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ABSTRACT

	The Congo-São Francisco (Congo-SF) craton was central to the configurations of Gondwana and Pangaea, but its position and movement in the Mesoproterozoic through the break-up of Nuna (also known as Columbia) and the construction of Rodinia is not well constrained. Larson et al. (2015) attempted to better define the apparent polar wander (APW) path of the Congo-SF craton, but had large margins of error on her results. In an attempt to lower these errors and more tightly constrain the movement of the Congo-SF craton through time, we sampled the same three units used in Larson et al. (2015) in northern Namibia surrounding the Zebra Mountains, including Kunene anorthosite (1370 Ma), Epembe dolerite dykes (1215 Ma), and Swartbooisdrif syenite dykes (1130 Ma), and conducted paleomagnetic analysis on them. After analyzing the data of the demagnetization of all of the samples in the 25 sites collected in the 2015 field season, we were able to significantly lower the error on the Epembe pole, but saw conflicting results for Kunene and Swartbooisdrif. Further sampling and research will be necessary to investigate the discrepancies in the results of the latter two rock units, but we were able to use the refined Epembe pole in combination with the new Barby pole of the Kalahari craton from Xu (2016) to confirm the possibility of a Mesoproterozoic configuration proposed in Larson et al. (2015) that suggests the Kalahari craton pivoted on the Congo-SF craton (a la the Iberian peninsula) to reach it’s modern day position beneath the Congo-SF craton and closing the Damara ocean basin. 

INTRODUCTION

	Paleomagnetism is critical to understanding the history of Earth’s tectonic movements. Paleomagnetism is the science of measuring and analyzing the remanent magnetization in any given rock unit with ferromagnetic minerals. That magnetization gives us a record of where geomagnetic axis was in relation to that rock unit at the time of formation of the rock, provided the magnetization is primary. This record, when combined with other paleomagnetic data from rock units of different ages in a specific continental block or craton, gives us an Apparent Polar Wander (APW) path for that craton. This will guide us in modeling the progression of earth’s ancient supercontinents.
The Congo-São Francisco (SF) craton is located in central Africa, with its southern-most edge in northern Namibia, the specific area of this study (Figures 1 and 2). The Congo-SF craton is of particular interest because of its possible central position in the supercontinents Nuna (also known as Columbia), Rodinia, and Gondwana (Evans 2013). Due to that central position, information on its location across these supercontinents is crucial to understanding their paleogeography. However, its location during the breakup of Nuna and the formation of Rodinia during the Mesoproterozoic is not very well constrained, so using paleomagnetism as a tool, we can reconstruct both position and movement.
The paleomagnetic data from Precambrian rock samples in northeast Namibia will also have implications for interpretations of the Damara Ocean Basin. The Damara Belt is one of the three main Pan-African belts separating the Congo-SF and Kalahari cratons (see Figure 1). The Damara Belt is characterized by geological evidence of rifting and rift successions in the bordering cratons. The rifting is caused by an oceanic spreading center between the Congo and Kalahari cratons, but it is unclear how far away the cratons were from each other when the spreading occurred.
With the constraints of coeval paleomagnetic poles for both the Congo-SF and Kalahari cratons, we could accurately assess the feasibility of them being originally far apart or close together, defining the width of the intervening ocean. This would provide added detail to models of Precambrian supercontinental transitions, especially during the assembly of Gondwana. In this effort, the data from this thesis will be compared to recent and ongoing work in Kalahari by Jenn Kasbohm ‘15, Joseph E. Panzik PhD ‘15, and XinXin Xu ‘16. 
Larson et al. (2015) was able to create preliminary pole positions and thereby locations and movements of the Congo-SF craton during the Mesoproterozoic. However, since a large spectrum of rock units, both in lithology and geography, were sampled in that study, the uncertainties of the pole positions were larger than preferable, and this present investigation results from a return to the same field area during the summer of 2015 sampling new sites of the most promising rock units to reduce those uncertainties.


REGIONAL GEOLOGY

	Three different rock units were sampled during the 2015 austral winter field season in northern Namibia surrounding the Zebra Mountains (Figure 2): Kunene anorthosite complex with dark leucotroctolite intrusions, the “Swartbooisdrif” dolerite dykes, and the Epembe alkaline suite. These three units intrude 1.7 – 1.5 Ga basement in the Congo-SF craton in northernmost Namibia (Seth et al. 2003), which is sutured to the basement crust of the Kalahari craton by the Damara, Lufilian, and Zambezi orogenic belts, also known as the Pan-African belts, in Ediacaran-Cambrian time (Prave, 1996). 
The Kunene complex is also the largest of these three units, at ~18,000 km2 of light and dark massive anorthosite with leucotroctolite intrusions. On the southern boundary of the Zebra Mountains, a leucogabbronorite in the complex was dated using U-Pb in zircons at 1385±25 Ma (Drüppel et al., 2000). The dark leucotroctolite intrusions have also been dated with the U-Pb in baddeleyite. These were dated at 1363±17 Ma (Maier et al., 2013). These two dates put the mean age of the Kunene anorthosite complex at around 1377±15 Ma. The Kunene anorthosite complex was the unit that was most sampled among the three, with 15 total sites - 10 along the southern edge of the Zebra Mountains and up the Otjitanga River (Figure 3), which flows into the mountain range, with an additional five further south of the Zebra Mountains (Figure 4). Our Kunene sites consisted of 14 dark anorthosites and one light anorthosite.
The Epembe suite consists of carbonate, dolerite, and lamprophyric dykes, occasionally intruded by layered plutonic nepheline syenites trending WNW along local faults (Miller, 2008). These syenites come in a variety of forms: fine- and course-grained, layered, banded, brecciated, and porphyritic (Ferguson et al., 1975; Menge, 1986, 1996). This wide array of dykes included in the Epembe suite intrudes Epupa metamorphic complex gneisses. Samples of nepheline syenites have been dated at 1216±2.4 Ma and 1213±2.5 Ma using U-Pb ages in zircons (Unpublished data cited in Seth et al., 2003). At three sites, we were able to sample the Epembe alkaline suite the least due to low topographic relief and a high amount of vegetation in the area. The outcrops of the suite are located directly south of the Zebra Mountains (Figure 5). The three sites we were able to sample are all doleritic dykes.
The “Swartbooisdrif” suite of generally NW-trending dykes is located southeast of the Kunene complex along the Namibia-Angola border on the southeastern and eastern sides of the Zebra Mountains. It consists of dolerites, nepheline syenites, as well as ferrocarbonatites (Drüppel et al., 2005). Larson et al. (2015) restricted sampling of this suite to the type locality near the Swartbooisdrif sodalite quarries (Drüppel et al., 2005), but the present study encountered NW-striking dykes of similar character ~12 km to the west of that area, in the Otjitanga River. We suspect that our sites labeled “Swartbooisdrif” do generally belong to this suite, but, as will be shown, there are some discrepancies between our results and those of Larson et al. (2015), suggesting multiple generations of intrusions with similar orientation at slightly different ages. Five sites were collected in NW trending dykes: one syenite, two felsic dykes, and two mafic dykes, all along the southern edge of the Zebra Mountains (Figure 3).
In addition to these three rock associations, two sites were collected in mafic dykes of unknown age and orientation distinct from the Swartbooisdrif suite. One (W1519), at the western margin of the Zebra Mountains, is a dolerite dyke ~1m in width with hints of pink feldspar trending northeast to southwest and intruding anorthosite. The other (W1525), south of the Otjitanga River, is a medium grained dolerite dyke ~15m wide, intruding white anorthosite, and trending east to west. Site W1520K, not included in the site description table, was only a block sample gathered for geochronological analysis, therefore there were only 25 sites used for paleomagnetism even though the site numbers go up to W1526K.


