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Compositional Trends in Rock-Forming 
Elements of Comet Halley Dust 

M. N. Fomenkova,* J. F. Kerridge, K. Marti, L.-A. McFadden 
The VEGA 1 and 2 spacecraft flew by comet PIHalley in 1986 carrying, among other 
instruments, two mass spectrometers to measure the elemental composition of dust 
particlesemittedfrom the comet. Most particlesseem to be a mixtureof silicatesof variable 
magnesium-iron composition and organic matter. Comprehensive study of data and con-
sideration of the mass of dust particles reveal cometary grains of "unusual" composition: 
magnesium-rich and iron-rich particles. Magnesium-rich particles are most likely magne-
sium carbonates, which could not have formed under conditions of equilibrium conden-
sation but rather require formation by aqueous alteration.The composition of the iron-rich 
particles can also be related to secondary processes in the comet. 

Comets are believed to contain low-tem-
perature, primitive solar nebular material 
from the early formation of the solar sys-
tem. During the exploration of comet Hal-
ley in 1986, an international fleet of five 
s~acecraftaccluired in situ measurements at 
various distances from the comet nucleus 
and extensive ground-based observations 
were also made. Two Soviet VEGA space-
craft flew as close as 8000 km to the comet 
nucleus. Time-of-flight dust-impact mass 
spectrometers named PUMA-1 and 
PUMA-2 (1.2) onboard the s~acecraftmea-
sured more' than 2500 mass sp'ectra of comet 
Halley dust particles. In this report, we 
analyze these data and discuss their implica-
tions for our understanding of comets. 

The information obtained by PUMA-1 
and PUMA-2 is specific for the region of 
the coma that was sampled. The results are 
quite alike and have similar trends, but 
there are some differences and it is not clear 
to what extent the data reflect the average 
composition of comet Halley. The total 
mass of measured dust particles is about 0.5 
ng, which is comparable to the mass of only 
one interplanetary dust particle (IDP) (col-
lected from the stratosphere). It may repre-
sent a good sample of Halley if the comet is 
composed primarily of very small grains and 
is internally homogeneous, for dust parti-
cles were measured along the flyby trajecto-
rv and were not all taken from the same 
place but were derived from a large volume 
of the parent body. The problem of repre-
sentativeness and reliability of results ob-
tained from flvbv measurements should be, , 
kept in mind in evaluating far-reaching 
conclusions about the chemistry of comets, 
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processes in the solar nebula, and the ga-
lactic history of elements made from inves-
tigation of less than 1 ng of the Halley dust. 

Dust articles from the comet Hallev 
dust envelope collided with the silver target 
of the instrument with a relative velocity of 
about 80 km/s and were ionized by hyper-
velocity impact. On passing through a 
time-of-flight analyzer, ions were separated 
according to their mass-to-charge (mlq) ra-
tio. The resulting spectrum was recorded by 
a secondary electron multiplier. Most of the 
analyzed ions were singly charged atomic 
ions. About 10% of the spectra were mea-
sured by sampling each 67 ns and transmit-
ted without compression; these spectra con-
tain information about peak shapes [see 
figures in (I)]. The other 90% were com-
pressed onboard so that only amplitude 
(number of ions) and position (time of 
flight corresponding to atomic mass) of 
each peak are available [examples in (3)s. 

To calculate elemental abundances from 
ion abundances, it is necessary to introduce 
corrections for ionization yields and regis-
tration efficiencies. Laboratory calibration 
of PUMA instruments was impossible be-
cause there are no facilities to accelerate 
dust grains to 70 km/s. Theoretical esti-
mates used were based either on extrapola-
tion of laboratory experiments at velocities 
5 10 km/s and yields of secondary ion emis-
sion processes (4) or on the calculation of a 
hydrodynamical model of expansion of a 
plasma cloud originating from hyperveloc-
ity collision of a dust particle with the 
target of the instrument (5, 6). 

