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Dissertation Director: 
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 The Bushveld Complex in South Africa is the largest, most studied, and most 

economically important layered intrusion in the world. The magmatic and thermal 

evolution of such an igneous body has significant consequences for the formation of ore 

deposits both within the intrusive body itself, as well as in the rocks it intruded into. 

Despite being vigorously studied, the thermal evolution of the Bushveld Complex, from 

magmatic temperatures to the present-day ambient geotherm, remains largely unknown. 

Within this dissertation, I attempt to elucidate the complete thermal history of the 

Rustenburg Layered Suite (RLS), the predominately mafic to ultramafic portion of the 

Bushveld Complex. 

 I start by first investigating the lateral variation associated with the final major 

pulse of magma into the RLS magma chamber. The observed lateral compositional 



 
 

 iii 

variations produce a general theme which carries on throughout the dissertation. That 

theme is namely that an awareness of position within the magma chamber is particularly 

important for all studies of the RLS as considerable variations can occur dependent on 

location. 

 The majority of the dissertation is then focused on the sub-solidus thermal history 

of the RLS. To meet this goal, I produce the first comprehensive dataset of 40Ar/39Ar 

biotite and plagioclase ages throughout the ~7 km RLS stratigraphy. The varying closure 

temperature between the 40Ar/39Ar system in biotite and plagioclase, as well as the U-Pb 

system in zircon, allows for the calculation of cooling rates at every level of the 

stratigraphy. Results from 40Ar/39Ar biotite combined with published U-Pb zircon 

chronology, show that the RLS cooled rapidly (~1000°C Ma-1) to ~400°C due to 

enhanced heat loss from hydrothermal circulation associated with the emplacement of the 

RLS. Numerical heat loss simulations additionally confirm the need for hydrothermal 

circulation at high-temperatures in order to produce the observed ages. 

 With the aid of an improved 40Ar/39Ar step-heating method, plagioclase 40Ar/39Ar 

ages and calculated closure temperatures show that hydrothermal circulation stopped 

within 1 Ma of zircon crystallization, as calculated cooling rates below ~400°C slow 

substantially (~10°C Ma-1). The initial rapid cooling of the RLS, and cessation of 

hydrothermal circulation, provides precise age constraints on hydrothermal ore deposits 

within the host rocks of the RLS, that are thought have formed from fluids related to its 

emplacement. 
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PREFACE 

Layered mafic intrusions are often considered excellent natural laboratories for observing 

and understanding the geochemical and lithologic evolution of igneous bodies within the 

shallow crust. They also contain some of the world's largest known sources of precious 

metals such as Cu, Ni, PGE (Platinum Group Elements), Cr, V, etc. Given the economic 

and scientific potential of layered mafic intrusions, they have been studied intensely by 

researchers for over half a century. The largest of these intrusions, and arguably the most 

studied, is the Bushveld Complex in South Africa. Despite the amount of research 

already accomplished on the Bushveld Complex, recent improvements in methodology 

and analytical techniques have spurred exciting and sometimes controversial new 

hypotheses that can be tested. 

 My dissertation investigates, from magmatic temperatures to present day ambient 

temperatures, the thermal and magmatic history of the Rustenburg Layered Suite (RLS), 

the predominately mafic to ultramafic portion of the Bushveld Complex. The dissertation 

first focuses on the last major pulse of magma into the Bushveld Complex magma 

chamber. This chapter elucidates both magma-mixing and fractional crystallization 

processes, as well as the lateral homogeneity of magma compositions across the chamber. 

From there, moving down in temperature, my work provides a comprehensive subsolidus 

thermal history of the Rustenburg Layered Suite of the Bushveld Complex through the 

use of 40Ar/39Ar thermochronology. The dissertation is broken up into four chapters. Each 

chapter contains a chapter-specific introduction and geologic background, as well as full 

analytical methods, results, discussion, conclusions, and references. Below, each chapter 

is briefly described. 
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INTRODUCTION TO THE CHAPTERS 

Chapter 1 

Chapter 1 builds upon the initial work of VanTongeren & Mathez (2013) in the Leolo 

Mountain and Magnet Heights areas of the Eastern Limb of the Bushveld Complex. The 

work of VanTongeren & Mathez (2013) calculated the volume and composition of the 

last major pulse of magma that entered the Bushveld Complex magma chamber. My 

work was focused on the same stratigraphic interval and magmatic pulse. However, my 

selected study area was located 75 km South of the work of VanTongeren & Mathez 

(2013), in the Roossenekal area, which allows us to investigate any lateral variations 

associated with this final pulse of magma. The samples included in this study were 

collected during an extensive field campaign in 2014, where I collected twenty-three 

samples encompassing the entire stratigraphic interval of the Main Zone of the Bushveld 

Complex. 

 This chapter first provides a new stratigraphic thickness of the Main Zone in the 

Roossenekal area based on careful sampling and a detailed reconstruction using existing 

geological maps. Combining the new stratigraphic thickness with in situ mineral major 

and trace element data, I calculated the volume and incoming magma composition at 

Roossenekal. The observed differences between the Leolo Mountain traverse 

(VanTongeren & Mathez, 2013) and the Roossenekal traverse indicate that this last major 

pulse of magma entered the chamber laterally, moving from North to South. This result 

serves as a warning that lateral variations need to be considered in studies of large 

magma chambers, and more importantly layered intrusions. This last point is especially 

important given the current interest in the layered intrusions community to drill a 
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reference core of the Bushveld Complex as part of the International Continental Drilling 

Program. 

 

This work produced one published paper: 

 

Setera, J. B., & VanTongeren, J. A. (2018). Lateral Variability in the Upper Main Zone, 

Bushveld Complex, owing to Directional Magma Recharge and Emplacement 

from North to South. Journal of Petrology, 59(9), 1763-1786. 

 

 

Chapter 2 

Chapter 2 moves away from magmatic processes and focuses on the thermal history of 

the RLS, post-crystallization. The thermal evolution of the RLS, and layered intrusions in 

general, remains enigmatic due to sparse geochronologic constraints. To elucidate the 

thermal history of the RLS from magmatic temperatures to ~350-450°C, I produced a 

total of 30 40Ar/39Ar biotite ages throughout ~5.5 km of the RLS stratigraphy. This is the 

first study that reports 40Ar/39Ar biotite ages for the majority of the cumulate rocks of the 

RLS stratigraphy, thus providing essential age constraints. Careful step-heating 

procedures and data analysis overcome some of the challenges many other researchers 

have encountered in attempting to date biotite from the RLS using 40Ar/39Ar 

geochronology. 

 When comparing the 40Ar/39Ar biotite ages with published high-temperature 

chronology, I show that the RLS cooled rapidly to the closure temperature of the 



 
 

 viii 

40Ar/39Ar system in biotite (~350-450°C) , with cooling rates potentially similar to those 

observed within the oceanic crust. In companion with the geochronology, I also 

conducted numerical thermal modeling of the RLS. As was a theme in Chapter 1, this 

thermal modeling makes a point to focus on potential lateral variabilities within the RLS. 

In this case, the lateral variability comes from samples closer to the edge of the intrusion 

cooling faster than those at its center. Heat-loss through the sides of the intrusion has not 

yet been incorporated in thermal models of the RLS until this point. The combined 

thermal modeling and 40Ar/39Ar biotite results indicate that the igneous body must have 

cooled rapidly due to enhanced heat loss from a hydrothermal system associated with the 

emplacement of the RLS. 

 To deduce the thermal history of the RLS at even lower temperatures (<350°C), I 

set out to use 40Ar/39Ar thermochronology of plagioclase. This required the development 

of a new method of 40Ar/39Ar step-heating, which provides precise paired ages and 

closure temperatures for individual plagioclase grains. 

 

This work produced one published paper: 

 

Setera, J. B., VanTongeren, J. A., Turrin, B. D., & Swisher, C. C. (2019). Rapid Cooling 

of the Rustenburg Layered Suite of the Bushveld Complex: Insights from biotite 

40Ar/39Ar geochronology. Geology. 
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Chapter 3 

This chapter details the development of a new novel 40Ar/39Ar step-heating approach 

aimed at producing precise age and diffusion parameters for small samples. The method 

involves placing a sample on a tantalum platform and heating said platform with a CO2 

laser. The temperature calibration procedure, using a two-color pyrometer, ensures that 

accurate temperatures are being recorded throughout step-heating experiments. The 

platform design also allows for constant visualization of samples during step-heating, 

which is specifically vital when the moment of fusion for the sample is reached. The 

method provides a simple, inexpensive, and reliable means for the heating of samples as 

small as a few tens of micrograms and is particularly useful to the Ar-geochronology 

community, as it provides an easy to implement technique for laboratories that do not 

have a diode laser, with tantalum providing a metal that easily couples to a CO2 laser. 

 During the development of the method, I produced ages and diffusion parameters 

for a variety of samples. First, I produced data for 3 individual plagioclase grains (2 

stratigraphic levels) from the RLS. The results from these grains, to be used primarily in 

chapter 4, matched well with published results on plagioclase feldspars. I also produced 

new data on a 174 µg mafic clast from the howardite meteorite, MAC 02666. The precise 

age and diffusion parameters from the mafic clast provided 2 main advancements: (1) 

they provide inferences and constraints on the impact history of the HED parent body, 

asteroid 4 Vesta and (2) they demonstrate that extremely small, low K2O, samples can 

provide precise and meaningful results using the new step-heating technique.  

 With the method developed and proven, I expanded the use of the new technique 

from the 2 initial stratigraphic levels of the RLS, to the entirety of the stratigraphy.  
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This chapter resulted in one submitted paper: 

 

Setera, J. B., Turrin B. D., Herzog G. F., Delaney J. S., VanTongeren J. A., Lindsay F. 

N., Boesenberg J F., & Swisher C. C. (2019). 40Ar/39Ar thermochronology for 

sub-milligram samples with illustrations from the Bushveld Complex and 

howardite, MAC 02666. Geochemistry, Geophysics, Geosystems. 

 

 

 

Chapter 4 

The final chapter of the dissertation aims at elucidating the remaining thermal history of 

the RLS, namely that below the 40Ar/39Ar closure temperature of biotite (see chapter 2). 

To date, low temperature thermochronology is only available from a single stratigraphic 

level within the ~7-8 km thick RLS. Using the method described in chapter 3, I report 

40Ar/39Ar ages and closure temperatures for a total of 20 individual plagioclase grains. 

The 20 grains represent 12 stratigraphic levels of the RLS and provide essential 

age/temperature constraints (~150-300°C) that encompass the entire stratigraphy of the 

RLS in the Eastern Limb of the Bushveld Complex (~7 km). 

 Plagioclase 40Ar/39Ar results are paired with the biotite 40Ar/39Ar results from 

chapter 2 to deduce low-temperature cooling rates of the RLS. The calculated cooling 

rates indicate a rapid and significant shift to slower cooling rates below the 40Ar/39Ar 

closure temperature of biotite. This shift is result of cessation of the hydrothermal system 
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associated with the emplacement of the RLS and a transition to primarily conductive-

cooling of the RLS. Detailed numerical heat-loss simulations, again paying close 

attention to the lateral effects of cooling within the intrusion, confirm (1) the need for 

hydrothermal circulation to produce observed high-temperature cooling rates and (2) a 

switch to conductive cooling of the RLS to produce observed 40Ar/39Ar plagioclase 

results. As a result, the combined modeling and 40Ar/39Ar data also provide important age 

constraints on RLS-related hydrothermal ore deposits that formed within the host rocks of 

the intrusion. 

 As a final ending of the dissertation and chapter 4, I use the results from all 

chapters to describe a full model of the thermal evolution of the RLS within the Eastern 

Limb of the Bushveld Complex. 

 

This chapter resulted in one prepared manuscript: 

 

Setera, J. B., VanTongeren J. A., Turrin B. D., & Swisher C. C. (2020). A low-

temperature hydrothermal cutoff: Plagioclase 40Ar/39Ar thermochronology of the 

Rustenburg Layered Suite., Bushveld Complex. Earth & Planetary Science 

Letters.  
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Chapter 1 

 

The last major pulse of magma: composition and lateral variability in the Upper & 

Upper Main Zones. 

 

This chapter resulted in one published paper: 

 

Setera, J. B., & VanTongeren, J. A. (2018). Lateral Variability in the Upper Main Zone, 

Bushveld Complex, owing to Directional Magma Recharge and Emplacement 

from North to South. Journal of Petrology, 59(9), 1763-1786. 

 

Abstract 

Recharge and magma mixing into shallow crustal reservoirs is a critical parameter in 

understanding magma diversity and predicting volcanic activity and hazards. Direct 

observation of magma mixing within the crust, however, is impossible. The solidified 

remnants of large magma chambers in layered mafic intrusions are therefore some of the 

most important natural laboratories for measuring and understanding past magma 

chamber dynamics. Here we provide in situ major and trace element compositions of all 

major mineral phases throughout a single stratigraphic section of a well-defined magma 

recharge interval in the c. 2.06 Ga Bushveld Complex layered intrusion of South Africa. 

This section, the Roossenekal Traverse, is located approximately 75 km south of a 

previously documented section of the same stratigraphy, the Leolo Mountain Traverse. 

Despite their distance, the two profiles show remarkably similar thicknesses and 
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compositional variations, however both resident and incoming magmas recorded in the 

Roossenekal Traverse are slightly more compositionally evolved. We show that the 

lateral compositional variability is a direct result of the locus of magma recharge 

originating in the north, near the Thabazimbi-Murchison Lineament. New primitive 

magma was emplaced in the north, mixed with more evolved magma towards the south, 

and fractionated as it filled the magma chamber progressively to the south. 

 

1. Introduction 

The solidified remnants of large magma chambers in layered mafic intrusions remain 

some of the most important natural laboratories for measuring and understanding past 

magma mixing and recharge events. Evidence in support of magma mixing and recharge 

in the cumulates of layered intrusions can be identified by major shifts in whole rock 

isotopic composition as well as reversals to more primitive major and trace element 

compositions with increasing height in the stratigraphic sequence (e.g. VanTongeren, 

2018). 

One layered intrusion in particular, the Rustenberg Layered Suite (RLS) of the 

Bushveld Complex, shows clear evidence of discrete magma mixing and recharge events 

throughout its stratigraphy. The c. 2.06 Ga RLS is approximately 8-9 km thick, spans c. 

450 km E-W, 150-200 km N-S (SACS, 1980) and occurs in four distinct limbs (Northern, 

Western, Eastern and the Southern Bethal lobe; Fig. 1). The mafic-ultramafic magmas of 

the RLS were emplaced in at least four major injections (Eales, 2002). The last of these 

major injections occurred near the top of the Main Zone of the RLS, below the 

Pyroxenite Marker (Fig. 2). Evidence for a new magma injection at this level comes from 
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clear reversals to more primitive major and trace element chemistry as well as distinctly 

lower whole rock initial 87Sr/86Sr compositions (Sharpe, 1985; Kruger et al., 1987; 

Cawthorn et al., 1991; VanTongeren & Mathez, 2013). The stratigraphic interval, in 

which compositions become progressively more primitive upwards through the 

stratigraphy prior to the Pyroxenite Marker, was investigated by VanTongeren & Mathez 

(2013) in the Eastern Limb near the Leolo Mountains (Fig. 1) and is defined as the ‘Zone 

of Magma Mixing’ (Fig. 2). 

Many scenarios involving the input of new primitive magma have been described 

to explain the compositional reversal within cumulus minerals below the Pyroxenite 

Marker. Based on higher Al2O3 contents of pyroxenes immediately above the Pyroxenite 

Marker in the Western Limb, Cawthorn et al. (1991) proposed that the incoming magma 

was denser than the resident magma and was emplaced into a stratified, poorly mixed, 

resident magma chamber. However, the uniformity of the whole rock Sr isotopic 

compositions from the Pyroxenite Marker to the roof (e.g. Kruger et al., 1987; Sharpe, 

1985), and the clear trends in in situ major and trace elements of plagioclase and 

pyroxenes, led VanTongeren & Mathez (2013) to conclude that the new magma was 

emplaced in multiple small batches into a homogenous resident magma body. Rapid 

mixing between incoming and resident magma allowed for homogenization of the two 

magmas and partial crystallization between each pulse. 

 With the exception of a recent study looking at lateral changes in plagioclase An 

content at the Pyroxenite Marker (e.g. Cawthorn et al., 2016), the majority of studies 

attempting to elucidate the nature of this magma recharge event (i.e. compositions and 

volume of incoming magma), focus on individual boreholes or single stratigraphic 
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sections and do not investigate potential lateral variation within the magma chamber. 

Incorporating lateral variations into previous findings regarding magma chamber 

dynamics is vital, particularly in the case of the RLS due to its immense size. 

The goal of this work is to use in situ major and trace element analyses to 

investigate the lateral variation in the magma chamber during the final recharge event 

into the RLS near the level of the Pyroxenite Marker. 

 

2. Geologic and Stratigraphic Setting 

The RLS was intruded around 2.06 Ga (Buick et al., 2001; Scoates & Friedman, 2008; 

Olsson et al., 2010; Scoates & Wall, 2015; Zeh et al., 2015; Mungall et al., 2016) into the 

Neoarchean to Paleoproterozoic Transvaal Supergroup sediments (Eriksson & 

Altermann, 1998) within the central northeast portion of the Kaapvaal craton. The layered 

sequence crops out in predominately eastern and western limbs that dip gently toward 

each other and appear to connect at depth (Cawthorn & Webb, 2001; Webb et al., 2004) 

(Fig. 1). The predominately mafic and ultramafic unit of the Bushveld Complex, the 

Rustenburg Layered Suite (RLS), is stratigraphically subdivided (SACS, 1980) into the 

Lower, Critical, Main and Upper Zones based on cumulus mineral assemblages (Fig. 1). 

It is in the Eastern Limb that the RLS is best exposed. 

 The estimated thickness of the Main Zone varies considerably from north to south 

in the Eastern Limb. The Main Zone in the Eastern Limb of the RLS has been described 

to be c. 2,900 m in the north near the Leolo Mountains (Molyneux, 1974) to c. 3,940 m 

(von Gruenewaldt, 1973) or 2,635 m (Fig. 3; this study) at Roossenekal and c. 1,100-

1,450 m at Stoffberg toward the south (Groeneveld, 1970) (Fig. 1). Some of the 
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variability in estimates arises from ambiguity in the official boundary between the base of 

the Main Zone and the top of the Critical Zone (Kruger, 1990; Kruger, 1991; Mitchell & 

Scoon, 1991). The South African Commission for Stratigraphy (SACS, 1980) positions 

the boundary above the Merensky Reef on top of a distinct series of anorthositic rocks 

containing large mottled pyroxene called the Bastard mottled anorthosite (Giant mottled 

anorthosite). A reexamination of the Main Zone boundaries by Kruger (1990) places the 

base of the Main Zone at an unconformity immediately below the Merensky Reef, where 

there is a distinctive change in the whole rock strontium isotopic signature (Kruger, 

1994). Above the Merensky Reef, the Main Zone consists of norite, gabbronorite and 

occasional anorthosite layers. Inverted pigeonite eventually replaces orthopyroxene as the 

Ca-poor pyroxene upwards through the stratigraphy. 

 The Main Zone-Upper Zone boundary is officially defined as the first appearance 

of cumulus magnetite (SACS, 1980). However, it is below the Pyroxenite Marker, a 

nearly-ubiquitous c. 3 m thick orthopyroxenite layer in the upper Main Zone, that the 

whole rock Sr isotopic composition changes and the major element compositions of the 

cumulus mineral phases become more primitive (Kruger et al., 1987; Cawthorn et al., 

1991; VanTongeren & Mathez, 2013). The change in whole rock Sr isotopes across this 

boundary led Kruger et al. (1987) to define the geochemical boundary between the Upper 

Zone and Main Zone at the level of the Pyroxenite Marker. In order to avoid confusion 

with nomenclature, the stratigraphy from the Pyroxenite Marker to the roof of the 

intrusion, which encompasses the combined Upper Zone and Upper Main Zone, has been 

termed the UUMZ (Fig. 2c; VanTongeren et al., 2010). 
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 In the Eastern Limb, the Pyroxenite Marker has been traced along strike from N 

to S before disappearing c. 5 km south of Roossenekal. Where the Pyroxenite Marker is 

absent in the south, it is replaced by magnetite gabbro while still recording compositional 

reversals similar to those observed in the north (von Gruenewaldt, 1973; Klemm et al., 

1985; Cawthorn et al., 2016). Due to poor outcrop availability, the Western Limb is 

primarily studied via boreholes and only a single representation of the Pyroxenite Marker 

has been found (Cawthorn et al., 1991), although compositional reversals have been 

recorded without the presence of the Pyroxenite Marker (Mitchell, 1990). The Pyroxenite 

Marker is entirely absent from boreholes and exposed outcrop in the Northern Limb. 

Although there are two pyroxene-rich horizons observed within a borehole from the 

Northern Limb, Ashwal et al. (2005) concluded, based on mineralogical evidence, that 

these are not correlated to the Pyroxenite Marker. 

 

3. Previous Lateral Variation Studies at the Level of the Pyroxenite Marker 

Lateral variation in the RLS magma chamber at the level of the Pyroxenite Marker was 

previously investigated on a small scale in a study by Klemm et al. (1985). Klemm et al. 

(1985) measured three profiles just south of Roossenekal spaced over approximately 10 

km along strike. The authors measured bulk plagioclase (measured on a universal stage) 

and orthopyroxene compositions (measured via X-ray diffraction) and found that the 

maximum plagioclase An content in their three profiles decreased towards the south from 

An73 (c. 5 km south of Roossenekal) to An65 and An63. They concluded that lateral 

variations in bulk plagioclase and orthopyroxene compositions were due to decreasing 

proportions of incoming magma as well as a change in the oxygen fugacity within the 
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magma chamber, however there was no attempt at quantifying the proportions or 

compositions of the magmas involved. 

The most laterally extensive investigation into variability at the level of the 

Pyroxenite Marker of the Eastern Limb of the RLS to date was undertaken by Cawthorn 

et al. (2016). Cawthorn et al. (2016) compiled published data on plagioclase anorthite 

content from eight profiles throughout the Eastern Limb, covering a lateral distance of 

110 km. They showed that the maximum average plagioclase An content near the 

Pyroxenite Marker varies by only c. 2 mol %  (c. An75 to An73) from the Leolo Mountain 

traverse of VanTongeren & Mathez (2013) to the first traverse just south of Roossenekal 

of Klemm et al. (1985) – a lateral distance of c. 80 km. However, another 35 km to the 

south, at Stoffberg, the maximum An content of plagioclase is c. 63 (Cawthorn et al., 

2016), yielding a decrease of maximum average plagioclase An content of c. 12 An mol 

% over the c. 110 km from the Leolo Mountain traverse to Stoffberg. Cawthorn et al. 

(2016) concluded that changes in the stratigraphic level and the maximum plagioclase An 

content near the Pyroxenite Marker were controlled by a structural upwarp in the magma 

chamber basin. As is described in detail below (see discussion section), there is no robust 

field evidence of a structural upwarp in this region. Thus, a different mechanism must be 

responsible for the lateral variability observed in maximum An content in the eastern 

limb by Cawthorn et al. (2016).  

Lundgaard et al. (2006), while not focused on the recharge interval at the level of 

the Pyroxenite Marker, also investigated lateral variations within the mid to lower Main 

Zone of the Eastern Limb. The location of the three investigated profiles range from 

Thornhill in the north (analogous to the Leolo Mountain traverse of this study) to 
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Roossenekal and further south to Stoffberg (Fig. 1). They show that the average An 

content of plagioclase cores in the mid-lower Main Zone shows no systematic variation 

from north at Thornhill to south at Stoffberg. Conversely, there is a decrease in the Mg# 

of orthopyroxene cores (Mg#67-61 – Mg#59-50) as well as in bulk plagioclase An content 

(An67-61 – An59-55), from Thornhill to Stoffberg. This change is coupled with an increase 

in the whole rock concentration of incompatible elements from north at Thornhill to 

south at Stoffberg. Lundgaard et al. (2006) suggest these lateral variations are a product 

of an increased trapped melt from 0-10% in the north at Thornhill to 30-45% in the south 

at Stoffberg (Fig. 1). The lateral variations from Thornhill to Roossenekal are less 

pronounced and indicate an only slight increase in trapped melt fraction at Roossenekal 

compared with Thornhill (Lundgaard et al., 2006). 

Apart from the study of Lundgaard et al. (2006), the conclusions deduced by the 

studies above rely primarily on the anorthite content of plagioclase. As noted above, 

these changes are sometimes extremely subtle and even within the uncertainties of 

average plagioclase anorthite content. This manuscript provides a comprehensive dataset 

of whole rock and in situ mineral major element, as well as trace element compositions 

from a traverse of the Main Zone near Roossenekal (Figs. 4-7). Our data from the 

Roossenekal traverse, are compared with the data of VanTongeren & Mathez (2013) for 

the Leolo Mountain traverse, c. 75 km to the north. We calculate the proportion and 

composition of the incoming magma for both profiles using the method of VanTongeren 

& Mathez (2013). Our results provide a more robust quantification of the lateral variation 

in both the proportion of incoming versus resident magma and the composition of the 

incoming magma below the Pyroxenite Marker in the Eastern Limb of the RLS. 
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4. Analytical Methods 

Twenty-three samples of the Main Zone in the eastern RLS were collected along an 

approximately E-W traverse from Roossenekal (S 25°12.098, E 029°55.907) to Draaikaal 

(S 25°13.849, E 030°05.374) (Figs. 1, 3). The lack of well-defined layering in the Main 

Zone makes it difficult to constrain the dip of the rocks along the transect. Each sample 

was placed in its stratigraphic position by incorporating the elevation at each locality and 

using a shallow 10° dip as recorded in the lower Main Zone c. 5 km north of the transect 

(Molyneux, 1974, Molyneux, 2008). The total thickness of the Main Zone at 

Roossenekal, using this dip angle, is c. 2,635 m. This is significantly less than the 3,940 

m thickness cited at Roossenekal by von Gruenewaldt (1973), which was calculated 

using a steeper dip angle of c. 15°. There is evidence for steeper dip angles to the South at 

Stoffberg [up to 25°; Groeneveld (1970)], however the scarcely recorded dips in the 

Roossenekal traverse area are shallow, 10° in the lower Main Zone (Molyneux, 1974), 

and 10°-12° in the Upper Zone (Scoon & Mitchell, 2012). All stratigraphic depths 

reported in this study are relative to the Merensky Reef at 0 m. A full list of samples with 

their stratigraphic height above the Merensky Reef and geographic location is provided in 

Table 1. The pyroxenite Marker occurs at c. 2,133 m above the Merensky Reef in the 

Roossenekal traverse. 

 The samples in this study consist of gabbronorites with nearly adcumulate 

textures and a cumulate mineral assemblage of 50-70% plagioclase, 15-30% low-Ca 

pyroxene and 5-20% clinopyroxene. Low-Ca pyroxene within the Main Zone is 

represented by a combination of primary orthopyroxene and inverted pigeonite, with 
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inverted pigeonite becoming the primary low-Ca pyroxene below the Pyroxenite Marker. 

Modal abundances were estimated optically by point counting (minimum of 300 points 

per thin section). 

 Major element compositions for plagioclase, clinopyroxene and low Ca pyroxene 

were determined using the JEOL JXA 8200 electron microprobe at Rutgers University 

and the Cameca SX100 microprobe at the American Museum of Natural History. All 

analyses used an acceleration potential of 15kV, beam current of 15nA, count time of 30 

s on peak and 15 s on background for each element, and a beam diameter of 5 µm and 1 

µm for plagioclase and pyroxene, respectively. Standards were analyzed between every c. 

50 unknowns and consistently yielded results within 2s of published values (Table 2). 

In situ trace element compositions of plagioclase, clinopyroxene, and low-Ca 

pyroxene were obtained at Rutgers University using the Thermo Scientific iCAP Qc ICP-

MS system equipped with a Photon Machines 193 nm laser ablation system. Spot sizes of 

65 µm and 40 µm were used for plagioclase and pyroxene, respectively. Approximately 

10 seconds of gas backgrounds were collected before 30 seconds of sample ablation. 

Standards NIST610 and NIST612 were regularly analyzed for continuous calibration and 

to account for any drift. BCR and BIR were also analyzed regularly as a secondary 

standard to confirm accuracy (Table 2). 

In all samples collected for this study, thin section billets were cut perpendicular 

to the foliation and, where possible, parallel to the lineation so as to ensure that the thin 

section plane cuts through the center of alignment of the grains.  Additionally, we were 

careful to only measure the center of cumulus grains (Fig. 8) and did not select grains 
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with abnormal aspect ratios (possibly indicative of not being at the geometric center of 

the grain). 

 Major and trace-element concentrations of bulk rocks were determined using a 

ThermoARL Advant XP + sequential X-ray fluorescence (XRF) spectrometer at the Peter 

Hooper GeoAnalytical Lab at Washington State University. Replicate analyses of bulk 

rocks were run from aliquots of the same crushed and powdered rocks. 

 Major and trace element compositions for plagioclase, clinopyroxene and low Ca 

pyroxene are available in Tables 3-5. Whole rock analyses for each sample are available 

in Table 6. 

 

5. Results 

5.1 Roossenekal Results 

Abrupt increases in Cr concentration are often interpreted as new fresh pulses of magma 

(e.g. Cawthorn, 2007; VanTongeren & Mathez, 2013; Tanner et al., 2014). Three such 

increases occur within the Main Zone at Roossenekal. The first increase in Cr content 

occurs c. 137 m above the Merensky Reef (Fig. 4). This study does not include any 

samples below this depth, however this elevated Cr concentration in pyroxene is likely a 

consequence of the pulse(s) of magma responsible for forming the lower Main Zone. A 

distinctive second new pulse of magma is recorded in our section at approximately 704 m 

above the Merensky Reef (Fig. 4). 

 The third and final pulse of new magma into the RLS occurs approximately 270 

m below the Pyroxenite Marker in Roossenekal (Fig. 4). From approximately 704 m to 

1750 m above the Merensky Reef, pyroxene Cr concentrations remain relatively low and 
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constant upwards through the stratigraphy. At approximately 1750 m above the Merensky 

Reef, Cr concentrations begin to gradually increase over c. 270 m until they reach a 

maximum just below the Pyroxenite Marker (Fig. 4). In contrast to the previous two 

pulses of new magma recorded by the Cr content, this interval of increasing Cr also 

coincides with reversals in the plagioclase An content (Fig. 5), pyroxene Mg# (Fig. 5), 

and whole rock Sr isotopic compositions (Kruger et al., 1987; Cawthorn et al., 1991) as 

well as the formation of the Pyroxenite Marker. Therefore, it is likely that this final pulse 

of magma introduced a significantly larger volume of new magma into the resident Main 

Zone magma chamber. 

Average plagioclase An content and pyroxene Mg#s throughout the Main Zone of 

the Roossenekal traverse are shown in Fig. 5a. Variations in measured plagioclase An 

content are similar to those reported by Cawthorn et al. (2016) at Roossenekal and those 

reported by VanTongeren & Mathez (2013) for the Leolo Mountain traverse. The average 

An content of plagioclase decreases with increasing stratigraphic height within the lower 

Main Zone reaching a minimum value of 55 at approximately 1,843 m. Average 

plagioclase An values become progressively more primitive from approximately 1,843 m 

above the Merensky Reef until they reach a maximum value of 73 at approximately 2,252 

m, c. 119 m above the Pyroxenite Marker. Average low-Ca pyroxene and clinopyroxene 

Mg# follow the same trend as An content in plagioclase, with the maximum Mg# 

reaching 72.9 for low-Ca pyroxene and 78.2 for clinopyroxene. The reversal of An 

content in plagioclase and Mg# in pyroxene occurs at the same stratigraphic height with 

no evidence of decoupling as was described below the Pyroxenite Marker, within the 

Main Zone of the Western Limb (Nex et al., 2002). The stratigraphic interval over which 
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major element compositions of plagioclase and pyroxene become more primitive is 

hereafter termed the Zone of Magma Mixing following VanTongeren & Mathez (2013). 

In the Roossenekal traverse, studied here, the Zone of magma mixing occurs from 1,843 

m to 2,133 m (Fig. 2, 5). 

 Figure 6 shows the stratigraphic variation of in situ trace element concentrations 

in plagioclase (Fig. 6a) and low-Ca pyroxene (Fig. 6b) from which equilibrium liquid 

compositions were calculated (Table 9). While not as pronounced as those observed in 

major elements, incompatible trace elements measured in situ generally record decreases 

in concentration associated with the onset of magma mixing at approximately 1,843 m 

above the Merensky Reef, whereas compatible trace elements generally increase (Fig. 6). 

REE concentrations in all mineral phases decrease within the Zone of Magma Mixing 

and are lowest in samples above the Pyroxenite Marker (Fig. 7). 

 Measured concentrations for trace elements to be used in magma mixing 

calculations are listed in Table 7 for plagioclase, low-Ca pyroxene and clinopyroxene, 

and full elemental suites for each mineral can be found in Tables 3-5. 

 

5.2 Comparison of the Leolo Mountain Traverse (N) and Roossenekal Traverse (S) 

5.2.1 Mineral Major Element Compositions 

The level of the Pyroxenite Marker is similar in both traverses, c. 2,200 m above the 

Merensky Reef in the north at Leolo and c. 2,133 m above the Merensky Reef in the 

south at Roossenekal. The maximum plagioclase An content, after the input of new 

primitive magma, is slightly higher in the north at Leolo than in the south at Roossenekal, 

with An contents of 76 and 73 respectively (Fig. 9a). Maximum pyroxene Mg# also are 
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slightly higher in the north at Leolo, than in the south at Roossenekal, with the maximum 

Mg# of low-Ca pyroxene decreasing from 74 to 73 and clinopyroxene from 80 to 78 (Fig. 

9b,c). The level at which the Zone of Magma Mixing begins (i.e. the most evolved 

plagioclase An content) is almost identical between the two profiles, with the most 

evolved sample at 1,849 m above the Merensky Reef in the north at Leolo and 1,843 m 

above the Merensky Reef in the south at Roossenekal. Overall, the major element 

variations (plagioclase An content and pyroxene Mg#) between the two traverses is 

small, pointing towards a remarkable consistency near the level of the Pyroxenite Marker 

over a distance of c. 75 km. 

Mineral major element differences between the Leolo and Roossenekal traverses 

are found primarily below the Zone of Magma Mixing. In the Leolo traverse to the north, 

plagioclase An content is slightly higher prior to new magma input than in the south at 

Roossenekal. The most evolved low-Ca pyroxene Mg# prior to new magma input is 

approximately 65 at Leolo, whereas is approximately 54 at Roossenekal. Likewise, the 

clinopyroxene Mg# is 75 at Leolo but 64 in Roossenekal prior to new magma input. 

Lundgaard et al. (2006) also found a similar offset in pyroxene Mg# between their 

Thornhill (northern) and Roossenekal traverses throughout the lower Main Zone. 

 

5.2.2 Pyroxene Cr Concentration 

There is a significant decrease in the maximum Cr concentration of pyroxenes at the level 

of the Pyroxenite Marker from north to south. In the north, the Leolo Mountain traverse 

records a maximum Cr concentration of 1,630 ppm and 2,480 ppm for low-Ca pyroxene 

and clinopyroxene, respectively (VanTongeren & Mathez, 2013). The maximum Cr 
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concentration recorded at the same stratigraphic level in the south at Roossenekal is 

nearly half of that observed at Leolo, c. 675 ppm for low-Ca pyroxene and 1,590 ppm for 

clinopyroxene. Both traverses show pyroxene Cr concentrations within the Zone of 

Magma Mixing that are variable within a single sample. 

 

5.3 Calculation of Mixing Parameters 

5.3.1 Proportions 

The proportion of incoming magma (Xinc) to resident magma (Xres) is inferred according 

the method outlined in VanTongeren & Mathez (2013), where the total magma thickness 

is equal to the sum of the resident magma thickness and the incoming magma thickness. 

The total thickness of the incoming magma is calculated as the stratigraphic excursion 

from the onset of magma mixing to the point at which the compositions return to their 

pre-mixing values (Figs. 2, 5). The thicknesses of each unit are based on average 

plagioclase core An content as it is more resistant to subsolidus re-equilibration than 

pyroxenes due to the coupled substitution of Ca-Al with Na-Si ( Morse, 1984; Cherniak, 

2003). 

 

5.3.2 Calculation of Total Magma Thicknesses at Roossenekal 

Scoon & Mitchell (2012) collected a full stratigraphic record of the Upper Zone from 

multiple boreholes near Roossenekal and cited a total thickness of c. 2,300 m from the 

appearance of cumulus magnetite (Main Zone-Upper Zone boundary) to the roof of the 

intrusion. This thickness is significantly greater than the thickness for the same interval 

reported to the north near Magnet Heights (Fig. 2) of 1,775 m (Molyneux, 1974). A 
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detailed comparison of the UUMZ stratigraphy between the combined Leolo Mountain 

and Magnet Heights area (Molyneux, 1974) and the Roossenekal traverse shows that 

individual magnetitite seams, as well as the first appearance of cumulus olivine, are 

traceable to remarkably similar stratigraphic levels over the c. 75 km distance between 

the two traverses (Fig. 10). Stratigraphic thicknesses, however, deviate between the two 

profiles starting near the base of Subzone D (the appearance of cumulus apatite). It is at 

this point that the upper portion of the UUMZ becomes significantly thicker at 

Roossenekal than at Leolo. Within this portion of the stratigraphy, Magnetitite Seam 21 

(the uppermost seam) also records varying thicknesses ranging from cm-scale near 

Magnet Heights (Molyneux, 1974) to >25 m thicknesses with some instances as much as 

60 m recorded at Roossenekal (Scoon & Mitchell, 2012). We interpret this lateral 

continuity of marker layers within the Upper Zone as an indication that both traverses 

initially had roughly the same thickness during the UUMZ magma recharge event and 

any subsequent thickening in the uppermost portion of the Roossenekal traverse is likely 

the result of a new magma pulse or assimilation affecting only the absolute last portions 

of the stratigraphy there.  

Based on the geologic map of Molyneux (2008), the stratigraphic interval from 

the Pyroxenite Marker to the appearance of cumulus magnetite (start of the Upper Zone) 

is c. 521 m at Roossenekal and thus, assuming an original UZ thickness of 1,775 m as in 

the Leolo Mountain section of VanTongeren & Mathez (2013), the total magma thickness 

of the UUMZ from the Pyroxenite Marker to the roof at Roossenekal is 2,296 m. Based 

on thermodynamic modelling and mineral-melt partition coefficients, VanTongeren et al. 

(2010) estimated that the UUMZ had lost approximately 15-25% of its original volume 
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due to eruption. Including this missing evolved melt, the total original UUMZ magma 

layer thickness is between 2,640 – 2,870 m.  

In the traverse studied here, at Roossenekal, the Zone of Magma Mixing 

containing both resident and new incoming magma, has a thickness of c. 270 m and is 

calculated as the thickness from the onset of mixing (i.e. the depth of the most evolved 

plagioclase An content below the Pyroxenite Marker) to the Pyroxenite Marker (Figs. 2, 

5). The total magma thickness, including the Zone of Magma Mixing and the UUMZ in 

Roossenekal, is calculated to be 2,566 m (assuming 0 % magma loss), and between 2,910 

– 3,140 m (assuming 15-25% loss). 

 

5.3.3 Calculation of Total Stratigraphic Excursion 

The total stratigraphic excursion caused by the new pulse of magma is calculated as the 

thickness from the onset of magma mixing below the Pyroxenite Marker to the level at 

which the An content in plagioclase returns to the composition prior to the onset of 

magma mixing (e.g. the most evolved sample below the Pyroxenite Marker (An 55)). The 

samples from this study do not progress into the Upper Zone and consequently the An 

values of plagioclase in this study do not return to the most evolved value below the 

Pyroxenite Marker of An 55. An approximation of the thickness of the stratigraphic 

excursion can be obtained using the average plagioclase An compositions measured by 

Harney et al. (1996) from a single borehole, drilled c. 2 km north of Roossenekal at 

Mapoch’s Mine (Fig. 1) covering the lowermost c. 200 m of the Upper Zone (above 

cumulus magnetite) in Roossenekal. Average plagioclase core An compositions return to 

pre-mixing compositions c. 2,824 m above the Merensky Reef (Figs. 2, 5). The total 
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thickness from the Pyroxenite Marker until the return to pre-mixing compositions is 711 

m, which when added to the Zone of Magma Mixing (270 m) yields a total excursion 

thickness of 981 m for the Roossenekal traverse (Figs. 2, 5). This is less than the 1200 m 

thick excursion to the north in the Leolo Mountain traverse calculated by VanTongeren & 

Mathez (2013). 

 All thicknesses cited above for the Roossenekal Traverse and the Leolo Mountain 

Traverse are summarized in Table 8. At Roossenekal, the proportion of incoming magma 

relative to the total is calculated to be between 38, 34 and 31% for the scenarios of 0, 15 

and 25% loss of original UUMZ magma thickness (Table 8). 

 

5.3.4 Resident, Incoming, and Mixed Magma Compositions 

For a direct comparison of the resident and incoming magma compositions in the Zone of 

Magma Mixing from north to south, the equilibrium trace element liquid composition is 

calculated for each mineral phase of each sample. For ease of comparison, the 

equilibrium liquid compositions for the Roosenekal traverse are calculated using the 

same partition coefficients as described in VanTongeren & Mathez (2013) for the Leolo 

Traverse. Sr, Ba, Rb, Pb and LREE liquid compositions are calculated from plagioclase 

with the partition coefficients of Bindeman et al. (1998). REE liquid compositions are 

calculated from clinopyroxene with the partition coefficients of Wood and Blundy 

(1997). Sc, Y and HREE liquid compositions are calculated from orthopyroxene using 

partition coefficients of Bédard (2007). !"#$%&	and !(#$%& regressions with measured 

orthopyroxene Mg# do not show strong correlations (Bédard, 2007). Therefore, as in 

VanTongeren & Mathez (2013), we use the constant !(#$%& = 11.5 of Barnes (1986) 
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derived for magmas at QFM and 1150 °C and the constant !"#$%& = 0.021 of Dunn and 

Sen (1994) calculated for similar orthopyroxene major element compositions. When 

necessary, a pressure of 200 MPa is assumed. As in VanTongeren & Mathez (2013), the 

plagioclase and low-Ca pyroxene equilibrium liquid composition is used whenever 

possible, as they are a more reliable indicator of the equilibrium liquid due to their higher 

modal abundance in the samples studied here. 

Average crystallization temperatures are calculated for each sample using the 

REE-in-plagioclase-clinopyroxene thermometer developed by Sun & Liang (2017). The 

REE-in-plagioclase-clinopyroxene thermometer estimates the crystallization temperature 

of co-existing plagioclase and clinopyroxene. Through numerical simulations, Sun & 

Liang (2017) showed that the calculated crystallization temperatures are resistant to any 

artifacts from compositional zoning and diffusive resetting. The REE thermometer is 

potentially a significant improvement to An-based thermometers due to the variability in 

An content of plagioclase (Fig. 5b) as well as the large uncertainties of plagioclase 

crystallization temperatures in previous low-pressure experiments (e.g. Charlier & Grove, 

2012). Although it is an improved method for estimating crystallization temperatures, it 

should also be noted that calculated crystallization temperatures for the Leolo Mountain 

traverse of VanTongeren & Mathez (2013) using the REE thermometer are in close 

agreement with the An-based thermometer used in VanTongeren & Mathez (see Fig. 9b 

in Sun & Liang, 2017). 

The calculated equilibrium liquid and crystallization temperature for each sample is listed 

in Table 9. 
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Maximum crystallization temperatures near the level of the Pyroxenite Marker 

decrease from 1,181°C for the Leolo Mountain traverse to 1166°C for the Roossenekal 

traverse. Prior to the Zone of Magma Mixing, the crystallization temperature of the most 

evolved sample below the Pyroxenite Marker (analogous to resident magma) decreases 

from 1,105°C for the Leolo Mountain traverse to 1,075°C (Fig. 11) 

The composition of the fully mixed magma (CUUMZ) at Roossenekal is calculated 

from the average trace element equilibrium liquid composition of samples B14-018 and 

B14-016. Sample B14-018 (c. 35 m below the Pyroxenite Marker) records the highest 

calculated crystallization temperature (1,166 °C) above the onset of magma mixing as 

well as the highest Cr concentration in both low-Ca pyroxene and clinopyroxene. 

Although sample B14-016 is located c. 119 m above the Pyroxenite Marker, it also 

records a similarly high crystallization temperature of 1,162 °C as well as elevated Cr 

concentrations in low-Ca Pyroxene and clinopyroxene. More importantly, sample B14-

016 records the maximum plagioclase An content. The calculated composition of the 

fully mixed magma (CUUMZ) at Roossenekal (Table 10) is similar to that calculated for 

the Leolo Mountain traverse of VanTongeren & Mathez (2013) (Table 10). 

The composition of the resident magma (Cres) is calculated from the most evolved 

sample (B14-021) below the onset of magma mixing, 270 m below the Pyroxenite 

Marker. The calculated resident magma compositions, prior to the Zone of Magma 

Mixing, are shown in Fig. 12a. Compositions of moderately incompatible trace elements, 

Sc, Sr are indistinguishable between the calculated resident magma compositions at 

Leolo and Roossenekal. Highly incompatible trace elements (Ba, Zr, LREE, MREE) 

however, are higher in the south and indicate a slightly more evolved resident magma in 
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the south. Notably, there are a few exceptions; the incompatible elements of Y, Er, Yb 

and Lu all show slightly lower concentrations at Roossenekal. The only trace element 

with a compatible bulk partition coefficient, Cr, is slightly lower in the south. 

The composition of the incoming magma below the Pyroxenite Marker is 

calculated following a two-component mixing equation (VanTongeren & Mathez, 2013) 

CUUMZ = CresXres + CincXinc       (1) 

where Xres and Xinc are the proportions of resident and incoming magma, and CUUMZ, Cres, 

and Cinc are the fully mixed UUMZ parent magma composition, and the composition of 

the resident and incoming magmas. 

 For Roossenekal, the range of calculated incoming magma compositions, as well 

as the mineral phase from which each element was calculated, is given in Table 10 along 

with the range of incoming magma compositions for the Leolo Mountain traverse 

(VanTongeren & Mathez, 2013), re-calculated using the REE-in-plagioclase-

clinopyroxene thermometer described above (Sun & Liang, 2017). Rb is excluded in the 

calculations at Roossenekal due to high uncertainties in the measurement of low Rb 

concentrations. 

The proportion of incoming magma calculated at Roossenekal is nearly identical 

to the proportion calculated c. 75 km to the north by VanTongeren & Mathez (2013) 

(Table 8). For the 0% loss of original UUMZ magma thickness scenario, the proportion 

of incoming magma decreases from 43% in the north at Leolo (VanTongeren & Mathez, 

2013) to 38% at Roossenekal (Table 8). 

Focusing on the 0% UUMZ magma loss scenario for simplicity, the composition 

of the incoming magma is similar between the two profiles, although there is a slight 
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enrichment in incompatible trace elements and depletion in compatible trace elements 

(e.g. Cr) from north to south (Table 10; Fig. 12b). The incoming magma calculated at 

Roossenekal also displays a prominent negative Eu (and Sr) anomaly possibly indicating 

potential fractional crystallization of the incoming magma from north to south, however, 

there is no significant change in the modal abundance of plagioclase for a given 

stratigraphic level between the Leolo Mountains and Roossenekal traverses. 

 

6. Discussion 

6.1 Lateral variations from trapped liquid? 

Lundgaard, et al. (2006) investigated the lateral variations within the mid to lower Main 

Zone (below the injection of new magma) in the Eastern Limb and attributed decreases in 

pyroxene Mg# and increases in whole rock trace element compositions to be a product of 

increased trapped melt from north (near Thornhill; ~24°30.320’, S 030°59.194’ E) to 

south (near Stoffberg; ~25°31.060’ S, 029°54.752’ E) (Fig. 1). Our data from the lower 

Main Zone near Roossenekal and the Leolo Mountain Traverse also support the 

conclusion that there was a greater fraction of trapped liquid present in the South 

compared with the North (Fig. 13, a-e). 

The trapped liquid shift, however, is not a factor in the lateral changes noted in 

this study over the Zone of Magma Mixing from Leolo to Roossenekal (Fig. 14, a-e). 

Within the Zone of Magma Mixing, a plot of whole rock Mg# versus incompatible whole 

rock trace element concentrations (P, Ba, Zr, Rb) shows no noticeable shift from the 

Leolo Mountain to Roossenekal traverse (Fig. 14, b-e). Orthopyroxene Mg# and 

plagioclase An content also appear to follow the same fractional crystallization trend 
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between the Leolo Mountain and Roossenekal traverses over the Zone of Magma Mixing 

(Fig. 14a), but are offset from one another in the Lower Main Zone samples (Fig. 13a). 

Thus, we are confident that all lateral changes observed between the two traverses within 

the Zone of Magma Mixing are a true representation of a changing incoming magma 

composition.  

 

6.2 Lateral variability owing to structural upwarp?:  the Cawthorn et al. (2016) model 

Cawthorn et al. (2016) suggest that the vertical and lateral variations in plagioclase An 

content are controlled by the injection of new magma into a structural basin. In their 

scenario, the new primitive magma is denser than the resident magma and is injected just 

south of Magnet Heights, into a structural basin which encompasses the northern portion 

of the Eastern Limb from the Leolo Mountains to some distance between Magnet Heights 

and Roossenekal, where the upwarp begins [See Fig. 5 in Cawthorn et al. (2016)].  

Evidence for a structural upwarp as described by Cawthorn et al. (2016) comes 

from map relationships just south of Roossenekal (Fig. 1) where the Critical Zone wedges 

out and the Main Zone is in contact with the floor rocks. In their model, the alleged 

structural upwarp would be controlled by floor rocks becoming ductile and developing 

into diapiric structures (e.g. Uken & Watkeys (1997)). While there is good evidence for 

basal diapirs and other structures affecting the lower parts of the intrusion elsewhere in 

the RLS, no such evidence exists in this area. An example is the pre-Bushveld Complex 

Schwerin anticlinal fold, located in the northeast portion of the eastern Bushveld 

Complex. Schwerin fold deformation also occurred during the accumulation of the Lower 

Zone, forming separate magma compartments, however its development was completed 
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before the magma addition forming the Critical Zone (Cameron, 1978, Sharpe, 1982; 

Hartzer, 1995; Uken & Watkeys, 1997; Longridge et al., 2009). It is clear from map 

relationships that the fold separates the lower portion of the Lower Zone into separate 

compartments, with the stratigraphy in the area dipping away from the axial center of the 

fold. Above this part of the stratigraphy in the region, all other markers and contacts are 

regionally parallel to those above, including the roof contact. 

In contrast to the evidence in support of basal diapirs in the Lower Zone in the 

north, no such evidence exists for the Upper Zone/Main Zone in the area of Roossenekal. 

Field and map evidence in the southern portion of the Eastern Limb shows remarkably 

planar layering in the UUMZ cumulates that make up the top of the magma chamber. 

Detailed mapping by Molyneux (2008) shows that the layering in the UUMZ of the 

Eastern Limb of the RLS is regionally parallel to the roof contact. In particular, 

throughout the proposed areas of basinal upwarp of Cawthorn et al. (2016) (e.g. profiles 

just south of Roossenekal and the single profile near Stoffberg), the upper magnetitite 

seam 21 is parallel to the roof contact. The Main Magnetitite seam is also mapped 

parallel to the roof contact through the area south of Roossenekal where Cawthorn et al. 

(2016) suggest the structural upwarp reaches its maximum. The Main Magnetitite seam is 

also mapped parallel to the roof contact when it reappears further south, near Stoffberg. 

The only observable exception is in a small area north and east of Loskop Dam, where 

Main Zone rocks directly abut the roof of the intrusion. These observations contradict the 

idea of having an upwarping basinal structure controlling the lateral variations within the 

UUMZ and Zone of Magma Mixing. 
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Instead, the presence of Main Zone rocks onlapping the floor of the intrusion near 

Stoffberg is more consistent with the gradual inflation and lateral expansion of the RLS 

magma chamber as a result of new volumetrically significant magma fluxes entering the 

crust associated with the Main Zone and Upper Zone. This alternative hypothesis is also 

consistent with the changing lithology of both roof and floor rocks from north to south in 

the Eastern Limb (e.g. VanTongeren & Mathez, 2015).  

Another aspect of the Cawthorn et al. (2016) model is the requirement of a 

density stratified magma chamber. In their model, density differences constrain the 

incoming magma to the bottom of the chamber while limiting the mixing between the 

incoming and resident magma. Limited mixing between the two magmas at the bottom of 

the chamber would inevitably lead to a rapid increase of crystallization temperature as 

well as a return to pre-mixing (more radiogenic) initial 87Sr/86Sr values of the original 

resident magma, above the Zone of Magma Mixing. However, recorded crystallization 

temperatures show a gradual increase up to the Pyroxenite Marker and fully mixed 

magma (i.e. cessation of input of new primitive magma; Fig. 11) while initial whole rock 

87Sr/86Sr values above the Pyroxenite Marker are relatively homogenous, both arguing 

against a density stratified magma chamber. 

 

6.3 A new hypothesis for magma recharge and lateral variability in the Eastern Limb 

The data presented here (Figs. 12a,b) show that both the resident and incoming magmas 

in the Roossenekal Traverse are slightly more evolved than those observed in the north 

along the Leolo Mountain Traverse of VanTongeren & Mathez (2013). In their study, 

VanTongeren & Mathez (2013) suggested that the gradual compositional reversal 
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throughout the Zone of Magma Mixing stratigraphy is due to repeated injection and 

mixing of small magma batches into a rapidly-mixed homogeneous magma chamber. The 

repeated injection of small magma batches allowed the magmas to mix while continuing 

to crystallize. Our data from the Roossenekal traverse support this hypothesis and allow 

us to additionally determine the directionality of magma emplacement. 

We propose that new batches of primitive magma were periodically injected into 

the magma chamber near the Thabazimbi-Murchison Lineament (TML) as the magma 

chamber was inflated from north to south (Fig. 1). Our model is based on three observed 

differences between the Leolo Mountain Traverse in the North and the Roossenekal 

traverse in the South. (1) The calculated proportions of incoming versus resident magma 

decrease from 43% in the north for the Leolo Mountain traverse to 38% for the 

Roossenekal traverse, c. 75 km to the south (Table 8). (2) The slightly more evolved trace 

element composition of the resident magma towards the south at Roossenekal, 

accompanied by more evolved major element compositions towards the south below the 

Zone of Magma Mixing (Figs. 9, 12a). (3) The slightly more evolved trace element 

composition of the calculated incoming magma in the south relative to the north, as well 

as the shift to a more evolved plagioclase An content from north to south within the Zone 

of Magma Mixing (Figs. 9, 12b). 

In our model (Fig. 15), as in that of VanTongeren & Mathez (2013), pulses of 

new primitive magma mix with resident magma, up to the immediate roof, while 

simultaneously crystallizing in between pulses. However, in our model, due to the 

directed injection of new primitive magma from the TML, the proportion of incoming 

magma mixing with resident magma decreases slightly towards the south. Each new 
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pulse of magma fully mixes with the resident magma in the north and gradually inflates 

the magma chamber by mixing over a progressively wider lateral area. During the initial 

recharge events, the proportion of new magma is small enough in volume that it remains 

dominantly in the north. However, as new pulses are added the amount of incoming 

magma increases and the mixed magma spreads into the resident magma in the south. 

The resident magma in the south thus has a longer period of time to undergo fractionation 

and hence the resident magma records slightly more evolved compositions prior to the 

onset of magma mixing in Roossenekal as compared with Leolo.  In both Leolo and 

Roossenekal, fractional crystallization on the magma chamber floor likely proceeded in 

situ in a small (<4 m) thick mush layer (e.g. Holness et al,, 2017), such that mixing 

between the incoming magma and any previously formed crystals from the resident 

magma would only occur at a scale smaller than our sampling interval and would not be 

recorded in our dataset. Thus, the slightly more evolved compositions recorded in the 

resident magma at Roossenekal are a robust indicator of fractionation of the liquid prior 

to new magma input, and not simply a greater proportion of mixing with a resident 

magma. 

Our directional recharge scenario is consistent with the muted and/or lack of 

reversal recorded in plagioclase An content much farther South, at Stoffberg (e.g. 

Cawthorn et al., 2016; Fig. 1), as this is where the proportion of new incoming magma 

would be predicted to be the least. 

This scenario also explains why the incoming magma is slightly more evolved in 

the south. Incompatible trace element concentrations of the calculated incoming magma 

(Cinc) increase from north to south, while Cr concentrations decrease from 245 ppm to 
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181 ppm for the Leolo Mountain and Roossenekal traverses respectively. Cinc for 

Roossenekal shows a slightly more negative Eu anomaly (Eu/Eu* = 0.56) than the one 

recorded from the relatively flat REE profile of Cinc for the Leolo Mountain traverse of 

VanTongeren & Mathez (2013) (Eu/Eu* = 0.76; Fig 12b). Thus, if the incoming magma 

were a homogeneous composition, it must have experienced some degree of fractional 

crystallization in the north, prior to entering and mixing with the resident magma in the 

south. 

Numerous authors have also postulated that the locus of magma injection in the 

Eastern Limb is near the TML [e.g. Kruger (2005); Clarke et al. (2009); VanTongeren & 

Mathez (2015)] (Fig. 1). On the basis of structural and compositional evidence, Clarke et 

al. (2009) concluded that a feeder dike used the existing TML to fill the RLS magma 

chamber, inflating the chamber away from the TML (i.e. north and south of the TML). 

Investigating the variability in the immediate roof and floor lithologies of the Bushveld 

Complex (Fig. 1), VanTongeren & Mathez (2015) presented a model in which the RLS 

was intruded as an enormous sill occupying varying structural depths (deeper in the north 

and shallower in the south), consistent with the locus of the magma injection originating 

in the north near the TML. Kruger (2005) similarly postulated that the Main Zone 

magmas were input into the magma chamber, just north of the TML, first interacting with 

the floor rocks to produce the Platreef, locking in higher initial 87Sr/86Sr ratios, before 

spreading south and mixing with the residual Critical Zone magma. In the model of 

Kruger (2005), incoming Main Zone magma spreads south and mixes with the residual 

Critical Zone magma, containing a lower initial 87Sr/86Sr ratio, to produce the average 

87Sr/86Sr ratio in the Lower Main Zone of c. 0.7086. 
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6.4 Reliability of the pyroxene record? 

As a final note, it is important to consider the reliability of the cumulate record when 

calculating magma compositions and inferring magma dynamics. For example, in their 

study, VanTongeren & Mathez (2013) observed the rapid increase in Cr contents of 

pyroxenes within the Zone of Magma Mixing up to the Pyroxenite Marker, followed by a 

rapid return to their pre-mixing values. They also noted that the Pyroxenite Marker 

exhibits a lower whole rock Sr isotopic composition than both the Main Zone and the 

UUMZ and hypothesized that the pyroxenes within the Zone of Magma Mixing may 

have been intruded within the incoming magma as crystal cargo. The pyroxene Cr 

contents within the Zone of Magma Mixing at Roossenekal, although overall lower, agree 

with the hypothesis of VanTongeren & Mathez (2013) that the pyroxenes were intruded 

as a crystal cargo.  

At Roossenekal, both low-Ca pyroxene and clinopyroxene Cr contents show the 

same rapid increase to the Pyroxenite Marker and return to pre-mixing values (Fig. 4) as 

seen within the Leolo Mountain traverse. The calculated equilibrium liquid composition 

for Cr just below the Pyroxenite Marker is c. 59 ppm while just 400 m above, this value 

returns to c. 4 ppm. Simple Rayleigh fractional crystallization modelling indicates that 

this change in Cr composition would require c. 55% crystallization over the 400 m 

stratigraphic interval. Assuming 0% magma loss from the UUMZ, this 400 m interval 

only accounts for c. 17% of the UUMZ stratigraphy and therefore it is unlikely that 

fractional crystallization can account for reversal of pyroxene Cr compositions and their 

rapid return to pre-mixing values. 
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As mentioned above, below the Zone of Magma Mixing the Mg# of low-Ca 

pyroxene and clinopyroxene decreases considerably from north to south (Fig. 9). In the 

lower Main Zone, Lundgaard et al. (2006) attributed this decrease to an increased 

fraction of trapped liquid resetting the relatively fast-diffusive Fe-Mg cations. As shown 

above, however, this explanation does not apply to the cumulates within the Zone of 

Magma Mixing, were the two profiles reach similar Mg#s at similar stratigraphic 

intervals for both low-Ca pyroxene and clinopyroxene. Instead, an alternative explanation 

for the reversal in major element compositions of pyroxene within the Zone of Magma 

Mixing incorporates low-Ca pyroxene and clinopyroxene as a crystal cargo within the 

incoming magma at the level of the Pyroxenite Marker.  If the pyroxene major element 

compositions were a product of incoming magma mixing with resident magma, one 

would expect a similar offset in pyroxene Mg# between the two profiles throughout the 

Zone of Magma Mixing. Rather, it is likely that some fraction of the pyroxenes were 

intruded as crystal cargo within the new incoming magma. This model is supported by 

the observation by Roelofse & Ashwal (2012) of isotopic disequilibrium between 

coexisting plagioclase and pyroxene within the lower Main Zone of the Northern Limb. 

If a portion of the pyroxenes found in the Zone of Magma Mixing cumulates were 

entrained as a crystal cargo with the incoming magma, then the proposal of Cawthorn et 

al. (1991) that the incoming magma was denser than the resident magma must also be in 

question. The high Al2O3 of pyroxenes near the Pyroxenite Marker, as discussed in 

Cawthorn et al. (1991) as a signature of high density liquid, would instead be explained 

by a higher pressure crystallization (e.g. Wood, 1974) as would be likely from a deeper 

staging chamber. 
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The intrusion of pyroxenes as a crystal cargo within the Zone of Magma Mixing 

inevitably leads to a questioning of the REE-in-plagioclase-clinopyroxene thermometer 

developed by Sun & Liang (2017). A fundamental assumption of the thermometer is that 

clinopyroxene and plagioclase were co-crystallized from the same parental magma, thus 

recording accurate crystallization temperatures of plagioclase. Sun & Liang (2017) 

conducted experiments testing the effectiveness of the thermometer in these types of 

situations by pairing plagioclase grains with random clinopyroxene grains that 

crystallized at various portions of a fractional crystallization sequence. Sun & Liang 

(2017) found that if the mineral pairs were both crystallized within a relative 10% 

crystallization sequence, this would ensure a discrepancy of <10°C discrepancy between 

REE-in-plagioclase-clinopyroxene calculated temperatures versus temperatures 

calculated via plagioclase An content only. Sun & Liang (2017) tested the REE 

thermometer on 19 samples from the Leolo Mountain traverse and compared the results 

with the An-based thermometer used by VanTongeren & Mathez (2013). VanTongeren & 

Mathez (2013) calculated crystallization temperatures assuming plagioclase of An75 

crystallized at 1150°C and applied a slope of 6.8°C/An from MELTS modelling (Ghiorso 

& Sack, 1995; VanTongeren et al., 2010). Based on new MELTS modelling, Sun & 

Liang (2017) updated the liquidus temperature of these samples to 1200°C and re-

calculated the crystallization temperatures for the Leolo Mountain traverse using the An-

based thermometer. The authors note that there are REE patterns for the RLS gabbros 

that indicate plagioclase and clinopyroxene may have crystallized at different times, 

however the REE calculated temperatures match closely with the An-based thermometer, 
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demonstrating that the REE-in-plagioclase and clinopyroxene thermometer is providing 

reasonable plagioclase crystallization temperatures for the RLS Main Zone samples. 

 

7. Conclusions 

We present new data, using both major and trace element compositions of all mineral 

phases, investigating the lateral variations associated with the replenishment of the 

Rustenburg Layered Suite at the level of the Pyroxenite Marker. The proportion of 

incoming versus resident magma below the Pyroxenite Marker decreases from north 

(Leolo) to south (Roossenekal). Crystallization temperatures recorded before magma 

addition, as well as near the Pyroxenite Marker, decrease from north to south. The 

calculated incoming magma composition at Roossenekal is elevated in incompatible 

element concentrations and depleted in compatible elements when compared to the 

incoming magma composition in the northern part of the Eastern Limb at Leolo, while 

also exhibiting a more prominent negative Eu anomaly. Reconstruction of the 

stratigraphic profile at Roossenekal using a shallow dip of 10° indicates that the input of 

new primitive magma as well as the formation of the Pyroxenite Marker occur at 

approximately the same depth between the two profiles, suggesting that a structural basin 

[e.g. Cawthorn et al. (2016)] is not necessary to explain the lateral variations. 

 We conclude that new batches of primitive magma were periodically injected into 

the magma chamber and that the locus of magma injection in the Eastern Limb is near the 

Thabazimbi-Murchison Lineament. The multiple small batches of new magma contained 

a pyroxene crystal cargo and mixed rapidly with the resident magma while 

simultaneously crystallizing between pulses. The lateral variations are caused by a 
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slightly enriched resident magma from north to south, a decrease in proportion of 

incoming magma from north to south, and an incoming magma that is undergoing 

fractional crystallization. 

Lateral variations ought to be considered in studies of the RLS and layered mafic 

intrusions in general. It is conceivable, as demonstrated here, that the directed input 

during magma recharge events can produce varying geochemical signatures observed 

over lateral distances at the same stratigraphic interval, potentially obfuscating the real 

magma chamber processes. 
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Figure Captions 

Figure 1 

(a) Generalized map of the Bushveld Complex and the predominately mafic and 

ultramafic Rustenburg Layered Suite (RLS) showing the approximate location of the 

Thabazimbi Murchison Lineament (TLM), the likely locus point for magma injection 

below the Pyroxenite Marker. (b) Geologic map of the eastern Bushveld Complex 

adapted from VanTongeren & Mathez (2015). Solid black lines indicate the two traverses 

which are the focus on this study. (c) Generalized stratigraphic column of the Rustenburg 

Layered Suite of the Eastern limb of the Bushveld Complex adapted from VanTongeren 

et al. (2010). Main Zone and UUMZ thicknesses at Roossenekal are discussed in the text, 

while thicknesses for the Critical and Lower Zones are estimates from Molyneux (2008). 

 

Figure 2 

Illustration of the mixing interval below the Pyroxenite Marker, adapted from 

VanTongeren & Mathez (2013).  Stratigraphic thicknesses are for the Roossenekal 

traverse and discussed in the text.  Grey dashed line through the stratigraphy shows 

general change in plagioclase An content and pyroxene Mg# through the stratigraphy. 

 

Figure 3 

(a) Snapshot of sample locations (black circles) for the Roossenekal traverse, from 

Google Earth, overlain with adapted  geologic map of Molyneux (2008). Below, 

elevation profile of the Roossenekal traverse, perpendicular to strike, with the sample 

locations and other markers noted. Note slightly different scale in Google Earth image.  
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Vertical exaggeration is 10. Horizontal distance (0) is the mapped Upper Zone/Main 

Zone boundary based on appearance of cumulus magnetite. Image and elevation from 

Google Earth. (b) Constructed stratigraphic column on the Main Zone within the Eastern 

Limb at Roossenekal using a dip angle of 10°. 

 

Figure 4 

Average Cr concentrations measured in cores of low-Ca pyroxene (open triangles) and 

clinopyroxene (open diamonds) throughout the entire Roossekenal traverse. Error bars 

denote 1σ standard deviation of the average Cr concentration for each sample. Dashed 

line denotes the level of the Pyroxenite Marker (PM). Shaded region is graphic 

representation of the Zone of Magma Mixing from Table 8, Fig. 2. Data from Table 7. 

 

Figure 5 

(a) Average plagioclase An content (closed circles) and pyroxene Mg # (clinopyroxene – 

open diamonds; low-Ca pyroxene – open triangles) for the Roossenekal traverse, plotted 

against stratigraphic height (m above the Merensky Reef). Error bars denote 1σ standard 

deviation of the average major element composition for each sample. Record of 

plagioclase An content is extended (open circles) using data from Harney et al. (1996). 

Dashed line denotes the level of the Pyroxenite Marker. Shaded region is graphic 

representation of the Zone of Magma Mixing from Table 8, Fig. 2. (b) Entire dataset of 

single plagioclase analyses. (c) Entire dataset of single low-Ca pyroxene and 

clinopyroxene analyses. 
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Figure 6 

Select trace element concentrations, for which equilibrium liquid compositions are 

calculated, measured in cores of (a) plagioclase and (b) low-Ca pyroxene. Error bars 

denote 1σ standard deviation of the average trace element composition for each sample. 

Dashed line denotes the level of the Pyroxenite Marker (PM). Shaded region is graphic 

representation of the Zone of Magma Mixing from Table 8, Fig. 2. Data from Table 7.  

Note varying scale on x-axis. 

 

Figure 7 

REE compositions from each mineral phase for each sample throughout the Roossenekal 

traverse. Samples are normalized to primitive mantle values of Sun & McDonough 

(1989). Dashed black line with open squares represents the most evolved sample below 

the Zone of Magma Mixing (B14-021). Solid black line with open circles represents 

samples that are within the Zone of Magma Mixing. Dashed black line with open 

triangles represents samples above the Zone of Magma Mixing. All grey lines denote 

samples below the mixing interval. Data from Table 7. 

 

Figure 8 

Representative photomicrographs of samples from the Roossenekal traverse. Samples 

shown are from the base of the Zone of Magma Mixing (the most evolved sample) (g-i), 

within the Zone of Magma Mixing (d-f) and above the Zone of Magma Mixing (a-c). The 

first two photomicrographs show internal textures of mineral phases as well as spots from 

laser ablation analyses (note larger spots for plagioclase and smaller spots for pyroxene). 
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In general, laser ablation analyses were conducted at the center of individual grains while 

microprobe analyses were conducted immediately adjacent to laser ablation spots. 

 

Figure 9 

Comparison of in-situ major element compositions between the Roossenekal and Leolo 

traverses. The grey profile for each mineral phase represents the northern Leolo traverse 

and the black profile represents the southern Roossenekal. The grey and black horizontal 

dashed lines represent the level of the Pyroxenite Marker for the Leolo and Roosenekal 

traverses, respectively. (a) Measured average An content of plagioclase cores. (b) 

Measured average Mg# of low-Ca pyroxene cores. (c) Measured average Mg# of 

clinopyroxene cores. 

 

Figure 10 

Stratigraphic comparison of the UUMZ interval for both the combined Leolo/Magnet 

Heights and Roossenekal areas. Y-axis is height (m) above the Pyroxenite Marker. 

Stratigraphic thicknesses for the Roosenekal Traverse in the Main Zone are from this 

study and in the Upper Zone from Scoon & Mitchell (2012). Stratigraphic thicknesses for 

the Leolo Mountain Traverse are from Molyneux (1974). Red numerals denote 

magnetitite seams that are traceable throughout the Eastern limb of the RLS. 

 

Figure 11 

Stratigraphic comparison of calculated crystallization temperatures for the Roossenkal 

(solid black circles) and Leolo (open grey circles) traverses plotted versus stratigraphic 
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height (m above the Merensky Reef). Temperatures are estimates of the co-crystallization 

temperatures (or equilibrium temperatures) of plagioclase and clinopyroxene, See text for 

full discussion. Temperatures for the Leolo traverse are from Sun & Liang (2017). 

Uncertainties are 1). 

 

Figure 12 

Comparison of calculated resident and incoming magma compositions, assuming a 0% 

magma loss scenario, normalized to primitive mantle values of Sun and McDonough 

(1989) between the Leolo and Roossenekal traverses. Primitive mantle values for Sc from 

McDonough & Sun (1995). (a) Resident magma compositions. Leolo resident magma 

composition from VanTongeren & Mathez (2013). (b) Incoming magma compositions. 

Leolo incoming magma composition recalculated from VanTongeren & Mathez (2013) 

using the updated crystallization temperatures of Sun & Liang (2017). Data from Table 

10. 

 

Figure 13 

(a) Average plagioclase core An content versus average low-Ca pyroxene core Mg#. (b-

e) Whole rock Mg# versus select whole rock incompatible trace element concentration 

(P, Ba, Zr, Rb) for both the Leolo Mountain and Roossenekal traverses. Only samples 

from below the Zone of Magma Mixing are shown. The offset between the two traverses 

supports the conclusion of Lundgaard et al. (2006) of a slight increase in the trapped 

liquid fraction within the lower Main Zone from north (Leolo) to south (Roossenekal). 

 



 

 

44 

Figure 14 

(a) Average plagioclase core An content versus average low-Ca pyroxene core Mg#. (b-

e) Whole rock Mg# versus select incompatible trace element concentrations (P, Ba, Zr, 

Rb) for both the Leolo Mountain and Roossenekal traverses. Only samples within, and 

immediately above, the Zone of Magma Mixing are shown. There is no noticeable 

difference between two traverses above the input of new primitive magma, suggesting no 

increase in trapped liquid fraction within these samples from north (Leolo) to south 

(Roossenekal). 

 

Figure 15 

Schematic illustration depicting the new emplacement model of the UUMZ. Dotted 

texture represents the cumulate pile. At t0, new primitive magma is injected (represented 

by darker shading) in the northern part of the Eastern limb and becomes fully mixed to 

the roof. The resident magma (represented by lighter shading), at the time of input, is 

crystallizing plagioclase of higher An content at higher temperatures in the north. 

Crystallization front at chamber floor is evolving by in situ crystallization of a <4 m thick 

mush layer (e.g. Holness et al., 2017). At t1, incoming pulses of new primitive magma 

continue from the north while the mixed magma spreads to the south, with lower 

proportions of incoming versus resident magma from north to south. The resident magma 

at t1 has more time to fractionate and crystallize which, combined with changing 

proportions of incoming magma, is reflected in the lateral changes in plagioclase An 

content and crystallization temperature. At t2, magma replenishment ceases and the 

mixed magma has spread completely to the south, with decreasing proportions of 
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incoming versus resident magma. Again, the resident magma in the south has had more 

time to fractionate and crystallize, resulting in lower plagioclase An content, 

crystallization temperatures and the more negative Eu anomaly recorded in the incoming 

magma composition at Roossenekal. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 8 
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Figure 9 
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Figure 12 
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Figure 13 
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Figure 14 
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Table 1 
Sample locations and stratigraphic depth (m above Merensky Reef) 
 

Sample no. Depth 
(m) 

Latitude 
(S) 

Longitude 
(E) 

B14-053a 137 25°13.849’ 30°05.374’ 
B14-052 407 25°13.692’ 30°04.392’ 
B14-051 543 25°13.610’ 30°03.892’ 
B14-050c 704 25°13.642’ 30°03.294’ 
B14-049 808 25°11.863’ 30°02.932’ 
B14-048 912 25°12.641’ 30°02.521’ 
B14-047 1033 25°12.511’ 30°02.104’ 
B14-046 1183 25°13.176’ 30°01.509’ 
B14-045 1385 25°13.164’ 30°00.893’ 
B14-044 1529 25°13.482’ 30°00.471’ 
B14-026 1535 25°13.553’ 30°00.397’ 
B14-025 1641 25°13.637’ 29°59.707’ 
B14-024 1700 25°13.462’ 29°59.328’ 
B14-023 1728 25°13.376’ 29°59.165’ 
B14-022 1750 25°13.306’ 29°59.016’ 
B14-021 1843 25°13.024’ 29°58.485’ 
B14-020 1941 25°12.803’ 29°57.999’ 
B14-019 1998 25°12.544’ 29°57.800’ 
B14-018 2098 25°12.376’ 29°57.366’ 
B14-017 2187 25°11.981’ 29°57.082’ 
B14-016 2252 25°11.668’ 29°56.828’ 
B14-015 2320 25°12.006’ 29°56.524’ 
B14-014 2503 25°12.098’ 29°55.907’ 
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Table 2 
Analyses of secondary standards for microprobe and laser ablation sessions 
 
Microprobe session 1 (plagioclase): Cameca SX100 American Museum of Natural History 
 

Summary Diopside   Clinopyroxene  Jadeite   Augite   Orthopyroxene  
 Avg. 

