Earth and Planetary Science Letters 458 (2017) 349-356

Contents lists available at ScienceDirect

EART
SPLANETARY
SCIERCE LETTERS

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Impact of uncertain reference-frame motions in plate kinematic
reconstructions: A theoretical appraisal

@ CrossMark

Giampiero laffaldano **, Seth Stein ”

a Department of Geosciences and Natural Resource Management, University of Copenhagen, Denmark
b pepartment of Earth and Planetary Sciences, Northwestern University, USA

ARTICLE INFO ABSTRACT

Article history:

Received 7 April 2016

Received in revised form 28 October 2016
Accepted 1 November 2016

Available online 17 November 2016
Editor: P. Shearer

Geoscientists infer past plate motions, which serve as fundamental constraints for a range of studies, from
observations of magnetic isochrons as well as hotspots tracks on the ocean floor and, for stages older
than the Cretaceous, from paleomagnetic data. These observations effectively represent time-integrals of
past plate motions but, because they are made at present, yield plate kinematics naturally tied to a
present-day reference-frame, which may be another plate or a hotspots system. These kinematics are
therefore different than those occurred at the time when the rocks acquired their magnetisation or when
hotspot-related marine volcanism took place, and are normally corrected for the reference-frame absolute
motion (RFAM) that occurred since then. The impact of true-polar-wander events on paleomagnetic
data and the challenge of inferring hotspot drifts result in RFAMs being less resolved - in a temporal
sense - and prone to noise. This limitation is commonly perceived to hamper the correction of plate
kinematic reconstructions for RFAMs, but the extent to which this may be the case has not been explored.
Here we assess the impact of uncertain RFAMs on kinematic reconstructions using synthetic models of
plate motions over 100 million years. We use randomly-drawn models for the kinematics of two plates
separated by a spreading ridge to generate a synthetic magnetisation pattern of the ocean floor. The
kinematics we infer from such a pattern are outputs that we correct for synthetic RFAMs using two
equivalent methods (a classical one as well as another that we propose and test here) and then compare
to the ‘true’ motions input. We assess the misfits between true and inferred kinematics by exploring a
statistically-significant number of models where we systematically downgrade the temporal resolution
of RFAM synthetic data and add noise to them. We show that even poorly-resolved, noisy RFAMs are
sufficient to retrieve reliable plate kinematic reconstructions. For relative (i.e., one plate with respect to
another) and absolute (i.e., relative to the deep mantle) plate motions, estimates upon RFAM correction
differ from the true kinematics by less that 10% and 3%, respectively.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Reconstructions of past plate motions, whether relative to one
another or absolute (i.e., with respect to a fixed reference-frame -
typically the deep mantle), are important constraints for tectonic
studies (e.g., Torsvik et al., 2010), mantle circulation models (e.g.,
Schuberth et al., 2009; Davies et al., 2012; Colli et al., 2015), stud-
ies of dynamic topography and associated sea-level (e.g., Moucha
et al., 2008), inferences on torques acting on lithospheric plates
(e.g., Bird et al., 2008; Copley et al., 2010; Austermann and Iaf-
faldano, 2013; Iaffaldano and Bunge, 2015), among others. One
infers past relative motions of plates from reconstructions of their
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relative positions through time, based on the present-day magneti-
sation pattern of the ocean floor (e.g., Gordon and Jurdy, 1986;
Dyment, 1993; DeMets et al., 1994; Gaina et al., 2013; Seton et al.,
2014) and a geomagnetic polarity time scale (e.g., Cande and Kent,
1995; Lourens et al, 1995). Because young, hot crust recorded
the polarity of Earth’s magnetic field when it was accreted to the
lithosphere along mid-oceanic ridges, one can estimate from the
present-day magnetisation pattern how two plates separated by a
spreading ridge have moved relative to each another since a par-
ticular time in the past, and thus reconstruct their past relative
positions. These inferences, referred to as finite rotations, express
the relative rotation between two plates over a finite interval of
time that is known from the geomagnetic polarity time scale (Cox
and Hart, 1986). Finite rotations effectively represent time inte-
grals of plate motions. Geoscientists reconstruct the past relative
positions of any two plates — particularly those on opposite sides
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Fig. 1. Comparison of Pacific/Antarctica (Pa/An) relative motions along the Pitman Fracture Zone (PFZ) inferred from reconstructions of Pa and An absolute motions (blue) and
from differentiation of Pa/An finite rotations (red). The upper inset shows the total motion, while the lower inset shows the azimuth of motion, in ° clockwise (CW) from
North. The green areas show the absolute value of the difference between each kinematic parameter. Plate margins are in grey. Co, Na and Nz are Cocos, North America and
Nazca plates, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of a convergent margin - by combining finite rotations of plate
pairs along circuits that link one plate to the other. For instance,
one may reconstruct the past position of India with respect to
Eurasia from finite rotations along the India-Somalia-Antarctica-
Nubia-North America-Eurasia circuit (e.g., Copley et al, 2010;
van Hinsbergen et al., 2011). In addition, if the past position of
one plate with respect to the deep mantle is inferred from hotspots
tracks (e.g., Doubrovine and Tarduno, 2008; Tarduno et al., 2009)
or paleomagnetic data (e.g., Torsvik and Cocks, 2004), these cir-
cuits allow inferring finite rotations for past absolute (i.e., relative
to the deep mantle) positions, and thus past absolute motions (e.g.,
Torsvik et al., 2010).

