magma source and evolution. Single mineral geochemistry by EPMA also was
used to interpret emplacement conditions (i.e., temperature, pressure) using biotite
thermobarometer. Lastly, muscovite **Ar/*°Ar data will be used in combination with published

zircon U/Pb ages to interpret late/post emplacement history. In combination, these datasets
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present a holistic story about the AT by allowing the complete interpretation of magma

source/evolution, emplacement, and subsequent cooling history.

2.Methodology

Five samples are presented in this study. Four of these, AT-1, AT-2, AMD-2 and AMD-3
have been used for all analyses that will be presented later. One sample, AMD-1 was used for
“0Ar/*Ar analyses only. Although it might create confusion, sample names that were given at the
time of collection were preserved. AMD-1, 2 and 3 (Figure 6) were collected by Dr. Haibo Zou,
AT-1 and AT-2 (Figure 7) were collected by Sara Speetjens and Bishop Robbins, prior to the
author’s arrival to Auburn and they were generously offered for this study. Sample locations can
be seen in Figure 3. Later, additional fieldwork was conducted to possibly observe contact
relations and collect more samples. Two more samples were collected but geochemical data

collection on these was not possible during the course of this project.

17



Figure 7: Field photo of AT-1 and AT-2 outcrop.
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Figure 8: The author standing on an outcrop of AT.

Four samples were prepared for Electron Probe Micro Analysis (EPMA) and polarized

microscope analyses in Sample Preparation Laboratory, Middle East Technical University
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(METU, TUR). EPMA was conducted at Auburn University Electron Microprobe Analysis Lab
(AU-EMPA). Whole rock major and trace element compositions of the same four samples were
measured using XRF and ICP-MS, respectively, at Wuhan Sample Solution Analytical
Technology to characterize the Almond Trondhjemite. 3’Sr/*°Sr and '*Nd/'**Nd isotope ratios
were determined in Wuhan Sample Solution Analytical Technology and Auburn University
Isotope Geochemistry Lab (AU-ISOLAB). This analysis further constrains the petrogenesis of
Almond Trondhjemite. Lastly, muscovite “°Ar/*°Ar dating was done in Auburn Noble Gas

Isotope Mass Analysis Laboratory (ANIMAL).

2.1 Whole Rock Geochemistry

Whole rock geochemistry is concerned with the wt% and ppm abundances of various
elements that include major oxides and trace elements, respectively. Various geochemical
processes leave their signature on element distributions of the rocks and in order to reveal these,
element abundances are plotted on bivariate and trivariate diagrams (Rollinson and Peace, 2021).

Samples were analyzed in Wuhan Sample Solution Analytical Technology using XRF
and ICP-MS for major and trace elements, respectively.

Whole-rock chemical compositions were measured at Wuhan Sample Solution Analytical
Technology using an XRF. The sample pretreatment of whole rock major element analysis was
made by melting method. The flux is a mixture of lithium tetraborate, lithium metaborate and
lithium fluoride (45:10:5). Ammonium nitrate and lithium bromide were used as oxidant and
release agent, respectively. The melting temperature was 1050 °C and the melting time was 15
minutes. ZSX Primus II wavelength dispersive X-ray fluorescence spectrometer (XRF) by
RIGAKU, Japan, was used for the analysis of major elements in the whole rock. The X-ray tube

is a 4.0KW end window Rh target. Analytical conditions are voltage at 50kV and current at
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60mA. All major element analysis lines are ka. The calibration curve was obtained from rock
standards GBWO07101-14. The data were corrected by theoretical a coefficient method, The
relative standard deviation (RSD) is less than 2%. Trace element analyses of whole rocks were
conducted on Agilent 7700e inductively coupled plasma mass spectrometer at the Wuhan
Sample Solution Analytical Technology.

It is important to note that Loss on Ignition (LOI) is calculated as a first step by heating

the sample to ~1000°C to enable escape of volatile phases (e.g., H2O and CO»).

2.2 Mineral Chemistry

EPMA allows determination of major oxide abundances (and trace element
concentrations with some settings). It is a spot analysis, therefore, it can detect intragrain
changes along specified line traverses. It produces particularly good results on major oxides
(S102, TiO2, AlLO3, FeO, MnO, MgO, Ca0O, Na,O and K>0) in a very short time. Moreover, it
requires simple sample preparation and measurement procedures. This analysis revealed major
oxide contents of biotite, plagioclase and titanite, which were used in thermobarometric
calculations (e.g., Luhr et al., 1984; Shabani et al., 2003; Uchida et al., 2007; Erdmann et al.,
2019; Shellnutt et al., 2020; Eyiiboglu et al., 2021). Moreover, biotite compositions can also be
used for source classification (Shabani et al., 2003, Wang et al., 2022) Another strength of
EPMA is to acquire back-scattered image (BSE) to create elemental abundance maps. These
maps reveal heterogeneities which can be used to interpret variation in crystallization conditions
during mineral growth and/or to interpret secondary processes.

Polished sections were carbon-coated to create an electrically conductive surface and

measured in AU-EMPA laboratory. AU-EMPA is equipped with JEOL JXA-8600 electron
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microprobe with four wavelength dispersive spectrometers (WDS). This allows measurement of
four different elements at the same time. Figure 9 shows a basic sketch of JEOL-8600 Electron
Microprobe Analyzer. Electron Microprobe uses an electron gun to create the beam. A filament
is heated to emit the electron beam, that is condensed towards the sample holder by condenser
lenses. This leads to emission of a characteristic X-Ray from the sample. This X-ray is then
focused on an X-ray Spectrometer using a diffractive crystal and elemental abundances are
calculated. Table I shows the crystals used for specific element measurements in the context of
Bragg’s Law. The angle of the crystal relative to the sample is modified for different element
measurements. 15kV accelerating voltage and 20nA beam current were used for the instrument
settings. lum and Sum beam size were used for biotite and plagioclase, respectively. Matrix

corrections for analyses are directly applied by the instrument software.
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Figure 9: Schematic drawing of JEOL JXA 8600 Electron Microprobe.
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Table 1: Measured oxides, used diffractive crystals and standards in AU-EMPA

TAP1 TAP2 PET LIF Standard

Na.O X Amelia Albite
MgO X Oliv_2566
Al;03 X Anorthite
SiO, X Amelia Albite

KO X Microcline
Cao X Anorthite
TiO; X IImenite
MnO X P-130

FeO X Fayalite

Standardization is a vital issue on EPMA and AU-EMPA laboratory has a wide selection
of standards that allow representative selection for each target mineral. The method is calibrating
all major oxides using a different standard that has a high abundance of that specific oxide.
Calibration standards and diffractive crystals used can be seen in Table 1. Therefore, it requires
moving back and forth between different standards until all the individual major oxide
measurements are accurate and precise. Validation standards (that have similar composition with
the sample) were measured after 15 to 20 sample measurements for quality assurance/quality
control (QA/QC) purposes. For elemental mapping, 2.4um pixel size and 20msec/pixel dwell

was used and provided good results.

2.3 Whole-rock Sr-Nd Isotope Systematics
Cross-plot of 87Sr/%Sr (eSr) vs '*Nd/'*Nd (¢Nd) isotope ratios is a widely used and
accepted method to reveal source magma characteristics and tectonic environment of igneous
rocks (Zou et al., 2000; 2010). Unlike major and trace element contents, isotope ratios such as

87Sr/%6Sr and **Nd/"**Nd are not fractionated during partial melting, fractional crystallization and
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post crystallization processes, therefore can reflect source characteristics accurately compared to

other proxies. Two decay systems are used in this method are:

14—3Nd 143Nd 147Sm y Y
144N 4 = Taap g + TaiNg (e - 1), Ma7sm = 6.54 %10
measured initial

87 87 87
Sr) ( Sr) ( Rb)
= + (e —1), Agrrp = 1421071 yr
86 86 86 4
( St measured ST initial ST

Sr-Nd isotope methods at Wuhan Sample Solution Analytical Technology has been
documented in Guo and Zou (2021). Sr isotope method at Auburn University has been briefly
documented in Gill et al. (2018) and is described in more details here. AU-ISOLAB is equipped
with Finnigan MAT 262 thermal ionization mass spectrometer (TIMS) that has 8 Faraday Cups
and a secondary electron multiplier (Figure 10). TIMS ionizes the sample thermally using a
filament that is subjected to current. These ions are then accelerated at 10 kV and focused using
ion lens towards the magnetic field which separates them based on mass/charge ratio (m/z).
Separated ions then go into multiple collectors and multiple isotope ratios are measured
simultaneously. TIMS provides very precise results (£0.00001) for elements with high ionization
potentials (e.g., Sr and Nd). Isobaric inferences are eliminated by using single element solutions
that produce high precision/accuracy results, however, the sample preparation process is
complex and time consuming.

Samples are powdered and ~80mg from each one was taken for acid dissolution. Sample
dissolution is completed in three stages, each takes place on hot plate and ends with complete

evaporation of used acid. The first stage involves 3:1 mixture of 29M HF and 14M HNOs3 and
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hot plate treatment at 120 °C for three days. The second stage is dissolution in 6m HCI and direct
evaporation at 100 °C, and the last stage is dissolution in 7M HNO3 and direct evaporation at 100
°C. Lastly, a small amount of 2M HNO:s is added, and samples are centrifuged for two minutes.
Samples in 2M HNO3 matrix are then ready for column chromatography.

Column chromatography begins with resin cleaning and conditioning, which is followed
by sample loading. Sr is eluded using a single stage column through Sr. Spec resin. Nd is eluted
in a two staged column, the first stage is elution of LREE using TRU. Spec. This resin holds
LREE and then placed on top of Ln. Spec which elutes Nd from other LREE. HNO3z and HCI
with various molarities are used through this process and sample purification is completed. A
slightly modified version of methods of Mikova and Denkova (2007) and Li et al. (2012) are
used.

Purified Sr samples are picked up from Teflon beakers using dilute (0.25 N) HNO3 and
are mixed with 1 microliter TAPH solution (Zou, 1999; Zou et al., 2000). The mixture is then
loaded onto degassed rhenium filaments for ionization. Sr samples on the single thin Re
filaments that are dried at 0.7 ampere (A). The filament current is then slowly increased to 2.0 A
until all H3POg4 is evaporated, and finally is flushed very briefly at 3.0 A. Filaments with Sr
samples are then mounted to a sample magazine that can hold up to 13 samples. The magazine is
loaded to the ion source of MAT-262. Vacuum in the ion source and mass analyzer of the mass
spectrometer is kept at better than 107 mbar. Purified Sr samples are thermally ionized by
passing a current through the filaments in the ion source. An accelerating voltage of 10 KV is
used to accelerate Sr” ions from the ion source into the magnetic sector mass analyzer. Dynamic
jumping mode is used for Sr isotope analyses. Sr isotopic compositions are normalized to

86S1/%8Sr of 0.1194. For Nd samples, the process is similar, however Nd ionization requires two
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filaments, evaporation and ionization filaments due to its ionization character. Nd isotopic

compositions are normalized to "**Nd/'"**Nd = 0.7219.

lonization
Chamber

Figure 10: Schematic drawing of Finnigan Mat-262 TIMS

26



2.4 “Ar/*Ar Geochronology

YAr/PAr dating of K bearing mineral phases is a well-established and powerful
geo/thermo-chronological method to reveal late/post-crystallization history of plutons. Data from
different mineral phases with different closure temperatures can be used to understand the
cooling history of the host rock (e.g., Armstrong, 1966; Krol et al., 1996; Kelley, 2002; Schaen
et al., 2020). Furthermore, this data will be used in combination with crystallization ages from U-
Pb zircon and monazite geochronology from the literature for complete understanding of later
stages of evolution of Almond Trondhjemite.

A1/ Ar (Merrihue and Turner, 1966) is the modified version of conventional *°K/*°Ar
method. It requires artificial production of *°Ar from *°K by neutron bombardment in a nuclear
reactor. The fraction of produced *°Ar from *°K is monitored with flux monitors that are placed
among samples, therefore initially present *°K can be calculated entirely from Ar measurements
(through so called “J value™), allowing measurement of both radiogenic and radioactive isotopes
as a single aliquot in the same mass spectrometer (Clauer et al., 2013). More in-depth
comparison of these two techniques can be found in Dalrymple and Lanphere (1971) and
McDougall and Harrison (1999). Equations of J value and cooling age are:

e Atmonitor — 1

J= 40 4 ’
39147"
monitor

A = 5.463+0.107 x 10'° yr~1 (Min et al., 2000)
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Dates acquired by “°Ar/*°Ar analysis may directly represents crystallization age for fast
cooling volcanic rocks or low temperature systems, however, this is not the case for intrusive
rocks. For intrusive rocks, there is generally a lag between crystallization and cessation of Ar
diffusion (closure) in minerals because of high diffusibility of Ar and relatively slow cooling of
these rocks. Therefore, determined age represents closure age of the mineral (Schaen et al.,
2020). Muscovite was used in the study and its nominal closure temperature is ~390 C° (Grove
and Harrison, 1996). Although closure temperature is a point, there is a range of temperature that
transition from open to closed system occurs, and this varies with crystal size, diffusion
geometry factor and cooling rate (Dodson, 1973).

Five samples were crushed, sieved and monomineralic muscovite grains were hand-
picked from these and were loaded to irradiation disks to be sent to the USGS TRIGA Nuclear
Reactor for irradiation with fast neutrons. Samples were irradiated for 16 hours with Cd
shielding. The monitor to calculate J value was Fish Canyon sanidine (28.201 + 0.046 Ma,
Kuiper et al., 2008) and GA1550 Biotite (99.44 + 0.17 Ma, Jourdan and Renne, 2007). Irradiated
samples were then unpacked and measured in Auburn Noble Gas Isotope Mass Analysis
Laboratory (ANIMAL). ANIMAL houses the GLM-110 (Figure 11) which is a 400cc volume,
90° magnetic sector mass spectrometer with 10 cm radius of curvature and a single electron
multiplier detector. The extraction line is equipped with a 60W Synrad CO, laser for sample
fusion/heating. Blanks were measured following every 5™ analysis. Blank corrections to °Ar
measurements are based on an average or regression of several blanks measured for a given day

of analysis. Air aliquots were typically analyzed 5 times per day to monitor mass discrimination,
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generally at the beginning of the day. Data were reduced using an Excel spreadsheet and Isoplot
(Ludwig, 2012).

