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Review of Evidence and implications of an enriched molten silicate layer above Mars’ core 

 

While I am surprised previously published papers by the InSight team on the composition of the 

Martian core did not take cosmochemical constraints into account, I am glad this paper does. 

 

This is a comprehensive multi-disciplinary paper that utilizes all available constraints 

(experimental, orbiter observations, cosmochemical, planetary evolution/dynamics, seismology, 

etc.) to infer an ensemble of models for the structure of the Martian interior that is consistent will 

all observables. The new model (ensemble) includes a molten Basal Mantle Layer (BML). 

 

With a Basal Mantle Layer (BML) (new model) the core is 180 km smaller (in radius), 700 K hotter, 

500 kg/m^3 denser, and contains a smaller fraction of S, O, C, and H, while the mantle is 300 K 

cooler and has a thinner lithosphere and thicker crust than in a model without a BML. The latter 

model is called "homogeneous mantle model" in the paper, and in this review I will call it "old 

model", as it is consistent with previously published models. 

 

Expectedly, mantle velocities are slightly higher and allow for a shallow low-velocity zone in the 

new model. Unexpectedly, core velocities are presented as identical for the bigger, cooler core with 

a higher percentage of Fe in the new model and the hotter, smaller, less iron-rich core of the old 

model*. Moreover, the new model contains less volatiles than the old model, which also tends to 

lower velocities. 

 

* Added note: Fig 2 shows that a P-velocity discontinuity is presented inside the liquid core, 50 km 

below the boundary between the BML and the liquid core, which is not discussed. This boundary is 

plotted about 50 km higher (~1700 km) than where the text and other figures suggest it should 

be (~1640 km?). 

 

The new model is based on comprehensive multi-disciplinary constraints, but also fits seismic data 

(from InSight) better: 

1. The new model increases the time between PP and SS arrivals by 10 s by allowing both to travel 

well below the thinner lithosphere, while in the old model the SS wave traveled within the high-

velocity lithosphere, arriving earlier compared to the PP wave. 

2. The new model reduces the time between the Pdiff and the PP arrivals by 40 s by allowing the 

boundary-grazing Pdiff wave to refract into the low-velocity BML before returning to the mantle 

and surface and arriving later**. 

3. The new model reduced the time between PP and SKS by 10 s by allowing the SKS wave to 

travel through a slight faster mantle overall, while the PP wave's arrival is experiences a smaller 

net effect from a thinner lithosphere and cooler mantle.*** 

 

** Added note: The CMB-grazing bottom part of the Pdiff wave in Fig 1l is weird. Ray paths that 

impinge on such a boundary typically refract into the bottom layer while bending away from the 

normal. So, I expected the Pdiff wave to become a PKP wave, rather than surface where it was 

observed. 

 

*** Added note: There is no discussion of this in the paper, though there ought to be, given how 



 

  

important this constraint is. It is also the only constraint on core velocities: Can it be used to 

better estimate core velocities? 

 

The paper is in pretty great, but not perfect shape. I have some comments about how the 

presentation of the work can be improved before publication, which I recommend. 

 

A. Equation 2 specifically includes dependence on the radius while equation 1 does not. Yet, eqn 

1's dependence on radius is a critical ingredient in the discussion on page 6 on increasing viscosity 

with depth in the BML model. 

 

B. Page 9 refers to [attenuation in] the solid mantle, while earlier pages refer to the convecting 

mantle. Do these two terms describe the same part of the mantle? 

 

C. Page 10: "A consequence of a BML on Mars is that its early magnetic field recorded in the crust 

[58–60] would result from one or several external sources, such as impacts [61], or elliptical core 

instabilities excited by early satellites orbiting the planet in retrograde fashion [62]. This is 

because the thermal buffering effect of the BML and its heating due to the enrichment in HPEs 

results in core heating rather than cooling [3], therefore reducing the duration of a thermal 

dynamo in Mars’ core." 

This paragraph is underdeveloped and comes across as an afterthought. It assumes that readers 

will know what a thermal dynamo is, when it can have been active, and why cooling is required for 

a planetary dynamo. 

 

D. The discussion on page 4-5 and Fig 1 of mantle evolution with and without a BML is essential 

but hard to follow due to its qualitative (rather than quantitative) nature (relatively hot, relatively 

cold, rapid, increases, decreases, depletes, reduces, hotter, shallow, low viscosities). It also 

vaguely, and likely unintentionally implies that the present-day layering reflects initial layering and 

that, for example, an initially homogeneous mantle does not evolve into a crust-lithosphere-

mantle-BML assemblage. 

 

E. page 6: "However, 

the differences in V∗ imply that the mantle becomes considerably more viscous 

with depth for BML models because the pressure and temperature gradients in 

the convecting mantle are similar for the output models of both inversion sets. Indeed, neglecting 

the relatively small temperature effect compared to that of pressure, and assuming a pressure 

increase of ∆P ∼ 15 GPa throughout 

the convecting mantle, Eq. 1 implies a lowermost to uppermost solid mantle 

viscosity ratio, R ∼ exp [∆P V ∗/(R T )], leading to R ∼= 50 for non-BML 

models, and R ∼= 5000 for BML models." 

This is all a bit confusing. 

a. E* being smaller is understandable on account on the lower present-day T for SML models. But 

why is V* so much larger in the BML models? 

b. "mantle become more viscous with depth": is this in the part of the mantle that is ABOVE the 

BML? 

c. If the p and T gradients are similar in BML and homogenous-mantle models, why does eta 

increase with depth only in the BML model? 

d. "small temperature effect compared to that of pressure" Why, where, and when is this 

happening? Is this related to gradients in E* and V* with depth? Is this happening in the mantle 

between the lithosphere and BML? Is this the case at present or initially? 

e. "assuming a pressure increase of ∆P ∼ 15 GPa throughout the convecting mantle": An increase 

from where to where? top to bottom? "throughout" might not be the right word to use. 

 

F. I have three concerns with Figure 1: 

1) The core for the BML model (right) is 700 K hotter than the core in the homogeneous model 

(left), yet the P velocities in the core seem to be the same, as if the bulk modulus and density are 



 

  

not sensitive to temperature in liquid iron under pressure? 

2) The crust for the BML model is 60 km thick and the crust for the homogenous model is 80 km 

thick. Neither thickness agrees well with those inferred by InSight (30-70 km). In the 

homogeneous model that is remedied by the bottom part of the crust having seismic velocities 

that are virtually identical (or very close to) mantle velocities, while still having the same (low) 

density as the upper crust. This requires a lot of explanation I have not seen in this paper or 

earlier InSight papers on the crust. 

3) "TBL" is used in the figure but not defined. 

 

G. "In addition to seismic arrival times, the detection of distant events of small 

amplitude by InSight’s seismic experiment suggests that seismic attenuation is 

small, with effective shear quality factors in excess of 1000 [9]." 

Do you mean 

"In addition to seismic arrival times, the detection of distant events of small 

MAGNITUDE by InSight’s seismic experiment suggests that seismic attenuation is 

small, with effective shear quality factors in excess of 1000 [9]." 

 

H. "These lines of evidence suggesting the existence of a BML motivate the re-interpretation of 

available data in the frame of a deep layered Martian mantle." 

What is meant with "deep layered mantle"? Do you mean 

"These lines of evidence suggesting the existence of a previously unrecognized BML motivate the 

re-interpretation of available data used to constrain the size of Mars' core." 

 

I. Page 5: "Therefore, from a seismological point of view, the BML acts essentially as an extension 

of the core for deep reflected S-waves" 

This presumes that the core itself is liquid, as suggested in previous publications, but this is not 

been stated in the current manuscript until the bottom of page 9. It probably needs to be said 

earlier. 

 

J. Fig 3 shows the 1000 best models and Fig 4 shows the 100 best models. This inconsistency has 

the appearance or arbitrariness, which might imply there to be no quantitative criteria for model 

selection. 

 

K. Supplement: The color scales in Figures S1 and S2 are not perceptually uniform, making the 

images hard to interpret, even for someone who is not colorblind. Please use a perceptually 

uniform scale, like viridis. 

 

L. Because the seismograms from InSight have a low Signal to Noise Ratio, it is not 

straightforward to quality-control the arrival times used in the paper within a reasonable amount 

of time. In addition, most of the arrival times have already been published, hence peer-reviewed, 

elsewhere. 

 

M. Supplement: The authors state to have used equations from Aki & Richards's chapter 5 to 

calculate SV reflection coefficients on the boundary between lower mantle and BML. Which 

equation specifically was or were used? My version seems to be missing the equations for solid-

liquid boundaries. And did they use one sharp boundary or cumulative coefficients for the 

transition layer (partially molten) between lower mantle and the liquid BML? 

 

*************************************************************** 

Referee #2: 

 

I have been asked to review a paper concerning the evidence and implications of a molten silicate 

layer at the core-mantle-boundary (CMB) of Mars. The paper presents an internal structure model 

of Mars that has recently been sharpened by the occurrence of impact-driven quakes that 

generated waves grazing the CMB (S1000a and S0976a). The paper presents conclusions 



 

  

concerning the thickness of the molten layer, ~150-170 km. The major consequence is that by 

reducing the liquid core radius, its density increases by ~8%, thus reducing the concentration of 

light elements (S, C, H, O) required to match the density of molten iron. Such a reduction makes 

the concentration of light elements required more plausible since it is more consistent with 

cosmochemical models. 

 

A foundational ingredient of this modelling is the ab initio density and bulk modulus of liquid iron 

and iron alloys at Mars' core pressures. In this pressure range (~19 < P < ~37 GPa), the equation 

of state of liquid or solid iron is not well reproduced by any exchange-correlation functional I am 

aware of. The agreement improves above 100 GPa at room temperature. Without such reliable 

essential information, a solid solution model for FeS-Fe, FeO-Fe, Fe3C-Fe, and for fcc-FeH are 

developed. The parameters of such models are given in the paper, as well as the density and 

compressional velocities of these alloys vs. pressure. However, it isn't easy to understand how the 

core composition modelling was done. One sentence was offered without further elaboration: 

"Oxygen concentration depends on the concentration of sulfur in the core, the amount of FeO in 

the mantle, and the conditions of core formation Gendre et al. [2022]..." 

This sentence is packed with unjustified assumptions. Another sentence: 

"We, therefore, carried out multi-stage core formation models Badro et al. [2015] scanning all the 

possible values of input parameters (S content, FeO concentration, magma ocean geotherm, CMB 

pressure) and determined a range of oxygen concentrations as a function of sulfur concentration." 

This procedure also needs to be better explained. The authors should give a lot more details on 

how the compositional models were developed. The uncertainty in the alloys' EoSs is passed on to 

the core composition, which is modelled to fit the new Martian core model. 

 

The bottom line is: the EoS of iron and light element alloys produced in this paper supports the 

desired conclusion, i.e., the consistency with cosmochemical constraints. 

 

I will not address other aspects of this paper since they fall outside my expertise. 

 

*************************************************************** 

Referee #3: 

 

This paper explores an enriched partially molten silicate later at the base of Mars’ mantle. The 

paper presents a nice parallel approach for the two contrasting hypotheses: an inversion with and 

without the BML is pursued. In general, I find the paper interesting, but the seismic results seem a 

bit uncertain. Here are some comments/questions: 

 

1. How do the ScS times behave (e.g., if differenced from SS times) for the two models? 

 

2. In considering parsimonious solutions, I would’ve thought a first approach would be to keep the 

core the same radius, and partially melt some portion of the lowermost mantle. Could that be done 

to fulfill differential times, yet still allow ScS to get to the CMB? If the answer is yes, then how is 

that hypothesis more or less compatible with other data? Wouldn’t such a structure result in a 

negative velocity gradient down to the CMB (but not as severe as models in Figure 2), so wave 

paths will be strongly affected (and thus times too)? 

