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1 Paleomagnetism of the Teel Formation

2 Teel Volcanics Data Analysis

This notebook is the data repository for a manuscript entitled:

Paleomagnetism of the Teel basalts from the Zavkhan Terrane: Implications for Pale-
ozoic paleogeography in Mongolia and the growth of continental crust

T. M. Kilian, N. L. Swanson-Hysell, U. Bold, J. Crowley, and F. A. Macdonald

This manuscript is to be published in the GSA journal Lithosphere.
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This notebook contains data analysis related to paleomagnetic data generated from basalt flows of
the Late Ordovician Teel Formation from the Zavkhan Terrane. The underlying data are availi-
ble both within the MaglC Database and in the GitHub repository association with this work:
https://github.com/Swanson-Hysell-Group /2016 Teel Basalts

2.1 Import Modules

Write template file (no_code.tplx) so that when the notebook is converted to latex (then pdf) it
excludes the large code blocks. This requires an additional arguement when using nbconveter and
also requires that adding tables of content term after the document begins; can also add author.
Can’t include examples here because they affect the file when in latex.

Overwriting no_code_latex.tplx

2.2 Sampling localities

Table of site locality coordinates given in WGS84 as well as a very simple map. Exact stratigraphic
positions are shown in main text; order of stratigraphic position is given in “stat pos” column of
table. The paleomagnetic data from these sites may need to be tilt-corrected (depending on the
the age of magnetization) according to nearby measurements of bedding. The bedding tilts used
for sites Z30 to Z55 come from interflow sedimentary rocks. The tilt-corrections for Z56 to Z58 are
more uncertain and are based on interpretted flow banding.
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2.3 Site level data

Below we import paleomagnetic results that were analyzed using demag gui.py from the PmagPy
python package. These are the vector component fits to all Teel sample data. Components have
been classified according to their relative temperature ranges. ‘LOW’ components are typically
below 200°C, ‘MAG’ refers to a temperature range within the unblocking range of magnetite (up to
580°C), ‘HEM’ refers to vector components fit to data points in the unblocking range of hematite (up
to 680°C), and ‘MID’ refers to components with temperature ranges between ‘LOW’ and ‘MAG’.

730 Site Z30 is a rhyolite. The site has ‘LOW’, ‘MAG’ and poorly resolved ‘HEM’ components.
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Z31 The site has ‘LOW’ (less than 200°C) and ‘MAG’ components.
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Z32 The site has ‘LOW’ (less than 200°C) and ‘MAG’ components.
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Z33 The site has ‘LOW’ (less than 200°C) and ‘MAG’ components.
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Z34 The site has ‘LOW’ (less than 200°C) and ‘MAG’ components.
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735 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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Data points shown with triangles were vectors from sample Z35.3 that were dropped from the mean
calculation.

736 The site has ‘LOW’ and ‘MAG’ components.
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737 The site has ‘LOW’ and ‘MAG’ components.

11



Kilian, T.M., Swanson-Hysell, N.L., Bold, U., Crowley, J., and Macdonald, F.A., 2016, Paleomagnetism of the Teel basalts
from the Zavkhan terrane: Implications for Paleozoic paleogeography in Mongolia and the growth of continental crust:
Lithosphere, doi:10.1130/L522.1.

_,_,_.-—1-'_1_‘7--.___
s*es 737 low geo

oo Z37 mag_tc_mean

++ + + g0k + + + o4+ 4+ o+ o+ o+

++++++++++-|lt+

738 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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Only two samples yielded hematite components, therefore no mean was calculated for the hematite
component.

739 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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740 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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Z41 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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742 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components. A middle temperature component,
MID, was also fit to demagnetization steps between ‘LOW’ and ‘MAG’.
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743 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components. A middle temperature component,
MID, was also fit to demagnetization steps between ‘LOW’ and ‘MAG’.
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Z44 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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The remanence of Z44 specimens is dominated by hematite such that the magnetite component is
poorly resolved.

Z45 Hematite, magnetite, and low temperature, LOW (less than 200°C), components were calcu-
lated for Z45.
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The remanence of Z45 specimens is dominated by hematite such that the magnetite component is
poorly resolved.