Figure 1: Arrangement of Southern Africa during the Gondwana supercontinent configuration. The Zebra Mountains, the area of study during the 2014 and 2015 field seasons, are marked with a green star. Adapted from Hanson (2003).













Figure 2: Sampled sites from both Larson et al. 2015 and this thesis are marked by stars on the figure of the Zebra Mountains in northeast Namibia. Kunene Anorthosite sites are marked with yellow stars, “Swartbooisdrif” dykes with blue stars, and Epembe dykes with green stars. Grey boxes around the Otjitanga River sites, southern Kunene anorthosite sites, and Epembe dyke sites mark large groups of clustered sites that will be shown in greater detail in the following three figures. Adapted from Maier et al. (2013).



Figure 3: A Google Earth close up view of the Otjitanga River sites. Pink sites are Walker (2016) and red are Larson (2015).



















Figure 4: A Google Earth close up view of the Kunene anorthosite sites south of the Zebra Mountains. Pink sites are Walker (2016) and red are Larson (2015).


















Figure 5: A Google Earth close up view of the Epembe dyke suite sites. Pink sites are Walker (2016) and red are Larson (2015).
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Table 1: Paleomagnetic site information for this study

	Site Number
	Samples Collected
	Latitude
	Longitude
	Altitude of Paleohorizontal
	Lithology

	W1501K
	19
	17.35654°S
	016.66554°E
	095/30 S
	Anorthosite ~90% Plag, increasing in grain size

	W1502K
	9
	17.3583°S
	013.6670°E
	120/39 S
	Layered dark anorthosite, igneous layering

	W1503K
	8
	17.36934°S
	013.67300°E
	116/70 S
	Dark anorthosite with moderate feldspar banding

	W1504S
	8
	17.37303°S
	013.66852°E
	N/A
	Pinkish microsyenite dyke 1m wide with strike 345 mag north, rock is fine-ground with lots of pink feldspar

	W1505S
	9
	17.37318°S
	013.66593°E
	N/A
	Microsyenite dyke, ~70 cm wide, undulose, but generally striking 340 mag north, veining along margins

	W1506S
	10
	17.37342°S
	013.66278°E
	N/A
	Felsic dyke intruding anorthosite, 30 cm wide, dyke orientation 337/80 NE

	W1507K
	8
	17.37370°S
	013.66285°E
	106/46 S
	Layered dark anorthosite, paleohorizontal taken from foliation

	W1508S
	9
	17.37523°S
	013.66137°E
	N/A
	Dolerite dyke, ~40cm wide, orientation 336 mag intruding light anorthosite

	W1509S
	9
	17.37519°S
	013.66092°E
	345/86 NE
	Mafic dyke, ~80cm wide intruding white anorthosite, medium grained, dyke orientation 345/86 NE

	W1510K
	10
	17.38121°S
	013.65189°E
	093/53 S
	Dark anorthosite, paleohorizontal defined by plag axis orientation

	W1511K
	9
	17.38479°S
	013.63450°E
	097/46 S
	Dark anorthosite, primary igneous lamination defined by plag orientation

	W1512K
	8
	17.38602°S
	013.62869°E
	103/30 S
	Dark mafic anorthosite, layering defined by plag 010 and streaky fabric, vein-like network

	W1513K
	8
	17.38734°S
	013.62480°E
	108/35 S
	Dark anorthosite, paleohorizontal defined by plag axis orientation

	W1514K
	9
	17.38893°S
	013.62058°E
	091/44 S
	Dark anorthosite, paleohorizontal defined by plag axis orientation

	W1515K
	8
	17.38885°S
	013.61390°E
	83/40 S
	2 outcrops of dark anorthosite, paleohorizontal defined by plag axis orientation

	W1516E
	10
	17.52081°S
	013.53650°E
	N/A
	Fine grained dolerite dyke exposure in creak bed, ~8m wide, 310° mag

	W1517E
	10
	17.52904°S
	013.53037°E
	N/A
	Medium grained dolerite dyke, 2 outcrops, tens of meters wide

	W1518E
	11
	17.52966°S
	013.52843°E
	N/A
	Medium grained dolerite dyke, 40-50m wide, possibly leucodolerite due to abundance of feldspars

	W1519
	8
	17.28828°S
	013.25389°E
	N/A
	Dolerite dyke ~1m in width, creek bed exposure trending NE-SW, hints of pink feldspar, intruding anorthosite with an orientation of 229/87 NW

	W1521K
	8
	17.41237°S
	013.62564°E
	077/54 S
	Dark anorthosite in creek bed, paleohorizontal taken from plag orientation

	W1522K
	8
	17.41288°S
	013.62455°E
	076/57 S
	Dark anorthosite in creek bed, paleohorizontal taken from plag orientation

	W1523K
	8
	17.41464°S
	013.62317°E
	089/61 S
	Dark anorthosite in creek bed, paleohorizontal taken from plag orientation

