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Abstract: Currently popular ideas about the Earth’s interior have developed almost entirely on 

the basis of physics. In the spirit of the United Nations’ designation of 2011 as the International 

Year of Chemistry, I unify chemical and physical inferences for Earth-matter below the depth of 

660 km. I relate by fundamental mass ratio relationships the internal parts of that region with 

corresponding enstatite chondrite parts, providing a quantitative basis for understanding the 

“seismically rough” matter at the core mantle boundary, D′′, as arising from Earth-core 

precipitates, the “core-floaters”, CaS and MgS. I suggest that the ultra-low velocity zone consists 

of CaS.  

 

 

 

Introduction 

 

Seismic data, coupled with moment of inertia considerations, can yield information on 

the existence of physical structures within the Earth and whether they are solid or liquid, but not 

their chemical compositions, which must come from implications derived from meteorites. Eight 

years before Oldham [1] discovered the Earth’s core from seismic data, Wiechert [2] postulated 

its existence and its nickel-iron composition from whole-Earth density measurements [3] and 

from observations of meteorites. Soon after its discovery, the Earth’s core was found to be fluid 

because of its inability to sustain transverse earthquake waves [4]. 

By the early 1930s, the internal structure of the Earth was thought to be simple, 

consisting of just the fluid core, surrounded by a uniform shell of solid rock, called the mantle, 

and topped by a very thin crust [4]. Subsequent seismological evidence, though, indicated more 

complex structures for both the core and mantle. But the interpretations of these complexities 

have consistently been made on the basis of physics, generally without regard for chemistry. 
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Separately the domains of physics and chemistry can provide only partial descriptions of Earth’s 

interior; true understanding must simultaneously and correctly satisfy each domain. In the spirit 

of the United Nations’ designation of 2011 as the International Year of Chemistry, I unify in a 

self-consistent manner chemical and physical inferences for matter of the deep-interior of Earth 

with particular emphasis on the region at the core-mantle boundary, commonly referred to as D′′, 

pronounced “dee double prime”. 

The first indication of Earth-core complexity came with Lehmann’s 1936 discovery [5] of 

the inner core. Birch [6] and others assumed that the inner core was partially-crystallized nickel-

iron from the in-process freezing of the nickel-iron fluid core. The explanation proffered was one 

of changed physical state, not chemical difference.    

By 1940, Bullen [7, 8] had recognized a seismic discontinuity in the mantle, an interface 

where earthquake waves change speed and direction, at a depth of about 660 km, thus separating 

the mantle into two major parts, upper and lower. Additional seismic discontinuities were later 

discovered in the upper mantle. Bullen subsequently discovered a zone of seismic “roughness”, 

called D′′, located between the core and the seismically-featureless lower mantle [9-12]. 

Generally, seismic discontinuities within the Earth’s mantle, including at D′′, have been ascribed 

to physical changes in a medium of uniform composition, i.e., pressure-induced changes in 

crystal structure, rather than boundaries between layers having different chemical compositions; 

physics without chemistry.  

 

 

Understanding Chondrite Chemistry 

 

The fundamental relationships connecting the isotope-compositions of the elements of 

Earth with those of the chondrite-meteorites, and connecting the abundances of the non-gaseous 

chemical elements of chondrite-meteorites with corresponding abundances of the elements in the 

outer portion of the Sun form the basis for knowledge of the chemical and mineral composition 

of the Earth [13-15]. The similarity of corresponding non-volatile element ratios in the Sun and 

in chondrites attests to their common origin and to chondrites having had relative simple 

chemical histories (Figure 1). But not all chondrites are identical; they fall into three distinct 

groups: Carbonaceous, Enstatite, and Ordinary chondrites. These groups differ primarily in 

oxygen content, which causes their mineral compositions to be quite different [16-18]. 

Understanding the origin of those chemical differences reveals processes operant during the 

formation of the Solar System [19]. 
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Figure 1. Similarity of solar elemental abundance ratios relative to iron with those of the 

Orgueil carbonaceous chondrite and the highly-reduced Abee enstatite chondrite, 

demonstrating common element origin and simple chemical histories of the chondrites.  