Attempts were made (3, 6, 7) to deter-
mine ion and elemental abundances of H, 
C, N, 0 ,  Na, Mg, Al, Si, S, C1, K, Ca, Ti, 
Cr, Fe, and Ni in cometary grains. Ion 
ratios were given (6) for 2204 compressed 
sDectra of PUMA-1, without selection by-
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chondrite abundances (9) within a factor of 
2. In other work, 433 compressed spectra of 
PUMA-1 selected according to inferred 
quality were considered (3). The Mg/Si, 
Fe/Si, and Fe/Mg ratios for individual dust 
particles were multiplied by constant cor-
rection factors such that histograms of cor-
rected ratios peaked at the proper solar 
ratios. 

In all these studies, the mass of each dust 
grain was not considered, although it is 
clear that larger grains should contribute 
more to the bulk abundance. In (6, 7) all 
particles were given equal weight in produc-
ing bulk abundances, thus overestimating 
the contribution of the smallest particles. 
Masses of dust particles were determined to 
be in the range 5 x 10-l7 to 5 x lo-'' g 
(10). The bulk ion abundances for 2031 
compressed spectra of PUMA-1 and 517 
compressed spectra of PUMA-2 were recal-
culated (1l )  by assuming that the contribu-
tion of each particle was proportional to its 
mass. The resulting abundances agreed 
rather well with solar abundances (9) when 
no additional corrections were applied. Sig-
nificant differences were evident in the 
composition of heavy (>10-l3 g) and light 
(<lo- l5  g) grains and there was also a 
different mass dependence of the grain com-
position for different particle types. The 
models (4, 5)  do not agree with these 
observed differences; their common short-
coming is that they predict constant ioniza-
tion efficiencies independent of the mass 
and density of particles. 

There are two major differences between 
the present approach and earlier ones (3, 6, 
7): In this study (i) the largest available 
(1 1) sample of cometary matter is studied 
(1868 compressed spectra of PUMA-1 and 
500 compressed spectra of PUMA-2); and 
(ii) dust grains are considered in three mass 
ranges: < lomi5g, small; 10-l5 g to 10-l3 
g, medium; and >10-l3 g, large. 

We attempted a systematic and quanti-
tative classification of cometary grains into 
three major types based on their composi-
tion. If the ratio of C to any rock-forming 
elements (Mg, Si, Fe, Ca) was > l o ,  a 
particle was categorized as "CHON," for 
composed mainly at least of carbon, possi-
bly hydrogen, oxygen, and nitrogen. If this 
ratio was <O. 1, a particle was included in 
the group "Rock"; the remainder are 
"Mixed" particles. 

As pointed out earlier (3, 7), in some 
spectra the apparent isotope ratios 24Mg/ 
25Mgand 24Mg/26Mgare considerably larger 
than the normal ratios of 7.8 and 7.0, 
respectively. Such large isotopic anomalies 
of Mg have never been observed in mete-
orites or IDP and therefore are probably due 
to interference by molecular ions [for exam-
ple, C2+ (7)s. For this reason, we made 
three variants of the classification: 
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Table 1. Classification of comet Halley dust 
particles. N, number of spectra. 

Type Total mass Total mass 
(10-j2 g) (10-l2 g) 

CHON 464 113 51 8 
Mixed 974 226 288 86 
Rock 430 21 161 25 
All 1868 360 500 120 

Variant 1: All ions at mlq = 24 were 
taken as 24Mg. 

Variant 2: If the ratio a of ions with mlq 
= 24 to the geometric mean (25Mg26Mg)1/2 
was higher than 15 (twice the terrestrial 
value), then the Mg abundance was based 
on the minor isotopes and set equal to 7.2 
times (25MgZ6Mg)112.The number of such 
corrected spectra is 392 (21%) for PUMA-1 
and 66 (13%) for PUMA-2. 

Variant 3: The same procedure was used 
as for variant 2, but for a r 10. The number 
of such corrected spectra is 624 (33%) for 
PUMA-1 and 80 (16%) for PUMA-2. 

