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Siena, Italy: The Meteorite That Started It All?
Martin Horejsi

The famous and well respected Ursula B. Marvin penned an opinion tome in the September 1995 issue
of Meteoritics suggesting that the Siena meteorite fall of 1794 is “History’s Most Consequential Meteorite
Fall.”

No matter how you slice it, it’s a tall order for a meteorite to be the Most Consequential. The abstract of
Marvin’s article is as follows:

In the mythos of meteoritics, the fall of stones at L’Aigle in Normandy at 1 p. m. on April 26, 1803, is
commonly regarded as the event that turned skeptics into believers and opened the way for the new
science. A strong case can be made, however, that the fall of stones at Siena at 7:00 p.m. on June 16,
1794, established the authenticity of meteorite falls and set in motion the reexaminations of entrenched
beliefs that led to the founding of the new science.

The Siena fall was heralded by the appearance of an extraordinarily high, dark cloud emitting smoke,
sparks like rockets, and bolts of unusually slow-moving red lightning. With a tremendous explosion a
shower of stones, ranging in weight from a few milligrams to 3 kg, fell southeast of Siena. This was the
first meteorite fall to occur in the vicinity of a sizeable European city and the first to be witnessed by so
many people, including English visitors, that the fall of the stones from the sky could not be denied. It
also was the first fall to be seriously investigated by scholars, at several universities in Italy, who
collected eye-witness reports and specimens and formulated hypotheses of origin.
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Their task was greatly complicated by the timing of the fall which occurred 18 hours after Mt. Vesuvius
sprang into full eruption. Some believed that the two events were entirely coincidental; others thought
that the stones either were ejecta from the volcano (which lay about 320 km to the southeast of Siena)
or had consolidated in the fiery masses of dust and ash expelled by the mountain. No explanations
seemed entirely satisfactory, but, in an age when the very possibility of falling stones had been
decisively ruled out by savants of the Enlightenment, the well-observed fall at Siena opened a new
dialog on this subject.

The Siena fall occurred only two months after the publication in Riga and Leipzig of Ernst F. F.
Chladni’s book On the Origin of Ironmasses in which he concluded from historical records that
fragments of iron and stone fall do, indeed, fall from sky. News traveled so slowly in the 18th century
that Chladni’s book received negative reviews in Germany throughout 1794 and much of 1795 before
the first notice of the Siena fall appeared in a Berlin paper in 1796. The same amount of time passed
before Chladni’s book reached England, but the groundwork for a more tolerant reception of it in that
country was laid by travelers returning from Italy in 1794 with their descriptions and their specimens
from Siena (including bogus “fallen stones” fabricated for the tourist market).

Widespread interest was aroused in 1795 when the Royal Society published an account of the
eruption of Mt. Vesuvius by Sir William Hamilton, the English Ambassador at Naples, who included a
short discussion of the Siena stones and their possible link with the volcano. Hamilton’s article carried
the story of the Siena fall to France and Germany. The case for fallen stones was further strengthened
when a 56-pound stone fell at 3:30 p.m. on December 13th, 1795, at Wold Cottage in Yorkshire. Early
in 1796, Edward King, a Fellow of the Royal Society, published the first book in English on fallen
stones. In it, he focused primarily on the Siena event but just as he was finishing his text he received a
copy of Chladni’s book and quoted from it extensively. King’s 36-page book was widely read. It
received some bad reviews in England but it immediately prompted one reader to report the fall of a
stone [apparently a genuine meteorite] at Pettiswood, Ireland. He had withheld his story for 17 years
for fear of ridicule. Now, the climate of opinion had changed and meteoritics already was becoming a
new branch of science.
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The “Most” of anything is always a point of contention by those deeply interested in the subject, and the
more esoteric the topic, the more nuanced the argument. Marvin posits that the events surrounding the fall
of L’Aigle that often places that French fall as a birth of sorts of modern meteoritics. However, the fame of
L’Aigle is based upon many of the same fall characteristics that Siena possessed almost a decade earlier.

There is a theory that one only truly becomes a leader when the first follower appears. According to the
First Follower idea…

The first follower is considered to be as important to the development of a movement as the initiator
because they make the leader’s viewpoint seem more credible.

The first follower risks ridicule in the same way that the initiator does. Once a single person follows the
initiative, however, it becomes less risky for others to join.

Anyone can run around trying to create change, but until others follow, the movement goes nowhere. But
not until that first follower shows up will validity and acceptance go mainstream because although the idea
is already out in public, it requires a second person to agree. So applying this logic to Siena and L’Aigle, its
reasonable to project the notoriety of L’Aigle is due to the icebreaking leadership of the Siena fall.  In other
words, Siena planted the seeds of change that L’Aigle, as the first follower, confirmed to a population ready
to believe such things.
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For those deeply concerned with the nuances of this line of thought, it’s perfectly reasonable to posit that
the first follower might actually be the Wold Cottage meteorite fall in 1795. The application of a little social
psychology might be needed in hindsight, but its obvious in the bigger picture that Wold Cottage applied
doubting pressure on the scientific community at that time to at least attempt to defend their archaic and
unproductive views about “aerolites” given the mounting evidence supporting a completely different
conclusion. Throwing a blanket dismissal that stones can fall from the heavens was now going to take some
real effort.

