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PLANETARY FIELD GEOLOGY PRACTICUM

Itinerary, White Mountains Trip 26-28 April 1996

H. J. Melosh, 353 Space Sciences, 621-2806

We will assemble at 7:30 am on Friday, 26 April at the LPL loading dock off Warren St. in
five 4-wheel-drive Blazers. Try to be at LPL by 7:30 am to get the vans loaded. Please be
sure that you have had breakfast beforehand, have ice for the coolers, etc. before we are
scheduled to leave: Breakfast and ice runs just before departure have caused long delays in
the past!

Our approximate itinerary is:

S o vRsidey, 26 Apglk
. . ' Nt |
A $.¥3.8:00%n Disttibute hag éduts,«,%e%;ai LPL, turn right on Warren to 1st Avenue, then
et \R?_gl’:éﬁsﬁo» phell. > Tufisoudh #o 1-10,-procged east on I-10 to exit 289 at
o ew 04 faesh Ktation Road. Exi ramp crd s Waekrver 1-40¢-turn left (west) at the
“T” intersection.,
8:45am  Tumn right on dirt road; drive about 0.1 mi to the clay pit at the base of what is
left of Cross Hill and park. We will observe and discuss.the Cross Hill rock-
avalanche.
9:30am  Return to I-10 and proceed east to Texas Canyon rest stop, park vehicles at east
end of parking lot. Kirstin Girdner will discuss the prominent spheroidal
weathering at this site.
10:30am Continue east on I-10 to exit 352 and take Rte 666 (now 191) north toward
Safford. After 14 miles turn left (west) on Rte. 366 and proceed to base of Mt.
Graham mountain front. Park along road, where Andy Freed will describe
how metamorphic core complexes are raised.
12:00 noon Lunch
1:00 pm Return to Rte. 191 and continue north through Safford. Turn right (east) on
Rte. 70, travel 6 miles then turn left (north) on Rte 191. Continue through
Clifton and Morenci, stop at the big open pit mine at Morenci. Eric Wegryn
will describe the mine operations and the origin of porphry copper deposits.
3:00pm Continue north on Rte. 191 through Sitgreaves National Forest toward
Springerville.
5:00pm Tumn legto (west) on Rte. 260 at Eager. Proceed 8 miles west to Forest Service
Road 560.
6:00pm Camp in vicinity of the small settlement of South Fork. Make Dinner, Fireside
chat on the history of the Apache Nation by Andy Rivkin.

Saturday, 27 April:

8:00am  Break Camp, return North on FR 560. Turn left (west) on Rte. 260 and travel
8 miles to the intersection of Forest Service Road 112. Turn left (south) and

@“\ proceed to the sharp bend at Sheep Crossing. Park vehicles at the head of Mt.



9:00 am

5:00 pm

8:00 am
9:00 am

9:45 am

Baldy trail and prepare to hike toward the summit. Pack lunches and water. Be
prepared for muddy trail conditions.

Begin hike up trail (about 8 miles round trip: we will not go all the way to the
summit: to do this requires special permission from the Apache tribe, on whose
reservation the peak lies). During the hiké seveal presentations will be made on
the features along the trail. In approximate order:

The Sheep Crossing formation, by Greg Hoppa

Periglacial processes, by Doug Dawson

Glacial deposits, by Zibi Turtle

Glacial erosion, by Barbara Cohen

Glacial processes, from the earth to the universe, by Ralph Lorenz

Glacial history, White Mountains to the world, by Karen Meyers and
Cynthia Phillips

Global climate cycles, by David Trilling

Habitable zones and stellar evolution, by Rob Coker.

Return to vehicles, drive north on FR 112, turn right (east) on Rte 260.
Proceed 3 miles to Forest Service Road 118, turn left (north). Continue about 1
mile to find a campsite. Camp, make dinner. Fireside chat by Vince
Converse on UFQ’s 7771!!

Break ca?np, return to Rte. 260 and proceed west oward McNary.

Stop at overlook on Mogollon rim near . Observe and discuss rim
volcanism under the sage direction of Jennifer Grier.

Continue west on Rte. 260 to intersection with Rte. 73. Turn left (south) on
Rte. 73 and continue through Whiteriver to Carrizo. This segment of the trip is
entirely on the Fort Apache Indian Reservation.