 

About 90% of the meteorites that are observed falling to Earth are called ordinary 

chondrites, because they are so common. These are composed of iron metal and silicate-

rock, along with some iron sulfide. Many physicists, for more than half a century, have 

assumed that Earth as a whole resembles an ordinary chondrite [20, 21], which superficially 

might seem to account for the Earth having an iron alloy core surrounded by a silicate mantle. 

But ordinary-chondritic-iron-alloy (iron metal plus iron sulfide) is of insufficient relative 

abundance to account for a core as massive as Earth’s. Moreover, the minerals of ordinary 

chondrites cannot have condensed from an atmosphere of solar composition [22, 23]. Instead, 

they appear to have formed from two components of matter that previously condensed under 

different circumstances [24]. 

The condensation from a gas of solar composition and subsequent separation from that 

gas phase establishes the oxidation state of the condensate and the planetary matter it becomes. 
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In a gas of solar composition, the oxidation state of the condensate is primarily governed by the 

gas phase reaction 

 

H2 + ½O2 = H2O 

 

which is independent of pressure. Condensation temperature, on the other hand, is a function of 

pressure. Generally, in solar matter at low pressures, an oxidizable element, for example iron, 

will condense at low temperatures as an oxide, whereas at high pressures it  will condense at high 

temperatures as a highly reduced condensate [19, 25, 26]. Thus, the oxidation states of the 

primitive carbonaceous and enstatite chondrites may be understood. 

 The matter that formed the rare carbonaceous chondrites, like the Orgueil meteorite, 

appears to have obtained its oxidation state by condensation from a gas of solar composition at 

low pressures and low temperatures in the outer regions of the Solar System or in interstellar 

space. In such carbonaceous chondrites, virtually all elements are combined with oxygen. Instead 

of iron metal, there is magnetite, Fe3O4. The minerals present, for example, epsomite, 

MgSO4·7H2O, are indicative of formation at low temperatures. Instead of crystalline silicates, 

the dominant silicate is an ill-defined, layer-lattice, clay-like mineral. The massive cores of the 

terrestrial planets preclude their having formed from such oxidized matter. Carbonaceous and 

ordinary chondrite matter, however, may contribute as an outer veneer-component for Earth, and, 

especially, for Mars. 

 Enstatite chondrites, like the Abee meteorite, represent the most highly reduced, 

naturally-occurring mineral-assemblage known. They contain minerals not found on the surface 

of Earth, such as oldhamite, CaS. But they do contain copious amounts of iron metal. In the 

1940s, during the formative period for deep-Earth physics, the rare enstatite chondrites were not 

understood and were totally ignored. How their highly reduced state of oxidation came about 

was a mystery until the mid-1970s. 

 On the basis of thermodynamic considerations, Suess and I [26] showed that some of the 

minerals of enstatite meteorites could form at high temperatures in a gas of solar composition at 

pressures above about 1 bar, provided thermodynamic equilibria are frozen in at near-formation 

temperatures. At such pressures, molten iron, together with the elements that dissolve in it, is the 

most refractory condensate. Although there is much to verify and learn about the process of 

condensation from near the triple point of solar matter, the glimpses we have seen are 

remarkably similar to the 1944 vision of Eucken [27], i.e., molten iron raining out in the center 

of a hot, gaseous protoplanet, forming Earth’s core, followed by condensation of the silicate 

mantle. 

The Abee enstatite chondrite and others like it have virtually the same relative proportion 

of volatile trace elements as the Orgueil carbonaceous chondrite (Figure 1). But these enstatite 

chondrites are replete with high temperature minerals, for example, sub-euhedral crystals of 

enstatite embayed by iron metal in Abee, and  metallurgical evidence of very rapid cooling from 
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a high temperature [28, 29]. Significantly, only enstatite chondrites like Abee have a sufficiently 

great relative proportion of iron alloy to comprise the interior of a massive-core planet like Earth. 