Single crystals were first subjected to total fusion with total of 10 single crystals for each
sample. In addition, one grain from each sample was used for step-heating measurements. Step
heating releases argon isotopes incrementally as the laser power increases with every step until
the sample degasses completely and fuses. When consecutive steps yield results that are

statistically identical, they define a plateau age.

Laser Extraction Line Magnetic Sector

Pump

|
| lon
|

lon Gauge

Figure 11: Schematic illustration of GLM-110 in ANIMAL.
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3. Results

3.1 Petrography

AMD and AT samples show similar mineralogical and textural characters on their
respective groups. Both groups are dominated by plagioclase and quartz. There are minor
amounts of K-feldspar present in AMD samples, but these are even less in AT samples. All
samples appear to be slightly deformed and show an intermediate/weak foliation that is primarily
defined by mica assemblages. A number of garnet grains were observed on an AMD-3 thin
section (Figure 12), however, the garnets seem to not appear in polished sections that EPMA
work was done on. In AMD samples, intermediate/weak foliation is defined by mainly
muscovite-biotite micas, and trace amount of apatites. Muscovite seems to dominate the mica
assemblage, rather than biotite. Quartz in AMD-1 and AMD-3 show polycrystalline texture
which also indicates deformation. Zircon is present as disseminated and fine grained. AMD-3
also asymmetrically deformed mica formation (Figure 12, green inlet) and epidote replacement
in these deformed micas. Trace amounts of secondary epidote replace micas on cleavage planes.
AT samples have more biotite in foliation planes compared to AMD samples. Scarce epidote
formation as cumulates is also seen on these, but no garnet has been observed (Figure 13). This
might be due to the general low abundance of garnet in the Almond Trondhjemite. AT-1 and 2
show cross-joints which are filled by fine grained muscovite micas and epidotes(?). These cross-
joints look like cleavage planes on some plagioclases and make them appear as hornblende,
however no hornblende was found in any of these samples, by optic microscopy or EPMA.
Zircon morphology is similar to AMD samples, but no apatite was observed in AT samples.
Although it was not detected in thin section petrography, presence of titanite as an accessory

phase was confirmed using EPMA. A small amount of secondary calcite fillings was observed in
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all the samples. Epidote grains are not euhedral, and their abundance is slightly higher in AT-1,2

samples, compared to AMD-2,3 samples.
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Figure 12: Photomicrograph of AMD-3. Blue inlet shows a garnet on foliation plane and green inlet

shows a deformed mica with epidote replacing muscovite.
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Figure 13: Photomicrograph of AT-1. Both inlets show epidote replacing micas along cleavage planes.
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3.2 Whole Rock Geochemistry

3.2.1 Evaluation of Sample Quality

Sample freshness is a general concern/problem in Southern Appalachian studies, as
discussed earlier. This makes it imperative to assess the collected data before using it. To
evaluate the data, Loss on Ignition (LOI) is used. It is expected to be smaller than 1% for ‘Dry’
samples, those that are poor in hydrous phases such as amphibole group minerals. The expected
‘Total’ values for these samples are 99-101% (Rollinson and Pease, 2021). All samples show
suitable LOI values with 0.99%, 0.73%, 0.55% and 0.79%, and totals of 100.2%, 99.96%,

101.18% and 100.07%, respectively.

3.2.2 Major Oxides

Samples have high silica contents ranging between 70.48 and 74.81 wt.% with
minor/trace amounts of TiO2 (0.07-0.29%), tFe>03 (0.58-1.95%), MnO (0.022-0.039%) and MgO
(0.14-0.74%). All of the samples have a relatively high ~15% AlOs content. A homogeneous
distribution of major oxide content is observed in three samples. However, relatively more silica-
rich (74.81%) AMD-3 has relatively less Mg, Al and Ca oxide contents and contains more Na

and K oxides, which indicates it is slightly more evolved (Figure 14,Table 2).
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Figure 14: Bivariate diagrams of major oxide contents against silica content.

3.2.3 Trace Elements

Trace element distribution among samples is relatively homogeneous (7able 2). Sr and Y
abundances change between 468-574ppm and 5.45-8.33ppm, respectively and Sr/Y ratios are
between 56.2 and 132.3. All samples have systematically low Ta, Yb and Nb abundances, 0.15-
0.21ppm, 0.47-0.58ppm and 1.93-2.93ppm, respectively. Cr and Ni contents are in the lower
side. For the less evolved, lower silica samples (AT-1 and AT-2) Cr and Ni abundances are

~11.9 and ~5.8ppm, respectively. By comparison, the more evolved, higher silica samples have

lower Cr (1.50-3.85ppm) and lower Ni (0.84-2.24ppm).
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Table 2: Whole rock major oxide (wt.%) and trace element contents (ppm) of the AT.

AT-1 AT-2 AMD-2  AMD-3
SiO2 70.91 70.48 72.69 74.81
TiO2 0.29 0.29 0.19 0.07
ALOs3 16.16 16.27 15.23 14.75
TFe203 1.95 1.94 1.67 0.58
MnO 0.03 0.03 0.04 0.02
MgO 0.74 0.74 0.51 0.14
CaO 2.79 2.83 2.24 1.70
Na:O 5.01 5.22 4.86 5.44
K:0 1.26 1.38 1.79 2.07
P20s 0.07 0.07 0.07 0.06
LOI 0.99 0.73 0.79 0.55
TOTAL | 100.20 99.96 100.07 100.18
Li 21.30 19.10 24.20 20.20
Be 1.17 0.99 1.28 1.53
Sc 3.52 3.83 2.54 1.50
\% 31.30 32.80 14.20 5.54
Cr 11.90 11.80 3.85 1.50
Co 4.89 4.59 2.15 0.66
Ni 5.93 5.72 2.24 0.84
Cu 8.71 8.87 3.02 5.52
Zn 38.30 40.90 39.30 24.40
Ga 18.60 19.40 17.90 17.30
Rb 39.70 33.80 41.50 49.50
Sr 552.00 574.00 468.00 527.00
Y 6.07 4.34 8.33 5.45
Zr 116.00 118.00 124.00 70.20
Nb 2.55 242 2.93 1.93
Sn 0.82 0.92 1.37 1.55
Cs 0.70 0.69 0.79 0.68
Ba 391.00 453.00 456.00 393.00
La 7.55 5.94 10.50 5.07
Ce 17.30 12.70 22.50 10.70
Pr 1.87 1.46 2.68 1.29
Nd 7.34 5.67 10.30 5.45
Sm 1.65 1.23 2.05 1.23
Eu 0.59 0.49 0.49 0.34
Gd 1.44 1.11 1.59 1.30
Tb 0.20 0.16 0.23 0.20
Dy 1.18 0.85 1.28 0.93
Ho 0.24 0.17 0.23 0.19
Er 0.65 0.42 0.65 0.47
Tm 0.08 0.06 0.09 0.07
Yb 0.56 0.46 0.58 0.47
Lu 0.08 0.07 0.09 0.06
Hf 3.10 3.07 3.29 231
Ta 0.16 0.15 0.21 0.21
Tl 0.20 0.23 0.24 0.25
Ti 1738.07  1738.07  1138.73 419.53
Pb 10.10 9.97 13.10 16.80
Th 1.73 1.45 2.84 1.56
U 0.58 0.64 0.65 0.58
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Trace elements are normalized to and plotted against primitive mantle values of Sun and
McDonough (1989), and REE are normalized to and plotted against primitive mantle values of
McDonough and Sun (1995) in Figure 15a and b, respectively. In primitive mantle normalized
diagram REE diagram, light rare earth elements (LREE) are enriched, without significant Eu
anomalies. Heavy rare elements (HREE) make up a relatively flat pattern. In primitive mantle
normalized multi-element diagram, samples have strongly positive K, Pb, Sr and Li anomalies,

as well as negative Nb, Ta and Ti anomalies. Zr and Hf are also weakly enriched.

3.2.4 Classification and Tectonic Discrimination

Trace elements and REE were mostly not mobilized in samples, as shown by linear trends
of immobile-mobile element pairs discussed earlier. Therefore, tectonic diagrams using these
elements are safe to use. Samples have peraluminous characteristics according to Shand (1943)
classification diagram with A/CNK index of 1.0-1.1. This suggests I-type characteristics with
one sample (AT-1) on the I-S Type boundary. Aal samples plot in TTG/adakite field in La-Yb
classification diagram of Martin (1986). To summarize, the AT is an I-type peraluminous
trondhjemite. Lastly, all the samples fall into trondhjemite zone in feldspar-based classification

of O’Connor (1965) (Figure 16a, b and c, respectively).
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3.3 Mineral Chemistry

EPMA was done on biotites, muscovites, plagioclases and titanites of three samples and
mineral formulas were calculated for each element using oxide weight percentages. The focus of

this manuscript is on biotite and plagioclase because of their usefulness in constraining magmatic
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conditions. Moreover, titanite geobarometer results did not yield desired precession, hence
excluded. 1771 point-measurements were done on biotite and plagioclase combined, including
samples and standards. Data reduction was done according to total dry oxide percentages for
each mineral as well as expected ranges for each oxide (7able 3). For QA/QC, after every 15 to
20 sample points, standards were measured to assure the calibration was still good and
recalibration was done if needed. Validation was done by one final QA/QC measurement
between calibration and sample measurements and recorded to show accuracy of the data. Table

4 shows the mean value of QA/QC measurements and expected values.

Table 3: Summary of biotite and plagioclase EPMA measurements.

Accepted

Total Total % Valid QA/Q
Measurements Measurements C
Range
Biotite 648 93.0-98.6 182 30
Plagioclase 1123 99.0-101.0 380 35
> 1771 562 65
Table 4: QA/QC outline for EPMA.
.. Amelia
Biotitel3 QA/QC ] QA/QC
Albite
Known Measurements Measurements
Known
SiO: 331 33.33 68.14 67.93
TiO: 1.3 1.39 0 0
ALO3 17.65 17.55 19.77 20.3
FeO 31.47 31.52 0.01 0.03
MnO 0.04 0.04 0 0.01
MgO 2.82 2.93 0 0
CaO 0.1 0.02 0.38 0.21
NaO 0.12 0.17 11.46 11.19
€10} 9 9.12 0.23 0.15
2 95.6 96.08 99.99 99.83
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Reduced data was used to calculate mineral formulas. Empirical mineral formulas used
are:

Biotite = Kz(Fe,Mg)s(Al,Si3)2012(0H)2-H20 (22 Oxygens)
Plagioclase = NayCa,Si12Al4032 (32 Oxygens)

Calculated plagioclase compositions are mostly oligoclase with some showing albitic
composition (Figure 17). High number of measurements was done on plagioclases using line

traverses and very weak compositional zoning is observed in some crystals (An content varies by

~5%).

Anorthoclase Sanidine

Ab

Figure 17: Plagioclase compositions of the AT.
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Biotites of AT have ferribiotite-annite character (Figure 18a) and their crystallization
temperatures were calculated using equation of Luhr et al. (1984). Calculated temperatures have
a mean value of 630424 (1o) °C (Figure 18b). These values are relatively low for expected
biotite crystallization, and this can be explained by repeated cycles of heating and H>O flux
(Challener and Glazner, 2017: Shellnutt et al., 2020). Biotite can also be used as a geobarometer
using the equation of Uchida et al. (2007). This geobarometer was calibrated using hornblende
and sphalerite geobarometers. Calculated pressures were used to calculate a crystallization depth,
assuming a uniform average crustal density of 2.8g/cm® and the results yield mean depth of 14.1
+2.3(10) km (Figure 18b and Appendix B). For titanite, measurements did not yield any reliable
results as the standard deviation was much greater than desirable. I think this is related to the
newly developing nature of this geobarometer and it needs more calibration with natural and

experimental confirmation (Erdmann et al., 2018).

T (C°) = ——— (Luhretal, 1984)

P (kbar) = 3.33 * AlT — 6.53 (+0.33) (Uchida et al., 2007)
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Figure 18: Crystallization temperatures and depths of biotites from the AT A)
Calculated with equation of Luhr et al., 1984. B) Calculated with equation of Uchida et al. (2007) and

average crustal density of 2.8g/cm’.

BSE images were taken for elemental mapping. Appendix C shows BSE image and
element abundance maps for four different elements. It is important to note that color scales are
unique to each map, and do not show abundance relative to one another. Quartz and plagioclase
are the most abundant minerals as expected. Biotite and muscovite follow these in terms of

abundance. In the BSE image, one muscovite crystal is marked with an asterisk (*). This crystal
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shows no cleavage because it was cut along the cleavage plane. It is inferred as muscovite
because of its elemental compositions. The small mineral in the top portion has a very high Al
abundance and low Fe, K and Mg abundance and it is topaz. All biotites and plagioclases,

regarding their different morphologies, show relatively homogeneous distribution of elements.

3.4 Sr-Nd Isotope Geochemistry

87Sr/%Sr and **Nd/'*Nd ratios were measured as 0.705862-0.707167 and 0.512366-
0.512439, respectively (Table 5). It should be noted that these data are robust as evidenced by

significantly small 2¢ values as shown in the same table.

Table 5: Result of Sr-Nd isotope analysis.

(*’Sr/*Sr) 26 (Nd/'Nd) 206
AT-1 0.705862 0.000010 0.512400 0.000006
AT-2 0.705720  0.000009 0.512425 0.000006
AMD-2 0.706719 0.000007 0.512366 0.000005
AMD-3 0.706225 0.000008 0.512439 0.000008
AMD-1 0.707167 0.000011

After the measurements are done, initial values for these isotopic ratios should be
calculated using the age of the rock, natural abundances of different isotopes of Rb, Sr, Sm and
Nd elements, as well as abundances (in ppm) of these elements in subject rocks. The former is
taken from the measured whole rock trace and REE data. The latter is taken from The
Commission on Isotopic Abundances and Atomic Weights (CIAAW) of International Union of
Pure and Applied Chemistry (IUPAC) (Meija et al., 2013) (Table 6). The age of this intrusion is

taken as 340Myr (Stowell et al., 2019) for all calculations.
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Table 6: Atomic masses and abundances used in calculation of Sr-Nd isotopes, from Meija et al., (2013).

