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The high occurrence on earth of ordinary chondritic 
meteorites and the making of models based upon assu-
mptions has led to some confusion about the origin of 
ordinary chondrites and their role in planet formation. 
Major element fractionation among chondrites has 
been discussed for decades as ratios relative to Si or 
Mg. Expressing ratios relative to Fe leads to a new rela-
tionship admitting the possibility that ordinary chon-
drite meteorites are derived from two components: 
one is a relatively undifferentiated, primitive component, 
oxidized like the CI or C1 chondrites; the other is a 

somewhat differentiated, planetary component, with 
oxidation state like the reduced enstatite chondrites. 
Such a picture would seem to explain for the ordinary 
chondrites, their major element compositions, their in-
termediate states of oxidation, and their ubiquitous 
deficiencies of refractory siderophile elements. I sug-
gest that the planetary component of ordinary chon-
drite formation consists of planet Mercury’s missing 
complement of elements, presumably separated from 
protoplanetary Mercury during its formation. 
 
Keywords: Asteroid, element fractionation, mercury, 
meteorite formation, ordinary chondrite. 
 
DIFFERENCES in mean densities of the terrestrial planets 
have long been interpreted as implying differences in the 
major element compositions of the inner planets. As first 
noted by Urey1, the planet Mercury consists mainly of 
iron; at some point during the formation of Mercury, a 
significant portion of the silicate-forming elements, 
originally associated with that mass of iron was lost2,3. 
Although various mechanisms have been proposed to account 
for the high density of Mercury4, the ultimate fate of its 
complement of lost elements, what became of them, has 
not, to my knowledge, been addressed. 
 The constancy in isotopic compositions of most of the 
elements of the earth, the moon, and the meteorites indicates 
formation from primordial matter of common origin.  
Primordial elemental composition is yet manifest and de-
terminable to a great extent in the outermost regions of 
the sun. The less volatile rock-forming elements, present 
in the outer regions of the sun, occur in nearly the same 
relative proportions as in chondritic meteorites. For more 
than a century, chondrite compositions have been considered 
relevant to the bulk compositions of the terrestrial plan-
ets5–8. But chondrites differ from one another in their re-
spective proportions of major elements9,10, in their states 
of oxidation11,12, mineral assemblages13, and oxygen iso-
topic compositions14 and, accordingly, are grouped into 
three distinct classes: enstatite, carbonaceous and ordinary. 
Understanding how these three distinct classes originated 
and how they are related to the compositions of planets 
are among the most fundamental problems in solar system 
science. 
 The ordinary chondrites comprise 80% of the meteorites 
that are observed falling to the earth. Last century, during 
the 1970s, the widely cited ‘equilibrium condensation 
model’ was predicated on the assumption that minerals 
characteristic of ordinary chondrites formed as condensate 
from a gas of solar composition15. However, Herndon and 
Suess16 demonstrated from thermodynamic considera-
tions that the oxidized iron content of the silicates of  
ordinary chondrites was consistent instead, with their 
formation from a gas phase depleted in hydrogen by  
a factor of about 1000 relative to solar composition.  
Subsequently, the present author17 showed that if the 
mineral assemblage characteristic of ordinary chondrites
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could exist in equilibrium with a gas of solar composi-
tion, it was at most only at a single low temperature, if at 
all. Moreover, oxygen depletion, relative to solar matter 
was also required, as might be expected from the re-
evaporation of condensed matter after separation from so-
lar gases. 
 For the past 15 years or so, concomitant with the de-
velopment of micro-analytical techniques, there has been a 
marked disinterest in making systematic whole-rock 
analyses of chondrites. Instead, advances in micro-
analytical capability have led to increasing focus on indi-
vidual chondrite grains18. Such micro-analytical studies, 
for example, Marhas and Goswami19, provide a plethora 
of rich and diverse detail. The present communication, 
rather than focusing upon mineralogical detail, is based 
entirely on whole-rock analytical data expressed as ratios. 
 The abundances of elements in chondrites are expressed 
in the literature as ratios, usually relative to silicon (Ei/Si) 
and occasionally relative to magnesium (Ei/Mg). Express-
ing the Fe–Mg–Si elemental abundances as ratios relative 
to iron (Ei/Fe) leads to a relationship bearing on the ori-
gin of ordinary chondrites. This relationship admits the 
possibility that each ordinary chondrite consists in the 
main of a mixture of matter from two distinct and reaso-
nably well-characterized reservoirs. The relationship ob-
tained suggests the possibility that the complement of lost 
elements of Mercury may comprise one of the two com-
ponents from which ordinary chondrites appear to have 
been derived. 
 Only three major rock-forming elements, iron, magnesium 
and silicon, together with combined oxygen and sulphur, 
account for at least 95% of the mass of each anhydrous 
chondrite and, by implication, each of the terrestrial planets. 
Figure 1 presents published analytical whole-rock Fe–
Mg–Si data for 206 chondrites, expressed as molar (atom) 
ratios with respect to iron (Mg/Fe vs Si/Fe). Major ele-
ment data for chondrites appear in Figure 1 to scatter 
about three distinct, least squares fit, straight lines when 
plotted as three separate datasets based upon major chon-
drite classes. The three well-defined straight lines, indi-
cated by dashes in Figure 1, arise as a result of expressing 
ratios relative to Fe; chondrite data expressed as ratios 
relative to Si or Mg, in the usual manner, will not yield 
three well-defined straight lines, as shown in Table 1. 
 The existence of three well-defined straight lines for 
the three sets of chondrite data (Figure 1) is evident visually 
(note the expanded detail of the inset) and is demon-
strated statistically both by the squares of the correlation 
coefficients and by the standard error of the least squares 
regression lines. The standard errors of estimate, calcula-
ted for each of the least squares fit straight lines, are 
shown in Figure 1 only in the two regions of intersection 
of the lines. Intersections of the standard errors of the res-
pective least squares regression lines inscribe parallelo-
grams, shown in Figure 1 by solid lines, and are 
indicative of relatively modest variances, and thus well-

