Supplemental text, figures, and tables

”High-resolution reconstructions of South America plate motion relative to

Africa, Antarctica, and North America: 34 Ma to present”

by C. DeMets & S. Merkouriev

Overview

The supplementary materials include this document, which has eight figures and five tables
that are referenced in the main document, a second document with nine large-scale maps, and a
third document with eight tables of rotations in text format, four that reproduce Tables 1 through
4 from the main document and four that reproduce Supplemental Tables 2 through 5 below. All of
the supplemental materials are referenced in the main document.

List of supplementary contents

1.

Supplemental Figures I to 8: These figures show the fits to all 43 fracture zones that were
used to estimate the Nubia-South America rotations in this study. Figures 1-3 show the fits in
a manner that facilitates more detailed examinations of the fracture zone misfits. Figures 4 to
8 overlay our digitized and predicted fracture zone flow lines on the GeoMapApp bathmetry
from which the flow lines were digitized.

. Supplemental Table 1: Summarizes the data inverted to estimate Nubia-South America ro-

tations for all 37 reversals identified in this study and other information pertinent to the
reversals and data inversions.

. Supplemental Table 2: Nubia-South America finite rotations that best fit the data listed in

Supplemental Table 1. Each rotation is the mean of 1000 rotation sequences that best fit
bootstrapped realizations of the data, as described in the main document.

. Supplemental Table 3: This table lists angular velocities that we derived via a REDBACK

analysis of the best-fitting Nubia-South America finite rotations in Supplemental Table 2 for
a stationary South America plate. The angular velocities are appropriate for calculations
of stage velocities in a frame of reference that is tied to the South America plate (such
as the stage velocities that are shown in Figure 15a of the main document). The Nubia-
South America noise-reduced angular velocities given in Table 2 of the main document are
appropriate for velocity calculations in a Nubia plate frame of reference.

. Supplemental Table 4: North America-South America angular velocities determined from

the North America-South America finite rotations in Table 3 of the main document and
using reversal ages from Supplemental Table 1.

. Supplemental Table 5: Antarctic-South America angular velocities determined from Antarctic-

South America finite rotations labeled “noise-reduced” in Table 4 of the main document
and using reversal ages from Supplemental Table 1. The footnotes to Table 4 in the main
document provide the necessary information about the derivation of the closure-derived
Antarctic-South America finite rotations.



7. Text file with rotations: This text file contains all of the finite rotations and angular velocities
used for the analysis. It is included for reader convenience.

8. Supplemental Maps I to 9: Due to the large geographic area that is spanned by our study
and the abundance of data in many areas, we constructed large-scale maps that subdivide
the study area into five regions. Each map displays all the original, along-track magnetic
anomaly data within its boundaries overlaid on seafloor bathymetry. The maps also display
our magnetic reversal identifications in their original locations as large solid or bold-outlined
colored symbols. The small colored symbols filled with aquamarine show each reversal
crossing after rotating it from its original location onto the opposite plate with the best-fitting
rotations in Supplemental Table 2.

Each map includes short-hand labels to help identify the ship and airplane tracks. Tracks
with labels that begin with ”abgt” and ”Zarja” are Russian data not previously available for
these studies (see Section 2.1 in the main document).

The small white circles show the digitized fracture zone flow lines described in the main
document. Synthetic flow lines constructed with our best-fitting rotations are shown by the
small colored circles near the digitized fracture zones. The color-coding scheme used for the
synthetic flow lines is the same as for the reversals in the figure.

For the northernmost region, where the data are relatively sparse, we created only one map
(Map 1). For the sub-regions south of the equator, we created two maps per region, one with
our identifications of 18 of the 37 reversals and the other with our identifications of the other
19 reversals. Each map includes a legend that identifies the reversals identified on each map
and their associated color. None of the maps are captioned.

Because the native size of all nine maps is 33 by 47 inches, they are well suited for exami-
nation at high magnification or printing in large format.



