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Last year [l]  we reported the formation of a wide range of calcium silicates during vaporization of CaC03- 
CaS04/CaS04*2H20-Sia mixtures by a laser pulse, with application to the Chicxulub impact. It was shown that 
complex redox processes occur in the vapor cloud under dry conditions yielding part of the Si in metallic form and 
half the carbon as graphite. Here we investigated experimentally the Ca, Si and carbon h g h  temperature chemistry 
using calciumcarbonate-silicate targets. We used natural spurrite (Ca2Si04*CaC03) and a compressed mixture of 
powders of CaC03 and S i G  with the same atomic CdSi ratio as in spurrite. The Ca-Si chemistry was found to be 
the same as in the previous research and independent of the initial state of Ca and Si in the target. Reduction of Si 
was found to be higher than in [I], amounting up to 9% of total Si. Different forms of reduced carbon were identi- 
fied: carbon as graphite, silicon carbide, and complex carbon agglomerates of fullerene type. 

The experimental procedure was the same as in [I]: high temperature vaporization by a powefil neodymium 
glass laser pulse [2,3] focused on the target in a hermetic cell in air at atmospheric pressure and room temperature. 
The condensate was collected on a Ni-foil about 6 cm away from the sample. Addtional condensate was collected 
on a filter placed at an outlet of the cell by purging gas through the cell after the action of the laser pulse. The con- 
densed film was etched layer by layer by argon ions with a step ranging from 100 to 400 & and every layer was 
analyzed using X-ray photoelectron spectroscopy (XPS). The filter condensate was in addition analyzed by TEM. 

XPS analyses of the condensates are presented in Table 1,2 and Fig. 1,2. In both experiments we have similar 
formation of isolated and chain-type calcium silicates. In case of the quartz-calcite sample a certain amount of 
framework silicates is observed, they are also found in the filter condensate from spurrite. It is noteworthy that 
similar isolated and chain-types are formed in both cases despite different states of Si in the target samples. As a 
result of the energy profile of the laser pulse the front portions of the vapor cloud, which were precipitated in 
deeper layers of the condensed film, formed at higher temperatures than the surface layers of the film, whch 
correspond to later portions of the cloud. The filter condensate is mainly formed in "cold" regions of the plume. Si- 
profiles in both films show that the ratio of isolated to chain Ca-silicates increases at higher temperatures. 

Both condensates have noticeable amounts of reduced Si and C (Tablel,2). siO accounts for -9% of total Si in 
the condensate from the quartz-calcite sample and for -5% from spurrite. cOis about one third of total carbon in 
both cases. There are also some structural-chemical differences of the reduced siO and CO forms between the two 
condensates. In case of the quartz-calcite sample carbon appears as a separate phase similar to graphte or 
amorphous carbon with a binding energy (BE) of the Cls  electrons at 283.6 to 284.0 eV which corresponds to 
highly dispersed graphite (Fig. 1). In case of spurrite (Fig. 2) the BE corresponds to that of carbides (281.2 eV for 
SIC, 282.4 eV for CaC). The formation of silicon carbides in case of spurrite is proven also by the BE of the Si 2p 
electrons of 97.4 eV which is typical for Sic, while for the quartz-calcite sample it is 99.0 eV which is typical for 
metallic silicon (Fig. 1). There is also a good correlation between the concentrations of siO and CO in the layers of 
the spurrite condensate, whereas no such correlation is present in the condensate from the quartz-calcite sample. 
SIC is absent in the surface layers of the condensate indicating the formation in the most heated portions of the 
vapor cloud. In case of the quartz-calcite sample the concentration of reduced carbon and silicon increases with the 
increase of the temperature of formation of the condensate and correlates with the reduced carbon profile of [I]. 
The difference in carbon chemistry in both experiments can possibly be explained by the difference in evaporation 
temperatures. The cooling effect of calcite decomposition can be higher in case of the quartz-calcite sample leading 
to a lower general temperature of the vapor cloud. Lower CdSi ratio and higher concentration of carbonate in the 
condensate from the quartz-calcite sample also argue for a lower temperature of vaporization in this case. 

