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IN'rRODUC'l'ION 

Intere t in the que tion of the p ss ible meteoric orig in of the 
remarkable crate r-fo rm depression lying a few miles outh of the 

an ta Fe Railroad and not far from Canyon Diab! , in Coconino 
County • \ri zona , ha lately 1 e n revived by development " ·ork carried 
on under the direction of the Standa rd Iron Company of P hiladelphia, 
and the publication of preliminary results and conclusions in the 

46r 
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Proceedings of the P hiladelphia Academy of Sciences.1 Such an 
origin was considered by Mr. G. K. Gilbert in his paper on the "Ori
gin of Hypotheses," published in 1896, but the facts then available 
failed , in his opinion, to substantiate so startlin o- a conclusion. The 
later developments and the interpretations put upon them have 
reopened the question and in the minds of many proven the cor
rectne s of the meteoric hypothesis. 2 

The mere existence of a crater some three-fourths of a mile in 
diameter and 500 feet in depth in a region of undisturbed sedimentary 
rocks and remote from volcanoes is in itself enough to invite scien
tific inquiry, while even the plausibl e suggestion that such might be 
due to the impact of a stella r body is of so unusual a nature as to 
warrant the full e t inve tigation. Consultation with the authors of 
the paper above noted impressed the writer with the desirabiliy of 
a re-study of the problem in the light of the new evidence. The 
matter was therefore laid before Secretary \Valcott, of the Smith
sonian Institution. He promptly approved of the general plan of the 
work, and in May of the present year the writer spent several days 
on the ground, and has since been in frequent consultation and cor
respondence with i\Iessrs. D. M. Barringer and D. C. Tilghman, the 
prime movers in the development work. The results are given in 
the following pages. The clos ing down of the works at this time, 
owing to the approach of winter, furni shes a convenient halting place 
in the investiga tion. 

II . GEOLOGY ANO PHYSIOGRAPHY OF RGCION 

The region about Canyon Diablo i an elevated and nearly level 
andy plain, the fl oor o f which is composed in the main of a buff-col

ored arenaceous limestone known a. the \ubrey ( Carb niferous) lime
stone. Thi is capped here and there by low, elongated flat-topp.ed 
mesas of red sandstone, which are but residual s from a one-time 
continuous stratum that covered the entire a rea. The limestone is 
underlaid by a highly siliceou. sandstone of a gray or faintly buff 
tinge (also Carboniferous), and thi s in turn by a yellow, merging 
into reel, sand tone. The exact thickn ess at thi s point of any of these 
bed. can not be given. The U. S. Geological Survey, basing their 
estimates on results of well borings at \ i\T inona, some 30 miles distant, 

'Coon Mountain and Its Crate r, by D. M. Ba rringer, and Coon Butte, by 
B. C. Tilghman, Proc. Acad. of Sciences of Ph iladelph ia, 1906, pp. 86r-914. 

2 At th e December, 1900, meeting of th e Cc logical S cicty of Amer ica, in 
New York, Prof. H. L. Fairchild, of Rochester, submitted some lantern slides 
of the crater and announced his acceptance of this hypothesis. 
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g ive the Aubrey limestone at Canyon Diablo as probably not far 
from 3 0 0 feet in thickn ess, the g ray sandstone 400 to 500 feet 
in thickn ess, and the still lower yellow-red sandstone about 1,000 

feet in thickness. 1 The residual overlying red sandstone in the 
mesas is rarely over 15 to 2 0 feet in thickness, never, according to 
Mr. Barringer, over 50 feet. Th ese beds al1 li e approximately 
hori zontally, and almost as little di sturbed by orographic movements 
and other dynamic agencie than thos.e of erosion as when first laid 
down. The country is· arid, the average annual rainfall being but 
8 inches. The dryness of the soil consequent upon thi s sli ght pre
cipitation is increased by numerous deep canyons and even earth 
crack ,2 which quickly drain off all surface water. The country is 
e sentially a de ert, though affo rding at ce rtain seasons of the year 
good pas turage fo r num erous fl ocks of sheep. Viewed from a slight 
elevation, and parti cula rly when the sun is approaching the horizon, 
these g reat stretches of o- ray plain , with their scanty vegetation 
and occasional streaks of reel from the res idual sandstone mesas, 
a re fascina ting in the extreme and wel1 merit the descriptive name 
of "Painted Desert," as applied by the early explorers of the region 
to the northwest, of which they a re but a continuation. 

] II. T m~ C RAT F.R 

Historical R efere11ces .-The occurrence of a peculia r crater-form 
depression within an elevated rim of limestone and sandstone, some 5 
miles south of the railroad and 1 2 miles south east of Canyon Diablo, 
has been kn own fo r several yea rs, but was fir. t brought prominently 
before th e scientific " ·orlcl by A. E . Foote3 in r891, and through the 
later wri t ings of G. K . Gilbert,4 D. M. Barringer, B. C. Tilgfo11an ,5 

a nd others. 
Thi s crnter , throug h a sing ularl y inapprop riate use of terms, has 

become known in the literature as Coo n Mo 1111tafo, or Coon Butte, 
althotw h occurring in a region where raccoons are rarely known 

'The record a t Winona, where t he li me, tone had hcen ve ry considerably 
eroded, was : Aubrey lim es toue. r85 feet ; light g ray sand stone, 456 feet ; r ed 
sands tone. 16 + fee t. (Darton.) 

2 The Ca nyon Diahlo. the Ca nyon o f the Li tt lc Colo rado, th e Grand Canyon 
of the Colorado, a nrl the earthquake cracks descri bed by Gilbert ( Science, vo l. 
n , 1895, p. 117) a re su ffic ient exa mpl es of t he,e. 

3 A meri ca n Journa l of Sc ience. \·o l. x 1.11 , 189 1. p . .i 1.3. 
◄ P res ident ia l Address, Geol. Soc. of \ -Vas hing ton. 189'5; a lso Sc ience, vol. 

11[, 1896, p. r. 
• Coon Mou nta in and I ts C rate r, P roc. A cad. Natura l Sciences, March, 19o6, 

p. 86r. 
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and partak ing of the nature neither of a mountain 11 r but te. . t 
best, the elevation is but a low, circula r rid 0 ·c, and in the existin,,,; 
cond it ion o f our knowledge mig ht lie \\' ,Jl renamed i\Ictcor Crater. 

External A pt,cara 11 rc.-, \ s seen from th e rail road and other 
point withi n a few mile , the crat r r im ri e above the level of the 
plain in the fo rm of a low hi ll with peculia rit ies of contour and 
surface config urati on that at once catch the eye of the observant 
and serve to di ffcrcntiate it from the sur rounding mesas. Its ap
pearance, a viewed from the n rthcast and from th e south, is 
hown in plate r.x r. E a t and wet views differ in deta il, which, 

though of imp rtancc in connection \\'ith th e rig-in of the crater 
itself, a rc n t suffi cien tly conspicuous in the photographs to warrant 
re1 roduction. 

near view hows the ma s of the crat r rim ( as the hill proves 
to be) t be comr osed, so far as vi ible, of loose, unc nsolicla ted 
mat r ial in fragment of a ll sizes from microsc pie cl tt t to 1 locks 
weighing hundred. of tons (pl. 1,xrr) . T he jacrgcd natur· o f the 
ri !ere increa c until the ummi t ( pl. LXI H) i. r eached, where a 
full view of the phenomenon ancl its sm-rou1Hli11 gs is obta in ed (sec 
pl. LX lV, fig·. I and 2) 1 . F r m thi point it is seen that the crater 
wall. a rc composed of the crushed, broken, a nd bent strata of the 
li mestone and sandston' fo rming the floo r of the surrounding 
plai n (pl. r,x v), and which dip away from it in all direction. In 
other words, the structure is that which i kno\\'n as quaquavc rsal. 
T he crater rim is a t it highest point 160 feet ab vc the pla in. ac-
orcl ing to i\rr. Barringer , an d at its lo\\'cst 120 fee t. In outlin e 

the ·rater is itself nea rly circula r , th ugh sho1\'in g- numerous minor 
l cfo rma tions ( :cc contou r map, pl. r ,X\' 1) . T he d iam ter along an 
cast to west lin e is given as 3,80 f ct ; along a north and _outh line 
as 3/,5-1- feet." and th ' dep th as appr ximately JOO feet from the 
crest of the ri m, thoug h, as will be notc:cl, thi s is considerably short 
of th orig inal depth. 

Details oj' t rnc/11 r e.-.\ already not cl, the crater rim is com
po. cd exteriorl y, so fa r as c.·po cd to viell' , of Joos ly con oliclatcd 
fragmc11tal ma teria l, for the mo. t part ang ular, an d beyond qucs-

'The Yicw from th i p int, par ticu larly about . undown or hy 111 on light, is 
w ird and imprc,s i,·e in the extreme. T he in\\'ardly steep and e,·cn overha ng
ing wall s. profoundly sha ttered, surround ing on e1·e ry side a broad, deep pi t, 
access ibl e nl y by th ' stee pest of tra il s, ba rren o f all but th e scant ie t f Yege
table life and ga, hed uy to r ren ti al act ion. present a pictu re wh ich, when one 
rcOccls on its probable origi n, is never to be fo rgotten. 

'Lat' r measu rements by ;1f r. Lomba rd, of Flag taff, gi,·e the majo r diameter 
as 3,950 feet and the les er 3,850 feet. 
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ti n de rived from what is now the crater interi r. Ma se of and
stone and limestone, from the finest rock-ilour to th sc weig hin ;>" 
hundred and even th usancl f tons, are scattered about in the 
wil dc,,t profo ion (sec pis. 1.::--11 and 1. .· 111) . The larger bl cks arc of 
li111e,-tonc 1 ut thi s, a noted by Gilbert, is du to the rapid disintegra
tion of the andstonc under atmosph ric inOucnces. They are mo t 
abundant n the east and we t slope. , and li e n or nea r the crest 
of the rim, from which the dcb ri spread: ou t in gradually dimini h
ing quan titi s for di stances varying from one-fourth of a mile to 
n 'arl y a mile , or in omc instanc s, according to ,i lbert , to a di -
lance of 3,½ miles. 'l'h e block shown in figure 12 f "\fr. Gilbert'. 
paper is clescrib cl as IO feet in height and as lying some half a 
mile utsidc of the crater rim. Pcrhap the most sig nificant feature 
of the cjectamenta is the occu rrence of enormous masses o f the ~and
. tone \\'hich have undergone a partial metamorphi sm throug h cru sh
ing ancl heat in a mann er to be described "hen speaking of the 
materia ls found inside of the crate r. 1t is suftic icnt to sta te here 
that this mat ri a l must have come from a depth of at least 300 

feet below the original . urfacc. ] 11 thi s connection may be mentioned 
a lso the r ck-Aour ("silica" o f "\Ir. Harringer's pap r ), which. ,rli il c 
occurring on nearly all sides o f the crater, is particularly 11 picu
ous on the south rn slope. wh re it has been cu t through 1 y a dry 
'\,·ash ,'' and i exp sed for a di tancc f hunclrccls of feet to a depth 
in some cases of upward of IO feet (sec pl. LX\' 11, fig. 1). 'l'hi · is of 
a chalky white color , has a sha rp. gritty feeling \\'h 11 rubbed hct\\·ecn 
the thumb and finger s, and. a shown b~· th ' micro cope, is compo ed 
of the shattered g ra ins of the o-ray sandstone. Tt will al o be de
scr ibed in detai l later . 