746 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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747 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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748 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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749 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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750 The site has ‘MAG’ and ‘HEM’ components.
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Z51 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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Magnetite components from two samples (Z51.1 and Z51.2) were excluded because of their similarity
to hematite components (the hematite remanence mixed with that of magnetite) and different
demagnetization behavior compared to the other magnetite components.

752 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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753 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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754 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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7Z55 The site has ‘LOW’ and ‘MAG’.
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756 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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sse 756 low geo
o%o 756 _hem _tc
bbb 4+ o+ ooo Z56 _mag_tc mean

0D0o Z56 _hem_tc mean

+ 4+ 4+ + 4+ + + +

ﬂ%+
L.

This site is in a different dip panel along with Z57 and Z58. A magnetite component distinct from
the hematite component was not resolved. Z57 has similar behavior.

757 The site has ‘LOW’, ‘MAG’ and ‘HEM’ components.
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+
+
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A

Z58 Magnetite, mid-, and low- temperature, LOW (less than 200°C), components were calculated
for Z58. The middle temperature component derives from demagnetization steps between LOW
and magnetite.
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i e*s 758 low

+ ooo Z58 mid _geo _mean
T |**+ Z58_mid_tc_mean
+e |a2a 758 mag tc_ mean
-'f' o0o Z58 mag_geoc mean

++++++++@++++++++

Results from flow Z58 are very different from all of the other sites.

2.4 Paleomagnetic site data summary

Create tables, distinguished by component type, of mean directions for all Teel flows.

Magnetite directions

Geographic coordinates - magnetite 0Out[68]:
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High-temperature magnetite (geographic) directions for Teel basalt flows
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Magnetite (gecgraphic) component VGPs

0 3 & 0 12 15 13 21 24 27
Order of stratigraphic position [0=bottom of section), not to scale

Tilt-corrected coordinates - magnetite Out[71]:
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High-temperature magnetite (tilt-corrected) directions for Teel basalt flows
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Magnetite component VGPs

0 3 & 0 12 15 13 21 24 27
Order of stratigraphic position [0=bottom of section), not to scale

Hematite directions

Geographic coordinates - hematite 0Out[74]:
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Hematite directions from Teel basalt flows in geographic coordinates
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Hematite (geographicl component VGPs
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Order of stratigraphic position [0=bottom of section), not to scale

Tilt-corrected coordinates - hematite 0Out[77]:
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Hematite (tilt-corrected) directions from Teel basalt flows
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Hematite (tilt-corrected) component VGPs

0 3 & 0 12 15 13 21 24 27
Order of stratigraphic position [0=bottom of section), not to scale

Mid-temperature directions 0Out[80]:
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Mid-temperature directions from Teel basalt flows in gecgraphic coordinates

++++;-/}‘:-t_i_ 4+ + 4+ +++4+
|

=

Flow 758 yielded a completely different mid-temperature result compared to all other sites. The
magnetite direction is completely different than all other results. The mean direction is very im-
precise (SE and moderately-shallow down) but is closest in orientation to the Middle to Late Car-
boniferous ‘A’ component of Edel et al. (2014).

2.5 Paleomagnetic Poles for the Teel Formation

We interpret the primary paleomagnetic direction for the Teel basalts to be held by (ti-
tano)magnetite with a secondary remanence held by hematite holding a distinct direction. However,
demagnetization data from some sites within the most oxidized flows show similarities betwee the
remanence directions of magnetite and hematite that correspond to the hematite direction seen in
other flows that have a distinct magnetite direction. We suspect that these flows were overprinted
in the remagnetization event that led to the hematite overprint. As a result we exclude this flows
where magnetite corresponds to the distinct hematite direction from the calculation of the mean
magnetite pole.

