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The reconstruction of past plate motions relative to a deemed–to–be–fixed hotspot reference frame relies 
on the sparse occurrence of intraplate volcanism. Consequently, this absolute reference frame often 
features a temporal resolution that exceeds the rapid kinematic changes observed in plate–to–plate 
spreading reconstructions, changes recently shown to occur within less than 5 Ma. In this work we 
put forward an alternative method based on the study of high–resolution relative plate motion data 
sets. By studying time periods featuring a relatively high probability of plate motion change across 
multiple spreading ridges, we are able to identify and quantify (likely) changes in absolute plate motion. 
Specifically, we implement such approach and provide well–defined estimates for the absolute plate 
motion changes of South America and neighboring plates Nubia, Antarctica, Somalia, North America and 
Pacific. We find that kinematic changes for all these plates occur between 9 and 5 Ma. For South America, 
we identify a change also between 14 and 10 Ma. Lastly, we estimate the torque–variations required 
upon these plates to generate the inferred kinematic changes, which we find to be between ∼ 5 · 1023

and ∼ 20 · 1024 N · m.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

The plate tectonics theory (Wilson, 1965; McKenzie and Parker, 
1967; Morgan, 1968; Le Pichon, 1968) provides a simple, yet pow-
erful framework to study and understand a broad range of ge-
ological processes such as seismicity (e.g., Allmann and Shearer, 
2009), orogeny (e.g., Somoza, 1998), volcanism (e.g., Davies et al., 
2015), and even long–term ocean circulation (e.g., Dutkiewicz and 
Müller, 2022), among others. Upon its formulation in the late 60s, 
the ability to explain and link several lines of observations under a 
unified paradigm in which plate motions fuel geological processes 
was among the reasons why plate tectonics was – and still is – 
considered a revolutionary theory in the geosciences. Since then, 
significant efforts have been made to map relative plate motions 
from observations of the ocean–floor magnetization (e.g., Chase, 
1978; Minster and Jordan, 1978; DeMets et al., 1994, 2010; Se-
ton et al., 2014), which provide information on relative spreading 
between adjacent oceanic plates. This motion can be expressed in 
the form of Euler vectors (McKenzie and Parker, 1967; Morgan, 
1968) under the rigid–motion approximation (Gordon, 1998), and 
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then conveniently combined into plate circuits that link any two 
plates, as for instance in the case of plates sharing a convergent 
or collisional margin (e.g., Copley et al., 2010; Quiero et al., 2022). 
Initially featuring a temporal resolution of 10–15 Myr (e.g., Gordon 
and Jurdy, 1986), reconstructions of past relative motions enjoy 
today an unprecedented temporal resolution of 1–2 Myr, at least 
for the Quaternary/Neogene (e.g., Merkouriev and DeMets, 2008, 
2013), and in some cases further back into the Paleogene (e.g., 
Croon et al., 2008; DeMets and Merkouriev, 2021). Furthermore, 
these reconstructions can be tied to a deep Earth absolute refer-
ence frame using chiefly the volcanic tracks left by mantle plumes 
onto the ocean floor, via reconstructions that either assume plume 
fixity (e.g., Duncan, 1981) or that, more recently, account for plau-
sible plume drift within the convecting mantle (e.g., Doubrovine et 
al., 2012). One inference drawn from these reconstructions is that 
plate motions exhibit significant variations even on geologically 
short time–periods. Recent studies have in fact identified changes 
as large as 20–30% that occur within intervals of only few Myr 
(e.g., Iaffaldano and Bunge, 2015).

Regardless of the temporal resolution of kinematic reconstruc-
tions, the figure of tectonic plate motions at the global scale called 
for a mechanism to illuminate the forces driving and resisting such 
motions. Among the first on the topic is the seminal work of 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).
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Forsyth and Uyeda (1975), in which authors provide an account of 
forces either originating within the lithosphere, such as the grav-
itational push of spreading ridges (i.e., ridge-push) and the fric-
tional resistance along the brittle portion of tectonic plate margins 
(e.g., Bird, 1998; Suppe, 2007), or arising from the excess weight 
of subducted lithospheric slabs that sink into Earth’s mantle (i.e., 
slab-pull). The latter has also been the focus of a number of sub-
sequent studies aimed at i) quantifying the magnitude of such 
a force, and ii) understanding the interplay between slabs sink-
ing motion and background mantle flow patterns (e.g., Conrad and 
Hager, 1999; Conrad and Lithgow-Bertelloni, 2002; Capitanio et al., 
2007; Faccenna et al., 2012; Buffett and Becker, 2012; Schellart, 
2004, among others). In this view, Earth’s mantle exerts resistance 
to plate motions via the viscous stress imparted to plates at the 
lithosphere/asthenosphere boundary.