. \ t yariou. poi nt s along the lmrc r margin of the crater, an d par
ticula rly tmrard the north, ar many low, ron ndccl, moraine-like 
clcpo: it s c mp scd of the same material as the rim, hut fo r the most 
pa rt in a cornparali vcly fine late f Ii . aggregation ( cc pl. 1.x , · 11 1. 

fi g. 1) . In pits and trcnche , sunk in th e e, arc found frag-m nts o f 
a ll th rock ind igenou. to the crater , and, what is of still greate r 
inter st , many of th e shale-ball irons described cl-;c,,·hcrc' and 
first 1 rought to II li ce by "\Ir. Barring r. The occur rence of thcs 
i full y clcscribccl by :-fr. 11arringcr , and uhsequcnt cxca,·ati ns made 
in the write r 's pre cncc corroborated hi cle~cription in eve ry 

'Sec a lso Contribution, to the Study of the Canyon Diablo :\l ctcori tcs by 
George P. i\fcrri ll and \\'irt Tassin, Smith. 1li ·c. Collections Quarterly 
Tssue), yo!. 50, p. 203, September, 1907. 
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detail. The position they occupy is such as can be accounted for 
only on the supposition that all the material composing the deposit 
was in th e air at the same moment of time and was deposited 
" pell mell," wholly without order or reference to gravity, as it fell 
to the ground. Mr. Barringer speaks of one mass of the iron, found 
some 6 feet beneath th e surface, embedded mainly in the fine white 
rock-flour ("silica") and directly 1 eneath an angular frag111ent of 
reel sandstone several feet in diameter, overlying which was a piece 
of limestone, and over thi s again one of sandstone. 

The rim of the crater is, as stated, at its highest point some 16o 
feet above the surface of the plain, with a very conspicuous low 
place ( see pl. r,x1v ) on its northern ide. The 5,8oo-foot contour 
line ( see pl. LXVI) passes along this crest, and it is seen that on 
the north, and for the most part on the east and south, this is 
a 111ere ridge ( pl. r,x I u, fig. 2) sloping a way abruptly on either hand. 
To the west and southwest the 5,800-foot contour includes two long 
and comparatively broad areas, near the middle of the southwestern 
of which are found the highest points on the rim-5,860 and 5,863 
feet. The supposed sig nificance of these features of the crest will 
be noted later. 

A glance at the interior walls of the crater shows at once its 
nature, if not origin (see pis. LXV and Lx1x). The detail s 
have been given very fully by Mes rs. Barringer and Tilghman 
and less so by Gilbert. They consi t of st rata, principally of the 
limestone, but loca ll y of . anclstone also, "crushed and shattered to 
an extraordinary degree" and dipping away (i. e., outward) on all 
sides at ang les of from 10° to 80°, or, in one instance, with an over
turn of at lea t 10° from the vertical. The wall are steep and often 
overhanging, for hundreds of feet accessible but to birds, and of so 
loose and friable a character as to make exploration dano-erou . A 
single fal se step may set tons of loose material slipping and plung
ing down the steep slope. The illustrations utterly fail to convey an 
idea of their impressive as well as dangerous character. The typical 
sections here given were made by Mr. Tilghman , to whom I am in
debted for the privilege of utili zing them. It vv11l be 1ioted that at 
Station 5 (see diagram, figs. 124 and 125) the crater wall is composed, 
below the surface debris, of ( 1) a thin bed of red sandstone, and 
(2) the Aubrey limestone, dipping southwesterly 35°, the cliff face 
sloping inward at an average angle of 34°. The underlying white 
sandstone does not show at this point, being obscured by talus fallen 
from the cliffs above and the sedimentary beds formed in the bottom 
of the crater. The "typical east rim' ' section (<:; tation 18, fig. 125) 
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1. INTERIOR WAL L OF CRATER, LOOKING NORTHWARD 

2 . LOOKING ACROSS CRATER FROM NORTH, SHOWING FAULTING (BENEATH ARROW) IN 
SOUTHERN RIM 
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is by far the most striking and suggestive of the series. No red 
sandstone is here vi ible. Th e limestone is shattered and turned up 
at an ano-le of 80°, the cliff face having an a verage slope of about 46° . 
Immediately beneath this appear th e white sandstone, at fir st 
crushed to powder, but beneath g radually as urning a more solid 
form, until at the bottom of the outcrop it is nearly normal in ex-
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Fie. 125.-Diagram Showing P sition of Drill Holes and Shafts in Bottom of 
Crater. 

ternal appearance. This, too, dip away at a high but smaller angle 
than the limestone, which is undoubtedly faulted against it, as 
shown in the sketch. An almost equally interes ting point in the rim 
is that at Station I6 ( S. 56° E.), where the sandstone in the face of 
the cliff i fau lted up so a to abut squarely again st the lime. tone, 
the beds to the northeast having a dip of 44°-54°, while those to the 
southwest lie at angles of but 6°-20°. This vertical fau lt is shown 
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somewhat indistinctl y at the p int directly beneath the a r row 111 

fi g . 2, pl. L XV. 

T he " typica l :\Orth Ji ff' ' ect ion ( Station 28) how aga 111 a thi n 
bed o f red sandston underl ying th e surface clebri , d ipping ' out war 1 
at a n ang le of 36° , under which i the yel low lim esl ne ly ing nea rl y 
at the ame ang le, and benea th th i again the white sandstone. The 
lope of the cliff fac ing th e crat r is !1en : 49° to 6o 0

• T he " typical 
South Cl iff ' ( tation Li- ) shows likewi e the r d sandstone a nd 
yellow lime tone di pping a t angles of 12 ° to 1..j. 

0
, with the ang le of 

slope of the interior wall sta ndi1w as h igh a 76° . r\ ve ry littl e white 
sand. tone hows throug h th top of the talus beneath the lime. tone. 

T hese example are suffi ient t conv y a n idea of the remarkable 
character o f the crate r wa ll s. T he follo \\·ing table fr 111 ::S[ r. 'I' ilo-h
rnan·s note i . however, inserted (compa re fi o-. 125) : 

S ta. r, nor th 60° \ V., <l ip ; 
2 , " 730 \ V. , " 
3, 78° \V . , " 

" 4,s011 Lh 76° \ V . , 
5, " 580 \ V., II 

'' 6 , " 5 20 \ V. , II 

7, 42° \ V. , 

red sa n 1sto ne, 
( I I I 

r5° ; liw e tone, 
300 ; 

17° ; 
" co,·ered up ; 

inacce s. ,l,iff, 
190 

35° 
35° 
2 0 

76° , a v. 
500 , ' ' 
400 , ,. 
35° , " 
340, , 1 
34° , . , 
34° , 

I C 8, , , 340 \V. , {~;:} 
broken , 85° 

9. 24° \V., " 
IO, 15° \V. ' 
J I, 00 \\~. , H 

1 2 , 10 ° F:. , ' ' 
" 13, 140 E. I ,, 

" r4, 230 E. ' 
15. 48° E . , " 

6 60 E. fa ult { west of fault 1 
, 5 • cast of fa ult 

70 ; 
to0

; 

130 ; 
16° ; 
10° ; 
J ?o . 

30; 

17, 770 R., ,c no ne ; 
" 18, 85° E ., al I broken 11 p- 11O reel sand stone, 

19, nort h o0 E, too brok en to llleasure; limeston e , 
" 20, " 75° E., dip; r"cl sn nds tone,9°-12° ; 

2 l , ' ' 62° E I • ' ' ' 
11 28° ; 

" Ext. , " with in few feet ;" 
" 2 2, II 58° E I di p; " 
" 23, II 420 E ' H 

Ii 24, " 3SO E ., " 
" 25, 20° E ., dip ; reel sa ndstone, 
" 26, 8° E. I " " " 

"27, 5 0 \ V.," 

" 28 , 

, , 29, 

18° \V. , " 

53° ; 

60 ; 

95° 

4 , o , (I 

3701 II 

44° , " 
66° , 
760, II 

33°, 
400, 
4601 II 

.-.,30, Cf 

500, " 
54 ° , " 

4 I o, " 
460, " 
460, " 
44°, " 
400, 
42° , " 

cl ifT , 60° " 
s lope, 490: ' ' 

''. 500-52 0, , . 
c li fT, 70°, 

7 J O I H 

60°, " 
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IV. Tn c: CRATER FLOOll 

Physiogra,phy.-As already noted, the crater has at present a 
maximum depth of 6oo feet, measured from the crest of the rim, or 
about 440 feet below the level of the plain. ] eyond the fringing reef 
of talus the floor presents a nearly level plain of over 300 acres in ex
tent, surrounded on all sides by well -nig h in accessible cliffs (see pis. 
LX rx and LXX). It needs but a glance, how ver, to show that a large 
amount of materia l has fall en from th e interior walls through the 
action of g rav ity, water, and frost ( pl. r,xvnr, fig. 2), and that the 
original depth must have been considerabl _v greater. How much 
g reater could be only g ue sed at until the borings incident to the 
development work of Messrs. Barringer and Tilghman were under
taken. A number of drill-holes have now been sunk to depths up 

1 ,100 feet, and fro111 the results thus obtained we are enabled 
to ga in a record entirely inacce sib le at the time Mr. Gilbert made 
his studi es, and which throws such light upon the subj ect as to 
justify us in reverting once 111ore to the original hypothesis, as set 
out in M r. Gilbert's paper and advocated by Mess r . Barringer and 
Tilghman- that of an origi n th rough impact of a g iant meteorite. 

Results of Bori11gs.-Below are given the results of one of these 
borings (hole No. r 7), situated 6oo feet south, 84 ° ea t (true) of 
the center of the crater and starting on a surface 540 feet below the 
r im, or 400 feet below the level of the plain. ( See fig. 125.) 

Feet. 

( 1) Surface materi al, soi l, sand, and wash from cliffs....... . .... . . o- 27 

( 2) Lake-bed form ati ons, lying hori z nta ll y and containing diatoms, 
shell s of mollu sks, and abundant gypsum crystals.......... . .. 27- 88 

(3) A sand which gives react ion fo r nickel and iron and contains 
fragm nts of metamorphosed sa nd tone, sand stone pumice, etc. 85-220 

(4) Sand and rock, sa nd grains cn :shed slightly, if any, and not 
metamorphosed, barren of meteoric material. ........ . ... . .... 220-520 

(5) Sand and "silica" (rock-flou r ), with abundant slag-like material 
containing iron and nickel, and metamorphosed sandstone ...... 52o-600 

(6) Fine sili ca powder ( rock-flou r ) and sand, no meteoric material. . 6oo----620 

(7) Bed-rock, a g rayi h sandstone rap idl y becoming yellow and harder, 
not metamorphosed ................. . .. ... . .. ..... . ......... 620-720 

A le s detailed record of hole No. 12 is as fo llows : 

Surface soil, blown sand, etc .............. . ......... .. . . . .. . . . 
Lake-bed deposits ....... . . . . ............ . . ... .. ... . . . ... ... . . 
Sand (rock-flour ), sand tone in part metamorphosed .... . .. . .. . 
Rock, at first soft and shattered, but becomi ng gradually ha rder 

0- 30 

30- 90 

go-630 

as greater depths were reached ............. . .. . . . ... ... .. . . . 63o-830 
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1. DRY WASH, SOUTH SIDE OF OUTER RIM 2. WHALE ROCK ON WEST RIM 

3. BOULDER ON RIM OF CRATER, WEST SIDE 
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1. MORAINE-LIKE HILLS ON NORTHERN RIM OF CRATER 

2. INTERIOR WALLS OF CRATER, WITH TALUS AND ALLUVIAL FANS FROM CLIFFS 
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1'he yellow to red sandstone, which seems everywhere to form the 
fl oor of the crater, was first st ruck at a depth of 820 feet. Meteoric 
material-i. e., materia l reacting for nickel and iron-was fi rst en
countered at a depth of 180 feet, and continued ,v ith few exceptions 
in all . amples dow n to 600 feet. 

li ke record o f other h lcs is as below: 

No. 7 yi Idec! matcri :1 I reacting fo r nickel at depth of 450-550 fe et. 
" 595-640 " No. 