So when the undeniable event we know as the L’Aigle meteorite shower stressed traditional thought beyond
the breaking point, the seeds of doubt from Siena were already germinating and allowed for a smoother
scientific transition. In many ways, it might be more of a case of science once again discovering the
obvious. Or worse, an “I told you so” moment.

And if anyone deserves to shout “I told you so” it would be E.F.F. Chladni, the famous German scientist
who is credited with many consequential firsts of his own in the field we now call Meteoritics. In the pre-
Google days of 1794, the same year as the Siena fall, Chladni was busy at work compiling all the available
accounts of those odd objects we now call meteorites. And the rest, as they say, is history.

Building a personal collection of historic meteorites requires a representative of Siena. But its not as easy
as it sounds. The distribution of Siena is extensive, but more through time than through availability. Siena is
an LL5 chondrite with a listed total known weight of a mere 3.7 kilograms or exactly one-tenth of the TKW
of L’Aigle.

The largest specimen of Siena in my collection was acquired through the assistance of Russ Kempton and
New England Meteoritical Services. It is a minor slice of some 3.2 grams or 1/1000th of the total known
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weight.

So as the calendar pages run out yet again, it follows that all our historic meteorites are one year older.
Even more, some formerly contemporary meteorite falls transition into the undefined realm of historical.
Perhaps if a century is old enough for a meteorite fall to become historic, then falls from 1917 are now
historic. And one 1917 witnessed fall near and dear to my heart is Independence, Missouri , a graceful
stone that I’ve highlighted a few times before namely Here and Revisited Here.

Until next time….
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Another book on Meteor Crater
James Tobin

I finished a two-year long project a few days ago. It is a new book and it is about Meteor Crater again. Yes
I know I am in a rut. But I am not going to talk much about the book itself.

What I want to tell you this month is the story of the writing of the book. It is clear to most regular readers of
this article that over the years I have returned to some topic related to Meteor Crater often. I recognize that
I have a passion for its history and the crater as a whole. I have a few meteorites at this point, and most
types are well covered in my collection, but there is an over abundance of materials from Meteor Crater. It
was the first place I hunted meteorites, impactites and anything else that looked like it suffered through the
crater’s formation. I was about fifteen years old, and we took a Saturday off from building the house in
Bullhead City, Arizona. My parents surprised me by taking me to Meteor Crater. We got there at 1 pm I
would guess and went through the museum, looked at the crater and climbed all the steps outside. Then
they asked me whether I wanted to go down into the crater or around it. There was time to do only one. I
said, “Go around.” We started at the side door of the museum building the same place that the tours start
from today. Those hourly tours that run out along the north rim as far as the ruins of the original stone
museum building.

About as soon as I got to the northwest “corner” of the crater, I began seeing rocks that looked like they
had been melted in the impact, but I did not know for sure. We hiked through the west boulder field. I
remember we stayed up high just a few yards down from the crater edge most of the way. When we got to
the south side, I saw a dead steer and foot prints my folks recognized to be from a mountain lion. I was not
as afraid probably as I should have been, but it clearly disturbed my parents. I was too far off in meteorite
heaven to worry about that as we continued on. I did not even know back then about the buildings on the
south slope or the silica mine or the final shaft and the concrete foundations. So I did not even think to walk
out to those sites.

To give you a little more information about my childhood. My parents had taken my brother and me to every
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ghost town in southern California, Nevada and western Arizona to dig bottles and look for artifacts starting
when I was about eight years old. I had been on plenty of rockhounding and fossil hunting trips too. But
more often it was digging in the old dumps of ghost towns. So now you know why I was walking at Meteor
Crater with my head down looking at anything interesting. It was a well-developed skill by the time I was
fifteen. And this was Meteor Crater. I had already been sending pieces of basalt to H. H. Nininger to see if
they were meteorites. I did not own any meteorites yet and did not really have a good idea what they would
look like in my hand, but I had read Nininger’s book on Meteor Crater and also Our Stone-Pelted Planet. I
was really ready to find a meteorite. They were the only titles of his books available at my local library.
Later as an adult, I would get a copy of Our Stone-Pelted Planet that he had autographed. That remains a
really special book to me. We made our way around the whole crater. It takes a while if you are meandering
as I was examining everything you see. My father took just a few pictures that day, and I have them now.
As excited as I was I was still a teenager having to pose for pictures, so I did not smile. I wish now that I
had for it was one of the happiest days of my childhood.