From a single finite rotation, one may estimate an average of
the instantaneous - that is, occurring over the shortest time inter-
val one can possibly imagine - rotation axis, or pole, and angular
velocity of motion. Such an estimate averages the actual instanta-
neous motion over an interval from the time associated with the
finite rotation to the present. The rotation axis is assumed to be
oriented along the axis about which the finite rotation occurred,
while the angular velocity equals the rotated angle divided by the
elapsed time. Similarly, from a series of temporally-consecutive
finite rotations, one may derive intermediate finite rotations dur-
ing consecutive stages - covering from the oldest reconstructed
time to the present - and then infer the average instantaneous
kinematics, also known as Euler vectors, during these consecutive
stages (Cox and Hart, 1986), as described above. In the following,
we will refer to such a method as finite-rotation differentiation.
Geodynamicists are interested in stage Euler vectors of absolute

(i.e., relative to the deep mantle) plate motions, because they
enter the torque-balance equation of tectonic plates (laffaldano
and Bunge, 2015), along with the torques controlling plate mo-
tions. Euler-vector variations through geological time are thus the
prime constraint to study temporal changes in plate driving/resist-
ing forces (e.g., Norabuena et al., 1999; laffaldano and Bunge, 2009;
Copley et al.,, 2010). Similarly, stage Euler vectors of relative plate
motions are important in order to study the past tectonic style
of faults (e.g., Brune et al., 2016) or the structural evolution of
Earth’s crust (e.g., Wu et al,, 2016), among others. However, the
present-day magnetisation of the ocean floor and hotspots tracks
allow direct inference of finite rotations, not stage Euler vectors.
Geomagnetic reversals appear in the magnetisation pattern of the
ocean floor as more-or-less defined lines, known as isochrons (lit-
erally, ‘same age’). These formed as hot crust spreading out of
ridges cooled below its Curie point and then travelled along with
the associated plate, while the magnetic field reversed at times.
Because geoscientists infer finite rotations from the present-day
geography of isochrons (specifically, from observations of points
along them called magnetic picks) and hotspots tracks, stage Euler
vectors derived through finite-rotation differentiation are tied to a
present-day reference frame. Therefore, they do not describe ex-
actly the actual kinematics occurred when isochrons formed (Cox
and Hart, 1986).