	W1524K
	8
	17.41551°S
	013.61977°E
	084/50 S
	Dark anorthosite, paleohorizontal taken from plag orientation

	W1525
	8
	17.40758°S
	013.62066°E
	N/A
	Dolerite dyke ~15m wide, trending 092° intruding white anorthosite

	W1526K
	8
	17.40718°S
	013.61964°E
	083/48 S
	White anorthosite, paleohorizontal taken from plag orientation


	Site Number
	Site Type
	n/N
	k
	a95°
	Geog. Dec°
	Geog. Inc°
	Geo
VGP Lat°N
	Geo
VGP Long°E
	Tilt Corrected Dec°
	Tilt Corrected Inc°
	TC
VGP Lat°N
	TC
VGP Long°E

	W1501K
	Kunene
	19/19
	24.9
	6.6
	112.8
	35.6
	-26.7
	089.8
	129.0
	22.2
	-40.4
	103.1

	W1502K
	Kunene
	8/9
	24.9
	17.8
	128.6
	54.9
	-41.2
	071.4
	160.7
	31.6
	-71.6
	101.6

	W1503K
	Kunene
	7/8
	24.9
	9
	115.6
	30.6
	-28.7
	094.0
	138.6
	03.2
	-46.4
	120.2

	W1504S
	Swartbooisdrif
	4/8
	61
	9.1
	121.1
	64.2
	33.9
	239.4
	N/A
	N/A
	N/A
	N/A

	W1505S
	Swartbooisdrif
	4/9
	61
	10.1
	156.1
	73.4
	44.7
	210.6
	N/A
	N/A
	N/A
	N/A

	W1506S
	Swartbooisdrif
	7/10
	61
	10.6
	120.5
	55.7
	34.6
	251.2
	N/A
	N/A
	N/A
	N/A

	W1507K
	Kunene
	7/8
	24.9
	8.2
	124.2
	40.8
	-37.7
	087.2
	143.4
	11.6
	-52.4
	117.0

	W1508S
	Swartbooisdrif
	N/A
	No
	Group
	Mean
	Apparent
	At
	This
	Site
	N/A
	N/A
	N/A

	W1509S
	Swartbooisdrif
	9/9
	61
	5.3
	122.3
	57.5
	35.9
	248.7
	N/A
	N/A
	N/A
	N/A

	W1510K
	Kunene
	10/10
	24.9
	4.4
	119.8
	45.6
	-33.9
	082.3
	139.1
	5.9
	-47.4
	118.7

	W1511K
	Kunene
	6/9
	24.9
	18.3
	150.3
	28.5
	-61.4
	103.8
	153.1
	-13.6
	-54.0
	143.8

	W1512K
	Kunene
	8/8
	21.9
	9.9
	241.5
	-60
	08.5
	055.8
	299.1
	-61.9
	-32.9
	063.0

	W1513K
	Kunene
	8/8
	21.9
	8.2
	236.7
	-46.4
	19.0
	065.1
	282.0
	-57.4
	-19.9
	068.6

	W1514K
	Kunene
	9/9
	21.9
	11.9
	262.3
	-69.5
	-09.4
	050.6
	323.0
	-42.0
	-54.9
	086.0

	W1515K
	Kunene
	N/A
	No
	Group
	Mean
	Apparent
	At
	This
	Site
	N/A
	N/A
	N/A

	W1516E
	Epembe
	10/10
	13.1
	12.1
	213
	-36.8
	-40.1
	235.3
	N/A
	N/A
	N/A
	N/A

	W1517E
	Epembe
	7/10
	13.1
	8.9
	218.1
	-.5
	-48.5
	262.2
	N/A
	N/A
	N/A
	N/A

	W1518E
	Epembe
	7/11
	13.1
	5
	226.3
	-49.9
	-24.4
	236.5
	N/A
	N/A
	N/A
	N/A

	W1519
	Other
	N/A
	No
	Group
	Mean
	Apparent
	At
	This
	Site
	N/A
	N/A
	N/A

	W1521K
	Kunene
	6/8
	24.9
	14.2
	142.6
	23.1
	-53.5
	106.8
	141.8
	-29.5
	-39.8
	142.8

	W1522K
	Kunene
	N/A
	No
	Group
	Mean
	Apparent
	At
	This
	Site
	N/A
	N/A
	N/A

	W1523K
	Kunene
	6/8
	24.9
	16.7
	114.6
	55
	-29.8
	072.1
	141
	6
	-49.1
	119.8

	W1524K
	Kunene
	6/8
	21.9
	11.1
	252.9
	-39.6
	08.3
	076.8
	286.1
	-25.3
	-07.9
	071.0

	W1525
	Other
	N/A
	No
	Group
	Mean
	Apparent
	At
	This
	Site
	N/A
	N/A
	N/A

	W1526K
	Kunene
	8/8
	21.9
	8.2
	212.8
	-40.9
	38.1
	052.8
	268.1
	-52.8
	-27.5
	077.9


Table 2: Site mean characteristic remanent magnetization (ChRM) directions





Table 3: Rock unit mean directions and paleopoles


	Unit
	Number of Sites used
	k
	a95°
	Geog. Dec°
	Geog. Inc°
	Geo
VGP Lat°N
	Geo
VGP Long°E
	K
	A95