Mass Abundance
85Rb 8491179 0.721654
$Rb 86.90918 0.278346
AW, 85.4678
ARb-sr 1.42*10°!!
Age 340 Myr Mass Abundance
(*’Rb/**Sr)k 0.7048 84Sr 83.91343 0.005574
(Rb/Sr) g 0.03 86Sr 85.90926 0.098566
87Sr 86.90888 0.070015
88Qr 87.90561 0.825845
AW, 87.62
Mass Abundance
142Nd 141.9077 0.27153
18Nd 142.9098 0.12173
144Nd 143.9101 0.23798
145Nd 1449126 0.08293
146N d 1459131 0.17189
143N d 147.9169 0.05756
Asm-Nd 6.54*%10712 150Nd 149.9209 0.05638
Age 340 Myr AW. 144.242
(147Sm/1“4Nd)CHUR 0.512638
(Sm/Nd)cuur 0.1966 Mass Abundance
144Sm 143.912 0.03078
1478 m 146.9149 0.15004
148Sm 147.9148 0.11248
1498 m 148.9172 0.13824
1508 m 1499173 0.07365
152Sm 151.9197 0.2674
154Sm 153.9222 0.22741

AW, 150.36

Using these, (*7Sr/2°Sr); and (1**Nd/'**Nd); were calculated and the results can be seen in
Table 7. By tradition, **Nd/'**Nd data is shown as &Ndi, which requires normalization to
Chondrite Uniform Reservoir (CHUR) value of the same age. These values were calculated and
presented on Table 7, using (**Nd/'*Nd)chur = 0.512638 and (**’Sm/'"**Nd)chur = 0.1966

(Bouvier et al., 2008).
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Table 7: Initial Sr-Nd values for the AT.

AT-1 AT-2 AMD-2 AMD-3
3Sr/*Sr 0.7058620 0.7057200 0.7067190 0.7062250
$Rb/*Sr 0.2082635 0.1707029 0.2565759 0.2719683
(®¥’Sr/*Sr); 0.7053984 0.70534 0.7054773 0.7056196
SNd/"Nd 0.5124000 0.5124250 0.5123660 0.5124390
4Nd/"Sm 0.1361971 0.1308731 0.1206573 0.1368166
(*Nd/"Nd); 0.5124000 0.5124250 0.5123660 0.5124390
(*“Nd/"*Nd)cuur;  0.5120968 0.5121337 0.5120974 0.5121344
eNd; -1.89 -1.17 -1.88 -1.16
Tom 1.26 1.13 1.11 1.19

eNd ages of the AT were also calculated to identify crustal residency time. This
calculation assumes (nearly)-constant '4’Sm/!**Nd ratios because of their similar atomic structure
and reveals last time the sample was in equilibrium with the mantle reservoir. This reservoir is
selected as depleted mantle of DePaolo (1981) and the calculated age is Tpm. Bea et al. (2023)
discussed this technique is susceptible to error, especially in high silica, peraluminous granitoids.
The potential error occurs because these granitoids are susceptible to changes in '*’Sm/!*Nd
through fractionation of monazite, xenotime, apatite and garnet. Low '¥’Sm/!**Nd ratios (<0.08)
yield anomalously low Tpwm ages, whereas high Y’Sm/'*Nd ratios (>0.165) yield anomalously
high Tpwm ages (Stern, 2002) and two-stage Tpwm calculation (DePaolo, 1991) should be used to
attenuate these errors. For the AT, '*7Sm/!*Nd ratio changes between 0.121 and 0.137, which

are suitable for one-step Tpwm calculation. Calculated values are given in Table 7 and Figure 19.
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3.5 “Ar/**Ar Thermochronology

YOAr/*Ar step heating and total fusion ages are presented in Figure 20 a to e and f,
respectively and the full data can be seen in Appendix D. In step-heated samples, plateau ages
were defined with a slightly modified version of criteria suggested by Schaen et al. (2020). Used
criteria are: 1) at least three consecutive steps that with each other in 1o error, 2) plateau steps
should include at least 60% of total extracted *’Ar gas. Box heights are 1o for step-heating and
all ages are given in 20 error.

Step-heated muscovite samples yield consistent plateau ages of 317-320 Ma for AT-1, 2
and AMD-1 samples and slightly older 321-322 Ma for AMD-2 and 3. AMD-3 shows excess
“0Ar in the first couple of steps. The excess argon is likely to result from argon retention in lattice
defects that are results of deformation (Cosca et al., 2011), similar to the deformed mica in
Figure 12. In the histogram of single crystal total fusion ages (Figure 20f), muscovite ages
cluster around 320Ma and they are consistent with step-heating results. The younger peak
observed in AT-2 muscovites (~140Mya) attributed to “less radiogenic” sample (as explained in
Hames, 2020). When the 3°Ar signal is too low compared to *°Ar, applied atmospheric correction

may yield erroneous ages (Appendix D).
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4. Discussion

4.1 Petrogenesis

For discussion, data from eleven papers which contain 188 data points in total were
selected to be plotted against the AT in a number of diagrams. During this selection, care was
taken to evaluate the data quality of said papers. Another criterion was to be published in top
journals such as Lithos, Geochimica and Cosmochimica Acta, Chemical Geology etc. These
papers were grouped according to their proposed magma sources as subducting oceanic crust
related ones and mafic lower crust related ones. Mafic lower crust related ones are further
divided into three groups (MLC I, II and III) according to their Sr-Nd isotopic values (Figure
21). Although all of these were proposed to be sourced from lower crustal material, their Sr-Nd
isotope values have major differences. The difference between these groups is the relative
amount of upper crustal contamination as more contaminated rocks have more enriched 8’Sr/*Sr
ratios and e€Nd values. It should be noted that all authors support their chemical interpretations
with regional geological evidence but not all the details will be provided in this manuscript. For
more details, the reader is referred to original articles.

Subducting oceanic crust related adakite data are coming from Aguillon-Robles et al.
(2001) and Gomez-Tuena et al. (2008). Both papers report work from Mexico and the former
deals with Late Miocene adakites of Vizcaino Peninsula whereas the latter deals with Miocene
high-silica Chalcatzingo trondhjemites. Both papers present MORB-like Sr-Nd data and low
K20 values (Figure 21-Figure 22). Although these rocks still have MgO values less than 3wt%,
as original adakite proposition, they are characterized by higher MgO contents with respect to

other groups (Figure 22). Gomez-Tuena et al. (2008) also argues low Cr-Ni abundances and high
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Mg# also supports slab melting hypothesis (Figure 20). Both papers explain the required shallow
slab melting with initiation of ridge subduction.

Mafic lower crust related adakitic rocks of Group I were taken from Quaternary adakites
of Anar Region of Iran (Pang et al., 2016) and Miocene adakitic dacites of Eastern Pontides of
Turkiye (Eyuboglu et al., 2012) and these rocks show minimal to no upper crustal contamination
according to these authors. Both rocks are characterized by low MgO and intermediate K>O
abundances (Figure 22). Moreover, their low Cr-Ni abundances are also in accordance with a

crustal source (Figure 23).
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Figure 21: Sr-Nd isotope characteristic of selected adakitic rocks and the AT. See text for references of

background data.
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Group II data was taken from different parts of Miocene Lhasa Terrane (Tibet) (Hou et
al., 2004; Guo et al., 2007) Eocene Eastern Pontides (Turkiye) (Topuz et al., 2005) and Miocene
Cordillera Blanca (Peru) (Petford and Atherton, 1996). Rocks of this group show intermediate
upper crustal contamination after generation by partial melting of lower crust. The rocks of this
group show more variation in all aspects of their geochemistry compared to the previous two
groups because of this contamination.

The last group (III) were selected from the most upper-crust contaminated lower-crust
sourced adakitic rocks. Data of this group is coming from Miocene Lhasa Terrane (Tibet) (Hao
et al., 2021), Devonian Alxa Block (China) (Zhou et al., 2016), and Neoproterozoic Huangling
(China) (Zhao et al., 2013). The biggest spread of data is seen in this group since they all are
deemed to have been formed by combination of juvenile crust, ultrapotassic-potassic basalts and
lower crust. High MgO samples of this group and group II can be explained by some samples
interacting with mantle (Figure 22).

Differently sourced adakitic rocks that have different levels of crustal contamination
don’t seem to have a clear distinction in between. Silica content does not seem to differ because
higher silica content can be achieved through assimilation and/or fractionation. From other major
oxide wt. percentages, KoO seems to be the most distinct among different groups. If the K>O
content of adakitic melts are almost entirely controlled by the source rocks (Wang et al., 2022
and references therein), the small variation is consistent with proposed MORB and lower crust
chemistry. Average MORB KO content is 0.16 wt% (Winter, 2013). For lower crust, chemical
composition is a bit more debatable since it cannot be sampled directly, but relies on data from
exposed terrains, xenoliths and geophysics. Figure 24 shows different lower crust Ko>O

abundance estimates from three groups, and it changes between 0.6 to 1.5 wt%. Nonetheless,
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lower crust is most likely to have slightly higher K>,O content than MORB and this source effect

is somehow seen on K>O content of different adakite groups.
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As mentioned in Castillo (2012), MgO content can be used to discriminate between
different adakite sources. the AT is a thick lower crust-derived adakite according to its MgO-
SiO, content (Figure 25). However, this diagram should be used with caution because of

significant overlapping areas between zones.
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Figure 25: Source discrimination diagram for adakitic rocks. Background data from He et al. (2018) and

references therein.

Cr and Ni content seem to be somehow distinct between different sources with the effect
of mantle involvement. Mantle can be involved in adakite petrogenesis in two ways: 1) melts

generated by anatexis of subducting slab interacts with the mantle wedge and 2) melts generated
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by lower crustal anatexis that interacts and equilibrates with mantle via delamination or
underplating. The former also get complicated by amount of subduction modification on the
mantle wedge and sediment input on melting. Sediment affects silica content of the melt, which
effects viscosity of the magma, hence its capacity of interaction with the mantle wedge. In the
latter, the amount of interaction can also vary depending on the amount of mantle interaction.
Furthermore, these differences may not ensure clear distinction because of their incompatibility
with felsic melt. Therefore, Cr and Ni cannot be used as a singular proxy, but as a supporting
factor.

When plotted on primitive mantle normalized multi-element and REE diagrams (Sun and
McDonough, 1989; McDonough and Sun, 1995; respectively), all groups have similar patterns
(Figure 26). They all show strongly positive K, Pb, Sr and Li anomalies, as well as negative Nb,
Ta and Ti anomalies. Zr and Hf are also weakly enriched. Some samples of group III (those that
are from Zhou et al., 2006) show slightly enriched Ba content. The same samples show positive
Eu anomaly in REE diagram which indicates fluid-present melting and no residual plagioclase in
the source whereas the AT does not show any prominent anomaly in REE content (Moyen and
Stevens, 2006). LREE/HREE ratio is highest in group I samples which show smaller degrees of
partial melting and all others are showing higher degrees of partial melting and almost flat HREE
patterns.

In selected discrimination diagrams, no prominent difference between groups were
observed (Figure 27). All groups fall along metaluminous-peraluminous boundary with no
obvious grouping. The small number of S-type group II and III samples can be explained by the
crustal components of these melts. H>O saturated melting of lower crustal was demonstrated to

create peraluminous granites (Patino Douce and Beard, 1995; Ratajeski et. al., 2005).

56



10000

1000

0.1

(=
(=3
(=]
—

10

T TTTTTT]

T TTTTTT T

T

Sample/Primitive Mantle

I Subducting Oceanic Crust Related
I Mafic Lower Crust Related (1)

[0 Mafic Lower Crust Related (II)

Mafic Lower Crust Related (III)
-©- Almond Trondhjemite

T TTTTIT

Cs Ba IIJ Ta La Plb Sr Nld er Elu Gld Dly SI(' Er Ylb
I I [ [ | I I | [ [ | | I
Rb Th Nb K Ce Pr P Sm Hf Ti Tb Li Ho Tm Lu

T TTTTIT] T T TTTTTT

Sample/Primitive Mantle

0.1

T TTTTIT

Figure 26: Trace element and REE diagrams for the AT and other adakitic groups.
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From the EPMA data, biotite can be used in a discrimination diagram (Figure 28). All
biotites are Fe-rich character (i.e., ferribiotite) and they all plot on intensely contaminated
reduced I-type (I-SCR) biotite zone with a small number of data plot exclusively in S-type zone.
The presence of topaz as an accessory phase is also supporting whole rock analysis of
peraluminous character of this pluton and indicate extreme fractionation (Konyshev et al., 2020).

However, abundance of it needs to be considered while discussing its implications, which is only
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in trace amounts. Moreover, extremely fractionated topaz bearing granites are also expected to
be rich in Li bearing white micas such as zinnwaldite and/or lepidolite (Manning and Hill, 1990;
Frindt et al., 2004; Barker and Reed 2010). It has been argued that topaz bearing granites may be
generated by partial melting of lower crustal material and through fractionation, However, no Li
bearing white mica was observed by EPMA, all measured white micas are muscovite. In this
regard, the AT is not similar to these topaz granites. Nonetheless, the AT could have been

produced this way but have not fractionated as much as these topaz bearing granites.
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Figure 28: Biotite classification and source diagram (Shabani et al., 2003).
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Apart from the small overlap between different sources, the best way to discriminate
different adakitic/trondhjemitic sources seem to be through K>O and Rb contents, as originally
proposed by Drummond et al. (1996) ( Figure 29). Although none of these lines of evidence
is enough for a comprehensive interpretation alone, when all of them are combined, lower crustal
origin for the AT with garnet-amphibolite residue is the most likely scenario. Upper crustal
contamination on this magma is present but not extensive as evidenced by Sr-Nd isotope

systematics.
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Figure 29: K>O vs Rb graph for different groups of adakitic/trondhjemitic rocks.
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4.2 Implications for Southernmost Appalachian Tectonics

The great difference between Nd modal ages and zircon ages proves that the crustal
residence age of the AT is much older than crystallization age. Although it crystallized during
the Alleghenian orogeny, its source is not juvenile Appalachian crust, but reworked Grenville
crust. Such affiliation is observed in Mexico (Oaxaca Terrane: Yafiez et al., 1991), through
Texas (Llano uplift: Mosher, 1998), Alabama (Pine Mountain Window: Steltenpohl et al., 2004),
Carolinas (Tallulah Falls Dome, Toxaway Dome and Trimont Ridge: Hatcher et al. 2004),
Virginia (Goochland Terrane: Owens and Samson, 2004) and all the way up to New York
(Adirondack Massif: McLelland et al., 1993). Figure 30 shows a compilation of Grenvillian Tpwm

data from these locations.
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Figure 30: Compiled Tpu for Grenvillian basement rocks. The data is compiled by Owens and Samson
(2004) and their compilation includes data from Pettingill et al. (1984), Patchett and Ruiz (1989), Daly

and McLelland (1991), McLelland et al. (1993), Heatherington et al. (1996), Fullagar et al. (1997).
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Adakite/trondhjemite generation is generally accompanied by potassic-ultrapotassic
magmas nearby (e.g., Hou et al., 2004; Guo et al., 2007; Pang et al., 2016; Hao et al., 2021).
These potassic magmas are mantle sourced basalts. They are thought to be products of the
underplating and the source of heat for the adakite/trondhjemite generation. However, no broadly
coeval mantle related basic rock have been reported in southernmost Appalachians. If the
intrusion depth for the AT is 14km, as calculated with EPMA here, these mantle related rocks
may have been eroded away or not present at all. Therefore, it is not possible to discuss the lower
crustal origin in relation to nearby rocks which undermines the asthenospheric upwelling
scenario. According to these, generation of the AT may be the result of crustal thickening and
anatexis without an external heat source such as underplating. Proposed minimum thickness for
southern Appalachians during Neoacadian (27-39 km, Stowell et al., 2019) are sufficient for
adakite generation based on the study of Qian and Hermann (2013).