The advent of computer simulations in the geosciences per-
mitted modeling the patterns of viscous convection within Earth’s 
mantle (e.g., Hager and O’Connell, 1981; Bunge et al., 1996; Tack-
ley, 1996). Recent advances in this field include the ability to sim-
ulate flow patterns in a convecting system characterized by the ex-
istence of a low viscosity layer – i.e., the asthenosphere – between 
the highly viscous mantle and its brittle upper thermal boundary 
layer – the lithosphere (Hoeink and Lenardic, 2010, 2008; Stotz et 
al., 2017). These studies build also on the constraints that long–
wavelength glacial rebound observations place onto the viscosity 
and thickness of the asthenosphere (Paulson and Richards, 2009; 
Richards and Lenardic, 2018), and more specifically on the trade–
off between them when resolved via best–fit to these data. Im-
portantly, they recognized the possibility that a significant driving 
component to plate motions may arise from the Poiseuille–type 
flow associated with asthenosphere pressure gradients. The mag-
nitude of such gradients is often comparable to that associated 
with topography that is supported neither isostatically nor elas-
tically (i.e., dynamic topography) (Stotz et al., 2017; Brune, 2018; 
Stotz et al., 2021). Building on these results, Stotz et al. (2018) ana-
lyzed the present–day dynamics of the Pacific plate and found that 
active mantle flow underneath the lithosphere contributes around 
50% of the driving force needed for it to move at rates around 
9 cm/yr.

On the one hand, Euler vectors that describe plate motions rep-
resent a direct constraint to the torque balance of plates, because 
the viscosity of asthenosphere and/or upper mantle is sufficiently 
large to make the dynamic transient time (i.e., the time it takes 
for plate motions to readjust to changed torques) vanishingly small 
compared to the temporal resolution of plate reconstructions (e.g., 
Iaffaldano and Bunge, 2015). This means that Euler vectors are 
a direct means to quantify torques upon plates – a notion that 
has driven numerous efforts in developing computer models of 
the plates/mantle system (e.g., Bird, 1998; Iaffaldano et al., 2006; 
Popov and Sobolev, 2008; Ghosh and Holt, 2012; Stotz et al., 2018). 
On the other hand, the multitude of driving mechanisms rec-
ognized as potentially responsible for driving past plate–motions 
makes the interpretation of the underlying dynamics inherently 
non–unique – that is, multiple torque combinations provided by 
geological processes might still result in the same Euler vector 
(e.g., Bird, 1998; Stotz et al., 2018). Such non–uniqueness is fur-
thermore exacerbated by the fact that Euler vector estimates, how-
ever accurate, feature a certain degree of uncertainty, expressed by 
the associated covariances.

One way to mitigate the issue of non–uniqueness of torque 
analyses is to focus on the temporal changes of the absolute mo-
tion of a plate, rather than on its actual motions. This is because 
explaining the former ones requires an analysis of only those 
(fewer) torques that have in fact changed over a given time pe-
riod, rather than knowledge of all torques acting upon a plate over 
such time period. In principle, reconstructions of absolute plate 
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motions, where the motions of plates are expressed relative to a 
fixed reference frame typically tied to the deep mantle, are the 
most direct way of inferring absolute plate–motion changes. Ab-
solute kinematic reconstructions based on observed hotspot tracks 
have proven valuable and remain widely used (e.g., Wessel and 
Kroenke, 2008; Maher et al., 2015). Such an approach is partic-
ularly well suited for plates featuring a wide oceanic area and 
relatively fast motion (e.g., Pacific plate), which facilitate the ob-
servation of volcanic tracks (Wessel and Kroenke, 2008; Tarduno 
et al., 2009) – though similar studies have been carried out also 
within the Atlantic realm to reconstruct the motion of the Nubia 
plate (Doubrovine et al., 2012; Maher et al., 2015). Nonetheless, 
the absence of extended ridges linking the Pacific and Atlantic 
realms hampers our ability to achieve global absolute kinematic 
reconstructions tied to a single hotspot system, and requires either 
reconstructing – via paleomagnetic observations, or by performing 
computer models of – the possible relative drift between different 
hotspot systems. The uncertainty associated with these estimates 
may be similar to, or even exceed, the kinematic changes one aims 
at resolving.

Given the above background, in this work we set out to esti-
mate Neogene absolute plate motion (APM) changes in the South 
Atlantic and Pacific realms from available high–temporal–resolution 
reconstructions of relative plate motions (RPM), which have been 
inferred from detailed observations of the ocean–floor magnetiza-
tion pattern. We resort to the method utilized by Iaffaldano and 
DeMets (2016), which identifies kinematic changes as likely APM 
changes when they satisfy constraints from at least two RPM re-
constructions. Iaffaldano and DeMets (2016) used RPM changes 
involving the North America plate (i.e., reconstructions of Eura-
sia/North America and Nubia/North America past motions) to infer 
its APM change between 8 and 5 Ma. We apply such method to 
multiple RPM records and extract information about APM changes 
of several plates with only minimal assumptions required to match 
the number of degrees of freedom of the problem to the number 
of observational constraints. Specifically, we resort to published 
high–resolution finite rotations that reconstruct the paleo–position 
of the South America-Nubia (SA-NB) system, and make use of 
Bayesian inference (Iaffaldano et al., 2014) to identify time pe-
riods featuring relatively high probability of RPM changes. We 
extend these analyses to several neighboring plate–pair systems 
within the Atlantic and Pacific realms. We focus on periods featur-
ing contemporary RPM changes, and extract information on APM 
changes – including their degree of uncertainty – by requesting 
that independently–established RPM changes be compatible with 
one another. Lastly, we complement our kinematic analyses with 
quantitative assessments of the torque variations necessary to gen-
erate the identified APM changes.