My real collection of meteorites began several years later with a Canyon Diablo being one of the first
pieces. I have returned to Meteor Crater many times after that first trip. In fact, everytime I have traveled
down I-40 I have tried to stop for a visit. When I wrote my first little folded and stapled booklet on the crater
I stayed in the RV park for a few days and went to the crater usually twice a day. I also hiked down to the
Nininger Museum ruin. You could still go there in those days. And still always with my eye to the ground I
found a few things. Some pieces of iron shale and three small actual meteorite fragments. I like to imagine
that they came off some nice big space rock that Harvey was working on there by the side of the building.
Still in the place where I found them all those years later. It is a bit far from the crater to find iron shale and
small meteorites sitting on the surface of the disturbed ground, (really the road around the side of the
building) so I think my vision probably holds a lot of truth as to the trio of meteorites’ reason for being there.
The eight pieces of iron shale from Nininger’s ruin are shown below.

Below is one of the Canyon Diablo meteorites in my collection now. It is a specimen gotten a few years ago
at the Tucson Gem and Mineral show. It weighs 173 grams is lightly cleaned and has a wonderful shape.
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It was February 2014, and I was with Paul Harris at the Tucson Gem and Mineral show, and we were in the
showroom of friends as the conversation turned to a collection of documents from a long time ago relating
to work at Meteor Crater. Well, you can guess that my heart skipped a beat or two as we talked. But it was
not the right time yet. 2015 came around, and the conversation again went to the documents only now there
was real interest in loaning them to me for enough time to scan them and archive them with buffering sheets
and make them safe for the decades to come. And there was real interest in having me write the story the
documents contained. I did not really know what that story was except that it related to the period of the
drilling on the south rim in 1920.

Several tries during 2015 to get the documents did not work out so it was at the Gem show in 2016 that I
finally threw all my clothes into a box and shipped them home on the last day of the show so there would be
room for the documents in my carryon. I got home and began to scan the pages and quickly saw that this
was real treasure I was looking at. One of the first documents that I scanned was a letter several pages
long typed in blue ink on Daniel Moreau Barringer letterhead and signed by him personally. There were
other letters from him and notes and pencil sketches. Other famous individuals had documents in the
collection. Professor Magie, Dean of Princeton, Elihu Thomson inventor and President of MIT and the list
went on. I was in historian heaven. It never gets any better for the historical writer than to work from the
original documents of the characters in a story.

The day to day activities of a project at Meteor Crater that has never gotten much more than a few lines of
a single paragraph was there for me to immerse myself in and develop into a book. It has been the better
part of two years, and the book is now done. The story includes the hardships of the drillers working at the
isolated mining camp on the south slope of Meteor Crater, but there were many other stories too. A dozen
things that had to be prepared before drilling began is a part of the story. The digging of the tunnel into the
crater wall so the drill hole could be cleared of the lost under reamer bit is another part of the drama. The
names of the participants in the drilling had been lost to history. The men have been bad-mouthed for nearly
a hundred years because of the failures and the costs. But there was much more to it than that. And the
criticism they have received even without their actual names being mentioned was largely uncalled for. It
was complicated as most things are, and it cannot be condensed into a couple lines of harsh comments and
blame without sacrificing a considerable amount of truth.

So I had months of fun. I was learning and writing the story of the first year of the drilling program on Meteor
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Crater’s south slope from May of 1920 through the end of April 1921. The work continued with a different
superintendent until November of 1923. But the documents I was blessed to share contained the story of L.
F. S. Holland and the men who worked with him, the first men to try and drill for a buried star.

My book is entitled Drilling for Meteorites and will be available soon. I plan to have copies around the
Tucson Gem and Mineral show this year, and it will be available online too of course. This was the hardest
writing project of my life, but also the most exciting and I hope the most important work thus far.
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Bob Hoover – 1938-2017
Robert Verish

Commemorating the life of my friend and of our fellow meteorite-hunting
colleague.The recent passing of Robert Hoover has prompted me to postpone this month’s article, and
instead to make notice of this sad news.

Robert Dan Hoover, Born in Corona, CA on January 25, 1938 passed peacefully while in hospice care near
his home in Yucca Valley, CA on November 6, 2017. He was a loving husband and father. He spent his life
in the aviation industry as a pilot with several different airlines. He always had a passion for flying. He
started his career in the United States Air Force at 17 as an aircraft mechanic. He worked as a flight
instructor, and as an airline pilot until he retired in 1999 at the age of 61. During his varied career he flew
numerous aircraft including sea planes to Catalina island. In his spare time he enjoyed shooting and was an
avid gun collector, he also enjoyed tinkering with and working on his cars. Later in life he found an interest
in meteorites and meteorite hunting. His first meteorite hunt was the “99th Anniversary Holbrook Hunt” in
2011.[1] He continued to go out and hunt at other Arizona strewn-fields, for example, Franconia and Buck
Mountains. He also searched for meteorites in areas of Southern California such as, Danby dry lake, and
Stewart Valley, as well as, other numerous Nevada dry lakes. His biggest find was a 32 gram Holbrook
stone that he found in 2014.[2] His favorite thing to do was to go out to Safford AZ and hunt for Saffordites.
He met many people in the Meteorite-community and enjoyed the company of each and every one.
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The late Bob Hoover in the field with his eldest son, Robby Hoover (image taken by the author)
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Bob Hoover posing with Michael Mulgrew (with a large meteorite which they have mistakenly thought to be
their “cold find”;-) at the front entrance to the (then) Inn Suites at the Tucson Show (image taken by Robby
Hoover, 2012?)
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A bunch of Californians in Neveda on the road between Alamo Mountain to Ely and Yelland Valley. [3] From
left to right: Robby Hoover, Jim Tobin, the late Bob Hoover, and Richard Garcia (image taken by James
Tobin, 2014)