During the beginning of collision, partial melting of middle-lower crustal metasediments
can generate low St/Y plutons without any mantle involvement. The availability of water is the
key factor that controls the generation of these magmas. The required water may be supplied
externally by subducting (most likely still intact) slab, or internally through dehydration of
metasediments in crust (England and Thompson, 1986). At this time, the crust is not thick
enough to extend beyond garnet-in depth and generated magmas will not show adakitic
character. With more thickening later, the crust reaches to a sufficient thickness for lower
portions to reach garnet stability depths that allows generation of high Sr/Y magmas. This type
of paired high-low St/Y plutons were also documented in Baja-California and New Zealand by
Tulloch and Kimbrough (2003 and references therein). They show that 30-40 Myr of low Sr/Y

was followed by 15-20 Myr of quiescence in igneous activity (i.e., magmatic lull) and later

62



development of high Sr/Y magmas in 15-20 Myr. Igneous quiescence, coeval thrusting and
crustal thickening was argued to be controlled by flattening of subducting slab. Both Baja-
California and New Zealand show clear boundaries between continental inward high Sr/Y and
outward low Sr/Y suits due to slab flattening between emplacement of these suits. This model is
consistent with the southernmost Appalachians when the ages of low and high Sr/Y plutons are
considered (390-365Ma and 349-335Ma, respectively) (Stowell et al., 2019). The transition
between these was marked by a ~16Myr igneous quiescence, assuming rocks that were eroded
away or that are still not exposed don’t include an intrusive body of either type. This duration
seems enough for crustal thickening required to produce adakitic magmas. Reported thrust
stacking during 360-345 Ma (Gastaldo et al., 1993; Merschat et al., 2005) in the southern
Appalachians shows this thickening was not only through thermal processes, but also
mechanically supported. The involvement of slab geometry change (i.e., flattening, rollback) is
not clear in the study region because high-low Sr/Y rocks do not show a clear orogen-parallel
boundary as in paired plutonic belts model of Tulloch and Kimbrough (2003) (Figure 3). The
model also requires a slab geometry modification since it does not end with continental collision.
However, Alleghenian orogeny ended in continental collision and formation of Pangea (Hatcher,
2010), which necessitates a slab breakof.

The slab breakoff (or slab-failure magmatism) results in a distinct chemical
characteristics (no Eu anomalies, low Y, depleted heavy REE, Nb/Y>0.4, La/Yb>10,
Gd/Yb>2.0, Sm/Yb>2.5 and Sr/Y>10) as outlined in Hildebrand et al. (2018), Hildebrand and
Whalen (2021) and Kusky and Wang (2022) and references therein. In this model, high Sr/Y
magmas may result from either partial melting of the garnetiferous plagioclase-free metabasalts

from detached slab or melting of partly subducted continental crust on the down-going passive
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margin. During the former, they may still yield old crustal Sr-Nd isotopic signatures through
assimilation (Hildebrand and Whalen, 2021). The AT has similar characteristics to these slab
failure rocks. However, I think the option of partial melting of detached slab assimilating old
Grenvillian crust and completely mimicking its isotopic signature (e.g.; Hildebrand and Whalen,
2021) is unlikely. In this case, seeing mixed Tpm ages would be more plausible whereas AT is
showing strong Grenvillian crustal character based on crustal residence age (Tpm). However,
melting of partially subducted lower crust ~17Myr after the collision was shown in numerical
model of Freeburn et al. (2017)(Figure 31), and it explains Grenvillian crustal signatures,
~15Myr igneous quiescence between high-low Sr/Y magmas and established source
characteristics. With that said, the scope of this project does not include a wide selection of data
from different plutonic bodies of southernmost Appalachians and the problems of existing data
was previously discussed. Thus, more data on Neoacadian-Alleghenian granitoids are needed to

construct better subduction-collision models in Southern Appalachians.
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Another issue with high Sr/Y granites in Alabama is their genetic relations with each
other (Drummond et al., 1984, 1997; Stowell et al., 2019). The problems of compiled dataset
from high Sr/Y magmas of southernmost Appalachians were discussed earlier, however, they
may still suggest a potential correlation. Figure 32 shows Harker diagrams for high Sr/Y

magmas of southernmost Appalachians. Although some correlations seem to be weak (especially
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Na>O seems problematic), this data shows a genetic relationship between these rocks. The

presence, but weakness of correlation can be attributed to the questionable nature of earlier data.
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weaker trends, respectively. All abundances are in wt%.
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4.3 Post Crystallization

The ~20 Myr difference in U-Pb zircon age and “°Ar/°Ar muscovite age shows that
muscovite cooling should be related to translation towards shallower depths after magma
crystallization.

The age of cooling event possibly corresponds to the activity of the Alexander City Fault
(ACF) that was associated with greenschist facies ductile shearing. It was proposed as a south-
dipping dextral-normal shear zone that formed along brittle-ductile transition zone, but it also
shows minor reverse slip features. It results in mylonite zones that show drastic thickness
changes along-strike. In southern portions, AMD-1, 3 sample locations, close to where the
mylonite zone is the thickest (Steltenpohl et al., 2013) (Figure 3). Two garnetiferous phyllonite
samples from this thicker zone yield muscovite **Ar/*’Ar ages of 317.22 + 0.61 and 317.31 +
0.45 Ma and these were interpreted as last mid-crustal level deformation in the basis of
recrystallization and internal deformation of muscovites (Poole, 2015). Although deformation is
present, AT does not show complete recrystallization of micas, therefore presented ages here
does not represent the deformation age. “°Ar/*Ar ages presented here represents the regional
cooling, which was suggested to get progressively older from SE to NW in the area (Poole, 2015:
Ma et al., 2019. This was explained with rolling-hinge type core complex exhumation by Ma et
al. (2019) using a compilation of *°Ar/*’Ar ages, as well as new their novel data from Georgia
and Alabama. According to this configuration, AT is located on the footwall of this exhumation
and the muscovite “°Ar/*°Ar ages reported here are consistent with what was predicted by

muscovite cooling age contours (Figure 2b of Ma et al., 2019).
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5. Conclusions

Almond Trondhjemite of southernmost Appalachians lacked solid data to answer

fundamental questions: 1) what is the source of its parent magma? 2)what was its emplacement

conditions in terms of pressure and temperature? 3)what is its post-crystallization story? The first

question was answered through Sr-Nd isotopic analyses, whole rock and mineral chemistry. The

second question was answered with mineral chemistry and the last one was answered with

“0Ar/*Ar thermochronology. Answering all these questions also shed light on the place of

Almond Trondhjemite in Paleozoic and Mesozoic Appalachian tectonics and the following

conclusions were drawn from the results.

Almond Trondhjemite is a weakly foliated, high Sr/Y rock with adakitic character and its
mineral assemblage is quartz+plagioclase (mostly oligoclase)+muscovite+biotite with
trace amounts of zircon+apatite and secondary epidote+calcite.

The magma source for Almond Trondhjemite is anatexis of orogenically thickened lower
crustal mafic material as evidenced by Sr-Nd isotope systematics and geochemistry.
Crustal material in the source is reworked Grenvillian crust, rather than juvenile
Appalachian crust and the mid-upper crustal contamination is limited. Whether this
anatexis was aided by mantle upwelling is unclear because the associated mantle related
rocks are either absent or eroded away.

Biotites of Almond Trondhjemite crystallized at mean temperature of 630 °C that shows
the magma had experienced H2O flux during crystallization. Biotite geobarometer yield
mean crystallization depth of 14.1 km. No amphibole was found for further

geobarometric calculations.
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Muscovite “°Ar/*?Ar ages of Almond Trondhjemite are consistent with the regional core
complex-style cooling event that was suggested to get younger from NW to SE.
Although southernmost Appalachian granites were subject to number of studies and
review papers, accumulated data on these rocks have problems. Accumulation of new
and high-quality data will allow further discussions on problems that were discussed
here.

Petrogenesis of adakite/trondhjemite rocks is not rigorously constrained in the literature
and more robust proxies should be developed to better constrain the source of these
magmas. Their relation to slab-failure magmatism and whether they represent the same
geodynamic events with ‘classical’ adakite/trondhjemite magmas should be further

discovered.
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7. Appendices

Appendix A: Compiled dataset for high Sr/Y EBR plutons. BF: Blakes Ferry, ALM: Almond W: Wedowee.

1: Deininger et al. (1973), 2: Size and Dean (1987), 3: Ingram (2012).

1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2
Name ALM ALM ALM ALM ALM ALM ALM ALM ALM ALM ALM ALM ALM ALM ALM ALM
Sio, 702 70.1 725 710 702 70.1 708 706 71.8 73.1 723 719 738 757 709 715
TiO, 02 02 02 03 0.1 02 03 02 03 02 02 01 01 02
ALO; 158 174 175 169 156 17.1 17.6 167 153 155 162 159 148 151 153 154
Fe,O,.t 16 20 13 21 23 09 o1 11 23 08 19 14 18 09 13 17
MnO 00 01 00 00 00 00 00 00 00 00 00 00 00 00 00 00
MgO 04 05 01 04 05 04 00 05 06 02 07 04 06 03 03 05
CaO 20 22 25 20 20 24 25 23 17 19 29 14 16 10 17 16
Na,0O 55 49 60 57 53 64 64 55 46 53 52 56 51 55 56 53
K,0 19 22 02 19 25 29 11 15 20 25 17 23 22 23 19 17
P06, 13 07 01 02 08 04 10 06 10 07 01 00 01 01 01 0.1
LOI 13 07 01 02 08 04 10 06 10 07 10 07 10 14 18 038
Total 989 100.2 100.2 100.4 98.4 100.8 99.9 989 99.6 1003 102.2 99.8 101.1 102.3 99.0 98.7

\% 295 174 220 11.6 120 173
Cr 108.0 120.0 139 7.1 98.0 11.0
Ni 120 60 90 80 6.0 80
Cu 114 108 59 10.7 339 1438
Zn 39.0 44.0 48.0 29.0 39.0 44.0
Rb 30.0 31.0 45.0 47.0 39.0 36.0
Sr 558.0 549.0 499.0 409.0 320.0 458.0
Y

Zr 170 29.0 30.0 28.0 27.0 26.0
Nb

Ba 504.0 569.0 594.0

Mo

Pb 10.0 10.0 10.0 20.0 10.0 10.0
Th 4.4 2.1 2.0

U 0.6 0.8 1.4

La 20.0 10.0 8.7

Ce 46.0 20.0 20.0

Pr

Nd 23.0 11.0 9.0

Sm 4.0 23 20

Eu 2.1 0.6 04

Gd

Tb 0.5 04 03

Dy 0.9 1.7 1.3

Ho

Er

Tm

Yb 1.5 0.7 0.7

Lu 0.2 0.1 0.1

Tl

Ta

Sn

Li

Be 0.9 1.0 1.3 1.5 1.5 1.3
Co 58.0 66.0

Cs

Ga

Hf
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2 2 2 3 3 3 3 2 2 2 2 2 2 3 3 3

Name |ALM ALM ALM ALM ALM ALM ALM BF BF BF BF BF BF BF BF BF
Si0, | 744 69.8 67.8 729 726 726 723 765 735 675 71.1 740 726 68.0 714 652
TiO, | 00 02 03 01 01 01 01 06 02 01 03 02 00 01 0.1 0.6
AlLO; | 142 147 155 154 152 153 152 12,0 158 147 154 147 148 197 171 175
Fe,O;_t|{ 10 21 32 05 06 05 04 35 12 08 16 1.1 02 06 13 5.1
MnO | 00 00 01 00 00 00 00 00 00 00 00 00 0.0 0.0 0.1
MgO | 03 06 09 01 02 01 0.1 13 04 03 05 04 01 02 03 1.7
CaO 14 25 14 10 18 17 17 14 23 21 22 21 22 24 18 33
NaO | 49 45 40 56 59 57 56 31 55 53 51 51 56 75 59 4.2
K,0 25 20 30 20 19 20 20 26 17 14 18 16 13 14 20 2.2
PO | 01 01 00 00 01 01 00 01 01 00 01 00 00 00 0.1 0.1
LOI 16 07 18 16 16 19 25 12 05 01 03 05 03 00 0.0 0.0
Total |100.5 97.2 98.1 99.2 100.0 100.0 99.9 1024 101.1 924 984 99.7 97.1 999 100.0 100.0

\Y% 113 235 252 104 102 294 9.0 434 147 104 189 135 44 142 120 118

Cr 84 165 875 195 89 49 108 9.8 4.0
Ni 60 90 90 20 24 38 16 80 80 70 60 50 80 24 22 2.4
Cu 6.8 57 5950 44 28 84 38 28 23 28 35 37 134 26 7.0