2. Data, noise mitigation, and probability of kinematic changes

We focus on the most recent high–resolution (∼ 1 Myr) fi-
nite rotation datasets for adjacent spreading plates in the At-
lantic and Pacific realms. Specifically, we use the finite rotations 
of DeMets and Merkouriev (2019) for the past position of South 
America relative to Nubia (SA-NB), those of DeMets et al. (2021)
for the Antarctica-Nubia (AN-NB) and Somalia-Antarctica (SO-AN) 
systems, those of DeMets et al. (2015) for the North America-
Nubia (NA-NB) and North America-Eurasia (NA-EU) systems, and 
those of Croon et al. (2008) for the Pacific-Antarctica (PA-AN) sys-
tem (see map in Fig. 1). For all the datasets, we assign geologic 
age to magnetic–field reversal identifications using the geomag-
netic polarity timescale GTS20 of Ogg (2020). This allows obtain-
ing temporally–harmonized finite rotation sets. The high temporal 
resolution of these datasets suggests a potentially high impact of 
noise when these are used to infer stage Euler vectors series (see 
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Fig. 1. Normalized probability of temporal kinematic change for SA-NB (blue), AN-NB (orange), NA-NB (green), NA-EU (red), SO-AN (purple) and PA-AN (brown). Probability 
is measured as the recurrence at which a modeled change is accepted, from an ensemble of 2 ·107 models. Curves represent the added probability for a temporal change in 
the Euler pole and angular velocity, as mapped by REDBACK (Iaffaldano et al., 2014). The inset map shows the global plate margins in black, continents in gray. The position 
of the mentioned plates is also shown in the globe. Acronyms are in dark gray letters. Legend indicates the source of each finite rotation dataset.
Iaffaldano et al., 2012, for more details about noise in Euler vector 
inference). Noise in finite rotations may originate from the chal-
lenge of identifying magnetic polarity inversions on sea–surface 
magnetic anomaly profiles (e.g., Dyment and Arkani-Hamed, 1995), 
or from uncertainties in the specific timescale used for magnetic 
reversals (e.g., Heirtzler et al., 1968; Cande and Kent, 1995). The 
impact of noise on the inference of Euler vectors, and thus of 
plate motion histories, becomes particularly evident with tempo-
rally highly–resolved finite rotations (Iaffaldano et al., 2014), and 
tends to yield geodynamically implausible plate motion patterns 
– that is, patterns that require torques upon plates being built at 
unrealistically high rates compared to the typical time–scales of 
the geological processes responsible for them (e.g., Iaffaldano et 
al., 2013).

REDBACK (Iaffaldano et al., 2014) is an open-source software 
that implements trans-dimensional hierarchical Bayesian Inference 
(e.g., Sambridge et al., 2006) to return noise–mitigated finite ro-
tations and associated stage Euler vectors, each with covariances. 
This is achieved by generating a statistically significant number of 
alternative proposals of finite rotations sets, each obtained by mod-
ifying the number of kinematic changes contained in the set, the 
magnitude or the timing of them, or the associated uncertainty. 
REDBACK estimates the discrepancy between each proposal and 
the input noise–prone data set, and accepts/rejects the proposal 
depending on whether such a discrepancy is smaller/larger than 
a threshold that randomly varies from one proposal to the next. 
This ensures sufficient and adequate sampling of the parameters 
space within reasonable computational time. Using the ensemble 
of accepted proposals, REDBACK counts the recurrences of a kine-
matic change occurring in the dataset at a given time within the 
interval spanned by the set. Counts are performed for the recur-
rence of changes in the path of finite rotation pole – corresponding 
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to a temporal change of Euler pole (i.e., the geographical position 
where a vector oriented as the Euler vector intersects Earth’s sur-
face) – and rotation angle – corresponding instead to a temporal 
change of angular velocity (i.e., the magnitude of the Euler vector). 
For sufficiently large ensembles and reasonable acceptance rates 
in range 30-60%, such recurrence represents fairly well the proba-
bility density distribution (PDF) of a temporal kinematic change – 
that is, the probability density that a kinematic change at a given 
time is warranted by the data (see Iaffaldano et al., 2014, and RED-
BACK manual for more details).

All datasets above have been subject to noise mitigation via 
REDBACK, either by the authors of the original studies (DeMets 
and Merkouriev, 2019; DeMets et al., 2021, 2015) or in subsequent 
studies (Quiero et al., 2022). However, upon harmonization of the 
datasets timescales to GTS20 (Ogg, 2020), it is necessary to re-
perform the noise mitigation analyses on the datasets above. We 
do so using 2 · 107 samples for each dataset, and obtain for all 
of them acceptance rates within the recommended range. Fig. 1
reports the cumulative PDF curves – that is, the summation of 
PDF for temporal changes in Euler pole and angular velocity – for 
the analyzed datasets (see Supplementary Fig. B.1 for separate PDF 
curves). These curves represent the PDF of any type of kinematic 
change (either a shift in the Euler pole or a change in the angular 
velocity) occurring at a given point in time. Well defined proba-
bility peaks in these curves shall thus be interpreted as indication 
that the analyzed RPM experienced a change that is fully accom-
plished over the period stretching from the start to the end of 
the peak. We note several prominent features from the compar-
ison of PDF curves for kinematic changes: (i) all datasets exhibit 
high probability of change between ∼6 and ∼8 Ma. The begin-
ning and end of probability peaks are well defined, and they are 
also well aligned temporally with one another – the only excep-
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tion being the one of the PA-AN system. (ii) Between ∼10 and 
∼14 Ma, the SA-NB system is the only one exhibiting a peak in 
probability of kinematic change. (iii) The NA-NB and NA-EU sys-
tems exhibit peaks of probability at ∼14 Ma, although it remains 
difficult to identify clear start and end points, particularly for the 
NA-EU dataset. Furthermore, the AN-NB record exhibits a peak 
around 4 Ma that is not observed in any other record involving 
either plates, and could possibly owe to the challenge of extract-
ing kinematic information from ultra-slowly spreading ridges such 
as the South West Indian Ridge. For these reasons, we refrain from 
analyzing the latter features, and focus instead on the former two 
in order to extract information on plate kinematic changes over 
the associated time periods (highlighted in gray in Fig. 1).

