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Manuscript EPSL-D-18-01272
Disentangling Interglacial Sea Level and Global Dynamic To-
pography: Analysis of Madagascar
S.N. Stephenson, N. White, T. Li and L.F. Robinson

Response to Editor’s Comments

(1) “The reviewers of this manuscript both argue that the observations and their interpre-
tation as constraints on vertical displacements of the sea surface relative to the land surface
are of broad interest both because of the methodological approach and the findings. I par-
ticularly note the comment that, even if the implications for dynamic topography are am-
biguous, the results are still significant for several other research directions. I am therefore
recommending major revisions, and I encourage the authors to emphasize their observations
and methods, and perhaps explore all of the different ways that the results could be used in
the discussion.”

We thank the reviewers for their positive endorsement and we acknowledge that this manuscript
primarily reports a set of new field observations from a significant part of the world where there is
currently a paucity of paleo sea-level data. We have revised the manuscript, following Reviewer
1’s suggestions, to emphasize and to highlight the field methods used to collect the database. In
particular, we have been more careful about how we report elevation measurements in order to
clarify our results and ensure that the study is repeatable. In the final paragraph of the manuscript,
we state and explain the two main ways in which our study has important implications. Namely
the short length- and timescales over which dynamic topography can evolve and the implications
of the evolution of dynamic topography for interpreting paleo sea level. We state “Our Mala-
gasy study has two far-reaching implications. First, our results highlight the short timescales and
length scales over which dynamic topography evolves ... Hence, the evolution of dynamic topogra-
phy probably arises from changes in the sub-lithospheric pattern of convection. This inference is
consistent with previous observational and modeling studies that also suggest that dynamic topog-
raphy can evolve rapidly and on short length scales. Secondly, it is evident that heights of sea-level
markers along continental margins from the last interglacial period, MIS 5e, globally vary.” We
think that expanding the discussion of the implications of this work to other fields would lessen
the impact of the results in these two important areas.

(2) “I still think that, in part because dynamic topography has been used to mean either
density heterogeneity in isostatic equilibrium or forces applied to the base of the lithosphere
by mantle convection, the constraints on dynamic topography from the results are difficult
to explain, thereby limiting the impact.”

We only partly agree. It is correct that that dynamic topography has two components: an isostatic
component arising from thermal expansion of the mantle and a flow component arising from vis-
cous stresses at the base of the plate. These two components have been known about for many
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years but it has proved extremely difficult to separate out thermal isostatic and flow components
in practise. In our study, we choose to investigate the implications of assuming that observed dy-
namic topography arises from isostatic compensation of a mass anomaly within an asthenospheric
channel. In effect, this assumption means setting the surface deflection sensitivity kernel to a value
of one within the asthenospheric channel and to a value of zero beneath it (see, e.g. numerous
publications by Brad Hager and Mark Richards as well as Hoggard et al., 2016). This approach is
not unreasonable since a viscosity jump between the asthenosphere and sub-asthenospheric man-
tle would result in a rapid decrease in the value of the sensitivity kernel at depths greater than the
base of the channel. Such a decrease in the sensitivity of surface deflections to mass anomalies
at greater depths will result in shallow anomalies contributing a much larger proportion of dy-
namic topography than deeper anomalies. Indeed, it is likely that temeprature variations within the
asthenospheric channel are able to explain much of the observed short-wavelength dynamic topog-
raphy on Earth. Numerous studies have shown that a low viscosity asthenospheric channel is likely
to exist in diverse tectonic settings, ranging from plumes and plate boundaries to intraplate settings
far from plumes. In this case, we would expect the assumption of thermal isostasy with compen-
sation at the base of a 100 km-thick channel to account for a large proportion of the observed
dynamic topography at sub-1000 km length scales. We show that this assumption is consistent
with a range of independent observations. This conclusion, which is based upon our combination
of geologic and geophysical observations, is significant since most predictive models of dynamic
topography strongly emphasize the flow component as opposed to the thermal component. From
a wider perspective, there is ongoing debate about the inability of numerical models which predict
dynamic topography to match observational constraints (Hoggard et al., 2016). This inability is
compounded by the fact that different numerical models of mantle viscous flow produce different
amplitudes and wavelengths of dynamic topography. In that sense, none of these numerical models
have adequate predictive power. In contrast, we have observed slow shear wave velocity anomalies
beneath northern Madagascar that are consistent with a temperature anomaly. The presence of this
temperature anomaly is also consistent with independent petrologic/geochemical constraints of as-
thenospheric temperature. Finally, this anomaly can be shown to provided thermal isostatic support
that is in agreement with observed dynamic topographic measurements. The logical conclusion is
that viscous flow is not actually required although we are careful not to preclude it.

