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S U M M A R Y 

We revisit the budget of 20th century true polar wander ( ∼1 

◦/Myr in the direction of 70 

◦W) 
using a state-of-the-art adjoint-based reconstruction of mantle conv ectiv e flow and predictions 
of ongoing glacial isostatic adjustment that adopt two independent models of Pleistocene 
ice history. Both calculations are based on a mantle viscosity profile that simultaneously 

fits a suite of data sets related to glacial isostatic adjustment (Fennoscandian Relaxation 

Spectrum, post-glacial decay times) and a set of present-day observations associated with 

mantle conv ection (long-wav elength gravity-anomalies, plate motions, excess ellipticity of the 
core–mantle boundary). Our predictions reconcile both the magnitude and direction of the 
obser ved tr ue polar wander rate, with convection and glacial isostatic adjustment contributing 

signals that are 25–30 per cent and ∼75 per cent of the observed rate, respecti vel y. The former 
assumes that large-scale seismic velocity heterogeneities are purely thermal in origin, and we 
argue that our estimate of the convection signal likely represents an upper bound due to the 
neglect of hypothesized compositional variations within the large low-shear velocity provinces 
in the deep mantle. 

Key words: Composition and structure of the mantle; Earth rotation variations; Global 
change from geodesy; Rheology: Mantle; Dynamics: convection currents and mantle plumes; 
Dynamics of lithosphere and mantle. 
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N T RO D U C T I O N  

rue polar wander (TPW) refers to the long-term motion of the
otation axis of the Earth relative to the surface geography. A com-
ination of astronomic and geodetic measurements indicates that
PW during the 20th century involved a mean drift of the North
 ole to ward Qu ébec ( ∼70 ◦W) at a rate of ∼1 ◦/Myr ( ∼11 cm yr −1 ;
rgus & Gross 2004 ). Beginning in the early 1980s, this signal was

ssumed to reflect the ongoing adjustment of the Earth in response
o the past ice age—a hypothesis consistent with the observed di-
ection of the polar motion—and models of the glacial isostatic
djustment (GIA) process were compared to the observed rate to
nfer deep mantle viscosity (e.g. Sabadini & Peltier 1981 ; Sabadini
t al. 1982 ; Wu & Peltier 1984 ). 

It was soon recognized that modern climate signals, and partic-
larly the melting of glacier systems, could have a non-negligible
mpact on TPW (e.g. Peltier 1988 ) and studies of this connection
ame to define ‘Munk’s Enigma’. Munk ( 2002 ) demonstrated that
 arious observ ations related to Earth rotation, including TPW, could
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
e reconciled with a standard GIA model, leaving no room for the
ignal associated with modern glacier or ice sheet melting at a rate
mplied by estimates of global mean sea level (GMSL) rise over
he 20th century. Mitrovica et al. ( 2015 ) resolved this enigma by
dopting an updated (and lower) estimate of 20th century GMSL
ise (Hay et al. 2015 ), using an improved model of the radial profile
f mantle viscosity, and a more accurate treatment of GIA-induced
PW (Mitrovica et al. 2005 ). Their analysis concluded that GIA was

he dominant signal in 20th century TPW, explaining the direction
nd ∼80 per cent of the rate of polar motion. 

These various studies neglected the possibility that mantle con-
 ectiv e flow, the driving force of plate tectonics, contributed signif-
cantly to the TPW over the past century. Steinberger & O’Connell
 1997 ), in contrast, concluded that convection contributed ∼40
er cent of the modern TPW rate in the direction of East Green-
and, and argued that the signal should be considered in efforts to
lose the budget of 20th century TPW. Their study used backward
n time advection of a model of present-day mantle density hetero-
eneity inferred from seismic tomography spanning tens of millions
oyal Astronomical Society. This is an Open Access 
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of years (ignoring thermal diffusion) to establish time-series of in- 
ertia tensor perturbations. Using the same viscous flow theory, but 
different models for the mantle density field that combined recon- 
structions of plate subduction history with density anomalies asso- 
ciated with the two Large Low Shear Velocity Provinces (LLSVPs) 
in the deep mantle, Steinberger & Torsvik ( 2010 ) estimated TPW 

rates of 0–0.3 ◦/Myr over the past 10 Myr, generally in the direction 
of Greenland. These efforts were part of a large body of published 
work that explored the relati vel y muted ( ∼10 ◦) history of TPW over 
the past 120 Myr inferred from paleomagnetic data using a range of 
rotational stability theories (Ricard et al. 1993 ; Richards et al. 1997 , 
1999 ; Gref f-Lef ftz 2004 ; Steinberger & Torsvik 2008 ; Rouby et al. 
2010 ; Chan et al. 2011 ). A general conclusion from such studies 
was that long-term rates of TPW in recent geological history were 
of order 0.1 ◦/Myr ( ∼1.1 cm yr −1 ). 