 

A jovial Bob Hoover at his first meteorite-hunt — the 99th Anniversary of the Holbrook AZ Fall. From left to
right: the author (Bob Verish), Robby Hoover, and his father Bob Hoover (image taken by Monika
Waiblinger, 2011)
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Bob Hoover, at Holbrook, a meteorite-hunter who is outstanding in the field. (Image taken by Robby Hoover,
2011)

 

Bob Hoover posing with his first Holbrook meteorite find (and at 32grams, was his biggest find of his career)
a whole-stone from the Holbrook Fall of 1912. (Image taken by Michael Mulgrew, 2014)
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My favorite photo that I took of Bob Hoover. This photo was unstaged. While walking over to the trucks to
reunite with Bob and Robby after a long day of searching for Danby Dry Lake meteorites, I made a find. I
called them over, while I took some in-situ images. They peered over my shoulder to see what I found, and
at that instant, I inadvertently took a reverse-camera view “selfie” image of the three of us. Essentially, if a
meteorite could have eyes, it was a find’s-eye view of the finders. (image taken by the author, 2011)

 

The late Bob Hoover in the field at Danby with his eldest son, Robby Hoover (image taken by the author,
while I held my Danby Dry Lake find)
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Another favorite hobby of Bob Hoover’s, was collecting “Saffordites” at Safford, AZ. From left to right: Bob
Hoover, Don Morin, and Robby Hoover, (image taken by Twink Monrad, 2015)

 

Bob Hoover’s immediate family: (from left to right) Ryan, Victoria, Bob, Jessica, Robby Hoover. (Undated
image.)
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The proud grandfather with his grandchildren, Madison and Hailey Hoover. (Undated image.)
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Bob Hoover when he was a pilot for Skywest Airlines. I have no doubt that he is now piloting the skies of
Heaven. (Undated image.)

As of this writing, there are no details, but there are plans to have a 15 minute service at Riverside National
Cemetery no later than 1:30PM on Monday, December 4th.

This article has been highly abbreviated in time for it to be included in this November publication of
Meteorite-Times Magazine.

The next edition of Bob’s Findings will be the next Volume of the Newsletter for Unclassified USA
Meteorites.
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Major Increase in TKW for Danby Dry Lake the reference that prompted the revision to the above MBD
entry — the 70-fold increase in TKW (and proof that it was a breccia) was of primary importance, and not
the stated “revised coordinates”!

My previous Bob’s Findings can be found *HERE*

If you would like more information, then contact the author at: bolidechaser at yahoo-dot-com
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Mukundpura CM2 
John Kashuba 

CM2 meteorites are regolith breccias. They've been through cycles of crushing and lithification 

at an asteroid surface. They are dark with opaque matrix and varying amounts of chondrules, 

olivine aggregates, CAI and mineral grains. 

This is a sample of a CM2 fall that is reported to have distinct lithologies. Our samples, whose 

early field name was Jaipur, are dark and brecciation is extensive. In some, chondrules, mineral 

grains and olivine aggregates are sparse. We have found clasts with fine grained dust mantles. 

  

27 × 46 mm petrographic slide. Early field name was Jaipur, the name of a city about 14 km 

from the fall site. Incident light. 
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Brecciated and comminuted material. Two clasts on left are mantled with fine dust. The upper 

one is an olivine aggregate. Its dust texture hints at accretionary layering. Third photo field of 

view is a half millimeter wide. Incident light. 
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In center is an olivine aggregate. FOV=3.1 mm wide. Incident light then cross-polarized light. 
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From a second slide, toward the left are two dust mantled aggregates and at the right a bright 

white CAI. FOV=3.1 mm wide. Incident light then cross-polarized light. 
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Also in the second slide is this light colored clast. Above it is a porphyritic chondrule. FOV=3.1 

mm wide. Incident light then cross-polarized light. 
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From a third slide, a large mass of fine olivine, chondrule fragments and, on the left a bright 

orange barred olivine chondrule. FOV=3.1 mm wide. Cross-polarized light. 
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Norm’s Tektite Teasers:  Ferricrete adhesions on Thailandites 

By Norm Lehrman (www.TektiteSource.com) 

 

It is one of the interesting factoids of tektite lore:  

 

Never, not even once, has a splashform tektite been reported that shows an embedded object 

or clear imprint from the ground surface on which the tektites fell. 