(3) “First, there is considerable current debate about the exact definition of ‘dynamic to-
pography’. The authors should be more clear about whether they are suggesting a dynamic
‘push’ from active mantle upwelling, or whether they are suggesting an equilibrium isostatic
response to a mantle thermal anomaly. This distinction is not merely semantic; it determines
the plausible spatial length scale for the expected mantle contribution.

We do not agree. We are well aware of this debate which is largely a matter of debate between
Alessandro Forte and Michael Gurnis. The former argues that the definition of dynamic topography
should include the age-depth cooling relationship observed in the oceanic realm. The latter, along
with the bulk of the dynamic topographic community are happier to use a more restrictive definition
(i.e. dynamic topography is that component of topography generated and maintained by sub-
plate density variations through Stokes’ law). This more widely accepted definition automatically
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includes a combination of thermal/density anomalies and the effects of viscous flow which are not
easily separable. Thus the editors statement is essentially incorrect: dynamic topography must be
a combination of ‘push’ and ‘response’ simply because both arise from thermally/compositionally
driven density variations. We acknowledge that we were perhaps not as clear as we should have
been in explaining our approach. We have now included the equation used to calculate thermal
isostatic uplift (Equation 1), a reference to the paper that explains the equation together with a new
passage of text. We now state “We calculate uplift as a function of temperature and thickness of an
asthenospheric channel using Equation (2) of Rudge et al., 2008”. We further add that “We note
that this approach excludes the component of dynamic topography that arises from viscous flow
within the mantle”. We hope that this clarifies our approach. We think this approach is reasonable
and logical, as discussed in response to point (2).

(4) “Second, the area of sampling seems to be a poor fit to the likely length scale. Particularly
for the mantle impingement model of dynamic topography, even the current manuscript
text acknowledges dynamic topography wavelengths of O(103 km). The samples measure
terraces over only tens of kilometers in northern Madagascar. A mantle source of vertical
displacement should be much more widely observed. There seem to be many more plausible
places to check for related signals elsewhere in Madagascar and on the adjacent coast of
Africa, and a longer wavelength signal would be much more convincing evidence for mantle
involvement.”

We agree that our observations do not constitute a terrace transect that is long enough on its own
to reconstruct the shape of the entire dynamic swell. However, we are puzzled by the implication
that our observations cannot represent the gradient in dynamic topography on the edge of a larger
feature. We point out that we are viewing an 80 km transect along the edge of a dynamic topo-
graphic swell which has grown northwards. We agree that we may be able to observe evidence for
such a feature on other coastlines in the region but East Africa and Madagascar are both poorly
sampled and difficult places to do field work. We carefully present observations of oceanic residual
depth, elevations of limestones and denudation estimates which all indicate that Madagascar and
its surroundings are both anomalously elevated and have undergone Neogene uplift (Figures 1 and
6). Critically, the spatial pattern of oceanic residual depth estimates clearly map out a swell of
elevated bathymetry around northern Madagascar and the Comore Islands (Figure 1a). We merely
propose that this Neogene uplift has continued into the Quaternary Epoch and is manifest in our
terrace observations. Thus our terrace observations clearly sit within a wider region of dynamic
support which is at the expected scale (Hoggard et al., 2016).

(5) “Furthermore, relatively simple numerical calculations that demonstrated the expected
spatial distribution and amplitude of a possible signal would be much more convincing than
the bounding calculations currently provided. Such calculations should also be able to test
whether the implied vertical velocities are plausible for a mantle source.”

We disagree that carrying out complex flow calculations would be more convincing because pub-
lished numerical simulations demonstrate that there is little or no consensus concerning either the
amplitude or wavelength of predicted dynamic topography. We agree that it would be possible to
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carry out numerical simulations of the flow beneath northern Madagascar but it is not clear what
such calculations would prove. In our view, it is more useful to exploit an observationally driven
approach whereby the uplift pattern generated by a temperature anomaly sitting immediately be-
neath the plate is calculated. We acknowledge that these calculations are simple but they have
the clear advantage of transparency. The rates of vertical motion are within the range of those
observed in other locations where mantle processes are more unambiguously a driver of dynamic
uplift and subsidence (e.g. South Atlantic margins, peninsular India, Northwest Shelf of Australia,
fringing continental margins of North Atlantic Ocean). In the revised Ms, we cite studies which
report observed rates of up to a few tenths of a millimeter per year, an order of magnitude faster
than the rate of tilting observed here. Our approach greatly reduces the number of free parame-
ters compared to flow calculations and so arguably produces more obviously transparent and more
readily interpretable results.