 

3. Am I correct to read a +/- 5 sec in reported PP and Pdiff times? (though, the time uncertainty of 

PP looks huge from Fig S1). If yes, that could be a 10 sec error, correct? That is a significant part 

of the signal in column 1 of Fig 3 c,e. 

 

4. There are no predictions shown for the seismic waves for the two models, and no ScS waves are 

shown. That makes confidence in the seismic results difficult because of these uncertainties 

 

In summary, this is a good assessment of the two models. I am not convinced they are the only 

possibilities, and I struggle with the seismic uncertainties. But it is provocative possibility. 



5HIHUHH ���

5HYLHZ RI (YLGHQFH DQG LPSOLFDWLRQV RI DQ HQULFKHG PROWHQ VLOLFDWH OD\HU DERYH 0DUV¶ FRUH

:KLOH , DP VXUSULVHG SUHYLRXVO\ SXEOLVKHG SDSHUV E\ WKH ,Q6LJKW WHDP RQ WKH FRPSRVLWLRQ RI WKH
0DUWLDQ FRUH GLG QRW WDNH FRVPRFKHPLFDO FRQVWUDLQWV LQWR DFFRXQW� , DP JODG WKLV SDSHU GRHV�

7KLV LV D FRPSUHKHQVLYH PXOWL�GLVFLSOLQDU\ SDSHU WKDW XWLOL]HV DOO DYDLODEOH FRQVWUDLQWV �H[SHULPHQWDO�
RUELWHU REVHUYDWLRQV� FRVPRFKHPLFDO� SODQHWDU\ HYROXWLRQ�G\QDPLFV� VHLVPRORJ\� HWF�� WR LQIHU DQ
HQVHPEOH RI PRGHOV IRU WKH VWUXFWXUH RI WKH 0DUWLDQ LQWHULRU WKDW LV FRQVLVWHQW ZLOO DOO REVHUYDEOHV� 7KH
QHZ PRGHO �HQVHPEOH� LQFOXGHV D PROWHQ %DVDO 0DQWOH /D\HU �%0/��

:LWK D %DVDO 0DQWOH /D\HU �%0/� �QHZ PRGHO� WKH FRUH LV ��� NP VPDOOHU �LQ UDGLXV�� ��� . KRWWHU�
��� NJ�PA� GHQVHU� DQG FRQWDLQV D VPDOOHU IUDFWLRQ RI 6� 2� &� DQG +� ZKLOH WKH PDQWOH LV ��� . FRROHU
DQG KDV D WKLQQHU OLWKRVSKHUH DQG WKLFNHU FUXVW WKDQ LQ D PRGHO ZLWKRXW D %0/� 7KH ODWWHU PRGHO LV
FDOOHG �KRPRJHQHRXV PDQWOH PRGHO� LQ WKH SDSHU� DQG LQ WKLV UHYLHZ , ZLOO FDOO LW �ROG PRGHO�� DV LW LV
FRQVLVWHQW ZLWK SUHYLRXVO\ SXEOLVKHG PRGHOV�

([SHFWHGO\� PDQWOH YHORFLWLHV DUH VOLJKWO\ KLJKHU DQG DOORZ IRU D VKDOORZ ORZ�YHORFLW\ ]RQH LQ WKH QHZ
PRGHO� 8QH[SHFWHGO\� FRUH YHORFLWLHV DUH SUHVHQWHG DV LGHQWLFDO IRU WKH ELJJHU� FRROHU FRUH ZLWK D
KLJKHU SHUFHQWDJH RI )H LQ WKH QHZ PRGHO DQG WKH KRWWHU� VPDOOHU� OHVV LURQ�ULFK FRUH RI WKH ROG PRGHO
�
0RUHRYHU� WKH QHZ PRGHO FRQWDLQV OHVV YRODWLOHV WKDQ WKH ROG PRGHO� ZKLFK DOVR WHQGV WR ORZHU
YHORFLWLHV�


 $GGHG QRWH� )LJ � VKRZV WKDW D 3�YHORFLW\ GLVFRQWLQXLW\ LV SUHVHQWHG LQVLGH WKH OLTXLG FRUH� �� NP
EHORZ WKH ERXQGDU\ EHWZHHQ WKH %0/ DQG WKH OLTXLG FRUH� ZKLFK LV QRW GLVFXVVHG� 7KLV ERXQGDU\ LV
SORWWHG DERXW �� NP KLJKHU �a���� NP� WKDQ ZKHUH WKH WH[W DQG RWKHU ILJXUHV VXJJHVW LW VKRXOG EH
�a���� NP"��

7KH FRQIXVLRQ FRPHV IURP WKH ZD\ WKH ILJXUH ZDV FRORUHG LQ WKH EDFNJURXQG� ZKLFK ZDV PLVOHDGLQJ�
:H FODULILHG WKLV ILJXUH E\ UHPRYLQJ WKH FRORU EDFNJURXQGV DQG E\ DGGLQJ WH[W WR EHWWHU H[SODLQ WKH
REVHUYHG VHLVPLF VWUXFWXUH�

7KH QHZ PRGHO LV EDVHG RQ FRPSUHKHQVLYH PXOWL�GLVFLSOLQDU\ FRQVWUDLQWV� EXW DOVR ILWV VHLVPLF GDWD
�IURP ,Q6LJKW� EHWWHU�
�� 7KH QHZ PRGHO LQFUHDVHV WKH WLPH EHWZHHQ 33 DQG 66 DUULYDOV E\ �� V E\ DOORZLQJ ERWK WR WUDYHO
ZHOO EHORZ WKH WKLQQHU OLWKRVSKHUH� ZKLOH LQ WKH ROG PRGHO WKH 66 ZDYH WUDYHOHG ZLWKLQ WKH KLJK�YHORFLW\
OLWKRVSKHUH� DUULYLQJ HDUOLHU FRPSDUHG WR WKH 33 ZDYH�
�� 7KH QHZ PRGHO UHGXFHV WKH WLPH EHWZHHQ WKH 3GLII DQG WKH 33 DUULYDOV E\ �� V E\ DOORZLQJ WKH
ERXQGDU\�JUD]LQJ 3GLII ZDYH WR UHIUDFW LQWR WKH ORZ�YHORFLW\ %0/ EHIRUH UHWXUQLQJ WR WKH PDQWOH DQG
VXUIDFH DQG DUULYLQJ ODWHU

�
�� 7KH QHZ PRGHO UHGXFHG WKH WLPH EHWZHHQ 33 DQG 6.6 E\ �� V E\ DOORZLQJ WKH 6.6 ZDYH WR WUDYHO
WKURXJK D VOLJKW IDVWHU PDQWOH RYHUDOO� ZKLOH WKH 33 ZDYH
V DUULYDO LV H[SHULHQFHV D VPDOOHU QHW HIIHFW
IURP D WKLQQHU OLWKRVSKHUH DQG FRROHU PDQWOH�






 $GGHG QRWH� 7KH &0%�JUD]LQJ ERWWRP SDUW RI WKH 3GLII ZDYH LQ )LJ �O LV ZHLUG� 5D\ SDWKV WKDW
LPSLQJH RQ VXFK D ERXQGDU\ W\SLFDOO\ UHIUDFW LQWR WKH ERWWRP OD\HU ZKLOH EHQGLQJ DZD\ IURP WKH
QRUPDO� 6R� , H[SHFWHG WKH 3GLII ZDYH WR EHFRPH D 3.3 ZDYH� UDWKHU WKDQ VXUIDFH ZKHUH LW ZDV
REVHUYHG�

)ROORZLQJ WKH UHYLHZHU¶V FRPPHQW� ZH FDUHIXOO\ UH�DQDO\VHG WKH SDWK IRU WKH 3GLII SKDVH SURSDJDWLQJ
LQVLGH WKH %0/� DV GLVSOD\HG LQ )LJ� �O XVLQJ VHYHUDO FRPSOHPHQWDU\ IRUZDUG DSSURDFKHV� IXOO
ZDYHIRUP VSHFWUDO HOHPHQW PRGHOOLQJ �XVLQJ WKH $[L6(0 VRIWZDUH�� DQG UD\ WKHRU\ �XVLQJ D IDVW
PDUFKLQJ (LNRQDO VROYHU�� :H FDPH WR WKH FRQFOXVLRQ WKDW WKH 3GLII SDWK GLVSOD\HG LQ WKH RULJLQDO

Author Rebuttals to Initial Comments:



YHUVLRQ RI )LJ��O ZDV LQGHHG LQFRUUHFW� ,QVWHDG� ZH IRXQG WKDW ZKLOH 3�GLIIUDFWHG SDWKV GR H[LVW LQ WKH
%0/ VWUXFWXUH� WKLV SKDVH GLIIUDFWV DW WKH WRS RI WKH %0/ ZKHUH WKH FRPSUHVVLRQDO ZDYH VSHHG DUH
PD[LPXP� WKHQ WUDYHOV WKURXJK WKH SDUWLDOO\ PROWHQ DQG IXOO\ PROWHQ %0/ EHIRUH EHLQJ UHIOHFWHG DW
WKH &0% EDFN WRZDUGV WKH VXUIDFH LQVWHDG RI EHLQJ GLIIUDFWHG DW WKH ERWWRP RI WKH %0/ �VHH ILJXUH
EHORZ H[WUDFWHG IURP WKH UHYLVHG )LJ����

)LJXUH� &ORVH�XS YLHZ RI WKH UHJLRQ LQ WKH YLFLQLW\ RI WKH %0/ VKRZLQJ WKH 3� DQG 6�ZDYH YHORFLW\ VWUXFWXUH �P�
DQG UD\SDWK �Q� RI WKH 3�GLIIUDFWHG ZDYH UHIOHFWHG DW WKH FRUH�PDQWOH ERXQGDU\ �3EGLII3F3� WUDYHOV LQ D PROWHQ
VLOLFDWH PDQWOH ZLWK FRQVLGHUDEO\ VORZHU ZDYH VSHHGV FRPSDUHG WR WKRVH RI D VROLG PDQWOH� ZKLFK VLJQLILFDQWO\
GHOD\V LWV WUDYHO WLPH FRPSDUHG WR WKH KRPRJHQHRXV PDQWOH FDVH�

:H KDYH WKHUHIRUH QDPHG WKLV SKDVH 3EGLII3F3 �CE¶ UHIHUV WR WKH %0/ LQWHUIDFH DORQJ ZKLFK WKLV ZDYH
ILUVW GLIIUDFWV�� :H WKHQ UHDVVHVVHG WKH WUDYHO WLPH DVVRFLDWHG ZLWK WKLV 3EGLII3F3 SKDVH� DJDLQ XVLQJ
VSHFWUDO HOHPHQW PRGHOOLQJ DQG (LNRQDO VROYHU� DQG IRXQG FRQVLVWHQW DUULYDO WLPHV W3EGLII3F3 � 7R
FRPSOHWH WKLV DQDO\VLV� ZH FRPSXWHG W3EGLII3F3 XVLQJ D UHFHQW YHUVLRQ RI WKH 7DXS VRIWZDUH ������� WKDW
SURSHUO\ DFFRXQWV IRU WKLV SKDVH� DQG XVLQJ WKH DQDO\WLFDO IRUPXOD ������ IURP $NL 	 5LFKDUGV¶ ERRN
DQG IRXQG WKH VDPH WUDYHO WLPHV YDOXH� )LQDOO\� ZH QXPHULFDOO\ LQWHJUDWHG WKH 3EGLII3F3 WUDYHO WLPH
DORQJ WKH �FRUUHFW� 3EGLII3F3 SDWK XVLQJ WKH YHORFLW\ VWUXFWXUH IURP WKH %0/ PRGHO DQG IRXQG DJDLQ
WKH VDPH YDOXH� )RUWXQDWHO\� LW WXUQV RXW WKDW HYHQ WKRXJK WKH SDWK IRU WKH 3�GLIIUDFWHG SKDVH LQ RXU
%0/ LQYHUVLRQV ZDV ZURQJ� WKH WUDYHO WLPH FRPSXWHG ZDV FRUUHFW DQG FRUUHVSRQGHG H[DFWO\ WR WKH
YDOXH RI W3EGLII3F3 REWDLQHG ZLWK WKH RWKHU QXPHULFDO DQG DQDO\WLFDO DSSURDFKHV GHVFULEHG DERYH �ZH
V\VWHPDWLFDOO\ FKHFNHG WKLV IRU RXU EHVW ���� %0/ PRGHOV��
7KH LQFRUUHFW SDWK ZDV GHWHUPLQHG ZLWK DQ ROGHU YHUVLRQ RI 7DXS �������� ZKLFK KRZHYHU FRPSXWHG WKH
FRUUHFW WUDYHO WLPH IRU W3EGLII3F3 H[DFWO\� ,Q IDFW� E\ QXPHULFDOO\ LQWHJUDWLQJ WKH WUDYHO WLPH DORQJ WKH
ZURQJ 3GLII SDWK ZH ZRXOG ILQG WUDYHO WLPHV WKDW DUH V\VWHPDWLFDOO\ DERXW �� VHFRQGV ORQJHU WKDQ WKH
FRUUHFW YDOXH RXWSXWWHG E\ 7DXS �REWDLQHG ZLWK HLWKHU YHUVLRQV ����� RU ������� 7KLV PHDQV WKDW RXU
LQYHUVLRQ UHVXOWV� KHQFH WKH FRQFOXVLRQV RI RXU VWXG\� DUH XQDIIHFWHG E\ WKLV FRUUHFWLRQ�
&RQVHTXHQWO\� ZH FRUUHFWHG WKH UD\ SDWK LQ WKH UHYLVHG )LJ��O DQG DGGHG WKH WZR SDQHOV �P� Q� WR )LJ� �
WKDW GLVSOD\ FORVH�XS YLHZV RI WKH VHLVPLF VWUXFWXUH DQG UD\SDWK LQ WKH YLFLQLW\ RI WKH %0/ WR EHWWHU
LOOXVWUDWH WKLV ILQGLQJ� $GGLWLRQDOO\� ZH GHYRWHG D QHZ 6HFWLRQ 6� RI WKH VXSSOHPHQW WR GLVFXVV WKH
LGHQWLILFDWLRQ DQG WKH H[LVWHQFH RI WKH 3EGLII3F3 SKDVH LQ WKH %0/ FRQWH[W� ZKLFK FRPSOHWHV WKH IXOO
ZDYHIRUP PRGHOOLQJ DOVR DGGHG WR WKH UHYLVHG VXSSOHPHQW �6HFWLRQ 6���




 $GGHG QRWH� 7KHUH LV QR GLVFXVVLRQ RI WKLV LQ WKH SDSHU� WKRXJK WKHUH RXJKW WR EH� JLYHQ KRZ
LPSRUWDQW WKLV FRQVWUDLQW LV� ,W LV DOVR WKH RQO\ FRQVWUDLQW RQ FRUH YHORFLWLHV� &DQ LW EH XVHG WR EHWWHU
HVWLPDWH FRUH YHORFLWLHV"

:H FKHFNHG WKH FRUH YHORFLWLHV EHWZHHQ WKH %0/ DQG QRQ�%0/ VHWV DQG IRXQG VPDOO GLIIHUHQFHV ERWK
LQ WHUPV RI YDOXHV DQG UDQJH� $W WKH WRS RI WKH FRUH 9S  ���� � ���� NP�V IRU QRQ�%0/ PRGHOV� ZKLOH



9S  ��� � ���� NP�V� 7KHUHIRUH� WKH WLPH FRQVWUDLQW SURYLGHG E\ WKHVH SKDVHV LV VLPLODU LQ ERWK FDVHV�
7KH YDOXHV PHQWLRQHG DERYH KDYH EHHQ DGGHG WR WKH UHYLVHG PDQXVFULSW �7DEOH 6���

7KH SDSHU LV LQ SUHWW\ JUHDW� EXW QRW SHUIHFW VKDSH� , KDYH VRPH FRPPHQWV DERXW KRZ WKH SUHVHQWDWLRQ
RI WKH ZRUN FDQ EH LPSURYHG EHIRUH SXEOLFDWLRQ� ZKLFK , UHFRPPHQG�

$� (TXDWLRQ � VSHFLILFDOO\ LQFOXGHV GHSHQGHQFH RQ WKH UDGLXV ZKLOH HTXDWLRQ � GRHV QRW� <HW� HTQ �
V
GHSHQGHQFH RQ UDGLXV LV D FULWLFDO LQJUHGLHQW LQ WKH GLVFXVVLRQ RQ SDJH � RQ LQFUHDVLQJ YLVFRVLW\ ZLWK
GHSWK LQ WKH %0/ PRGHO�

:H KDYH QRZ H[SOLFLWO\ DGGHG WKH GHSHQGHQFH RI 3 DQG 7 WR WKH UDGLXV U LQ (TXDWLRQ ����

%� 3DJH � UHIHUV WR >DWWHQXDWLRQ LQ@ WKH VROLG PDQWOH� ZKLOH HDUOLHU SDJHV UHIHU WR WKH FRQYHFWLQJ
PDQWOH� 'R WKHVH WZR WHUPV GHVFULEH WKH VDPH SDUW RI WKH PDQWOH"

<HV� WKH\ GR� :H KDYH FODULILHG WKH WHUPV VROLG PDQWOH DQG FRQYHFWLQJ PDQWOH LQ WKH UHYLVHG YHUVLRQ RI
WKH PDQXVFULSW� 6HH DOVR RXU UHSO\ WR FRPPHQW �H� EHORZ�

&� 3DJH ��� �$ FRQVHTXHQFH RI D %0/ RQ 0DUV LV WKDW LWV HDUO\ PDJQHWLF ILHOG UHFRUGHG LQ WKH FUXVW
>��±��@ ZRXOG UHVXOW IURP RQH RU VHYHUDO H[WHUQDO VRXUFHV� VXFK DV LPSDFWV >��@� RU HOOLSWLFDO FRUH
LQVWDELOLWLHV H[FLWHG E\ HDUO\ VDWHOOLWHV RUELWLQJ WKH SODQHW LQ UHWURJUDGH IDVKLRQ >��@� 7KLV LV EHFDXVH
WKH WKHUPDO EXIIHULQJ HIIHFW RI WKH %0/ DQG LWV KHDWLQJ GXH WR WKH HQULFKPHQW LQ +3(V UHVXOWV LQ FRUH
KHDWLQJ UDWKHU WKDQ FRROLQJ >�@� WKHUHIRUH UHGXFLQJ WKH GXUDWLRQ RI D WKHUPDO G\QDPR LQ 0DUV¶ FRUH��
7KLV SDUDJUDSK LV XQGHUGHYHORSHG DQG FRPHV DFURVV DV DQ DIWHUWKRXJKW� ,W DVVXPHV WKDW UHDGHUV ZLOO
NQRZ ZKDW D WKHUPDO G\QDPR LV� ZKHQ LW FDQ KDYH EHHQ DFWLYH� DQG ZK\ FRROLQJ LV UHTXLUHG IRU D
SODQHWDU\ G\QDPR�

)ROORZLQJ WKH UHYLHZHU¶V DGYLFH� ZH KDYH GHYHORSHG WKLV SDUDJUDSK LQ WKH UHYLVHG PDQXVFULSW�

'� 7KH GLVFXVVLRQ RQ SDJH ��� DQG )LJ � RI PDQWOH HYROXWLRQ ZLWK DQG ZLWKRXW D %0/ LV HVVHQWLDO EXW
KDUG WR IROORZ GXH WR LWV TXDOLWDWLYH �UDWKHU WKDQ TXDQWLWDWLYH� QDWXUH �UHODWLYHO\ KRW� UHODWLYHO\ FROG�
UDSLG� LQFUHDVHV� GHFUHDVHV� GHSOHWHV� UHGXFHV� KRWWHU� VKDOORZ� ORZ YLVFRVLWLHV�� ,W DOVR YDJXHO\� DQG
OLNHO\ XQLQWHQWLRQDOO\ LPSOLHV WKDW WKH SUHVHQW�GD\ OD\HULQJ UHIOHFWV LQLWLDO OD\HULQJ DQG WKDW� IRU
H[DPSOH� DQ LQLWLDOO\ KRPRJHQHRXV PDQWOH GRHV QRW HYROYH LQWR D FUXVW�OLWKRVSKHUH�PDQWOH�%0/
DVVHPEODJH�

:H KDYH UHZULWWHQ WKLV GLVFXVVLRQ LQ D PRUH TXDQWLWDWLYH PDQQHU DQG FODULILHG WKDW WKH OD\HUHG SODQHW
VWUXFWXUH UHIHUV WR WKH GHHS PDQWOH ZKHQ WKH %0/ LV SUHVHQW� ,Q QRQ�%0/ FDVHV� WKH VLOLFDWH SRUWLRQ RI
WKH SODQHW GHYHORSV D OD\HUHG VWUXFWXUH EXW RQO\ LQ WKH VKDOORZ SDUWV ZLWK WKH FUXVW DQG OLWKRVSKHULF
JURZWK� 2I FRXUVH� WKLV DOVR RFFXUV LQ %0/ FDVHV EXW WKH %0/ LWVHOI OHDGV WR DGGLWLRQDO VWUDWLILFDWLRQ
�L�H�� VROLG� SDUWLDOO\ PROWHQ DQG OLTXLG XQLWV WKDW DUH HQULFKHG LQ LURQ DQG +3(V� LQ WKH ORZHUPRVW
PDQWOH� +RZHYHU� WKH UHYLHZHU KDV WKH ULJKW LPSUHVVLRQ WKDW D QRQ %0/ PDQWOH DW VROLG�VWDWH GRHV QRW
HYROYH LQWR D %0/ PDQWOH� ,W LV WKH KRPRJHQHRXV JOREDO VLOLFDWH PDJPD RFHDQ WKDW FDQ� XSRQ
VROLGLILFDWLRQ� UHVXOW LQ D KHWHURJHQHRXV PDQWOH� +RZHYHU� RXU DSSURDFK GRHV QRW DFFRXQW IRU PDJPD
RFHDQ FRROLQJ DQG IRU GHHS PDQWOH GLIIHUHQWLDWLRQ WKDW RFFXUV GXULQJ WKH HDUOLHVW VWDJHV RI SODQHW
IRUPDWLRQ�

(� SDJH �� �+RZHYHU� WKH GLIIHUHQFHV LQ 9Ϫ LPSO\ WKDW WKH PDQWOH EHFRPHV FRQVLGHUDEO\ PRUH YLVFRXV
ZLWK GHSWK IRU %0/ PRGHOV EHFDXVH WKH SUHVVXUH DQG WHPSHUDWXUH JUDGLHQWV LQ WKH FRQYHFWLQJ PDQWOH
DUH VLPLODU IRU WKH RXWSXW PRGHOV RI ERWK LQYHUVLRQ VHWV� ,QGHHG� QHJOHFWLQJ WKH UHODWLYHO\ VPDOO
WHPSHUDWXUH HIIHFW FRPSDUHG WR WKDW RI SUHVVXUH� DQG DVVXPLQJ D SUHVVXUH LQFUHDVH RI ¨3 Ќ �� *3D
WKURXJKRXW WKH FRQYHFWLQJ PDQWOH� (T� � LPSOLHV D ORZHUPRVW WR XSSHUPRVW VROLG PDQWOH YLVFRVLW\ UDWLR�
5 Ќ H[S >¨3 9 Ϫ��5 7 �@� OHDGLQJ WR 5 Ќ �� IRU QRQ�%0/ PRGHOV� DQG 5 Ќ ���� IRU %0/ PRGHOV��
7KLV LV DOO D ELW FRQIXVLQJ�



D� (
 EHLQJ VPDOOHU LV XQGHUVWDQGDEOH RQ DFFRXQW RQ WKH ORZHU SUHVHQW�GD\ 7 IRU 60/ PRGHOV� %XW
ZK\ LV 9
 VR PXFK ODUJHU LQ WKH %0/ PRGHOV"

'HFUHDVLQJ 9
 OHDGV WR WKLQQHU OLWKRVSKHUHV DW WKH SUHVHQW�GD\� DQG YLFH YHUVD� 7KLQQHU OLWKRVSKHUH
ZRXOG UHVXOW LQ VORZHU VHLVPLF YHORFLWLHV EHFDXVH LQ WKLV FDVH� WKH WHPSHUDWXUH LQFUHDVHV IDVWHU ZLWK
GHSWK LQ WKH OLWKRVSKHULF UHJLRQ� 7KH VPDOOHU VHLVPLF YHORFLWLHV LQ WKH OLWKRVSKHULF UHJLRQ ZRXOG IXUWKHU
GHOD\ WKH 33 LQ WKHVH %0/ PRGHOV� 7KH UHVXOWLQJ ODUJHU W33 ZRXOG OHDG WR ZRUVH GDWD ILW �VHH )LJ� ���
7KLV LV WKH UHDVRQ ZK\ 9
 LV ODUJHU IRU %0/ PRGHOV�
:H KDYH PHQWLRQHG WKLV LQ WKH UHYLVHG PDQXVFULSW�

E� �PDQWOH EHFRPH PRUH YLVFRXV ZLWK GHSWK�� LV WKLV LQ WKH SDUW RI WKH PDQWOH WKDW LV $%29( WKH %0/"

<HV� LW LV� :KHQ HQWHULQJ WKH %0/� WKH YLVFRVLW\ GHFUHDVHV ZLWK GHSWK �LQVWHDG RI LQFUHDVLQJ ZLWK GHSWK
LQ WKH VROLG PDQWOH� EHFDXVH RI WKH VWURQJ WHPSHUDWXUH JUDGLHQW LQ WKLV UHJLRQ�
:H KDYH FODULILHG WKDW LQ WKH UHYLVHG PDQXVFULSW�

F� ,I WKH S DQG 7 JUDGLHQWV DUH VLPLODU LQ %0/ DQG KRPRJHQRXV�PDQWOH PRGHOV� ZK\ GRHV HWD LQFUHDVH
ZLWK GHSWK RQO\ LQ WKH %0/ PRGHO"

7KH YLVFRVLW\ HWD LQFUHDVHV ZLWK GHSWK IRU ERWK %0/ DQG KRPRJHQHRXV PDQWOH PRGHOV� KRZHYHU� VLQFH
WKH DFWLYDWLRQ YROXPH LV ODUJHU IRU %0/ PRGHOV WKH YLVFRVLW\ LQFUHDVH ZLWK GHSWK �DERYH WKH %0/� VHH
SRLQW �E� DERYH� LV WKHUHIRUH ODUJHU WKDQ LQ WKH KRPRJHQHRXV PDQWOH PRGHOV� :H FODULILHG WKLV SRLQW LQ
WKH PDLQ WH[W�

G� �VPDOO WHPSHUDWXUH HIIHFW FRPSDUHG WR WKDW RI SUHVVXUH� :K\� ZKHUH� DQG ZKHQ LV WKLV KDSSHQLQJ" ,V
WKLV UHODWHG WR JUDGLHQWV LQ (
 DQG 9
 ZLWK GHSWK" ,V WKLV KDSSHQLQJ LQ WKH PDQWOH EHWZHHQ WKH
OLWKRVSKHUH DQG %0/" ,V WKLV WKH FDVH DW SUHVHQW RU LQLWLDOO\"

:H UHIHU WR WKHVH FKDQJHV LQ YLVFRVLW\ LQ WKH FRQYHFWLQJ PDQWOH DW WKH SUHVHQW GD\� ZKRVH GHILQLWLRQ LV
JLYHQ EHORZ �VHH SRLQW �H��� ,Q WKLV UHJLRQ WKH WHPSHUDWXUH FKDQJHV DFFRUGLQJ WR WKH DGLDEDWLF JUDGLHQW
�FRUUHVSRQGLQJ WR D WHPSHUDWXUH LQFUHDVH RI DERXW ��� IRU WKH %0/ PRGHOV DQG a��� . IRU WKH
KRPRJHQHRXV PRGHOV�� 7KHUHIRUH� VWULFWO\ VSHDNLQJ� WKH YLVFRVLW\ GRHV FKDQJH LQ WKH FRQYHFWLQJ
PDQWOH� +RZHYHU� WKH GHFUHDVH LQ YLVFRVLW\ ZLWK LQFUHDVLQJ GHSWK LQ WKH FRQYHFWLQJ PDQWOH LV PXFK OHVV
LPSRUWDQW WKDQ WKH YLVFRVLW\ LQFUHDVH GXH WR SUHVVXUH IRU ERWK PRGHOV� 7KLV LV EHFDXVH WKH FKDQJH LQ
WHPSHUDWXUH LV VPDOOHU WKDQ WKH FKDQJH LQ SUHVVXUH DFURVV WKLV HQWLUH UHJLRQ�
,QGHHG� IRU ERWK %0/ DQG QRQ�%0/ PRGHOV WKH YLVFRVLW\ GHFUHDVHV E\ D IDFWRU RI a��� DFURVV WKH
FRQYHFWLQJ PDQWOH �GXH WR WKH DGLDEDWLF WHPSHUDWXUH LQFUHDVH�� ZKLOH LW LQFUHDVHV ZLWK LQFUHDVLQJ
SUHVVXUH E\ D IDFWRU a�������� 7KHUHIRUH� LQ DQ\ FDVH� WKH YLVFRVLW\ LV IDU PRUH DIIHFWHG E\ WKH FKDQJH
LQ SUHVVXUH WKDQ E\ WKH WHPSHUDWXUH LQFUHDVH LQ WKH FRQYHFWLQJ PDQWOH�
,I ZH KDG WDNHQ WKH HIIHFW RI WHPSHUDWXUH LQ WKLV UHDVRQLQJ WKH RXWFRPH ZRXOG KDYH EHHQ WKH VDPH�
L�H��5փ%0/�5փKRPRJHQHRXV a ����� :H KDYH FODULILHG WKLV LQ WKH UHYLVHG PDQXVFULSW�

H� �DVVXPLQJ D SUHVVXUH LQFUHDVH RI ¨3 Ќ �� *3D WKURXJKRXW WKH FRQYHFWLQJ PDQWOH�� $Q LQFUHDVH
IURP ZKHUH WR ZKHUH" WRS WR ERWWRP" �WKURXJKRXW� PLJKW QRW EH WKH ULJKW ZRUG WR XVH�

7KLV SUHVVXUH LQFUHDVH FRUUHVSRQGV WR WKH VROLG PDQWOH WKDW OLHV EHORZ WKH OLWKRVSKHUH DQG DOO WKH ZD\
GRZQ WR WKH &0% IRU KRPRJHQHRXV PRGHOV DQG DOO WKH ZD\ WR WKH WRS RI WKH HQULFKHG OD\HU IRU %0/
PRGHOV� WKLV LV ZKDW ZH UHIHU DV WR FRQYHFWLQJ PDQWOH EHFDXVH DERYH LW� WKH OLWKRVSKHUH LV WRR VWLII WR
FRQYHFW DQG EHORZ LW WKHUH LV WKH FRUH �IRU KRPRJHQHRXV PDQWOH PRGHOV� RU HQULFKHG OD\HU �IRU %0/
PRGHOV�� ZKLFK GRHV QRW FRQYHFW HLWKHU EHFDXVH LW LV WKH VWDEO\ VWUDWLILHG �VHH )LJ� �I DQG )LJ� �M IRU
H[DPSOH ZKHUH WKH FRQYHFWLQJ PDQWOH LV VKRZQ LQ RUDQJH IRU ERWK KRPRJHQHRXV DQG %0/ PRGHOV��
:H KDYH IXUWKHU FODULILHG ZKDW LV PHDQW E\ FRQYHFWLQJ PDQWOH LQ WKH WH[W E\ PRUH H[SOLFLWO\ UHIHUULQJ
WR WKH FRUUHVSRQGLQJ DUHDV LQ )LJ� ��

)� , KDYH WKUHH FRQFHUQV ZLWK )LJXUH ��



�� 7KH FRUH IRU WKH %0/ PRGHO �ULJKW� LV ��� . KRWWHU WKDQ WKH FRUH LQ WKH KRPRJHQHRXV PRGHO �OHIW��
\HW WKH 3 YHORFLWLHV LQ WKH FRUH VHHP WR EH WKH VDPH� DV LI WKH EXON PRGXOXV DQG GHQVLW\ DUH QRW VHQVLWLYH
WR WHPSHUDWXUH LQ OLTXLG LURQ XQGHU SUHVVXUH"

,Q WKLV ILJXUH WKH UHODWLYH 9S GLIIHUHQFH LQ WKH FRUH EHWZHHQ WKH KRPRJHQHRXV PRGHO �)LJ� �N� DQG WKH
%0/ FDVH �)LJ� �H� UDQJHV EHWZHHQ � DQG a��� ZKLFK FRXOG LQGHHG VHHP UDWKHU VPDOO� DV WKH UHYLHZHU
QRWHG� JLYHQ WKH IDFW WKDW WKH FRUH WHPSHUDWXUH LV FRQVLGHUDEO\ KRWWHU LQ WKH %0/ FDVH� 2XU PRGHOV
DFFRXQW IRU WHPSHUDWXUH GHSHQGHQFH RI ERWK EXON PRGXOXV� .V� DQG GHQVLW\� ֍���� KRZHYHU WKHVH
SDUDPHWHUV DUH DOVR LQYHUWHG IRU� )RU WKH %0/ FDVH .V DQG ֍���� DUH ODUJHU WKDQ LQ WKH KRPRJHQHRXV
PDQWOH �VHH 7DEOH 6��� 7KLV LQFUHDVH LQ ERWK .V DQG ֍��� UHVXOWV LQ VLPLODU 9S YDOXHV� 7KLV FRQYHUJHQFH
WRZDUGV VLPLODU 9S YDOXHV LQ WKH FRUH IRU ERWK KRPRJHQHRXV DQG %0/ PRGHOV LV GXH WR WKH 6.6 GDWD
WKDW ZH FRQVLGHU LQ RXU LQYHUVLRQ� ZKLFK FRQVWUDLQV WKH YDOXH RI 9S LQ WKH FRUH �KHQFH DOVR .V DQG
֍����� :H KDYH PHQWLRQHG WKHVH SRLQWV LQ WKH UHYLVHG PDQXVFULSW�

�� 7KH FUXVW IRU WKH %0/ PRGHO LV �� NP WKLFN DQG WKH FUXVW IRU WKH KRPRJHQRXV PRGHO LV �� NP WKLFN�
1HLWKHU WKLFNQHVV DJUHHV ZHOO ZLWK WKRVH LQIHUUHG E\ ,Q6LJKW ������ NP�� ,Q WKH KRPRJHQHRXV PRGHO
WKDW LV UHPHGLHG E\ WKH ERWWRP SDUW RI WKH FUXVW KDYLQJ VHLVPLF YHORFLWLHV WKDW DUH YLUWXDOO\ LGHQWLFDO �RU
YHU\ FORVH WR� PDQWOH YHORFLWLHV� ZKLOH VWLOO KDYLQJ WKH VDPH �ORZ� GHQVLW\ DV WKH XSSHU FUXVW� 7KLV
UHTXLUHV D ORW RI H[SODQDWLRQ , KDYH QRW VHHQ LQ WKLV SDSHU RU HDUOLHU ,Q6LJKW SDSHUV RQ WKH FUXVW�

%RWK WKH %0/ DQG KRPRJHQHRXV PRGHOV PXVW DJUHH ZLWK WKH DYHUDJH FUXVWDO WKLFNQHVV LQIHUUHG IURP
,Q6LJKW �UDQJLQJ EHWZHHQ �� NP DQG �� NP� DV WKH UHYLHZHU FRUUHFWO\ QRWHG�� EHFDXVH WKLV LV D
UHTXLUHPHQW IURP WKH LQYHUVLRQ DOJRULWKP� DV PHQWLRQHG LQ 6HFWLRQ � RI WKH VXSSOHPHQWDU\
LQIRUPDWLRQ� )RU WKH %0/ PRGHO� WKH FUXVWDO WKLFNQHVV DW WKH SUHVHQW GD\ LV LQGHHG FORVH WR �� NP
�SUHFLVHO\ �� NP�� DQG WKHUHIRUH OLHV ZLWKLQ WKH DFFHSWDEOH DYHUDJH FUXVWDO PHQWLRQHG DERYH� 7KH
FUXVWDO WKLFNQHVV IRU WKH KRPRJHQHRXV PRGHO LV WKLFNHU ��� NP� EXW DOVR UHPDLQV ZLWKLQ WKH ����� NP
UDQJH�

�� �7%/� LV XVHG LQ WKH ILJXUH EXW QRW GHILQHG�

:H KDYH DGGHG WKH GHILQLWLRQ RI WKH DFURQ\P 7%/ �7KHUPDO %RXQGDU\ /D\HU� ERWK LQ WKH ILJXUH
OHJHQG DQG LQ WKH ILJXUH FDSWLRQ RI )LJ� � LQ WKH UHYLVHG PDQXVFULSW�

*� �,Q DGGLWLRQ WR VHLVPLF DUULYDO WLPHV� WKH GHWHFWLRQ RI GLVWDQW HYHQWV RI VPDOO DPSOLWXGH E\ ,Q6LJKW¶V
VHLVPLF H[SHULPHQW VXJJHVWV WKDW VHLVPLF DWWHQXDWLRQ LV VPDOO� ZLWK HIIHFWLYH VKHDU TXDOLW\ IDFWRUV LQ
H[FHVV RI ���� >�@��
'R \RX PHDQ �,Q DGGLWLRQ WR VHLVPLF DUULYDO WLPHV� WKH GHWHFWLRQ RI GLVWDQW HYHQWV RI VPDOO
0$*1,78'( E\ ,Q6LJKW¶V VHLVPLF H[SHULPHQW VXJJHVWV WKDW VHLVPLF DWWHQXDWLRQ LV VPDOO� ZLWK HIIHFWLYH
VKHDU TXDOLW\ IDFWRUV LQ H[FHVV RI ���� >�@��

<HV� :H WKHUHIRUH UHSODFHG ³DPSOLWXGH´ ZLWK ³PDJQLWXGH´�

+� �7KHVH OLQHV RI HYLGHQFH VXJJHVWLQJ WKH H[LVWHQFH RI D %0/ PRWLYDWH WKH UH�LQWHUSUHWDWLRQ RI
DYDLODEOH GDWD LQ WKH IUDPH RI D GHHS OD\HUHG 0DUWLDQ PDQWOH��
:KDW LV PHDQW ZLWK �GHHS OD\HUHG PDQWOH�" 'R \RX PHDQ �7KHVH OLQHV RI HYLGHQFH VXJJHVWLQJ WKH
H[LVWHQFH RI D SUHYLRXVO\ XQUHFRJQL]HG %0/ PRWLYDWH WKH UH�LQWHUSUHWDWLRQ RI DYDLODEOH GDWD XVHG WR
FRQVWUDLQ WKH VL]H RI 0DUV
 FRUH��

:H PRGLILHG WKLV VHQWHQFH IROORZLQJ WKH UHYLHZHU¶V VXJJHVWLRQ�

,� 3DJH �� �7KHUHIRUH� IURP D VHLVPRORJLFDO SRLQW RI YLHZ� WKH %0/ DFWV HVVHQWLDOO\ DV DQ H[WHQVLRQ RI
WKH FRUH IRU GHHS UHIOHFWHG 6�ZDYHV�
7KLV SUHVXPHV WKDW WKH FRUH LWVHOI LV OLTXLG� DV VXJJHVWHG LQ SUHYLRXV SXEOLFDWLRQV� EXW WKLV LV QRW EHHQ
VWDWHG LQ WKH FXUUHQW PDQXVFULSW XQWLO WKH ERWWRP RI SDJH �� ,W SUREDEO\ QHHGV WR EH VDLG HDUOLHU�



7KH DVVXPSWLRQ RI D OLTXLG FRUH LV QRZ PRUH FOHDUO\ PHQWLRQHG HDUOLHU LQ WKH PDLQ WH[W�

-� )LJ � VKRZV WKH ���� EHVW PRGHOV DQG )LJ � VKRZV WKH ��� EHVW PRGHOV� 7KLV LQFRQVLVWHQF\ KDV WKH
DSSHDUDQFH RU DUELWUDULQHVV� ZKLFK PLJKW LPSO\ WKHUH WR EH QR TXDQWLWDWLYH FULWHULD IRU PRGHO
VHOHFWLRQ�

7KHUH ZDV DQ HUURU LQ WKH ILJXUH FDSWLRQ� 3DQHOV D�G LQ )LJ� � GLVSOD\ LQ IDFW �� PRGHOV UDQGRPO\
VDPSOHG DPRQJ WKH EHVW ���� PRGHOV� DQG QRW WKH EHVW ��� PRGHOV� :H FRUUHFWHG WKH ILJXUH FDSWLRQ LQ
WKH UHYLVHG PDQXVFULSW� 7KH UHDVRQ ZK\ ZH VKRZ IHZHU PRGHOV LQ )LJV� �D�G LV RQO\ IRU WKH VDNH RI
FOHDU YLVXDOL]DWLRQ SXUSRVHV� 6XSHULPSRVLQJ ���� PRGHOV LQ WKHVH ILJXUH SDQHOV ZRXOG PDNH LW GLIILFXOW
WR GLVWLQJXLVK WKH VHLVPLF VWUXFWXUH� :H PHQWLRQ WKLV MXVWLILFDWLRQ LQ WKH ILJXUH FDSWLRQ RI WKH UHYLVHG
PDQXVFULSW�

.� 6XSSOHPHQW� 7KH FRORU VFDOHV LQ )LJXUHV 6� DQG 6� DUH QRW SHUFHSWXDOO\ XQLIRUP� PDNLQJ WKH
LPDJHV KDUG WR LQWHUSUHW� HYHQ IRU VRPHRQH ZKR LV QRW FRORUEOLQG� 3OHDVH XVH D SHUFHSWXDOO\ XQLIRUP
VFDOH� OLNH YLULGLV�

:H FKDQJHG WKH FRORU VFDOH IRU WKH WZR FRUUHVSRQGLQJ ILJXUHV� IROORZLQJ WKH UHYLHZHU¶V VXJJHVWLRQ�

/� %HFDXVH WKH VHLVPRJUDPV IURP ,Q6LJKW KDYH D ORZ 6LJQDO WR 1RLVH 5DWLR� LW LV QRW VWUDLJKWIRUZDUG WR
TXDOLW\�FRQWURO WKH DUULYDO WLPHV XVHG LQ WKH SDSHU ZLWKLQ D UHDVRQDEOH DPRXQW RI WLPH� ,Q DGGLWLRQ�
PRVW RI WKH DUULYDO WLPHV KDYH DOUHDG\ EHHQ SXEOLVKHG� KHQFH SHHU�UHYLHZHG� HOVHZKHUH�

,QGHHG� PRVW RI WKH DUULYDO WLPHV KDYH DOUHDG\ EHHQ SXEOLVKHG� ZKLFK LV ZK\ ZH GR QRW SUHVHQW�GLVFXVV
WKHP IXUWKHU� +RZHYHU� WKH 33 DQG 3�GLIIUDFWHG SKDVHV DUULYDO WLPHV DUH GLVFXVVHG LQ WKH VXSSOHPHQW
�6HFWLRQ 6����� DQG ZH IXUWKHU UHLQIRUFHG WKLV GLVFXVVLRQ LQ WKH UHYLVHG PDQXVFULSW ZLWK WKH DGGLWLRQ RI
D QHZ ILJXUH LQ 6HFWLRQ 6����

0� 6XSSOHPHQW� 7KH DXWKRUV VWDWH WR KDYH XVHG HTXDWLRQV IURP $NL 	 5LFKDUGV
V FKDSWHU � WR FDOFXODWH
69 UHIOHFWLRQ FRHIILFLHQWV RQ WKH ERXQGDU\ EHWZHHQ ORZHU PDQWOH DQG %0/� :KLFK HTXDWLRQ
VSHFLILFDOO\ ZDV RU ZHUH XVHG" 0\ YHUVLRQ VHHPV WR EH PLVVLQJ WKH HTXDWLRQV IRU VROLG�OLTXLG
ERXQGDULHV� $QG GLG WKH\ XVH RQH VKDUS ERXQGDU\ RU FXPXODWLYH FRHIILFLHQWV IRU WKH WUDQVLWLRQ OD\HU
�SDUWLDOO\ PROWHQ� EHWZHHQ ORZHU PDQWOH DQG WKH OLTXLG %0/"

:H FRPSXWHG WKH 6�WR�6 UHIOHFWLRQ FRHIILFLHQW E\ DSSO\LQJ (TXDWLRQ ������ RI $NL 	 5LFKDUGV >����@
XVLQJ YDOXHV OLVWHG LQ 7DEOH 6�� ,Q DGGLWLRQ WR WKH WDEOH� WKH %0/ EDVH LV FRQVLGHUHG DV D VKDUS
ERXQGDU\ DQG 9V EHORZ WKH ERXQGDU\ LV ]HUR� 7R DYRLG QXPHULFDO LQVWDELOLWLHV LQ XVLQJ (TXDWLRQ ������
RI $NL 	 5LFKDUGV¶ ERRN ZH UHSODFHG WKH ]HUR YDOXH E\ ���� P�V IRU 9V EHORZ WKH %0/� :H WHVWHG
RWKHU YDOXHV �H�J�� ���� P�V DQG ���� P�V� WKDW UHVXOWHG LQ VLPLODU UHIOHFWLRQ FRHIILFLHQW YDOXHV WKDQ WKRVH
REWDLQHG ZLWK 9V ���� P�V�

































