Primary magnetite pole - including tilt test

Out[84]: {'alpha95': 5.016359320556993,
'csd': 13.24736661179077,
'dec': 236.55328337929615,
'inc': -34.725447678823137,
'k': 37.386165760749734,
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'n': 23,
'r': 22.411547037457986}

Out[85]: {'alpha95': 5.7013669696125859,
'csd': 14.999123289480917,
'dec': 187.16163375289389,
'inc': -64.697686409549988,
'k': 29.163408949361457,
'n': 23,
'r': 22.245630027744692}

High-temperature magnetite (geographic: gray, tilt-corrected: blue) directions

Bootstrap fold (tilt) test (Tauxe and Watson, 1994)

We quote bootstrap tilt test values for two different confidence intervals: 99% and 95%. Because
the bootstrap pseudo-populations are randomly chosen, values for the confidence intervals will likely
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be different from those quoted in the text; results will changes slightly each time the bootstrap test
is run.

doing 1000 iterations...please be patient...
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Tilt-carrected

]

T S S SE S SR S + 4+ + 4+ + + + 4+

&,

+ 4+ + 4+ + 4+ 4+ + 4+ 4+ 4+ 4+ 4+ + 4+ 4+

tightest grouping of vectors obtained at (99% confidence bounds):
41 - 101 percent unfolding

tightest grouping of vectors obtained at (95% confidence bounds) :
49 - 95 percent unfolding

range of all bootstrap samples:

20 - 104 percent unfolding
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10 49 - 95 percent unfolding
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Below the tilt-corrected magnetite VGPs are plotted on the globe and shaded according to their
relative stratigraphic positions.
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Primary magnetite VGPs (excluding those identical to secondary hematite components)

.--.'_F'-';_..—;"' o

________________________

i 1 i
0 3 & 9 12 15 18 21 24 27
Order of stratigraphic position [0=bottom of section), not to scale

Secondary hematite pole - including tilt test

Out[91]: {'alpha95': 8.9877257442158918,
'csd': 19.806244991238223,
'dec': 183.64700144578103,
'inc': 5.4005776522632472,
'k': 16.724985285223418,
'n': 17,
'r': 16.043347439346565}

Out[92]: {'alpha95': 9.4366310429368436,
'csd': 20.733802634569454,
'dec': 181.16680682161584,
'inc': 6.4513316241785841,
'k': 15.262023482436897,
'n': 17,
'r': 15.95164622054131}
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High-temperature hematite (geographic: gray/red, tilt-corrected: yellow/blue) directions

Bootstrap fold test (Tauxe and Watson, 1994)

doing 1000 iterations...please be patient...
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Tilt-carrected
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tightest grouping of vectors obtained at (95% confidence bounds):
-20 - 119 percent unfolding

range of all bootstrap samples:

-20 - 119 percent unfolding
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Lo -20 - 119 percent unfolding
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Below the geographic and tilt-corrected hematite VGPs are plotted on the globe and shaded accord-
ing to their relative stratigraphic positions. Note the similar positions between the two coordinate
system means.
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Secondary hematite WGPs in geographic coordinates {excluding rhyolite Z230)

o 3 B O 12 15 18 21 24 27
Order of stratigraphic position [0=bottom of section], not to scale
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Secondary hematite VGPs in tilt-corrected coordinates (excluding rhyolite 230}

i i i
0 3 & 9 12 15 15 1 24 27
Order of stratigraphic position (J=bottom of section), not to scale

Common mean test (bootstrap method)
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X component Y component Z component

The above test confirms that the geographic and tilt corrected hematite mean directions are statis-
tically indistinguishable and share a common mean.
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Present local field overprint - negative fold test 0Out[98]:
Out [99] :

A number of poles are excluded because of inconsistencies between samples within site which resulted
in large a95 values for these sites: Z45, Z51, and Z52.