(6) “Last, the current version does not systematically evaluate and rule out other explanations
beside the eustatic sea level and glacial rebound options. Estimates of tectonic contributions,
changes to ocean circulation or hydrologic mass loading, and maybe other alternatives should
be at least discussed in sufficient detail to exclude them from consideration. Not entirely
dissimilar terraces in southern India, for example, are attributed to tectonic loading and
anthropogenic effects in a few cases.”

We disagree with this statement and we are puzzled since we have carefully explored different
mechanisms in Section 3 and in the Supplementary Material. First, as you state, we explore the
possibility that glacial-isostatic adjustment may have tilted the coastline. This process explicitly
includes the ‘hydologic mass loading’ process referred to, which is described and termed ‘con-
tinental levering’ in the manuscript. Next, we investigate whether active faulting could generate
the observed gradient (Section S3). Finally, we explore whether flexural loading by the Montagne
d’Ambre could be responsible for our pattern of observations. In each case, we find that it is
unlikely that this process could generate the tilt observed in the appropriate geometry and on the
observed timescale since the published value of elastic thickness is too small (see, e.g., Roberts et
al., 2012). We note in passing that regional tilting of peninsular India is unlikely to be supported by
flexure for the same reason that the published elastic thickness is too small (Richards et al., 2018).
In the case of active faulting, a large fault is required for which there is no observational evidence
(we show the relevant seismic reflection profile). In the case of lithospheric flexure, the most likely
load greatly predates the age of the terraces and so cannot be responsible for the gradient in terrace
elevations. In our view, our analysis of other possible explanations is fairly exhaustive, given the
length of the Ms.

(7) “The interpretation of mantle dynamic topography based on a small number of samples
in a very limited spatial area is simply not sufficiently supported in the current version.”

We disagree for the reasons described above. A crucial aspect of the Ms is that we have shown
how the emergent terraces sit within a substantial region of dynamic topographic support which is
attested to by residual depth measurements, seismic tomographic models, long wavelength free-air
gravity anomalies and igneous rocks. To summarize, we regard other conceivable mechanisms for
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generating tilting of the coastline are implausible based on the careful analyses that we carried out.
Conversely, the shape of the swell implied by tomographic anomalies, long wavelength free-air
gravity and residual depth anomalies is consistent with the geometry of the terraces. Widespread
evidence for regional uplift based upon elevated marine rocks, denudation estimates and basaltic
magmatism is present around northern Madagascar.

Response to Reviewers’ Comments
Reviewer 1

The first reviewer has provided a suite of detailed and constructive comments. He/she made few
comments regarding the causal mechanisms and discussion sections whilst the main concerns were
centered around the description of our field methodology and terrace observations. We agree with
all of these cricisms and we have carefully addressed all of the substantive comments raised by
this reviewer in order to clarify much of the terminology used in the manuscript. We hope that
these changes improve the description of the methodology and make the revised manuscript easier
to understand.

Response to specific comments
(1) “It would be helpful to separate your methods with our descriptions of the terraces in this
section”
We partly agree that methodology and description were combined together such that our descrip-
tion of how a sea-level datum was established was confusing. We have revised this section of the
manuscript to clarify how we established a tidal datum. We first discuss the field methodology
before describing the terraces.

(1) “Reading through this section it is really unclear how you are measuring your elevations.
You need to state exactly what you are using as your Zero datum, where all subsequent mea-
surements are made. is it MHWS or MLWS or the Earth Geoid?”
We agree that this aspect of the methodology was unclear. Our primary goal is the calculate the
difference in elevation between paleo sea-level markers and their modern equivalents. For the
elevation of coral on reef flats we use the mean low water springs datum as our reference. We
have rewritten this section of the manuscript in order to clarify this issue. We have also added a
section to the Supplementary Material, outlining all of the sources of uncertainty in the individual
measurements made. In particular, we now state that “We are intersted in measuring the difference
in height between modern and paleo sea-level markers in order to assess changes in relative sea
level.” We now state that “a datum was established by surveying the elevation of modern geo-
morphic markers such as the upper limit of tidal notches, the inner margins of wavecut platforms,
and heights of encrusting marine organisms. Each of these observations can be used to estimate
the height of the local mean high water springs datum”. We then state that “All elevation mea-
surements are reported with respect to the mean low water springs datum”. We think that these
changes make the presentation of our results much clearer.