(N=33) 
1 Sig Pub Avg. 

(N=40) 
1 Sig Pub Avg. 

(N=38) 
1 Sig Pub Avg. 

(N=42) 
1 Sig Pub Avg. 

(N=37) 
1 Sig Pub 

SiO2 55.41 0.27 55.47 53.65 0.58 53.93 59.34 0.40 59.52 50.34 0.21 50.48 54.61 0.50 54.32 
TiO2 0.00 0.00 0.00 0.24 0.01 0.27 0.05 0.03 0.03 0.50 0.01 0.52 0.13 0.01 0.17 
Al2O3 0.02 0.01 0.00 0.64 0.13 0.66 24.78 0.46 24.98 7.38 0.04 7.54 4.67 0.71 4.36 
Cr2O3 0.00 0.00 0.00 0.15 0.05 0.20 0.00 0.01 0.01 0.91 0.02 0.90 0.37 0.02 0.31 
FeO 0.02 0.02 0.00 3.09 0.25 2.93 0.19 0.23 0.06 4.73 0.06 4.70 6.41 0.19 6.36 
MnO 0.01 0.01 0.00 0.07 0.02 0.06 0.02 0.02 0.01 0.12 0.02 0.12 0.15 0.02 0.15 
MgO 18.57 0.09 18.62 16.80 0.40 16.93 0.03 0.04 0.02 17.37 0.09 17.32 32.81 0.32 33.31 
CaO 25.68 0.87 25.90 24.71 0.26 24.56 0.13 0.12 0.10 17.36 0.14 17.30 0.80 0.03 0.84 
Na2O 0.01 0.01 0.00 0.23 0.05 0.24 14.99 0.20 15.08 0.85 0.03 0.85 0.11 0.02 0.08 
Total 99.72 0.85  99.59 0.55  99.54 0.49  100.14   100.14   

  Primary standards: Si, Mg, Ca (Diopside) Al, Na (Jadeite) Ti (TiO2) Cr (MgCrO4) Fe (Fayalite) Mn (Rhodonite) 
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Table 2 (Continued) 
Microprobe session 2 (plagioclase): JEOL JXA 8200 Rutgers University 
 
Summary Lk. County Plag  An 50 

Glass 
  Anorthite   An 96   

 Avg. 
(N=75) 

1 Sig Pub Avg. 
(N=68) 

1 Sig Pub Avg. 
(N=121) 

1 Sig Pub Avg. 
(N=18) 

1 Sig Pub 

SiO2 51.39 0.31 51.25 55.10 0.36 56.29 43.95 0.32 44.00 43.81 0.16 44.09 
TiO2 0.04 0.02 0.05 0.01 0.01  0.01 0.01 0.03 0.01 0.01 0.02 
Al2O3 30.95 0.12 30.91 28.56 0.19 27.95 35.91 0.18 36.03 35.97 0.11 35.47 
Cr2O3 0.00 0.01  0.01 0.01  0.01 0.01  0.01 0.01  
FeO 0.42 0.03 0.46 0.02 0.02  0.47 0.03 0.62 0.41 0.02 0.46 
MnO 0.01 0.01 0.01 0.01 0.01  0.01 0.02  0.01 0.01  
MgO 0.13 0.02 0.14 0.04 0.01 0.05 0.04 0.01 0.02 0.08 0.01 0.08 
CaO 13.60 0.10 13.64 10.28 0.04 9.88 19.21 0.09 19.09 19.42 0.05 19.45 
Na2O 3.63 0.09 3.45 5.71 0.16 5.94 0.51 0.04 0.53 0.43 0.04 0.40 
K2O 0.11 0.01 0.18 0.01 0.01 0.01 0.01 0.00 0.03    
Total 100.28 0.33  99.74 0.51  100.12 0.70  100.14   

Primary standards: Si, Al, Ca (Lake County Plagioclase) Ti (TiO2) Cr (MgCrO4) Fe (Fayalite) Mn (Tephroite) Mg 
(Forsterite) Na (Jadeite) K (Orthoclase) 
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Table 2 (Continued) 
Microprobe session 3 (plagioclase): JEOL JXA 8200 Rutgers University 
 
Summary Lk. County Plag  Anorthite   An 96   

 Avg. 
(N=12) 

1 Sig Pub Avg. 
(N=12) 

1 Sig Pub Avg. 
(N=12) 

1 Sig Pub 

SiO2 51.98 0.80 51.25 44.30 0.79 44.00 44.97 0.93 44.09 
Al2O3 30.62 0.13 30.91 36.01 0.06 36.03 36.01 0.15 35.47 
Cr2O3 0.00 0.01  0.00 0.01  0.01 0.02  
FeO 0.41 0.05 0.46 0.49 0.05 0.62 0.43 0.07 0.46 
MnO 0.00 0.01 0.01 0.01 0.01  0.00 0.01  
MgO 0.12 0.01 0.14 0.03 0.01 0.02 0.07 0.01 0.08 
CaO 13.19 0.02 13.64 19.09 0.04 19.09 19.23 0.05 19.45 
Na2O 3.89 0.11 3.45 0.52 0.02 0.53 0.45 0.03 0.40 
K2O 0.12 0.01 0.18 0.01 0.00 0.03 0.00 0.00  
Total 100.34 0.91  100.45 0.81  101.16 1.02  

Primary standards: Si, Na (Albite) Al, Ca (Anorthite) Cr (Chromite) Fe (Fayalite) Mn (Rhodonite) Mg (Forsterite) K 
(Orthoclase) 
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Table 2 (Continued) 
Microprobe session 3 (pyroxene): JEOL JXA 8200 Rutgers University 
 

Summary Diopside   Enstatite   Jadeite   Augite   Orthopyroxene  
 Avg. 

(N=16) 
1 Sig Pub Avg. 

(N=16) 
1 Sig Pub Avg. 

(N=16) 
1 Sig Pub Avg. 

(N=16) 
1 Sig Pub Avg. 

(N=16) 
1 Sig Pub 

SiO2 56.53 0.35 54.87 60.94 0.40 59.10 59.52 0.13 59.52 51.08 0.36 50.73 55.60 0.13 54.70 
TiO2 0.00 0.00 0.00 0.03 0.07  0.04 0.10 0.03 0.81 0.07 0.74 0.06 0.07  
Al2O3 0.26 0.05 0.11 0.15 0.05 0.07 24.99 0.16 24.98 8.06 0.13 8.73 0.47 0.02 0.53 
Cr2O3 0.00 0.00 0.00 0.01 0.01  0.00 0.01 0.01 0.15 0.01 0.00 0.65 0.02  
FeO 0.18 0.08 0.24 0.03 0.06 0.07 0.20 0.24 0.06 6.57 0.20 5.37 15.59 0.34 15.20 
MnO 0.03 0.02 0.00 0.03 0.01  0.03 0.03 0.01 0.14 0.02 0.13 0.15 0.02  
MgO 18.27 0.06 18.30 40.07 0.38 39.60 0.00 0.02 0.02 16.31 0.11 16.65 27.44 0.18 27.60 
CaO 25.64 0.05 25.63 0.40 0.02 0.64 0.17 0.12 0.10 15.93 0.05 15.82 0.74 0.01 0.71 
Na2O 0.20 0.04 0.34 0.01 0.02  15.11 0.13 15.08 1.30 0.07 1.27 0.00 0.01  
Total 101.14 0.40  101.68 0.72  100.23 0.56  100.29 0.41  101.06 0.75  

Primary standards: Si, Al, Na (Jadeite) Ti (TiO2) Cr (MgCrO4) Fe (Fayalite) Mn (Rhodonite) Mg, Ca (Diopside) 
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Table 2 (Continued) 
LA-ICP-MS session: Thermo iCapQc Rutgers University 
 
Summary BCR    BIR    

 Avg. 
(N=65) 

1 Sig Pub 1 Sig Avg. 
(N=65) 

1 Sig Pub 1 Sig 

Sc 36.06 1.90 33 2 45.49 1.79 44 1 
TiO2% 2.07 0.05 2.26 0.05 0.89 0.02 0.96 0.01 

V 421.1 12.7 416 14 333.5 11.1 310 11 
Cr 16.93 0.60 18 2 406.0 11.0 370 8 
Mn 1500 100 1520 60 1400 100   
Cu 19.87 0.87 19 2 131.7 5.9 125 4 
Zn 145.3 6.3 127 9 86.78 3.93 70 9 
Rb 49.64 2.58 48 2 0.22 0.03   
Sr 336.1 7.1 346 14 111.6 4.5 110 2 
Y 31.10 1.25 37 2 13.62 0.49 16 1 
Zr 166.4 5.9 188 16 13.11 0.44 18 1 
Nb 10.58 0.24   0.46 0.03   
Ba 676.9 17.8 683 28 6.68 0.32 7  
La 25.49 1.05 25 1 0.62 0.04 0.63 0.07 
Ce 51.72 1.44 53 2 1.88 0.07 1.9 0.4 
Pr 6.26 0.24 6.8 0.3 0.35 0.02   
Nd 27.26 0.9 28 2 2.3 0.12 2.5 0.7 
Sm 6.3 0.24 6.8 0.3 1.07 0.08 1.1  
Eu 2.06 0.08 2 0.1 0.53 0.03 0.55 0.05 
Gd 5.88 0.23 6.8 0.3 1.72 0.10 1.8 0.4 
Dy 5.87 0.21   2.34 0.11 4 1.00 
Er 3.24 0.12   1.49 0.08   
Yb 3.24 0.14 3.5 0.2 1.61 0.08 1.7 0.1 
Lu 0.46 0.03 0.51 0.02 0.23 0.01 0.26  
Hf 4.43 0.19 4.8 0.2 0.53 0.04 0.6 0.08 
Pb 10.56 0.75 11 2 3.98 0.18 3  
Th 5.68 0.2 6.2 0.7 0.03 0.01   
U 1.83 0.08 1.69 0.19 0.02 0.00   

  Primary standards: NIST 612, NIST610
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Table 3 
Orthopyroxene major element composition by EPMA (ox wt.%) and trace element 
composition by LA-ICP-MS (ppm) 
 
Sample B14-

014  
B14-
015  

B14-
016  

B14-
017  

B14-
018  

Depth 
(m) 2503  2320  2252  2187  2098  
Mg# 63.3  70.0  72.9  69.4  68.7  
SiO2 51.82 0.10 53.08 0.40 53.72 0.24 53.23 0.42 53.23 0.18 
TiO2 0.32 0.02 0.27 0.03 0.18 0.03 0.22 0.04 0.24 0.04 
Al2O3 0.82 0.03 0.79 0.03 0.86 0.08 0.83 0.06 0.90 0.06 
Cr2O3 0.01 0.01 0.06 0.01 0.09 0.01 0.05 0.01 0.12 0.02 
FeO 22.56 0.24 18.82 0.46 17.21 0.22 19.13 0.48 19.56 0.52 
MnO 0.49 0.01 0.41 0.02 0.39 0.03 0.42 0.03 0.40 0.03 
MgO 21.81 0.19 24.68 0.25 25.99 0.19 24.34 0.21 24.09 0.26 
CaO 1.59 0.30 1.60 0.58 1.40 0.27 1.63 0.41 1.59 0.64 
Na2O 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.02 
Total 99.43 0.10 99.71 0.42 99.86 0.33 99.88 0.37 100.15 0.29 
           
n 8  18  29  17  17  
Sc 49.46 2.29 40.03 1.56 42.35 1.85 41.35 1.77 45.44 1.64 
Ti 1023.13 65.41 1443.36 169.81 575.67 69.70 676.15 127.53 769.83 146.39 
V 171.27 7.53 141.56 5.29 130.12 5.37 138.53 5.45 185.94 6.44 
Cr 51.31 4.27 310.14 8.02 557.83 22.44 300.91 11.10 675.42 52.93 
Mn 2938.74 117.64 1420.39 47.12 2303.70 36.97 2493.41 66.89 2489.35 40.75 
Cu 0.62 0.09 0.52 0.15 0.81 0.94 0.60 0.11 0.64 0.07 
Zn 231.10 8.44 187.41 3.62 158.40 2.51 174.11 4.20 192.94 3.30 
Sr 0.16 0.04 0.15 0.12 0.26 0.44 0.15 0.05 0.21 0.07 
Y 4.25 0.56 3.30 0.19 2.51 0.18 3.07 0.15 4.63 0.24 
Zr 4.37 0.57 3.95 0.50 2.55 0.21 3.37 0.34 4.93 0.67 
Nb 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.01 
Ba 0.01 0.01 0.01 0.01 0.04 0.11 0.01 0.01 0.02 0.02 
La 0.11 0.13 0.06 0.03 0.03 0.01 0.08 0.07 0.06 0.04 
Ce 0.35 0.26 0.22 0.13 0.14 0.05 0.22 0.11 0.31 0.12 
Pr 0.05 0.02 0.04 0.02 0.03 0.01 0.04 0.01 0.06 0.02 
Nd 0.33 0.10 0.26 0.12 0.15 0.04 0.22 0.06 0.45 0.11 
Sm 0.16 0.04 0.11 0.03 0.09 0.03 0.10 0.03 0.20 0.05 
Eu 0.03 0.01 0.03 0.01 0.02 0.01 0.03 0.01 0.04 0.00 
Gd 0.28 0.06 0.22 0.05 0.16 0.03 0.20 0.02 0.36 0.05 
Dy 0.57 0.10 0.43 0.05 0.33 0.04 0.40 0.04 0.65 0.05 
Er 0.57 0.07 0.44 0.05 0.33 0.06 0.42 0.04 0.59 0.04 
Yb 0.92 0.10 0.73 0.06 0.56 0.05 0.67 0.05 0.86 0.05 
Lu 0.16 0.01 0.12 0.01 0.09 0.01 0.11 0.01 0.14 0.01 
Hf 0.17 0.02 0.14 0.02 0.09 0.02 0.10 0.01 0.15 0.04 
Pb b.d. b.d. b.d. b.d. 0.05 0.05 b.d. b.d. b.d. b.d. 
Th 0.06 0.04 0.04 0.03 0.04 0.02 0.04 0.03 0.05 0.02 
U 0.03 0.06 0.01 0.01 0.00 0.00 0.02 0.03 0.01 0.01 
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Table 3 (Continued) 
 
Sample B14-

019  
B14-
020  

B14-
021  

B14-
022  

B14-
023  

Depth 
(m) 1998  1941  1843  1750  1728  
Mg# 60.6  60.6  54.0  56.5  56.9  
SiO2 51.62 0.37 51.83 0.27 52.55 0.27 51.05 0.35 51.45 0.19 
TiO2 0.23 0.02 0.21 0.03 0.18 0.12 0.25 0.04 0.29 0.02 
Al2O3 0.73 0.12 0.66 0.07 0.57 0.05 0.61 0.06 0.63 0.04 
Cr2O3 0.03 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
FeO 24.23 0.25 24.40 0.23 28.25 0.23 26.52 0.25 26.28 0.36 
MnO 0.52 0.03 0.53 0.03 0.57 0.03 0.56 0.03 0.55 0.03 
MgO 20.94 0.18 21.03 0.12 18.61 0.1 19.29 0.15 19.46 0.12 
CaO 1.21 0.28 0.95 0.17 1.01 0.13 1.13 0.28 1.21 0.32 
Na2O 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 99.51 0.38 99.64 0.32 101.75 0.41 99.44 0.36 99.89 0.24 
           
n 18  18  11  12  17  
Sc 50.75 8.65 49.12 6.89 44.05 3.33 47.43 1.88 42.70 2.64 
Ti 736.03 71.72 694.13 78.37 606.61 113.72 816.71 136.23 852.13 147.67 
V 197.45 38.86 194.18 29.97 223.75 15.59 245.81 18.95 214.37 16.99 
Cr 155.17 28.45 127.73 18.91 14.91 1 31.87 2.62 41.08 3.75 
Mn 3099.89 148.40 3053.68 156.53 3531.25 87.58 3397.98 85.06 3356.50 79.76 
Cu 0.65 0.23 0.55 0.26 0.49 0.08 0.52 0.17 0.49 0.07 
Zn 209.29 12.80 212.10 13.74 260.17 6.71 265.60 5.77 270.87 6.70 
Sr 0.56 0.95 0.69 0.68 0.30 0.52 0.14 0.09 0.11 0.05 
Y 2.62 1.00 2.84 0.94 3.63 0.46 4.36 0.38 4.30 0.58 
Zr 1.73 1.24 2.65 1.61 3.64 1.07 3.47 1.00 4.93 0.92 
Nb 0.03 0.02 0.07 0.08 0.01 0.01 0.01 0.00 0.01 0.01 
Ba 0.08 0.20 0.05 0.06 0.09 0.17 0.27 0.47 0.04 0.04 
La 0.07 0.11 0.09 0.10 0.06 0.03 0.04 0.04 0.11 0.09 
Ce 0.26 0.40 0.34 0.40 0.14 0.06 0.16 0.09 0.27 0.16 
Pr 0.05 0.07 0.06 0.07 0.02 0.01 0.03 0.01 0.04 0.02 
Nd 0.27 0.41 0.35 0.40 0.10 0.05 0.18 0.05 0.23 0.09 
Sm 0.12 0.16 0.13 0.13 0.07 0.03 0.11 0.03 0.10 0.03 
Eu 0.03 0.04 0.03 0.03 0.02 0.01 0.03 0.01 0.02 0.01 
Gd 0.20 0.18 0.24 0.17 0.18 0.05 0.26 0.06 0.25 0.04 
Dy 0.37 0.19 0.39 0.16 0.45 0.09 0.56 0.08 0.55 0.09 
Er 0.35 0.11 0.37 0.09 0.52 0.07 0.61 0.06 0.59 0.07 
Yb 0.54 0.10 0.60 0.08 0.93 0.09 1.07 0.06 0.96 0.12 
Lu 0.09 0.01 0.10 0.01 0.16 0.01 0.19 0.01 0.17 0.01 
Hf 0.08 0.05 0.10 0.06 0.12 0.04 0.12 0.03 0.16 0.03 
Pb b.d. b.d. 0.05 0.06 0.05 0.03 0.04 0.06 0.04 0.04 
Th 0.06 0.08 0.22 0.28 0.15 0.12 0.07 0.07 0.10 0.05 
U 0.01 0.01 0.03 0.04 0.05 0.04 0.02 0.02 0.06 0.07 
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Table 3 (Continued) 
 
Sample B14-

024  
B14-
025  

B14-
026  

B14-
044  

B14-
045  

Depth 
(m) 1700  1641  1535  1529  1385  
Mg# 57.9  57.8  60.8  59.8  58.9  
SiO2 51.51 0.37 51.69 0.25 52.31 0.37 52.06 0.29 52.40 0.27 
TiO2 0.28 0.06 0.28 0.03 0.30 0.05 0.36 0.21 0.25 0.08 
Al2O3 0.65 0.17 0.61 0.05 0.64 0.04 0.62 0.05 0.68 0.06 
Cr2O3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
FeO 25.72 0.38 25.76 0.40 23.83 0.97 24.53 0.42 25.20 0.52 
MnO 0.55 0.03 0.55 0.03 0.50 0.03 0.51 0.03 0.51 0.02 
MgO 19.85 0.19 19.81 0.15 20.73 0.36 20.48 0.19 20.27 0.28 
CaO 1.40 0.35 1.28 0.31 1.82 1.18 1.45 0.45 1.25 0.62 
Na2O 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 
Total 99.99 0.39 100.00 0.27 100.17 0.35 100.02 0.26 100.57 0.6 
           
n 20  18  18  13  13  
Sc 41.29 2.26 41.36 2.02 39.31 2.99 42.43 2.69 40.51 0.17 
Ti 887.13 149.87 907.72 94.06 977.37 162.67 996.49 94.98 1006.76 25.4 
V 208.55 14.45 213.65 10.77 203.99 17.27 205.56 14.96 211.31 14.3 
Cr 37.59 2.16 41.85 1.89 24.19 1.65 26.86 1.72 68.95 8.46 
Mn 3149.58 68.12 3237.17 63.49 2998.85 80.05 3042.90 129.94 2944.17 30.32 
Cu 0.50 0.08 0.50 0.11 0.81 0.80 0.52 0.06 0.52 0.11 
Zn 252.99 6.80 238.55 4.42 251.79 5.81 270.26 7.81 255.27 6.58 
Sr 0.16 0.23 0.14 0.11 0.24 0.13 0.16 0.08 0.16 0.07 
Y 5.04 0.57 4.75 0.41 4.86 0.79 5.02 0.63 5.50 0.36 
Zr 6.36 1.25 7.16 1.13 6.89 1.66 6.58 0.90 6.32 1.22 
Nb 0.01 0.01 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.02 
Ba 0.06 0.20 0.06 0.11 0.14 0.23 0.04 0.05 0.03 0.07 
La 0.08 0.08 0.11 0.08 0.50 0.50 0.25 0.26 0.13 0.1 
Ce 0.28 0.29 0.34 0.16 0.94 0.81 0.61 0.48 0.44 0.23 
Pr 0.05 0.05 0.05 0.02 0.10 0.07 0.08 0.05 0.07 0.02 
Nd 0.31 0.27 0.31 0.09 0.43 0.22 0.42 0.16 0.45 0.13 
Sm 0.15 0.09 0.15 0.04 0.17 0.06 0.18 0.05 0.19 0.05 
Eu 0.02 0.01 0.03 0.01 0.03 0.01 0.03 0.01 0.04 0.01 
Gd 0.32 0.09 0.31 0.04 0.31 0.08 0.34 0.07 0.37 0.05 
Dy 0.65 0.11 0.62 0.05 0.64 0.14 0.69 0.11 0.73 0.09 
Er 0.68 0.06 0.64 0.05 0.68 0.12 0.70 0.09 0.74 0.06 
Yb 1.11 0.08 1.03 0.07 1.04 0.13 1.18 0.13 1.18 0.1 
Lu 0.19 0.01 0.18 0.02 0.18 0.02 0.20 0.02 0.20 0.01 
Hf 0.22 0.06 0.23 0.04 0.22 0.04 0.21 0.02 0.21 0.04 
Pb 0.04 0.04 0.07 0.08 0.10 0.06 0.04 0.04 0.05 0.07 
Th 0.10 0.10 0.10 0.07 0.28 0.20 0.10 0.07 0.11 0.08 
U 0.03 0.03 0.05 0.06 0.15 0.13 0.05 0.05 0.02 0.02 
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Table 3 (Continued) 
 
Sample B14-

046  
B14-
047  

B14-
048  

B14-
049  

B14-
050c  

Depth 
(m) 1183  1033  912  808  704  
Mg# 59.4  62.6  61.7  61.8  69  
SiO2 52.32 0.17 53.36 0.19 53.21 0.17 52.99 0.19 53.74 0.52 
TiO2 0.26 0.08 0.29 0.11 0.34 0.12 0.26 0.07 0.16 0.07 
Al2O3 0.72 0.06 0.6 0.07 0.63 0.05 0.65 0.08 0.62 0.04 
Cr2O3 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.1 0.02 
FeO 24.87 0.45 23.06 0.3 23.74 0.37 23.6 0.79 19.58 0.28 
MnO 0.49 0.02 0.46 0.02 0.48 0.01 0.47 0.02 0.46 0.02 
MgO 20.38 0.23 21.72 0.23 21.49 0.2 21.39 0.36 24.42 0.32 
CaO 1.15 0.28 1.22 0.38 1.18 0.39 1.48 0.8 0.94 0.09 
Na2O 0 0.01 0 0.01 0.02 0.02 0.02 0.02 0.01 0.01 
Total 100.21 0.44 100.72 0.37 101.09 0.31 100.88 0.36 100.03 0.8 
           
n 6  15  16  16  30  
Sc 43.69 3.16 39.84 1.83 40.05 2.18 40.57 2.2 33.44 2.3 
Ti 1023.74 47.23 982.06 13.69 1049.6 19.81 1000.31 13.59 529.12 2.22 
V 206.23 9.41 191.14 11.98 202.04 9.91 204.64 12.86 108.35 6.37 
Cr 85.54 10.46 70.69 5.63 89.01 6.53 77.4 4 611.55 35.74 
Mn 2847.21 17.86 2805.82 23.12 2831.66 20.27 2827.57 24.01 2682.95 17.84 
Cu 1.58 2.16 0.54 0.06 0.72 0.42 0.53 0.13 0.7 0.29 
Zn 262.3 8.1 234.85 5.79 235.29 5.16 239.47 6.35 284.83 6.27 
Sr 0.37 0.17 0.23 0.16 0.19 0.2 0.2 0.07 0.66 1.52 
Y 6.9 0.89 6.83 0.58 4.98 0.45 5.47 0.46 1.92 0.18 
Zr 8.03 1.39 7.39 1.67 6.59 1.01 8.79 2.31 1.9 0.27 
Nb 0.02 0.01 0.04 0.05 0.02 0.02 0.03 0.02 0.04 0.05 
Ba 0.17 0.27 0.05 0.07 0.08 0.14 0.1 0.25 0.31 0.47 
La 0.62 0.68 0.47 0.7 0.12 0.14 0.14 0.21 0.02 0.02 
Ce 1.37 1.02 1.07 1.16 0.37 0.33 0.41 0.4 0.07 0.07 
Pr 0.17 0.08 0.13 0.09 0.06 0.03 0.07 0.03 0.01 0.01 
Nd 0.8 0.33 0.65 0.24 0.33 0.13 0.4 0.14 0.08 0.05 
Sm 0.3 0.1 0.27 0.07 0.16 0.03 0.19 0.05 0.04 0.02 
Eu 0.04 0.01 0.03 0.01 0.03 0.01 0.03 0.01 0.01 0.01 
Gd 0.52 0.13 0.47 0.08 0.33 0.05 0.38 0.06 0.1 0.03 
Dy 0.99 0.18 0.92 0.1 0.66 0.07 0.73 0.09 0.23 0.03 
Er 0.93 0.11 0.9 0.09 0.66 0.06 0.73 0.05 0.27 0.04 
Yb 1.43 0.1 1.39 0.11 1.12 0.08 1.22 0.09 0.47 0.06 
Lu 0.25 0.01 0.23 0.02 0.19 0.02 0.2 0.01 0.08 0.01 
Hf 0.27 0.03 0.26 0.05 0.23 0.03 0.25 0.04 0.07 0.02 
Pb 0.09 0.04 0.07 0.07 b.d. b.d. 0.06 0.03 0.1 0.1 
Th 0.19 0.08 0.22 0.2 0.1 0.09 0.16 0.11 0.04 0.06 
U 0.1 0.12 0.11 0.17 0.03 0.04 0.04 0.05 0.01 0.01 
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Table 3 (Continued) 
 

Sample B14-
051  

B14-
052  

B14-
053a  

Depth 
(m) 543  407  137  
Mg# 63.8  65.6  70.9  
SiO2 53.03 0.23 53.5 0.59 54.24 0.45 
TiO2 0.13 0.05 0.13 0.1 0.2 0.11 
Al2O3 0.8 0.07 0.77 0.13 0.87 0.06 
Cr2O3 0.04 0.01 0.06 0.02 0.24 0.05 
FeO 22.28 0.88 21.53 0.39 18.24 0.48 
MnO 0.44 0.04 0.42 0.02 0.35 0.02 
MgO 22.03 0.42 23.02 0.2 24.91 0.41 
CaO 1.46 0.86 1.11 0.24 1.5 0.74 
Na2O 0.01 0.01 0 0.01 0.01 0.01 
Total 100.21 0.68 100.54 0.74 100.57 0.6 
       
n 7  26  26  
Sc 39.06 0.84 36.34 2.42 35.12 1.41 
Ti 596.93 18.33 529.41 9.43 653.16 16.48 
V 165.36 8.35 177.36 20.98 175.41 8.97 
Cr 256.16 32.76 334.07 94.03 1560.01 191 
Mn 2532.98 32.22 2497.66 32.78 2052.58 17.44 
Cu 5.42 13.12 0.53 0.09 0.68 0.47 
Zn 235.96 5.83 217.34 6.28 184.12 6.5 
Sr 0.58 0.6 0.26 0.14 0.36 0.09 
Y 6.4 0.34 8.86 0.49 6.03 0.47 
Zr 6 2.17 5.58 1.29 7.45 1.98 
Nb 0.02 0.01 0.01 0.01 0.03 0.03 
Ba 0.39 0.66 0.03 0.05 0.02 0.01 
La 0.24 0.13 0.31 0.17 0.18 0.21 
Ce 0.8 0.28 1.13 0.35 0.7 0.39 
Pr 0.13 0.04 0.19 0.05 0.14 0.04 
Nd 0.73 0.2 1.08 0.28 0.83 0.19 
Sm 0.28 0.09 0.43 0.1 0.34 0.07 
Eu 0.04 0.01 0.04 0.01 0.04 0.01 
Gd 0.46 0.06 0.7 0.09 0.51 0.09 
Dy 0.83 0.08 1.19 0.09 0.88 0.1 
Er 0.82 0.04 1.14 0.07 0.75 0.08 
Yb 1.27 0.06 1.72 0.13 1.08 0.07 
Lu 0.21 0.01 0.28 0.02 0.17 0.01 
Hf 0.17 0.1 0.17 0.07 0.21 0.09 
Pb 0.1 0.18 0.05 0.02 0.05 0.02 
Th 0.1 0.08 0.12 0.05 0.15 0.06 
U 0.04 0.05 0.04 0.06 0.01 0.01 
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Table 4 
Clinopyroxene major element composition by EPMA (ox wt.%) and trace element 
composition by LA-ICP-MS (ppm) 
 
Sample B14-

014  
B14-
015  

B14-
016  

B14-
017  

B14-
018  

Depth 
(m) 2503  2320  2252  2187  2098  
Mg# 69.4  75.9  78.2  75.4  74.0  
SiO2 50.99 0.23 51.58 0.65 52.00 0.26 51.79 0.49 51.58 0.40 
TiO2 0.54 0.06 0.47 0.04 0.36 0.03 0.46 0.06 0.52 0.04 
Al2O3 1.78 0.08 1.70 0.19 1.58 0.13 1.69 0.25 1.73 0.10 
Cr2O3 0.02 0.01 0.12 0.02 0.18 0.02 0.11 0.01 0.24 0.02 
FeO 10.87 0.83 8.51 0.45 7.70 0.43 8.71 0.66 9.33 0.62 
MnO 0.28 0.02 0.24 0.02 0.21 0.03 0.24 0.02 0.24 0.03 
MgO 13.86 0.31 15.04 0.23 15.50 0.29 15.01 0.35 14.89 0.55 
CaO 20.63 1.00 21.19 0.85 21.47 0.69 21.19 1.06 20.54 1.13 
Na2O 0.27 0.03 0.28 0.03 0.27 0.02 0.29 0.03 0.30 0.03 
Total 99.25 0.31 99.12 0.75 99.26 0.32 99.49 0.52 99.37 0.53 
           
n 22  18  13  22  12  
Sc 114.52 2.49 103.70 2.13 103.54 3.79 105.91 2.43 108.17 4.08 
Ti 1701.63 154.50 1515.09 163.93 1080.01 61.48 1424.77 170.97 1592.73 121.97 
V 451.34 16.96 363.96 16.14 323.07 9.09 362.49 10.54 463.42 19.11 
Cr 112.12 7.91 729.45 95.30 1185.09 56.76 662.80 37.80 1587.41 122.39 
Mn 1772.78 92.67 1494.92 99.97 1387.22 57.33 1523.73 129.89 1468.92 75.43 
Cu 7.40 14.90 3.58 7.51 0.95 0.26 0.93 0.36 0.82 0.08 
Zn 73.83 6.10 57.31 6.39 43.58 3.95 56.27 7.52 56.65 4.85 
Sr 11.86 0.62 12.67 0.56 12.95 0.85 12.51 0.89 12.13 0.48 
Y 23.78 1.21 20.70 0.72 15.78 0.40 19.24 1.02 26.66 1.92 
Zr 34.44 5.84 30.59 4.83 22.77 2.96 30.54 5.67 41.02 10.24 
Nb 0.07 0.03 0.14 0.02 0.15 0.04 0.10 0.03 0.09 0.05 
Ba 0.22 0.18 0.40 0.50 0.51 0.78 0.24 0.23 0.15 0.10 
La 3.22 0.17 3.37 0.25 2.30 0.11 3.24 0.37 3.75 0.29 
Ce 12.72 0.68 13.23 0.56 8.83 0.26 12.16 0.97 16.55 1.21 
Pr 2.17 0.12 2.19 0.11 1.44 0.05 1.97 0.14 2.90 0.24 
Nd 11.55 0.64 11.49 0.55 7.72 0.16 10.22 0.67 15.80 1.30 
Sm 3.56 0.18 3.29 0.20 2.35 0.09 2.99 0.19 4.67 0.42 
Eu 0.65 0.04 0.65 0.04 0.55 0.02 0.62 0.03 0.72 0.04 
Gd 4.06 0.27 3.54 0.21 2.60 0.09 3.29 0.20 4.92 0.39 
Dy 4.54 0.28 3.90 0.18 3.01 0.13 3.66 0.23 5.22 0.42 
Er 2.60 0.18 2.22 0.12 1.67 0.07 2.04 0.13 2.76 0.20 
Yb 2.52 0.14 2.10 0.11 1.63 0.08 1.97 0.13 2.47 0.17 
Lu 0.35 0.03 0.30 0.02 0.22 0.01 0.27 0.02 0.33 0.03 
Hf 1.15 0.21 0.90 0.19 0.72 0.14 0.94 0.22 1.16 0.38 
Pb 0.29 0.21 0.25 0.08 0.36 0.34 0.23 0.05 0.20 0.03 
Th 0.22 0.14 0.22 0.08 0.19 0.05 0.23 0.09 0.19 0.06 
U 0.06 0.06 0.03 0.02 0.05 0.02 0.07 0.06 0.03 0.03 
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Table 4 (Continued) 
 
Sample B14-

019  
B14-
020  

B14-
021  

B14-
022  

B14-
023  

Depth 
(m) 1998  1941  1843  1750  1728  
Mg# 67.9  67.8  64.4  65.4  66.2  
SiO2 51.04 0.22 51.08 0.57 52.69 0.28 50.99 0.47 51.05 0.30 
TiO2 0.43 0.04 0.41 0.02 0.40 0.13 0.42 0.08 0.45 0.08 
Al2O3 1.60 0.11 1.52 0.13 1.36 0.07 1.46 0.23 1.40 0.08 
Cr2O3 0.07 0.01 0.06 0.01 0.01 0.02 0.02 0.01 0.03 0.01 
FeO 11.42 0.73 11.53 0.97 12.36 0.5 12.25 1.35 11.84 0.93 
MnO 0.29 0.04 0.29 0.03 0.30 0.02 0.30 0.03 0.31 0.03 
MgO 13.58 0.25 13.59 0.33 12.54 0.21 13.01 0.66 13.00 0.31 
CaO 20.66 0.82 20.40 1.18 21.33 0.35 20.40 1.76 20.91 1.17 
Na2O 0.27 0.03 0.27 0.03 0.26 0.03 0.25 0.03 0.26 0.02 
Total 99.36 0.38 99.14 0.87 101.24 0.5 99.10 0.59 99.25 0.43 
           
n 20  15  15  21  17  
Sc 129.75 5.09 121.54 4.18 140.09 6.67 131.72 3.65 127.78 6.13 
Ti 1373.08 60.71 1311.61 86.52 1403.10 194.25 1349.95 165.41 1429.14 338.00 
V 600.94 23.74 586.78 35.56 779.50 31.91 740.06 35.58 674.73 51.95 
Cr 390.78 19.14 310.85 23.00 41.13 1.8 85.10 4.14 112.51 9.14 
Mn 1945.61 141.97 1880.07 104.90 2151.45 213.64 2008.50 243.35 1992.82 279.86 
Cu 0.95 0.38 0.73 0.12 2.50 3.62 1.18 0.72 0.66 0.17 
Zn 74.52 8.68 72.39 6.48 91.51 15.67 83.01 16.06 90.43 20.96 
Sr 11.95 0.39 11.67 0.59 12.00 0.56 11.53 0.76 15.35 17.01 
Y 14.54 0.59 15.86 0.48 28.65 1.34 28.04 1.14 29.96 2.10 
Zr 15.80 0.78 23.52 1.28 51.66 4.39 36.65 4.52 56.26 2.25 
Nb 0.13 0.02 0.21 0.02 0.05 0.03 0.04 0.05 0.04 0.03 
Ba 0.29 0.35 0.17 0.15 0.77 0.85 0.43 0.45 11.31 45.49 
La 1.38 0.07 1.60 0.10 4.32 0.29 3.33 0.19 4.84 0.38 
Ce 5.50 0.23 6.80 0.30 16.59 0.88 13.02 0.57 19.17 1.36 
Pr 0.96 0.03 1.20 0.04 2.72 0.12 2.21 0.09 3.18 0.24 
Nd 5.52 0.25 6.69 0.34 14.35 0.59 12.18 0.61 16.44 1.23 
Sm 1.85 0.12 2.18 0.09 4.25 0.21 3.84 0.19 4.74 0.29 
Eu 0.50 0.03 0.53 0.03 0.74 0.05 0.74 0.06 0.71 0.06 
Gd 2.27 0.08 2.56 0.11 4.73 0.24 4.45 0.19 5.10 0.38 
Dy 2.73 0.11 3.02 0.14 5.35 0.2 5.17 0.23 5.64 0.33 
Er 1.57 0.08 1.75 0.09 3.08 0.13 3.02 0.11 3.14 0.21 
Yb 1.57 0.08 1.72 0.07 2.99 0.15 3.02 0.16 3.05 0.24 
Lu 0.22 0.02 0.24 0.01 0.42 0.02 0.42 0.02 0.42 0.04 
Hf 0.60 0.05 0.80 0.07 1.64 0.13 1.23 0.11 1.72 0.08 
Pb 0.11 0.05 0.14 0.03 0.45 0.32 0.28 0.11 0.28 0.11 
Th 0.13 0.08 0.23 0.06 0.79 0.82 0.40 0.20 0.80 1.27 
U 0.04 0.01 0.06 0.02 0.14 0.05 0.09 0.03 0.12 0.05 
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Table 4 (Continued) 
 
Sample B14-

024  
B14-
025  

B14-
026  

B14-
044  

B14-
045  

Depth 
(m) 1700  1641  1535  1529  1385  
Mg# 66.8  67.6  69.0  68.9  67.7  
SiO2 50.93 0.37 51.53 0.25 51.75 0.31 51.57 0.33 52.14 0.28 
TiO2 0.44 0.06 0.43 0.06 0.46 0.07 0.46 0.08 0.45 0.09 
Al2O3 1.34 0.06 1.32 0.11 1.40 0.17 1.34 0.10 1.47 0.07 
Cr2O3 0.03 0.01 0.03 0.01 0.02 0.01 0.02 0.01 0.02 0.02 
FeO 11.73 0.53 11.32 0.54 10.99 0.91 10.94 0.95 11.19 0.79 
MnO 0.30 0.02 0.28 0.03 0.27 0.03 0.27 0.03 0.26 0.02 
MgO 13.25 0.31 13.23 0.15 13.73 0.25 13.62 0.33 13.16 0.19 
CaO 20.68 0.58 21.28 0.73 20.92 1.09 21.13 1.07 21.12 0.68 
Na2O 0.28 0.03 0.27 0.02 0.25 0.03 0.25 0.02 0.27 0.03 
Total 98.99 0.47 99.69 0.42 99.79 0.50 99.61 0.32 100.09 0.36 
           
n 2  13  15  20  18  
Sc 122.49 9.30 123.55 4.98 114.84 3.36 121.62 4.13 111.56 2.91 
Ti 1438.12 58.81 1344.68 249.23 1487.58 332.49 1594.63 252.99 1549.66 33.26 
V 672.81 52.19 677.11 37.65 616.47 36.16 636.14 19.01 612.03 17.76 
Cr 113.23 28.55 114.16 12.57 62.38 7.35 68.20 3.40 175.13 15.29 
Mn 1988.21 153.56 1858.60 104.29 1846.02 282.40 1851.92 177.00 1779.43 24.82 
Cu 0.71 0.17 0.67 0.15 4.25 4.46 0.88 0.16 1.96 2.71 
Zn 94.95 12.98 78.53 7.18 87.60 20.60 87.43 15.69 84.65 9.45 
Sr 11.00 0.21 11.21 0.53 11.10 0.82 11.64 1.03 11.49 0.63 
Y 34.15 0.59 31.09 1.62 29.73 1.24 32.40 1.15 34.21 1.86 
Zr 70.24 7.29 74.78 9.70 60.37 8.54 60.56 9.23 62.13 9.21 
Nb 0.03 0.01 0.06 0.04 0.08 0.08 0.11 0.30 0.04 0.02 
Ba 0.51 0.07 0.30 0.24 0.42 0.35 0.32 0.39 0.47 0.53 
La 4.04 0.12 5.44 0.38 5.48 0.27 6.53 0.79 5.64 0.59 
Ce 18.26 0.07 22.34 1.41 21.67 0.90 23.69 1.20 22.85 1.16 
Pr 3.26 0.08 3.68 0.21 3.52 0.17 3.75 0.17 3.84 0.18 
Nd 17.41 0.54 18.64 1.08 17.52 0.75 19.08 0.77 19.64 0.88 
Sm 5.34 0.01 5.20 0.28 4.84 0.21 5.32 0.26 5.54 0.28 
Eu 0.69 0.01 0.72 0.06 0.72 0.05 0.75 0.04 0.82 0.04 
Gd 5.63 0.11 5.47 0.26 5.10 0.23 5.60 0.20 5.91 0.34 
Dy 6.48 0.05 5.90 0.37 5.62 0.23 6.22 0.26 6.41 0.41 
Er 3.54 0.11 3.27 0.15 3.16 0.16 3.50 0.15 3.64 0.22 
Yb 3.39 0.21 3.04 0.21 3.02 0.16 3.43 0.14 3.52 0.17 
Lu 0.46 0.01 0.42 0.04 0.42 0.03 0.47 0.02 0.49 0.03 
Hf 2.14 0.35 2.18 0.38 1.86 0.37 1.83 0.31 1.92 0.33 
Pb 0.33 0.05 0.27 0.06 0.38 0.22 0.34 0.12 0.49 0.49 
Th 0.54 0.17 0.34 0.07 0.36 0.12 0.53 0.43 0.42 0.24 
U 0.09 0.04 0.09 0.04 0.07 0.05 0.19 0.25 0.12 0.15 
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Table 4 (Continued) 
 
Sample B14-

046  
B14-
047  

B14-
048  

B14-
049  

B14-
050c  

Depth 
(m) 1183  1033  912  808  704  
Mg# 68.0  71.8  70.5  70.2  77.8  
SiO2 52.15 0.25 52.86 0.23 52.77 0.3 52.41 0.23 52.87 1.02 
TiO2 0.43 0.1 0.51 0.17 0.46 0.09 0.44 0.14 0.31 0.09 
Al2O3 1.46 0.11 1.4 0.05 1.42 0.09 1.44 0.09 1.03 0.06 
Cr2O3 0.03 0.01 0.04 0.02 0.03 0.01 0.02 0.02 0.2 0.04 
FeO 11.15 0.77 9.7 0.4 10.34 0.68 10.44 0.76 7.63 0.24 
MnO 0.27 0.02 0.23 0.01 0.25 0.02 0.25 0.02 0.22 0.01 
MgO 13.31 0.36 13.88 0.19 13.84 0.26 13.82 0.22 14.93 0.28 
CaO 21.19 0.82 21.6 0.28 21.33 0.69 21.22 0.69 21.97 0.31 
Na2O 0.26 0.02 0.26 0.02 0.25 0.02 0.26 0.03 0.23 0.02 
Total 100.26 0.37 100.46 0.08 100.67 0.48 100.31 0.39 99.37 1.49 
           
n 19  4  23  18  4  
Sc 107.83 4.08 111.14 1.65 107.22 2.5 108.53 2.8 110.43  
Ti 1573.18 188.80 1648.12 20.41 1520.03 62.77 1555.24 79.68 957.66 3.08 
V 551.12 25.33 574.61 8.13 543.69 28.95 564.44 35.78 319.1 28.22 
Cr 190.33 22.93 182.86 24.26 201.9 16.82 191.35 24.7 1383.57 24.96 
Mn 1725.92 211.05 1684.22 12.36 1607.81 24.1 1662.18 22.24 1627.42 208.21 
Cu 4.01 6.22 1.44 1.19 1.16 1.38 2.74 2.69 1.64 68.77 
Zn 87.21 18.55 77.2 5.54 71.29 7.24 74.42 7.25 94.44 1.83 
Sr 11.44 0.92 11.52 0.33 11.46 0.66 11.18 0.8 12.22 40.2 
Y 39.27 1.7 43.01 0.93 30.41 0.95 32.81 1.71 15.45 0.87 
Zr 66.42 9.28 69.35 8.16 55.27 8.73 64.83 14.3 31.47 0.17 
Nb 0.07 0.05 0.07 0.04 0.06 0.03 0.1 0.11 0.47 5.26 
Ba 0.65 0.73 0.25 0.07 0.54 1.03 0.39 0.32 7.07 0.5 
La 6.61 0.42 5.84 0.46 4.91 0.39 4.59 0.9 1.56 13.83 
Ce 26.8 1.46 26.78 1.13 19.81 0.88 19.59 1.7 6.92 0.23 
Pr 4.49 0.22 4.83 0.08 3.34 0.11 3.46 0.19 1.29 0.68 
Nd 23.35 1.14 26.1 0.21 17.4 0.65 18.27 0.89 7.42 0.12 
Sm 6.51 0.37 7.46 0.15 4.92 0.2 5.35 0.24 2.36 0.4 
Eu 0.72 0.04 0.76 0.03 0.68 0.04 0.64 0.04 0.4 0.21 
Gd 6.89 0.26 7.83 0.19 5.27 0.23 5.56 0.26 2.54 0.04 
Dy 7.45 0.32 8.39 0.16 5.76 0.24 6.17 0.26 2.93 0.06 
Er 4.15 0.2 4.54 0.11 3.22 0.11 3.43 0.19 1.64 0.1 
Yb 4.04 0.2 4.08 0.08 3.11 0.14 3.31 0.21 1.5 0.06 
Lu 0.55 0.03 0.55 0.03 0.43 0.02 0.46 0.03 0.21 0.08 
Hf 1.93 0.43 1.88 0.24 1.54 0.34 1.94 0.6 0.07 0.01 
Pb 0.38 0.18 0.4 0.22 0.28 0.06 0.33 0.12 0.1 0.02 
Th 0.39 0.22 0.32 0.14 0.42 0.21 0.41 0.34 0.25 0.11 
U 0.08 0.05 0.06 0.01 0.09 0.1 0.18 0.14 0.07 0.23 
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Table 4 (Continued) 
 

Sample B14-
051  

B14-
052  

B14-
053a  

Depth 
(m) 543  407  137  
Mg# 71.0  73.8  77.4  
SiO2 52.19 0.33 52.82 0.53 53.14 0.3 
TiO2 0.43 0.15 0.52 0.14 0.49 0.11 
Al2O3 1.59 0.16 1.44 0.16 1.69 0.07 
Cr2O3 0.11 0.03 0.11 0.03 0.42 0.06 
FeO 9.96 0.64 9.02 0.45 7.68 0.39 
MnO 0.23 0.03 0.23 0.01 0.19 0.02 
MgO 13.71 0.18 14.28 0.26 14.77 0.1 
CaO 21.44 0.52 21.67 0.46 21.78 0.5 
Na2O 0.27 0.02 0.27 0.03 0.31 0.01 
Total 99.94 0.47 100.35 0.61 100.48 0.55 
       
n 22  10  6  
Sc 94.29 4.28 99.49 5.65 107.12 3.83 
Ti 1454.21 55.14 1397.06 67.42 1716.46 29.7 
V 429.03 44.67 485.07 37.63 522.87 32.5 
Cr 671.93 194.91 837.97 258.57 3712.07 740.75 
Mn 1654.13 40.27 1663.77 44.51 1543.35 37.99 
Cu 8.1 10.73 2.92 2.72 1.39 0.82 
Zn 85.65 18.34 85.77 18.39 72.7 16.56 
Sr 12.13 0.93 11.85 2.39 16.46 1.08 
Y 36.38 2.44 47.68 5.55 40.81 3.75 
Zr 64.32 15.02 54.67 13.46 53.6 13.58 
Nb 0.07 0.06 0.07 0.02 0.1 0.03 
Ba 0.98 1.44 0.81 1.42 0.34 0.27 
La 6.22 0.44 11.09 0.85 5.45 0.54 
Ce 25.65 1.33 44.17 2.82 26.79 1.72 
Pr 4.29 0.23 7.17 0.62 4.96 0.45 
Nd 21.91 1.29 35.28 3.72 26.09 3.17 
Sm 6.15 0.56 9.32 1.31 7.57 0.92 
Eu 0.66 0.05 0.75 0.05 0.96 0.05 
Gd 6.34 0.45 8.93 1.27 7.5 0.97 
Dy 6.87 0.51 9.29 1.29 7.9 0.97 
Er 3.85 0.31 4.98 0.55 4.15 0.39 
Yb 3.72 0.29 4.51 0.4 3.79 0.34 
Lu 0.52 0.03 0.6 0.06 0.51 0.05 
Hf 1.54 0.74 1.71 1.06 1.17 0.3 
Pb 0.53 0.36 0.57 0.29 0.38 0.1 
Th 0.5 0.32 0.57 0.31 0.64 0.32 
U 0.14 0.14 0.16 0.22 0.06 0.05 
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Table 5 
Plagioclase major element composition by EPMA (ox wt.%) and trace element 
composition by LA-ICP-MS (ppm) 
 
Sample B14-

014  
B14-
015  

B14-
016  

B14-
017  

B14-
018  

Depth 
(m) 2503  2320  2252  2187  2098  
An 62.7  71.52  72.86  70.45  70.93  
SiO2 52.47 0.32 50.13 0.56 49.97 0.50 50.82 0.29 49.89 0.41 
TiO2 0.03 0.02 0.04 0.02 0.02 0.02 0.03 0.02 0.03 0.02 
Al2O3 29.90 0.21 31.39 0.39 31.80 0.35 31.54 0.21 31.49 0.27 
Cr2O3 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
FeO 0.48 0.05 0.48 0.05 0.43 0.05 0.46 0.05 0.50 0.04 
MnO 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
MgO 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 
CaO 12.76 0.20 14.50 0.40 14.69 0.36 14.38 0.23 14.40 0.24 
Na2O 4.01 0.15 3.05 0.22 2.89 0.20 3.20 0.17 3.13 0.15 
K2O 0.28 0.03 0.22 0.03 0.20 0.04 0.20 0.02 0.21 0.03 
Total 99.97 0.32 99.86 0.27 100.04 0.30 100.66 0.30 99.65 0.30 
Molar 
Ca/Na 7.03  10.53  11.24  9.93  10.17  
           
n 19  20  16  20  19  
Sc 4.57 0.14 6.45 0.31 4.10 0.12 4.07 0.13 4.06 0.15 
V 2.75 0.45 2.80 0.29 2.03 0.44 2.56 0.44 3.86 0.61 
Cr 1.86 0.33 1.25 0.31 1.87 0.82 1.78 0.27 1.77 0.40 
Ti 124.53 9.57 112.47 18.71 94.78 6.25 101.58 12.29 128.29 18.05 
Mn 14.54 1.13 14.56 1.34 12.94 1.92 15.52 3.05 14.23 1.76 
Cu 1.07 1.94 b.d. b.d. 1.07 3.11 0.80 1.84 b.d. b.d. 
Zn 6.63 0.38 4.61 0.51 3.76 0.67 4.42 0.78 4.53 0.51 
Rb 0.67 0.28 1.00 0.62 0.83 0.28 0.46 0.13 0.58 0.42 
Sr 451.88 7.49 434.84 14.26 455.72 7.53 452.27 7.75 480.76 14.51 
Y 0.24 0.01 0.27 0.02 0.19 0.02 0.24 0.02 0.37 0.04 
Zr 0.02 0.01 0.05 0.05 0.02 0.01 0.02 0.02 0.06 0.05 
Ba 115.09 5.40 112.67 11.37 99.90 4.05 106.91 4.56 138.96 11.64 
La 2.76 0.65 4.01 0.70 3.53 0.21 3.72 0.68 5.09 0.69 
Ce 4.06 0.82 5.74 0.83 4.67 0.20 5.29 0.67 7.74 0.89 
Pr 0.39 0.06 0.51 0.06 0.40 0.02 0.48 0.04 0.75 0.08 
Nd 1.31 0.19 1.71 0.18 1.22 0.07 1.54 0.10 2.54 0.28 
Sm 0.17 0.03 0.19 0.03 0.13 0.02 0.15 0.02 0.31 0.04 
Eu 0.61 0.03 0.61 0.04 0.49 0.02 0.57 0.03 0.67 0.03 
Gd 0.10 0.02 0.11 0.01 0.08 0.01 0.09 0.02 0.16 0.02 
Dy 0.05 0.01 0.06 0.01 0.04 0.01 0.05 0.01 0.08 0.02 
Pb 2.20 0.37 2.51 0.15 1.91 0.07 2.44 0.09 2.96 0.12 
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Table 5 (Continued) 
 
Sample B14-

019  
B14-
020  

B14-
021  

B14-
022  

B14-
023  

Depth 
(m) 1998  1941  1843  1750  1728  
An 59.95  59.04  55.24  57.42  57.79  
SiO2 52.93 0.57 53.66 0.29 53.62 0.48 53.38 0.43 53.84 0.39 
TiO2 0.04 0.02 0.04 0.02 - - 0.04 0.02 0.04 0.02 
Al2O3 29.25 0.34 29.17 0.14 28.73 0.30 29.00 0.24 29.12 0.16 
Cr2O3 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 
FeO 0.50 0.06 0.47 0.05 0.38 0.06 0.39 0.05 0.38 0.08 
MnO 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
MgO 0.03 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.02 
CaO 11.99 0.38 11.82 0.14 11.27 0.23 11.58 0.24 11.61 0.15 
Na2O 4.22 0.22 4.31 0.12 4.71 0.16 4.49 0.17 4.43 0.13 
K2O 0.31 0.03 0.33 0.02 0.42 0.13 0.39 0.04 0.39 0.06 
Total 99.29 0.34 99.85 0.35 99.14 0.70 99.29 0.46 99.84 0.49 
Molar 
Ca/Na 6.28  6.06  5.29  5.70  5.79  
           
n 18  18  18  18  19  
Sc 4.09 0.17 4.03 0.11 4.10 0.1 7.76 0.39 7.12 0.18 
V 4.13 0.92 3.73 0.53 4.78 0.54 4.35 0.85 4.75 0.96 
Cr 2.02 0.30 1.63 0.39 1.68 0.38 1.38 0.26 1.53 0.40 
Ti 149.13 15.38 143.11 9.01 149.06 9.84 141.49 3.44 142.89 11.85 
Mn 12.66 3.18 11.47 3.05 11.69 0.98 12.44 2.08 14.80 7.27 
Cu b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn 6.98 0.80 6.98 0.79 7.88 0.44 7.77 0.74 8.32 1.32 
Rb 2.48 0.37 2.47 102.00 1.58 0.47 1.32 0.42 1.52 1.35 
Sr 513.04 10.89 519.86 10.62 508.67 9.13 482.17 14.11 481.90 15.54 
Y 0.16 0.04 0.17 0.03 0.27 0.04 0.25 0.03 0.27 0.03 
Zr 0.05 0.04 0.09 0.21 0.02 0.02 0.02 0.02 0.03 0.02 
Ba 115.85 5.71 126.46 6.78 190.41 9.5 181.76 10.32 165.25 11.52 
La 2.02 0.08 2.48 0.13 3.79 0.77 3.61 0.79 4.04 0.97 
Ce 2.65 0.11 3.32 0.17 5.40 0.92 4.79 0.84 5.74 1.24 
Pr 0.24 0.01 0.29 0.02 0.48 0.07 0.43 0.06 0.52 0.09 
Nd 0.79 0.06 0.93 0.09 1.57 0.22 1.39 0.17 1.68 0.25 
Sm 0.09 0.02 0.11 0.03 0.19 0.03 0.17 0.04 0.20 0.03 
Eu 0.51 0.03 0.55 0.02 1.01 0.05 1.03 0.05 0.97 0.04 
Gd 0.06 0.02 0.06 0.02 0.10 0.02 0.09 0.02 0.11 0.02 
Dy 0.03 0.01 0.03 0.01 0.06 0.01 0.06 0.01 0.06 0.01 
Pb 1.32 0.08 1.48 0.08 3.01 0.1 2.58 0.11 2.94 0.26 
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Table 5 (Continued) 
 
Sample B14-

024  
B14-
025  

B14-
026  

B14-
044  

B14-
045  

Depth 
(m) 1700  1641  1535  1529  1385  
An 57.49  57.92  62.34  60.64  61.07  
SiO2 53.94 0.51 53.48 0.32 52.43 0.49 52.70 0.38 52.42 0.43 
TiO2 0.04 0.02 0.04 0.02 0.03 0.02 0.04 0.02 0.04 0.02 
Al2O3 29.22 0.20 29.02 0.21 29.96 0.35 29.50 0.27 29.52 0.29 
Cr2O3 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 
FeO 0.40 0.06 0.43 0.04 0.37 0.04 0.39 0.05 0.44 0.06 
MnO 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 
MgO 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
CaO 11.68 0.20 11.72 0.18 12.63 0.37 12.19 0.28 12.35 0.29 
Na2O 4.53 0.16 4.45 0.20 4.01 0.21 4.15 0.17 4.14 0.17 
K2O 0.37 0.03 0.39 0.04 0.31 0.03 0.33 0.05 0.32 0.04 
Total 100.21 0.53 99.56 0.32 99.76 0.19 99.33 0.29 99.25 0.28 
Molar 
Ca/Na 5.70  5.82  6.96  6.49  6.59  
           
n 20  18  16  20  20  
Sc 6.38 0.22 6.60 0.24 6.33 0.30 5.89 0.24 5.78 0.21 
V 4.70 0.80 5.09 0.45 4.58 1.11 4.57 0.59 4.58 0.67 
Cr 1.22 0.28 1.54 0.32 1.52 0.27 1.49 0.42 1.19 0.33 
Ti 142.99 7.01 140.07 7.84 123.95 13.53 129.56 11.01 124.27 7.56 
Mn 12.62 2.83 15.11 4.96 12.58 1.08 12.76 1.14 13.48 2.04 
Cu b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.70 1.69 
Zn 7.47 0.71 8.04 0.94 6.88 0.85 7.18 0.60 7.55 0.43 
Rb 1.06 0.36 1.32 0.48 0.89 0.37 0.95 0.46 0.96 0.47 
Sr 477.40 12.63 467.68 13.70 453.35 18.62 449.56 11.16 447.25 11.54 
Y 0.31 0.03 0.27 0.02 0.32 0.06 0.31 0.05 0.33 0.04 
Zr 0.02 0.02 0.04 0.03 0.03 0.01 0.03 0.03 0.03 0.05 
Ba 166.10 11.63 162.06 10.57 177.70 12.95 187.01 15.27 178.20 9.76 
La 3.88 1.13 3.11 0.64 5.11 1.38 4.50 1.63 4.35 1.39 
Ce 5.72 1.45 4.58 0.97 7.21 1.73 6.48 2.09 6.51 1.95 
Pr 0.53 0.11 0.43 0.08 0.63 0.12 0.59 0.18 0.59 0.15 
Nd 1.76 0.32 1.46 0.26 1.99 0.35 1.86 0.46 1.95 0.48 
Sm 0.22 0.03 0.19 0.05 0.23 0.03 0.23 0.05 0.24 0.06 
Eu 0.98 0.04 0.98 0.05 0.99 0.05 0.98 0.04 1.02 0.04 
Gd 0.13 0.02 0.11 0.01 0.13 0.03 0.12 0.03 0.13 0.02 
Dy 0.06 0.01 0.06 0.01 0.07 0.01 0.06 0.01 0.07 0.02 
Pb 2.93 0.12 2.96 0.08 3.68 0.20 4.09 0.20 3.81 0.13 
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Table 5 (Continued) 
 
Sample B14-

046  
B14-
047  

B14-
048  

B14-
049  

B14-
050c  

Depth 
(m) 1183  1033  912  808  704  
An 64.36  62.91  63.47  64.69  67.34  
SiO2 51.72 0.39 52.28 0.49 52.08 0.99 51.63 0.52 51.23 0.40 
TiO2 0.03 0.02 0.03 0.02 - - 0.03 0.02 0.01 0.01 
Al2O3 30.11 0.26 30.00 0.34 30.43 0.33 30.07 0.35 30.90 0.23 
Cr2O3 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 
FeO 0.42 0.05 0.37 0.04 0.37 0.05 0.37 0.04 0.29 0.04 
MnO 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
MgO 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
CaO 12.96 0.27 12.71 0.37 12.91 0.31 12.97 0.40 13.62 0.27 
Na2O 3.78 0.16 3.95 0.19 3.89 0.15 3.73 0.22 3.50 0.15 
K2O 0.28 0.04 0.30 0.03 0.30 0.03 0.28 0.02 0.22 0.02 
Total 99.34 0.28 99.67 0.26 100.00 0.91 99.09 0.38 99.80 0.28 
Molar 
Ca/Na 7.58  7.12  7.34  7.69  8.59  
           
n 17  19  20  20  20  
Sc 5.60 0.22 5.35 0.27 5.07 0.16 5.54 0.24 4.72 0.18 
V 4.45 0.57 4.57 0.69 4.63 0.78 4.32 0.71 1.18 0.31 
Cr 1.67 0.27 1.81 0.34 1.82 0.5 1.40 0.33 1.85 0.64 
Ti 112.67 10.82 120.42 12.39 110.88 17.32 114.55 17.40 71.88 8.11 
Mn 14.47 1.04 12.91 0.69 13.00 1.36 12.40 0.97 12.74 5 
Cu b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.42 1.49 
Zn 7.66 0.74 6.17 0.93 5.97 0.39 6.20 0.42 7.23 1.1 
Rb 0.66 0.25 0.53 0.28 1.25 0.43 0.69 0.23 3.12 3.24 
Sr 436.42 9.33 470.12 20.18 452.82 11.39 425.24 15.56 489.72 13.51 
Y 0.36 0.03 0.43 0.06 0.36 0.07 0.35 0.03 0.15 0.03 
Zr 0.03 0.02 0.04 0.05 0.12 0.21 0.02 0.01 0.04 0.1 
Ba 162.53 7.91 177.29 17.53 165.69 10.88 149.34 12.10 127.14 9.92 
La 3.62 1.47 4.28 1.62 3.59 1.16 4.55 1.16 2.95 0.16 
Ce 5.49 2.05 6.76 2.39 5.63 1.72 6.87 1.58 4.15 0.22 
Pr 0.54 0.18 0.66 0.21 0.55 0.14 0.64 0.13 0.37 0.03 
Nd 1.74 0.53 2.23 0.62 1.79 0.4 2.06 0.34 1.18 0.08 
Sm 0.23 0.06 0.28 0.06 0.24 0.04 0.25 0.04 0.13 0.04 
Eu 0.91 0.04 0.94 0.05 0.90 0.04 0.88 0.05 0.51 0.04 
Gd 0.13 0.03 0.16 0.03 0.13 0.02 0.14 0.02 0.07 0.02 
Dy 0.08 0.02 0.09 0.02 0.08 0.02 0.07 0.01 0.03 0.02 
Pb 3.96 0.10 3.85 0.18 3.43 0.14 3.12 0.18 6.98 0.69 
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Table 5 (Continued) 
 

Sample B14-
051  

B14-
052  

B14-
053a  

Depth 
(m) 543  407  137  
An 68.94  65.29  67.69  
SiO2 50.54 0.83 50.80 0.79 51.7 0.82 
TiO2 0.04 0.02 - - - - 
Al2O3 30.94 0.56 30.67 0.47 31.15 0.53 
Cr2O3 0.00 0.01 0.00 0.01 0.00 0.01 
FeO 0.41 0.04 0.36 0.06 0.34 0.06 
MnO 0.01 0.01 0.00 0.01 0.00 0.01 
MgO 0.01 0.01 0.01 0.01 0.01 0.01 
CaO 13.92 0.61 13.25 0.51 13.64 0.61 
Na2O 3.33 0.34 3.66 0.28 3.47 0.35 
K2O 0.20 0.04 0.23 0.04 0.23 0.04 
Total 99.41 0.24 98.99 0.46 100.55 0.39 
Molar 
Ca/Na 9.24  8.00  8.69  
       
n 20  18  21  
Sc 5.32 0.29 5.21 0.34 4.63 0.21 
V 3.69 0.60 4.59 0.56 3.42 0.62 
Cr 1.39 0.34 1.66 0.33 1.58 0.58 
Ti 120.63 25.32 132.89 43.91 114.36 18.95 
Mn 16.57 3.36 14.34 0.9 10.54 1.01 
Cu 2.16 4.63 b.d. b.d. 0.79 1.87 
Zn 7.28 1.40 5.27 0.17 3.66 0.72 
Rb 0.78 0.47 0.51 0.18 0.54 0.19 
Sr 459.98 29.93 422.83 31.26 521.74 21.32 
Y 0.46 0.09 0.59 0.09 0.43 0.05 
Zr 0.09 0.11 0.05 0.07 0.12 0.39 
Ba 143.49 22.39 173.15 32.67 150.37 21.57 
La 4.16 1.45 3.73 1.18 5.05 1.19 
Ce 6.67 2.06 6.01 1.78 8.11 1.8 
Pr 0.66 0.18 0.61 0.17 0.81 0.15 
Nd 2.28 0.56 2.16 0.59 2.78 0.54 
Sm 0.32 0.07 0.32 0.06 0.37 0.06 
Eu 0.78 0.07 0.92 0.07 0.85 0.04 
Gd 0.18 0.03 0.21 0.05 0.2 0.03 
Dy 0.10 0.02 0.12 0.03 0.1 0.02 
Pb 3.99 0.31 5.65 0.55 3.55 0.22 
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Table 6 
Whole rock XRF major element (oxide wt. %) and trace element (ppm) compositions. 
Sample B14-

014 
B14-
015 

B14-
016 

B14-
017 

B14-
018 

B14-
019 

B14-
020 

B14-
021 

B14-
022 

B14-
023 

Depth (m) 2503 2320 2252 2187 2098 1998 1941 1843 1750 1728 
Unnormalized Major Elements (Weight %) 

 SiO2   51.57  51.13  51.21  51.21  51.57  51.90  52.52  52.71  52.42  52.89  
 TiO2   0.229 0.216 0.168 0.221 0.199 0.181 0.167 0.240 0.237 0.234 
 Al2O3  19.38  16.76  13.24  14.47  15.57  15.20  17.19  15.74  14.98  16.97  
 FeO* 5.74  6.53  7.85  7.78  9.44  9.40  8.18  9.10  9.32  8.58  
 MnO    0.126 0.144 0.182 0.174 0.188 0.199 0.173 0.194 0.203 0.187 
 MgO    5.61  8.93  12.36  10.46  11.31  8.56  7.30  7.06  7.69  6.84  
 CaO    13.15  12.74  11.62  12.08  8.37  10.94  11.10  11.16  11.53  10.89  
 Na2O   2.47  1.67  1.20  1.51  1.61  2.10  2.45  2.39  2.20  2.51  
 K2O    0.24  0.24  0.12  0.16  0.17  0.16  0.18  0.32  0.26  0.29  
 P2O5   0.015 0.014 0.007 0.012 0.011 0.003 0.008 0.015 0.011 0.016 
 Sum 98.54  98.38  97.96  98.08  98.44  98.64  99.27  98.93  98.86  99.41  

Normalized Major Elements (Weight %) 
 SiO2   52.34  51.97  52.27  52.21  52.39  52.62  52.91  53.28  53.02  53.20  
 TiO2   0.232 0.220 0.171 0.225 0.202 0.183 0.169 0.242 0.239 0.235 
 Al2O3  19.67  17.04  13.52  14.75  15.82  15.41  17.31  15.91  15.15  17.07  
 FeO* 5.83  6.63  8.01  7.93  9.59  9.53  8.24  9.20  9.43  8.63  
 MnO    0.128 0.146 0.185 0.178 0.191 0.202 0.174 0.196 0.205 0.188 
 MgO    5.70  9.08  12.62  10.66  11.49  8.67  7.36  7.14  7.78  6.88  
 CaO    13.34  12.95  11.86  12.32  8.50  11.09  11.18  11.28  11.66  10.96  
 Na2O   2.51  1.70  1.22  1.54  1.64  2.13  2.47  2.41  2.23  2.52  
 K2O    0.25  0.24  0.13  0.16  0.18  0.17  0.19  0.33  0.26  0.29  
 P2O5   0.015 0.015 0.007 0.013 0.011 0.003 0.008 0.015 0.011 0.016 
 Sum 100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  

Unnormalized Trace Elements (ppm) 
 Ni 124   162   237   193   220   139   113   104   120   111   
 Cr 33   248   470   257   358   133   94   18   28   30   
 Sc 34   36   41   41   24   41   36   44   46   35   
 V 140   132   128   141   112   198   174   233   252   184   
 Ba 85   80   46   65   73   61   70   103   106   116   
 Rb 5   7   3   4   4   4   4   6   5   6   
 Sr 285   222   173   202   222   241   282   265   239   273   
 Zr 18   18   13   19   17   10   11   21   17   22   
 Y 7   7   6   7   5   4   5   13   10   8   
 Nb 0.0 1.1 0.0 0.3 0.0 0.0 0.0 0.1 0.0 0.0 
 Ga 17   14   10   13   14   14   16   16   16   16   
 Cu 216   29   12   18   19   5   5   14   16   20   
 Zn 38   47   54   56   72   61   57   66   69   67   
 Pb 2   2   1   2   1   0   0   2   2   2   
 La 1   0   1   0   0   0   0   3   1   3   
 Ce 9   10   7   11   5   6   6   11   9   11   
 Th 1   1   1   0   0   1   0   0   1   1   
 Nd 4   6   3   3   1   3   4   5   6   3   
 U 0   0   1   2   1   2   1   1   1   0   
sum tr. 1020   1020   1206   1033   1146   923   878   925   941   908   
in % 0.10  0.10  0.12  0.10  0.11  0.09  0.09  0.09  0.09  0.09  
sum m+tr 98.64  98.48  98.08  98.18  98.55  98.73  99.36  99.02  98.95  99.50  
M+Toxides 98.67  98.52  97.96  98.08  98.44   99.27  99.05  98.98  99.52  
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Table 6 (Continued) 
 
Sample B14-

024 
B14-
025 

B14-
026 

B14-
044 

B14-
045 

B14-
046 

B14-
047 

B14-
048 

B14-
049 

B14-
050c 

Depth (m) 1700 1641 1535 1529 1385 1183 1033 912 808 704 
Unnormalized Major Elements (Weight %) 

 SiO2   53.05  53.52  52.95  52.64  52.42  52.89  53.53  52.61  52.51  51.97  
 TiO2   0.194 0.241 0.274 0.288 0.255 0.260 0.224 0.239 0.199 0.089 
 Al2O3  18.36  17.42  15.30  16.34  17.08  20.87  20.05  18.23  20.64  18.13  
 FeO* 8.55  8.73  8.91  7.26  7.84  5.22  6.43  6.17  5.45  7.04  
 MnO    0.177 0.182 0.188 0.154 0.162 0.105 0.127 0.129 0.111 0.169 
 MgO    6.64  7.02  8.32  6.88  7.13  4.77  6.12  6.52  5.23  9.60  
 CaO    9.63  9.92  11.32  12.28  11.60  12.51  10.34  13.10  11.95  10.24  
 Na2O   2.67  2.59  2.03  2.29  2.24  2.60  2.57  2.21  2.56  1.89  
 K2O    0.33  0.38  0.30  0.43  0.30  0.42  0.44  0.33  0.39  0.14  
 P2O5   0.015 0.026 0.015 0.032 0.026 0.034 0.027 0.020 0.020 0.005 
 Sum 99.62  100.02  99.62  98.60  99.05  99.68  99.86  99.58  99.06  99.28  

Normalized Major Elements (Weight %) 
 SiO2   53.26  53.50  53.15  53.39  52.92  53.06  53.60  52.84  53.01  52.35  
 TiO2   0.195 0.241 0.275 0.292 0.258 0.261 0.225 0.240 0.201 0.090 
 Al2O3  18.43  17.42  15.36  16.58  17.24  20.94  20.07  18.31  20.83  18.26  
 FeO* 8.58  8.73  8.94  7.36  7.91  5.24  6.44  6.20  5.50  7.10  
 MnO    0.178 0.182 0.189 0.156 0.163 0.105 0.128 0.130 0.112 0.170 
 MgO    6.66  7.01  8.35  6.98  7.20  4.79  6.13  6.55  5.28  9.67  
 CaO    9.67  9.91  11.36  12.46  11.71  12.55  10.36  13.16  12.07  10.32  
 Na2O   2.68  2.59  2.04  2.32  2.26  2.61  2.58  2.22  2.58  1.90  
 K2O    0.34  0.38  0.30  0.43  0.30  0.42  0.44  0.34  0.39  0.14  
 P2O5   0.015 0.026 0.015 0.032 0.026 0.034 0.027 0.020 0.020 0.005 
 Sum 100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  100.00  

Unnormalized Trace Elements (ppm) 
 Ni 107   111   146   120   131   91   117   125   101   151   
 Cr 22   25   20   21   55   39   29   61   38   315   
 Sc 24   29   38   39   33   25   18   35   21   22   
 V 132   157   206   209   181   130   100   177   123   69   
 Ba 121   123   111   133   120   143   132   114   123   72   
 Rb 7   9   7   11   6   10   12   9   10   3   
 Sr 292   284   227   248   254   299   290   257   289   259   
 Zr 20   26   29   34   25   32   31   31   27   8   
 Y 6   6   9   11   10   10   6   10   8   3   
 Nb 1.0 0.6 0.7 1.0 0.8 1.5 0.9 0.6 0.5 0.0 
 Ga 18   16   15   16   16   17   16   15   17   14   
 Cu 24   10   31   28   29   29   24   23   19   6   
 Zn 68   67   66   54   61   44   54   44   40   87   
 Pb 3   2   3   2   10   3   4   2   2   3   
 La 5   5   7   10   3   5   8   7   3   1   
 Ce 7   10   13   16   14   17   9   15   10   0   
 Th 2   2   1   1   1   2   2   2   2   1   
 Nd 4   6   7   9   7   8   6   7   8   1   
 U 1   2   1   1   1   1   0   0   1   0   
sum tr. 863   891   939   963   956   906   860   934   843   1015   
in % 0.09  0.09  0.09  0.10  0.10  0.09  0.09  0.09  0.08  0.10  
sum m+tr 99.71  100.11  99.71  98.70  99.15  99.77  99.94  99.67  99.14  99.38  
M+Toxides 99.73  100.13  99.74  98.72  99.18  99.79  99.97  99.70  99.16  99.42  
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Table 6 (Continued) 
 

Sample B14-
051 

B14-
052 

B14-
053a 

B14-015 
(Rep) 

B14-052 
(Rep) 

Depth (m) 543 407 137 2320 137 
Unnormalized Major Element (Weight %) 

 SiO2   52.60  53.63  51.97  51.10  53.50  
 TiO2   0.225 0.359 0.205 0.214 0.354 
 Al2O3  21.13  17.07  18.12  16.76  17.00  
 FeO* 5.33  7.17  6.84  6.54  7.14  
 MnO    0.101 0.142 0.129 0.144 0.141 
 MgO    5.37  8.01  9.26  8.93  8.02  
 CaO    12.24  9.88  9.72  12.74  9.86  
 Na2O   2.34  2.07  1.91  1.66  2.12  
 K2O    0.43  0.60  0.31  0.24  0.61  
 P2O5   0.026 0.053 0.021 0.013 0.058 
 Sum 99.80  98.97  98.48  98.35  98.79  

Normalized Major Elements (Weight %) 
 SiO2   52.71  54.18  52.77  51.96  54.15  
 TiO2   0.225 0.363 0.208 0.218 0.359 
 Al2O3  21.17  17.25  18.40  17.05  17.20  
 FeO* 5.35  7.25  6.94  6.65  7.22  
 MnO    0.101 0.144 0.131 0.146 0.143 
 MgO    5.38  8.09  9.40  9.08  8.12  
 CaO    12.27  9.98  9.87  12.96  9.98  
 Na2O   2.35  2.09  1.94  1.69  2.15  
 K2O    0.43  0.60  0.31  0.24  0.61  
 P2O5   0.026 0.054 0.022 0.014 0.059 
 Sum 100.00  100.00  100.00  100.00  100.00  

Unnormalized Trace Elements (ppm) 
 Ni 115   169   201   163   168   
 Cr 108   166   662   249   165   
 Sc 20   23   19   35   23   
 V 98   128   98   127   129   
 Ba 128   153   123   80   153   
 Rb 11   19   8   7   19   
 Sr 299   225   296   223   226   
 Zr 32   52   24   18   49   
 Y 8   11   7   7   11   
 Nb 1.6 2.2 0.7 0.1 2.5 
 Ga 17   14   14   13   15   
 Cu 29   38   30   28   39   
 Zn 43   60   63   43   62   
 Pb 3   4   2   3   5   
 La 4   12   3   6   9   
 Ce 16   22   9   7   24   
 Th 2   3   1   1   3   
 Nd 10   12   6   3   8   
 U 1   1   0   2   0   
sum tr. 945   1113   1566   1017   1112   
in % 0.09  0.11  0.16  0.10  0.11  
sum m+tr 99.89  99.08  98.64  98.45  98.90  
M+Toxides 99.92  99.11  98.69  98.48  98.94  
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Table 7 
Measured selected trace element compositions in plagioclase, clinopyroxene and low-Ca 
pyroxene. 
 