Zn 29.0 48.0 80.0 182 208 472 182 138.0 540 350 61.0 550 11.0 332 312 234
Rb 51.0 350 78.0 428 398 396 458 57.0 29.0 20.0 32.0 24.0 100 200 246 204
Sr |325.0 481.0 274.0 568.2 589.2 529.2 516.2 471.0 807.0 759.0 769.0 769.0 787.0 925.4 999.2 1017.4

Y 32 40 62 36 1.8 1.0 12.0
Zr 240 27.0 38.0 98.6 116.8 1522 88.0 44.0 33.0 30.0 37.0 350 27.0 155.6 153.6 156.2
Nb 32 30 42 30 22 22 2.0
Ba [594.0 344.0 390.0 339.6 434.4 391.0 728.0 544.0 417.0 562.0 514.0 450.0 501.8 563.2 545.8
Mo 11.0 11.0 80 11.0 11.0 11.0 11.0
Pb 150 10.0 100 99 113 105 132 50 50 100 50 50 10.0 108 103 9.6
Th 02 04 42 05 32 19 1.3 1.1 0.6 0.6
U 50 50 40 50 06 0.7 5.0 04 0.2 0.2
La 1.1 44 167 25 140 79 6.3 6.9 57 4.8
Ce 52 93 348 69 28.0 16.0 12.0 11.9 9.0 8.0
Pr 0.3 1.1 4.1 0.6 1.4 1.1 0.9
Nd 1.1 45 160 25 150 100 5.0 52 41 3.5
Sm 01 08 06 04 27 16 1.2 1.0 0.7 0.6
Eu 0.0 03 27 0.1 04 07 0.7 0.5 0.5 0.4
Gd

Tb 0.0 01 02 0.1 02 0.2 0.2 0.1 0.1 0.1
Dy 02 0.7 1.3 04 06 0.8 0.5 03 03 0.3
Ho 0.0 01 02 0.1 0.1 0.0 0.0
Er 0.1 04 06 02 0.1 0.1 0.1
Tm

Yb 0.1 03 05 0.1 04 03 0.3 0.1 0.1 0.1
Lu 0.0 00 0.1 00 00 0.0 0.0 0.0 0.0 0.0
Tl

Ta

Sn

Li 46.0 54.0 63.0 38.0 32.0 50.0

Be 1.5 09 1.6 23 21 48 22 32 1.9

Co 61.0 58.0 10.0 42.0 43.0 450 43.0 38.0 40.0

Cs

Ga

Hf
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3 3 3 3 3 3
Name | BF BF W A\ W w
SiO, [ 672 70.3 693 69.7 703 69.6
TiO, 0.1 01 0.1 0.1 02 02
AlL,O; | 20.1 179 189 174 16.6 16.7
Fe,0O; t| 0.8 09 04 1.0 13 1.2
MnO 0.0 00 00
MgO | 03 03 0.1 03 04 05
CaO 24 24 60 20 00 1.0
Na,O | 75 67 73 63 59 58
K,O 1.6 1.3 1.3 1.8 1.9 22
P,0O5 0.0 00 00 0.1 0.1 0.1
LOI 0.0 00 0.0 1.0 14 1.7
Total |100.0 99.9 103.4 99.7 98.1 99.0
A% 98 162 164 172 192 172
Cr
Ni 1.8 20 26 28 26 26
Cu 52 28 52 48 60 82
7n 170 38.0 312 294 342 336
Rb 152 238 500 41.0 440 498
Sr 995.2 989.8 491.8 520.6 527.4 503.8
Y 12 20 74 46 58 64
Zr 148.0 159.2 107.4 108.2 113.0 107.4
Nb 1.8 22 38 32 32 40
Ba ]499.6 545.8 592.0 570.2 555.2 4344
Mo 120 10.0 100 100 9.6 11.0
Pb 10.7 147 149 156
Th 1.5 24 22 23
U 04 10 08 0.8
La 107 9.7 90 94
Ce 189 21.1 19.5 20.0
Pr 22 25 23 24
Nd 84 98 91 92
Sm 1.8 1.8 1.6 1.7
Eu 05 04 04 04
Gd
Tb 02 02 02 02
Dy 09 12 1.0 1.3
Ho 02 02 02 02
Er 04 05 04 0.6
Tm
Yb 03 04 04 0.6
Lu 0.1 0.1 01 0.1
Tl
Ta
Sn
Li
Be
Co
Cs
Ga

Hf
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Appendix B: Selected few of biotite EPMA data.

Si02 39.74 | 36.44 | 36.42 | 36.40 | 36.37 | 36.31 | 36.31 | 36.30 | 36.05 | 36.03 | 35.94 | 35.93 | 35.92 | 36.29 | 36.27 | 36.26 | 39.09 | 38.48

TiO2 181 | 293 | 3.14 | 3.20 | 2.23 | 217 | 239 | 239 | 242 | 221 | 212 | 240 | 2.47 | 2.05 | 2.06 | 1.71 | 3.00 | 2.81

AI203 16.36 | 16.28 | 17.61 | 16.13 | 18.70 | 17.88 | 18.70 | 18.34 | 17.32 | 19.85| 17.20 | 17.79 | 17.74 | 17.68 | 17.71 | 18.47 | 16.89 | 15.84

FeO 18.71 | 20.54 | 20.92 | 20.51 | 20.87 | 20.70 | 19.49| 20.88 | 19.39 | 19.28 | 20.61 | 19.44 | 20.75 | 20.32 | 20.50 | 20.22 | 19.23 | 19.88

Measured MnO 054 ]| 025 0.18 | 0.18 | 0.19 | 0.29 | 0.31 | 0.24 | 0.28 | 0.23 | 0.26 | 0.21 | 0.23 | 0.18 | 0.24 | 0.21 | 0.59 | 0.50
(wt %) MgO 9.09 | 9.08 | 9.03 | 891 | 951 | 9.19 | 887 | 9.61 | 9.07 | 837 | 933 | 933 | 967 | 891 | 9.01 | 930 | 761 | 7.78
Cao 0.35 | 0.00 | 0.02 | 0.03 | 0.17 | 0.06 | 0.30 | 0.09 | 0.31 | 0.32 | 0.06 | 0.14 | 0.16 | 0.12 | 0.12 | 0.09 | 0.16 | 0.09

Na20 0.13 | 0.03 | 0.00 | 0.06 | 0.14 | 0.16 | 0.72 | 0.69 | 0.32 | 0.49 | 0.00 | 0.00 | 0.17 | 0.12 | 0.09 | 0.33 | 0.08 | 0.00

K20 7.60 | 9.58 | 10.11| 9.67 | 9.75 | 9.80 | 8.84 | 10.04| 897 | 835 | 9.63 | 9.04 | 953 | 9.36 | 9.68 | 895 | 8.06 | 8.87

2 94.32 | 95.13 | 97.43 | 95.09 | 97.93 | 96.57 | 95.93 | 98.59 | 94.12 | 95.13 | 95.15 | 94.28 | 96.63 | 95.03 [ 95.69 | 95.54 | 94.71 | 94.25

Si 598 | 5.60 | 5.48 | 5.60 | 543 | 550 | 548 | 540 | 556 | 545 | 553 | 552 | 544 | 556 | 554 | 551 | 590 | 5.90

T Al (1V) 2.02 | 240 | 252 | 2.40 | 257 | 250 | 2.52 | 2.60 | 2.44 | 255 | 2.47 | 2.48 | 256 | 2.44 | 2.46 | 249 | 2.10 | 2.10
2 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 800 | 800 | 800 | 800 | 800 | 8.00 | 8.00 | 8.00 | 8.00

Al (VI) 0.89 | 055 | 060 | 053 | 0.71 | 0.69 | 0.81 | 0.62 | 0.71 | 099 | 0.65| 0.74 | 0.61 | 0.75 | 0.72 | 0.82 | 0.90 | 0.76

Ti 0.20 | 0.34 | 036 | 037 | 0.25| 0.25| 0.27 | 0.27 | 0.28 | 0.25 | 0.24 | 0.28 | 0.28 | 0.24 | 0.24 | 0.20 | 0.34 | 0.32

Fe 236 | 2.64 | 263 | 2.64 | 260 | 2.62 | 2.46 | 260 | 250 | 2.44 | 2.65 | 250 | 2.63 | 2.60 | 2.62 | 2.57 | 243 | 2.55

M Mn 0.07 | 0.03 | 0.02 { 0.02 | 0.02 | 0.04 | 0.04 | 0.03 | 0.04 | 0.03 | 0.03 | 0.03 | 0.03 | 0.02 | 0.03 | 0.03 | 0.07 | 0.06
Mg 204 | 208 | 202 | 204 | 211 | 2.08 | 2.00 | 2.13 | 2.08 | 1.89 | 2.14 | 2.14 | 2.18 | 2.04 | 2.05 | 2.11 | 1.71 | 1.78

2 5.56 | 5.64 | 563 [ 560 | 5.71 | 5.67 | 558 | 565 | 5.61 | 560 | 5.71 | 5.68 | 573 | 565 | 5.66 | 5.71 | 5.45 | 5.47

Ca 0.06 | 0.00 [ 0.00 [ 0.00 | 0.03 | 0.01 | 0.05| 0.01 | 0.05 ] 0.05| 0.01 | 002 | 003 | 002 | 002 | 0.01 | 0.03 | 0.02

Na 0.04 | 0.01 ( 0.00 [ 0.02 | 0.04 | 0.05| 0.21 | 0.20 | 0.09 | 0.14 | 0.00 | 0.00 | 0.O5 | 0.04 | 0.03 | 0.10 | 0.02 | 0.00

! K 146 | 1.88 | 194 | 190 | 1.86 | 1.89 | 1.70 | 191 | 1.76 | 1.61 | 1.89 | 1.77 | 1.84 | 1.83 | 1.88 | 1.73 | 1.55 | 1.73
2 155 | 189 | 194 | 192 | 192 | 195 | 19 | 212 | 191 | 1.81 | 190 | 1.79 | 1.92 | 1.88 | 1.93 | 1.85 | 1.60 | 1.75

Fe/(Fe+Mg) | 0.54 | 0.56 | 0.57 | 0.56 | 0.55 | 0.56 | 0.55 | 0.55 [ 0.55 | 0.56 | 0.55 | 0.54 | 0.55 [ 0.56 | 0.56 | 0.55 | 0.59 | 0.59

Al (Total) 290 | 295 | 3.12 | 293 | 3.29 | 3.19 | 3.33 | 3.22 | 3.15 | 3.54 | 3.12 | 3.22 | 3.17 | 3.19 | 3.19 | 3.31 | 3.00 | 2.86

T(C°) 611.97(652.51|659.32( 664.88|620.83]|618.99| 634.55|627.27|636.15|627.35|617.11|635.27|631.14| 615.44|615.40| 601.96| 664.86]| 651.20

Mean Depth| 11.42 | 11.98 | 14.07 | 11.69 | 16.08 | 14.92 | 16.56 | 15.23 | 14.38 | 19.13 | 14.02 | 15.28 | 14.61 | 14.94 | 14.85| 16.31 | 12.62 | 10.90
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Si02 38.32 | 38.29| 38.24 1 38.23 | 37.99| 37.95| 37.94| 37.94 | 37.91 | 37.90 | 37.76 | 37.75 | 37.70 | 37.66 | 37.65 | 37.63 | 37.63

TiO2 229 | 196 | 1.67 | 217 | 212 | 220 | 275 | 1.25 | 2.87 | 2.75 | 234 | 1.73 | 3.09 | 1.52 | 1.91 | 2.63 | 2.40

Al203 17.25] 18.13 | 19.00 | 18.04 | 19.13 | 17.85| 15.31| 17.53 | 15.94 | 15.65| 17.48 | 17.95| 15.22 | 16.82 | 18.98 | 15.44 | 17.68

FeO 19.72 | 18.70| 19.65| 18.98 | 18.19 | 19.44 | 19.32 | 18.59 | 19.90 | 20.61 | 20.70 | 19.90 | 19.94 | 19.94 | 20.04 | 20.33 | 19.10

Measured MnO 029 | 0.23 | 0.23 | 0.26 | 0.24 | 0.24 | 0.51 | 0.43 | 0.50 | 0.62 | 0.32 | 0.20 | 0.56 | 0.46 | 0.22 | 0.43 | 0.48
(wt %) MgO 9.10 | 896 | 8.40 | 9.25 | 874 | 892 | 837 | 9.25 | 766 | 794 | 871 | 9.29 | 855 | 855 | 880 | 825 | 7.87
CaO 0.06 | 0.16 | 0.26 | 0.06 | 0.19 | 0.04 | 0.22 | 0.23 | 0.26 | 0.09 | 0.18 | 0.14 | 0.20 | 0.14 | 0.18 | 0.25 | 0.27

Na20 0.14 | 0.31 | 0.00 | 0.40 | O.61 | 0.32 | 0.02 | 0.08 | 0.04 | 0.10 | 0.26 | 0.03 | 0.12 | 0.07 | 0.00 | 0.03 | 0.16

K20 949 | 843 | 867 | 893 | 8.08 | 9.38 | 861 | 7.84 | 824 | 9.08 | 9.88 | 9.38 | 858 | 8.29 | 9.04 | 8.16 | 7.48

b3 96.65 | 95.16 | 96.12 | 96.32 | 95.29 | 96.35| 93.05 | 93.15( 93.32 | 94.73 | 97.63 | 96.36 | 93.95 | 93.46 | 96.82 | 93.15 | 93.07

Si 573 | 575 | 570 | 570 | 5.67 | 5.68 | 588 | 581 | 586 | 582 | 564 | 566 | 581 | 581 | 561 | 584 | 577

T Al (IV) 227 | 225 | 230 | 230 | 233 | 232 | 212 | 219 | 214 | 218 | 236 | 234 | 2.19 | 219 | 239 | 2.16 | 2.23
2 8.00 | 8.00 | 800 | 800 | 800 | 800 | 800 | 8.00 ( 8.00 (| 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00

Al (V1) 0.77 | 095 | 1.04| 0.86 | 1.04 | 0.84 | 0.68 | 0.97 | 0.76 | 0.66 | 0.72 | 0.84 | 0.58 | 0.86 | 0.94 | 0.67 | 0.97