3. Inference of Neogene APM changes from analyses of RPM 
changes

Generally speaking, and following the Euler–vector equations of 
Iaffaldano and DeMets (2016), the Euler vector ( �ω) describing the 
motion of plate A relative to plate B – that is, their RPM – can 
be expressed also in terms of the APM of each plate – that is, 
�ωA/B = �ωA − �ωB . In the following analyses, we will focus on RPM 
temporal changes expressed as difference between two Euler vec-
tors describing the RPM at two distinct points in time, an initial 
one (i) and a final one ( f ). This can be written as follows:

� �ωA/B = �ωA/B( f ) − �ωA/B(i)

= �ωA( f ) − �ωB( f ) − �ωA(i) + �ωB(i)

= � �ωA − � �ωB (1)

where � �ωA = �ωA( f ) − �ωA(i) and � �ωB = �ωB( f ) − �ωB(i). In other 
words, temporal changes in RPM Euler vectors are linked to the 
temporal changes of the APM Euler vectors. It follows from this 
that a change in the relative A-B kinematics may be explained by 
(i) a change in the absolute motion of A, (ii) a change in the ab-
solute motion of B, or (iii) both simultaneously. Since kinematic 
reconstructions resolve Euler vectors over temporal stages dictated 
by the identified magnetic anomalies, we elect to consider the 
following stages as the start/end of the high PDF focus periods 
highlighted in Fig. 1: focus period 1 is set to begin with the stage 
between reversals 4Ao (9.105 Ma) and 4n.2o (8.108 Ma), and to 
end with the stage between reversals 3An.1y (6.023 Ma) and 3n.4o 
(5.235 Ma). Similarly, focus period 2 is set to begin with the stage 
between reversals 5ACy (13.739 Ma) and 5An.2o (12.474 Ma), and 
to end with the stage between reversals 5n.1y (9.786 Ma) and 4Ao 
(9.105 Ma). In setting these time limits, we took into account the 
actual temporal extension of the PDF peak (Fig. 1) and the over-
all uncertainty associated to each stage Euler vector, which can be 
readily assessed from the trace of the covariance matrix (see Sup-
plementary Fig. B.2).

3.1. APM changes between ∼14 and ∼10 Ma

For this time period, the analyses performed via REDBACK and 
illustrated in Fig. 1 indicate that � �ωS A/N B �= 0, while � �ωAN/N B =
� �ωS O/AN = � �ωP A/AN = 0. It follows from equation (1) that

� �ωS A/N B = � �ωS A − � �ωN B (2)

and

� �ωN B = � �ωAN ; � �ωS O = � �ωAN ; � �ωP A = � �ωAN (3)

which are equivalent to

� �ωN B = � �ωAN = � �ωS O = � �ωP A (4)
4

While in theory there is an infinite family of solutions to the 
latter constraint, it is geodynamically highly unlikely that four dif-
ferent tectonic plates would experience the same kinematic change 
simultaneously. Based on this, the simplest and most probable so-
lution to equation (4) is arguably that all APM changes are equal 
to zero. This feeds back into equation (2) and yields the solution

� �ωS A/N B = � �ωS A (5)

We use the nominal SA-NB Euler vector and associated covari-
ances output by REDBACK for the stage between anomaly 5ACy 
(13.739 Ma) and 5An.2o (12.474 Ma), and generate and ensem-
ble of 106 realizations that is centered around the mean (nominal 
value) and is distributed as dictated by the covariances, which ac-
count for the uncertainty on the nominal value. We repeat the 
same procedure for the nominal Euler vector describing the RPM 
during the stage between reversals 5n.1y (9.786 Ma) and 4Ao 
(9.105 Ma). Fig. 2a shows the distribution of these RPM ensembles 
expressed in spherical coordinates – i.e., as Euler pole and angu-
lar velocity distributions (inset). The Euler vector change is more 
evident in the magnitude inset, where both distributions barely 
overlap (beyond the 95% confidence). Fig. 2b illustrates the as-
sociated surface velocities within SA, calculated at each location 
as vector cross–product between Euler- and position vector. We 
show the 95% confidence ellipses, and though minor overlap is 
observed between the before- and after stages, we verified that 
the motion–change is tectonically meaningful (i.e. no overlap) be-
yond 88%. Next, we take the difference between the two Cartesian 
ensembles of Euler vectors in order to obtain an ensemble of re-
alizations of � �ωS A , from which we calculate mean (i.e., nominal) 
value and covariances (see Table 1). Fig. 3a illustrates the pole dis-
tribution of � �ωS A in spherical coordinates, while Fig. 3b shows the 
associated APM change. From these analyses, we conclude that SA 
APM slowed down its westward motion by 5–7 mm/yr in the time 
period between ∼14 and ∼10 Ma.