Low-temperature magnetization (geographic: gray, tilt-corrected: blue) directions

Bootstrap fold test (Tauxe and Watson, 1994)

doing 1000 iterations...please be patient...
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tightest grouping of vectors obtained at (95% confidence bounds):
-17 - 10 percent unfolding

range of all bootstrap samples:

-20 - 21 percent unfolding
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%% Untilting
Teel poles summary 0Out[103]:
Pole_ Lat Pole_Long A_95 K CSD N r Paleolat
Teel _magnetite_tc -36.417598 16.244116 5.306437 33.514632 13.991613 23 22.343570 -19.113506
Teel _magnetite_geo -85.857354 342.309952 8.111758 14.902542 20.982384 23 21.523742 -46.604795
Teel _hematite_tc -39.599546 94.136871 7.315512 24.749088 16.281912 17 16.353512 3.235922
Teel _hematite geo -40.034308 90.750359 5.353746 45.365533 12.026022 17 16.647309 2.706300

3 Pole compilation for Siberia, North China, and Mongolian ter-

ranes

3.1 Import existing paleomagnetic data

3.1.1 Siberia

Note that a rotation needs to be applied for relative rotation between Aldan and Anabar blocks
before the Devonian Period due to Devonian rifting in the Viljuy Basin near the centre of the craton.
Here are two rotations used in the literature: Euler Pole (Lat, Long, rotation)

(60°N, 120°E, 13°) from Smethurst et al. (1998)

[ ]
e (60°N, 115°E, 25%) everything pre-Devonian (Evans, 2009)
e (60°N, 120°E, 16°) Cambrian to Early Silurian correction (Cocks and Torsvik, 2007)
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e (62°N, 117°E, 20°) pre-Devonian (Pavlov et al. (2008) also used in Powerman et al. (2013))

Most Siberia poles are imported from Cocks and Torsvik (2007) in which the data are rotated from
the “southern” Siberia (Aldan) into the northern Siberia (Anabar) reference frame according to
Smethurst et al. (1998), which the authors argue brings N and S pre-Devonian poles into the best
agreement.

Torsvik et al. (2012) updated their Siberia apparent polar wander path by adding data from Shatsillo
et al. (2007) that superceded results from the coeval Lena River sediments (Rodianov et al., 1982;
Torsvik et al., 1995). However, there are more results from Siberia that must have been discarded
by Cocks and Torsvik (2007) and subsequently by other authors. We discuss these poles later on.

Below we plot the paleomagnetic data compiled by Cocks and Torsvik (2007) for Siberia, shaded
according to age.

All Paleomagnetic Poles

1 1 1 1
—-510 480 —450 —420 -390 -360 -330 -300 -270
Age of magnetization (Ma)
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In the following analyses, we update this pole list to include additional poles from the area in order
to construct a paleolatitdue plot of Siberia through the Phanerozoic Eon.

We use the Haversine formula to calculate the distance between the VGPs and a reference point on
a given plate. This is then used to calculate the paleolatite of the reference point.

We first load poles for stable Europe from 250 Ma to the present day from Torsvik et al. (2012).

Out [108] :
high age low _age median_age A95 PLat PLon Paleolat PLat_N PLon_ N
0 1.0 0.0 0.5 3.6 -80.6 267.5 60.64 80.6 87.5
1 1.0 0.0 0.5 4.4 -86.4 296.1 55.21 86.4 116.1
2 10.0 6.0 8.0 12.9 -84.3 357.7 52.91 84.3 177.7
3 11.0 8.0 9.5 1.8 -78.9 328.3 58.73 78.9 148.3
4 11.0 9.0 10.0 3.5 -77.4 314.2 61.90 77.4 134.2

Poles from Siberia are then loaded (545 to 250 Ma). Most of the poles were taken from Cocks and
Torsvik (2007) and Torsvik et al. (2012), but we also added additional data gathered from the
Global Paleomagnetic Database.

Out [109]:

mum Ref lat/long
+#4 Stable Europe poles
++¢ Siberia poles

3
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3.1.2 North China

We first load the paleomagnetic data for North China compiled in Cocks and Torsvik (2013).

We also add some additional poles from North China that were not included in Cocks and Torsvik
(2013) including a compilation of data from Huang et al. (1999) and additional poles from Embleton
et al. (1996), Huang et al. (2001), and Doh and Piper (1994).