Ti 0.26 | 0.22 | 0.19 | 0.24 | 0.24 | 0.25| 032 | 0.14 | 033 | 0.32 | 0.26 | 0.19 | 0.36 | 0.18 | 0.21 | 0.31 | 0.28

Fe 247 | 235 | 245 | 236 | 2.27 | 244 | 250 | 238 | 257 | 2.65 | 259 | 250 | 257 | 257 | 2.50 | 2.64 | 2.45

M Mn 0.04 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.07 | 0.06 | 0.07 ( 0.08 | 0.04 | 0.03 | 0.07 | 0.06 | 0.03 | 0.06 | 0.06
Mg 203 | 200 | 1.87 | 205 | 195 199 | 193 | 211 | 1.76 | 1.82 | 1.94 | 2.08 | 1.97 | 1.97 | 195 | 1.91 | 1.80

2 5.56 | 5.55 | 5.58 | 5.56 [ 5.52 [ 5.54 | 5.51 | 5.65 | 5.50 | 552 | 5,55 | 5.63 | 5.55 | 5.64 | 5.63 | 5.58 | 5.55

Ca 001 | 002 | 004 0.01 | 0.03 | 0.01 | 0.04 ] 0.04 | 0.04 | 001 | 0.03 | 0.02 | 0.03 | 0.02 | 0.03 | 0.04 | 0.05

Na 0.04 | 0.09 | 0.00 | 0.12 | 0.18 | 0.09 | 0.01 | 0.02 | 0.01 | 0.03 | 0.07 | 0.01 | 0.04 | 0.02 | 0.00 | 0.01 | 0.05

! K 181 ] 161 | 165 170 | 154 | 179 | 1.70 | 1.53 | 1.62 | 1.78 | 1.88 | 1.80 | 1.69 | 1.63 | 1.72 | 1.62 | 1.46
2 186 | 1.73 | 1.69 | 1.82 | 1.75 | 1.89 | 1.75 | 1.59 | 1.68 | 1.82 | 1.99 | 1.82 | 1.76 | 1.67 | 1.75 | 1.67 | 1.56

Fe/(Fe+Mg) | 0.55 [ 0.54 | 0.57 | 0.54 | 0.54 [ 0.55 | 0.56 | 0.53 | 0.59 [ 0.59 | 0.57 | 0.55 | 0.57 | 0.57 | 0.56 | 0.58 | 0.58

Al (Total) 3.04 | 3.21 | 334 | 3.17 | 3.37 | 3.15 | 280 | 3.16 | 290 | 2.83 | 3.08 | 3.17 | 2.77 | 3.06 | 3.33 | 2.83 | 3.20

T(C°) 628.711618.831602.35|626.92]1629.08|626.24]|651.98|588.11| 654.06| 643.97| 626.07| 603.69| 663.88| 595.301610.76] 640.49] 636.91

Mean Depth| 13.08 | 15.10 | 16.71 | 14.63 | 17.03 | 14.43 | 10.14 | 14.55 | 11.42 | 10.58 | 13.54 | 14.70 | 9.76 | 13.29| 16.61 | 10.48 | 14.97
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Appendix C: BSE and elemental abundance maps from the sample AMD-2.
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Appendix D: *’Ar/*Ar resullts.

Irradiation Package: AU-39

Median Date of Irradiation: 3/12/23

Median Date of Analyses: 5/5/2023

J Value: 0.0040444-+0.0000038 (20)

Measured Ar/3¢Ar of Air during analyses: 293.6+1.0
Irradiation Production Factors:

(36/37)Ca: 0.0003046:£0.0000084
(39/37)Ca: 0.0007380:0.0000370
(40/39)K: 0£0.0044

(38/39)C1: 0.01+0.01

individual
he standard

» confidence
0), t =laser
lank, mass

s error in

a
>

The rubric for irradiation filenames is: ‘AU + package”+

“layer, radial position” + “phase” + “planchet hole # and
sequence”, saved as a text file. All samples for this study
were within layer 2 of AU39, with positions labeled as

in sketch to the right, and the monitor data for these
layers are included in the dataset below.

el

| Moles 40Ar*

% Rad |

| Y% -sd |

Flux Monitors 40V 39V 38V 37V 36V R J-Value

au39.2c.san.26a 32 15 9.91731 + 0.002490 2.57485 +0.002460 0.00727 +0.000021 0.01686 +0.000116 0.000152 + 0.000017 6.75E-14 99.5% 3.834128 169.53 +£0.19 0.1%
au39.2c.san.27a 32 15 9.58160 + 0.008110 2.49442 +0.006014 0.00678 =+ 0.000022 0.01822 +0.000183 0.000093 =+ 0.000016 6.52E-14 99.7% 3.830214 169.36 + 0.44 0.3%
au39.2c.san.28a 32 15 11.74263 +0.033931 2.99961 + 0.003827 0.00783 =+ 0.000031 0.02038 =+ 0.000101 0.000864 =+ 0.000021 7.99E-14 97.8% 3.829648 169.34 +0.55 0.3%
au39.2c.san.29a 32 15 6.14244 +0.003286 1.59668 =+ 0.003084 0.00479 + 0.000040 0.01126 +0.000127 0.000114 = 0.000020 4.18E-14 99.5% 3.825954 169.18 +0.38 0.2%
au39.2c.san.30a 32 15 12.21166 +0.004324 3.13861 +0.004234 0.00866 + 0.000036 0.02461 + 0.000077 0.000497 + 0.000031 8.31E-14 98.8% 3.844011 169.94 +0.27 0.2%
au39.2g.san.31a 32 15 12.20903 + 0.005064 3.15287 +0.001575 0.00967 =+ 0.000043 0.03562 + 0.000098 0.000301 +0.000018 8.31E-14 99.3% 3.844176 169.95 £0.14 0.1%
au39.2g.san.32a 32 15 4.07653 + 0.003225 1.04453 +0.001865 0.00300 =+ 0.000015 0.00683 =+ 0.000070 0.000250 =+ 0.000019 2.77E-14 98.2% 3.831982 169.43 +0.42 0.2%
au39.2g.san.33a 32 15 15.82876 +0.017857 4.06913 + 0.006846 0.02130 =+ 0.000093 0.03591 +0.000133 0.000762 + 0.000033 1.08E-13 98.6% 3.834643 169.55 +0.36 0.2%
au39.2g.san.34a 32 15 1891397 + 0.009960 4.89707 + 0.007487 0.01409 + 0.000074 0.03445 +0.000155 0.000537 + 0.000019 1.29E-13 99.2% 3.829916 169.35 +£0.28 0.2%
au39.2g.san.35a 32 15 9.84533 +0.005511 2.54665 + 0.004100 0.00733 + 0.000034 0.01669 +0.000111 0.000321 = 0.000017 6.70E-14 99.0% 3.828699 169.30 + 0.30 0.2%
au39.2k.san.36a 32 15 8.73780 +0.005141 2.24376 + 0.002600 0.00648 + 0.000030 0.01968 + 0.000208 0.000376 =+ 0.000022 5.94E-14 98.7% 3.844718 169.97 +0.26 0.2%
au39.2k.san.37a 32 15 13.23427 £0.016710 3.43364 +0.006194 0.01019 + 0.000089 0.02398 =+ 0.000240 0.000159 +0.000018 9.00E-14 99.6% 3.840599 169.80 +0.38 0.2%
au39.2k.san.38a 32 15 8.60777 + 0.005940 2.24584 +0.003777 0.00615 =+ 0.000033 0.01719 +0.000156 0.000014 + 0.000014 5.86E-14 100.0% 3.830953 169.39 +£0.33 0.2%
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au39.2k.san.39a 32 15 8.67989 +0.004835 2.24338 +0.004475 0.00718 + 0.000035 0.01590 + 0.000100 0.000313 =+ 0.000020 591E-14 98.9% 3.827916 169.26 +£0.37 0.2%
au39.2k.san.40a 32 15 11.69851 +0.005084 3.03749 +0.002454 0.00867 + 0.000049 0.02088 + 0.000198 0.000105 + 0.000017 7.96E-14 99.7% 3.841157 169.82 £0.17 0.1%
au39.2s.san.41a 32 15 1498674 +£0.031510 3.87554 +0.003249 0.01056 + 0.000045 0.02846 + 0.000094 0.000141 + 0.000014 1.02E-13 99.7% 3.856291 170.46 + 0.39 0.2%
au39.2s.san.42a 32 15 12.71215 +£0.035885 3.30007 +0.003671 0.00936 + 0.000061 0.02283 +0.000104 0.000232 =+ 0.000009 8.65E-14 99.5% 3.831321 169.41 £0.52 0.3%
au39.2s.san.43a 32 15 10.38485 +£0.031395 2.68401 +0.003795 0.00820 + 0.000067 0.03624 + 0.000151 0.000379 + 0.000017 7.07E-14 98.9% 3.827431 169.24 £0.58 0.3%
au39.2s.san.44a 32 15 10.75772 +0.028367 2.67703 +0.003275 0.01003 + 0.000057 0.02388 =+ 0.000069 0.001540 + 0.000016 7.32E-14 95.8% 3.848569 170.14 +0.52 0.3%
au39.2s.san.45a 32 15 478699 +0.013061 1.23773 +0.001080 0.00309 + 0.000015 0.00845 + 0.000075 0.000039 = 0.000006 3.26E-14 99.8% 3.858308 170.55 £0.49 0.3%
Sample | P | t | 40V 39V 38V 37V 36V Moles 40Ar* | % Rad | R Age (Ma) % -sd |

AT-1 | Single Crystal Total Fusion | 0.425-0.25mm | Muscovite

au39.2e.mus.5a 32 20  3.47144 £0.001700 0.07185 +0.000143 0.00018 + 0.000005 0.00107 + 0.000086 0.000256 + 0.000008 2.36E-14 97.8% 47.262678 320.19 £0.71 0.2%
au39.2e.mus.6a 32 20 7.76871 +0.003726 0.16408 + 0.000287 0.00053 + 0.000004 0.00291 +0.000143 0.000139 + 0.000013 5.29E-14 99.5% 47.096934 319.16 £ 0.60 0.2%
au39.2e.mus.7a 32 20 7.78289 +£0.011939 0.16230 + 0.000653 0.00053 + 0.000007 0.01649 + 0.000241 0.000441 =+ 0.000009 5.29E-14 98.3% 47.149794 319.49 +1.40 0.4%
au39.2e.mus.8a 32 20 4.60830 +0.006931 0.09679 +0.000364 0.00028 + 0.000005 0.00008 + 0.000065 0.000094 + 0.000008 3.14E-14 99.4% 47.325239 320.58 £1.32 0.4%
au39.2e.mus.11a 32 20  3.23758 +0.005946 0.06664 + 0.000294 0.00025 + 0.000007 0.00219 +0.000134 0.000351 =+ 0.000010 2.20E-14 96.8% 47.023901 318.70 + 1.60 0.5%
au39.2e.mus.12a 32 20  3.56177 +0.004425 0.07282 +0.000277 0.00025 + 0.000007 0.00080 + 0.000127 0.000324 + 0.000009 2.42E-14 97.3% 47.595309 322.25 +£1.35 0.4%
au39.2e.mus.13a 32 20  3.32795 +0.006850 0.06967 + 0.000301 0.00023 + 0.000004 0.00014 + 0.000090 0.000096 + 0.000013 2.26E-14 99.1% 47.356815 320.77 £1.59 0.5%
au39.2e.mus.14a 32 20  3.19545 £0.006936 0.06572 +0.000196 0.00024 + 0.000007 0.00017 + 0.000086 0.000351 =+ 0.000008 2.17E-14 96.8% 47.042740 318.82 +1.24 0.4%
au39.2e.mus.15a 32 20  3.83649 +0.004969 0.08057 + 0.000306 0.00023 + 0.000005 -0.00004 + 0.000071 0.000107 + 0.000016 2.61E-14 99.2% 47.224692 319.95 £ 1.36 0.4%
au39.2e.mus.16a 32 20 212115 £0.002102 0.04456 +0.000152 0.00012 =+ 0.000004 0.00022 + 0.000069 0.000110 =+ 0.000009 1.44E-14 98.5% 46.875810 31778 £ 1.22 0.4%
AT-1 | Single Crystal Step Heating | 0.425-0.25mm | Muscovite

au39.2e.mus.17a 0.5 60  0.00479 +0.000157 0.00007 + 0.000032 0.00000 + 0.000011 0.00017 + 0.000075 0.000004 = 0.000007 3.26E-17 78.0% 55.806041 372.53 £307.10 82.4%
au39.2e.mus.17b 0.6 60  0.01794 +0.000232 0.00037 + 0.000036 0.00001 + 0.000009 0.00009 + 0.000099 0.000020 =+ 0.000012 1.22E-16 66.8% 32.440275 225.66 + 75.20 33.3%
au39.2e.mus.17¢ 0.7 60  0.17575 +0.000607 0.00349 + 0.000040 0.00002 + 0.000004 0.00021 =+ 0.000091 0.000058 +0.000012 1.20E-15 90.3% 45.422524 308.71 +8.17 2.6%
au39.2e.mus.17d  0.85 60  0.38971 +0.000681 0.00787 + 0.000046 0.00004 + 0.000004 0.00005 + 0.000075 0.000061 =+ 0.000013 2.65E-15 95.4% 47.244085 320.07 +3.85 1.2%
au39.2e.mus.17¢ 1 60 1.26250 +0.001430 0.02652 +0.000137 0.00009 =+ 0.000004 0.00013 + 0.000075 0.000060 =+ 0.000014 8.59E-15 98.6% 46.943236 318.20 £2.02 0.6%
au39.2e.mus.17f 1.2 60 1.82208 +0.003111 0.03869 + 0.000222 0.00012 =+ 0.000003 0.00006 + 0.000058 0.000002 =+ 0.000015 1.24E-14 100.0% 47.078894 319.05 +2.06 0.6%
au39.2e.mus.17g 14 60 248661 +0.004157 0.05302 + 0.000269 0.00026 =+ 0.000009 0.00049 =+ 0.000099 0.000050 + 0.000013 1.69E-14 99.4% 46.625209 31622 +1.77 0.6%
au39.2e.mus.17h  1.65 60  0.15007 =+ 0.000248 0.00335 + 0.000035 0.00002 + 0.000005 0.00023 + 0.000089 -0.000001 =+ 0.000017 1.02E-15 100.2% 44.789149 304.75 £9.84 3.2%
au39.2e.mus.17i 1.9 60  0.14447 +0.000371 0.00310 + 0.000030 0.00002 + 0.000005 0.00101 +0.000104 0.000008 =+ 0.000015 9.83E-16 98.4% 45.879401 311.57 +£10.83 3.5%
au39.2e.mus.17j 22 60  0.06093 + 0.000266 0.00141 + 0.000046 0.00002 + 0.000006 0.00007 + 0.000081 0.000022 +0.000012 4.15E-16 89.5% 38.796975 266.80 +20.56 7.7%
au39.2e.mus.17k 25 60  0.21943 £ 0.000425 0.00467 + 0.000045 0.00003 + 0.000004 0.00032 + 0.000074 0.000013 =+ 0.000015 1.49E-15 98.2% 46.168343 31337 £7.23 2.3%
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au39.2e.mus.171
au39.2e.mus.17m
au39.2e.mus.17n

au39.2e.mus.170

28
3
3.1

32

60
60
30
30

0.40684 + 0.000826
0.05274 + 0.000408
0.19076 +0.000251

0.00555 +0.000211

0.00866 + 0.000041
0.00125 + 0.000037
0.00412 +0.000044

0.00029 + 0.000034

AT-2 | Single Crystal Total Fusion | 0.425-0.25mm | Mus covite

au39.2d.mus.29a
au39.2d.mus.30a
au39.2d.mus.31a
au39.2d.mus.32a
au39.2d.mus.33a
au39.2d.mus.34a
au39.2d.mus.35a
au39.2d.mus.36a
au39.2d.mus.37a
au39.2d.mus.38a