These variants resulted in insignificant 
differences in the classification: <2% of 
spectra between variants 1 and 2 [shown in 
Table 1 (12)], <1% of spectra between 
variants 2 and 3. Differences are minor 
because by definition the ratios of C to Mg 
in the extreme groups CHON and Rock 
differ at least by two orders of magnitude, 
which is much more than the introduced 
corrections. 

As shown in Table 1, CHON particles 
are relatively more abundant in PUMA-1 
than in PUMA-2 data. Performance of the 
PUMA-2 instrument was affected by mal-
functions in the onboard power supply; this 
led to nonuniform sampling of dust along 
the trajectory and the absence of spectra of 
the smallest particles g). This 
circumstance may explain the difference 
between PUMA-1 and PUMA-2 data. On 
the other hand, production rates of some 
gaseous organic species in the coma were 
shown (13) to be related to the rotational 
phase of the nucleus. If so, the nucleus may 
be inhomogeneous in composition. On the 
date of the PUMA-2 flyby, a different re-
gion of the nucleus (containing less organic 
material) was emitting dust particles than 
during the PUMA-1 flyby, which is consis-
tent with ground-based observations of the 
coma made on the same dates. 

In PUMA- 1 data CHON particles rep-
resent about 25% of all particles. On aver-
age, in the mass range covered they are 
more massive than particles of the other 
two groups. CHON particles are supposed 
(14) to be the main sources of some species 
(C3H3+, C3Ht) in the coma of comet 
Halley. Rock particles represent about 23% 

of the dust population sampled. There is 
compositional variability within each cate-
gory of particles. Mineral phases inferred in 
particles of Rock and Mixed types (3, 7, 15) 
are mostly magnesium silicate and various 
Fe-containing phases. On the ternary dia-
gram Mg + Fe, Si, C the major trend 
corresponds to a solar (Mg + Fe)/Si ratio 
2: 1, lending considerable support to our 
calibration procedure. The trend with 1:1 
ratio indicating pyroxene stoichiometry is 
also observed. We assume that Mixed par-
ticles consist of a mixture of variable Mg/Fe 
silicates and organic matter. Spectra con-
taining H, possibly 0, and rock-forming 
elements, but no C were interpreted (16) as 
evidence of layer silicates in cometary dust 
particles. They are more frequent among 
small particles. 

Earlier analysis suggested that Mg is en-
riched in some of the smallest cometary 
grains (1 I) ,  and (Mg, C,0)-grains were 
found among the particle impact analyzer 
(PIA) data (17). Also, some spectra of 
gram-sized dust material from the Orionid 
meteor shower associated with comet Halley 
demonstrated the surprisingly strong lines of 
neutral Mg near 5176 and 3833 A (18), 
which suggests a high abundance of Mg in 
these meteors. This feature has not been 
observed in meteor showers associated with 
other comets. 

The Mg/Si variation (Fig. 1) with mass 
and particle type either is an artifact of 
measurement or reflects actual differences 
in elemental composition, hence indicating 
particles of different nature and possibly 
different origin. The first possibility has 
been evaluated in a detailed model of the 
dynamics and kinetics of plasma-cloud for-
mation by hypervelocity impact of a parti-
cle on a silver target (19). Plasma processes 
in the instrument depend on (i) the number 
of particles in plasma cloud, which is rough-
ly proportional to particle mass, and (ii) 
initial conditions of collision (temperature 
and pressure), which depend on particle 
density. Differential ionization efficiencies 
for particles of different type and mass may 
cause different ion ratios for the same origi-
nal elemental ratios. Calculations (19) dem-
onstrated that, for initially equal elemental 
concentrations of Mg and Si, the ratio of 
quenched ion concentrations Mg+/Si+ for 
particles of mass lo-'' g equals 1.0, inde-
pendent of their density. For particles of 
mass 10-l5 g, it equals 1.4 for fragile parti-
cles (density 0.4 g/cm3) and 2.0 for dense 
particles (3.0 glcm3). The model shows 
that variations in the Mgt/Si+ ratio in 
Fig. 1 can be explained, in part, in terms 
of plasma effects. The correction proce-
dure used in (4) applied to large particles 
would shift the MgISi bulk ratio toward a 
value of -0.3, considered unrealistic for 
solar system material. 