 

 

Deep-Earth’s Enstatite Chondritic Composition 

 

Two discoveries made in the 1960s led me to a new quantitative understanding of deep-

Earth’s chemical composition. These were: (1) The discovery that enstatite chondrite iron metal 

contains elemental silicon in addition to nickel [30]; and, (2) The discovery of an intermetallic 

compound, nickel silicide, Ni2Si, mineral-name perryite, in enstatite meteorites [31, 32]. To me 

the implication was clear. If Earth’s core contains silicon, its presence could fully precipitate 

nickel as nickel silicide, which would then settle downward to form the inner core with precisely 

the mass observed [33]. 

In 1979, I progressed through the following logical exercise: If the inner core is in fact 

the compound nickel silicide, as I had suggested [33], then the Earth’s core must be like the alloy 

portion of an enstatite chondrite. If the Earth’s core is in fact like the alloy portion of an enstatite 

chondrite, then the Earth’s core should be surrounded by a silicate shell like the silicate portion 

of an enstatite chondrite, i.e., MgSiO3, essentially devoid of FeO. But upper mantle silicates 

contain appreciable FeO. Thus, the enstatite-chondrite-like silicate shell surrounding the core, if 

it exists, must be bounded by a seismic discontinuity where earthquake waves change speed and 

direction because of the layers of different chemical compositions. So now here is a prediction 

that could be tested. 

Using the alloy to silicate ratio of the Abee enstatite chondrite [34] and the mass of the 

Earth’s core, by simple ratio proportion I calculated the mass of that enstatite-chondrite-like 

silicate mantle shell. From tabulated mass distributions [35], I then found that the radius of that 

predicted seismic boundary lies within about 1.2% of the radius of the major seismic 

discontinuity at a depth of 660 km which separates the lower mantle from the upper mantle. This 

logical exercise led me to discover the fundamental quantitative mass ratio relationships 

connecting the interior parts of the Earth with parts of the Abee enstatite chondrite [36-38], 

shown in Table 1. 
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Table 1. Fundamental mass ratio comparison between the Earth (lower mantle plus core) 

and the Abee enstatite chondrite. 

 

Fundamental 

Earth Ratio 

Earth Ratio 

Value 

Abee Ratio 

Value 

lower mantle mass to 

   total core mass 

1.49 1.43 

inner core mass to 

  total core mass 

0.052 theoretical 

0.052 if Ni3Si 

0.057 if Ni2Si 

inner core mass to  

  lower mantle + total core mass 

 

D′′ mass to 

  total core mass 

0.021 

 

 

0.09ǂ 

0.021 

 

 

0.11* 

ULVZ† of D′′ CaS mass to 

  total core mass 

0.012ʇ 0.012* 

 

  * = avg. of Abee, Indarch, and Adhi-Kot enstatite chondrites 

 D′′ is the “seismically rough” region between the fluid core and lower mantle 

 † ULVZ is the “Ultra Low Velocity Zone” of D′′ 

 ǂ calculated assuming average thickness of 200 km 

 ʇ calculated assuming average thickness of 28 km 

 data from references [34, 40, 41] 

 

 

Chemical Identification of D′′ 

 

Only five chemical elements, iron, magnesium, silicon, oxygen, and sulfur, account for 

about 95% of the mass of any chondrite; 98%, if the four minor elements, nickel, calcium, 

aluminum, and sodium, are included [39]. Figure 2 shows the distribution of those elements 

between silicate and iron alloy for the Abee enstatite chondrite. Note the occurrence of silicon, 

calcium and magnesium in the iron alloy portion. These high-oxygen-affinity elements occur in 

part in the iron alloy because of limited availability of oxygen in these highly reduced meteorites. 

The oxygen-starved state of oxidation of that enstatite chondrite, and the inner 82% of Earth, was 
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established during condensation from solar matter, where oxygen was more readily bound to 

hydrogen at high temperatures and high pressures [19]. 

 

 
Figure 2. Distribution of major and minor elements between silicate and iron-alloy portions of 

the Abee enstatite chondrite, normalized to iron. Note the high-oxygen-affinity elements 

calcium, magnesium, and silicon that occur in the iron-alloy portion. These are incompatible 

elements that precipitate to form the inner core and the matter at the core mantle boundary, D′′. 