12:00 noon Lunch stop near Carrizo.

1:00 pm

2:00 pm

3:00 pm
4:00 pm

4:30 pm

5:30 pm
6:30 pm

Turn south on Rte. 60. Travel 10 miles south of intersection with Rte. 73 to
i t 3¢3) Stop at outcrop of rim gravels for a presentation by Jim Head

on the mechanisms of the Colorado Plateau uplift.

Continue south on Rte. 60. Stop in Salt River canyon for a presentation on the

geology of the canyon and the issue of intrusive vs. extrusive volcanism under

the guidance of Nancy Chabot and Bob Reid.

Continue south on Rte. 60. Optional stop may occur past milpost 279 to view

outcrop of precambrian Barnes conglomerate.

Arrive at Globe, turn left (east) on Rte. 70, proceed 3 miles to turn left (south)

on Rte. 77. Another optional stop to see Barnes Conglomerate at milepost 158.

Continue south on Rte 77 to just before milepost 153.

Leave highway on small dirt road to north. --visibility is limi

oncoming traffic moves fast here! Be careful! Stop to observe base of El

Capitan rock avalanche.

Return to Rte. 77 and continue south through Winkleman, Mammoth and

Oracle to Tucson.

Arrive Tucson, unpack and clean vans, go home.

vl ot wplowic £:o8).
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Primary Drivers: Cohen, Converse, Freed, Reid, Wegryn

Participants:

N. Chabot
R. Coker
D. Dawson
K. Girdner
J. Head

D. Kring
K. Meyers
R. Reid

D. Trilling
E. Wegryn

B. Cohen
V. Converse
A. Freed

J. Grier

G. Hoppa
R. Lorenz
C. Phillips
A. Rivkin
E. Turtle
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Minevals

TABLE 1-3. Some Common Minerais and Their Physical Properties

Minaral Chemical Composition Common Luster Hardness Cleavage
Coldrs
Quartz Si0, Clear - Glassy 7 None,
coloriess, concgidal
' milky white, fracture
pink, gray,
ete. .
Plagiociase NaAlSi,O, White, gray, Glassyto 6 Two
CaAl,Si,0, coloriess Pearly directions,
intersect at
about 80°
Orthoclase KAISi,0, Pink, white, Glassy 6 Two
(K-teldspar) gray, directions,
coloriess about 80°
Muscovite KALSi,0,,(0H), Clear to - Silky or 2-2.5 One
(white mica) silvery Pearly direction,
green, or cieaves to
) yeilow thin sheets
Biotite (black K(Mg,Fe),AlSi;0,,{OH), Dark brown  Silky or 2.5-3 One
mica) to black Peariy direction,
cleaves to
thin sheets
Hombiende CazNa(Mg,Feg.(Al.Fe)(Al,Si), Dark green  Glassy 5-8 Two
(Amphiboie 0,(OH), to biack diractions,
Group) intersect at
56° and
124°
Augite Ca(Mg,Fe,AD(Si,AD,O4 Dark green  Glassy 5-6 Two
(Pyroxene ’ to biack directions,
Group) intersect at
90°
Olivine (Mg,Fe),Si0, Green to Glassy 8.5-7 None,
brown : conchoidal
] ' fracture -
Caicite CaCo; Colorless to Glassy to 3 Three
white Earthy directions,
: intersecting
at 75° and
105°
Pyrite FeS, Paie brass- Metallic 6-8.5 none
yeilow
Chalcopyrite  CaFeS§, Brass yellow Metallic 3.5-4 none

TABLE 1-4.

-

Moh’s Hardness Scale.