Out[112]:

MNorth China Poles

=500 -450 —-400 -350 -300 -250 -200 -150 -100
Age of magnetization (Ma)
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3.1.3 Mongolia pole compilation

Edel et al. (2014) published paleomagnetic data from 12 sites in the Trans-Altai and South Gobi
zones. This work identified magnetic overprint directions for which a variety of arguments are made
as to their temporal relationship. The progression of directions as interpretted by the authors leads
to an appreciable change in magnetic declination from overprints intrepretted to be Middle-Late
Carboniferous in age to magnetizations that are interpreted to be Permian in age. The authors
propose that this declination change is the result of vertical axis rotation associated with oroclinal
bending of a Mongolian ribbon continent (an illustraion of this model shown below form that paper).

Siberian craton

North China craton
Late Permian - Upper Triassic

We import paleomagnetic data that have been compiled for Mongolia and some of the surrounding
terranes between Siberia and North China and assigned them to established terranes pertinent to
this study.

OQut[115]:

Calculate paleolatitudes for the Mongolia poles, considering that many may have experienced
horizonatal-axis rotations during the formation of the COAB and possibly earlier.
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3.2 Paleolatitude diagram

We plot the data from Siberia, North China, and Mongolia (from Zavkhan, Baidrag, Lake Zone,
and other southern terranes) on a paleolatitude versus time plot. The paleolatitudes given for each
block are for specific reference points on each terrane. For Mongolia, the site of the Teel Formation
is used (95.38 °N, 47.1 °E). For Siberia, coordinates at the southern tip of the craton (51.7 °N,
103.5 °E) are given seeing as this would be the proposed conjugate margin for Mongolia. For North
China, a reference point on the northern margin (42 °N, 109 °E) is given to represent the alternative
conjugate margin that would have shared similar paleolatitudes with Mongolia if they were attached.

There are a handful of Mongolian poles that we exclude because of wide age uncertainties or lack
of statistical robustness. The Bachtadse et al. (2000) component B pole is excluded because of the
small number or samples used to calculate the mean direction (25 samples; unblocking temperatures
of 270420 °C); it is very similar to two Levashova (2010) directions which may be overprints (see
below). The Evans et al. (1996) Bayan-Gol pole was superseded by results from Kravchinsky
(2001) and may be a pre-folding overprint, given the increase in precision after tilt correction. The
Kravchinsky et al. (2010) pole, that they call a remagnetization, has a very uncertain age and is not
tilt-corrected, therefore we see it as unreliable for a paleolatitude estimate; the mean only originates
from 6 sites, too. The Kovalenko (2010) pole from the granite at Hanbogd is excluded because it
is only from one site and is in the Trans-Altai zone, which is severely affected by early Triassic
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deformation along the Gobi-Tienshan fault (Lehmann et al., 2010). The “Mongolian sediments and
volcanics, Gurvan-Sayhan Range, post-folding” pole from Grishin et al. (1991) (also discussed in
Pechersky and Didenko (1995)) is not included because it is likely underaveraged (only from one
site) and because of its large age uncertainty; it is also a post-folding remanence.

<matplotlib.figure.Figure at 0x118489e10>
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4 Regional overprints in Precambrian rocks

In order to understand the regional paleomagnetic directions, specifically possible overprints, we
compare results from the Zavkhan block to see if there are dominant overprints that affected all
rocks. These results are from Levashova et al. (2010), Kravchinsky et al. (2001), Evans et al.
(1996), this study, and preliminary data from the Zavkhan volcanics. (Notes: B-G = Bayan-Gol;
T-O = Tsagan-Olom)

Out [120] :

All directions are first plotted in geographic coordinates.
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Owverprint Directions - GEOGRAPHIC COORDS.
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Then the overprint data are plotted in tilt-corrected coordinates.
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Owverprint Directions - Tilt-Corrected
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Given geological and statistical paleomagnetic context (improvement during tilt correction) we
create a plot of what we consider to be the overprint directions if they were acquired either before

or after folding.
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Overprint Directions - geographic/tilt-corrected
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As stated in the main text, the Kravchinsky et al. (2001) intermediate component from late Neo-
proterozoic to early Cambrian in geographic coordinates is similar to the Teel magnetite component
in geographic coordinates. It is possible that the Ordovician magmatism recorded in the Teel
Formation basalts caused this overprint in older lithologies.
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