Fig. 1 illustrates such a discrepancy, or misfit, for the spreading
motion between the Pacific and Antarctica plates. We chose this
example because recent reconstructions (e.g., Croon et al., 2008;
Wright et al.,, 2015), combined together, yield one of the longest
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high-temporal-resolution records of relative finite rotations. Fig. 1a
shows the total motion at the Pitman Fracture Zone, inferred by
differentiating the noise-reduced (laffaldano et al., 2012, 2014a)
finite rotations of Croon et al. (2008) and Wright et al. (2015)
(red), and from reconstructions of the absolute motions of the Pa-
cific and Antarctica plates (blue), using the GPlates tool (Gurnis
et al, 2012) and the finite-rotations collection by Gibbons et al.
(2015). Fig. 1b shows the associated azimuth of motion in the two
cases. For simplicity, we use the absolute value of the difference
between these kinematic parameters (shown in green) to indicate
the misfit between actual kinematics (i.e., derived from the Pa-
cific and Antarctica absolute motions) and those inferred through
finite-rotation differentiation. Because the temporal resolution of
the two records is different, some misfit is expected. However, had
resolution been the only source of differences, the misfits would
be more or less constant through geological time. This would ap-
ply also for kinematic reconstructions with respect to a hotspots
reference frame. Instead, it is evident that the records differ in-
creasingly at older stages — misfits increase backwards in time,
indicating additional sources of discrepancy. Plate kinematicists are
familiar with such misfits. For relative plate motions, they arise be-
cause isochrons observed at present and used as reference frames
to infer finite rotations have moved, with respect to the deep man-
tle, since the time they formed, according to the absolute motion
of the plate to which they belong. Similarly, for plate motions rel-
ative to hotspots reference frames, misfits arise because hotspots
are not fixed, but rather drift with respect to the deep mantle
(e.g., Davies and Davies, 2009), causing reference frames to move
through time with respect to the tracks already left on Earth’s sur-
face. In Fig. 1, the Pitman Fracture Zone motion in blue features a
correction for the reference-frame absolute motion (RFAM), while
that in red does not.

It may seem intuitive to link the precision of RFAM correc-
tions to the temporal resolution and accuracy of the reconstructed
RFAMs, which are inferred from the age progression of hotspots
tracks and paleomagnetic data from the Cretaceous and Juras-
sic. These typically feature a temporal resolution of 10-20 million
years (Myr) (e.g., Gordon and Jurdy, 1986; Miiller et al., 1993;
Torsvik et al.,, 2010; Doubrovine et al,, 2012). In contrast, recent
reconstructions of relative finite rotations based on observations
of the ocean-floor magnetisation patter resolve past relative posi-
tions and motions at a resolution of 1 Myr or less (e.g., Croon et
al.,, 2008; Merkouriev and DeMets, 2006, 2008, 2014; Eagles and
Wibisono, 2013). In addition to the non-fixity of hotspots, the pos-
sible impact of true polar wander on paleomagnetic records (e.g.,
Torsvik et al., 2012) make RFAM reconstructions challenging. Under
such a premise, corrections for RFAMs may seem equally challeng-
ing. In this study we present a theoretical appraisal of the preci-
sion of these corrections when RFAMs are noisy and not as well
resolved (in a temporal sense) as the records of plate motions rel-
ative to other plates or to hotspots systems. We use a statistically-
significant number of synthetic calculations of spreading evolution
in which we generate, and thus know, absolute (i.e., relative to
the deep mantle) motions of two plates sharing a spreading ridge,
from 100 Myr ago to the present. From these, we generate syn-
thetic picks on the present-day isochrons that we use to infer finite
rotations between the two plates and the resulting time series
of stage Euler vectors for their relative motions - through finite-
rotation differentiation. We then correct the relative kinematics us-
ing as RFAM a coarser, noisy version of the absolute motion of the
plate to which the reference-frame for relative motion is anchored.
Our synthetic calculations feature angular velocities comparable to
those of the relative motions between plates, as well as those typ-
ical of the kinematics of a plate with respect to a slow plate or to
a moving hotspots system. This lets us draw inferences relevant to
both relative and absolute plate motions. These simulations take

advantage of the fact that we can perform finite-rotation differ-
entiation in a synthetic setting where true absolute and relative
motions are known. Therefore, we appraise the impact of uncer-
tain (i.e., noisy and relatively-poorly resolved) RFAMs on kinematic
reconstructions by comparing the true kinematics with those ob-
tained upon differentiation and RFAM correction, using two equiva-
lent methods: the classical one that requires finite-rotation combi-
nation, differentiation and vector summation (Cox and Hart, 1986),
as well as an alternative, equivalent procedure. Lastly, we address
the implications for surface plate velocities.