However, in some spectra of cometary 
dust particles the Mg+/Si+ ratio is more 
than 8 (twice the average in Fig. 1) and 
cannot be easily explained by any model (6, 
7, 18). Thus, a spectrum was defined as 
Mg-rich if 

2 4 ~ g / 2 8 S i> 8, 24~g /56Fe> 1, and 

We considered spectra separately in each 
grain size range and for the three variants of 
the 24Mgassignment described earlier. For 
PUMA-1 data, the number of Mg-rich 
spectra for variant 1 in all mass ranges is 
about 1.6 times those for variant 2 [shown 
in Table 2 (14)] and 1.8 times those for 
variant 3. For PUMA-2 data the number of 
Mg-rich spectra is the same for all variants 
because in Mg-rich spectra obtained by 
PUMA-2 the Si ions are usually below the 
detection limit. 

The model of plasma formation by hy-
pervelocity impact predicts a significant 
enrichment of Mg in small particles, but 
Mg-rich particles are observed in all mass 

Fig. 1. The mean MgISi ratio for different types 
of part~cles as a function of mass for (A) 
PUMA-1 and (B) PUMA-2. The solar ratio is 
1.07.Statistical error bars were calculated from 
the experimental uncertaintyof each peak mea-
surement estimated as the square root of the 
number of ions in each peak and from digitali-
zation errors. In CHON particles, the MgiSi ratio 
is about the same over the whole mass range. 
In contrast, the smallest Rock particles are 
highly enriched in Mg. The ratio in Mixed parti-
cles is between these two groups. Data for 
PUMA-2 demonstrate the same tendency, but 
the absence of data for the smallest particles 
makes it less noticeable. 

5, 
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Table 2. Number (N) of Mg-rich particles as a 
function of mass. Percentages reflect the num-
ber of Mg-rich spectra in each mass range. In 
PUMA-2 data the proportion of Mg-rich parti-
cles diminishes as the mass of the particles 
increases but in the statistically more reliable 
PUMA-1 data it is about the same independent 
of particle mass. 

PUMA-I PUMA-2 
Mass 

N % N % 

g 63 12.0 37 28.7 
10-l5 to 10-l3 g 50 6.1 29 11.1 

g 51 9.9 8 7.2 
All 164 8.8 74 14.8 

ranges. This finding suggests that a popula-
tion of Mg-rich grains indeed may be pre-
sent in comet Halley dust. These grains are 
probably magnesium carbonates rather than 
magnesium sulfates as the CIS ratio is more 
than 2.0 in about 58% of the Mg-rich 
spectra of PUMA-1 and less than 0.5 in 
only 8% of spectra (46% and 8% for corre-
sponding PUMA-2 data). The proportion 
of magnesium carbonates is about 7% by 
weight [of all measured spectra, see (12)] in 
PUMA-1 data and about 1% by weight in 
PUMA-2 data. 

A weak emission feature at 6.8 ym at-
tributed to carbonates was observed in comet 
Halley (20). Carbonates (and layer silicates) 
are minor but persistent phases in anhydrous 
chondritic porous IDP (2I) ,  which are sup-
posed (22) to originate from short-period 
comets. In CI and CM meteorites maene-" 
sium carbonates are abundant; they likely 
formed as a result of aqueous activity on the 
CI and CM parent bodies (23). 

Minerals with high Mg/Si ratio could 
not have formed by equilibrium condensa-
tion in the solar nebula (24) but can be 
produced by secondary processing such as 
aqueous alteration. The presence of layer 
silicates in cometary grains (16) also raises 
the possibility of hydration in their histo-
ry, which would not have occurred in the 
nebula (25). Hydrated phases in comet 
Hallev dust are consistent with formation 
in situ by hydrocryogenic alteration. Such 
activitv in nuclei of active short-oeriod 
comets' has been hypothesized (21) Co take 
dace  in interstitial water lavers at dust-ice 
interfaces below the meltini point of wa-
ter-ice. If this was the case, then melted 
water was only a local phenomenon. On 
the other hand, the 6.8-ym feature was 
observed in protostellar spectra, which 
raises the possibility that cometary carbon-
ates may be primary components (26). 