No. 
No. 
N o. 
No. 
No. 
No. 
No. 
No. 
N o. 
No. 

12 
13 
14 
IS 
16 
17 
20 
21 
22 

23 
24 

" 598-660 " 
" 54o-620 " 
" '59o-600 " 
" 540-620 " 
" 520-580 " 
" 64o-680 " 
" 620-640 " 
" 6oo-620 " 
" 52o-620 " 
" 550-650 " 

The follow ing table in connection with fio·urc 124 and r25 i · 111 -

strnctive as showing the condition of the deeper lying bed s and the 
varying cl pth at whi ch what could be unmi stakably identified as the 
underlying red bed were reached: 

I 
Hole Red beds fo und Tota l depth 
No. at depths of- of hole. _ _ \ _____ [---

5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 

22 
23 

885 feet .. ... . . . 
890 feet . ..... . 
905 feet ....... . 
900 feet ....... . 
Not reach ed . . . 

830 feet.. ..... . 
875 fee t .. .... . . 
Not reach ed .. . 

860 feet ....... . 
rot res.~!.;.e~ 

I ,003 feet. .... . 
r ,059 fee t. . . .. . 
960 feet . ..... . . 
1,08 , feet 7 in .. 
670 feet. ... . . . . 
745 feet .... . . . . 
8_;o fee t. ..... . . 
88 r feet .... . .. . 
740 feel. . . ... . . 
780 feet ... .... . 
750 feet ....... . 
750 feet ..... .. . 
720 feet . . . .. . . . 
660 feet . .. . . .. . 
680 feet . . .... . 
78o feet ..... . . . 
760 fee t . ...... . 
86o feet ....... . 
800 fee t ...... . . 

Remarks. 

Solid cores obta ined below r ,030 feet . 

Solid cores obta in ed below 1,030 feet . 

Solid rock l:elow 640 feet. 
" 640 fee t . 

700 feet. 
640 fee t. 
670 feet . 
650 feet . 
640 feet. 
600 feet. 
630 fee t . 
620 feet. 
720 feet. 
66o feet. 
650 feet. 
660 feet . 

T he e records are sufficiently chara ·teristic to serve our purpose. 
J t is evident that the bottom of the crater was occupied at one time 
by a shallow lake, in wh ich lived diatoms and fres h-water mollusks, 

'Traces only. 
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and n the bottom of which accumulated, during periods of drought, 
the depos it of earl nate of lime and gyp um so characteristic of 
th playa lakes of th e \\·es t. 'l'his naturally thins ou t along the 
mare-in where it overlap, the fragmental mate rial from the steep 
lopes. X one of this needs a tt ention in th ' di scussion of the present 

probl em . The crushed and metamorphosed white and tone under-

Fie. 126.-Sh<m ing the :\licrnstrnctun: of the Rock flour . The a nuular 
particles are all o f quartz. 

lying it needs, ho\\·cvcr, careful consideration. T hi has been al ready 
the subject of hrid notice h) the write r,1 hut is o f su1fici enl im
portance. as bearing· upon the matte!' of orig in o f the -rate r, to be 
elaborated here. 

Pc/rograph ic fJcscrip1io11 of R,lck Prod11cts.- 'l'he unaltered gray 
sandst ne, which ha-; already been rderre I to as unclcrlying the 
lime tone and ha\·in g an approx imate thicknes o f 4 00 or 500 

fc t, is in its typical form of a nry light gray or nearly wh ite 
color, and i composed \\·holly of \\·ell-rounded. clear. c lorless 
grains of quartz sand. with an occasional fragment o f feldspar. 
.\ photomic rograph of thi is given in figure 1 plate LXXI. Thi s 
rock, as shown in th e boring~ an<! as noted in the de cription of the 
crater \\'a ll s, i ' o ften much shattered and crushed and is found in 

' On a P ecu li ar F o rm of Mclamorphi m in Sil iceous Sand s! ne, Proc. U. S. 
Nat. Mus., vol. xxxu, 1907, pp. 547-550. 
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IN TER IOR OF CRATE !(, SH OWING N EARLY LEVEL FLOOR, LOOKING SOUTH 
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INTER IOR OF CRATER SH OWI NG N EAR VIEW OF SO UTH WA L L 
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a ll gradations, from that just described to the white, almost dust
like J)o ,,·clc r de irrnatccl as " ilica" h v :\fcssrs. narrin~·cr and Ti lg h-t-i ., <. ~ 

man, but ,r hi ch the writer of thi s paper will refer to a . rock-fl our. 
This, interspe rsed with more or less firm material, occupies a large 
portion of the crater from the 85- or 90-f ot level clown to the 
un clerl yino- red bed , a di sta nce in round numbers f 500 feet . It is 
fo und also wherever pits have been sunk on the ext rior marg in of 
th e ri m and in deposits comprisin~· the thousands of tons of materi a l 
shown in fi g ure r of plates LX\ n an<l 1.xvI1r. !1ctwccn the thumb 
and finger thi s material , not \\·ith. tanding it. fincnes. , has a sha rp 
g ritt y feeli ng, a nd under the micr scope is seen to be c mpo eel 
wholl y of the sharply angular bits of quartz clerivccl from the shat
tering of the individual grains of sand ( sc fig. 120). It ha been 
unquestionably de rived from the sandstone, a nd that, to , not by 
si111plc d isintegrat ion, but through . ome dynamic ag ncy acting like 
a sha rp and trcmendou. ly J)O\\'crful hlo\\' . 

Comm ing led with this material in the bottom of the crater ( a . 
sho,\·n by shafts), and to a less xtcnt around th e' marg in and in 
scatte red mas.es outsi de of the rim. arc fragmen ts o f \\·hat is 
pla inly sandstone. hut of an almost snO\ ·-while color . and so friab le 
a to be r adily crushed between the thumb and finge rs ( loca ll y 
known a ghost sandstone). \\"ith these. but Jes abundant, a rc more 
compact , but platy form., a lmost devoid of appreciable g ranular 
structure, but which ,,·ere yet recognized by :\kssr . narri ngc r a nd 
Tilg hman a andst nc deri\·ativcs, and. more rarely yet. ome 
coar ely and fin ely pumiceous fo rms, the e.·act nature of \r h ich wa 
unc rtain. These la t were examined b)· :\Jr. Dille r a nd repor ted 
upon to l\1r. Gi lbert at the time he \\·as making hi ~ studies, but the 
result ,rerc not published. 

The foll owing is an amended descr iption of these c ru he I and 
otherwise altered form as giyen by the author in hi paper above 
referred to : 

The sandstone (Cat. I o. 76,834, U. S. "N". :\L) in its o riginal and 
pr va iling type is of a light-gray color. di. tinctly . accharoidal and, 
in the wall s of the crater. very friable, being in small ma cs ea il _v 
d isintegrated 111 the hands. nder the micro cope it is found to 
be composed o f well -rounded qua rlz granules, \\"ith an occas iona l 
grain of a plagioclasc feldspar, and a little dust-like material in the 
intersti ces, but the amount of interstitial material of any kind is 
very small. Th e ,.;eneral l ructurc of the stone is shown in fio-ure 
J , plate Lx x r. Thi s type pas. cs into \\"hat may be ca lled th e fir st 
phase of the mctamorphi m, an almost chalky white rock ( Cat. No. 
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76,835, U. S. N. :-I. ), still retaining the g ranu lar character and 
much of the orig inal structure of the sandstone, but cru hing readily 
between the thu mb and fin o·er. . U nder the microscope this type 
shows interesting structural chan e which are only in part brought 
out by the photomicrograph reproduced in figure 2, plate LXX r. 

portion of th e quartz granul e.- reta in thei r orig inal cha racteri stics. 
A large r portion a re crushed and more or less distorted, though re
taining their limpidity and hi gh p la ri zation color . In many in
stances two adjacent granule are crushed and fractu red at point 
of contact, as thoug h th ey had been struck a harp bl w with a 
hammer. T his crushing has at times 1 een carried o fa r that the 
rock is reduced to a fin e sand or flour (Cat. J\;o. 76,840 U.S . N. M.), 
each particl e o f which i. as sha rply angular a though di sin tegrated 
by a blast of dy namite ( see fig. J26) . f g reater ign ificance from 
the pre ent stand point is th e presence in the still fi rm rock of a la rge 
number of g-ranul es which are o comp] ' tely change 1 as to g ive 
ri se to fo rms at first g lance sca rcely r cogni zable as quartzes at 
all. \ desc ription of the. e is ,., iven in the discussion of the next 
or second phase of th e metamorphi sm. 

In thi s second and very compl ete phase the orig inal g ranul ar 
structure of the sand stone ha almost wholl y di appea red. The 
rock (Cat. No. 76.837, U. S. N . M.; fig. r, pl. Lxx rr ) is chalk white 
to cream yellow in color. quite hard. th ug h in thin fragment 
readi ly broken between th e thu ml and fin ge rs. and lacks entirely the 
arenaceous tructure. It re emble the decomposed chert quarried 
at Seneca. lVT is. ouri , under the name of tri poli. more than any other 
rock that the writer can call to mind, although on casual inspection 
it might read il y pass fo r an old siliceous or calcareous sinter. This 
material , Mr. Tilghman write . occurs sporadica ll y throughout the 
pulverulent material. of which it constitutes s me 2 per cen t in bulk, 
and in fragments from. the fraction of an inch to IO or r2 feet in 
diamete r. In one in tance the drill pas eel throtwh a body of it 
some 50 feet in thickness at a depth of 500 feet below the surface. 
Tn the mass thi s variety shows an uneven platy structure extending 
across the ori crina l. a lmost obliterated. li ne. of bedding. The general 
structure as seen in thin -sections is shown in fi g ure 3, plate r.xxr. At 
first g lance such would be pronounced to be a holocrystalline rock. 
It is in fact an aggregate o f closely interlocking quartz g ranules with 
low and ve ry uniform relief, dull colors of polarization, and in the 
maj ority of in stances a marked rhomboheclral cleavage. So striking 
a re these featu res that at first the true nature of the mineral was not 
recognized. Extinctions are often undulatory, indicating a condition 
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of molecular train, and the cl avage lines are themselves at times 
more or less wavy ( fi g. 5, pl. LXXI ). The appearance indeed is 
such as to sugge t that the g ran ule ha, e been subj ected to pressure 
while in an alrn t putty-like or pla ti c condition. With a high 
power and between c1· s,ecl ni cols the rock is seen to be not holo
crystalline, but to contain comparatively small colorless interstitial 
areas, shO\\·ing by ordinary li o-ht a fib ro us, scaly structure, but which 
a re fo r the most part completely isotropic between cros. eel nicols and 
which the chemi cal analysis suggests may be opal. From this condi
ti on the rock passes through more or less vesicu lar (fig. 2 . pl. LXxn) 

to highly pnmiceous fo rms( Cat. Nos. 76.839 and 76.840,U.S . N.M.), 
showing to the unaided e,-c all the features of an obsidian pumice, but 
of a white color (figs. 3 and 4, pl. LXX II ) . Thi s under the microscope 
is resolved int a colorl ess v sicul ar g lass, 111ore or less muddied 
through dust-like materi al ( fi g . 4, pl. Lxx r), and showing here and 
there residua l pa rt icles o f unaltered qua rtz. The glass does not, 
however,· resemble the g la s of a pumice, nor is it like that obtained 
by the a rtificial fu sion of quartz in the geophysical laboratories of 
the Carn egie Institution. So fa r a th e wri ter's observations go, it 
more closely resembles ful g urite g lass, fo rmed by the lightning 
st riking in siliceous sand. It is ev ident that the original molten 
mate ri al was in a highly viscous, almost dough-like condition. The 
cavity wa ll s are st ringy rath er than smooth , as in ordinary pumice, 
an I rough fiber. or trings of true quartz g-Jass stretch fro111 wall 
to wall , as shown ornewhat incli tinctly in figure 3 of plate Lxxr. 
Thi s form . it is well to note. is not abundant and i the material first 
met with in what Mr. I ;a rri1io-er has cl esi?"natecl as shaft No. 2 and 
at a depth of 130 feet below the crater Aoor. A few small pieces 
were fo un I in d igging the open cuts outside of the crater, and others 
lying out on the surface. 