Adhikari et al. ( 2018 ) revisited the budget of 20th century TPW 

considering contributions from GIA, modern melting of ice sheets 
and glaciers, water impoundment in dams, flux of groundwater be- 
tween continents and oceans, steric- and seismogenic effects and 
mantle convection (see below). They concluded that a mantle con- 
vection signal in TPW with a magnitude of ∼50–70 per cent of the 
observed rate was necessary to reconcile the 20th century trend after 
correction for the remaining signals. The analysis involved 283 con- 
vection simulations using a variety of approaches, including a track- 
ing of inertia tensor perturbations based on reconstructions of sub- 
duction histories or backward advection of initial buoyancy fields 
computed from a suite of seismic tomography models. The simula- 
tions had a mean TPW rate of 0.21 ◦ ± 0.01 ◦/Myr, significantly lower 
than the above range (i.e. lower than 50–70 per cent of observed), 
and only 5 of the predictions yielded a convection signal that sat- 
isfied the TPW observation. The study also concluded that GIA 

contributed only ∼30 per cent of the observed 20th century rate. 
Rigorously establishing the magnitude of the mantle convection 

signal in 20th century TPW and closing the budget of the observed 
signal is important for efforts to use the datum to constrain modern 
global change processes. Towards this end, we revisit the issue here 
using a new simulation of mantle convection across the Cenozoic 
based on an adjoint methodology that solves the full field equations 
governing compressible mantle convection, including thermal dif- 
fusion (Ghelichkhan & Bunge 2016 , 2018 ; Ghelichkhan et al. 2021 , 
2024 ). Adjoint modelling avoids transient behaviour that can occur 
in backward advection schemes—behaviour that can contaminate 
the most recent phase of ev olution, w hich is the time-period of in- 
terest here. A second impro vement o ver previous analyses is the 
rotational stability theory we apply to track TPW. Previous studies 
generally adopted the canonical TPW theory of Gold ( 1955 ) and 
Goldreich & Toomre ( 1969 ) in which no stabilization of the rotation 
axis due to delayed adjustment of the rotational bulge of the Earth 
is included. Our calculations are based on the treatment of Moore 
et al. ( 2017 ), which includes this stabilization due to the rotational 
bulge (Ricard et al. 1993 ) and the so-called ‘remnant bulge’ (Wille- 
mann 1984 ; Matsuyama et al. 2006 ) associated with the presence 
of a (high viscosity) viscoelastic lithosphere. 

B A C KG RO U N D  

Adjoint based reconstructions of cenozoic mantle 
dynamics and structure 

Our reconstructions of mantle hetero geneity e volution are based on 
the methodology detailed by Ghelichkhan et al. ( 2021 ). The adjoint 
method generates an optimized trajectory of global mantle flow by 
iterati vel y refining the initial temperature field to minimize a cost 
function measuring the difference between the model-predicted 
temperature field at present day and an inferred present-day field 
derived from seismic tomography. Unlike backward advection 
schemes, which simulate backward evolution by reversing the grav- 
itational direction, leading to diffusion that operates independently 
of gravity’s orientation, our approach treats the problem as an 
optimization task. This reframing prevents the unrealistic diffusive 
artefacts typical in backward advection schemes. Nonetheless, 
the iterative nature of the method is computationally intensive, 
requiring hundreds of thousands of CPU hours, far exceeding the 
resources typical of conventional forward-time models. 

In this study, we adopt the MF-SL reconstruction of Ghelichkhan 
et al. ( 2021 ), which employs the viscosity profile of Mitrovica 
& Forte ( 2004 ). This reconstruction retrodicts mantle heterogene- 
ity, and the associated non-hydrostatic inertia tensor perturbations, 
since 50 Ma under a purely thermal interpretation, using high- 
resolution global models with ∼670 million finite elements to cap- 
ture mantle dynamics at Earth-like flow regimes. The present-day 
seismic structure is inferred from the shear wave speed model of 
SEMUCB-WM1 (French & Romanowicz 2014 ), with additional 
refinement in the uppermost 300 km using the vertically polarized 
shear speed model SL2013sv (Schaeffer & Lebedev 2013 ). Tem- 
perature conversions account for both elastic and anelastic effects, 
using a thermodynamically consistent pyrolitic mantle mineralogy 
model and a profile for the mantle quality factor Q as outlined in 
Ghelichkhan et al. ( 2021 ). 

