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Reviewer #2 (Remarks to the Author): 

MZk^Zl d[ xNZ^hbdad\^XVa @megZhh^dc d[ i]Z Dgdc Ne^c >gdhhdkZg ^c AZggdeZg^XaVhZ ^n 

i]Z @Vgi]{h GdlZg HVciaZy

by Shephard, Houser, Hernlund, Valencia-Cardona, Wentzcovitch & Trønnes 

Summary 

This paper uses an analysis of published mantle tomographic models and mineralogical calculations to 

assess whether there is evidence for the presenXZ d[ i]Z he^c igVch^i^dc ^c Ae ^c @Vgi]{h bVciaZ, O]^h ^h Vc

interesting topic, as the discovery of the Fp spin transition has not been as readily mapped to seismological 

observations as some other mantle mineralogical phase changes (for example the majorite garnet to Ca-Pv). 

The paper suggests that the transition is present, at different depths, in both cold and hot parts of the 

mantle, and can be seen using aggregated vote maps of fast and slow parts of the mantle, but is not 

detectable in average 1D models. I raise a few queries here, and otherwise find this to be an interesting 

paper 

Queries raised 

q Di b^\]i WZ ldgi] gZ[ZgZcX^c\ bdgZ i]Vi dcZ hZ^hb^X bdYZa ^c i]Z ^cigdYjXi^dc* id higZc\i]Zc ndjg ed^ci

about the seismic discrepancy - even if this increases the number of references above what n comms 

normally prefers. 

q < XdbbZci VWdji i]Z gZVhdch WZ]^cY i]Z ha^\]ian dhX^aaVidgn cVijgZ d[ hdbZ d[ i]Z Pe egd[^aZh ^c ZmiZcYZY

figure 1 would be helpful 

q <gZ i]ZhZ bdYZah oZgd bZVc Vi ZkZgn YZei]* dg Yd Vcn of them have non-zero means at particular depths? 

If so, how do you deal with the degree zero model contributions 

q Cdl Yd ndjg gZ\^dch XdbeVgZ l^i] i]Z kdiZ bVeh d[ >diiVVg & GZ`^X 0./4; D i]^c` i]Zn ]VY hZeVgViZ Pe

and Vs maps, do they have similar changes in the patterns they see, or are the depth levels too spaced 

out/few? 

q O]Z [^cVa eVgV\gVe] hj\\Zhih i]Vi \adWVa VkZgV\^c\ XVccdi WZ gZhedch^WaZ [dg i]Z zb^hh^c\{ Ae he^c

transition in 1D models, and that Fp depletion is a possible hiding mechanism. Is i]^h i]Z Vji]dgh{ egZ[ZggZY

mechanism, or is it still an open question w ie is this a firm assumption or not. 

Minor points 

q G/. w XaVg^[n i]Vi x]ZgZy gZ[Zgh id XdaY gZ\^dch w I had to re-read to understandL 

q G/. xV adhh ^c i]Z VWjcYVcXZy adhh hZZbh Vc unexpected word. Consider decrease, or diminution, or 

something else 

q G0/ -is it also the case that the thermal variations, as well as chemical ones, lead to the absence of the 

global signature? 

q G24 xb^Y adlZg-bVciaZ Ygdey VYY V gdj\] ^cY^XVi^dc d[ YZeths to make finding this on eg ext figure 1 

q G 64 w Extended figure 5 w Consider a different colour scheme w ^i{h cdi XaZVg id bZ i]Vi gZY-blue is most 

intuitive for the differences between vp and vs maps 

q G70 - x< Ygde ^c hadl K-waves relative to slow S-lVkZ VcdbVa^Zh Vi i]Z WVhZ d[ i]Z bVciaZy ^h jcXaZVg id

bZ* D i]^c` WZXVjhZ D ]VkZ heZci aZhh i^bZ i]Vc i]Z Vji]dgh i]^c`^c\ VWdji i]^h, D{b cdi hjgZ ^[ i]ZgZ ^h

Vcdi]Zg lVn id e]gVhZ ^i* Wji ^i{h ldgi] i]^c`^c\ id hZZ ^[ i]ZgZ ^h. 

q Dc i]^h hVbZ _djgcVa* ild nZVgh V\d i]ZgZ lVh Vc Vgi^XaZ i^iaZY xPVaZcXZ VcY he^c hiViZh d[ ^gdc VgZ ^ck^h^WaZ

^c @Vgi]{h adlZg bVciaZy, O]Z Vji]dgh bVn l^h] id VYY V XdbbZci ^c i]Z aVhi hZXi^dc d[ i]Z eVeZg. 

q G/6. w beyond Shepherd et al 2017, consider also referencing one of Cottaar et al 2016 and Lekic et al 

2012 (already ref48) papers here. 

Reviewer #3 (Remarks to the Author): 



General Comments 

Compression induced changes in the electron configuration of Fe cations, i.e. Fe2+ and Fe3+, in mineral 

phases are one of the most important findings of high-pressure experiments and first-principle computations 

in a geophysical context. These changes are commonly referred to as spin transitions or spin crossovers and 

have strong impacts on the elastic properties of the material, in particular by enhancing the compressibility 

in the pressure and/or temperature interval for which different electron configurations coexist. While the 

mineral physics community mostly agrees that certain Fe-bearing minerals in @Vgi]{h adlZg bVciaZ l^aa

undergo changes in the electron configuration of Fe cations, many details remain to be explored, in 

particular at combinations of high pressures and high temperatures. In the context of spin transitions, 

ferropericlase is probably the best-studied mineral. Despite strong experimental and computational evidence 

in favor of a spin transition of Fe2+ in ferropericlase at pressures and temperatures of the lower mantle, the 

expected impact on the elastic properties of the mantle has not unequivocally been identified in the seismic 

record and is not apparent in global seismic reference models, such as PREM and ak135. In their manuscript, 

Shephard et al. search for the signature of the spin transition of Fe2+ in ferropericlase in global seismic 

tomographic models using the technique of vote maps. 

The impact of the spin transition of ferropericlase on seismic wave velocities has been analyzed earlier and 

was found to reduce the sensitivity of P wave velocities to temperature (Wu and Wentzcovitch, 2014). 

Similarly, vote maps have been used earlier to detect and map the extent of agreement between different 

seismic tomographic models (e.g. Shephard et al., 2017). Here, the authors apply the technique of vote 

maps to search for the signature of the spin transition in seismic tomographic models. This approach seems 

original and promising to me as vote maps emphasize those features that are common to tomographic 

models as should be any signature of the spin transition if ferropericlase contributes to rocks in the lower 

mantle with a high enough volume fraction. Indeed, the vote maps constructed by Shephard et al. reveal 

features that are consistent with the predicted signature of the spin transition of ferropericlase. These 

features are mostly located in regions of fast seismic velocities that are commonly interpreted as 

downwelling slabs of upper-mantle rocks. Peridotitic rocks of the upper mantle, i.e. lherzolite and 

harzburgite, are expected to contain up to about 25 % ferropericlase at pressures and temperatures of the 

lower mantle. Regions where materials sink from the upper into the lower mantle are therefore expected to 

be rich in ferropericlase and hence to be characterized by the associated impact of the spin transition on 

elastic properties. The detection of the spin transition in the seismic properties of regions dominated by fast 

velocities, i.e. downwelling mantle, by Shephard et al. could be an important step forward in our 

understanding of deep mantle dynamics as it would link the geodynamic features of downwelling mantle with 

rock compositions that contain a significant amount of ferropericlase. This finding as well as the application 

of vote maps to detect seismic signatures of specific rock compositions or phase transitions will be of 

interest to the entire deep Earth research community. Implications about material exchange between the 

upper and lower mantle can go beyond the field of mantle geodynamics as they relate to plate tectonic 

processes and to basaltic volcanism at mid-ocean ridges and hot spots as well as to their associated 

geochemical characteristics. 

Regardless of the successful detection of seismic signatures that are consistent with the spin transition of 

ferropericlase, I would like to encourage the authors to improve certain aspects of the manuscript, in 

particular the transparency of the thought process and decision making. In several instances, the line of 

argument is based on implicit assumptions and/or interpretations that might not be apparent to non-expert 

readers or might suggest a higher degree of consistency with raised hypotheses than conclusions based on 

the bare observations. For example, fast seismic velocities are interpreted to be associated with colder 

temperatures and slow seismic velocities with hotter temperatures without explicitly mentioning this 

interpretation and without discussing potential trade-offs with rock composition. On a related note, I have 

the impression that observations seem not always to be clearly separated from interpretations. While 

experts in the field and readers of more specialist journals might be more familiar with the limitations and 

caveats of common interpretations and assumptions about seismic tomographic models, I think that a clear 

separation of observations and interpretations and a transparent line of argument is particularly important in 

view of the broad readership of Nature Communications. 



I would also welcome a more critical assessment of the information content of vote maps. Vote maps reveal 

common features of tomographic models by filtering for agreement with respect to a defined criterium, i.e. a 

kZadX^in VcdbVan x\gZViZg i]Vcy dg xhbVaaZg i]Vcy V i]gZh]daY kVajZ, ?^hV\gZZbZci WZilZZc bdYZah*

however, does not imply absence of a feature that has only been observed in a subset of tomographic 

models. Figures 1b and 1c, for example, show the area coverage of 4/4 votes, i.e. full agreement between 

the selected models. Lower area fractions of 4/4 votes therefore indicate a higher degree of disagreement 

between the models at the respective depths, but do not imply that the models agree on the absence of the 

chosen criterion, i.e. fast P waves in 1b and slow P waves in 1c. In principle, 3 out of 4 models (3/4) could 

still agree and show fast P wave velocities to follow fast S wave velocities throughout the mantle. To which 

extent do the outcomes of vote maps depend on the selection of tomographic models? Extended Data Figs. 

1 and 2 mainly show the models selected to construct the final vote maps. Why is the loss of fast P wave 

velocity anomalies in the mid mantle less apparent in tomographic models that combine P and S wave 

velocities (SP12RTS and TX2019)? Previous mineral-physical models for lower-mantle rocks suggest that P 

wave velocities are less sensitive to temperature than S wave velocities, even without taking into account 

spin transitions (e.g. Fig. 4 in Cobden et al., 2009). Temperature-induced P wave velocity anomalies are 

therefore weaker and more difficult to resolve with seismic tomography than related S wave anomalies. To 

l]^X] ZmiZci ldjaY i]Z Y^[[ZgZci xWVX`\gdjcY hZch^i^k^iny d[ K VcY N lVkZ kZadX^i^Zh id iZbeZgVijgZ gZYjXZ

the observed magnitude (number of votes) of thermally-induced P wave velocity anomalies as compared to 

S wave velocity anomalies in Figures 3 and 4? Many of the detected P wave anomalies could appear weaker 

in the vote maps because of the lower temperature-sensitivity of P waves in general, i.e. without need to 

invoke a spin transition. 

In the abstract and introduction, Shephard et al. emphasize the contribution of oceanic lithosphere to 

YdlclZaa^c\ bVciaZ bViZg^Va, JXZVc^X a^i]dhe]ZgZ* ^c eVgi^XjaVg l]Zc xbZai-YZeaZiZYy 'a^cZ 6(* ^h V XdbeaZm

stack of different lithologies, in the simplest case of basaltic crust and harzburgitic residue that gradually 

transitions into more fertile lithologies such as lherzolite approaching the composition of the hypothetical 

rock type pyrolite. The mineral-physical models presented by the authors, however, are exclusively focused 

on pyrolite. As a consequence, the chosen Fe-Mg exchange coefficients between bridgmanite and 

ferropericlase (Badro, 2014) are representative of pyrolite with values around 0.5. When exposed to 

pressures and temperatures of the lower mantle, harzburgite will not only yield higher volume fractions of 

ferropericlase but also ferropericlase with higher Fe contents due to smaller Fe-Mg exchange coefficients of 

about 0.2 that decrease further with increasing depth (Piet et al., 2016). Why did the authors decide to 

model the properties of pyrolite while the spin transition of ferropericlase can be expected to have an even 

stronger impact on harzburgitic rocks? For pyrolite, thermodynamic models suggest a substantial reduction 

of the Fe-Mg exchange coefficient with increasing pressure (Nakajima et al., 2012; Xu et al., 2017) that 

differs significantly from the trend proposed by Piet et al. (2016) and could further enhance the impact of 

the spin transition by concentrating Fe in ferropericlase. Again, reasons for specific selections and 

assumptions are not explained in the text. 

The following detailed comments mostly point out text sections that support my comments and suggestions 

as summarized above. 

Detailed Comments 

Lines 1-2: How well do we know the abundances of ferropericlase and bridgmanite in the lower mantle? As I 

understand, this paper aims at answering this question. The formula of bridgmanite is highly simplified. 

What about aluminum and ferric iron? 

Line 6: Given the very limited experimental data at combined high pressures and high temperatures on the 

elastic properties of minerals that undergo spin transitions, I agree with the authors and would expect our 

models and predictions about spin transitions and their impact on elastic properties to be inaccurate to some 

degree. This idea is however not further discussed in the manuscript. 

Lines 8-10: In contrast to the strong expected impact of the spin transition of ferropericlase on the elastic 



egdeZgi^Zh d[ xbZai-YZeaZiZY bVciaZ a^i]dhe]ZgZ d[ hjWYjXiZY dXZVc^X haVWhy* i]Z Vji]dgh present mineral-

physical models for pyrolitic compositions only. Oceanic lithosphere, however, is dominated by harzburgite, 

i.e. pyrolite that has undergone partial melting to form basaltic crust. 

Lines 24-038 O]Z hiViZbZci VWdji i]Z xZajh^kZy Xdbedh^i^dc of the lower mantle is somewhat inconsistent 

l^i] x7. %y [ZggdeZg^XaVhZ VcY Wg^Y\bVc^iZ 'a^cZ /( VcY i]Z \ZcZgVa [dXjh dc engda^i^X Wja` Xdbedh^i^dch

throughout the manuscript. There seem to be some constraints on the composition of the lower mantle. 

Lines 33-34: Why have calculations only been performed for a pyrolitic composition? 

Lines 39-40: Regions of fast seismic velocities as observed by Ishii and Tromp (1999) and by Grand (2002) 

XVc WZ ^ciZgegZiZY Vh xXdaY VcY h^c`^c\ dXZVc^X a^i]dhe]ZgZy Wn XZgiainly not identified with such. Again, this 

is a question to be raised/answered/discussed by the paper. If we already knew that fast anomalies were 

slabs of oceanic lithosphere composed of peridotite and basalt why search for the spin transition to detect 

ferropericlase in these regions? 

Lines 44-47: The combined P and S wave models SP12RTS and TX2019 (Extended Data Fig. 3) do not seem 

to show significant drops in the abundance of fast P wave anomalies in the mid mantle. 

Lines 53-348 Cdl lZaa ^h i]Z xaVg\Z YZ\gZZ d[ ]ZiZgd\ZcZ^in ^c idbd\gVe]^X YViV VcY bdYZa^c\ VeegdVX]Zhy

gZegZhZciZY ^c i]Z hZaZXi^dc d[ dcan 2 N lVkZ VcY 2 K lVkZ bdYZah; KaZVhZ heZX^[n xbZi]dYy ^c a^cZ 33* ^,Z,

kdiZ bVeh, PdiZ bVeh XVccdi xXjaay ^cXdch^hiZcX^Zh WZilZZc Y^[[ZgZci idbd\gVehic models, they rather add 

up consistencies. 

Line 57: I would expect there to be some overlap in the seismic data that contributes to different 

tomographic models. What if artifacts arise from uneven data coverage or other characteristics of data 

common id bjai^eaZ idbd\gVe]^X bdYZah; O]ZhZ bdYZah XdjaY ediZci^Vaan V\gZZ dc xVgi^[VXihy ^c]Zg^iZY [gdb

common data sources. 

Lines 58-59: For the sake of transparency and credibility, I strongly suggest to mention and cite selected 

models and to explain selection criteria in the main text (see lines 167-170). 

Lines 59-438 KaZVhZ heZX^[n l]^X] xegdXZYjgZy lVh jhZY VcY l]^X] Xg^iZg^V Veea^ZY id XdchigjXi kdiZ bVeh, Di

will be difficult for readers to understand and interpret Figures 1, 3, and 4 without reading the Methods 

section if no further information is given in the main text on how these figures were created. Vote maps 

XVccdi xhig^e VlVny [ZVijgZh [gdb ^cY^k^YjVa bdYZah* i]Zn gVi]Zg XdbeVgZ VcY [^aiZg Y^[[ZgZci bdYZah [dg

common features. How were regions of fast and slow anomalies defined in the first place, based on S wave 

kZadX^i^Zh VcY Vi l]^X] YZei]; Q]Vi ^h bZVci l^i] xlZ hZeVgViZ i]Z K- and S-lVkZ h^\cVah [dg [Vhi gZ\^dchy;

How were the signals separated? 

Lines 66-68: Figures 1b and 1c cannot unambigjdjhan gZkZVa i]Z xadhh d[ [Vhi K-lVkZ VcdbVa^Zhy Vh i]Zn

show the area fractions for 4/4 votes, i.e. for full agreement between all models on the presence (detection) 

of fast P wave anomalies. A reduction in the area fraction of 4/4 votes merely indicates that the models 

disagree, but not that they agree on the absence of fast P wave anomalies. Could an additional curve for the 

area fraction of 0/4 votes, i.e. full agreement on the absence or non-detection of fast anomalies, help to 

argue for the proposed xadhh d[ [Vhi K-lVkZ VcdbVa^Zhy? 

Lines 70-75 Here, I have the impression that the authors implicitly assume fast and slow anomalies to 

correspond to cold and hot temperatures, respectively, in the mantle. Since factors other than temperature 

can affect seismic velocities, I suggest to clearly state this assumption before interpreting the observations 

made on Figure 1c (see also previous comment). Maybe it would be advisable to first describe the 

observations on regions with overall slow seismic velocities and then interpret or relate these observations 

to temperature variations and their potential effect on the spin transition. 

G^cZ 578 >Vc V hZaZXi^dc d[ 2 K lVkZ VcY 2 N lVkZ kZadX^in bdYZah gZegZhZci xZkZgn ineZ d[ idbd\gVe]^X



bdYZaa^c\y; Dc k^Zl d[ i]Z sparse information on selection criteria provided in the text, I would expect 

readers to be skeptical about the validity of conclusions drawn from such a fairly specific selection. 

G^cZ 6/8 KaZVhZ YZ[^cZ xXd]ZgZci higjXijgZy. 

Line 82: In Figure 4, some P wave velocity anomalies appear to become weaker in the mid mantle, but they 

VgZ XZgiV^can cdi xbjiZYy, Ji]Zg K lVkZ VcdbVa^Zh hZZb id WZ XaZVgan gZhdakZY Wn 0-3 tomographic models 

even in the mid mantle. See also comments on Figure 4 (below). 

Lines 83-858 <cdbVa^Zh d[ [Vhi hZ^hb^X lVkZ heZZYh XVc WZ ^ciZgegZiZY Vh dg xViig^WjiZY idy XZgiV^c

a^i]dad\^Zh dg \ZdYncVb^X [ZVijgZh* Wji i]Zn gVgZan xh]dly Vcni]^c\ heZX^[^X, KaZVhZ hZeVgViZ dWhZgkVi^dch dc

seismic anomalies from their geodynamic interpretations. 

Lines 92-96: LL(S)VPs are characterized by reductions in both S and P wave velocities and an anti-

correlation between S wave velocities and bulk sound velocities (see Garnero et al., 2016). 