(2) “Line 81: Global tidal model - Which one exactly?”
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The tidal model used is provided by the Admiralty Tide Tables of the UK Hydrographic Office,
which is stated in parentheses at the end of the sentence and referenced accordingly.

(3) “Line 84: This statement is slightly misleading, coral reefs can grow at depths greater
than 2 m below MLWS, however reefs that exhibit a distinct reef flat morphology, particu-
larly evident in coastal fringing reefs likely represent an indicative sea level range of no more
than 2 m below MLWS.”
We fully agree and we have clarified our revised text by stating “Since corals grow on fringing reef
flats at depths that are no greater than ∼ 2 m below the mean low water springs datum, our coral
heights are corrected to this datum, assuming an uncertainty of ±1 m in palaeo water depth”. The
coral reefs observed around northern Madagascar are all fringing reefs with reef flat morphology.
Furthermore, the relationship between the elevation of coral heads and other paleo sea-level mark-
ers such as tidal notches and wavecut platforms indicate that the corals grew at approximately the
height of the mean low water springs datum.

(4) “Line 89: Can you provide a bit more detail on the dGPS system were you using the
global Geoid model (EGM2008?) as your zero datum for measurements. What are all your
measurements referenced to?”
We have added “We used a Thales ProMark 3 system with a tripod-mounted base station and two
handheld roving GPS receivers”, which explains a little bit about the D-GPS system. All of our
measurements are referenced to the mean low water springs datum. We have clarified this issue in
our revised manuscript as discussed in point (2).

(5) “Line 90: It is not clear how or why you are getting +/-0.5 m uncertainty or error? Based
on what criteria??”
We agree that the source of this uncertainty was unclear and we have revised the text to state
“Variations in the elevation of these geomorphic markers was found to be typically ±0.5 m.”
We have also added “Next, where possible, additional checks were made by measuring local sea
level and by recording measurement time.” And finally, “Root mean squared uncertainties in
tidal measurements compared to the tidal model were also ±0.5 m. Taken together, these two
sets of measurements indicate that the mean high water springs datum can be estimated with an
uncertainty of ±0.5 m”. We hope that this expanded description provides suitable clarity.

(6) “Line 92: It is not clear what you are trying to say here, were is this uncertainty coming
from? Measurement error, indicative range uncertainties or something else?”
The ±1.2 m uncertainty arises from summing all uncertainties previously stated. We have added
“Assuming these uncertainties are uncorrelated, summing all errors in quadrature yields a com-
bined uncertainty for measurements of terrace elevation of ±1.2 m”. These errors include uncer-
tainty in indicative range, relative sea level, the tidal correction and GPS measurement uncertainty.
We consider this uncertainty to be a conservative estimate since a range of geomorphic markers
such as differences in the heights of tidal notches and forereef sandstones report similar values.
Note that we do not use the terms ‘indicative range’ or ‘indicative meaning’ in the manuscript
because we want the Ms to be accessible to a range of audiences.
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(7) “Line 93: Life position change to growth position.”
We thank the reviewer for this suggestion and we have made this change.

(8) “Line 102: Simple structure - Again these terms you are using are not very informative,
not sure what you mean exactly by ‘simple structure”’
We agree and we no longer use the term ‘simple structure’. We also clarify that we are reporting
heights relative to the mean low water springs datum in this section as suggested by the reviewer.

(9) “Line 103: Crest - How are you defining the ‘crest’ a reef crest would represent the
seaward edge of a reef platform, if this is the crest then use the term ‘reef crest’ if you are
using the crest to define another geomorphic feature you need to give more detail.”
We agree that we used the term ‘crest’ loosely when referring to the maximum elevation of the
terrace and not the ‘reef crest’, which is a geomorphic feature. This confusing terminology has
been revised so that we now refer to the height of the ‘upper surface’. All later references to
‘crest’ have been removed where they do not refer to the reef crest as suggested by this reviewer.