Rotational stability theory 

With few exceptions, predictions of TPW dri ven b y mantle convec- 
tion adopt the equilibrium (i.e. final state) theory of Gold ( 1955 ) 
and Goldreich & Toomre ( 1969 ) in which there is no long-term 

stabilization of the Earth’s rotation axis (e.g. Adhikari et al. 2018 ). 
Ricard et al. ( 1993 ) extended the rotational equilibrium (i.e. final 
state) theory of Gold ( 1955 ) and Goldreich & Toomre ( 1969 ) to 
incorporate time dependence in TPW associated with the delayed, 
viscoelastic adjustment of the rotational bulge. This rotational sta- 
bility theory has been extended further to incorporate a stabiliza- 
tion mechanism (the so-called ‘remnant bulge’) first described by 
Willemann ( 1984 ) associated with stresses in an elastic lithosphere 
that arise from the adjustment of the bulge (Matsuyama et al. 2006 ; 
Creveling et al. 2012 ; Harada 2012 ; Chan et al. 2014 ). These elastic 
stresses introduce a memory of an initial pole position. An addi- 
tional extension, by Moore et al. ( 2017 ), treats the case of a vis- 
coelastic lithosphere. On timescales much shorter than the viscous 
relaxation time of the lithosphere, the polar motion computed using 
the Moore et al. ( 2017 ) theory follows the elastic lithosphere case, 
whereas on timescales much longer than the relaxation time of the 
lithosphere, the calculations converge to those computed using the 
time-dependent stability theory of Ricard et al. ( 1993 ). 

Our calculations of convection-induced TPW are based on the 
treatment of Moore et al. ( 2017 ; eq. 12). All Earth models adopt 
the elastic and density structure of the seismic Preliminary Ref- 
erence Earth Model (Dziewonski & Anderson 1981 ) and the vis- 
cosity profile shown in Fig. 1 (Mitrovica et al. 2015 ; henceforth 
M2015), which is characterized by an ∼2.5 order of magnitude 
increase from the base of the lithosphere to the deep mantle, fol- 
lowed by a decrease of comparable amount toward the core–mantle 
boundary (CMB). The profile is within the class of models derived 
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Figure 1. Mantle viscosity profile adopted in simulations. 23-layer viscosity 
profile extending from the core–mantle boundary to the base of the 80 km 

thick lithosphere, after Mitrovica et al. ( 2015 ). Arrow on the x -axis indicates 
the depth of the boundary between upper and lower mantle. 
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hrough simultaneous inversion of ice age and mantle convection
ata sets (Mitrovica & Forte 2004 ). The ice age data included a set
f observations that are relativ ely insensitiv e to uncertainties in ice
istory, the Fennoscandian Relaxation Spectrum and post-glacial
ecay times over Hudson Bay and Fennoscandia. The convection
ata included long-wa velength gra vity-anomalies, plate motions,
urface dynamic topography and the excess ellipticity of the CMB.
e consider three variations of this structure distinguished based on

he adopted viscosity of the lithosphere (10 25 , 10 26 , and 10 27 Pa s)
 hich estab lishes the relaxation time of the lithosphere—and thus

he timescale over which any reorientation of the rotation axis is
tabilized by the remnant bulge in the presence of the conv ectiv e
riving force. In all cases the lithospheric thickness is 80 km. 

The TPW calculations extend 3000 Myr and begin with a
950 Myr ramp-up in which the inertia tensor stays fixed to the first
alues computed in the adjoint simulation. The calculations end
t the present day. TPW reconstructions adopt the same viscosity
rofile used in the adjoint simulation and, in addition, we consider
hree values for lithospheric viscosity: 10 25 , 10 26 and 10 27 Pa s.
hese values have characteristic (Maxwell) relaxation times of 5,
0 and 500 Myr, respecti vel y, and the 2950 Myr ramp-up ensures
hat the pole position at 50 Ma is the same (i.e. viscous effects have
ully relaxed) in all three cases. 