 

 

Generally, elements that have a high affinity for oxygen tend to be incompatible in an 

iron-based alloy. Upon cooling from a high temperature, these incompatible elements will 

precipitate as soon as thermodynamically feasible. Silicon, I submit, combined with nickel to 

precipitate as Earth’s nickel silicide inner core [33], whereas calcium and magnesium combined 

with sulfur to form CaS and MgS which floated to the top of the core forming D′′ [38, 39]. Note 

from Table 1 the mass ratio agreement between enstatite chondrite CaS-plus-MgS and Earth’s 

D′′ layer. 
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So, how is it possible to begin to know the behavior of calcium and magnesium in an 

iron-based alloy? There is an industrial process that is really quite similar. Sulfur impurity can 

weaken steel. To remove sulfur from high-quality steel, magnesium or calcium is injected into 

the molten iron to combine with the sulfur at a high temperature, forming either MgS or CaS, 

which floats to the surface [42, 43]. The same chemical reaction would take place at deep-Earth 

pressures. Such pressures do not change chemistry, although they might cause a complex 

molecule to disproportionate into simpler molecules; neither CaS nor MgS is a complex 

molecule. 

Seismic evidence suggests that the matter at D′′ is heterogeneously distributed radially 

and laterally. At ambient pressure, both CaS and MgS are solids at temperatures several hundred 

degrees above the melting point of pure iron. As solid precipitates from the Earth’s fluid core, 

these “core-floaters” might form non-uniform layers atop the core. 

 

 

Ultra-Low Velocity Zone of D′′ 

 

At the pressures characteristic of the deep-interior of Earth, density at a given 

temperature is a function almost exclusively of atomic number and atomic mass. Thus MgS is 

less dense than CaS which is less dense that Earth’s iron alloy core. It therefore expected that 

CaS would layer directly atop the core with MgS layering atop the CaS layer. Together these 

form D′′. 

Seismic investigations have revealed a 5-40 km thick layer within D′′, adjacent to the 

Earth’s core, called the Ultra-Low Velocity Zone, where earthquake S-wave velocity drops by 

about 30% and P-wave velocity reduces by about 10% [44]. CaS, I submit, comprises the Ultra-

Low Velocity Zone. Qualitatively one might suspect lower earthquake wave velocities in CaS 

than in MgS because of the heavier atomic weight of calcium. This is an instance where 

experimental and/or theoretical investigations of wave velocities can be definitive.   

In 1862, Nevil Story-Maskelyne [18, 45] discovered, in one of the enstatite-meteorites, a 

mineral of composition CaS, which he named oldhamite in honor of Thomas Oldham, the first 

superintendent of the Geological Survey of India. In 1906, Thomas Oldham’s son, Richard, 

discovered the Earth’s core [1]. It seems an appropriate tribute that Oldham’s core is surrounded 

by “islands” of oldhamite, named to honor his father. 

 

 

Generalizations 

 

Calcium, magnesium, and silicon occur in the alloy of enstatite chondrites and in the 

Earth’s core as a consequence of their highly-reduced oxidation state. For the same reason, 

uranium occurs in the alloy of the Abee enstatite chondrite [46]. That observation led me to 



Page 9 of 12 

 

disclose the background, feasibility and evidence of a nuclear fission georeactor at the center of 

the Earth as the energy source and production mechanism for the geomagnetic field [38, 47, 48]. 

Revealing the inextricable connection between chemical and physical processes is not 

only necessary for understanding the Earth [49], but the other bodies of the Solar System as well, 

their internal compositions and processes, such as magnetic field generation [50]. Chemistry 

together with physics. That seems quite appropriate for 2011 the International Year of 

Chemistry. 

 

 

References 

 

1. Oldham, R. D., The constitution of the interior of the earth as revealed by earthquakes. Q. 

T. Geol. Soc. Lond., 1906, 62, 456-476. 

 

2. Wiechert, E., Ueber die Massenverteilung im Inneren der Erde. Nachr. K. Ges. Wiss. 

Goettingen, Math.-Kl., 1897, 221-243. 

3. Cavendish, H., Experiments to determine the density of Earth. Phil. Trans. Roy. Soc. 

Lond., 1798, 88, 469-479. 