3.2. APM changes between ∼9 and ∼5 Ma

The availability of data exhibiting high probability of RPM 
change for this time period (Fig. 1) means that there are 6 ob-
servational constraints (in the form of RPM Euler vector series) 
one can potentially utilize. On the basis of equation (1), these in-
volve 7 unknown APM changes, which will thus require making 
assumptions on one of them in order to avoid dealing with an un-
derdetermined linear system of equations. Because the PA-AN RPM 
change is slightly asynchronous with all other RPMs, and given 
that NB is the geographical center of the available plate-pairs con-
straints, we perform our analyses in three steps: first, we utilize 
jointly the constraints provided by the SA-NB, NA-NB, and NA-EU 
RPM changes:

� �ωN A/EU = � �ωN A − � �ωEU

� �ωN A/N B = � �ωN A − � �ωN B

� �ωS A/N B = � �ωS A − � �ωN B (6)

Such a linear system contains one additional constraint com-
pared to that analyzed by Iaffaldano and DeMets (2016), but re-
mains underdetermined. Therefore, we elect to assume � �ωEU = 0
in order to obtained a determined system. Our assumption is 
based on the fact that EU is the plate with the largest basal area 
(∼ 6.3 · 107 km2, ∼ 10% larger than the second largest – i.e., North 
America; plate contours from Matthews et al. (2016)) among the 
ones involved in the system above. This means that a larger torque 
would be required to modify EU APM, as the viscous resistance 
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Fig. 2. South America-Nubia relative plate motion for stages 13.7 to 12.5 Ma (blue; reversals 5ACy to 5An.2o) and 9.1 to 8.1 Ma (orange; reversals 4Ao to 4n.2o). a) Map 
shows the Euler vector pole positions (gray dots) since 20 Ma (see Supplementary Table A.3), biggest dot marks the oldest stage. Colored dots and contours display the 68% 
confidence ellipses for the selected stages, from an ensemble 106 samples. The upper-left globe inset marks the extension of the main map. The lower-left inset shows the 
magnitude distribution for the ensemble of each aforementioned stage. b) Surface velocity calculated for 6 points within the South America plate, for the same two stages in 
a). Colored contours show the 95% confidence ellipses. Plate names are shown in gray capital letters; AN: Antarctica, AU: Australia, CA: Caribbean, CO: Cocos, NZ: Nazca, SA: 
South America. Maps in a) and b) use Plate Carrée and Orthographic projections, respectively.

Table 1
Absolute motion-change vectors estimated for plates within the Atlantic/Pacific regions.

Period 
[Myr]

Moving
plate

Lon.
[◦E]

Lat.
[◦N]

�

[◦Myr−1]
Covariance elements [10−7 rad2/Myr2]

cxx cxy cxz c yy c yz czz

5.235 - 9.105
(3n.4o - 4Ao)

AN −9.05 7.89 0.038 4.479 −2.531 −0.473 3.029 −0.072 4.561
NA 124.60 76.12 0.063 0.566 −0.395 −0.260 0.450 0.272 1.508
NB 142.86 73.74 0.021 2.878 −1.876 −0.171 1.965 0.411 2.733
SA −37.48 69.22 0.093 3.149 −2.021 0.069 2.114 0.187 3.525
SO 15.82 −2.04 0.023 4.554 −2.542 −0.488 3.090 −0.080 4.604

5.116 - 9.786a
PA 38.20 18.52 0.123 7.058 −3.657 −0.579 5.722 0.238 7.107

(3n.4nm - 5n.1y)

9.105 - 13.739
SA −32.00 55.28 0.059 0.440 −0.219 0.265 0.211 −0.268 1.029

(4Ao - 5ACy)

Absolute plate motion of South America respect to Nubia, as determined from the REDBACK noise-reduction software (Iaffaldano and DeMets, 2016). 
Angular velocities describe a counter-clockwise rotation as a forward motion (from older to younger age). Ages are assigned to each reversal according 
to the GTS20 magnetic anomaly timescale from Ogg (2020) (Table A.2).

a We used a slightly wider range of age for the Pacific plate’s APM, due to the unpaired reversals identified for the Pacific-Antarctica spreading 
(Croon et al., 2008).
exerted at the lithosphere base by the underlying asthenosphere is 
larger than for other plates. Having made such an assumption, the 
system above becomes fully determined:

� �ωN A = � �ωN A/EU

� �ωN B = (−� �ωN A/N B) + � �ωN A/EU

� �ωS A = � �ωS A/N B + (−� �ωN A/N B) + � �ωN A/EU (7)

Next, we focus on the constraints provided by the AN-NB and 
SO-AN RPM changes:

� �ωAN/N B = � �ωAN − � �ωN B

� �ωS O/AN = � �ωS O − � �ωAN (8)

This linear system is fully determined when using one of the re-
sults obtained from equation (7) – that is, � �ωN B = (−� �ωN A/N B) +
� �ωN A/EU . Thus,
5