Sample B14-
014 

B14-
015 

B14-
016 

B14-
017 

B14-
018 

B14-
019 

B14-
020 

B14-
021 

B14-
022 

Depth 
(m) 

2503 2320 2252 2187 2098 1998 1941 1843 1750 

Measured in plagioclase 
An 
Content 

62.70 71.52 72.86 70.45 70.93 59.95 59.04 55.24 57.42 

Rb 0.67 1.00 0.83 0.46 0.58 2.48 2.47 1.58 1.32 
Sr 451.88 434.84 455.72 452.27 480.76 513.04 519.86 508.67 482.17 
Ba 115.09 112.67 99.90 106.61 138.96 115.85 126.46 190.41 181.76 
Pb 2.20 2.51 1.91 2.44 2.96 1.32 1.48 3.01 2.58 
La 2.76 4.01 3.53 3.72 5.09 2.02 2.48 3.79 3.61 
Ce 4.06 5.74 4.67 5.29 7.74 2.65 3.32 5.40 4.79 
Measured in clinopyroxene 
Mg# 69.4 75.9 78.2 75.4 74.0 67.9 67.8 64.4 65.4 
La 3.22 3.37 2.30 3.24 3.75 1.38 1.60 4.32 3.33 
Ce 12.72 13.23 8.83 12.16 16.55 5.50 6.80 16.59 13.02 
Nd 11.55 11.49 7.72 10.22 15.80 5.52 6.69 14.35 12.18 
Sm 3.56 3.29 2.35 2.99 4.67 1.85 2.18 4.25 3.84 
Eu 0.65 0.65 0.55 0.62 0.72 0.50 0.53 0.74 0.74 
Gd 4.06 3.54 2.60 3.29 4.92 2.27 2.56 4.73 4.45 
Dy 4.54 3.90 3.01 3.66 5.22 2.73 3.02 5.35 5.17 
Er 2.60 2.22 1.67 2.04 2.76 1.57 1.75 3.08 3.02 
Yb 2.52 2.10 1.63 1.97 2.47 1.57 1.72 2.99 3.02 
Lu 0.35 0.30 0.22 0.27 0.33 0.22 0.24 0.42 0.42 
Measured in low-Ca pyroxene 
Mg# 56.9 57.9 57.8 60.8 59.8 58.9 59.4 62.6 61.7 
Sc 49.46 40.03 42.35 41.35 45.44 50.75 49.12 44.05 47.43 
Cr 51.31 310.14 557.83 300.91 675.42 155.17 127.73 14.91 31.87 
Y 4.25 3.30 2.51 3.07 4.63 2.62 2.84 3.63 4.36 
Zr 4.37 3.95 2.55 3.37 4.93 1.73 2.65 3.64 3.47 
Gd 0.28 0.22 0.16 0.20 0.36 0.20 0.24 0.18 0.26 
Dy 0.57 0.43 0.33 0.40 0.65 0.37 0.39 0.45 0.56 
Er 0.57 0.44 0.33 0.42 0.59 0.35 0.37 0.52 0.61 
Yb 0.92 0.73 0.56 0.67 0.86 0.54 0.60 0.93 1.07 
Lu 0.16 0.12 0.09 0.11 0.14 0.09 0.10 0.16 0.19 
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Table 7 (Continued) 
Sample B14-

023 
B14-
024 

B14-
025 

B14-
026 

B14-
044 

B14-
045 

B14-
046 

B14-
047 

B14-
048 

Depth 
(m) 

1728 1700 1641 1535 1529 1385 1183 1033 912 

Measured in plagioclase 
An 
Content 

57.79 57.49 57.92 62.34 60.64 61.07 64.36 62.91 63.47 

Rb 1.52 1.06 1.32 0.89 0.95 0.96 0.66 0.53 1.25 
Sr 481.90 477.40 467.68 453.35 449.56 447.25 436.42 470.12 452.82 
Ba 165.25 166.10 162.06 177.70 187.01 178.02 162.53 177.29 165.69 
Pb 2.94 2.93 2.96 3.68 4.09 3.81 3.96 3.85 3.43 
La 4.04 3.88 3.11 5.11 4.50 4.35 3.62 4.28 3.59 
Ce 5.74 5.72 4.58 7.21 6.48 6.51 4.49 6.76 5.63 
Measured in clinopyroxene 
Mg# 66.2 66.8 67.6 69.0 68.9 67.7 68.0 71.8 70.5 
La 4.84 4.04 5.44 5.48 6.53 5.64 6.61 5.84 4.91 
Ce 19.17 18.26 22.34 21.67 23.69 22.85 26.80 26.78 19.81 
Nd 16.44 17.41 18.64 17.52 19.08 19.64 23.35 26.10 17.40 
Sm 4.74 5.34 5.20 4.84 5.32 5.54 6.51 7.46 4.92 
Eu 0.71 0.69 0.72 0.72 0.75 0.82 0.72 0.76 0.68 
Gd 5.10 5.63 5.47 5.10 5.60 5.91 6.89 7.83 5.27 
Dy 5.64 6.48 5.90 5.62 6.22 6.41 7.45 8.39 5.76 
Er 3.14 3.54 3.27 3.16 3.50 3.64 4.15 4.54 3.22 
Yb 3.05 3.39 3.04 3.02 3.43 3.52 4.04 4.08 3.11 
Lu 0.42 0.46 0.42 0.42 0.47 0.49 0.55 0.55 0.43 
Measured in low Ca-pyroxene 
Mg# 56.9 57.9 57.8 60.8 59.8 58.9 59.4 62.6 61.7 
Sc 42.70 41.29 41.36 39.31 42.43 40.51 43.69 39.84 40.05 
Cr 41.08 37.59 41.85 24.19 26.86 68.95 85.54 70.69 89.01 
Y 4.30 5.04 4.75 4.86 5.02 5.50 6.90 6.83 4.98 
Zr 4.93 6.36 7.16 6.89 6.58 6.32 8.03 7.39 6.59 
Gd 0.25 0.32 0.31 0.31 0.34 0.37 0.52 0.47 0.33 
Dy 0.55 0.65 0.62 0.64 0.69 0.73 0.99 0.92 0.66 
Er 0.59 0.68 0.64 0.68 0.70 0.74 0.93 0.90 0.66 
Yb 0.96 1.11 1.03 1.04 1.18 1.18 1.43 1.39 1.12 
Lu 0.17 0.19 0.18 0.18 0.20 0.20 0.25 0.23 0.19 
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Table 7 (Continued) 
Sample B14-

049 
B14-
050c 

B14-
051 

B14-
052 

B14-
053a 

Depth 
(m) 

808 704 543 407 137 

Measured in plagioclase 
An 
Content 

64.69 67.34 68.94 65.29 67.69 

Rb 0.69 3.12 0.78 0.51 0.54 
Sr 425.24 489.72 459.98 422.83 521.74 
Ba 149.34 127.14 143.39 173.15 150.37 
Pb 3.12 6.98 3.99 5.65 3.55 
La 4.55 2.95 4.16 3.73 5.05 
Ce 6.87 4.15 6.67 6.01 8.11 
Measured in clinopyroxene 

Mg# 70.2 77.8 71.0 73.8 77.4 
La 4.59 1.56 6.22 11.09 5.45 
Ce 19.59 6.92 25.65 44.17 26.79 
Nd 18.27 7.42 21.91 35.28 26.09 
Sm 5.35 2.36 6.15 9.32 7.57 
Eu 0.64 0.40 0.66 0.75 0.96 
Gd 5.56 2.54 6.34 8.93 7.50 
Dy 6.17 2.93 6.87 9.29 7.90 
Er 3.43 1.64 3.85 4.98 4.15 
Yb 3.31 1.50 3.72 4.51 3.79 
Lu 0.46 0.21 0.52 0.60 0.51 
Measured in low-Ca pyroxene 
Mg# 61.8 69.0 63.8 65.6 70.9 
Sc 52.99 33.44 39.06 36.34 35.12 
Cr 77.40 611.55 256.16 334.07 1560.01 
Y 5.47 1.92 6.40 8.86 6.03 
Zr 8.79 1.90 6.00 5.58 7.45 
Gd 0.38 0.10 0.46 0.70 0.51 
Dy 0.73 0.23 0.83 1.19 0.88 
Er 0.73 0.27 0.82 1.14 0.75 
Yb 1.22 0.47 1.27 1.72 1.08 
Lu 0.20 0.08 0.21 0.28 0.17 
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Table 8 
Stratigraphic thicknesses and calculated proportions of incoming magma below the Pyroxenite Marker (PM) for both the Leolo 
and Roossenekal traverses 
 

Transect Leolo Mountains Roossenekal 
% UUMZ Magma Loss* 0% 15% 25% 0% 15% 25% 
Zone of Magma Mixing (m) 350 270 
PM to return to pre-mixing An 
content (m) 

850 711 

Total Excursion Thickness (m) 1,200 981 
PM to Roof (m) 2,425 2,850 3,230 2,296 2,640 2,870 
Total Magma Thickness (m) 2,775 3,200 3,580 2,566 2,910 3,140 
Xinc 43% 38% 34% 38% 34% 31% 
*UUMZ magma loss scenarios based on results of VanTongeren et al. (2010). Leolo Mountain values from 
VanTongeren & Mathez (2013). 
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Table 9 
Calculated crystallization temperature and equilibrium liquid composition for each 
sample as calculated per listed mineral phase. 
 

Sample B14-
014 

B14-
015 

B14-
016 

B14-
017 

B14-
018 

B14-
019 

B14-
020 

B14-
021 

B14-
022 

Depth 
(m) 

2503 2320 2252 2187 2098 1998 1941 1843 1750 

T 
(1s) 

1114 
(4) 

1158 
(25) 

1162 
(33) 

1148 
(27) 

1166 
(17) 

1109 
(30) 

1102 
(31) 

1075 
(14) 

1082 
(23) 

Calculated from plagioclase 
Rb 21.75 39.39 33.84 17.84 21.94 74.36 72.99 46.46 38.72 
Sr 199.34 246.42 267.65 248.35 269.24 209.81 206.58 190.73 180.92 
Ba 436.89 617.11 579.29 563.82 733.79 387.40 407.26 576.93 550.26 
Pb 6.58 11.36 9.22 10.55 12.89 3.43 3.68 6.96 5.97 
La 14.56 18.82 19.28 20.22 27.21 10.44 12.81 19.78 18.80 
Ce 30.81 35.15 38.41 42.88 61.56 19.42 24.24 39.66 35.10 
Calculated from clinopyroxene 
La 36.15 38.41 25.10 36.14 47.68 15.61 17.87 44.79 35.85 
Ce 93.65 100.61 64.50 89.98 140.08 40.74 49.52 111.15 90.65 
Nd 44.16 46.80 30.34 40.24 71.07 21.23 25.08 48.93 43.18 
Sm 9.35 9.39 6.49 8.21 14.59 4.90 5.59 9.85 9.24 
Eu 1.54 1.68 1.38 1.53 2.03 1.19 1.21 1.54 1.60 
Gd 8.92 8.53 6.09 7.60 12.91 5.02 5.45 9.12 8.90 
Dy 9.48 9.00 6.76 8.09 12.98 5.74 6.10 9.80 9.80 
Er 5.75 5.43 3.99 4.78 7.22 3.52 3.74 6.00 6.07 
Yb 6.26 5.78 4.37 5.18 7.23 3.95 4.15 6.58 6.84 
Lu 0.94 0.87 0.63 0.76 1.04 0.60 0.61 0.99 1.02 
Calculated from low-Ca pyroxene 
Sc 41.57 33.66 36.15 34.66 37.95 40.64 39.33 34.08 37.18 
Cr 4.46 26.97 48.51 26.17 58.73 13.49 11.11 1.30 2.77 
Y 21.42 16.75 15.47 14.96 21.52 7.06 7.67 6.29 8.94 
Zr 207.99 187.95 121.43 160.48 234.83 82.52 126.40 173.33 165.20 
Gd 3.44 2.75 2.90 2.28 3.76 0.71 0.83 0.26 0.53 
Dy 2.91 2.21 2.50 1.91 2.84 0.55 0.59 0.28 0.48 
Er 2.50 1.95 1.83 1.79 2.39 0.76 0.82 0.69 0.98 
Yb 2.80 2.24 2.19 1.96 2.39 0.77 0.85 0.77 1.08 
Lu 0.35 0.27 0.25 0.23 0.27 0.09 0.10 0.09 0.13 
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Table 9 (Continued) 
Sample B14-

023 
B14-
024 

B14-
025 

B14-
026 

B14-
044 

B14-
045 

B14-
046 

B14-
047 

B14-
048 

Depth 
(m) 

1728 1700 1641 1535 1529 1385 1183 1033 912 

T 
(1s) 

1081 
(20) 

1084 
(15) 

1071 
(2) 

1108 
(3) 

1095 
(4) 

1093 
(3) 

1091 
(1) 

1088 
(5) 

1106 
(1) 

Calculated from plagioclase 
Rb 45.32 30.89 40.44 28.96 30.26 31.32 24.09 18.59 42.69 
Sr 182.51 179.74 176.47 197.39 185.57 186.51 198.52 205.32 202.90 
Ba 509.82 503.76 507.43 666.89 654.60 638.05 683.91 697.45 657.70 
Pb 6.94 6.78 7.07 10.84 11.13 10.62 13.18 11.89 10.75 
La 21.14 20.21 16.49 27.05 23.80 23.18 19.93 23.34 19.25 
Ce 42.41 41.86 34.39 54.92 48.99 49.72 44.21 53.49 43.73 
Calculated from clinopyroxene 
La 49.20 41.57 50.52 59.95 66.46 59.66 68.09 53.92 51.30 
Ce 126.33 122.19 134.63 155.31 157.55 157.32 179.60 160.84 135.25 
Nd 55.71 59.85 57.64 65.18 65.83 69.58 80.48 80.66 61.50 
Sm 11.02 12.55 11.01 12.39 12.64 13.42 15.34 15.78 1.93 
Eu 1.48 1.47 1.37 1.66 1.62 1.78 1.52 1.44 1.48 
Gd 9.91 11.08 9.71 10.92 11.16 11.94 13.56 12.90 10.67 
Dy 10.52 12.16 10.03 11.47 11.85 12.32 13.95 14.14 11.10 
Er 6.27 7.07 5.95 6.84 7.11 7.42 8.26 8.14 6.58 
Yb 6.94 7.66 6.28 7.37 7.90 8.09 9.08 8.27 7.16 
Lu 1.03 1.11 0.94 1.09 1.17 1.21 1.32 1.20 1.06 
Calculated from low-Ca pyroxene 
Sc 33.54 32.60 32.64 31.51 33.84 32.15 34.77 32.24 32.26 
Cr 3.57 3.27 3.64 2.10 2.34 6.00 7.44 6.15 7.74 
Y 9.06 11.35 10.63 13.29 12.85 13.25 17.19 21.09 14.48 
Zr 234.52 302.98 340.95 328.03 313.14 300.95 382.38 351.90 313.81 
Gd 0.55 0.79 0.75 1.14 1.07 1.04 1.55 2.16 1.35 
Dy 0.50 0.68 0.64 0.98 0.93 0.87 1.26 1.79 1.14 
Er 0.97 1.21 1.13 1.52 1.44 1.42 1.86 2.29 1.57 
Yb 1.01 1.26 1.16 1.50 1.57 1.45 1.84 2.32 1.74 
Lu 0.12 0.15 0.14 0.18 0.18 0.17 0.22 0.27 0.21 
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Table 9 (Continued) 
Sample B14-

049 
B14-
050c 

B14-
051 

B14-
052 

B14-
053a 

Depth 
(m) 

808 704 543 407 137 

T 
(1s) 

1110 
(14) 

1128 
(41) 

1127 
(7) 

1092 
(11) 

1120 
(2) 

Calculated from Plagioclase 
Rb 24.44 115.14 30.51 19.26 20.59 
Sr 197.25 245.84 240.64 197.30 263.28 
Ba 625.92 592.87 722.40 761.36 719.27 
Pb 10.38 26.27 16.33 19.74 13.71 
La 24.58 15.97 22.88 20.70 27.69 
Ce 54.08 33.08 54.59 49.03 65.78 
Calculated from clinopyroxene 
La 49.17 14.51 69.21 99.24 44.73 
Ce 137.38 42.79 188.42 257.70 144.56 
Nd 66.53 24.41 84.73 106.32 73.59 
Sm 13.39 5.44 16.49 19.27 14.73 
Eu 1.44 0.84 1.60 1.40 1.68 
Gd 11.64 4.95 14.30 15.46 12.23 
Dy 12.30 5.51 14.80 15.35 12.29 
Er 7.25 3.30 8.81 8.77 6.85 
Yb 7.88 3.41 1.86 8.98 7.05 
Lu 1.17 0.52 1.43 1.28 1.01 
Calculated from low-Ca pyroxene 
Sc 32.69 27.97 31.80 29.87 29.67 
Cr 6.73 53.18 22.27 29.05 135.65 
Y 16.01 9.11 21.42 33.46 32.50 
Zr 418.57 90.48 285.71 265.71 354.76 
Gd 1.57 1.08 2.46 4.80 7.09 
Dy 1.28 1.04 1.89 3.44 5.12 
Er 1.75 1.12 2.29 3.64 3.58 
Yb 1.91 1.33 2.34 3.68 3.58 
Lu 0.22 0.16 0.27 0.42 0.40 
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Figure 10 
Calculated incoming magma composition below the Pyroxenite Marker for the Leolo 
Mountain and Roossenekal traverses. 
 
 Leolo Mountains* Roossenekal 

CUUMZ Cres Cinc CUUMZ Cres Cinc 
 0% 15% 25%  0% 15% 25% 

Scopx 36 37 35 34 34 37 34 42 43 44 
Cropx 108 5 245 283 317 54 1 139 155 170 
Rbplag 24 33 13 10 7 - - - - - 
Srplag 245 176 335 361 384 268 191 395 419 441 
Yopx 21 11 34 38 41 19 6 38 42 46 
Zropx 192 141 260 279 296 178 173 186 187 189 
Baplag 468 334 644 695 738 657 577 786 811 834 
Laplag 14.68 14.32 15.17 15.30 15.42 23.25 19.78 28.90 29.97 30.96 
Ceplag 32.19 30.93 33.87 34.35 34.77 49.99 39.66 66.83 70.03 72.97 
Ndcpx 27.97 24.81 32.17 33.37 34.40 50.71 48.93 53.60 54.15 54.66 
Smcpx 6.13 5.43 7.06 7.32 7.55 10.54 9.85 11.67 11.88 12.08 
Eucpx 1.31 0.96 1.77 1.90 2.02 1.71 1.54 1.97 2.03 2.07 
Gdcpx,opx 5.13 3.52 7.26 7.87 8.40 6.42 4.69 9.23 9.76 10.26 
Dycpx,opx 4.87 3.88 6.19 6.56 6.88 6.27 5.04 8.28 8.66 9.01 
Eropx 1.96 1.12 3.07 3.39 3.67 2.11 0.69 4.43 4.87 5.28 
Ybopx 2.17 1.21 3.44 3.80 4.12 2.29 0.77 4.76 5.23 5.67 
Luopx 0.29 0.18 0.44 0.48 0.51 0.26 0.09 0.54 0.60 0.65 
*Values for the Leolo Mountain traverse are recalculated from VanTongeren & Mathez (2013) 
utilizing the calculated plagioclase crystallization temperatures of Sun & Liang (2017). 
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Chapter 2 

 

The mid-high temperature subsolidus thermal evolution of the Rustenburg Layered 

Suite 

 

This chapter resulted in one submitted paper: 

 

Setera, J. B., VanTongeren, J. A., Turrin, B. D., & Swisher, C. C. (2019). Rapid Cooling 

of the Rustenburg Layered Suite of the Bushveld Complex: Insights from biotite 

40Ar/39Ar geochronology. Geology. 

 

Abstract 

Despite their importance to understanding magma chamber processes and the formation 

of economically viable precious metal deposits, the cooling histories of layered mafic 

intrusions remain enigmatic due to limited geochronologic constraints. We provide a 

comprehensive 40Ar/39Ar study of biotite throughout the Rustenburg Layered Suite (RLS) 

of the Bushveld Complex (South Africa). Analysis of individual biotite grains from 10 

samples, encompassing ~5.5 km of RLS stratigraphy, yield weighted mean plateau ages 

that all overlap at 2s (a-95 percent confidence level) and range from 2052.0 ± 7.6 Ma to 

2056.3 ± 3.2 Ma (2s). A weighted mean of all biotite plateau ages yields an age of 

2054.47 ± 0.84 Ma (2s, n=30, MSWD = 0.23, P = 1.00). The overlap between our 

40Ar/39Ar biotite and published U-Pb zircon ages suggests that the RLS cooled rapidly to 

the closure temperature of biotite, with cooling rates on the order of 1000 °C Ma-1 
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throughout the stratigraphy. Thermal modelling requires enhanced heat loss, due to the 

hydrothermal system associated with the emplacement of the RLS, to produce the 

inferred rapid cooling rates. Previously reported young 40Ar/39Ar biotite ages from the 

UG-2, MG-1, and Merensky Reef are likely a product of the late-stage circulation of 

hydrothermal fluids. The lack of similarly young 40Ar/39Ar biotite ages from the 

remainder of the stratigraphy suggests that late-stage hydrothermal events are potentially 

localized to chromitites and the Merensky Reef. 

 

1. Introduction 

The study of layered mafic intrusions is crucial for observing and understanding the 

geochemical and lithologic evolution of igneous bodies within the shallow crust. As is the 

case with the world’s largest layered mafic intrusion, the Bushveld Complex in South 

Africa, these intrusive bodies also contain much of the world’s largest known sources of 

precious metals. Despite their importance and a long history of research on their 

formation, understanding the cooling histories of layered mafic intrusions is hindered by 

a lack of widespread geochronologic data. 

The large grain sizes and distinct layered stratigraphy of large mafic intrusions, 

such as the Bushveld Complex, were originally thought to be a product of very slow 

cooling [e.g. Grove et al. (1984); Hattingh (1995); Hess (1960); McCallum et al. (1980)]. 

Indeed, using available paleomagnetic pole positions, Hattingh (1995) provided an initial 

estimate of at least 50 Myr for the emplacement and cooling of the entire Rustenburg 

Layered Suite (RLS), the predominately mafic to ultramafic portion of the Bushveld 

Complex, to the Curie temperature (~580°C). However, recent geochronologic data in 
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some portions of from the Bushveld Complex has suggested the contrary, with high-

precision U-Pb ages of zircon and baddeleyite [2056.45-2054.89 Ma (Mungall et al., 

2016; Nomade et al., 2004; Scoates and Wall, 2015; Zeh et al., 2015)] combined with 

40Ar/39Ar ages of biotite (Cassata et al., 2009; Nomade et al., 2004) indicating rapid 

cooling. With recent advances in U-Pb chronology of zircon, high temperature [~950-

670°C; Ver Hoeve et al. (2018); Zeh et al. (2015)] estimates of the thermal history are 

well constrained throughout the stratigraphy. However, revealing the mid-temperature 

thermal history (~350-500°C) of the RLS is difficult, as precise mid-temperature 

geochronology (e.g. 40Ar/39Ar dating of biotite) is only available for 3 individual horizons 

thus far. 

At present, published 40Ar/39Ar ages of biotite only exist from the UG-2 (Nomade 

et al., 2004) and MG-1 (Cassata et al., 2009) chromitite veins, and the Merensky Reef 

pyroxenite (Scoates and Wall, 2015). Although biotite 40Ar/39Ar ages from the two 

chromitites produce potential cooling ages, biotite from the Merensky Reef indicates a 

later hydrothermal event ~2 Ga (Scoates and Wall, 2015). Whether this late-stage 

hydrothermal event affected the entire complex or is limited to certain portions of the 

stratigraphy has yet to be determined, as current 40Ar/39Ar geochronology has not been 

conducted on the majority of the cumulate rocks of the ~8 km thick RLS. 

 To elucidate the mid-temperature thermal evolution of the Bushveld Complex, we 

provide 40Ar/39Ar ages of biotite from 10 samples throughout the RLS stratigraphy. Our 

results show evidence that the RLS cooled rapidly from the crystallization temperature of 

zircon to the closure temperature of the 40Ar/39Ar system in biotite. Our biotite plateau 

ages for the RLS are not reset by a late-stage hydrothermal event and we conclude that 
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rapid cooling must be due to advective heat loss from a hydrothermal system associated 

with initial the emplacement of the RLS. 

 

2. Samples and Methods 

2.1 Samples 

 Argon isotopes and major element compositions were analyzed for individual 

biotite grains from 10 samples of the RLS encompassing ~5.5 km of stratigraphy (Table 

1). Geographic and stratigraphic positions for the Upper Zone samples are from 

VanTongeren et al. (2010) and VanTongeren and Mathez (2013), while Main Zone 

samples are from Setera and VanTongeren (2018). The Critical Zone samples are placed 

in their stratigraphic position relative to the Merensky Reef using the detailed map of 

Molyneux (2008). 

 

2.2 Argon Isotope Analyses 

 For argon isotopic analyses, biotite separates along with the reference standard, 

Fish Canyon (FC) sanidine [28.201 Ma; Kuiper et al. (2008)] were placed in Al-disks for 

neutron irradiation, which was carried out at the US Geological Survey TRIGA reactor 

for 80 hours without Cd-shielding. Samples were incrementally step-heated using a New 

Wave 40-watt CO2 laser and argon isotopes were analyzed using a Mass Analyzer 

Products (MAP) 215-50 noble gas mass spectrometer upgraded by Turrin et al. (2010). A 

typical ten-minute static system ‘cold’ blank, (10-18 mol) is: 40Ar = 420 ± 13; 39Ar = 12.0 

± 3.6; 38Ar=1.0±0.4; 37Ar=22.4±1.4; 36Ar=3.3±0.3. 
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Instrumental mass fractionation was monitored by analyzing a known volume of 

atmospheric Ar after every eighth sample and blank measurement. For the data reduction 

we assumed an initial value of 38Ar/36Ar = 0.1885 ± 0.0003 (Lee et al., 2006). As 

mentioned in the main text, we do not assume an initial 40Ar/36Ar = 298.56 ± 0.31 (Lee et 

al., 2006), but rather use the intercept value from inverse isochron correlations to 

calculate plateau ages.  Signals for reactor produced 37Ar and 39Ar were corrected using 

the decay constants of 0.0198 day-1 and 7.07 x 10-6 day-1, respectively. 37Ar was not used 

because most of it had decayed by the time of measurement. Instead, a fixed 37Ar/39Ar 

value of 0.001 ± 0.001 was used in age calculations, a value that is supported by the 

electron microbe data collected on biotite from the RLS (Table DR2). Automated laser 

heating, gas extraction, mass spectroscopy measurements, and data reduction were 

implemented using automated software written by A. Deino of the Berkeley 

Geochronology Center. The age calculations incorporate the decay constants of Steiger 

and Jäger, (1977) and the following ratios (/10-4), which are necessary for making reactor 

corrections: [ (36Ar/37Ar)Ca = 2.75 ± 0.003); (39Ar/37Ar)Ca = 6.62 ± 0.01; (38Ar/37Ar)Ca = 

0.210 ± 0.1; (40ArK/39Ar)K = 98.1 ± 0.18; (38ArK/39Ar)K = 13200 ± 10; (37ArK/39Ar)K = 

2.20 ± 0.007; (36ArCl/38Ar)Cl = 65000 ± 3000].  

We define an age plateau as a sequence of three or more consecutive steps with 

apparent ages that agree within the 95% confidence interval and for which the sum of 

39ArK released is 50% or more of the total 39ArK released on completion of the heating 

experiment (Dalrymple and Lanphere, 1969, 1974; Fleck et al., 1977). The plateau ages 

and their errors are calculated using the variance-weighted mean of the plateau steps 

(Taylor, 1997). Some authors have adopted the most recent determinations for the 40K 
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decay constants and age of the Fish Canyon sanidine (Renne et al. 2011) in the 

calculation of 40Ar/39Ar ages. The values of Renne et al. (2011) can be used with the 

current dataset by recalculating the 40Ar/39Ar ages using the equation the following 

equation from Mercer and Hodges (2016): 

! = #
$
log( )

(*+[$-.]0#
(*+1$2-.230#

(567[89!9] − 1) + 1>                (1) 

where, ! is the new age of measured sample, !? is the new age of the monitor mineral, 

!?2is the original age of the monitor mineral, !9 is the original age of the measured 

sample, 8 is the new decay constant, and 89is the original decay constant. When our data 

is recalculated using the values of Renne et al. (2011), the weighted mean plateau age for 

all biotites increases from 2054.51 Ma to an implausible age of 2060.40 Ma, older than 

the U-Pb zircon ages. As such, we use the decay constants adopted by the IUGS 

Subcommission on Geochronology (Steiger and Jäger, 1977) and the reported age 

(28.201 Ma) of Fish Canyon sanidine of Kuiper et al. (2008). 

 As a secondary standard, the Hb3gr hornblende was irradiated alongside the 

samples and treated as an unknown. The runs of Hb3gr result in a weighted mean age of 

1082.9 ± 3.6 Ma (1s), well within the error limits of published values for Hb3gr, when 

adjusted for our age of FC sanidine [1080 ± 4 Ma (Schwarz and Trieloff, 2007); 1079 ± 8 

(Jourdan et al., 2006)]. The runs Hb3gr result in a weighted mean RFCsHb3gr value of 52.24 

± 0.17 (1s). 

 

2.3 Discordant Age Spectra (Chloritization) 

In the 40Ar/39Ar dating of biotite from the UG-2 chromitite layer in the upper Critical 

Zone, Nomade et al. (2004) noted that ~50% of individual biotite grains yielded 
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concordant age spectra, while the rest yielded strongly discordant age spectra. Strongly 

discordant age spectra are characterized by young apparent ages in early heating steps, 

followed by anomalously old ages due to the various amount of interlayered chlorite 

within the grains. During irradiation, 39Ar is recoiled into interlayered K2O-poor chlorite 

from K2O-rich biotite and results in low apparent ages in early heating steps (Hess et al., 

1987; Min et al., 2001; Nomade et al., 2004). As step-heating progresses, biotite (now 

depleted in 39Ar) becomes the main Ar releasing reservoir, resulting in anomalously old 

apparent ages.  

 Eight individual biotite grains from the Main Zone in this study also exhibit 

discordance accompanied by anomalously old ages (as calculated when using an initial 

40Ar/36Ar = 298.56 ± 0.31), consistent with the interlayered chlorite found within these 

samples (Fig. 5). After concluding little to no Ar-loss from the UG-2 biotite, Nomade et 

al. (2004) use the total fusion age of each discordant sample as a comparison to the 

plateau ages yielded from concordant age spectra. Some samples in our study, however, 

show evidence of Ar-loss from a reheating event and we therefore cannot use the total 

fusion age as a direct comparison to other individual analyses. Instead, we use the 

isochron and inverse isochron regressions to deduce an age, trapped component and 

finally, a re-calculated plateau age for these discordant samples. 

 For the eight discordant biotite samples, isochron and inverse isochron 

relationships for heating-steps dominated by Ar release from biotite yield ages similar to 

the plateau ages of concordant analyses (~2055 Ma) but also indicate excess 40Ar. 

Individual age spectra can be corrected for this trapped component by re-calculating the 

age spectra using the 40Ar/36Ar intercept value from an inverse isochron regression. This 
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results in the elimination the chlorite-dominated portion of the age spectra (low apparent 

ages at early gas release steps) and results in a plateau age for the biotite dominated 

portion of gas release that is indistinguishable from the isochron ages (Fig. 4). No 

isochrons were originally reported in the study of Nomade et al. (2004), however despite 

low precision in 36Ar measurements, a similar general relationship can be found by re-

analyzing the data of Nomade et al. (2004) (Fig. 6). 

 

2.4 Electron Microprobe Analyses 

In situ major element compositions for biotite were determined using the JEOL JXA 

8200 electron microprobe at Rutgers University. All analyses used an acceleration 

potential of 15 kV, beam current of 15 nA, and a beam diameter of 5 µm. Count times 

consisted of 15 s on background for each element, while peak count times and primary 

standard varied per element (Si - Biotite Kristiansand = 20 s, Mg - F-phlogopite 

stoichiometric = 20 s, Al - Biotite Kristiansand = 20 s, Na - Jadeite = 10 s, F - F-

phlogopite stoichiometric = 10 s, Fe - Biotite Kristiansand = 10 s, Mn - Rhodonite = 40 s, 

Ba - Benitoite = 45 s, Cl - Cl-Apatite Kragero = 10 s, Cr - Mg2CrO4 chromite = 40 s, Ca - 

Apatite Wilberforce = 40 s, K - F-phlogopite stoichiometric = 10 s, Ti - TiO2 Synthetic = 

40 s). H2O calculated based on Cl + F + OH = 2.0 per formula unit. 

 

3. Results 

Weighted mean plateau ages, comprising ages of 2-5 individual biotite grains per 

single sample, for 10 stratigraphic horizons of the RLS range from 2052.0 ± 7.6 Ma to 
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2056.3 ± 3.2 Ma (2s), with weighted means from individual samples indistinguishable at 

2s (a-95 percent confidence level; Fig. 7, Table 1). 

 Plateau ages were calculated using the 40Ar/36Ar intercept value from inverse 

isochron regressions (Figs. 2-4) rather than the modern atmospheric 40Ar/36Ar value of 

298.56 (Lee et al., 2006) in order to account for the different atmospheric composition 

during the Paleoproterozoic (Pujol et al., 2013; Stuart et al., 2016), as well as any excess 

40Ar component. Individual analyses yield initial 40Ar/36Ar values ranging from 191 ± 63 

to 630 ± 660 (1s, Table DR3). A weighted mean of all plateau ages from this study 

yields an age of 2054.47 ± 0.84 Ma (2s, n=30, MSWD = 0.23, P = 1.00). Biotite from the 

Upper Zone samples, as well as sample B14-086 from the Critical Zone, yield concordant 

plateaus, comprised of at least 95% of the total 39Ar released (Fig. 4). Biotite from the 

Main Zone, as well as sample B14-080 from the Upper Critical Zone, yield young 

apparent ages during early heating steps followed by plateaus comprised of ~50-90% of 

the total 39Ar released (Fig. 4). Young apparent ages during early heating steps are 

consistent with a potential late re-heating event above the 40Ar/39Ar closure temperature 

of biotite. 

 

4. Rapid Cooling of the RLS 

4.1 Geochronology, Cooling Rate, and Closure Temperature 

Two noticeable observations from the biotite 40Ar/39Ar results are (1) the overlap 

between the ages of individual stratigraphic levels from 40Ar/39Ar ages of biotite and 

previously published zircon U-Pb ages (Mungall et al., 2016; Scoates and Wall, 2015; 

Zeh et al., 2015), as well as the proximity between their respective weighted means and 
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(2) the weighted mean plateau ages of biotite throughout the RLS all overlap at 2s and 

indicate that the entire body cooled to roughly the same temperature (i.e. the closure 

temperature of the 40Ar/39Ar system in biotite) during the same time interval (Fig. 7). 

The overlap between zircon U-Pb ages and biotite 40Ar/39Ar ages requires a rapid 

cooling rate. Ti-in-zircon thermometry of zircon indicates crystallization at ~788-713°C 

in the Upper Zone and 875-766°C for the Main and Critical Zones (Ver Hoeve et al., 

2018; Zeh et al., 2015). The nominal closure temperature of the 40Ar/39Ar system in 

biotite is ~350°C (McDougall and Harrison, 1999), though this value may vary 

depending on the diffusive length scale, the chemical composition of biotite, and the 

cooling rate. For biotite from the RLS (Table 1), a closure temperature of 429°C is 

estimated using the equation of Dodson (1973) and assuming a cylindrical geometry, if 

the diffusion parameters of Grove and Harrison (1996) for Fe-rich biotite (Mg# = 29) are 

used in combination with the average biotite grain radius from this study (~350 µm) and 

a 1000°C Ma-1 cooling rate (416°C for 500°C Ma-1). Given the elevated and variable Mg 

content of biotite from this study (Table 1), we consider a range of ~450-350°C to be an 

appropriate estimate of the closure temperature of biotite in our samples (Fig. 8) and infer 

average cooling rates upwards of 1000°C Ma-1 for the RLS to the closure of biotite. 

 

4.2 Numerical Heat-loss Modelling 

 Some authors have used one dimensional (1-D) conductive cooling models to 

place constraints on the crystallization (Cawthorn and Walraven, 1998) and post-

crystallization cooling duration of the RLS (Cawthorn and Webb, 2013; Zeh et al., 2015). 

For example, previous thermal modelling of the Bushveld Complex by Zeh et al. (2015), 
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which produced a cooling model that matched observed U-Pb zircon ages, assumed no 

additional heat was produced (e.g. radiogenic or latent heat), that no advection took place 

and that the magma body was an infinite sheet. The 1-D models assume the RLS is an 

infinite sheet and that heat is not lost through the sides, but rather only through the top 

and bottom.  

With these assumptions in place, the cooling profile for the magma body can be 

solved using the following heat flow equation (Carslaw and Jaeger, 1959): 

 
@0@A
@20@A

= #
B
C5DE FG0*

B√I-
J + 5DE FGK*

B√I-
JL                          

(2) 
 
Where: 
T = actual temperature at position x (°C) 
Ts = initial temperature of host rock (°C) 
To = initial temperature of the magma body (°C) 
a = half thickness of the magma body (m) 
x = distance from center of magma body (m) 
k = thermal conductivity (m2/s) 
t = time (s) 
 
Also, where the initial temperature of the host rock (Ts) is calculated for a given depth 

within the intrusion assuming a local geothermal gradient of 20°C km-1 and an average 

surface temperature of 15°C. 

 Whereas the samples from this study do not come from the exact center of an 

infinite sheet, but rather from closer to the contact with the host rocks, we also solve the 

heat flow equation while allowing heat loss through the sides of the intrusion (a 2-D 

model). This cooling profile can be solved using a modification of equation (1) of 

Carslaw and Jaeger (1959): 

 
T-Ts
To-Ts

= P12 Cerf F
a-x
2√kt

J+erf F a+x2√kt
JLY P12 Cerf F

b-y
2√kt
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c-z
2√kt

J+erf F c+z2√kt
JLY    (3) 
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Where the following new variables are introduced: 
b = half thickness of the magma body in horizontal direction “b” (i.e. East-West) 
y = distance from center of magma body (b - direction) 
c = half thickness of the magma body in horizontal direction “c” (i.e. North-South) 
z = distance from center of magma body (c - direction) 
 
 
The cooling models are solved using an initial temperature (To) of 1250°C for an 8 km 

sheet of magma. The choice of initial temperature has little effect on the final cooling 

model, as the model is built to pass through the observed U-Pb zircon ages and estimated 

temperatures. Both models are solved for a point at the center of the intrusion (i.e. 4 km 

from the roof contact), with an estimated 4 km of roof rocks on top of the intrusion (in 

terms of depth). A 4 km thick roof is consistent with the roof being composed of 2 km 

Rooiberg Group Lavas (Schweitzer et al., 1997) with 2 km of the coeval and related 

Bushveld Granite on top. In the case of the 2-D model, the point being solved for is still 

located at the center of the intrusion in terms of depth (x = 0 m), as well as at the center 

of the intrusion in terms of its North-South dimension (z = 0 m). However, the point is 

now placed at 30 km from the Eastern edge of the Bushveld Complex, while assuming a 

450 km-wide intrusion (b = 225,000 m; y = 195,000 m). This placement allows for a 

significant amount of heat loss through the sides of the intrusion and provides a likely 

more realistic estimate of the cooling profile of the solidified body. 

 Our 2-D model is preferable in that it can estimate cooling rates for samples near 

the sides of the intrusion, such as our samples from the Eastern Limb. Although 1-D and 

2-D conductive cooling models are indistinguishable at high temperatures, faster cooling 

rates in the 2-D model produce significantly lower temperatures as cooling progresses 

(Fig. 8). 
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4.3 Implications of modelling and observed cooling rate 

 Modelling results show that even with the accelerated cooling of the 2-D model, 

cooling of the intrusion via conductive-only heat loss results in average cooling rates on 

the order of ~100°C Ma-1, inconsistent with our ages and closure temperatures. The 

average cooling rate of the RLS stratigraphy is upwards of ~1000°C Ma-1 when 

calculated to match the observed ages; a cooling rate similar to cooling rates experienced 

in the lower oceanic crust due to high temperature hydrothermal circulation [e.g. 

Hasenclever et al. (2014), VanTongeren et al. (2008)]. Similar rates were also calculated 

for the Skaergaard layered mafic intrusion (Norton and Taylor (1979) and attributed to 

hydrothermal circulation. 

 In fact, ample evidence exists for hydrothermal circulation within the RLS rocks 

at the high, mid and low temperature stages (Schiffries and Skinner, 1987), in addition to 

the contact aureole of the Bushveld Complex (e.g. Harris et al., 2003). Within the RLS, 

Schiffries and Skinner (1987) characterized three major post-magmatic hydrothermal 

stages encompassing the entire stratigraphy, with the most abundant of the hydrothermal 

stages being the upper amphibolite (>600°C) and greenschist facies (300-600°C) 

equivalent mineral assemblages. Additionally, Harris et al. (2003) found that the thermal 

structure of the contact aureole of the Bushveld Complex had been modified by fluid 

advection. This modification is contrary to a conductive-only heat-loss model, a model 

which results in greatly overestimated timescales (Harris et al., 2003), similar to the 

conductive heat-loss results in this study. 
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5. Long-lived, Localized Hydrothermal Activity 

Our results for the gabbroic sections of the RLS stratigraphy are considerably 

different than those found for the mineralized horizons of the Merensky Reef and the 

UG-2 and MG-1 chromitites. 

Scoates and Wall (2015) calculated a cooling rate of 125°C Ma-1 for the 

Merensky Reef, based on age differences between U-Pb ages of zircon and rutile [closure 

temperature ~400-450°C (Schmitz and Bowring 2003)]. Previous biotite 40Ar/39Ar ages 

from the RLS have yielded younger ages than those in this study (Fig. 7). These ages 

[Fig. 7, re-calculated for FC = 28.201 Ma; (Kuiper et al., 2008)] are limited to a weighted 

mean plateau age of 2050.3 ± 3.1 Ma from the UG-2 chromitite in the Western Limb 

(Nomade et al., 2004), a 2050 ± 4 Ma plateau age for a single biotite from near the MG-1 

chromitite in the Western Limb (Cassata et al., 2009), and plateau ages of 2010 ± 10 Ma 

and 1999 ± 10 Ma for two biotites from the Merensky Reef (Scoates and Wall, 2015). 

The ages of Nomade et al. (2004) and Cassata et al. (2009) are reported as cooling ages, 

however they are reported without isotope correlation diagrams (i.e. an excess 40Ar 

component cannot be resolved) and the true age may be slightly different than the 

reported plateau ages. Scoates and Wall (2015) suggest the ~2000 Ma biotite ages are a 

product of a late-stage hydrothermal event that locally affected the Merensky Reef. 

The lack of young 40Ar/39Ar biotite ages throughout the RLS in this study, as well 

as the homogeneity of ages, suggests that previously reported ages from the UG-2 and 

MG-1 are potentially a product of localized late-stage hydrothermal fluids, similar to the 

ages of the Merensky Reef. While secondary mineralization due to hydrothermal 

alteration within the Merensky Reef and UG-2 is well characterized [e.g. Li et al. (2004)], 
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the resetting of 40Ar/39Ar biotite ages within the UG-2 by late-stage hydrothermal fluids 

is also supported by isotopic disequilibrium produced via post-magmatic circulating 

fluids (Mathez and Kent, 2007) as well as mineralogical variations due to interactions 

with fluids at intermediate temperatures (Penberthy and Merkle, 1999). As speculated by 

Scoates and Wall (2015), the source of these fluids may be related to the regional heat 

produced during the Limpopo Belt orogeny (2.0-2.4 Ga; Kramers and Mouri, 2011). 

 The observation of young apparent ages 40Ar/39Ar biotite ages and potential late-

stage hydrothermal alteration of chromitites provides important context for interpreting 

small differences in precise geochronologic results from samples of or in contact with 

these chromitite veins. It is possible, as postulated by Mungall et al. (2016), that the 

Merensky Reef and other PGE-rich regions of the RLS experienced a different thermal 

history from the bulk of the stratigraphy. 

 

6. Conclusions 

Our data shows that biotite 40Ar/39Ar ages throughout the RLS stratigraphy all overlap at 

2s. The homogeneity of ages throughout the stratigraphy, along with overlapping ages 

between the 40Ar/39Ar and U-Pb systems, indicates that the RLS cooled rapidly through 

the closure temperature of biotite. Thermal modelling suggests that conductive heat loss 

alone cannot produce the observed ages and inferred cooling rates. We conclude that heat 

loss of the solidified body was enhanced by hydrothermal circulation associated with the 

emplacement of the RLS. This is supported by ample field evidence for hydrothermal 

circulation at intermediate temperatures within the RLS rocks (Schiffries and Skinner, 
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1987) as well as the conclusions of Harris et al. (2003) of enhanced heat-loss due to fluid 

advection within the contact aureole of the Bushveld Complex.  

 40Ar/39Ar biotite ages from this study are considerably older than reported 

40Ar/39Ar biotite ages of the Merensky Reef and chromitites (UG-2 and MG-1). The lack 

of similarly young ages throughout the RLS stratigraphy indicates that the young ages are 

likely a product of localized late-stage circulating hydrothermal fluids. This is consistent 

with the recent work of Schannor et al. (2018) suggesting that chromitites are fluid traps, 

not barriers. 

 

7. References 

Carslaw, H. S., and Jaeger, J. C., 1959, Conduction of heat in solids: Oxford: Clarendon 
Press, 1959, 2nd ed. 

 
Cassata, W. S., Renne, P. R., and Shuster, D. L., 2009, Argon diffusion in plagioclase and 

implications for thermochronometry: a case study from the Bushveld Complex, 
South Africa: Geochimica et Cosmochimica Acta, v. 73, no. 21, p. 6600-6612. 

 
Cawthorn, R. G., and Walraven, F., 1998, Emplacement and crystallization time for the 

Bushveld Complex: Journal of Petrology, v. 39, no. 9, p. 1669-1687. 
 
Cawthorn, R. G., and Webb, S. J., 2013, Cooling of the Bushveld Complex, South Africa: 

implications for paleomagnetic reversals: Geology, v. 41, no. 6, p. 687-690. 
 
Dalrymple, G. B., and Lanphere, M. A., 1969, Potassium-argon dating: Principles, 

techniques and applications to geochronology: San Francisco, California, 
Freeman, p. 258-258. 

 
Dalrymple, G. B., and Lamphere, M. A., 1974, 40Ar/39Ar age spectra of some 

undisturbed terrestrial samples: Geochimica et Cosmochimica Acta, v. 38, no. 5, 
p. 715-738. 

 
Dodson, M. H., 1973, Closure temperature in cooling geochronological and petrological 

systems: Contributions to Mineralogy and Petrology, v. 40, no. 3, p. 259-274. 
 



 

 

110 

Fleck, R. J., Sutter, J. F., and Elliot, D. H., 1977, Interpretation of discordant 40Ar/39Ar 
age-spectra of Mesozoic tholeiites from Antarctica: Geochimica et Cosmochimica 
Acta, v. 41, no. 1, p. 15-32. 

 
Grove, M., and Harrison, T. M., 1996, 40Ar* diffusion in Fe-rich biotite. 
 
Grove, T. L., Baker, M. B., and Kinzler, R. J., 1984, Coupled CaAl-NaSi diffusion in 

plagioclase feldspar: experiments and applications to cooling rate speedometry: 
Geochimica et Cosmochimica Acta, v. 48, no. 10, p. 2113-2121. 

 
Harris, N., McMillan, A., Holness, M., Uken, R., Watkeys, M., Rogers, N., and Fallick, 

A., 2003, Melt Generation and Fluid Flow in the Thermal Aureole of the 
Bushveld Complex: Journal of Petrology, v. 44, no. 6, p. 1031-1054. 

 
Hasenclever, J., Theissen-Krah, S., Rüpke, L. H., Morgan, J. P., Iyer, K., Petersen, S., 

and Devey, C. W., 2014, Hybrid shallow on-axis and deep-axid hydrothermal 
circulation at fast-spreading ridges: Nature, v. 508, no. 7497, p. 508. 

 
Hattingh, P. J., 1995, Palaeomagnetic constraints on the emplacement of the Bushveld 

Complex: Journal of African Earth Sciences, v. 21, no. 4, p. 549-551. 
 
Hess, H. H., 1960, Stillwater Igneous Complex, Montana a Quantitative Mineralogical 

Study: Geological Society of America Memoirs, v. 80, p. 1-240. 
 
Hess, J. C., Lippolt, H. J., and Wirth, R., 1987, Interpretation of 40Ar/39Ar biotites: 

Evidence from hydrothermal degassing experiments and TEM studies: Chemical 
Geology: Isotope Geoscience section, v. 66, no. 1-2, p. 137-149. 

 
Jourdan, F., Verati, C., and Féraud, G., 2006, Intercalibration of the Hb3gr 40Ar/39Ar 

dating standard: Chemical Geology, v. 231, no. 3, p. 177-189. 
 
Kramers, J. D., and Mouri, H., 2011, The geochronology of the Limpopo Complex: a 

controversy solved: Geological Society of America Memoirs, v. 207, no. 11, p. 
85. 

 
Kuiper, K., Deino, A., Hilgen, F., Krijgsman, W., Renne, P., and Wijbrans, J., 2008, 

Synchronizing rock clocks of Earth history: Science, v. 320, no. 5875, p. 500-504. 
 
Lee, J.-Y., Marti, K., Severinghaus, J. P., Kawamura, K., Yoo, H.-S., Lee, J. B., and Kim, 

J. S., 2006, A redetermination of the isotopic abundances of atmospheric Ar: 
Geochimica et Cosmochimica Acta, v. 70, no. 17, p. 4507-4512. 

 
Li, C., Ripley, E. M., Merino, E., and Maier, W. D., 2004, Replacement of base metal 

sulfides by actinolite, epidote, calcite and magnetite in the UG2 and Merensky 
Reef of the Bushveld Complex, South Africa: Economic Geology, v. 99, no. 1, p. 
0173-0184. 



 

 

111 

 
Ludwig, K. R., 2003, ISOPLOT a plotting and regression program for radiogenic isotope 

data, Version Ex./3.00. 
 
Mathez, E., and Kent, A., 2007, Variable initial Pb isotopic compositions of rocks 

associated with the UG2 chromitite, eastern Bushveld Complex: Geochimica et 
Cosmochimica Acta, v. 71, no. 22, p. 5514-5527. 

 
McCallum, I., Raedeke, L., and Mathez, E., 1980, Investigations of the Stillwater 

Complex: Part I. Stratigraphy and structure of the banded zone: American Journal 
of Science, v. 280, no. 1, p. 59-87. 

 
McDougall, I., and Harrison, T. M., 1999, Geochronology and Thermochronology by the 

40Ar/39Ar Method, Oxford University Press on Demand. 
 
Mercer, C. M., and Hodges, K. V., 2016, ArAR - A software tool to promote the robust 

comparison of K-Ar and 40Ar/39Ar dates published using different decay, 
isotopic, and monitor-age parameters: Chemical Geology, v. 440, p. 148-163. 

 
Min, K., Renne, P. R., and Huff, W. D., 2011, 40Ar/39Ar dating of Ordovician K-

bentonites in Laurentia and Baltoscandia: Earth and Planetary Science Letters, v. 
185, no. 1-2, p. 121-134. 

 
Molyneux, T., 2008, Compilation on a scale of 1: 50000 of the geology of the eastern 

compartment of the Bushveld Complex: Special Publication, v. 1. 
 
Mungall, J. E., Kamo, S. L., and McQuade, S., 2016, U–Pb geochronology documents 

out-of-sequence emplacement of ultramafic layers in the Bushveld Igneous 
Complex of South Africa: Nature Communications, v. 7. 

 
Nomade, S., Renne, P. R., and Merkle, R. K., 2004, 40Ar/39Ar age constraints on ore 

deposition and cooling of the Bushveld Complex, South Africa: Journal of the 
Geological Society, v. 161, no. 3, p. 411-420. 

 
Norton, D., and Taylor Jr, H. P., 1979, Quantitative simulation of the hydrothermal 

systems of crystallizing magmas on the basis of transport theory and oxygen 
isotope data: An analysis of the Skaergaard intrustion: Journal of Petrology, v. 20, 
no. 3, p. 421-486. 

 
Penberthy, C. J., and Merkle, R. K. W., 1999, Lateral variations in the platinum-group 

element content and mineralogy of the UG2 chromitite layer, Bushveld Complex: 
South African Journal of Geology, v. 102, no. 3, p. 240-250. 

 
Pujol, M., Marty, B., Burgess, R., Turner, G., and Philippot, P., 2013, Argon isotopic 

composition of Archaean atmosphere probes early Earth geodynamics: Nature, v. 
498, no. 7452, p. 87-90. 



 

 

112 

 
Renne, P. R., Balco, G., Ludwig, K. R., Mundil, R., and Min, K., 2011, Response to 

thecomment by WH Schwarz et al. on "Joint determination of 40K decay 
constants and 40Ar*/40K for the Fish Canyon sanidine standard, and improved 
accuracy for 40Ar/39Ar geochronology" by PR Renne et al. (2010): Geochimica 
et Cosmochimica Acta, v. 75, no. 17, p. 5097-5100. 

 
Schannor, M., Veksler, I. V., Hecht, L., Harris, C., Romer, R. L., and Manyeruke, T. D., 

2018, Small-scale Sr and O isotope variations through the UG2 in the eastern 
Bushveld Complex: The role of crustal fluids: Chemical Geology, v. 485, p. 100-
112. 

 
Schiffries, C. M., and Skinner, B. J., 1987, The Bushveld hydrothermal system; field and 

petrologic evidence: American Journal of Science, v. 287, no. 6, p. 566-595. 
 
Schmitz, M. D., and Bowring, S. A., 2003, Constraints on the thermal evolution of 

continental lithosphere from U-Pb accessory mineral thermochronometry of lower 
crustal xenoliths, southern Africa: Contributions to Mineralogy and Petrology, v. 
144, no. 5, p. 592-618. 

 
Schwarz, W. H., Winfried, H., and Mario, T. 2007, Intercalibration of 40Ar-39Ar age 

standards NL-25, HB3gr hornblende, GA1550, SB-3, HD-B1 biotite and BMus/2 
muscovite: Chemical Geology, v. 242, no. 1-2, p. 218-231. 

 
Scoates, J. S., and Wall, C. J., 2015, Geochronology of layered intrusions, Layered 

Intrusions, Springer, p. 3-74. 
 
Schweitzer, J. K., Hatton, C. J., and De Waal, S. A., 1997, Link between the granitic and 

volcanic rocks of the Bushveld Complex, South Africa: Journal of African Earth 
Sciences, v. 24, no. 1-2, 95-104. 

 
Setera, J. B., and VanTongeren, J. A., 2018, Lateral Variability in the Upper Main Zone, 

Bushveld Complex, owing to Directional Magma Recharge and Emplacement 
from North to South: Journal of Petrology, v. 59, no. 9, p. 1763-1786. 

 
Steiger, R. H., and Jäger, E., 1977, Subcommission on geochronology: convention on the 

use of decay constants in geo-and cosmochronology: Earth and planetary science 
letters, v. 36, no. 3, p. 359-362. 

 
Stuart, F. M., Mark, D. F., Gandanger, P., and McConville, P., 2016, Earth-atmosphere 

evolution based on new determination of Devonian atmosphere Ar isotopic 
composition: Earth and Planetary Science Letters, v. 446, p. 21-26. 

 
Taylor, J., 1997, Introduction to error analysis, the study of uncertainties in physical 

measurements. 
 



 

 

113 

Turrin, B. D., Swisher, C. C., and Deino, A. L., 2010, Mass discrimination monitoring 
and intercalibration of dual collectors in noble gas mass spectrometer systems: 
Geochemistry, Geophysics, Geosystems, v. 11, no. 8. 

 
VanTongeren, J., and Mathez, E., 2013, Incoming magma composition and style of 

recharge below the pyroxenite marker, eastern Bushveld complex, South Africa: 
Journal of Petrology, v. 54, no. 8, p. 1585-1605. 

 
VanTongeren, J. A., Kelemen, P. B., and Hanghøj, K., 2008, Cooling rates in the lower 

crust of the Oman ophiolite: Ca in olivine, revisited: Earth and planetary science 
letters, v. 267, no. 1-2, p. 69-82. 

 
VanTongeren, J. A., Mathez, E. A., and Kelemen, P. B., 2010, A felsic end to Bushveld 

differentiation: Journal of Petrology, v. 51, no. 9, p. 1891-1912. 
 
Ver Hoeve, T. J., Scoates, J. S., Wall, C. J., Weis, D., and Amini, M., 2018, A 

Temperature-Composition Framework for Crystallization of Fractionated 
Interstitial Melt in the Bushveld Complex from Trace Element Systematics of 
Zircon and Rutile: Journal of Petrology, v. 59, no. 7, p. 1383-1416. 

 
Zeh, A., Ovtcharova, M., Wilson, A. H., and Schaltegger, U., 2015, The Bushveld 
 Complex was emplaced and cooled in less than one million years–results of 
 zirconology, and geotectonic implications: Earth and Planetary Science Letters, v. 
 418, p. 103-114. 
  



 

 

114 

Figure Captions 

Figure 1 

Generalized geologic map of the Eastern Limb of the Bushveld Complex (after 

(VanTongeren et al., 2010). Stars indicate locations for sample analyzed for biotite 

40Ar/39Ar geochronology. Inset: Sketch of the geologic map of the entire Bushveld 

Complex. Box indicates detailed map and the focus of this study, the Eastern Limb. 

 

Figure 2 

All Isochrons. Error ellipses, calculated ages, and 40Ar/36Ar Int. values are displayed with 

1s uncertainties. 

 

Figure 3 

All Inverse Isochrons. Error ellipses, calculated ages, and 40Ar/36Ar Int. values are 

displayed with 1s uncertainties. 

 

Figure 4 

All Release Spectra. Data and calculated ages are presented with 1s uncertainties. 

 

Figure 5 

Backscatter electron image of interlayered chlorite from B14-024. Arrows denote biotite 

(B) grain and areas of interlayered chlorite (C). 

 

Figure 6 
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Inverse Isochron from sample UG2-02 of Nomade et al. (2004). UG2-01 of Nomade et 

al. (2004) is an example of a discordant age spectra dominated by interlayered chlorite. 

The inverse isochron was constructed for steps 4.5 W (watts) through 10 W using Isoplot 

(Ludwig, 2003). The original reported plateau age for the sample was 2102 Ma, 

recalculated to 2110 Ma to match the FC age of this study. 

 

Figure 7 

Compilation of available high-precision chronology (2s uncertainties) plotted against the 

generalized stratigraphic column of the Eastern Limb of the RLS. 40Ar/39Ar biotite ages 

are weighted mean plateau ages (this study - filled blue squares) of multiple analyses 

from a single sample. The vertical blue shaded region is the weighted mean of all 

40Ar/39Ar biotite plateau ages from this study. Previously reported U-Pb zircon ages are 

reported with a - grey closed circles (Zeh et al., 2015), b - open black circles with vertical 

dash (Mungall et al., 2016), and c - open grey circles (Scoates and Wall, 2015). A 

weighted mean of published U-Pb zircon ages from the listed studies is denoted by the 

vertical grey region. Previously reported Ar-Ar biotite ages are reported with d and e - 

open grey squares (Cassata et al., 2009; Nomade et al., 2004). References for previously 

reported U-Pb ages of baddeleyite (open black triangles) and rutile (open black 

diamonds) are denoted by b and c, respectively. 

 

Figure 8 

Conductive cooling models (Carslaw and Jager, 1959) solving for the center (at 4 km 

depth below the top) of an 8 km thick RLS. The solid grey line is a 1-D conductive 
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cooling model that allows for heat loss only through the top and bottom of the mafic 

body. The solid black line is a 2-D conductive cooling model that allows for heat loss 

through the sides of the mafic body. The 2-D model again solves for the center of the 

RLS, however 30 km away from the lateral contact with host rocks. The range of 

published mean U-Pb zircon ages as well as their measured Ti-in-zircon temperatures are 

represented by the orange shaded area, while the weighted mean age of biotite 40Ar/39Ar 

plateau ages (this study) as well as their assumed closure temperature are represented by 

the blue shaded region. 
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Figure 2 
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Figure 2 (Continued) 
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Figure 2 (Continued) 
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Figure 2 (Continued) 
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Figure 3 
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Figure 3 (Continued) 
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Figure 3 (Continued) 
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Figure 3 (Continued) 
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Figure 4 
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Figure 4 (Continued) 
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Figure 4 (Continued) 
 

 
 
 
 
 
 
 



 

 

129 

Figure 4 (Continued) 
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Figure 7 
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134 

Table 1 

Age, composition, and location summary of biotite from the Rustenburg Layered Suite of the Bushveld Complex. 

Sample Latitude (S) Longitude 
(E) 

Zone Stratigraphic 
Height 
(m)8 

Rock Type† Weighted mean 
40Ar/39Ar age 

(Ma) 

n MSWD P Xannite 

B07-041 24° 51.829’ 29° 54.430’ Upper Zone 4590 Ol-Mt 
gabbro 

2054.8 ± 3.1 3 0.07 0.93 0.77 ± 0.02 

B06-055 24° 51.874’ 29° 54.756’ Upper Zone 4335 Ol-Mt 
gabbro 

2055.7 ± 2.3 3 0.01 0.99 0.54 ± 0.01 

B06-042 24° 48.776’ 29° 57.036’ Upper Zone 3471 Mt gabbro 2055.0 ± 2.8 3 0.15 0.86 0.47 ± 0.08 
B14-015 25° 12.006’ 29° 56.524’ Main Zone 2320 Mt gabbro 2056.3 ± 3.2 3 0.08 0.93 0.30 ± 0.02 
B14-024 25° 13.462’ 29° 59.328’ Main Zone 1700 Gabbronorite 2054.2 ± 8.7 2 0.02 0.89 0.38 ± 0.03 
B14-045 25° 13.164’ 30° 00.893’ Main Zone 1385 Gabbronorite 2054.3 ± 3.0 3 0.15 0.86 0.35 ± 0.05 
B14-049 25° 11.863’ 30° 02.932’ Main Zone 808 Gabbronorite 2055.3 ± 4.6 3 0.19 0.83 0.34 ± 0.02 
B14-053a 25° 13.849’ 30° 05.374’ Main Zone 137 Gabbronorite 2055.0 ± 3.6 5 0.02 1.00 0.27 ± 0.02 
B14-080 25° 00.181’ 30° 07.035’ Critical Zone -522 Gabbro 2052.0 ± 7.6 2 0.03 0.87 0.19 ± 0.01 
B14-086 24° 56.880’ 30° 09.099’ Critical Zone -760 Pyroxenite 2053.7 ± 1.3 3 0.18 0.84 0.16 ± 0.01 
Weighted 

Mean 
N.A. N.A. N.A. N.A. N.A. 2054.47 ± 0.84 30 0.23 1.00 N.A. 

   Note: Weighted mean 40Ar/39Ar ages are reported at 2s (95 percent confidence level). Biotite composition is reported at 1s (68 
percent confidence level). 

   *Stratigraphic depth is measured relative to the Merensky Reef pyroxenite in the Eastern Limb of the RLS. 
   †Ol - olivine, Mt - magnetite 
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Table 2 
Stepwise Heating Results: moles (10-17 for 36, 38, 39Ar, 10-15 for 40Ar and 40Ar*) of each isotope for each heating step. J is the 
measure of the neutron flus in the reactor. All uncertainties reported at 1s. Blank cells represent negative values. 