defined straight lines. Figure 1 shows that the major rock-
forming elements (Fe–Mg–Si) of individual chondrites 
within a particular class of chondrites are related in a 
relatively simple way, as indicated by the fact that data-
points for members of the respective classes scatter about 
well-defined straight lines. For ordinary chondrite forma-
tion, two interpretations are possible: (1) the traditional 
one-component system and (2) the two-component system 
presented here. 
 One-component system: For decades, without the benefit 
of the well-defined straight-line relationship shown in 
Figure 1, differences in major element compositions of 
ordinary chondrites have been ascribed to ‘metal-silicate 
fractionation’15,20,21. According to this view, points that 
lie along the ordinary chondrite line of Figure 1 may be 
considered as the result of simple addition or subtraction 
of iron metal from its parent material of unspecified ori-
gin. This view, however, does not explain in a logical, 
 
 

 
 
Figure 1. Molar (atom) ratios of Mg/Fe and Si/Fe from analytical 
data on 10 enstatite chondrites, 39 carbonaceous chondrites and 157 
ordinary chondrites. Data from refs 9, 10 and 27. Members of each 
chondrite class dataset scatter about a unique, linear regression line in-
dicated by dashes. Locations of the volatile-rich Orgueil carbonaceous 
chondrite and the volatile-rich Abee enstatite chondrite are indicated. 
Line intersections A and B are designated respectively as primitive and 
planetary components. Error estimates of points A and B are indicated 
by solid-line parallelograms formed from the intersections of the stan-
dard errors of the respective linear regression lines. (Inset) Standard 
error parallelogram of point A shown in expanded detail. 
 