	Kunene (SE)
	8
	24.9
	11.3
	126.9
	40.0
	-39.6
	087.0
	27
	10.5

	Kunene (W)
	5
	21.9
	16.7
	069.6
	51.7
	13.0
	060.5
	16.1
	19.6

	Kunene (combined)
	13
	8.32
	15.3
	105.7
	49.5
	-20.5
	075.4
	6
	18.4

	Epembe 
(2014 +2015)
	7
	13.1
	17.3
	051.1
	33.4
	27.9
	070.0
	15
	16.1

	Swartbooisdrif
	4
	61
	11.9
	126.6
	63.3
	-38.3
	058.6
	29.1
	17.3


















METHODS

In order to conduct a thorough paleomagnetic analysis of the Congo craton, we sampled a total of 25 sites and collected 228 oriented samples over the course of a six-week field season in the summer of 2015. We first identified areas to scout through close inspection of Google Earth satellite images, and then conducted detailed field exploration for outcrops of appropriate quality for sampling. Once a site was evaluated as suitable, we would drill 8-19 samples out of the outcrop using a rock drill with a diamond-tip bit. We aimed to drill each core to at least 5 cm long. After we finished drilling the samples, the samples were oriented in situ with an orientation device, which included solar and magnetic compasses, as well as a clinometer. All sites were of a single rock unit, sometimes varying in grain size or color between samples. For the sites that were not dykes, we also recorded paleohorizontal measured through igneous layering, foliation, lamination, or plagioclase axis. We would use the paleohorizontal for tilt correction during analysis.
	After the samples were acquired, we transported them from Namibia to Kline Geology Laboratory, Yale University. There, they were prepared for analysis by cutting them using a cylindrical diamond-bladed rock saw until they were about two centimeters in height. The samples were glued together (if broken in the field) and then individually labeled. We then made computer files, or “header files,” of the site locations, paleohorizontals, descriptions, and orientations of each individual sample for each site (see Table 1). In Yale’s Paleomagnetic Facility, the samples were then individually analyzed in a cryogenic DC-SQuID magnetometer with automated sample changer. The samples were separated into four groups for analysis, starting with initial natural remanent magnetization (NRM), then immersed in liquid nitrogen, measured again, and finally the samples underwent a step-by-step process of repeated remanence acquisition in the magnetometer and thermal demagnetization. The thermal demagnetization included placing the samples in magnetically shielded ovens, heating the samples to increasingly higher temperatures, and holding the peak temperatures in the ovens for at least ten minutes. As the thermal demagnetization approached Curie temperatures (580°C for magnetite, 675°C for hematite), the temperature increases between remanence acquisitions decreased. Samples remained in this cycle of demagnetization and remanence acquisition until they were each fully demagnetized.
	Once demagnetization was finished, least squares analysis (Kirschvink, 1980; Jones, 2002) was completed to fit lines or planes to orthographic projections for the different magnetic components of every sample in every site. This process included low, medium, and high temperature components that were all considered in the analysis of the sites. The labels of the low temperature components included LN2 (a component removed between the NRM and liquid-nitrogen steps that is not consistent with the directions of the subsequent low temperature steps), LTH (low thermal, inconsistent with the LN2 step and removed by ~400°C), and LOW (a low-temperature component including NRM, LN2, and the low temperature steps with a consistent direction). The labels of the medium temperature steps included MTH (mid-thermal, inconsistent with the directions of the higher temperature steps as well as the lower temperature steps and removed by ~560°C) and MPL (a medium-temperature plane, containing any LTH or MTH components and including the origin). High temperature components included HTH (a high-temperature component decreasing in magnitude of magnetism in a consistent direction other than the origin) and HPL (a high-temperature plane, containing any LTH, MTH, or HTH components and including the origin). Magnetite-based high temperature components included MAG (magnetite-based component, decreasing in magnitude of magnetism in a consistent direction other than the origin, ~540-590°C), MTO (magnetite-to-origin, decreasing in magnitude of magnetism in a consistent direction toward the origin, ~540-590°C), and MEP (magnetite endpoint, a stable magnetite-based endpoint consisting of several steps of the same direction and magnitude before magnetic “death,” ~540-590°C). Hematite-based high temperature components included HTO (hematite-to-origin, decreasing in magnitude of magnetism in a consistent direction toward the origin, ~640-690°C) and HEP (hematite endpoint, a stable hematite-based endpoint consisting of several steps of the same direction and magnitude before magnetic “death,” ~640-690°C). Any components that include the origin use the PaleoMag software to “force [the component] through the origin” (Jones, 2002).