Ch emical tests on ( I ). the unal tered sandstone; ( II), what may 
be called the cry ·talline va ri ety , th e finely laminated stone compared 
to a decomp secl chert, and ( ITI ), the pumice, gave Mr. Ta sin re
sults as below : 

(T) U naltered sandstone. { Si 0, · · · · · · · · · · · • • • . . . . .... . 
· · · ·· · · · · U nclet. .. . . . . . . .. . . . ...... .. . 

99 .29 
0 . 71 

I00.00 

{

SiO, .. . .. . ... . .. .. ........... 98 .63 
Ab 3 • ••• •••• · . • ••••• ••• • • • • O . I8 

( IT ) Altered sand stone...... . . . .... f.c,O, . . . . . . . . . .. . . . . . .. . . . . . o . 10 

Ign . . . . . . . . . . . .. . . . . .. . . . . . . 0.99 
· Loss at 100°.. . .. . . . ........ . 0 .30 

100 . 20 
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r SiO, ... . . . . . . . .. . . . .. . . ... . . 
Al,O, .. . ... . . ... . ....• . . . ... 

( 111 ) Pumiccou· va ri ety ...... .... . · t ~:,g, .·.·.·.·.·.·.·.·.·.·.·.·.:: :: : : : : : : : 
fgn .. . .. .. ~ .. . . .. . .... . .... . 
Loss at roo .. .. . .. . . .. .. . . . . 

[VOL. 50 

95.22 
0 .59 
0 . 19 
l -99 
I. 20 
0 .40 

99.59 

Th e lime in ana ly i III was there a a mechanically admixed 
carbonate. T he high ig nition ( 0.99) in II would suggest that a 
part of the s il ica is in the condition of opal, a al ready noted. E limi
nating the ig nition and the free calcium carbonate in III, it i evident 
that there i no e. ential ch mica! diffe rence in the three . amples. 
Th r va ry as little as " . uld probably three independent analyses 
of any one of the types from slightly di ffe rent source .1 

The dist ribution about the crater of th is altered and tone is of 
primary importance. T he occurrence of the ilica powder ( rock
nou r ) in the cl ry wa h on the outh side ha been already referred 
to. :\Ir. Darr ing-er states that th ame material i met with almost 
anp ,·here in digging on th outside of the rim, and the shafts and 
trenche unk how it t extend t a depth of at •lea t -+ feet, com
mingled " ·ith frag ment o f lime tone and sand t ne, both unaltered 
and in the ,rhi t , pul verulent condition. , \ s described, it ha "evi
dently 11·el led out f the crater almost like liquid mud, r , perhaps 
more accurat ly, like A ur when it i poured ut of a barrel" ( p. 870) . 

The pre ent ,niter d tw fragments of the altered, white, friable 
and tone from t renches on the north side, and the same materia l 

from the Aoor of the low place in the north crest f the rim. T he 
fin ely pumiceou , almo t wh lly g lassy mater ia l, the rarest of all , 
has been found only in haft unk from the bottom of the crater, 
but the coarser materia l was fo und in small quantities well out on 
the 10\Yer lope to the outh. T he chemical and petrographic 11·ork 
of Messrs. Melvi lle and iller, el ewhere referred to, ,ms done on 
mate rial found on the surface and outside of the crater rim. 

T he work of boring, as carri ed on in the in te rior of the crater, 
,ras done with a too thed, hardened steel bit, g iving a 2,½ -inch core. 
Th rouo·hout the 500 f et of crushed andstone a la ro-e portion of the 
ma terial was wa heel up by a current of water in th e form of loo e 

1 t the tim e Mr. Gi lbe rt was maki ng hi s im·estiga lions a chemical analysis 
was made by \\ . H . :\ fch·ill e o f the yes icula r va ri ety ( N o. III). Th is Mr. 
Gilber t has pl aced in my hand . It is a fo llo\\·s : SiO,, 89.71 ; Al,O,, r.20 ; 
F eO, 0.34 ; Ca 0 , 4.22 ; MgO, 0.22; K,O. 0.15 ; Na,O, 0.2-1-; Co,, 3.25; Ign., 
0.74; loss at 100°, 0.20; total, roo.27. 
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. and. part of thi s \\·as nickel-bearing, as noted in the record g iven 
of the borings, and in some instances, notably holes No. r6 and 20 

(Fig. T2j), ca rri ed metallic particles. The pre ence of thi s nickel
bearing sand wa naturally of g reat ignificance, and attempts were 
made t i olate the nickeli fe rous mineral in order to ascertain its pos
sibl e meteori c character. The white sand sho,Yed numerous slag-like 
granules, which , in the section, were fo11nd to be composed of sand 
g ra in s cemented by iron oxides , and larger g ranu le ( ¼ mm.) of a 
gr eni sh olor, the ni ckel reaction bein <Y limited to the latter. Exam
in ed un der th e microscope . th c. e pnwecl t be aggr gates of fine 
ang ular bit. of the quartz ~an d. sta ined by a greenish , amorphous 
mate ri al. c ncernino- the true nature of which the microscope re
,·caled nothing. 

TTolc . ~ o. 17 yielded at a depth of 5 20 feet abundant sand g rains 
stained brown-red by iron oxide. and commingled wi th it occasional 
minute-perhaps 1 111111. in d iameter-thin metallic scale , which it 
\\·as at fir st thought might have come from th e drill, but which Mr. 
Tas. in's te. ts sh wed to consist of phosphide f ir n and to be un
q11cstio11ahh· sch reiber. itc and o f meteoric orig in . Small scales of 
~1ickcl-iron rcrc also founcl, 1 and in one instance (hole No. 16) a 
nu mber o f chro111ite and fayali c ( ?) gTanul cs. T he source of these 
la . t is conjectural . . incc neither min eral has thu .- fa r been identified 
in th e meteoric iron. thou •2 h Derh1· gives a trac of ch rom ium in 
th e analysis note 1 late r. a r ful ea rch was made fo r anything in 
the nature nf a s ili co- f rrug inuous slag, such as it was conceived 
lll ig ht re. ul t from the mutual fusi on f sand grain. and meteoric 
1rnn. \'othing \\·a. found tha t could be thus positively identified 
unt il hole '\'o. 20 was reached . thourrh some of the particles showed 
in th in-. cc ti nn a ,·cry deep ~ rcen or brmrni sh. blcbby g lass wh ich 
it ,ms at fir~t thought mig ht be parti Jes of the volcanic sand common 
to th e region. _. \ com1 ari son of the two material did not substantiate 
thi s vi w. and it ,rould s cm that such mu. t be in some way con
nc t d with th met oric phe11 0111ena. though it wa not possible to 
correlate th em absolutely with the ni keliferous granul es. Hole o. 
20 yielded a quantity o f dark br wni h particles from r to 3 111111. in 
diameter, which in thin se ti ons howecl a g round of rad iating, im
perfectly differentiate 1 crystals of a gray color a nd un determined 

'Analrse by Mr. Tassin o f lhe meta llic pa rticles. freed from si li ceous matter 
as much as pos ible I y hand pickin g and th e magnet, yielded : SiO,. 12.75 

per cent; Fe, 68. 17 per cent; NiCo, 12. q per cent; P, 5.07 per cent; total , 
98.93 per cent. The SiO, wa in fo rm o f free quartz. 
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nature, enclosing some amorphous matter, numerous shattered and 
111ore or less altered quartz granules, and an occasional black, highly 
lustrous particle, a . urned from its as ociation to be ch ro111 ite. This 
material gave a strong quali tative reaction for nickel. 

The underlying reel sandstone, met with at depths of approximately 
800 feet fr m th e surface and referred to as fo rming the "floor" 
of the crate r, was broug ht up from time to time in the fo rm of short 
sections of drill co re.. The e were exam ined in thin section , and 
in no instance did they show any signs \rhatever of the shatte ring, 
fusion, or metamorphi sm so character istic of the overlying white 
sandstone1 (fig. 127). 

Fie. 127.-Showing Micros tru cturc and Unaltered Character of Sand, tonc 
Underlying Crater. 

V. Tm~ ME'ri::on1c !Ro1'!s 

Hist ory of Early F-inds.-The first public announce111ent of the 
finding of meteori c irons near Canyon Diablo was that made by l\1r. 
A. E. F oote at the vVashin ton meeting of the . \ merican Association 
fo r th

0

e Advancement of Science. A ug ust 20, 189r. In thi s par er, 

'Cores were not availabl e from as many h !cs as conld ha ,·e been desired. 
Those examin ed were of and stonc of a di ·tinctl y red h11 c and from holes 
Nos. 4, 6, 7, and 8 (see diagram, fig. 125), No. 6 being from a depth of 1,065 
feet and No. 8 from 1,o80 feet below the crater bottom. 
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ALTERED SANDSTONE FROM SHAFTS INSIDE OF CRATER 

(See explanation of plates.) 

V L. 10, ~L. LIO(II 
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\\'hi ch \\' as publi shed in both th e proceedings of the A sociation and 
th . \m crican J ournal of cience.1 ::\Jr. Foote stated that, at that 
time. nearly a ll f the mall frag ment. had been found at a point 
about 10 mile. southeast from Canyon Diablo and nea r the base 

f a circula r elevation locally knom1 as Crater '\fountain , but 
the ori g in o f ,,·hi ch he was unable to expla in. '\'fr. F oote's interest 
la_1· la rge ly ,rith the meteo ri c ir n:=-, o f \\'hi ch he reported that over 
137 fragm ents had been fo und . the largest f which weig hed 201 

p unds (9 1.171 kilogram. ) . !Je al o noted the occurrence at the 
base of th e cra ter o f man y oxidi zed ancl sulphureted ( sic) frag
ments. some of 11·hich sho\\'ed a ~;reen i h stain , resulting probably 
from the oxicla ti n o f th e nickel. Thi xicli zed material he regarded 
as identica l ll'ith an incru. tation which covered th e surface of some 
o( t11c iron or fi ll ed the pits in the amc. \ Vith the aid of analyses 
hy Dr. G . . \. Ki:ini g . Foote \\' as ab le to announce the iron to contain 
( 1 ) small cli amoncl s, both black and w hi te ; ( 2) ca rbon in the fo rm 
f a puh-c ru lcnt iron carbi de . the prec ise nature of \\'hich was not 

mac!e out: (3) sul phur ;(.+ ) phosphorus : (5) nickel ; (6) cobalt, and 
( 7) sili c n. 

i\:atu ra ll y thi s ann uncement wa receiv ed with . g reat interest bv 
members of the .\ ssoc iation and others-an in terest which was kept 
up for a long peri od by th e rapiclly accumulati ng eviclence and final 
proof o f the pre:ence of minute li amond crysta l in the iron, and 
a lso hy the la rge number of irnns anct their ox icl a ti on products sub
seq uentl y fo und. 