Lines 97-102: I appreciate the discussion of Fe-Mg partitioning or, more generally, Fe-Mg exchange (Badro, 

2014) and the effect on the spin transition. However, I suggest to separate the process of 

partitioning/exchange from the coefficient K that is used to describe this process. It might further be more 

accessible to readers to explain the compositional broadening of the spin transition in terms of higher Fe 

contents of ferropericlase in response to the spin transition instead of linking the broadening to a decrease 

of the exchange coefficient K, which is a somewhat indirect expression for and a result of higher Fe contents 

of ferropericlase. In other words, the spin transition broadens and K decreases because of increasing Fe 

contents in ferropericlase. Is there a specific study from which the value K = 0.5 has been adopted? First-

principles computations and thermodynamic models have suggested that the exchange coefficient decreases 

systematically across the spin transition, in some models to well below 0.1 (Muir and Brodholt, 2016; 

Nakajima et al., 2012; Xu et al., 2017). Would such scenarios be expected to have a stronger impact on 

wave velocities than the Fe-Mg exchange trend suggested by Piet et al. (2016)? 

Lines 107-/.78 KaZVhZ Xdch^YZg id [dgbjaViZ i]Z dWhZgkVi^dch bdgZ egZX^hZan8 vYgde ^c i]Z VWjcYVcXZ d[ K

wave velocity anomalies compared to the abundance of S wave velocity anomaliesv

O]Z hZXdcY ]Va[ d[ i]Z hZciZcXZ XdjaY XgZViZ i]Z ^begZhh^dc i]Vi xi]Z jW^fj^idjh egZhZcXZ d[ Ae ^c i]Z Zci^gZ

adlZg bVciaZy gZ[aZXih djg XjggZci k^Zl VWdji i]Z Xdbedh^i^dc d[ i]Z aower mantle, in particular for non-

ZmeZgi gZVYZgh, D Ydc{i i]^c` i]Vi lZ `cdl i]Z Xdbedh^i^dc d[ i]Z adlZg bVciaZ hd lZaa* Wji N]Ze]VgY Zi Va,

contribute to our picture with an important finding: ferropericlase in downwelling mantle regions. 

Line 110: Geodynamic models might simplify the complexity of the mantle, but they are certainly not 

xh^beaZy. 

Lines 113-//48 D ]VkZ egdWaZbh ^c [daadl^c\ i]Z a^cZ d[ i]dj\]i ]ZgZ, Q]Vi ^h bZVci l^i] xXdbW^cZY

VkZgV\Zhy; D ldjaY ZmeZXi i]Z x^c[aZXi^dc ^c K-wavespeed prd[^aZhy id WZ V gZhjai d[ i]Z he^c igVch^i^dc9 hd

this would be an expected rather than a surprising feature when including the effect of the spin transition in 

forward models of elastic wave speeds. 

Lines 116-119: SiO2-rich or bridgmanite-dominated lower-mantle domains (BEAMS, Ballmer et al., 2017) 

VgZ ^cYZZY V kZgn ^cig^\j^c\ edhh^W^a^in id Y^ajiZ dg bVh` 'gVi]Zg i]Vc xhjeegZhhy( i]Z ^beVXi d[ i]Z he^c

transition in peridotitic rocks in global average velocity profiles. In the abstract, the authors also mention 

that currently used models for the spin transition and the associated effects on mineral elasticity might be 

inaccurate to some extent. Would it be possible to explain this idea a bit more in detail in on one or two 

sentences? 

Line 133: Was ferric iron (Fe3+) considered in the modeling of elastic wave speeds? If yes, please add 

^c[dgbVi^dc dc i]Z VhhjbZY AZ1)-�AZ gVi^d. 

G^cZ /148 ?d xhZa[ Xdch^hiZci \Zdi]Zgbhy ^bean-bZVc VY^VWVi^X XdbegZhh^dc eVi]h; Dc eg^cX^eaZ* \Zdi]Zgbh



describe the actual (but unknown) temperature profile in the mantle. 

Lines 167-170: Please consider including this information into the main text. See also comments on lines 58-

59 and 59-65. 

Figure 1: See comments on lines 66-68. Could additional curves for the area fractions of 0/4 votes, i.e. for 

full agreement on the absence (strictly non-YZiZXi^dc( d[ [Vhi VcdbVa^Zh* ]Zae id Vg\jZ [dg i]Z egdedhZY xadhh

of fast P-lVkZ VcdbVa^Zhy 'a^cZ 45(; Dc A^\jgZ /V* i]ZgZ hZZbh id WZ cd egZhhjgZ Vm^h Vh bZci^dcZY ^c i]Z

caption. The concajh^dc [gdb A^\jgZ /Y ^c i]Z XVei^dc i]Vi xV h^\c^[^XVci YZeVgijgZ T[gdb KM@HU hj\\Zhi^c\

that the signature of the spin transition is not a globally-VkZgV\ZY [ZVijgZy b^\]i WZ Y^[[^Xjai id jcYZghiVcY

from the figure and caption alone. This conclusion implicitly assumes that (or is only valid as long as) 1) S 

waves are only affected by temperature and 2) the lower mantle has a homogeneous pyrolitic composition 

(otherwise matching S wave velocities of pyrolite to PREM to constrain temperature would be of little use). 

The signature of the spin transition could still be averaged/smeared out in global average models without 

any of these assumptions being valid. 

A^\jgZ 18 KaZVhZ Xdch^YZg X]Vc\^c\ x[Vhi bVeh gZkZVa hjWYjXiZY haVWhy id x[Vhi kZadX^in VcdbVa^Zh XVc be 

^ciZgegZiZY Vhy VcY xhadl bVeh gZkZVay id x hadl kZadX^in VcdbVa^Zh Vhy, <ahd* ^i ldjaY WZ bdgZ egZX^hZ id

hiViZ i]Vi xK lVkZ kZadX^in VcdbVa^Zh VeeZVg aZhh Xd]ZgZciy gVi]Zg i]Vc xK lVkZ bdYZa kdiZ bVehvy, O]Z

kdiZ bVeh VgZ xXd]ZgZciy ^c i]Z hZchZ i]Vi they cover the entire lower mantle. 

A^\jgZ 28 O]Z ldgYh xXd]ZgZciy VcY xXd]ZgZcXny VgZ jhZY ^c Y^[[ZgZci XdciZmih ^c i]Z XVei^dc9 Wdi] id

describe agreement between tomographic models and to describe the vertical extent of velocity anomalies. 

This might create confusion for readers. I also suggest to be more precise about fast and slow velocity 

VcdbVa^Zh ^chiZVY d[ gZ[Zgg^c\ id x[Vhi kdiZ bVehy VcY xhadl kdiZ bVehy, Q]n VgZ i]Z kdiZ bVeh bVh`ZY [dg

the upper mantle? Including the upper mantle could substantiate the interpretations of fast and slow velocity 

VcdbVa^Zh ^c iZgbh d[ xhaVWhy VcY xeajbZhy, Dc \ZcZgVa* K lVkZ kZadX^i^Zh VgZ WZa^ZkZY id WZ aZhh hZch^i^kZ id

temperature than S wave velocities, even without a spin transition (e.g. Fig. 4 in Cobden et al., 2009). To 

which extent could different temperature sensitivities reduce the apparent magnitude (number of votes) of 

detected P wave velocity anomalies in comparison to S wave velocity anomalies? In Figures 4b and 4c, the 

overall distribution of velocity anomalies appears to be similar for P and S waves, only that P wave velocity 

anomalies are weaker, but throughout most of the lower mantle. 
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MU Q``bUSYQdU dXU dX_eWXdVe\ Q^T S_^cdbeSdYfU S_]]U^dc Ri dXU dXbUU Q^_^i]_ec bUfYUg)
Ubc( Y^S\eTY^W dg_ ^Ug bUfYUgUbc* KXUYb S_]]U^dc XQfU TbYfU^ VebdXUb Y]`b_fU]U^dc d_
dXU ]Q^ecSbY`d* :U\_g gU `b_fYTU Q TUdQY\UT bUc`_^cU &`\QY^ dUhd' d_ UQSX S_]]U^d &\gT_+
\Vf'( Q^T TUcSbYRU S_bbUc`_^TY^W SXQ^WUc d_ dUhd Q^T !WebUc dXQd ^_g Q``UQb Y^ dXU bUfYcUT
]Q^ecSbY`d* A^ _eb bUc`_^cU gU ecU dXU V_\\_gY^W QRRbUfYQdY_^c6 :] 8 RbYTW]Q^YdU( >` 8
VUbb_`UbYS\QcU( Lc _b J)gQfU 8 cXUQb fU\_SYdi( L` _b H)gQfU 8 S_]`bUccY_^Q\ fU\_SYdi( LS 8
Re\[ c_e^T fU\_SYdi*

%.,-/.,-6+* )-(1,+5#

;\QbY!UT ZecdY!SQdY_^ V_b S_]`_cYdY_^c ecUT Y^ _eb cdeTi*

9TTbUccUT YcceUc bQYcUT bUWQbTY^W d_]_WbQ`Xi ]_TU\ bUc_\edY_^ Q^T dXU ]_TU\c ecUT
Y^ _eb cdeTi*

A^S_b`_bQdUT dXU fQbY_ec ]Y^_b YcceUc YTU^dY!UT Ri dXU bUfYUgUbc*

'+7.+8+4  $200+16 (1* '+3/9#

P[Xa eXTW\aZ g[ebhZ[ g[X eXi\fXW iXef\ba bY g[X `TahfVe\cg Ul L[Xc[TeW Xg T_,* D YbhaW g[Tg
g[X biXeT__ beZTa\mTg\ba Tf jX__ Tf ceXfXagTg\ba TaW W\fVhff\ba bY `Xg[bWf TaW eXfh_gf [Tf
UXXa \`cebiXW fhUfgTag\T__l, Da cTeg\Vh_Te* D TcceXV\TgX g[Tg g[X Thg[bef abj \aV_hWX T Ue\XY
W\fVhff\ba bY W\ XeXag ebV^ glcXf TffbV\TgXW j\g[ g[X WXXc eXVlV_\aZ bY bVXTa\V _\g[bfc[XeX \a
@Teg[f _bjXe `Tag_X* TaW g[Tg g[X TaT_lf\f bY fX\f`\V gb`bZeTc[\V `bWX_f \f ceXfXagXW \a T
`beX geTafcTeXag TaW TVVXff\U_X jTl,

/*- IU`\i6 KXQ^[ i_e V_b bUS_W^YjY^W _eb U _bd( Q^T _ UbY^W QTTYdY_^Q\ XU\`Ve\ S_]]U^dc
d_ VebdXUb Y]`b_fU dXU ]Q^ecSbY`d* MU Q``bUSYQdU i_eb S_^dY^eUT bUfYUgUb VUUTRQS[*

M[X \aYbe`Tg\ba VbagXag bY g[X VbafgehVgXW ibgX `Tcf \f Xkc_T\aXW `beX Xkc_\V\g_l TaW Vb`+
`ba Tffh`cg\baf UX[\aW g[X \agXeceXgTg\ba bY YTfg TaW f_bj fX\f`\V jTiX iX_bV\gl Tab`T_\Xf

-



TeX Ue\X"l bhg_\aXW \a g[X \agebWhVg\ba* j[\V[ T_fb Vbage\UhgXW gb T V_XTeXe fXcTeTg\ba bY bU+
fXeiTg\baf Yeb` g[X Thg[bef \agXeceXgTg\baf,

/*. IU`\i6 MU QbU W\QT dXQd _eb U _bd QSXYUfUT Ydc W_Q\*

P[\_X \g `\Z[g UX jbeg[j[\_X TWWeXff\aZ fb`X cXef\fg\aZ `\abe \aVbaf\fgXaV\Xf TaW T`U\+
Zh\g\Xf 'fXX `\abe Vb``Xagf UX_bj(* D g[\a^ g[Tg g[X cTcXe abj VbaiXlf g[X Thg[bef `T\a
`XffTZX \a T Vb`ceX[Xaf\U_X jTl TaW cebi\WXf fh#V\Xag Xkc_TaTg\ba TaW UTV^ZebhaW \aYbe+
`Tg\ba gb iXe\Yl TaW-be TffXff g[X eXfh_gf,

/*/ IU`\i6 Ad Yc W__T d_ XUQb dXQd _eb ]UccQWU Yc ^_g S\UQbUb( gU XQfU Q\c_ QTTbUccUT
dXUcU ]Y^_b S_]]U^dc*

D T_fb jbh_W _\^X gb fhZZXfg Zb\aZ g[ebhZ[ Tabg[Xe ebhaW bY VTeXYh_ cebbYeXTW\aZ \a beWXe
gb X_\`\aTgX Tal eX`T\a\aZ glcbf,

/*0 IU`\i6 <_^U*

<f cb\agXW bhg \a `l ceXi\bhf eXcbeg* WXgXVg\aZ g[X f\ZaTgheX bY g[X fc\a geTaf\g\ba \a YXe+
ebcXe\V_TfX \a g[X fX\f`\V eXVbeW jbh_W UX Ta \`cbegTag fgXc YbejTeW \a haWXefgTaW\aZ g[X
Vb`cbf\g\ba TaW g[Xe`T_ fgTgX bY g[X _bjXe `Tag_X, M[X !aW\aZf ceXfXagXW [XeX Ul L[Xc[TeW
Xg T_, VTa g[XeXYbeX UX Vbaf\WXeXW gb UX bY \agXeXfg Ybe g[X Xag\eX WXXc+XTeg[ Vb``ha\gl g[Tg
VbaaXVgf fXiXeT_ W\fV\c_\aXf \aV_hW\aZ `\aXeT_bZl* ZXbc[lf\Vf* TaW ZXbV[X`\fgel,

/*1 IU`\i6 KXQ^[ i_e V_b dXU bUS_W^YdY_^*

G\abe >b``Xagf 0,/, Da _\aX 03* c_XTfX Vbaf\WXe \afXeg\aZ YXeebcXe\V_TfX8 \aVeXTfXf g[X
Vb`ceXff\U\_\gl bY YXeebcXe\V_TfX TaW WXVeXTfXf \gf Uh_^ `bWh_hf,

/*2 IU`\i6 <_^U

<f `Xag\baXW TUbiX* D jX_Vb`X g[X W\fVhff\ba bY W\ XeXag ebV^ glcXf* Ybe XkT`c_X \a _\aXf 16
gb 20, CbjXiXe* g[X gXe`f cleb_\gX* 'WXc_XgXW( cXe\Wbg\gX* TaW [TemUheZ\gX Wb abg fXX` gb UX
hfXW \a T Vbaf\fgXag jTl, Da _\aX 16+17 'TaW _\aXf 003+004(* Ybe XkT`c_X* g[X Thg[bef fgTgX
g[Tg Qg[XS `Tag_X \f g[bhZ[g gb UX T _\g[b_bZ\VT_ `\k bY WXc_XgXW cXe\Wbg\gX TaW Q, , ,S eXVlV_XW
bVXTa\V Vehfg, >_XTe_l* `T]be cTegf bY g[X `Tag_X aXXW gb UX YXeg\_X cXe\Wbg\gXf 'cleb_\gX( gb
cebWhVX UTfT_g\V Vehfg Tg `\W+bVXTa e\WZXf, P[l jbh_W g[X Thg[bef hfX T cleb_\gX `bWX_ j[Xa
`bfg bY g[X `Tag_X jTf TVghT__l Vb`cbfXW bY WXc_XgXW cXe\Wbg\gX; HbgX g[Tg Ubg[ cleb_\gX TaW
[TemUheZ\gX TeX W\ XeXag glcXf bY cXe\Wbg\gXf, M[X [lcbg[Xg\VT_ ebV^ cleb_\gX jbh_W VbeeXfcbaW
gb T `beX YXeg\_X TaW _Xff '`X_g+(WXc_XgXW cXe\Wbg\gX* X,Z, T _[Xemb_\gX* j[\_X [TemUheZ\gXf TeX
cXe\Wbg\gXf WXc_XgXW \a g[bfX Vb`cbaXagf g[Tg [TiX UXXa XkgeTVgXW gb Ybe` UTfT_g\V Vehfg,

/*3 IU`\i6 KXQ^[ i_e V_b XYWX\YWXdY^W dXYc* MU XQfU SXQ^WUT dXU Y^db_TeSdY_^ &\Y^Uc 0/)
10' d_ RUddUb Uh`\QY^ gXi gU V_Sec _^ `ib_\YdU Y^ >YWebUc - Q^T .* Hib_\YdU Q^T `UbYT_dYdU
XQfU cY]Y\Qb Q]_e^dc _V >` &-3 gd* % fUbcec -4 gd* %' Q^T c_ dXU U USd _V dXU Yb_^ c`Y^

.