2. Kinematics of two neighbouring plates sharing a spreading
ridge

We consider a ridge - referred to as R - separating two imagi-
nary plates A and B that starts spreading 100 Myr before present.
We generate a series of 100 stage Euler vectors @gay for the ab-
solute (i.e., relative to the deep mantle) motion of A. The index
k=1, ...,100 identifies each 1-Myr-long stage, with k =1 closest
to the present. We change the kinematics of A every 5 Myr, in
line with evidence from noise-reduced finite-rotation data sets (e.g.
laffaldano et al., 2012, 2014b; DeMets et al., 2015). Thus, @ has
the same value for k =1, ..., 5, a different value for k =6, ..., 10,
yet a different value for k =11, ..., 15, and so on. For the absolute
motion of plate A, the angular velocity during each 5-Myr-long
stage is randomly selected in the range from 0.1 to 1°/Myr, con-
sistent with reconstructed absolute plate motions since the Cre-
taceous (Torsvik et al., 2010). Doing so yields absolute plate ve-
locities up to 11 cm/yr. The longitude and latitude of the Euler
pole during each stage is randomly assigned within a 40° x 40°
region, whose centre is also randomly selected on Earth’s surface,
but remains fixed during the entire model time (100 Myr). For
the absolute motion of plate B, we set the time series of stage
Euler vectors gy in the same way, but independently of @ay. Be-
cause we use the synthetic magnetisation pattern on plate B as
the reference frame for inferring relative finite rotations, we also
introduce the possibility of setting its angular velocity in range
from 0.1 to 0.2°/Myr. This lets us simulate a slower-than-usual
RFAM (absolute velocities up to 2 cm/yr) that better mimics the
velocities of relatively-slow plates like Africa and Eurasia, or the
inferred drift-rates of hotspots (e.g., Richards and Griffiths, 1988;
Davies and Davies, 2009), both of which are often used as ref-
erence frame in kinematic reconstructions. Furthermore, such a
range of angular velocities is in line with previous findings on
the motions of hotspots reference frames. For instance, O’Neill
et al. (2005) inferred some 10° of motion of the Indo-Atlantic
moving hotspots reference-frame with respect to the deep man-
tle for stages older than 80 Ma, which implies a RFAM of around
0.125°/Myr - on average - or more - if that motion was not ac-
crued continuously through geological time. We assume that at any
time R has the shape of the present-day Carlsberg Ridge, where
India and Somalia diverge. This arbitrary choice has no impact on
the kinematics of plates. We then use &g, and gy to simulate
the absolute motion of R by requiring that spreading be symmet-
ric, so Wgk = (@War — @ak)/2 + Wpy. Because of this, the motion of
A relative to R, Wark = @ak — gk, is always half that of A relative
to B, Wapk = @ak — @Wpk. The shape of R is fixed, while its abso-
lute (i.e., relative to the deep mantle) position - which we also
track - changes through time consistently with @gy. Incorporat-
ing spreading asymmetry and a ridge that changes shape would
only add degrees of freedom to the problem, with no additional
benefit to our goals. For simplicity, we assume that Earth’s mag-
netic field reverses every 1 Myr and use @ak, @pk, @rk and the
shape of R to generate synthetic isochrons. As model time goes
by, we generate two isochrons - one on A, the other on B - ev-
ery 1 Myr. From then, until the present, we use @a, and gy to
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Fig. 2. Statistics for the comparison of true kinematics with those inferred from finite-rotation differentiation, prior to RFAM correction, for the ensemble of 5000 synthetic
simulations of motion between plates A and B. In dark colour are ensemble averages, while light-colour areas/lines show the regions where 95% of the samples fall. Blue
refers to the ensemble where RFAM is in range 0.1 to 1°/Myr, while red refers to the case where RFAM is in range 0.1 to 0.2°/Myr. a) Relative norm of the difference of
stage Euler vectors - i.e., misfit - associated with true and inferred kinematics. b) Maximum geodesic distance - i.e., residual - between present-day synthetic picks of A
and those rotated from their initial positions using the inferred finite rotations. c) Difference between angular velocities of true and inferred stage Euler vectors. d) Geodesic
distance between Euler poles associated with true and inferred stage Euler vectors. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

displace these isochrons on Earth’s surface, but keep their shape
fixed to fulfil the requirement of plate rigidity. We then sample the
present position of each isochron at 50 points that mimic picks of
the magnetic anomalies. After 100 Myr of model time, we use the
100 sets of two isochrons for every Myr to infer finite rotations
for the past position of A relative to B. This involves an inversion
for the matrix that rotates picks of A from their initial positions
- that is, coinciding with those on B, to which the finite-rotation
reference frame is therefore anchored - onto their present-day po-
sitions.