 

However, that noteworthy constant only serves to sharpen the search for the first one.  Most 

tektite aficionados have visited the time and place of the falling of the australasians in their 

imaginations many times.  For a great many of us the vision is similar: we immediately find 

ourselves fortunate to be present at this great event in thought rather than body, for it involved 

a towering fireball exploding into the sky that no embodied mortal could witness and survive.  

As the fiery head of the plasma rocketed upwards into dark space, a deep darkness settled 

below. Then a storm of deadly blobs of black glass began to fall like hail, whizzing and thudding 

all around.  In this particular vision, it just seems inevitable that somewhere the falling tektites 

were still incandescent and should have draped over and molded onto objects on which they 

fell.  And so, we are always looking…… 

 

This column focuses on the most commonly misidentified “embedded object”.  In some regions 

of Thailand and Vietnam, tektites are found in a laterized soil profile where deep chemical 

weathering has dominated .  Specimens sourced from such regions often have hard ferricrete 

infillings tightly adhering to deeper skin ornamentation features.  The deepest pits and grooves 

http://www.tektitesource.com/


and impact starbursts filled by orange ochre-colored fingers of iron precipitates often give rise 

to distinctly hieroglyphic-looking patterns. 

(Predictably, such ancient scripts command a 

premium on auction sites!) 

 

In the early days of our tektite business, we were 

eager to present bright, clean specimens, and we 

put a great deal of effort into aggressive cleaning 

with acids and dental picks.  I became all too 

familiar with this material.  It can be flinty hard, 

and if it fills a void with slightly overhanging 

edges, it can actually require drilling to remove.  

For those who choose to believe that they have 

material that is embedded in the tektite, this very 

difficulty of cleaning becomes evidence. 

 

The ferricrete is composed of iron oxides and 

oxyhydroxides like hematite and limonite.  In 

deep chemical weathering, most elements are progressively leached away. But, in the presence 

of oxygen, iron forms rust and becomes highly insoluble.  This process can result in minable 

residual concentrations of iron-rich  laterite with rock-like ledges of “ferricrete” duricrust.  This 

sort of iron precipitate is a completely natural and normal part of lateritic soil development 

 

Here we touch on a most important subject:  there is another element which can form 

economic deposits in laterization environments: nickel!  Often such deposits are also enriched 

in cobalt. Anomalous enrichments can occur anywhere mafic or ultramafic bedrock is being 

weathered. 

 

In the very beginning of our tektite journey, I labored under many misconceptions.  I had read 

of tiny beads of Ni-Fe recovered from a few tektites (I just didn’t comprehend how tiny). I 

supposed that such impactor remnants might be the nucleus for the little ferricrete nodules we 

sometimes saw.  And so, I sorted through boxes of tektites, searching for examples, thinking 

that I was amassing a fine collection of impact glass containing remnants of nickel-iron impactor 

material.  I was wrong. 

 

Returning to the nickel.  Someone once approached me with a chemical analysis from a large 

ferricrete infilling in a spherical bubble cavity, which, on the basis of an anomalous nickel 

concentration, he was sure was terrestrialized meteorite material.  I had to share that, 



depending on the character of the bedrock weathering away, nickel was an entirely possible 

natural enrichment in a ferricrete environment and consequently cannot be considered 

diagnostic of meteorite content. 

 

  

Another fruitful source of confusion arises in 

Muong Nongs or other tektites with elongate 

tubular bubble cavities.  These voids can be 

infilled with lateritic iron and if then intersected 

by a saw cut will appear as a round pellet of 

limonite completely surrounded by glass.  Add a 

little anomalous nickel and cobalt and this can 

be very misleading indeed. 

 

 

Over my career, I have worked in lateritic 

environments all over Africa, Australia, 

Central and South America, and Southeast 

Asia.  This is a familiar subject for me, and in 

the early days when Thailandites were 

abundantly available, such pedogenic iron material was common. I had opportunity to examine 

(and clean) thousands of pieces.  The ferricrete infillings are not terrestrialized fragments of the 

impactor (even if they contain Ni!)  They are not embedded clasts or pebbles from the ground 

surface on which the tektites fell. 

 

Tektites showing deposits of dense ferruginous material such as we have been discussing have 

a different sort of story to tell. Such stones were held in the embraces of a soil undergoing 

extreme chemical weathering in a low-relief swampy jungle environment.  Quite sharply 

defined laterite profiles are a characteristic result.  In this case, a redox boundary controlling 

pedogenic translocation of iron coincided with a tektite-bearing zone in the local stratigraphy.   

 

No need to further complicate that one. 
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The invention of the light microscope by Hans and Zacharias Jansen 1580-1638 and telescope by Hans
Lipperhey in 1608 using two glass lenses revolutionised our understanding of the natural world. Using the
telescope, Gallileo made observations of the Solar System and the Milky Way proving the Earth was not
the centre of the Solar System. While Antoni van Leeuwenhoek’s (1632-1723) use of the microscope
revealed the existence of bacteria, cells and eventually lead to the destruction of the idea of spontaneous
generation and revolutionised biology and medicine.