� �ωAN = � �ωAN/N B + (−� �ωN A/N B) + � �ωN A/EU

� �ωS O = � �ωS O/AN + � �ωAN/N B + (−� �ωN A/N B) + � �ωN A/EU

(9)

Lastly, we look at the constraint provided by the PA-AN RPM, 
and use them in connection with the AN APM change constrained 
by equation (9) in order to obtain an estimate of the PA APM 
change between ∼9 and ∼5 Ma. In doing so, we remain aware 
that the PDF peak for this dataset is slightly asynchronous with 
all the other – something that may possibly owe to either i) the 
impact that the complex tectonic history of this region might have 
had on deformation of the oceanic crust hosting magnetic picks, or 
ii) REDBACK accepting a higher number of likely changes in the PA-
AN ensemble during a period (around 7 Ma) that features slightly 
higher covariances (see Supplementary Fig. B.2).

� �ωP A/AN = � �ωP A − � �ωAN (10)

which leads to
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Fig. 3. South America absolute plate motion change between stages 13.7 to 12.5 Ma (reversals 5ACy to 5An.2o) and 9.8 to 8.1 Ma (reversals 5n.1y to 4Ao). a) Map shows 
the 20% and 60% confidence ellipses for the SA Euler pole change (dark and lighter blue, respectively), from an ensemble of Euler vector change of 106 samples. Inset shows 
the distribution of magnitude-change for the aforementioned Euler vector ensemble, as a normalized probability density curve. b) SA Surface velocity change calculated for 
6 points within the South America plate, associated with the Euler vector change in a). 68% confidence ellipses are shown in blue. Plate names are shown in gray capital 
letters (see caption in Fig. 2). Maps in a) and b) use Lambert Azimuthal Equal-Area and Orthographic projection, respectively.

Fig. 4. Same as in Fig. 2, but this time for stages 9.1 to 8.1 Ma (blue; reversals 4Ao to 4n.2o) and 6.0 to 5.2 Ma (orange; reversals 3An.1y to 3n.4o).
� �ωP A = � �ωP A/AN +� �ωAN/N B +(−� �ωN A/N B)+� �ωN A/EU (11)

We repeat the sampling of RPM changes described above, this 
time using RPM Euler vectors output by REDBACK for the SA-NB 
stages between reversals 4Ao (9.105 Ma) and 4n.2o (8.108 Ma), 
and between reversals 3An.1y (6.023 Ma) and 3n.4o (5.235 Ma) 
– pole, magnitude and motion distributions are reported in Fig. 4. 
In the inset of Fig. 4a we note again the minuscule overlap in an-
gular velocity distributions, even smaller than the one illustrated 
in Fig. 2. Following equation (7), the inferred APM change for SA is 
shown in Fig. 5. The distribution of pole for the APM Euler-vector 
change (Fig. 5a) features somewhat larger uncertainties than in 
the case of focus period 2, though it remains located in the same 
North Atlantic region. However, the angular velocity change (in-
6

set in Fig. 5a) nearly doubles (∼ 1 · 10−1, compared to ∼ 6 · 10−2

deg/Myr in the inset of Fig. 3a). These features imply a more sig-
nificant slowdown of the SA westward motion compared to that 
experienced between ∼14 and ∼10 Ma. Despite the larger uncer-
tainty on the APM change, such a slowdown is beyond the 68% 
confidence (see surface velocity arrows in Fig. 5b), and thus tec-
tonically meaningful.

Taken together with what is illustrated in Fig. 3, these results 
evidence a history of two slowdown events experienced by SA dur-
ing the Neogene, one between ∼14 and ∼10 Ma, the other twice 
as large between ∼9 and ∼5 Ma. These correlate significantly well 
with slowdowns of the convergence of the Nazca (NZ) plate to-
wards SA, inferred by Quiero et al. (2022) from a plate circuit 
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Fig. 5. Same as in Fig. 3, but this time for between stages 9.1 to 8.1 Ma (reversals 4Ao to 4n.2o) and 6.0 to 5.2 Ma (reversals 3An.1y to 3n.4o).
that shares only one plate-pair (SA-NB) with the system of plate-
pairs utilized here. It is worth noting that the NZ/SA slowdowns 
put forth by Quiero et al. (2022) have been inferred mostly from 
the magnetic pickings on the flanks of the East Pacific Rise, and 
thus have been interpreted as evidence of significant slowdown of 
the NZ APM. The SA APM slowdowns inferred in this study provide 
potential constraints to disentangle the partitioning of convergence 
into APM changes of NZ and SA, which we leave to future studies.

Furthermore, we make use of the SA AMP ensemble in Fig. 5, in 
connection with equations (7), (9), and (11) to obtain ensembles of 
Euler-vector changes representing the APM changes of NA, NB, AN, 
SO, and PA. These are reported in Table 1 with their corresponding 
covariances, while pole and magnitude distribution of APM Euler-
vector changes are reported in Supplementary Figs. B.3-B.7. It is 
not surprising that the changes we infer for NA and AN are con-
sistent with those of Iaffaldano and DeMets (2016), as we utilized 
the same input datasets. We note, however, that the APM changes 
inferred here feature narrower distributions (i.e., higher precision) 
than those of Iaffaldano and DeMets (2016), as evident from the 
smaller covariances mapped from the ensembles. We ascribe such 
difference mostly to having used multiple, temporally-harmonized 
RPM constraints in a joint fashion.