Sample Run ID Power 36Ar 38Ar 39Ar 40Ar 40Ar* Age (Ma) 
Used in 
Plateau 

Age 
B07-041_01 22486-01A 1.5 1.54±0.23 0.89±0.10 2.69±1.07 6.62±1.11 1.51±0.79 1350±630  

J = 1.98874e-2 22486-01B 3 3.66±0.24 2.85±0.14 12.47±1.13 19.18±1.14 7.00±0.82 1350±140  

± 3.18272e-5 22486-01C 5 6.60±0.25 3.31±0.15 26.29±1.04 42.70±1.17 20.74±0.84 1702±64  
 22486-01D 7 4.65±0.25 4.65±0.18 55.86±1.17 74.51±1.18 59.03±0.84 2042±30 x 
 22486-01E 8 1.22±0.23 3.52±0.15 56.10±1.17 64.91±1.11 60.85±0.80 2074±29 x 
 22486-01F 9 0.73±0.23 4.31±0.19 67.16±1.22 76.02±1.11 73.59±0.79 2087±24 x 
 22486-01G 10 0.45±0.23 4.79±0.17 84.88±1.32 93.78±1.10 92.30±0.79 2077±20 x 
 22486-01H 11 0.15±0.23 5.37±0.19 92.98±1.25 100.01±1.11 99.51±0.81 2058±17 x 
 22486-01I 12 0.15±0.23 5.25±0.19 93.01±1.25 99.92±1.10 99.41±0.79 2056±17 x 
 22486-01J 13 0.23±0.23 7.84±0.20 98.12±1.28 105.97±1.09 105.20±0.78 2060±16 x 
 22486-01K 14 0.11±0.23 8.59±0.20 107.40±1.32 115.57±1.09 115.20±0.78 2060±15 x 
 22486-01L 15 0.22±0.23 5.82±0.18 99.26±1.26 106.23±1.09 105.50±0.78 2049±15 x 
 22486-01M 16 0.19±0.22 4.81±0.21 79.38±1.27 85.97±1.07 85.33±0.76 2063±21 x 
 22486-01N 17 0.12±0.22 2.81±0.17 53.93±1.37 58.03±1.07 57.65±0.76 2056±34 x 
 22486-01O 18 0.11±0.22 3.78±0.17 63.36±1.45 68.64±1.06 68.29±0.76 2066±30 x 
 22486-01P 19 0.11±0.07 3.60±0.15 62.38±0.76 66.81±0.35 66.44±0.25 2052±12 x 
 22486-01Q 20 0.06±0.07 2.67±0.13 46.51±0.66 49.86±0.36 49.67±0.27 2055±16 x 
 22486-01R 22 0.19±0.08 5.09±0.18 77.86±0.86 83.51±0.37 82.86±0.27 2051±10 x 
 22486-01S 24 0.04±0.08 8.70±0.22 130.30±1.36 139.45±0.42 139.30±0.31 2055.7±8.6 x 
 22486-01T 26 0.16±0.08 4.97±0.17 82.37±0.96 88.65±0.39 88.13±0.28 2057±11 x 
 22486-01U 28 0.13±0.08 4.26±0.16 67.29±0.80 72.17±0.37 71.74±0.27 2053±12 x 
 22486-01V 30 0.36±0.08 4.68±0.17 88.75±1.00 95.67±0.40 94.45±0.30 2051±10 x 
 22486-01W 32 0.24±0.07 2.72±0.12 45.01±0.64 48.63±0.36 47.82±0.26 2049±16 x 
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B07-041_02 22486-02A 1.5 1.37±0.08 0.25±0.08 5.32±0.45 5.73±0.33 1.72±0.24 890±110  

J = 1.98874e-2 22486-02B 3 2.86±0.09 0.87±0.10 12.91±0.41 17.13±0.37 8.78±0.26 1543±46  

± 3.18272e-5 22486-02C 5 5.29±0.12 2.18±0.14 58.36±0.57 71.99±0.49 56.56±0.35 1938±13  
 22486-02D 7 0.82±0.09 2.89±0.15 152.70±0.95 164.69±0.39 162.30±0.29 2049.0±6.6 x 
 22486-02E 8 0.09±0.13 2.77±0.16 139.90±1.34 152.95±0.55 152.70±0.40 2081±11 x 
 22486-02F 9 0.17±0.09 3.01±0.17 158.00±0.99 168.78±0.40 168.30±0.31 2051.6±6.8 x 
 22486-02G 10 0.16±0.09 2.72±0.16 161.60±1.02 173.16±0.40 172.70±0.30 2055.6±6.8 x 
 22486-02H 11 0.12±0.09 2.75±0.15 139.80±0.92 150.16±0.40 149.80±0.30 2059.6±7.4 x 
 22486-02I 12 0.05±0.09 2.39±0.17 133.80±0.89 143.16±0.40 143.00±0.30 2055.5±7.5 x 
 22486-02J 13 0.38±0.14 2.07±0.16 126.60±0.89 136.70±0.57 135.60±0.41 2058.1±8.5 x 
 22486-02K 14 0.08±0.09 1.94±0.17 121.10±0.81 129.32±0.45 129.10±0.37 2052.2±7.9 x 
 22486-02L 15  1.72±0.13 102.10±0.79 108.56±0.57 109.00±0.42 2053.8±9.8 x 
 22486-02M 16  1.24±0.12 63.07±0.62 66.27±0.50 66.75±0.38 2044±13 x 
 22486-02N 17  0.54±0.10 31.83±0.54 33.05±0.46 33.87±0.34 2050±24 x 
 22486-02O 19 0.04±0.07 1.20±0.12 72.63±0.70 77.37±0.32 77.26±0.23 2050±12 x 
 22486-02P 21  1.33±0.14 80.60±0.61 85.39±0.49 86.13±0.36 2055.8±9.7 x 
 22486-02Q 23  1.64±0.12 90.69±0.73 96.05±0.43 96.68±0.31 2052.8±9.7 x 
 22486-02R 25  2.00±0.15 122.70±0.86 129.83±0.35 130.00±0.27 2045.4±7.8 x 
 22486-02S 27  1.12±0.10 69.94±0.67 74.99±0.33 75.03±0.24 2061±12 x 
 22486-02T 29 0.20±0.07 0.56±0.10 24.05±0.69 26.18±0.30 25.61±0.21 2052±36 x 
 22486-02U 31 0.10±0.07 1.13±0.12 56.29±0.59 60.66±0.31 60.38±0.23 2060±13 x 
 22486-02V 33 0.05±0.08 0.20±0.10 22.68±0.44 24.14±0.32 23.99±0.23 2043±26 x 
          

B07-041_03 22486-03A 1.5 2.10±0.14 0.63±0.10 4.55±0.42 8.83±0.71 1.26±0.50 790±260  

J = 1.98874e-2 22486-03B 3 2.43±0.10 1.67±0.12 53.92±0.91 55.15±0.50 46.39±0.36 1799±20  

± 3.18272e-5 22486-03C 5 0.25±0.10 3.02±0.15 126.10±0.95 136.61±0.51 135.70±0.37 2064.9±7.6 x 
 22486-03D 7 0.37±0.11 5.16±0.21 214.40±1.43 230.54±0.57 229.20±0.42 2056.4±5.9 x 
 22486-03E 8 0.41±0.10 3.32±0.16 129.90±1.01 139.08±0.53 137.60±0.38 2045.3±8.1 x 
 22486-03F 9 0.34±0.10 2.27±0.14 81.70±1.24 88.31±0.54 87.10±0.40 2053±19 x 
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 22486-03G 10 0.13±0.07 1.28±0.11 56.45±0.61 60.32±0.37 59.85±0.27 2046±13 x 
 22486-03H 11 0.01±0.10 0.92±0.11 42.37±0.52 45.37±0.54 45.34±0.39 2057±17 x 
 22486-03I 12 0.05±0.07 1.01±0.09 41.83±0.47 44.80±0.36 44.61±0.26 2053±14 x 
 22486-03J 14 0.06±0.07 1.25±0.11 59.09±0.67 62.98±0.43 62.77±0.33 2049±14 x 
 22486-03K 16 0.14±0.07 0.73±0.10 36.42±0.55 38.99±0.41 38.50±0.31 2042±20 x 
 22486-03L 18 0.04±0.07 0.73±0.09 34.01±0.52 36.38±0.36 36.25±0.26 2053±20 x 
 22486-03M 20 0.07±0.10 0.83±0.10 39.17±0.52 41.99±0.53 41.74±0.39 2052±19 x 
 22486-03N 22 0.04±0.09 0.24±0.07 8.11±0.57 9.06±0.48 8.91±0.34 2091±99 x 
 22486-03O 24 0.06±0.07 0.58±0.09 22.59±0.73 24.11±0.36 23.90±0.25 2043±41 x 
 22486-03P 26 0.01±0.07 0.85±0.10 28.39±0.44 30.18±0.36 30.13±0.25 2048±21 x 
 22486-03Q 28 0.05±0.07 0.04±0.07 5.05±0.28 5.60±0.35 5.42±0.25 2061±88 x 
 22486-03R 33 0.00±0.07 0.46±0.08 18.76±0.33 20.09±0.33 20.08±0.24 2058±25 x 
          

B06-055_01 22485-01A 7 18.00±0.19 34.75±0.28 407.58±5.54 489.96±0.86 435.62±0.65 2054±17 x 

J = 1.98616e-2 22485-01B 9 2.70±0.16 35.32±0.33 478.87±5.54 520.25±0.84 512.08±0.68 2055±14 x 

± 3.84630e-5 22485-01C 11 1.78±0.18 44.46±0.35 578.45±5.55 628.49±1.85 623.15±1.77 2064±12 x 
 22485-01D 14 1.46±0.34 88.20±0.52 1197.31±6.67 1285.11±3.34 1280.74±3.17 2055.2±7.6 x 
 22485-01E 16 0.74±0.34 85.30±0.50 1177.16±5.21 1264.65±1.77 1262.38±1.42 2058.3±5.7 x 
 22485-01F 18 0.61±0.31 74.84±0.45 1037.90±7.75 1107.52±1.92 1105.63±1.65 2050.2±6.6 x 
 22485-01G 20 0.96±0.32 79.21±0.45 1093.31±5.18 1175.00±1.54 1172.06±1.20 2058.0±6.1 x 
 22485-01H 22 1.01±0.30 73.51±0.45 1011.71±7.72 1082.20±1.67 1079.17±1.41 2051.8±9.6 x 
 22485-01I 24 1.15±0.45 116.75±0.61 1582.39±8.12 1694.58±2.02 1691.02±1.47 2054.0±6.5 x 
 22485-01J 26 0.76±0.51 131.40±0.66 1809.79±8.63 1932.19±3.64 1929.87±3.30 2051.4±6.3 x 
 22485-01K 28 0.53±0.21 47.40±0.38 666.33±6.28 717.94±0.98 716.36±0.77 2061.4±9.6 x 
 22485-01L 30 0.52±0.25 63.24±0.40 858.07±8.74 920.62±1.60 919.05±1.40 2057±13 x 
 22485-01M 32 0.37±0.28 69.72±0.47 960.86±10.31 1022.71±2.48 1021.58±2.33 2048±12 x 
 22485-01N 35 0.37±0.18 40.45±0.33 576.62±4.47 618.91±0.88 617.79±0.69 2057.2±9.7 x 
 22485-01O 35 0.12±0.12 12.67±0.24 185.35±1.41 199.00±0.67 198.64±0.57 2057.6±7.1 x 
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B06-055-02 22485-02A 1.5 1.07±0.08 0.62±0.09 6.21±0.32 7.78±0.32 4.73±0.23 1663±77 x 

J = 1.98616e-2 22485-02B 3 2.44±0.10 3.22±0.14 34.97±0.59 44.34±0.40 37.38±0.29 2054±22 x 

± 3.84630e-5 22485-02C 5 0.22±0.13 11.19±0.18 152.80±1.12 164.62±0.53 164.00±0.38 2059.4±8.2 x 
 22485-02D 6 0.06±0.09 12.18±0.21 169.90±1.20 181.57±0.40 181.40±0.30 2052.5±7.6 x 
 22485-02E 7 0.10±0.11 14.72±0.19 158.70±0.99 170.58±0.59 170.30±0.50 2059.7±7.1 x 
 22485-02F 8 0.01±0.10 15.99±0.21 176.67±1.15 188.98±0.54 188.94±0.40 2055.1±7.1 x 
 22485-02G 8.5 0.14±0.14 12.31±0.22 180.30±2.76 192.20±0.71 191.80±0.58 2048±19 x 
 22485-02H 9 0.15±0.13 9.70±0.19 138.80±1.43 148.43±0.53 148.00±0.39 2051±12 x 
 22485-02I 9.5 0.23±0.11 9.61±0.23 132.90±0.88 143.05±0.46 142.40±0.34 2057.2±7.4 x 
 22485-02J 10 0.03±0.08 9.81±0.20 136.20±0.92 145.98±0.42 145.90±0.35 2056.9±7.7 x 
 22485-02K 10.5 0.06±0.08 8.58±0.20 123.20±0.89 131.99±0.32 131.80±0.24 2055.2±8.1 x 
 22485-02L 11 0.15±0.08 7.89±0.17 115.80±0.79 124.14±0.37 123.70±0.28 2053.5±7.7 x 
 22485-02M 11.5 0.18±0.09 8.10±0.20 113.10±0.93 121.30±0.37 120.80±0.27 2054.1±9.5 x 
 22485-02N 12 0.13±0.08 6.61±0.21 100.20±0.84 107.86±0.38 107.50±0.30 2059±10 x 
 22485-02O 12.5 0.14±0.08 7.73±0.17 108.50±0.88 116.39±0.35 116.00±0.26 2054.5±9.4 x 
 22485-02P 13 0.05±0.08 9.20±0.21 124.40±0.94 133.04±0.41 132.90±0.34 2054.3±8.8 x 
 22485-02Q 13.5  7.10±0.18 99.66±0.79 106.52±0.34 106.70±0.26 2056.5±9.3 x 
 22485-02R 14 0.00±0.13 10.95±0.23 151.10±1.00 161.40±0.66 161.40±0.55 2053.8±8.1 x 
 22485-02S 14.5 0.05±0.08 7.87±0.19 113.00±1.32 120.64±0.38 120.50±0.30 2051±14 x 
 22485-02T 15 0.19±0.09 9.63±0.22 141.80±0.91 152.53±0.37 152.00±0.27 2058.7±7.0 x 
 22485-02U 15.5 0.17±0.08 7.70±0.20 107.60±0.80 116.27±0.40 115.80±0.33 2062.0±8.8 x 
 22485-02V 16 0.08±0.08 9.88±0.20 142.70±1.59 153.02±0.35 152.80±0.26 2056±13 x 
 22485-02W 16.5 0.04±0.08 3.76±0.16 54.37±0.68 58.78±0.43 58.66±0.36 2066±17 x 
 22485-02X 17 0.03±0.08 6.53±0.19 100.30±1.24 107.69±0.38 107.60±0.31 2060±15 x 
 22485-02Y 17.5 0.10±0.07 4.82±0.16 70.60±0.70 75.49±0.37 75.20±0.31 2050±12 x 
 22485-02Z 18 0.01±0.08 4.79±0.15 72.71±0.68 77.48±0.36 77.46±0.29 2050±12 x 
 22485-02AA 18.5 0.20±0.11 6.98±0.17 99.87±0.81 106.76±0.45 106.20±0.33 2048.0±9.7 x 
 22485-02AB 19 0.12±0.13 4.67±0.17 69.14±0.97 74.32±0.57 73.99±0.42 2056±18 x 
 22485-02AC 19.5 0.13±0.10 1.35±0.10 22.25±0.74 24.07±0.41 23.70±0.30 2050±43 x 
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 22485-02AD 18.5 0.16±0.09 1.06±0.10 14.21±0.32 15.68±0.39 15.21±0.28 2056±36 x 
 22485-02AE 20 0.18±0.10 3.90±0.15 58.14±0.56 63.02±0.39 62.50±0.28 2061±12 x 
 22485-02AF 20.5 0.10±0.10 0.86±0.09 13.93±1.13 14.68±0.41 14.40±0.29 2010±100 x 
 22485-02AG 22 0.02±0.08 3.38±0.10 50.83±0.55 54.45±0.33 54.41±0.25 2056±14 x 
 22485-02AH 24 0.01±0.07 1.69±0.10 22.37±0.46 23.92±0.31 23.89±0.22 2054±27 x 
 22485-02AI 26 0.06±0.10 0.51±0.08 8.68±0.58 9.27±0.42 9.09±0.30 2030±91 x 
 22485-02AJ 30 0.02±0.07 2.51±0.14 38.58±0.55 41.52±0.29 41.45±0.22 2061±18 x 
 22485-02AK 33 0.02±0.07 0.55±0.08 7.41±0.62 7.52±0.29 7.45±0.21 1980±110 x 
          

B06-055_03 22485-04A 1.5 1.80±0.09 0.58±0.10 5.43±0.42 9.50±0.37 4.35±0.26 1720±110  

J = 1.98616e-2 22485-04B 3 4.43±0.17 1.74±0.11 14.72±0.66 28.50±0.69 15.82±0.50 2061±68 x 

± 3.84630e-5 22485-04C 5 1.43±0.09 3.62±0.17 42.78±1.59 49.75±0.37 45.67±0.28 2053±46 x 
 22485-04D 7 0.32±0.11 6.44±0.18 90.76±0.73 97.58±0.46 96.66±0.33 2045.0±9.8 x 
 22485-04E 9 0.32±0.09 11.72±0.24 159.60±1.12 171.02±0.43 170.10±0.35 2051.3±7.8 x 
 22485-04F 10 0.22±0.08 8.55±0.21 117.60±1.15 126.33±0.36 125.70±0.29 2054±12 x 
 22485-04G 11 0.16±0.08 7.42±0.20 103.00±0.83 110.57±0.34 110.10±0.26 2054.3±9.3 x 
 22485-04H 12 0.03±0.08 7.72±0.18 99.37±1.22 106.57±0.36 106.50±0.29 2058±15 x 
 22485-04I 13 0.19±0.08 7.46±0.18 103.30±0.79 110.64±0.35 110.10±0.26 2050.4±8.7 x 
 22485-04J 14 0.08±0.08 8.60±0.23 115.90±1.42 124.34±0.38 124.10±0.30 2057±15 x 
 22485-04K 15 0.06±0.11 11.31±0.27 148.60±0.97 158.78±0.50 158.60±0.38 2052.5±7.2 x 
 22485-04L 16 0.13±0.09 9.67±0.21 125.60±0.87 135.46±0.39 135.10±0.30 2062.0±7.7 x 
 22485-04M 17 0.07±0.09 8.41±0.18 109.30±0.86 117.31±0.41 117.10±0.33 2057.4±9.2 x 
 22485-04N 18 0.15±0.12 12.88±0.24 171.80±1.08 183.64±0.50 183.20±0.37 2051.3±6.6 x 
 22485-04O 19 0.52±0.15 33.43±0.28 347.10±2.41 373.99±0.82 372.50±0.71 2059.3±7.4 x 
 22485-04P 20 0.15±0.08 12.54±0.25 156.80±1.53 168.32±0.35 167.90±0.26 2057±11 x 
 22485-04Q 21 0.11±0.08 9.35±0.26 131.70±0.95 141.92±0.38 141.60±0.30 2061.2±7.8 x 
 22485-04R 22  3.92±0.15 56.73±0.67 61.30±0.30 61.43±0.22 2071±14 x 
 22485-04S 23 0.03±0.07 5.88±0.16 76.87±0.69 82.23±0.30 82.16±0.23 2054±10 x 
 22485-04T 24 0.13±0.08 6.77±0.17 92.48±0.66 99.62±0.32 99.24±0.24 2059.2±9.3 x 
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 22485-04U 25 0.11±0.07 5.03±0.16 67.76±0.47 72.98±0.34 72.66±0.27 2058.5±9.8 x 
 22485-04V 27 0.10±0.07 2.67±0.13 38.45±0.79 41.26±0.30 40.97±0.21 2050±26 x 
 22485-04W 29 0.09±0.10 1.29±0.10 15.14±0.60 16.57±0.42 16.32±0.30 2064±54 x 
 22485-04X 31 0.03±0.07 3.66±0.15 47.82±0.53 51.08±0.32 50.98±0.24 2051±15 x 
          

B06-042_01 22484-01A 7 13.86±0.28 80.07±0.58 608.09±13.98 682.68±1.18 649.43±0.97 2052±28 x 

J = 1.98464e-2 22484-01B 10 0.45±0.29 119.09±0.60 978.95±4.82 1051.07±1.06 1050.02±0.83 2057.8±6.2 x 

± 3.84784e-5 22484-01C 12 0.12±0.24 96.11±0.45 801.71±5.17 858.24±0.84 857.99±0.68 2055.0±8.0 x 
 22484-01D 14 0.14±0.25 103.31±0.53 832.19±8.44 891.41±0.97 891.06±0.70 2056±13 x 
 22484-01E 16 0.14±0.29 125.85±0.66 996.38±5.53 1069.39±1.15 1069.07±0.93 2058.2±7.0 x 
 22484-01F 18 0.10±0.28 115.64±0.58 928.92±5.17 995.24±0.89 995.04±0.70 2056.1±7.0 x 
 22484-01G 20 0.50±0.35 151.16±0.68 1210.54±8.43 1299.81±1.40 1298.64±1.15 2058.0±8.7 x 
 22484-01H 22 0.36±0.34 148.56±0.66 1179.18±5.17 1264.98±1.21 1264.10±0.88 2057.2±5.6 x 
 22484-01I 24 0.46±0.44 194.56±0.68 1548.21±5.57 1655.62±1.57 1654.46±1.11 2053.3±4.6 x 
 22484-01J 26 0.55±0.36 153.94±0.71 1257.00±5.54 1343.22±2.35 1341.88±2.17 2052.0±5.9 x 
 22484-01K 28 0.09±0.19 55.55±0.43 453.24±7.67 480.74±0.68 480.54±0.53 2044±21 x 
 22484-01L 30 0.48±0.26 109.73±0.63 890.60±8.42 948.89±2.42 947.75±2.34 2048±12 x 
 22484-01M 32 0.50±0.18 71.41±0.50 569.77±8.10 610.30±1.49 609.08±1.42 2054±18 x 
 22484-01N 35 0.22±0.13 23.13±0.28 193.10±0.89 207.83±0.67 207.30±0.59 2058.7±6.7 x 
 22484-01O 35 0.01±0.09 2.13±0.13 16.60±0.37 17.50±0.31 17.47±0.22 2035±32 x 
          

B06-042_02 22484-02 1.5 1.16±0.08 1.96±0.11 11.40±0.62 11.04±0.32 7.90±0.23 1561±64  

J = 1.98464e-2 22484-03 3 4.53±0.11 4.46±0.16 29.53±0.64 38.59±0.44 26.35±0.31 1839±28  

± 3.84784e-5 22484-04 4 0.42±0.08 3.94±0.15 27.63±0.72 30.49±0.31 29.36±0.23 2046±33 x 
 22484-05A 6 0.37±0.08 12.36±0.22 95.48±1.23 103.59±0.40 102.60±0.33 2060±15 x 
 22484-05B 7.5 0.15±0.08 14.18±0.26 111.50±2.06 120.00±0.33 119.60±0.25 2058±22 x 
 22484-05C 9 0.06±0.08 17.32±0.25 134.60±1.67 144.36±0.36 144.20±0.28 2056±14 x 
 22484-05D 10 0.17±0.08 15.38±0.27 119.10±1.34 129.25±0.85 128.80±0.82 2068±14 x 
 22484-05E 11 0.06±0.08 14.80±0.26 111.20±0.94 119.46±0.36 119.30±0.29 2057.3±8.6 x 
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 22484-05F 12 0.10±0.08 13.98±0.22 109.50±1.33 118.08±0.34 117.80±0.26 2061±14 x 
 22484-05G 13 0.24±0.10 14.66±0.25 111.40±1.30 119.85±0.58 119.20±0.52 2055±14 x 
 22484-05H 14 0.21±0.10 16.19±0.27 133.90±1.83 143.07±0.49 142.50±0.41 2048±16 x 
 22484-05I 15 0.18±0.10 18.15±0.31 146.50±1.83 157.39±0.86 156.90±0.81 2055±15 x 
 22484-05J 16 0.11±0.10 26.75±0.26 162.22±1.34 174.90±1.77 174.59±1.75 2062±15 x 
 22484-05K 17 0.15±0.10 10.85±0.23 85.19±0.80 91.13±0.45 90.71±0.36 2049±11 x 
 22484-05L 18 0.13±0.08 12.44±0.19 96.09±0.89 102.66±0.35 102.30±0.28 2049±10 x 
 22484-05M 19 0.19±0.08 10.13±0.19 77.53±1.16 83.83±0.33 83.32±0.24 2060±18 x 
 22484-05N 20 0.16±0.08 11.54±0.23 90.56±0.91 97.33±0.33 96.90±0.25 2055±11 x 
 22484-05O 21 0.24±0.08 2.43±0.11 18.34±0.73 20.34±0.31 19.70±0.23 2060±51 x 
 22484-05P 22 0.25±0.09 13.97±0.22 109.60±1.40 117.96±0.37 117.30±0.27 2055±14 x 
 22484-05Q 23 0.14±0.08 5.77±0.19 49.79±1.28 53.71±0.32 53.34±0.23 2056±31 x 
 22484-05R 24 0.08±0.08 1.23±0.10 10.18±0.71 11.06±0.31 10.84±0.22 2048±89 x 
 22484-05S 26 0.03±0.08 5.06±0.17 40.59±0.84 43.31±0.31 43.24±0.23 2050±25 x 
 22484-05T 28 0.12±0.08 3.39±0.12 28.66±0.46 31.19±0.30 30.87±0.21 2063±20 x 
 22484-05U 30 0.04±0.11 0.42±0.10 2.34±0.49 2.88±0.41 2.79±0.29 2200±300 x 
          

B06-042_03 22484-06A 1.5 0.50±0.12 1.08±0.11 11.19±0.68 3.25±0.54 1.66±0.38 465±97  

J = 1.98464e-2 22484-06B 3 1.02±0.09 1.13±0.11 10.60±0.50 9.87±0.42 6.61±0.30 1453±65  

± 3.84784e-5 22484-06C 5 1.79±0.09 8.35±0.19 69.32±0.82 75.98±0.42 70.24±0.31 1989±14  
 22484-06D 7 0.18±0.09 14.72±0.23 137.20±1.62 147.58±0.43 147.00±0.32 2056±13 x 
 22484-06E 9 0.23±0.12 24.70±0.20 178.05±1.74 192.65±0.56 191.90±0.42 2064±10 x 
 22484-06F 10 0.24±0.09 18.02±0.23 162.00±1.17 175.07±0.46 174.30±0.34 2061.9±7.8 x 
 22484-06G 11 0.02±0.09 14.83±0.24 133.90±1.54 142.77±0.41 142.70±0.30 2051±13 x 
 22484-06H 12 0.11±0.09 14.43±0.26 135.80±1.44 144.74±0.47 144.40±0.38 2048±13 x 
 22484-06I 13 0.07±0.09 16.06±0.28 149.80±0.99 160.72±0.43 160.50±0.32 2056.6±7.0 x 
 22484-06J 14 0.08±0.09 14.13±0.25 134.30±0.95 143.54±0.46 143.30±0.37 2051.7±7.9 x 
 22484-06K 15 0.08±0.08 12.41±0.20 112.80±0.84 121.37±0.39 121.10±0.28 2059.0±8.3 x 
 22484-06L 16  11.82±0.22 109.30±0.89 117.18±0.39 117.20±0.28 2057.5±9.3 x 
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 22484-06M 17 0.16±0.08 7.81±0.17 75.31±1.02 80.74±0.35 80.24±0.25 2050±16 x 
 22484-06N 18 0.11±0.07 11.58±0.22 105.40±1.21 113.66±0.35 113.30±0.27 2061±14 x 
 22484-06O 19 0.14±0.08 14.13±0.24 139.00±1.54 148.04±0.39 147.60±0.30 2045±13 x 
 22484-06P 20 0.12±0.12 25.91±0.25 191.17±1.26 205.14±0.64 204.78±0.52 2056.1±7.1 x 
 22484-06Q 21 0.16±0.07 4.98±0.15 45.66±0.61 49.52±0.35 48.99±0.26 2058±17 x 
 22484-06R 22 0.11±0.07 8.35±0.21 83.03±0.77 88.71±0.35 88.35±0.25 2048±11 x 
 22484-06S 23 0.07±0.08 12.45±0.25 121.50±1.38 130.41±0.38 130.20±0.28 2056±13 x 
 22484-06T 24 0.17±0.07 6.98±0.18 67.76±0.72 72.88±0.34 72.33±0.24 2052±13 x 
 22484-06U 25  3.25±0.14 30.46±0.74 32.44±0.46 32.97±0.33 2069±32 x 
 22484-06V 27 0.01±0.08 1.22±0.10 11.19±0.34 12.14±0.35 12.11±0.25 2068±45 x 
 22484-06W 29  1.86±0.12 18.62±0.40 19.33±0.34 19.80±0.24 2047±30 x 
 22484-06X 31  1.97±0.11 19.39±0.40 21.14±0.34 21.40±0.25 2093±29 x 
          

B14-015_01 22487-01A 6 5.13±0.23 64.70±0.37 726.92±12.35 371.98±0.96 357.73±0.72 1232±15  

J = 1.98979e-2 22487-01B 8 2.83±0.19 33.95±0.30 467.01±9.75 313.98±0.83 306.13±0.63 1506±21  

± 3.10646e-5 22487-01C 9 1.52±0.15 19.93±0.26 261.30±1.04 211.92±0.99 207.70±0.90 1711.1±6.5  
 22487-01D 10 1.45±0.14 20.39±0.23 268.60±0.94 231.83±0.70 227.80±0.57 1783.6±4.9  
 22487-01E 11 0.98±0.14 18.18±0.24 242.00±0.90 229.13±0.67 226.40±0.55 1896.8±5.2  
 22487-01F 12 1.13±0.12 21.54±0.22 256.68±7.96 277.90±0.75 274.76±0.67 2059±38 x 
 22487-01G 13 2.37±0.19 35.28±0.35 438.70±8.33 465.96±0.97 459.39±0.81 2032±23 x 
 22487-01H 14 2.09±0.15 29.43±0.28 369.12±11.57 400.82±0.87 395.01±0.77 2058±39 x 
 22487-01I 14.5 1.29±0.14 16.90±0.25 224.50±1.64 242.30±1.33 238.70±1.27 2050±11 x 
 22487-01J 15 0.41±0.12 10.83±0.23 143.80±0.72 155.14±0.51 154.00±0.39 2059.0±6.9 x 
 22487-01K 15.5 0.53±0.12 8.84±0.20 126.00±0.64 135.58±0.68 134.10±0.60 2051.6±8.2 x 
 22487-01L 16 0.53±0.13 9.41±0.18 124.40±0.74 133.88±0.72 132.40±0.63 2051.1±9.3 x 
 22487-01M 16.5 0.46±0.10 9.00±0.17 128.70±0.45 138.57±0.59 137.30±0.52 2054.3±6.3 x 
 22487-01N 17 0.42±0.12 7.58±0.16 103.30±0.39 110.86±0.66 109.70±0.56 2049.7±7.7 x 
 22487-01O 17.5 0.37±0.12 7.32±0.20 102.90±0.41 111.42±0.53 110.40±0.40 2060.7±6.6 x 
 22487-01P 18 0.54±0.12 11.36±0.20 154.40±0.68 166.60±0.62 165.10±0.52 2057.2±6.6 x 
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 22487-01Q 18.5 0.64±0.10 12.50±0.22 175.80±0.74 189.18±0.52 187.40±0.43 2054.0±5.9 x 
 22487-01R 19 1.38±0.16 31.48±0.28 463.15±12.73 498.41±0.73 494.57±0.57 2056±34 x 
 22487-01S 20 0.95±0.13 19.88±0.23 303.30±6.91 325.67±0.95 323.03±0.87 2052±28 x 
 22487-01T 21 0.29±0.12 12.96±0.25 197.00±1.51 212.72±1.53 211.90±1.49 2064±13 x 
 22487-01U 22 0.29±0.13 11.35±0.23 181.30±0.68 195.71±0.86 194.90±0.78 2063.7±6.7 x 
 22487-01V 23 0.38±0.18 14.73±0.24 221.00±2.25 237.86±0.78 236.80±0.61 2060±13 x 
 22487-01W 23.5 0.55±0.13 7.76±0.18 138.70±1.31 149.62±0.76 148.10±0.67 2055±13 x 
 22487-01X 24 0.20±0.09 4.46±0.14 75.79±0.55 81.43±0.43 80.88±0.35 2055±10 x 
 22487-01Y 24.5 0.06±0.12 3.32±0.14 65.04±0.89 70.57±0.47 70.40±0.34 2072±18 x 
 22487-01Z 25 0.24±0.12 2.73±0.13 50.91±0.45 55.60±0.47 54.94±0.34 2069±13 x 
 22487-01AA 26 0.19±0.11 1.54±0.10 27.14±0.26 29.56±0.48 29.04±0.35 2058±19 x 
 22487-01AB 28 0.32±0.12 1.22±0.11 18.44±0.27 20.97±0.46 20.08±0.33 2080±27 x 
 22487-01AC 31 0.29±0.12 5.67±0.16 91.98±0.58 104.60±0.59 103.80±0.49 2123.6±9.7  
 22487-01AD 35 1.52±0.13 3.68±0.15 58.43±0.43 69.01±0.59 64.78±0.45 2102±13  
          

B14-015_02 22487-02A 1.5 0.23±0.07 2.74±0.12 24.87±0.55 5.48±0.25 4.92±0.18 599±22  

J = 1.98979e-2 22487-02B 3 2.07±0.11 21.61±0.25 254.70±1.70 76.85±0.43 71.87±0.34 803.9±4.5  

± 3.10646e-5 22487-02C 5 1.93±0.11 23.06±0.31 281.00±1.69 185.04±0.43 180.40±0.33 1484.8±4.4  
 22487-02D 7 2.16±0.15 27.70±0.24 263.45±1.45 237.08±0.55 231.91±0.43 1826.0±4.1  
 22487-02E 9 1.71±0.14 22.48±0.22 216.48±1.27 206.65±0.48 202.54±0.35 1896.8±4.7  
 22487-02F 10 1.13±0.09 14.31±0.21 165.70±1.69 168.41±0.37 165.70±0.30 1976±11  
 22487-02G 11 1.03±0.13 14.88±0.23 171.90±1.90 172.48±0.61 170.00±0.52 1962±13  
 22487-02H 12 1.05±0.10 15.81±0.28 182.80±3.24 197.23±0.58 194.70±0.53 2052±21 x 
 22487-02I 13 0.99±0.10 16.58±0.28 191.20±3.00 204.48±0.45 202.10±0.37 2044±18 x 
 22487-02J 14 0.98±0.15 17.53±0.22 201.70±2.47 214.34±0.60 212.00±0.48 2036±14 x 
 22487-02K 15 1.01±0.12 18.09±0.22 168.00±0.67 182.02±0.47 179.60±0.37 2056.8±5.6 x 
 22487-02L 16 0.59±0.14 12.41±0.25 160.60±1.25 173.32±0.54 171.90±0.43 2057.8±7.7 x 
 22487-02M 17 0.50±0.08 9.64±0.24 127.40±1.11 137.51±0.32 136.30±0.25 2058.4±8.8 x 
 22487-02N 18 0.59±0.17 16.40±0.19 166.31±1.38 179.07±0.77 177.66±0.65 2056±11 x 
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 22487-02O 19 0.26±0.16 7.11±0.18 96.87±1.44 103.73±0.55 103.10±0.40 2051±17 x 
 22487-02P 20 0.23±0.08 3.33±0.14 48.17±0.72 52.02±0.45 51.47±0.41 2056±19 x 
 22487-02Q 22 0.20±0.07 2.69±0.14 42.50±0.80 46.02±0.26 45.55±0.20 2060±24 x 
 22487-02R 25 0.18±0.06 1.01±0.09 14.37±0.43 15.78±0.22 15.34±0.16 2055±38 x 
 22487-02S 28 0.15±0.07 0.57±0.09 11.65±0.30 12.80±0.23 12.44±0.16 2055±35 x 
 22487-02T 31 0.14±0.07 1.82±0.10 28.17±0.37 30.42±0.22 30.09±0.16 2056±18 x 
          

B14-015_03 22487-03A 1.5 0.16±0.09 2.33±0.21 18.75±0.43 3.52±2.74 0.21±1.94 40±360  

J = 1.98979e-2 22487-03B 3 2.20±0.15 29.78±0.48 363.70±3.47 111.50±4.43 64.75±3.13 547±24  

± 3.10646e-5 22487-03C 5 2.44±0.18 39.32±0.24 430.14±3.97 362.04±5.58 310.08±3.96 1605±15  
 22487-03D 7 2.36±0.20 47.45±0.28 524.58±4.83 526.34±5.96 476.13±4.26 1861±12  
 22487-03E 9 3.06±0.24 50.40±0.28 710.68±6.78 755.59±7.33 690.53±5.23 1941±11  
 22487-03F 10 1.12±0.19 35.64±0.28 409.78±4.61 455.02±5.73 431.22±4.07 2038±15 x 
 22487-03G 10.5 1.47±0.22 54.52±0.40 631.68±6.05 697.42±6.71 666.17±4.88 2040±11 x 
 22487-03H 11 0.30±0.09 11.47±0.31 187.30±3.73 204.42±2.84 198.00±2.01 2043±26 x 
 22487-03I 11.5 0.20±0.08 9.51±0.23 147.80±2.83 161.70±2.47 157.50±1.75 2053±25 x 
 22487-03J 12 0.16±0.09 9.91±0.27 157.00±6.48 168.32±2.78 164.90±1.98 2035±52 x 
 22487-03K 12.5 0.19±0.09 9.40±0.30 148.80±2.77 164.70±2.84 160.60±2.01 2069±26 x 
 22487-03L 13 0.61±0.11 9.40±0.30 135.90±1.52 156.30±3.18 143.40±2.25 2041±22 x 
 22487-03M 13.5 0.57±0.11 8.61±0.30 126.60±2.61 146.74±3.36 134.50±2.38 2050±32 x 
 22487-03N 14 0.47±0.10 8.69±0.27 128.50±1.42 147.21±3.12 137.30±2.22 2056±22 x 
 22487-03O 14.5 0.34±0.11 8.24±0.28 126.40±1.82 144.40±3.32 137.20±2.35 2075±26 x 
 22487-03P 15 0.46±0.11 8.50±0.29 129.50±1.80 147.97±3.32 138.20±2.35 2054±25 x 
 22487-03Q 15.5 0.42±0.11 8.65±0.30 140.20±1.96 160.42±3.26 151.40±2.31 2069±24 x 
 22487-03R 16 0.25±0.08 8.38±0.25 130.00±2.66 145.64±2.51 140.40±1.78 2070±28 x 
 22487-03S 16.5 0.24±0.09 10.15±0.30 154.80±2.75 171.86±2.71 166.80±1.92 2067±24 x 
 22487-03T 17 0.26±0.08 7.01±0.25 109.70±2.48 124.01±2.32 118.40±1.64 2069±31 x 
 22487-03U 17.5 0.08±0.09 8.62±0.25 141.60±2.82 153.76±2.80 152.10±1.98 2062±28 x 
 22487-03V 18 0.05±0.09 9.13±0.28 144.50±2.52 158.64±2.81 157.60±1.99 2081±25 x 
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 22487-03W 18.5 0.07±0.10 10.09±0.30 169.00±2.89 182.83±2.90 181.40±2.05 2062±23 x 
 22487-03X 19 0.42±0.09 10.05±0.30 156.90±2.08 177.29±2.82 168.30±2.00 2061±20 x 
 22487-03Y 19.5 0.36±0.09 8.30±0.24 129.10±2.72 143.74±2.71 136.00±1.92 2039±30 x 
 22487-03Z 20 0.25±0.08 6.02±0.25 93.69±1.14 105.00±2.57 99.71±1.83 2051±25 x 
 22487-04A 20.5 0.08±0.08 6.55±0.23 104.60±1.56 114.84±2.43 113.10±1.72 2071±24 x 
 22487-04B 21 0.16±0.08 6.07±0.22 93.23±1.48 103.57±2.30 100.10±1.64 2063±26 x 
 22487-04C 21.5 0.11±0.08 5.46±0.22 84.80±2.20 93.57±2.40 91.12±1.70 2063±38 x 
 22487-04D 22 0.30±0.08 8.93±0.23 134.80±1.73 150.69±2.46 144.30±1.74 2058±19 x 
 22487-04E 23 0.30±0.09 9.26±0.26 149.90±1.60 168.61±2.58 162.30±1.83 2072±16 x 
 22487-04F 24 0.18±0.08 5.88±0.24 95.98±1.11 107.56±2.46 103.70±1.74 2069±23 x 
 22487-04G 25 0.04±0.08 3.84±0.20 64.81±1.82 69.51±2.31 68.65±1.64 2046±44 x 
 22487-04H 26 0.05±0.08 2.57±0.18 39.90±0.66 43.94±2.27 42.89±1.61 2064±49 x 
 22487-04I 27 0.06±0.10 1.39±0.22 19.90±1.27 21.68±3.12 20.36±2.21 2000±150 x 
 22487-04J 28 0.15±0.07 2.14±0.19 31.85±0.80 38.47±2.23 35.32±1.58 2102±64 x 
 22487-04K 29 0.18±0.07 0.53±0.16 5.32±0.99 9.99±2.21 6.14±1.56 2150±400 x 
 22487-04L 31 0.13±0.07 1.13±0.16 16.65±0.99 20.92±2.08 18.14±1.47 2080±120 x 
          

B14-024_01 22489-01A 7 1.56±0.12 12.50±0.27 105.70±1.99 83.27±0.82 78.81±0.74 1639±22  

J = 1.98570e-2 22489-01B 10 0.73±0.19 24.48±0.25 296.75±1.86 319.34±1.34 317.26±1.23 2054.3±9.1 x 

± 3.99183e-5 22489-01C 12 0.19±0.14 17.65±0.23 235.91±4.02 253.22±0.61 252.69±0.46 2057±21 x 
 22489-01D 14 0.10±0.11 15.98±0.20 221.69±2.56 238.52±0.54 238.21±0.43 2060±14 x 
 22489-01E 16 0.44±0.10 11.59±0.20 149.69±2.38 160.26±0.50 158.99±0.41 2046±20 x 
 22489-01F 18  5.87±0.12 89.89±2.51 95.69±0.80 95.93±0.73 2052±36 x 
 22489-01G 22 0.49±0.15 9.98±0.22 133.30±1.02 144.10±1.60 142.70±1.54 2056±15 x 
 22489-01H 25  3.92±0.16 58.05±1.10 60.96±0.50 61.94±0.38 2052±24 x 
 22489-01I 30 0.48±0.11 4.92±0.17 64.26±0.39 70.00±0.50 68.62±0.38 2053.0±8.9 x 
 22489-01J 35 1.32±0.12 3.16±0.14 38.43±0.28 44.89±0.63 41.12±0.54 2055±18 x 
          

B14-024_02 22489-02A 1.5 0.05±0.11 0.01±0.15  0.14±1.77 -0.49±1.25 3900±7900  
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J = 1.98570e-2 22489-02B 3 0.35±0.08 0.40±0.13 1.37±0.51 0.83±1.36  N/A  

± 3.99183e-5 22489-02C 5 0.65±0.10 5.83±0.20 53.01±0.62 7.57±1.55 0.17±1.10 11±74  
 22489-02D 7 2.45±0.11 10.07±0.24 117.30±0.99 96.38±1.80 68.47±1.28 1389±20  
 22489-02E 8 0.23±0.15 6.32±0.25 75.70±0.71 82.65±2.37 80.08±1.68 2041±27 x 
 22489-02F 9 0.41±0.10 6.10±0.22 72.56±0.78 82.35±1.67 77.65±1.18 2056±22 x 
 22489-02G 10 0.43±0.10 6.16±0.24 76.15±0.79 86.58±1.61 81.68±1.15 2059±21 x 
 22489-02H 11 0.59±0.23 5.58±0.30 70.04±0.73 81.97±3.76 75.23±2.66 2060±45 x 
 22489-02I 12 0.47±0.23 5.63±0.28 70.93±0.75 81.82±3.63 76.50±2.57 2065±43 x 
 22489-02J 13 0.33±0.14 4.68±0.21 59.86±1.07 67.84±2.29 64.11±1.63 2057±38 x 
 22489-02K 14 0.55±0.25 14.17±0.38 198.20±3.26 218.41±4.11 212.10±2.91 2055±26 x 
 22489-02L 15 0.10±0.10 4.01±0.19 59.61±1.03 65.89±1.58 64.78±1.12 2075±29 x 
 22489-02M 16 0.22±0.20 1.63±0.25 23.46±0.53 26.44±3.29 23.89±2.32 2000±120 x 
 22489-02N 17 0.40±0.12 0.93±0.16 9.46±0.75 15.09±1.87 10.58±1.32 2110±180 x 
 22489-02O 18 0.29±0.11 1.09±0.16 16.58±0.57 20.38±1.84 17.12±1.30 2010±100 x 
 22489-02P 19 0.17±0.15 0.77±0.19 11.58±0.35 13.38±2.35 11.41±1.66 1960±180 x 
 22489-02Q 21 0.10±0.13 0.91±0.17 14.19±0.37 16.47±2.04 15.38±1.45 2070±120 x 
 22489-02R 23 0.17±0.08 0.16±0.13 2.54±0.87 5.03±1.33 3.09±0.94 2220±590 x 
 22489-02S 25 0.19±0.08 0.02±0.12  1.43±1.30 -0.73±0.92 5200±9100 x 
 22489-02T 27 0.04±0.09 0.22±0.13 3.50±0.55 4.33±1.43 3.82±1.01 2080±380 x 
 22489-02U 29 0.03±0.08 0.07±0.12  0.05±1.30 -0.25±0.92 4000±14000 x 
 22489-02V 33  0.13±0.16 1.45±0.39 1.50±2.00 2.64±1.42 2760±850 x 
          

B14-045_01 22490-02A 3 0.50±0.09 3.35±0.13 45.23±0.42 25.32±0.55 23.16±0.39 1266±18  

J = 1.98722e-2 22490-02B 5 0.45±0.10 10.43±0.19 162.40±0.69 124.76±0.62 122.80±0.44 1654.5±6.2  

± 2.50624e-5 22490-02C 6.5  14.44±0.24 206.30±1.00 211.15±0.75 211.20±0.54 2002.8±6.8  
 22490-02D 7 0.15±0.09 13.00±0.20 180.30±0.76 193.17±0.53 192.50±0.38 2053.2±5.9 x 
 22490-02E 7.5  11.68±0.19 165.10±1.25 177.33±0.51 177.40±0.37 2061.5±9.8 x 
 22490-02F 8 0.05±0.08 10.83±0.18 152.20±1.14 163.50±0.52 163.30±0.38 2059.8±9.7 x 
 22490-02G 11 0.07±0.16 33.80±0.29 500.94±6.09 532.46±1.07 532.14±0.75 2048±15 x 
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 22490-02H 13 0.18±0.16 31.40±0.26 467.89±4.88 499.58±0.97 498.83±0.70 2052±13 x 
 22490-02I 13.5  15.26±0.20 212.40±0.91 223.48±0.84 225.40±0.65 2046.0±6.5 x 
 22490-02J 14  9.81±0.17 150.80±1.06 160.66±0.59 160.90±0.44 2053.1±9.4 x 
 22490-02K 14.5 0.01±0.09 7.06±0.16 105.60±1.04 113.23±0.58 113.20±0.42 2058±13 x 
 22490-02L 15 0.13±0.09 6.30±0.17 92.66±0.91 99.71±0.54 99.14±0.38 2056±13 x 
 22490-02M 16 0.24±0.07 6.99±0.16 99.01±0.83 106.53±0.48 105.50±0.36 2052±11 x 
 22490-02N 17.5 0.29±0.07 6.60±0.15 100.20±0.62 108.45±0.47 107.20±0.34 2056.9±8.6 x 
 22490-02O 20.5 0.07±0.11 17.54±0.23 233.82±5.63 252.25±0.71 251.92±0.50 2065±30 x 
 22490-02P 22.5 0.39±0.13 22.03±0.23 317.25±6.39 340.65±0.80 338.95±0.57 2055±25 x 
 22490-02Q 23.5 0.45±0.09 9.03±0.17 132.10±0.43 143.26±0.56 141.30±0.41 2055.6±5.5 x 
 22490-02R 24.5  4.91±0.16 73.63±0.35 78.64±0.60 78.95±0.44 2059.0±9.1 x 
 22490-02S 26  4.82±0.14 73.23±0.69 77.15±0.49 78.89±0.35 2065±13 x 
 22490-02T 29  5.23±0.15 79.55±0.65 83.87±0.49 85.59±0.36 2063±11 x 
 22490-02U 32 0.03±0.08 6.58±0.16 92.16±0.41 98.72±0.53 98.59±0.39 2056.2±7.5 x 
 22490-02V 35  0.80±0.10 10.71±0.24 12.07±0.57 13.34±0.40 2248±48  
          

B14-045_02 22490-03A 1.5 0.77±0.09 1.43±0.23 10.68±0.47 2.86±3.30  N/A  

J = 1.98722e-2 22490-03B 3 3.32±0.11 10.04±0.32 115.70±1.22 25.32±3.96  N/A  

± 2.50624e-5 22490-03C 5 4.67±0.21 12.97±0.54 184.60±1.79 132.70±7.63 12.60±5.40 229±96  
 22490-03D 7 2.59±0.18 0.00±0.00 327.84±3.66 336.44±6.55 269.76±4.67 1748±22  
 22490-03E 9 1.36±0.15 0.00±0.00 337.88±5.25 362.97±5.55 328.05±3.93 1939±22  
 22490-03F 11 0.78±0.18 0.00±0.00 355.35±3.72 388.04±6.66 367.90±4.77 2016±18 x 
 22490-03G 12 0.55±0.12 14.91±0.37 227.30±2.81 253.35±4.30 239.30±3.05 2037±19 x 
 22490-03H 12.5 0.39±0.11 10.13±0.33 149.20±1.62 170.32±3.94 160.30±2.79 2061±23 x 
 22490-03I 13 0.37±0.10 7.40±0.31 113.00±1.27 130.91±3.69 121.40±2.62 2061±28 x 
 22490-03J 14 0.35±0.09 8.28±0.29 131.60±1.93 152.91±3.10 144.00±2.20 2083±24 x 
 22490-03K 14.5 0.29±0.08 6.69±0.28 102.40±1.15 116.09±2.91 108.70±2.06 2047±25 x 
 22490-03L 15 0.25±0.08 5.43±0.23 88.40±1.11 101.07±2.87 94.56±2.03 2056±29 x 
 22490-03M 15.5 0.11±0.07 5.18±0.23 77.71±0.95 88.32±2.72 85.54±1.93 2091±30 x 
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 22490-03N 16 0.15±0.07 4.60±0.23 69.38±0.90 78.04±2.62 74.14±1.85 2055±33 x 
 22490-03O 17 0.06±0.07 2.91±0.20 43.71±0.66 48.26±2.64 46.68±1.87 2054±51 x 
 22490-03P 19 0.17±0.08 6.74±0.24 98.35±1.00 112.08±3.00 107.60±2.12 2083±26 x 
 22490-03Q 21 0.19±0.07 6.97±0.26 107.30±1.23 121.34±2.73 116.40±1.93 2074±23 x 
 22490-03R 23 0.17±0.08 7.62±0.26 122.60±1.19 137.27±3.01 132.90±2.13 2072±21 x 
 22490-03S 25 0.20±0.09 6.88±0.27 121.60±1.19 134.14±3.12 129.10±2.21 2047±22 x 
 22490-03T 27 0.08±0.07 1.09±0.20 18.17±0.41 20.49±2.57 18.54±1.82 2000±120 x 
 22490-03U 29 0.06±0.11 0.37±0.26 4.58±0.48 6.16±3.88 4.66±2.75 2000±720 x 
 22490-03V 31 0.19±0.07 2.24±0.20 33.20±0.53 38.25±2.61 33.37±1.85 1980±69 x 
 22490-03W 33 0.14±0.06 0.41±0.17 5.65±0.48 6.00±2.36 2.33±1.67 1080±590 x 
          

B14-045_03 22490-04A 1.5 0.23±0.07 0.03±0.06 0.25±0.23 0.97±0.37 0.13±0.26 1300±2000  

J = 1.98722e-2 22490-04B 3 10.60±0.13 11.36±0.27 102.20±0.73 45.60±0.68 6.36±0.48 210±17  

± 2.50624e-5 22490-04C 5 12.01±0.26 24.44±0.24 370.70±2.55 379.44±1.57 335.00±1.24 1855.0±8.3  
 22490-04D 6 0.70±0.14 15.60±0.24 267.60±2.89 287.20±0.82 284.60±0.63 2049±13 x 
 22490-04E 6.5 0.43±0.14 8.48±0.18 142.20±0.98 153.10±0.77 151.50±0.58 2051.0±8.6 x 
 22490-04F 7 0.39±0.10 8.17±0.19 127.60±0.97 137.43±0.56 136.00±0.42 2051.1±9.0 x 
 22490-04G 7.5 0.30±0.08 6.46±0.19 107.00±0.83 114.90±0.54 113.80±0.44 2049.6±9.7 x 
 22490-04H 8 0.25±0.08 6.10±0.17 101.40±0.80 109.13±0.50 108.20±0.40 2053.1±9.7 x 
 22490-04I 8.5 0.20±0.07 5.68±0.18 91.87±0.74 98.57±0.39 97.83±0.28 2050.5±9.5 x 
 22490-04J 9 0.20±0.07 4.85±0.16 80.07±0.76 86.32±0.38 85.57±0.28 2055±11 x 
 22490-04K 10 0.23±0.08 6.73±0.22 111.70±0.83 120.36±0.57 119.50±0.47 2055.5±9.3 x 
 22490-04L 11 0.28±0.08 7.65±0.22 120.60±0.91 130.35±0.46 129.30±0.33 2058.2±8.7 x 
 22490-04M 12 0.40±0.08 8.02±0.20 123.50±1.42 133.36±0.44 131.90±0.33 2054±14 x 
 22490-04N 13 0.43±0.08 8.50±0.19 134.80±0.93 145.69±0.43 144.10±0.31 2054.8±7.7 x 
 22490-04O 14 0.37±0.09 8.86±0.20 143.30±0.74 154.18±0.49 152.80±0.36 2051.9±5.4 x 
 22490-04P 15 0.39±0.11 9.86±0.22 158.80±1.54 170.76±0.62 169.30±0.46 2052±12 x 
 22490-04Q 16 0.34±0.11 7.19±0.17 124.90±0.66 134.84±0.66 133.60±0.52 2056.0±6.8 x 
 22490-04R 17 0.30±0.10 4.82±0.18 78.56±1.14 84.91±0.58 83.81±0.43 2053±18 x 



 

 

149 

 22490-04S 18 0.21±0.08 5.03±0.17 87.45±0.68 95.03±0.42 94.27±0.31 2065.6±9.4 x 
 22490-04T 19 0.03±0.07 4.59±0.16 79.53±0.73 84.88±0.38 84.76±0.28 2051±11 x 
 22490-04U 20  1.10±0.10 18.47±0.38 19.77±0.35 19.82±0.25 2060±29 x 
 22490-04V 23 0.03±0.07 0.89±0.08 13.35±0.38 14.39±0.36 14.26±0.26 2054±41 x 
 22490-04W 26 0.12±0.07 0.19±0.07 3.24±0.26 3.99±0.37 3.56±0.27 2090±140 x 
 22490-04X 29 0.11±0.07 0.03±0.07 1.25±0.25 1.59±0.37 1.18±0.27 1910±350 x 
 22490-04Y 32 0.24±0.07 1.89±0.11 32.65±0.44 35.61±0.39 34.72±0.29 2049±19 x 
          

B14-049_01 22488-01A 7 3.75±0.24 68.09±0.48 772.06±9.94 762.30±1.04 751.78±0.80 1943±15  

J = 1.98827e-2 22488-01B 8 0.66±0.14 18.18±0.25 233.20±3.40 238.45±0.82 236.60±0.73 1992.5±8.4  

± 2.50624e-5 22488-01C 10 0.89±0.15 34.10±0.32 402.15±5.89 430.93±0.63 428.43±0.48 2052±18 x 
 22488-01D 12 0.49±0.21 40.38±0.36 631.56±6.73 674.33±1.19 672.98±1.04 2052±13 x 
 22488-01E 14 0.80±0.23 47.50±0.32 768.29±10.32 827.79±1.20 825.56±1.00 2062±17 x 
 22488-01F 16 1.68±0.24 43.63±0.39 695.83±7.18 748.45±0.98 743.74±0.72 2056±13 x 
 22488-01G 18 1.33±0.18 35.80±0.39 548.10±6.25 587.08±0.77 583.38±0.58 2050±14 x 
 22488-01H 20 1.45±0.14 28.23±0.27 355.87±4.67 383.84±0.66 379.81±0.53 2054±16 x 
 22488-01I 23 1.83±0.13 25.58±0.29 325.10±4.67 352.81±0.63 347.70±0.51 2056±18 x 
 22488-01J 26 5.13±0.11 5.95±0.17 67.00±1.31 76.82±0.47 62.46±0.35 1892±20  
 22488-01K 30 1.31±0.13 2.24±0.11 25.08±0.52 27.51±0.50 23.84±0.35 1915±26  
 22488-01L 35 0.87±0.10 1.17±0.09 10.81±0.49 13.26±0.39 10.83±0.28 1976±61  
          

B14-049_02 22488-02A 1.5 0.70±0.13 0.17±0.10 0.43±0.38 2.47±0.51 0.61±0.36 2400±1400  

J = 1.98827e-2 22488-02B 3 0.08±0.13 0.01±0.10 0.51±0.38 0.48±0.49 0.25±0.35 1200±1400  

± 2.50624e-5 22488-02C 5 0.14±0.09 0.01±0.10 0.56±0.37 0.62±0.34 0.26±0.24 1170±980  
 22488-02D 7 0.26±0.09 0.10±0.10 1.10±0.25 0.29±0.34  N/A  
 22488-02E 1.5    0.23±0.31 0.59±0.22 N/A  
 22488-02F 3    0.19±0.31 0.36±0.22 N/A  
 22488-02G 7  0.16±0.10 0.22±0.41 0.15±0.34 0.44±0.24 2900±2800  
 22488-02H 9 0.62±0.13 2.11±0.15 15.92±0.40 3.21±0.48 1.57±0.34 322±65  
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 22488-02I 11 0.85±0.17 12.39±0.23 125.10±0.79 110.07±0.65 107.80±0.46 1800.3±8.4  
 22488-02J 12 0.40±0.13 11.03±0.22 118.90±0.78 128.17±0.50 127.10±0.36 2056.1±8.5 x 
 22488-02K 13  7.29±0.20 84.38±1.25 89.89±0.38 90.12±0.28 2055±18 x 
 22488-02L 14 0.22±0.10 6.31±0.20 73.67±0.96 79.44±0.39 78.86±0.28 2058±16 x 
 22488-02M 16 0.13±0.11 11.81±0.24 129.20±0.85 139.35±0.44 139.00±0.32 2064.3±8.2 x 
 22488-02N 18 0.24±0.11 13.69±0.28 158.50±1.55 170.25±0.49 169.60±0.39 2057±12 x 
 22488-02O 19 0.22±0.10 6.98±0.22 86.90±1.08 93.53±0.39 92.94±0.28 2056±16 x 
 22488-02P 20 0.24±0.10 5.43±0.17 66.61±0.63 71.97±0.38 71.34±0.28 2058±12 x 
 22488-02Q 21 0.28±0.11 11.64±0.26 145.10±0.60 156.06±0.45 155.30±0.34 2057.5±5.2 x 
 22488-02R 22 0.19±0.09 4.31±0.16 51.41±0.58 54.67±0.37 54.16±0.27 2038±15 x 
 22488-02S 23 0.15±0.10 4.05±0.14 54.80±0.60 58.74±0.40 58.33±0.29 2051±15 x 
 22488-02T 24 0.26±0.09 4.46±0.16 56.33±0.55 60.79±0.35 60.10±0.25 2053±13 x 
 22488-02U 25 0.00±0.10 2.85±0.14 34.41±0.49 36.54±0.38 36.53±0.27 2047±19 x 
 22488-02V 26 0.07±0.09 1.01±0.11 10.74±0.34 11.86±0.35 11.67±0.25 2076±47 x 
 22488-02W 27 0.12±0.09 2.52±0.14 32.88±0.47 35.26±0.35 34.95±0.25 2049±20 x 
 22488-02X 29 0.07±0.08 0.47±0.11 8.20±0.41 8.19±0.31 8.01±0.22 1946±68 x 
 22488-02Y 31 0.18±0.08 0.53±0.11 7.35±0.57 8.12±0.31 7.64±0.22 2020±100 x 
 22488-02Z 33 0.24±0.08 0.43±0.11 4.95±0.43 6.11±0.32 5.49±0.23 2100±120 x 
          

B14-049_03 22488-03A 1.5 0.29±0.08 0.67±0.11 4.80±0.23 0.93±0.67 -0.83±0.47 N/A  

J = 1.98827e-2 22488-03B 3 0.61±0.09 8.28±0.19 63.40±0.46 10.78±0.75 7.09±0.53 362±25  

± 2.50624e-5 22488-03C 5 1.56±0.15 33.08±0.34 317.80±1.10 221.85±1.32 212.50±0.95 1525.7±6.0  
 22488-03D 7 6.27±0.52 50.13±0.30 436.89±2.14 449.45±4.49 411.88±3.21 1905±11  
 22488-03E 9 0.77±0.22 50.86±0.34 512.33±2.17 556.14±1.94 551.52±1.40 2064.5±6.2  
 22488-03F 10 0.26±0.17 28.30±0.25 303.91±2.09 338.62±1.42 337.06±1.01 2101.3±9.4  
 22488-03G 11 0.34±0.13 24.65±0.29 252.30±2.75 292.67±1.21 290.60±0.93 2148±14  
 22488-03H 12 0.19±0.19 27.73±0.28 294.60±2.09 333.84±1.60 332.70±1.15 2123.6±9.9  
 22488-03I 12.5 0.19±0.14 16.85±0.30 178.80±0.89 205.36±1.17 204.20±0.84 2137.5±8.1  
 22488-03J 13 0.43±0.14 13.88±0.29 148.00±1.60 162.96±1.16 160.40±0.83 2073±15 x 
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 22488-03K 13.5 0.33±0.14 11.75±0.24 128.80±1.06 141.58±1.18 139.60±0.84 2073±13 x 
 22488-03L 14 0.26±0.10 9.23±0.24 106.80±1.23 115.73±0.87 114.20±0.62 2055±16 x 
 22488-03M 14.5 0.32±0.09 7.26±0.22 87.62±1.44 94.65±0.77 92.71±0.55 2043±21 x 
 22488-03N 15 0.25±0.10 7.01±0.21 81.20±0.64 87.75±0.82 86.24±0.58 2047±13 x 
 22488-03O 15.5 0.13±0.09 5.02±0.17 63.53±0.61 68.35±0.80 67.54±0.57 2049±16 x 
 22488-03P 16 0.06±0.10 5.48±0.19 73.23±1.13 77.81±0.85 77.47±0.60 2043±21 x 
 22488-03Q 17 0.12±0.10 3.37±0.17 45.50±0.57 48.58±0.81 47.84±0.57 2036±21 x 
 22488-03R 18 0.17±0.10 5.83±0.18 72.77±0.56 78.57±0.82 77.53±0.58 2052±13 x 
 22488-03S 19 0.15±0.09 4.90±0.19 57.52±0.53 61.91±0.77 61.03±0.54 2047±16 x 
 22488-03T 20 0.12±0.09 2.23±0.17 31.70±0.45 34.08±0.79 33.33±0.56 2035±27 x 
 22488-03U 22 0.09±0.08 2.78±0.15 35.94±0.40 38.66±0.69 38.14±0.49 2047±21 x 
 22488-03V 24 0.02±0.08 0.88±0.13 13.94±0.35 14.86±0.69 14.72±0.49 2041±51 x 
 22488-03W 26 0.05±0.08 0.19±0.11 1.59±0.27 1.99±0.70 1.67±0.50 2040±420 x 
 22488-03X 28 0.11±0.08 0.21±0.10 2.03±0.49 2.51±0.72 1.84±0.51 1860±420 x 
 22488-03Y 32 0.17±0.09 1.87±0.13 22.74±0.80 24.60±0.74 23.61±0.52 2020±50 x 
          

B14-053a_01 22477-01A 0.5 0.41±0.07 0.24±0.15 0.33±0.05 0.74±2.30 -8.48±1.63 N/A  

J = 1.99143e-2 22477-01B 1 0.23±0.08 0.53±0.16 1.83±0.06 0.73±2.42 -4.31±1.71 N/A  

± 2.87347e-5 22477-01C 2 0.32±0.07 0.96±0.16 6.70±0.09 1.75±2.30 -5.49±1.63 N/A  
 22477-01D 5 1.07±0.09 11.00±0.22 123.60±0.82 48.73±2.77 24.78±1.97 606±41  
 22477-01E 9 1.70±0.24 57.79±0.28 800.40±2.98 840.78±8.57 802.95±6.76 1981±11  
 22477-01F 10 0.64±0.17 34.61±0.22 523.70±7.70 569.55±5.95 555.31±4.65 2048±21  
 22477-01G 10.5 0.44±0.13 25.10±0.20 367.13±5.77 409.79±4.54 399.99±3.50 2081±22  
 22477-01H 11 0.38±0.12 21.45±0.17 320.03±3.86 348.97±4.10 340.52±3.13 2052±19  
 22477-01I 11 0.79±0.15 30.33±0.24 445.10±2.17 505.12±5.23 487.59±4.05 2088±12  
 22477-01J 11 0.71±0.12 20.52±0.17 297.79±2.43 337.47±3.98 321.68±3.02 2071±16 x 
 22477-01K 9 0.53±0.08 4.06±0.19 55.78±0.93 67.77±2.59 55.94±1.84 1980±45 x 
 22477-01L 10 0.59±0.08 6.09±0.20 81.60±1.54 98.88±2.59 85.65±1.84 2036±35 x 
 22477-01M 10.5 0.41±0.09 7.30±0.20 103.50±0.84 120.12±2.70 110.90±1.92 2060±24 x 
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 22477-01N 11 0.34±0.08 8.79±0.23 127.10±0.74 142.33±2.66 134.80±1.89 2048±19 x 
 22477-01O 11.2 0.36±0.08 8.08±0.21 114.30±0.76 128.80±2.68 120.80±1.90 2044±21 x 
 22477-01P 11.3 0.26±0.08 7.05±0.21 106.50±1.92 118.79±2.65 113.10±1.89 2050±30 x 
 22477-01Q 11.4 0.21±0.08 6.68±0.21 97.93±2.06 110.54±2.47 105.80±1.77 2071±33 x 
 22477-01R 11.5 0.26±0.08 5.61±0.19 84.09±0.67 95.25±2.47 89.55±1.76 2053±26 x 
 22477-01S 11.6 0.22±0.08 5.26±0.19 77.41±0.64 87.58±2.51 82.74±1.78 2058±29 x 
 22477-01T 11.8 0.15±0.08 5.20±0.18 77.56±1.37 87.48±2.45 84.03±1.77 2074±34 x 
 22477-01U 12.1 0.07±0.08 5.51±0.19 80.27±1.16 89.76±2.53 88.29±1.80 2093±31 x 
 22477-01V 12.4 0.01±0.08 5.65±0.20 83.29±0.91 90.56±2.47 90.36±1.75 2076±28 x 
 22477-01W 12.8 0.14±0.08 6.37±0.19 88.90±0.62 98.80±2.49 95.61±1.77 2065±24 x 
 22477-01X 13.5 0.21±0.09 8.51±0.22 118.50±1.38 134.21±2.76 129.60±1.96 2085±24 x 
 22477-01Y 14 0.33±0.09 9.02±0.21 124.20±0.66 138.86±2.77 131.60±1.97 2047±20 x 
 22477-01Z 14.5 0.40±0.12 9.26±0.26 130.30±0.74 149.16±3.67 140.30±2.62 2066±24 x 
 22477-01AA 15 0.20±0.12 10.25±0.29 144.70±1.41 160.97±3.83 156.40±2.72 2071±25 x 
 22477-01AB 16 0.44±0.10 14.97±0.25 211.20±1.57 230.55±3.13 220.70±2.26 2030±16 x 
 22477-01AC 17 0.63±0.11 17.89±0.16 253.56±1.14 285.89±5.25 271.76±4.68 2061±22 x 
 22477-01AD 17.5 0.49±0.10 14.43±0.15 218.46±1.97 244.70±4.71 233.71±4.18 2059±25 x 
 22477-01AE 18 0.34±0.09 11.12±0.22 164.80±0.92 183.71±2.90 176.20±2.08 2058±16 x 
 22477-01AF 18.5 0.30±0.09 9.86±0.23 144.60±1.50 159.79±2.85 153.20±2.03 2047±21 x 
 22477-01AG 19 0.28±0.12 11.87±0.28 182.00±1.08 198.85±3.67 192.70±2.60 2047±18 x 
 22477-01AH 19.5 0.26±0.08 7.80±0.20 123.00±0.79 133.71±2.59 127.80±1.83 2023±19 x 
 22477-01AI 20 0.13±0.08 6.20±0.19 93.04±0.57 103.64±2.56 100.80±1.82 2075±14 x 
 22477-01AJ 20.5 0.20±0.08 6.68±0.20 106.20±0.79 116.30±2.60 111.80±1.85 2039±22 x 
 22477-01AK 21 0.18±0.08 5.95±0.19 88.47±0.65 98.92±2.48 94.96±1.76 2063±25 x 
 22477-01AL 21.5 0.12±0.08 3.96±0.18 59.95±0.28 68.35±2.42 65.63±1.72 2087±33 x 
 22477-01AM 22 0.17±0.08 2.48±0.17 38.18±0.28 43.95±2.45 40.06±1.74 2035±54 x 
 22477-01AN 22.5 0.06±0.08 0.91±0.16 14.04±0.07 16.07±2.42 14.68±1.72 2030±140 x 
 22477-01AO 23 0.08±0.07 1.00±0.16 14.16±0.08 16.23±2.36 14.40±1.67 2000±140 x 
 22477-01AP 24  0.53±0.16 9.00±0.20 9.26±2.36 12.79±1.67 2420±180  
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 22477-01AQ 25  0.35±0.15 5.89±0.09 6.00±2.30 9.09±1.63 2540±250  
 22477-01AR 30 0.02±0.07 0.91±0.16 14.03±0.14 15.61±2.36 15.06±1.67 2060±140  
 22477-01AS 35 0.05±0.08 1.41±0.17 21.31±0.30 23.35±2.43 22.27±1.72 2030±96  
          

B14-053a_02 22477-02A 1 0.06±0.05 0.26±0.16  0.46±2.48 -1.41±1.75 6900±9500  

J = 1.99143e-2 22477-02B 2 0.10±0.06 0.34±0.18 0.74±0.34 0.84±2.70 -2.30±1.91 N/A  

± 2.87347e-5 22477-02C 3 0.13±0.06 0.30±0.18 1.86±0.36 0.95±2.70 -3.17±1.91 N/A  
 22477-02D 4 0.24±0.07 3.51±0.21 35.98±0.30 7.53±3.05 -0.02±2.16 N/A  
 22477-02E 5 0.70±0.07 7.48±0.23 86.19±0.44 24.74±2.99 2.42±2.11 98±83  
 22477-02F 6 1.00±0.08 10.59±0.28 124.40±0.42 83.86±3.81 51.81±2.70 1090±43  
 22477-02G 7 1.09±0.08 16.88±0.28 208.70±3.07 224.24±9.09 189.30±8.72 1861±56  
 22477-02H 6.5 0.17±0.07 4.33±0.22 53.74±0.36 56.73±3.05 51.15±2.16 1918±51  
 22477-02I 7 0.16±0.07 7.56±0.24 94.03±0.42 102.88±3.31 97.80±2.34 2024±30 x 
 22477-02J 7.2 0.07±0.07 6.94±0.23 86.12±0.42 96.71±2.97 94.35±2.10 2088±29 x 
 22477-02K 7.5 0.15±0.05 7.35±0.20 92.45±0.48 102.32±2.41 97.49±1.71 2041±23 x 
 22477-02L 7.8 0.16±0.07 7.81±0.25 97.34±0.85 110.38±3.24 105.30±2.29 2073±29 x 
 22477-02M 8 0.15±0.07 6.93±0.23 89.06±0.42 99.30±3.18 94.62±2.25 2050±30 x 
 22477-02N 8.2 0.16±0.07 6.08±0.22 81.26±0.42 90.78±3.04 85.69±2.15 2041±32 x 
 22477-02O 8.5 0.08±0.07 6.68±0.23 87.23±0.45 97.55±3.07 94.87±2.17 2079±29 x 
 22477-02P 8.8 0.28±0.05 6.59±0.20 84.59±0.82 97.08±2.48 87.99±1.76 2024±27 x 
 22477-02Q 9 0.11±0.07 6.65±0.25 85.15±0.42 95.92±3.38 92.26±2.39 2074±32 x 
 22477-02R 9.2 0.26±0.05 6.74±0.19 87.22±0.50 99.37±2.40 90.93±1.70 2027±24 x 
 22477-02S 9.5 0.29±0.05 7.17±0.22 90.03±0.86 102.41±2.42 93.15±1.71 2018±25 x 
 22477-02T 9.8 0.22±0.05 8.51±0.21 104.00±0.48 117.59±2.42 110.70±1.71 2052±20 x 
 22477-02U 10 0.25±0.05 7.84±0.21 101.40±0.83 115.00±2.49 106.90±1.76 2041±23 x 
 22477-02V 10.2 0.26±0.05 7.62±0.21 95.71±0.43 108.90±2.45 100.70±1.74 2038±22 x 
 22477-02W 10.5 0.20±0.05 8.03±0.19 98.78±0.46 113.28±2.38 106.80±1.69 2072±21 x 
 22477-02X 10.8 0.23±0.06 7.90±0.21 99.05±0.45 112.54±2.57 105.30±1.82 2051±22 x 
 22477-02Y 11 0.14±0.07 7.43±0.24 95.84±0.40 108.91±3.36 104.40±2.38 2082±29 x 
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 22477-02Z 11.2 0.17±0.05 6.95±0.19 87.21±0.40 98.74±2.32 93.28±1.64 2059±23 x 
 22477-02AA 11.5 0.24±0.05 6.84±0.19 87.89±0.42 99.78±2.41 91.96±1.71 2032±24 x 
 22477-02AB 11.8 0.12±0.07 6.62±0.23 86.74±0.45 97.14±3.11 93.36±2.20 2066±30 x 
 22477-02AC 12 0.14±0.07 6.50±0.24 85.38±0.47 95.79±3.32 91.24±2.35 2057±33 x 
 22477-02AD 12.2 0.04±0.07 6.76±0.23 85.46±0.40 96.42±3.16 95.19±2.24 2109±30 x 
 22477-02AE 12.5 0.11±0.07 7.14±0.24 87.71±0.37 99.64±3.28 96.21±2.32 2090±31 x 
 22477-02AF 12.8 0.20±0.05 6.59±0.19 82.91±0.42 94.15±2.47 87.67±1.75 2044±25 x 
 22477-02AG 13 0.11±0.07 6.10±0.24 80.21±0.42 90.39±3.25 86.90±2.30 2074±33 x 
 22477-02AH 13.3 0.06±0.07 6.17±0.23 77.75±0.45 88.09±3.13 86.13±2.22 2102±33 x 
 22477-02AI 13.7 0.26±0.05 6.30±0.18 81.84±0.42 92.63±2.30 84.24±1.63 2012±25 x 
 22477-02AJ 14 0.21±0.05 6.95±0.20 87.84±0.47 99.79±2.34 93.23±1.65 2049±23 x 
 22477-02AK 14.3 0.12±0.07 7.17±0.22 87.65±0.44 98.23±3.01 94.54±2.13 2069±29 x 
 22477-02AL 14.7 0.14±0.07 7.23±0.25 93.53±0.79 105.06±3.36 100.60±2.38 2065±31 x 
 22477-02AM 15 0.19±0.07 6.91±0.22 85.10±0.82 96.54±3.02 90.45±2.14 2051±32 x 
 22477-02AN 15.3 0.14±0.06 6.68±0.23 87.67±0.42 99.22±2.91 94.80±2.06 2072±28 x 
 22477-02AO 15.7 0.20±0.05 6.89±0.19 87.87±0.42 100.67±2.18 94.22±1.55 2062±21 x 
 22477-02AP 16 0.26±0.05 6.86±0.18 85.91±0.40 97.73±2.17 89.48±1.53 2026±22 x 
 22477-02AQ 16.3 0.21±0.05 7.19±0.18 87.82±0.40 99.74±2.27 93.13±1.61 2048±22 x 
 22477-02AR 16.7 0.21±0.05 7.15±0.21 91.88±0.40 103.25±2.29 96.43±1.62 2035±22 x 
 22477-02AS 17 0.21±0.05 6.46±0.19 83.79±0.45 94.79±2.16 88.20±1.53 2039±22 x 
 22477-02AT 17.3 0.15±0.05 6.42±0.18 79.05±0.40 89.42±2.28 84.57±1.62 2059±25 x 
 22477-02AU 17.7 0.18±0.05 6.02±0.17 77.37±0.37 87.77±2.10 82.10±1.49 2049±23 x 
 22477-02AV 18 0.14±0.05 7.02±0.19 90.31±0.42 101.93±2.35 97.44±1.66 2069±22 x 
 22477-02AW 18.3 0.15±0.05 6.27±0.18 77.49±0.42 88.39±2.27 83.63±1.61 2070±25 x 
 22477-02AX 18.7 0.24±0.05 6.82±0.18 87.40±0.37 99.48±2.24 91.72±1.59 2035±22 x 
 22477-02AY 19 0.20±0.05 7.90±0.19 100.60±0.45 114.71±2.33 108.30±1.65 2067±20 x 
 22477-02AZ 19.3 0.24±0.05 7.76±0.19 96.35±0.41 111.22±2.25 103.60±1.60 2065±20 x 
 22477-02AAA 19.7 0.29±0.05 7.75±0.19 98.13±0.44 112.46±2.18 103.20±1.55 2038±20 x 
 22477-02AAB 20 0.24±0.05 7.62±0.19 91.04±0.41 105.11±2.22 97.52±1.57 2060±21 x 
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 22477-02AAC 20.4 0.29±0.06 9.12±0.21 108.90±0.46 124.80±2.51 115.50±1.78 2049±20 x 
 22477-02AAD 20.7 0.44±0.05 10.22±0.21 119.50±0.49 138.27±2.42 124.30±1.71 2024±18 x 
 22477-02AAE 21 0.29±0.05 8.59±0.21 100.20±0.39 116.48±2.45 107.10±1.74 2058±21 x 
 22477-02AAF 21.4 0.30±0.05 9.11±0.21 106.30±0.40 125.24±2.40 115.60±1.70 2080±19 x 
 22477-02AAG 21.7 0.24±0.05 7.32±0.19 90.24±0.37 105.26±2.21 97.60±1.56 2072±21 x 
 22477-02AAH 22 0.16±0.05 7.45±0.19 98.21±1.62 111.68±2.26 106.50±1.60 2076±28 x 
 22477-02AAI 22.4 0.15±0.05 6.13±0.18 75.70±1.68 86.98±2.12 82.03±1.51 2075±36 x 
 22477-02AAJ 22.7 0.18±0.05 6.56±0.18 83.05±0.39 95.27±2.16 89.38±1.53 2066±22 x 
 22477-02AAK 23 0.15±0.05 6.32±0.20 82.32±0.74 95.98±2.34 91.28±1.66 2103±26 x 
 22477-02AAL 23.4 0.18±0.05 5.01±0.18 64.58±0.37 75.99±2.20 70.28±1.56 2080±28 x 
 22477-02AAM 23.7 0.12±0.05 4.07±0.16 51.56±0.30 59.02±2.14 55.17±1.52 2059±35 x 
 22477-02AAN 24 0.11±0.04 2.51±0.15 31.97±0.30 36.73±1.99 33.05±1.41 2017±53 x 
 22477-02AAO 24.4 0.11±0.05 2.19±0.16 28.99±0.26 33.27±2.17 29.77±1.53 2009±64 x 
 22477-02AAP 24.7 0.09±0.04 2.25±0.15 28.11±0.29 31.98±1.99 29.25±1.40 2025±60 x 
 22477-02AAQ 25.4 0.01±0.04 1.09±0.14 14.76±0.24 17.21±1.88 17.00±1.33 2150±100 x 
 22477-02AAR 26  1.00±0.13 12.70±0.22 15.22±1.87 16.65±1.33 2320±110  
 22477-02AAS 27 0.03±0.04 1.35±0.13 18.04±0.25 21.07±1.79 20.09±1.27 2109±80  
 22477-02AAT 35 0.12±0.04 3.12±0.15 40.65±0.30 47.23±1.94 43.29±1.37 2053±40  
 22477-02AAU 45 0.07±0.04 0.53±0.13 7.03±0.22 8.47±1.87 6.13±1.32 1820±250  
          