odern drivers of TPW 

ig. 2 shows both the observational constraint on TPW (Argus &
ross 2004 ; black oval—solid) and the signal associated with the

mpact of a suite of processes thought to drive TPW. The signal
hown by the red oval involves contributions from: (1) modern ice
ass flux from global glacier systems, the Greenland Ice Sheet, and

he Antarctic Ice Sheet; (2) water impoundment in dams; (3) flux
f groundwater between continents and oceans; (4) ocean steric
ffects; and (5) seismic events. We adopt values Adhikhari et al.
 2018 ) cited for each of these signals except for water impound-
ent where our analysis of the TPW signal is based on the exten-

ive database of Hawley et al. ( 2020 ). The modern ice mass signal
1), which dominates the total, was based on the Randolph Glacier
nventory (Marzeion et al. 2015 ; RGI Consortium 2017 ) derived
rom climate modelling consistent with observations of glacier vol-
me change and surface mass balance, 20th century Greenland Ice
heet mass changes estimated from aerial imagery and altimetry
easurements (Kjeldsen et al. 2015 ), and a suite of regional studies
f 20th century Antarctic Ice Sheet and glacier changes. The sig-
al from groundwater flux was based on Wada et al. ( 2012 ), steric
ffects on Landerer et al. ( 2009 ). Finally, the polar wander signal
rom co- and interseismic deformation was taken from Cambiotti
t al. ( 2016 ). The components (2)–(4) yield a net signal of ∼0.3 cm
r −1 with an uncertainty of ∼1 cm yr −1 . We henceforth term the
otal signal from (1)–(5) the modern ice flux + signal. 

E S U LT S  

he predicted pole path since 50 Ma (i.e. from the onset on
onvection-induced perturbations in the inertia tensor) is broadly
imilar in all three cases and, as one would expect, the net
isplacement of the pole decreases as the lithospheric viscosity
ncreases (Fig. 3 ). The relaxation time of the 10 25 Pa s lithosphere
s suf ficientl y short that an y further decrease in viscosity will not
mpact the pole path (i.e. stabilization is provided by the rotational
ulge alone). In contrast, the highest lithospheric viscosity case
 xperiences ne gligible viscous relaxation in the lithosphere ov er
he 50-Myr convection simulation, and the lithosphere behaves
ssentially as an elastic plate (i.e. stabilization is also provided by
he remnant bulge). The computed path approximately follows the
eridian −135 ◦E/45 ◦E from ∼50–15 Ma, and then turns to follow
 southwest path over the subsequent 15 Myr. The present-day TPW
ate in these convection simulations increases from 3.3 to 3.9 cm
r −1 (3.0–3.5 ◦/Myr) as the lithospheric viscosity is decreased from
0 27 to 10 25 Pa s, a range that represents ∼25–30 per cent of the
bserved magnitude (Fig. 2 ; green oval). Since stabilization by the
emnant bulge is small for lithospheric viscosities less than 10 25 Pa
, any further reduction in this viscosity toward the value in the
hallow upper mantle ( ∼10 20 Pa s) has negligible effect on the pre-
icted rate. In these TPW calculations we have neglected the impact
f breaks in the lithosphere (i.e. plate boundaries) which would
eaken stabilization by the remnant bulge (Creveling et al. 2012 ).
he prediction in the case of the 10 27 Pa s lithosphere would—if
reaks were incorporated—move toward the low viscosity predic-
ion, but the latter would still serve as a bound on the predicted
ath. 

The final pole positions in the three TPW time-series are not coin-
ident with the present-day pole (Fig. 3 ). Steinberger & O’Connell
 1997 ) and Adhikari et al. ( 2018 ) enforced a present-day pole po-
ition by adding a constant shift in the geopotential to match the
resent-day position. This approach imposes a fixed perturbation
o the inertia tensor across the entire time-series. A more rigorous
pproach would be to run many adjoint-based convection simu-
ations and search for the subset that predict a present-day pole
osition ‘closest’ to the observed location but given the numerical
ost of doing so (see Background) we leave this effort to future
ork. Nevertheless, the displacement of the predicted present-day
ole positions in Fig. 3 from the observed location are relati vel y
mall (e.g. less than 6 ◦ for a lithospheric viscosity of 10 27 Pa s). 

We turn next to TPW driven by GIA. Ongoing polar wander (or
otion) associated with remnant isostatic adjustment following the

ast ice age is sensitive to the broad geographic distribution of ice
ass flux and its evolution from the Last Glacial Maximum (LGM)

o the Holocene. To explore the uncertainty associated with history,
e consider predictions of TPW based on the M2015 viscosity
odel (Fig. 1 ) and three independent, global models of ice history

cross the last glacial cycle, ICE-6 G (Peltier et al. 2015 ), ICE-
 G (Roy & Peltier 2018 ) and a model developed at the Australian
ational University (ANU) (Lambeck et al. 2014 ). In addition,

art/ggaf197_f1.eps
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Figure 2. Observed and predicted 20th century TPW. Black oval (solid line)—observed TPW based on results in Argus & Gross ( 2004 ) using the hotspot or 
mean mantle reference frames. The modern ice flux + , mantle convection and GIA signals are described in the text. Uncertainties in each signal are shown 
as red, green and blue ov als, respecti vel y. Four GIA simulations distinguished based on the adopted ice history (as labelled, bottom right) are shown. The 
con vection predictions in volve three reconstructions distinguished based on the viscosity of the lithosphere (as labelled, bottom left). Black oval (dotted 
line)—combination of modern ice flux + , convection and GIA signals. The oval is positioned by shifting the blue GIA oval using the centroid of the modern 
ice flux + and convection ovals. Angles on the perimeter refer to degrees, east longitude. 