In another 34% of the Mg-rich spectra 
of PUMA-1 and 46% of the Mg-rich spec-
tra of PUMA-2, the Mg/C and Mg/S ratios 
are >lo.  These data may suggest the pres-
ence of periclase or brucite, or both. These 

Table 3. Number (N) of Fe-rich particles as a 
function of mass. Percentages are relative to 
the total number of spectra in each mass range. 
Iron-rich particles are more abundant among 
particles of larger mass. 

PUMA-I PUMA-2 
Mass 

N % N % 
- - -

< l o - I ~g 35 6.6 6 4.7 
IO- l5  to IO-l3 g 32 3.9 14 5.4 
>lo-l3 g 54 105 13 11.7 
All 121 6.5 33 6 6  

Table 4. Chemical composition of Fe-rich parti-
cles. N, number of spectra. 

PUMA-I 

N PUMA-2 

N with (N) 
Ni (%) 

Metal (FeIS > 10.0; 21 43 8 
FelSi r 10.0) 

Sulfides (Fe/S < 10.0; 35 26 10 
SISi r 5.0) 

Silicates (FeISi < 10.0; 15 40 4 
SilS r 5.0) 

Other 50 34 11 

minerals are present in some meteorites and 
IDP (27), but only as minor phases. 

Both Fe and Ni were identified in emis-
sion spectra of sun-grazing comets where 
radiation temperatures exceed lo3 K and 
thus can vaporize the refractory compo-
nents of dust (28). Pure metal grains con-
tainine onlv Fe and Ni are well known in 
meteoyites,but the question about the pres-
ence of unoxidized metal grains and the 
possibility of their survival in a cometary 
environment has remained unclear. We 
investigated Fe-rich spectra of comet Halley 
dust particles defined as 

56Fe/24Mg> 1, 56Fe/28Si> 1, and 

Spectra with a major peak at mass 56 but 
without a peak at mass 54 were rejected. 
The mean ratio of mass 54/56 in statistically 
reliable spectra (amplitude of mass 56 is 
>100) is equal to 0.06 + 0.02 and is similar 
to the 54Fe/56Feisotope ratio. 

Iron-rich particles do exist in cometary 
dust (Table 3), and there is evidence for the 
presence of metal, iron oxide, iron sulfides, 
Fe-rich silicates, and mixtures of these min-
erals in cometary grains (Table 4). 

In meteorites nearly all metal particles 
contain Ni (29). The percentage of Fe-rich 
erains with Ni is about one-third. the same-
for all chemical groups of particles (the 
mean Ni/Fe ratio in spectra with 56Fe> 100 
equals 0.14 + 0.03) (Table 4). These data 

suggest that only a fraction of the Fe-rich 
particles may be pure metal while others are 
iron oxide (30) or mixed phases with Fe-Ni 
metal inclusions. The presence of Fe in 
oxidized form would again point toward 
aqueous alteration (31). 

Most of the comet Hallev dust oarticles 
demonstrate chondritic composition and are 
mixtures of various primary silicate phases. 
There is also evidence for minor populations 
of Mg-rich and Fe-rich particles, which pos-
sibly have a secondary origin. 
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X-ray Laser Microscopy of Rat Sperm Nuclei 

micrographs of dry cervical cancer cells (4). 
However, only recently have x-ray lasers 
with wavelengths near and inside the water 
window (23 to 44 A) been developed (5) 
that have sufficient output energy for mi-
croscopy of a wide range of biological ob-
jects. We recently demonstrated x-ray im-
aging using such an x-ray laser as the 
illuminator (6). The key advantage of an 
x-ray laser is that its high brightness and 
short duration allow images to be made 
with a single -200-ps exposure. This elim-
inates the problems associated with motion 
blurring and radiation-induced chemical 
decomposition of the specimen. In addi-