B15-053a_03 22477-03A 3   0.00±0.00 0.00±0.23 0.21±0.16 10000±1600  

J = 1.99143e-2 22477-03B 5    0.00±0.21 0.38±0.15 N/A  

± 2.87347e-5 22477-03C 6    0.00±0.22 0.07±0.15 N/A  
 22477-03D 6.5    0.00±0.21 0.17±0.15 N/A  
 22477-03E 7 0.09±0.05   0.00±0.17 -0.23±0.12 12300±2600  
 22477-03F 9 0.20±0.05  0.00±0.00 0.00±0.17 -0.49±0.12 N/A  
 22477-03G 10 0.07±0.05  0.00±0.00 0.00±0.17 -0.17±0.12 N/A  
 22477-03H 4 0.08±0.05  0.00±0.00 0.00±0.17 -0.21±0.12 N/A  
 22477-03I 7 0.13±0.05 0.44±0.02 11.15±2.12 12.23±0.19 11.91±0.14 2060±230 x 
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 22477-03J 9 0.08±0.06 1.34±0.04 48.36±1.73 50.90±0.23 50.69±0.17 2033±44 x 
 22477-03K 9.5 0.06±0.06 0.81±0.06 65.78±3.08 70.84±0.25 70.70±0.19 2064±58 x 
 22477-03L 11 0.07±0.10 12.39±0.12 190.47±4.33 204.80±0.35 204.62±0.25 2064±28 x 
 22477-03M 11.5  11.55±0.11 180.17±2.60 192.99±0.41 193.01±0.25 2060±18 x 
 22477-03N 13 0.22±0.11 17.28±0.19 289.48±3.37 311.75±0.42 311.19±0.30 2064±14 x 
 22477-03O 14.2 0.08±0.11 18.64±0.11 282.21±3.18 302.35±0.41 302.14±0.31 2059±14 x 
 22477-03P 15.4 0.11±0.10 18.30±0.12 285.00±4.62 303.78±0.37 303.50±0.27 2053±20 x 
 22477-03Q 16.6 0.13±0.10 17.75±0.16 299.87±3.37 320.16±0.36 319.84±0.26 2055±14 x 
 22477-03R 18.1 0.16±0.12 23.54±0.17 371.08±2.32 396.16±0.46 395.76±0.35 2054.6±7.8 x 
 22477-03S 19.6 0.22±0.13 25.87±0.22 429.23±1.85 457.83±0.51 457.28±0.39 2053.3±5.5 x 
 22477-03T 21.1 0.04±0.12 23.49±0.12 331.18±3.09 353.24±0.46 353.14±0.33 2054±12 x 
 22477-03U 22.6  14.24±0.09 200.69±2.12 213.21±0.34 213.38±0.24 2051±13 x 
 22477-03V 25  12.71±0.12 181.26±2.22 193.49±0.29 193.51±0.23 2056±15 x 
 22477-03W 28 0.09±0.08 7.80±0.08 108.92±2.02 115.72±0.30 115.49±0.22 2047±23 x 
 22477-03X 31 0.09±0.10 13.76±0.09 190.87±2.89 202.80±0.37 202.58±0.27 2049±19 x 
 22477-03Y 34 0.12±0.06 2.360.04 0.01±0.00 0.01±0.22 -0.30±0.16 N/A  
          

B14-053a_04 22477-04A 2.5 0.25±0.07 0.00±0.00 17.14±3.08 4.28±4.74 -7.95±3.35 N/A  

J = 1.99143e-2 22477-04B 4.5 1.13±0.06 0.00±0.00 76.64±3.08 49.95±4.07 -5.36±2.88 N/A  

± 2.87347e-5 22477-04C 6 1.29±0.10 0.00±0.00 185.51±3.28 164.28±6.58 101.40±4.65 1329±47  
 22477-04D 7 1.13±0.08 0.00±0.00 190.14±2.99 195.51±5.34 140.41±3.78 1632±34  
 22477-04E 8 1.13±0.09 0.00±0.00 232.99±2.99 246.30±6.05 191.16±4.28 1747±29  
 22477-04F 9 1.03±0.09 0.00±0.00 244.89±3.08 265.46±6.21 215.18±4.39 1825±28  
 22477-04G 10.2 1.26±0.11 0.00±0.00 291.58±2.70 350.30±7.66 289.00±5.41 1966±26  
 22477-04H 11.4 1.57±0.15 0.00±0.00 355.43±5.78 451.49±10.59 375.09±7.49 2042±32 x 
 22477-04I 12.6 0.71±0.12 0.00±0.00 314.33±2.99 372.20±8.14 337.36±5.76 2063±25 x 
 22477-04J 13.8 0.77±0.10 19.32±0.48 273.10±1.07 332.50±6.69 295.10±4.73 2071±21 x 
 22477-04K 15 0.44±0.11 18.45±0.51 266.80±4.62 306.97±7.26 285.40±5.14 2059±31 x 
 22477-04L 16.2 0.48±0.09 0.00±0.00 217.08±1.76 251.27±5.92 227.88±4.19 2036±25 x 
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 22477-04M 17.7 0.46±0.10 0.00±0.00 235.65±4.39 272.32±7.14 250.01±5.05 2049±34 x 
 22477-04N 19.5 0.22±0.08 0.00±0.00 194.82±2.44 219.08±5.52 208.56±3.91 2060±28 x 
 22477-04O 21.3 0.26±0.08 0.00±0.00 216.09±3.31 242.51±5.80 229.97±4.10 2052±29 x 
 22477-04P 23.5 0.19±0.10 0.00±0.00 275.31±3.12 302.24±6.74 292.93±4.77 2052±25 x 
 22477-04Q 26 0.14±0.08 17.97±0.38 218.50±3.12 242.85±5.53 235.80±3.91 2069±27 x 
 22477-04R 28.5 0.11±0.06 0.00±0.00 128.69±3.70 145.41±4.40 140.02±3.11 2080±45 x 
 22477-04S 31 0.08±0.06 0.00±0.00 83.09±4.87 92.48±4.37 88.44±3.09 2053±84 x 
 22477-04T 34 0.05±0.06 0.00±0.00 63.94±4.48 66.90±4.12 64.49±2.91 1990±100 x 
          

B14-053a_05 22477-05A 1.5 0.12±0.07 1.22±0.17 10.94±0.35 3.37±2.26 0.90±1.60 270±450  

J = 1.99143e-2 22477-05B 3 0.55±0.09 8.37±0.26 97.80±1.21 31.60±2.59 19.83±1.83 612±48  

± 2.87347e-5 22477-05C 5 1.09±0.10 15.40±0.31 189.10±2.17 156.00±2.90 132.60±2.07 1577±19  
 22477-05D 7 1.27±0.15 0.00±0.00 335.01±4.04 373.04±4.72 345.84±3.40 2015±16 x 
 22477-05E 8 0.78±0.11 20.46±0.39 243.80±2.96 274.23±3.19 257.60±2.26 2044±15 x 
 22477-05F 9.5 1.06±0.20 0.00±0.00 429.16±4.83 482.67±6.19 459.89±4.55 2061±15 x 
 22477-05G 10 0.83±0.11 19.98±0.40 240.40±3.00 274.36±3.32 256.70±2.35 2057±16 x 
 22477-05H 10.5 0.52±0.09 13.53±0.32 171.80±2.29 196.15±2.88 185.00±2.04 2067±18 x 
 22477-05I 11 0.41±0.09 11.65±0.32 148.20±3.04 166.83±2.70 158.00±1.92 2055±27 x 
 22477-05J 11.5 0.37±0.09 11.99±0.28 142.40±1.53 161.44±2.63 153.50±1.88 2068±17 x 
 22477-05K 12 0.37±0.09 10.55±0.28 129.20±3.05 147.57±2.64 139.60±1.87 2071±31 x 
 22477-05L 12.5 0.51±0.08 11.35±0.30 139.60±2.04 161.81±2.54 151.00±1.80 2072±20 x 
 22477-05M 13 0.49±0.09 12.42±0.32 148.00±1.61 168.92±2.64 158.50±1.87 2060±16 x 
 22477-05N 13.5 0.58±0.09 12.39±0.31 153.80±1.81 178.20±2.67 165.80±1.89 2068±17 x 
 22477-05O 14 0.47±0.09 14.78±0.29 173.50±3.54 199.26±2.66 189.10±1.89 2082±26 x 
 22477-05P 14.5 0.83±0.14 16.16±0.38 189.20±2.02 217.38±4.28 199.70±3.03 2042±20 x 
 22477-05Q 15 0.72±0.09 16.69±0.34 188.90±3.62 216.82±2.86 201.40±2.03 2054±24 x 
 22477-05R 15.5 0.65±0.09 14.55±0.31 160.40±1.82 185.95±2.79 172.10±1.98 2062±17 x 
 22477-05S 16 0.43±0.08 8.10±0.25 86.13±1.49 99.36±2.41 90.14±1.71 2032±29 x 
 22477-05T 16.5 0.23±0.07 5.70±0.23 53.72±0.73 61.71±2.02 56.80±1.43 2044±33 x 
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 22477-05U 18 0.12±0.07 6.86±0.21 47.36±0.69 51.63±2.14 49.02±1.51 2019±40 x 
 22477-05V 19 0.12±0.07 5.40±0.20 24.58±0.81 28.30±2.11 25.79±1.49 2035±81 x 
 22477-05W 22 0.08±0.07 8.98±0.24 20.48±0.74 23.58±2.18 21.80±1.54 2053±97 x 
 22477-05X 25 0.24±0.07 35.79±0.38 44.16±0.95 50.84±2.07 45.75±1.46 2020±46 x 
 22477-05Y 28 0.28±0.07 20.19±0.30 17.65±1.19 24.51±1.97 18.43±1.40 2030±120 x 
 22477-05Z 33 0.14±0.06 7.70±0.22 15.34±0.60 18.38±1.91 15.29±1.35 1970±116 x 
          

B14-080_01 22637-01A 3 0.71±0.07 1.05±0.05 4.77±2.33 5.19±0.63 0.88±0.45 540±330  

J = 1.89733e-2 22637-01B 5 0.38±0.09 2.32±0.07 29.93±1.22 21.53±0.81 19.22±0.57 1437±50  

± 6.79989e-5 22637-01C 7 0.20±0.08 8.44±0.10 110.92±2.22 105.89±0.67 104.69±0.47 1851±24  
 22637-01D 9 0.00±0.09 13.51±0.13 164.24±1.78 183.02±0.87 183.00±0.53 2049±14 x 
 22637-01E 11 0.20±0.10 21.62±0.15 276.83±2.45 311.73±0.94 310.54±0.70 2057±11 x 
 22637-01F 13  16.73±0.15 208.73±2.67 232.34±0.83 232.90±0.59 2051±16 x 
 22637-01G 14.5 0.06±0.07 8.50±0.10 103.26±1.22 115.81±0.60 115.46±0.42 2053±15 x 
 22637-01H 16  5.61±0.09 67.79±1.67 75.30±0.64 76.02±0.45 2057±31 x 
 22637-01I 17.5 0.16±0.06 2.02±0.09 23.98±1.89 27.56±0.54 26.56±0.38 2042±98 x 
 22637-01J 20.5 0.06±0.08 4.83±0.08 60.07±1.67 66.84±0.67 66.44±0.47 2040±35 x 
 22637-01K 23.5 0.03±0.08 5.80±0.09 75.20±1.34 84.49±0.71 84.31±0.51 2057±23 x 
 22637-01L 26.5  1.19±0.06 15.52±2.44 17.46±0.64 17.61±0.45 2070±200 x 
 22637-01M 29.5 0.08±0.08 2.28±0.07 31.03±1.78 34.80±0.65 34.29±0.46 2039±72 x 
 22637-01N 35 0.01±0.08 2.01±0.06 27.83±2.45 29.90±0.67 29.82±0.47 2002±108 x 
          

B14-080_02 22637-08A 1.5 0.53±0.09 0.92±0.11 5.97±0.47 2.03±0.52 -0.20±0.37 N/A  

J = 1.89733e-2 22637-08B 3 0.25±0.12 0.51±0.10 5.22±0.84 2.64±0.70 1.57±0.49 820±230  

± 6.79989e-5 22637-08C 5 0.34±0.11 1.62±0.11 13.98±0.63 11.14±0.64 9.69±0.46 1515±67  
 22637-08D 7 0.27±0.07 4.41±0.16 45.30±0.50 43.83±0.42 42.71±0.30 1850±15  
 22637-08E 8 0.19±0.07 4.96±0.17 52.96±0.45 55.60±0.40 54.80±0.28 1960±12  
 22637-08F 9 0.04±0.07 6.10±0.16 60.01±0.55 63.62±0.45 63.45±0.33 1986±12  
 22637-08G 10  7.43±0.22 74.91±0.62 81.01±0.67 81.30±0.48 2017±12  
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 22637-08H 11 0.12±0.08 10.85±0.21 112.00±0.71 125.42±0.51 124.90±0.37 2050±8.1 x 
 22637-08I 12 0.27±0.12 14.56±0.34 152.20±3.11 171.75±0.97 170.60±0.82 2057±26 x 
 22637-08J 12.5  9.60±0.19 100.10±1.38 111.33±0.74 111.90±0.55 2053±18 x 
 22637-08K 13 0.09±0.08 6.29±0.19 68.58±1.04 76.97±0.48 76.59±0.36 2052±19 x 
 22637-08L 13.5 0.14±0.07 4.22±0.17 42.85±0.48 48.36±0.46 47.77±0.34 2050±16 x 
 22637-08M 14 0.11±0.07 3.36±0.13 36.61±0.45 41.54±0.46 41.06±0.34 2057±18 x 
 22637-08N 15 0.11±0.07 3.04±0.14 35.90±0.53 40.69±0.40 40.22±0.29 2056±20 x 
 22637-08O 17 0.07±0.07 3.90±0.16 38.94±0.52 43.90±0.47 43.61±0.37 2056±19 x 
 22637-08P 19 0.02±0.07 4.71±0.19 51.04±0.95 57.24±0.45 57.14±0.32 2055±24 x 
 22637-08Q 21  1.86±0.12 19.77±1.30 23.12±1.08 23.18±1.04 2112±99 x 
 22637-08R 24 0.04±0.10 6.09±0.17 67.69±0.63 75.48±0.65 75.33±0.47 2048±13 x 
 22637-08S 28 0.02±0.10 4.35±0.15 46.96±0.87 52.73±0.62 52.65±0.45 2057±25 x 
 22637-08T 33 0.08±0.07 0.61±0.09 6.83±0.55 7.53±0.39 7.18±0.27 1980±110 x 
          

B14-086_01 22638-01A 3 68.76±0.28 11.48±0.12 9.62±1.62 216.75±2.44 -120.23±2.03 NaN  

J = 1.89937e-2 22638-01B 4 8.76±0.09 1.95±0.05 3.41±1.72 31.20±0.68 -11.72±0.51 NaN  

± 7.62159e-5 22638-01C 5 20.98±0.20 6.13±0.09 23.47±1.76 73.08±1.47 -29.75±1.11 NaN  
 22638-01D 6 3.72±0.10 5.18±0.07 27.70±1.67 39.06±0.78 20.81±0.59 1599±72  
 22638-01E 7 2.75±0.07 6.69±0.10  75.67±0.74 62.21±0.65 NaN  
 22638-01F 8 1.13±0.09 6.64±0.10 105.40±2.50 107.35±0.95 101.80±0.85 1879±26  
 22638-01G 9 0.42±0.08 7.34±0.09 113.36±1.86 128.34±1.03 126.29±0.95 2050±17 x 
 22638-01H 10 0.67±0.08 9.87±0.12 157.66±2.42 178.89±1.31 175.62±1.25 2050±15 x 
 22638-01I 11 0.25±0.09 13.47±0.15 216.20±4.54 241.84±1.72 240.60±1.67 2049±23 x 
 22638-01J 12 0.05±0.12 15.20±0.13 260.44±4.84 291.67±2.07 291.44±1.99 2056±19 x 
 22638-01K 13  15.47±0.14 267.71±5.20 299.27±2.10 299.36±2.02 2055±21 x 
 22638-01L 14 0.74±0.10 14.52±0.16 249.68±4.51 280.91±1.96 277.31±1.90 2047±19 x 
 22638-01M 15.5 0.35±0.13 20.36±0.19 344.70±6.12 384.60±2.64 382.90±2.56 2047±18 x 
 22638-01N 16.8 0.18±0.13 23.04±0.18 373.27±5.76 419.78±2.84 418.90±2.77 2059±15 x 
 22638-01O 18 0.06±0.17 30.05±0.23 520.90±7.80 580.67±3.93 580.40±3.84 2050±14 x 
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 22638-01P 19.3  26.77±0.17 462.29±7.24 516.01±3.44 516.11±3.39 2053±15 x 
 22638-01Q 20  20.75±0.15 359.28±6.02 397.83±2.69 398.30±2.62 2044±17 x 
 22638-01R 21 0.01±0.14 23.93±0.17 417.77±8.54 466.12±3.13 466.08±3.07 2052±22 x 
 22638-01S 22 0.00±0.14 22.32±0.15 383.31±5.66 426.59±2.81 426.59±2.81 2049±14 x 
 22638-01T 23  18.06±0.18 317.70±4.53 353.20±2.43 353.60±2.35 2049±13 x 
 22638-01U 24 0.16±0.08 11.40±0.12 192.39±3.97 216.14±1.50 215.34±1.45 2056±22 x 
 22638-01V 25.5 0.26±0.13 24.42±0.18 423.59±6.13 476.20±3.22 474.92±3.15 2058±13 x 
 22638-01W 27 0.33±0.13 22.99±0.19 398.90±7.08 446.00±3.02 444.40±2.96 2050±18 x 
 22638-01X 28.5 0.19±0.05 8.24±0.11 140.48±3.35 156.53±1.14 155.59±1.09 2043±27 x 
 22638-01Y 30 0.21±0.10 3.76±0.07 66.46±2.18 73.49±0.63 72.47±0.57 2024±39 x 
 22638-01Z 33 0.11±0.10 1.75±0.05 20.27±4.10 31.95±0.43 31.40±0.34 2470±270 x 
 22638-01AA 35 0.07±0.06 1.15±0.05 15.96±2.39 24.02±0.49 23.66±0.37 2420±200 x 
          

B14-086_02 22638-05A 1.5 0.60±0.08 1.09±0.10 9.60±0.25 4.71±0.32 2.94±0.23 828±55  

J = 1.89937e-2 22638-05B 3 0.45±0.07 1.89±0.11 19.99±0.33 16.15±0.30 14.84±0.21 1587±23  

± 7.62159e-5 22638-05C 5 1.70±0.09 4.45±0.16 53.65±0.44 43.89±0.38 38.92±0.27 1563±11  
 22638-05D 7 2.04±0.10 13.45±0.31 133.00±0.75 149.87±0.42 143.90±0.32 2014.9±7.4  
 22638-05E 8 3.47±0.11 17.80±0.27 174.40±0.94 209.06±0.52 198.90±0.41 2079.8±7.2  
 22638-05F 9 2.32±0.18 26.49±0.26 297.40±2.11 337.99±1.02 331.20±0.88 2050.0±9.3 x 
 22638-05G 9.5 1.33±0.17 27.36±0.26 304.00±2.11 345.74±0.76 341.87±0.57 2061.9±8.8 x 
 22638-05H 10 1.64±0.17 30.77±0.27 338.67±2.12 381.15±1.11 376.35±0.99 2047.3±8.3 x 
 22638-05I 10.5 0.47±0.27 29.72±0.22 347.06±2.12 392.27±1.17 390.89±0.86 2063.9±8.0 x 
 22638-05J 10.7 0.93±0.15 23.92±0.24 290.76±2.12 331.42±0.72 328.70±0.57 2068.3±9.2 x 
 22638-05K 10.9 0.66±0.15 21.29±0.21 254.62±2.11 287.47±1.21 285.52±1.13 2058±11 x 
 22638-05L 11 0.47±0.11 17.12±0.27 206.20±0.50 232.38±0.55 231.00±0.45 2056.9±3.9 x 
 22638-05M 11.1 0.34±0.10 17.27±0.24 203.10±1.91 228.89±0.67 227.90±0.60 2059±12 x 
 22638-05N 11.2 0.10±0.14 15.38±0.28 192.40±0.49 215.00±0.59 214.70±0.43 2052.2±4.0 x 
 22638-05O 11.3 0.31±0.10 15.07±0.24 192.60±1.63 216.12±0.45 215.20±0.35 2054±11 x 
 22638-05P 11.4 0.24±0.10 13.99±0.31 174.30±0.47 195.40±0.43 194.70±0.33 2053.9±4.0 x 
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 22638-05Q 11.5 0.30±0.09 11.38±0.25 149.80±0.84 168.38±0.40 167.50±0.30 2054.3±7.3 x 
 22638-05R 11.6 0.21±0.09 10.47±0.25 135.80±0.73 152.60±0.40 152.00±0.29 2056.6±7.1 x 
 22638-05S 11.7 0.32±0.08 11.19±0.27 144.10±0.42 161.82±0.38 160.90±0.29 2053.4±4.3 x 
 22638-05T 11.8 0.31±0.08 12.96±0.26 161.00±0.84 179.11±0.40 178.20±0.32 2042.9±6.8 x 
 22638-05U 11.9 0.27±0.08 9.97±0.23 127.30±0.75 142.91±0.36 142.10±0.28 2052.3±7.7 x 
 22638-05V 12 0.20±0.08 10.29±0.24 128.50±0.73 144.78±0.39 144.20±0.32 2059.6±7.5 x 
 22638-05W 12.1 0.29±0.08 9.29±0.21 118.10±0.72 132.44±0.42 131.60±0.34 2050.9±8.2 x 
 22638-05X 12.2 0.20±0.08 8.98±0.20 118.20±0.67 133.00±0.38 132.40±0.29 2057.5±7.5 x 
 22638-05Y 12.3 0.24±0.08 9.19±0.24 115.40±0.64 129.70±0.36 129.00±0.26 2054.3±7.3 x 
 22638-05Z 12.4 0.30±0.08 8.43±0.23 111.30±1.32 124.99±0.37 124.10±0.28 2051±15 x 
 22638-05AA 12.6 0.21±0.08 9.35±0.24 122.80±1.41 138.52±0.43 137.90±0.36 2060±14 x 
 22638-05AB 12.9 0.19±0.08 9.77±0.22 125.10±0.73 140.56±0.36 140.00±0.27 2055.4±7.6 x 
 22638-05AC 13.2 0.07±0.09 11.82±0.25 149.40±0.46 166.39±0.46 166.20±0.38 2048.7±4.8 x 
 22638-05AD 13.5 0.16±0.09 12.62±0.22 160.10±0.42 178.88±0.42 178.40±0.33 2050.6±4.0 x 
 22638-05AE 14 0.16±0.10 15.91±0.26 196.60±0.85 220.17±0.46 219.70±0.35 2054.5±5.7 x 
 22638-05AF 14.5 0.14±0.10 18.56±0.31 240.10±1.75 268.20±0.48 267.80±0.37 2051.6±9.1 x 
 22638-05AG 15 0.22±0.14 21.78±0.22 278.06±2.11 314.34±0.71 313.68±0.57 2065.8±9.6 x 
 22638-05AH 15.5 0.06±0.14 20.38±0.20 270.43±2.11 303.07±0.64 302.89±0.46 2057.0±9.8 x 
 22638-05AI 16 0.25±0.14 20.20±0.21 261.07±2.11 297.72±0.60 297.01±0.45 2076±10 x 
 22638-05AJ 16.5 0.09±0.10 17.04±0.28 217.60±1.56 245.16±0.52 244.90±0.43 2062.9±9.1 x 
 22638-05AK 17 0.21±0.11 17.75±0.31 233.00±0.99 260.13±0.50 259.50±0.39 2050.2±5.6 x 
 22638-05AL 17.5 0.32±0.11 18.11±0.27 237.30±1.67 266.82±0.56 265.90±0.46 2057.4±8.9 x 
 22638-05AM 18 0.49±0.29 20.16±0.19 264.02±2.11 298.86±1.21 297.43±0.86 2064±10 x 
 22638-05AN 18.3 0.22±0.15 19.75±0.19 266.26±2.11 300.53±0.64 299.90±0.48 2064±10 x 
 22638-05AO 18.6 0.30±0.28 23.58±0.22 306.88±2.11 346.53±1.32 345.67±1.03 2063.9±9.3 x 
 22638-05AP 19 0.25±0.17 21.35±0.21 275.15±2.11 313.84±1.74 313.12±1.67 2077±12 x 
 22638-05AQ 19.2  19.44±0.21 262.31±2.11 294.46±0.62 294.87±0.47 2061±10 x 
 22638-05AR 19.3 0.07±0.13 20.57±0.18 270.29±2.11 302.84±0.91 302.63±0.81 2057±10 x 
 22638-05AS 19.4 2.11±0.12 19.55±0.34 226.30±1.74 258.68±0.60 252.50±0.50 2052.4±9.8 x 
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 22638-05AT 19.5 0.33±0.11 18.62±0.26 246.20±1.89 276.76±0.51 275.80±0.40 2057.0±9.6 x 
 22638-05AU 19.6 0.24±0.09 15.00±0.23 209.50±1.75 233.41±0.63 232.70±0.57 2047±11 x 
 22638-05AV 19.7 0.23±0.10 12.79±0.26 174.10±0.91 194.78±0.43 194.10±0.32 2051.5±6.8 x 
 22638-05AW 19.8 0.22±0.10 15.06±0.28 214.30±1.66 238.44±0.58 237.80±0.51 2045.6±9.9 x 
 22638-05AX 19.9 0.23±0.09 11.31±0.26 152.50±0.79 171.87±0.42 171.20±0.34 2060.2±6.9 x 
 22638-05AY 20 0.12±0.08 10.40±0.25 136.40±0.71 152.16±0.38 151.80±0.29 2049.6±6.8 x 
 22638-05AZ 20.1  9.72±0.22 138.20±0.78 154.35±0.51 154.70±0.37 2056.0±7.6 x 
 22638-05BA 20.2 0.16±0.08 9.24±0.22 120.60±0.67 134.36±0.43 133.90±0.35 2046.6±7.6 x 
 22638-05BB 20.3 0.07±0.08 7.24±0.19 98.00±0.56 110.00±0.42 109.80±0.35 2057.5±8.1 x 
 22638-05BC 20.6 0.23±0.08 9.64±0.24 127.60±0.70 143.27±0.64 142.60±0.60 2053.9±8.5 x 
 22638-05BD 20.9 0.18±0.08 8.54±0.20 117.90±0.65 132.04±0.42 131.50±0.35 2051.5±7.5 x 
 22638-05BE 21.2 0.14±0.07 9.20±0.21 118.90±0.62 133.11±0.39 132.70±0.32 2052.2±7.1 x 
 22638-05BF 21.7 0.21±0.09 15.18±0.26 209.60±0.88 235.13±0.46 234.50±0.37 2055.8±5.6 x 
 22638-05BG 22.2 0.09±0.17 20.85±0.22 300.27±2.11 338.47±0.93 338.20±0.78 2063.9±9.1 x 
 22638-05BH 22.7 0.32±0.10 16.54±0.28 231.00±0.96 261.03±0.50 260.10±0.40 2063.1±5.5 x 
 22638-05BI 23.2 0.24±0.20 36.50±0.24 491.07±2.18 551.30±0.93 550.58±0.72 2058.3±5.7 x 
 22638-05BJ 23.7  31.62±0.24 427.42±2.17 472.71±3.16 472.71±3.16 2042±10 x 
 22638-05BK 24.2 0.22±0.10 16.06±0.26 223.70±0.91 250.45±0.45 249.80±0.34 2053.6±5.3 x 
 22638-05BL 24.5 0.15±0.11 15.76±0.25 220.80±0.66 246.35±0.48 245.90±0.36 2049.8±3.9 x 
 22638-05BM 24.8 0.20±0.15 22.13±0.17 310.28±2.18 343.41±0.82 342.83±0.68 2040.3±8.8 x 
 22638-05BN 25.1 0.16±0.10 14.54±0.27 203.30±1.64 226.98±0.57 226.50±0.49 2050±10 x 
 22638-05BO 25.4 0.42±0.12 17.87±0.25 250.70±2.05 280.34±0.57 279.10±0.44 2049±10 x 
 22638-05BP 25.7 0.27±0.10 6.74±0.16 94.53±0.74 105.29±0.43 104.50±0.32 2041±10 x 
 22638-05BQ 26 0.23±0.09 5.77±0.17 73.21±1.00 81.37±0.37 80.69±0.27 2037±17 x 
 22638-05BR 26.3 0.13±0.08 6.95±0.17 98.16±0.76 109.07±0.35 108.70±0.26 2043.0±9.9 x 
 22638-05BS 27 0.12±0.07 6.36±0.19 97.41±0.67 108.15±0.32 107.80±0.24 2042.5±8.8 x 
 22638-05BT 28 0.32±0.34 82.49±0.41 1124.53±2.76 343.71±1.16 342.83±0.68 2057.9±3.1 x 
 22638-05BU 28.1 0.24±0.09 13.58±0.23 176.00±0.82 196.10±0.44 195.40±0.35 2046.5±6.0 x 
 22638-05BV 28.3 0.18±0.08 6.69±0.16 92.97±1.16 104.13±0.36 103.60±0.27 2051±16 x 
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 22638-05BW 28.5 0.43±0.10 7.17±0.19 98.05±0.69 110.66±0.43 109.40±0.32 2052.3±9.2 x 
 22638-05BX 28.7 0.30±0.09 5.80±0.17 77.33±0.63 86.42±0.41 85.55±0.31 2042±11 x 
 22638-05BY 28.9 0.27±0.09 3.63±0.16 48.16±0.52 54.24±0.39 53.45±0.28 2046±15 x 
 22638-05BZ 29.3 0.08±0.07 6.19±0.16 86.99±0.58 96.56±0.31 96.31±0.23 2042.7±8.6 x 
 22638-05CA 29.7 0.03±0.08 5.64±0.16 77.69±0.55 85.66±0.33 85.58±0.25 2036.7±9.3  
 22638-05CB 30.1  6.38±0.20 88.18±0.56 98.90±0.33 98.92±0.24 2058.9±8.2  
 22638-05CC 31 0.17±0.08 9.59±0.18 128.90±0.75 143.89±0.35 143.40±0.26 2048.6±7.3  
 22638-05CD 33 0.11±0.07 0.77±0.09 8.28±0.42 8.87±0.28 8.54±0.20 1957±67  
          

B14-086_03 22638-09A 1.5 0.40±0.07 0.43±0.09 5.07±0.39 4.12±0.45 2.39±0.32 1150±130  

J = 1.89937e-2 22638-09B 3 0.17±0.07 0.98±0.10 15.32±0.42 17.61±0.45 16.88±0.32 2038±41 x 

± 7.62159e-5 22638-09C 5 1.24±0.10 10.10±0.21 147.20±1.50 168.13±0.61 162.70±0.44 2041±13 x 
 22638-09D 7 0.32±0.20 29.50±0.29 494.00±2.22 552.48±1.44 551.10±1.14 2052.1±6.1 x 
 22638-09E 7.2 0.28±0.11 14.59±0.27 246.40±0.94 276.14±0.69 274.90±0.51 2052.2±5.2 x 
 22638-09F 7.3 0.25±0.09 9.71±0.19 156.50±0.90 176.29±0.63 175.20±0.49 2056.8±7.9 x 
 22638-09G 7.4 0.19±0.08 5.68±0.17 101.20±1.15 113.62±0.52 112.80±0.39 2051±15 x 
 22638-09H 7.6 0.12±0.08 5.69±0.19 97.38±0.73 108.94±0.53 108.40±0.39 2050±10 x 
 22638-09I 7.8 0.07±0.08 5.57±0.17 99.71±0.77 111.52±0.52 111.20±0.40 2051±10 x 
 22638-09J 8 0.18±0.08 5.38±0.18 94.78±0.72 106.67±0.51 105.90±0.37 2054±10 x 
 22638-09K 8.2 0.10±0.08 5.82±0.17 97.94±0.64 109.33±0.57 108.90±0.44 2047.7±9.4 x 
 22638-09L 8.4 0.13±0.08 6.49±0.18 105.90±0.69 118.98±0.54 118.40±0.39 2054.5±9.0 x 
 22638-09M 8.6 0.10±0.09 7.09±0.18 114.20±0.77 127.25±0.55 126.80±0.40 2046.7±9.1 x 
 22638-09N 8.8 0.03±0.09 6.03±0.16 105.80±0.74 118.73±0.54 118.60±0.39 2058.9±9.4 x 
 22638-09O 9 0.14±0.09 7.48±0.20 122.10±0.74 137.13±0.57 136.50±0.42 2054.9±8.4 x 
 22638-09P 9.3  6.24±0.18 112.50±0.68 125.94±0.48 126.20±0.35 2058.4±8.2 x 
 22638-09Q 9.6 0.06±0.08 7.78±0.21 131.20±0.77 147.06±0.55 146.80±0.42 2055.8±8.0 x 
 22638-09R 9.9 0.11±0.08 7.52±0.20 128.80±0.74 145.19±0.53 144.70±0.38 2060.3±7.8 x 
 22638-09S 10.2 0.08±0.09 7.53±0.19 129.60±0.71 145.65±0.55 145.30±0.40 2057.6±7.5 x 
 22638-09T 10.5 0.06±0.09 6.72±0.23 122.90±0.72 136.97±0.57 136.70±0.42 2048.1±8.1 x 
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 22638-09U 10.8 0.10±0.08 7.56±0.22 123.40±0.87 138.55±0.55 138.10±0.42 2055.7±9.4 x 
 22638-09V 11.1  7.19±0.18 129.40±0.77 143.87±0.51 144.00±0.39 2049.1±8.0 x 
 22638-09W 11.4 0.06±0.08 6.82±0.22 120.40±1.40 134.58±0.50 134.30±0.37 2052±15 x 
 22638-09X 11.7 0.05±0.08 6.44±0.21 115.20±0.68 128.43±0.52 128.20±0.38 2049.4±8.1 x 
 22638-09Y 12  6.38±0.26 112.00±0.66 123.47±0.39 124.10±0.28 2044.4±7.7 x 
 22638-09Z 12.3 0.11±0.08 6.01±0.19 107.90±0.70 121.06±0.50 120.60±0.37 2054.3±8.9 x 
 22638-09AA 12.6 0.19±0.08 7.71±0.17 132.20±0.76 148.71±0.51 147.90±0.38 2055.3±7.8 x 
 22638-09AB 12.9  6.08±0.16 99.03±0.68 111.00±0.47 111.00±0.33 2058.2±9.2 x 
 22638-09AC 13.4 0.05±0.08 7.53±0.18 135.50±0.69 150.90±0.52 150.70±0.40 2047.9±7.0 x 
 22638-09AD 14 0.11±0.09 12.57±0.25 211.80±0.78 237.70±0.60 237.20±0.44 2056.5±5.1 x 
 22638-09AE 14.5 0.10±0.09 10.43±0.21 182.80±3.08 204.33±0.68 203.90±0.56 2052±21 x 
 22638-09AF 15 0.09±0.10 12.06±0.27 216.00±1.71 240.58±0.64 240.20±0.47 2048.2±10 x 
 22638-09AG 15.5 0.09±0.10 14.04±0.25 245.10±3.09 274.30±0.65 273.90±0.48 2055±16 x 
 22638-09AH 15.8 0.11±0.09 8.95±0.22 155.70±0.78 173.68±0.56 173.20±0.41 2049.2±6.8 x 
 22638-09AI 16.1 0.18±0.08 8.46±0.23 144.90±0.87 162.91±0.53 162.10±0.39 2056.0±8.0 x 
 22638-09AJ 16.4 0.16±0.08 6.10±0.17 104.50±1.24 116.60±0.53 115.90±0.40 2045.1±15 x 
 22638-09AK 16.7 0.00±0.07 5.36±0.16 92.43±0.65 103.01±0.47 103.00±0.35 2050.4±9.6 x 
 22638-09AL 17  4.53±0.17 80.63±0.61 89.89±0.47 90.18±0.34 2055.3±10 x 
 22638-09AM 17.5 0.33±0.08 6.07±0.17 110.90±0.67 125.13±0.54 123.70±0.41 2051.4±8.4 x 
 22638-09AN 18  8.35±0.21 146.70±0.82 164.22±0.58 164.30±0.44 2057.1±7.6 x 
 22638-09AO 18.5 0.59±0.10 10.49±0.25 181.20±1.86 204.88±0.72 202.30±0.58 2053±13 x 
 22638-09AP 19 0.22±0.08 8.94±0.20 153.40±0.78 172.85±0.60 171.90±0.48 2057.6±7.1 x 
 22638-09AQ 19.5 0.21±0.09 9.35±0.20 159.70±0.88 178.33±0.60 177.40±0.45 2046.6±7.4 x 
 22638-09AR 20 0.24±0.10 8.47±0.24 152.40±0.77 170.45±0.66 169.40±0.48 2047.7±7.1 x 
 22638-09AS 20.5 0.09±0.10 7.80±0.21 145.70±0.94 162.18±0.69 161.80±0.52 2046.4±8.8 x 
 22638-09AT 21 0.12±0.10 7.89±0.23 135.10±0.78 150.53±0.61 150.00±0.45 2045.9±8.0 x 
 22638-09AU 21.5 0.15±0.09 10.94±0.20 194.50±1.62 218.35±0.71 217.70±0.59 2056±11 x 
 22638-09AV 22 0.21±0.10 11.39±0.25 202.40±1.06 227.20±0.64 226.30±0.47 2054.5±6.9 x 
 22638-09AW 22.5 0.17±0.10 13.68±0.28 240.80±0.89 270.13±0.77 269.40±0.64 2055.2±5.4 x 
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 22638-09AX 23 0.32±0.17 21.99±0.21 369.58±2.18 417.45±1.12 416.03±0.85 2063.1±7.7 x 
 22638-09AY 23.5 0.09±0.17 27.52±0.23 483.02±2.22 538.77±1.19 538.39±0.91 2051.0±6.0 x 
 22638-09AZ 24 0.50±0.18 24.10±0.20 418.40±2.19 466.49±1.25 464.29±0.96 2045.6±6.9 x 
 22638-09BA 24.3 0.23±0.11 10.46±0.23 182.80±0.94 205.22±0.74 204.20±0.57 2053.8±7.2 x 
 22638-09BB 24.6 0.05±0.13 8.30±0.20 140.60±0.84 157.00±0.87 156.80±0.64 2051.4±8.9 x 
 22638-09BC 24.9 0.25±0.10 7.59±0.19 131.70±0.72 147.59±0.67 146.50±0.49 2048.4±7.9 x 
 22638-09BD 25.2 0.08±0.11 14.53±0.22 260.00±1.25 292.24±0.75 291.90±0.57 2059.9±6.4 x 
 22638-09BE 25.5 0.09±0.09 10.20±0.22 176.80±0.97 198.59±0.57 198.20±0.41 2057.8±7.2 x 
 22638-09BF 25.8  6.84±0.19 126.30±0.76 139.88±0.79 140.00±0.57 2043.9±8.9 x 
 22638-09BG 26.1 0.04±0.08 7.75±0.20 135.60±0.70 151.46±0.50 151.30±0.37 2052.4±7.1 x 
 22638-09BH 26.5 0.18±0.07 5.08±0.16 92.00±1.23 102.81±0.48 102.00±0.35 2045±17 x 
 22638-09BI 27 0.15±0.08 6.05±0.19 101.80±0.62 113.85±0.49 113.20±0.36 2047.8±8.4 x 
 22638-09BJ 28 0.17±0.07 3.24±0.14 49.36±1.04 55.92±0.44 55.17±0.31 2054±27 x 
 22638-09BK 29 0.17±0.07 1.64±0.12 28.81±0.81 30.25±0.43 29.51±0.31 1949±36  
 22638-09BL 31 0.16±0.07 2.75±0.14 49.32±0.60 51.87±0.45 51.16±0.33 1964±16  
 22638-09BM 33 0.07±0.07 3.31±0.13 63.29±0.54 65.92±0.49 65.61±0.37 1963±12  

 
  



 

 

166 

Table 3 
Average Microprobe Analyses of Biotite: H2O calculated based on Cl + F + OH = 2.0 per formula unit. 

 B07-041 B06-055 B06-042 B14-015 B14-024 B14-045 B14-049 B14-053a B14-080 B14-086 
SiO2 34.23 36.18 36.93 37.09 36.34 37.50 36.92 38.16 39.52 39.87 
TiO2 4.14 4.52 4.12 3.88 3.79 3.26 3.08 3.95 2.54 3.13 
Al2O3 13.70 14.11 14.34 14.06 13.94 13.73 14.00 13.46 13.86 13.81 
MnO 0.08 0.06 0.04 0.10 0.07 0.08 0.06 0.03 0.02 0.01 
FeO 27.93 21.34 18.51 13.30 16.33 15.21 15.38 11.62 8.53 6.83 
MgO 4.82 9.86 12.31 16.89 14.52 15.44 16.28 16.88 20.16 19.98 
K2O 9.30 9.34 9.84 7.35 8.01 9.03 7.69 9.56 9.64 9.51 
Na2O 0.10 0.30 0.18 0.06 0.05 0.13 0.06 0.16 0.10 0.29 
BaO 0.24 0.26 0.23 0.09 0.07 0.13 0.09 0.20 0.21 0.17 
CaO 0.00 0.06 0.03 0.75 0.15 0.08 0.13 0.10 0.12 0.08 
Cl 0.23 0.42 0.62 0.39 0.51 0.68 0.44 0.50 0.67 0.65 
F 0.11 0.37 0.30 0.30 0.28 0.42 0.49 0.61 1.05 0.48 

H2O 3.59 3.62 3.68 3.77 3.66 3.61 3.62 3.61 3.46 3.75 
O=F, Cl 0.10 0.25 0.27 0.22 0.23 0.33 0.31 0.37 0.60 0.35 

Total 98.37 100.19 100.85 98.00 97.50 98.99 97.98 98.82 99.85 99.11 
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Table 4 
Summary of Isochron Regressions: All uncertainties reported at 1s. 

RunID 
Isochron Inverse Isochron 

Steps Age 
(Ma) ± MSWD p 40Ar/36Ar Int. ± Age (Ma) ± MSWD p 40Ar/36Ar Int. ± 

B07-041              
22486-01 2055.8 6.2 0.10 1.00 328 37 2055.8 4.0 0.28 1.00 333 32 D-W 
22486-02 2055.0 5.7 0.13 1.00 240 190 2057.5 4.0 0.72 0.70 191 63 D-V 
22486-03 2057.9 9.9 0.11 1.00 140 370 2054.3 7.8 0.34 0.99 360 170 C-R 

B06-055              
22485-01 2055.5 3.4 0.15 1.00 301 33 2055.4 3.2 0.24 1.00 302 33 A-O 
22485-02 2053.5 3.7 0.08 1.00 289 31 2055.8 3.0 0.14 1.00 285 28 B-AK 
22485-04 2054.7 3.8 0.09 1.00 288 20 2055.5 3.2 0.18 1.00 287 19 B-X 

B06-042              
22484-01 2054.1 3.4 0.13 1.00 250 110 2055.4 3.2 0.19 1.00 240 90 A-O 
22484-05 2056.0 6.4 0.08 1.00 250 180 2055.7 5.1 0.15 1.00 270 120 04,A-

U 
22484-06 2053.7 7.1 0.13 1.00 380 430 2053.1 5.5 0.24 1.00 540 250 D-X 

B14-015              
22487-01 2055.5 6.6 0.27 1.00 270 140 2056.7 5.5 0.38 1.00 278 85 F-AB 
22487-02 2054 14 0.16 1.00 250 220 2056 11 0.24 0.99 240 120 H-T 
22487-03 2055 14 0.16 1.00 2110 460 2056.6 9.9 0.35 1.00 2130 350 03F-

04L 
B14-024              

22489-01 2054.4 7.1 0.07 1.00 286 57 2054.7 6.5 0.08 1.00 284 50 B-J 
22489-02 2048 21 0.20 1.00 1160 280 2053 19 0.13 1.00 1200 290 E-V 

B14-045              
22490-02 2058.1 4.3 0.13 1.00 340 170 2054.9 4.5 0.10 1.00 450 170 D-U 
22490-03 2043 28 0.51 0.94 2570 940 1929 58 0.55 0.91 7300 4900 F-V 
22490-04 2054.5 6.5 0.09 1.00 330 180 2053.6 5.9 0.17 1.00 380 150 D-Y 

B14-049              
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22488-01 2054 12 0.08 1.00 290 340 2054 11 0.08 1.00 280 270 C-I 
22488-02 2057.5 7.0 0.23 1.00 200 170 2056.6 5.7 0.42 0.97 261 99 J-Z 
22488-03 2047 12 0.37 0.98 600 350 2019 24 0.38 0.98 1800 1100 J-Y 

B14-053a              
22477-01 2046.7 9.6 0.66 0.93 2190 300 2057.9 8.8 0.81 0.77 2250 330 H-AO 
22477-02 2042 14 0.56 1.00 3200 470 2042 12 0.73 0.95 3670 740 I-AAU 
22477-03 2054.2 8.0 0.09 1.00 200 1300 2055.3 7.8 0.11 1.00 100 91 I-X 
22477-04 2054 18 0.23 1.00 4860 720 2057 17 0.24 0.99 4880 700 H-T 
22477-05 2056 24 0.26 1.00 2060 580 2058 20 0.37 0.99 2140 530 E-Y 

B14-080              
22637-01 2058 13 0.04 1.00 300 1300 2053 10 0.11 1.00 630 660 D-N 
22637-08 2055 11 0.09 1.00 300 430 2051.1 9.7 0.10 1.00 460 350 H-T 

B14-086              
22638-01 2049 14 0.05 1.00 460 570 2053.1 7.8 0.10 1.00 380 220 G-Y 
22638-05 2051.1 5.2 0.48 1.00 336 65 2054.0 5.1 0.79 0.89 294 35 F-BZ 
22638-09 2052.8 5.3 0.20 1.00 340 120 2053.6 5.2 0.31 1.00 362 74 B-BJ 
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Table 5 
Summary of Ages from Plateau Diagrams: All uncertainties are reported at 1s. 

RunID Plateau Age (Ma) ± MSWD p Integrated Age (Ma) ± 
B07-041       

22486-01 2055.8 3.3 0.26 1.00 2047.7 6.3 
22486-02 2054.7 2.1 0.60 0.90 2050.0 3.2 
22486-03 2054.1 3.2 0.31 0.99 2036.5 4.8 

B06-055       
22485-01 2055.4 2.1 0.22 1.00 2054.8 2.9 
22485-02 2055.8 1.8 0.14 1.00 2054.3 3.3 
22485-04 2055.8 2.1 0.21 1.00 2055.4 3.4 

B06-042       
22484-01 2055.4 2.0 0.17 1.00 2054.5 3.4 
22484-05 2055.7 3.2 0.14 1.00 2050.9 4.8 
22484-06 2053.8 2.6 0.33 1.00 2040.4 4.5 

B14-015       
22487-01 2056.7 2.0 0.36 1.00 1907.0 6.0 
22487-02 2055.2 3.3 0.23 1.00 1862.3 3.7 
22487-03 2056.6 4.3 0.33 1.00 2065 13 

B14-024       
22489-01 2054.5 4.8 0.05 1.00 2026.4 6.9 
22489-02 2053 10 0.15 1.00 1904 13 

B14-045       
22490-02 2055.0 2.2 0.28 1.00 2028.9 4.6 
22490-03 2055.3 6.5 0.91 0.56 1920 13 
22490-04 2053.4 2.2 0.15 1.00 1978.8 3.7 

B14-049       
22488-01 2054.3 5.7 0.06 1.00 2031.5 6.0 
22488-02 2056.4 3.0 0.38 0.99 2016.0 4.0 
22488-03 2053.2 4.7 0.47 0.95 1991.7 3.9 

B14-053a       
22477-01 2054.5 4.3 0.59 0.97 2030.5 8.8 
22477-02 2055.0 3.2 0.72 0.95 2007 12 
22477-03 2055.2 3.2 0.09 1.00 2056.1 4.3 
22477-04 2056.8 8.3 0.21 1.00 1939 18 
22477-05 2054.4 4.5 0.65 0.89 2000 11 

B14-080       
22637-01 2052.8 6.3 0.07 1.00 2016.0 8.5 
22637-08 2051.5 4.8 0.11 1.00 2015.2 6.3 

B14-086       
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22638-01 2052.4 3.9 0.37 0.99 2044.5 7.4 
22638-05 2053.95 0.83 0.75 0.94 2052.7 2.0 
22638-09 2053.3 1.0 0.33 1.00 2051.6 2.3 
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Chapter 3 

 

A new method for 40Ar/39Ar thermochronology for sub-milligram and low K2O 

samples 

 

This chapter resulted in one submitted paper: 

 

Setera, J. B., Turrin B. D., Herzog G. F., Delaney J. S., VanTongeren J. A., Lindsay F. 

N., Boesenberg J F., & Swisher C. C. (2019). 40Ar/39Ar thermochronology for 

sub-milligram samples with illustrations from the Bushveld Complex and 

howardite, MAC 02666. Geochemistry, Geophysics, Geosystems. 

 

Abstract 

We report new data on a 174 µg mafic clast from the howardite meteorite, MAC 02666. 

An age of 3.64 Ga and thermal modelling using measured diffusion parameters 

(activation energy of 138.8 kJ/mol and a diffusion coefficient at infinite temperature 

(ln[D0/a2]) = 5.23) suggest that the 40Ar/39Ar age for the mafic clast is a result of an 

average or high velocity impact during bombardment on the HED parent body, assumed 

to be asteroid 4 Vesta. Thereafter, the sample remained closed to Ar loss, requiring that 

any subsequent impact heating of MAC 02666 was brief and/or did not raise the 

temperature enough to promote Ar loss. Low average impact velocities of 5 km/s and 

burial depths of c. 1 km can readily explain the retention of Ar by the mafic clast, and 

more generally, the scarcity of recorded ages from young impact events on Vesta, such as 
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the Rheasilvia basin forming event. We also present an alternative method for 40Ar/39Ar 

thermochronologic step-heating measurements on anhydrous K-bearing minerals. 

Samples placed in dimples on Ta-foil platforms are heated indirectly with a laser while 

temperatures are measured with a two-color pyrometer. The system provides a simple, 

inexpensive, and reliable means for the heating of samples as small as a few to tens of 

micrograms. Our method yields results for plagioclase separates from the Rustenburg 

Layered Suite of the c. 2.06 Ga Bushveld Complex that closely match previously 

published data. 

 

1. Introduction 

The 40Ar/39Ar method figures importantly in thermochronology (Baxter, 2010; 

McDougall and Harrison, 1999) due to its applicability to a wide range of K-bearing 

minerals. The measurements made in determining 40Ar/39Ar ages during step-heating 

experiments also allow for the calculation of diffusion parameters for the same sample, 

provided that the durations and temperatures of individual heating steps are recorded. The 

coupling of sample specific diffusion parameters with sample ages can be useful in 

understanding complicated 40Ar/39Ar ages, as the dating method is sensitive to the 

cumulative effects of heating at temperatures typical of metamorphic, hydrothermal, and 

impact-related processes. This sensitivity is exemplified in the variable and complex 

40Ar/39Ar age record of the HED suite of meteorites. Many of the HED meteorites are 

breccias composed of sub-milligram clasts with distinct histories. In this work, we 

present 40Ar/39Ar results for one such clast and the methods developed to make the 

necessary measurements. 
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The howardite-eucrite-diogenite (HED) family of meteorites is thought to be 

derived from the differentiated parent body, asteroid 4 Vesta (Binzel and Xu, 1993; 

Consolmagno and Drake, 1977; McCord et al., 1970; McSween et al., 2011). Data from 

the NASA Dawn mission revealed on the southern hemisphere of Vesta two prominent, 

overlapping basins, Rheasilvia and Veneneia. These basins probably formed as a result of 

the major impact events that also produced the immediate precursors of HED meteorites, 

the Vestoid family of asteroids (Marchi et al., 2012). The proposed ages of these major 

impact events are variable. Crater counting of the surface of 4-Vesta has yielded discordant 

ages of the two-basin forming events: 1.0 or 3.6 Ga for Rheasilvia and 2.1 or 3.8 Ga for 

Veneneia (Marchi et al., 2012; Schmedemann et al., 2014). Published 40Ar/39Ar ages of 

HEDs are similarly variable, with the majority falling between 3.1 and 4.5 Ga, likely 

representing a complex metamorphic and impact history of the proposed parent body, 

Vesta (Bogard, 2011). 

 The variable 40Ar/39Ar ages of HEDs suggest a variety of thermal histories that 

warrant detailed study. The components of many meteorites including howardites, 

however, are breccias whose individual components may weigh only nanograms to a few 

micrograms. Analyses of such large, heterogeneous samples may not produce reliable 

information (Delaney et al., 2016). The enhanced sensitivity of today’s noble gas mass 

spectrometers opens up the ability to measure the age and diffusion parameters of the 

smaller samples, a capability that is useful in determining the degree of homogeneity of 

larger ones (Delaney et al., 2016). 

 We present new thermochronologic results from a small, low K2O, mafic clast of 

the relatively unstudied howardite MAC 02666. The results -- precise diffusion 
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parameters and undisturbed age spectra -- provide insights concerning temperature 

constraints on potential impacts and resetting events associated with the meteorite’s 

assumed parent asteroid, Vesta. As a part of that analysis, we also present a new variation 

of laser step-heating methods for the precise determination of 40Ar/39Ar ages and 

diffusion parameters of microgram quantities of terrestrial or extraterrestrial materials. In 

our method, samples are placed on a shaped, open platform of pure tantalum metal while 

precise temperature measurements are made using a two-color optical pyrometer. To 

validate the method, we measured the diffusion parameters of plagioclase separates from 

the Bushveld Complex in South Africa. The new design is simple, reliable, easily 

implemented, and allows for the measurement of small sample sizes. 

 

2. Experimental Procedures 

2.1 Samples and Sample Preparation 

2.1.1 Plagioclase from the Bushveld Complex 

Sample B06-042 is a magnetite-bearing gabbro from the Upper Zone of the Rustenburg 

Layered Suite (RLS) of the Bushveld Complex in South Africa. The sample is located c. 

3741 m above the Merensky Reef and was collected as part of a transect of the Upper 

Zone in the Eastern Limb of the RLS near Magnet Heights (VanTongeren et al., 2010). 

Sample B14-053a is a gabbronorite from the Main Zone of the RLS, c. 137 m above the 

Merensky Reef and was collected as part of a transect of the Main Zone in the Eastern 

Limb near Roossenekal (S 25°13.849’, E 30°05.374’). Plagioclase within samples B06-

042 and B14-053a are homogenous (An54 and An68) and inclusion free with homogenous 
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K2O concentrations of 0.38 ± 0.04 and 0.23 ± 0.04 wt%, respectively. (Table 1). There is 

no discernable zonation or enrichment toward of K2O the margins of the grains. 

 During sample preparations, all weathered surfaces were removed from a small 

hand specimen from each sample. The cleaned material was crushed using a steel plated 

micro-jaw crusher. After sieving, the 1000-600 µm size fraction was washed with distilled 

water in an ultrasonic bath and dried in an oven at 40°C. Plagioclase mineral separates 

were handpicked under a binocular microscope. Each grain was visually inspected, and 

qualitatively analyzed using energy-dispersive spectroscopy (EDS) to ensure grains were 

inclusion free and compositionally representative of the overall sample. Each grain was 

weighed with a microbalance; the average grain mass was c. 375 µg for B06-042 and c. 

550 µg for B14-053a. 

 

2.1.2 Mafic Clast - MAC 02666 

The howardite MacAlpine Hills 02666 (MAC 02666), collected by the Antarctic Search 

for Meteorites (ANSMET) in 2002, comprises both coarse- and fine-grained basaltic clasts 

(Russell et al., 2004) in a fine-grained groundmass of fragmented pyroxene (up to 1 mm) 

and plagioclase. Warren et al. (2009) presented major and trace element analyses for the 

bulk meteorite and suggested it might be a regolith howardite, but apart from these 

chemical data, little is known about the howardite. 

A sample of, MAC 02666 (c. 6 x 7 x 4 mm; 432 mg; Fig. 1a) was provided by the 

Meteorite Working Group. A portion of a brecciated, but monomict mafic clast (MC001) 

with a mass of 174 µg was manually separated (Fig. 1b). A similar fragment of the same 

mafic clast with attached matrix, and contiguous with the dated sample in the bulk portion 
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of MAC 02666, was polished for textural characterization and electron microprobe major 

element analyses (Table 1). The clast is very friable, but is composed of c. 10-500 µm 

plagioclase grains (An89), large (c. 200 µm) orthopyroxene grains (En34Wo6) and minor 

ilmenite and Ti-rich chromite. The observed ranges in the An content of the plagioclase 

and in the pyroxene composition are similar to those of the basaltic eucrites (Mittlefehldt, 

2015). These data are provided graphically in Fig. 2. 

A large-scale BSE image of the fragment separated for electron microprobe 

analyses reveals porphyritic to anhedral textures (Fig. 1c). Some areas display weak 

mosaicism in the plagioclase (Fig. 1c). A closer look at individual plagioclase grains 

shows irregular fractures (Fig. 1d). Pyroxenes are also fractured, but to a lesser degree 

than the plagioclase. The fractures and mosaicism indicate a moderate level of shock 

(Stöffler et al., 2018). There is no evidence for disequilibrium shock effects in the form of 

melt veins or glass. The dark areas within the clast in Figures 1c-d are voids where 

individual grains were plucked out during polishing of the sample. A full mosaic BSE 

image of the fragment used for microprobe analysis is provided in Fig. 3. 

 

2.2 Electron Microprobe Analyses 

The major element composition of plagioclase was determined in situ for a representative 

thin section of samples B06-042 and B14-053a using the JEOL JXA 8200 electron 

microprobe at Rutgers University (Table 1). An acceleration potential of 15 kV, beam 

current of 15 nA, count time of 30 s on peak and 15 s on background for each element, and 

a beam diameter of 5 µm were used. Standards of anorthite, Lake County plagioclase, and 
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An96 were repeatedly analyzed between measurements of unknowns and consistently 

yielded results within 2s of published values. 

 Quantitative analysis for MAC 02666 (primarily for feldspar) was performed on 

the Brown University Cameca SX-100 electron microprobe (Table 1). Operating 

conditions of the instrument consisted of 15 kV voltage, 10 nA current and a 5 µm 

diameter, defocussed beam. Counting times were 30 seconds for on peak, and half that 

time for backgrounds, for all elements. The data were calculated using the PAP 

correction procedures (Pouchou and Pichoir, 1991). One-sigma standard deviations are 

<1% for major elements and 3–8% for minor elements. Standards used for analysis 

included Great Sitkin anorthite, NMNH 137041, (Al, Ca); synthetic Fo97 forsterite, 

University of Rhode Island (Mg); Rockport, Massachusetts fayalite, NMNH 85276 (Fe); 

Amelia albite, Purdue University (Na); synthetic orthoclase OR-1, AMNH (Si, K); and 

synthetic rutile, Brown University, (Ti). The electron microprobe is equipped with extra-

large diffracting crystals (LTAP, LLIF, LPET) that generate roughly five times the count 

rate of standard-sized diffracting crystals. Extra-large crystals were used in the analysis 

of Si, Al, K, Fe and Ti. Standard-sized crystals were used for Na, Mg and Ca. Na and K 

were analyzed using a loss routine to account for any volatilization of the elements under 

the beam. Lake County plagioclase NMNH 115900 was used as reference standard. 

 

2.3 Irradiation and Standards 

Samples along with the reference standards Fish Canyon (FC) sanidine [28.201 Ma; 

Kuiper et al. (2008)] and Hb3Gr hornblende [1080 Ma; Jourdan and Renne (2007)] were 

loaded into pits drilled into a 1-cm diameter Al-disks for neutron irradiation. The pits are 
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arranged in a controlled geometry to facilitate the correction of any measurable gradients 

in the neutron-flux. Neutron irradiation was carried out at the US Geological Survey 

TRIGA reactor for 80 hours without Cd-shielding. After irradiation, samples were 

incrementally step-heated using a New Wave 40-watt CO2 laser. The J-values for B14-

053a and MAC 02666 are (1.9945 ± 0.0041 and 2.0122 ± 0.0046) ´ 10-2, respectively. 

 

2.4 Step-Heating 

2.4.1 Platform Design 

40Ar/39Ar thermochronologic studies employing laser heating in vacuo are commonly 

accomplished by wrapping a sample in a refractory metal (e.g., platinum or tantalum) 

jacket and step-heating the whole packet with a CO2 or diode laser while measuring or 

controlling the temperature with an infrared pyrometer. The localization of temperature-

controlled laser heating to a small area solves two problems of traditional furnace heating. 

The low-mass, low-thermal-inertia metal packets (i.e. Pt or Ta foil) reach the required 

temperature rapidly (Fig. 4) and the limited extent of ancillary heating of the extraction 

system lowers system blanks.  

Our method is a variation of current in vacuo laser heating approaches. We use a 

high purity (3N8), 0.008 mm thick Ta-foil platform rather than the packet design (Fig. 5). 

Tantalum couples efficiently with the CO2 laser and can be heated rapidly, within a few 

seconds, to about 300 to 1350° C by setting the laser to a constant energy output (Fig. 4).  

The Ta-platform is formed from by cutting a 5 x 5 mm Ta-foil square from a larger 

sheet of Ta-foil. After pressing a small c. 1 mm diameter by 200 µm deep dimple adjacent 

to one corner, the corners of the cut sheet are folded 90° to the foil surface, forming legs 
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that raise the platform c. 2 mm. This shape minimizes the contact, and hence the thermal 

conduction, between the tantalum and the stainless-steel sample chamber (Fig. 5a). For 

step-heating, the samples are placed in the dimpled area (Figs. 5b and 5c). With the 

majority of the sample surface contained within the dimple, the method provides a c. 240° 

(3π steradians) direct heating to the sample. 

The temperature effects of 240° (3π steradians) direct heating, rather than 360° (4π 

steradians), were investigated using the heat transfer simulation software, Energy 2D (Xie, 

2012). Thermal properties (Engineering Toolbox, 2019; Hemingway et al. 1981; Robie et 

al., 1978;) for the sample holder, Ta-platform, feldspar, and air (calculated at 1 x 10-10 

mbar) were input into the modelling software and set to run at 3 different heating 

temperatures of 500°C, 800°C, and 1000°C. In all three scenarios, the feldspar grain (1mm 

x 0.5 mm) reaches maximum temperatures in less than 0.5 seconds (Fig. 6). The maximum 

temperature difference between the feldspar surface in contact with the Ta-platform and 

the surface in contact with air is 0.8°C, 1.2°C, and 1.5°C for heating temperatures of 500°C, 

800°C, and 1000°C. The modelling confirms that the heating of the silicate sample is 

mainly via conduction, and any temperature gradient within the sample is negligible. Full 

details of modelling are available (section 2.4.2; Fig. 6). 

Before loading samples, the Ta-platforms are degassed for 2-hours within a 

stainless-steel tube under vacuum (<10-5 mbar) at temperatures c. 600°C, to reduce 

atmospheric Ar contamination. The laser (2 x 2 mm spot) is focused at the corner of the 

Ta-platform farthest from the dimple. The field of view of the pyrometer is narrowed so as 

to exclude the dimple and sample. With this method of heating, the sample (including 
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verification metals; see section 2.3.2) can be viewed at all times and in particular, at the 

moment of complete fusion (Fig. 5b). 

 

2.4.2 Energy 2D Modelling 

In addition to in situ heating experiments of known materials, the heating of silicates on 

Ta platforms was also modelled using the heat transfer simulation software, Energy2D 

(Xie, 2012). This modelling was conducted to investigate how rapidly and efficiently heat 

is transferred from the Ta platform to the silicate sample, as well whether there is a 

significant temperature gradient within the sample during heating. Model set-up 

(Supplementary Fig. S6a) consists of a Ta platform, measuring 5 mm wide and 0.2 mm 

thick. The platform rests within a stainless-steel pit (5 mm depth), with the bent corners 

of the platform forming legs of 2.5 mm in height. The silicate sample (feldspar), with a 

generic size 1 mm x 0.5 mm (aspect ratio: 2), is placed on top of the Ta platform. For this 

model, there is no dimple within the Ta platform, as this represents the "worst case" 

scenario of a sample moving out of the dimple during the transfer of samples into the 

mass spectrometer. Thermal properties for the stainless-steel sample holder and the Ta-

platform (Engineering Toolbox, 2019) are listed below along with the thermal properties 

of feldspar and air. Hemingway et al. (1981) provide the thermal conductivity of 

potassium feldspar at various temperatures, while Robie et al. (1978) provide the specific 

heat of potassium felspar. The thermal properties and density of air were calculated for a 

pressure of 1 x 10-10 mbar. 

 
Thermal Conductivity [W/(m·°C)] 
 Stainless Steel = 14.4 
 Tantalum = 59.4 
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 Feldspar = 6.44 (500°C), 7.30 (800°C), 8.33 (1000°C) 
 Air = 7.5 x 10-9 

 
Specific Heat [J/(kg·°C)] 
 Stainless Steel = 490 
 Tantalum = 138 
 Feldspar = 866.8 
 Air = 1005 
 
Density [kg/m3] 
 Stainless Steel = 7850 
 Tantalum = 16400 
 Feldspar = 2560 
 Air = 1.15 x 10-13 
 
The model was run at 3 different target temperatures (500, 800, 1000°C), where only the 

horizontal part of the Tantalum platform is constantly heated (i.e. not the legs). Results 

from the model runs are presented Fig. 6c-e. 

 

2.4.3 Temperature Measurements 

Temperature measurements above 500°C were measured directly with a Mikron-

M780 two-color pyrometer with a 1 µm spectral range. The field of view of the pyrometer 

and the area illuminated by the New Wave 45-watt CO2 laser are aligned to the same 

focused spot through a multi-step approach. First, the laser target is aligned by imaging, on 

a target of thermal paper, the square, 2 mm x 2 mm, mark made by the beam from the CO2 

laser. The spot is then marked on the live camera feed broadcast to the laboratory computer. 

The optical pyrometer observes the target through an optical fiber. We illuminate the target 

through this optical fiber ensuring it is matched to the previously marked laser spot. 

Most target materials, including tantalum, have a ratio of spectral emissivities that 

deviate from e(l2)/e(l1) = 1 within the temperature range of interest. The M780 pyrometer 

accounts for this deviation with a fixed slope or “relative emissivity” adjustment. For 
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tantalum, the recommended slope adjustment is 1.060 (Gruner, 2003). We confirmed the 

calibration of the pyrometer and the appropriate slope adjustment experimentally by 

observing the melting of three metals: Al (660°C), Cu (1084°C), and Au (1063°C). The 

temperatures indicated for all three melting points were accurate to within 0.3%, agreeing 

well with the 0.5% factory reported accuracy of the Mikron-M870 two-color pyrometer. 

Moreover, the temperature measurements for Cu and Au (Fig. 7a), which have true melting 

points differing by only c. 19°C, further demonstrate the ability of the two-color pyrometer 

to make accurate and precise temperature measurements. The errors observed without a 

slope adjustment and an adjustment of 1.030 ranged from DT c. +50°C to DT c. +25°C, 

respectively. 

To account for potential differences in the conductive properties between the 

various tested metals and actual samples (i.e. silicates), we also observed the melting of 

Pyrex glass. Initially, small pieces of Pyrex glass (~ 1mm in diameter) were placed in a 

muffle furnace. The Pyrex pieces were heated gradually until all pieces were melted 

~1080°C. Subsequently, two pieces of the same Pyrex glass were placed on Ta-platforms 

and heated as described above for the observed melting of various metals. Like the metals, 

the melting temperatures observed for the Pyrex glass was within 0.3% of the melting 

temperature observed in the muffle furnace (Fig. 7a). The experiment confirms that heat is 

transferred indistinguishably from the Ta-platforms to both metals and silicates alike and 

both materials are appropriate for checking the accuracy of the pyrometer. 

 The two-color pyrometer directly measures temperatures during step-heating 

experiments between 500 – 1400°C. At temperatures below 500°C we relied on an 

approximate empirical relationship between temperature and laser power. Specifically, 
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with the adjustment factor listed above, we fit a four-point plot of melting point against 

laser power (W) for Sn (232°C), Al (660 °C), Cu (1084 °C), and Au (1063°C) (Fig. 7b, 

equation 1): 

  T[°C] = (396.38	 ∗ ./.0) 	− 349.30	 ∗ ./.0 ∗ ln(.)8 − 67.13  (1) 

For most applications, the loss of accuracy stemming from the use of this equation for 

temperatures below 500°C is not critical as these heating steps typically yield uncertain 

data that are excluded from Arrhenius regressions. Re-checks of Eqn. 1 have continued to 

show good stability over a period of 18 months. Estimated temperatures (<500°C) for a 

given wattage and their associated uncertainties are given in table 2. We demonstrated the 

absence of significant temperature gradients by holding the laser position constant and 

sweeping the field of view of the pyrometer across the surface of the Ta-platform. The 

temperatures observed matched those within 2°C those predicted by the off-target 

calibration (Fig. 5b).  

Ta-platforms are cleaned by manually clearing the platform of the previously 

fused sample and/or any debris, followed by a thorough rinsing (first in DI water, 

followed by ethanol) in an ultrasonic bath. The cost-effective Ta-platforms prove reliable 

after repeated use, with the continued step-heating of Ta foil platforms up to c. 1300 °C 

yielding Ar isotopic values that are indistinguishable from normal background values 

during both the first and subsequent use (Table 3). 

 

2.5 Argon Measurements and Ages 

Argon isotopes were measured at Rutgers University on a noble gas mass spectrometer 

made by Mass Analyzer Products (MAP 215–50) and upgraded by Turrin et al. (2010). A 
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typical ten-minute static system ‘cold’ blank, (10-18 mol) is: 40Ar = 420 ± 13; 39Ar = 12.0 

± 3.6; 38Ar=1.0±0.4; 37Ar=22.4±1.4; 36Ar=3.3±0.3. Spectrometer sensitivity is ~7.60 x 

10-12 nA/mol and is calculated by analyzing atmospheric Ar from a pipet system that 

delivers a known amount of 40Ar. 

Instrumental mass fractionation was monitored by analyzing a known volume of 

atmospheric Ar after every eighth sample and blank measurement. For the data reduction 

we assumed initial values of 40Ar/36Ar = 298.56 ± 0.31 and 38Ar/36Ar = 0.1885 ± 0.0003 

(Lee et al., 2006).  Signals for reactor produced 37Ar and 39Ar were corrected using the 

decay constants of 0.0198 day-1 and 7.07 x 10-6 day-1, respectively. Automated laser 

heating, gas extraction, mass spectroscopy measurements, and data reduction were 

implemented using automated software written by A. Deino of the Berkeley 

Geochronology Center. The age calculations incorporate the decay constants of Steiger 

and Jäger, (1977) and the following ratios (/10-4), which are necessary for making reactor 

corrections: [ (36Ar/37Ar)Ca = 2.75 ± 0.003); (39Ar/37Ar)Ca = 6.62 ± 0.01; (38Ar/37Ar)Ca = 

0.210 ± 0.1; (40ArK/39Ar)K = 98.1 ± 0.18; (38ArK/39Ar)K = 13200 ± 10; (37ArK/39Ar)K = 

2.20 ± 0.007; (36ArCl/38Ar)Cl = 65000 ± 3000].  

We define an age plateau as a sequence of three or more consecutive steps with 

apparent ages that agree within the 95% confidence interval and for which the sum of 

39ArK released is 50% or more of the total 39ArK released on completion of the heating 

experiment (Dalrymple and Lanphere, 1969, 1974; Fleck et al., 1977). The plateau ages 

and their errors are calculated using the variance-weighted mean of the plateau steps 

(Taylor, 1997). 
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We discuss the methods used to make cosmogenic corrections (see, e.g., Cassata 

and Borg, 2016; Garrison et al., 2000) for the mafic clast from the howardite, MAC 02666 

below (section 2.7). For all of the ages reported here, uncertainties are expressed as 1σ 

unless otherwise specified. 

 

2.6 Arrhenius Regression and Closure Temperature Calculation 

Diffusion parameters are calculated using a weighted linear regression, as implemented 

by Thirumalai et al. (2011), of Arrhenius plots obtained from the step-heating data (e.g., 

Cassata and Renne, 2013; Cassata et al., 2009; Lovera et al., 1997; Parsons et al., 1999) 

and using the equations of Fechtig and Kalbitzer (1966). In carrying out regression 

analyses of Arrhenius plots, we include data for the maximum number of consecutive 

low-temperature steps before clear departures from linearity. Closure temperatures are 

determined from these parameters by assuming a Fickian volume diffusion model and 

using the equation of Dodson (1973). 

 

2.6.1 Detailed Calculation Diffusion Parameter, Closure Temperature and Calculation of 

Diffusive Losses 

The quantity Dt/a2 (D=diffusion coefficient; a =characteristic length scale for diffusion; t 

= heating duration) for the first step in the step-heating experiment can be calculated from 

the approximate equation quoted by Fechtig and Kalbitzer (1966) for a spherical 

geometry: 

  ;<

=>
= 	 ?

@
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D
− EF − C

D
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D

@
EH; f £ 0.9 (2) 
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where	f is the first fractional release E = 	 IJ@K IJLM<=N
@KO                (3) 

 and IJLM<=N
@K  is the initial 39Ar concentration of the sample (total 39Ar released). 

Equation (2) assumes an initially uniform distribution of 39Ar in the sample 

analyzed and a 39Ar concentration of zero in the (exterior) boundary layer of the grain.  

For each heating step after the first, theory predicts a non-uniform gas distribution 

in the interior of the particle, requiring the use of Equation 4 (Fechtig and Kalbitzer, 

1966) for the calculation Dt/a2. 

  ;<

=>
= 	 ?
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D

@
PQUH (4) 

where	V is again the is the heating duration for the step, PWR? is the cumulative fractional 

release at a given heating step, and PW is the cumulative fractional release as calculated at 

the previous step. Uncertainties in diffusion coefficients are directly calculated from the 

analytical precision of gas concentrations measured for each step. As in previous studies, 

the uncertainty of the cumulative release fraction (F) is ignored, as the uncertainty for 

each step depends on all previous steps (Cassata et al., 2009; Lovera et al., 1991).  

The quantity, D/a2 calculated from equation (2) or (4) is assumed to obey an 

Arrhenius relationship: 

  X/Z[ = 	 (XM/Z[)\]^ _L⁄  (5) 

where XMis the diffusion coefficient at an infinite temperature, E is the activation energy, 

R is the gas constant, 8.314 kJ/mol-K, and T is the absolute temperature. If diffusion within 

the sample proceeds via volume diffusion from a single domain, then a plot of Ln(D/a2) vs. 

1/T should be linear with a slope of –E/R and an intercept of ln(X//Z[).  

We obtained the slopes and intercepts of Arrhenius plots using York-type fitting 

(York et al., 2004) as implemented by Thirumalai et al. (2011). The best-fit diffusion 
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parameters were used to calculated a “closure temperature”, Tc, of the sample using the 

equation of Dodson (1973): 

  ^

_La
= bc de_La

>(;f/=>)

^gL/g<
h  (6) 

Equation (6) can be solved iteratively for the closure temperature given an assumed 

cooling rate, (dT/dt), at the given closure temperature. The uncertainty on calculated 

closure temperature is derived below (section 2.6.2). 