'!'he exact nurnl er of independent masses of th e iron that the 
locali ty ha _1·ield ed and their ago-regate 11·e igh t can never be 
known, O\\' in g to the many compa rati vely small pi eces carri ed 
a ,rny by visitor~ or purchased from '\fr. Voltz. an Tndi an trader in 
the neig hborho 1 who has made it a matter of business to search 
for then1 • even hiring men and ho_,·s a nd pl wing the ground over 
certain a reas. .\n estimate f th e t ta! weight, which ca n be con
sidered little more than a g ues. , is 20 tons. while the numbers run 
up into thournnds, weig hing from not over a gra m to 46o kilograms 
( 1 .o 1 3 pounds) each. the latter weight being that of th e large 
. pecimen in the Field Museum at Chicag·o. The iron s are character
ized by deep conca,·e and convex urfaces and peculia r pittings or 
hole. , an inch or 111 re in diameter. ll'hich sometimes ex tend through 
the ma. s ( . ee pl. Lxxu 1). and a rc commonly regarded as clue to the 
ox idation and crumbling away o f nodules of iron sulphide (troi lite). 
Each iron seems to f rm a complete individual, with no vi ible signs 

'Vol. 42, 1891, pp. 413-417. 
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of rupture from a parent mass, nor fusion and flow structure from 
its flight through the atmosphere. 'l'he probable significance of this 
is mentioned later. 

Distribittion of tli e Irons.-These irons, it should be stated, have 
been found scattered without determinable order over an area of 
several square mile about the crater. It is unfo rtun ate also that the 
even approx imately exact distribution of the larger masses can not 
be g iven, the collecting having been done largely by irresponsible 
partie , who were interested merely from a commercial standpoint. 

Mr. Gilbert in 18961 stated that "no iron has been found within 
the crater, but a g reat number of fragments were obtained from 
the outer slopes, where they rested on the mantle of loose block . 
Many others were obtained from the plain within the reg ion of 
scattered debris, and others, though a smaller number, from the outer 
plain. O ne large piece was discovered 8 miles east of the crater, 
or almo t twice a distant a any fragments of the ejected limestone. 
Another was long ago disc vered 20 miles to the southward, but 
what became of it is not known and it has not been definitely identi
fi ed as a member of the same meteoric shower. " 

Mr. Tilghman, writing ten yea r later ( 1906), and after the work 
of development had been some ti me under way, says: "In th last 
two yea rs the author and the men in his and Mr. Barringer's employ 
have picked 11p more than 2 ,000 uch irons, ran o-ing in weight from 
200 pounds down to a mall fracti n of an ounce, and have platted 
the position o f the c find s upon a chart, which how plainly that the 
principal locality for such finds is in the shape of a crescent sur
rounding the hole and trictly concentric therewith, and embracing 
its edges from the northwest to the cast, and having its lin e of 
g reate. t density about midway between these two points." 

Mr. Barringer, in the same publication, states that four iron s. 
weighing fr 111 3 to 4 pound each, have been found on the interior 
of the crater, and "so far as I know; these a re the only iron specimen 
which have been fo und in ide the crater." 

It is obvious, from a consideration of th ese statements, that noth
in g regarding the direction f the fli ght of the meteors can be gain cl 
from a tudy of their pre. ent distributi on, it being a \\·ell -known fact 
that in all recorded shower the larger members have been carried 
the farthest, so that a g radual assortment in sizes takes place along 
the line of fli o-ht. 2 

The evidence of the crater wall , however, seems to at least sug-

1 Op. cit., p. 16. 
1 It may be well to state that a 960-poun<l mass in the National Museum, 

purchased in 1893 from parties at Winslow, Arizona, was reported as having 
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ge t that if clue to impact of a bolicle, the same came from a direction 
a li ttl e north of west, though at a very high angle, perhaps not less 
than 70° . Proof of this lies in the greater amount of shattering 
and uptu rning shown by the beds in the eastern wall of the crater 
(see typical east an 1 west section, station 18), and in the greater 
distance to which debris has been thrown to the east as compared 
with that in any other direction. 

Th ese irons it should be stated, have all been found near, and 
in many ca es actually on, the surface. At most they have been 
buri cl carcely enough to cover, and in the case of most of those 
f un d have been in part uncovered by wind or water erosion. It is 
the writer's opini n, ba eel upon an examination on the ground, 
that a very large proporti n of them were buried to a slight depth, 
and are being gradually brought to the surface through the action 
of the ,r ind blowing a way the fine r and lighter material from around 
th em, r, on the slopes of the crater in particular, by the rush of 
water from th pa mocl ic ra in . As fo und, but a small portion of 
an iron projects above the surface, and, being of a rusty brown gray 
color, is easily pas ed over by a ny one not experienced in hunting 
them. \Vhen embedded th ey are covered with but a slight coating 
of oxide, though usually more or less incrusted, particularly on the 
IO\l' er sid . and edge , \\·it h ca rbonate of li me. A cut section of 
what may be call ed the typical iron is show n in plate L XX IV. It 

characte rized, a long- ince noted by Brezina,1 by a coarsely 
lamellar structure composed of broad plates of kamacite with very 
li ttl e tcenite and occa ional nodules or t roilite. 

Che111ical and ,liincralogical Prop,erties.-The chemical, physical, 
and mineral g ical properti s of the iron have been discussed by sev
eral workers, the chief interest naturally centering around the oc
currence of the diamond. F ote in his paper announced that the 
i r n contained (I) small diamonds, both black and white; ( 2) carbon 
in the form of pulv rulent ir n ca rbide, the precise nature of which 
was not made out; (3) sulphur·; (.+ ) pho phorus; (5) nickel; (6) 
c bait, and ( 7) ilicon . Hu nting ton, the year following, described 
somewhat briefl y, and in I 942 more in detail , the methods and re-

been foun d in a canyon at Peach Springs. This statement I have not been 
able to substantiate, not being able to ge t into communication with the parties 
menti oned. Peach Springs is at lea t JOO mil es west of the crate r. Knowing 
what he does of the conditions ex i ti ng at the time the iron was purchased, 
the writer feels justified in believing the sou rce as g iven to be erroneous, and 
th at the iron actually came from near the crater. 

'Wien Sammlung, 1895, p. 288. 
' Proc. American Acad. Boston, vol. 29, 1894, p. 209. 
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suits obtained by him in isolating small colorless octahedral diamonds 
and also yellow and black particles hav ing the hardness of diamond. 
Other papers by Mallard,' Daubree,2 Friedel,3 and 1oissan4 were all 
confirmatory and corroborative of Huntin °ton's result . 

Brezina," in 1893, noted the finding of the iron ( which he wrongly 
located as in ew 111 exico), and called attention to its crystallo
graphic tructure and occurrence about the crater-a fact which 
rai sed in his mind the question of the latter bein,; incidental or con
sequent. In 1895u he returned to the subj ect, described the external 
appearance of the iron as found, and noted that natu•ral etched sur
faces showed the iron to be composed principally of kamacite plates 
without appreciable t£ nite. H e noted a l o th e presence of cohen ite 
and troilite-graphite nodules, and that the t£nitc residues lying 
parall el with the octahedral faces were as trongly marked as in 
the freshl y etched iron. 

Derby, in 1895,1 publi ·heel the result of in vestigations upon the 
chemical and mineralogical nature of the iron, and reported the 
occurrence of t£ni te, sch reibersi te ( and rhabdi te), cohenite, diamonds 
(probably) , and amorphous carbon, with traces of chromium and 
a relatively high percentage of copper. Analyses of the t£ nite and 
schreibersite were uivcn. The fo rm of th e ir ns (sec pl. U{:-- 111 ), he 
suggested mig ht be due to their having been "small irregula r 111 -

tallic masses scattered thro1wh the ·tone matrix of a mesosidc rile,' · 
and he ventured the hypothesis that the mas on arri ving in our 
atmo phere, a a me osidcrite, contained unusually large metallic 
nodules that became eparated by the explosion attending the fa ll , 
and probably al o by con equent decay and di aggregation of the 
stony matrix. 

Cohen, in 1900 ( ?\1eteorcisen Studien, XI), made similar examina
tion with re ults confirmatory of Derby. 

i\loissan, in 190.+.S published important chemical contribu tions. 
giving analyses of the iron and the incluclecl t roilite nodul es, and 
announced the findin g of carbon in three fo rm -amorphous, as 
graphite, and the diamond. He al o announced the finding in his 
insoluble res idues from the iron of a g reen mineral in the fo rm of 

1 Comptes Rend us, vo l. 114, 1892, p. 812. 
2 Ibid., vol. II4, 1892, p. 812, a nd vol. II6, 1893, p. 345. 
' Ibid., vol. IIS, 1892, p. 1037, and u 6, 1893, p. 290. 
• Ibid. , vol. l r6, 1893, p. 288. 
'Ueber Neue Meteoreisen, 1893. 
• Wien Sammlung, 1895, p. 288. 
'American J our. Sci., vol. 49, 1895, p. TOI. 

• Comptes R endu , l'OI. 139, 1904, p. 773. 



IMlfHSON IAN MISCELLANEOUS COLLECTIONI VOL. 501 PL. LXXIV 

ETCHED SECTION OF CANYON DIABLO IRON 



MERRILL ] METEOR CRA'fER OF CAN YON DIABLO, ARIZONA 

hexagonal plates which analysis howed to be a silicide of carbon. 
Kunz later proposed that this mineral be named lvl oissanite, in honor 
of its discoverer. 

The complete mineralogical composition of the meteorite as given 
by these various writers, including Mr. Tassin, is, then, as follows: 

Nickel iron: 
( I) Kamacite. 
(2) Plessite. 
(3) Taenite. 

Phosphide of iron: 
(I) Sch reibersite. 
(2) Rhabdite. 
(3) A black phosphide, unident ified. 

Carbide of iron : 
( 1) Cohenite. 
(2) Graphitic iron ( ?) 

Sulphide of iron: 
(1) Troilite. 

Chloride of iron : 
( r) Lawrenci te. 

Sil icide of carbon: 
(1) Moi sa nite (~ loissan). 

Carbon: 
(r) Diamonds, co lorl ess, yell ow and bl ack. 
(2) Cliftonite. 
(3) Amorphous. 
(4) Graphite. 

Sil icon (Tassin) . 
Plat inum (Mallett). 
Copper (Derby). 
Olivine (very ra re) (Tassi n) . 
Chromite (Tassin ) . 
Fayali te ( ?) (Tassin). 
Daubreelite (Foote and Derby). 

Of the several partial and complete analyses of the iron that have 
been publi hed, the following are selected, No. I being by Moissan, 
No. 2 by Booth, Garrett, and Blair, and Nos. 3 and 4 by Wirt 
Tas in , ~ o. 4 being that of a hale-ball iron next to be described : 
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Constituents. I. 
__ 2_. -1- -3-· _1_4_•_ 

Fe . . . ..... .... . .... ... . . . .. ...... . ....... 95.370 I 91 .396 
Ni. .. ... . .. .. ... . . . .. . .. ... . . ... . . .. . . .. . . 3.945 7 .940 

[:: :: : ::: :: :1),f :* 
Si . .. . .. .. .... . ...... ... ......... .. . . .. . . . , Trace. 0. 047 
Cl. . ·· · · ·· ··· · ·· · · · ······· ·· ····· · ·····•·· . ..... . . 
Insol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . o. 260 

93.51 0 
5. 600 
0.044 

Trace. 
o. 156 
0.0 10 
0. 512 
o.o_;o 
0. 000 

94 .030 
5.320 
0 .020 
0 .010 
0 .235 
0 .005 
0. I2 1 
0.020 
o. 120 

Total. .. . . .. . . .. .................... 99 .71 9 c,9 .983 99 .882 99.881 

VI. TJJ I~ llWN S 11A1,E AND SHALE B ALLS 

Ocrnrre11cc, Co/I/position, and Origin.-Scattered over the surface 
of the pla in , and practically coexten ive with the iron, are abundant 
fragments an I nodul es of brow n iron oxide, sometimes stai ned g reen
i h from the pre ence of a nickel hydroxide. These, as a rule, have 
a omewhat . haly or platy structure, th e plates someti mes slightly 

Fie. 128. 

curved, or again, and more rarely, are in the fo rm of fl attened ovals 
sometimes pear- hape 1, and inva riably deeply cracked and fi ssured 
( fi g . 128). Th ese shale fragments were noted by Foote in 1891 
and their probabl e connection wi th the iron sugge ted . The oval 
"shale balls". were, however, first noted by M r. Ba rri nger. That 



MERRILI. ] M E1'J;;OR CRA'l'BR OF ANYON DIABLO, ARI ZONA 

both have the same n g 111 would seem m ost probable. Foote de
scribed the mate rial as " identical in appearance with an incrustation 
which covered the urface of some of the iro ns o r fill ed the pittings 
in the same." Its occurrence in such la rg e q ua nti t ies he thoug h in
dicated that an extraordinarily large ma , of probably 500 or 600 
pounds weig ht ( ! ) , had become oxidized w hil e passing throug h the 
ai r . and o ,,·eakened tha t il bur l i11l piece n t lono- before reaching 
the earth . It is needless to slate that Foote's estimate o f the s ize 
o f lhc meteo ric m ass wa a t 1 ast conservative. 