Figure 3. Predicted conv ection-driv en TPW paths. Results are shown for TPW calculations in which the adopted viscosity of the lithosphere is varied (as 
labelled). The path is shown for a Cartesian coordinate system centred on the north pole in which X and Y axes are in the directions of 0 ◦E and 90 ◦E. Calculations 
with higher lithospheric viscosity are marked with shorter TPW paths. 
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w e ha ve also considered the combination of the ICE-7 G history 
and the VM7 viscosity profile to which it is coupled. The VM7 
viscosity model differs from earlier models from the same group by 
increasing the deep mantle to a value of ∼10 22 Pa s, consistent with 
inferences of Mitrovica & Forte ( 2004 ), Mitrovica et al. ( 2015 ) and 
Lau et al. ( 2016 ). The last of these studies demonstrated that a deep 

art/ggaf197_f2.eps
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antle viscosity in this range is necessary to reconcile satellite-
erived constraints on the rate of present-day rate of change of the
egree-2 zonal harmonic of the Earth’s geopotential. 

Predictions of the present-day TPW signal due to GIA based on
he above models and the rotational stability theory of Mitrovica
t al. ( 2005 ) are shown in Fig. 2 (green, cyan, red and blue solid cir-
les within the blue oval). The timescale of ice age loading is faster
han the decay time of the lowest-viscosity lithosphere considered
n the convection simulations (as noted above, ∼5 Myr for the case
f 10 25 Pa s), and thus calculations based on any of the viscoelas-
ic lithospheres are essentially identical. The GIA predictions are
elati vel y insensiti ve to the choice of ice history and the fine-scale
etails of mantle viscosity. The four calculations yield magnitudes
hat are ∼70 per cent of the observed TPW rate with a direction of

75–80 ◦W, that is, toward the location of the Laurentide Ice Sheet
hat dominated the excess ice budget at LGM. Moreover, the sum of
he modern ice flux + , convection and GIA signals—shown by the
ashed black oval—falls within (and thus close the budget of) the
bser ved 20th centur y rate. As a final note, we also considered the
ombination of the Lau et al. ( 2016 ) viscosity model and all three
f the ice histories listed above (ICE-6 G, ICE-7 G and ANU) and
he results differed by less than 6 per cent from the analogous series
ased on the M2015 viscosity model. 

O N C LU S I O N S  

e conclude that the signal of ongoing GIA dominates the budget of
odern TPW and that mantle convection-induced TPW contributed

5–30 per cent of the observed rate. The latter confirms the argument
f Steinberger & O’Connell ( 1997 ) that the signal is a non-negligible
omponent of the 20th century budget, and while it is relati vel y
onsistent with the mean TPW rate of the large suite of predictions
n Adhikari et al. ( 2018 ) it is well below the subset they used to
lose the TPW budget. 

Convection-induced TPW is governed by long-wavelength deep
antle buoyancy structure, and particularly the density anomalies

ssociated with the two LLSVPs at the base of the mantle below
outhern Africa and the southwest Pacific (e.g. Ritsema et al. 2011 ;

cNamara 2019 ; Richards et al. 2023 ). Our mapping of seismic
o density heterogeneity assumes that the former is due to purely
emperature effects, but there is evidence that these structures in-
olve significant compositional heterogeneity (e.g. Forte & Mitro-
ica 2001 ; Lau et al. 2017 ; Richards et al. 2023 ), and in this case
 e ha v e likely ov erestimated the buoyanc y of the LLSVPs. Thus,
e interpret our estimate of the convection signal in TPW to be
n upper bound. Indeed, a reduction of this signal by a factor of
wo, consistent with long-term rates of TPW (Gref f-Lef ftz 2004 ;
ouby et al. 2010 ; Chan et al. 2011 ), can be accommodated while
reserving a fit to the observed 20th century rate. In future work
e will extend the convection analysis described herein to incorpo-

ate the influence of compositional heterogeneities within an adjoint
ethodology (Ghelichkhan & Bunge 2018 ) and to run a larger set

f such simulations. 
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