A noticeable difference exists for the concentration of reduced carbon in the filter condensate: no detectable CO 

in case of the quartz-calcite sample, but in the spurrite condensate CO accounts for 213 of total filter C, and the 
absolute concentration of C, 14.6 at.%, is 1.5 times higher than in the initial sample. The BE of the Cls  line of this 
reduced C is similar to Ca-carbide type bonds, but the Ca lines show no evidence for the presence of Ca carbides. 
The nature of such carbon needs additional study. TEM analysis of spurrite filter condensate shows several pure 
graphite spherules of about 200 A size. More carbon is agglomerated in particles which have no diffraction 
patterns and their nature is not clear. A preliminary analysis for fullerenes indicated the presence of complex 
carbon aggregates such as C38 and C48, but no C60 fullerenes above the detection limit of 1 ppm were detected. 
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TEM analysis of the spumte filter condensate showed the presence of submicron crystals of calcite, indicating 
that calcite forms as a crystal phase directly in the vapor cloud since it is not present in the initial spumte sample. 
The presence of carbon in the condensate with a concentration of about half of that in the initial target indicates 
intensive trapping of such a volatile element as carbon in different chemical phases. 
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Table 1. Chemical and structural features of the Table 2. Chemical and structural features of the spurrite 
(Si&+CaCOs) mixture condensate (atom%) condensate (atom%) 

siO Si 4+ Si 4+ Si 4+ Ca- Ca- CO c4+ 0 siO ~i 4+ ~i 4+ ~i 4+ Ca- Ca- CO c 4+ 0 
isol Qain fiw* (OC) (OSi) isol chain fiw* (OX) (0-Si) 

Initial - 5.6 16.7 - - 16.7 61.1 Initial - - - 8.2 8.5 15.9 - 8.9 58.5 
Filter - 2.1 4.9 7.2 7.7 9.1 - 7.9 61.1 Filter - 2.5 4.9 2.0 6.9 10.3 14.6 7.2 51.6 
Film mdensate: 
surface - 2.4 6.3 
400A 0.4 4.3 7.4 
800.4 0.8 4.9 8.1 
12008, 1.0 6.1 6.2 
1600.4 1.7 5.5 3.9 

F~lrq av. 0.8 4.6 6.4 
*frw =framework structure 

Film mdmsate:  
4.4 7.5 11.4 0.9 7.3 59.8 surface - 4.4 8.2 - 5.6 17.1 2.1 4.9 57.7 
2.9 4.4 16.1 1.1 4.5 58.9 600A 1.6 6.9 5.3 - 4.8 19.1 1.7 4.2 56.4 
1.6 3.7 17.8 1.4 3.6 58.1 1OOOb. 1.6 7.8 4.4 - 4.2 20.1 1.7 3.8 56.4 
2.1 3.3 18.5 2.1 3.3 57.4 14008, 1.2 7.7 5.2 - 3.5 20.7 1.2 3.4 57.1 
2.2 5.3 14.9 6.4 5.5 54.6 1800.4 1.3 9.0 3.6 - 3.4 21.5 1.1 3.3 56.8 

20008, 1.4 9.1 3.4 - 3.3 21.7 1.2 3.3 56.6 
2.6 4.8 15.8 2.4 4.8 57.8 

Film,av. 1.2 7.2 5.2 - 4.2 19.8 1.5 4.0 56.9 

Fig. 1. XPS spectra of C 1s electrons and Si 2p electrons 290 285 280 108 103 99 EB,eV 

in condensates fiom (CaCOs+SiOz ) mixture: Fig. 2. The same for spurrite. 1) filter; 2) surface of 
1) filter; 2) surface of condensed film; 3)-6) inner layers wdensed fi; 3-7) inner layers of condensed film at 
of condensed film at depths 400,800, 1200 and 1600 A;. depths 600, 1000, 1400, 1800, and 2000 A; 
7) initial target sample 8) initial target 

Fig.  1 and 2: Marked are the positions of BE of C 1s electrons: a) carbonate ion; b) "adventitious carbon"; 
c) graphite; d) Ca-carbide; e) Si-carbide; and for Si 2p electrons: a) Si&; b) isolated silicate; c) chain 
silicate polymerization; d) metallic si0 e) Si-carbide. 
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