10

= NWsBOOON®D®O

Diamond

Corundum

Topaz

Quartz

Orthociase feidspar
Apatite

Fluorite

Calcite

Gypsum

Talc

increasing hardness




‘. ' | | . . .', ,‘ . ‘ . ‘ (

“(an1sapue sy ®uy uey) opos asow uoysodwod ssepoideid v yum 301 e) uvonisoduios
asejoojdejd wo Av)esnaoe ssap 20 ‘(1 1ed uy umoys se ‘yuseq st 10IS %TS uey) ssaf
1M ¥001 B pue ‘Aisapue S| OIS 9z UTYY I0W YIIM 3301 B) JUI)U0D TOIIS jO sIseq
A vo Ajujety apTI ST IYSIPUR PUE JjESEQ UIMIAq UOHIOUNSI(] (£~ 2103),] 235) Jusw
-odursse senBueln sejnus e Jo siseq a1 vo pawvy are sya04 snoaudy o1UNsjoA A,
“Juaju09 B2I[IS 3eIpauisaiuy jo (sedspiay) punad
-1o3 v urio) 01 1uds s Loy paxjwe usym aiqnedwodyy £jjesiwsys aim proyuds
-2y pue ziaenb asnessq ‘sajfuel) yroq vo vadde youuea X203 v (gl I-F 21081, 295)

: (81 "B 27 "3y “1o§ 14137 ‘961

‘uasIayoaNg 1 "y wou) ussaad asr spoprudspiay uaym pasn aq pproys , Jupreaq-prog,,
sayienb oty AL pue ‘g g spioy o) ‘notsgoasd (ia panuusagap aq jounes saBmuaniad
(12U uagm (asn pray sof) satnen dnoag PAZERIauAL) () 21n1x3) aandUNSIP Jo wonisodiuon

{raaunu ageat uodn pasuq 2an sunn) Snkpipow apexdosddy z-p 281 ut umoys anbguyoay

a1 £q mFuen aedosdde 3 unim panogd pue g9y 01 payenojoass ase s{RIatgu asayy
Jo siunowe aanejas ay g (g 2duen) proqiedspiag so (v 28umn) ziaenb Jaya pue ‘sudspio)
ey asepordeid o010 1sea) 1e uintoed 1snn joos g anusaneyd aq psnw ¥203 snoaudy

a1 ‘s2|Ruupn asay) ) papraug 2q 01 13pIo uj “syaos apoinid jo uonEdYIssEp AL, (51 *y)
I~p omby

3 )

samjoptoy
1A

sprosqqud
pue spionuaks
SprIoIop prog A
o 1A ‘

(113

ol

0
salsOIotY
d mA 59 " v
sprosqggegy Al srronuis 1

Sprasoiy 1l
\ (174

0

spionunesgy |

720y

(shesaunw prog

sanopiod §1

(anuaksifteyd pro) =)

1gyefozunt ploy
o } pio ayuaksozuot piog ¢f

JAU0IpoZVOIE P10 £

0S o
ol \
/ asqggedozuow andozum anuals anaaks sedspray
osqqed Tuueaq -0} [y oipozuow fupesq-piod .9 Supnaq-piogd £ \UmAle Bupuag-piog
smuotp dupreaq-prog 0! fuynaq-pod .6 : : . N\
/ - {3 (i1} 1
Loy U 9 sedspia) ey
ssnpordngg .
. 0 : - 7 7 £ \_._ 19y )
ansoIOmE & osqquAoziom NUOZUON § snuafs ¢ anuaks sedspiag s
\..:_._._m:...hm_nuﬁ pwoporop g\ MNE [ TP L%
S
oxqqriozuoty 1uaks 213enb .
ansoypoue zuenb zuenb s0 syuozuow u._o.“m“.m»“ .:u”.__m._._o._ NeNY o9
sosqqud zuemb \ poipozuow zend) o8 .
7ap ~.=..=c/..= nend) .6 \

anuw) £

spronuad you
-zusend) 97

%06> Sjeiuiw yeiy

PMSNALUT
¢ C



["wonestunnnod jruociad ‘6ol ‘uas[aNIING 'V pue iz ') “s8yy 30103 ‘6161 . sjrsauIw prog
HISINIING ] "V wmoLg) wanos woys pun (sjesaum agew jo a8eiansad amnjoa) xapuy
002 wo pasaq S| Isapun pue jeseg waamiag wopammsi () (50 ppay 20)) sowen duoag