Various methods have been proposed to do this (e.g., Bullard
et al., 1965; McKenzie and Sclater, 1971; Pilger, 1978; Hellinger,
1981), each featuring different benefits/drawbacks in relation to
availability as well as quality of magnetic picks and their uncer-
tainties. Here we use a procedure similar to that of Pilger (1978),
which finds the rotation matrix that minimises the sum of squared
misfits between picks. Since we deal with synthetic picks, we
know exactly, for each pick on A, its conjugate on B. This knowl-
edge eliminates the need for generating and mapping synthetic
fracture zones of the ocean floor, and using the chord formed
by the two closest picks in Pilger (1978)'s procedure. The supple-
mentary information describes our inversion method, which yields
both finite rotations and the maximum geodesic distance - or
residual - between conjugate synthetic picks upon rotation. Next,
we differentiate the set of 100 inferred finite rotations, which are
- in Cox and Hart (1986)'s nomenclature - forward motion poles.
These rotations, if used to generate a movie of their progression,
would yield forward relative motions causing new ocean floor to

spread out of the ridge. Therefore, their differentiation yields the
time series of stage Euler vectors for the relative motion of A with
respect to B, forward in time. We use the finite rotation associ-
ated with the most recent time to infer the Euler vector for the
stage from that time to the present. This is equivalent to augment-
ing the set of finite-rotation matrices with the identity matrix for
the rotation since 0 Myr ago. We refer to this series of Euler vec-
tors as ABk» and compare them with the true stage Euler vectors
for relative motion @ gy.

We repeat this test 5000 times, each time using new randomly-
generated series of @ga, and @gy. Each test is a sample of an
ensemble that we deem large enough for statistically meaning-
ful inferences on plate-motion misfits. Fig. 2a shows the ensemble
statistics for the relative norm of Euler-vector difference |@apr —
szgkl/\cT)ABkL which quantifies as a single scalar value the dis-
crepancy between reconstructed and true kinematics. Dark colours
show ensemble averages, while light-colour areas/lines show the
ranges where 95% of the samples fall and thus represent confi-
dence intervals on the averages. We take these estimates as repre-
sentative of the misfits associated with finite-rotation differentia-
tion over a period of 100 Myr prior to the present, when no correc-
tion for RFAM is performed. Blue refers to the ensemble where the
RFAM angular velocity is in range from 0.1 to 1°/Myr, while red
refers to the ensemble where this is in range from 0.1 to 0.2°/Myr.
These ranges imply that the former ensemble provides an indica-
tion of misfits associated with fast relative plate motions since the
Late Mesozoic, while the latter better fits the case of plate motions
relative to slow plates or to moving hotspots systems.
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In fact, from a mathematical viewpoint, past positions of a plate
relative to another plate or to a hotspots system are both expressed
by finite rotations. This means that in our models there is no need
to also generate synthetic hotspots tracks on the ocean floor in or-
der to infer synthetic past absolute positions of plate B, to which
the reference frame for relative motion is attached. Knowledge of
the past positions of R — which we track in our models - serves
this purpose. As one should expect, misfits become progressively
larger for older stages. For fast (0.1 to 1°/Myr) RFAM, they can ex-
ceed 50% of the true relative motion back to times like the Early
Cenozoic or Late Mesozoic. Fig. 2b demonstrates that misfits do
not arise from the inversion method we use for inferring finite ro-
tations from synthetic picks of each stage. We show the ensemble-
average maximum residual between present-day positions of picks
on plate A and the rotated initial positions of the same. Within the
95% confidence intervals - light-colour areas/lines - these residu-
als do not increase for older stages — as the misfits in panel a do
- and are too small to explain the misfit magnitude. Instead, these
small residuals are associated with the precision of the computer
used for our calculations. Figs. 2c-d further analyse the misfits:
panel ¢ shows the average absolute value of the difference in an-
gular velocities, |@apk| — |§2A3k|- while panel d shows the geodesic
distance between the Euler poles for @ap, and Qap. The former
is very small, about 6 orders of magnitude smaller than the true
angular velocities. Therefore, misfits in panel a arise mainly from
the fact that stage Euler poles are reconstructed in different posi-
tions than the true ones, as evidenced by statistics in Fig. 2d. Such
a misplacement becomes progressively larger for older stages, in-
dicating that misfits result largely from the present geographical
positions of the conjugate isochrons - which impact the rotation
poles — rather than the angular distance between them - which
impacts the angular velocity.