RESULTS AND INTERPRETATION

After all of the potential components of all samples were identified with least squares fits, the relevant magnetite-based components were isolated after making sure the other components did not hold significance in the sites’ data. Those magnetite-based components were then plotted as individual points on an equal area stereonet diagram, where all the data points for a single site underwent Fisher (1953) statistics to acquire the mean direction and circle of 95% confidence (a95) for an entire site (Table 2). These means were all combined and averaged to make one final mean direction per rock unit: Kunene, Swartbooisdrif, and Epembe (Table 3). From these final mean directions we calculated paleopoles for the corresponding rock units. These poles are what we ultimately use in supercontinent reconstruction efforts within the program GPlates (Williams et al., 2012). Site means, example sample zijderveld plots, and example sample equal-plots for each site are shown in figures 6 – 19, 22 – 24, and 26 – 28, and equal-area projections of the site means for all the sites in the units of interest can be found in figures 20, 21, 25, and 29. Least-squares lists are included in the Appendix of this paper.
Kunene Anorthosite Complex
	Out of 14 total Kunene anorthosite sites, 13 were used for poles – eight for a southeast and down pole and five for a northwest and up pole. Least-squares analysis was conducted for every site, including both geographic and tilt-corrected coordinates, results for sites used in the Kunene mean are shown in figures 6 - 19. The equal-area projection of the group of means in the southeast and down direction can be found in figure 20 and the projection of the group of means in the west and up direction can be found in figure 21. 
	01K: The 19 samples of site W1501K were taken from two separate outcrops of the same dark anorthosite unit striking 095/30 south. Samples A-I were all in the first outcrop while samples J-S were from the second, approximately three meters west of the first. The samples gradually increased in grain size, A-F being fine-grained, G-L medium-grained, and M-S course grained. The W1501K samples all had two-component demagnetization with either an LN2 or LOW initial component followed by a magnetite-based unblocking component. The samples taken from the first outcrop (A-I) all had LN2 or LOW scattered upper hemisphere components that will not be used in the analysis of the site due to their random nature. The LN2 and LOW components of the samples from the second outcrop (J-S) were also scattered with a weak tendency toward the magnetite-based components, so those steps will also not be used in the overall analysis of the site. All 19 samples had well-clustered magnetite-based components (unblocking temperatures 560-585°) in the southeast and down direction geographically and shallow southeast and down in tilt-corrected coordinates.
	02K: Site W1502K was sampled from an outcrop of layered dark anorthosite striking 120/39 south. The outcrop included some taupe feldspars as well as chloritized mafic particles. All nine samples showed the same pattern in demagnetization: an LN2 unblocking component (scattered but tending toward the characteristic component) followed by a MTO component unblocking from 560 to 580°. The LN2 components were scattered and will not be used in the analysis of this site. Of the nine samples, eight were moderately well clustered in the southeast and down direction in geographic coordinates, shallow southeast and down in tilt-corrected. The other sample, W1502KD, had a magnetite-based component of shallow northeast and up that will not be used in the geographic or tilt-corrected mean direction of the site.
	03K: This site contains eight samples taken from an outcrop of dark anorthosite with moderate feldspar banding. The site had a paleohorizontal of 116/70 south. Similar to site W1502K, W1503K samples all exhibited the same demagnetization pattern of an LN2 unblocking component followed by a clear magnetite-to-origin characteristic component between 570 and 585°. All LN2 components were scattered with a tendency toward the magnetite-based components, so they will not be used in the overall analysis of this site. Of the eight samples, seven exhibited very clear southeast and down directions in geographic coordinates and southeast and horizontal directions in tilt-corrected coordinates. The eighth unused sample was very far from the mean and will not be used in the analysis of this site.
	07K: W1507K was sampled from an outcrop of layered dark anorthosite striking 106/46 south. This site once again included eight samples that each had an LN2 unblocking component as well as a magnetite-to-origin component between 560 and 580°. The LN2 steps were very scattered, while the MTO components were very well clustered. Seven of the eight samples were clustered in southeast and down geographic coordinates and very shallow southeast and down tilt-corrected coordinates. The eighth sample, sample B, had a magnetite-based component far from the mean of the site that will not be used in the analysis of the site. 
	10K: This site was again sampled from an outcrop of layered dark anorthosite. W1510K had a strike of 093/53 south, measured from plagioclase layering in the anorthosite. The W1510K samples nearly all had two component demagnetization, with the exception of two samples that also had a third low thermal unblocking component.  All of the liquid nitrogen steps were very scattered with a weak tendency toward the characteristic component, so those steps will not be important for the overall analysis of the site. Of the two samples with low thermal components (100-400°C), those components were subparallel to the LN2 directions. These low unblocking components are likely a product of lightning overprints. All ten samples had well-clustered magnetite-based components (nominal temperatures 565-600°C) in the southeast and down direction in geographic coordinates and southeast and horizontal in tilt-corrected coordinates.
	11K: Yet another site of layered dark anorthosite, striking 097/46 south. All nine samples in the site had two component demagnetization, including an LN2 component and an MTO component. Only one of the samples in the site had a LOW component rather than an LN2 component (100-400°C), but both the LOW and LN2 components for the 9 samples were scattered throughout the equal area plot – likely products of lightening overprints – and will not be used in the analysis of this site. The MTO components (temperatures 565-600°C) were well clustered in a southeast and down direction in geographic coordinates and southeast and horizontal in tilt-corrected coordinates.
	12K: This site consisted of dark mafic anorthosite striking 103/30 south, measured from plagioclase layering. Similar to site W1511K, all eight samples had two component demagnetization consisting of LN2 or LOW component and an MTO component. The LOW and LN2 components were directionally scattered with a tendency toward the characteristic magnetite-based components, so they will not be used in the analysis of this site. The MTO components (temperatures 565-600°C) were well-clustered in a west and up direction in geographic coordinates and a northwest up direction in tilt-corrected coordinates. Site W1512K is the first of five total Kunene sites that exhibited a well-clustered northwest and up direction rather than the southeast and down direction that the previous Kunene anorthosite sites had shown. 
	13K: Site W1513K consisted of dark anorthosite striking 108/35S, defined by plagioclase axis alignment. The site had eight samples with exclusively two-component demagnetization, all with LN2 and MTO components. The LN2 components were scattered and will not be used in the overall analysis of this site. The MTO components (temperatures 565-600°C) were all well clustered in the same west and up direction as W1512K in geographic coordinates and northwest and up in tilt-corrected coordinates.
	14K: This site also consisted of dark anorthosite and had a paleohorizontal striking 091/44 south and defined by plagioclase axis orientation. Of the eight samples in this site, every sample had two-component demagnetization with LN2 and MTO components. Once again, the LN2 components were scattered with a weak tendency toward the characteristic component and will therefore not be used in the overall analysis of the site. The MTO components (temperatures 565-600°C) were clustered west and up in geographic coordinates and northwest and up in tilt-corrected coordinates. 
	15K: Site W1515K consisted of massive dark anorthosite striking 083/40 south, also defined by plagioclase axis orientation. The eight samples all had two-component demagnetization, though five of the samples had an LN2 component and the other three had a LOW component instead, then the characteristic components were all MTO. The LN2 and LOW components were completely scattered across the equal area plot, so they were not used in the analysis of this site. The MTO components provided interesting results for this site – the site exhibited both the southwest and down direction and the northwest and up direction that was shown in the other Kunene sites. Though the a95 was much too high for either direction to be used in the means of the rock unites, this site could help illuminate and explanation of the two different directions for the Kunene anorthosite. 
	21K: Site W1521K was the first of the group of Kunene sites that were located further south of the Zebra Mountains (see Figure 4) consisting of dark anorthosite and striking 077/54 south. Of the eight samples, six had two-component demagnetization consisting of LN2 and MAG or MTO components and two had three-component demagnetization consisting of LN2, LTH, and MTO components. The LN2 and LTH components were all very directionally scattered and therefore not relevant to this site, while six of the MTO (temperatures 565-600°C) components were well-clustered in the southeast and shallow down direction in geographic coordinates and southeast and shallow up in tilt-corrected coordinates. The other two MTO components of samples W1521KA and W1521KB were scattered and not used in the mean of this site. 
	22K: This site was also dark anorthosite striking 076/57 south, with the paleohorizontal measured from plagioclase axis orientation. Of the eight samples in this site, all had two-component demagnetization with an LN2 component and a MAG, MEP, or MTO component. While the LN2 components were scattered, the magnetite-based components (temperatures 565-600°C) were poorly clustered in the southwest and horizontal direction. Not only was the a95 on the mean of this site too high to use in the overall mean of Kunene, but the direction was dramatically different than the other two clusters of mean directions observed for this rock unit. This site was not used in the mean direction for Kunene Anorthosite.
	23K: W1523K was sampled from dark anorthosite roughly 250 meters west of W1522K, striking 089/61 south. All eight samples had two-component demagnetization with an LN2 component and an MEP or MTO component. The LN2 components were completely scattered around the equal area plot of the samples, so they were not included in the analysis of the site. Six of the eight samples with magnetite-based components (temperatures 565-600°C) were well clustered southeast and down in both geographic and tilt-corrected coordinates. The other two samples, W1523G and W1523H, were directionally scattered and not included in the mean of the site.
	24K: This site was dark anorthosite striking 084/50 south. All eight samples were two-component demagnetization with LN2 and MTO components. Once again, the LN2 components were too directionally scattered to be included in the analysis of the site. Six of the eight samples had well clustered MTO components in the west and up direction in geographic coordinates and northwest and up direction in tilt-corrected coordinates. The MTO components of the other two samples (W1524KB and W1524KH) were too scattered to use in the mean of the site.
	26K: W1526K consisted of white anorthosite striking 083/48 south, measured from plagioclase axis orientation. The eight samples included in the site all had two-component demagnetization with LN2 and MTO components. All LN2 components were scattered with a tendency toward the characteristic component of the site, and were not used in the overall analysis of the site. All eight MTO components (temperatures 565-600°C) were very well clustered in the southwest and up direction in geographic coordinates and west and up direction in tilt-corrected coordinates. 
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Figure 20: An equal area projection of the mean directions of the characteristic remanent component for the Kunene anorthosite sites of a southeast and down direction in geographic coordinates. 