Fast forward 400 years and these simple observational tools were improved to push back the limits of what
is observable from the extremely small to the incredibly far away. Large telescopes such as the Atacama
Large Millimeter Array were built that are able to observe the structure of protoplanetary disks around newly
forming stars (i.e. Brown et al., 2004), while electron microscopes are now able to observe the atomic
lattice of materials (i.e. Hansen et al., 2002). Planetary Science uses these techniques to try to answer the
question of how our Solar System formed through astronomical observations and microscopic exploration
of minerals within meteorites. Meteorites are particularly important as they preserve a record of the first
materials that formed in the early Solar System (Hutchison, 2004).

Through analyses of the chemistry, crystallography and isotopic composition of meteorites, we have
improved our understanding of the processes that formed our Solar System. Analysis of mineral grains in
meteorites can determine the shock pressures meteorites experienced (i.e. Stöffler & Keil, 1991), the
cooling rate of the nebula disk (i.e. Berg et al., 2009), mechanisms for dust migration in the nebula (i.e.
Ciesla, 2010), identification of pre-solar grains (Nittler, 2003; Zinner, 2003) and much more. However,
meteorites contain several phases that are between 1-1000 nm. These sub-micrometre grains are
approaching the limit of the resolution of established techniques. To extract bulk compositions, trace
element abundances and isotopic data from grains this small, so we can use them to interpret Solar System
processes, requires near atomic resolution. Enter the Atom Probe (Figure 1).

The atom probe has been in use since 1967 (Müller et al., 1968) and has been applied extensively in
materials science to examine the properties of conducting materials, particularly metal alloys at the atomic
scale. However, it was not until the local electrode atom probe (LEAP) was combined with a pulsing laser,
that insulating materials could be routinely analysed (Kelly & Larson, 2012). This combination allows
nonconductive materials, which includes the majority of geological and meteoritic samples, to be analysed.

Samples are prepared for atom probe analysis using a focussed ion beam that fires a stream of Ga ions
into the sample to cut away a small wedge. This wedge is further sliced and attached to a silicon post
where it is milled to a needle-like shape with a tip diameter of 100 nm (Thompson et al., 2007) (Figure 2).
These samples are placed into the atom probe under high vacuum at low temperatures ~50-80 K. The
samples are then subject to a high voltage, just under the voltage required to field evaporate ions from the
sample. A focussed laser is then rapidly pulsed over the sample at 100-250 kHz. The laser provides just
enough energy to ionise a single atom in the specimen. This ion is then field evaporated from the specimen
and fired across a potential difference towards a position sensitive detector. The time of flight between
laser pulse and detection, allow us to determine the mass of the ion as well as its original position in space
(Kelly, 2011). Single samples can generate over 100 million detections where each detection represents a
single atom. The resulting data set is a 3D atomic reconstruction of the sample (Figure 3). The mass-to-
charge-state-ratios enable the identification of the element and isotopic species. The atom probe is a highly
sensitive and is able to detect 10 appm (atomic parts per million) concentrations of elements (Kelly &
Larson, 2012). The combination of atomic resolution, bulk and trace geochemistry and isotopic abundances
make it a powerful tool for the analysis of planetary materials.

Previous studies on terrestrial samples such as Valley et al. (2014) have used the atom probe on Hadean
zircons to conduct Pb-Pb geochronology. The resulting ages were consistent with SHRIMP analyses, while
also revealing that Pb becomes concentrated in nanometre-sized nuggets (Valley et al., 2014). Further
studies have also shown that similar results can be obtained from baddeleyite grains that have been
shocked during impacts (White et al., 2017). The implications of these studies mean we can reliably
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determine ages from grains that would be too small for analyses using other methods. In addition, Heck et
al. (2014) and Stadermann et al. (2011) analysed nanodiamonds from meteorites with atom probe
microscopy. It is possible that some of these nanodiamonds formed before the Solar System itself.
However, to demonstrate this requires the observation of unusual isotopic signatures typical of formation
during the death of supernovae or red giants (Nittler, 2003; Zinner, 2003). However, as most nanodiamonds
are ~10 nm across isotopic analysis of single grains has not been possible. Preliminary atom probe results
from Heck et al. (2014) suggest that the carbon isotopes are anomalous. However, there are some
additional analytical challenges that must still be overcome to prove that these anomalies are present in the
grain and not an artefact of the analysis.

At Curtin University, we have been using the newly installed Geoscience Atom Probe to look at another
small mineral phase known as refractory metal nuggets. Refractory metal nuggets are metallic alloys
comprised of the highly siderophile elements such as osmium, iridium and platinum and are usually < 1
micrometre in diameter (Palme & Wlotzka, 1976; Wark & Lovering, 1976) (Figure 4). They are found
throughout the most primitive meteorites (Daly et al., 2017a) and are thought to be the first phase to
condense from the nebula (Berg et al., 2009) close to the newly formed sun (MacPherson et al., 2005).
However, refractory metal nuggets are so chemically and crystallographically complex, it has been
suggested that some may have a pre-solar origin (El Goresy et al., 1978; Daly et al., 2017a; Daly et al.,
2017b).