3. Accounting for RFAM: data resolution and noise

These analyses are consistent with the fact that RFAM occurred
while relative rotations between plate and reference frame ac-
crued, thus generating a misfit between true kinematics and those
obtained from finite-rotation differentiation. One may correct these
misfits using either of two equivalent procedures, both of which
require knowledge of the RFAM in the form of finite rotations for
the past absolute (i.e., relative to the deep mantle) positions of
the reference frame. In our synthetic simulations, we obtain them
using knowledge of the past positions of R in addition to the syn-
thetic magnetic picks. In reality, however, RFAM finite rotations
require hotspots tracks or paleomagnetic data, and are therefore
less resolved - in a temporal sense - and prone to noise. The
first, classical procedure consists of combining the reference-frame
absolute finite-rotations with those expressing past relative posi-
tions between plate and reference frame, in order to obtain past
absolute plate positions, past absolute motions of plate and refer-
ence frame, and thus the correct relative motions between plate
and reference frame. Such a procedure involves a few iterations
of finite-rotation differentiation/addition — using matrix algebra -
and vector summation (Cox and Hart, 1986). The second proce-
dure, which we propose and test here, requires one differentiation
and one combination of finite rotations: it consists of rotating the
stage Euler poles of relative motion inferred through differentia-
tion by an amount equal to the time-integral of the opposite of
the RFAM, from the time associated with the stage in question to
the present.

We use the ensembles described at the end of Section 2 to test
the extent to which coarse temporal resolution of RFAM recon-
structions impacts the inference of plate/reference-frame kinemat-
ics. To this end, we correct for RFAM by post-processing the stage
Euler poles for relative motion that have been inferred through

finite-rotation differentiation, szBk, following the latter of the two
procedures. We indicate with yp the series of stage Euler vectors
for the absolute motion of B, to which the reference frame is an-
chored. Y5 spans the same time period of @gy, but differs from
it in that it features a smaller number of vectors. This mimics
a coarser temporal resolution of RFAMs compared to the relative
kinematics inferred from the finite rotations set. We refer to the
length of the temporal stages associated with yp as Atg, to the
unit vectors associated with the absolute Euler poles as pg, and
to the absolute angular velocities as yp. Similarly, F4p, indicates
the unit vectors of the Euler poles associated with @4py. Lastly, we
indicate with R(ii, #) the matrix describing a rigid rotation of an
angle 6 about the axis ii. We rotate the stage Euler poles Fagk Ob-
tained through finite-rotation differentiation into r’4p; as follows:
assuming that the first m vectors of the series Y span the period
from the present back to the k-th stage of gk, then

1’ agk = R(DBm. —VBm Atgm)R(PB(m—1), —YB(m—1)AtBm—1))--.
R(Pp1, —¥B1AtB1)T ABK (1)