Figure 21: An equal area projection of the mean directions of the characteristic remanent component for the Kunene anorthosite sites of a west and up direction in geographic coordinates. 

Epembe Dolerite Dyke Suite
Out of 3 total Epembe dolerite dyke sites, all 3 were used for a paleopole in combination with 4 sites from Larson et al. (2015). Least-squares analysis was conducted for every site, and results for sites used in the Epembe mean are shown in figures 22 - 24. The equal-area projection of the group of means in the characteristic remanent direction combined with those of the Epembe sites from Larson et al. (2015) can be found in figure 25.
16E: This site was sampled from a fine-grained dolerite dyke exposure in a creek bed roughly 8 meters wide. Most of the W1516E samples had three-component demagnetization, with the exception of two samples that had only two components. The liquid nitrogen and low thermal unblocking components were all scattered and will not be used in the general analysis of the site. All 10 samples had consistent Southwest upper hemisphere magnetite-based components (most decay to an endpoint near the origin) that I will use in the overall analysis of the site.
17E: W1517E was taken from a medium grained dolerite dyke that was tens of meters wide, with two separate exposures in the same vicinity. Samples A-E were taken from the first outcrop, while samples F-J were from the second, about four meters northwest of the first. The site is composed of samples half with two-component and half with three-component demagnetization. The liquid nitrogen and low thermal components were all relatively scattered with a low tendency toward the magnetite component direction, so they will not be used in the analysis of the site. Seven of the 10 samples had strong magnetite-based demagnetization components in the very shallow southwest direction. Samples C, E, and F were not used in the mean direction of the site as they were scattered and significantly far away from the mean of the other seven samples. 
	18E: Site W1518E was sampled from a 40-50 meter wide dolerite dyke. The dyke also may have been leucodolerite due to the abundance of feldspars in the outcrop. The W1518E samples all had at least two-component demagnetization, although roughly a third of the samples had an additional low thermal unblocking component. All of the liquid nitrogen components were scattered across the equal area diagram, so those steps will not be used in the overall analysis of the site. Of the four samples with low thermal components, the components were also scattered with a weak tendency toward the overall mean direction. Seven of the eleven total samples of the site had a very clear magnetite-based end component (mostly with decay to origin) with a direction of southeast and up. Of the four samples that were not used in the mean, A and B did not have any clear magnetite based component, while the magnetite-based components of D and E were scattered far from the mean of the other seven samples.
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Figure 25: An equal area projection of the mean directions of the characteristic remanent component for the Epembe dyke suite in geographic coordinates, combined with the means from Larson (2015) 

“Swartbooisdrif” Syenite Dyke Suite
Out of 5 total Swartbooisdrif syenite dyke sites, 4 were used for a paleopole for the “Swartbooisdrif” unit. Least-squares analysis was conducted for every site, and results for sites used in the Swartboosidrif mean are shown in figures 25 – 29. The equal-area projection of the group of means in the characteristic remanent direction combined with those of the Epembe sites from Larson et al. (2015) can be found in figure 30. 
04S: Site W1504S was a fine-grained felsic syenite dyke. Though the site originally started with eight samples, sample W1504SA was lost through the transportation from Namibia to New Haven. Five of the seven remaining samples had three-component demagnetization, with LN2, LTH, and MEP, MTO, or MAG components, while the other two samples just had LN2 or LOW and MEP components. All low temperature components were scattered and therefore useless for analysis of the site. Of the magnetite-based components (temperatures 565-600°C), four of the samples had very well clustered components in the southeast and down direction, while the other three samples were scattered and not used in the mean of the site. 
05S: Site W1505S was a microsyenite dyke with some secondary epidote and silification patches in the outcrop. Of the nine samples in the site, all had two-component demagnetization with LN2 and MEP or MAG components. Most of the LN2 and five of the magnetite-based components were clustered at north and up (the present-day field) so these were all likely a recent weathering overprint. However, four of the samples had a clustered northeast and down direction of their magnetite-based components (temperatures 565-600°C) that will be used as the mean for this site. 
06S: This site was sampled from a small felsic syenite dyke. Of the ten samples in this site, six had two-component demagnetization and four had three-component demagnetization. Of the six with only two components, three had only LN2 and LTH or LPL components with no higher temperature magnetite-based components found through demagnetization. The other three had LN2 and MTO components. The four samples with three-component demagnetization all had an LN2 component, an LTH component, and an MTO component. All of the low temperature components (temperatures 100-400°C) were completely scattered throughout the equal area diagram and will not be used in the analysis of this site. The seven magnetite-based components (temperatures 565-600°C) were all very well clustered in the southeast and down direction.
08S: Site W1508S was a dolerite dyke about 40 meters wide intruding white anorthosite. Of the nine samples in the site, all had two-component demagnetization, including an LN2 or LOW component as well as an MTO component. Every single component, low and high temperature, was randomly scattered throughout the equal-area plot and there was no group mean apparent for the site. 
09S: This site was a mafic dyke about 80 cm wide intruding white anorthosite. Of the nine samples in this site, all samples had two-component demagnetization with LN2 and MTO components. While the LN2 components were completely scattered and therefore irrelevant, all nine MTO components (temperatures 565-600°C) were very well clustered in the southeast and down direction.
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Figure 30: An equal area projection of the mean directions of the characteristic remanent component for the Swartboosidrif dyke suite in geographic coordinates. 