anpiog g}

paztiesauagy () “sishsaouand vy yuasasd spesaupn uedn paseq 20 URD VOHBIYISSE]D SANTIUM ,
® “UOHRUNUINAP J0J 2y 001 SI XISINW ISOYM §3903 9501f) JO IFEI At} Y| "2INIXAN FANILISIP
1o tomsodwos jrisupn syew vodn paseq pasn ase swsm Aukppow syepsdosddy g-p aanfly
" usons e ‘apdunin arepdosdde o wgnm panogd pue 4,001 o PaNapRaas 2an sprsaun
ALY ISNEY JO SINOWE AN ;g (pieg) progiedsprag so zpaenh Jana pue audspiag geype Mpry aptag
‘asuppotdnid 00 1seag 1w wmos 1smu jo0s mp), onmuende 20 150U Y004 snoaudy un safue amydag u___“.:::_,_
M UM PApUIDUY aq 0) 1210 U] 53001 SNEaT) SJURD|OA JO UOHIBALSSIED Mg (4 'y) %1 s
. €-b oinbyy
(]
(1§ ua2s2d 1yBiap o
is
MNISpu tjnseq-0ona m m .
. ..Wllll_l...l._lu I...Hl %lease 213 (anueseq)
- % mor 3[E amyda ajovoyd
ansapue-ejagy Neseq oS snjeuoyd £/ apuyday 27
0s oi
- A)
. 4 o 0 7 aikyoen a1kyoun gexje
\ 01 1useq *ausapuy 6 e Bupeag-plog g Supreag-piog 2 \Bupoaq-plog 9
\ LY
t 06 9 3 ol 1
asepoide|g sedsppa) jlen)y
splonplog \ 06 59 5¢ 0l 4
1A o \ 6 / ame) g \ nkysesy ¢ kot ey 9
- HUSEq ‘2NISIPUY - — — —_— lle
- \ 6
o * amey 280 L u“._._»_um_._..n u.r_v.. legie-zend) o0
sproisyday. | spronjouony ot
IA A "
I3
N
gl sponesnq v aigjohyy ¢ ¢
‘sprolsapuy spionkyaely j £
Al (v)

spionangg

spuntjolyy §

%06 > S[orURY DYRpy

uend)