(10) “Line 109: I really cant picture this, ‘pillars’ is not a reef geomophic term”
We partly agree and have adjusted our use of the term ‘pillars’ accordingly. We now refer to
“coral heads” where we mean single colonies protruding from a sandstone or basement surface.
All references to coralliferous or sandstone pillars have been removed and replaced with more
appropriate descriptions.

(11) “Line 109: Bench and platform are terms that can be used interchangeably, it is not
clear how either of these features relate to each other.”
We use these two terms to refer to two different geomorphic and geological features. To clarify
their use, we have included a new figure which displays the geomorphology of the intermediate
terrace at Cap d’Ambre where it is most spectacularly exposed. A gently seaward-sloping wavecut
platform intersects a cliff on its landward, inner margin and is superseded by backreef sandstones,
which form a subhorizontal bench on its seaward, outer margin. Coral heads and sandstones pro-
trude from both bench and platform. We have rewritten the text of this section to describe the new
figure and to clarify the description of these important geomorphologic and geologic features. We
have clarified our use of the term platform by adding the adjective “wavecut”.

(12) “Line 110–112: It would really help if you had a cross section of sketch describing this
morphology, that way it is described I am unable to get a picture of the deposit/outcrop”
We entirely agree with this suggestion and we have now included a new figure in order to clarify
the geomorphology of the intermediate terrace. The new Figure 3 includes photographs of the
intermediate terrace at Cap d’Ambre, viewed from both directions close up and at distance. Panel
(c) is a schematic cross section of the geomorphic and geologic features of the terrace and it also
highlights the tidal datums used for measuring the heights of the terraces. The new figure shows
all of the main features described in the text, including notch, wavecut platform, sandstones and
coral heads in both photographs and as an interpretive diagram. We have expanded the description
of our field methodology to make our approach clearer for the reader as suggested by the reviewer.
We also include the elevation calculations in the Supplementary Material.
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(13) “Line 113: The upper shoreface represents the middle to upper inter tidal zone, coral do
not grow within this geomorphic zone and definitely does not represent a feature positioned
below the lowest astronomical tide.”
We agree that the term upper shoreface was misused. It is more likely that the bioturbated sand-
stones and mudstones actually represent a back-reef environment. The reef crest is likely to have
been located seaward but has been eroded away. The geologic features of this sandstone are now
shown in new Figure 3.

(14) “Line 114: What does this even mean? Do you mean height above modern mean sea
level (MSL) if so then you have not explained how you arrived at correcting your biological
benchmarks to a MSL datum both in the modern and fossil contexts”
We agree that our reference to sea level was vague and unclear since we refer to sea-level markers
which are found at different heights above the mean low water springs datum. We have revised this
sentence to clarify that the intermediate terrace is found 9.3 m above its modern equivalent, which
is a consistent observation across different sea-level markers. We now state “These self-consistent
observations indicate a difference in height between modern and palaeo sea level markers of 9.3±
1.2 m for the intermediate terrace”. We have also expanded our description of how we benchmark
our paleo sea-level markers against modern equivalents at the start of Section 2.

(15) “Line 119: You are describing this deposit as beach rock then how is it possible that the
corals in this depost can be in “life position” its a beach! The corals do not grow on beaches
therefore the corals are not in life position and are actually coral rubble.”
We have removed the reference to the coral being collected from “life position” and now refer
only to its height and the dated coral sample collected from the rock. We thank the reviewer for
highlighting the silly mistake!

(16) “Line 123: What do you mean by this? Compositionally mature sands would suggest
they have been transported large distances with no feldspars and well rounded and well
polished quarts grains. Line 124: It should be immediately obvious if the sediments were
aeolian in origin, fine grained, well sorted, cross bedded. Did the deposit have any of these
characteristics?”
We have expanded our description of the sandstones which overlie the reef deposit. We have added
the adjectives “fine grained, cross bedded and quartz-rich” to describe the sandstones.

(17) “Line 125: Again I don’t know what these are? Can you at least have a figure with some
photos?”
We have added a new Figure 3 which should help to make the description of the terrace clearer for
the reader. All references to coral “pillars” have been removed and these geomorphic features are
now clear on Figure 3.

(18) “Line 133: You need to stick to a single datum when measuring the elevations of your
corals and terraces, I suggest correcting everything to the EGM2008 geoid model”
We agree and we have revised the manuscript accordingly to make the datum we use much clearer.
We have used a single datum for referencing our elevation measurements (i.e. mean low water

8



springs), and we report the difference in height between paleo sea-level markers and their modern
equivalents on Figure 4. It is not possible to use a geoid model because we do not have tidal
estimates relative to this model. Instead, we establish a local datum by surveying the heights of
high tidal markers and by periodically measuring local sea level and comparing to a tidal model
published by the UK Hydrographic Office’s Admiralty Tide Tables as referenced in the revised
Ms.