Sb_cc_fUb Yc cY]Y\Qb Y^ R_dX S_]`_cYdY_^c* HUbYT_dYdU bU`bUcU^dc QSdeQ\ b_S[ S_]`_cYdY_^c
UhXe]UT Vb_] dXU e``Ub ]Q^d\U gXY\U `ib_\YdU Yc Q ]_TU\ b_S[ S_]`_cYdY_^* @_gUfUb( `i)
b_\YdU Yc dXU S_]`_cYdY_^ ]_cd S_]]_^\i ecUT Y^ S_]`QbYc_^c _V -)< cUYc]YS ]_TU\c gYdX
]Y^UbQ\ `XicYSc `bUTYSdY_^c gXYSX Yc gXi gU ecU Yd d_ TU]_^cdbQdU dXU U USdc _V dXU Yb_^
c`Y^ Sb_cc_fUb Y^ >` gXU^ Ydc U USdc QbU Y^S\eTUT Y^ dXU TU \a\g\b SQ\Se\QdY_^c* MU XQfU ^_g
V_SecUT _^ bUVUbY^W d_ `ib_\YdU Y^ dXU ]QY^ dUhd( Red cdY\\ Y^S\eTU `UbYT_dYdU Y^ KQR\U - V_b
S_]`QbYc_^*

Da _\aX 22* \g \f abg V_XTe gb `X [bj g[X AX-GZ eTg\b bY Ac VTa UX eXceXfXagTg\iX Ybe /+?
fX\f`\V `bWX_f, ?b lbh `XTa Vbaf\fgXag j\g[ /+? fX\f`\V `bWX_f; GTlUX Vbaf\WXe eXbeZT+
a\m\aZ g[\f fXagXaVX gb fb`Xg[\aZ _\^X8 < cleb_lg\V `bWX_ Vb`cbf\g\ba j\g[ T AX-GZ eTg\b bY
Ac V_bfX gb .,/7 '/4 `b_X% AXI( [Tf UXXa cebcbfXW gb UX Vbaf\fgXag j\g[ /+? fX\f`\V `bWX_f,

/*4 IU`\i6 9c dXU bUfYUgUb `_Y^dc _ed( dXU `b_`_bdY_^c ]U^dY_^UT Y^ dXU _bYWY^Q\ dUhd gUbU
TYcdbQSdY^W* MU ^_g bUVUb d_ `ib_\YdU S_]`_cYdY_^c Y^ WU^UbQ\ cY^SU dXUi QbU ]_cd S_]]_^\i
S_]`QbUT d_ -)< cUYc]YS ]_TU\c*

Da _\aX 3/* c_XTfX Vbaf\WXe \afXeg\aZ XkcXVgXW be ceXW\VgXW8 j\g[\a g[X XkcXVgXW `\kXW fc\a
eXZ\ba

/*5 IU`\i6 <_^U

P[Tg \f `XTag j\g[ W\ XeXag V[TeTVgXe\fg\Vf \a _\aX 4/; Pbh_W \g UX cbff\U_X gb Z\iX Xk+
T`c_Xf bY fhV[ V[TeTVgXe\fg\Vf YbhaW \a ceXi\bhf Vb`cTe\fbaf bY gb`bZeTc[l `bWX_f \a g[X
gXkg;

/*-, IU`\i6 MU XQfU ]_TY!UT dXU cU^dU^SU &\Y^Uc 2/)23' d_ $<U`U^TY^W _^ gQfU\U^WdX Q^T
TU`dX( `bUfY_ec S_]`QbYc_^c _V H) Q^T J)gQfU d_]_WbQ`Xi ]_TU\c ceWWUcd TY UbU^d SXQbQS)
dUbYcdYSc Y^ dXU \_gUb ]Q^d\U( Y^S\eTY^W Y^ dXU bQdY_ Q^T S_bbU\QdY_^ _V J) Q^T H)gQfU fU\_SYdi
fQbYQdY_^c Q^T Q``QbU^d TYcbe`dY_^ _V Y]QWUT VQcd+c\_g VUQdebUc***$ MU XQfU Q\c_ QTTUT dXU
bUVUbU^SUc _V :US[Ub Q^T :_cSXY &.,,.' Q^T C_U\U]UYZUb Ud Q\ &.,-4'* MU Q\c_ ]U^dY_^ dXU
Q``QbU^d TYcbe`dY_^ _V c\QRc Q^T `\e]Uc \QdUb Y^ dXU TYcSeccY_^ cUSdY_^*

Da _\aX 53* `TlUX WXi\TgX Ul `beX g[Ta be f\`\_Te jbh_W UX `beX Tccebce\TgX g[Ta XkVXXW,
L_bjXe+g[Ta+TiXeTZX jTiX fcXXWf Wb abg eXT__l XkVXXW g[X `XW\Ta-`XTa bY g[X iX_bV\gl W\fge\+
Uhg\ba

/*-- IU`\i6 <_^U* MU XQfU SXQ^WUT dXU dUhd d_ ***TUfYQdU Ri ]_bU dXQ^****

P[Tg \f `XTag j\g[ `XTa bY g[X cbf\g\iX iT_hXf \a _\aXf //5 TaW 062; ?b cbf\g\iX iT_+
hXf eXYXe gb cbf\g\iX iX_bV\gl Tab`T_\Xf; J_XTfX `bW\Yl g[X gXkg TVVbeW\aZ_l,

/*-. IU`\i6 MU XQfU TU\UdUT bUVUbU^SUc d_ S_^d_ebY^W Qb_e^T dXU ]UQ^( gXYSX Yc ^_d Q^
Y]`_bdQ^d TUdQY\ XUbU &Uh`\Q^QdY_^ _V dXU `b_SUTebUc ecUT `bUfY_ec\i SQ^ RU V_e^T Y^ dXU
SYdUT bUVUbU^SU _V JXU`XQbT Ud Q\* &.,-3'*

/



Da _\aX /17* c_XTfX eXc_TVX fhUWhVgXW _\g[bfc[XeX j\g[ YTfg Tab`T_\Xf be f\`\_Te gb ^XXc bUfXe+
iTg\baf fXcTeTgXW Yeb` \agXeceXgTg\baf, M[X ceXVXW\aZ TaW fhUfXdhXag fXagXaVXf Vbaf\fgXag_l
WXfVe\UX g[X ibgX `Tcf j\g[bhg \agXeceXg\aZ g[X`,

/*-/ IU`\i6 <_^U

<VVbeW\aZ gb A\ZheX 0V* g[X gX`cXeTgheX+fXaf\g\i\gl bY J+jTiX iX_bV\g\Xf \f abg T XVgXW Ul
g[X fc\a geTaf\g\ba Tg WXcg[f \a XkVXff bY 03.. ^`, M[X fc\a geTaf\g\ba VTa g[XeXYbeX abg
Xkc_T\a g[X eXWhVXW TZeXX`Xag UXgjXXa gb`bZeTc[\V J+jTiX `bWX_f \a g[X _bjXe`bfg `Tag_X
'_\aXf /2/* /23(, LXX T_fb Vb``Xag 0,01 ba g[X VTcg\ba bY A\ZheX 4, Dg `\Z[g UX TWi\fTU_X gb
fcXV\Yl g[X WXcg[ eTaZXf bY j[Tg \f eXYXeeXW gb Tf `\W TaW _bjXe`bfg be UTfX bY g[X `Tag_X
\a g[X gXkg TaW gb fge\Vg_l ^XXc g[X W\fVhff\ba bY g[XfX gjb WXcg[ eTaZXf fXcTeTgXW gb ceXiXag
`\fVb``ha\VTg\baf, Da YTVg* g[X fhUfXdhXag cTeTZeTc[ '_\aXf /26+/34( fXX`f gb YbVhf ba g[X
_bjXe`bfg `Tag_X TaW b Xef Ta T_gXeaTg\iX Xkc_TaTg\ba 'cbfg+cXebif^\gX( Ybe bUfXeiTg\baf Tg
WXcg[f \a XkVXff bY 03.. ^`,

/*-0 IU`\i6 OUc( gU QWbUU gXYSX Yc gXi gU Y^dUb`bUd dXU _RcUbfQdY_^ dXQd dXU VQcd Q^T c\_g
L` Q^T Lc XQfU Q cY]Y\Qb dbU^T Qd dXU RQcU _V dXU ]Q^d\U Qc Q^ Y^TYSQdY_^ dXQd dXU Sb_cc_fUb
d_ \_g c`Y^ ]Qi RU ]_cd\i S_]`\UdU Qd dXUcU `bUccebUc* 9\c_( >YW* -Q cX_gc dXQd dXU U USd
_V dXU c`Y^ Sb_cc_fUb Yc ]Y\TUb Qd dXU XYWXUcd dU]`UbQdebUc ^UQb dXU S_bU)]Q^d\U R_e^TQbi*
KXU bUce\dc Y^ _eb cdeTi bU`bUcU^d dXU SebbU^d aeQ^de] ]_TU\Y^W _V dXU c`Y^ Sb_cc_fUb( Red
dXUbU QbU e^SUbdQY^dYUc Y^ dXU ]_TU\Y^W &TYcSeccY_^ _V gXYSX Yc RUi_^T dXU cS_`U _V dXYc g_b['
Q^T gU `\Q^ d_ Y^fUcdYWQdU dXU Y]`\YSQdY_^c Qd dXUcU XYWXUcd dU]`UbQdebUc Q^T `bUccebUc Y^
dXU VedebU* A^ QTTYdY_^( dXU `_cd)`Ub_fc[YdU dbQ^cYdY_^ Y^db_TeSUc Q^dY)S_bbU\QdY_^ RUdgUU^ J)
Q^T H)fU\_SYdYUc Q^T cU`QbQdY^W Ydc cYW^QdebU Vb_] dXQd _V dXU c`Y^ dbQ^cYdY_^ RUS_]Uc ]_bU
S_]`\YSQdUT Qd dXU S_bU)]Q^d\U R_e^TQbi*
MU ^_g c`USYVi dXU TU`dX bQ^WUc gU Qcce]U gXU^ gU bUVUb d_ ]YT)]Q^d\U( RQcU _V dXU

]Q^d\U( UdS*

Da _\aX /34* c_XTfX Vbaf\WXe eXc_TV\aZ ZeXTg_l j\g[ fgebaZXe be f\`\_Te,

/*-1 IU`\i6 MU XQfU bU`\QSUT WbUQd\i Ri ]_bU cdb_^W\i*

Da _\aX /4.* c_XTfX Vbaf\WXe eXc_TV\aZ `b_X% j\g[ `b_Te YeTVg\ba,

/*-2 IU`\i6 MU XQfU TUSYTUT d_ [UU` ]_cd _V dXU S_]`_cYdY_^ bUVUbU^SUc Y^ dXU dUhd Qc
gd* % S_^cYcdU^d gYdX ]_cd cdeTYUc dXQd S_]`QbU ]Y^UbQ\ `XicYSc `bUTYSdY_^c d_ cUYc]_\_WY)
SQ\ _RcUbfQdY_^c V_b TY UbU^d S_]`_cYdY_^c*

Da _\aX /5.* c_XTfX UX ceXV\fX j[Xa WXfVe\U\aZ g[X bUfXeiTg\baf8 < eXWhVg\ba \a g[X TeXT
YeTVg\ba bY-TZeXX`Xag ba-ah`UXe TaW XkgXag bY WXgXVgXW YTfg iX_bV\gl eXZ\baf

/*-3 IU`\i6 KXU dUhd &\Y^U -4,' XQc RUU^ SXQ^WUT d_ $9 bUTeSdY_^ Y^ dXU QbUQ _V ]YT)
]Q^d\U VQcd fU\_SYdi bUWY_^c Y^ H)gQfU ]_TU\c***$*
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M[X gX`cXeTgheX ceb!_X WXe\iXW Yeb` g[X L+jTiX iX_bV\gl `TgV[ gb JK@G '_\aX /52( \f cebU+
TU_l abg XkTVg_l TW\TUTg\V 'fXX T_fb _\aXf 016+02.(, M[X VbaV_hf\ba TUbhg Ta TW\TUTg\V gX`+
cXeTgheX ceb!_X \a _\aX /54 VTa g[XeXYbeX abg UX UTfXW ba g[X Vb`cTe\fba bY J+jTiX iX_bV\g\Xf
j\g[ JK@G Tf f[bja \a A\ZheX /W,

/*-4 IU`\i6 KXQ^[ i_e V_b YTU^dYViY^W dXYc Y^S_^cYcdU^Si* MU ]UQ^d d_ Y^TYSQdU dXQd dXU
c`Y^ Sb_cc_fUb cYW^Q\ SQ^^_d PXYTU$ Y^ Q >`)RUQbY^W S_]`_cYdY_^ ceSX Qc `ib_\YdU gYdX_ed
cYW^Y!SQ^d \QdUbQ\ dU]`UbQdebU fQbYQdY_^c* @_gUfUb( Q `ib_\YdU S_]`_cYdY_^ Y]`\YUc Q gU\\)
]YhUT ]Q^d\U dXQd g_e\T RU S\_cU d_ QTYQRQdYS* MU gUbU dbiY^W d_ cY]`\YVi Q^T bUfUbdUT
d_ ecY^W dXU dUb] QTYQRQdYS gYdX_ed Ve\\ ZecdY!SQdY_^* MU XQfU !hUT _eb g_bTY^W* 9\c_(
dXU bUfYUgUb Yc S_bbUSd dXQd dXU _RdQY^UT dU]`UbQdebU `b_!\U Yc ^_d cdbYSd\i QTYQRQdYS Red
dXU c`Y^)Sb_cc_fUb cYW^QdebU g_e\T Q\c_ RU `bUcU^d Y^ Q ]Q^d\U gYdX QTYQRQdYS dU]`UbQdebUc
`b_!\Uc Qc cX_g^ Y^( U*W*( IUVc* -. Q^T -2*

Da _\aX /6.* c_XTfX eXc_TVX W\fc_TVXf AX1) Yeb` j\g[ eXc_TVXf AX1) ba f\aVX Tgb`f TeX UX\aZ
W\fc_TVXW Yeb` g[X\e cbf\g\baf Ul g[Xe`T_ `bg\baf Uhg eXc_TVX XTV[ bg[Xe ba VelfgT__bZeTc[\V
f\gXf,

/*-5 IU`\i6 <_^U

L\aVX g[XeX fXX` gb UX iXel _\gg_X 'XkcXe\`XagT_( fghW\Xf ba fc\a geTaf\g\baf Tg [\Z[ gX`+
cXeTgheXf \a ZXaXeT_* D fhZZXfg eXc_TV\aZ g[X [\Z[Xfg \a _\aX /60 j\g[ eX_XiTag,

/*., IU`\i6 <_^U

Da _\aXf /64+/66* \g `\Z[g UX [X_cYh_ gb eX`\aW eXTWXef j[l g[X Thg[bef XkcXVg VXegT\a eXZ\baf
bY g[X `Tag_X gb [TiX fcXV\!V Vb`cbf\g\baf* \,X, eXVlV_\aZ TaW eXghea "bj bY _\g[bfc[Xe\V f_TU
`TgXe\T_f, P[Tg \f `XTag j\g[ cXe\Wbg\g\V+gb+cleb_\g\V; <f abgXW \a Vb``Xag 0,0* cleb_\g\V
\`c_\Xf cXe\Wbg\g\V,

/*.- IU`\i6 MU Q`_\_WYjU V_b dXU S_^VecY_^* JY^SU gU T_ ^_d [^_g dXU S_]`_cYdY_^ _V
dXU \_gUb ]Q^d\U( gU gUbU dbiY^W d_ Y^TYSQdU dXQd `UbYT_dYdYS Q^T `ib_\idYS S_]`_cYdY_^c
R_dX S_^dQY^ U^_eWX >` d_ Uh`USd Q cUYc]YS cYW^Q\ Y^ dXUcU S_]`_cYdY_^ YV dXUi bU`bUcU^d
ceR)\YdX_c`XUbYS ]Q^d\U _b QfUbQWU ]Q^d\U S_]`_cYdY_^* MU XQfU e`TQdUT dXU dUhd gXUbU
UYdXUb `ib_\YdU _b `UbYT_dYdU Yc ]U^dY_^UT d_ RUddUb Uh`\QY^ dXQd dXUi bU`bUcU^d S_]`_cYdY_^c
gXUbU >` Yc Uh`USdUT d_ RU `bUcU^d*

Dg \f abg dh\gX V_XTe gb `X [bj _TgXeT_ gX`cXeTgheX iTe\Tg\baf VTa \agebWhVX T WXcg[ WX+
cXaWXaVX '_\aX /7.(, B\iXa g[X eXWhVXW gX`cXeTgheX+fXaf\g\i\gl bY J+jTiX iX_bV\g\Xf j\g[\a
g[X `\kXW+fc\a WXcg[ \agXeiT_* D jbh_W XkcXVg _TgXeT_ gX`cXeTgheX iTe\Tg\baf gb [TiX T f`T__Xe
X XVg ba Z_bUT_ TiXeTZX iX_bV\g\Xf g[Ta j\g[bhg T fc\a geTaf\g\ba,

/*.. IU`\i6 KXU TU`dX Qd gXYSX dXU bUTeSdY_^ _V dXU Re\[ ]_Te\ec TeU d_ c`Y^ Sb_cc_fUb
]Q^YVUcdc TU`U^Tc _^ dXU dU]`UbQdebU &cUU >YW* -Q'* <U`U^TY^W _^ dXU \_SQ\ WU_dXUb] dXU
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H)fU\_SYdi Q^_]Q\i gY\\ ]Q^YVUcd( Y*U*( XQfU `_cYdYfU+^UWQdYfU TU`dX TUbYfQdYfUc( Qd TY UbU^d
TU`dXc &Qc Y^ >YW* -T'* KXUbUV_bU( dXYc c`Y^ Sb_cc_fUb cYW^QdebU gY\\ RU e^S\UQb &cSbQ]R\UT'
Y^ dXU W\_RQ\ QfUbQWU*

Da _\aX 0.5* c_XTfX Vbaf\WXe eXc_TV\aZ Na\dhX_l \WXag\Yl\aZ Ac j\g[ Ihe WXgXVg\ba bY Ac
be Ihe TffbV\Tg\ba bY Ac j\g[ be f\`\_Te, Cbj ha\dhX_l VTa T fcXV\!V `\aXeT_ UX \WXag\!XW
Ul fX\f`\V bUfXeiTg\baf ba g[X _bjXe `Tag_X;

/*./ IU`\i6 KXU dUhd gQc SXQ^WUT d_ $***Geb TUdUSdY_^ _V >`***$*

Da _\aX 001* g[X Thg[bef `Xag\ba g[Tg g[Xl \aV_hWXW AX0)+* AX1)+* TaW <_+UXTe\aZ Ue\WZ+
`Ta\gX \a g[X\e VT_Vh_Tg\baf, P[Tg jTf g[X AX1)-AX eTg\b bY Ue\WZ`Ta\gX; Pbh_W \g UX
cbff\U_X gb Z\iX g[X Yh__ Vb`cbf\g\ba-Ybe`h_T bY Ue\WZ`Ta\gX \a g[X GXg[bWf fXVg\ba; <g _XTfg
Ybe g[X fVXaTe\b j\g[ VbafgTag E? : .,3* g[X `\aXeT_ Vb`cbf\g\baf f[bh_W eX`T\a VbafgTag
g[ebhZ[bhg g[X Vbaf\WXeXW WXcg[-ceXffheX eTaZX, M[\f \aYbe`Tg\ba jbh_W UX aXXWXW gb eXceb+
WhVX g[X `\aXeT_+c[lf\VT_ `bWX_f* Ybe XkT`c_X* gb Vb`cTeX g[X eXfh_gf hf\aZ `\aXeT_ X_Tfg\V\gl
Yeb` TU \a\g\b VT_Vh_Tg\baf j\g[ eXfh_gf UTfXW ba X_Tfg\V cebcXeg\Xf WXe\iXW Yeb` [\Z[+ceXffheX
XkcXe\`Xagf,

/*.0 IU`\i6 KXQ^[ i_e V_b RbY^WY^W dXYc d_ _eb QddU^dY_^* MXY\U QTTbUccY^W dXYc S_])
]U^d( gU bUQ\YjUT dXU cdQdU]U^d gQc Q bUce\d _V ]YcS_]]e^YSQdY_^ Q]_^W dXU QedX_bc* MU
^_g S\QbYVi dXQd >U Q^T 9\ gUbU TYcdbYRedUT Y^ :] ceSX dXQd dXUbU gQc ^_ >U! Y^ _eb :]
cdbeSdebU* @_gUfUb( Ydc Y^S\ecY_^ g_e\T XQfU ]Y^Y]Q\ U USd _^ _eb fU\_SYdi SQ\Se\QdY_^c &bUV)
UbU^SUc JXe[\Q( ?* Ud Q\*( ?ID( .,-2 Q^T DYe( B* Ud Q\*( FQdebU S_]]e^YSQdY_^c( .,-3' Q^T
dXec ^_d U USd _eb S_^S\ecY_^c bUWQbTY^W dXU bU\QdYfU RUXQfY_b _V Lc Q^T L` TebY^W dXU Yb_^
c`Y^ Sb_cc_fUb*

Da TWW\g\ba gb cleb_\gX* [TemUheZ\gX* TaW g[X Ac+YeXX Vb`cbf\g\ba* MTU_X / _\fgf T Vb`cbf\+
g\ba Ybe cXe\Wbg\gX g[Tg \f T_fb `Xag\baXW \a _\aX 015 Uhg WbXf abg fXX` gb UX W\fVhffXW \a g[X
`T\a gXkg be \aV_hWXW \a Tal bY g[X !ZheXf, =bg[ [TemUheZ\gX TaW cleb_\gX TeX W\ XeXag glcXf
bY cXe\Wbg\gXf, P[l [Tf g[\f TWW\g\baT_ Vb`cbf\g\ba UXXa TWWXW; ?bXf \g eXYXe gb T fcXV\!V
be aTgheT_ cXe\Wbg\gX Vb`cbf\g\ba; Da g[X VTcg\ba bY MTU_X /* c_XTfX VbeeXVg AX+YeXX gb Ac+YeXX,