Supplemental Table 1. Data and inversion fitting summary

Magnetic  Age Number of data WRMS misfits in km
reversal Ma Anom FZ TF Anom FZ TF
Ino 0.781 460 637 2480 1.09 041 0.69

2ny  1.778 458 751 - 1.74 0.74 -
2An.ly  2.581 475 600 - 201 1.12 -
2An30 3.596 438 706 - 232 136 -
3n.ly 4.187 363 453 - 228 146 -
3n40 5235 342 770 - 219 161 -
3An.ly 6.033 286 559 - 227 196 -
3An20 6.733 268 567 - 252 204 -
4n.ly  7.528 260 673 - 232 204 -
4n20 8.108 233 449 - 276 203 -
4Ao  9.105 220 797 - 293 206 -
Snly 9.786 224 544 - 285 204 -
5n20 11.056 219 1074 - 272 227 -
5An20 12474 197 1303 - 260 260 -
5ACy 13.739 195 1238 - 295 306 -
SADo 14.609 208 844 - 272 3.15 -
5Cn.ly 15974 186 1150 - 279 3.62 -
5Dy 17.235 149 1027 - 289 346 -
SEy 18.056 153 747 - 284 324 -
6ny 18.748 117 683 - 374 328 -
6no 19.722 124 860 - 309 347 -
6An.2o 20.709 92 955 - 309 331 -
6Bn.ly 21.767 8 957 - 388 351 -
Tn.ly 23962 78 1784 - 338 393 -
Tn20 24474 76 283 - 347 442 -
8n.ly 25.099 87 590 - 372 418 -
8n.20 25.987 79 500 - 356 420 -
Ony 26.420 83 478 - 397 453 -
Ono 27.439 76 554 - 338 434 -
10n.1ly 27.859 82 338 - 234 515 -
10n.20 28.278 79 291 - 3.09 540 -
Iln.ly 29.183 88 585 - 420 5.69 -
I1n20 29.970 85 430 - 407 549 -
12ny 30.591 80 351 - 269 552 -
12no 31.034 85 269 - 374 507 -
13ny 33.157 110 1373 - 298 487 -
13no  33.705 112 240 - 338 5.19 -

The letters "0” and ’y” that are appended to the magnetic reversal identifiers respectively indicate
the old or young edge of the magnetic reversal. Reversal ages are from the GTS12 time scale
(Hilgen et al. 2012; Ogg 2012). Anom, FZ, and TF respectively indicate the number of magnetic
reversal, fracture zone, and transform fault crossings used to estimate the finite rotations listed in



subsequent. Ages estimated for the fracture zone crossings are approximated from their distances
along their respective flow lines, although in the inversion, every fracture zone crossing contributes
information to the finite rotation estimates for each chron. WRMS is the weighted root-mean-
square misfit in km of the best-fitting rotation adjusted for the number of parameters that were
estimated in order to fit the given data subset.



Supplemental Table 2. Nubia-South America best-fitting finite rotations

Chron DOF Lat. Long. Q Covariances from bootstrap procedure
(°N) (°E)  (degrees) a b c d e f

In 3574 60.09 32145 -0.219 49 -14 1.1 4.0 0.1 6.9
2n 1206 61.11 321.44 -0.513 66.9 11.8 -12 492 36 341
2An.1 1072 6255 317.74 -0.757 8873 2024 -2389 1000 -47.8 108.8
2An3 1141 63.13 320.23 -1.038 161.6 241 -509 870 198 735
3n.1 813 62.62 319.37 -1.223 1673 88 -403 65.1 49 450
3n4 996 61.22 320.28 -1.549 168.8 40.1 -239 1059 -55 418
3An.l 774 61.89 320.53 -1.776  260.1 262 -462 2392 38.1 744
3An2 752 6151 319.62 -2.007 3014 651 -464 1043 -36 777
4n.1 854 5999 321.10 -2.303  210.1 573 -160 764 4.1 484
4n.2 619 61.29 320.11 2498 4475 352 -472 1083 -155 1147
4A 950 61.33 320.03 -2.868 4259 264 -340 1054 -16.7 2022
5n.1 705 6132 319.72 -3.120 3428 432 475 983 -25 1063
5n.2 1234 61.08 320.54 -3.617 7744 1352  -951 1488 5.8 1323
5An2 1447 61.80 319.55 -4.193 10395 1525 -1789 166.1 184 122.1
SAC 1394 61.82 319.73 -4750 881.0 -184 -33.7 3100 285 99.1
SAD 1011 59.84 321.39 -5.163  505.5 729 -102 3930 512 544
5Cn.1 1291 6095 320.71 -5.729 5089 1205 -313 3247 -14 910
5D 1127 5998 321.61 -6.278 3442 360 -489 2153 37 1754
SE 853 60.24 321.67 -6.661 5177 -66.6 -150 1950 -22.1 1704
6ny 753 6049 321.59 -7023 6608 -69.5 -81.8 1945 -422 285.7
6no 929 60.61 321.57 -7467  530.1 157  -76.1 171.8 -158 1139
6An2 1047 6041 321.76 -7972 6700 -325 -839 2226 -163 2337
6Bn.1 1042 60.01 322.34 -8479 13541 3780 -2872 7343 -434 4489
7n.1 1862 58.52 323.54 -9.464 10459 4117 -2003 971.7 858 4274
n.2 359 58.92 32321 -9.620 653.0 2930 -509 7685 328 2919
8n.1 677 58.44 323.63 -9.962  960.7 43.8 116 8364 -504 525.7
8n.2 579 5791 32407 -10252 685.1 -113 1427 448.6 -62.0 3202
9ny 561 5820 32401 -10534 8613 -21.1 119 5970 -469 3309
9no 630 5724 324.68 -10.868 496.1 86.8 -403 4321 -6.7 3210
10n.1 420 5732 32458 -11.082 5372 -1130 204 3210 -202 1246
10n.2 370 57.17 32483  -11.277 1018.7 -1375 -37.8 3833 -435 3239
I1n.1 673 5755 32484  -11.639 1395.7 -1355 -255 7577 -74.1 4137
I11n2 515 5707 325.18 -11.939 10945 -2162 1558 5523 -58.1 3625
12ny 431 5723 32515 -12.161 5456 -844 299 4066 -139 1752
12no 354 57.07 32535 -12.353 664.7 -128.3 59.5 467.1 -325 2434
13ny 1483 56.85 32578 -13373 6735 158 -265 8083 80.2 150.2
13no 352 56.78 325.69 -13.580 12614 779 -1774 5837 -320 2595