Derb_,·, writing in 1895, advocated the idea of the o rig in o f the 
sch isto e mas es by secondary alteralion-i. e., terrestria l weathering . 
T his vi ew was gen rally accepted, bu t the q uestion was opened 
up again lhrou o-h the publication of Mess rs. Barringer and Tilg h
man, the fir t named, after noting the di t ribulio n o f the material 
as c extens i,·e with the iron, slating hi s belief tha t it was produced 
by the hea t generated from fricti on wh ile the meteor pa sec! throug h 
the earth ' atmo~phere. nd again (p. 877) : "We have assum d 
that the e ma ll particle (i. e., of shale in f rm of fragmen t a nd 
spheru les) once constituted a p rtion f the g reat lumi nous tail f 
th e meteoric body." 

:\fr. Tilgh11!a11 puts the matter a lillle mo re defin itely in sta ting 
th al il "is fu ~ed an d mass ive and at the ame ti me st ratifi ed and 
Ian i1nted and in genc r:tl appea rance different from a ny terrestrial 
11 a: '·netitc known, an 1 close!_\ r e emblcs what w uld be thoug ht, 
a priori. to be the appearance o f uch a product o f iron m el t d 
a nd ln1 rncd l 11th '. urfacc of a great meteorite in its passage through 
the a ir.·· 

111 e. ·p lanation of lh c term "111agnclite" a used by M r. T ilg h111 an. 
it 111a:,- be ~aid that the pa rticks arc a lmo ·t inva ri ab ly somewhat 
magnctic-morc so. in fact. acco rdin g to :\[r. 13arringer, th an are 
th e iron.; the1meh·cs. Thi . has led to the assumption tha t they a re 
conipo. cd. in part al leas t, o f iron in the form of magnetite. N ichol's 
ana ly:cs . a~ :· i,-v11 by Farrington.' ;; holl'cd the mate ri a l to consist 
mai11l_1 of irn11 in the fo rm o f FeO a nd Fe/),, w it h small er a mounts 
of the other c nst itu cnt.· cha racteri stic of the unalte red material. 
fr 111 the e analy . e Farrington mad e the calcul a tion of the con-
t itu tion f the shale as below: 

Lirnonite .................... . .. .. .. . ... .. .. . .. .. .. .. .. . . 52.99 
Magn etite ..... . ..... . ... . .. ..... ..... .. .. . .. ... . . . .. .. . . 42 .39 
Schreiber ite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . o . 64 
Graph ite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . o. IS 

1 American J ournal Science, vol. xxn, r9o6, p. 303. 
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Lawrencite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.14 

Aragonite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 .80 

Andradite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 .45 
Quartz .. ... . . ... . .. . .. . . . . . ...... ......... ... .. . ....... . 0. 21 

99.77 

Th e work of T ass in , next to be referred to, throws doubt upon 
the cc ncl u ion , it being cla im d that the magnetic character of the 

hale i due to the minute particle of unaltered schr ib rsite, a lready 
noted. Th e origin attributed to th i ox ide either in the form of 
fragments or th e oval and pear- haped masses, by the writer is 
g iven below in the con idcration of-

Th e Shale Balls.-In the pub lica tion by Mr. Barringer reference 
is made to the finding. principally in pits and open trenches on the 
north id of the crater rim, of num erous nodu lar masses of more 
or !cs oxidized m teoric mat ri al, to which the name "shale balls" 
wa o-iven. These were tudied by M crrill and Ta sin ,1 the con
cl usion reached bei ng that such represented chloride-sulphide rich 
ma sc of the ir n which . through the protective action of the earth, 
had e caped c mplcte o, idation and afforded an opportunity for the 
observati n f the tran ition stag (pl. Lx x1v). In hort , that the 
iron . ha le was, as urmisecl by Derby and others, but a product of 
natural ox ida ti on. afte r reaching the ground, of a peculiarly sus
ceptible pha · of the iron . Such an origin eemed absolutely proven 
in cases where a er ss-. ecti n showed the pbtes of unoxidized iron 
ph . phi cle still retaining their original orien tation, although the 
ni ckel ir n had a ll gone over to the condition of lirnon ite. In 
many f the smaller I lebs no u ·h tra n ition could be observed, and 
their like orig in i assumed from analogy only. It is to be noted 
that the con tenti on of ::\Icss rs. Barringer and Tilghman apparently 
find support from L ockyer." 

Th e relati on. hip of th e shale-ba ll irons to the typical irons is ex
press cl as follO\\'S: 

vVc hm·e th erefore come to the conception of a large hcter gencous mass 
o f nickel-iron with ~egregati on ma,scs rich in chi rides, ph osph ide , and sul
phides. Such would naturally rupture most read ily along the line of con
tact with th e more homogeneous portions, and, moreover, the results of at-

'Smith. :il li sc. llections (Quarter ly l ssue), YO!. 50, 1907, p. 203. 
':il letcoric I lypothc:i ' . p. 69. Ile says: "lt is natural to su ppose that 

meteor in their pa sage through the a ir break into fragments ; that incan
descent par ticl es of th eir constituent , including nickel-i r on, manganese, and 
th e yariou, silicates, a re thrown ff , an I that th sc, or th e products of their 
combustion, eye ntually fall to the su rface as a lmost impalpable dust, among 
which must be magnetic oxides of iron more or less completely fused." 
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mosphcric fricti onal heat would ignite and burn away the su lphi de portions . 
Even where the hcterogen ous masses o f considerable size fall to the earth , 
it is po ibl c that th e usccptibl c portions would ox id ize a nd wh oll y disap
pear, leaving th e more refract ory to be f und later. This w ulcl account fo r 
the almo, t constant associati o11 o f shale and iron s of the lyp, shown in plate 
L.X X JII a t \' arious point out 0 11 the plain . 

T he occurrence o f the still in mplete ly x idizecl f rms- ha le ball - as 
clescribecl, i clue to th e protedi,·e action of the dry oil in a region o f grea t 
aridi ty, the annual precipitati on, as reco rded by th e \Vcathe r Bureau. being 
but about 8 in ·he, . lt has been hown that und er such conditi ons soils rarely 
or ne,·cr bee me saturated with moisture fo r more than a few inche below 
the smface, and that thi · moisture i brought back by capillarity and c,·ap
orat cd ra ther th an drai ned o fT ai lower Je,·cls. as in mnrc humid regi ons . . \11 

iron thus buried, e, cn though rich in chl oride an d ~ulphid ' , would endure f r 
a long period. 

The conn ection o f th e shale balls with the embedding material i 
noted on page 405. 

:\11 al) . e of the new va ri ety f the iron and of the hale are g iven 
on pag ' 4c -+ ; those of the three iron pho ·phicle · ' and f coheni te ha ve 
not been reproduced. 

VJ T. l{[G I N OF T IJI•: CRA'l'l~R 

Opi11io11s for and agai11sl the Jl ctcoric JJ ,ypothesis.-The ong111 
o f the crate r has been di . cu ,-sed or ugg-e ted from time to time by 
various a uthors. So far as T am awa re or as sho wn by the literature, 
the first hypothe. is that need be taken seri ous ly is that put fo rward 
by :\ fr. \\ ·. D. J ohn son/ who co11cludccl frnm a some,,·hat superficial 
·tudy that "in some \\'ay . probably by volcanic heat, a body of 
steam \\'as produced al a depth o f some hund red r thousand o f 
feet, and· the explosion o f thi s team proclucccl the crate r." ]n thi s 
view th e occurrence o f the meteoric irons ,,·as o f cour. e merely a 
coincidence. 

I\Jr. Gilbert, a t whos reques t :\Ir. J ohn son had made the prelim
inary studi es, acknowlcclg-cd hi mself as not quite atisfi ecl with the e 
conclus ions, ancl in the sum me r of 18 2 undertook, in coop rati n 
with th e late \[arcus I laker, am red ' tai l cl study o f the reO'ion. In 
connection ,,·ith these studi e · there was prepa red by :-Ir. Baker the 
topograph ic map. a copy o f which is here r produced." :\11 excellent 
seri es of photographs were a lso taken, a part of which is here utili zed, 

1 Derby thought to find three fo rms in the typi cal iron also. 
'Sec Gil bert. op. cit. , p. 9. 
3 For a redrawing o f thi s map from a rcclucecl photographic copy f am in

debted to the U. S. Geological Survey. 
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a nd several pet rographic and chem ical a nalyses made, all of which 
have been I ut a t my cli spo al. :\1r. Gilbert, in the systematic and con
ser va ti ve mann er fo r which he is noted, considered the problem from 
va riou tandpoints, and pa rti cula rly wi th refe rence to the theori es of 
its hav ing been for med by the ( 1) "colli sion and penetrati on of a 
stell a r body··- 1:. c., by a meteorite, and ( 2) by steam explosion. In 
the lig ht o f the ev idence then available, :\fr. Gilbert did not feel 
just ifi cl in adopti ng the meteo ric hypothesis, and , as the only avail
able alterna tive, ,ms forced to adopt the second mentioned above, 
thoug h those ,vho k now :\Ir. Gilb r t thouo-h t to read in h is report 
a st r ng leanin h toward the fi r t ment ioned, abandoned only because 
not born out, o fa r a he could see, by the facts. H is fai lu re to 
recogni ze the tendency of Mr. D ill er's studies is not so strange when 
it i r call ed that but a few fragment of th e fused material had then 
been f und scatter d over the plain, and with no certain connection 
,1·ith the crater. It \\'a not unti l more was discovered in the 
w rk of pr . pecti ng, at a depth of several hundred feet below 
the surface, tha t its full significance was realized. 