/*.1 IU`\i6 KQR\U - SQ`dY_^ Yc ^_g S_bbUSdUT d_ >`)VbUU* MU XQfU Q\c_ QTTbUccUT dXUcU
YcceUc gYdX dXU S_]`_cYdY_^c ]U^dY_^UT dXb_eWX_ed dXU dUhd( cUU /*3 bU`\i*

Da g[X VTcg\ba bY A\ZheX 0* c_XTfX VbeeXVg /651 ^` gb 44. ^`,

/*.2 IU`\i6 <_^U

Da g[X VTcg\ba bY A\ZheX 4* c_XTfX abgX g[Tg g[X fc\a geTaf\g\ba \f abg XkcXVgXW gb f[\Yg gb
g[X UTfX bY g[X `Tag_X 'cXah_g\`TgX _\aX(* XiXa Tg iXel [\Z[ gX`cXeTgheXf 'fXX A\ZheX /T(,
J_XTfX V[TaZX g[X VTcg\ba TVVbeW\aZ_l,

/*.3 IU`\i6 ?__T `_Y^d* MU bU`\QSUT dXU dUhd d_6 P*** cXYVdc d_ WbUQdUb TU`dXc***$
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Da A\ZheXf 3 TaW 4* c_XTfX Vbaf\WXe V[TaZ\aZ g[X _TUX_f ah`UXe bY `bWX_f gb ah`UXe bY ibgXf
Tf \a A\ZheX 5, <f D haWXefgTaW* T__ ibgX `Tcf \a A\ZheXf 3 TaW 4 [TiX UXXa VbafgehVgXW
Yeb` 2 `bWX_f XTV[,

/*.4 IU`\i6 <_^U*

'+7.+8+4 ! $200+16 (1* '+3/9#

M[\f `TahfVe\cg cebi\WXf Xi\WXaVX Ybe g[X fX\f`b_bZ\VT_ XkceXff\ba bY g[X \eba fc\a VebffbiXe
\a g[X @Teg[f _bjXe `Tag_X* UTfXW ba T Vb`cTe\fba UXgjXXa `\aXeT_ c[lf\Vf VT_Vh_Tg\baf TaW
fXiXeT_ fX\f`\V gb`bZeTc[l `bWX_f, @i\WXaVX bY T fc\a geTaf\g\ba \af\WX g[X @Teg[ [Tf ceb+
YbhaW \`c_\VTg\baf Ybe \gf VbaiXVg\iX TaW g[Xe`T_ Xib_hg\ba, D g[\a^ g[\f fghWl \f cebUTU_l
\agXeXfg\aZ Ybe g[X fX\f`b_bZl TaW `\aXeT_ c[lf\Vf Vb``ha\g\Xf UXVThfX \g eT\fXf T _bg bY
W\fVhff\ba TUbhg [bj gb \agXeceXg fX\f`\V gb`bZeTc[l `bWX_f TaW j[Tg fbeg bY f\ZaT_f gb
Vbaf\WXe \Y jX jTag gb WXgXVg T fc\a geTaf\g\ba hf\aZ fX\f`b_bZl, Da g[Tg eXfcXVg \gf jbeg[
chU_\f[\aZ,

0*- IU`\i6 KXQ^[ V_b bUS_W^YjY^W _eb U _bd*

<_fb g[X TeZh`XagTg\ba \f T U\g \aib_iXW* j[\V[ VTa UX [TeW Ybe T aba+fcXV\T_\fg gb Yb__bj,
Ie Tg _XTfg* g[X jTl g[X cTcXe \f je\ggXa TaW fgehVgheXW Vbh_W UX `TWX V_XTaXe \a beWXe gb
UX `beX Vb`cX__\aZ, X,Z, fhWWXa_l W\fVhff\aZ \eba cTeg\g\ba\aZ TYgXe WXfVe\U\aZ 1? fX\f`\V
bUfXeiTg\baf* g[Xa fj\gV[\aZ gb \agXeceXgTg\ba \a gXe`f bY /? fgehVgheX* \f abg T Vb`YbegTU_X
eXTW, GTlUX T UXggXe fgehVgheX jbh_W UX baX cTeg bY g[X cTcXe WXW\VTgXW gb g[X fX\f`\V \a+
"hXaVX bY fc\a geTaf\g\ba \a gXe`f bY Ac TUhaWTaVX* AX cTeg\g\ba\aZ* XgV TaW Tabg[Xe cTeg
WXW\VTgXW gb g[X fX\f`\V bUfXeiTg\baf* \afgXTW bY "\c+"bcc\aZ UXgjXXa g[X`;

0*. IU`\i6 KXQ^[ i_e V_b Uh`bUccY^W dXYc S_^SUb^* KXU Yb_^ c`Y^ dbQ^cYdY_^ Yc Q aeQ^de]
`XU^_]U^_^ Q^T dXU \QS[ _V Q^ Y^YdYQ\\i _RfY_ec cUYc]YS Uh`bUccY_^( Uc`USYQ\\i Y^ -< cUYc]YS
]_TU\c( XQc \UT d_ S_^VecY_^ Q^T+_b TYcbUWQbT V_b Ydc ecUVe\^Ucc Qc Q d__\ d_ Y^fUcdYWQdU \_gUb
]Q^d\U S_]`_cYdY_^* KXU SebbU^d ]Q^ecSbY`d cdbeSdebU QY]c d_ Y^dUWbQdU dXU `bUTYSdY_^c(
_RcUbfQdY_^c( Q^T Y^dUb`bUdQdY_^c dXb_eWX_ed dXU `Q`Ub* MU Q`_\_WYjU dXQd dXYc cdbeSdebU Yc
^_d YTUQ\ V_b dXU bUfYUgUb* <UdQY\c ceSX Qc `QbdYdY_^Y^W XQfU RUU^ bUaeUcdUT Ri _dXUb bUfYUg)
Ubc Q^T _eb bUce\dY^W SQ\Se\QdY_^c QbU Q ^_fU\ S_^dbYRedY_^ d_ dXU `Q`Ub gXYSX ^USUccYdQdU
TYcSeccY_^ RUV_bU QTTbUccY^W dXU -< ]_TU\ `bUTYSdY_^c Q^T _RcUbfQdY_^c* MU TUcYW^UT dXU
SebbU^d dUhd d_ cdbY[Uc Q RQ\Q^SU RUdgUU^ dXU S_]`\UhYdi _V dXU ceRZUSd Q^T cdbQYWXdV_bgQbT)
^Ucc _V dXU bU\QdYfU L` Q^T Lc cYW^Q\c* MU X_`U dXU ce] _V dXU UTYdc Y^S\eTUT Y^ dXYc bUfYcUT
fUbcY_^ ]Q[U dXU "_g UQcYUb d_ V_\\_g Y^ WU^UbQ\*

M[X TeZh`Xagf Ybe bUfXei\aZ T fc\a geTaf\g\ba TeX UTfXW TebhaW g[X WXZeXX bY Vb[XeXaVl
UXgjXXa 2 W\ XeXag J TaW L gb`bZeTc[l `bWX_f, M[X \ffhX j\g[ hf\aZ ibgX `Tcf \f \g Tf+
fh`Xf T__ g[X gb`bZeTc[l `bWX_f hfXW TeX XdhT__l TVVheTgX TaW g[X\e Xeebef TeX eTaWb`* j[Xa
\a YTVg fX\f`\V gb`bZeTc[l \f abg T WX`bVeTVl, P[Tg \Y g[X / `bWX_ j[b W\fTZeXXf j\g[ g[X
bg[Xef \f g[X `bfg eX_\TU_X;
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0*/ IU`\i6 OUc( UQSX d_]_WbQ`Xi ]_TU\ XQc Ydc cdbU^WdXc Q^T gUQ[^UccUc* KXec( gU `_cYd
XUbU dXQd cYW^Q\c `bUcU^d Y^ Y^TYfYTeQ\ ]_TU\c QbU g_bdX S_^cYTUbQdY_^ Qc gU\\ Qc dX_cU S_])
]_^ d_ ]_bU dXQ^ _^U ]_TU\ Q^T UfQ\eQdU R_dX* MU Q\c_ Y^S\eTU ]Q^i =hdU^TUT <QdQ
>YWebUc d_ TU]_^cdbQdU X_g dXU ]_TU\c U USd dXU VQcd Q^T c\_g L` Q^T Lc cYW^Q\c Q^T Q\\_g
dXU QeTYU^SU d_ UhQ]Y^U dXU VUQdebU `bUcU^d Y^ Q\\ dXU Y^TYfYTeQ\ ]_TU\c*

M[XeX \f ab Vbaf\WXeTg\ba bY eXfb_hg\ba-eX_\TU\_\gl bY XTV[ `bWX_* X,Z, j\g[ T eXfb_hg\ba `T+
ge\k* gb ^abj j[\V[ U\gf bY XTV[ `bWX_ VTa UX gehfgXW,

0*0 IU`\i6 MU QWbUU dXQd Yd Yc `bUVUbQR\U d_ UfQ\eQdU ]_TU\c gXYSX QbU RUcd bUc_\fUT Y^
dXU QbUQc _V dXU cUYc]YS cYW^Q\ _V Y^dUbUcd* @UbU( gU V_Sec _^ dXU ]YT)]Q^d\U &-.,,).1,,
[]' gXUbU ]_cd ]_TU\c XQfU cY]Y\Qb bUc_\edY_^ Vb_] TYbUSd H Q^T J Qc gU\\ Qc dXU `_ccYR\U
Y^S\ecY_^ _V _dXUb `XQcUc ceSX Qc HH Q^T JJ* ATUQ\\i( dXU d_]_WbQ`XYS Y^fUbcY_^ cX_e\T ^_d
Y^db_TeSU Q^i cdbeSdebU Y^d_ dXU ]_TU\ dXQd Yc ^_d bUaeYbUT Ri c_]U `_bdY_^ _V dXU TQdQ*
KXec( gU S_^cYTUb dXU cdbeSdebU Y^ UQSX d_]_WbQ`Xi ]_TU\ d_ RU UaeQ\\i fQ\YT V_b dXU `eb)
`_cU _V dXYc cdeTi* KXU bU\YQRY\Ydi Q^T bUc_\edY_^ dUcdc V_b UQSX Y^TYfYTeQ\ d_]_WbQ`Xi ]_TU\
QbU TYcSeccUT Ri dXU QedX_bc _V dX_cU ]_TU\c Y^ dXU _bYWY^Q\ bUVUbU^SUc* KXU cdeTYUc `b_fYTU
SXUS[UbR_QbT bUc_\edY_^ Q^T _dXUb dUcdc gXYSX TU]_^cdbQdU dXUYb bUc_\fY^W `_gUb( Q^T dXU
]_TU\c S_^cYTUbUT XUbU XQfU dXUYb RUcd bUc_\edY_^ Y^ dXU ]YT)]Q^d\U gXYSX gU UfQ\eQdU XUbU*

Cbj `hV[ bY g[X ZeXTgXe W\iXeZXaVX \a J jTiX `bWX_f* eX_Tg\iX gb XTV[ bg[Xe TaW gb L jTiXf*
`\Z[g UX WhX gb T _TV^ bY eTl VbiXeTZX 'TaW [XaVX `beX haVXegT\agl( \a J; Da ZXaXeT_ Of \f
`hV[ UXggXe VbafgeT\aXW g[Ta Oc \a g[X `\W `Tag_X WhX gb g[XeX UX\aZ `beX L jTiX Tee\iT_f9
WbXf g[Tg Vbage\UhgX gb g[X \agXeceXgTg\ba;

0*1 IU`\i6 Ad Yc dbeU dXQd dXU Y^S\ecY_^ _V JSJ Q^T JTY Y]`b_fUc dXU S_fUbQWU _V J)]_TU\c
Y^ ]_TU\ \QiUb Qd dXU S_bU)]Q^d\U R_e^TQbi &Qb_e^T .4,, []' Q^T cebVQSU gQfUc XU\` d_
TYbUSd\i S_^cdbQY^ Lc Y^ dXU e``Ub ]Q^d\U* @_gUfUb( \_gUb ]Q^d\U cUYc]YS fU\_SYdi fQbYQdY_^c
QbU ]_cd\i S_^cdbQY^UT Ri TYbUSd H Q^T J( Qc gU\\ Qc ]e\dY`\Uc &HH( JJ( UdS*'( gXYSX XQfU
cY]Y\Qb f_\e]U Q^T S_fUbQWU Y^ dXU ]YT)]Q^d\U*

>bh_W 1? iTe\Tg\baf \a V[X`\fgel 'be fb`X bg[Xe c[lf\VT_ cebcXegl( ZXaXeTgX g[X fT`X f\ZaT_
Tf T fc\a geTaf\g\ba; '\Y lXf* UX bcXa TUbhg \g(

0*2 IU`\i6 K_ _eb [^_g\UTWU( dXUbU Yc ^_ UfYTU^SU dXQd cY^We\Qb fQbYQdY_^c Y^ SXU]Ycdbi
_b dU]`UbQdebU _b _dXUb `b_`Ubdi S_e\T \UQT d_ TU)S_bbU\QdY_^ RUdgUU^ J) Q^T H)fU\_SYdYUc
Qd dXU TU`dXc _RcUbfUT Y^ dXUcU ]_TU\c* A^ dXU QRcdbQSd Q^T Y]`\YSQdY_^c cUSdY_^( gU _`U^\i
TYcSecc dXQd Q^i TUS_e`\Y^W _V L` Q^T Lc Y^ dXU ]YT ]Q^d\U bUaeYbUc R_dX dXUb]Q\ Q^T
SXU]YSQ\ XUdUb_WU^UYdi QSb_cc dXU \_gUb ]Q^d\U* KXU cYW^Q\c gU _RcUbfU Y^ VQcd fU\_SYdi bU)
WY_^c QbU ]_cd S_^cYcdU^d gYdX dXU Yb_^ c`Y^ dbQ^cYdY_^ WYfU^ _eb SebbU^d e^TUbcdQ^TY^W Vb_]
]Y^UbQ\ `XicYSc*

?b T__ g[X gb`bZeTc[l `bWX_f [TiX g[X fT`X /? eXYXeXaVX; Ig[Xej\fX g[X WX!a\g\ba bY
YTfg TaW f_bj eXZ\baf \f Zb\aZ gb UX iTe\TU_X UXgjXXa `bWX_f* j[\V[ Vb`c_\VTgXf Vb`cTe\fba

4



j\g[ ibgX `Tcf,

0*3 IU`\i6 E_cd d_]_WbQ`Xi ]_TU\c QbU TUcYW^UT+Y^dU^TUT d_ S_^cdbQY^ bU\QdYfU fQbYQdY_^c
Y^ cUYc]YS fU\_SYdi( Q^T eceQ\\i T_ Q `__b Z_R _V S_^cdbQY^Y^W QRc_\edU cUYc]YS fU\_SYdYUc* >_b
UhQ]`\U( S_]`QbYc_^c _V d_]_WbQ`Xi ]_TU\c !^T dXQd TY UbU^SUc Y^ ]UQ^+]_TU _V cUYc]YS
fU\_SYdi Qd UQSX TU`dX Yc ^_d Q\gQic S_bbU\QdUT gYdX TY UbU^SUc Y^ -< bUVUbU^SU ]_TU\c &U*W*(
@Ub^\e^T Q^T @_ecUb( =HJD( .,,4'* >ebdXUb]_bU( dXU cdQ^TQbT TUfYQdY_^ _V cUYc]YS fU\_SYdi
fQbYQdY_^c fQbi Ri e` d_ Q VQSd_b _V /N( Q^T Yc cdb_^W\i Q USdUT Ri ceRZUSdYfU TUSYcY_^c ceSX
Qc dXU [Y^T Q^T Q]_e^d _V TQ]`Y^W+bUWe\QbYjQdY_^* >_b dXYc bUQc_^( gU ^_b]Q\YjU Q]`\YdeTU
fQbYQdY_^c Y^ _eb Q^Q\icUc*

M[XeX \f ab W\fVhff\ba bY T UTV^+geTaf\g\ba Yeb` _bj+fc\a gb [\Z[+fc\a \eba \a g[X _bjXe+
`bfg `Tag_X* lXg g[\f \f ceXW\VgXW Ul fb`X `\aXeT_ c[lf\Vf `bWX_f* TaW jbh_W TccXTe gb UX
ceXfXag \a fb`X bY g[X ceb!_Xf c_bggXW \a A\ZheX 0; 'Ul g[X jTl* aXkg g\`X lbh fhU`\g c_XTfX
VTa lbh TWW g[X A\ZheX ah`UXef bagb g[X A\ZheXf g[X`fX_iXf;(, Df g[XeX Tal Xi\WXaVX Ybe \g
\a g[X fX\f`\V `bWX_f;

0*4 IU`\i6 MXY\U gU SQ^ ^_d be\U _ed Q RQS[)dbQ^cYdY_^ Vb_] DJ d_ @J Y^ dXU TUU`Ucd ]Q^)
d\U( ceSX Q RQS[ dbQ^cYdY_^ Yc ^_d ce``_bdUT Ri _eb SQ\Se\QdY_^c* MU Y^dUb`bUd dXU Y^SbUQcU
Y^ cebVQSU QbUQ S_fUbUT Ri VQcd Q^_]Q\YUc Y^ L` Q^T Lc RU\_g .1,, [] Qc dXU Y^"eU^SU _V
dXU dXUb]Q\ R_e^TQbi \QiUb gXUbU VQcd Q^_]Q\YUc QSSe]e\QdU Q^T DDJLH T_]Y^QdU dXU c\_g
Q^_]Q\YUc* MU S_^cYTUb dXU _RcUbfQdY_^ dXQd dXU cebVQSU QbUQ _V VQcd Q^_]Q\YUc Y^SbUQcUc ^UQb
dXU RQcU _V dXU ]Q^d\U d_ Y^TYSQdU dXQd dXU S_fUbQWU+bUc_\edY_^+gQfU\U^WdX USd* _V H)gQfU Yc
SQ`QR\U _V bUc_\fY^W S_\T c\QRc Y^ dXU ]YT)]Q^d\U Qc _RcUbfUT Y^ dXU VQcd Lc Q^_]Q\YUc( Red
dXU Uh`USdUT VQcd cYW^Q\ Vb_] dXU dXUb]Q\ Q^_]Q\i Yc Y^XYRYdUT Ri Yb_^ c`Y^ dbQ^cYdY_^*

<_fb fb`X f`T__ g[\aZf8
<UfgeTVg8 abg fheX g[Tg YXeebcXe\V_TfX \f g[X 0aW `bfg TUhaWTag `\aXeT_ ba @Teg[ j[Xa \gf
ib_% \f haVXegT\a, Df g[XeX WX!a\gX_l `beX Yc g[Ta b_\i\aX;

0*5 IU`\i6 MU XQfU bU`XbQcUT dXU cU^dU^SU Y^ aeUcdY_^* H\UQcU cUU _eb bU`\i d_ dXU ^Uhd
S_]]U^d*

D jbh_W T_fb WX_XgX _bjXe `Tag_X Yeb` _\aX / Tf g[XeX \f ab fhV[ g[\aZ Tf hccXe `Tag_X
Ue\WZ`Ta\gX,

0*-, IU`\i6 KXQ^[ i_e V_b dXU ceWWUcdY_^* KXU dUhd XQc RUU^ bU`\QSUT Ri KXU dg_ ]_cd
QRe^TQ^d ]Y^UbQ\c Y^ dXU =QbdXc \_gUb ]Q^d\U QbU RbYTW]Q^YdU Q^T VUbb_`UbYS\QcU*

