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Responses to reviewer comments are in italics

First off, this is a long paper with many detailed components and one could easily go down
a rabbit hole picking at various assumptions one doesn’t like. In spite of this there are
several fairly straightforward conclusions. The authors frame this work as applying a
“tectonic rules” based approach however I think a more useful description would be to say
that they are testing a set of assumptions. Because they compare their approach with a
series of other approaches, it strikes me that this is a test.  The tectonic rules are (lines
198-201): “(1) rates of net lithospheric rotation (NR) are minimized but non-zero, (2)
global trench migration velocities are minimized, favouring trench retreat over trench
advance, (3) spatio-temporal misfit between plate motion model and present-day hotspot
chains is minimized, and (4) global continental median plate speed remains < 6 cm/yr,
based on continental plate speed statistics reported in Zahirovic et al. (2015).”  I wonder,
recognizing that these “rules” are really “assumptions” and/or general results of
geodynamic models that may or may not be unique, whether all of these rules are
necessary or whether one or two of them are sufficient to produce the results reported in
the work. This is important because these “rules” are not really hard and fast rules.

We agree that our "rules" could be regarded as "assumptions". However, rules are nothing
but principles that have been established to govern some process or activity.  By calling
such principles rules, it does not necessarily follow that everyone agrees that these rules
should be followed or that they are universally applicable.  They are the rules that govern
the optimisation procedure we have developed, because we believe that they are
important for how plate tectonics works based on cumulative evidence from published
data and geodynamic models.  Of course not everyone may agree, but we prefer to retain
the use of the expression "rules" in our paper. 

First (lines 777-779), these are the assumptions the authors used to constrain the model,
that the model results are consistent with the assumptions is useful (e.g., you didn’t screw
up the optimization) but they are not really conclusions.

We have removed this sentence from the conclusions.

Second, the authors focus on the LLSVPs in the conclusions, which are problematic for two
reasons:



As the authors state (lines 736-742) “It is noteworthy that the unoptimised model PMAG,
not representing a mantle reference frame, reaches an equivalent accuracy to the
optimised models OPT1 and OPT2 (Fig. 14a). This reflects that the present-day mantle
structure is largely the result of the post-250 Ma subduction history (Flament, 2019) and
that the unoptimised versus the optimised models do not show any dramatic differences in
the position of plates and subduction zones during 740 this time (compare reconstructions
of the two models at 300 Ma and 200 Ma in Fig. 2a). The post-250 Ma differences in the
subduction history between these models are not large enough to create any major
dissimilarities between the modelled lower mantle structure at present-day.” This is one of
the most important aspects of this work and it shows that the “rules” approach used here
isn’t really significant to achieve the LLSVP structure.

We agree with this point, and have now added an alternative method of assessing the
success of the optimised model, following the method used in a recently published paper
by Flament et al. (2022). This is a statistical method used to assess how consistent the
history of LIP volcanism through time is with modelled mobile basal mantle structures, as
compared to fixed ones, over the last billion years. Also, to further clarify, the mantle
reference frame rules were not primarily introduced to be able to reproduce the current
LLSVP structures. They are clearly not necessary for that purpose. They were instead
introduced because reference frames that do not satisfy our optimisation criteria,
especially in terms of net rotation and subduction zone migration, introduce many obvious
artefacts in plate-mantle models, including unreasonable lateral displacement of mantle
material (in response to unreasonable net rotation) and unreasonable behaviour of mantle
flow associated with subduction zones that present unreasonable lateral motions.

In the geodynamic modeling, the imposed plate and subduction motions/locations,
dominate the flow and significantly disrupt the balance of forces. The fact that the authors
don’t see a difference between the two different density scaling factors for the LLSVPs is
consistent with this. The statement, “demonstrating that the excess density of the basal
mantle layer plays a secondary role, in comparison to the imposed plate motion history”
may or may not be true. It is an artifact of the modelling approach, not a conclusion. That
LLSVPs get moved around by the plate slab system isn’t really novel. It was described in
Bull et al. (2014) and in King (2015) as well as by many other authors, some of whom are
cited at lines 677-679. In fact, in King (2015) I don't impose plate velocities so this is
somewhat unique, although to be transparent, many people don't like the approach I use
to create long-wavelength plate-like flow.

We agree and have added the references by Bull et al. (2014) and in King (2015).  We
agree that there are other papers also concluding that subduction motions/locations
dominate mantle flow, but it would be unreasonable to expect having all these papers
cited. Our list of cited papers is preceded by "e.g.", implying that this is just a
representative subset of papers. We have modified the statement “demonstrating that the
excess density of the basal mantle layer plays a secondary role, in comparison to the
imposed plate motion history” to "suggesting that the excess density of the basal mantle
layer may play a secondary role, in comparison to the imposed plate motion history",
following the reviewer's suggestion that this may or may not be true. 