 

Table 1. Square of the correlation coefficient of each of the least 
squares fit lines for data of Figure 1 as ratios relative to iron, silicon 
and magnesium. Note that three well-defined lines occur only in the  
  case of ratios with respect to iron 

  Coordinates 
 

 (Mg/Fe, Si/Fe) (Mg/Si, Fe/Si) (Si/Mg, Fe/Mg) 
 

Enstatite chondrite line 0.973 0.505 0.663 
Ordinary chondrite line 0.990 0.264 0.175 
Carbonaceous chondrite 0.814 0.005 0.250 
 line 
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and causally related manner, their ubiquitous, systematic 
depletion of refractory siderophile elements. 
 Two-component system: The well-defined straight-line 
relationship shown in Figure 1 admits a different inter-
pretation of ordinary chondrite formation as the result of 
mixing from two distinct reservoirs. Significantly, in Fig-
ure 1 the ordinary chondrite line intersects both the enstatite 
chondrite line and the carbonaceous chondrite line in the 
manner shown. As a consequence, data for the three ma-
jor elements (Fe, Mg and Si) of each ordinary chondrite 
can be interpreted as lying along a mixing line and con-
sisting of a mixture of two components. One component 
is defined by the intersection of the ordinary chondrite 
line and the carbonaceous chondrite line, designated A in 
Figure 1 and called primitive. The other component is de-
fined by the intersection of the ordinary chondrite line 
and the enstatite chondrite line, designated B in Figure 1 
and called planetary. Elements of the primitive source 
were not previously separated from one another apprecia-
bly, like the Orgueil chondrite, whereas the planetary 
source had previously suffered loss of iron metal from a 
different primitive-like parent matter, presumably during 
proto-planetary core-formation. An important distinction 
in the two-component system is that the loss of iron metal 
occurs not in the case of each ordinary chondrite sepa-
rately, but in the planetary reservoir component prior to 
and perhaps in a different region of space from the loca-

tion of ordinary chondrite parent formation. In other 
words, differences in compositions of individual ordinary 
chondrites result primarily as a consequence of being 
formed from different proportions of their two parent 
components, defined here as primitive and planetary. One 
should note that the nomenclature employed here should 
not be confused with similar terms utilized in the litera-
ture, perhaps with somewhat different meanings. 
 The Mg/Fe and Si/Fe ratios of the primitive component 
can be read from the intersections of the straight lines in 
Figure 1 or by simultaneous solution of equations for the 
carbonaceous and ordinary chondrite straight lines with 
slopes and y-intercepts determined from the least squares 
fit: 
 
 Primitive [Mg/Fe, Si/Fe] = [0.9200, 0.9622]. (1) 
 
Similarly, the Mg/Fe and Si/Fe ratios of the planetary 
component can be read from line intersections in Figure 1 
or by simultaneous solution of equations for the enstatite 
and ordinary chondrite straight lines with their respective 
slopes and y-intercepts: 
 
 Planetary [Mg/Fe, Si/Fe] = [3.0956, 3.4041].  (2) 
 
Any representative ordinary chondrite can be represented 
as a mixture of the primitive and the planetary compo-

 
 

 
 

Figure 2. Examples of ordinary chondrite whole-rock molar (atom) ratios of elements relative to iron as a function of 
the planetary fraction. The square of the correlation coefficient for each of the linear regression lines is as follows: (a) 
Ca, 0.886; (b) Al, 0.845; (c) Eu, 0.954; (d) Os, 0.846. From analytical data of (Ca and Al)9 and (Eu and Os)20. 
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nents. Using eqs (1) and (2) and defining the primitive 
fraction as K and the planetary fraction as (1 – K), the mo-
lar Mg/Fe ratio of any ordinary chondrite is 
 
 [Mg/Fe] = 0.9200K + 3.0956(1 – K). (3) 
 
Similarly, 
 
 [Si/Fe] = 0.9622K + 3.4041(1 – K). (4) 
 