Na_Xff lbheX _bb^\aZ Tg Ta\fbgebcl* eXYXeXaVXf gb iX_bV\gl f[bh_W UX jTiX fcXXW,

0*-- IU`\i6 JUYc]YS PfU\_SYdi$ Yc dXU S_]]_^ dUb] ecUT Y^ cUYc]YS d_]_WbQ`Xi* MU TUVUb
d_ dXU bUS_]]U^TQdY_^c _V dXU UTYd_b( Q^T QbU XQ``i d_ V_\\_g dXUYb \Q^WeQWU+dUb]Y^_\_Wi
`bUVUbU^SUc*

5



F\aX /728 D` abg fheX j[Tg lbh `XTa Ul Ac VbaVXageTg\ba UX\aZ Vb`c_X`XagTel gb [\Z[
i\fVbf\gl, >beeX_TgXW j\g[; <ffbV\TgXW j\g[;

0*-. IU`\i6 KXQ^[ i_e V_b `_Y^dY^W _ed dXQd PS_]`\U]U^dQbi$ Yc ^_d S\UQb* MU SXQ^WUT dXU
dUhd d_6 Je``bUccY_^ _V Q W\_RQ\ &-)<' cYW^QdebU _V dXU c`Y^ Sb_cc_fUb ]YWXd RU Uh`\QY^UT YV
cYW^Y!SQ^d `_bdY_^c _V dXU \_gUb ]Q^d\U QbU TU`\UdUT Y^ >` &Y*U*( U^bYSXUT Y^ RbYTW]Q^YdU'(
gXY\U >`)RUQbY^W b_S[ dXQd SYbSe\QdUc RUdgUU^ dXU cXQ\\_g Q^T TUU` ]Q^d\U Yc S_^SU^dbQdUT
Y^ e`gU\\Y^W Q^T T_g^gU\\Y^W SXQ^^U\c* KXYc cYdeQdY_^ Yc cY]Y\Qb d_ dXU RbYTW]Q^YdU)U^bYSXUT
Q^SYU^d ]Q^d\U cdbeSdebUc &:=9EJ' ]_TU\ &:Q\\]Ub Ud Q\ .,-3' Y^ gXYSX >`)`__b bUWY_^c
UhXYRYd Q XYWXUb fYcS_cYdi Q^T bUcYcd S_^fUSdYfU ]YhY^W*$

A\ZheX /8 g[X UeTV^Xgf TeX \a g[X jebaZ c_TVX haWXe fgXc / + g[X ( f[bh_W UX TYgXe RL+jTiX$
TaW abg R`bWX_$

0*-/ IU`\i6 >YhUT &Yd gQc >YWebU /'*

A\ZheX 28 < _XZXaW Ybe g[X W\ XeXag Vb_be _\aXf ba g[X !ZheX \gfX_Y jbh_W UX eXT__l a\VX,

0*-1 IU`\i6 9]U^TUT &dXU H Q^T J gQfUc T_ ^_d ^UUT d_ XQfU TY UbU^d S_\_ebc RUSQecU
dXUi QbU TY UbU^d `Q^U\c Q^T gU !^T Yd Yc d__ TYcdbQSdY^W gYdX ]_bU S_\_ebc'

'+7.+8+4 " $200+16 (1* '+3/9#

L[Xc[TeW TaW Vb+Thg[bef !aW Xi\WXaVX bY T cbgXag\T_ `\W+`Tag_X f\ZaTgheX Ybe g[X \eba fc\a
geTaf\g\ba \a g[X `\W+`Tag_X Ul Vb`cTe\aZ Z_bUT_ J TaW L jTiX `bWX_f, D !efg eXTW g[X cT+
cXe TaW jTf _XYg j\g[ fXiXeT_ dhXfg\baf fgTgXW UX_bj, KXTW\aZ g[ebhZ[ g[X eXUhggT_ W\W abg
TafjXe g[XfX dhXfg\baf, M[X ceXi\bhf eXi\Xjf [TiX V_XTe_l \`cebiXW g[X `TahfVe\cg Ul V_Te+
\Yl\aZ `Tal TfcXVgf bY g[X `Xg[bWf '\aV_hW\aZ g[X `Xg[bW bhg_\aX \a !ZheX 1( TaW cbgXag\T_
haVXegT\ag\Xf, Dg T_fb TccXTef g[Tg `Tal `beX !ZheXf jXeX TWWXW gb g[X fhcc_X`Xag Ybe g[X
eXUhggT_* j[\V[ \a fb`X VTfXf fgeXaZg[Xa g[X VTfX \a g[X cTcXe* Uhg bg[Xef `T^X g[X VbaV_h+
f\baf _Xff Vbai\aV\aZ 'X,Z, f[bj\aZ _bgf bY iTe\Tg\ba j\g[\a \aW\i\WhT_ `bWX_f(, P[\_X D g[\a^
g[X TccebTV[ TaW TaT_lf\f TeX \agXeXfg\aZ* T_g[bhZ[ g[X dhXfg\baf UX_bj j\__ f[bj D T` abg
Xag\eX_l Vbai\aVXW, <f T_fb `Xag\baXW UX_bj* g[X Thg[bef Vbh_W \`cebiX Vbai\aV\aZ T UebTW
ThW\XaVX bY g[X \`cbegTaVX bY g[X \eba fc\a geTaf\g\ba,

1*- IU`\i6 KXQ^[ i_e V_b dQ[Y^W dXU dY]U d_ bUfYUg dXU ]Q^ecSbY`d( bUfYUgc( bU`\i( Q^T
^Ug ]QdUbYQ\c* MU Q``bUSYQdU dXQd Yd Yc ^_d Q c]Q\\ Z_R* MU ^_dU dXQd dXUbU gUbU Y^ VQSd dg_
b_e^Tc _V `bY_b bUc`_^cUc gYdX dXYc ceR]YccY_^ d_ FQd;_]]c* KXU QTTYdY_^ _V ^Ug !WebUc
]Q[Uc dXU `b_SUcc ]_bU dbQ^c`QbU^d( Q^T Uc`USYQ\\i RUSQecU Yd cX_gc dXU fQbYQRY\Ydi RUdgUU^
dXU ]_TU\c( gXYSX Yc Q^ Y]`_bdQ^d bUQc_^ gXi f_dU ]Q`c QbU edY\YjUT( Y^ QTTYdY_^ d_ dXU
Y^TYfYTeQ\ ]_TU\c*

M[X Thg[bef \aV_hWX 4 W\ XeXag J jTiX `bWX_f* 1 bY j[\V[ Wb abg f[bj g[X XkcXVgXW f\Z+
aTgheX bY T fc\a geTaf\g\ba \a g[X TeXT bY YTfg iX_bV\g\Xf, Mjb bY g[XfX 'j[\V[ TeX gjb eXVXag
`bWX_f( TeX ba_l f[bja Tg g[X XaW bY g[X fhcc_X`XagTel `TgXe\T_, M[X Thg[bef f\`c_l Uehf[

-,



g[XfX Tf\WX abg\aZ g[XfX gjb `bWX_f j[XeX YbVhfXW ba bg[Xe WXcg[f TaW g[hf abg Tccebce\TgX
gb _bb^ Tg g[X `\W+`Tag_X* Uhg fhV[ Ta TeZh`Xag VTa UX `TWX Ybe `bfg `bWX_f, M[X Thg[bef
f[bj g[Tg g[X f\ZaT_ cXef\fgf Ybe Tal 1 `bWX_f c\V^XW bhg bY g[X bg[Xe 2 \a g[X fhcc_X`Xagf*
Uhg g[\f \f abg gXee\U_l Vbai\aV\aZ Z\iXa g[X ceXi\bhf fX_XVg\ba bY 2 `bWX_f,

1*. IU`\i6 MU Q``bUSYQdU dXU bUfYUgUb UhQ]Y^Y^W dXU `QddUb^c Y^ UQSX _V dXU cYh H ]_TU\c*
KXU . ]_cd)bUSU^d ]_TU\c gUbU XYWX\YWXdUT Y^ dXU ce``\U]U^dQbi ]QdUbYQ\ RUSQecU dXUi XQfU
TY UbU^SUc Vb_] dXU ]_TU\c ecUT dXU Y^ ]QY^ dUhd gXYSX ]Q[U dXU] \Ucc ceYdQR\U V_b S_])
`QbYc_^ Y^ _eb Q^Q\icYc* KXU KN.,-5 ]_TU\ ecUc Q ]UdX_T dXQd Y^f_\fUc QSS_e^dY^W V_b dXU
c\QR cYW^Q\ Y^ dXU cdQbdY^W ]_TU\ Q^T JH-.IKJ Yc TUcYW^UT V_b \_^WUb gQfU\U^WdX VUQdebUc
gYdX U]`XQcYc Qd dXU S_bU)]Q^d\U R_e^TQbi* KXec( gU VU\d Yd gQc Y]`_bdQ^d d_ Y^S\eTU dXU]
V_b dbQ^c`QbU^Si( Red dXUYb VUQdebUc QbU ^_d Qd _TTc gYdX dXU dXbUU H ]_TU\c gXYSX cX_g Q
TUSbUQcU Y^ dXU cebVQSU QbUQ _V VQcd fU\_SYdYUc Y^ dXU ]YT)]Q^d\U* 9WbUU]U^d Q]_^W dXbUU H
]_TU\c cX_gY^W dXU cYW^Q\ _V dXU c`Y^ Sb_cc_fUb Yc g_bdX S_^cYTUbQdY_^ Q^T VebdXUb `ebceYd
Ri _dXUbc gX_ ]Qi !^T ]UQ^c d_ RUddUb S\QbYVi dXUcU TUdQY\c* MU \__[ V_bgQbT d_ VedebU
Y^fUcdYWQdY_^ Ri dXU gYTUb cUYc]_\_WYSQ\ S_]]e^Ydi*

M[X Thg[bef fhZZXfg L TaW J `bWX_f [TiX f\`\_Te eXfb_hg\ba TVebff g[X _bjXe `Tag_X + _\aX
578 &f\`\_Te J+ TaW L+jTiX VbiXeTZX TaW g[hf f\`\_Te eXfb_hg\ba j\g[\a g[X `\W_bjXe`Ta+
g_X&, Aeb` `l haWXefgTaW\aZ* g[X CGLF `bWX_f hfXW VbagT\a Ta XkgXaf\iX LVL WTgT fXg* Uhg
[TiX ab Xdh\iT_Xag Ybe g[X J jTiX `bWX_ _XTW\aZ gb W\ XeXag VbiXeTZX, @iXa Ybe Vb`cTeTU_X
VbiXeTZX* eXfb_hg\ba VTa UX W\ XeXag \Y Vb`cTeTU_X Wb`\aTag cXe\bWf TeX hfXW* Tf J jTiXf
j\__ [TiX UebTWXe AeXfaX_ mbaXf, M[XeX \f _\gXeTgheX f[bj\aZ g[X haeX_\TU\_\gl bY \agXeceXg\aZ
g[XfX `bWX_f gbZXg[Xe* X,Z, MXfba\Xeb Xg T_, 0./4, P[\V[ Ue\aZf `X gb `l aXkg cb\ag, ?b g[X
Thg[bef [TiX T eXfb_hg\ba !_gXe Ybe CLGF gb f[bj g[Tg f_TU Tab`T_\Xf j\g[ TaW j\g[bhg fc\a
geTaf\g\ba VTa UX jX__ eXfb_iXW \a L TaW J; Ig[Xej\fX fhV[ !_gXef TeX TiT\_TU_X Ybe LJ/0KML
TaW [TiX UXXa Tcc_\XW UXYbeX 'EbX_X`X\]Xe Xg T_, 0./6(, IY VbhefX* \g jbh_W UX UXggXe gb [TiX
fhV[ T !_gXe Ybe T `bWX_ g[Tg WbXf f[bj g[X f\ZaT_* Uhg WX`bafgeTgX \g \f abg Ta TegXYTVg,

1*/ IU`\i6 A^ _eb ]Q^ecSbY`d gU `b_fYTU bUVUbU^SUc d_ dg_ cdeTYUc dXQd ce``_bd dXU Qb)
We]U^d dXQd J Q^T H QbU cY]Y\Qb\i bUc_\fUT Y^ dXU ]YT)]Q^d\U &<U\\Q E_bQ Ud Q\* .,-- Q^T
E_e\Y[ Q^T =[cdb_] .,-2' Y^ QTTYdY_^Q\ d_ dXU bUc_\edY_^ Q^Q\icUc `b_fYTUT Y^ dXU _bYWY^Q\
d_]_WbQ`Xi ]_TU\ `eR\YSQdY_^c* <U\\Q E_bQ Ud Q\* &.,--' SbUQdUT ci^dXUdYS dbQfU\ dY]U TQdQ
Vb_] Q^ QbdY!SYQ\ L` ]_TU\ dXQd Yc Q cSQ\UT fUbcY_^ _V Lc* A^fUbdY^W dXU ci^dXUdYS TQdQ(
dXUi V_e^T dXQd dXU Y^YdYQ\ cSQ\Y^W _V dXU Y^`ed ]_TU\ gQc `bUcUbfUT Y^ dXU _ed`ed ]_TU\*
KXec( dXU TQdQ S_fUbQWU gQc ce#SYU^d Y^ L` Q^T Lc Y^ dXU ]YT)]Q^d\U d_ bU`b_TeSU dXU
Y^`ed ]_TU\ gYdX_ed QbdYVQSdc ceSX Qc Q ceTTU^ \_cc _V bUc_\edY_^ Y^ VQcd L` fUbcec VQcd Lc Qd
!-(0,, []* E_e\Y[ Q^T =[cdb_] .,-2 WbQ`XYSQ\\i TU]_^cdbQdU dXU TU`dX bQ^WU _fUb gXYSX
TY UbU^d di`Uc _V TQdQ Y^ dXUYb ]_TU\ QbU dXU ]_cd cU^cYdYfU* KXUi cX_g dXQd Q S_]RY^QdY_^
_V UfU^ Q VUg TY UbU^d di`Uc _V R_Ti gQfU TQdQ `b_fYTUc ce#SYU^d fUbdYSQ\ S_fUbQWU _V dXU
]YT)]Q^d\U* JY]Y\Qb H Q^T J S_fUbQWU Y^ dXU ]YT)]Q^d\U Yc UfYTU^d Y^ ]Q`c _V dXU TQdQ
S_fUbQWU Q^T dXU ]_TU\ Ubb_b V_b @EJD Lc Q^T L` d_]_WbQ`Xi ]_TU\c @_ecUb Ud Q\ .,,4Q(
Q^T S_]`QbQR\U Q^Q\icUc QbU QfQY\QR\U V_b dXU _dXUb ]_TU\c ecUT Y^ _eb cdeTi*
A^ `QbdYSe\Qb JSJ)J Y]`b_fUc S_fUbQWU Y^ dXU ]_TU\ \QiUb Y]]UTYQdU\i QR_fU dXU S_bU)]Q^d\U
R_e^TQbi* KXec( Y^S\ecY_^ _V JSJ)J T_Uc ^_d Y]`b_fU S_fUbQWU Y^ dXU ]YT)]Q^d\U RUi_^T

--



dXQd `b_fYTUT Ri TYbUSd J*
KXU QedX_bc ce``_bd dXU bUce\dc _V dXU KUc_^YUb_ Ud Q\* .,-2 cdeTi gXYSX XYWX\YWXdc ]Q^i
YcceUc bUWQbTY^W S_]`QbY^W L` Q^T Lc Y^ d_]_WbQ`Xi ]_TU\c* =hQ]Y^Y^W dXU gQfU\U^WdXc
_V dXU H) Q^T J)gQfUc g_e\T RU Q^ Y^dUbUcdY^W QfU^eU _V VebdXUb cdeTi* @_gUfUb( gU _RcUbfU
dXQd dXU H)gQfU TQdQ bUc_\fU c\QRc Qd dXU d_` _V dXU \_gUb ]Q^d\U &T_g^ d_ Qb_e^T --,, []'
Q^T Qd dXU RQcU _V dXU ]Q^d\U RU\_g .1,, []( c_ Yd cUU]c dXQd dXU H)gQfU bUc_\edY_^ _V c\QRc
Yc ^_d gQfU\U^WdX TU`U^TU^d Red TU`dX TU`U^TU^d*

M[X Thg[bef TeZhX j[l g[X fc\a geTaf\g\ba f\ZaT_ \f abg bUfXeiXW \a /? Z_bUT_ ceb!_Xf* X\g[Xe
WhX gb cTeT`XgXe\fTg\ba be WhX gb T [XgXebZXaXbhf `Tag_X* j[\V[ `T^Xf fXafX,

1*0 IU`\i6 KXQ^[ i_e V_b QS[^_g\UTWY^W dXYc TYcSbU`Q^Si*

Da _\aXf /76 g[Xl fgTgX eXZ\baT_ ceb!_Xf TeX W\#Vh_g gb VbafgehVg, P[l Wb g[X Thg[bef abg
Vbaf\WXe ceb!_Xf bY TUfb_hgX iX_bV\g\Xf XkgeTVgXW Yeb` g[X gb`bZeTc[\V `bWX_f; D,X, \a eXZ\baf
g[Tg TeX \WXag\!XW Tf YTfg Tg T__ WXcg[f* \agXeceXgXW gb UX f_TUf* g[XeX f[bh_W UX T eX_Tg\iX eX+
WhVg\ba \a TUfb_hgX J iX_bV\g\Xf TaW abg \a L WhX gb g[X fc\a geTaf\g\ba, M[\f jbh_W [TiX
gb UX g[X VTfX \Y g[X eXWhVg\ba \a YTfg TeXT jTf TVghT__l WhX gb Ta biXeT__ Webc \a iX_bV\+
g\Xf g[XeX WhX gb g[X fc\a geTaf\g\ba, M[\f jbh_W UX T `beX fgeT\Z[gYbejTeW WX`bafgeTg\ba
TaW i\fhT_ g[Ta _bb^\aZ Tg V[TaZXf \a TeXT, >Ta g[X Thg[bef WX`bafgeTgX g[\f* be TeZhX
j[l g[\f jbh_Wa&g UX g[X VTfX; 'M[X Thg[bef fgTgX \a g[X eXUhggT_ gb eXi\XjXe / g[Tg &jX
VTa hfX g[X fX\f`\V bUfXeiTg\ba gb VbafgeT\a g[X gX`cXeTgheX TaW Vb`cbf\g\ba WXcXaWXaVX
bY g[X \eba fc\a geTaf\g\ba&, M[\f fXX`f gb \`c_l g[Tg g[X f\ZaTgheX f[bh_W UX g[XeX \a g[X
ceb!_Xf, M[X Thg[bef T_fb V\gX cTcXef g[Tg [TiX WbaX fhV[ TaT_lf\f Ybe g[X ci+cii geTaf\g\ba,(