L. B. Da Silva,* J. E. Trebes, R. Balhorn, S. Mrowka, tion, the quasi-monochromatic property of 
x-ray lasers makes them well suited to x-ray

E. Anderson, D. T. Attwood, T. W. Barbee, Jr., J. Brase, optics. In this report we discuss images 
M. Corzett, J. Gray, J. A. K o c ~ ,C. Lee, D. Kern, R. A. London, taken of dried rat sperm nuclei with the use 

B. J. MacGowan, D. L. Matthews, G. Stone of this short-pulse x-ray laser source. 
The x-rav imaeinr! microscooe we used is, - -

The development of highbrightnessand short pulsewidth (<200picoseconds) x-ray lasers shown schematically in Fig. 1. X-rays from a 
now offers biologiststhe possibilityof high-resolutionimagingof specimens in an aqueous nickel-like tantalum collisionally pumped 
environment without the blurring effects associated with natural motions and chemical x-ray laser (7) operating at 44.83 A are 
erosion. As a step toward developing the capabilities of this type of x-ray microscopy, a collected and focused onto a specimen that 
tantalum x-ray laser at 44.83 angstrom wavelength was used together with an x-ray zone is then imaged in transmission by a Fresnel 
plate lens to image both unlabeledand selectivelygold-labeleddried rat sperm nuclei.The zone plate lens (8) on a microchannel plate 
observed images show -500 angstrom features, illustrate the importance of x-ray mi- detector. The x-ray laser was generated by 
croscopy in determining chemical composition, and provide informationabout the unifor- irradiation of a 3.5 cm long, 2000 A thick 
mity of sperm chromatin organization and the extent of sperm chromatin hydration. plastic foil coated with 900 A of tantalum 

with two cylindrically focused visible light 
(0.53 pm) laser beams. The heated foil 
explodes to form a high-temperature plasma 

Historically, advances in imaging technol- To date, x-ray microscopy has been de- with low-density gradients (9). For our ex-
ogy have led to new and exciting results in veloped and demonstrated by several groups periment, two optical beams from the Nova 
the field of biology. Today, electron micros- around the world. Resolutions near the Laser at Lawrence Livermore National Lab-
copy (EM), optical microscopy (OM), and diffraction limit have been reported by Ja- oratory were used to generate an intensity on 
atomic force microscopy (AFM) are neces- cobsen et al. ( I )  and Meyer-Ilse et al. (2); target of 3.0 x 1014W/cm2 for a duration of 
sary tools for biologists and biochemists both groups used synchrotron radiation to 500 ps (7). The x-ray laser originates from 
around the world. These techniques offer image biological systems. X-rays generated an -100-pm-diameter gain region at the 
high resolution (<20 A for EMIAFM) of in a laser-produced plasma were recently center of the plasma and has a beam diver-
prepared specimens or lower resolution used by Tomie et al. (3) to produce 0.5-ns gence of 10 mrad [full width at half maxi-
(-2000 A for OM) of specimens in their flash contact x-ray images of a hydrated mum (FWHM)]. The output energy is -10 
natural environment. An alternative imag- sperm cell with a spatial resolution of p,J in a 200-ps (FWHM) pulse that corre-
ing technology that is now becoming avail- -1000A. Extending the use of laser plasma sponds to a brightness of lo2' photonsl(s 
able is x-ray microscopy, which offers the sources to imaging microscopy where chro- mrad2 mm2 0.01% bandwidth). This is four 
possibility of high-resolution imaging matic aberrations necessitate the use of orders of magnitude brighter than the X-1A 
(-200 to 300 A) of specimens in their narrow bandpass optics will reduce signal beam line at the National Synchrotron Light 
natural environment. In addition, x-ray levels. A narrow band 182 A x-ray laser was Source, currently the world's brightest soft 
microscopy with the use of x-rays of differ- previously used to produce contact x-ray x-ray synchrotron beam line. 
ent wavelengths can be used to probe the 
interior of living cells. This is currently MCP Fig. 1. Schematic of the x-ray micro-
practical only with OM. detector scope showing its main components. 

MCP, microchannel plate. 
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