Since the absolute motion of B is in fact known from its finite ro-
tations with respect to the deep mantle, we note that the sum (as
defined by the algebra of rotation matrices) of stage rotations in
the formula above is always equal to the sum of one of the fi-
nite rotations and a fraction of its temporally-preceding one. This
would be the case also for real reconstructions. We refer to the
stage Euler vectors of relative motions upon post-processing as
Q' agk. They feature the same angular velocities of 24pk, but stage
poles modified according to Eq. (1). To apply the post-processing
described above to the ensembles of Section 2, in each sample we
first obtain a coarser-temporal-resolution selection of finite rota-
tions for the past absolute position of B by taking one every T Myr
from the 100 synthetically-generated rotations. Next, we differen-
tiate this series and use the obtained stage Euler vectors as ¥, in
Eq. (1). Figs. 3a-c show the relative norm of the Euler-vector misfit
|@WaBk — ' aBk|/|@apk| for values of T equal to 10, 20 and 50 Myr
in our ensembles. We show results for the cases where RFAM an-
gular velocities are in ranges from 0.1 to 1°/Myr (blue) and from
0.1 to 0.2°/Myr (red). In the supplementary information we show
the same statistics, obtained using the classical method for RFAM
correction. They are the same as those in Fig. 3, and hence demon-
strate the equivalence of the two methods. The misfits are now
significantly smaller than those inferred prior to post-processing.
The inferred kinematics better match the true ones for smaller
values of T, which is justified by noting that averaging the RFAM
over shorter periods better captures the actual motion, and thus
provides a more precise correction for the locations of stage Eu-
ler poles at any point in the geological past. This is also reflected
in the periodicity that the improved misfits exhibit. Nonetheless,
even when we set T =50 Myr (Fig. 3c) and use just two Eu-
ler vectors for the series Yp to mimic a much coarser temporal
resolution than any absolute-motion reconstruction available (e.g.,
Gordon and Jurdy, 1986; Torsvik et al., 2010), the stage Euler vec-
tors after post-processing match the true kinematics significantly
better than the originally-inferred ones. Regardless of the value we
assign to T, the worst-case scenario is one where average misfits
never exceed 3% and may thus be deemed negligible compared to
other sources of uncertainty.

Next, we assess the extent to which noise in RFAM impacts the
correction and thus the inference of true kinematics. We repeat
the tests performed to explore the effect of coarser temporal res-
olution of RFAM, but introduce random noise in RFAM data. To
this end, we perturb the longitude, latitude and angle of the finite
rotations for the past absolute positions of B by random values.
Longitude and latitude of the finite-rotation subsets are perturbed
by up to 5°, while the rotated angle is perturbed by up to 0.5°.
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c) RFAM resolution: 50 Myr
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Fig. 3. Same as Fig. 2a, but for correction of the inferred stage Euler vectors for RFAM, when the latter is resolved every 10 (a), 20 (b) and 50 (c) Myr. (For interpretation of

the colours in this figure, the reader is referred to the web version of this article.)
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Fig. 4. Same as Fig. 3, but for correction of the inferred stage Euler vectors using a noisy version of the RFAMs. (For interpretation of the colours in this figure, the reader is

referred to the web version of this article.)

These perturbation values are in line with results from studies of
noise reduction through transdimensional hierarchical Bayesian In-
ference (e.g., Malinverno, 2002; Sambridge et al., 2006; Bodin and
Sambridge, 2009) in real finite rotations for past plate positions
since the Mid-Cenozoic (e.g. [affaldano et al., 2012, 2014b; DeMets
et al.,, 2015). Results from these tests, shown in Fig. 4a-c (see the
supplementary information for the results obtained using the clas-
sical method for RFAM correction), indicate that even by using a
noisy RFAM record, one may still arrive at an acceptable estimate
of the true kinematics: when RFAM angular velocities are in the
range from 0.1 to 1°/Myr (blue in Fig. 4), average misfits never
exceed 5% of the true kinematics, although some of the samples
feature misfits around 10%. When RFAM angular velocities are in
range from 0.1 to 0.2°/Myr (red), misfits never exceed 3%, indicat-
ing that even coarse, noisy knowledge of RFAMs is sufficient for
reliable estimates of absolute plate kinematics. Unlike in Fig. 3, the
misfits in Fig. 4 remain similar despite RFAMs being less resolved
as one moves from panel a to c. This owes to the trade-off between
the impacts of RFAM resolution and noise. Finite-rotation noise is
known to hamper the inferred plate kinematics progressively more
as the temporal resolution improves (e.g., laffaldano et al., 2013).
For example, the same amount of noise added to a finite rotation
for the past 2 Myr will have a larger impact on the inferred kine-
matics than if the same rotation instead occurred over 10 Myr. On
the contrary, RFAM corrections improve for better-resolved RFAMs,
as evident from Fig. 3. Therefore, when the two effects are com-
bined, misfits tend to remain similar.