3.2
3.2
3.2
32
3.2
3.2
32
3.2
32
32

N

0
20
0
0
0
0
0
0
0
0

NN N N NN NN

1.27889 +0.001133
4.09244 +0.001980
4.12020 + 0.001805
1.80896 + 0.000924
6.04348 +0.004294
2.22275 +0.002106
10.59597 + 0.009367
5.14307 +0.003277
4.83320 +0.003529
3.96839 + 0.005240

0.03992 + 0.000305
0.08637 + 0.000424
0.08683 + 0.000428
0.03810 +0.000332
0.12693 +0.000421
0.04649 +0.000101
0.22174 +0.000705
0.10799 +0.000154
0.10092 + 0.000461
0.08564 + 0.000285

AT-2 | Single Crystal Step Heating | 0.425-0.25mm | Mus covite

au39.2d.mus.39a
au39.2d.mus.39b
au39.2d.mus.39c
au39.2d.mus.39d
au39.2d.mus.39%e¢
au39.2d.mus.39f
au39.2d.mus.39g
au39.2d.mus.3%9h
au39.2d.mus.39i
au39.2d.mus.39j
au39.2d.mus.39k
au39.2d.mus.391
au39.2d.mus.39m
au39.2d.mus.39n

au39.2d.mus.390

0.5
0.6
0.7
0.8
0.9

125
1.4
1.6
1.8
21
24
2.7

[}

0
60
60
60
60
60
60
60
60
60
60
60
60
30
30

0.00030 + 0.000153
0.01018 +0.000165
0.06994 + 0.000382
0.13303 +0.000179
0.14367 +0.000262
0.59077 +0.001272
1.39479 +0.002819
1.70796 + 0.002028
1.73939 +0.002761
0.17460 =+ 0.000505
0.06386 + 0.000196
0.06613 +0.000416
0.03914 + 0.000288
0.75844 +0.001851
0.02698 +0.000171

0.00000 =+ 0.000025
0.00017 + 0.000035
0.00152 +0.000023
0.00264 + 0.000058
0.00302 + 0.000075
0.01246 + 0.000060
0.02974 +0.000137
0.03607 + 0.000124
0.03658 + 0.000086
0.00367 + 0.000089
0.00134 + 0.000063
0.00149 + 0.000031
0.00095 + 0.000031
0.01594 +0.000100
0.00052 + 0.000030

0.00002 + 0.000003
-0.00003 + 0.000025
0.00001 =+ 0.000002

-0.00001 +0.000018

0.00044 + 0.000011
0.00028 =+ 0.000005
0.00024 + 0.000004
0.00013 + 0.000004
0.00038 + 0.000006
0.00018 + 0.000006
0.00072 + 0.000010
0.00034 + 0.000007
0.00037 + 0.000006
0.00028 =+ 0.000005

-0.00001 + 0.000011
-0.00001 + 0.000016
0.00001 =+ 0.000004
0.00001 + 0.000004
0.00002 + 0.000005
0.00004 + 0.000003
0.00008 =+ 0.000003
0.00010 + 0.000002
0.00008 =+ 0.000002
0.00000 =+ 0.000000
-0.00001 -+ 0.000117
0.00000 = 0.000001
0.00000 -+ 0.000002
0.00004 + 0.000003
-0.00001 + 0.000020

0.00053 + 0.000099
0.00015 + 0.000084
0.00012 +0.000119

0.00006 + 0.000101

0.00084 + 0.000121
0.00113 + 0.000089
0.00030 + 0.000073
0.00049 + 0.000083
0.00066 + 0.000089
0.00601 + 0.000176
0.00090 + 0.000089
0.00043 =+ 0.000065
0.01122 +0.000109
0.00007 + 0.000088

0.00013 =+ 0.000071
0.00006 + 0.000127
0.00013 + 0.000127
0.00054 +0.000187
0.00058 + 0.000097
0.00002 + 0.000106
-0.00030 +0.000126
-0.00013 + 0.000067
-0.00002 + 0.000085
0.00001 =+ 0.000067
0.00010 + 0.000100
-0.00007 + 0.000069
0.00006 + 0.000105
0.00035 + 0.000044
0.00008 =+ 0.000070

98

0.000009 + 0.000014
0.000032 + 0.000012
0.000006 + 0.000016

-0.000022 + 0.000011

0.001673 + 0.000013
0.000108 +0.000013
0.000127 + 0.000008
0.000029 =+ 0.000008
0.000134 =+ 0.000008
0.000082 + 0.000008
0.000345 +0.000013
0.000059 + 0.000008
0.000297 + 0.000010
0.000367 + 0.000011

0.000015 =+ 0.000012
0.000035 + 0.000013
0.000024 =+ 0.000012
0.000039 =+ 0.000012
0.000031 =+ 0.000012
0.000002 + 0.000007
-0.000028 =+ 0.000009
-0.000017 + 0.000013
0.000004 =+ 0.000007
-0.000028 + 0.000010
0.000038 =+ 0.000012
0.000034 + 0.000012
0.000045 +0.000013
0.000053 + 0.000012
0.000047 + 0.000012

2.77E-15
3.59E-16
1.30E-15

3.78E-17

8.70E-15
2.78E-14
2.80E-14
1.23E-14
4.11E-14
L.51E-14
7.21E-14
3.50E-14
3.29E-14
2.70E-14

2.02E-18
6.92E-17
4.76E-16
9.05E-16
9.77E-16
4.02E-15
9.49E-15
1.16E-14
1.18E-14
1.19E-15
4.34E-16
4.50E-16
2.66E-16
5.16E-15
1.84E-16

99.3%
82.0%
99.1%
215.5%

61.3%
99.2%
99.1%
99.5%
99.3%
98.9%
99.0%
99.7%
98.2%
97.3%

-1371.5%
-0.3%
89.8%
91.2%
93.5%
99.9%

100.6%
100.3%
99.9%
104.8%
82.5%
84.9%
66.2%
97.9%
48.6%

46.660014
34.489407
45.868207
19.174515

19.650153
47.012223
47.019268
47.256665
47.299937
47.283853
47.326168
47.464398
47.020539
45.069899

-994.123258
-0.195002
41.266240
45.912587
44.520718
47.385520
46.899544
47.350645
47.512417
47.522105
39.289164
37.759881
27.324489
46.615213
25.193428

316.44 £3.77
239.03 £22.25
311.50 +8.51

136.72 £ 81.26

139.98 +£2.00
318.63 + 1.62
318.67 +1.60
320.15 £2.84
32042 +1.10
320.32 +0.84
320.58 +1.07
321.44 £0.52
318.68 + 1.52
306.51 = 1.16

-251.56 -+ 235.09
-1.44 =+200.37
282.53 £17.37
311.78 £ 12.13
303.07 +11.55
32095 £2.05
31793 £ 1.71
320.73 £1.37
321.74 £0.99
321.80 £9.55
269.95 +23.98
260.15 £17.58
191.87 £29.53
316.16 £2.61

177.61 £52.21

1.2%
9.3%
2.7%
59.4%

1.4%
0.5%
0.5%
0.9%
0.3%
0.3%
0.3%
0.2%
0.5%
0.4%

93.5%

13873.8%

6.1%
3.9%
3.8%
0.6%
0.5%
0.4%
0.3%
3.0%
8.9%
6.8%
15.4%
0.8%
29.4%



AMD-1 | Single Crystal Total Fusion | 0.425-0.25mm | Mus covite

au39.2i.mus.51a
au39.2i.mus.52a
au39.2i.mus.53a
au39.2i.mus.54a
au39.2i.mus.55a
au39.2i.mus.56a
au39.2i.mus.57a
au39.2i.mus.58a
au39.2i.mus.59a

au39.2i.mus.60a

32
32
3.2
3.2
32
3.2
3.2
3.2
32
3.2

20
20
20
20
20
20
20
20
20
20

6.80905 + 0.008264
3.91976 +0.005025
4.62554 +0.006554
5.75540 +0.012308
5.74855 + 0.009400
2.63141 +0.002770
5.29398 +0.003546
3.21716 +0.003149
4.34674 +0.005817
7.27656 +0.005426

0.14104 + 0.000442
0.08222 + 0.000330
0.09719 = 0.000652
0.11841 +0.000526
0.12052 + 0.000264
0.05521 +0.000298
0.11183 +0.000409
0.06664 + 0.000342
0.09168 =+ 0.000385
0.15459 +0.000521

AMD-1 | Single Crystal Step Heating | 0.425-0.25mm | Mus covite

au39.2i.mus.61a
au39.2i.mus.61b
au39.2i.mus.61c
au39.2i.mus.61d
au39.2i.mus.61e
au39.2i.mus.61f
au39.2i.mus.61g
au39.2i.mus.61h
au39.2i.mus.61i
au39.2i.mus.61j
au39.2i.mus.61k
au39.2i.mus.611
au39.2i.mus.61m
au39.2i.mus.61n

au39.2i.mus.610

05
0.6
0.7
0.8
0.9
1
125
14
16
18
21
24
2.7

60
60
60
60
60
60
60
60
60
60
60
60
60
30
30

0.00002 +0.000142
0.00217 +0.000142
0.01846 + 0.000227
0.10045 +0.000298
0.28141 +0.000668
0.42510 + 0.000589
2.18686 + 0.002867
1.61856 + 0.002308
1.20092 + 0.002247
0.95724 +0.001814
0.25951 + 0.000638
0.14634 +0.000215
0.09090 + 0.000387
0.07490 + 0.000362
0.05673 + 0.000225

0.00000 + 0.000036
0.00001 =+ 0.000034
0.00036 + 0.000023
0.00215 + 0.000064
0.00592 + 0.000075
0.00913 +0.000116
0.04601 +0.000130
0.03409 +0.000117
0.02536 + 0.000048
0.02038 +0.000101
0.00551 + 0.000029
0.00304 + 0.000072
0.00197 +0.000051
0.00163 + 0.000042
0.00120 + 0.000042

AMD-2 | Single Crystal Total Fusion | 0.425-0.25mm | Mus covite

au39.2h.mus.73a

au39.2h.mus.74a

3.2
32

20
20

11.58847 +0.009183
19.79094 + 0.024298

0.23660 + 0.000498
0.40999 + 0.000763

0.00055 +0.000010
0.00034 + 0.000009
0.00032 + 0.000007
0.00038 =+ 0.000008
0.00039 =+ 0.000008
0.00017 + 0.000005
0.00029 + 0.000004
0.00023 + 0.000004
0.00029 =+ 0.000006
0.00049 + 0.000005

-0.00001 + 0.000013
-0.00001 + 0.000013
0.00002 + 0.000012
0.00003 =+ 0.000007
0.00002 =+ 0.000005
0.00007 + 0.000008
0.00015 + 0.000004
0.00013 = 0.000004
0.00010 = 0.000005
0.00008 =+ 0.000005
0.00003 = 0.000004
0.00002 =+ 0.000005
0.00000 =+ 0.000003
0.00000 =+ 0.000002
0.00000 + 0.000003

0.00085 + 0.000014
0.00149 +0.000015

0.00047 + 0.000075
0.00019 + 0.000096
0.00008 + 0.000123
0.00036 + 0.000070
0.00048 +0.000120
0.00021 + 0.000067
0.00105 + 0.000169
0.00031 +0.000081
0.00040 + 0.000059
0.00073 + 0.000085

0.00002 + 0.000100
0.00011 =+ 0.000062
0.00020 =+ 0.000069
0.00013 + 0.000098
0.00017 = 0.000108
0.00014 + 0.000099
0.00032 + 0.000091
0.00050 = 0.000088
0.00013 + 0.000094
0.00016 + 0.000088
-0.00003 +0.000122
0.00013 + 0.000054
0.00010 + 0.000078
0.00003 + 0.000096
0.00014 +0.000108

0.00201 + 0.000090
0.00204 + 0.000080
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0.000631 + 0.000013
0.000140 =+ 0.000011
0.000093 =+ 0.000012
0.000107 + 0.000016
0.000145 + 0.000012
0.000058 + 0.000011
0.000203 + 0.000012
0.000167 =+ 0.000011
0.000113 + 0.000016
0.000353 +0.000012

-0.000002 + 0.000009
0.000009 =+ 0.000010
-0.000032 =+ 0.000011
0.000001 =+ 0.000005
0.000005 =+ 0.000005
-0.000003 =+ 0.000006
0.000014 =+ 0.000006
0.000006 =+ 0.000006
0.000001 +0.000010
-0.000016 + 0.000012
-0.000001 =+ 0.000005
0.000010 =+ 0.000006
0.000013 =+ 0.000006
0.000002 =+ 0.000006
-0.000007 + 0.000010