These finite rotations reconstruct movement of the Nubia plate relative to the South America plate
and include a 2-km correction for outward displacement. The rotation angles (2 are positive CCW.
Each rotation is the mean of 1000 bootstrap solutions (see text). DOF, the degrees of freedom,
equals the total number of magnetic reversal, transform fault, and fracture zone flow-line crossings



used to estimate the rotation for a given time reduced by the number of estimated parameters. The
weighted RMS misfits for these rotations are given in Supplemental Table 1. The bootstrap-derived
Cartesian rotation covariances, which specify the 2-D position uncertainty when rotating points
from the Nubia onto the South America plate or vice versa, and have units of 1019 radians®. See
footnotes to Table 1 in the main document for information on how to build the rotation covariance
matrix from the elements in the table.



Supplemental Table 3. Nubia-South America stage angular velocities from REDBACK

Age(y) Age(o) Lat. Long. w Covariances

(Ma) (Ma) (°N) (°E) ° Myr! a b c d e f
0.000 0.781 60.35 32126 0.284 723 -578 1604 4.64 -12.87 36.29
0.781 1.778 60.79 320.79  0.287 1.61 -1.16 286 096 -235 692
1.778 2581 61.15 32037 0.292 1.37 -0.79 154 071 -137 437
2581 3596 6135 320.11 0.300 1.27 -0.68 1.19 062 -1.10 3.67
3596 4187 6141 320.02 0.306 1.39 -0.77 138 074 -126 4.20
4187 5235 6142 31999 0.309 1.35 -0.78 153 071 -138 442
5235 6033 6143 31997 0311 1.73  -1.00 202 089 -1.84 580
6033 6.733 6140 32001 0.331 233 -1.38 286 121 -259 8.14
6.733 7528 6136 320.07 0.355 252 -133 227 1.16 -2.18 724
7.528 8.108 61.35 320.11 0.359 279 -133 199 1.17 -204 7.00
8.108 9.105 61.28 32024 0.361 292 -1.26 1.64 109 -183 648
9.105 9.786 61.13 32046 0.367 4.08 -1.90 293 165 -307 1037
9.786  11.056 60.88 320.81 0.387 488 -242 430 207 -428 1387
11.056 12474 6036 32145 0423 396 -1.74 235 154 -257 907
12474 13739 59.62 32228 0436 353 -1.54 097 141 -134 621
13.739 14.609 59.04 32289 0438 902 -318 -2.03 227 029 784
14609 15974 5894 323.17 0438 401 -1.86 052 154 -1.02 6.19
15974 17.235 5853 323.64 0446 436 -2.00 076 1.63 -125 681
17235 18.056 5829 32393 0.463 6.27 -3.00 178 240 -229 11.05
18.056 18.748 58.07 324.18 0474 793 -3.71 1.34 297 -227 12.77
18.748 19.722 5759 32459 0479 909 -4.17 128 341 -234 13.85
19.722  20.709 56.56 32528 0481 10.89 -5.03 195 420 -298 16.89
20.709 21.767 5486 32626 0477 1235 -554 -046 457 -136 1505
21767 23962 5182 32791 0446 1066 -473 -3.11 349 0.72 934
23962 24474 50.09 32894 0430 2023 -832 -881 5.72 3.13 13.28
24474 25099 4971 32923 0429 1995 -7.82 -998 522 3.77 11.50
25.099 25987 4942 32958 0427 1689 -627 -9.15 4.36 354 9.14
25987 26420 4941 32980 0426 1931 -6.84 -1091 502 426 10.08
26420 27439 50.08 32984 0425 1486 -498 -829 3.87 308 795
27439 27.859 5146 329.64 0423 1844 -582 -1039 4.73 380 940
27859 28278 5223 32950 0422 17.11 -529 946 4.34 336  8.79
28278 29.183 5346 32923 0421 1066 -343 -537 291 1.84 6.13
29.183 29970 5438 32905 0421 875 -3.10 -3.63 291 123 625
29970 30.591 54.70 32903 0421 837 -3.11 -3.16 3.1 1.14 645
30591 31.034 5481 32907 0423 8.60 -329 -3.00 3.39 108 698
31.034 33.157 5481 32928 0428 943 -3.67 -334 398 1.30  7.82
33.157 33.705 5458 329.65 0429 2119 -7.30 -371 9.08 0.17 20.96