1*1 IU`\i6 =hQ]Y^Y^W dXU cebVQSU QbUQ _V S_fUbQWU Yc _^U _V dXU ]QY^ ^_fU\dYUc _V _eb cdeTi(
dXU cYW^Q\ Yc ]eSX S\UQbUb Y^ dXYc ]UQcebU dXQ^ Q^i _dXUb gU XQfU dUcdUT* @Ub^\e^T Q^T
@_ecUb( =HJD( .,,4 `b_fYTUc Q dX_b_eWX Y^fUcdYWQdY_^ _V dXU bUVUbU^SU -< ]_TU\c Y^ ]Q^i
H) Q^T J) gQfU d_]_WbQ`Xi ]_TU\c* Ad Yc S\UQb Vb_] dXU `bUfY_ec cdeTi dXQd dXUbU QbU ^_
S_XUbU^d cYW^Q\c Y^ dXU ]_TU\c dXQd S_e\T bUfUQ\ dXU `QddUb^c Qcc_SYQdUT gYdX dXU Yb_^ c`Y^
Sb_cc_fUb* A^ `bU`QbQdY_^ V_b dXYc cdeTi( gU UhQ]Y^UT dXU -< cYW^Q\ Y^ dXU SebbU^d ceYdU _V
d_]_WbQ`Xi ]_TU\c Q^T QWQY^ V_e^T ^_ S_XUbU^d cYW^Q\*

Fbb^\aZ Tg g[X ceb!_Xf bY TeXT bY YTfg iX_bV\g\Xf \a L TaW J9 abg ba_l WbXf g[X J Tab`T_l TeXT
WXVeXTfX* Uhg T_fb g[X L Tab`T_l TeXT \aVeXTfXf 'eXYXeeXW gb Ul g[X Thg[bef Tf T WX+VbeeX_Tg\ba
UXgjXXa J TaW L(, Df g[X L jTiX TeXT \aVeXTfX T_fb Tgge\UhgXW gb g[X fc\a geTaf\g\ba;

1*2 IU`\i6 J)gQfUc cX_e\T ^_d RU Q USdUT Ri dXU c`Y^ dbQ^cYdY_^ &cUU >YWebU -'* A^cdUQT(
gU dXY^[ dXU Y^SbUQcU Y^ J)gQfU Q^_]Q\YUc bU"USdc Q^ Y^SbUQcY^W bU\QdYfU QRe^TQ^SU _V VQcdUb
]QdUbYQ\ dXb_eWX dXYc TU`dX bQ^WU* >_b UhQ]`\U( dXYc S_e\T RU dXU SQcU YV c\QRc gUbU c\_gY^W
T_g^ Q^T `Y\Y^W e` ]_bU Qc dXUi cY^[ Y^d_ Y^SbUQcY^W\i fYcS_ec ]Q^d\U gYdX TU`dX &dXYc gQc
Y^ VQSd bUVUbbUT d_ Y^ JXU`XQbT Ud Q\* &.,-3' Ri \__[Y^W Qd c\QR "eh TUbYfUT Vb_] dXU `\QdU
bUS_^cdbeSdY_^c Q^T W\_RQ\\i QfUbQWUT ]Q^d\U cY^[Y^W bQdUc'* KXU _RcUbfQdY_^ dXQd dXU VQcd
bUWY_^c bUc_\fUT Ri H)gQfUc Yc _``_cYdU dXQd _V J)gQfUc Yc dXUbUV_bU aeYdU e^Uh`USdUT( Q^T Yc
c_]UdXY^W dXQd Q``UQbc d_ RU Q TYcdY^Sd cYW^QdebU _V dXU c`Y^ Sb_cc_fUb*

-.



MU XQfU QTTUT ^Ug cU^dU^SUc &\Y^Uc 5-)5/' PKXU _fUbQ\\ dbU^T _V VQcd Y^ dXU J)gQfU ]_TU\c
Yc _^U dXQd Y^SbUQcUc gYdX TU`dX &Vb_] -1% S_fUbQWU Qd -.,, [] TU`dX d_ 0,% S_fUbQWU
^UQb dXU S_bU)]Q^d\U R_e^TQbi'*$ *** &\Y^Uc -12)-2.' PKXYc S_e\T bU"USd Q ReY\T)e` _V c\QR
]QdUbYQ\ Q^T+_b Q SXQ^WU Y^ dXU W\_RQ\\i QfUbQWUT ceRTeSdY_^ "eh &JXU`XQbT Ud Q\* .,-3'*
>ebdXUb]_bU( dXU QbUQ _V VQcd J)gQfU Q^_]Q\YUc Y^SbUQcUc ]_bU bQ`YT\i d_gQbT dXU RQcU _V dXU
]Q^d\U dXQ^ dXU H)gQfU Q^_]Q\YUc* KXYc bU\QdYfU TY UbU^SU S_e\T &Y^ QTTYdY_^ d_ `_dU^dYQ\
c\QR)f_\e]U SXQ^WUc'RU SQecUT Ri dXU Q``UQbQ^SU _V `_cd)`Ub_fc[YdU Y^ S_\T ]Q^d\U( gXYSX
Yc Uh`USdUT d_ Y^SbUQcU J)gQfU fU\_SYdi Ri -).Red XQc ^_dQR\i c]Q\\Ub U USd _^ H)gQfUc$*

Da g[X !efg cTeTZeTc[* g[X Thg[bef `Xag\ba g[X \`cbegTaVX bY g[X fc\a geTaf\g\ba* Uhg eX+
`T\a iTZhX TUbhg j[l, >Ta g[X Thg[bef UX `beX fcXV\!V Tf gb g[X X XVgf ba WlaT`\Vf bY
f_TUf TaW c_h`Xf; D jTf _XYg YXX_\aZ haXkV\gXW TUbhg g[X cbgXag\T_ !aW\aZ bY g[X fc\a geTa+
f\g\ba, Dg T_fb _XYg `X jbaWXe\aZ [bj T geTaf\g\ba jbh_W T XVg f_TUf TaW c_h`Xf TaW \Y Tal
X XVgf jbh_W f[bj hc \a gb`bZeTc[\V `bWX_f TaW \a g[X ibgX `Tcf;

1*3 IU`\i6 J`Y^ dbQ^cYdY_^c QbU Rb_QT Sb_cc_fUbc( ^_d Q cXQb` dbQ^cYdY_^* FUfUbdXU\Ucc( dXUi
XQfU Q P`_cYdYfU ;\Q`Uib_^ c\_`U$* 9c ceSX( dXUi Y^fYW_bQdU S_^fUSdY_^( YbbUc`USdYfU _V `_c)
cYR\U SXQ^WUc Y^ fYcS_cYdi* Ad XQc RUU^ QbWeUT &IUV* 5' dXQd dXU Re\[ ]_Te\ec c_VdU^Y^W Y^
dXU ]YhUT c`Y^ bUWY_^ cX_e\T TUSbUQcU fYcS_cYdi Y^ dXYc bUWY_^( VebdXUb cdbU^WdXU^Y^W S_^fUS)
dY_^* JeSX QbWe]U^d XQc RUU^ ecUT Y^ ^e]Ub_ec WU_Ti^Q]YS cY]e\QdY_^c( U*W*( :_gUb( <*
B*( ?eb^Yc( E*( BQS[c_^( B* E* JdebXQX^( M* =^XQ^SUT S_^fUSdY_^ Q^T VQcd `\e]Uc Y^ dXU
\_gUb ]Q^d\U Y^TeSUT Ri dXU c`Y^ dbQ^cYdY_^ Y^ VUbb_`UbYS\QcU* ?U_`XicYSQ\ IUcUQbSX DUddUbc
/2( T_Y6-,*-,.5+.,,5W\,/33,2 &.,,5'*
MU !^T dXU _RcUbfQdY_^ _V dXU Yb_^ c`Y^ dbQ^cYdY_^ gXYSX bUfUQ\c dXU `bUcU^SU Q^T TYcdbYRe)
dY_^ _V >` Y^ dXU \_gUb ]Q^d\U d_ RU dXU Ve^TQ]U^dQ\ UhSYdU]U^d bUWQbTY^W _eb _RcUbfQdY_^c*
KXU cdeTYUc gU bUVUbU^SU ]_bU Ve\\i TUcSbYRU Q\\ dXU `_ccYR\U Y]`\YSQdY_^c _V dXU Yb_^ c`Y^
dbQ^cYdY_^*

A\ZheX 28 M[X YTfg TaW f_bj TeXTf f[bj `Tff\iX_l W\ XeXag UX[Ti\bhe \a J TaW L Tg g[X
gbc bY g[X _bjXe `Tag_X 6..+/... ^`* j[XeX L \aVeXTfXf Ybe YTfg TaW J Ybe f_bj, <cb_bZ\Xf
\Y D `\ffXW Tal W\fVhff\ba ba g[\f, M[X TeXT ceb!_Xf Ybe g[X \aW\i\WhT_ `bWX_f \a g[X fhcc_X+
`Xag f[bj g[\f f\ZaT_ \f `beX ebUhfg g[Ta g[Tg V_T\`XW \a g[X `\W+`Tag_X TVebff g[X W\ XeXag
`bWX_f,

1*4 IU`\i6 MU QWbUU dXQd dXYc Yc Q fUbi Y^dUbUcdY^W cYW^Q\( Q^T TUcUbfUc VebdXUb Y^fUcdY)
WQdY_^ gYdX bUc`USd Q\c_ d_ dXU dbQ^cYdY_^ j_^U* @_gUfUb( gU RU\YUfU dXQd dXYc Yc RUi_^T dXU
cS_`U _V dXU `bUcU^d cdeTi* MU Q\c_ TUVUb ]_bU TYcSeccY_^ QR_ed RUXQfY_ebc Y^ dXU \_gUb]_cd
]Q^d\U d_ \QdUb cdeTYUc*

A\ZheX 4 + g[X Vebff+fXVg\baf f[bj T fgeTaZX ^\aW bY e\aZ\aZ \a g[X ah`UXe bY ibgXf* abg
fXXa \a g[X `Tcf '_bb^f _\^X VelfgT_ mba\aZ;(; Df g[\f T c_bgg\aZ TegXYTVg;

1*5 IU`\i6 KXYc Yc Q Ve^SdY_^ _V `\_ddY^W &T_^U gYdX gYdX ?U^UbYS H\_ddY^W K__\c &?EK''
gXYSX Yc QSXYUfUT Ri SbUQdY^W Q fUbdYSQ\ WbYT _V TQdQ Vb_] X_bYj_^dQ\ &TU`dX' TQdQcUdc* KXU
fQbY_ec ]_TU\c QbU Q^Q\icUT gYdX cUd Y^SbU]U^dc+WbYT ^_TUc Q^T Yd Yc Uh`USdUT dXQd dXUbU gY\\

-/



RU fQbYQRY\Ydi cgYdSXY^W Vb_] f_dU+]_TU\ S_e^dc _fUb dXUcU Y^SbU]U^dc* 9\c_( dXU S_^d_ebY^W
]UdX_T Q``\YUc Q dXbUcX_\T RQcUT _^ dXU cdQ^TQbT TUfYQdY_^ c_ dXU Q``QbU^d bY^WY^W Yc ^_d
\Y[U\i Q bUQ\ Ti^Q]YS _RcUbfQdY_^ Q^T Zecd XYWX\YWXdc dXU _fUbQ\\ WU_]Udbi _V dXU ]Q^d\U
cdbeSdebUc* MU S_e\T Q``\i Q^ QTTYdY_^Q\ c]__dXY^W !\dUb d_ bU]_fU dXYc Red VUU\ dXYc g_e\T
QTT Q^ UhdbQ \UfU\ _V _RcSebYdi d_ dXU Q VQYb Y^dUb`bUdQdY_^*

Lhcc_, A\ZheX //* c_XTfX V_Te\Yl j[Tg g[X `XTa `bWX_f TeX c_bggXW j\g[ eXfcXVg gb 'JK@G;(,

1*-, IU`\i6 KXUi QbU ^_d ^USUccQbY\i `\_ddUT gYdX bUc`USd d_ HI=E &TU`U^Tc _^ dXU Y^TYfYT)
eQ\ ]_TU\ S_^cdbeSdY_^7 cUU Q\c_ JXU`XQbT Ud Q\*( .,-3 Q^T @_ccUY^Y Ud Q\*( .,-4'* F_^UdXU\Ucc(
HI=E Yc dXU bUVUbU^SU ]_TU\ V_b J0,IKJ Q^T cQfQ^Y* MU XQfU S\QbY!UT dXYc d_ PHQ^U\c Q
Q^T R bUfUQ\ dXU TU`dX)TU`U^TU^d ]UQ^ Q^T cdQ^TQbT TUfYQdY_^ V_b UQSX _V dXU 4 Y^TYfYTeQ\
]_TU\c ecUT Y^ dXYc cdeTi( bUc`USdYfU\i( RUV_bU Q^i WQeccYQ^ !ddY^W Yc Q``\YUT* KXU ]_TU\c
QbU `\_ddUT gYdX bUc`USd d_ dXUYb _bYWY^Q\ ]_TU\ S_^cdbeSdY_^ &cUU @_ccUY^Y Ud Q\*( .,-4 dXU
JeREQSXY^U gURcYdU V_b VebdXUb ]_TU\)c`USY!S TUdQY\c'*$
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REVIEWER COMMENTS 

Reviewer #3 (Remarks to the Author): 

1. Overview 

By going through a second round of revision, Shephard et al. have further improved the organization and 

presentation of their manuscript that aims at detecting the seismic signature of the spin transition in the 

_[`WdS^ XWddabWd[U^SeW [` ?SdfZte ^aiWd _S`f^W, C fZ[`] fZSf _S`geUd[bf `ai Xa^^aie S UaZWdW`f ^[`W aX fZagYZf

and that the results will be of interest to the wider deep-earth research community. The description of the 

selection and analysis of seismic tomographic models and their combination into vote maps presents 

sufficient detail to be accessible for verification and to serve as a blueprint for future studies, for example 

including other or more seismic tomographic models. The detection of disparate variations in the area 

fractions of P and S wave speed anomalies with depth and the overall consistency of these variations with 

characteristics of the spin transition as predicted by mineral physics will be seen as an important step 

forward across the deep-earth research community. Although I have a few last comments and suggestions, I 

think that these would be easy to address before publication and, from my point of view, would not require 

another round of review. 

As asked for by the editor, I would further like to mention that I think the authors have adequately 

addressed the comments and concerns raised by Reviewer #4. In particular, I see that most concrete 

suggestions have been incorporated while more general concerns have either been discussed in the reply 

^WffWd ad V[V `af eWW_ Xg^^k \gef[X[WV fa _W, @ad WjS_b^W* KWh[WiWd $2 Se]WV STagf fZW rVWX[`[f[a` aX XSef S`V

e^ai dWY[a`es [` h[Wi aX V[XXWdW`f eW[e_[U dWXWdW`UW _aVW^e fZSf SdW W_b^akWV fa Ua`struct different seismic 

tomographic models. In lines 80q61 S`V [` fZW GWfZaVe eWUf[a` s@Sef S`V e^ai _Sbb[`Ys* ZaiWhWd* fZW

authors explain in detail how they rescaled seismic wave speed anomalies of different seismic tomographic 

models to establish a com_a` Ud[fWd[a` Xad rXSefs S`V re^ais fZSf [e Sbb^[UST^W fa WSUZ eW[e_[U fa_aYdSbZ[U

model, regardless of the reference model. For comments about characteristics of individual seismic 

tomographic models, e.g. resolution, accuracy, etc., I think it is important to keep in mind that Shephard et 

al. do not intend to argue for or against specific seismic tomographic models or to present a review; here 

the authors search for features that several seismic tomographic models have in common. Each of the 

seismic tomographic models has been published as a separate contribution, passed peer-review, and can be 

assessed based on the respective published information. In addition to the formal reply in the rebuttal letter, 

I think that the comment of Reviewer #4 about alternSf[hW Wjb^S`Sf[a`e 'r1> hSd[Sf[a`e [` UZW_[efdk ad

ea_W afZWd bZke[US^ bdabWdfks( Xad fZW VWfWUfWV eW[e_[U e[Y`SfgdW* iZ[UZ fZW SgfZade Sffd[TgfW fa fZW eb[`

transition, could have been addressed by adding a comment to the text, for example towards end of the 

implications section around lines 214q215, to acknowledge that other factors could in principle generate a 

similar seismic signature. 

2. Major Comments 

0,/, Ma VWX[`W XSef S`V e^ai iShW ebWWV S`a_S^[We* fZW SgfZade S`S^klW fZW reW[e_[U hW^aU[fk V[efd[bution 

over a reference depth range of 1000q00.. ]_s '^[`We 60q83) to derive standard deviations. Wave speed 

variations that deviate by more that one standard deviation from the centroid of this distribution are 

U^See[X[WV Se rS`a_S^[Wes 'eWW S^ea GWfZaVe eWUf[a` s@Sef S`V e^ai _Sbb[`Ys* ^[`We 04.q286). Strictly, this 

definition will only be valid within the selected depth range. At depths shallower than 1000 km or deeper 

than 2200 km, the wave speed distributions might be different and be characterized by different standard 

deviations. In particular, such changes in the S wave speed spectrum have been identified at around 1000 

]_ S`V Xad fZW >s ^SkWd '>gdS`V Wf S^,* 0./5* 0./4( S`V SdW SU]`ai^WVYWV Tk fZW SgfZade [` ^[`We 050q273. 

The limitations of applying a criterion defined for anomalies at depths of 1000q2200 km to detect anomalies 

at shallower/deeper depths might be worth mentioning in the main text, in particular when discussing 

aTeWdhSf[a`e r`WSd fZW UadW-_S`f^W Tag`VSdks '^[`W 71(* a` fZW r^aiWd_aef _S`f^Ws '^[`We /26q149, 153), 

fZW rTSeW aX fZW _S`f^Ws '^[`W /37(* ad e[_[^Sd, @ad WjS_b^W* fZW [`UdWSeW [` fZW SdWS XdSUf[a`e aX S`a_S^age

dWY[a`e rTWfiWW` m03..q06.. ]_ VWbfZs '^[`W /35( Uag^V e[_b^k dWeg^f Xda_ TdaSVWd hW^aU[fk V[efd[Tgf[a`e

at these depths when compared to those of the mid mantle, i.e. between 1000 and 2200 km. Similarly, the 

rVa_[`S`UW aX L-iShW hafWes '^[`We /30q156, see also lines 158q159) in the lowermost mantle might 

indicate that S wave speeds show a wider spectrum than P wave speeds. I suggest including a statement 



that clearly emphasizes the extrapolative character of the definition of anomalies when applied to depths 

outside/beyond the depth interval used to define the reference wave speed distributions and to exert caution 

when interpreting the respective area fractions of anomalous regions. Such a statement could be inserted 

around line 157, for example. The detection of a seismic signature that is consistent with the spin transition 

in the mid mantle would remain untouched from this concession. 

3. Minor Comments 

1,/, C` ^[`W 0* rV-W^WUfda` Ua`X[YgdSf[a`s _[YZf TW _adW Sbbdabd[SfW e[`UW [`V[h[VgS^ W^WUfda`e US``af

transition into a high-spin or low-spin state, which are always multi-electron states. 

3.2. In lines 10, 16, 40, 164* /7/* /74* 0.7 'S`V bafW`f[S^^k W^eWiZWdW(* fZW SgfZade dWXWd fa r/-D seismic 

bdaX[^Wes, Cf _[YZf TW _adW Sbbdabd[SfW fa dWXWd fa rY^aTS^ eW[e_[U dWXWdW`UW-ShWdSYW bdaX[^Wes ad e[_[^Sd fa

emphasize the global or average character of these reference prof[^We Se abbaeWV fa rdWY[a`S^ /-> bdaX[^Wes

'^[`We 0/0( ad Sf ^WSef fa U^WSd^k VWX[`W Sf fZW TWY[``[`Y aX fZW _S`geUd[bf iZSf [e _WS`f i[fZ r/-D seismic 

bdaX[^Wes. 