Our analyses of refractory metal nuggets using atom probe tomography reveal that these grains are not
only comprised of metals from the highly siderophile element group, such as osmium iridium and platinum but
also contain trace abundances of sulphur. This association is unexpected as sulphur is volatile compared to
the highly siderophile elements and they have condensation temperatures that differ by > 1000 K (Lodders,
2003). Furthermore, sulphur is thought to condense further out in the protoplanetary disk between 1-3
astronomical units (AU) (Ciesla, 2015) compared to refractory metal nuggets which are thought to form
close to the sun (MacPherson et al., 2005). This observation coupled with the petrography of the sample
indicate that these refractory metal nuggets were ‘free floating’ prior to their incorporation into their current
host inclusion, and suggests that these refractory metal nuggets may have migrated early in the Solar
Systems history, in and out of the protoplanetary disk (Daly et al., 2017c). Therefore, atom probe
microscopy has revealed, through analysis of some of the smallest grains in meteorites, evidence for large-
scale migration of particles during the formation of the Solar System.

Excitingly, this technique is still in its infancy for meteoritical samples and has a huge potential to unlock
some of the biggest secrets of our Solar System by analysing the very smallest objects. Watch this space.
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Figure 1: The Geoscience Atom Probe, at Curtin University.

 

Figure 2: Focussed ion beam sample preparation techniques for
atom probe microscopy.

 

Figure 3: An atomic reconstruction of element distribution though
a rim around an ultra-refractory inclusion and into the matrix of
the ALH 77307 CO3.0 chondrite.
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Figure 4: Refractory metal nuggets embedded in an ultra-
refractory inclusion in the ALH 77307 CO3.0 chondrite. Kan =
Kangite, Prv = Perovskite, Cpx = Clinopyroxene, Spl = Spinel,
RMN = Refractory metal nugget.

References

Berg, T., Maul, J., Schönhense, G., Marosits, E., Hoppe, P., Ott, U., & Palme, H. (2009). Direct evidence for
condensation in the early solar system and implications for nebular cooling rates. The Astrophysical
Journal Letters, 702(2), L172.

Brown, R. L., Wild, W., & Cunningham, C. (2004). ALMA–the Atacama large millimeter array. Advances in Space
Research, 34(3), 555-559.

Ciesla, F. J. (2010). The distributions and ages of refractory objects in the solar nebula. Icarus, 208(1), 455-
467.

Ciesla, F. J. (2015). Sulfurization of Iron in the Dynamic Solar Nebula and Implications for Planetary
Compositions. The Astrophysical Journal Letters, 800(1), L6.

Daly, L., Bland, P. A., Dyl, K. A., Forman, L. V., Evans, K. A., Trimby, P. W., Moody, S., Yang, L., Liu, H., &
Ringer, S. P. (2017a). In situ analysis of Refractory Metal Nuggets in carbonaceous chondrites.
Geochimica et Cosmochimica Acta. 216, 61-81.

Daly, L., Bland, P. A., Dyl, K. A., Forman, L. V., Saxey, D. W., Reddy, S. M., Fougerouse, D., Rickard, W. D.,
Trimby, P. W., & Moody, S. (2017b). Crystallography of refractory metal nuggets in carbonaceous
chondrites: A transmission Kikuchi diffraction approach. Geochimica et Cosmochimica Acta. 216, 41-60

Daly, L., Bland, P. A., Saxey, D. W., Reddy, S. M., Fougerouse, D., Rickard, W. D., & Forman, L. V. (2017c).
Nebula sulfidation and evidence for migration of “free-floating” refractory metal nuggets revealed by atom
probe microscopy. Geology. 45, 847-850

El Goresy, A., Nagel, K., & Ramdohr, P. (1978). Fremdlinge and their noble relatives. Paper presented at the
Lunar and Planetary Science Conference Proceedings.

Hansen, P. L., Wagner, J. B., Helveg, S., Rostrup-Nielsen, J. R., Clausen, B. S., & Topsøe, H. (2002). Atom-
resolved imaging of dynamic shape changes in supported copper nanocrystals. Science, 295(5562), 2053-
2055.

Heck, P. R., Stadermann, F. J., Isheim, D., Auciello, O., Daulton, T. L., Davis, A. M., Elam, J. W., Floss, C.,
Hiller, J., & Larson, D. J. (2014). Atom‐probe analyses of nanodiamonds from Allende. Meteoritics &
Planetary Science, 49(3), 453-467.