0.000484 + 0.000015
0.000667 + 0.000015

4.63E-14
2.67E-14
3.15E-14
3.92E-14
3.91E-14
1.79E-14
3.60E-14
2.19E-14
2.96E-14
4.95E-14

1.22E-19
1.47E-17
1.26E-16
6.83E-16
1.91E-15
2.89E-15
1.49E-14
1.10E-14
8.17E-15
6.51E-15
1.77E-15
9.96E-16
6.18E-16
5.10E-16
3.86E-16

7.88E-14
1.35E-13

97.3%
98.9%
99.4%
99.5%
99.3%
99.4%
98.9%
98.5%
99.2%
98.6%

3207.9%
-27.0%
150.7%
99.6%
99.5%
100.2%
99.8%
99.9%
100.0%
100.5%
100.2%
97.9%
95.8%
99.3%
103.7%

98.8%
99.0%

46.953630
47.167667
47311214
48.340244
47.340954
47.357296
46.804047
47.533239
47.049269
46.397103

6.026610
-45.352255
52.025257
46.551023
47.275424
46.542283
47.445850
47.424055
47.350440
46.959848
47.121470
47.105852
44.214354
45.743835
47.249162

48.375294
47.790145

31827 £1.12
319.60 +1.39
32049 £2.22
326.87 + 1.64
320.67 £0.91
320.78 £ 1.82
317.33 £ 1.21
321.87 £1.74
318.86 + 1.46
314.80 = 1.11

44.08 +20637.70
-370.92 +6123.13
349.55 £ 65.44
315.76 +10.67
320.27 +£4.50
31570 +£4.23
321.33 +1.03
321.19 £1.25
320.73 £1.20
31830 £2.05
319.31 £2.64
31921 £8.61
301.14 +10.05
310.72 £11.29
320.10 £20.36

327.09 £0.76
323.46 £0.73

0.4%
0.4%
0.7%
0.5%
0.3%
0.6%
0.4%
0.5%
0.5%
0.4%

46817.2%
1650.8%

18.7%
3.4%
1.4%
1.3%
0.3%
0.4%
0.4%
0.6%
0.8%
2.7%
3.3%
3.6%
6.4%

0.2%
0.2%



au39.2h.mus.75a
au39.2h.mus.76a
au39.2h.mus.77a
au39.2h.mus.78a
au39.2h.mus.79a
au39.2h.mus.80a
au39.2h.mus.81a
au39.2h.mus.82a

32
3.2
32
32
3.2
32
3.2
3.2

Y

0
20
0
0
0
20
0
20

NN N

[N

9.80388 +0.010936
5.40049 +0.007781
19.74141 +0.015574
14.23407 £ 0.008370
7.19353 +0.008845
3.38964 + 0.005677
6.45789 +0.008171
4.90844 +0.007642

0.19553 +0.000474
0.10129 = 0.000237
0.39998 +0.001034
0.29509 + 0.000462
0.14955 + 0.000520
0.07053 +0.000175
0.13517 +0.000711
0.10342 +0.000417

AMD-2 | Single Crystal Step Heating | 0.425-0.25mm | Mus covite

au39.2h.mus.83a
au39.2h.mus.83b
au39.2h.mus.83c
au39.2h.mus.83d
au39.2h.mus.83e
au39.2h.mus.83f
au39.2h.mus.83g
au39.2h.mus.83h
au39.2h.mus.83i

au39.2h.mus.83j

au39.2h.mus.83k

au39.2h.mus.831

0.6
0.7
0.8
0.9

1.25
14
1.6
18
21
26

60
60
60
60
60
60
60
60
60
60
60
60

0.00126 +0.000138
0.01175 +0.000170
0.06236 +0.000318
0.18838 +0.000288
1.06286 + 0.001808
3.37061 + 0.002866
6.32415 +0.005415
8.28680 +0.010301
11.25767 + 0.008499
7.08788 + 0.007255
1.45636 + 0.002563
0.89712 + 0.000882

0.00004 + 0.000024
0.00026 + 0.000019
0.00106 =+ 0.000047
0.00359 + 0.000031
0.02173 +0.000145
0.07051 +0.000291
0.13313 +0.000634
0.17273 +0.000578
0.23818 + 0.000507
0.14990 + 0.000516
0.03078 +0.000145
0.01879 + 0.000064

AMD-3 | Single Crystal Total Fusion | 0.425-0.25mm | Muscovite

au39.2f.mus.95a
au39.2f.mus.96a
au39.2fmus.97a
au39.2fmus.98a
au39.2fmus.99a
au39.2fmus.100a
au39.2fmus.101a
au39.2f.mus.102a

au39.2f.mus.103a

32
32
32
32
32
3.2
3.2
3.2
3.2

20
20
20
20
20
20
20
20
20

16.19363 + 0.022081
11.76064 +0.015618
19.13089 + 0.015609
14.39401 + 0.025554
11.88874 +0.013028
19.36826 + 0.009806

9.37008 + 0.007934
20.43290 +0.021763
12.28181 +0.026454

0.33611 +0.000977
0.24213 +0.000959
0.38968 +0.001415
0.29743 + 0.000499
0.24823 + 0.000660
0.40584 + 0.000958
0.18938 + 0.000729
0.42809 +0.001195
0.25744 +0.001073

0.00088 + 0.000016
0.00068 + 0.000011
0.00136 +0.000011
0.00107 +0.000011
0.00049 =+ 0.000005
0.00022 + 0.000004
0.00046 + 0.000005
0.00029 =+ 0.000006

0.00002 + 0.000012
0.00001 +0.000012
0.00001 = 0.000007
0.00002 + 0.000006
0.00005 + 0.000003
0.00023 + 0.000004
0.00046 + 0.000007
0.00052 =+ 0.000009
0.00069 =+ 0.000007
0.00043 + 0.000005
0.00009 =+ 0.000003
0.00005 =+ 0.000002

0.00108 + 0.000010
0.00083 + 0.000009
0.00129 +0.000010
0.00089 =+ 0.000008
0.00089 +0.000011
0.00145 +0.000018
0.00076 + 0.000008
0.00129 + 0.000017
0.00075 +0.000011

0.00160 + 0.000092
0.00095 + 0.000090
0.00228 =+ 0.000080
0.00251 +0.000097
0.00077 +0.000149
0.00058 =+ 0.000055
0.00067 +0.000083
0.00090 + 0.000094

0.00009 + 0.000071
0.00003 + 0.000080
-0.00001 + 0.000090
-0.00002 =+ 0.000069
-0.00003 + 0.000050
0.00020 + 0.000088
0.00020 + 0.000074
0.00089 =+ 0.000092
0.00099 =+ 0.000055
0.00009 + 0.000087
0.00010 + 0.000088

0.00011 + 0.000090

0.00194 +0.000100
0.00054 + 0.000140
0.00173 +0.000130
0.00134 + 0.000046
0.00126 +0.000124
0.00439 +0.000157
0.00056 + 0.000082
0.00395 + 0.000078
0.00163 +0.000146

100

0.001432 + 0.000015
0.001824 + 0.000016
0.000888 + 0.000014
0.000387 + 0.000026
0.000367 =+ 0.000009
0.000047 + 0.000008
0.000177 + 0.000009
0.000169 =+ 0.000007

0.000016 =+ 0.000008
0.000017 + 0.000009
0.000058 + 0.000009
0.000048 + 0.000014
0.000065 =+ 0.000009
0.000020 =+ 0.000014
0.000007 +0.000014
0.000061 =+ 0.000012
0.000054 + 0.000011
-0.000017 + 0.000012
0.000004 =+ 0.000007

-0.000025 =+ 0.000011

0.000352 +0.000013
0.000397 + 0.000013
0.000966 =+ 0.000013
0.000401 =+ 0.000031
0.000167 =+ 0.000013
0.000431 =+ 0.000027
0.000436 + 0.000014
0.000072 + 0.000016
0.000157 + 0.000014

6.67E-14
3.67E-14
1.34E-13
9.68E-14
4.89E-14
231E-14
4.39E-14
3.34E-14

8.54E-18
7.99E-17
4.24E-16
1.28E-15
7.23E-15
2.29E-14
4.30E-14
5.64E-14
7.66E-14
4.82E-14
9.91E-15

6.10E-15

1.10E-13
8.00E-14
1.30E-13
9.79E-14
8.09E-14
1.32E-13
6.37E-14
1.39E-13
8.36E-14

95.7%
90.0%
98.7%
99.2%
98.5%
99.6%
99.2%
99.0%

-279.6%
57.3%
72.3%
92.5%
98.2%
99.8%
100.0%
99.8%
99.9%
100.1%
99.9%
100.8%

99.4%
99.0%
98.5%
99.2%
99.6%
99.3%
98.6%
99.9%
99.6%

47.976926
47.994714
48.699494
47.848330
47.375305
47.864465
47.390191
46.978828

-99.640409
26.242587
42.469819
48.538932
48.034714
47.716956
47.488070
47.872176
47.199175
47.282933
47.280936
47.737328

47.870122
48.086140
48.360338
47.996715
47.695337
47.410660
48.798324
47.681204
47.526495

324.62 £0.92
32473 £1.04
329.10 £0.90
323.82 £0.57
320.89 £1.21
323.92 + 1.00
32098 +1.76
31842 +1.40

-944.20 -+ 1139.20
184.65 + 73.90
290.15 £25.21
328.10 +8.57
324.98 +2.41
323.01 +1.42
321.59 = 1.57
32397 +1.17
319.79 £0.73
32031 = 1.16
320.30 + 1.67
323.14 = 1.64

323.96 +1.05
32530 +1.38
327.00 £ 1.24
32474 £0.83
322.87 £0.94
321.11 £0.79
329.71 £1.33
322.79 £0.97
321.83 £1.52

0.3%
0.3%
0.3%
0.2%
0.4%
0.3%
0.5%
0.4%

120.7%
40.0%
8.7%
2.6%
0.7%
0.4%
0.5%
0.4%
0.2%
0.4%
0.5%
0.5%

0.3%
0.4%
0.4%
0.3%
0.3%
0.2%
0.4%
0.3%
0.5%



au39.2f.mus.104a

3.2

20

11.73911 £ 0.018769

0.24898 +0.000601

AMD-3 | Single Crystal Step Heating | 0.425-0.25mm | Mus covite

au39.2f.mus.105a
au39.2f.mus.105b
au39.2f.mus.105¢
au39.2f.mus.105d
au39.2f.mus.105¢
au39.2f.mus.105f
au39.2f.mus.105g
au39.2f.mus.105h
au39.2f.mus.105i
au39.2f.mus.105j
au39.2f.mus.105k
au39.2f.mus.1051
au39.2f.mus.105m
au39.2fmus.105n

au39.2f.mus.1050

0.6
0.7
08
0.9

1.25
1.35
1.45
1.6
1.8

22
25
28

60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

0.00212 +0.000142
0.03551 + 0.000347
0.30612 + 0.000529
0.42697 + 0.000635
2.01518 +0.001218
4.05269 + 0.002870
4.73673 +0.006232
4.02509 + 0.005676
3.63586 +0.005127
4.92581 +0.006787
6.69809 +0.005315
8.09070 +0.009521
1.67019 +0.002570
0.60631 +0.001167
0.48565 +0.000744

0.00010 =+ 0.000028
0.00069 + 0.000054
0.00558 +0.000056
0.00755 + 0.000040
0.03782 +0.000131
0.07984 +0.000382
0.09602 + 0.000225
0.08268 +0.000118
0.07563 +0.000267
0.10336 + 0.000282
0.13983 +0.000445
0.16831 + 0.000608
0.03470 +0.000214
0.01276 + 0.000066
0.01021 + 0.000081

0.00083 +0.000010

0.00000 -+ 0.000017
-0.00001 -+ 0.000044
0.00002 + 0.000003
0.00003 + 0.000003
0.00010 + 0.000004
0.00024 + 0.000005
0.00030 + 0.000004
0.00025 + 0.000005
0.00025 =+ 0.000007
0.00029 + 0.000005
0.00040 + 0.000005
0.00047 + 0.000005
0.00012 + 0.000004
0.00003 + 0.000003
0.00000 + 0.000000

0.00250 +0.000160

0.00016 +0.000077
-0.00007 +0.000102
-0.00005 +0.000123

0.00001 +0.000110

0.00011 +0.000110

0.00001 + 0.000074

0.00013 +0.000104

0.00010 +0.000118

0.00011 +0.000107

0.00025 +0.000102

0.00006 + 0.000092

0.00009 + 0.000072

0.00008 + 0.000057

0.00011 +0.000122

0.00016 + 0.000074

N\

101

0.000352 + 0.000025

0.000049 + 0.000012
0.000041 + 0.000012
0.000164 + 0.000012
0.000050 + 0.000015
0.000182 + 0.000012
0.000178 + 0.000012
0.000127 + 0.000016
0.000106 + 0.000015
0.000086 + 0.000016
0.000122 + 0.000017
0.000134 + 0.000014
0.000188 + 0.000008
0.000017 + 0.000010
0.000016 + 0.000007
0.000012 + 0.000007

7.99E-14

1.44E-17
2.42E-16
2.08E-15
2.90E-15
1.37E-14
2.76E-14
3.22E-14
2.74E-14
2.47E-14
3.35E-14
4.56E-14
5.50E-14
1.14E-14
4.12E-15
3.30E-15

99.1%

-585.3%
65.9%
84.1%
96.6%
97.3%
98.7%
99.2%
99.2%
99.3%
99.3%
99.4%
99.3%
99.7%
99.2%
99.3%

46.730486

-128.332519
33.736765
46.173204
54.573780
51.855061
50.099211
48.940287
48.304125
47.737809
47.308845
47.618046
47.739038
47978641
47.131020
47241322

316.88 £0.95

-1339.82 -+ 602.16

234.13 +£46.18
313.40 £5.78
365.07 £4.43
348.51 £1.42
337.73 £ 1.68
330.58 £0.95
326.65 £0.76
323.14 £1.30
32047 £1.04
322.40 +1.08
323.15+£1.24
324.63 £2.15
319.37 £2.05
320.05 £2.95

0.3%

44.9%
19.7%
1.8%
1.2%
0.4%
0.5%
0.3%
0.2%
0.4%
0.3%
0.3%
0.4%
0.7%
0.6%
0.9%
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