DISCUSSION
	This project has highly refined the Epembe paleopole for the Mesoproterozoic Congo-SF craton position and movement.  However, the data from this project has also called into question the reliability of the Kunene and Swartbooisdrif results presented in Larson et al. (2015). Our newly refined Epembe pole (dated at 1215 Ma) using three of our sites and four from Larson et al. (2015) is now located at 27.9°N, and 70°E, with the statistical precision of K=16.1 and A95=16.1 (see figure 31). 
[bookmark: _GoBack]	The Kunene results provided a complication for our preconceived notions regarding the rock unit. Dated at 1370 Ma, the unit was previously calculated to have a southeast and down characteristic remanent magnetization of the paleopole (Larson et al., 2015). However, our results showed two polarities for the Kunene complex that were not antipolar of each other. The first group of eight Kunene sites showed directions of southeast and down, similar to Larson et al. (2015), giving paleopole coordinates of 39.6°S and 87°E with the statistical precision of K = 27 and A95 = 10.5. Conversely, the second group of five Kunene sites showed directions of west and up, with antipole coordinates of 13°N and 60.5°E with the statistical precision of K = 16.1 and A95 = 19.6. When we tried to combine the southwest pole directions with the antipole of the west and up directions, we found coordinates of 20.5°S and 75.4°E with the statistical precision of K = 6 and A95 = 18.4 (see figure 32). There are two potential explanations for this; either the data is wrong for one or both of the groups or the data is correct and there is a paleotectonic cause of the discrepancy. 
	Exploring the option that the data is incorrect for one or both of the Kunene groups, there are a couple of possible causes for this. The first is the idea of unresolved bias – meaning the potential that there was some mystery component of one of the groups that was demagnetized before the laboratory data could measure it. This mystery component, had we been able analyze it, may have aligned the southeast pole with the antipole of the western pole. Another option involves anisotropy in the rocks of one or both datasets. It’s possible that one or both groups of Kunene anorthosite were anisotropic in their crystal alignment, leading one or both directions to be skewed away from the paleopole in the direction of the alignment. 
	Exploring the option that the data is correct and there is a paleotectonic explanation for this, there are three potential causes for the discrepancy. The first is that this is the genuine apparent polar wander (APW) path of the Congo-SF craton as more Kunene anorthosite formed over time. Given an average tectonic movement rate of five cm/year and a distance of 3935 km between the two poles, there would have to be a 78.7 million year difference between the formation of the two different Kunene groups. However, since there is only one date for all of the Kunene anorthosite (1370 Ma) this would prove to be an unlikely scenario. The second potential explanation is that there was paleosecular variation when the pole reversed between the two Kunene group formations – the reversal asymmetry of the poles may explain the discrepancy between the southeast pole and the west antipole. The last and most likely explanation is that there is a magnetic overprint of one or both of the directions. Given the equally puzzling discrepancy in the Swartbooisdrif poles, it is likely that one of the groups was overprinted by the Swartbooisdrif suite of dykes and is a false direction, and it’s also possible that the other group was overprinted by a larger magnetic event that overprinted both the Swartbooisdrif and Kunene rock units in an entire region.
	This brings us to the Swartboooisdrif results. Our Swartbooisdrif results including four sites provided paleopole coordinates of 38.3°S and 58.6°E with the statistical precision of K = 29.1 and A95 = 17.3. This coordinate is extraordinarily close to the southeast direction of the first group of Kunene sites, which initially led us to believe that group of Kunene mean directions were all magnetically overprinted by the Swartbooisdrif suite. However, Larson et al. (2015) found a Swartbooisdrif direction of 20.1°N, 93.5°E with statistical precision K = 16.9 and A95 = 12.9 (see figure 33). This direction is totally inconsistent with our results and much more similar to our group of Kunene sites with the west antipole – which would lead us to believe that in fact was the Kunene group with a Swartbooisdrif magnetic overprint. There are several possible explanations for the Swartbooisdrif discrepancy. There’s the possibility that either the sites of this paper or those of Larson et al. (2015) were overprinted by a larger magnetic event that overprinted both the Swartbooisdrif and Kunene rock units in an entire region, as mentioned above. There’s also the possibility that either the sites of this paper or those of Larson et al. (2015) are not of the 1130 Ma date previously stated for the Swartbooisdrif dyke suite and both directions are therefore consistent with the time frame for these directions. With the data we have available right now, it’s impossible to know which directions are primary and not overprints within the Kunene and Swartbooisdrif results. 



Figure 31: The new refined Epembe APW pole with combined results from this paper and Larson et al. (2015) overlaying the previous Epembe pole, dated at 1215 Ma. 


Figure 32: The various Kunene poles from this paper and Larson et al. (2015), including the western antipole, the southeast pole, and the combined results pole, dated at 1370 Ma. 

Figure 33: The two Swartbooisdrif poles, one from this paper and the other from Larson et al. (2015), dated at 1130 Ma. 





Configurations Relative to Supercontinent Nuna
	Given that the only reliable pole we have now from this study and from Larson et al. (2015) is Epembe, the only configurations worth speculating at this time for the Congo-SF craton involve the Epembe paleopole and date (1215 Ma). Using this with the new paleopole of the Barby formation in the Kalahari Craton from Xu (2016), dated at 1212 Ma, we can reconstruct the positions of the Congo-SF relative to the Kalahari for this snapshot in time. The results of this reconstruction are consistent with the optimized configuration proposed in Larson (2015), involving the Kalahari craton pivoting on the Congo craton prior to collision to modern day placement below the Congo-SF craton (see figures 34 and 35). 
	



Figure 34: The new refined Epembe APW pole with combined results from this paper and Larson et al. (2015) dated at 1215 Ma and the new Barby pole from Xu (2016) dated at 1212 Ma set up in modern-day arrangement.  It’s clear that in this set up the paleopoles do not align.


Figure 35: The new refined Epembe APW pole with combined results from this paper and Larson et al. (2015) dated at 1215 Ma and the new Barby pole from Xu (2016) dated at 1212 Ma set up in the Mesoproterozoic configuration proposed in Larson et al. (2015).  The new results from this paper confirm the possibility of this configuration.