The value of K calculated for any particular ordinary 
chondrite from the ratio [Mg/Fe] differs only by a small 
amount from the corresponding value of K calculated using 
the ratio [Si/Fe]. With the intent of smoothing analytical 
fluctuation, an average of the two values was assigned as 
the primitive fraction K of each ordinary chondrite; the 
planetary fraction being (1 – K). 
 The above approach is justified for the special case of 
Figure 1 because Fe, Mg and Si (together with combined 
O and S) account for at least 95% of the mass of each 
chondrite and are fully condensable over a wide variety 
of conditions. Minor and trace element compositions of 
the primitive and planetary components cannot be obtained 
in the same manner, but estimates can be derived from 
correlations, provided the elements are fully condensable 
and are not readily exchanged with an ambient gas phase.  
 Ordinary chondrite analytical data for many minor and 
trace elements appear to correlate or to anti-correlate with 
the planetary fraction as shown in Figure 2. Estimates of 
the ratio Ei/Fe of the primitive and planetary components, 
obtained from the linear least squares regression line of 
the ordinary chondrite data as in the examples of Figure 2 
are given in Tables 2 and 3. 
 The planetary component relative to iron is enriched 
approximately threefold in magnesium and silicon com-
pared to the primitive component. Such enrichment in 
silicate-forming elements suggests that the planetary 
component is derived from the outer regions of a partially 
differentiated proto-planet. For the planetary component, 

one might anticipate similar enrichment in other silicate-
forming elements with corresponding deficiencies for 
iron and for the siderophile elements that dissolve in iron 
metal (Tables 2 and 3). 
 The approximately sevenfold greater depletion within 
the planetary component of refractory siderophile elements 
(Ir and Os) than other more volatile siderophile elements 
(Ni, Co and Au) indicates, in at least one instance, that 
planetary-scale differentiation and/or accretion progressed 
in a heterogeneous manner. The idea of heterogeneous 
proto-planetary differentiation and/or accretion is not 
new. For example, Eucken22 suggested core formation in 
the terrestrial planets as a consequence of successive 
condensation on the basis of relative volatility from a hot, 
gaseous proto-planet, with iron metal raining out at the 
centre. Turekian and Clark23 reiterated the idea of hetero-
geneous accretion in the context of a lower pressure, 
lower temperature model. 
 There are reasons to associate the highly reduced matter 
of enstatite chondrites with the inner regions of the solar 
system: (1) The regolith of Mercury appears from reflec-
tance spectrophotometric investigations24 to be virtually 
devoid of FeO, like silicates of enstatite chondrites (and 
unlike silicates of other types of chondrites); (2) E-type 
asteroids (on the basis of reflectance spectra, polarization 
and albedo), the presumed source of enstatite meteorites, 
are, radially from the Sun, the innermost of the asteroids25; 
(3) Only the enstatite chondrites and related enstatite 
achondrites have oxygen isotopic compositions indistin-
guishable from those of the earth and the moon14, and (4) 
Fundamental mass ratios of major parts of the earth (geo-
physically determined) are virtually identical to corres-
ponding (mineralogically determined) parts of certain 
enstatite chondrites, especially the Abee enstatite chon-
drite5,6,12. 
 The high bulk density of Mercury indicates that much 
of the silicate matter for the upper portion of its mantle 
was lost at some previous time1–3. I suggest that some 
matter from the proto-planet of Mercury became the

 
 

Table 2. Estimates of elemental (molar) abundance ratios of the primitive and planetary components of ordinary chondrites for 
all applicable elements available from the data of Jarosewich9. For convenience, the square of the correlation coefficient for the 
relevant linear least squares regression line is shown in parenthesis. For comparison, corresponding elemental abundance ratios are  
  shown for the Orgueil carbonaceous chondrite and the Abee enstatite chondrite 

Element ratio Planetary component B Primitive component A Ratio B/A Orgueil chondrite Abee chondrite 
 