 

4. Jeffreys, H., The Earth, 2 ed., 1929, Cambridge. 

 

5. Lehmann, I., P'. Publ. Int. Geod. Geophys. Union, Assoc. Seismol., Ser. A, Trav. Sci., 

1936, 14, 87-115. 

6. Birch, F., The transformation of iron at high pressures, and the problem of the earth's 

magnetism. Am. J. Sci., 1940, 238, 192-211. 

 

7. Bullen, K. E., Note on the density and pressure inside the Earth. Trans. Roy. Soc. New 

Zealand, 1938, 67, 122. 

 

8. Bullen, K. E., The problem of the Earth's density variation. Bull. Seis. Soc. Amer., 1940, 

30, 235-250. 

 

9. Bullen, K. E., Compressibility-pressure hypothesis and the Earth's interior. Mon. Not. R. 

Astron. Soc., Geophys. Suppl., 1949, 5, 355-398. 

 

10. Manglik, A., New insights into core-mantle boundary region and implications for Earth's 

internal processes. Curr. Sci., 2010, 99(12), 1733-1738. 

 

11. Vidale, J. E. and Benz, H. M., Seismological mapping of the fine structure near the base 

of the Earth's mantle. Nature, 1993, 361, 529-532. 

 

12. Bina, C. R., Mantle Discontinuities. Rev. Geophys. Suppl., 1991, 783-793. 



Page 10 of 12 

 

 

13. Aller, L.H., The Abundances of the Elements. 1961, New York, Interscience Publishers. 

283. 

 

14. Anders, E. and Grevesse, N., Abundances of the elements: Meteoritic and solar. 

Geochim. Cosmochim. Acta, 1989, 53, 197-214. 

 

15. Suess, H. E. and Urey, H. C., Abundances of the elements. Rev. Mod. Phys., 1956. 28, 

53-74. 

 

16. Mason, B., The classification of chondritic meteorites. Amer. Museum Novitates, 1962, 

2085, 1-20. 

 

17. Scott, E. R. D., Chondrites and the protoplanetary disk. Ann. Rev. Earth Planet. Sci., 

2007, 35. 

 

18. Story-Maskelyne, N. S., On the mineral constituents of meteorites. Phil. Trans. Roy. Soc. 

Lond., 1870, 160, 198-214. 

 

19. Herndon, J. M., Solar System processes underlying planetary formation, geodynamics, 

and the georeactor, Earth, Moon, and Planets, 99(1), 2006, 53-99. 

 

20. Birch, F., Density and composition of mantle and core. J. Geophys. Res., 1964, 69, 4377-

4388. 

 

21. Daly, R.A., Meterorites and an earth model. Bull. Geol. Soc. Amer., 1943, 54, 401-456. 

 

22. Herndon, J. M., Reevaporation of condensed matter during the formation of the solar 

system, Proc. R. Soc. Lond,, A363, 1978, 283-288. 

 

23. Herndon, J. M. and Suess. H. E., Can the ordinary chondrites have condensed from a gas 

phase?, Geochim. Cosmochim. Acta, 41, 1977, 233-236. 

 

24. Herndon, J. M., Discovery of fundamental mass ratio relationships of whole-rock 

chondritic major elements: Implications on ordinary chondrite formation and on planet 

Mercury’s composition, Curr. Sci., 93(3), 2007, 394-399. 

 

25. Herndon, J. M., Maverick's Earth and Universe, 2008, Vancouver, Trafford Publishing. 

ISBN 978-1-4251-4132-5. 

 

26. Herndon, J. M., and Suess, H. C., Can enstatite meteorites form from a nebula of solar 

composition?, Geochim. Cosmochim. Acta, 40, 1976, 395-399. 

 

27. Eucken, A., Physikalisch-chemische Betrachtungen ueber die frueheste 

Entwicklungsgeschichte der Erde, Nachr. Akad. Wiss. Goettingen, Math.-Kl., 1944, 1-25. 



Page 11 of 12 

 

 

28. Herndon, J. M. and Rudee, M. L., Thermal history of the Abee enstatite chondrite. Earth. 

Planet. Sci. Lett., 1978, 41, 101-106. 