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
	Although we were able to use the refined Epembe pole and the Barby pole from Xu (2016) to confirm the possibility of the Mesoproterozoic configuration proposed in Larson et al. (2015), the results of Swartbooisdrif and Kunene demand further sampling and research in order to clarify the discrepancies in the results. Baked contact tests would likely be the most useful for determining what is a primary direction and what is an overprint for those rock units. Once we have refined the results of Kunene and Swartbooisdrif, we will be able to use the confirmed directions for a more complete APW path of the Congo-SF craton, as well as the relationship with the Kalahari craton through Nuna and Rodinia assemblies. This further research will hopefully illuminate more detail of the size of the Damara ocean basin before the Kalahari and Congo-SF collided to form the subsequent Damara Pan-African belt. 
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Figure 6. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel is the same diagram but for tilt-corrected coordinates. The third 1s an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents
a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper

hemisphere.
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Figure 7. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents
a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 8. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents
a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 9. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents
a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper

hemisphere.

W W1507KH L-MTO

W1507KE L-MTO
BEW1507KF LiMTO

v g R ME o

B W1507KA L-MTO

I ower Hemis. ©® Upper Hemis., visible & select
W1507K:W1507K.LSQ

Geographic coordinates

Fisher mean geog. decl.: 124.2, incl.: 40.8 a95 8.2, N: 7

W T 580

WTT575 .J

LN2 - TT 565
]

W77 585

B ower Hemis. B ® Upper Hemis., visible & select

W1507KE
Geographic coordinates

B W1507KH L-MTO

WW1507KDL-M10

B swer Hemis. B ® Upper Hemis., visible & select

W1507K:W1507K.LSQ
Tilt-corrected coordinates

Fisher mean strat. decl.: 143.4, incl.: 11.6 a95 8.2, N: 7

TT 570

O M Decl. OM/Incl., visible & select
W1507KE

Geographic coordinates
Each Division is 1T0A-5










image15.emf
Figure 10. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents
a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 11. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents

a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 12. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents

a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 13. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents

a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 14. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents
a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 15. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of rthe first 4 samples
in the site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The
next panel is the same diagram but for tilt-corrected coordinates. The third panel shows the equal-area projection in geographic coordinates of
the second 4 samples in the site with Fisher alpha 95 error for the site mean. The last panel is the same diagram but for tilt-corrected coordi-
nates. Lighter color points are sample components that were not included in the means. The next panel is the same diagram but for tilt-cor-
rected coordinates

B W1515KB L-MTO

B W1515KA L-MTO

W W1515KB L-MTO WW)ST5KA LMTO

BEW1515KD L-MTO

B W1515KC L-MTO BWW1515KC L-MTO

B W1515KD L-MTO

O® | swer Hemis. ©8 Upper Hemis., visible & select O™ swer Hemis. &8 Upper Hemis., visible & select
W1515K:W1515K.LSQ W1515K:W1515K.LSQ
Geographic coordinates Tilt-corrected coordinates

Fisher mean geog. decl.: 145.1, incl.: 33.4 a95 28.9, N: 4 Fisher mean strat. decl.: 147.9, incl.: -5.3 a95 29.0, N: 4

// g
W W1518KE L-MTO
\
BEW1515KG L-MTO \
\
S \

\ /

/// ~ \
_ \ W W1515KH ¥-MTQ_
W1 515KE L-MTO [W1515KF L-MTO
) B W1515KG L-MTO )
)
|

\

\ ~__ -
\ + /,/ +
W W1515KF L-MTO .Wy/MTO
o g%
o =
=
') ower Hemis. &8 Upper Hemis., visible & select ') ower Hemis. &8 Upper Hemis., visible & select
W1515K:W1515K.LSQ W1515K:W1515K.LSQ
Geographic coordinates Tilt-corrected coordinates

Fisher mean geog. decl.: 299.6, incl.: -71.5 a95 28.1, N: 4 Fisher mean strat. decl.: 326.9, incl.;: -35.1 a95 28.1, N: 4










image21.emf
Figure 16. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents

a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 17. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents

a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 18. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents
a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 19. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s the same diagram but for tilt-corrected coordinates. The third is an equal-area projection of the temperature steps of an exemplary
sample in the site, and the fourth panel is an orthographic Zijderveld plot of the demagnetization of the sample. Each pair of points represents

a measurement step (natural remanent magnetization NRM, liquid nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper
hemisphere.
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Figure 22. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s an equal-area projection of the temperature steps of an exemplary sample in the site, and the third panel is an orthographic Zijderveld
plot of the demagnetization of the sample. Each pair of points represents a measurement step (natural remanent magnetization NRM, liquid
nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper hemisphere.
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Figure 23. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s an equal-area projection of the temperature steps of an exemplary sample in the site, and the third panel is an orthographic Zijderveld

plot of the demagnetization of the sample. Each pair of points represents a measurement step (natural remanent magnetization NRM, liquid
nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper hemisphere.
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Figure 24. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s an equal-area projection of the temperature steps of an exemplary sample in the site, and the third panel is an orthographic Zijderveld
plot of the demagnetization of the sample. Each pair of points represents a measurement step (natural remanent magnetization NRM, liquid
nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper hemisphere.
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Figure 26. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s an equal-area projection of the temperature steps of an exemplary sample in the site, and the third panel is an orthographic Zijderveld
plot of the demagnetization of the sample. Each pair of points represents a measurement step (natural remanent magnetization NRM, liquid
nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper hemisphere.
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Figure 27. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s an equal-area projection of the temperature steps of an exemplary sample in the site, and the third panel is an orthographic Zijderveld
plot of the demagnetization of the sample. Each pair of points represents a measurement step (natural remanent magnetization NRM, liquid
nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper hemisphere.
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Figure 28. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s an equal-area projection of the temperature steps of an exemplary sample in the site, and the third panel is an orthographic Zijderveld
plot of the demagnetization of the sample. Each pair of points represents a measurement step (natural remanent magnetization NRM, liquid
nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper hemisphere.
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Figure 29. From left to right, top to bottom. The first panel shows the equal-area projection in geographic coordinates of all the samples in the
site with Fisher alpha 95 error for the site mean. Lighter color points are sample components that were not included in the means. The next
panel 1s an equal-area projection of the temperature steps of an exemplary sample in the site, and the third panel is an orthographic Zijderveld
plot of the demagnetization of the sample. Each pair of points represents a measurement step (natural remanent magnetization NRM, liquid
nitrogen LN2, or thermal degrees). Blue=lowerhemisphere, red=upper hemisphere.
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