5HIHUHH ���



, KDYH EHHQ DVNHG WR UHYLHZ D SDSHU FRQFHUQLQJ WKH HYLGHQFH DQG LPSOLFDWLRQV RI D PROWHQ VLOLFDWH
OD\HU DW WKH FRUH�PDQWOH�ERXQGDU\ �&0%� RI 0DUV� 7KH SDSHU SUHVHQWV DQ LQWHUQDO VWUXFWXUH PRGHO RI
0DUV WKDW KDV UHFHQWO\ EHHQ VKDUSHQHG E\ WKH RFFXUUHQFH RI LPSDFW�GULYHQ TXDNHV WKDW JHQHUDWHG
ZDYHV JUD]LQJ WKH &0% �6����D DQG 6����D�� 7KH SDSHU SUHVHQWV FRQFOXVLRQV FRQFHUQLQJ WKH
WKLFNQHVV RI WKH PROWHQ OD\HU� a������� NP� 7KH PDMRU FRQVHTXHQFH LV WKDW E\ UHGXFLQJ WKH OLTXLG FRUH
UDGLXV� LWV GHQVLW\ LQFUHDVHV E\ a��� WKXV UHGXFLQJ WKH FRQFHQWUDWLRQ RI OLJKW HOHPHQWV �6� &� +� 2�
UHTXLUHG WR PDWFK WKH GHQVLW\ RI PROWHQ LURQ� 6XFK D UHGXFWLRQ PDNHV WKH FRQFHQWUDWLRQ RI OLJKW
HOHPHQWV UHTXLUHG PRUH SODXVLEOH VLQFH LW LV PRUH FRQVLVWHQW ZLWK FRVPRFKHPLFDO PRGHOV�

$ IRXQGDWLRQDO LQJUHGLHQW RI WKLV PRGHOOLQJ LV WKH DE LQLWLR GHQVLW\ DQG EXON PRGXOXV RI OLTXLG LURQ DQG
LURQ DOOR\V DW 0DUV
 FRUH SUHVVXUHV� ,Q WKLV SUHVVXUH UDQJH �a�� � 3 � a�� *3D�� WKH HTXDWLRQ RI VWDWH
RI OLTXLG RU VROLG LURQ LV QRW ZHOO UHSURGXFHG E\ DQ\ H[FKDQJH�FRUUHODWLRQ IXQFWLRQDO , DP DZDUH RI�
7KH DJUHHPHQW LPSURYHV DERYH ��� *3D DW URRP WHPSHUDWXUH�

:H DUH YHU\ FRQIXVHG E\ WKLV FRPPHQW� PRVWO\ EHFDXVH ZH IXOO\ DJUHH ZLWK LW� $QG EHFDXVH ZH GLG QRW
XVH $1< DE LQLWLR VLPXODWLRQV LQ RXU SDSHU� 2XU (R6 DUH EDVHG VROHO\ RQ H[SHULPHQWDO GDWD� ZKLFK LV
DYDLODEOH LQ WKRVH SUHVVXUH UDQJHV� 7KHUHIRUH� WKH IRXQGDWLRQDO LQJUHGLHQW RI RXU PRGHOOLQJ LV DFWXDOO\
H[SHULPHQWDO �[�UD\ GLIIUDFWLRQ DW KLJK 3 DQG 7� ZRUN� 7KLV LV DOO GHWDLOHG LQ 6HFWLRQ � RI WKH
VXSSOHPHQWDU\ LQIRUPDWLRQ�

,QGHHG� DE LQLWLR VLPXODWLRQV GR D SRRU MRE LQ WKLV SUHVVXUH UDQJH� DQG WKLV LV DQRWKHU UHDVRQ ZK\ ZH
UHIUDLQHG IURP XVLQJ WKHP� 7KH\ GR D SRRU MRE EHFDXVH� DV SURSHUO\ VWDWHG E\ WKH UHYLHZHU� ZKLOH
PDJQHWLVP LQ LURQ GHFUHDVHV ZLWK 3 DQG YDQLVKHV DW (DUWK¶V FRUH SUHVVXUHV� LW VWLOO SOD\V D UROH DW WKH
SUHVVXUH RI 0DUV¶ FRUH DQG QHHGV WR EH DFFRXQWHG IRU� 7KLV UHTXLUHV WZR WKLQJV� ��� WKH XVH RI PDJQHWLF
VLPXODWLRQV WR FRUUHFWO\ HVWLPDWH WKH HQWKDOS\ RI WKH V\VWHP� DQG ��� FDOFXODWH WKH PDJQHWLF HQWURS\
³PDQXDOO\´ �EHFDXVH ')7 SDFNDJHV OLNH 9$63 HWF� ZLOO QRW GR LW��
$ UHFHQWO\ SXEOLVKHG �DIWHU RXU PDQXVFULSW ZDV VXEPLWWHG� DE LQLWLR VLPXODWLRQ E\ +XDQJ HW DO� >����@
�GRL ������������*/������� XVHV PDJQHWLF VLPXODWLRQV EXW GLVUHJDUGV PDJQHWLF HQWURS\�
8QVXUSULVLQJO\� LW GRHV QRW PDWFK WKH H[LVWLQJ H[SHULPHQWDO GDWD SUHYLRXVO\ UHSRUWHG� ,QVWHDG� WKH
DXWKRUV UHFRJQL]H WKDW WKHUH LV D ��� RIIVHW LQ WKH VLPXODWLRQV RI SXUH LURQ DW D VLQJOH 3 DQG 7� DQG WKHQ
XVH DQ HPSLULFDO FRUUHFWLRQ WR IDOO EDFN RQ WKH H[SHULPHQW� VR PXFK IRU D ILUVW SULQFLSOHV FDOFXODWLRQ�
7KHQ� WKH\ XVH WKDW VDPH FRUUHFWLRQ IRU DOO 3 DQG 7� HYHQ WKRXJK HQWURSLF HIIHFWV DUH QRWRULRXVO\
WHPSHUDWXUH�GHSHQGHQW� $QG LI WKLV LVQ¶W EDG HQRXJK� WKH\ DSSO\ WKDW VDPH FRUUHFWLRQ RI )H WR DOO
)H�OLJKW HOHPHQW DOOR\V VXFK DV )H�6� )H�2� )H�&� HWF� GLVUHJDUGLQJ DQ\ FRPSRVLWLRQDO HIIHFWV RQ
PDJQHWLF HQWURS\�

$Q\ZD\� WKLV LV EXOOHWSURRI HYLGHQFH WKDW SRRUO\ SHUIRUPHG DE LQLWLR VLPXODWLRQV VKRXOG QRW EH XVHG WR
HVWLPDWH 0DUWLDQ FRUH SURSHUWLHV� 6LPXODWLRQV WKDW IXOO\ WUHDW PDJQHWLVP KDYH EHHQ SHUIRUPHG LQ WKH
SDVW �H�J�� (GJLQJWRQ HW DO� >����@� GRL ���������M�HSVO������������� ZKRVH UHVXOWV� GHVSLWH WKHLU
VRSKLVWLFDWLRQ� VWLOO VKRZ D VLJQLILFDQW RIIVHW IURP WKH H[SHULPHQWDO GDWD� DQG DSSOLHG WR XQGHUVWDQG
0HUFXU\¶V FRUH IRU LQVWDQFH� EXW WKH UHFHQW SDSHU E\ +XDQJ HW DO� >����@ GRHV QRW JR RQ WR VXFK
VRSKLVWLFDWLRQ� ZKLFK SUREDEO\ H[SODLQV ZK\ LW IDOOV VKRUW RI UHSURGXFLQJ H[SHULPHQWDO GDWD�

7R DGGUHVV WKH UHYLHZHU¶V FRPPHQW LQ D VLQJOH VHQWHQFH� QR� ZH GLG QRW XVH ')7 VLPXODWLRQV� ZKLFK
DUH FXUUHQWO\ QRW UHOLDEOH LQ WKLV FRQWH[W� DQG ZH RQO\ XVHG H[SHULPHQWDO GDWD WR HVWDEOLVK FRUH
WKHUPRFKHPLFDO SURSHUWLHV� :H FODULILHG WKLV LQ WKH UHYLVHG PDQXVFULSW�

:LWKRXW VXFK UHOLDEOH HVVHQWLDO LQIRUPDWLRQ� D VROLG VROXWLRQ PRGHO IRU )H6�)H� )H2�)H� )H�&�)H� DQG
IRU IFF�)H+ DUH GHYHORSHG�

:H GR QRW XVH D VROLG VROXWLRQ PRGHO WR GHVFULEH WKH (R6 RI WKH OLTXLG FRUH DOOR\� $OO HQG�PHPEHU
SKDVHV DUH EDVHG RQ (R6 GHGXFHG IURP HODVWLF GDWD RI OLTXLG DOOR\V� ,Q WKH SUHYLRXV YHUVLRQ RI WKH
PDQXVFULSW� RQO\ WKH )H+ HQG�PHPEHU ZDV PRGHOOHG E\ VROLG IFF )H+� ,Q WKH QHZ YHUVLRQ ZH KDYH
UHSODFHG WKH IFF )H+ (R6 E\ WKDW RI OLTXLG )H+ UHFHQWO\ SXEOLVKHG E\ 7DJDZD HW DO� >����@�
$OO GHWDLOV DUH SURYLGHG LQ WKH 6XSSOHPHQW 6HFWLRQ �� DV PHQWLRQHG DERYH�



7KH SDUDPHWHUV RI VXFK PRGHOV DUH JLYHQ LQ WKH SDSHU� DV ZHOO DV WKH GHQVLW\ DQG FRPSUHVVLRQDO
YHORFLWLHV RI WKHVH DOOR\V YV� SUHVVXUH�

<HV� WKLV LV DOO GHVFULEHG LQ 6HFWLRQ � RI WKH UHYLVHG VXSSOHPHQWDU\ LQIRUPDWLRQ�

+RZHYHU� LW LVQ
W HDV\ WR XQGHUVWDQG KRZ WKH FRUH FRPSRVLWLRQ PRGHOOLQJ ZDV GRQH� 2QH VHQWHQFH ZDV
RIIHUHG ZLWKRXW IXUWKHU HODERUDWLRQ�
�2[\JHQ FRQFHQWUDWLRQ GHSHQGV RQ WKH FRQFHQWUDWLRQ RI VXOIXU LQ WKH FRUH� WKH DPRXQW RI )H2 LQ WKH
PDQWOH� DQG WKH FRQGLWLRQV RI FRUH IRUPDWLRQ *HQGUH HW DO� >����@����
7KLV VHQWHQFH LV SDFNHG ZLWK XQMXVWLILHG DVVXPSWLRQV� $QRWKHU VHQWHQFH�
�:H� WKHUHIRUH� FDUULHG RXW PXOWL�VWDJH FRUH IRUPDWLRQ PRGHOV %DGUR HW DO� >����@ VFDQQLQJ DOO WKH
SRVVLEOH YDOXHV RI LQSXW SDUDPHWHUV �6 FRQWHQW� )H2 FRQFHQWUDWLRQ� PDJPD RFHDQ JHRWKHUP� &0%
SUHVVXUH� DQG GHWHUPLQHG D UDQJH RI R[\JHQ FRQFHQWUDWLRQV DV D IXQFWLRQ RI VXOIXU FRQFHQWUDWLRQ��
7KLV SURFHGXUH DOVR QHHGV WR EH EHWWHU H[SODLQHG� 7KH DXWKRUV VKRXOG JLYH D ORW PRUH GHWDLOV RQ KRZ
WKH FRPSRVLWLRQDO PRGHOV ZHUH GHYHORSHG�

7KLV LV D IDLU SRLQW� 7KLV LV D ZKROH RWKHU LVVXH� DQG ZH UHDOL]H WKLV ZDV DZNZDUGO\ DGGUHVVHG LQ RXU
SDSHU� $FFRUGLQJO\� ZH UHZURWH D IXOO VHFWLRQ �6HFWLRQ 6�� LQ WKH UHYLVHG VXSSOHPHQWDU\ LQIRUPDWLRQ�
DQG GHVFULEHG WKH ZKROH FRUH IRUPDWLRQ PRGHOOLQJ LQ JUHDW GHWDLO�

:H DOVR UH�RUJDQL]HG DQG UH�ZURWH PRUH FOHDUO\ WKH RWKHU VHFWLRQV UHODWHG WR FRUH WR UHPRYH
UHGXQGDQFLHV� 1RZ HYHU\WKLQJ UHODWHG WR GHVFULSWLRQ RI FRUH IRUPDWLRQ PRGHOOLQJ LV SDFNDJHG LQ WKH
QHZ 6HFWLRQ ��

7KH XQFHUWDLQW\ LQ WKH DOOR\V
 (R6V LV SDVVHG RQ WR WKH FRUH FRPSRVLWLRQ� ZKLFK LV PRGHOOHG WR ILW WKH
QHZ 0DUWLDQ FRUH PRGHO�

7KLV SKLORVRSK\ LV LQGHHG FRUUHFW� H[FHSW LW LV GRQH WKH RWKHU ZD\ DURXQG� $ UDQJH RI FRUH
FRPSRVLWLRQV DUH ILUVW SURGXFHG E\ UXQQLQJ FRUH IRUPDWLRQ VLPXODWLRQV WR ILQG FRUH FRPSRVLWLRQV WKDW
PDWFK 0DUWLDQ PDQWOH JHRFKHPLVWU\ �6XSSOHPHQWDU\ ,QIRUPDWLRQ 6HFWLRQ ��� 7KHQ� WKH (R6V DUH UXQ
RQWR WKRVH PRGHOV WR NHHS RQO\ WKH RQHV WKDW VDWLVI\ WKH JHRSK\VLFDO LQYHUVLRQ �6XSSOHPHQWDU\
,QIRUPDWLRQ 6HFWLRQ ��� 7KH VXEVHW RI FRUH FRPSRVLWLRQV REWDLQHG LV WKHUHIRUH FRQVLVWHQW ERWK ZLWK
FRUH IRUPDWLRQ PRGHOOLQJ �ZKLFK LV FRQVWUDLQHG E\ 0DUWLDQ PDQWOH JHRFKHPLVWU\� DQG FRUH VHLVPLF
SURSHUWLHV �ZKLFK DUH FRQVWUDLQHG E\ 0DUWLDQ FRUH JHRSK\VLFV�� :H XQGHUVWDQG WKLV FRQIXVLRQ LV RXU
IDXOW� EHFDXVH RI WKH RUGHU LQ ZKLFK ZH SUHVHQWHG WKLQJV LQ WKH RULJLQDO PDQXVFULSW� 1RZ ZH UH�ZURWH
WKHVH HQWLUH VHFWLRQV �VHH RXU DQVZHU WR WKH SUHYLRXV FRPPHQW�� 6HFWLRQ 6� GHDOV ZLWK FRUH IRUPDWLRQ
PRGHOOLQJ WKDW FRPHV ILUVW� DQG (R6 FRQVWUDLQWV DUH LQ 6HFWLRQ 6� DQG FRPH DIWHU� :H KRSH WKLV
FODULILHV RXU PHWKRGRORJ\�

7KH ERWWRP OLQH LV� WKH (R6 RI LURQ DQG OLJKW HOHPHQW DOOR\V SURGXFHG LQ WKLV SDSHU VXSSRUWV WKH GHVLUHG
FRQFOXVLRQ� L�H�� WKH FRQVLVWHQF\ ZLWK FRVPRFKHPLFDO FRQVWUDLQWV�

$OPRVW� $V GLVFXVVHG DERYH� LW LV WKH RWKHU ZD\ DURXQG� EXW LW LV WKH VDPH HTXLYDOHQW� 2QH FDQ ILUVW
FRQVWUDLQW JHRFKHPLVWU\� WKHQ JHRSK\VLFV� RU WKH RWKHU ZD\ DURXQG� 7KH UHVXOW LV� RI FRXUVH� WKH VDPH�

, ZLOO QRW DGGUHVV RWKHU DVSHFWV RI WKLV SDSHU VLQFH WKH\ IDOO RXWVLGH P\ H[SHUWLVH�

































































5HIHUHH ���

7KLV SDSHU H[SORUHV DQ HQULFKHG SDUWLDOO\ PROWHQ VLOLFDWH ODWHU DW WKH EDVH RI 0DUV¶ PDQWOH� 7KH SDSHU



SUHVHQWV D QLFH SDUDOOHO DSSURDFK IRU WKH WZR FRQWUDVWLQJ K\SRWKHVHV� DQ LQYHUVLRQ ZLWK DQG ZLWKRXW
WKH %0/ LV SXUVXHG� ,Q JHQHUDO� , ILQG WKH SDSHU LQWHUHVWLQJ� EXW WKH VHLVPLF UHVXOWV VHHP D ELW
XQFHUWDLQ� +HUH DUH VRPH FRPPHQWV�TXHVWLRQV�

�� +RZ GR WKH 6F6 WLPHV EHKDYH �H�J�� LI GLIIHUHQFHG IURP 66 WLPHV� IRU WKH WZR PRGHOV"

)LJXUH � GLVSOD\V WKH 6F6�3 WUDYHO WLPHV IRU ERWK QRQ�%0/ �SDQHO D� DQG %0/ �SDQHO E� PRGHOV DQG
REVHUYDWLRQV� 7KH DJUHHPHQW RQ W6F6�W3 EHWZHHQ REVHUYDWLRQV DQG WKH PRGHOV IRU ERWK %0/ DQG
QRQ�%0/ PRGHOV LV FRPSDUDEOH� EHFDXVH� DV GLVFXVVHG LQ WKH PDQXVFULSW� IURP WKH SRLQW RI YLHZ RI
VHLVPLF WUDYHO WLPHV RQH FDQQRW GLVWLQJXLVK EHWZHHQ 6�ZDYHV UHIOHFWHG DW WKH WRS RI D PROWHQ VLOLFDWH
OD\HU �IRU %0/ PRGHOV� DQG 6�ZDYHV UHIOHFWHG DW WKH WRS RI D OLTXLG FRUH RI ODUJHU VL]H �IRU QRQ %0/
PRGHOV��

�� ,Q FRQVLGHULQJ SDUVLPRQLRXV VROXWLRQV� , ZRXOG¶YH WKRXJKW D ILUVW DSSURDFK ZRXOG EH WR NHHS WKH
FRUH WKH VDPH UDGLXV� DQG SDUWLDOO\ PHOW VRPH SRUWLRQ RI WKH ORZHUPRVW PDQWOH� &RXOG WKDW EH GRQH WR
IXOILOO GLIIHUHQWLDO WLPHV� \HW VWLOO DOORZ 6F6 WR JHW WR WKH &0%" ,I WKH DQVZHU LV \HV� WKHQ KRZ LV WKDW
K\SRWKHVLV PRUH RU OHVV FRPSDWLEOH ZLWK RWKHU GDWD" :RXOGQ¶W VXFK D VWUXFWXUH UHVXOW LQ D QHJDWLYH
YHORFLW\ JUDGLHQW GRZQ WR WKH &0% �EXW QRW DV VHYHUH DV PRGHOV LQ )LJXUH ��� VR ZDYH SDWKV ZLOO EH
VWURQJO\ DIIHFWHG �DQG WKXV WLPHV WRR�"

:KLOH ZH DSSUHFLDWH WKH SRLQW PDGH E\ WKH UHYLHZHU� KDYLQJ D PHWDOOLF FRUH RI VDPH VL]H DV HDUOLHU
HVWLPDWHV RYHUODLQ RQO\ E\ D SDUWLDOO\ PROWHQ VLOLFDWH OD\HU ZRXOG EH SUREOHPDWLF IRU WKH IROORZLQJ
UHDVRQV�
�L� +DYLQJ D SDUWLDOO\ PROWHQ PDQWOH MXVW DERYH WKH &0% LQ D FRPSRVLWLRQDOO\ KRPRJHQHRXV PDQWOH LV
GLIILFXOW EHFDXVH WKH JUDGLHQW RI WKH VROLGXV FXUYH LV VWHHSHU WKDQ WKH DGLDEDWLF PDQWOH �VHH )LJ� �F��
+HQFH� DW WKH SUHVHQW�GD\ RQH ZRXOG QHHG D VWURQJ WHPSHUDWXUH MXPS� ʙ7&0% RI VHYHUDO KXQGUHGV RI
.HOYLQV LQ WKH ORZHUPRVW PDQWOH WR UHDFK VXSHU�VROLGXV WHPSHUDWXUHV �)LJ� �F�� 6XFK D ODUJH
WHPSHUDWXUH LQFUHDVH DERYH WKH &0%� ʙ7&0%� FDQQRW EH REWDLQHG LQ D KRPRJHQHRXV 0DUWLDQ PDQWOH DW
WKH SUHVHQW GD\� HYHQ LQ WKH ERWWRP WKHUPDO ERXQGDU\ OD\HU EHFDXVH ʙ7&0% GHFUHDVHV UDSLGO\ ZLWK WLPH
LQ D 0DUWLDQ PDQWOH� 7KLV KDV EHHQ VKRZQ LQ YDULRXV HDUOLHU VWXGLHV �VHH H�J�� >%UHXHU DQG 6SRKQ� �����
:LOOLDPV DQG 1LPPR� ����@� DQG LV LQYRNHG WR H[SODLQ WKH H[WLQFWLRQ RI WKH WKHUPDOO\ GULYHQ
JHRG\QDPR LQ 0DUV �DVVXPLQJ D FRPSRVLWLRQDOO\ KRPRJHQHRXV PDQWOH��
�LL� 0DQWOH PHOWLQJ DERYH WKH &0% FRXOG EH UHDFKHG LI WKLV UHJLRQ LV HQULFKHG LQ +3(V� ZKLFK OHDGV WR
%0/ PRGHOV� +RZHYHU� LQ WKLV FDVH RXU FXUUHQW PRGHOV DQG SUHYLRXV ZRUN >6DPXHO HW DO�� ����@ VKRZ
WKDW LW ZRXOG OHDG WR WKH SUHVHQFH RI ERWK D SDUWLDOO\ PROWHQ SDUW DQG D IXOO\ PROWHQ PDQWOH DERYH WKH
&0% EHFDXVH RI WKH GHYHORSPHQW RI WKHUPDO JUDGLHQW ZLWKLQ DQG DERYH WKH %0/ �VHH )LJ� �L��
�LLL� $V PHQWLRQHG LQ WKH DEVWUDFW DQG LQWURGXFWLRQ� NHHSLQJ D ODUJH FRUH VL]H ZRXOG LPSO\ D ORZ FRUH
GHQVLW\� ZLWK KLJK DPRXQWV RI OLJKW HOHPHQWV DW RGGV ZLWK H[SHULPHQWDO SHWURORJ\�
,I WKH UHYLHZHU PHDQW WR NHHS D VPDOOHU FRUH VL]H GLUHFWO\ RYHUODLQ E\ D PXVK\ PDQWOH� WKLV �LQ DGGLWLRQ
WR WKH GLIILFXOW\ LQ VXFK RFFXUUHQFH IRU ERWK FRPSRVLWLRQDOO\ KRPRJHQHRXV RU KHWHURJHQHRXV PDQWOHV
DV GLVFXVVHG LQ SRLQWV �L� DQG �LL� DERYH� ZRXOG UHGXFH WKH DPRXQW RI OLJKW HOHPHQWV LQ WKH FRUH
PHQWLRQHG DERYH� EXW ZRXOG QRW EH FRQVLVWHQW ZLWK PHDVXUHG WLGHV DQG WKH PRPHQW RI LQHUWLD RI WKH
FRUH >/H 0DLVWUH HW DO�� $FFHSWHG LQ 1DWXUH� ����@ WKDW UHTXLUH D ODUJH DSSDUHQW FRUH VL]H �VHH QHZ
VHFWLRQ 6���
2YHUDOO� WKH SUHVHQFH RI IXOO\ PROWHQ DQG SDUWLDOO\ PROWHQ HQULFKHG PDQWOH OD\HUV DERYH D VPDOOHU
PHWDOOLF FRUH DSSHDUV WR EH WKH VLPSOHVW ZD\ WR VLPXOWDQHRXVO\ VDWLVI\ JHRSK\VLFDO DQG JHRFKHPLFDO
GDWD�

�� $P , FRUUHFW WR UHDG D ��� � VHF LQ UHSRUWHG 33 DQG 3GLII WLPHV" �WKRXJK� WKH WLPH XQFHUWDLQW\ RI 33
ORRNV KXJH IURP )LJ 6��� ,I \HV� WKDW FRXOG EH D �� VHF HUURU� FRUUHFW" 7KDW LV D VLJQLILFDQW SDUW RI WKH
VLJQDO LQ FROXPQ � RI )LJ � F�H�

7KH XQFHUWDLQW\ LQ )LJ� 6� ZDV QRW SORWWHG SURSHUO\� :H PRGLILHG WKLV ILJXUH DQG DGGHG D
FRPSOHPHQWDU\ ILJXUH 6� EDVHG RQ D IUHTXHQF\�GHSHQGHQW SRODUL]DWLRQ DQDO\VLV WKDW FRQVROLGDWHV RXU
ILUVW SLFNV� ,Q SDQHOV �F� DQG �H� RI )LJ� � WKH �� VHF HUURU� DV FRUUHFWO\ XQGHUVWRRG E\ WKH UHYLHZHU� RQ
GLIIHUHQWLDO WUDYHO WLPHV LV VKRZQ E\ WKH SLQN DUHDV� 'HVSLWH WKLV UHODWLYHO\ ODUJH XQFHUWDLQW\� QRQ�%0/
PRGHOV DUH XQDEOH WR PDWFK WKH W33 ± W3GLII WUDYHO WLPHV�



�� 7KHUH DUH QR SUHGLFWLRQV VKRZQ IRU WKH VHLVPLF ZDYHV IRU WKH WZR PRGHOV� DQG QR 6F6 ZDYHV DUH
VKRZQ� 7KDW PDNHV FRQILGHQFH LQ WKH VHLVPLF UHVXOWV GLIILFXOW EHFDXVH RI WKHVH XQFHUWDLQWLHV

:H KDYH DGGHG V\QWKHWLF ZDYHIRUPV FRPSXWHG XVLQJ QRQ�%0/ DQG %0/ LQYHUVLRQ VHWV WR WKH UHYLVHG
PDQXVFULSW �VHH )LJ� 6� LQ WKH 6XSSOHPHQWDU\ ,QIRUPDWLRQ�� 7KH QHZO\ DGGHG 6HFWLRQ � LQ WKH
6XSSOHPHQWDU\ ,QIRUPDWLRQ GLVFXVVHV WKHVH ZDYHIRUPV DQG ZH VKRZ LQ SDUWLFXODU WKDW %0/ PRGHOV
FDQ UHSURGXFH VLJQDOV WKDW DUH FRQVLVWHQW ZLWK WKH DUULYDO WLPHV SLFNHG RQ ,Q6LJKW¶V VHLVPLF UHFRUG IRU
GHHS UHIOHFWHG 6�ZDYH DQG GHHS DQG GLIIUDFWHG 3�ZDYHV�

,Q VXPPDU\� WKLV LV D JRRG DVVHVVPHQW RI WKH WZR PRGHOV� , DP QRW FRQYLQFHG WKH\ DUH WKH RQO\
SRVVLELOLWLHV� DQG , VWUXJJOH ZLWK WKH VHLVPLF XQFHUWDLQWLHV� %XW LW LV SURYRFDWLYH SRVVLELOLW\�



 

  

Reviewer Reports on the First Revision: 
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Review of Evidence and implications of an enriched molten silicate layer above Mars’ core 

 

Based on the rebuttal and scanning the revised manuscript and supplementary information, I am 

happy with the extensive improvements the authors have made to an already great study. 

 

However, I have one lingering question concerning my original question: 

 

E. page 6: "However, the differences in V* imply that the mantle becomes considerably more 

viscous with depth for BML models because the pressure and temperature gradients in the 

convecting mantle are similar for the output models of both inversion sets. Indeed, neglecting the 

relatively small temperature effect compared to that of pressure, and assuming a pressure 

increase of ∆P ∼ 15 GPa throughout the convecting mantle, Eq. 1 implies a lowermost to 

uppermost solid mantle viscosity ratio, R ∼ exp [∆P V*/(R T )], leading to R ∼= 50 for non BML 

models, and R ∼= 5000 for BML models." 

This is all a bit confusing. 

a. E* being smaller is understandable on account on the lower present-day T for SML models. But 

why is V* so much larger in the BML models? 

 

The authors' answer included a re-iteration of how this V* (activation volume) is the result of their 

data-driven inference process. However, my lingering question is whether the authors could 

provide a physical justification/intuition for the large difference in V* between the BML and non-

BML models. 

 

Other than that, I am excited to see this multidisciplinary paper in print. 

 

******************************************************************* 

Referee #2: 

 

The description of the core properties modeling has improved and it is clearer now what has been 

done. Because there is a great deal of extrapolation from measurement conditions to core 

conditions, the uncertainty on the extrapolated property might not be much smaller than the error 

derived from "adjusted" ab initio calculations. This approach does not seem necessarily superior to 

"adjusted" ab initio results. Nevertheless, there is no alternative left. 

I trust the materials modeling component is reasonable. 

 

******************************************************************* 

Referee #3: 

 

The revised manuscript is improved and addresses questions in my first review. Some minor 

comments: 

 

I don’t understand Fig 1(n): there should be reciprocity on either side of the “PcP” segment, but 

the P(diff) portions are different on either side of the paths in the raypath figure. The red path 

looks hand drawn. Is it? If yes, why not show the actual computed path? 

 

Fig S11 did not come through on the PDF I downloaded for review 

 

I feel the paper now adequately supports the hypothesis put forward. 
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Referee #1: 
 
 
Review of Evidence and implications of an enriched molten silicate layer above Mars’ core 
 
Based on the rebuttal and scanning the revised manuscript and supplementary information, I am happy with the 
extensive improvements the authors have made to an already great study.  
 
However, I have one lingering question concerning my original question: 
 
E. page 6: "However, the differences in V* imply that the mantle becomes considerably more viscous with depth 
for BML models because the pressure and temperature gradients in the convecting mantle are similar for the 
output models of both inversion sets. Indeed, neglecting the relatively small temperature effect compared to that 
of pressure, and assuming a pressure increase of ∆P ∼ 15 GPa throughout the convecting mantle, Eq. 1 implies a 
lowermost to uppermost solid mantle viscosity ratio, R ∼ exp [∆P V*/(R T )], leading to R ∼= 50 for non BML 
models, and R ∼= 5000 for BML models." 
This is all a bit confusing.  
a. E* being smaller is understandable on account on the lower present-day T for SML models. But why is V* so 
much larger in the BML models? 
 
The authors' answer included a re-iteration of how this V* (activation volume) is the result of their data-driven 
inference process. However, my lingering question is whether the authors could provide a physical 
justification/intuition for the large difference in V* between the BML and non-BML models. 
 
We are sorry for having missed the reviewer’s point in the first round of review. The rheology of planetary mantles 
is not straightforward to predict or to explain because of the remaining tradeoffs between poorly constrained 
quantities that can affect the rheological behaviour of the mantle. For example, an intrinsically more sluggish mantle 
can be explained by a drier mantle (Karato & Wu, Science, 1993) but also by larger grain sizes, which are not 
explicitly modeled in our inversions. Therefore, explaining/justifying further the rheological differences between the 
two inversion outputs would be too speculative, because so far we cannot constrain the associated quantities that 
could explain these rheology (water content, grain size, major element content, etc.) or  break the existing tradeoffs 
between these quantities on the rheology. We can only defer this quest to a future study. We added a text in the 
last version of the revised Methods Section to underline this point.   
 
Other than that, I am excited to see this multidisciplinary paper in print. 
 
So are we! Thank you. 

 
******************************************************************* 

Referee #2: 
 

 
The description of the core properties modeling has improved and it is clearer now what has been done. Because 
there is a great deal of extrapolation from measurement conditions to core conditions, the uncertainty on the 
extrapolated property might not be much smaller than the error derived from "adjusted" ab initio calculations. This 
approach does not seem necessarily superior to "adjusted" ab initio results. Nevertheless, there is no alternative 
left. 
 
We disagree with these statements. Our EoS for the core is based on an extensive set of experimental data acquired 
at conditions below, within, and above those prevailing inside the core of Mars (as mentioned in the supplement of 
our manuscript). Therefore, our EoS applied to Mars’ core does not require extrapolation.  
 
In particular, the non-ideal solution model for Fe-S (S likely being the most abundant light element in the core) is 
based on 89 different density measurements (conducted in the range 2-43 GPa) and 28 acoustic velocity 
measurements (conducted in the range: 0-52 GPa) for 23 different sulfur concentrations (5-37.5 wt.%). Densities 
and acoustic velocities predicted by our thermodynamic model at the experimental conditions are well within the 
uncertainties of the latter. Using Monte Carlo error propagation, the uncertainty is respectively less than 1% and 
2% for density and acoustic velocity. 
 
Our thermodynamic model accurately summarizes the relevant available experimental data, and can predict with a 
high confidence level the thermodynamic properties of the whole core at conditions (composition, pressure, 
temperature) falling within the range covered by the experiments. For this reason, our core model based on 
experiments is currently the only viable option to infer core composition. As argued in our previous rebuttal 
letter, ad hoc models build from a small number of “adjusted” (e.g., Huang et al.; 2023) ab initio calculations, are 
unreliable because they individually deviate significantly from experimental data.  
 
Finally, the EoS used in our core model for the remaining liquid state end-members do not require pressure 
extrapolation either (Fe up to 350 GPa; FeO up to 100 GPa; Fe-C up to 50 GPa; Fe-H up to 152 GPa). 

Author Rebuttals to Second Revision:



 

 
 
I trust the materials modeling component is reasonable. 
 
We are happy that our changes made to the SI clarified our approach. 

 
******************************************************************* 

Referee #3: 
 

 
The revised manuscript is improved and addresses questions in my first review. Some minor comments: 
 
I don’t understand Fig 1(n): there should be reciprocity on either side of the “PcP” segment, but the P(diff) portions 
are different on either side of the paths in the raypath figure. The red path looks hand drawn. Is it? If yes, why not 
show the actual computed path? 
 

We thank the reviewer for highlighting the potentially confusing way that the raypaths were presented in Fig. 1n. In 
this figure we chose to plot a single raypath despite the fact that the diffracting nature of the Pdiff means that energy 
is continuously radiated into the molten layer beneath and reflected back toward the base of the fully solid mantle, 
where it resumes its diffracting path. All these paths have identical travel times and the energy that travels along 
them constructively interferes to produce the prominent signal we analyze in the manuscript. Naturally, for a surface 
event, the inherent symmetry of the geometry implies that the ensemble of all these paths must be symmetric. 
However, only the single path whose "PcP" bounce is at the midpoint of the raypath will itself also be symmetric; 
on either side, it will be flanked by a distribution of other paths that will not be individually symmetric. The red path 
in Fig. 1 is one such non-symmetric path and is not hand-drawn. We showed a subset of other paths in the "Pdiff-
PcP" ensemble in Fig. S4 and now point the reader to this figure for a better sense of the range of paths that are 
associated with the observed arrival.  
We therefore have left the path displayed in Fig. 1n but added text to the figure caption to explain the asymmetry. 
.  
 
Fig S11 did not come through on the PDF I downloaded for review 
 
This is hopefully fixed upon resubmission of the last version of our revised manuscript. 
 
I feel the paper now adequately supports the hypothesis put forward. 
 
Excellent news. Thank you. 
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