(19) “Line 137: You have absolutely no data to support this, why cold it not be MIS 7 or 9,
31 or Pliocene?”
We fully acknowledge that this statement lacked supporting information and we have changed
the text to “The undated upper terrace probably represents an interglacial period that predates
MIS 5e”. We have retained a small component of speculation about this surface toward the end of
the revised Ms.

(20) “Line 153: Use 10m/Mya for long timescale calculations”
We have changed this value to 10 m/Ma as suggested by the reviewer.

(21) “Line 193–194: You cannot make this assumption based on a comparison of other sites,
each will have its own unique tectonic history, just because it is high does not automatically
mean the upper terrace is Stage 11 ”
We fully agree and have removed this statement although we retain a component of speculation
toward end of the revised Ms.

(22) “Line 206: Not clear what you are trying to say here”
We have clarified this point by including the following sentences. “This observation suggests that
there was no systematic regional change in relative sea level during the period of time over which
the intermediate terrace formed. Our observations are consistent with a single sea-level highstand
during MIS 5e which resulted in the formation of the observed suite of sea-level markers”. We
hope that this revision helps to convey that we think these terraces formed during the same sea-
level highstand and have since been tilted.

(23) “Line 209–211: This is fair enough but you did not explain the relationship between the
terrace height, coral elevations and notches along a single terrace transect. Do you observe
evidence of a single stable sea level highstand, or oscillating sea levels during MIS5e, if these
terraces have been uplifted then there should be ample geomorphic evidence to tease out this
ongoing problem of sea level behaviour during MIS 5e.”
We think our observations point to a single highstand but we are reluctant to assert this point too
strongly. While we did not observe a continuous transect along a single coastline, we did exten-
sively map the terraces at each locality. At Cap d’Ambre, for example, we surveyed a 3 km-long
section of coastline, including a 1.5 km-long continuous platform (New Figure 3). At Orangea,
we observed a 1 km-long continuous outcrop. These observations make us confident that we have
mapped the same terrace at each location. We have now added “Observations from Western Aus-
tralia and from the Yucatán peninsula of Mexico suggest that sea level remained relatively constant
from the start of MIS 5e until a putative increase that post-dates 120 ka. Whilst we cannot rule out
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this possibility, we did not observe any evidence for a late increase in sea level”. We don’t think
our observations rule out possible fluctuations in sea level, but it is likely that we have observed
the same coral reef along the coastline. No clear evidence was found for fluctuations in sea level
at any site.

(24) “Line 217–219: These calculations should be in the main manuscript not the supplemen-
tal material”
We agree and we have moved Figure S2 into the main text as new Figure 6. In addition, we have
shifted the description of the glacial-isostatic adjustment calculation into the main text and have
added description of parameters used to calculate the model.

(25) “Line 231: It is still not clear where these GIA calculations are?”
We thank the reviewer for highlighting that the GIA calculations should be in the main text and we
have moved Figure S2 and expanded this section accordingly.

(26) “Line 253: This is not correct, there is well documented subsidence on Australia’s NW
shelf, however papers published on Australian MIS reefs have elevations of 3 to 6 metres,
consistent with other regions around the globe”
We believe that the reviewer is referring to, for example, the radiometric and glacio-isostatic anal-
ysis of O’Leary et al. (2013) who examined the coastline of Western Australia. The clearest and
best-dated manifestation of MIS5e along this coastline comprises a “lower, broad, erosional fring-
ing reef” that occurs at an average elevation of 2.5 ± 0.5 m. We quote this value in our Ms and
include it on Figure 1a and b. We agree that there is subsidence (i.e. dynamic draw-down) further
north. We do not think that the values we have quoted are incorrect, partly because we think that
the later analysis presented by O’Leary et al. (2013) in their Figure 3 is insufficiently robust.