These angular velocities specify Nubia plate motion in a South America plate frame of refer-
ence for time intervals given in the first two columns, as determined from the REDBACK noise-
reduction software (laffaldano er al. 2014). They include corrections for 2 km of outward dis-
placement, as described in the text. The angular rotation rates w are positive anti-clockwise. The
Cartesian angular velocity covariances are calculated in a frame of reference tied to the South
America plate and have units of 10~° radians® Myr 2.

2



Supplemental Table 4. North America-South America stage angular velocities

Age(y) Age(o) Lat. Long. Q Covariances
Ma Ma °N)  (°E) °Myr! a b C d e f
0.781 000 953 -5696 0.133 133 -0.16 025 066 -083 1.04
1.778 0.781 1132 -5730 0.138 169 -0.13 019 086 -1.08 1.38
2581 1.778 13.04 -5732 0.144 292 -001 005 150 -193 257
3596 2581 1536 -56.62 0.153 2.17 016 -038 110 -146 208
4.187 3596 16.68 -5595 0.159 742 106 -232 369 -506 761
5235 4187 1702 -5536 0.162 2.73 059 -123 136 -192 305
6.033 5235 17.02 -54.78 0.165 5.69 137 -300 288 -422 696
6.733  6.033 1952 -53.87 0.180 8.72 194 -459 439 -657 1124
7.528 6.733 18.10 -5391 0.194 7.83 149 -381 355 -544 9097
8.108  7.528 15.67 -5427 0.195 17.77 240 -658 6.76 -1043 21.05
9.105 8.108 1541 -54.04 0.199 8.37 057 -168 267 -400 898
9786  9.105 16.11 -5378 0205 2544 094 -221 732 -1043 25.70
11.056 9786 19.62 -53.06 0216 1060 035 -046 289 -4.04 10.64
12474 11056 2497 -5305 0239 1201 058 -080 309 -453 12.38
13.739 12474 2252 -5555 0229 1924 148 -147 446 -681 1932
14.609 13.739 1352 -59.82 0205 48.58 375 009 946 -1427 4331
15974 14.609 1329 -6230 0.182 2190 034 214 350 -554 1707
17235 15974 1548 -61.58 0.173 2585 -1.82 381 385 -6.74 1901
18.056 17.235 2006 -59.66 0.174 5935 -751 883 930 -16.80 43.89
18.748 18.056 2332 -57.76 0.175 87.51 -13.773 1421 1430 -2594 6542
19.722 18.748 27.88 -57.50 0.150 5024 -1124 1091 10.79 -18.30 40.60

Angular velocities that specify the movement of the North America plate relative to South America
for the time period given in the first two columns. The angular velocities and their Cartesian
covariances are derived from the finite rotations given in Table 3 of the main document and are
in a South America plate reference frame. The angular rotation rates w are positive anticlockwise
for the old to the young limit of each time interval. The covariances have units of 10~® radians?
Myr—2. See Table 1 in the main document for instructions on constructing the covariance matrix
from elements a-f in the table.