Mg/Fe (0.997) 3.0914 0.9217 3.35 1.1900 0.8200 
Si/Fe (0.997) 3.4086 0.9609 3.55 1.0800 1.1100 
Ca/Fe (0.886) 0.1715 0.0480 3.57 0.0802 0.0385 
Al/Fe (0.845) 0.2197 0.0686 3.20 0.0956 0.0522 
Ni/Fe (0.324) 0.0264 0.0648 0.41 0.0562 0.0566 
Ti/Fe (0.629) 0.0074 0.0023 3.22 0.0018 0.0014 
Mn/Fe (0.807) 0.0237 0.0070 3.39 0.0140 0.0117 
Na/Fe (0.630) 0.1562 0.0400 3.91 0.0673 0.0668 
Cr/Fe (0.755) 0.0331 0.0113 2.93 0.0105 0.0075 
Co/Fe (0.073) 0.0017 0.0029 0.59 0.0027 0.0026  
K/Fe (0.452) 0.0112 0.0031 3.61 0.0045 0.0039  
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Table 3. Estimates of elemental (molar) abundance ratios of the primitive and planetary components of ordinary chondrites for applicable 
trace elements from the data of Kallemeyn et al.20. The planetary fraction of each chondrite is calculated from the equation of line intersec-
tion, obtained from Figure 1, using the individual ordinary chondrite molar Mg/Fe ratio. For convenience, the square of the correlation co-
efficient for the relevant linear least squares regression line is shown in parenthesis. For comparison, corresponding elemental abundance 
ratios are shown for the Orgueil carbonaceous chondrite and the Abee-like Kota–Kota enstatite chondrite from the data of Kallemeyn and  
  Wasson28. Kota–Kota data are used here because Abee was not included in this analytical suite 

Element ratio Planetary component B Primitive component A Ratio B/A Orgueil chondrite Abee-like Kota–Kota chondrite 
 

Sc/Fe (0.958) 9.235E–05 2.823E–05 3.270 3.944E–05 2.466E–05 
V/Fe (0.973) 7.373E–04 2.341E–04 3.150 3.415E–04 2.087E–04 
Zn/Fe (0.763) 3.549E–04 1.171E–04 3.030 1.475E–03 8.447E–04 
Ga/Fe (0.784) 3.264E–05 1.525E–05 2.140 4.332E–05 4.627E–05 
La/Fe (0.936) 1.142E–06 3.490E–07 3.270 5.053E–07 3.499E–07 
Sm/Fe (0.941) 6.442E–07 2.058E–07 3.130 2.780E–07 1.678E–07 
Eu/Fe (0.954) 2.459E–07 8.055E–08 3.050 1.165E–07 6.806E–08 
Yb/Fe (0.955) 6.506E–07 1.891E–07 3.440 2.945E–07 1.793E–07 
Lu/Fe (0.958) 9.219E–08 2.954E–08 3.120 4.186E–08 2.483E–08 
Au/Fe (0.733) 1.212E–07 2.443E–07 0.500 2.386E–07 3.182E–07 
Os/Fe (0.846) 8.090E–08 1.035E–06 0.078 7.862E–07 6.851E–07 
Ir/Fe (0.838) 6.567E–08 9.575E–07 0.069 7.240E–07 6.058E–07 

 
 

planetary component of the ordinary chondrites, presuma-
bly separated at the time of the core formation of Mercury 
through dynamic instability and/or expulsion during the 
sun’s initially violent ignition and approach toward ther-
monuclear equilibrium. 
 The planetary component of the ordinary chondrites 
lies along the differentiated portion of the enstatite chondrite 
line in Figure 1 and is therefore expected to be highly re-
duced, like Mercury24. Moreover, despite great uncertain-
ties, the relative masses involved are all consistent with 
the possibility that the complement of lost elements of 
Mercury became the planetary component of ordinary 
chondrite formation, re-evaporated together with a more 
oxidized component of primitive matter, ending up 
mainly in the region of the asteroid belt, the presumed 
source region for the ordinary chondrites. Such a picture 
would seem to explain for the ordinary chondrites, their 
major element compositions, their intermediate states of 
oxidation, and their ubiquitous deficiencies of refractory 
siderophile elements. 
 On the supposition that the complement of lost elements 
of Mercury is in fact identical to the planetary component 
of ordinary chondrite formation, I have estimated, as a 
function of the core mass of Mercury, the total mass of 
ordinary chondrite matter originally present in the solar 
system. Although the mass of Mercury is well known, its 
moment of inertia, and hence its core mass are not. For a 
core mass of 75%, the calculated total mass of ordinary 
chondrite matter originally present in the solar system 
amounts to 1.83 × 1024 kg, about 5.5 times the mass of 
Mercury26. That amount of mass is insufficient to have 
formed a planet as massive as the earth, but may have 
contributed significantly to the formation of Mars, as well 
as adding to the veneer of other planets, including earth. 
Presently, only about 0.1% of that mass remains in the as-
teroid belt. 
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The present study deals with the numerical simulation 
of the Indonesian throughflow (ITF) via three major 
passages, namely Lombok strait (115°E, 8°S), Savu 
strait (122°E, 9°S) and Timor strait (128°E, 11°S), its 
seasonal variability and impact on the sea surface pa-
rameters due to its blockage. The model is initialized 
with the Levitus94 climatological dataset for annual 
mean temperature and salinity fields, and is forced by 
the seasonal and yearly varying da Silva SMD 1994 
and Hellerman and Rosenstein wind datasets. The 
spin-up of the model has been carried out separately 
for open and closed Indonesian channels using both 
the surface wind climatologies. Numerical simulations 
confirm that the ITF is mainly towards Indian Ocean 
in a year. It has been observed that surface winds 
have an impact on the phase as well as magnitude of 
the ITF. The net effect of blockage is reduction in