Reviewer 2

The second reviewer wrote a positive and enthusiastic review. He/she highlights that “the cen-
trepiece of this manuscript— the mapping and dating of marine terraces— indicates that existing
glacio-isostatic predictions of vertical motions do not match observations”, adding that “the results
have very broad appeal and should be published”. The reviewer also states that he/she consider
our argument for a spatial gradient in dynamic support to be “a considered and convincing argu-
ment”. The reviewer further adds that he/she does not advocate ignoring the dynamic topography
aspect of the paper, although the observations alone would be worthy of publication because of
the “non-trivial” nature of “acquiring data from this part of the world that convincingly constrains
the history of vertical motions”. Nonetheless, the second reviewer has recommendations which we
consider important to address since we want this Ms to have the widest possible appeal.

Response to specific comments

(1) “First, I think that by incorporating most/all of the Supplementary Material into the main
manuscript it would be more apparent that the authors have gone to considerable effort to

10



explore the accuracy of the dating, the discrepancy between glacio-isostatic predictions and
observations, and in exploring the possibility that faulting is responsible for generating the
observed vertical motions. I suggest moving most of Section 1 of the SM (Sample Preparation
and Open System Modelling) to Section 2 of the main manuscript. The figures and text in the
SM are clear and could be slotted into the main manuscript with minimal editing. Sections
2 (Glacial-isostatic Adjustment) and 3 (Fault Modelling) of the SM could be slotted into Sec-
tion 3 of the main manuscript. That rearrangement would mean that the main manuscript
had 10 floats (including the two tables), which I think is within EPSL’s limits.”
We partly agree with the reviewer and we have addressed this suggestion in the following way.
First, we have moved Section S2 into the main text. We agree that differences between our obser-
vations and those predicted by glacial-isostatic calculations constitute an important result and that
it is more clearly shown if the GIA calculations are in the main text. We have therefore expanded
the text which accompanies the new Figure 4 by adding a description of the parameters used within
the GIA calculation. We disagree that all of the supplementary material should be moved into the
main text because we think it distracts from the main result of the work. Furthermore, we agree
with Reviewer 1 of the need for a figure highlighting the geologic and geomorphic observations
that we describe in the text. By including this additional figure, we leave the main manuscript
with insufficient space for all figures that are currently in the Supplementary Material to be moved
across. We have decided to keep Section S1 (“Sample preparation and Open-system Modeling”)
in the Supplementary Material because it is mainly composed of technical information about lab-
oratory and analytical procedures which would distract from the main manuscript. We have also
chosen to leave Section S3 (“Fault Modeling”) in the Supplementary Material because it tests an
alternative hypothesis which we then discount for reasons stated in the main textt. On this basis it
is an appendix to the main conclusion of the work.

(2) “Secondly, I think that the calculations used to estimate errors in terrace heights and ages
(e.g. line 92 in main manuscript) could be more explicit. And the isostatic calculation used
to calculate uplift from sub-plate support (e.g. Figure 4a) could be explained in more detail,
e.g. give the equations used.”
We agree and we have addressed this concern in two ways. First, we have expanded our descrip-
tion of the field methodology in order to highlight the source of uncertainties and how they are
propagated. We have now added “Comparison of sea level measurements and heights of geomor-
phic markers to the tidal model indicates that the mean high water springs datum can be estimated
with an uncertainty of ±0.5 m.”. We have also added “correcting from mean high water springs,
which we measure, to mean low water springs results in an additional uncertainty of ±0.5 m since
the tidal range varies along the coast”. We clarify how uncertainties are propagated by adding
“Assuming these uncertainties are uncorrelated, summing all errors in quadrature yields a com-
bined uncertainty for measurements of terrace elevation of ±1.2 m”. Secondly, we have added the
equation used to carry out the isostatic calculation with the appropriate reference and description
of the terms and their values to construct Figure 5.

(3) “Lines 26-27: sentence starting since the 1990s, it is inferred...’ is a bit cryptic. I suggest
replacing with something like many studies have inferred that Quaternary uplift and subsi-

11



dence of plate interiors are predominantly caused by...’.”
We agree and we have now replaced the this sentence with “Since the 1990s, many studies have
inferred that Quaternary uplift and subsidence of continental margins remote from active plate
boundaries are predominantly caused by glacial isostatic adjustment”

(4) “Line 30-31: You could give the general reader a bit more information about what si-
phoning’ is. What do you mean by relative sea-level falls’, relative to what? Do you mean
local sea-level falls’?”
We have added “this phenomenon occurs as the flexural forebulge surrounding melting ice sheets
collapses. Since this bulge is predominantly submarine, its collapse causes an increase in the
volume of the ocean basin which causes a relative sea level fall in equatorial regions”. We hope
that this sentence provides a little more background to the siphoning phenomenon for the general
reader. The term ‘relative sea-level fall’ is a commonly used term in sea-level research used to
mean local (i.e. non-eustatic) sea level change. We have added this definition to the text after the
first use of the term for clarity.