Next, one of the more interesting conclusions is buried in the middle of the paper (lines
319-322) and should be repeated in the conclusions: “This comparison provides an
important insight, namely that the simple lithospheric no-net-rotation rule used to produce
the NNR model produces results that are not dramatically different from a model
optimised by a set of more general tectonic rules.” The next sentence (lines 322-324)
speaks to the importance of the result, “This is important because NNR models have been
frequently used in tectonic and mantle flow models for practical reasons (e.g., Mao and
Zhong, 2021; Zhong and Rudolph, 2015; Behn et al., 2004; Kreemer and Holt, 2001) in
the absence of other available mantle reference frames.” This gets to the heart of my



concern in the first paragraph, which rules are critical and which rules are not? Do we
need them all? Does imposing one enforce the others?

We have now added this explanation: In terms of the relative importance of plate motion
optimisation parameters, our results suggest that minimising net rotation is the most
important one, with minimising subduction zone migration of secondary importance, as
minimising net rotation also reduces subduction zone migration to some extent (also see
Müller et al. (2019) for a discussion of the effect of changing the relative weight of these
parameters). Preventing the speed of continents to exceed continental speed limits is the
least important parameter. We introduced it to ensure that large swathes of synthetically
reconstructed ocean floor would not result in a minimal net rotation solution that imposes
unreasonable motions on the smaller continental regions.

Finally, the interesting aspects of the reconstruction (lines 793-804) is the second part of
the paragraph starting with LLSVPs and the present day pattern (which as I mention
above) the authors point out is really controlled by the past 250 Myrs and not the period
covered by the tectonic assumptions. The reconstruction differs from the assumption from
the Oslo researchers that the piles are more or less stationary and from the results of
Zhong, Rudolph, Zhang (and others in the Colorado group) that should an oscillation
between degree 1 and degree 2 anomalies but (as I recall) these were mostly in the
equatorial region. This work does see some transition between degree 2 and degree 1
(lines 705-710) and the evolution appears to be quite different than what has been seen
in previous work. I’m something of a visual person and it would really be helpful to find a
sketch diagram of the LLSVP locations through time. I realize there are different figures
with temperatures in the deep mantle (Figure 9, 11, 12, 13) but it would be helpful to link
the text more closely to the figures. The upper mantle structure (Figure 10) feels like a
distraction and not really part of the story. It certainly doesn’t help me. With all those
figures I’m not sure they add to my understanding or overwhelm. I really think this part of
the paper could be streamlined.

We agree, and have now added a new figure that is essentially a set of "sketches" that
show the distribution of the African and Pacific LLSVPs through time, as well as LLSVP
material that is not part of either the African or Pacific LLSVP. (Fig. 12). Further back in
time (early Paleozoic and Proterozoic) the geometry of the LLSVPs becomes quite
complex, such that the relative proportion of "non-African" and "non-Pacific" LLSVP
material increases. The sketches should help with visualising LLSVP geometries through
time. 

In terms of upper mantle structure, we prefer to retain these figures in the paper, as there
is a large community seeking to connect the evolving upper mantle thermal structure to
intraplate magmatism. Therefore, these figures should be of interest to a range of readers
in the field of geology. 

The idea of two thermochemical piles at the poles is quite interesting and could/should
have interesting implications for the dynamo. There is no mention of that here.

We agree and have added a paragraph on this topic as follows:

The differences in the modelled history of basal mantle structures, i.e. their location, size
and heterogeneity has implications for modelling the Earth's magnetic field through time.
LLSVPs increase the insulation of the core-mantle boundary, decrease the temperature
gradient and suppress core-mantle boundary heat flow (Li et al., 2018). Glatzmaier et al.
(1999) suggested that the polar core-mantle boundary heat flow may be key to driving
magnetic reversal frequency. In contrast, Olson et al. (2010) found that the average
polarity reversal frequency is sensitive to the total core-mantle boundary heat flow and to
the total heat flow at the equator, while reversal frequency may also increase with the



amplitude of the boundary heterogeneity. Our basal mantle structure models could be
used to evaluate the effect of alternative plate-mantle models on the spatio-temporal
patterns of core-mantle boundary heat flow, and magnetic reversal frequency. Such
models could also be used to test the validity of alternative reference frames, in terms of
how well modelled magnetic reversal frequencies match observed ones.

When I look at Table 1, I wonder why there is a thermal diffusivity but no coefficient of
thermal expansion, etc. It seems somewhat odd to call out this one material property and
not list them all.

We had refrained from listing all parameters involved, as they have been listed in previous
papers that this paper builds upon, especially (Flament, 2019). However, we have now
followed the reviewer's suggestion and listed all relevant parameters in Table 1.
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