 

29. Rudee, M. L. and Herndon, J. M., Thermal history of the Abee enstatite chondrite II, 

Thermal measurements and heat flow calculations. Meteoritics, 1981, 16, 139-140. 

 

30. Ringwood, A. E., Silicon in the metal of enstatite chondrites and some geochemical 

implications. Geochim. Cosmochim. Acta, 1961, 25, 1-13. 

 

31. Ramdohr, P., Einiges ueber Opakerze im Achondriten und Enstatitachondriten. Abh. D. 

Akad. Wiss. Ber., Kl. Chem., Geol., Biol., 1964, 5,  1-20. 

 

32. Reed, S. J. B., Perryite in the Kota-Kota and South Oman enstatite chondrites. Mineral 

Mag., 1968, 36, 850-854. 

 

33. Herndon, J. M., The nickel silicide inner core of the Earth, Proc. R. Soc. Lond., A368, 

1979, 495-500. 

 

34. Keil, K., Mineralogical and chemical relationships among enstatite chondrites. J. 

Geophys. Res., 1968, 73(22), 6945-6976. 

 

35. Dziewonski, A. M. and Gilbert, F., Observations of normal modes from 84 recordings of 

the Alaskan earthquake of 1964 March 28. Geophys. Jl. R. Astr. Soc., 1972, 72, 393-446. 

 

36. Herndon, J. M., The chemical composition of the interior shells of the Earth, Proc. R. 

Soc. Lond,, A372, 1980, 149-154. 

 

37. Herndon, J. M., The object at the centre of the Earth. Naturwissenschaften, 1982, 69, 34-

37. 

 

38. Herndon, J. M., Feasibility of a nuclear fission reactor at the center of the Earth as the 

energy source for the geomagnetic field”, J. Geomag. Geoelectr., 45, 1993, 423-437. 

 

39. Herndon, J. M., Composition of the deep interior of the earth: divergent geophysical 

development with fundamentally different geophysical implications, Phys. Earth Plan. 

Inter., 105, 1998, 1-4. 

 

40. Dziewonski, A. M. and Anderson, D. A., Preliminary reference Earth model, Phys. Earth 

Planet. Inter., 25, 1981, 297-356. 

 

41. Kennet, B. L. N., Engdahl,E. R. and Buland, R., Constraints on seismic velocities in the 

earth from travel times, Geophys. J. Int., 1995, 122, 108-124. 

 



Page 12 of 12 

 

42. Inoue, R. and Suito, H., Calcium desulfurization equilibrium in liquid iron. Steel Res., 

1994, 65(10), 403-409. 

 

43. Ribound, P. and Olette, M., Desulfurization by alkaline-earth elements and compounds, 

in Physical Chemistry and Steelmaking. 1978. Versailles, France. 

 

44. Garnero, E. J. and Helmberger, D. V., Further structural constraints and uncertainties of a 

thin laterally varying ultralow velocity layer at the base of the mantle. J. Geophys. Res., 

1998, 103, 12495-12509. 

 

45. Story-Maskelyne, N. S., On aerolites. Dept. Brit. Ass. Advanc. Sci., 1862, 32, 188-191. 

 

46. Murrell, M. T. and Burnett,D. S., Actinide microdistributions in the enstatite meteorites. 

Geochim. Cosmochim. Acta, 1982,. 46, 2453-2460. 

 

47. Herndon, J. M., Nuclear georeactor origin of oceanic basalt 
3
He/

4
He, evidence, and 

implications”, Proc. Nat. Acad. Sci. USA, 100(6), 2003, 3047-3050. 

 

48. Herndon, J. M., Nuclear georeactor generation of Earth's geomagnetic field, Curr. Sci., 

2007, 93, 1485-1487. 

 

49. Herndon, J. M., Impact of recent discoveries on petroleum and natural gas exploration: 

Emphasis on India. Curr. Sci., 2010, 98, 772-779. 

 

50. Herndon, J. M., Nature of planetary matter and magnetic field generation in the solar 

system. Curr. Sci., 2009, 96, 1033-1039. 

 

 