The APM changes inferred for NB and SO are the most uncer-
tain among the ones inferred here. This is evident, for instance, 
from the two-lobed distributions of ensembles at the 68% confi-
dence level (see Supplementary Figs. B.5 and B.7). In the case of 
NB, such a feature persists also at the more stringent 20% confi-
dence level, although it disappears at the 10% level. This means 
that, based on the available data and the joint analyses performed 
here, the APM change experienced by NB is likely a slowdown of 
its convergence towards EU – although a convergence speedup re-
mains nonetheless highly probable. The reason for the relatively 
high uncertainties on the inference concerning SO and NB is likely 
the fact that the Southwest Indian Ridge, whose magnetic pick-
ings have been used to determine the input finite rotations used 
here, is classified as an ultra-slow spreading ridge (Patriat et al., 
2008), which makes the picking identification challenging and the 
inference of Euler–vector changes particularly prone to noise (e.g., 
Cande et al., 2010; DeMets et al., 2021).

Previous studies constrained the APM of PA (Wessel and 
Kroenke, 2008) and NB (Doubrovine et al., 2012; Maher et al., 
7

2015) from analyses of hotspot tracks. Studies of the NB APM, 
however, feature a temporal resolution of ∼10 Myr that does not 
permit resolving any APM changes over shorter intervals. Fur-
thermore, they utilize hotspot tracks from both the Atlantic (i.e., 
Tristan, St. Helena, Canary) and Indian Oceans (i.e., Reunion), but 
assume no relative motion between NB and SO, which instead have 
been shown to move independently since at least 40 Ma and to 
have accrued a total divergence of 72±10 km since chron 5Cn.1 
(∼16 Ma) (DeMets et al., 2021). For these reasons, we turn our 
attention to the APM change inferred for PA and compare it to 
that from the APM reconstruction of Wessel and Kroenke (2008). 
Specifically, we use the nominal finite rotations and associated co-
variances of Wessel and Kroenke (2008) to generate 106 samples 
of the stage Euler vectors between ages 11.11 to 8.27 Ma, and 
8.27 to 6.48 Ma – such stages are the ones that adhere the most, 
in a temporal sense, to those used above as bounds of the PDF 
peaks (Fig. 1). Next, we differentiate them to obtain and ensemble 
of 106 realizations of the stage Euler vector describing the APM 
change according to the reconstruction of Wessel and Kroenke 
(2008). Fig. 6 compares the two distributions of APM change ex-
perienced by PA – one inferred from analyses of RPM changes 
(in blue), the other from analyses of hotspot tracks (in red). Such 
comparison shows that while the two inferences are consistent 
with each other, the one drawn from RPM changes features signif-
icantly smaller uncertainties evidenced by the relatively narrower 
distributions of Euler-pole and angular-velocity change. We note 
that the most likely value of APM Euler–vector change inferred 
from the reconstruction of Wessel and Kroenke (2008) implies an 
absolute–motion change in the middle of PA of 54±30 mm/yr, 
which is probably unrealistically high as it would require a sig-
nificant torque–variation imparted to PA. Instead, the PA motion 
change implied by the APM Euler–vector change inferred here is 
7.7±3.9 mm/yr.

4. Torques associated with APM changes

We build on previous studies (Iaffaldano and Bunge, 2015; Mar-
tin de Blas and Iaffaldano, 2019) that link the torque variation 
(� �M) experienced by a tectonic plate to the resulting temporal 
change of Euler vector (� �ω), by taking the underlying astheno-
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Fig. 6. Pacific absolute plate-motion change as obtained from a hotspot reference frame (red; from Wessel and Kroenke (2008)) versus as obtained from RPM analysis (blue; 
fixed Eurasia plate). Map shows the 30% confidence interval ellipse for the PA Euler pole change for each ensemble. Inset shows the magnitude-change distribution for the 
aforementioned Euler-vector ensembles. Map uses Mollweide projection centered at 60◦E.

Table 2
Torque-variation vector and covariances for plates within the Atlantic/Pacific regions.

Period
[Myr]

Moving
plate

Lon.
[◦E]

Lat.
[◦N]

�

[1024 N · m]
Covariance elements [1045 N2· m2]

cxx cxy cxz c yy c yz czz

5.235 - 9.105
(3n.4o - 4Ao)

AN −9.47 8.09 5.01 8.029 −4.385 0.396 4.166 0.166 0.921
NA 109.99 50.82 4.34 0.459 −0.305 −0.250 0.481 0.419 0.488
NB 172.86 58.62 18.81 130.15 −125.369 −91.979 184.505 19.86 142.342
SA −39.40 68.21 8.34 0.520 −0.066 0.838 0.454 −0.495 2.400
SO −31.61 8.88 0.47 0.602 −0.501 0.034 0.443 0.091 0.585

5.116 - 9.786a
PA 40.14 20.74 13.86 36.530 −35.947 −7.099 46.623 −3.519 38.330

(3n.4nm - 5n.1y)

9.105 - 13.739
SA −32.83 65.22 5.13 0.119 −0.047 0.251 0.113 −0.247 0.823

(4Ao - 5ACy)

Torque variation (� �M) required to account for the plate-motion change (� �ω) as � �M = P � �ω, where P is a linear operator that accounts for (i) the geometry 
of the plate and (ii) the viscosity of the underlying mantle exerting resistance (see Supplementary Table A.4 for individual P operator values).