1,1, C` ^[`W /7* b^WSeW Ua`e[VWd UZS`Y[`Y fa8 p [f [e WjbWUfWV fa S^fWd p

3.4. As mentioned in my previous evaluation of this manuscript, I strongly suggest to unambiguously define 

mineral compositions in terms of molar fractions, chemical formulae, or elemental ratios, i.e. Fe/(Mg+Fe), 

@W-GY dSf[ae, LfSfW_W`fe ^[]W r[da` Ua`UW`fdSf[a`e aX m0.%s '^[`W 12(* r/3% [da` Ua`UW`fdSf[a`s '^[`We 23*

252, captions of Fig. 2 and Supp. Fig. 8) are prone to misinterpretation. Please revise accordingly. 

1,3, C` ^[`W 12* b^WSeW Ua`e[VWd UZS`Y[`Y fa8 p iZ[UZ [e TW^[WhWV fa TW fZW USeW p9 Z[YZWd [da`

concentrations, or Fe/Mg ratios, have been invoked to explain features of LLVPs and ULVZs, for example. 

1,4, C` ^[`W 25* b^WSeW UaddWUf fa rdWhWS^s. 

1,5, C` ^[`W 42* b^WSeW Ua`e[VWd [`eWdf[`Y reW[e_[Us8 p V[XXWdW`f eW[e_[U UZSdSUfWd[ef[Ue p

3.8. In line 64, please cons[VWd [`eWdf[`Y rUZS`YWes8 p* [`U^gV[`Y UZS`YWe [` p

1,7, Cf [e `af U^WSd fa _W Zai fZW rUZS`YW [` fZW Y^aTS^^k ShWdSYWV egTVgUf[a` X^gjs '^[`W /36( US` TW

derived from the analysis of seismic models. Where does the time constraint come from? 

3.10. In line 168, it might be worthwhile adding a citation to direct interested readers to references about 

rUadW-_S`f^W Tag`VSdk ^SkWd Vk`S_[Ues. 

1,//, C` ^[`W /76* b^WSeW Ua`e[VWd [`eWdf[`Y rdWUkU^WVs ad rVWWb^k egTVgUfWVs8 p VWfWUfST^W [` fZW dWUkU^WV

Fp-W`d[UZWV p9 oceanic lithosphere does not contain Fp unless it is being subducted into the lower mantle. 

1,/0, ;e _W`f[a`WV [` _k bdWh[age dWbadf* fZW bZdSeW r^SfWdS^ fW_bWdSfgdW hSd[Sf[a`e [`fdaVgUW S VWbfZ

VWbW`VW`UWs '^[`We 0..q201) might potentially be confusing to some readers: how can a lateral variation 

Y[hW d[eW fa S VWbfZ VWbW`VW`UW: @da_ fZW SgfZadet dWb^k* C g`VWdefS`V fZWk iS`f fa eSk fZSf ^SfWdS^

temperature variations will tend to dilute/spread/smear/blur the signature of the spin transition in the 

vertical dimension. Please consider rephrasing this sentence accordingly. 

1,/1, C` ^[`W 016* b^WSeW UaddWUf fa rfZge Va `afs. 

3.14. Please note that experiments indicate a measurable difference in sound wave velocities between ferric 

iron free and ferric iron beSd[`Y Td[VY_S`[fW 'Egd`aeah Wf S^,* 0./5(, GSkTW SVV[`Y r[` XWddabWd[U^SeWs Sf fZW

end of the sentence in line 239 would help to remind readers about the focus of the paper on the spin 

transition in ferropericlase as opposed to bridgmanite. 

3.15. In line 3/4 S`V [` fZW USbf[a`e aX @[YgdWe / S`V 3* fZW fWd_ rUa^agd _Sbes _[YZf ^WSV fa Ua`Xge[a` i[fZ

fZW _Sbe V[eb^SkWV [` X[YgdWe9 b^WSeW Ua`e[VWd ge[`Y rUa^agd eUS^Wes ad rUa^agd YdSV[W`fes [`efWSV. 

3.16. In the caption of Figure 4, please consider using the tWd_ rTa^V ^[`Wes [`efWSV aX rVSd] ^[`Wes e[`UW

there seems to be gradient from lighter to darker colors for different tomographic models. 

3.17. In the caption of Figure 5, panel a is associated with S waves and panel b with P waves. In the figure, 

however, the situation seems to be reversed. Please double-check and correct caption or figure accordingly. 

3.18. The information in the first sentence of the caption of Table 1 is not related to the content of the table. 

Please remove this sentence to keep the caption as concise as possible. 

3.19. Would it be possible to plot the temperature profile that has been derived by matching S waves to 

PREM in Figure 1a and/or in Supplementary Figure 9? Since the inflexion of P wave speeds in Figure 1c 

appears more intense than in the coldest scenario shown in Figure 2c, it would be interesting to see the 

corresponding thermal profile. 

3.20. It is not quite clear to me what is being plotted in Supplementary Figure 7. What is meant with the 

`afSf[a` r2)1 hafWes WfU,: Pag^V [t be possible to rephrase the caption to better explain what is being 

shown in the figure? 



3.21. From lines 80q83 in the main text and lines 270q272 in the Methods section, I understand that all 

wave speeds variations between 1000 and 2200 km depths have been combined to create the mid mantle 

reference distributions for each seismic tomographic model, i.e. one distribution for S waves and one for P 

waves per model, which are then analyzed by Gaussian fits as shown in Supplementary Figure 10. The 

caption of Lgbb^W_W`fSdk @[YgdW /.* ZaiWhWd* efSfWe fZSf fZW SgfZade rS`S^klW fZW ASgee[S` badf[a` aX fZW

_aVW^e Sf WSUZ VWbfZs, MZW ^Sef eW`fW`UW aX fZW X[YgdW USbf[a` [e ea_WiZSf Ua`Xge[`Y [` YW`WdS^, J^WSeW

revise the figure caption as needed. 

3.22. What is plotted along the horizontal axes in Supplementary Figures 11a, 11b, and 11c? Do the 

numbers refer to wave speed variations in percent as reported in the original seismic tomographic models? 

Please add more explanatory axis labels and units as needed. It is also not entirely clear what is plotted in 

Supplementary Figure 11c. In principle, the Gaussian fitting of reference wave speed distributions should 

yield a single standard deviation for the entire depth range 1000q2200 km for P and S waves, respectively, 

and Xad WSUZ _aVW^, MZW rdWUS^Ug^SfWV-X[^fWdWV efS`VSdV VWh[Sf[a`es eZai` [` Lgbb^W_W`fSdk @[YgdW //U*

ZaiWhWd* SdW VWbfZ VWbW`VW`f, J^WSeW Wjb^S[` [` fZW X[YgdW USbf[a`, C S^ea egYYWef UZS`Y[`Y r?jfW`VWV

@[YgdW /.s fa rLgbb^W_W`fSdk @[YgdW /.s Xad Ua`e[efW`Uk. 
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Reviewer #5 (Remarks to the Author): 

The authors have improved the paper further, and it should be close to publishable. 

I enjoyed reading the responses from the authors, and hearing more about the analyses that went in. 

However, only in a few locations did my thoughts/confusions lead to improvements of the paper, and others 

were brushed aside. The authors have the right to do this, although I do think future readers might have 

similar concerns. However, I am happy for some of this discussion to continue after the paper is published. 

There are two points where I was a bit more disappointed to not see changes. 

- The authors did not include more background on the implications of the spin transition. This could either go 

as motivation in the introduction, or it would also be nice if the paper ended with implications. A fraction of 

the broad set of disciplines this paper caters to, will not be familiar. 

- The ringing in Figure 6 isn't fixed. I would think there would be ways around this... i.e. interpolating vote 

values between grid points (it can still be plotted on a discrete colour scale after). 

In both cases I will leave it up to the editor if these should be implemented before publication. 
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d "I<IGH cacb

4: H=6B? H=: HKC F:J>:K:FG 6<6>B ;CF H=:>F H>A: 6B9 9:9>86H>CB HC F:J>:K>B< H=>G

A6BIG8F>DHO 6B9 H=:>F 86F:;I@ 6B9 IG:;I@ 8CAA:BHGR

Reviewer 3 on behalf of Reviewer 4. 

Overview comment: W)B 699>H>CB HC H=: ;CFA6@ F:D@M >B H=: F:7IHH6@ @:HH:FO )

H=>B? H=6H H=: 8CAA:BH C; /:J>:K:F `e 67CIH 6@H:FB6H>J: :LD@6B6H>CBG [Wd$

J6F>6H>CBG >B 8=:A>GHFM CF GCA: CH=:F D=MG>86@ DFCD:FHMX\ ;CF H=: 9:H:8H:9

G:>GA>8 G><B6HIF:O K=>8= H=: 6IH=CFG 6HHF>7IH: HC H=: GD>B HF6BG>H>CBO 8CI@9 =6J:

7::B 699F:GG:9 7M 699>B< 6 8CAA:BH HC H=: H:LHO ;CF :L6AD@: HCK6F9G :B9 C; H=:

>AD@>86H>CBG G:8H>CB 6FCIB9 @>B:G cbeZcbfO HC 68?BCK@:9<: H=6H CH=:F ;68HCFG

8CI@9 >B DF>B8>D@: <:B:F6H: 6 G>A>@6F G:>GA>8 G><B6HIF:RX

ReplyQ "A:B9:9R 1=: G:BH:B8: 6H cbi BCK F:69G WIt is possible that more 
complicated combinations of thermal, phase, and/or chemical composition 
variations could provide an alternate explanation for Vs-Vp decorrelation. 
However, the pressure-temperature dependence of the Fp spin crossover provides a 
unified explanation for why this occurs at these particular distinct depths in slow 
and fast regions, and does so without the need to invoke depth-dependent changes 
in the chemical composition of downwelling and upwelling materials..”  

"G 6 GIAA6FM HC H=: A6>B H:LHO K: =6J: 6@GC 699:9 HC H=: ,:H=C9G [@>B: cjc\

“The differing extent of mid-mantle fast anomalies in Vp and Vs requires the 
simultaneous effect of temperature, composition, and phase.  Any temperature 
effect alone would be expected to manifest in Vs and Vp to a similar extent and 
magnitude. Since fast anomalies are often interpreted as cold subducted oceanic 
lithosphere, the next property to consider is composition.  Subducted slabs are 
composed of a thin basaltic crust and a Fp-rich mantle lithosphere.  The thin 
basaltic crust may host anomalous seismic characteristics, but these seismic 
anomalies are not expected to be detected by seismic tomography at scales of 
1000’s of km in the mid-mantle.  If Fp exists in higher quantities in fast velocity 
regions, then the bulk rock would have slightly reduced velocity since Fp has slower 
Vp and Vs than Bm.  However, the fast velocity anomaly observed in seismic 
tomography indicates that temperature dominates the seismic signal even in these 
more Fp-rich subducting slabs.  Since variations in Fp concentration have a similar 
effect on Vp and Vs, it is difficult to decouple Vp and Vs even with temperature and 
composition.  Fp concentration in slabs opens up the possibility of the iron spin 
transition which reduces Vp and not Vs in the presence of a thermal anomaly.”

Major comment 2.1 1C 9:;>B: ;6GH 6B9 G@CK K6J: GD::9 6BCA6@>:GO H=: 6IH=CFG

6B6@MN: H=: WG:>GA>8 J:@C8>HM 9>GHF>7IH>CB CJ:F 6 F:;:F:B8: 9:DH= F6B<: C; baaaZ

ccaa ?AX [@>B:G icZid\ HC 9:F>J: GH6B96F9 9:J>6H>CBGR 46J: GD::9 J6F>6H>CBG

H=6H 9:J>6H: 7M ACF: H=6H CB: GH6B96F9 9:J>6H>CB ;FCA H=: 8:BHFC>9 C; H=>G

9>GHF>7IH>CB 6F: 8@6GG>;>:9 6G W6BCA6@>:GX [G:: 6@GC ,:H=C9G G:8H>CB X&6GH 6B9
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G@CK A6DD>B<XO @>B:G cgaZcig\R 0HF>8H@MO H=>G 9:;>B>H>CB K>@@ CB@M 7: J6@>9 K>H=>B

H=: G:@:8H:9 9:DH= F6B<:R "H 9:DH=G G=6@@CK:F H=6B baaa ?A CF 9::D:F H=6B ccaa

?AO H=: K6J: GD::9 9>GHF>7IH>CBG A><=H 7: 9>;;:F:BH 6B9 7: 8=6F68H:F>N:9 7M

9>;;:F:BH GH6B96F9 9:J>6H>CBGR )B D6FH>8I@6FO GI8= 8=6B<:G >B H=: 0 K6J: GD::9

GD:8HFIA =6J: 7::B >9:BH>;>:9 6H 6FCIB9 baaa ?A 6B9 ;CF H=: $X @6M:F [$IF6B9

:H 6@RO cabhO cabg\ 6B9 6F: 68?BCK@:9<:9 7M H=: 6IH=CFG >B @>B:G chcZchdR 1=:

@>A>H6H>CBG C; 6DD@M>B< 6 8F>H:F>CB 9:;>B:9 ;CF 6BCA6@>:G 6H 9:DH=G C; baaaZccaa

?A HC 9:H:8H 6BCA6@>:G 6H G=6@@CK:FY9::D:F 9:DH=G A><=H 7: KCFH= A:BH>CB>B<

>B H=: A6>B H:LHO >B D6FH>8I@6F K=:B 9>G8IGG>B< C7G:FJ6H>CBG WB:6F H=: 8CF:T

A6BH@: 7CIB96FMX [@>B: jd\O CB H=: W@CK:FACGH A6BH@:X [@>B:G beiZbejO bfd\O H=:

W76G: C; H=: A6BH@:X [@>B: bfj\O CF G>A>@6FR &CF :L6AD@:O H=: >B8F:6G: >B H=: 6F:6

;F68H>CBG C; 6BCA6@CIG F:<>CBG W7:HK::B ^cfaaZciaa ?A 9:DH=X [@>B: bfh\

8CI@9 G>AD@M F:GI@H ;FCA 7FC69:F J:@C8>HM 9>GHF>7IH>CBG 6H H=:G: 9:DH=G K=:B

8CAD6F:9 HC H=CG: C; H=: A>9 A6BH@:O >R:R 7:HK::B baaa 6B9 ccaa ?AR 0>A>@6F@MO

H=: W9CA>B6B8: C; 0TK6J: JCH:GX [@>B:G bfcZbfgO G:: 6@GC @>B:G bfiZbfj\ >B H=:

@CK:FACGH A6BH@: A><=H >B9>86H: H=6H 0 K6J: GD::9G G=CK 6 K>9:F GD:8HFIA

H=6B . K6J: GD::9GR ) GI<<:GH >B8@I9>B< 6 GH6H:A:BH H=6H 8@:6F@M :AD=6G>N:G H=:

:LHF6DC@6H>J: 8=6F68H:F C; H=: 9:;>B>H>CB C; 6BCA6@>:G K=:B 6DD@>:9 HC 9:DH=G

CIHG>9:Y7:MCB9 H=: 9:DH= >BH:FJ6@ IG:9 HC 9:;>B: H=: F:;:F:B8: K6J: GD::9

9>GHF>7IH>CBG 6B9 HC :L:FH 86IH>CB K=:B >BH:FDF:H>B< H=: F:GD:8H>J: 6F:6

;F68H>CBG C; 6BCA6@CIG F:<>CBGR 0I8= 6 GH6H:A:BH 8CI@9 7: >BG:FH:9 6FCIB9 @>B:

bfhO ;CF :L6AD@:R 1=: 9:H:8H>CB C; 6 G:>GA>8 G><B6HIF: H=6H >G 8CBG>GH:BH K>H= H=:

GD>B HF6BG>H>CB >B H=: A>9 A6BH@: KCI@9 F:A6>B IBHCI8=:9 ;FCA H=>G 8CB8:GG>CBR

Reply: 4: 8CAD@:H:@M 6<F:: K>H= H=: F:J>:K:FR 4: =6J: 699:9 6 G:BH:B8: HC H=:

6H @>B: bff H=6H F:69G 6G ;C@@CKGQ WNote that our definition of anomalous material 
is based on characteristic behaviors in the depth range 1,000-2,200 km (see 
Methods), and any discussion of anomalies outside of this depth range should be 
considered relative to these standardsRX

3. Minor Comments

3.1. )B @>B: cO W9T:@:8HFCB 8CB;><IF6H>CBX A><=H 7: ACF: 6DDFCDF>6H: G>B8:

>B9>J>9I6@ :@:8HFCBG 86BBCH HF6BG>H>CB >BHC 6 =><=TGD>B CF @CKTGD>B GH6H:O K=>8=

6F: 6@K6MG AI@H>T:@:8HFCB GH6H:GR

Reply: "A:B9:9R )H BCK F:69G WMineral physics experiments and theory 
consistently predict that the d-electrons of Fe$^{2+}$ in Fp, (Mg,Fe)O, change from 
a high-spin to low-spin (HS-LS) state at mid-lower mantle conditions (Fig.\ 1).”

3.2. )B @>B:G baO bgO eaO bigO bjbO bjgO caj [6B9 DCH:BH>6@@M :@G:K=:F:\O H=:

6IH=CFG F:;:F HC WbT$ G:>GA>8 DFC;>@:GXR )H A><=H 7: ACF: 6DDFCDF>6H: HC F:;:F HC

W<@C76@ G:>GA>8 F:;:F:B8:Y6J:F6<: DFC;>@:GX CF G>A>@6F HC :AD=6G>N: H=: <@C76@ CF

6J:F6<: 8=6F68H:F C; H=:G: F:;:F:B8: DFC;>@:G 6G CDDCG:9 HC WF:<>CB6@ bT$

DFC;>@:GX [@>B:G cbc\ CF 6H @:6GH HC 8@:6F@M 9:;>B: 6H H=: 7:<>BB>B< C; H=:

A6BIG8F>DH K=6H >G A:6BH K>H= WbT$ G:>GA>8 DFC;>@:GXR

Reply: "A:B9:9R 1=: ;>FGH >BGH6B8: >B H=: A6>B A6BIG8F>DH [@>B: bg\ BCK F:69G

WHowever, the compressional velocity of a homogeneous pyrolitic mantle (Fig. 1d) 
does not fit global seismic average profiles when the effects of the iron spin 
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crossover are included in the predicted seismic velocity computations[ref]X "B9 H=:

G:8CB9 >BGH6B8: [@>B: eb\ >G 8@6F>;>:9 K>H= WWhile a pyrolytic model compositions 
have been proposed to be consistent with 1-D seismic models [ ref]  (i.e. global seismic 
reference/average profiles), Fig. 2 demonstrates…X

3.3. )B @>B: bjO D@:6G: 8CBG>9:F 8=6B<>B< HCQ S >H >G :LD:8H:9 HC 6@H:F S

Reply: "A:B9:9R

3.4. "G A:BH>CB:9 >B AM DF:J>CIG :J6@I6H>CB C; H=>G A6BIG8F>DHO ) GHFCB<@M

GI<<:GH HC IB6A7><ICIG@M 9:;>B: A>B:F6@ 8CADCG>H>CBG >B H:FAG C; AC@6F

;F68H>CBGO 8=:A>86@ ;CFAI@6:O CF :@:A:BH6@ F6H>CGO >R:R &:Y[,<l&:\O &:Y,< F6H>CGR

0H6H:A:BHG @>?: W>FCB 8CB8:BHF6H>CBG C; ^cakX [@>B: de\O Wbfk >FCB

8CB8:BHF6H>CBX [@>B:G efO cfcO 86DH>CBG C; &><R c 6B9 0IDDR &><R i\ 6F: DFCB: HC

A>G>BH:FDF:H6H>CBR .@:6G: F:J>G: 688CF9>B<@MR

Reply: "<F::9R 4: BCK F:DCFH 8CADCG>H>CBG >B 6 8@:6F:F GHM@:R 167@: b 6B9

86DH>CB =6J: 7::B AC9>;>:9 6G F:EI:GH:9R "@@ 8CADCG>H>CBG H=FCI<=CIH H=: D6D:F

6F: BCK F:DCFH:9 >B 6 G>A>@6F A6BB:F 6B9 H=: ;:FFCD:F>8@6G: 8CADCG>H>CBG >B H=:

A6>B H:LH 6B9 ;><IF: 86DH>CBG 6F: F:;:FF:9 HC 6G [:R<R >B @>B: dg\ "--- for FeO 
concentrations below 20 mol% in Fp, ---"R

3.5. )B @>B: deO D@:6G: 8CBG>9:F 8=6B<>B< HCQ S K=>8= >G 7:@>:J:9 HC 7: H=: 86G: SP

=><=:F >FCB 8CB8:BHF6H>CBGO CF &:Y,< F6H>CGO =6J: 7::B >BJC?:9 HC :LD@6>B

;:6HIF:G C; ++3.G 6B9 2+35GO ;CF :L6AD@:R

Reply: "A:B9:9R )H BCK F:69G WSpecifically, the transition pressure does not change 
significantly for FeO concentrations below 20 mol% in Fp, which is representative 
for the lithological range from fertile peridotite to harzburgite.”  