In constructing Figure 8 and Figure 15 of the text, we used equation 4. 

Specifically, by setting the fractional release (f) equal to a fixed amount and substituting 

the diffusion coefficient at a temperature of interest (eq. 5) into (eq. 2), the duration of a 

single heating event required to produce that release can be calculated. Fig. 15 shows the 

time needed at a given temperature to degas the mafic clast of either 90% or 10% of its 

initial 40Ar*. We chose reactor-produced 39Ar for this exercise as it is not subject to 

uncertainties arising from the deconvolution of a trapped Ar component. The use of data 

for the other Ar isotopes gives similar results which are shown in Figure 8 and Table 13. 

 

2.6.2 Derivation of Closure Temperature Uncertainty 

Formula for Closure Temperature 

 Written as a modification to equation (6): 
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General Error Formula 

 Equation (8a) gives the general error formula for a function, f(x,y), of two 
correlated,  experimental variables, x±sx and y±sy; rxy is the correlation coefficient of 
x and y. 
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 Equation (8a) can also be written in the form: 

qr = GB
sr

st
qtF

[
+ B

st

su
quF

[
+ 2

sr

st

sr

su
qtu    (8b) 

 where sxy is the covariance of x and y. 

Calculation of Partial Derivatives 

 We identify x as Ea, y as D0/a2, and TC as f(x,y) and re-write equation (7b). 
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 The partial derivatives of  sr
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 are calculated by using implicit differentiation. 
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 Substitute equation (11a) into (10): 
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 Bring x inside and simplify second term: 
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 Solve for Bsr(t,u)
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 in two steps. Transpose the second term on right-hand side, 

then factor  out E(x, z). 
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Expression for sr
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 Starting from equation (7c): 
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 Evaluate partial derivative on the left-hand side: 
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 Simplify equation (15): 
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 Rearrange for the final expression: 
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2.7 Accounting for cosmogenic Ar in isochron calculations. 

The construction of an isochron requires knowledge for each temperature step of how 

much of the 36Ar released is ‘trapped’ (Tr), i.e., neither cosmogenic (cos) nor chlorine-
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derived. We will argue (S5.2) that the amount of chlorine-derived 36Ar in our samples is 

small so that we have  

    ìîïî
ñó  »	 IJ@C − IJòMô

@C          (18) 

We show below (section 2.7.1) that >90% of the measured 36Ar in MAC 02666 is 

cosmogenic and that the small calculated amounts of 36ArTr exert little influence on the 

ages or intercepts found in fits to the isochron.  

 

2.7.1 Lever rule calculations 

 The amounts (moles) of 36ArTr in MAC 02666 were calculated from equation (18) 

with the aid of the standard subsidiary relation (19).  

   IJòMô = 35.35	 ×	 IJ@õ − IJ@C 8/(5.35 − 0.65)@õ   (19) 

which is derived by assuming that the argon consists only of trapped and cosmogenic 

argon with 36Ar/38Ar ratios, 5.35 and 0.65, respectively. The amounts of trapped 36ArTr 

calculated in this way range from -0.6 ±1.0 ´ 10-18 mol (Step A) to 1.7 ´ 10-18 mol. Five 

of the eighteen values are negative, a consequence of having measured 36Ar/38Ar ratios 

less than the presumed cosmogenic lower limit of 0.65.  In none of these cases, however, 

does that low ratio differ from 0.65 by more than one standard deviation. We infer 

temporarily (see 2.7.2) that these negative results reflect experimental error and are 

consistent with the absence of trapped 36Ar. All positive values of 36ArTr sum to (11.7 ± 

3.7) ´ 10-18 mol, or about 8% of the total 36Ar measured for all steps. The corresponding 

and less biased percentage that includes the negative values sums to (8.9 ± 4.0) ´ 10-18 

mol, or about 6% of the total. Further, the amount of 36ArTr is not correlated with 
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40Ar/39ArK suggesting that the trapped component has no large systematic influence on 

the age.   

 To ensure that the trapped component and isochron have appropriate 

uncertainties, correlations between the various errors must be accounted for. In our 

calculations of the uncertainty of 36ArTr, we adopt the approximate value r = 0.90 for the 

correlation of the uncertainties 36Ar and 38Ar. This approximate value is obtained from 

the covariance of the uncertainties of 36Ar and 38Ar over all temperature release steps. 

The use of a lower value, r = 0.50, lowers the uncertainties D36ArTr slightly, but yields an 

isochron age, 3578 ± 66 Ma, that is indistinguishable from the isochron and plateau ages 

reported in the main text, namely 3603 ± 60 Ma and 3643 ± 28 Ma (Table 11). 

 The IsoplotR software of Vermeesch (2018) accounts for the correlation between 

the errors of 40Ar/36ArTr and 39Ar/36ArTr. IsoplotR allows for the input of three ratios 

(39Ar/40Ar, 36ArTr/40Ar, and 39Ar/36ArTr) and their respective standard errors from which 

the covariance between the ratios is calculated and used during error propagation. (Fig. 

11 and 12). 

 

2.7.2 The role of chlorine 

 Garrison et al. (2000) introduced the ‘minimum 36Ar/37Ar method’ to make 

cosmogenic corrections to 36Ar in samples containing appreciable concentrations of 

chlorine. The activation of chlorine in the nuclear reactor can lead to the production of 

38Ar, which complicates the identification of cosmogenic 38Ar, and may lead to 

underestimates of the amounts of 36ArTr present. Measured 36Ar/38Ar ratios less than the 

cosmogenic ratio of 0.65 may signal interference from chlorine, rather than experimental 
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uncertainties alone, as assumed in 2.7.1. For the MAC 02666 clast, all eighteen of the 

measured 36Ar/38Ar ratios lie within one standard deviation of 0.65. This observation 

suggests, but does not prove that the effects of chlorine are small, as 36Ar/38Ar ratios 

greater than 0.65 do not guarantee the absence of interference from Cl. However, semi-

quantitative EDS analyses of the mafic clast of MAC 02666 did not yield any 

measureable Cl or P, an element expected to accompany Cl in its most abundant host 

mineral, chlorapatite. We conclude that corrections for Cl are likely negligible, but are 

aware that a direct analysis of Cl would be desirable.  

 

2.7.3 Calculation of 38ArTr from the cosmic ray exposure age  

 Cassata & Borg (2017) discuss two approaches to cosmogenic corrections that 

incorporate as an independent parameter the cosmic ray exposure (CRE) age of the 

sample. Cosmogenic argon production in silicaceous phases is dominated by nuclear 

reactions on the target element Ca, with smaller contributions from K and Fe and other 

transition metal elements from Sc to Ni. With all target elements but Ca and K neglected, 

the amount (moles) of cosmogenic 36Ar released in any temperature step can be written in 

a form that is proportional to the amount of 37Ar measured (section 2.7, Equation (21); or 

see Cassata and Borg (2016), equations 5 and 6) and to the cosmic-ray exposure age. 

Cassata and Borg (2016) obtained the CRE age in either of two ways. In following their 

general line of calculation, we ignore the uncertainties on measured 37Ar. As described in 

the main text, the uncertainties on 37Ar are large because most of it had decayed by the 

time of measurement.  
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1) Cassata and Borg (2016) calculated a cosmic-ray exposure age from 

independent analyses of the noble gases in unirradiated samples and the 

composition-dependent production rate equations of Eugster and Michel 

(1995). We did not analyze an unirradiated sample of MAC 02666 and 

therefore relied instead on the CRE age obtained from i) lever-rule 

calculations of the total 38Arc in MAC 02666; and ii) the published 38Arc 

production rate of Eugster and Michel (1995) (section 2.7). If applied to the 

bulk sample, this method of calculating 36ArTr must give results identical to 

those obtained with the lever rule; it may, however, yield some independent 

information when applied singly to each temperature step.  

With a CRE age of 6.5 Ma and utilizing the IsoplotR software of Vermeesch 

(2018), we obtain an isochron age of 3679 ± 47 Ma and a 40Ar/36Ar intercept 

value of -46 ± 33. The age and intercept value are indistinguishable from 

those calculated using the cosmogenic correction described above. 

2) Cassata and Borg (2016) treated the CRE age as a variable parameter and, 

using the calculational framework outlined above, searched for a value that 

minimizes a statistical measure of the isochron’s goodness of fit. Full isochron 

calculations for a sampling of CRE ages produced no significant variations in 

the fitting parameters. For example, a CRE age of 4.5 Ma yields an isochron 

age of 3678 ± 47 Ma and a 40Ar/36Ar intercept value of -33 ± 33, while a CRE 

age of 7.5 Ma yields an isochron age of 3666 ± 44 Ma and a 40Ar/36Ar 

intercept value of -64 ± 31. 
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In summary, the cosmogenic correction is not critical for the determination of the 

40Ar/39Ar ages of mafic clast of MAC 02666. 

 

2.8 Calculation of cosmic-ray exposure age. 

A cosmic-ray exposure age, T38 is calculated for the mafic clast from howardite 

MAC 02666 using the isotopic composition of the total amount of Ar released during 

step-heating and assuming the relationship: 

V@õ =
eúa
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where P38 is the production rate of cosmogenic 38Ar, 38Arc. The above relationship can be 

written in terms of the measured quantities: 
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where k1 and k2 respectively are the Ca and K elemental production coefficients of 

Eugster and Michel (1995), and c1 and c2 are constants relating the irradiated masses of 

Ca and K to the amount of 37Ar and 39Ar produced during irradiation. 38Arc is the amount 

of cosmogenic 38Ar. 38Arc is calculated using the lever rule and assuming 36Ar/38Ar 

trapped and cosmogenic ratios of 5.35 and 0.65, respectively. The average measured ratio 

of 36Ar/38Ar for MAC 02666, 0.76 ± 0.26 is nearly indistinguishable from the cosmogenic 

ratio, indicating minimal trapped argon and interferences from reactor-produced Cl. 

Constants used in calculations are found in table 9. This method of calculating the 

production rate of cosmogenic 38Ar effectively assumes ‘average’ shielding conditions 
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for the sample studied, i.e., that the parent meteoroid of MA 02666 was neither very large 

nor very small; for details see Eugster and Michel (1995). 

 

3. Results 

3.1 Plagioclase from the Bushveld Complex 

Two plagioclase grains from a sample from the Upper Zone of the RLS (B06-042) yield 

plateau ages of 2037.8 ± 3.9 Ma (c. 78% of the total 39Ar) and 2037.7 ± 5.8 Ma (c. 85% of 

the total 39Ar), and total fusion ages of 2019.7 ± 4.5 Ma and 2086.8 ± 8.1 Ma (Fig. 9a-b, 

Table 10). A single plagioclase grain, from the Main Zone of the RLS (B14-053a), yields 

a plateau age of 2025.6 ± 3.9 Ma (c. 60% of the 39Ar) and a total fusion age of 1989.4 ± 

4.5 Ma (Fig. 9c, Table 10). The young apparent ages observed for each sample during early, 

low temperature, steps are similar to those reported from the analyses of Cassata et al. 

(2009) and indicate Ar loss potentially from re-heating or slow cooling. 

Figure 10 shows Arrhenius plots for each sample using the release of 39Ar from the 

monotonically increasing heating schedule used to create the age spectra shown in Figure 

9. 37Ar was not used because most of it had decayed by the time of measurement. To 

construct Figure 10, we assumed a spherical geometry. A plane slab geometry has often 

been assumed when modeling Ar diffusion in feldspars (Cassata et al., 2009; Lovera et al., 

1997; Lovera et al., 1989, 1991), but spherical geometries have proven to be more 

appropriate for feldspars with aspect ratios c. 0.5-1.0 (Cassata and Renne, 2013; Huber et 

al., 2011). We prefer a spherical geometry for both B06-042 and B14-053a because most 

of the grains separated from the samples have aspect ratios c. 0.6 – 0.9. 
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Weighted linear regressions of the data for both aliquots of B06-042 (Fig. 10a-b) 

yield indistinguishable diffusion parameters, with activation energies of 167.1 ± 7.9 kJ/mol 

and 165.4 ± 4.7 kJ/mol, and ln(D0/a2) values of 3.80 ± 0.98 and 2.45 ± 0.50 (Table 10). 

The similarity in diffusion parameters indicates an internal homogeneity within plagioclase 

from a single sample, as would be expected given the almost identical age spectra of the 

two plagioclase separates from B06-042. B14-053a (Fig. 10c) yields a similar activation 

energy of 165.3 ± 3.7 kJ/mol and a ln(D0/a2) value of 3.25 ± 0.41 (Table 10). The samples 

from this study are from stratigraphic horizons different from those reported in Cassata et 

al. (2009) and Cassata and Renne (2013) and therefore are may not be the same. The 

measured diffusion parameters, however, are well within the range of those calculated by 

Cassata and Renne (2013) and Cassata et al. (2009) for interstitial plagioclase separates 

from the Critical Zone of the RLS which are similar in composition; namely, values in the 

ranges, 155.3 £ Ea (kJ/mol) £ 188 and 0.6 £ ln(D0/a2) £ 6.29, respectively (Table 10). The 

diffusion parameters are also similar to numerous values reported and compiled by Cassata 

and Renne (2013) for feldspars modelled with a spherical geometry and with similar 

anorthite compositions to those in this study. The sample B06-042_01 is the only with 

enough measurable 37Ar to form an Arrhenius plot; it yielded diffusion parameters 

indistinguishable from those calculated using 39Ar from the same sample (Ea = 156 ± 13 

and ln(D0/a2) = 3.9 ± 1.7; Table 8). 

 

3.2 Mafic Clast (MC 001) - MAC 02666 

The mafic clast from howardite MAC 02666, yields a plateau age of 3643 ± 28 Ma (100% 

of the 39Ar) and a total fusion age of 3708 ± 36 Ma (Table 11). The plateau and total fusion 
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ages are not corrected for any trapped component as there is little indication that such a 

component is present (see discussion below). The step-heating age spectrum appears 

mostly to be undisturbed, indicating no detectable argon loss since closure (Fig. 11). After 

correcting 36Ar for the presence of 36Ar produced by cosmic rays, a 39Ar/36Ar vs. 40Ar/36Ar 

isotope correlation diagram was constructed using the IsoplotR software package 

(Vermeesch, 2018) and defines an isochron age for MC 001 of 3603 ± 60 Ma and an 

intercept corresponding to an initial 40Ar/36Ar value of 85 ± 282 (Fig. 12). The initial 

40Ar/36Ar value of 85 ± 282 indicates no detectable addition of primordial, solar, or 

terrestrial atmospheric 40Ar. We discuss the methods used to make cosmogenic corrections 

for the construction of the isotope correlation diagram of Figure 12 (see, e.g., Cassata and 

Borg, 2016; Garrison et al., 2000) above (section 2.7). All three ages, plateau, total fusion, 

and isochron are analytically indistinguishable - the statistical probability that the values 

differ is less than 5% - indicating that the ratio of 40Ar*/K (as indicated by the K proxy 

39ArK) is homogeneously distributed throughout the sample. 

Figures 13a-d show Arrhenius diagrams for the mafic clast from MAC 02666. In 

constructing an Arrhenius plot for the plagioclase separates from the Bushveld Complex, 

we considered only 39Ar because 40Ar*, and by implication 36Ar, underwent some loss 

and/or redistribution as evidenced by the low apparent ages at low temperatures (Fig. 9). 

In contrast, the clast from MAC 02666 shows no signs of Ar loss and so we modeled the 

behavior of 36Ar, 38Ar, 39Ar and 40Ar (Fig. 13). In calculating closure temperatures, and as 

with plagioclase samples from the Bushveld Complex, 37Ar was not used in Arrhenius 

regressions because of large measurement errors due to the long delay between the times 

of sample irradiation and isotopic analysis. 
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Studies of the behavior of argon in ordinary chondrites suggest that the diffusion 

parameters for all argon isotopes should be similar (see, e.g., Table 2 of Fechtig et al., 

1963). Indeed, the Arrhenius plots for the MC 001 sample yield similar activation energies 

and diffusion coefficients for all four isotopes, 36, 38, 39, 40Ar (Table 11). Taken together, the 

ages and thermal parameters indicate a system that closed at c. 3.64 Ga. The calculated 

activation energies, c. 130-145 kJ/mol, are similar to the published values of the 

Millbillillie and EET90020 eucrites (Yamaguchi et al., 1993; Bogard, 2009) as well as 

whole rock and gabbroic samples of mesosiderites which bear textural similarities to 

cumulate eucrites (Bogard et al., 1990). The closure temperatures calculated assuming 

spherical geometry range from 127.7 ± 4.7 °C to 163.7 ± 8.6 °C for a cooling rate of 10 °C 

Ma-1. For simplicity, we will use the diffusion parameters calculated solely from 39Ar for 

further discussion of the mafic clast from MAC 02666. 

The diffusion parameters discussed above should be regarded as “bulk” values for 

the sample. As described in section 2.1.2, the mafic clast is not a single phase, but rather 

composed of plagioclase, pyroxene and minor ilmenite and Ti-rich chromite. The 

calculated diffusion parameters are necessarily from a mixture of phases, each with its own 

individual activation energy and frequency factor. We have confidence, however, that our 

calculated diffusion parameters are accurate and able to be related to the age of the sample 

in deducing a thermal history. This is for two reasons: 

1. The dated mafic clast (c. 450 ppm K) is estimated to contain c. 75% plagioclase, 

with plagioclase being the dominant K-bearing phase within the clast. This 

observation implies that the majority of the 39Ar released throughout the step-

heating comes from the plagioclase diffusion domains. 
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2. The linearity of the Arrhenius relationship for all 4 isotopes (R2 = 0.99; Fig. 13) 

suggests that the degassing of the sample follows continuous Fickian diffusion 

and that the modelling of the clast as a single domain is acceptable. If other 

diffusive domains from different phases or resulting from varying grain size 

were present, we would expect a departure from linearity at temperatures below 

those needed to melt the sample. 

It is possible a more detailed heating schedule (i.e. more heating steps and temperature 

cycling) would reveal more complex diffusive properties of the mafic clast. In deciding not 

to pursue this course, we were swayed by the possibility that retrograde heating steps might 

result in meaningless ages of poor precision (e.g. Forster et al., 2015). We instead decided 

to maximize the precision on both the measured age as well as the diffusion parameters, 

given the small sample size and low K2O content. 

 A cosmic-ray exposure age (CRE) of 6.5 ± 0.7 Ma is calculated for the mafic clast 

from the total isotopic concentrations released during step-heating and the elemental 

production coefficients of Eugster and Michel (1995). Details are in above (sections 2.7-

2.8). The CRE age of the mafic clast (6.5 Ma) lies at the younger end of the range of CRE 

ages reported for HED meteorites of c. 5 to 60 Ma (Herzog and Caffee, 2014). 

 

4. Discussion 

4.1 Benefits of Ta-Platform Heating 

 Argon thermochonrologic experiments, which attempt to measure the diffusion 

kinetics of a sample during step-heating, require precise temperature measurements at each 

heating step. To achieve this, 40Ar/39Ar studies often use either a resistance furnace or an 
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in vacuo laser heating system. The resistance furnace offers good temperature control and 

can be configured for accurate temperature measurements, but difficulties in producing and 

maintaining low blanks generally require larger sample masses. Appreciable thermal 

inertia in some systems can also lengthen the times needed to attain thermal equilibrium 

and to return to ambient temperatures at the end of each heating step (e.g. Reus et al., 1980; 

McDougall and Harrison, 1999). Laser heating of samples in vacuo has largely 

compensated for these limitations and is commonly accomplished by wrapping a sample 

in a metal (e.g. platinum or tantalum) packet and step-heating the whole packet with a CO2 

or diode laser. 

 Currently, there are two general approaches to measuring temperatures with a 

single-color optical pyrometer. Both require the optical pyrometer to be externally 

calibrated to account for the changing emissivity of the target material within the 

temperature range of step-heating experiments. One method is by calibrating the optical 

pyrometer with a high-quality thermocouple (e.g. Cassata et al., 2009). In this scenario, the 

pyrometer is not used to directly determine temperature, but rather to regulate the laser 

power to produce to a constant temperature. Temperatures are inferred using a calibration 

curve (true or thermocouple temperature vs. pyrometer temperature) constructed 

independently for the specific target material with the use of a high-quality thermocouple, 

thus eliminating any issues relating to the changing emissivity of the target material with 

temperature. The second approach uses the melting point of pure metals to deduce the 

correct emissivity settings needed to construct a calibration curve without the need for a 

high-quality thermocouple (e.g. Oze et al., 2017; Miller et al., 2017; Strauss et al., 2017). 
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Oze et al. (2017) note that a potential drawback with the previously described 

thermocouple calibration is that the thermocouple lead is often of enough mass that heat is 

conducted away from the target and into the thermocouple. This results in the need for 

more laser energy to reach higher temperatures and complicates the confirmation of the 

calibration curve at these higher temperatures (>1100 °C). While the thermocouple 

calibration may be a suitable approach for temperature measurements, like Oze et al. 

(2017), our method does not use a high-quality thermocouple. As such we focus the 

following discussion on the benefits of the new method versus other methods that also use 

an optical pyrometer without the aid of a high-quality thermocouple calibration. 

 As mentioned above, the use of single-color pyrometer without a thermocouple 

requires external calibration. The calibration is necessary because single-color pyrometers 

rely on target materials that have a well-known and consistent emissivity. Alloys 

commonly used include Pt, Pt-Ir (Cassata et al. 2009) or Ta (Oze et al., 2017). While these 

alloys have well known emissivities within the infrared spectrum of a single-color 

pyrometer, their emissivity is not constant over the entire temperature range of most step-

heating experiments [e.g. Deemyad and Silvera (2008); Savitskii (2012)]. The changing 

emissivity of the target material with temperature adds the potential for erroneous 

temperature measurements (by up to 10%) using a single-color pyrometer and in the case 

of Oze et al. (2017), requires the correction of temperatures from a calibration curve 

constructed from the melting of pure Al followed by subsequent emissivity experiments. 

Oze et al. (2017) calibrated their single-color pyrometer to within ± 20 °C (3%) of 

the true temperature by inferring the melting point of aluminum (660 °C) in the following 

way. Aluminum metal was wrapped in a Ta foil packet, was heated to constant 
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temperatures while measuring the 40Ar released during heating; accelerated releases of 40Ar 

were taken to indicate the onset of complete melting of aluminum. Once the melting point 

was observed, the emissivity setting of the pyrometer was then adjusted until the 

temperature reading was 660 °C.  This approach assumes that large releases only occur at 

the moment of complete melting. The broad temperature range (c. 640-680 °C) at which 

40Ar was released during the pyrometer experiment indicates that this may not be the case. 

After acquiring this fixed point (a calibrated emissivity at 660 °C), the authors 

incrementally changed the emissivity setting of the pyrometer while at the constant laser 

power, thus relating emissivity to the deviation from true temperature. This deviation 

served as a calibration curve (or correction factor) by using compiled emissivity values of 

Ta at different temperatures, and was used for all temperatures above and below 660 °C. 

We, too make temperature measurements on a tantalum metal target with an optical 

pyrometer without the use of a high-quality thermocouple. However, we use a two-color 

pyrometer which can account for the change in emissivity with temperature using a fixed 

“relative emissivity” or slope adjustment in combination with the original calibration of 

the pyrometer (see. Section 2.3). This method allows for accurate temperature 

measurements to be made throughout the temperature range of the step-heating 

experiments without the need for any corrections from an external calibration curve. Our 

experiment observing the melting of pure metals (Fig. 7a) is a verification of the slope 

adjustment in combination with the pyrometer’s original calibration. Additionally, our use 

of a tantalum platform, rather than a packet, allows for the direct observation of the melting 

point of the pure metals during verification experiments confirming the pyrometer 

calibration (Fig. 7a) and eliminates the need to measure 40Ar to infer melting. This results 
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in an improvement in inferred pyrometer accuracy from c. 3% in the study of Oze et al. 

(2017) to c. 0.5% in this study. 

The use of a platform design (Fig. 5) also provides a second modest improvement 

to conventional laser step-heating methods. The platform allows for continuous sample 

viewing throughout sample preparation, step-heating, and in particular, at the moment of 

complete fusion (Fig. 5d). Without such observations, melting is inferred by large gas 

releases, potentially leading to temperature steps before sample melting being left out of 

Arrhenius regressions (e.g. Reynolds et al., 1998). Without this observation, temperature 

steps after sample melting can similarly be incorrectly included in Arrhenius regressions, 

as was discussed as a potential issue in Forster et al. (2015). 

Lastly, the Ta-platforms are cost-effective and are easily cleaned and degassed for 

repeated use. 

A drawback of the method described here is that although the temperature of each 

heating step is constant and attained rapidly, that temperature is not precisely known in 

advance. The temperature achieved is determined by the geometry of the target, which 

may vary slightly, and by the laser power setting. In practice, based on experience we can 

normally predict the temperature to within c. 20 °C. Future set-ups could include the 

heating of tantalum platforms using a controlled feedback loop for laser power, similar to 

ones implemented by Cassata et al. (2009) and Oze et al. (2017). 

 

4.2 Application to howardite, MAC 02666 

4.2.1 Thermal Resetting Events on Vesta 



 

 

205 

Figure 14 shows the distribution of published 40Ar/39Ar ages of HED meteorites 

(Bogard and Garrison, 2009; Bogard et al., 1995; Bogard et al., 1993; Bogard et al., 1985; 

Bogard, 2011; Bogard and Garrison, 2003; Caffee et al., 1985; Cohen, 2013; Kaneoka et 

al., 1979; Kennedy et al., 2013; Korochantseva et al., 2005; Kunz et al., 1997; Lindsay et 

al., 2015; Rajan et al., 1975, 1979; Shankar et al., 2008; Shukoliukov et al., 1984; Takeda 

et al., 1994). A large peak between 4.2 and 4.6 Ga has been interpreted as the result of an 

extended period of eucrite formation and of internal metamorphism (Bogard, 2011). A 

second prominent peak, possibly with substructure, appears between 3.4 and 4.1 Ga of 

Figure 14. Bogard and Garrison (2009) suggested that these younger ages result from 

impact resetting during a period of enhanced asteroidal bombardment that also affected the 

Moon. Cohen (2013) obtained 40Ar/39Ar ages ranging from 3.3 to 3.8 Ga for what were 

clearly impact melt clasts, as opposed to bulk samples or unaltered mafic clasts, separated 

from several howardites. Cohen (2013) suggested that the resetting of the Ar ages for these 

impact melt clasts was caused by high-velocity impacts on Vesta rather than by an overall 

increase in the flux of impactors.  

The 40Ar/39Ar ages of feldspar and glassy veins within one howardite, Kapoeta have 

an even wider range, from <1 to 3.9 Ga (Lindsay et al., 2015), suggesting that thermal 

events on Vesta continued to occur throughout the last 3.3 Ga. The varied ages that 

populate this extended time interval, from <1 to 3.8 Ga, are likely the consequence of both 

impact resetting and the uneven cooling of various mineral phases.  

Against this background we examine how our new data constrain the thermal 

history of MAC 02666. The plateau age of the clast measured here is 3.64 ± 0.28 Ga (Fig. 

11), and falls in the middle of the 3.4-4.1 Ga peak for HED meteorites (Fig. 14). The 
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possibility that this age was reset by impact is supported by mineral textures. Plagioclase 

in the clast shows areas of mosaicism that are consistent with shock deformation, as are the 

irregular fractures seen within both plagioclase and pyroxene grains and along grain 

boundaries (Fig. 1c-d). The mafic clast, although thoroughly brecciated, shows no evidence 

for partial re-melting of mineral phases after crystallization, indicating that temperatures 

experienced by the sample during the shock producing event never rose above the solidus. 

Age-resetting of the mafic clast due to impact is also supported by thermal 

modelling. Figure 15 shows the times required for either 90% or 10% of the radiogenic 

40Ar to be lost from the sample, as a function of temperature, modelled with the diffusion 

parameters determined for the mafic clast. Ar losses of 90% would effectively reset the 

argon clock without the physical melting of the sample, a scenario similar to the one 

necessary to account for the thermal resetting and closure of the Ar-Ar system of the mafic 

clast at 3.64 Ga. Even at sub-solidus temperatures, relatively short heating times are 

sufficient to reset the age: 140 yr at 300 °C or a few hours at 700 °C, perhaps within the 

regolith surrounding an impact crater. The temperature of ejecta from an impact and 

therefore the temperature its resultant ejecta pile is strongly dependent on the velocity of 

the impactor, while the depth of the crater and volume of ejecta scales with the size of the 

impactor (Marchi et al., 2013). According to the Hydrocode-based impact modelling of 

Marchi et al. (2013), a wide range of impactor velocities striking the surface of Vesta can 

achieve the temperatures necessary for resetting the age of the mafic clast. For example, 

an above average velocity impactor (c. 7 km s-1) on the surface of Vesta, with a 10 km 

diameter, can produce ejecta temperatures up to c. 750 °C, while even an average velocity 

impactor (c. 5 km s-1) can produce ejecta temperatures up to c. 450 °C (Marchi et al., 2013). 
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As noted above (Section 3.2), the mafic clast of MAC 02666 lost little or no Ar 

since it closed c. 3.64 Ga (Fig. 11). Interestingly, numerous 40Ar/39Ar ages of HEDs, 

although within the proposed enhanced bombardment interval of Vesta, are significantly 

younger than the age of the mafic clast (e.g. Lindsay et al. 2015). The flat release pattern 

during step-heating (Fig. 11) indicates that any thermal events after the 3.64 Ga resetting 

age must have been sufficiently cool or short to limit any fractional loss of 40Ar. Diffusion 

parameters can be used to model, and therefore exclude, the conditions that would reset or 

partially reset the Ar-Ar system. Cohen (2013) took a similar approach, but in the absence 

of diffusion parameters for the samples analyzed, relied on published results for similar 

terrestrial materials. Here, utilizing the step-heating method described above, the diffusion 

parameters of the sample of interest were measured directly (Table 11).  

The second scenario presented in Fig. 15, a 10% fractional loss of 40Ar, constrains 

the duration of a heating event needed to produce younger ages at low temperature steps 

during step-heating. Fig. 15 shows that heating at elevated temperatures (i.e. >450°C) 

produces a 10% fractional loss in only a few days; such losses would produce young 

apparent ages that are not observed in the release spectra of Fig. 11. From the calculated 

scenarios displayed in Fig. 15, we conclude that within the last 3.64 Ga, the temperature of 

the MAC 02666 clast did not exceed temperatures of c. 450°C. Conversely, if the sample 

was exposed to higher temperatures, it necessarily was only for a brief duration (< c. 1 

day), limiting Ar loss. 

A simple but restrictive astrophysical scenario that prevents Ar loss assumes that 

only high-velocity impacts are likely to reset Ar ages and, accordingly, places the sample 

far from all craters produced by such impacts. Calculations of impact probabilities for 
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Vesta (O'Brien et al., 2011) coupled with the crater simulations of Marchi et al. (2013) 

suggest that about 20% of the surface area of Vesta meets this description, with the majority 

of these impacts occurring before 4.1 Ga. More broadly, if small impacts can reset the Ar 

clock as suggested by the diffusion parameters of the mafic clast from MAC 02666, then 

the sample must have been buried 1 km or so beneath the Vestan surface. 

 

4.2.2 Howardite Age Evolution 

 Two prominent overlapping basins, Rheasilvia and Veneneia, dominate the 

southern hemisphere of Vesta. These basins probably formed as a result of the major impact 

events that also produced the immediate precursors of HED meteorites (see, Marchi et al., 

2012; McSween et al., 2011, 2013). Crater counting of the surface of Vesta has yielded 

discordant ages of the two basin-forming events: 1.0 or 3.6 Ga for Rheasilvia and 2.1 or 

3.8 Ga for Veneneia (Marchi et al., 2012; Schmedemann et al., 2014). From a consideration 

of Vesta’s cratering record, Marchi et al. (2012) concluded that the Rheasilvia basin was 

formed by a large impact c. 1 Ga ago and, in the process, produced enough ejecta to account 

for the Vestoid family of asteroids. Based on dynamical considerations, Marchi et al. 

(2012) also argued that the Vestoids could not have survived as a recognizable 

astronomical family for more than 1 Ga, a limit consistent with the 1-Ga age estimated for 

Rheasilvia, but not with the generation of the Vestoids by an earlier event.  

 The thermal parameters for the clast from MAC 02666 show its sensitivity to 

heating and, by extension, suggest that similar material in other HED meteorites also 

should be susceptible to Ar losses. Consistent with these observations and reasoning, 

Lindsay et al. (2015) reported 40Ar/39Ar ages of about 1 Ga in isolated feldspars from the 
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Kapoeta howardite. They also noted that the Ar release spectra of several other brecciated 

eucrites and howardites show signs of disturbance (i.e., young ages at low laboratory 

release temperatures) within the last 2 Ga. If these low ages mark Ar closure after cooling 

of samples buried 3.6 Ga ago in ejecta blankets on Vesta, then cooling rates DT/Dt, less 

than 0.3 °C/Ma are implied (DT £450 °C; Dt ³(3.6-2.0) Ga). In this burial scenario, it is 

difficult to understand how most components of howardites could have escaped resetting 

of 40Ar/39Ar ages. Independent estimates of post-impact cooling rates for HED meteorites, 

albeit imperfectly analogous and derived from various thermometers, are orders of 

magnitude faster: 3.5 x 105 °C/Ma for the Moore County cumulate eucrite (Miyamoto and 

Takeda, 1994); and 80 to 500 °C/Ma for diogenites, the D in HED meteorites (Zema et al., 

1997). It seems simpler to suppose that proto HEDs 1) cooled rapidly after resetting 3.6 Ga 

ago; 2) escaped later disturbance on Vesta itself because of a declining flux of high-energy 

impactors (Marchi et al., 2013) or burial to modest depths; and 3) record in their low-

temperature Ar release spectra the effects of rapid, inhomogeneous heating and cooling of 

Vestoids that occurred in the aftermath of the proposed Rheasilvia ejection event.  

 

5. Conclusions  

A tantalum platform allows simple and reproducible laser heating of microgram 

samples for 40Ar/39Ar thermochronology. The use of a two-color pyrometer and platform 

design results in an improved temperature measurement and verification of the optical 

pyrometer calibration without the need for a calibration curve from a high-quality 

thermocouple. Plagioclase diffusion parameters obtained from two samples from the 

Rustenburg Layered Suite of the Bushveld Complex (Ea = 165.3 ± 7.9 to 167.1 ± 3.8 kJ/mol 
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and ln(D0/a2) = 2.45 ± 0.50 to 3.80 ± 0.98), using the Ta-platform system, agree with 

previously published values, thus validating our method.  

We made 40Ar/39Ar measurements of a low K2O, 174-µg sample taken from a mafic 

clast in the howardite MAC 02666. The undisturbed age spectrum gives a plateau age of 

3.64 ± 0.28 Ga. Calculated 39Ar diffusion parameters (Ea = 138.2 ± 5.6 kJ/mol and ln(D0/a2) 

= 5.23 ± 0.60) indicate that this age may result from heating in an impact blanket at 1000 

°C for about 10 minutes or at 200 °C for 6.63 x 104 y and resulted in complete resetting of 

the Ar clock. Subsequent burial of the clast on Vesta at depths of c. 1 km, along with 

decreasing average velocities for asteroidal impactors, may have protected the clast from 

further diffusive Ar loss until it was launched into orbit c. 6.5 Ma ago. By analogous 

reasoning, temperatures while the meteoroid was in transit to Earth and after the meteorite 

landed in the Antarctic, were too low to cause appreciable Ar loss. 

 Ages younger than c. 3.3 Ga are scarce in HED meteorites (Fig. 15), which is 

surprising considering the sensitivity of at least one of their components, which we 

believe to be plagioclase, to thermal resetting. The scarcity of younger ages can be 

understood partly as the consequence of the decreasing frequency over time of high-

velocity impacts on Vesta and the sourcing of HEDs in smaller, rapidly cooled Vestoids 

launched in the Rheasilvia-producing event c. 1 Ga ago (Marchi et al., 2013). To some 

degree, however, the scarcity of younger ages likely reflects a historical lack of data for 

samples small enough to contain components with a single age. The heating method 

described in this study offers one relatively simple way to fill this gap and improve 

histories of thermal evolution. 
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Figure Captions 

Figure 1 

(a) Bulk portion of MAC02666. (b) 174 µg mafic clast (MC 001) from howardite MAC 

02666 separated for 40Ar/39Ar thermochronology. (c) BSE image of a fragment of the 

mafic clast used for EMPA analyses. (d) Magnified BSE image of the same fragment 

showing plagioclase textures. 

 

Figure 2  

Compositional ranges of pyroxene and plagioclase from the mafic clast of howardite, 

MAC 02666. (a) Pyroxene quadrilateral diagram. (b) Normative anorthite (An), albite 

(Ab), orthoclase (Or) diagram. 

 

Figure 3 

Photomosaic of BSE images of the mafic clast of the howardite, MAC 02666. Annotated 

areas are where electron microprobe analyses were taken. The red dotted line denotes the 

contact between the mafic clast and the howardite matrix. Only analyses of the mafic 

clast are reported. 

 

Figure 4 

Example of the temperature of a Ta-platform during heating with the CO2 laser. The Ta-

platform reaches temperature in ~10s and takes ~10s to return to room temperature. 

 

Figure 5 
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Images of Ta platforms used during heating experiments. (a) Schematic drawing (not to 

scale) of the tantalum platform design. The red circled points on the platform illustrate 

the areas in contact with the steel pit which are responsible for heat conduction away 

from the sample. (b) Example of Ta platform and sample heated to c. 1100°C. The image 

is heavily filtered by the camera and does not display true colors. In the initial calibration 

of the system and in subsequent recalibration checks, no temperature differences were 

noted with the pyrometer in the “dimpled” sample area” of the Ta-platform (indicated by 

the dotted red circle) and the point of focus of the laser (indicated by the solid red circle). 

(c) Images showing the true color of heated tantalum platforms. (d) Image demonstrating 

the dimensions of a Ta platform. Each side of the platform is approximately 5 mm in 

length. The glass ball in image provides visual of a fused sample within the augured 

dimple. 

 

Figure 6 

(a) Model set-up in Energy2D. Horizontal platform and folded legs are Ta, while sample 

holder is stainless-steel. A single feldspar grain is placed on top of the Ta-platform. (b) 

Model run at 1000°C, shown after 5 s. Open circles are locations of temperature 

measurements. (c) (d) (e) Temperature recordings for 500°C, 800°C and 1000°C heating 

steps, respectively. 

 

Figure 7 

(a) Experimental results, relating laser output (W) to pyrometer temperature (°C), 

verifying the calibration of the optical pyrometer. The data were fitted with with StataMP 
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statistical analysis software in order to estimate temperatures below 500°C. Measured 

melting points are labeled for Au (gold), Cu (copper) and Al (aluminum). The melting 

point of Sn (tin) was used to anchor temperatures below 500 °C. (b) Apparent pyrometer 

temperatures resulting from incorrect slope adjustment values. Each adjustment of 0.030 

results in an c. 25°C offset of the apparent from the true temperature. 

 

Figure 8 

Modelled values of minimum duration of re-heating events required to result in 90% 

(solid line) and 10% (dashed line) fractional losses from the mafic clast of howardite, 

MAC 02666. Diffusion parameters used in modelling are from 39Ar (black), 40Ar* (dark 

grey) and 36Ar (light grey). 

 

Figure 9 

Step-heating age spectrum and K/Ca ratios for plagioclase separates for samples B06-042 

(Upper Zone) and B14-053a (Main Zone) from Rustenburg Layered Suite of the Bushveld 

Complex. The dashed line within individual steps represents the apparent age of the step. 

 

Figure 10 

Arrhenius plots for plagioclase separates from sample B06-042 of the Upper Zone and 

B14-053a of the Main Zone of the RLS. Activation energy = Ea (kJ/mol), diffusion 

constant = ln(D0/a2). Closed circles are used in Arrhenius regressions. Open circles are 

not used. 
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Figure 11 

Step-heating age spectrum and K/Ca ratios for a 174-µg mafic clast (MC 001) from the 

howardite MAC 02666. The dashed line within individual steps represents the apparent 

age of the step. 

 

Figure 12 

Isochron for a 174-µg mafic clast (MC 001) from howardite MAC 02666 after applying 

cosmogenic correction to obtain 36ArTr. ρ(36Ar,38Ar) is the correlation of the uncertainties 

for 36Ar and 38Ar (see supplementary information). The isochron age and the plateau age 

are analytically indistinguishable (a=0.05). The intercept of the best fit line, 40Ar/36ArTr 

Int., is analytically indistinguishable from zero (a=0.05), indicating negligible 

concentrations of trapped 40Ar. 

 

Figure 13 

Arrhenius plots of (a) 40Ar (b) 39Ar (c) 38Ar and (d) 36Ar for the mafic clast (MC 001) 

from the howardite MAC 02666. Activation energy = Ea (kJ/mol), diffusion constant = 

ln(D0/a2), and closure temperature (Tc, °C). Closed circles are used in Arrhenius 

regression. Open circles are not used. 

 

Figure 14 

Cumulative Gaussian probability diagram and histogram for published 40Ar/39Ar ages of 

HEDs. Histogram bin size is 150 Myr. See text for full references. 
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Figure 15 

Minimum duration of re-heating events required to result in 90% (solid line) and 10% 

(dashed line) fractional losses from the mafic clast of howardite MAC 02666. Diffusion 

parameters used in the calculations are from 39Ar. The use of the other diffusion 

parameters listed in Table 11 yield similar results (Table 13, Fig. 8).  
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 14 
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Figure 15 
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Table 1 
Electron microprobe, major element compositions (wt. %) of the samples dated in this 
study. 
 
Oxide MC 001 (Px) MC 001 (Pl) B06-042 B14-053a 
SiO2 50.1 45.8 54.32 51.70 
TiO 0.15 0.02 n.a. n.a. 
Al2O3 0.19 35.3 28.79 31.15 
Cr2O3 n.a. n.a. b.d. b.d. 
FeO 34.4 0.42 0.24 0.34 
MnO n.a. n.a. b.d. b.d. 
MgO 11.4 0.02 b.d. 0.01 
CaO 3.28 17.8 10.88 13.64 
Na2O 0.03 1.20 4.93 3.47 
K2O 0.02 0.08 0.38 0.23 
Total 99.6 100.6 99.52 100.55 
 Endmember Compositions 
% An or En 34.0 

 

88.7 53.7 67.5 

 
% Ab or Fs 59.0 10.8 44.0 31.1 
% Or or Wo 7.0 0.5 2.2 1.4 
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Table 2 
Estimated temperatures versus laser power for temperature steps below 500 °C, the lower 
limit of the pyrometer temperature measurements. 
 

Laser  
Power 

(W) 

Predicted 
Temperature 

(°C) 
0.2 146±13 
0.3 182±12 
0.4 212±11 
0.5 237±10 
0.6 259±9 
0.7 279±9 
0.8 297±8 
0.9 314±8 
1.0 329±7 
1.1 344±7 
1.2 357±7 
1.3 370±6 
1.4 382±6 
1.5 394±6 
1.6 405±6 
1.7 416±5 
1.8 426±5 
1.9 436±5 
2.0 445±5 
2.1 454±5 
2.2 463±5 
2.3 472±4 
2.4 480±4 
2.5 488±4 
2.6 486±4 
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Table 3 
Three separate hot blank measurements at varying heating durations and typical cold 
blank measurements. 
 
RunID Power T t 40Ar 39Ar 38Ar 37Ar 36Ar 
H22913 [W] [°C] [s]      
01A 3.5 575 120 43.1 0.477 0.174 2.42 0.366 
01B 10 797 120 42.0 0.752 0.181 2.44 0.351 
01C 24 1054 120 45.8 0.852 0.076 2.31 0.390 
02A 3.5 566 180 46.4 0.833 0.144 2.61 0.341 
02B 10 795 180 44.1 0.439 0.176 2.54 0.346 
02C 24 1047 180 40.6 0.155 0.077 2.64 0.308 
03A 3.5 567 300 43.0 1.160 0.034 2.47 0.255 
03B 10 802 300 38.9 0.130 0.127 2.36 0.269 
03C 24 1048 300 47.9 0.505 0.074 2.74 0.364 
Cold - 20 - 43.6±8.2 0.90±0.49 0.11±0.03 2.39±0.15 0.32±0.03 
Note. Power=laser power; T=temperature; t=duration of heating; Isotope measurements 
in moles x 10-17; Spectrometer sensitivity is c. 7.60 x 10-12 mol/nA; n=7 for cold blank. 
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Table 4 
Stepwise heating results of B06-042_01: moles of each isotope for each heating step. W is laser power in watts. J = 0.0199108 
± 0.0000394. 
 

Run ID W 36Ar (±) 
1E-18 mol 

37ArCa (±) 
1E-15 mol 

38Ar (±) 
1E-18 mol 

39ArK (±) 
1E-17 mol 

40Ar (±) 
1E-15 mol 

40Ar* (±) 
1E-15 mol 

Age (Ma) 
(±) 

22459-01A 3.5 16.36 (0.59) 3.15 (0.82) 26.33 (0.71) 6.30 (0.51) 39.59 (0.26) 34.71 (0.19) 4480 (130) 
22459-01B 5.2 8.40 (0.53) 4.03 (0.88) 8.51 (0.53) 13.53 (0.62) 15.56 (0.23) 13.05 (0.16) 1933 (57) 
22459-01C 6.5 5.58 (0.49) 4.45 (0.76) 1.08 (0.44) 14.68 (0.59) 9.42 (0.21) 7.75 (0.15) 1296 (42) 
22459-01D 7.5 5.79 (0.49) 3.58 (0.79) 0.59 (0.44) 17.09 (0.67) 11.11 (0.21) 9.39 (0.15) 1333 (41) 
22459-01E 9 5.72 (0.52) 7.66 (0.81) 0.06 (0.51) 33.15 (0.82) 21.03 (0.22) 19.32 (0.16) 1390 (25) 
22459-01F 12 11.56 (0.54) 6.36 (0.83) 5.63 (0.65) 67.19 (1.14) 50.35 (0.24) 46.90 (0.17) 1572 (18) 
22459-01G 15 7.83 (0.76) 5.71 (0.79) 2.81 (0.55) 32.82 (0.50) 32.95 (0.32) 30.61 (0.23) 1894 (20) 
22459-01H 17.5 12.15 (0.56) 6.94 (0.79) 4.37 (0.59) 53.13 (0.94) 61.47 (0.24) 57.84 (0.17) 2080 (22) 
22459-01I 20 13.41 (0.60) 14.20 (0.97) 8.66 (0.81) 114.70 (1.56) 133.20 (0.26) 129.20 (0.19) 2123 (17) 
22459-01J 22 18.63 (0.89) 81.10 (1.74) 49.18 (1.29) 681.50 (4.34) 719.66 (0.47) 714.10 (0.38) 2033.2 (6.6) 
22459-01K 29.5 16.15 (0.61) 18.68 (0.83) 9.60 (0.70) 170.80 (1.27) 184.62 (0.53) 179.80 (0.50) 2038.5 (8.8) 
22459-01L 38 21.54 (0.72) 28.75 (0.92) 26.50 (1.15) 279.54 (3.29) 299.52 (0.32) 293.05 (0.24) 2034 (14) 
22459-01M 1.5 - - - - - - - 
22459-01N 3 5.70 (0.48) 1.54 (0.86) 0.32 (0.38) 0.90 (0.14) 3.10 (0.20) 1.40 (0.14) 2550 (270) 
22459-01O 5 7.93 (0.49) 4.23 (0.79) 2.87 (0.53) 57.89 (0.41) 63.51 (0.25) 61.14 (0.20) 2042.8 (8.7) 
22459-01P 6 7.64 (0.54) 9.61 (0.85) 5.88 (0.63) 77.76 (0.43) 84.18 (0.25) 81.90 (0.19) 2039.4 (6.1) 
22459-01Q 6 6.04 (0.45) 0.23 (0.83) 1.13 (0.38) 3.96 (0.14) 5.95 (0.19) 4.14 (0.14) 2031 (65) 
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Table 5 
Stepwise heating results of B06-042_02: moles of each isotope for each heating step. W is laser power in watts. J = 0.0199108 
± 0.0000394. 
 

Run ID W 36Ar (±) 
1E-18 mol 

37ArCa (±) 
1E-15 mol 

38Ar (±) 
1E-18 mol 

39ArK (±) 
1E-17 mol 

40Ar (±) 
1E-15 mol 

40Ar* (±) 
1E-15 mol 

Age (Ma) (±) 

22459-02A 1.8 18.65 (0.91) - 41.18 (0.96) 2.08 (0.29) 63.99 (0.39) 58.42 (0.28) 7300 (250) 
22459-02B 3.5 0.56 (0.82) 1.60 (2.32) 1.15 (0.44) 0.10 0.31) 0.23 (0.35) 0.06 (0.25) 1500 (6000) 
22459-02C 5.2 4.39 (1.18) - 8.03 (0.56) 1.77 (0.30) 4.36 (0.50) 3.05 (0.35) 2700 (350) 
22459-02D 6.5 7.19 (1.07) - 15.22 (0.65) 2.41 (0.30) 16.83 (0.45) 14.68 (0.32) 4600 (230) 
22459-02E 7.5 10.86 (1.18) - 18.56 (0.77) 3.02 (0.30) 26.05 (0.50) 22.81 (0.35) 5010 (190) 
22459-02F 9 23.06 (2.87) - 40.85 (1.09) 8.63 (0.70) 58.63 (1.21) 51.75 (0.86) 4620 (160) 
22459-02G 12 13.95 (1.22) - 30.79 (0.85) 19.71 (0.88) 48.19 (0.53) 44.02 (0.39) 3058 (69) 
22459-02H 15 2.36 (1.28) - 3.29 (0.62) 25.47 (0.35) 12.58 (0.54) 11.88 (0.38) 1185 (36) 
22459-02I 17.5 0.08 (1.35) 1.48 (4.05) 1.13 (0.58) 25.33 (0.41) 11.81 (0.57) 11.79 (0.41) 1183 (39) 
22459-02J 20 2.20 (1.00) 2.32 (2.46) 3.35 (0.62) 38.26 (0.40) 21.70 (0.42) 21.04 (0.30) 1334 (18) 
22459-02K 22 - 7.49 (2.57) 0.87 (0.58) 30.72 (0.35) 17.81 (0.45) 17.95 (0.32) 1392 (23) 
22459-02L 23.5 - 1.54 (2.73) - 25.54 (0.36) 15.44 (0.45) 15.48 (0.32) 1428 (28) 
22459-02M 25 - 5.83 (2.03) 0.22 (0.55) 14.77 (0.25) 10.07 (0.34) 10.32 (0.24) 1573 (35) 
22459-02N 27 - 3.84 (3.05) 0.04 (0.55) 14.19 (0.30) 9.82 (0.47) 10.24 (0.33) 1607 (50) 
22459-02O 29.2 - 4.90 (2.00) 1.32 (0.51) 10.35 (0.23) 7.72 (0.38) 8.07 (0.27) 1691 (51) 
22459-02P 31 - 4.02 (4.64) 0.68 (0.56) 8.02 (0.44) 6.57 (0.61) 6.86 (0.43) 1790 (120) 
22459-02Q 33.5 - 5.53 (2.88) 0.09 (0.44) 3.66 (0.27) 2.53 (0.40) 2.80 (0.28) 1670 (170) 
22459-02R 38 0.28 (0.92) - 0.42 (0.46) 2.20 (0.31) 1.07 (0.39) 0.99 (0.27) 1150 (300) 
22459-02S 1.5 11.78 (2.27) - 12.98 (0.88) 81.03 (0.74) 91.14 (0.96) 87.62 (0.68) 2072 (19) 
22459-02T 1.8 16.56 (1.03) 50.40 (2.38) 32.12 (1.26) 546.06 (5.05) 585.83 (0.55) 580.91 (0.45) 2052 (10) 
22459-02U 2 2.19 (0.91) 20.67 (2.33) 13.54 (0.80) 170.50 (1.39) 177.45 (0.41) 176.75 (0.31) 2020.5 (9.0) 
22459-02V 2.2 - 44.26 (7.23) 11.32 (3.59) 252.73 (3.94) 264.59 (0.92) 265.84 (0.65) 2038 (19) 
22459-02W 2.5 0.50 (1.50) 22.91 (1.97) 8.51 (10.36) 218.38 (7.36) 229.16 (0.34) 229.02 (0.26) 2034 (41) 
22459-02X 2.7 1.50 (1.02) - 0.11 (0.56) 2.84 (0.67) 3.39 (0.43) 2.94 (0.30) 2020 (340) 
22459-02Y 3 - 5.62 (2.90) 1.37 (0.51) 8.64 (0.27) 9.01 (0.42) 9.02 (0.30) 2028 (70) 
22459-02Z 4 0.87 (0.86) 7.64 (2.28) 3.21 (0.55) 31.09 (0.55) 32.78 (0.39) 32.52 (0.30) 2031 (25) 
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22459-02AA 5 2.40 (1.70) 6.00 (5.38) 2.23 (1.32) 56.35 (0.54) 59.79 (1.02) 59.07 (0.52) 2034 (19) 
22459-02AB 6 - 7.45 (2.90) 0.17 (0.16) 4.37 (0.26) 4.91 (0.59) 5.05 (0.30) 2150 (130) 
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Table 6 
Stepwise heating results of B14-053a: moles of each isotope for each heating step. W is laser power in watts. J = 0.0199458 ± 
0.000040. 
 

Run ID W 36Ar (±) 
1E-18 mol 

37ArCa (±) 
1E-15 mol 

38Ar (±) 
1E-18 mol 

39ArK (±) 
1E-17 mol 

40Ar (±) 
1E-15 mol 

40Ar* (±) 
1E-15 mol 

Age (Ma) (±) 

22458-01A 3.5 4.13 (0.63) - 19.12 (0.72) 1.17 (0.16) 15.75 (0.28) 14.52 (0.21) 5870 (240) 
22458-01B 1.8 - 0.03 (0.82) 0.16 (0.60) 0.16 (0.41) 0.10 (0.35) 0.41 (0.25) 3300 (4000) 
22458-01C 3.5 - 0.91 (0.76) 1.01 (0.62) 0.58 (0.21) 1.20 (0.34) 1.32 (0.25) 3090 (620) 
22458-01D 5.2 5.10 (0.85) - 24.48 (0.84) 4.14 (0.16) 27.84 (0.37) 26.32 (0.27) 4720 (69) 
22458-01E 6.5 3.33 (0.85) 0.68 (0.74) 14.36 (0.66) 4.86 (0.27) 13.51 (0.36) 12.52 (0.26) 3274 (92) 
22458-01F 7.5 7.70 (1.36) - 14.21 (0.80) 7.43 (0.22) 22.72 (0.59) 20.42 (0.42) 3371 (57) 
22458-01G 9 6.69 (0.82) - 26.26 (0.90) 12.57 (0.26) 30.96 (0.36) 28.96 (0.26) 3106 (34) 
22458-01H 12 2.18 (0.94) 7.28 (2.56) 21.57 (0.72) 37.82 (0.32) 37.96 (0.40) 37.31 (0.29) 1963 (15) 
22458-01I 15 - 9.67 (2.62) 2.58 (0.51) 38.62 (0.34) 24.15 (0.40) 24.49 (0.28) 1475 (17) 
22458-01J 17.5 - 11.36 (2.64) 1.88 (0.49) 42.37 (0.38) 28.55 (0.40) 29.13 (0.28) 1558 (16) 
22458-01K 21 - 12.07 (2.61) - 51.12 (0.58) 36.24 (0.40) 36.37 (0.29) 1594 (16) 
22458-01L 22 - 12.12 (2.58) 0.40 (0.53) 45.92 (0.33) 35.98 (0.41) 36.13 (0.30) 1702 (14) 
22458-01M 23.5 - 11.99 (2.61) - 40.18 (0.33) 32.72 (0.41) 33.23 (0.29) 1758 (15) 
22458-01N 25 - 13.74 (2.91) 0.91 (0.50) 36.07 (0.31) 30.78 (0.44) 31.21 (0.31) 1809 (18) 
22458-01O 27 - 10.58 (2.60) 0.59 (0.51) 34.59 (0.33) 30.01 (0.40) 30.36 (0.28) 1826 (18) 
22458-01P 29.2 - 9.92 (2.59) 0.25 (0.49) 34.57 (0.32) 31.05 (0.41) 31.09 (0.29) 1854 (18) 
22458-01Q 31 - 10.84 (2.59) 0.87 (0.63) 30.59 (0.30) 27.42 (0.40) 27.52 (0.29) 1854 (19) 
22458-01R 1.5 0.25 (1.03) 24.21 (2.70) 4.47 (0.63) 103.60 (0.60) 92.06 (0.46) 91.98 (0.34) 1838.9 (7.5) 
22458-01S 1.7 - 19.03 (2.62) 7.14 (0.68) 88.67 (0.52) 84.71 (0.43) 84.77 (0.31) 1925.2 (7.9) 
22458-01T 1.9 1.54 (1.02) 23.10 (2.61) 21.21 (0.80) 115.30 (0.63) 120.06 (0.44) 119.60 (0.32) 2022.8 (6.5) 
22458-01U 2.1 8.57 (1.10) 134.04 (2.86) 14.65 (0.53) 643.67 (4.10) 670.43 (0.49) 667.88 (0.36) 2023.4 (6.3) 
22458-01V 2.3 0.43 (0.96) 4.42 (2.53) 1.19 (0.49) 9.17 (0.24) 9.64 (0.41) 9.51 (0.29) 2023 (60) 
22458-01W 3 3.43 (0.88) 27.81 (2.56) 13.95 (0.80) 137.60 (0.96) 144.92 (0.40) 143.90 (0.29) 2033.0 (7.9) 
22458-01X 4 0.07 (0.85) 4.98 (2.53) - 5.80 (0.33) 6.20 (0.36) 6.18 (0.26) 2060 (100) 
22458-01Y 5 0.79 (0.83) 4.00 (2.53) 1.23 (0.45) 9.84 (0.24) 10.48 (0.35) 10.24 (0.25) 2027 (52) 
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Table 7 
Stepwise heating results of the mafic clast from howardite, MAC 02666: moles of each isotope for each heating step. W is 
laser power in watts. J = 0.0020122 ± 0.0000463. 
 

Run ID W 36Ar (±) 
1E-18 mol 

37ArCa (±) 
1E-15 mol 

38Ar (±) 
1E-18 mol 

39ArK (±) 
1E-17 mol 

40Ar* (±) 
1E-15 mol 

Age (Ma) (±) 

22413-01A 3.8 0.66 (0.85) 4.97 (2.63) 1.94 (0.42) 0.48 (0.21) 1.95 (0.02) 3996 (710) 
22413-01B 5.2 1.93 (0.86) 3.99 (2.65) 2.82 (0.40) 1.22 (0.21) 4.39 (0.02) 3800 (280) 
22413-01C 6.5 3.42 (0.85) 3.03 (2.59) 4.27 (0.45) 1.88 (0.22) 6.00 (0.02) 3620 (180) 
22413-01D 7.5 3.48 (0.85) 3.85 (2.62) 3.64 (0.42) 1.73 (0.21) 5.87 (0.02) 3710 (190) 
22413-01E 9 5.44 (0.87) 6.43 (2.64) 6.90 (0.43) 2.47 (0.27) 8.66 (0.03) 3770 (180) 
22413-01F 12 11.00 (0.88) 7.29 (2.61) 14.62 (0.57) 5.29 (0.22) 16.98 (0.02) 3626 (65) 
22413-01G 15 13.33 (0.89) 6.07 (2.61) 18.41 (0.63) 6.13 (0.24) 19.00 (0.03) 3569 (60) 
22413-01H 17.5 12.94 (0.87) 7.47 (2.61) 18.71 (0.55) 5.59 (0.23) 17.49 (0.02) 3585 (63) 
22413-01I 20 9.48 (0.87) 7.91 (2.63) 15.33 (0.52) 3.82 (0.22) 13.14 (0.02) 3734 (92) 
22413-01J 22.5 8.05 (0.86) 6.54 (2.60) 12.18 (0.55) 2.94 (0.21) 9.98 (0.02) 3720 (120) 
22413-01K 25 6.93 (0.85) 6.83 (2.63) 9.57 (0.45) 1.92 (0.22) 6.83 (0.02) 3790 (180) 
22413-01L 25 2.96 (0.86) 6.70 (2.62) 4.76 (0.40) 0.59 (0.21) 3.22 (0.05) 4490 (600) 
22413-01M 28 3.95 (0.85) 2.23 (2.59) 4.34 (0.40) 0.94 (0.21) 2.88 (0.05) 3550 (350) 
22413-01N 31 3.45 (0.85) 4.97 (2.63) 4.20 (0.42) 0.45 (0.21) 2.47 (0.05) 4500 (780) 
22413-01O 38 1.70 (0.84) 4.57 (2.61) 1.03 (0.38) 0.15 (0.21) 1.25 (0.05) 5200 (2400) 
22413-01P 1 8.14 (0.86) 6.24 (2.62) 12.33 (0.55) 1.07 (0.21) 3.90 (0.05) 3830 (320) 
22413-01R 3 43.47 (1.03) 14.58 (2.67) 68.27 (0.95) 4.40 (0.27) 14.50 (0.05) 3668 (97) 
22413-01S 6 4.38 (0.85) 6.73 (2.64) 7.74 (0.50) 0.96 (0.21) 3.94 (0.05) 4010 (350) 
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Table 8 
Values of (D/a2) calculated during step-heating of plagioclase samples from the Bushveld 
Complex. D/a2 is stripped of dimensions for taking the logarithm. Bold values indicate 
steps included in Arrhenius regression. At the conclusion of indirect heating steps, the 
sample was heated directly with the laser to an unknown temperature for 8 additional 
periods of 60 s. During direct heating, the pyrometer is focused on the sample and not the 
Ta-platform. As such, these temperatures are not measured. Laser power settings for 
additional direct heating steps are found in table 4. 
 

Sample Run ID Temperature 
(°C) 

Duration 
(s) 

39Ar 
ln(D/a2) 

37Ar 
ln(D/a2) 

B06-042_01 

22459-01A 544 1200 -20.63±0.08 -19.14±0.26 
22459-01B 628 1200 -18.44±0.05 -16.85±0.22 
22459-01C 672 1200 -17.62±0.04 -15.74±0.17 
22459-01D 603 1200 -17.00±0.04 -15.61±0.22 
22459-01E 745 1200 -15.86±0.02 -14.52±0.11 
22459-01F 815 1200 -14.58±0.02 -14.48±0.13 
22459-01G 883 1200 -14.92±0.02 -14.54±0.14 
22459-01H 941 1200 -14.19±0.02 -14.23±0.11 
22459-01I 996 1200 -13.03±0.01 -13.24±0.07 
22459-01J 1011 1200 -10.04±0.01 -10.40±0.02 
22459-01K 1083 1200 -10.54±0.01 -11.01±0.04 
22459-01L 1109 1200 -9.29±0.01 -9.85±0.03 

Sample Run ID Temperature 
(°C) 

Duration 
(s) 

39Ar 
ln(D/a2) 

B06-042_02 

22459-02A 425 120 -20.53±0.13 
22459-02B 548 120 -22.9±3.2 

22459-02C 617 120 -19.61±0.17 

22459-02D 673 120 -18.78±0.13 

22459-02E 714 120 -18.13±0.10 
22459-02F 758 120 -16.52±0.08 

22459-02G 848 120 -14.98±0.04 

22459-02H 923 120 -14.11±0.01 

22459-02I 985 120 -13.70±0.02 
22459-02J 1006 120 -12.92±0.01 

22459-02K 1037 120 -12.83±0.01 

22459-02L 1026 120 -13.26±0.02 

22459-02M 1037 120 -13.22±0.02 

22459-02N 1042 120 -13.47±0.02 

22459-02O 1061 120 -13.68±0.06 
22459-02P 1075 120 -14.43±0.07 
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22459-02Q 1089 120 -14.93±0.14 

Sample Run ID Temperature 
(°C) 

Duration 
(s) 

39Ar 
ln(D/a2) 

 
 
 
 
 
 
 
 
 

B14-053a 

22458-01A 543 120 -21.59±0.14 
22458-01B 425 120 -22.8±2.6 
22458-01C 565 120 -21.27±0.36 
22458-01D 634 120 -18.40±0.04 
22458-01E 675 120 -17.48±0.06 
22458-01F 713 120 -16.51±0.03 
22458-01G 812 120 -15.46±0.02 
22458-01H 869 120 -13.64±0.01 
22458-01I 917 120 -13.03±0.01 
22458-01J 1032 120 -12.54±0.01 
22458-01K 1042 120 -12.01±0.01 
22458-01L 1075 120 -11.85±0.01 
22458-01M 1090 120 -11.78±0.01 
22458-01N 1106 120 -11.73±0.01 
22458-01O 1121 120 -11.64±0.01 
22458-01P 1143 120 -11.52±0.01 
22458-01Q 1156 120 -11.54±0.01 
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Table 9 
Diffusivities calculated during step-heating of MAC 02666. D/a2 is stripped of 
dimensions for taking the logarithm. Bold values indicate steps included in Arrhenius 
regressions. At the conclusion of indirect heating step O, the sample was heated directly 
with the laser to an unknown temperature for 3 additional periods of 60 s. During direct 
heating, the pyrometer is focused on the sample and not the Ta-platform. Laser power 
settings for additional direct heating steps are found in table 5. 
 

Run ID Temperature 
(°C) 

Duration 
(s) 

39Ar 
ln(D/a2) 

40Ar 
ln(D/a2) 

36Ar 
ln(D/a2)   

 
 

  

22413-01A 601 60 -15.47±0.44 -15.11±0.01 -16.44±1.00 
22413-01B 643 60 -13.01±0.17 -12.83±0.00 -14.35±0.50 
22413-01C 721 60 -11.66±0.12 -11.68±0.00 -13.12±0.33 
22413-01D 741 60 -11.19±0.12 -11.17±0.00 -12.59±0.33 
22413-01E 799 60 -10.40±0.11 -10.35±0.00 -11.63±0.20 
22413-01F 879 60 -9.08±0.04 -9.13±0.00 -10.26±0.09 
22413-01G 958 60 -8.34±0.04 -8.46±0.00 -9.54±0.08 
22413-01H 1006 60 -7.92±0.04 -8.07±0.00 -9.09±0.08 
22413-01I 1051 60 -7.90±0.06 -7.98±0.00 -9.15±0.11 
22413-01J 1127 60 -7.85±0.07 -7.95±0.00 -9.05±0.13 
22413-01K 1169 60 -8.02±0.11 -8.08±0.00 -8.99±0.14 
22413-01L 1170 60 -9.05±0.36 -8.66±0.02 -9.71±0.33 
22413-01M 1188 60 -8.48±0.22 -8.66±0.02 -9.34±0.25 
22413-01N 1200 60 -9.11±0.47 -8.71±0.02 -9.54±0.33 
22413-01O 1178 60 -10.16±1.40 -9.30±0.04 -9.88±0.50 
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Table 10 
Comparison of sample ages and diffusion parameters for plagioclase from samples B06-
042 and B14-053a with published data from plagioclase separates from the Critical Zone 
of the Rustenburg Layered Suite of the Bushveld Complex (BV-8 series). 
 

Sample Plateau Age 
(Ma) 

Fusion Age 
(Ma) 

G. Ea ± 1σ 
(kJ/mol) 

ln(D0/a2) ± 1σ 

B06-042_01 2037.8 ± 3.5c 2019.7 ± 4.5c S 167.1 ± 7.9c 3.80 ± 0.98c 

B06-042_02 2037.7 ± 5.8c 2086.6 ± 8.1c S 165.4 ± 4.7c 2.45 ± 0.50c 

B14-053a 2025.6 ± 3.9c 1989.4 ± 4.5c S 165.3 ± 3.7c 3.25 ± 0.41c 

BV-8-1a 2000 ± 7 1949 ± 7 P 155.3 ± 3.1 3.95 ± 0.34 
BV-8-2a 2030 ± 6 1988 ± 6 P 161.2 ± 2.5 4.75 ± 0.25 
BV-8-3a 2053 ± 5 2021 ± 6 P 178.4 ± 2.1 5.58 ± 0.22 
BV-8-4a 2042 ± 7 2009 ± 7 P 170.8 ± 2.1 6.29 ± 0.30 
BV-8-5a 2046 ± 7 2014 ± 7 P 176.3 ± 3.7 3.60 ± 0.85 

BV-8p-1b No Age No Age S 183.6 ± 9.5 3.3 ± 1.4 
BV-8p-2b No Age No Age S 188 ± 19 3.3 ± 2.5 
BV-8p-3b No Age No Age S 160.4 ± 8.3 0.6 ± 1.2 

Note. Abbreviations: G.=assumed grain geometry: S (spherical) or P (plane slab). Ea = 
activation energy; D0= the diffusion coefficient at infinite temperature and a2=the 
diffusion domain size. The quantity D0/a2 is stripped of dimensions for taking the 
logarithm. Tc = closure temperature.  
Notes: aCassata et al. (2009). Ages recalculated assuming an age of 28.201 Ma for Fish 
Canyon sanidine; bCassata and Renne (2013).  
cThese values supersede those reported by Setera et al. (2016) due to refinement of J and 
correction of an arithmetic error in calculating diffusion parameters. 
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Table 11 
Ages and diffusion parameters for a mafic clast (MC 001) from howardite, MAC 02666. 
 

Plateau 
age (Ma) 

Fusion 
age (Ma) 

Isochron 
age (Ma) 

CRE age 
(Ma) 

 Ea ± 1σ 
(kJ/mol) 

ln(D0/a2) ± 
1σ 

Tca ± 1σ 
(°C) 

3643 ± 28 3708 ± 36 3603 ± 60 6.5 ± 0.7 

40Ar 131.6 ± 4.5 4.40 ± 0.49 127.7 ± 4.7 
39Ar 138.2 ± 5.6 5.23 ± 0.60 139.1 ± 5.8 
38Ar 143.0 ± 5.5 4.29 ± 0.59 162.7 ± 6.2 
36Ar 144.5 ± 8.1 4.62 ± 0.82 163.7 ± 8.6 

Note. Abbreviations are the same as for Table 10. 
aA geometric factor, A =55 for a sphere and a cooling rate of 10°C Ma-1 are assumed in 
calculating the closure temperature (see S4.1 equation S5). 
All values reported here supersede those reported by Setera et al. (2016) due to 
refinement of J and correction of an arithmetic error in calculating diffusion parameters. 
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Table 12 
Units for constants k1 and k2 are [10-8 cm3 STP 38Ar/(g sample)]/[g Ca-Ma] and [10-8 cm3 
STP 38Ar/(g sample)]/[g Ca-Ma], respectively. Summary of isotopic data used to 
calculate the total cosmic-ray exposure age for the mafic clast from howardite MAC 
02666. Production coefficients, k1 and k2, are from Eugster and Michel, 1995. The 
constants, c1 and c2, relate the mass of Ca and K in the irradiated sample to the amount of 
37Ar and 39Ar produced during sample irradiation. 
 

Cosmic-Ray Exposure Age – Mafic Clast from MAC02666 

Mass (µg) 174 
38Arc (mol) 2.095x10-16 

± 2.612x10-18 
37Ar (mol) 1.112x10-13 

± 1.143x10-14 
39Ar (mol) 4.207x10-16 

± 9.695x10-18 

k1 (Ca coefficient) 2.9 

k2 (K coefficient) 1.81 

c1 (Ca constant) g Ca/(mol 37Ar) 3.58x108 

c2 (K constant) g K/(mol 39Ar) 2.15x108 

total t38 (Ma) 6.5 

± 0.7 
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Table 13 
Calculated, best-fit values of (D/a2) for the temperature range 0 – 1000 °C for the mafic 
clast of howardite, MAC 02666. (D/a2) values for each isotope are calculated based on 
the weighted linear regression of diffusion data from the step-heating experiment of the 
mafic clast (Table 11). Columns 3 and 4 show the times in years required to degas the 
sample of 90% and 10% of its initial 40Ar* at the given temperature. 

T (°C) 39Ar (D/a2) t (yr) (f = 0.9) t (yr) (f = 0.1) 
0 5.28E-25 1.11E+16 5.54E+13 

100 6.87E-18 8.48E+08 4.25E+06 
200 8.80E-14 6.63E+04 3.32E+02 
300 4.16E-11 1.40E+02 7.03E-01 
400 3.15E-09 1.85E+00 9.28E-03 
500 7.79E-08 7.48E-02 3.75E-04 
600 9.25E-07 6.31E-03 3.16E-05 
700 6.60E-06 8.84E-04 4.43E-06 
800 3.26E-05 1.79E-04 8.95E-07 
900 1.23E-04 4.74E-05 2.38E-07 

1000 3.76E-04 1.55E-05 7.77E-08 
T (°C) 40Ar* (D/a2) t (yr) (f = 0.9) t (yr) (f = 0.1) 

0 5.60E-24 1.04E+15 5.22E+12 
100 3.08E-17 1.90E+08 9.50E+05 
200 2.44E-13 2.39E+04 1.20E+02 
300 8.24E-11 7.08E+01 3.55E-01 
400 4.97E-09 1.17E+00 5.88E-03 
500 1.05E-07 5.56E-02 2.79E-04 
600 1.10E-06 5.30E-03 2.66E-05 
700 7.00E-06 8.34E-04 4.18E-06 
800 3.20E-05 1.82E-04 9.13E-07 
900 1.13E-04 5.17E-05 2.59E-07 

1000 3.29E-04 1.77E-05 8.89E-08 
T (°C) 36Ar (D/a2) t (yr) (f = 0.9) t (yr) (f = 0.1) 

0 2.55E-26 2.28E+17 1.14E+15 
100 6.29E-19 9.27E+09 4.65E+07 
200 1.17E-14 4.99E+05 2.50E+03 
300 6.90E-12 8.46E+02 4.24E+00 
400 6.15E-10 9.49E+00 4.75E-02 
500 1.75E-08 3.33E-01 1.67E-03 
600 2.27E-07 2.57E-02 1.29E-04 
700 1.73E-06 3.38E-03 1.69E-05 
800 9.17E-06 6.36E-04 3.19E-06 
900 3.68E-05 1.58E-04 7.94E-07 

1000 1.17E-04 4.97E-05 2.49E-07 
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Table 14 
Values used in the cosmogenic corrections for the mafic clast of howardite, MAC 02666 
to construct the isochron in Fig. 12. 38Arc and 36Arc are the cosmogenic derived amounts 
of 38Ar and 36Ar, respectfully. 36ArTr is the calculated amount of 36Ar that is neither 
cosmogenic nor chlorine derived. Both ratios 40Ar*/36ArTr and 39Ar/36ArTr are used in 
construction of the isochron in Fig. 12. The uncertainties in both ratios were calculated 
using the approximate value r = 0.90 for the correlation of the uncertainties 36Ar and 
38Ar. See text S4 for full details. 
 