a We used a slightly wider range of age for the Pacific plate’s APM, due to the unpaired reversals identified for the Pacific-Antarctica spreading (Croon et al., 
2008).
sphere as a perfectly-viscous fluid. This relationship can be syn-
thesized as:

� �M = P� �ω (12)

where P is
⎛
⎜⎜⎝

∫
S

μa
Ha

(y2 + z2)dS − ∫
S

μa
Ha

xydS − ∫
S

μa
Ha

xzdS

− ∫
S

μa
Ha

xydS
∫

S
μa
Ha

(x2 + z2)dS − ∫
S

μa
Ha

yzdS

− ∫
S

μa
Ha

xzdS − ∫
S

μa
Ha

yzdS
∫

S
μa
Ha

(x2 + y2)dS

⎞
⎟⎟⎠

(13)

The symmetric operator P accounts for the geometry of the 
plate (via plate area S and position vector components x, y, z) 
and the ratio viscosity/thickness of the underlying asthenosphere 
(μa/Da; see equations in Martin de Blas and Iaffaldano (2019)). 
8

For the geometry of AN, NA, NB, PA, SA, SO, we resort to the recon-
structed plate boundaries of Matthews et al. (2016) for the average 
ages of 7.0 and 11.5 Ma (for focus periods 1 and 2, respectively). 
The spacial distribution of μa is obtained from a given global av-
erage set to 5 · 1019 Pa·s, and accounts for lateral variations in 
the asthenosphere as mapped by Priestley and McKenzie (2013). 
The thickness of the asthenosphere (Da), on the basis of the work 
from Paulson and Richards (2009), is calculated from the relation-
ship between μa and the viscosity of the underlying upper mantle 
(set to 1.5 · 1021 Pa·s). Elements of P for AN, NA, NB, PA, SA, SO 
are reported in the Supplement (Table A.4).

With our focus primarily on South America, Fig. 7 shows the 
torque variations required to account for SA APM changes during 
focus periods 1 and 2. We observe a larger torque requirement for 
the ∼9 to ∼5 Ma change (8.5 · 1024 N·m, against 5.2 · 1024 N·m), 
as expected from the more significant slowdown identified for this 
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Fig. 7. Comparison of torque-variation ensembles for the South America plate for two time periods: (i) 9.1-8.1 Ma to 6.0-5.2 Ma (blue), and (ii) 13.7-12.5 Ma to 9.1-8.1 Ma 
(orange). Main map shows the present-day position of the South America plate (SA; hatched region); colored contours display the 60% confidence ellipse (ensemble size: 
106) for the aforementioned time periods. Inset shows the normalized torque magnitude-change distribution of the ensembles, as probability density curves. Viscosity of the 
upper mantle and asthenosphere are set to 1.5 · 1021 and 5 · 1019 Pa·s, respectively (e.g., Fjeldskaar, 1994; Mitrovica and Forte, 2004). Depth of the lithosphere-asthenosphere 
boundary is set to a global 180 km. Map uses Orthographic projection.
time period. As for pole distribution, the remarkable coincidence 
for both ensembles suggests – although does not require – a com-
mon origin for both Euler-vector changes. The direction of the SA 
slowdowns implied by its Euler-vector change is chiefly East-West 
oriented, which is indeed compatible with expected stresses for 
the lateral force exerted by the Andean vertical load. The tempo-
ral correlation of SA APM changes with changes in tectonic regime 
and magmatism of the Andean belt mapped from geological field 
observations (see Quiero et al., 2022, and references therein) sup-
ports this notion. Testing hypotheses on the geological processes 
behind the APM changes observed, is outside the scope of this 
study. Nonetheless, we provide torque-variation estimates for AN, 
NA, NB, PA, SA, SO (see Table 2), which aim to aid future studies, 
for instance, on the role of pressure-driven Poiseuille mantle flow 
as a driver of plate motion (Stotz et al., 2021).

5. Conclusion

In this study, we explored the kinematic history of South Amer-
ica, by focusing on rapid plate-motion changes. To do so, we used a 
compilation of available high-resolution finite rotations, along with 
statistical tools for noise-mitigation, to obtain (i) relative-motion 
Euler-vector sequences, and (ii) corresponding probability distribu-
tions of kinematic changes for those sequences. From the latter, we 
9

identified periods featuring relatively high probability of kinematic 
change, and – on the basis of the methods developed by Iaffal-
dano and DeMets (2016) – inferred APM changes obtained from at 
least two compatible RPM reconstructions. This approach revealed 
two slowdown events experienced by SA since the Middle Neo-
gene, with APM-changes of ∼0.6 to 1 cm/yr, on average. The torque 
variation needed to exert this motion change was found to be in 
the order of 1024 N · m. We extend this analysis to the neighboring 
plates AN, NA, NB, PA and SO, providing useful estimates on the 
late Cenozoic kinematic history of the Atlantic region, as well as 
new insights on the magnitude of the plate-driving forces involved. 
By inferring APM changes from RPM sequences, our methodology 
trades the ability to reconstruct instantaneous motions (v), for a 
higher degree of precision when estimating a motion change (�v) 
– offering an alternative approach to hotspot-based absolute refer-
ence frames.
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