(5) “Line 122: Could you provide more detail on what you mean by morphologically identi-
cal’: lengths, widths, relief, etc.?”
We think that the use of the term “identical” was slightly strong and so we have changed this
adjective to “similar”. We have added more information to support this statement. The clause
“composed of cross-bedded and bioturbated coarse sandstones which are around 10 m thick and
contain coral” has been added to highlight the similarity between the geology at the two loca-
tions. We have also added “The coral reef terrace overlies volcaniclastic basement”, and slightly
more information regarding the geology of the sandstones overlying the deposit as requested by
Reviewer 1.

(6) “Line 176: How were asthenospheric temperature anomalies used to calculate uplift?
Please add reference(s) and/or sums.”
We now provide the equation used to calculate isostatic uplift arising from temperature anomalies
(i.e. Eq. 1), with a reference to the original paper in which it was published. We thank the reviewer
for this suggestion.

(7) “Table 1: Adding elevations and uplift rates to this table would be a useful addition.”
We agree but we are limited by space in the table. Since the table is already page width, it is difficult
to add any further information without removing a column. We hope that Table 1 is adequately
referenced to other figures and the text where the heights of terraces are discussed. For example,
Figures 2 and 3 both display the locations and elevations of corals collected from terraces and are
cross referenced to Table 1 and the main text.

(8) “Figure 1a: I think some of the uplift arrows are misplaced, and should be centred on the
continental fringes and not in the oceans? Suggest adding a legend showing a scaled arrow
with units. References for admittance value and volcanic rocks could be added to caption.”
We agree and we have now moved the arrows closer to the margins and have added a legend.
Following this helpful advice, we have also added a similar legend to Figure 4.
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(9) “Figure 3: Suggest showing legend with scaled arrow and units. Suggest adding annota-
tions to panel b to clarify locations of the circles, triangles and square (e.g. Vo, CdA, ..., as in
panel a). How were the cumulative uncertainties’ calculated?”
We thank the reviewer for this helpful suggestion. We have added a legend to Figure 4a and loca-
tions to Figure 4b which we hope clarify the locations of the terraces plotted. The figure caption
states that we describe the uncertainties in the main text. We acknowledge that our description
of the measurement and propogation of these uncertainties was unclear in the original submission
and we have now rewritten and improved this part of the text. We hope that this improvement is
sufficient to help the reader understand the uncertainty estimates plotted on Figure 4b.

(10) “Figure 4: (b) I think that the terrace data from this study could be placed in their
regional context in this figure. For example, the position of the mapped and dated 5e terraces
and the Eocene outcrops could be indicated in panel b. (d-f) The white circles in panel (e) do
not seem to have been transferred to panel f? Caption: (a) You could state that the residual
depths are projected onto the line for clarity. (b) Reference for topography missing. (c) Can
you state what %Vs is relative to, I think it is to a modified version of AK135 in Schaeffer &
Lebedev’s paper. (f) I think caption should end with dashed red and gray lines projected to
surface...’.”
We partly agree and we have addressed these points as follows. First, the locations of Eocene
outcrops are already displayed as a blue square on panel (a) alongside other independent uplift
constraints. We choose not to transfer the white dots from panel (e) to panel (f) because the
geochemical data on panel (f) relates to northern Madagascar and we think including the white
dots would clutter the figure and make it difficult to interpret. We have corrected the caption to
read “black circles”, rather than “white circles”. We thank the reviewer for noticing this mistake.
A reference for the SRTM digital elevation model has been added. We thank the reviewer for
spotting this omission. We now state that the residual depth measurements are projected onto the
line. We now state in the caption that the shear wave velocities are “relative to a version of AK135
reference model modified for variable crustal structure”. We have corrected the caption to end
with “dashed red and gray lines projected to surface...” as suggested.

(11) “I think that most/all of this supplemental material could be incorporated into the main
manuscript. ”
We partly agree and have made adjustment as discussed in point (1).

(12) “Line 46: Suggest giving decay equation.”
We thank the reviewer for this suggestion and have now included the decay equation in the supple-
mentary material.

(13) “Line 61: Reference for continental levering’.”
This section has now been moved into the main text and is more appropriately referenced.
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