Run ID 38Arc (±) 
1E-18 mol 

36Arc (±) 
1E-18 mol 

36ArTr (±) 
1E-18 mol 

40Ar*/36ArTr (±) 39Ar/36ArTr 
(±) 

22413-01A 1.94 (0.52) 1.26 (0.34) -0.60 (1.02) -3237 (3758) -8.0 (7.8) 
22413-01B 2.80 (0.49) 1.82 (0.32) 0.11 (1.02) 41611 (283105) 116.0 (789.4) 
22413-01C 4.14 (0.54) 2.69 (0.35) 0.73 (1.03) 8214 (7731) 25.7 (24.4) 
22413-01D 3.41 (0.52) 2.21 (0.34) 1.26 (1.02) 4645 (2557) 13.7 (7.7) 
22413-01E 6.69 (0.52) 4.35 (0.34) 1.09 (1.04) 7915 (5242) 22.5 (15.1) 
22413-01F 14.30 (0.68) 9.30 (0.44) 1.70 (1.09) 9964 (3777) 31.0 (11.8) 
22413-01G 18.12 (0.74) 11.78 (0.48) 1.55 (1.12) 12241 (4975) 39.5 (16.1) 
22413-01H 18.54 (0.65) 12.05 (0.42) 0.89 (1.07) 19736 (14376) 63.1 (46.0) 
22413-01I 15.33 (0.62) 9.96 (0.41) -0.49 (1.06) -26955 (36764) -78.3 (106.9) 
22413-01J 12.15 (0.65) 7.90 (0.42) 0.15 (1.06) 64956 (272128) 191.0 (800.4) 
22413-01K 9.42 (0.54) 6.12 (0.35) 0.81 (1.02) 8414 (7096) 23.6 (20.1) 
22413-01L 4.76 (0.49) 3.09 (0.32) -0.14 (1.02) -23844 (127512) -43.3 (232.2) 
22413-01M 4.10 (0.49) 2.66 (0.32) 1.29 (1.01) 2240 (1245) 7.3 (4.4) 
22413-01N 4.04 (0.52) 2.63 (0.34) 0.82 (1.02) 3011 (2556) 5.4 (5.3) 
22413-01O 8.12 (0.47) 5.28 (0.30) 1.18 (0.99) 1064 (644) 1.3 (1.9) 
22413-01P 12.30 (0.65) 8.00 (0.42) 0.14 (1.06) 27516 (123467) 75.3 (338.1) 
22413-01R 68.27 (1.10) 44.38 (0.71) -0.91 (1.36) -16015 (10952) -48.6 (33.3) 
22413-01S 7.74 (0.59) 5.03 (0.39) -0.65 (1.04) -6028 (6076) -14.8 (15.2) 
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Chapter 4 

 

An end to hydrothermal circulation: Low temperature plagioclase 40Ar/39Ar 

thermochronology of the Rustenburg Layered Suite 

 

This chapter resulted in one prepared manuscript: 

 

Setera, J. B., VanTongeren J. A., Turrin B. D., & Swisher C. C. (2020). A low-

temperature hydrothermal cutoff: Plagioclase 40Ar/39Ar thermochronology of the 

Rustenburg Layered Suite., Bushveld Complex. Earth & Planetary Science 

Letters. 

 

Abstract 

The mid-low temperature thermal history of layered mafic intrusions is crucial to 

understanding the duration of hydrothermal systems and the formation of economically 

viable ore deposits within the large thermal anomaly of these magma bodies. Due to a 

lack of low-temperature chronometry, the mid-low temperature thermal evolution of the 

world's largest layered intrusion, the Bushveld Complex, remains relatively unknown. 

We provide the first comprehensive 40Ar/39Ar thermochronologic study of plagioclase 

throughout the Rustenburg Layered Suite (RLS) of the Bushveld Complex in South 

Africa. 40Ar/39Ar step-heating analysis of 20 individual plagioclase grains cover 12 

stratigraphic levels and the entire ~7 km thickness of the RLS in the Eastern Limb of the 

Bushveld Complex. Individual plagioclase grains yield 40Ar/39Ar plateau ages ranging 
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from 1997.9 ± 5.0 Ma to 2051.4 ± 5.3 Ma, and diffusion parameters that correspond to 

closure temperatures of 151.1 ± 6.3°C to 309.5 ± 5.2°C (assuming a 10°C Ma-1 cooling 

rate). The combination of plagioclase 40Ar/39Ar ages and closure temperatures with 

reported 40Ar/39Ar biotite ages from the same samples, suggests that the cooling rates of 

the RLS decrease abruptly (from ~1000°C Ma-1 to ~10°C Ma-1) near the 40Ar/39Ar 

closure temperature of biotite. The transition to slower observed cooling rates is a product 

of the cessation of hydrothermal circulation associated with the emplacement of the RLS. 

Numerical heat-loss simulations support the observations from 40Ar/39Ar 

thermochronology, with hydrothermal circulation needed at high-temperatures to produce 

the observed geochronology throughout the RLS. Cessation of the hydrothermal system 

occurs within ~1 Ma of zircon crystallization. This duration places precise age constraints 

on hydrothermal ore deposits within the host rocks (Transvaal and Witwatersrand 

Supergroups), as any ore deposits related to emplacement of the RLS must be at a 

minimum, coeval with 40Ar/39Ar biotite ages. 

 

1. Introduction 

Layered mafic intrusions provide the some of the best opportunities for observing and 

understanding the geochemical and lithologic evolution of igneous bodies within the 

shallow crust. With distinct layering, large grain sizes, and high-grade economic deposits, 

layered mafic intrusions are traditionally thought to have crystallized and cooled slowly 

after emplacement. For the world's largest layered intrusion, the Bushveld Complex in 

South Africa, this certainly could be expected, as it represents the rapid emplacement of 

on the order of 1 million km3 of magma into the shallow crust. In addition to processes 
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within the intrusion itself, the massive thermal disturbance associated with the 

emplacement of the Bushveld Complex is also tied to economically viable hydrothermal 

ore deposits within the host rocks (e.g. Gleason et al., 2010; Rasmussen et al., 2007). 

 Recent chronologic data throughout the Rustenburg Layered Suite (RLS), the 

predominately mafic to ultramafic portion of the Bushveld Complex (Fig. 1), suggest that 

the intrusive body cooled rapidly at high to intermediate sub-solidus temperatures (~875-

400°C; e.g. Cassata et al., 2009; Scoates & Wall, 2015; Setera et al., chapter 2). Zeh et al. 

(2015) reported high-precision U-Pb zircon ages from the marginal zone through the roof 

of the intrusion that indicated zircon crystallization over a period of ~1.02 ± 0.63 Ma. Ti-

in-zircon thermometry places this crystallization at temperatues ranging from ~875-

713°C (Ver Hoeve et al., 2018; Zeh et al., 2015). Additional U-Pb ages of zircon and 

baddeleyite are fairly homogenous throughout the RLS stratigraphy, ranging from 

2056.45 Ma - 2054.89 Ma (Fig. 2; Mungall et al., 2016; Scoates & Wall, 2015), and 

indicate that zircon crystallized throughout the intrusion at roughly the same time 

interval. 

 At lower temperatures, the 40Ar/39Ar system in biotite produces ages associated 

with closure temperatures of ~350-450°C (McDougall & Harrison, 1999; Setera et al., 

chapter 2). Setera et al. (chapter 2) showed that weighted mean 40Ar/39Ar plateau ages of 

biotite are uniform throughout the stratigraphy of the RLS (Fig. 2), with a weighted mean 

of 2054.47 ± 0.84 Ma (2s). Thermal modelling suggests that the lack of change in biotite 

ages with stratigraphic height in the RLS, as well as the overlap between the 40Ar/39Ar 

and U-Pb systems, is a product of rapid cooling rates (upwards of 1000°C Ma-1) aided by 

hydrothermal circulation (Setera et al., chapter 2). This conclusion is supported by 
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abundant hydrothermal vein mineralization (>300°C) observed throughout the RLS 

(Schiffries & Skinner, 1987) and thought to be derived from saline fluids from the host 

Transvaal Supergroup sediments (Schiffries & Rye, 1990). 

 The cooling rate of the RLS to temperatures below 350-450°C is still largely 

unconstrained however. The only published thermochronologic data below the 40Ar/39Ar 

closure temperature of biotite for the RLS are 40Ar/39Ar plagioclase ages from a single 

sample within the Critical Zone, near the MG-1 chromitite (Cassata et al., 2009), which 

showed that this part of the RLS experienced protracted cooling from the 40Ar/39Ar 

closure temperature of biotite to ambient crustal temperatures. However, the biotite 

40Ar/39Ar age from this sample is also younger than those elsewhere in the RLS and it is 

plausible that the MG-1 chromitite, as well as the Merensky Reef and UG-2 chromitite, 

experienced a different thermal history than the majority of the RLS (e.g. Setera et al., 

chapter 2). 

Plagioclase is less commonly exploited in 40Ar/39Ar thermochronology than 

biotite and amphibole due to its low K2O content. However, plagioclase is found 

throughout the RLS stratigraphy both as an interstitial phase in the Lower and Lower 

Critical Zones, and as a cumulus phase in the Upper Critical, Main and Upper Zones (Fig. 

1). In addition to its abundance throughout the stratigraphy, the low closure temperature 

of the 40Ar/39Ar system in plagioclase (~175-300°C; Berger & York, 1981; Cassata & 

Renne, 2013) provides the best tool to investigate the low temperature evolution of the 

RLS magma chamber. 

 We present diffusion parameters, closure temperatures, and 40Ar/39Ar ages for 

individual plagioclase grains from 12 samples of the RLS. Together, the samples cover a 
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complete ~7 km stratigraphic profile of the Eastern Limb of the RLS. Combined with 

numerical modeling, our age and diffusion results show that between the 40Ar/39Ar 

closure temperatures of biotite (~400°C) and plagioclase (~200°C) there is a marked 

change in the cooling regime of the RLS from rapid cooling aided by hydrothermal 

circulation to primarily conductive cooling. This change in cooling regime provides age 

constraints to RLS-related economically viable mineral resources in the Transvaal 

Supergroup sedimentary rocks (e.g. Gleason et al., 2010; Gutzmer et al., 2007; 

Rasmussen et al., 2007). 

 

2. Geologic Setting 

The RLS represents the layered mafic to ultramafic sequence of the larger Bushveld 

Complex, which also includes the felsic Rooiberg Group, the Rashoop Granophyre Suite, 

and the Lebowa Granite Suite. The layered sequence is approximately 8-9 km thick, 450 

km E-W, and 150-200 km N-S (Fig. 1) and predominately crops out gently inward 

dripping Eastern and Western limbs which are inferred to connect at depth (Cawthorn & 

Webb, 2001; Cole et al. 2014; Webb et al., 2004). The RLS was intruded ~2.06 Ga 

(Buick et al., 2001; Scoates & Friedman, 2008; Olsson et al., 2010; Scoates & Wall, 

2015; Zeh et al., 2015; Mungall et al., 2016) into the Kaapvaal craton. The RLS is 

commonly thought to have intruded subparallel to layering of the Neoarchean to 

Paleoproterozoic Transvaal Supergroup sediments (Eriksson & Altermann, 1998), 

specifically between the shales and quartzites of the Pretoria Group and overlying 

Rooiberg lavas (Cheney & Twist, 1991). However, this is complicated by variability in 
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the rocks that constitute the immediate roof of the RLS, as described in the Eastern Limb 

(VanTongeren & Mathez, 2015). 

 The RLS is stratigraphically subdivided (SACS, 1980) into zones based on 

cumulus mineral assemblages. In stratigraphic order these are: the Lower Zone, Critical 

Zone, Main Zone, and Upper Zone. Although highly complex, the full RLS stratigraphy 

represents a progression of more lithologically and chemically evolved rocks upward 

through the stratigraphy, and was likely emplaced in a very short time span (e.g. 

Cawthorn & Walraven, 1998). 

 In general, the roof of the RLS intrusive rocks is comprised of 1-3 km of felsic 

lavas, called the Rooiberg Group, which are coeval with the intrusion (e.g. Schweitzer et 

al., 1997), and ~1.5-3.5 km (Ferré et al., 1999) of granitic material called the Lebowa 

Granite Suite, which is considered to be slightly younger than the mafic RLS (2054.4 ± 

1.8; Walraven & Hattingh, 1993). 

 

3. Samples and Methods 

3.1 Samples & Stratigraphy 

A total of 12 samples, encompassing ~7 km of RLS stratigraphy, were chosen for 

40Ar/39Ar thermochronology (Table 1). Samples range from magnetite-bearing gabbro in 

the Upper Zone, gabbronorite in the Main Zone and Upper Critical Zone, to pyroxenite in 

the Upper Critical and Lower Zones. Plagioclase is a cumulus mineral phase within all of 

the samples with exception of the 3 pyroxenite samples within the Lower Critical and 

Lower Zones. 
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 To compare depth-specific samples to any numerical cooling model, the 

stratigraphic placement of each sample is significant. As seen in Figure 1, the samples 

from this study are from various localities within the Eastern Limb of the RLS. Although 

the thickness of the intrusion varies by location, a careful combining of the samples from 

the different localities can provide an appropriate estimate of their stratigraphic 

relationship to one another. 

 Geographic and stratigraphic positions for the three Upper Zone samples are from 

the reconstruction of VanTongeren et al. (2010) for the combined Leolo Mountain and 

Magnet Heights traverse of Molyneux (1974). Geographic and stratigraphic positions for 

the five Main Zone samples are from the Roosenekal traverse of Setera & VanTongeren 

(2018). The stratigraphic position relative to the Merensky Reef for samples from the two 

traverses can be placed together, as the thicknesses of the Main Zone between these two 

traverses is remarkably similar, at ~2634 m at Roossenekal (Setera & VanTongeren, 

2018) and ~2900 m near the Leolo Mountains (Molyneux, 1974). 

 The two Critical Zone samples are placed in their stratigraphic position relative to 

the Merensky Reef using a dip angle of 15° (Molyneux, 2008). The two Lower Zone 

samples are from Fraaiuitzicht Hill located in the Burgersfort bulge area of the eastern 

Bushveld Complex (Fig. 1). Here, stratigraphic positions are calculated using a dip angle 

of 45° (Molyneux (2008) and assuming the top of Fraaiuitzicht hill represents the contact 

between the Lower Zone and Lower Critical Zone (e.g. Williams et al., 2006). The 

Critical Zone thickness in the area of Burgersfort bulge is ~1700 m thick based on the 

map of Molyneux (2008). Therefore, the stratigraphic position of the Lower Zone 

samples relative to the Merensky Reef is estimated by adding 1700 m to their position 
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relative to the Lower Zone/Lower Critical Zone contact. For comparison to numerical 

model results, as described below, sample depths are also given relative to the contact 

with the roof (Table 1), which is located ~290 m above sample B06-055 (VanTongeren 

& Mathez, 2012). 

 

3.2 Electron Microprobe 

Major element compositions for plagioclase were determined using the JEOL JXA 8200 

electron microprobe at Rutgers University. Analyses were carried out using an electron 

acceleration potential of 15kV, beam current of 15nA, count times of 30s on peak and 

15s on background for each element, and a beam diameter of 5µm. Standards were 

analyzed between every ~50 unknowns and consistently yielded results within 2σ of 

published values. Complete major element analyses of plagioclase unknowns and 

standards are available in supplementary information (Table 2-3) 

 

3.3 Irradiation & Standards 

Cleaned mineral separates were hand-picked under a binocular microscope, with care to 

avoid grains with noticeable fractures for inclusions (both fluid and mineral). Grains with 

aspect ratios of ~0.6-0.9 were preferentially picked, supporting the use of a spherical 

geometry in Arrhenius regressions and closure temperature calculations. Samples along 

with the reference standards Fish Canyon (FC) sanidine [28.201 Ma; Kuiper et al. (2008)] 

and Hb3Gr hornblende [1080 Ma; Jourdan and Renne (2007)] were loaded into pits 

drilled into a 1-cm diameter Al-disks for neutron irradiation. The pits are arranged in a 

controlled geometry to facilitate the correction of any measurable gradients in the 
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neutron-flux. Neutron irradiation was carried out at the US Geological Survey TRIGA 

reactor for 80 hours without Cd-shielding. 

 

3.4 Argon Measurements & Calculations 

See chapter 3 of this dissertation (sections 2.5 and 2.6) for complete details on 40Ar/39Ar 

measurements as well as necessary equations for the calculation of diffusion parameters 

and closure temperatures. 

 

4. Results 

40Ar/39Ar step-heating was undertaken on 17 individual plagioclase grains and combined 

with the dataset of Setera et al. (chapter 2), totaling 20 individual grains in 12 samples 

encompassing ~7 km of RLS stratigraphy (Fig. 3). Each grain produces a complete step-

heating age spectrum as well as coupled, grain-specific diffusion parameters which allow 

for the calculation of a closure temperature (Tc) and cooling rate. 

 

4.1 Plagioclase 40Ar/39Ar Plateau Ages 

Age spectra for all plagioclase grains are characterized by a "staircase pattern" with low 

apparent ages during initial heating-steps followed by increasingly older ages that result 

in plateau ages ranging from 1997.9 ± 5.0 Ma to 2051.4 ± 5.3 Ma (Fig. 3a-4), with 

individual plateaus consisting of between 32 and 85% of the total 39Ar released (Table 6). 

Despite evidence of Ar-loss (low ages in early heating steps), 40Ar/39Ar Plateau ages are a 

best estimate of when each grain passed through its given closure temperature. Plateau 

ages show a general stratigraphic trend of younging towards the center of the intrusion 
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(Fig. 4). Plagioclase grains from the uppermost stratigraphic sample within the Upper 

Zone (B06-055) yield plateau ages of 2051.3 ± 2.4 Ma and 2044.4 ± 3.7 Ma, while the 

lowest stratigraphic sample within the Lower Zone (B14-042) yields plateau ages of 

2051.4 ± 5.3 Ma and 2046 ± 12 Ma. Near the center of the stratigraphy, younger 

plagioclase plateau ages cluster ~2025-2035 Ma, with a sample from the upper Main 

Zone (B14-015) yielding the youngest plateau age of 1997.9 ± 5.0 Ma. 

 While published biotite 40Ar/39Ar plateau ages of biotite overlap with U-Pb zircon 

ages (Fig. 2, 4), all plagioclase 40Ar/39Ar plateau ages are younger than those reported for 

biotite from the same samples. 40Ar/39Ar plateau ages for plagioclase are as few as ~3 Ma 

younger than their biotite counterpart near the upper and lower contacts of the intrusion. 

The large cluster of plateau ages near the center of the intrusion are ~20-30 Ma younger 

than biotite plateau ages, while the largest age difference is ~58 Ma for the youngest 

grain from sample B14-015. 

 Samples with duplicate analyses (Table 6) include examples of both samples that 

have indistinguishable plateau ages (e.g. B06-042) and samples that yield ages that differ 

by up to ~12 Ma (e.g. B14-015). Differing 40Ar/39Ar plateau ages for individual 

plagioclase grains are not uncommon (e.g. Cassata & Renne, 2013). For example, 

plagioclase grains from the single RLS sample of Cassata et al. (2009) yielded plateau 

ages ranging from 2000 ± 6 Ma to 2053 ± 5 Ma (recalculated for FC = 28.201 Ma). The 

low closure temperature of the 40Ar/39Ar system in plagioclase (~175-300°C; Berger & 

York, 1981; Cassata & Renne, 2013) can result in age differences due to varying closure 

temperatures between individual grains within a single sample. The varying closure 

temperatures, coupled with slow cooling, can produce grains within a single sample that 
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differ in age, but still fall along the same cooling profile (i.e. same thermal history). 

Varying closure temperatures for individual plagioclase grains can occur due to a number 

of factors including, but not limited to: composition, grain size and shape, shock or grain 

defects, and assumptions in temperature calculations (e.g. geometry, cooling rate). 

Therefore, the coupling of diffusion parameters with ages from the same grain is 

necessary to further elucidate the age differences displayed both within samples and 

compared to other chronometers (Fig. 4). 

 Full age details and plateau diagrams are given in table 7 and Fig. 5. 

 

4.2 Diffusion Parameters 

Grain specific diffusion parameters, to be coupled with individual ages, are calculated 

from Arrhenius regressions of 39Ar released during step-heating (e.g. Fig 3b) according to 

the method of Setera et al. (chapter 2). In the constructing of Arrhenius regressions, we 

assume a spherical geometry as spherical geometries have proven to be more appropriate 

than a plane slab geometry for feldspars with aspect ratios of ~0.5-1.0 (Huber et al., 

2011), similar to the plagioclase grains measured in this study. The individual analyses 

produce activation energies ranging from 143.5 ± 5.0 kJ/mol to 211.2 ± 3.7 kJ/mol and 

ln(D0/a2) values of 2.45 ± 0.50 to 11.6 ± 0.4 (Table 6). Diffusion parameters yield closure 

temperatures (Tc) ranging from 151.1 ± 6.3°C to 309.5 ± 5.2°C, when calculated 

assuming a spherical geometry and a 10°C Ma-1 cooling rate. Diffusion parameters for all 

samples, excluding the significantly lower closure temperatures of sample B14-015, yield 

an average closure temperature of 249 ± 26°C. Both diffusion parameters and closure 

temperatures match well with previously published values for terrestrial plagioclase 
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samples (e.g. Harrison & McDougall, 1981; Onstott et al., 1989; Renne et al., 1990; 

Renne et al., 1996; Boven et al., 2001; Cassata et al., 2009; Garrick-Bethell et al., 2011; 

Cassata & Renne, 2013). 

 As mentioned above, individual replicate plagioclase grains from a single sample 

can produce highly variable ages and diffusion parameters (see Table 6). Because 

plagioclase is generally compositionally homogenous (Table 2) within each sample, 

replicate activation energies are indistinguishable in most samples. Values of ln(D0/a2) 

are can be variable within each sample, likely reflecting differences in the size and shape 

of each grain (Table 6). As expected, samples with replicate analyses yielding varying 

plagioclase plateau ages also yield varying closure temperatures (Table 6). In all cases, 

the older age of the sample is associated with a higher closure temperature, while the 

younger age is associated with a lower closure temperature. The trend with age and 

closure temperature within individual samples further supports the fact that varying 

diffusion parameters of individual grains is causing the observed age variations. In the 

end, the diffusion parameters for each individual grain can be combined with the 

observed age of that same grain and treated to its own thermal history. All Arrhenius 

regressions are provided in table 5 and Fig. 6. 

 

4.3 Calculation of Cooling Rates & Closure Temperatures 

Closure temperatures are often calculated assuming an appropriate cooling rate (e.g. 10°C 

Ma-1). However, with both 40Ar/39Ar biotite ages and 40Ar/39Ar plagioclase ages available 

from the same samples, a more accurate closure temperature can be calculated by 

iteratively solving for cooling rate and closure temperature between the two ages. 
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Although the closure temperature of biotite is traditionally quoted to be ~350°C 

(McDougall and Harrison, 1999), the exact value is dependent on diffusion parameters 

that are affected by a number of factors such as composition, geometry and cooling rate. 

Based on composition and estimated cooling rates, Setera et al. (2019) estimated that 

40Ar/39Ar ages of biotite from the RLS represented closure at ~350-450°C. As such, a 

closure temperature of 400°C was assumed for the 40Ar/39Ar system in biotite for this 

calculation (used throughout the rest of the study), and age differences were calculated 

between the biotite 40Ar/39Ar ages of Setera et al. (chapter 2) and the 40Ar/39Ar plateau 

ages of plagioclase. Samples that do not have a paired 40Ar/39Ar biotite age (B06-020, 

B14-029 and B14-042) are calculated using the weighted mean 40Ar/39Ar biotite age from 

Setera et al. (chapter 2) of 2054.47 Ma. 

 Calculated cooling rates below 400°C from samples near the top and floor 

contacts of the intrusion are as high as ~40-70°C Ma-1 for individual plagioclase grains, 

resulting in ages that are only ~ 3-4 Ma younger than the 40Ar/39Ar biotite ages. The 

majority of the RLS stratigraphy, however, records low temperature cooling rates of 

between 5-10°C Ma1, resulting in plagioclase ages that are significantly younger than 

biotite from the same sample (Table 6, Fig.7a). A linear regression also shows a 

significant correlation (a = 0.05) between plagioclase 40Ar/39Ar plateau ages versus 

iteratively calculated closure temperature (R2 = 0.55). 

 

4.4 Early, Young Apparent 40Ar/39Ar Ages 

As mentioned above (section 4.1), all plagioclase age spectra (with the exception of 

sample B07-041) are characterized by young apparent ages during low-temperature 
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heating steps, similar to those observed by Cassata et al. (2009), indicative of diffusive 

Ar-loss (Fig. 3a). The youngest of these apparent ages during early heating steps range 

from ~1200 Ma to ~1400 Ma for all samples. These ages are similar to those reported for 

plagioclase from a single sample of the RLS (Cassata et al. 2009), as well as those 

reported for biotite grains from the Main Zone (Setera et al., chapter 2). The observed 

diffusive Ar-loss is potentially a product of later event causing elevated temperatures 

above or near the closure temperature of the 40Ar/39Ar system in plagioclase for an 

extended duration. Potential sources for the added heat include the Vredefort meteorite 

impact and/or heat related the intrusion of the nearby 1.4 Ga Pilanesberg Complex and 

related alkaline magmatism (Elburg & Cawthorn, 2017). 

 The ~2.02 Ga (Kamo et al., 1996; Moser et al., 2011; Spray et al., 1995) 

Vredefort meteorite impact formed an 80 km wide crater and produced an elevated 

thermal anomaly in the region (Gibson et al., 1997; Turtle et al., 2003). However, the 

impact pre-dates many of the plagioclase plateau ages from this study (Table 6). 

Therefore, it would necessarily need to produce enough heat to completely reset those 

younger plagioclase grains, while at the same time not producing enough heat to 

completely reset the older plagioclase grains. The Vredefort impact as the source of Ar-

loss in our samples is also hindered by the work of Turtle et al. (2003) who modelled the 

heat produced from the impact and concluded that it was contained to within immediate 

crater vicinity. With the impact crater located ~160 km Southwest of the Bushveld 

Complex, it is unlikely that heat produced by the impact affected the rocks of the RLS. 

 The most well studied alkaline magmatism within the area of Bushveld Complex 

is the ~1.4 Ga (Elburg & Cawthorn, 2016) Pilanseberg alkaline complex. Located near 
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the Western Limb of the Bushveld Complex, the Pilanesburg Complex is in contact with 

both the mafic rocks of the RLS as well as the felsic rocks that constitute top sequence of 

the Bushveld Complex. The thermal anomaly associated with the alkaline complex is 

potentially widespread, as alkaline magmatism is seemingly laterally extensive during 

this time interval. In the Western Limb alone, the Pilanesberg Complex is also associated 

with many coeval smaller intrusions (forming the Pilanesberg Alkaline Province, 

Vaerwoerd (2006)) and dyke swarms (Cawthorn et al., 2012). There is also evidence for 

coeval alkaline magmatism in the Eastern Limb of the RLS, with the intrusion of the ~ 

1.3 Ga Spitskop Complex, with a surface expression of least 50 km2 (Harmer, 1999). 

While early 40Ar/39Ar heating steps yield imprecise ages, the ages of widespread alkaline 

magmatism match fairly well with the youngest apparent ages seen during 40Ar/39Ar step-

heating (Cassata et al., 2009; Setera et al., 2019; Fig. 3a and Fig. 5). Age similarities, as 

well as the large lateral extent, make the ~1.3-1.4 Ga alkaline magmatism the likely 

source heat responsible for Ar-loss within samples of the Eastern Limb of the RLS. 

 

5. Discussion 

In their recent study on the mid temperature thermal evolution of the RLS, Setera et al. 

(chapter 2) measured 40Ar/39Ar ages in biotite throughout the RLS. They showed that 

biotite 40Ar/39Ar plateau ages (Tc = ~350-450°C) were uniform from the lower Critical 

Zone to the Upper Zone, with a weighted mean age of 2054.47 ± 0.84 Ma. The biotite 

40Ar/39Ar plateau ages overlap with the range of high precision U-Pb zircon ages (zircon 

saturation temperature of 700-875°C) of 2054.40 - 2056.28 (Fig. 2). These two 

observations led Setera et al. (chapter 2) to conclude that rapid cooling rates, on the order 
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of 1000°C Ma-1 were caused by an active hydrothermal system associated with the 

emplacement of the RLS into the shallow crust.  

 Two main observations from the plagioclase 40Ar/39Ar age results point to a major 

shift in cooling regime of the RLS at low temperatures (e.g., below the closure 

temperature of biotite (~350-450°C; McDougall & Harrison, 1999; Setera et al., chapter 

2):  

 (1) Plagioclase 40Ar/39Ar plateau ages are significantly younger than biotite 

40Ar/39Ar plateau ages from the same samples (Fig.4). In contrast to the short timespan 

(~1.3 Myrs) between mean U-Pb zircon ages (700-875°C) and the 40Ar/39Ar biotite ages 

(350-450°C) observed by Setera et al. (chapter 2), the 40Ar/39Ar plagioclase ages (Tc = 

~150-300°C) are between ~3 - 58 Ma younger than biotites from the same samples (Fig. 

4). While the data presented in Setera et al. (chapter 2) show that the mid temperature 

cooling rate of the RLS was on the order of 1000°C Ma-1, the data presented here show 

that the low temperature cooling rate of the RLS is between 4-56°C Ma-1 (see below 

section 5.1).  

 (2) Plagioclase 40Ar/39Ar plateau ages show a trend of younging considerably 

from the upper and lower contacts of the intrusion to the center (Fig.4). Individual 

plagioclase grains near the upper and lower contacts of the intrusion yield the oldest 

40Ar/39Ar plateau ages of ~2051 Ma, while grains near the center of the intrusion cluster 

~2025-2035 Ma. In contrast to the U-Pb zircon and 40Ar/39Ar biotite ages, which are both 

uniform with stratigraphic height, the trends in plagioclase suggest that intrusion must 

have cooled from the margins towards the center. Hydrothermal circulation and advective 

heat transport commonly result in both rapid cooling rates and homogenization of 
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temperature over large length scales (e.g. Norton and Taylor, 1979), inconsistent with our 

plagioclase dataset. 

 

5.1 Low Temperature Cooling Rates 

Calculated low temperature (e.g. biotite - plagioclase) cooling rates (see section 4.3) from 

the RLS are faster in samples near the margins of the intrusion, and slower near the 

center (Fig. 8, Table 6). Calculated cooling rate decreases rapidly from ~28-56°C Ma-1 at 

~2051 Ma to below ~10°C Ma-1 by ~2037 Ma (Fig. 7a).  

 The trend towards slower cooling rates indicates a transition from rapid advective 

heat loss due to active hydrothermal circulation at high-mid temperatures to a primarily 

conductive cooling regime at low temperatures (<400°C). This transition is likely due to 

the cessation of hydrothermal circulation in the region. Data from our fastest cooling 

(56°C Ma-1) sample shows that this transition must happen within 3 million years (Fig. 

4). 

 

5.2 Numerical Modeling of Heat Loss 

Ages and corresponding crystallization (zircon) or closure temperatures (biotite and 

plagioclase) observed throughout the RLS can be compared with numerical models of 

heat loss in order to place better constraints on the nature of heat loss from the magma 

chamber. Two 2-dimensional Heat3D simulations of the emplacement and cooling of the 

RLS were run using the freely available code of Wohletz (1999). Initial conditions for 

both runs are similar (Fig. 9), with a modeled area of 1000 km x 30km. In both cases, the 

RLS was modeled as a 7 km thick, 450 km wide sheet of mafic magma with an initial 
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starting temperature of 1200°C. The nearly coeval 3 km thick Lebowa Granite Suite is 

modeled as the same width with an initial temperature of 1000°C, and the overlying 

Rooiberg Group lavas are modeled as a 2 km thick tuff with a porosity of 0.1 and a 

starting temperature equal to a geothermal gradient of 20°C/km with a surface 

temperature of 20°C. The remainder of the grid is modeled as Pretoria Group sediments 

with a porosity of 0.1 and a starting temperature at each node equivalent to the 

geothermal gradient of 20°C/km and surface temperature of 20°C. Each grid in the 

numerical solution is 1 km x 1 km, however specific stratigraphic depths can be solved 

using spline interpolation within MATLABTM. Full thermal properties used during 

Heat3D numerical modelling are provided in table 8. 

 The first model is run assuming purely conductive cooling of the RLS from 

1200°C to the ambient crustal geotherm (Fig. 10). The second model incorporates 

hydrothermal circulation in the country rocks and RLS (Fig. 10). In order to place the 

country rocks at an appropriate temperature at the time of zircon crystalllization, the 

model is run with conductive-only heat loss for the first 600,000 years after emplacement 

of the RLS at 1200°C. After the initial 600,000 years, hydrothermal circulation is 

initiated and is able to penetrate the country rock as well as the now solidified magmatic 

rocks. Hydrothermal circulation is allowed to continue for 1 million years, before 

returning to conductive cooling only. 

 The duration of hydrothermal circulation for the RLS was chosen based on 

several observations from the RLS: (1) While there is no measured crystallization rate for 

the cumulus phases of the RLS (e.g. those crystallizing between 1250-900°C), Cawthorn 

and Walraven (1998) estimated that the crystallization of the cumulates over this 
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temperature interval would take approximately 210,000 years. (2) The range of zircon U-

Pb ages seen in Zeh et al. (2015) is approximately 1 million years, indicating that 

different sections of the RLS passed through the zircon crystallization temperature (~700-

875°C) at different times; (3) the U-Pb zircon (700-875°C) and 40Ar/39Ar ages from 

biotite (350-450°C) are overlapping, necessitating additional heat loss and (4) there is 

abundant field evidence from Schiffries and Skinner (1987) indicating high temperature 

(>600°C ) hydrothermal vein mineralization both within the RLS and its contact aureole 

(Schiffries and Skinner, 1987). 

 Comparison of the numerical model results with our observations is done only for 

the temperature intervals in which we have measurements. Namely, the highest closure 

temperature observed from Ti-in-zircon thermometry (e.g. 875°C; Ver Hoeve et al., 

2018; Zeh et al., 2015), to the ~150°C lower limit of closure temperatures for the 

40Ar/39Ar system in plagioclase. Above 875°C, we do not have any direct observations on 

the crystallization rate of the cumulus phases in the RLS. 

 

5.2.1 Confirmation of Hydrothermal Circulation 

Figure 10 shows both heat loss simulations solved for a single point in the RLS, at a 

depth of 4 km below the roof and 30 km from the edge of the intrusion. The conduction-

only simulation produces a cooling profile that cannot reproduce the observed U-Pb 

zircon and 40Ar/39Ar biotite ages reported for the RLS (Fig. 10). It takes approximately 

1.2 Ma longer to reach the 400°C isotherm than what is recorded in the 40Ar/39Ar biotite 

ages of Setera et al. (2019). 
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 The required additional heat loss can be produced by incorporating hydrothermal 

circulation throughout the host rocks immediately after emplacement as well as within 

RLS itself after crystallization. This necessary rapid cooling was produced in the heat 

loss simulation that included 1 million years of hydrothermal circulation, where the 

model reaches the 400°C isotherm ~1 Ma faster than the conduction-only model. The 

strong fit between the U-Pb zircon and 40Ar/39Ar biotite ages of the RLS, supports the 

need for a hydrothermal system associated with the emplacement of the RLS. 

 

5.2.2 Comparison to 40Ar/39Ar Plagioclase Data 

The numerical simulation from above (dashed curve in Fig. 8), including 1 million years 

of hydrothermal circulation, was extended to have the conductive-cooling portion last a 

duration of ~55 Ma. Average low temperature cooling rates (400-200°C) were then 

calculated from the numerical simulation for entirety of the RLS stratigraphy. Calculated 

cooling rates from the numerical simulation are similar to those calculated from 40Ar/39Ar 

data, but only for the lower portion of the stratigraphy (Fig. 8, solid line). All samples 

from the RLS that are stratigraphically above the Merensky Reef (e.g. the uppermost 4.5 

km of RLS stratigraphy) have calculated cooling rates from the numerical simulations are 

higher than those calculated from the 40Ar/39Ar data. Near the top of the stratigraphy, for 

example, the numerical simulation produces a cooling rate of ~100°C Ma-1, higher than 

that calculated for sample B06-055 (Upper Zone). The difference in calculated cooling 

rates dictates two plausible scenarios, either (1) there is a mechanism or source that 

allows heat to remain in the upper portion of the stratigraphy for a longer period than 

conductive cooling predicts, or (2) the samples in the upper portion of the stratigraphy are 
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actually at greater depths (i.e. higher temperatures) than currently predicted. The 

possibility of an extended duration of elevated temperature in the upper part of the 

stratigraphy is unlikely, as this part of the stratigraphy needs to cool rapidly to the closure 

temperature of the 40Ar/39Ar system in biotite (Fig. 2) and then not rise back above that 

temperature.  

 The potential for samples in the upper part of the stratigraphy being at greater 

depths can be potentially explained by a slight dip towards the center of the intrusion due 

to isostatic adjustment. Cawthorn & Webb (2001) used Bouguer gravity models 

combined with estimates of isostatic response to conclude that isostatic adjustment of the 

RLS would have depressed the base of the crust by up to 6 km, resulting in a shallow 

dipping of the Eastern and Western Limbs toward each other. Based on comparisons to 

glacial rebound (~1 cm yr-1; Kearey and Vine, 1996) and hydro-isostatic deflection, while 

considering the much greater density of the mafic rocks of the RLS, Cawthorn & Webb 

(2001) concluded that this adjustment would take place rapidly. 

 Conductive cooling at low temperatures is dominated by heat loss through the top 

(i.e. Earth's surface), and thus the depth below the surface for each sample becomes 

imperative. The samples of this study are collected over a lateral distance, perpendicular 

to strike, of ~40 km (Fig. 1). A rudimentary estimate of the effect of tilting the RLS 

indicates that over this distance every degree of dip results in an ~9.5% vertical 

compression (relative to Earth's surface) of the stratigraphic thickness. When tilted about 

the relatively stationary lower and lateral contact (e.g. sample B14-042), samples higher 

in the stratigraphy move closer (increasing in depth) relative to samples lower in the 

stratigraphy. Figure 8 shows the effect on calculated cooling rates using shallow dips for 
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the intrusive body of 2°, 3.5°, and 5°. With increased tilting, calculated cooling rates from 

the numerical simulation for the samples in the upper part of the stratigraphy move closer 

to those calculated iteratively from 40Ar/39Ar data, with a 3.5-5° tilting towards the center 

of the intrusion producing the best results. 

 The estimated 6 km flexure of the crust below the RLS, calculated by Cawthorn 

& Webb (2001), would produce an average dip angle ~2° towards the center of the 

intrusion, with shallower dip angles near the center and steeper near the edges. With the 

samples from this study, and the Eastern Limb in general, being much closer to the edge 

of the intrusion than its center, a 3.5-5° tilt of the stratigraphic section due to isostatic 

adjustment is conceivable. It is important to note, however, that a number of factors will 

affect this calculation including: (1) the estimated thickness of the roof, as a thicker roof 

sequence would result in a slightly shallower dip needed to match the observed cooling 

rates; (2) how rapidly and homogenously the depressed area on the surface fills due to 

sedimentation; (3)  when the present-day dip angles developed, as any added dip after 

initial isostatic adjustment combined with the widespread  40Ar/39Ar plagioclase ages 

would make it difficult to find a single solution for all samples. 

 Lower Zone sample B14-042 is not included in this comparison as (1) it does not 

have a paired biotite 40Ar/39Ar age (outlier in Fig. 8) and (2) it is located almost at the 

lowermost contact of the RLS and likely has a dynamic and complicated thermal history. 

 

5.3 Physical Evidence of Hydrothermal Circulation at High-Mid Temperatures 

The transition from hydrothermal advective heat loss to primarily conductive heat loss 

below ~350-450°C, as inferred from thermochronology, is also supported by ample field 
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evidence. Schiffries and Skinner (1987) characterized three major hydrothermal stages 

involving fluids derived from the Transvaal Supergroup sediments. The three 

hydrothermal stages are recorded as mineralized veins that occur within every 

stratigraphic zone of the RLS stratigraphy.  

 The two mid-high temperature vein assemblages, a 300-600°C greenschist facies 

equivalent and a >600°C amphibolite facies equivalent, are both equally abundant 

throughout the RLS. However, while the high temperature amphibolite facies is found 

both within the RLS and the rocks of the contact aureole, the mid temperature greenschist 

facies is confined to only RLS rocks themselves (Schiffries & Skinner, 1987). The 

localization to the RLS rocks themselves indicates that while temperatures were high 

enough to circulate some fluids, that circulation may not have been vigorous enough to 

effectively produce any additional heat loss from the RLS at this temperature interval. In 

either case, the combined cooling to ~400°C is rapid enough to produce the observed 

biotite 40Ar/39Ar ages (Fig. 2). 

 Finally, the observed low temperature (<300°C) prehnite, pumpellyite and quartz 

hydrothermal assemblages are significantly less abundant in the RLS (Schiffries & 

Skinner, 1987). The lack of an abundant low temperature (<300°C) hydrothermal 

mineralization of the RLS indicates the almost complete cessation of hydrothermal 

circulation at these temperatures, agreeing with our significantly slower cooling rates 

calculated from biotite and plagioclase 40Ar/39Ar plateau ages and closure temperatures 

down to the same general temperature interval. Together, field evidence along with 

thermochonrologic results confirm a rapid cessation of the hydrothermal system 
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responsible for rapid cooling rates down to the ~400°C 40Ar/39Ar closure temperature of 

biotite, which was followed by a primarily conductive-only cooling regime. 

 

5.4 Implications for the Timing of Hydrothermal Ore Deposits 

The transition between dominant heat loss mechanisms, and the cessation of 

hydrothermal circulation within the RLS, provides constraints on the formation of 

economically viable hydrothermal ore deposits that extend outward into the Transvaal 

Supergroup sediments and are thought to be associated with the emplacement of the 

Bushveld Complex. 

 Through the dating of authigenic monazite and xenotime, Rasmussen et al. (2007) 

suggested that the emplacement of the Bushveld was responsible for a wide range in 

phosphate ages (~2.06-2.03 Ga) of both gold-bearing reefs and unmineralized strata 

within the Witwatersrand basin, some ~100 km outward from the RLS into both the 

Transvaal and Witwatersrand Supergroups. Gleason et al. (2010) extended the radial 

transport of hydrothermal fluids from the RSL to ~700 km, via the dating of Mississippi 

Valley-type (MVT) deposits at ~2.05 Ga. With the connection of most deposits to the 

RLS based on geochronology, it is important to note that many of the chronological 

constraints of these deposits have large uncertainties of ~2-3%. For example, a "coeval" 

Sm-Nd isochron age of Gleason et al. (2010) for fluorites in the Zeerust MVT deposits 

yields an age of 2046 ± 42 Ma. The age uncertainties, as well as the overall range in ages 

(see above), makes it difficult to deduce what deposits are actually related to fluids that 

are circulate due to the emplacement of the RLS. 
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 The thermal history elucidated by the 40Ar/39Ar plagioclase data from this study, 

in combination with published chronology of the RLS, indicates that the RLS had cooled 

to ~400°C within at least 3 Ma followed by slow conductive cooling to the ambient 

geotherm. Based on the localization of mid temperature (~300-600°C) hydrothermal 

mineralization to the RSL only, it is likely cessation of hydrothermal circulation within 

the host rocks occurred even slightly prior to that. With the RLS at 400°C, there is not 

enough heat to produce circulating fluids within the host rocks. Any hydrothermal ore 

deposits forming from fluids associated with the emplacement of the RLS must therefore 

be coeval with the 40Ar/39Ar biotite ages of the RLS. Any hydrothermal deposits within 

the Transvaal that are younger than the 40Ar/39Ar biotite ages of the RLS, while formed 

by circulation hydrothermal fluids, are not related to the emplacement of the RLS itself. 

 Hydrothermal fluids related to the emplacement of the Lebowa Granites have also 

been thought to account for some of this ore mineralization (e.g. Rozendaal et al., 1995; 

Robb et al., 2000). However, given the indistinguishable age (2054.4 ± 1.8; Walraven & 

Hattingh, 1993) and immediate emplacement of the Lebowa Granite, any heat associated 

with its intrusion would homogenize with that of the RLS. The two bodies, therefore can 

be treated as a single thermal anomaly producing the same circulating fluids within the 

host rocks. 

 

6. Conclusions 

Plagioclase 40Ar/39Ar plateau ages throughout the RLS stratigraphy are significantly 

younger than reported 40Ar/39Ar biotite ages. When combined with grain specific 

diffusion parameters, the 40Ar/39Ar plagioclase data produces cooling rates that strongly 
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correlate with age and are significantly slower than cooling rates inferred by Setera et al. 

(chapter 2) for the temperature interval between U-Pb zircon and 40Ar/39Ar biotite ages 

(~800-400°C). We conclude that age differences between biotite and plagioclase 

40Ar/39Ar ages, in addition to slower calculated cooling rates, is a product of the RLS 

transitioning from rapid heat loss associated with hydrothermal circulation to primarily 

conductive heat loss. The rapid cessation of hydrothermal circulation suggests that 

hydrothermal ore deposits within the Transvaal Supergroup sediments, genetically related 

to the emplacement of the RLS, must have formation ages coeval with that of the 

40Ar/39Ar biotite ages of the RLS (2054.47 ± 0.84 Ma). This suggests that not only is the 

RLS responsible for vast PGE ore deposits within the mafic rocks themselves, but it is 

also a trigger for regional hydrothermal ore deposits (e.g. Sn, F, Zn) all within ~3 Ma. 

 Numerical heat-loss simulations using the Heat3D code further confirm the need 

for additional heat-loss associated with hydrothermal circulation, as a conduction-only 

model cannot produce the reported U-Pb zircon and 40Ar/39Ar biotite ages of the RLS. 

Reported U-Pb zircon and 40Ar/39Ar biotite ages are, however, reproduced by using a 

numerical heat-loss simulation that includes hydrothermal circulation for 1 million years 

after the initial emplacement of the RLS. The same model also reproduces the calculated 

cooling rates for 40Ar/39Ar plagioclase samples for the lower part of the RLS stratigraphy. 

Calculated cooling rates for 40Ar/39Ar plagioclase samples for the entire stratigraphy are 

reproduced when the RLS is dipped shallowly at ~3.5-5° due to isostatic adjustment. 

 With the collective observations above, we present a full thermal model of the 

RLS (Fig. 11) where we propose that the RLS was initially emplaced and closely 

followed by the Lebowa Granite Suite. Cooling at high temperatures (Fig. 11, t=0) takes 
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place rapidly (within 1 million years), with a hydrothermal circulation first developing 

within the host Transvaal Supergroup sediments. At slightly lower temperatures (~900-

600°C; Fig. 11, t=1), cooling rates are still rapid and aided by the circulating saline fluids 

from the Transvaal Supergroup Sediments that have penetrated the solidified RLS to 

form amphibolite facies (>600°C) hydrothermal vein assemblages throughout the 

stratigraphy and the contact aureole. At mid temperatures (~600-400°C; Fig. 11, t-2), the 

RLS has cooled to a point where hydrothermal circulation within the Transvaal 

Supergroup (associated with the original emplacement) ceases. Less vigorous 

hydrothermal circulation continues to form ~300-600°C greenschist facies vein 

assemblages throughout the stratigraphy, but is localized to the RLS rocks only. Upon 

reaching 400°C (~1-2 Ma after U-Pb zircon ages), the 40Ar/39Ar system in biotite is 

uniformly closed throughout the stratigraphy. At 400°C and below (Fig. 11, t=4), the 

hydrothermal system associated with the emplacement of the RLS is essentially finished, 

and any hydrothermal ore deposits within the host rocks that are directly linked to the 

heat produced from either the RLS or Lebowa Granite Suite have already formed (within 

~1 Ma U-Pb zircon ages). Heat loss is now entirely conductive, producing scattered 

40Ar/39Ar plagioclase ages dependent on their individual closure temperature. 

 Finally, the thermal perturbation responsible for Ar-loss from individual 

plagioclase grains is likely sourced, not from the Vredefort meteorite impact, but from 

widespread alkaline magmatism within the Bushveld Complex area at ~1.3-1.4 Ga. 
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Figure Captions 

Figure 1 

(a) Generalized geologic map of the Eastern Limb of the Bushveld Complex modified 

after Setera et al. (2019) VanTongeren et al. (2010). Stars indicate sample locations for 

samples analyzed for plagioclase 40Ar/39Ar thermochronology. (b) Samples placed in 

generalized stratigraphic column of the Rustenburg Layered Suite of the Eastern Limb of 

the Bushveld Complex. Thicknesses discussed in text. 

 

Figure 2 

Compilation of published high-precision chronology plotted against the generalized 

stratigraphic column of the Eastern Limb of the RLS (2σ uncertainties reported). 

Weighted mean biotite age is from Setera et al. (2019). Data sources: 1 - Zeh et al. 

(2015), 2 - Mungall et al. (2016), 3 - Scoates & Wall (2015), 4 - Cassata et al. (2009), 5 - 

Nomade et al. (2004), 6 - Setera et al. (2019). 

 

Figure 3 

Example from sample B14-045_01 (Main Zone). (a) Step-heating age spectrum. The 

dashed line within individual steps represents the apparent age of the step. (b) Arrhenius 

plot. Activation energy = Ea (kJ/mol), diffusion constant = ln(D0/a2). Closed circles are 

used in Arrhenius regressions. Open circles are not used. 

 

Figure 4 
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Compilation of high-precision chronology plotted against the generalized stratigraphic 

column of the Eastern Limb of the RLS. Data sources are the same as Fig. 2. Plagioclase 

40Ar/39Ar ages are single-grain analyses with 1σ uncertainties. 

 

Figure 5 

All release spectra. Data and calculated ages are presented with 1s uncertainties. 

 

Figure 6 

All Arrhenius regressions. Data and calculated diffusion parameters are presented with 

1s uncertainties. Activation energy = Ea (kJ/mol), diffusion constant = ln(D0/a2). Closed 

circles are used in Arrhenius regressions. Open circles are not used. 

 

Figure 7 

(a) Plagioclase 40Ar/39Ar plateau age versus iteratively calculated average cooling rate 

between biotite and plagioclase 40Ar/39Ar ages. (b) Plagioclase 40Ar/39Ar plateau age 

versus iteratively calculated closure temperature (blue closed circles). Simple linear 

regression (dashed line) do not incorporate sample B14-042 (open symbols). 

 

Figure 8 

A comparison of stratigraphic position within the RLS and cooling rate. Blue closed 

circles represent iteratively calculated cooling rates from biotite and plagioclase 40Ar/39Ar 

results (Table 2). Cooling curves are calculated from numerical simulations for dip angles 

of 0°, 2°, 3.5°, and 5°. 
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Figure 9 

Initial conditions for both Heat3D numerical heat loss simulations, conductive-only and 

hydrothermally circulation. 

 

Figure 10 

After Setera et al. (2019), conductive-only (dashed line) and conductive-plus-convection 

(solid line) heat-loss simulations from Heat3D code. Models are solved for the depth 

center (3 km) of the RLS, 30 km away from the lateral contact with the host rocks. 

Orange shaded area denotes range of published U-Pb zircon ages as well as their measure 

Ti-in-zircon temperatures (see main text for full references). Blue shaded region denotes 

published weighted mean age of biotite 40Ar/39Ar plateau ages from Setera et al. (2019). 

 

Figure 11 

Schematic illustration depicting the post-emplacement thermal evolution of the RLS as 

inferred from thermochronology. White circular arrows denote active hydrothermal 

circulation, while non-circular arrows denote hydrothermal interaction between RLS and 

host rock. Black arrows denote conductive cooling. Size and length of arrow qualitatively 

represent magnitude. At t0, cooling of the intrusion is rapid, but hydrothermal circulation 

first involves circulating fluids within the host Transvaal Supergroup (green lithology). 

At t1, hydrothermal circulation now penetrates the entire RLS forming hydrothermal 

veins. As temperature lowers, hydrothermal circulation is less vigorous and limited to 

only the RLS (t2) and conductive heat-loss begins to take over as the dominant heat-loss 
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mechanism. At t4, as suggested from plagioclase 40Ar/39Ar ages, heat-loss from the RLS 

is now controlled via conduction only. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 5 (Continued) 
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Figure 5 (Continued) 
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Figure 6 
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Figure 6 (Continued) 
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Figure 6 (Continued) 
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Figure 6 (Continued) 
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Figure 6 (Continued) 
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Figure 7 
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Figure 8 
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Figure 9  
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Figure 10 
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Figure 11 
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Table 1 
Sample locations, descriptions, and stratigraphic depth (m above the Merensky Reef and 
below the roof contact) 
 
 

Sample Latitude Longitude Depth 
(m)a 

Depth 
(m)b 

Lithology Plagioclase 
Texture 

B06-055 24°, 51.874 029°, 54.756 4335 290 Ol-Mt Gabbro Cumulus 
B06-042 24°, 48.776 029°, 57.036 3741 884 Mt Gabbro Cumulus 
B06-020 24°, 48.974 029°, 58.149 3260 1365 Mt Gabbro Cumulus 
B14-015 25°, 12.006 029°, 56.524 2320 2305 Gabbronorite Cumulus 
B14-024 25°, 13.462 029°, 59.328 1700 2925 Gabbronorite Cumulus 
B14-045 25°, 13.164 030°, 00.893 1385 3240 Gabbronorite Cumulus 
B14-049 25°, 11.863 030°, 02.932 808 3817 Gabbronorite Cumulus 
B14-053a 25°, 13.849 030°, 05.374 137 4488 Gabbronorite Cumulus 
B14-080 25°, 00.181 030°, 07.035 -522 5147 Gabbronorite Cumulus 
B14-086 24°, 56.880 030°, 09.099 -760 5385 Pyroxenite Interstitial 
B14-029 24°, 41.431 030°, 16.504 -1961 6586 Pyroxenite Interstitial 
B14-042 24°, 41.409 030°, 16.820 -2475 7100 Pyroxenite Interstitial 

aEstimated sample depths reported relative to the Merensky Reef. 
bEstimated sample depths reported relative to the contact between the Upper Zone and the roof. 



 

 

309 

Table 2 
Major element composition (wt. %) for plagioclase from electron microprobe analyses. 
 

Sample SiO2  Al2O3  FeO  CaO  Na2O  K2O  Total1 An# 
B06-0552 55.81 (0.51) 22.79 (0.29) 0.18 (0.04) 9.76 (0.40) 5.68 (0.22) 0.30 (0.04) 99.51 47.9 
B06-0422 54.32 (0.40) 28.79 (0.25) 0.24 (0.04) 10.88 (0.27) 4.93 (0.14) 0.38 (0.04) 99.52 53.7 
B06-0202 53.75  29.98  0.31  11.95  4.66  0.34  101.07 57.5 
B14-0153 50.13 (0.32) 31.39 (0.39) 0.48 (0.05) 14.50 (0.40) 3.05 (0.22) 0.22 (0.03) 99.86 71.5 
B14-0243 53.94 (0.51) 29.22 (0.22) 0.40 (0.06) 11.68 (0.20) 4.53 (0.16) 0.37 (0.03) 100.21 57.5 
B14-0453 53.42 (0.43) 29.52 (0.29) 0.44 (0.06) 12.35 (0.29) 4.14 (0.17) 0.32 (0.04) 99.25 61.1 
B14-0493 51.63 (0.52) 30.07 (0.35) 0.37 (0.04) 12.97 (0.40) 3.73 (0.22) 0.28 (0.02) 99.09 64.7 
B14-053a3 51.70 (0.82) 31.15 (0.53) 0.34 (0.06) 13.64 (0.61) 3.47 (0.35) 0.23 (0.04) 100.55 67.7 
B14-080 49.58 (0.45) 31.92 (0.33) 0.29 (0.06) 14.83 (0.34) 2.84 (0.17) 0.21 (0.02) 99.68 73.3 
B14-086 50.27 (2.65) 31.72 (1.80) 0.17 (0.04) 14.12 (2.00) 3.24 (1.09) 0.18 (0.09) 99.69 69.9 
B14-029 52.86 (1.01) 29.91 (0.67) 0.17 (0.04) 12.41 (0.78) 4.23 (0.42) 0.32 (0.04) 99.91 60.7 
B14-042 48.48 (0.36) 33.21 (0.29) 0.26 (0.04) 15.82 (0.27) 2.28 (0.13) 0.15 (0.02) 100.19 78.7 

 1Totals taken from previous studies include the measurement of additional major elements. 
 2Analyses from VanTongeren & Mathez (2013). 
 3Analyses from Setera & VanTongeren (2018). 
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Table 3 
Secondary standards used during electron microprobe analyses listed in Table 2. 
 
          
 Lake County Plag (N=17) OR-1* (N=12) Sanidine (N=8) 
Element Avg. 1σ Pub. Avg. 1σ Pub. Avg. 1σ Pub. 
Si 51.22 0.20 51.25 64.34 0.19 64.39 64.64 0.12 64.67 
Al 31.08 0.10 30.91 18.65 0.19 18.57 19.15 0.03 18.76 
Fe 0.45 0.05 0.46 0.02 0.02 0.00 0.17 0.02 0.18 
Ca 13.61 0.13 13.64 0.00 0.00 0.00 0.01 0.02 0.00 
Na 3.58 0.06 3.45 1.13 0.04 1.15 3.02 0.01 3.01 
K 0.11 0.005 0.18 14.96 0.04 14.93 12.12 0.01 12.11 
Total 100.05 0.253 99.89 98.95 0.29 99.04 100.23 0.15 100.12 
M-Site 1.00 0.008 1.00 0.99 0.01 0.99 0.99 0.00 0.99 
T Sites 4.01 0.004 4.01 4.01 0.00 4.01 4.02 0.00 4.01 
An 0.67 0.004 0.68 0.00 0.00 0.00 0.00 0.00 0.00 
Ab 0.32 0.004 0.31 0.10 0.00 0.10 0.27 0.00 0.27 
Or 0.01 0.000 0.01 0.90 0.00 0.90 0.72 0.00 0.73 

 
 Tektite (N=8) AGV-1 (N=8) 
Element Avg. 1σ Pub. Avg. 1σ Pub. 
K 1.87 0.01 1.88 2.96 0.04 2.92 
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Table 4 
Stepwise Heating Results: moles (10-17 for 36, 38, 39Ar, 10-15 for 37Ar, 40Ar and 40Ar*) of each isotope for each heating step. J is 
the measure of the neutron flus in the reactor. All uncertainties reported at 1s. Blank cells represent negative values. 

Sample Run ID Power 36Ar 37Ar 38Ar 39Ar 40Ar 40Ar* Age (Ma) 

Used 
in 

Plateau 
Age 

B06-055_01 22918-03A 1.8 0.67±0.09 1.39±0.73 3.09±0.13 2.86±0.35 110.53±0.42 108.52±0.33 7793±215  

J = 1.9511e-2 22918-03B 3.2 0.75±0.09 0.96±0.91 1.70±0.12 3.15±0.29 55.74±0.38 53.50±0.27 6372±164  

± 4.0873e-5 22918-03C 5 1.48±0.09 1.82±0.93 4.00±0.14 10.41±0.42 156.25±0.43 151.84±0.32 6103±71  
 22918-03D 3.5    1.19±0.44 0.81±0.33 0.99±0.24 1750±508  
 22918-03E 5 0.03±0.08  0.30±0.08 2.96±0.46 5.55±0.34 5.46±0.24 2756±233  
 22918-03F 6.5 0.25±0.08 0.42±0.86 1.19±0.11 10.44±0.45 30.01±0.36 29.26±0.26 3368±68  
 22918-03G 7.5 0.11±0.09 6.98±1.56 0.25±0.07 11.96±0.48 8.89±0.38 8.57±0.27 1578±56  
 22918-03H 9 0.06±0.09 11.86±1.61 0.47±0.09 39.46±0.54 29.10±0.40 28.92±0.28 1602±19  
 22918-03I 12 0.10±0.10 29.26±1.77 1.47±0.15 150.70±0.76 99.19±0.43 98.89±0.31 1487±6.2  
 22918-03J 14 0.15±0.08 21.10±1.27 0.50±0.11 147.40±0.81 86.25±0.37 85.80±0.27 1368.8±6.1  
 22918-03K 16 0.07±0.09 20.66±1.06 0.78±0.13 136.20±0.87 88.60±0.37 88.39±0.27 1476.3±7.2  
 22918-03L 18 0.18±0.09 20.48±1.30 2.35±0.13 128.20±0.71 127.33±0.42 126.78±0.31 1939.1±7.2  
 22918-03M 20 0.38±0.09 10.27±1.04 1.98±0.13 61.55±1.52 74.27±0.39 73.13±0.28 2164±31  
 22918-03N 23 0.47±0.11 30.01±1.16 8.42±0.17 186.40±1.44 204.26±0.56 202.85±0.46 2054±10 x 
 22918-03O 26 0.49±0.09 25.50±1.21 10.32±0.26 171.80±2.79 188.72±0.48 187.25±0.40 2057±20 x 
 22918-03P 28.5 0.11±0.09 14.72±1.05 9.72±0.22 89.18±0.95 97.02±0.44 96.70±0.35 2050±14 x 
 22918-03Q 31 0.48±0.14 56.90±1.55 12.78±0.18 272.43±1.72 298.12±0.81 296.68±0.69 2055.6±8.2 x 
 22918-03R 2 0.05±0.19 66.69±1.61 7.89±0.13 336.39±2.12 364.89±1.93 364.74±1.85 2050.1±9.9 x 
 22918-03S 3  106.93±1.84 10.56±0.13 569.58±2.42 615.28±1.61 615.89±1.23 2046.7±5.7 x 
 22918-03T 4.5 0.07±0.14 66.86±1.50 7.24±0.13 352.74±0.83 383.27±0.67 383.04±0.52 2052.0±3.2 x 
 22918-03U 6 0.04±0.09 22.07±1.04 1.05±0.12 149.80±1.59 162.51±0.82 162.38±0.76 2050±14 x 
           

B06-055_02 22918-04A 1.8 0.59±0.09 1.21±0.83 3.35±0.13 6.41±0.35 58.47±0.39 56.70±0.28 5241±93  
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J = 1.9511e-2 22918-04B 3.5  1.96±0.82 2.10±0.13 19.62±0.42 22.15±0.35 22.27±0.25 2106±30  

± 4.0873e-5 22918-04C 5.2  9.05±0.86 0.71±0.09 59.20±0.57 26.45±0.38 26.60±0.27 1136±12  
 22918-04D 6.5 0.11±0.08 12.75±1.19 0.32±0.11 95.56±0.60 49.13±0.34 48.80±0.24 1247.3±7.4  
 22918-04E 7.5 0.05±0.08 15.06±0.96 0.38±0.11 101.20±0.70 61.34±0.33 61.20±0.24 1405.4±7.9  
 22918-04F 9  19.48±1.16 0.50±0.12 136.30±0.71 92.58±0.34 92.79±0.25 1525.0±6.1  
 22918-04G 11 0.01±0.09 7.47±1.02 0.28±0.11 55.46±0.57 39.56±0.37 39.53±0.26 1572±13  
 22918-04H 13  11.29±0.97 0.17±0.10 88.64±0.55 76.03±0.36 76.06±0.26 1774.6±8.1  
 22918-04I 16 0.07±0.09 13.09±0.99 0.42±0.10 94.41±0.65 100.30±0.38 100.10±0.28 2022.5±9.1  
 22918-04J 19 0.23±0.09 17.18±1.07 0.46±0.11 120.00±1.10 155.58±0.44 154.90±0.35 2270±12  
 22918-04K 21 0.06±0.08 11.03±1.00 0.69±0.11 67.67±0.53 86.99±0.36 86.81±0.27 2262±11  
 22918-04L 23 0.13±0.16 98.10±1.89 10.13±0.10 539.24±0.91 583.53±0.93 583.18±0.81 2046.8±2.7 x 
 22918-04M 25  23.87±1.03 2.80±0.15 160.00±1.44 172.07±0.41 172.20±0.32 2041±11 x 
 22918-04N 27 0.68±0.09 18.13±1.11 3.44±0.15 103.60±0.62 112.12±0.40 110.10±0.30 2025.3±8.1 x 
 22918-04O 29 0.44±0.12 1.15±0.82 0.23±0.09 1.27±0.64 2.52±0.49 1.22±0.35 1907±690 x 
           

B06-020_01 22472-01A 1.8         

J = 1.98874e-2 22472-01B 3.5         

± 3.18272e-5 22472-01C 5.2         
 22472-01D 6.5         
 22472-01E 3.5 0.78±0.90   1.50±0.16 1.51±0.39 1.28±0.28 1793±292  
 22472-01F 3.5 10.14±0.62  2.46±0.46 9.38±0.21 11.70±0.27 8.67±0.19 1884±39  
 22472-01G 5.2 1.25±0.65  0.03±0.34 1.18±0.17 0.70±0.28 0.33±0.20 794±434  
 22472-01H 6.5 10.62±0.71  3.08±0.53 25.74±0.37 18.09±0.30 14.92±0.22 1385±20  
 22472-01I 7.5 0.08±0.63 5.26±1.31 0.51±0.42 17.29±0.27 8.71±0.27 8.69±0.19 1251±25  
 22472-01J 9 1.22±0.59 5.90±1.17 0.83±0.46 29.37±0.38 15.16±0.25 14.79±0.18 1253±14  
 22472-01K 12 3.46±0.67 10.81±1.41 0.99±0.51 74.34±0.87 48.00±0.30 46.97±0.22 1470±8.0  
 22472-01L 15 3.73±0.63 7.76±1.21 1.54±0.54 59.78±0.72 48.26±0.29 47.15±0.22 1703.7±9.4  
 22472-01M 17.5 5.22±0.91 8.56±1.75 2.26±0.64 69.78±0.99 73.89±0.40 72.33±0.30 2021±14  
 22472-01N 20 10.92±0.70 9.30±1.50 3.45±0.60 96.25±1.28 114.86±0.31 111.60±0.23 2160±12  
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 22472-01O 22 25.97±0.90 36.89±1.42 9.54±2.68 290.09±6.56 313.77±0.41 306.02±0.32 2042±25 x 
 22472-01P 1.8 10.86±1.03 16.24±2.94 4.45±0.92 153.80±1.76 164.64±0.53 161.40±0.43 2035.0±7.6 x 
 22472-01Q 2 0.36±0.63 7.23±1.32  33.54±0.47 35.05±0.27 34.94±0.19 2027±14 x 
 22472-01R 3 1.34±0.91 16.72±1.50 0.75±0.65 88.45±1.21 93.10±0.39 92.70±0.28 2034±11 x 
 22472-01S 4 4.79±0.64 49.95±1.19 9.49±3.65 327.00±4.66 344.71±0.30 343.26±0.22 2036±12 x 
 22472-01T 6 1.97±0.98 5.28±2.95 0.70±0.58 43.98±0.62 46.33±0.43 45.74±0.32 2024±16 x 
 22472-01U 6 0.73±0.93 1.09±2.79 0.75±0.47 3.89±0.24 4.47±0.39 4.25±0.28 2085±142 x 
           

B14-015_01 22914-01A 1.8 0.72±0.07 0.76±0.07 2.26±0.11 25.03±0.86 34.01±0.31 31.85±0.22 2249±44  

J = 1.9470e-2 22914-01B 3.5 2.43±0.09 1.89±0.06 4.73±0.14 70.13±1.25 82.15±0.38 74.90±0.28 2029±21  

± 8.9489e-5 22914-01C 5 6.21±0.15 13.76±0.15 3.84±0.05 215.91±4.87 153.69±0.69 135.14±0.51 1438±22  
 22914-01D 6 0.29±0.06 12.81±0.16 0.98±0.12 106.60±1.00 55.15±0.28 54.29±0.20 1242.5±7.5  
 22914-01E 7 0.08±0.06 17.07±0.19 0.80±0.10 117.20±1.07 64.76±0.27 64.53±0.20 1314.2±7.3  
 22914-01F 8  22.08±0.47 0.81±0.13 134.10±1.08 80.09±0.40 80.26±0.29 1393.9±6.7  
 22914-01G 9 0.22±0.06 25.47±0.32 0.61±0.11 165.70±1.32 104.87±0.26 104.20±0.20 1442.0±6.1  
 22914-01H 10 0.43±0.06 26.79±0.28 0.45±0.12 190.60±1.38 124.68±0.27 123.40±0.20 1471.7±5.1  
 22914-01I 11 0.22±0.06 28.41±0.30 0.46±0.10 191.30±1.41 132.46±0.27 131.80±0.20 1534.8±5.4  
 22914-01J 11.5 0.16±0.07 22.54±0.23 0.29±0.11 140.60±1.08 104.48±0.30 104.00±0.23 1608.6±6.1  
 22914-01K 12 0.20±0.06 16.72±0.20 0.25±0.11 105.60±1.02 79.48±0.27 78.90±0.20 1619.7±8.9  
 22914-01L 13 0.16±0.09 15.42±0.27 0.19±0.09 103.50±1.38 78.54±0.38 78.06±0.28 1630±14  
 22914-01M 14 0.25±0.06 13.68±0.19 0.43±0.11 97.39±0.94 72.47±0.34 71.73±0.29 1604.9±9.4  
 22914-01N 15 0.22±0.06 12.30±0.17 0.72±0.10 84.41±2.00 68.39±0.33 67.73±0.28 1697±26  
 22914-01O 16 0.18±0.06 10.00±0.33 0.52±0.10 69.86±0.81 57.64±0.30 57.09±0.24 1718±12  
 22914-01P 17 0.20±0.06 7.96±0.15 0.48±0.08 48.62±0.97 41.00±0.24 40.39±0.17 1736±22  
 22914-01Q 18.5 0.25±0.06 14.97±0.16 1.40±0.12 92.85±0.87 80.01±0.28 79.25±0.21 1766.2±8.8  
 22914-01R 20 0.23±0.07 15.76±0.17 1.48±0.12 94.00±0.85 86.35±0.30 85.66±0.22 1840.8±8.6  
 22914-01S 21.5 0.28±0.06 22.05±0.45 2.13±0.12 116.00±1.46 121.24±0.28 120.40±0.21 1995±14 x 
 22914-01T 22.5 0.31±0.09 16.67±0.18 2.61±0.14 97.26±2.37 97.88±0.39 96.96±0.28 1946±28 x 
 22914-01U 24 0.25±0.10 25.37±0.39 2.60±0.15 114.60±2.47 116.56±0.45 115.80±0.35 1962±25 x 
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 22914-01V 25.5 0.14±0.11 36.24±0.27 2.45±0.13 143.50±1.21 150.31±0.49 149.90±0.36 2002.3±8.1 x 
 22914-01W 27 0.18±0.06 16.50±0.21 0.83±0.09 55.33±0.75 58.80±0.26 58.26±0.18 2012±15 x 
 22914-01X 29 0.03±0.05 0.93±0.06  3.76±0.69 3.97±0.23 3.87±0.16 1985±226 x 
 22914-01Y 31  2.10±0.10 0.19±0.06 7.00±1.01 7.20±0.23 7.33±0.16 2005±176 x 
 22914-01Z 33 0.61±0.10 50.98±0.24 2.00±0.04 173.88±3.91 184.01±0.47 182.18±0.35 2006±27 x 
 22914-02A 0.5 0.22±0.05  0.01±0.06 0.21±0.51 0.08±0.20 -0.56±0.14 NaN  
 22914-02B 2 0.14±0.05 2.72±0.09 0.10±0.07 9.62±0.69 10.76±0.20 10.33±0.15 2036±89 x 
 22914-02C 4 0.41±0.11 33.96±0.51 3.84±0.05 129.00±1.64 136.73±0.47 135.50±0.34 2009±14 x 
 22914-02D 5 0.30±0.16 28.26±0.37 2.18±0.13 103.90±1.40 107.58±0.68 106.70±0.50 1982±15 x 
 22914-02E 6 0.01±0.09 8.54±0.24 0.52±0.08 27.49±0.84 28.86±0.39 28.83±0.28 2007±38 x 
           

B14-015_02 22914-03A 1.8 2.02±0.09 0.58±0.13 2.86±0.13 9.48±0.45 109.04±0.39 103.00±0.28 5590±81  

J = 1.9470e-2 22914-03B 3.2 1.93±0.08 0.62±0.13 2.76±0.12 19.08±0.41 70.69±0.36 64.93±0.26 3665±34  

± 8.9489e-5 22914-03C 4.2 7.20±0.12 1.69±0.15 3.84±0.17 35.05±0.87 182.98±0.59 161.50±0.48 4149±40  
 22914-03D 5 5.57±0.11 5.65±0.20 9.30±0.22 69.83±0.83 144.23±0.50 127.60±0.38 2736±17  
 22914-03E 6 1.07±0.08 8.84±0.22 2.56±0.12 89.20±0.86 50.95±0.34 47.74±0.24 1288.0±9.5  
 22914-03F 7.5 0.16±0.07 12.34±0.24 0.76±0.12 109.40±0.88 52.71±0.31 52.24±0.23 1185.5±7.2  
 22914-03G 9 0.07±0.07 20.46±0.31 0.45±0.13 150.60±0.98 79.85±0.31 79.65±0.23 1277.2±5.6  
 22914-03H 12 0.96±0.13 46.53±0.56 3.24±0.06 316.92±1.49 242.04±0.62 239.16±0.47 1630.8±3.8  
 22914-03I 15 0.86±0.12 51.06±0.59 2.66±0.07 269.63±1.60 222.74±0.54 220.18±0.40 1716.8±5.5  
 22914-03J 17.5 0.41±0.08 26.26±0.41 1.05±0.15 165.80±3.12 126.33±0.43 125.10±0.35 1630±20  
 22914-03K 19 0.47±0.13 21.04±0.40 1.36±0.14 135.20±1.07 110.49±0.59 109.10±0.45 1704.1±9.0  
 22914-03L 21.5 0.29±0.12 22.05±1.31 1.67±0.14 104.80±0.92 106.67±0.52 105.80±0.38 1961±11  
 22914-03M 23 0.31±0.12 14.85±0.30 1.23±0.14 71.36±0.76 75.99±0.53 75.06±0.39 2011±14 x 
 22914-03N 25 0.67±0.09 22.06±0.61 3.07±0.17 125.60±8.24 132.01±0.45 130.00±0.37 1991±79 x 
 22914-03O 27 0.03±0.11 16.93±0.37 1.02±0.13 73.85±1.31 77.40±0.49 77.30±0.35 2005±22 x 
 22914-03P 29.2 0.23±0.12 30.75±0.48 2.04±0.15 131.80±2.82 138.29±0.56 137.60±0.43 2002±26 x 
 22914-03Q 31 2.29±0.26 104.73±0.82 6.76±0.10 352.23±2.60 378.05±1.25 371.21±0.97 2013.0±8.2 x 
 22914-03R 33 0.07±0.12 5.03±0.23 0.51±0.10 20.15±0.95 20.58±0.50 20.36±0.35 1962±60 x 
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 22914-03S 1.5 0.03±0.10 0.95±0.13 0.05±0.08 2.83±0.70 3.08±0.42 3.01±0.30 2023±324 x 
 22914-03T 2.5  6.00±0.24  18.81±0.82 19.37±0.67 19.70±0.47 2005±60 x 
 22914-03U 3.5  53.56±2.26 1.18±0.16 164.90±1.25 172.40±0.90 173.30±0.66 2009.9±8.9 x 
 22914-03V 4  2.32±0.16 0.08±0.07 7.33±0.53 6.79±0.31 7.12±0.22 1916±93 x 
 22914-03W 6  0.41±0.13 0.13±0.06 1.40±0.49 1.72±0.29 2.19±0.21 2523±491 x 
           