Thoug h a matter of frequent di scussion among those more or 
less conve rsant wi th the fac ts, nothing of value rela ting to the sub
ject appea red unti l 1905. when Mess rs. D . l\1. Barring er and B. C. 
Tilg hman presented their results before the P hiladelphia Academy of 
Science.' :.\fr . Ba rr inger desc ribed the crater and the character of 
the ejectamenta in °-reat detail, laying- particular stress upon the 
"s ili ca," r pulve ri zed sand g rains (rock-flour ) , cle ri ved from the 
sandstone. l le rcv ie11·ed the work of Gil bert and thought to prove 
( l. 885) : ( 1) that a great meteor, wholl y or in part metallic, fell 
tn the ea rth at thi locality, ancl (2) tha t the crater was made by and 
at the in ,-, tan t of ti me f the fa ll of th i meteor. M r. Tilg hman di s-

' Coon l\Tou nta in and Its rater, hy Daniel l\Jorean Barr inger; Coon Bu tte, 
Arizona, hy Be nj ami n Chew Tilghman. P roc. Acad. Nat. S ience of Ph ila., 
December, 1905. I. sued i\larch I. 19o6, pp. 861-g q. I t may be we11 to tale 
in thi s connect ion that i\fr. Harr ingl'r i, a wel l-known and succes fu l mining 
engineer and joint author with J. S. Adams of a \\"Ork on La,vs of l\ Iincs and 
M inin g in the nited States. Mr. Tilghman, on the other hand, is a h igh 
auth ority on Yelocity and impact of projectiles. These gentlemen, basing 
thei r pre lim ina ry operations upon repor ts of Mr. S. J. Holsinge r, took the 
necessary steps to locate the "mountain" under the U. S. mining and land 
laws, and proceeded to bore and sink shaft in and about the crater, with a 
vi ew o f locating the fa ll en body, wh i h th ey beli eYed to lie there, desiring 
to exploit it a, a source of nickel, iron, an d platinu m. The conclus ions re
ga rd ing the or igin of th e crate r, n w a rrind at, ar based, so far as the pres-

. ent writer is concerned, almost wholly upon re ults obtained in these mining 
opera tions. 
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cussed the phy ical aspects of the crater with reference to its sim ilar
ity to tho e produced by projectiles, and also discussed M r. Gilbert's 
hypothesi., the dist rib uti n of the iron and magnetic oxide about 
the hole, the cra ter rim and interior, and the disintegrated sandstone. 
His conclu ion were that (p. 910) : (I) at thi s locality there is a 
g reat hol or cra ter corre ponding in all respects except size with 
impact crate r formed by proj ctil . of con iderable size moving 
at considerable vel ci ti e ; (2) th at in and abou t the hole and to a 
di tan e of ove r 1 ,-1-00 feet below the pre ent surface of the plain 
"every indication of either volcanic or hot- pring action was posi
tively absent;" (3) that all signs vh ich might be ex1 ected of the 
impact o f a great proj ctile were present ; (4 and 5) that the meteoric 
material scatt r cl about the hole an 1 over the plain was deposited 
at the sam instant of time at which the hole was made; (6) that 
in and around the hole i. a quantity of material such as could be 
pr duced only by a violent blO\Y; and, finally, that all the attendant 
minor phenom na ob erved can be expla ined upon the theory of the 
impact of a g r at projectile and none can be atisfactori ly explained 
up n any oth er the ry. In view of these facts . Mr . Tilghman felt 
himself ju ti fiecl in a1111ou11ci11g that the fo rmation of the crater "is 
due to the impact of a meteor of enormous and hitherto-unprece
de11te I size." 

\\ ith these onclusio11~ the l re~e 1t \\Titer freely confesses he was 
not at fir. t· inclined to agree. Tn several minor ma tters, as th ;it 
rel;i ting to th e rig in of the iron shale and shale balls, he is still at 
variance with them; hut n fter going ver the ground with both 
gentlemen. notin g the resu lts f the borings, and restudying the 
problem from all stand ioints. he giYes th follo,,· ing summary o f hi 
conclu. ion : 

YITI. s ~I ;\L\RY 

Co11sidrratio11 of flTidrnce.- So far as shape is concerned, the 
crater co11l cl have been fo rmed qually well by blow-out or impact. 

The character of a portion of the ejected material poin ts, how
ever, strongly to an origin bv impact. It is difficult, if not impossible, 
to cone ive of the smashi ng- and metamorphi m of the sandstone on 
any other ground. 1'he sand gra in are crushed in a manner that 
could be brough t ab ut only by some sudden hock, such as might 
possibly be imparted by an explosion of dynamite, but certainly not 
by steam. The secondary foliation at an angle with the bedding 
and the condition of molecular strain of the altered quartz indicates 
pressure, while the fu sed quartz indicates g reat heat. The latter 
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might be due either to impact or to vulcanism. The association of 
the fu sed pumice us masses with the smashed material, together with 
the transition o f one form into another, is such as to suggest a 
com mon orig in fo r both. 

Th e slightly di sturbed a nd uncha nged condition of the deeper-lying 
sandstone seems to prove th e superficial characte r of the phenomena. 
W here d isturbed, the beds apparently dip downward, a though 
fo rced out of pos ition by some power acting from above. This ap
parently prohibits th e considera tion of a deep-seated ca use. There 
being nothing in the beds them elves to bring about such results, 
one i fo rced to the consideration of a n cx trancou . ourcc · and, if 
extra neous. I ca n conceive o f but two-the electri c and meteoric. Of 
these. only th e latte r seems w rthy of se rious c nsideration. 

r ·t1ocit_,, of .1 /ctcoritcs a.11cl Possible D epth of P cnetratiou .-Vn
fo rtunatcly we have littl e to guide us in estimating the speed at which 
a meteorite reaches the ea rth and its consequent power o f penetration. 
Th e v lociti es a given hy \'a rious obse rvers va ry between 2 a nd 45 
miles per second . Th ese la t, however, a rc the initial velocities, the 
velociti es possessed by the meteors on en tering our atmosphere and 
whil e still at con. iclcrahl c altilu<lcs-in ~ome in ,;ta nces 50 or 60 
miles-and ,Yhich become ve ry materia ll y reduced by atmo pheric 
fri ction Ion:,· be fo re reaching th e ea rth . Jnclcecl , from the calcula
tions of Schiaparclli and others. it is common!)· assumed that a 
me teorite reach es the surface at th e sp eel o f an ordinary fa lling 
both·. ,\ . ITcrschell , as quoted hv folight, 1 calculated the velocity of 
the Y orkshi re (England ) meteorite at the ti me it reached the ground 
as but 4 r 2 fee t a second. Th e Guern sey . O hio, meteorite was esti
mated by P rof. E. \ V . E va ns" to have reached the ea rth while travel
ing- at a speed of 3 or ..J. miles a second; that of \ \Teston, Connecticut, 
" ·hile at a height of some 18 miles . \\"as esti ma ted b,· Professor Bow
clitch3 to have a vel city of 3 mi les per second . ! · e"·ton4 calculated 
the . peed of th e fire-ball s which passed over t..h c O hio and ~1ississippi 
\ 'a ll e_,. in . ugust. 18Cio. as 30 to 3'i miles per second. and stated' 
that th e Sta nn crn. :\foravia. stone came into our atmosphere \.Vith 
a velocity of 45 mil e per second . Th ese hi gher velocities are 

' A Chapter on the Hi story o f l\lc tcor ite,, p. 219. 

• Amer. J our. Science, YOI. 33. 186 1. p . .30. 

• Mem. Amer. Acad. A rts and Sci .. YOI. 3, i8 15, p. 2 13. 

• Am er. J ou r. Sci ., vol. 3.1, 1862. p. 338. 
'/\mer. J ou r. Sci .. ,·ol. 36. l g,' . p. 11 . 
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doubtless those of bodie pursuing a retrograde course about the 
sun . 

The e,·idence afforded by actual falls and impacts is extremely 
contracl ictl rL Thus . ·orclen!-kiolcl' sta tes th at. in th e ca se of 
the H es le fa ll. stones ~(> friab le as to be readi ly broken if simply 
thrO\Yn agai nst a hard s11rface were not broken or even scar red 
on . triking the frozen g round . Stones ,,·eighing evera l pounds 
,,·hich ·struck on ice a few inche in thickness rebounded without 
breaking the ice o r I eing thems lves broken. The 70-pound tone 
that fell at .\ ll ega n, l\ [ichi gan, in 189 penetrated the sandy soil to 
a depth of about I inc he and \\' a. iL 1 f considerably shattered. 
Lik that o f Jlessle, thi s wa an unu ually friabl e st ne. It is evi
dent that it. speed did not exceed that of a pr jectile from an old
time pie e of heavy ordnance. Th e 200-pound tone that fell at 
Ensish im. Germa ny. in q 92 is re1 or ted to have buried itself to a 
depth of 5 feet. 

The g rea te t cl pth f pen tra tion f a meteori c stone which has 
come und er the writer 's observation i. that of Kn yahinya. Hungar~•, 
as cl escri becl by TTa idingL' r.! fn this instance a Gri -pound stone . . trik 
ing the ground at an angle of . ome 27 ° from the vert ica l, J enetratecl 
to a depth of eleven fee t. The hole ,ms nearly circular in outline. 
and fragment: from the interior ,,·ere th ro\\'n back and scattered to a 
d i. ta11 ce o f some 18 feet (d rei. zig I "!afte r ) . T he sto n was fo und 
broken in three I ieces and th earth beneath it compacted to stony 
hardne, s. but nothing in the cle~c ription as given indicates that an y 
trace o f meta morphi . 111. ither in the g rou nd or mass of the stone, 
had taken place. n th other hand , still heavier massc have been 
found under such condi t ions a to lead 0 11 t in fe r they carccl y 
buri ed thcm, elves. 

Peary'. giant Cape York iron, weighing 37¾ tons, wa found only 
partially cov red: but . as it lay on a bed of g nei sic boul lers, thi s 
is not . trangc. It . hould he rema rk cl, how ver, that an examination 
pf the iron re veals no such ahra ion of surface a might be ex
pected had it fa llen ,,·ith a . peed f mil e p r second , or, indeed, 
an~· a bra. ions what ve r I hat can be ascribed to uch a cause. It is, 
o f course. po .. ibl e that th is fa ll took place when the ground was 

1 K ong!. , ,·en, ka V etcn,kaps- ,\ kade 111 iem I la nd linga r, 13. , . No. 9. 18jo. 
2 Sitz. d. k. bd. cl . \\' is . . 11 .\ hth . R 1.1v. 1866. Thi s occu r rence ill us tra tes 

on a sma ll sca le so perfectl y what i . upposed to ha ,·e happened at the meteor 
crnt er th at 1 fee l ju t ificd in g-i,·ing her a photograph ic rcpr duction ( fi . 129) 
of page 20 of JI aicli nger' paper. T he de,cript ion, begin ni ng with th e se ,•enth 
line from the top, refer to figures 5 and 6. 
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deeply covered with ice and snow, and its ·peed wa thus checked 
before c ming in c ntact ,r ith th e stony matter .1 

The \Yillia111 ctte iron, we irrhing· 15.6 tons, seemingly lay without 
question a it rig inally fe ll , and in a region of no appreciable ero
~, ion- ra ther, one of orga nic clcp siti n, fo r it was fo und lying in a 

primeval fo rest; yet the ma ss was carccly buried, a small projecting 
portion lead ing to its discovery. 

20 
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Fie. 129.-Pagc from von 11 ai<l in n-cr's description of Knyahinya mclcoritc. 
Shows f< rma ti on of mall crate r. Sec: foot note, p. -t9L 

The Hacubirito iron. w ·ig hing- at a rough e timate 20 tons, lay in 
a soft oil , with its urfacc bu t little below the general surface of 
the field around it. 

1 l\fr. Tilghman in form. 111c that lead bnll cls from a modern r ifle may be 
completely checked in traversi ng a few feet of light snow, and this, too, with
out the slightest appreciable deformation or surface abrasion. 
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These illustrations a re sufficient to show the contradictory nature 
of the evi Jenee. Such contradictions can be partially explained by 
taking into con ideration the va rying angles at which the meteorites 
come in contact with the earth and the direction of their fli ght. One 
fa lling from a g reat height almost ve rtically would natu rally have 
a 0 -reater power of penetration than one coming at a low angle. 
More im portant yet is the direction of fli g ht of the meteor with 
reference to the earth . If following the earth in its course about 
the sun, the appa rent speed would be but di ffe rential. Thus a mete
ori te with a velocity of 25 miles per second overtaking the earth 
traveling at the rate of r9 miles per second would enter our atmos
phere witli an ini tia l peed o f but 6 mi les per second, and this through 
atmospheric fri ction woul I be so fa r reduced as to g ive th e lower 
fi gures above mentioned, or the speed of an ordinary fa lling body. 
In th e ca se of a meteorite pur uing a retrograde course, conditions 
are g reatly exaggerated. \Vith a velocity of 25 miles a second, it 
meet th e earth traveling in the op1 osite direction at the rate of 19 
mi les per second, and hence enters our atmo phere with an initial 
velocity of 44 mile per second. H ere, as before, the retarding effect 
of the ea rth 's a ir cushion mu. t be con idcred. vVith such a velocity, 
fri ction mu,; t be tremendous. and even in the few seconds occupied 
in its tran it large quantities of its material mu t be dis ipated. That 
such is the case we have unquestionable proof in the luminous trains 
of meteors. and H . E. \Vi111 pe ri s1 ha calcula ted that "no iron meteor 
the orig inal ,reight of wh ich was less than Jo to 2 0 pounds reaches 
th e earth 's urface." being entirely con urned in its pa sage. 