Supplemental Table 5. Antarctica-South America angular velocities

Age(y) Age(o) Lat. Long. Q Covariances

Ma Ma (°N) (°CE)  °Myr! a b c d e f

0.781 0.00 -8592 36.10 0.263 187 -128 048 096 -045 1.53
1.778  0.781 -85.89 4437 0.271 250 -157 054 123 -047 202
2581  1.778 -85.72 49.02 0.280 469 -241 071 212 -0.50 3.71
3596 2581 -85.74 56.89  0.288 382 -147 032 153 -0.12 2.96
4187 3596 -8593 6558  0.290 1391 -414 032 509 046 1057
5235 4187 -8584 8996 0.285 517 -126 -025 174 0.36 3.85
6.033 5235 -84.75 11033 0.280 11.00 -261 -128 359 0.8 8.10
6.733  6.033 -84.15 11042 0.299 18.17 -453 -300 588 1.72 1321
7.528  6.733 -8425 10356 0324 1687 -3.74 -332 519 175 1217
8.108  7.528 -84.61 96.12 0.328 3593 -6.63 -7.13 1050 299 2613
9.105 8.108 -84.82 90.68 0.329 1459 -228 -241 411 033 1090
9.786  9.105 -84.70 94.02 0.330 38.17 -532 -523 1050 -136 29.24
11056 9.786 -83.61 10598 0.349 1377 -170 -187 3.62 -123 10.74
12474 11056 -81.66 116.78 0.388 1391 -1.16 -238 330 -158 1090
13.739 12474 -81.14 120.70 0.403 19.64 -033 -4.15 404 -180 1531
14.609 13.739 -80.78 12447 0404 4362 186 -896 832 -206 34.06
15974 14.609 -81.03 128.18 0.403 2045 144 -255 415 044 1608
17235 15974 -7936 139.82 0.397 3062 309 034 673 299 2436
18.056 17.235 -77.46 14675 0.394 8749 1259 1029 1990 1324 7097
18.748 18.056 -73.28 162.66 0.346 137.15 2530 2394 3091 2478 11322
19.722  18.748 -5395 196.18 0.347 7041 1306 1027 14777 1140 58.20

Angular velocities that specify Antarctic plate motion relative to South America during the time
period given in the first two columns. The angular velocities and their Cartesian covariances are in
a South America plate reference frame and are derived from the noise-reduced finite rotations in
Table 4 of the main document. The angular rotation rates w are positive anticlockwise for the old
to the young limit of each time interval. The covariances have units of 107 radians? Myr—2. See
Table 1 footnotes from the main document for instructions on constructing the covariance matrix
from elements a-f in the table.
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Supplemental Figure 1. Digitized fracture zone traces (black) compared to best-fitting (color-
coded lines) and noise-reduced (red lines) synthetic fracture zone traces, 2-15°N. The flow lines,
which are created with the rotations in Supplemental Table 2 and Table 1 of the main document,
assume symmetric seafloor spreading. The same fracture zones and flow lines are shown with
bathymetry in Figure 5 of the main document and Supplemental Figure 8a. Horizontal and vertical
axes respectively show linear distance along or orthogonal to each fracture zone. Vertical-axis
distances are exaggerated by three times relative to horizontal distances to emphasize the misfits.
Zero distance on the horizontal axis marks the ridge-transform intersection for fracture zones that
extend to the ridge or the youngest off-axis fracture zone point. Transform faults are omitted from
this plot.
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Supplemental Figure 2. Digitized fracture zone traces (black) compared to best-fitting (color-coded
lines) and noise-reduced (red lines) synthetic fracture zone traces, 2°N-15°S. The same fracture
zones and flow lines are shown with bathymetry in Supplemental Figures 4 and 5. See the caption
to Supplemental Figure 1 for further information.
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Supplemental Figure 3. Digitized fracture zone traces (black) compared to best-fitting (color-coded
lines) and noise-reduced (red lines) synthetic fracture zone traces, 33-50°S. The same fracture
zones and flow lines are shown with bathymetry in Supplemental Figures 7 and 8. See the caption
to Supplemental Figure 1 for further information.
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Supplemental Figure 4. Reconstructed (blue and red) and digitized (black) Nubia-South America
fracture zone flow lines and transform faults and fracture zone crossings overlaid on GeoMapApp
bathymetry, 2°N-8°S. Blue and red lines are best-fitting and noise-reduced flow lines, respectively.
Solid circles are reversal identifications at their original locations. Open circles are reversal cross-
ings rotated onto the opposite side of the ridge with the best-fitting rotations in Supplemental Table
2. The red-shaded ellipses for selected flow lines show the 1-o uncertainties propagated from the
noise-reduced rotation covariances. Reconstructions and the original magnetic data for the entire
study area are shown at larger scale in Supplemental Maps 1 to 9.
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