B14-024_01 22471-01A 3.5 0.42±0.03  1.14±0.04 2.55±0.18 13.62±0.12 12.37±0.09 4271±116  

J = 1.9922e-2 22471-01B 5.2 0.17±0.03  0.52±0.03 2.96±0.16 5.03±0.11 4.54±0.08 2526±79  

± 3.9607e-5 22471-01C 6.5 0.30±0.03 0.48±0.34 0.90±0.04 6.01±0.17 8.78±0.11 7.88±0.08 2317±39  
 22471-01D 7.5 0.23±0.03 0.47±0.29 0.74±0.04 9.41±0.17 9.33±0.11 8.64±0.08 1877±24  
 22471-01E 9 0.10±0.02  0.36±0.03 10.34±0.17 6.94±0.10 6.63±0.08 1484±21  
 22471-01F 12 0.17±0.03 1.59±0.44 0.43±0.04 23.09±0.21 13.22±0.13 12.72±0.09 1336±11  
 22471-01G 15 0.11±0.03 4.75±0.46 0.20±0.03 37.98±0.22 21.69±0.12 21.36±0.09 1356.0±6.6  
 22471-01H 17.5 0.16±0.03 3.39±0.44 0.25±0.04 52.89±0.27 32.40±0.13 31.93±0.10 1424.7±5.6  
 22471-01I 20 0.12±0.03 4.78±0.45 0.23±0.04 63.16±0.29 40.71±0.13 40.35±0.10 1481.1±4.8  
 22471-01J 22 0.06±0.03 5.56±0.37 0.19±0.04 49.34±0.27 36.96±0.12 36.77±0.09 1642.1±6.0  
 22471-01K 23.5 0.05±0.03 5.39±0.35 0.04±0.03 40.33±0.25 31.57±0.12 31.43±0.09 1690.4±7.1  
 22471-01L 25 0.06±0.03 2.64±0.33 0.08±0.03 31.69±0.23 26.15±0.12 25.98±0.09 1746.7±8.9  
 22471-01M 27 0.08±0.03 2.73±0.32 0.08±0.04 28.84±0.21 24.66±0.12 24.41±0.09 1782.7±8.9  
 22471-01N 25 0.03±0.02 3.50±0.32 0.06±0.03 16.99±0.17 14.82±0.10 14.73±0.08 1810±13  
 22471-01O 25 0.03±0.02 3.05±0.33 0.02±0.03 13.89±0.17 11.90±0.10 11.81±0.08 1788±16  
 22471-01P 25  2.15±0.35 0.03±0.03 10.65±0.18 9.39±0.10 9.41±0.08 1832±22  
 22471-01Q 25 0.00±0.02 2.68±0.33 0.05±0.03 9.18±0.14 8.40±0.10 8.39±0.07 1871±21  
 22471-01R 25 0.01±0.03 0.91±0.34 0.04±0.03 7.95±0.14 7.30±0.11 7.26±0.08 1869±25  
 22471-01S 25 0.01±0.03 0.37±0.31  7.06±0.14 6.51±0.11 6.49±0.08 1878±28  
 22471-01T 25    4.54±0.11 3.26±0.10 3.78±0.07 1764±37  
 22471-01U 27 0.36±0.03 3.36±0.32 0.08±0.03 43.45±0.22 40.67±0.12 39.60±0.09 1867.7±6.1  
 22471-01V 27 0.34±0.03 1.35±0.30 0.06±0.03 27.11±0.17 25.63±0.12 24.63±0.09 1864.2±8.3  
 22471-01W 27 0.38±0.03 1.23±0.32 0.04±0.03 20.31±0.17 19.12±0.16 17.99±0.13 1835±13  
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 22471-01X 29.2 0.36±0.03 1.59±0.32 0.07±0.03 23.38±0.17 21.37±0.12 20.30±0.09 1811.7±9.5  
 22471-01Y 29.2 0.24±0.03 0.31±0.31 0.12±0.03 16.36±0.15 15.94±0.11 15.23±0.08 1892±13  
 22471-01Z 31 0.27±0.03 0.67±0.31 0.13±0.03 18.42±0.17 17.66±0.11 16.86±0.08 1873±12  
 22471-01AA 33.5 0.33±0.03 1.26±0.30 0.16±0.03 24.56±0.17 22.00±0.11 21.00±0.08 1794.1±8.9  
 22471-01AB 35.5 0.41±0.03 1.76±0.33 0.21±0.03 27.36±0.18 24.75±0.12 23.53±0.09 1800.7±8.7  
 22471-01AC 38 0.25±0.04 1.84±0.34 0.20±0.03 25.43±0.16 24.67±0.16 23.93±0.12 1905.0±9.1  
 22471-01AD 5 0.50±0.04 57.37±0.52 24.16±0.18 442.33±2.86 462.55±0.20 461.07±0.15 2022.3±7.4 x 
           

B14-024_02 22913-01A 1.8 0.44±0.06 0.22±0.05 3.78±0.14 3.22±0.54 56.51±0.25 55.21±0.18 6385±295  

J = 1.9487e-2 22913-01B 3.5 0.37±0.05 0.22±0.06 2.17±0.10 3.30±0.56 35.32±0.23 34.21±0.17 5511±291  

± 4.0758e-5 22913-01C 5 0.31±0.06 0.61±0.07 1.45±0.09 5.96±0.39 14.91±0.23 13.99±0.17 3098±99  
 22913-01D 6.5 0.58±0.06 1.69±0.09 3.68±0.14 18.45±0.71 48.39±0.26 46.66±0.19 3211±58  
 22913-01E 7.5 0.37±0.06 2.64±0.09 1.63±0.11 23.15±0.74 34.36±0.26 33.24±0.19 2407±43  
 22913-01F 9 0.19±0.08 3.30±0.11 0.67±0.08 32.01±0.54 24.21±0.34 23.63±0.24 1608±21  
 22913-01G 12 0.63±0.06 11.95±0.30 1.77±0.13 112.70±1.27 67.67±0.28 65.80±0.21 1370±11  
 22913-01H 15 0.25±0.12 63.20±0.32 3.50±0.47 517.40±33.07 416.35±0.57 415.60±0.45 1670±70  
 22913-01I 16 0.02±0.08 36.50±0.31 3.79±0.09 271.50±11.09 275.15±0.38 275.10±0.31 1966±49  
 22913-01J 17.5 0.05±0.08 21.64±0.22 2.57±0.08 188.95±4.30 190.46±0.39 190.31±0.32 1959±27  
 22913-01K 19  13.61±0.18 1.06±0.11 121.80±1.28 127.26±0.39 127.50±0.31 2006±13  
 22913-01L 20 0.16±0.09 9.47±0.13 0.72±0.08 87.10±1.15 88.72±0.37 88.25±0.27 1967±16  
 22913-01M 21  0.06±0.06  1.90±0.50 0.28±0.20 0.50±0.14 743±238  
 22913-01N 24 0.07±0.05 0.03±0.05  1.07±0.47 0.24±0.19 0.03±0.14 101±427  
 22913-01O 28 0.01±0.05   0.61±0.46 0.35±0.22 0.32±0.15 1279±823  
 22913-01P 0.2 0.09±0.07 0.14±0.05 0.05±0.06 1.47±0.47 0.59±0.28 0.33±0.20 650±374  
 22913-01Q 0.5 0.09±0.05 0.22±0.07  1.11±0.35 1.63±0.19 1.36±0.14 2201±416  
 22913-01R 1 0.16±0.05 6.74±0.12 0.35±0.10 65.24±0.95 66.45±0.23 65.97±0.18 1964±18  
 22913-01S 1.3 0.43±0.11 77.05±0.36 3.52±0.28 665.20±16.56 704.68±0.72 703.40±0.64 2018±30 x 
 22913-01T 1.5 0.11±0.09 19.36±0.19 2.03±0.07 155.26±4.30 166.55±0.56 166.23±0.48 2033±34 x 
 22913-01U 1.7 0.10±0.07 12.51±0.27 0.38±0.10 111.30±1.23 118.01±0.30 117.70±0.23 2018±14 x 
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 22913-01V 1.9 0.21±0.07 8.75±0.12 0.35±0.10 71.02±1.20 77.28±0.29 76.66±0.22 2043±21 x 
 22913-01W 2.2 0.02±0.08 23.16±0.22 2.57±0.07 194.71±4.66 208.12±0.49 208.06±0.40 2031±29 x 
 22913-01X 2.5  20.97±0.17 2.13±0.07 178.67±4.65 190.96±0.44 191.24±0.35 2033±32 x 
 22913-01Y 3  17.15±0.17 0.52±0.10 148.60±4.30 157.39±0.59 157.70±0.45 2022±35 x 
 22913-02A 3.3  18.63±0.22 1.95±0.06 163.28±4.30 173.19±0.34 173.23±0.28 2022±32 x 
 22913-02B 3.6 0.05±0.07 26.17±0.21 2.17±0.05 221.42±4.30 237.30±0.39 237.16±0.33 2034±24 x 
 22913-02C 4 0.07±0.09 13.31±0.18 0.34±0.10 113.10±0.84 120.71±0.39 120.50±0.29 2027±9.4 x 
 22913-02D 4.2 0.05±0.06 11.45±0.15 0.29±0.11 93.90±0.86 101.96±0.26 101.80±0.20 2048±11 x 
 22913-02E 4.4 0.05±0.06 7.90±0.14 0.30±0.08 60.87±0.76 65.87±0.24 65.71±0.17 2043±16 x 
 22913-02F 4.6 0.05±0.05 7.13±0.11 0.08±0.09 62.37±0.70 66.85±0.24 66.70±0.18 2032±14 x 
 22913-02G 4.8  2.60±0.08 0.08±0.07 21.53±0.62 22.93±0.22 22.95±0.16 2028±36 x 
 22913-02H 5.2 0.10±0.06 16.26±0.20 0.56±0.12 135.50±0.84 145.51±0.27 145.20±0.20 2034.2±7.6 x 
 22913-02I 5.4 0.09±0.05 5.58±0.12 0.19±0.09 48.09±1.57 51.50±0.23 51.22±0.17 2027±40 x 
 22913-02J 5.4  5.99±0.10 3.79±0.09 47.27±0.87 50.60±0.33 50.76±0.25 2037±23 x 
           

B14-045_01 22473-01A 1.8 0.18±0.05 0.51±1.29 0.34±0.04 0.27±0.13 20.63±0.23 20.10±0.17 9001±861  

J = 1.9912e-2 22473-01B 3.5 0.86±0.05 2.19±1.15 1.40±0.07 1.75±0.13 57.20±0.23 54.64±0.17 7480±138  

± 4.1054e-5 22473-01C 5.2 0.72±0.06 3.78±1.23 2.29±0.06 3.42±0.15 52.46±0.24 50.32±0.17 6156±76  
 22473-01D 6.5 0.65±0.05 1.92±1.29 1.79±0.06 5.27±0.16 41.95±0.23 40.01±0.17 5015±53  
 22473-01E 7.5 - - - - - - -  
 22473-01F 0 - - - - - - -  
 22473-01G 8 0.48±0.06 2.76±1.23 1.07±0.05 6.24±0.16 29.45±0.25 28.02±0.18 4144±45  
 22473-01H 9 1.05±0.06 2.59±1.14 2.84±0.08 13.03±0.19 65.32±0.26 62.17±0.19 4243±24  
 22473-01I 10 1.04±0.06 1.22±1.28 2.99±0.08 19.35±0.21 69.80±0.27 66.69±0.20 3720±17  
 22473-01J 11 0.59±0.06 1.39±1.17 1.64±0.07 19.18±0.23 35.13±0.24 33.36±0.17 2699±18  
 22473-01K 12 0.13±0.05 4.81±1.13 0.74±0.06 16.37±0.19 12.05±0.22 11.67±0.16 1594±20  
 22473-01L 14 0.42±0.08 7.01±1.88 1.53±0.15 32.23±0.51 24.53±0.32 23.27±0.23 1608±21  
 22473-01M 16 0.19±0.05 2.08±0.95 0.98±0.06 41.33±0.33 21.17±0.21 20.60±0.15 1243.8±9.0  
 22473-01N 18 0.09±0.05 7.89±1.22 0.83±0.06 59.23±0.42 31.86±0.23 31.58±0.17 1305.3±7.2  
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 22473-01O 20 0.17±0.06 11.15±1.38 0.54±0.05 74.50±0.55 41.96±0.25 41.45±0.18 1345.3±6.8  
 22473-01P 22 0.17±0.06 10.76±1.36 0.35±0.06 83.67±0.61 47.97±0.25 47.46±0.18 1363.6±6.3  
 22473-01Q 23.5 0.17±0.06 10.72±1.29 0.22±0.06 76.81±0.56 46.85±0.24 46.35±0.17 1423.8±6.5  
 22473-01R 25 0.12±0.06 8.68±1.27 0.25±0.05 67.60±0.49 43.47±0.24 43.10±0.17 1478.7±6.8  
 22473-01S 27 0.15±0.06 11.03±1.28 0.10±0.06 68.80±0.50 47.37±0.24 46.91±0.17 1547.5±6.6  
 22473-01T 29.2 0.12±0.05 12.07±1.26 0.49±0.06 83.79±0.62 59.60±0.22 59.23±0.16 1585.0±6.2  
 22473-01U 31 0.20±0.06 11.41±1.33 0.26±0.05 69.94±0.51 52.51±0.24 51.92±0.17 1637.2±6.7  
 22473-01V 33.5 0.24±0.08 6.90±1.33 0.15±0.06 64.09±0.51 50.14±0.35 49.42±0.26 1678.4±8.9  
 22473-01W 35 0.21±0.06 7.16±1.29 0.18±0.05 47.60±0.39 38.12±0.25 37.50±0.18 1701.8±9.2  
 22473-01X 38 0.22±0.05 0.94±1.18 0.02±0.04 21.06±0.23 17.45±0.22 16.78±0.16 1714±16  
 22473-01Y 1.5 0.25±0.05 9.44±1.18 0.39±0.06 72.65±0.50 62.90±0.24 62.15±0.17 1794.1±6.4  
 22473-01Z 1.6 0.13±0.09 6.84±1.29 0.33±0.07 48.34±0.40 45.28±0.36 44.90±0.26 1889±11  
 22473-01AA 1.8 0.38±0.06 11.29±1.26 1.16±0.08 85.80±0.88 102.34±0.28 101.20±0.20 2180±12  
 22473-01AB 1.8 0.85±0.08 53.26±1.60 0.00±0.00 392.29±4.77 414.61±0.41 412.08±0.34 2036±14 x 
 22473-01AC 0  1.23±1.21  1.90±0.14 1.51±0.22 1.90±0.16 1981±154 x 
 22473-01AD 2 0.41±0.06 30.73±1.22 0.00±0.00 234.09±4.18 246.90±0.29 245.67±0.21 2035±21 x 
 22473-01AE 2.2 0.02±0.11 83.12±1.88 0.00±0.00 565.40±5.73 586.97±0.52 586.91±0.35 2022±11 x 
 22473-01AF 2.2 0.19±0.09 24.80±1.39 1.85±0.10 153.40±1.23 160.17±0.43 159.60±0.34 2024.5±8.6 x 
 22473-01AG 2.4 0.09±0.08 16.40±1.39 1.27±0.08 85.70±0.58 90.05±0.36 89.78±0.27 2032.9±7.6 x 
 22473-01AH 2.7 0.16±0.06 36.37±1.28 2.37±0.11 209.50±5.75 218.47±0.27 218.00±0.20 2025±33 x 
 22473-01AI 3.5  17.95±1.50 0.83±0.08 103.80±0.95 108.69±0.42 108.70±0.35 2032±11 x 
 22473-01AJ 5 0.01±0.07 14.45±1.26 0.66±0.07 68.47±0.64 73.13±0.32 73.10±0.23 2056±11 x 
 22473-01AK 5 0.15±0.07 9.71±1.26 0.72±0.06 60.26±0.62 64.44±0.34 64.00±0.26 2050±13 x 
           

B14-045_02 23000-01A 1.8 0.29±0.14 0.12±0.06 0.23±0.09 4.59±0.50 19.69±0.58 18.81±0.41 4123±179  

J = 2.1531e-2 23000-01B 3.5 0.56±0.11 0.48±0.11 0.20±0.08 4.29±0.45 12.50±0.49 10.83±0.34 3360±166  

± 2.3094e-4 23000-01C 5.2 0.52±0.12 0.73±0.11 0.15±0.08 8.89±0.50 16.30±0.49 14.74±0.35 2742±86  
 23000-01D 6.5 0.26±0.10 0.96±0.08 0.09±0.09 11.93±0.36 11.16±0.44 10.39±0.32 1905±50  
 23000-01E 7.5 0.15±0.11 1.04±0.09 0.03±0.08 9.10±0.48 5.73±0.45 5.28±0.32 1463±80  
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 23000-01F 10 0.28±0.11 3.93±0.14  37.31±0.51 20.31±0.45 19.46±0.32 1358±19  
 23000-01G 12 0.45±0.11 5.99±0.15  53.99±0.71 30.19±0.45 28.86±0.32 1382±15  
 23000-01H 14 0.25±0.11 7.19±0.16  69.44±0.81 44.65±0.46 43.90±0.33 1550±12  
 23000-01I 16 0.28±0.11 6.53±0.16  63.71±0.76 46.29±0.46 45.45±0.33 1679±13  
 23000-01J 18 0.10±0.08 5.48±0.26 0.14±0.09 55.43±0.70 42.85±0.32 42.55±0.23 1760±13  
 23000-01K 20 0.10±0.07 5.04±0.12 0.00±0.00 50.40±0.65 41.00±0.32 40.69±0.23 1817±14  
 23000-01L 22  4.14±0.13 0.02±0.09 38.88±0.60 32.33±0.40 32.90±0.28 1872±18  
 23000-01M 24 0.13±0.07 5.10±0.12  49.84±0.67 42.03±0.31 41.64±0.22 1857±14  
 23000-01N 26 0.14±0.08 3.52±0.11  35.14±0.83 32.90±0.33 32.47±0.23 1976±28 x 
 23000-01O 28 0.20±0.07 3.69±0.23 0.02±0.08 31.86±0.83 31.04±0.30 30.43±0.22 2015±31 x 
 23000-01P 30 0.65±0.11 15.09±0.22 0.14±0.11 135.90±1.34 132.43±0.48 130.50±0.34 2021.9±8.1 x 
 23000-01Q 33 1.45±0.14 67.95±1.73  635.40±7.57 620.74±0.95 616.40±0.85 2035±11 x 
 23000-01R 2 0.27±0.11 0.45±0.08 0.07±0.08 2.32±0.49 2.68±0.46 1.87±0.33 1817±314 x 
 23000-01S 4  3.75±0.08 0.07±0.09 35.82±0.50 35.43±0.34 35.61±0.24 2065±17 x 
 23000-01T 5  11.69±0.19 0.02±0.10 98.47±0.89 95.65±0.39 95.68±0.28 2037±6.7 x 
 23000-01U 6  12.95±0.21  112.10±1.47 109.03±0.39 109.10±0.28 2039±13 x 
 23000-01V 6  1.19±0.13  10.20±0.48 9.81±0.30 9.80±0.21 2022±62 x 
           

B14-049_01 22464-01A 1.6  0.30±0.79 0.07±0.05  1.89±0.23 2.17±0.16 NaN  

J = 1.9923e-2 22464-01B 3.5 0.75±0.06 0.83±0.77 4.53±0.08 5.57±0.16 75.65±0.25 73.41±0.19 5963±48  

± 2.7611e-5 22464-01C 5.2 0.69±0.06 0.56±0.82 3.02±0.08 12.85±0.19 32.48±0.25 30.42±0.18 3145±22  
 22464-01D 6.5 1.91±0.07 5.97±1.39 4.38±0.09 34.04±0.35 36.18±0.32 30.48±0.24 1847±14  
 22464-01E 7.5 0.17±0.06 7.48±1.43 1.34±0.06 25.41±0.30 17.54±0.27 17.02±0.20 1529±17  
 22464-01F 9  10.34±1.42 0.63±0.06 33.07±0.35 16.20±0.26 16.34±0.19 1236±14  
 22464-01G 12 0.15±0.06 16.85±1.49 1.24±0.08 91.18±0.73 46.52±0.28 46.06±0.20 1256.2±6.2  
 22464-01H 15 0.24±0.07 19.36±1.63 0.74±0.08 131.70±0.99 73.77±0.29 73.05±0.21 1342.7±4.8  
 22464-01I 17.5 0.04±0.07 18.30±1.56 0.56±0.07 120.50±0.92 74.20±0.29 74.08±0.21 1442.9±5.2  
 22464-01J 20 0.15±0.05 16.07±0.88 0.45±0.06 114.90±0.88 76.43±0.25 75.99±0.18 1516.7±4.9  
 22464-01K 22.5 0.28±0.06 9.49±0.83 0.48±0.07 99.56±1.43 72.26±0.28 71.41±0.22 1601±14  



 

 

320 

 22464-01L 25 0.07±0.08 12.44±2.33 0.61±0.06 73.46±0.62 55.45±0.35 55.23±0.25 1651.5±8.7  
 22464-01M 27  6.61±1.54 0.22±0.06 44.84±0.41 35.55±0.29 35.59±0.23 1711±11  
 22464-01N 29.2 0.17±0.06 6.31±0.92 0.22±0.05 34.89±0.35 28.23±0.25 27.72±0.18 1712±12  
 22464-01O 31 0.13±0.05 3.41±0.94 0.35±0.05 31.42±0.32 24.95±0.23 24.56±0.17 1694±12  
 22464-01P 1.5 0.27±0.06 10.43±1.00 1.30±0.07 104.00±0.81 83.95±0.27 83.15±0.20 1718.8±5.7  
 22464-01Q 2 0.70±0.09 48.51±1.89 5.21±0.09 276.90±2.55 288.18±0.38 286.10±0.28 2016.8±8.0 x 
 22464-01R 2.2 0.40±0.08 27.51±1.01 3.76±0.10 152.90±1.16 161.90±0.37 160.70±0.28 2037.2±5.2 x 
 22464-01S 2.5 0.25±0.09 15.87±0.87 1.83±0.08 77.42±0.57 82.03±0.37 81.27±0.27 2036.1±6.0 x 
 22464-01T 2.8 0.15±0.05 1.50±0.89 0.39±0.05 9.06±0.20 12.25±0.23 11.80±0.17 2309±35  
 22464-01U 5 0.22±0.06 19.82±0.93 2.28±0.08 74.07±0.56 83.36±0.27 82.72±0.19 2112.5±5.3  
 22464-01V 5 0.35±0.06 11.81±0.82 1.57±0.07 32.31±0.33 44.33±0.25 43.28±0.18 2345±12  
           

B14-049_02 22915-01A 1.8 0.72±0.06 0.11±0.05 1.52±0.10 3.11±0.53 86.07±0.27 83.93±0.20 7184±304  

J = 1.9478e-2 22915-01B 3.5 1.02±0.06 0.29±0.05 6.96±0.15 7.11±0.53 90.84±0.29 87.78±0.21 5810±130  

± 1.0791e-4 22915-01C 5 0.71±0.05 0.50±0.06 4.81±0.14 10.76±0.61 55.94±0.24 53.81±0.18 4283±93  
 22915-01D 6.5 2.15±0.07 0.99±0.06 6.27±0.18 25.48±0.49 58.96±0.30 52.55±0.22 2910±28  
 22915-01E 7.8 4.26±0.12 4.18±0.11 8.96±0.11  190.24±0.36 177.53±0.00 NaN  
 22915-01F 8.5 1.47±0.07 5.94±0.21 6.69±0.18 50.51±0.99 89.20±0.31 84.81±0.23 2619±27  
 22915-01G 9.5 0.93±0.07 7.72±0.12 3.33±0.14 63.68±0.69 58.30±0.29 55.52±0.21 1791±13  
 22915-01H 12 1.13±0.07  2.81±0.14 150.50±1.43 86.26±0.30 82.87±0.22 1315±9.1  
 22915-01I 15 1.47±0.07  2.07±0.15 273.60±1.13 149.30±0.32 144.90±0.24 1279±3.9  
 22915-01J 17 0.83±0.06  0.64±0.13 172.70±0.92 100.49±0.29 98.01±0.22 1343±5.3  
 22915-01K 19 0.26±0.09 32.67±0.24 2.50±0.06 238.99±4.69 160.69±0.42 159.90±0.32 1505±20  
 22915-01L 21 1.01±0.07  0.77±0.16 212.90±1.71 146.20±0.30 143.20±0.23 1510.4±8.2  
 22915-01M 22.5 0.47±0.10 35.31±0.27 2.64±0.07 252.61±5.39 207.24±0.49 205.85±0.39 1715±24  
 22915-01N 23  19.19±0.16 0.42±0.11 141.50±1.37 111.33±0.39 111.40±0.28 1677±11  
 22915-01O 24 0.16±0.06 16.52±0.33 0.41±0.10 115.70±1.42 96.06±0.27 95.58±0.20 1730±14  
 22915-01P 25 0.08±0.06 16.40±0.19 0.35±0.11 119.50±0.89 97.84±0.26 97.59±0.19 1718±8.4  
 22915-01Q 26 0.18±0.06 12.24±0.18 0.61±0.11 92.75±0.84 75.25±0.27 74.71±0.20 1702±10  
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 22915-01R 27 0.03±0.06 7.66±0.23 0.30±0.09 55.14±0.68 44.87±0.24 44.79±0.18 1711±14  
 22915-01S 29.5 0.32±0.09 14.99±0.18 0.76±0.11 131.40±1.42 104.56±0.38 103.60±0.27 1678±12  
 22915-01T 32  42.10±0.31 5.57±0.09 370.07±3.96 344.94±0.58 342.39±0.47 1859±12  
 22915-01U 32 0.86±0.11 13.57±0.18 1.18±0.11 105.80±0.73 101.30±0.28 99.98±0.21 1884.0±8.3  
 22915-01V 33 0.38±0.06 13.43±0.18 1.43±0.12 84.47±0.70 104.84±0.27 103.70±0.21 2203±11  
 22915-01W 34 0.43±0.06 11.69±0.14 1.95±0.11 76.43±0.79 84.20±0.27 82.92±0.21 2049±13  
 22915-01X 35 0.27±0.13 7.80±0.15 1.30±0.11 51.34±1.82 50.59±0.56 49.79±0.40 1914±43  
 22915-01Y 1 1.86±0.13 78.82±0.67 8.63±0.10 440.78±5.39 476.71±0.59 471.27±0.46 2031±15 x 
 22915-01Z 1.5 1.84±0.17 265.17±0.76 27.37±0.18 1308.47±17.59 1405.56±0.89 1400.22±0.75 2032±16 x 
 22915-01AA 1 0.06±0.06 8.15±0.08 0.66±0.09 39.40±1.00 43.01±0.25 42.84±0.19 2052±31 x 
 22915-01AB 1.2 0.01±0.07 2.72±0.21 0.29±0.08 15.01±0.63 15.95±0.31 15.92±0.22 2021±54 x 
 22915-02A 1.5 0.04±0.05 1.47±0.05 0.20±0.07 6.10±0.34 7.13±0.22 7.00±0.16 2118±75 x 
 22915-02B 2 0.39±0.16 51.59±0.29 4.27±0.16 248.00±4.30 266.46±0.73 265.30±0.56 2031±21 x 
 22915-02C 2.2  3.37±0.12 0.12±0.07 16.42±0.45 17.51±0.22 17.56±0.16 2031±35 x 
 22915-02D 2.8  1.85±0.09 0.14±0.08 9.29±0.77 10.10±0.23 10.18±0.16 2061±104 x 
 22915-02E 4 0.01±0.06 8.51±0.14 0.48±0.11 39.99±1.01 43.37±0.26 43.34±0.19 2047±31 x 
 22915-02F 6  4.04±0.10 0.37±0.09 19.25±0.79 20.81±0.23 20.95±0.17 2052±51 x 
           

B14-053a_02 22998-01A 1.8 0.08±0.07 0.13±0.07 0.01±0.07 0.41±0.32 6.27±0.29 6.02±0.21 6228±1356  

J = 2.0928e-2 22998-01B 3.5 0.55±0.08 0.39±0.06 0.31±0.09 8.26±0.29 29.16±0.33 27.51±0.24 3745±55  

± 1.1911e-4 22998-01C 3.5 0.16±0.06 0.31±0.07 0.05±0.07 5.89±0.37 5.02±0.28 4.53±0.20 1729±85  
 22998-01D 5.2 0.52±0.11 1.82±0.09 0.46±0.10 22.87±0.69 28.30±0.45 26.73±0.32 2232±41  
 22998-01E 5.2 0.09±0.07 0.43±0.08 0.05±0.07 5.53±0.25 2.47±0.30 2.20±0.21 1092±88  
 22998-01F 6.5 0.15±0.07 1.97±0.10 0.09±0.08 17.74±0.35 8.07±0.29 7.63±0.21 1158±28  
 22998-01G 9 0.25±0.08 8.23±0.19  60.59±1.03 32.60±0.33 31.85±0.23 1339±16  
 22998-01H 11 0.81±0.08 13.50±0.15 0.02±0.11 92.04±1.36 60.00±0.36 57.58±0.26 1510±13  
 22998-01I 13 0.16±0.08 14.18±0.15  103.30±1.10 72.31±0.35 71.84±0.26 1620.2±8.1  
 22998-01J 15 0.01±0.08 12.92±0.19  96.92±1.91 72.62±0.34 72.58±0.25 1701±20  
 22998-01K 16.5 0.29±0.07 8.97±0.15 0.03±0.09 78.01±0.88 61.48±0.33 60.62±0.24 1741.9±9.4  
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 22998-01L 18 0.13±0.08 7.91±0.30 0.17±0.10 89.31±1.01 75.68±0.34 75.28±0.25 1834.2±9.4  
 22998-01M 19 0.16±0.08 6.79±0.16 0.22±0.10 64.91±0.80 64.29±0.33 63.81±0.24 2016±12 x 
 22998-01N 20  4.77±0.14 0.04±0.09 32.68±0.48 32.01±0.40 32.09±0.29 2015±18 x 
 22998-01O 21 0.02±0.07 3.32±0.13 0.04±0.08 21.17±0.40 20.75±0.32 20.68±0.23 2008±24 x 
 22998-01P 22 0.16±0.11 2.87±0.11 0.01±0.08 17.94±0.37 18.09±0.45 17.60±0.32 2014±32 x 
 22998-01Q 23 0.01±0.13 5.44±0.13  34.49±1.21 34.10±0.56 34.06±0.40 2022±44 x 
 22998-01R 24 0.47±0.28 68.08±0.91  470.50±4.40 458.50±1.33 457.10±1.04 2001.6±5.7 x 
 22998-01S 24.5 0.40±0.17 55.73±0.47 0.25±0.17 299.20±2.84 296.70±1.00 295.50±0.86 2021.8±6.8 x 
 22998-01T 25 0.15±0.12 0.35±0.07 0.06±0.08 2.05±0.46 2.53±0.52 2.07±0.37 2049±351 x 
 22998-01U 26 0.11±0.14 0.34±0.07  2.36±0.44 2.69±0.57 2.36±0.41 2033±310 x 
 22998-01V 28 0.18±0.07 0.20±0.08 0.13±0.07 1.04±0.23 1.60±0.32 1.05±0.23 2051±376 x 
 22998-01W 30 0.14±0.08 0.36±0.07 0.00±0.07 1.24±0.26 1.69±0.33 1.28±0.23 2081±346 x 
           

B14-080_01 22474-01A 1.8 0.24±0.08 3.93±1.65 0.93±0.06 3.32±0.16 5.21±0.03 4.49±0.25 2358±114  

J = 1.9906e-2 22474-01B 3.5 1.92±0.10 3.39±1.69 1.55±0.07 6.83±0.17 14.76±0.05 9.03±0.31 2328±63  

± 4.5366e-5 22474-01C 5.2 0.96±0.09 5.95±1.69 0.60±0.05 7.67±0.18 7.41±0.03 4.56±0.27 1409±69  
 22474-01D 6.5 0.90±0.09 5.78±1.69 0.60±0.06 10.41±0.20 7.31±0.03 4.61±0.28 1140±58  
 22474-01E 7.5 0.46±0.07 2.85±1.24 0.52±0.05 11.58±0.21 6.49±0.02 5.12±0.20 1140±38  
 22474-01F 9 - - - - - - NaN  
 22474-01G 12 - - - - - - NaN  
 22474-01H 9 0.11±0.09  0.03±0.04 3.93±0.20 1.96±0.03 1.62±0.26 1082±158  
 22474-01I 12 0.36±0.09 6.92±2.39 0.16±0.05 44.44±0.39 26.87±0.03 25.79±0.26 1386±14  
 22474-01J 14 0.40±0.11 21.28±2.52 0.29±0.06 80.18±0.57 53.25±0.10 52.05±0.35 1497±9.6  
 22474-01K 16  47.30±4.00 0.40±0.08 110.30±0.74 82.04±0.09 82.40±0.43 1644.1±8.8  
 22474-01L 18 0.02±0.03 10.52±0.58 0.08±0.02 26.77±0.18 21.06±0.03 21.01±0.10 1697.9±8.0  
 22474-01M 20  13.08±0.82 0.08±0.03 34.42±0.27 28.18±0.07 28.31±0.12 1749.9±8.9  
 22474-01N 22 0.03±0.02 13.05±0.54 0.10±0.02 36.67±0.23 31.04±0.03 30.94±0.08 1778.4±5.7  
 22474-01O 24 0.08±0.03 9.77±0.59 0.08±0.02 32.29±0.20 28.63±0.04 28.40±0.08 1826.0±6.2  
 22474-01P 26 0.00±0.00 9.45±0.57 0.09±0.02 27.53±0.29 24.72±0.03 24.80±0.10 1854±12  
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 22474-01Q 28 0.02±0.03 8.02±0.59 0.07±0.02 23.63±0.17 22.53±0.04 22.47±0.10 1916.9±8.8  
 22474-01R 30 0.01±0.03 7.07±0.54 0.13±0.02 19.54±0.15 20.07±0.09 20.04±0.12 2007±11 x 
 22474-01S 32  7.41±0.57 0.10±0.02 16.25±0.13 16.68±0.04 16.71±0.08 2010±11 x 
 22474-01T 35  8.71±0.97 0.11±0.02 22.91±0.25 22.87±0.04 22.93±0.12 1978±14 x 
 22474-01U 38  3.49±1.23 0.03±0.02 10.28±0.19 10.55±0.01 10.61±0.13 2015±31 x 
 22474-01V 40 0.00±0.00 0.00±0.00 0.00±0.00 575.17±5.55 197.61±0.05 196.40±0.13 2019±10 x 
 22474-01W 1.8  5.06±2.97 0.02±0.04 1.41±0.47 1.13±0.03 1.35±0.29 1921±536 x 
 22474-01X 2.5 0.06±0.10   0.75±0.24 0.88±0.03 0.69±0.29 1873±781 x 
 22474-01Y 4 0.14±0.08 1.60±1.92 0.04±0.04 6.81±0.23 7.41±0.04 7.00±0.23 2011±66 x 
 22474-01Z 6 0.06±0.09 6.03±2.58 0.20±0.05 14.28±0.31 14.84±0.03 14.65±0.27 2008±39 x 
 22474-01AA 8 0.01±0.09 7.98±2.23 0.13±0.05 17.63±0.35 18.09±0.03 18.06±0.28 2006±31 x 
           

B14-086_01 22475-01A 1.8 0.09±0.03 2.60±0.55 0.58±0.02 0.80±0.05 2.20±0.12 1.94±0.09 3185±138  

J = 1.9909e-2 22475-01B 3.5 0.07±0.03 2.28±0.57 0.27±0.02 1.21±0.05 1.49±0.12 1.30±0.08 2062±112  

± 4.5276e-5 22475-01C 5.2 0.48±0.03 3.91±0.62 0.88±0.03 3.70±0.07 5.67±0.14 4.25±0.10 2146±42  
 22475-01D 6.5 0.52±0.03 6.03±0.58 0.55±0.03 5.91±0.07 7.48±0.14 5.92±0.10 1979±27  
 22475-01E 7.5 0.29±0.03 2.42±0.75 0.37±0.02 10.79±0.09 10.10±0.14 9.24±0.10 1795±18  
 22475-01F 9 0.24±0.03 3.62±0.71 0.35±0.02 20.43±0.11 18.68±0.14 17.95±0.10 1824.6±9.7  
 22475-01G 12 0.00±0.00 15.27±0.79 0.78±0.03 57.41±0.20 54.95±0.16 55.02±0.13 1925.8±5.0  
 22475-01H 14 0.05±0.03 8.39±0.86 0.53±0.03 34.06±0.15 33.89±0.13 33.73±0.09 1965.1±6.8  
 22475-01I 16 0.01±0.03 10.73±0.65 0.50±0.03 38.75±0.25 38.83±0.14 38.81±0.11 1978.3±8.5  
 22475-01J 18 0.05±0.03 9.06±0.62 1.17±0.03 43.89±0.17 45.80±0.16 45.65±0.12 2024.2±5.9 x 
 22475-01K 20 0.26±0.03 49.52±0.85 1.37±0.27 179.05±1.70 190.05±0.18 189.29±0.15 2044±12 x 
 22475-01L 22 0.18±0.02 5.60±0.64 0.06±0.02 20.97±0.11 22.58±0.13 22.04±0.11 2037.0±9.2 x 
 22475-01M 25 0.08±0.02 4.48±0.60 0.08±0.02 17.95±0.20 19.28±0.12 19.03±0.09 2047±15 x 
 22475-01N 28 0.08±0.02 3.36±0.66 0.07±0.02 14.54±0.11 15.68±0.11 15.44±0.08 2049±12 x 
 22475-01O 32 0.14±0.03 45.99±0.74 1.18±0.44 133.43±0.95 142.28±0.14 141.88±0.10 2051.0±8.7 x 
 22475-01P 38 0.05±0.02  0.04±0.02 3.81±0.11 4.17±0.10 4.03±0.07 2042±46 x 
 22475-01Q 2 0.03±0.02  0.02±0.02 0.17±0.05 0.27±0.08 0.18±0.06 2042±586 x 
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 22475-01R 2.5  3.24±0.58 0.01±0.01 0.63±0.13 0.73±0.09 0.89±0.07 2416±306 x 
 22475-01S 3.5 0.03±0.02  0.02±0.01 0.16±0.05 0.24±0.09 0.14±0.07 1800±799 x 
 22475-01T 3.5  3.53±0.63 0.01±0.01 1.43±0.06 1.69±0.10 1.90±0.07 2338±87 x 
 22475-01U 5  2.26±0.64 0.00±0.02 2.88±0.07 3.10±0.10 3.11±0.07 2068±50 x 
           

B14-029_01 22919-01A 1.8 0.07±0.05 0.08±0.05 0.11±0.07  0.34±0.22 0.14±0.15 NaN  

J = 1.9494e-2 22919-01B 3.5 0.14±0.08 0.09±0.05 0.07±0.07  0.78±0.35 0.38±0.25 NaN  

± 5.5136e-5 22919-01C 5 0.06±0.05  0.09±0.07  0.55±0.20 0.38±0.14 NaN  
 22919-01D 6.5  0.04±0.05 0.04±0.07 1.11±0.55 0.61±0.29 0.86±0.21 1661±603  
 22919-01E 7.5  0.07±0.05  1.59±0.45 0.58±0.22 0.66±0.15 1066±297  
 22919-01F 9  0.22±0.08  1.65±0.55 0.88±0.22 1.00±0.15 1410±361  
 22919-01G 12 0.10±0.05 0.25±0.09 0.05±0.07 4.60±0.64 2.28±0.23 1.98±0.16 1098±132  
 22919-01H 15 0.11±0.05 0.36±0.07 0.06±0.07 6.13±0.68 3.59±0.23 3.27±0.17 1286±113  
 22919-01I 17.5 0.07±0.05 0.51±0.07 0.08±0.06 7.18±0.46 4.12±0.23 3.90±0.16 1303±71  
 22919-01J 21 0.05±0.05 1.10±0.07 0.14±0.07 11.44±0.61 8.77±0.23 8.60±0.16 1629±61  
 22919-01K 24 0.06±0.05 2.43±0.08 0.06±0.07 20.34±0.45 15.81±0.22 15.63±0.16 1652±26  
 22919-01L 28 0.09±0.05 4.39±0.09 0.24±0.08 30.83±0.84 26.45±0.23 26.17±0.17 1762±31  
 22919-01M 29.5 0.07±0.06 2.90±0.09 0.04±0.07 16.33±0.66 16.05±0.23 15.83±0.17 1914±49  
 22919-01N 32 0.01±0.06 7.28±0.20 0.02±0.08 42.53±0.64 44.79±0.77 44.76±0.75 2013±27 x 
 22919-01O 35  4.68±0.11 0.11±0.08 27.77±0.59 29.11±0.53 29.20±0.40 2012±31 x 
 22919-01P 1.5 0.17±0.09 25.53±0.19 0.06±0.04 155.62±3.87 169.00±0.45 168.48±0.35 2047±31 x 
 22919-01Q 2 0.02±0.06 0.79±0.07 0.13±0.06 4.94±0.36 5.38±0.23 5.33±0.17 2044±98 x 
 22919-01R 3  0.73±0.07 0.11±0.06 4.02±0.36 4.20±0.25 4.21±0.18 2006±119 x 
 22919-01S 6  0.10±0.05  1.27±0.52 0.88±0.31 1.17±0.22 1857±522 x 
           

B14-042_01 22463-01A 3.5 0.22±0.07 4.17±1.31 0.15±0.05 11.21±0.17 6.96±0.30 6.31±0.21 1359±39  

J = 1.9958e-2 22463-01B 5.2 0.25±0.07 8.54±0.49 0.22±0.05 22.65±0.24 16.99±0.28 16.26±0.20 1604±17  

± 4.0549e-5 22463-01C 6.5 0.27±0.07 9.10±0.47 0.21±0.05 26.38±0.23 23.25±0.29 22.44±0.21 1790±14  
 22463-01D 7.5 0.17±0.06 10.92±0.68 0.26±0.05 24.87±0.40 24.61±0.27 24.10±0.20 1942±21  
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 22463-01E 9 0.00±0.08 18.44±0.81 0.15±0.06 38.05±0.29 38.76±0.33 38.75±0.24 2002±11  
 22463-01F 12 0.12±0.09 41.15±1.87 0.39±0.06 98.76±0.55 102.26±0.39 101.90±0.29 2017.7±6.7  
 22463-01G 15 0.31±0.06 41.76±1.14 0.41±0.07 114.00±0.82 122.72±0.31 121.80±0.26 2053.2±8.7 x 
 22463-01H 17.5 0.43±0.09 39.46±1.74 0.76±0.08 122.60±0.93 131.58±0.41 130.30±0.30 2053.3±8.9 x 
 22463-01I 20 0.80±0.02 114.99±1.49 1.09±0.01 290.23±2.73 306.22±0.07 306.22±0.07 2043±12 x 
 22463-01J 22 0.21±0.05 11.96±0.79 0.11±0.05 26.64±0.41 28.98±0.23 28.35±0.17 2055±20 x 
 22463-01K 25 22.07±0.18 10.22±0.76 4.19±0.09 17.47±0.43 84.33±0.76 18.45±0.54 2046±52 x 
           

B14-042_02 23002-02A 1.8 0.03±0.07 0.11±0.07 0.11±0.07  0.36±0.31 0.10±0.22 NaN  

J = 2.0857e-2 23002-02B 3.5 0.21±0.08 0.11±0.08 0.10±0.07 0.48±0.20 1.34±0.32 0.63±0.22 2539±704  

± 2.6152e-4 23002-02C 5.2 0.27±0.08 0.35±0.07 0.08±0.07 0.78±0.21 1.13±0.32 0.81±0.22 1123±628  
 23002-02D 1.8 0.01±0.07  0.09±0.06  0.30±0.29 0.04±0.21 NaN  
 23002-02E 3.5 0.23±0.07 0.18±0.07 0.04±0.06 1.87±0.24 1.96±0.32 0.68±0.22 1606±232  
 23002-02F 5.2 0.02±0.07 0.57±0.07 0.03±0.06 2.97±0.22 2.32±0.30 0.06±0.21 1716±133  
 23002-02G 6.5 0.27±0.10 1.35±0.08 0.00±0.00 4.76±0.22 3.04±0.43 0.82±0.30 1226±127  
 23002-02H 7.5 0.30±0.10 1.85±0.09 0.05±0.08 6.31±0.24 4.39±0.43 0.90±0.30 1385±91  
 23002-02I 9 0.34±0.10 4.00±0.11  12.26±0.27 9.74±0.43 1.02±0.30 1641±44  
 23002-02J 11 0.14±0.07 6.59±0.15 0.02±0.07 18.71±0.30 16.74±0.30 0.42±0.21 1870±24  
 23002-02K 13 0.13±0.07 9.96±0.17 0.09±0.07 28.55±0.32 27.19±0.31 0.38±0.22 1957±17  
 23002-02L 15 0.06±0.07 9.43±0.17  27.35±0.35 26.86±0.32 0.19±0.22 2003±19  
 23002-02M 17 0.10±0.07 5.77±0.14  16.13±0.61 16.78±0.29 0.29±0.21 2060±49 x 
 23002-02N 20 0.06±0.07 4.92±0.15 0.06±0.07 14.43±0.32 14.86±0.32 0.17±0.22 2055±33 x 
 23002-02O 23 0.01±0.10 3.52±0.12 0.10±0.07 10.37±0.32 10.66±0.43 0.03±0.30 2064±52 x 
 23002-02P 26 0.15±0.12 25.69±0.29 0.00±0.00 73.10±0.95 73.61±0.50 0.44±0.35 2034±17 x 
 23002-02Q 29 0.00±0.07 0.78±0.09  2.53±0.25 2.77±0.29 0.01±0.21 2143±158 x 
 23002-02R 32 0.12±0.07 5.66±0.15  16.04±0.36 16.91±0.32 0.37±0.22 2070±32 x 
 23002-02S 2 0.13±0.07 4.92±0.14  14.35±0.27 14.84±0.30 0.40±0.21 2041±29 x 
 23002-02T 4  0.41±0.10  0.25±0.19 0.36±0.38 -0.22±0.27 3144±1322 x 
 23002-02U 6 0.13±0.07   0.00±0.00 0.06±0.29 0.40±0.21 4915±6648 x 
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Table 5 
Diffusion coefficients for each heating step. Those used for Arrhenius regressions are noted for each sample. All uncertainties 
reported at 1s. "--" indicates the laser not firing, while "-" indicates pyrometer software not recording temperature. 
 

Sample ID Run ID 
Temperature 

(C) 
Heating Duration (s) 39Ar ln(D0/a2) ± Used in 

Arrhenius 

B06-055_01 22918-03A 425 300 -21.943 0.121  

 22918-03B 505 300 -20.714 0.093 x 
 22918-03C 572 300 -18.586 0.040 x 
 22918-03D -- 300 -20.341 0.375  

 22918-03E 570 300 -19.312 0.157 x 
 22918-03F 600 300 -17.747 0.043  

 22918-03G 636 300 -17.247 0.040 x 
 22918-03H 701 300 -15.517 0.014 x 
 22918-03I 752 300 -13.224 0.005 x 
 22918-03J 790 300 -12.538 0.005 x 
 22918-03K 828 300 -12.192 0.006 x 
 22918-03L 858 300 -11.951 0.006 x 
 22918-03M 908 300 -12.500 0.025  

 22918-03N 928 300 -11.176 0.008  

 22918-03O 934 300 -10.984 0.016  

 22918-03P 943 300 -11.460 0.011  

 22918-03Q 1027 300 -10.102 0.006  

 22918-03R Direct 60    
 22918-03S Direct 60    
 22918-03T Direct 60    
 22918-03U Direct 60    
       

B06_055_02 22918-04A 425 300 -19.241 0.054  
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 22918-04B 592 300 -16.493 0.021 x 
 22918-04C 669 300 -14.136 0.010 x 
 22918-04D 725 300 -12.745 0.006 x 
 22918-04E 765 300 -12.083 0.007 x 
 22918-04F 810 300 -11.302 0.005 x 
 22918-04G 896 300 -11.902 0.010  

 22918-04H 944 300 -11.234 0.006  

 22918-04I 1002 300 -10.943 0.007  

 22918-04J 1045 300 -10.456 0.009  

 22918-04K 1073 300 -10.825 0.008  

 22918-04L 1093 300 -7.977 0.002  

 22918-04M 1121 300 -8.002 0.009  

 22918-04N 1148 300    
 22918-04O 1173 300    
       

B06-020_01 22472-01A -- 240    
 22472-01B -- 180    
 22472-01C -- 120    
 22472-01D -- 120    
 22472-01E 500 120 -20.798 0.108  

 22472-01F 586 120 -16.847 0.022  

 22472-01G 630 120 -18.304 0.141 x 
 22472-01H 706 180 -14.837 0.014 x 
 22472-01I 745 180 -14.601 0.016 x 
 22472-01J 794 180 -13.649 0.013 x 
 22472-01K 884 180 -12.130 0.012 x 
 22472-01L 960 120 -11.460 0.012 x 
 22472-01M 991 120 -10.964 0.014 x 
 22472-01N 1101 120 -10.295 0.013  
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 22472-01O 1134 120 -8.552 0.023  

 22472-01P Direct 45    
 22472-01Q Direct 45    
 22472-01R Direct 45    
 22472-01S Direct 45    
 22472-01T Direct 45    
 22472-01U Direct 45    
       

B14-015_01 22914-01A 426 180 -17.223 0.034  

 22914-01B 573 180 -14.611 0.018 x 
 22914-01C 660 180 -12.226 0.023 x 
 22914-01D 672 180 -12.306 0.009 x 
 22914-01E 698 180 -11.910 0.009 x 
 22914-01F 714 180 -11.502 0.008 x 
 22914-01G 742 180 -11.018 0.008 x 
 22914-01H 769 180 -10.602 0.007 x 
 22914-01I 790 180 -10.338 0.007 x 
 22914-01J 804 180 -10.438 0.008  

 22914-01K 817 180 -10.577 0.010  

 22914-01L 839 180 -10.474 0.013  

 22914-01M 854 180 -10.418 0.010  

 22914-01N 861 180 -10.455 0.024  

 22914-01O 867 180 -10.554 0.012  

 22914-01P 876 180 -10.846 0.020  

 22914-01Q 891 180 -10.113 0.009  

 22914-01R 946 180 -9.985 0.009  

 22914-01S 956 180 -9.639 0.013  

 22914-01T 980 180 -9.669 0.024  

 22914-01U 965 180 -9.345 0.022  
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 22914-01V 997 180 -8.899 0.008  

 22914-01W 1023 180 -9.656 0.013  

 22914-01X 1054 180 -12.279 0.183  

 22914-01Y 1103 180 -11.644 0.144  

 22914-01Z 1178 180 -8.157 0.022  

 22914-02A Direct 60 -13.466 2.414  

 22914-02B Direct 60 -9.625 0.072  

 22914-02C Direct 60    
 22914-02D Direct 60    
 22914-02E Direct 60    
       

B14-015_02 22914-03A 426 180 -18.736 0.047  

 22914-03B 510 180 -16.642 0.021 x 
 22914-03C 568 180 -15.140 0.025 x 
 22914-03D 609 180 -13.672 0.012 x 
 22914-03E 650 180 -12.809 0.010 x 
 22914-03F 706 180 -12.126 0.008 x 
 22914-03G 755 180 -11.373 0.007 x 
 22914-03H 835 180 -10.076 0.005 x 
 22914-03I 900 180 -9.725 0.006  

 22914-03J 948 180 -9.885 0.019  

 22914-03K 973 180 -9.871 0.008  

 22914-03L 1012 180 -9.952 0.009  

 22914-03M 1035 180 -10.206 0.011  

 22914-03N 1061 180 -9.490 0.066  

 22914-03O 1087 180 -9.862 0.018  

 22914-03P 1112 180 -9.102 0.021  

 22914-03Q 1133 180 -7.509 0.007  

 22914-03R 1155 180 -9.714 0.047  
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 22914-03S Direct 45 -10.212 0.247  

 22914-03T Direct 45 -8.231 0.043  

 22914-03U Direct 45    
 22914-03V Direct 45    
 22914-03W Direct 45    
       

B14-024_01 22471-01A 559 60 -18.667 0.070  

 22471-01B 651 60 -17.366 0.055 x 
 22471-01C 708 60 -15.905 0.028 x 
 22471-01D 746 60 -14.806 0.018 x 
 22471-01E 797 60 -14.229 0.017 x 
 22471-01F 882 60 -12.918 0.009 x 
 22471-01G 951 60 -11.858 0.006 x 
 22471-01H 1000 60 -11.009 0.005 x 
 22471-01I 1045 60 -10.386 0.005 x 
 22471-01J 1077 60 -10.309 0.005 x 
 22471-01K 1099 60 -10.294 0.006  

 22471-01L 1121 60 -10.378 0.007  

 22471-01M 1148 60 -10.350 0.007  

 22471-01N 1121 60 -10.791 0.010  

 22471-01O 1121 60 -10.935 0.012  

 22471-01P 1121 60 -11.156 0.017  

 22471-01Q 1121 60 -11.269 0.016  

 22471-01R 1121 60 -11.381 0.018  

 22471-01S 1121 60 -11.474 0.020  

 22471-01T 1121 60 -11.895 0.025  

 22471-01U 1148 600 -11.855 0.005  

 22471-01V 1148 600 -12.209 0.006  

 22471-01W 1148 600 -12.420 0.008  
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 22471-01X 1173 600 -12.208 0.007  

 22471-01Y 1173 600 -12.501 0.009  

 22471-01Z 1197 600 -12.326 0.009  

 22471-01AA 1220 600 -11.969 0.007  

 22471-01AB 1220 600 -11.778 0.007  

 22471-01AC 1270 600 -11.765 0.006  

 22471-01AD Direct 30    
       

B14-024_02 22913-01A 426 180 -21.857 0.169  

 22913-01B 530 180 -20.725 0.169 x 
 22913-01C 588 180 -19.462 0.066 x 
 22913-01D 662 180 -17.504 0.039 x 
 22913-01E 706 180 -16.601 0.032 x 
 22913-01F 748 180 -15.771 0.017 x 
 22913-01G 841 180 -13.787 0.011 x 
 22913-01H 970 180 -11.018 0.064 x 
 22913-01I 982 180 -10.957 0.041 x 
 22913-01J 1010 180 -11.022 0.023 x 
 22913-01K 1032 180 -11.284 0.011  

 22913-01L 1048 180 -11.508 0.013  

 22913-01M 1061 180 -15.287 0.264  

 22913-01N 1107 180 -15.863 0.437  

 22913-01O 1161 180 -16.426 0.761  

 22913-01P Direct 45 -14.156 0.323  

 22913-01Q Direct 45 -14.433 0.311  

 22913-01R Direct 45 -10.326 0.015  

 22913-01S Direct 45 -7.642 0.025  

 22913-01T Direct 45 -8.740 0.028  

 22913-01U Direct 45 -8.953 0.011  
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 22913-01V Direct 45 -9.319 0.017  

 22913-01W Direct 45 -8.184 0.024  

 22913-01X Direct 45 -8.087 0.026  

 22913-01Y Direct 45 -8.098 0.029  

 22913-02A Direct 45 -7.819 0.026  

 22913-02B Direct 45 -7.244 0.019  

 22913-02C Direct 45 -7.624 0.007  

 22913-02D Direct 45 -7.564 0.009  

 22913-02E Direct 45 -7.751 0.012  

 22913-02F Direct 45 -7.435 0.011  

 22913-02G Direct 45 -8.211 0.029  

 22913-02H Direct 45    
 22913-02I Direct 45    
 22913-02J Direct 45    
       

B14-045_01 22473-01A 425 240 -26.489 0.477 x 
 22473-01B 550 180 -22.224 0.077 x 
 22473-01C 646 120 -19.971 0.043 x 
 22473-01D 690 120 -18.764 0.030 x 
 22473-01E -- 120    
 22473-01F -- 120    
 22473-01G 744 120 -17.547 0.025 x 
 22473-01H 780 120 -16.788 0.015 x 
 22473-01I 812 120 -15.863 0.011 x 
 22473-01J 844 120 -15.471 0.012 x 
 22473-01K 868 120 -15.361 0.012 x 
 22473-01L 917 120 -14.402 0.016 x 
 22473-01M 955 120 -13.832 0.008 x 
 22473-01N 1000 120 -13.147 0.007 x 
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 22473-01O 1061 120 -12.594 0.007 x 
 22473-01P 1087 120 -12.185 0.007 x 
 22473-01Q 1110 120 -12.031 0.007 x 
 22473-01R 1132 120 -11.975 0.007 x 
 22473-01S 1135 120 -11.805 0.007 x 
 22473-01T 1162 120 -11.454 0.007 x 
 22473-01U 1165 120 -11.493 0.007 x 
 22473-01V 1180 120 -11.467 0.008  

 22473-01W 1180 120 -11.674 0.008  

 22473-01X 1180 120 -12.437 0.011  

 22473-01Y Direct 60    
 22473-01Z Direct 60    
 22473-01AA Direct 60    
 22473-01AB Direct 60    
 22473-01AC Direct 60    
 22473-01AD Direct 60    
 22473-01AE Direct 60    
 22473-01AF Direct 60    
 22473-01AG Direct 60    
 22473-01AH Direct 60    
 22473-01AI Direct 60    
 22473-01AJ Direct 45    
 22473-01AK Direct 45    
       

B14-045_02 23000-01A 425 300 -19.793 0.109  

 23000-01B 578 300 -18.782 0.104 x 
 23000-01C 647 300 -17.368 0.057 x 
 23000-01D 692 300 -16.490 0.031 x 
 23000-01E 717 300 -16.389 0.053 x 
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 23000-01F 781 300 -14.447 0.014 x 
 23000-01G 826 300 -13.468 0.013 x 
 23000-01H 872 300 -12.713 0.012 x 
 23000-01I 900 300 -12.422 0.012 x 
 23000-01J 923 300 -12.297 0.013  

 23000-01K 956 300 -12.192 0.013  

 23000-01L 978 300 -12.300 0.015  

 23000-01M 1028 300 -11.913 0.013  

 23000-01N 1063 300 -12.140 0.024  

 23000-01O 1068 300 -12.145 0.026  

 23000-01P 1090 300 -10.474 0.010  

 23000-01Q 1146 300 -7.901 0.012  

 23000-01R Direct 60    
 23000-01S Direct 60    
 23000-01T Direct 60    
 23000-01U Direct 60    
 23000-01V Direct 60    
       

B14-049_01 22464-01A 404 120    
 22464-01B 580 120 -18.520 0.028 x 
 22464-01C 647 120 -16.219 0.015 x 
 22464-01D 686 120 -14.149 0.010 x 
 22464-01E 706 120 -13.818 0.012 x 
 22464-01F 758 120 -13.168 0.011 x 
 22464-01G 823 120 -11.613 0.008 x 
 22464-01H 863 120 -10.643 0.008 x 
 22464-01I 903 120 -10.269 0.008 x 
 22464-01J 980 120 -9.974 0.008  

 22464-01K 1020 120 -9.846 0.014  
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 22464-01L 1081 120 -9.947 0.008  

 22464-01M 1148 120 -10.306 0.009  

 22464-01N 1179 120 -10.467 0.010  

 22464-01O 1197 120 -10.498 0.010  

 22464-01P Direct 60    
 22464-01Q Direct 60    
 22464-01R Direct 60    
 22464-01S Direct 60    
 22464-01T Direct 60    
 22464-01U Direct 45    
 22464-01V Direct 45    
       

B14-049_02 22915-01A 426 180 -22.379 0.002  

 22915-01B 582 180 -20.093 0.002 x 
 22915-01C 644 180 -18.827 0.003 x 
 22915-01D 695 180 -17.191 0.004 x 
 22915-01E 733 180    
 22915-01F 752 180 -15.746 0.003 x 
 22915-01G 780 180 -14.919 0.004 x 
 22915-01H 843 180 -13.435 0.003 x 
 22915-01I 900 180 -12.159 0.002 x 
 22915-01J 903 180 -12.177 0.002 x 
 22915-01K 924 180 -11.546 0.002 x 
 22915-01L 943 180 -11.388 0.002 x 
 22915-01M 964 180 -10.977 0.002 x 
 22915-01N 983 180 -11.376 0.003  

 22915-01O 981 180 -11.467 0.002  

 22915-01P 993 180 -11.338 0.002  

 22915-01Q 1053 180 -11.507 0.003  
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 22915-01R 1061 180 -11.970 0.004  

 22915-01S 1038 180 -11.030 0.003  

 22915-01T 1095 180 -9.807 0.001  

 22915-01U 1183 180 -10.890 0.002  

 22915-01V 1183 180 -11.047 0.002  

 22915-01W 1200 180 -11.090 0.002  

 22915-01X 1205 180 -11.442 0.008  

 22915-01Y Direct 60 -8.010 0.001  

 22915-01Z Direct 60 -6.011 0.001  

 22915-01AA Direct 60 -8.498 0.004  

 22915-01AB Direct 60 -9.345 0.014  

 22915-02A Direct 60 -10.192 0.023  

 22915-02B Direct 60    
 22915-02C Direct 60    
 22915-02D Direct 60    
 22915-02E Direct 60    
 22915-02F Direct 60    
       

B14-053a_02 22998-01A 425 60 -22.970 0.776  

 22998-01B 559 60 -16.877 0.035 x 
 22998-01C 560 300 -17.881 0.063 x 
 22998-01D 615 300 -15.711 0.030 x 
 22998-01E 587 300 -16.689 0.044 x 
 22998-01F 664 300 -15.262 0.020 x 
 22998-01G 719 300 -13.448 0.017 x 
 22998-01H 771 300 -12.378 0.015 x 
 22998-01I 817 300 -11.745 0.011 x 
 22998-01J 857 300 -11.424 0.020 x 
 22998-01K 885 300 -11.367 0.011  
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 22998-01L 1010 300 -10.998 0.011  

 22998-01M 1028 300 -11.121 0.012  

 22998-01N 1045 300 -11.689 0.015  

 22998-01O 1062 300 -12.059 0.019  

 22998-01P 1067 300 -12.178 0.021  

 22998-01Q 1086 300 -11.463 0.035  

 22998-01R 1098 300 -8.180 0.009  

 22998-01S 1108 300    
 22998-01T 1121 300    
 22998-01U 1135 300    
 22998-01V 1161 300    
 22998-01W 1186 300    
       

B14-080_01 22474-01A 425 240 -19.108 0.049  

 22474-01B 570 180 -16.693 0.025 x 
 22474-01C 647 120 -15.435 0.024  

 22474-01D 697 120 -14.622 0.019 x 
 22474-01E 739 120 -14.115 0.018 x 
 22474-01F 713 120    
 22474-01G 812 120    
 22474-01H 791 60 -12.540 0.052 x 
 22474-01I 877 120 -12.076 0.009 x 
 22474-01J 926 120 -10.757 0.007 x 
 22474-01K 971 120 -9.777 0.007 x 
 22474-01L 1027 60 -10.155 0.007 x 
 22474-01M 1054 60 -9.763 0.008 x 
 22474-01N 1097 60 -9.546 0.006 x 
 22474-01O 1118 60 -9.529 0.006 x 
 22474-01P 1123 60 -9.568 0.010  
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 22474-01Q 1130 60 -9.619 0.007  

 22474-01R 1155 60 -9.723 0.008  

 22474-01S 1165 60 -9.837 0.008  

 22474-01T 1178 60 -9.415 0.011  

 22474-01U - 60 -10.151 0.019  

 22474-01V - 60 -5.464 0.017  

 22474-01W Direct 45    
 22474-01X Direct 45    
 22474-01Y Direct 45    
 22474-01Z Direct 45    
 22474-01AA Direct 45    
       

B14-086_01 22475-01A 400 180 -20.852 0.067  

 22475-01B 593 120 -18.773 0.043 x 
 22475-01C 657 120 -16.636 0.018 x 
 22475-01D 704 120 -15.352 0.012 x 
 22475-01E 731 120 -14.064 0.008 x 
 22475-01F 769 120 -12.752 0.005 x 
 22475-01G 865 120 -10.872 0.003 x 
 22475-01H 958 60 -10.140 0.004 x 
 22475-01I 994 60 -9.678 0.006 x 
 22475-01J 1030 60 -9.238 0.004 x 
 22475-01K 1057 60 -7.079 0.009  

 22475-01L 1090 60 -8.652 0.005  

 22475-01M 1137 60 -8.674 0.011  

 22475-01N - 60 -8.765 0.007  

 22475-01O - 60    
 22475-01P - 60    
 22475-01Q Direct 45    
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 22475-01R Direct 45    
 22475-01S Direct 45    
 22475-01T Direct 45    
 22475-01U Direct 45    
       

B14-029_01 22919-01A 425 300    
 22919-01B 551 300    
 22919-01C 609 300    
 22919-01D 656 300 -19.578 0.499  

 22919-01E 685 300 -17.982 0.284 x 
 22919-01F 724 300 -17.325 0.335 x 
 22919-01G 794 300 -15.655 0.138 x 
 22919-01H 857 300 -14.764 0.111 x 
 22919-01I 882 300 -14.149 0.065 x 
 22919-01J 923 300 -13.255 0.054 x 
 22919-01K 967 300 -12.187 0.022 x 
 22919-01L 1031 300 -11.238 0.027 x 
 22919-01M 1038 300 -11.513 0.040 x 
 22919-01N 1124 300 -10.175 0.015 x 
 22919-01O 1130 300 -10.215 0.021 x 
 22919-01P Direct 60    
 22919-01Q Direct 60    
 22919-01R Direct 60    
 22919-01S Direct 60    
       

B14-042_01 22463-01A 578 120 -15.737 0.016 x 
 22463-01B 657 120 -13.625 0.011 x 
 22463-01C 684 120 -12.711 0.009 x 
 22463-01D 716 120 -12.309 0.016 x 
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 22463-01E 768 120 -11.488 0.008 x 
 22463-01F 833 120 -9.942 0.006 x 
 22463-01G 876 120 -9.171 0.007 x 
 22463-01H 913 120 -8.539 0.008 x 
 22463-01I 990 120 -6.344 0.009  

 22463-01J 1030 120    
 22463-01K 1091 120    
       

B14-042_02 23002-02A 425 300    
 23002-02B 530 300 -20.659 0.407  

 23002-02C 530 300 -18.895 0.267 x 
 23002-02D 435 300    
 23002-02E 594 300 -17.086 0.131 x 
 23002-02F 645 300 -15.873 0.074 x 
 23002-02G 691 300 -14.777 0.046 x 
 23002-02H 725 300 -13.974 0.037 x 
 23002-02I 776 300 -12.769 0.022 x 
 23002-02J 826 300 -11.781 0.016 x 
 23002-02K 875 300 -10.788 0.011 x 
 23002-02L 920 300 -10.337 0.013 x 
 23002-02M 940 300 -10.540 0.038  

 23002-02N 984 300 -10.434 0.022  

 23002-02O 1022 300 -10.591 0.031  

 23002-02P 1068 300 -7.898 0.013  

 23002-02Q 1054 300 -10.520 0.100  

 23002-02R 1093 300 -8.170 0.022  

 23002-02S Direct 60    
 23002-02T Direct 60    
 23002-02U Direct 60    
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Table 6 1 
Summary of plateau ages, diffusion parameters, and calculated cooling rates and closure temperatures. All 2 
uncertainties reported at 1s. 3 

 4 
Sample Plateau Age 

(Ma) 
Plateau 
%39Ar  

Ea (kJ/mol) ln(D0/a2) Tc (°C)a dT/dt 
(°C Ma-1)b 

Tc (°C)c 

B06-055_01 2051.3 ± 2.4 75 201.8 ± 5.7 9.90 ± 0.71 264.4 ± 8.1 28.1 276.3 ± 8.1 
B06-055_02 2044.4 ± 3.7 49 186 ± 11 9.4 ± 1.3 229 ± 14 14.8 233 ± 14 
B06-042_01 2037.8 ± 3.5 78 167.1 ± 7.9 3.80 ± 0.98 240 ± 12 9.3 239 ± 12 
B06-042_02 2037.7 ± 5.8 85 165.4 ± 4.7 2.45 ± 0.50 252.4 ± 6.6 8.6 250.5 ± 6.6 
B06-020_01 2033.3 ± 4.8 71 172.0 ± 6.3 5.71 ± 0.68 231.5 ± 8.0 8.1 229.0 ± 8.0 
B14-015_01 1997.9 ± 5.0 32 145.7 ± 6.2 6.23 ± 0.97 150.9 ± 9.5 4.4 143.0 ± 9.5 
B14-015_02 2009.9 ± 5.2 40 143.5 ± 5.0 5.57 ± 0.63 151.1 ± 6.3 5.5 145.2 ± 6.3 
B14-024_01 2033.1 ± 3.9 63 190.6 ± 4.3 7.06 ± 0.48 267.8 ± 5.9 6.5 262.6 ± 5.9 
B14-024_02 2022.3 ± 7.9 41 171.6 ± 2.4 5.11 ± 0.24 237.5 ± 2.9 5.3 229.9 ± 2.9 
B14-045_01 2034.1 ± 3.8 63 174.0 ± 2.5 3.11 ± 0.25 270.0 ± 3.4 6.7 264.7 ± 3.4 
B14-045_02 2032.6 ± 4.9 71 180.6 ± 3.5 6.15 ± 0.40 250.8 ± 4.8 7.1 246.7 ± 4.8 
B14-049_01 2032.9 ± 5.6 32 211.2 ± 3.7 11.6 ± 0.4 269.4 ± 4.4 6.1 263.9 ± 4.4 
B14-049_02 2037.0 ± 8.4 43 215.7 ± 4.9 9.79 ± 0.53 302.0 ± 6.5 5.7 295.3 ± 6.5 
B14-053a_01 2025.6 ± 3.9 60 165.3 ± 3.7 3.25 ± 0.41 241.7 ± 5.2 5.6 234.5 ± 5.2 
B14-053a_02 2011.1 ± 3.9 62 165.1 ± 2.6 6.42 ± 0.32 203.8 ± 3.5 4.7 195.7 ± 3.5 
B14-080_01 2006.9 ± 5.4 50 171.1 ± 3.8 5.78 ± 0.39 228.1 ± 4.5 4.0 217.9 ± 4.5 
B14-086_01 2032.2 ± 3.6 70 203.7 ± 5.1 9.95 ± 0.56 268.8 ± 6.4 6.3 263.7 ± 6.4 
B14-029_01 2023 ± 17 70 209.4 ± 4.1 7.85 ± 0.40 309.5 ± 5.2 3.3 295.9 ± 5.2 
B14-042_01 2051.4 ± 5.3 72 179.6 ± 6.1 9.59 ± 0.71 209.7 ± 7.3 56.0 228.0 ± 7.3 
B14-042_02 2046 ± 12 59 182.8 ± 5.7 8.17 ± 0.66 233.5 ± 7.4 18.8 240.6 ± 7.4 

Ea = activation energy; D0= the diffusion coefficient at infinite temperature and a2=the diffusion domain size. The quantity D0/a2 is stripped of 5 
dimensions for taking the logarithm. Tc = closure temperature. 6 
 aClosure temperature calculated for a 10°C Ma-1 cooling rate. For comparison to previous datasets only. 7 
 bCooling rate obtained from ∆" between biotite and plagioclase, as described in text. 8 
 cClosure temperature calculated using the cooling rate obtained from dT/dt (°C Ma-1)b .9 
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Table 7 10 
Detailed ages from all age-spectra. All uncertainties reported at 1s. 11 

 12 

Sample 
                       Plateau Integrated Age 

Age (Ma) ± % error MSWD p n %39Ar. Age (Ma) ± 
B06-055_01 2051.3 2.4 0.12 0.17 0.99 8 75 2087.5 2.8 
B06-055_01 2044.4 3.7 0.18 2.17 0.09 4 49 1940.3 2.3 
B06-020_01 2033.3 4.8 0.24 0.15 0.99 8 71 1966.7 7.8 
B14-015_01 1997.9 5.0 0.25 0.79 0.66 12 32 1716.7 4.1 
B14-015_02 2009.9 5.2 0.26 0.31 0.98 11 40 1953.1 5.4 
B14-024_01 2033.1 3.9 0.19 0.29 1.00 17 63 2032.5 10 
B14-024_02 2022.3 7.9 0.39 N.A. N.A. 1* 41 1857.0 3.3 
B14-045_01 2034.1 3.8 0.19 0.90 0.52 10 63 2012.8 4.5 
B14_045_02 2032.6 4.9 0.24 1.37 0.21 9 71 1959.0 6.1 
B14-049_01 2032.9 5.6 0.28 2.51 0.08 3 32 1834.9 3.6 
B14-049_02 2037.0 8.4 0.41 0.23 0.99 10 43 2037 17 
B14-053a_02 2011.1 3.9 0.19 0.57 0.84 11 62 1906.9 4.6 
B14-080_01 2006.9 5.4 0.27 0.63 0.77 10 50 1861.9 4.0 
B14-086_01 2032.2 3.6 0.18 0.58 0.82 10 70 2011.0 4.2 
B14-029_01 2023 17 0.84 0.21 0.96 6 70 1929 16 
B14-042_01 2051.4 5.3 0.26 0.15 0.97 5 72 2010.7 5.4 
B14-042_02 2046 12 0.59 0.33 0.95 9 59 1965.4 9.6 

13 
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Table 8 
Rock and magma properties used in Heat3D numerical simulations. 

 
Rock Type K (W/m K) Cp (J/kg K) Density (kg/m3) Porosity (%) 

Pretoria Group1 4.18 880 2757 0.1 
Rooiberg1 3.43 790 2660 0.1 

Magma Type K (W/m K) Cp (J/kg K) Density (kg/m3) T0 (°C) 
Mafic (RLS) 1.80 1200 - 1200 

Felsic (Lebowa) 1.50 1100 - 1000 
  1Thermal properties for Bushveld area rocks available from Gibson & Jones (2002). 