3.6. )B @>B: ehO D@:6G: 8CFF:8H HC WF:J:6@XR

Reply: "A:B9:9R

3.7. )B @>B: geO D@:6G: 8CBG>9:F >BG:FH>B< WG:>GA>8XQ S 9>;;:F:BH G:>GA>8

8=6F68H:F>GH>8G S

Reply: "A:B9:9R

3.8. )B @>B: geO D@:6G: 8CBG>9:F >BG:FH>B< W8=6B<:GXQ SO >B8@I9>B< 8=6B<:G >B S

Reply: "A:B9:9R

3.9. )H >G BCH 8@:6F HC A: =CK H=: W8=6B<: >B H=: <@C76@@M 6J:F6<:9 GI79I8H>CB

;@ILX [@>B: bfi\ 86B 7: 9:F>J:9 ;FCA H=: 6B6@MG>G C; G:>GA>8 AC9:@GR 4=:F: 9C:G

H=: H>A: 8CBGHF6>BH 8CA: ;FCAU
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Reply: "A:B9:9R )H >G ;FCA H=: 6DD@>86H>CB C; 6 <@C76@@M 6J:F6<:9 G>B?>B< F6H:

[:R<R b8AYMF\R )H BCK F:69G WThis could reflect a build-up of slab material and/or a 
change in the globally averaged subduction flux, as estimated from mantle sinking 
rates [ref]” K: 6@GC 699:9 6 F:;:F:B8: HC J6B 9:F ,::F :H 6@R [caba\R

3.10. )B @>B: bgiO >H A><=H 7: KCFH=K=>@: 699>B< 6 8>H6H>CB HC 9>F:8H >BH:F:GH:9

F:69:FG HC F:;:F:B8:G 67CIH W8CF:TA6BH@: 7CIB96FM @6M:F 9MB6A>8GXR

Reply: "A:B9:9R 4: BCK F:;:F:B8: '6FB:FC :H 6@R [bjji\O #CHH66F 6B9 +:?>8

[cabg\ 6B9 (:MB :H 6@R [caca\R

3.11. )B @>B: bjiO D@:6G: 8CBG>9:F >BG:FH>B< WF:8M8@:9X CF W9::D@M GI79I8H:9XQ S

9:H:8H67@: >B H=: F:8M8@:9 &DT:BF>8=:9 SP C8:6B>8 @>H=CGD=:F: 9C:G BCH 8CBH6>B

&D IB@:GG >H >G 7:>B< GI79I8H:9 >BHC H=: @CK:F A6BH@:R

Reply: "A:B9:9R

3.12. "G A:BH>CB:9 >B AM DF:J>CIG F:DCFHO H=: D=F6G: W@6H:F6@ H:AD:F6HIF:

J6F>6H>CBG >BHFC9I8: 6 9:DH= 9:D:B9:B8:X [@>B:G caaZcab\ A><=H DCH:BH>6@@M 7:

8CB;IG>B< HC GCA: F:69:FGQ =CK 86B 6 @6H:F6@ J6F>6H>CB <>J: F>G: HC 6 9:DH=

9:D:B9:B8:U &FCA H=: 6IH=CFGV F:D@MO ) IB9:FGH6B9 H=:M K6BH HC G6M H=6H @6H:F6@

H:AD:F6HIF: J6F>6H>CBG K>@@ H:B9 HC 9>@IH:YGDF:69YGA:6FY7@IF H=: G><B6HIF: C;

H=: GD>B HF6BG>H>CB >B H=: J:FH>86@ 9>A:BG>CBR .@:6G: 8CBG>9:F F:D=F6G>B< H=>G

G:BH:B8: 688CF9>B<@MR

Reply: "A:B9:9 [@>B: caf\ HC WVariations of lateral temperaturewith pressure 
introduces a depth-dependence to the P-wave seismic velocity inflection (i.e. 
causing a potential vertical smearing of the signature), which could reduce the 
globally averaged signalX

3.13. )B @>B: cdiO D@:6G: 8CFF:8H HC WH=IG 9C BCHXR

Reply: "A:B9:9R

3.14. .@:6G: BCH: H=6H :LD:F>A:BHG >B9>86H: 6 A:6GIF67@: 9>;;:F:B8: >B GCIB9

K6J: J:@C8>H>:G 7:HK::B ;:FF>8 >FCB ;F:: 6B9 ;:FF>8 >FCB 7:6F>B< 7F>9<A6B>H:

[*IFBCGCJ :H 6@RO cabh\R ,6M7: 699>B< W>B ;:FFCD:F>8@6G:X 6H H=: :B9 C; H=:

G:BH:B8: >B @>B: cdj KCI@9 =:@D HC F:A>B9 F:69:FG 67CIH H=: ;C8IG C; H=: D6D:F

CB H=: GD>B HF6BG>H>CB >B ;:FFCD:F>8@6G: 6G CDDCG:9 HC 7F>9<A6B>H:R

Reply: "A:B9:9R "B9 699:9 6@GC G:BH:B8: WHere we consider the effects of a spin 
crossover in Fp, proposed spin changes in Fe in Bm are not consideredRX

3.15. )B @>B: dbg 6B9 >B H=: 86DH>CBG C; &><IF:G b 6B9 fO H=: H:FA W8C@CIF A6DGX

A><=H @:69 HC 8CB;IG>CB K>H= H=: A6DG 9>GD@6M:9 >B ;><IF:GP D@:6G: 8CBG>9:F IG>B<

W8C@CIF G86@:GX CF W8C@CIF <F69>:BHGX >BGH:69R

Reply: "A:B9:9R
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3.16R )B H=: 86DH>CB C; &><IF: eO D@:6G: 8CBG>9:F IG>B< H=: H:FA W7C@9 @>B:GX

>BGH:69 C; W96F? @>B:GX G>B8: H=:F: G::AG HC 7: <F69>:BH ;FCA @><=H:F HC 96F?:F

8C@CFG ;CF 9>;;:F:BH HCAC<F6D=>8 AC9:@GR

Reply: "A:B9:9R

3.17R )B H=: 86DH>CB C; &><IF: fO D6B:@ 6 >G 6GGC8>6H:9 K>H= 0 K6J:G 6B9 D6B:@ 7

K>H= . K6J:GR )B H=: ;><IF:O =CK:J:FO H=: G>HI6H>CB G::AG HC 7: F:J:FG:9R .@:6G:

9CI7@:T8=:8? 6B9 8CFF:8H 86DH>CB CF ;><IF: 688CF9>B<@MR

Reply: "A:B9:9

3.18. 1=: >B;CFA6H>CB >B H=: ;>FGH G:BH:B8: C; H=: 86DH>CB C; 167@: b >G BCH F:@6H:9

HC H=: 8CBH:BH C; H=: H67@:R .@:6G: F:ACJ: H=>G G:BH:B8: HC ?::D H=: 86DH>CB 6G

8CB8>G: 6G DCGG>7@:R

Reply: "A:B9:9

3.19. 4CI@9 >H 7: DCGG>7@: HC D@CH H=: H:AD:F6HIF: DFC;>@: H=6H =6G 7::B 9:F>J:9

7M A6H8=>B< 0 K6J:G HC ./%, >B &><IF: b6 6B9YCF >B 0IDD@:A:BH6FM &><IF: jU

0>B8: H=: >B;@:L>CB C; . K6J: GD::9G >B &><IF: b8 6DD:6FG ACF: >BH:BG: H=6B >B

H=: 8C@9:GH G8:B6F>C G=CKB >B &><IF: c8O >H KCI@9 7: >BH:F:GH>B< HC G:: H=:

8CFF:GDCB9>B< H=:FA6@ DFC;>@:R

Reply: 4: =6J: 699:9 6 D@CH HC 0IDD@:A:BH6FM &><IF: j 6B9 6A:B9:9 H=:

86DH>CB 688CF9>B<@MQ

“Top panel: Development of Figure 1d. PREM is shown in black circles and the black 
lines are the calculated velocities for pyrolite8. Figure 1d demonstrates the spin 
transition effect on Vp for the case in which predicted Vs matches PREM (grey 
lines). Since Vs for pyrolite does not fit PREM with an adiabatic temperature 
gradient9, 10, the temperature profile that shifts Vs to align with PREM (grey line 
right panel) undulates in the lowermost mantle. Bottom panel: The self-consistent 
geotherms from our pyrolite calculations8 for the elastic moduli and velocity 
profiles plotted in Figure 2. The calculations start by setting the temperature at the 
top of the lower mantle to 1373 K (blue, the -500 K case), 1873 K (black, the 
average case), and 2373 K (red, the +500 K case) and allowing the temperature to 
increase adiabatically as the calculations proceed to higher pressures across the 
lower mantle.” 

3.20. )H >G BCH EI>H: 8@:6F HC A: K=6H >G 7:>B< D@CHH:9 >B 0IDD@:A:BH6FM &><IF: hR

4=6H >G A:6BH K>H= H=: BCH6H>CB Weld JCH:GX :H8RU 4CI@9 >H 7: DCGG>7@: HC

F:D=F6G: H=: 86DH>CB HC 7:HH:F :LD@6>B K=6H >G 7:>B< G=CKB >B H=: ;><IF:U

Reply: /:D=F6G:9 HC WIn Figure 1, only the area corresponding to the maximum 
vote of 4 was shown; "4+3 votes" indicates that the area corresponding to votes of 3 
and 4 are summed and plotted, "4+3+2" indicates votes of 2, 3 and votes are 
summed and plotted etcRX
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3.21. &FCA @>B:G iaZid >B H=: A6>B H:LH 6B9 @>B:G chaZchc >B H=: ,:H=C9G

G:8H>CBO ) IB9:FGH6B9 H=6H 6@@ K6J: GD::9G J6F>6H>CBG 7:HK::B baaa 6B9 ccaa ?A

9:DH=G =6J: 7::B 8CA7>B:9 HC 8F:6H: H=: A>9 A6BH@: F:;:F:B8: 9>GHF>7IH>CBG ;CF

:68= G:>GA>8 HCAC<F6D=>8 AC9:@O >R:R CB: 9>GHF>7IH>CB ;CF 0 K6J:G 6B9 CB: ;CF .

K6J:G D:F AC9:@O K=>8= 6F: H=:B 6B6@MN:9 7M '6IGG>6B ;>HG 6G G=CKB >B

0IDD@:A:BH6FM &><IF: baR 1=: 86DH>CB C; 0IDD@:A:BH6FM &><IF: baO =CK:J:FO

GH6H:G H=6H H=: 6IH=CFG W6B6@MN: H=: '6IGG>6B DCFH>CB C; H=: AC9:@G 6H :68=

9:DH=XR 1=: @6GH G:BH:B8: C; H=: ;><IF: 86DH>CB >G GCA:K=6H 8CB;IG>B< >B <:B:F6@R

.@:6G: F:J>G: H=: ;><IF: 86DH>CB 6G B::9:9R

Reply: 4: H=6B? H=: F:J>:K:F ;CF 86H8=>B< H=>G 8CB;IG>B< 9:G8F>DH>CBR 4:

6A:B9:9 86DH>CB C; 0IDD@:A:BH6FM &><IF: ba HCQ

WThe results of our Gaussian-fitting procedure (see Methods) for all 8 tomography 
models used in this study. Analysis of velocity-frequency distributions of a variety of 
tomographic models reveals that they exhibit significant differences that confound 
inter-model comparisons (Hernlund and Houser, EPSL, 2008). These differences 
can be categorized as scale/amplitude (e.g., caused by variability in tomographic 
model data, design, regularization), shift/alignment (e.g., caused by reference to 
different 1-D global models), and shape of the distributions (variations in 
distribution morphology that remain even after accounting for linear shift and 
scale differences). By analyzing distributions we find that all models yield 
Gaussian-like variations in Vp and Vs in the depth range 1,000-2,000 km, however, 
there are particularly large discrepancies in amplitude between the different 
models (Hernlund and Houser, EPSL, 2008). These scale differences must be 
normalized to a reference standard in order to establish a useful definition for fast 
and slow anomalies that can be compared across the suite of models. We do this by 
combining each model from 1,000-2,200 km depth, and performing iterative 
Gaussian fitting to the central portion (i.e., within $\pm\sigma$) of the resultant 
distribution as described in Methods. The value of $\sigma$ obtained in this 
manner is then used to define what qualifies as fast and slow anomalies in the 
modelsRX

3.22. 4=6H >G D@CHH:9 6@CB< H=: =CF>NCBH6@ 6L:G >B 0IDD@:A:BH6FM &><IF:G bb6O

bb7O 6B9 bb8U $C H=: BIA7:FG F:;:F HC K6J: GD::9 J6F>6H>CBG >B D:F8:BH 6G

F:DCFH:9 >B H=: CF><>B6@ G:>GA>8 HCAC<F6D=>8 AC9:@GU .@:6G: 699 ACF:

:LD@6B6HCFM 6L>G @67:@G 6B9 IB>HG 6G B::9:9R )H >G 6@GC BCH :BH>F:@M 8@:6F K=6H >G

D@CHH:9 >B 0IDD@:A:BH6FM &><IF: bb8R )B DF>B8>D@:O H=: '6IGG>6B ;>HH>B< C;

F:;:F:B8: K6J: GD::9 9>GHF>7IH>CBG G=CI@9 M>:@9 6 G>B<@: GH6B96F9 9:J>6H>CB ;CF

H=: :BH>F: 9:DH= F6B<: baaaZccaa ?A ;CF . 6B9 0 K6J:GO F:GD:8H>J:@MO 6B9 ;CF

:68= AC9:@R 1=: WF:86@8I@6H:9Y;>@H:F:9 GH6B96F9 9:J>6H>CBGX G=CKB >B

0IDD@:A:BH6FM &><IF: bb8O =CK:J:FO 6F: 9:DH= 9:D:B9:BHR .@:6G: :LD@6>B >B H=:

;><IF: 86DH>CBR ) 6@GC GI<<:GH 8=6B<>B< W%LH:B9:9 &><IF: baX HC W0IDD@:A:BH6FM

&><IF: baX ;CF 8CBG>GH:B8MR

Reply: 4: 6<F:: K>H= H=: F:J>:K:F H=6H H=>G ;><IF: 6B9 86DH>CB >G 8CB;IG>B<O 6B9

H=>G >B;CFA6H>CB >G 6BMK6MG BCH 9>F:8H@M F:@:J6BH HC H=: DFC8:9IF:G K: :AD@CM:9

>B H=>G D6D:FR &IFH=:FACF:O H=>G ?>B9 C; >B;CFA6H>CB =6G 6@F:69M 7::B 6B6@MN:9
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6B9 9>G8IGG:9 >B DF>CF DI7@>86H>CBGO K=>8= 6F: F:;:F:B8:9 BIA:FCIG H>A:G >B H=>G

A6BIG8F>DHR 1=:F:;CF:O K: =6J: 9:8>9:9 HC F:ACJ: 0IDD@:A:BH6FM &><IF: bb

6@HC<:H=:FR

Reviewer 5. 

1=:F: 6F: HKC DC>BHG K=:F: ) K6G 6 7>H ACF: 9>G6DDC>BH:9 HC BCH G:: 8=6B<:GR

T 1=: 6IH=CFG 9>9 BCH >B8@I9: ACF: 768?<FCIB9 CB H=: >AD@>86H>CBG C; H=: GD>B

HF6BG>H>CBR 1=>G 8CI@9 :>H=:F <C 6G ACH>J6H>CB >B H=: >BHFC9I8H>CBO CF >H KCI@9 6@GC

7: B>8: >; H=: D6D:F :B9:9 K>H= >AD@>86H>CBGR " ;F68H>CB C; H=: 7FC69 G:H C;

9>G8>D@>B:G H=>G D6D:F 86H:FG HCO K>@@ BCH 7: ;6A>@>6FR

Reply: )B H=: >BH:F:GHG C; 7F:J>HM ;CF H=: -6HIF: #CAAG ;CFA6H K: =6J: AC9>;>:9

H=: G:BH:B8: 6H @>B: cb HC F:69 WThe rheological consequences of such material 
changes mean that subducted slab, mantle plume, and deep mantle dynamics are 
thought to be affected by the crossover, including enhanced mixing and slab 
stalling\cite{Shahnas17,Bower09]RX

1=: F>B<>B< >B &><IF: g >GB_H ;>L:9R ) KCI@9 H=>B? H=:F: KCI@9 7: K6MG 6FCIB9

H=>GRRR >R:R >BH:FDC@6H>B< JCH: J6@I:G 7:HK::B <F>9 DC>BHG [>H 86B GH>@@ 7: D@CHH:9 CB 6

9>G8F:H: 8C@CIF G86@: 6;H:F\R

)B 7CH= 86G:G ) K>@@ @:6J: >H ID HC H=: :9>HCF >; H=:G: G=CI@9 7: >AD@:A:BH:9

7:;CF: DI7@>86H>CBR

Reply:  4: =6J: ;CIB9 H=6H >B8@I9>B< H=: 9>;;:F:BH @:J:@G C; JCH: A6D 6<F::A:BH

K=:B D@CHH>B< 9:DH= G@>8:G 6B9 8FCGG G:8H>CBG A6?:G >H DCGG>7@: ;CF H=: F:69:FG HC

G:: ;CF H=:AG:@J:G =CK A6BM AC9:@G 6<F:: CB <:C<F6D=>8 :LH:BH C; H=:

;6GHYG@CK J:@C8>HM 6BCA6@M D6HH:FBGR 4: 7:@>:J: H=6H >BH:FDC@6H>B< H=: JCH: A6D

8CIBHG KCI@9 IBB:8:GG6F>@M 8CAD@>86H: CIF CH=:FK>G: GHF6><=H;CFK6F9 D@CHH>B<

DFC8:9IF:R