Because the surface motions associated with angular velocities
in range from 0.1 to 0.2°/Myr are similar to the inferred drift-rates
of hotspots, the statistics in red in Fig. 4 are particularly relevant to
reconstructions of absolute (i.e., relative to the deep mantle) plate
motions, on which studies concerning dynamic topography (e.g.,
Braun, 2010; Flament et al., 2013), the adjoint method in mantle
convection (e.g., Ghelichkhan and Bunge, 2016) or mantle hetero-
geneity structures (e.g., Shephard et al., 2012) rely. This motivated
us to explore the magnitude of the misfits between true and in-
ferred surface velocities associated with these stage Euler vectors.
We start by randomly generating, for each samples used in ex-
ploring the impact of noise, a position X on Earth’s surface 50° to
140° away from the average Euler pole over the 100 Myr of model
time. This is in line with the observation that rigid plates typically
feature Euler poles located around 90° away from their center of
mass (Gordon, 1998), and implies surface velocities in range from
10 to 130 mm/yr.qWe then calculate the time series of inferred
surface velocities v’ ABK = Q/ ABk X X and compare it to the series of
true velocities Vapk = @apk X X. Fig. 5a shows the difference in to-
tal motion - that is, the absolute value of (|v/ABk| |V apkl) - for
cases where corrections to the kinematics inferred through differ-
entiation are performed using RFAM resolved at 10 (brown) and
20 (green) Myr. Fig. 5b shows the angular separation between the
directions of inferred and true motions. Misfits of total motions
are lower than 2 mm/yr, which means they are negligible com-
pared to other sources of uncertainty. However, misfits of velocity
directions, while negligible on average, in some cases exceed 20°.
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Fig. 5. Statistics for the comparison of true surface motions with those inferred by finite-rotation differentiation and correction for RFAM, when the latter is in range from 0.1
to 0.2°/Myr and resolved at 10 (brown) and 20 (green) Myr. Ensemble averages are in dark colour, while light-colour areas/lines show the 95% confidence regions. a) Misfit
of total motions. b) Angular distance between motion directions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

This may have implications, for instance, for studies of the past
style (convergent, divergent or transform) of tectonic margins (e.g.,
Boschman and van Hinsbergen, 2016) or when comparing deep-
mantle structures inferred from seismic tomography with those
predicted in mantle circulation models, which use reconstructions
of absolute plate motions over the past 100 to 200 Myr as top-
boundary kinematic conditions (e.g., Domeier et al., 2016).

4. Conclusions

We developed synthetic models of the temporal evolution of
two plates separated by a spreading ridge over 100 Myr. In these
models, absolute (i.e., relative to the deep mantle) plate motions
were set as inputs and used to generate a synthetic pattern of
ocean-floor magnetisation, and to track the past positions of a
ridge. From these, we determined finite rotations for the past rela-
tive positions of plates, as well as for the absolute position of the
reference frame. We differentiated relative finite-rotations to infer
stage Euler vectors for the relative motions, and compared them
to the true kinematics. Failing to account for reference-frame ab-
solute motions (RFAMs) in range from 0.1 to 0.2°/Myr, which is
comparable to the velocities of slow-moving plates or to hotspots
drift-rates, can lead to relative misfits between inferred and true
kinematics of around 20%. However, when RFAMs are in range
from 0.1 to 1°/Myr, which is typical of fast tectonic plates, relative
misfits can reach 50% or more. Corrections for RFAM can be per-
formed following two equivalent procedures. We assessed how the
coarse temporal resolution that is typical of RFAM records (com-
pared to relative plate-motion records) impacts the correction of
plate/reference-frame motions. Furthermore, we explored the ad-
ditional impact of RFAM data noise on these corrections. We found
that even coarse, noisy RFAMs are nonetheless adequate to retrieve
accurate estimates of the relative (i.e., one plate with respect to an-
other) kinematics that depart from the true ones by less than 10%.
For absolute (i.e., relative to the deep mantle) plate kinematics,
misfits decrease to less than 3%.
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