Hutchison, R. (2004). Meteorites: A petrologic, chemical and isotopic synthesis: Cambridge University Press.
Kelly, T. F. (2011). Kinetic-energy discrimination for atom probe tomography. Microscopy and Microanalysis,

17(01), 1-14.
Kelly, T. F., & Larson, D. J. (2012). Atom probe tomography 2012. Annual Review of Materials Research, 42, 1-

31.
Lodders, K. (2003). Solar system abundances and condensation temperatures of the elements. The

Astrophysical Journal, 591(2), 1220.
MacPherson, G., Simon, S., Davis, A., Grossman, L., & Krot, A. (2005). Calcium-aluminum-rich inclusions:

https://www.meteorite-times.com/Back_Links/2017/november/imca-fig-4.jpg


Major unanswered questions. Paper presented at the Chondrites and the protoplanetary disk.
Müller, E. W., Panitz, J. A., & McLane, S. B. (1968). The atom‐probe field ion microscope. Review of scientific

instruments, 39(1), 83-86.
Nittler, L. R. (2003). Presolar stardust in meteorites: recent advances and scientific frontiers. Earth and

Planetary Science Letters, 209(3), 259-273.
Palme, H., & Wlotzka, F. (1976). A metal particle from a Ca, Al-rich inclusion from the meteorite Allende, and the

condensation of refractory siderophile elements. Earth and Planetary Science Letters, 33(1), 45-60.
Stadermann, F., Isheim, D., Zhao, X., Daulton, T., Floss, C., Seidman, D., Heck, P., Pellin, M., Savina, M., &

Hiller, J. (2011). Atom-probe tomographic characterization of meteoritic nanodiamonds and presolar SiC.
Paper presented at the Lunar and Planetary Science Conference.

Stöffler, D., & Keil, K. (1991). Shock metamorphism of ordinary chondrites. Geochimica et Cosmochimica Acta,
55(12), 3845-3867.

Thompson, K., Lawrence, D., Larson, D., Olson, J., Kelly, T., & Gorman, B. (2007). In situ site-specific specimen
preparation for atom probe tomography. Ultramicroscopy, 107(2), 131-139.

Valley, J. W., Cavosie, A. J., Ushikubo, T., Reinhard, D. A., Lawrence, D. F., Larson, D. J., Clifton, P. H., Kelly,
T. F., Wilde, S. A., & Moser, D. E. (2014). Hadean age for a post-magma-ocean zircon confirmed by atom-
probe tomography. Nature Geoscience, 7(3), 219-223.

Wark, D., & Lovering, J. (1976). Refractory/platinum metal grains in Allende calcium-aluminium-rich clasts
(CARC’s): Possible exotic presolar material? Paper presented at the Lunar and Planetary Science
Conference.

White, L., Darling, J., Moser, D., Reinhard, D., Prosa, T., Bullen, D., Olson, D., Larson, D., Lawrence, D., &
Martin, I. (2017). Atomic-scale age resolution of planetary events. Nature communications, 8, 15597.

Zinner, E. (2003). Presolar grains. Treatise on Geochemistry, 1, 711.



Meteorite Times Magazine

Peña Blanca Spring
Paul Harris

Our Meteorite of the Month is kindly provided by Tucson Meteorites who hosts
The Meteorite Picture of the Day.

Photo taken in 2011 at the American Museum of Natural History in NYC. by Paul Swartz, IMCA 5204

https://www.meteorite-times.com
https://www.meteorite-times.com/meteorite-month/pena-blanca-spring/
http://www.tucsonmeteorites.com/mpod.asp
https://www.meteorite-times.com/Back_Links/2017/november/pbs_whoglbykla.jpg


catchafallingstar.com Nakhla Dog
Meteorites

Michael Blood
Meteorites

The Meteorite
Exchange, Inc.

Impactika

Rocks From
Heaven

Aerolite
Meteorites

Sikhote-Alin
Meteorites

Michael Farmer Schoolers

Nevada
Meteorites

Tucson
Meteorites

MSG Meteorites Cosmic
Connection
Meteorites

Meteorite Times Magazine

Meteorite-Times Sponsors
Paul Harris

Please support Meteorite-Times by visiting our sponsors websites. Click
the bottom of the banners to open their website in a new tab / window.

 

 

 

http://www.meteorite-times.com
http://www.meteorite-times.com/sponsors/
http://www.catchafallingstar.com/
http://www.nakhladogmeteorites.com/
http://www.michaelbloodmeteorites.com/
http://www.meteorites-for-sale.com/
http://www.impactika.com/
http://www.rocksfromheaven.com/
http://www.aerolite.org/
http://sikhote-alin-meteorites.com/
http://www.meteoritehunter.com/
http://www.schoolersinc.com/
http://www.nevadameteorites.com/
http://www.tucsonmeteorites.com/tma.asp
http://msg-meteorites.co.uk/
http://www.cosmicconnectionmeteorites.com


Once a few decades ago this opening 

was a framed window in the wall 

of H. H. Nininger's Home and 

Museum building. From this 

window he must have many times 

pondered the mysteries of 

Meteor Crater seen in the distance. 
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