temperature of the Southern Indian Ocean and no 
significant change is seen in surface salinity. 
 

Keywords: Blockage, Indonesian throughflow, passages, 
Southern Indian Ocean. 
 

THE Indonesian throughflow (ITF) has long been a focus of 
research interest due to its impact on regional and global 
ocean circulation, both in modern and past time periods1–3. 
The ITF refers to the exchange of water and heat between 
the Indian Ocean (IO) and Pacific Ocean basins. It trans-
fers warm, low-salinity waters from the western Pacific 
into the IO from where the Asian monsoon gathers 
strength. As an integral element of the global ocean circula-
tion, it is influential in regulating climate and rainfall 
across Indonesia, India and Australia. The Indonesian Ar-
chipelago region has three major conduits for inter-ocean 
tropical thermocline water from the Pacific Ocean to the 
IO4, namely Lombok strait (115°E, 8°S), Savu strait 
(122°E, 9°S) and Timor passage (128°E, 11°S).  
 The ITF is governed by Pacific Ocean to IO pressure 
gradient with strong seasonal and interannual variabi-
lity5,6. The primary path of the ITF is through the Makas-
sar strait7,8. The througflow is high during June–August 
(southeast monsoon) and low during December–February 
(northeast monsoon)5. During June–August, surface water 
is driven from Banda Sea into Floras, Java and South 
China seas, whereas during December–February, surface 
water from Java Sea and Makassar strait is driven across 
Floras Sea into Banda Sea9. Observations and model 
studies suggest that the ITF transport varies by as large as 
±4 Sv (1 Sv = 106 m3/s) with the phase of El Nino- South-
ern Oscillation (ENSO) (maximum ITF transport during 
La-Nina and minimum during El Nino)10 and lags the 
ENSO cycle by 8–9 months11.  
 In a unique study using a coupled ocean–atmosphere 
model, Schneider12 has shown the effect of ITF on the 
oceanic circulation and thermocline depth in the IO and 
around Australia. This study shows that the ITF increases 
the surface temperature in the eastern IO. It also reduces 
surface temperatures in the equatorial Pacific Ocean and 
shifts the warm pool towards west, i.e. eastern IO. This 
self-control on the sea-surface temperature affects the 
atmospheric pressure in the entire tropics and mid-
latitudes via atmospheric tele-connections. Numerical 
simulations also suggested that the ITF transport signifi-
cantly contributes to the Eastern IO circulation13. The 
magnitude and variability of the Pacific and Indian Ocean 
(PACIO) throughflow for accurate determination of the 
mass, heat and salt fluxes in the PACIO region was also 
emphasized earlier6,14,15. Godfrey16 discussed several as-
pects of ITF effects on the PACIO circulation and its im-
pact on the surface heat flux of the IO.  
 The present study aims to carry out sensitivity studies 
with the Princeton Ocean Model (POM) to see the impact 
of ITF on the dynamics of the Southern Indian Ocean 
(SIO) and variability of the ITF. 