Schiapa relli , as quoted by Fletcher,2 has shown that if a ball 8 
inches in diameter and of 32 _½ poun ds in weight enter our atmo
sphere with a velocity of 44¾ mil es per second, its velocity on ar
ri ving at a point where the barometric pressure is still but r / 76o 
of that at the earth 's surface will have been already reduced to 3_½ 
miles a second- fi gures which corrcsp nd fair ly well with the esti
mates made on the fli ght o f the \ i\Teston and Guern sey stones. 

Dr. R. ~. \ Voodward. as quoted by Mr. Gilbert ,3 ha· calcul ated 
that a body reaching the surface of the 1110011 with a velocity of I.½ 

' Nature, vol. 7r, 190-1-'05, p. 82. The writer well rema rks : " I am aware 
that the whole structure of th e in vest igat ion ( i. r .. his calcu lati ons) rests on 
the evil pr inciple o f extrapolation, but un t il man is ca pabl e o f ex perimenting 
with veloci ties of ro or 2 0 mil es per second, and su n ·i,·i ng th erea fter to record 
his resu lts, no oth er manner o f im·est iga tion seems poss ible." 

• In trodu ction to the Study o f Meteor ites, 1896, p. 26. 
' The Moon's F ace, Bull. P hil o opbica l Soc. o f Wa hing ton, vol. x 11, 1893, 

p. 258. 
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miles per second would, if all the equivalent energy were converted 
into heat and all stored in the mass of the falling body, suffice to 
raise its temperature , supposing it to consist of ordinary volcanic 
rock, through 3,500 degrees of the Fahrenheit scale, or within 400 
degrees of the temperature necessary to fuse quartz. How far these 
results are applicable to the case in hand is problematical, since, as 
Huxley has remarked, "what one gets out of the mathematical mill 
will depend upon what is put in it," and in this particular case both 
the size and velocityof the body must be assumed,and to a certain ex
tent its composition as well. We have, however, unquestionable proof 
of a force of impact sufficient to crush a mass of limestone 300 feet 
in thickness, which has been shown by tests on cubes of but one 
inch in diameter to possess an average crushing strength of I2,595 
pounds per square inch of surface, and of sandstone 500 feet in 
thickness capable of withstanding a pressure of 6,350 pounds ;1 

and this, too, with a production of heat equivalent to the 3,900°, 
or fusing point of quartz, above noted. It is well-nigh impossible, 
however, that a force so great, and applied, as is apparent, in an 
instant of time, should not have been productive of an amount of 
heat so vastly greater than 3,900° that its expression in figures would 
be utterly meaningless and incomprehensible, and in the writer's 
mind the greatest difficulty in accepting the meteoric hypothesis lies 
in the absence of sufficient evidences of such extreme temperatures. 
There are no volatilization products and but slight evidence of slags 
among the products thus far brought to light. Only the fused 
quartz remains as a tang ible proof. 

The formation of the crater rim and the presence of the enormous 
blocks of stone therein 111ay, as above noted, be explained on either 
the blow-out or impact hypothesis. The presence in this rim of blocks 
of the altered sandstone, both pu111iceous and of the white or "ghost," 
variety, and the presence of the shale-ball irons embedded in the 
heterogeneous mass of rock detritus to a depth in some cases of 
upward of 20 feet, can not be satisfactorily accounted fo r on the 
blow-out hypothesis. To explain these phenomena, the following is 
presented : 

Hypothetical Considerations and Co11clusion.-Let one conceive of 
a spheroidal mass of meteoric iron, perhaps 500 feet in diameter, 
falling upon the earth at a speed of 5 111iles per second. T he super
ficial rocks are crushed and thrown back upon the plain in an 
amount more than equal to the bulk of the meteorite. Mr. Tilgh-

1 For these determinations I am indebted to Mr. L. Vv. Page, of the Bureau 
of Roads, Department of Agriculture. 
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man, an authority on impact of projectiles from heavy ordnance, 
has estimated that in rocks as brittle as those of this particular 
vicinity the crater form ed would be eight to ten times the diameter 
of the projectile; that is, with a 500-foot projectile the crater might 
be 4,000 feet in diameter, which is approximately that of the existing 
crater. As depths below the surface increased, the upward escape of 
material around the mass would be impeded, and that directly in 
its path and, to a le s extent, that on either side would become 
enormously compacted. The heat generated by the sudden down
ward plunge of the body would produce fusion and probably a 
partial volatili zation, and where sufficient moisture was present, other 
conditions being favorable, would give rise to the pumiceous structure 
found in the altered sandstone. But certain after-effects must be 
taken into consideration. That there was moisture is evident by the 
existence of th e pumice. The effect of the impact would be to con
vert almost instantly this moisture into steam with an enormous 
explosive pow er. s a result, quantities- the amount being de
pendent upon the am unt of water-of debris, incl uding even por
tions of the meteoric fall it elf would be ejected and thrown back 
above the crater rim and scattered widely over the plain. It would 
eemingly b sa fe to as um c a temporary pseudovolcanic condition. 

To this cause the writer ,rnuld ascribe the formation of the pecul
iar moraine-like mound shown in plate r,xv rn , figure 1, and indeed 
all tho e heterogeneous deposi ts, composed of rockflour and frag
ments of limestone and sandstone (a portion of the latter metamor
phosed), in which the hale-ball irons are embedded. It is impossible 
to account for the position of these last in any other way than to 
assum e that they fell at the ame period of time as the material in 
which they lie embedded. T he difference in specific gravity of the 
various materials is such that it i inconceivable that they should have 
traveled together for any g reat distance. Their association may 
be best explained on the a sumption that all were poured out together 
over the crater rim, perhaps in the condition of mud, during this 
pseudo-volcanic stage. Only on this ground likewise is it possible to 
explain the pre ence in these deposits of masses of the altered sand
stone. These, seemingly, must have been fo rmed by heat and pres
sure well down toward the bottom of the crater, and have been 
brought back to the surface through explosive action, which took 
place some little time after the meteor came to rest. What proportion 
of the irons scattered over the plain are the re ult of this secondary 
effect one can only surmise. The fact that there is seemingly no 
regularity in their distribution-as is almost universally the case in 
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meteoric showers, and, in addition, no g radation in size along the 
. upposed line of fl.i n-ht, nor evidence of atmospheric friction upon 
the ir surface -favor the idea that all were thrown out, and it is 
not impossible that pra_ctically th entire mass not dissipated by 
volatilization was thus ejected . It . h uld be remarked, in this con
nection , that a mos t liberal estimate of the material carried away 
by collectors or still re111aini1 io- as shale on the plain would scarcely 
account for a thousandth part of a ma s sufficient to form the crater. 

'fhe failure thus far to find a la rge intact mass within the crater 
might be furth er explained on th e g round th at a con iderable portion 
of it ·was volatili zed by the intense heat generated at the moment of 
striking the ur face, and the comparatively sma ll res idual remaining 
has largely succumbed to oxidation . It mu t be remembered , how
ever, that the method of borings, whereby the materials are brought 
to the surface by a tream of water forced down wa rd th rongh the 
drill-pipe is such as to practically preclude the securing of particles 
of metallic iron of any but the small est size . Even if permitted 
by the dimensions of the hole, their hig h specific grav ity would cause 
them to be left behind. and only the lighter sand rrra ins and more 
minute particl es would be brought to the urface. 

The work thus far done does not, ther f re, disprove the presence 
of a la rge quantity of fraamenta l iron. although tending to show that 
no large mas lies th ere buried. It is p . ible , too, that the esti
mated ize of the body making the crater i an exaggeration , since 
if, as seems probable, volatili zation of a conside rable portion fol
lowed immediately upon striking th e ground, the outrush of vapor 
due to the enormous expan. ion in pas ing from the solid to the 
gaseous condition would certainly have served to tear away the rock 
and increa e th e diameter to an extent that we have no means of 
estimating. 
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EXPLANATION ' OF PLATES 

Pr.ATE LXI 

FrG. r. View of crater rim from the northeast. 
2. V iew o f crater rim from the south. 

PLATE LXII 

F rG. 1. Vi ·w on outer slope of eas t rim f crater, look ing southwa rd. 
2 . A lime tone b ulder on out r lope of cast rim of crater. D imensions, 

q8 feet in circu mference at th e grou nd , 23 feet high on west side, 
30 feet high 011 ea,t side. Approximate weight. 3 .000 tons. 

PLATE LXIII 

fir.. T. Vi w look ing 11orthwa r I along cres t o f west rim o f crater. 
2. Vi ew looking northward a long cres t o f west rim of crater, showing 

width of cres t. 

PLATE LXIV 

F 1G. 1. View lo king aero s the cra ter ; from lo w place in nor thern side of 
nm. 

2. View looking acros and into th e crater; from the south. 

PLATE LXV 

FrG. 1. Near view o f interior wall of crater, looking northward. 
2. V iew looking ae ro. the cra ter fr 111 th e n rth and showing the fau lt

ing (d irect ly benea th a rrow) in s 11 thern nm. 

Pt.ATE LXVI 

Contour map of crater 

PLATE LXVII 

F1G. r. Dry wash on south side o f outer rim. showi ng se ,·en-foot bank of 
rock-Aour. 

2. vVhale R ock, a lim estone bould er on outside of west ri m. D imensions, 
88 fee t in circumference at the ground and 38 feet 111 maximum 
height. Approx imate weight, 1,500 tons. 

3. Largest boulder on rim of crater, wes t ide. 
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PLAT£ T,XVIII 

FIG. I. Moraine-like hills on outer slope of northern rim of crater. 
2 . Near view of interior walls of crater, with talus and alluvial fans 

from the cliffs. 

PLAT£ LXIX 

View in interior of crater showing nearly level floor; looking south. 

PI.AT£ LXX 

View in interior of crater showing a near view of south wall. 

PI.AT£ LXXI 

Microstructure of gray sandstone 

FIG. 1. The unaltered sandstone. 
2. First and partial phase of altera tion. 
3. Completely metamorphosed sand stone. 
4. Quartz glass form ed by fu sion of sandstone. 
5. A highly magnified portion of No. 3, showing curved cleavage lines. 

PLATE LXXII 

Altered sandstone from shafts inside of crater 

F1G. I. Completely metamorph osed sandstone, with secondary platy structure 
at right angles to bedding. 

2. Fused and slightly pumiceous sandstone, almost wholly glass. 
3. Pumiceous sandstone, almost wholly glass. 
4. Coarsely pumiceous sandstone, almost wholly glass. 

PLATE LXXIII 

Typical forms of Canyon Diablo meteoric irons 

PLATE LXXIV 

Etched section of Canyon Diablo iron 

PLAT£ LXXV 

Shale-ball irons from trenches on north nm of crater 

F1G. I. Ball consist ing of residual nucleus of metallic iron, with adh ering frag
ments of sandstone and limestone. 

2 . Shale ball cut in halves and showing metalli c nu cleus, with its crust of 
iron shale. 
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