5390y oMsaa X J




sl

oK a1ay) pue 210 -duld NYM UIIISIMYINOS [BUOISEIDO0 UE pue
(11y surdeqns jo juelea [edo] paureu Apde ue) I11j jIeqyiod puy
[I% no& 2onuds aY) YIIM Ul PIXIW {MO[3q URY) SNO3UITOWOY SSI]
SI 2191 J3A0D 15310] 3], “JU[[3IXI §I gurdures syueq asoym 3uofe
‘(0786 ‘T°€) 10,1 1S9 941 Jo AreIngLI) B $35S01D 1B} 3y} U00S
*mopeau ay) jo sadurly
a1 SuipeAul Apeaije aIe yoIym sa21) 3y} £q paoejdai Ajjoym 3uidq
sasseId 2yl 1M eUnD [[am AW UOISSIINS [BINJBU SIY) 20Uy
SSLINJUAD [BIJASS (ABPO} ST I MOpE3W A Suiwodaq “Jis aul10q
-wea1)s yYIm pa[y puod 3y BIUUS[jIW 3y} JIAAQ (‘mopeaul 3y} jO
29pa 1seayInos ay) Sururofpe 38pu1 paIsaIo] ‘Mo] 21 sk A[qIsiA mou
S1 2UIBIOW SIY) JO 1J9] ST IBYAY) "18a11al s Jo1oe[8 ay) ur ey A1elod
-W19] B SUnInp pare[nuindde yolym s1ap[noq jo [jem 1o ,‘sutelour,,
e puiyaq dn pawurep s1jem s) ‘puod [jews ® A1qeqoid sem
MOPEIL SIY) “BaTe SN} JO UONEIOR|3 se] Y3 3uIMO]|0] K[arerpawu]
‘mopeaur SuriAul ‘ysny e Jo NI 32139p-081 ‘Opi B uidaq pue
T 9Y) 01 9AIND IM ‘SHUB]J PIISI0J A[aSUSP S, B £pred Jo smalA
ouyy swos Furured 191y ‘peay[ier) i) Wolj s ¢°Z Noqy
‘aueqea|)
uadse pue I19ise jor1qAJe3| ‘[lojonburd mopeaw ‘uowdisuad
15[1B0S 218 yojanIs Siyl Fuoe YSHNO[ ey} siomoppiim Auew
ay) Suoury ‘papadal SPIALJAI dY) USYM 313 papuens 1J3| Anuanb
-0SqNs 2I9M PUE BAIE JWWNS AP[eg dY) WOIj UMOP SI3[OB[F Juald
-ue 2y} 2pol jey]) SLIGaIP ulejunNowW jJo suUnyd —  SONeL,, [eoe[3
aIe 100[] UOKUED 3Y) INOQE UMIIIS SISP[NOQ IBIB Y], 'SSAUIP[IM
ay) unyim ozeid o) pamoj[e [S A[ajeuUnyiojun dIe jeyy spry
3]} JO SIaquIAW ‘a[)1ed JO pBay MdJ B Isn[33s 03 A[9y1] dJow 318 noA
y3noy} ‘mo[aq pIemsuaaid Jueproa ay) uf Jurzeld Y|d 10 Ja3p I[N
awos 395 AW NoX ‘apisuofued Asseid ‘Auuns Apsow ay) Juoe
Juaunysa1jas apiaod (jjej Aj1ea [nun I2Jem) s3I0 [[eLs [BI3AS
INq ‘weans 3y} woyj Aeme A[Judd quuid 0] SINUNUOD [IeN) 3y L,
(anyq e Suipjoy a1e nok ,,[yonQ,, Les nok Ji :s3[paau jo Buds e Jul
-z2anbs £q 3on1ds uuewWRFUF UOWILIOD IIOW 3} WO P[0} 3q Kew
anjq opeIo[o) 3y, “IeFulya10) pue quIni) §,5U0 UNMIAQ [[OI 0}
NOIJJIP WAL SAYBUW YIIYM ‘SI|PIdu 31 JO UOTIIS S50.10 arenbs a)
Aq su921319A9 19110 WO} paysi3unsip aq Aewr sonids y) “Iapioq
eIN 24} Jedu J2ATY OpeIO[0D ufeul 3y} JO yjlou eale ayj pue
uoIFal SUIBIUNOJA YA 1) 01 PIJOLIISAI S| IFUBT BUOZLY 3sOUYM
191100 , pa1soly,, A[PA0] B ‘9onids anjq OpeIOjOD SI 2313 jued
-1wIop 31} Y2121)$ pamopeaul iyl Jo saduLyy ay) Juofy "1arem a1
UI01J SOURISIP JUSIUSAUOIUI JIYJe] B Sufgjuiew pue jydL ay) 03 jjo
SIAOUI UOOS [IE1) 9} 10 ‘S[921 puk spol J1dy) yoedun 03 Aue se aoed

61T ssausaplim Apred TN

B pood se SIy] pulj [[Im USULIdYSL] ‘OpeIo[oD I[NIT HIod 1S9M

ay) Jo yueq Jy3u Ay} 9pisaq AQuad squuipd [rexy mo ‘(06 *0°0)

AIepunoq SSauIdpip Apjed UNoJA ayj 18 peay[len ay) worg
uopdpasa(q

"(z81
a9ed uo Ssa1ppe 235) £°9 J[IW JB AIBPUNOQ UOIIBAISSAI 31} puokaq

[oABI} 0] uoNeAIasay 2yoedy 1104 3y} woij uoissiurad ureqo
IS0 JWwns 3y 03 [9ARI} 03 Juysim s1ayIH "A1jua orqnd 03 paso[d
u99q Sey eale jrurwuns Apreq Yyl ‘G861 A1eniqaq Jo sy 910N

*IN0J) 1BOIYIIND pUE J0oIq ‘moquiel 10] Surysiy
PO03 $13JJ0 J9ARY OpPEIO[0D 3[NIT 10 1S9 9} pue ‘dapepradns
ale yead Apred 100J-g0b‘I1 JO JUILINS 3] WOIJ SMIIA "3Inolx
surdje [nyjySyep sy} 03 SULRYD JIdY) pud| [[e wean)s Juipjreds
e pue ‘I pue 2on1ds jo $15310] Judjiudewr ‘smopeawr ysny

sain)eay
AJuo J1v4) fo saju gz € 1541 3UOD UOSDAS |ID 3|qD]IDAD 43]DH
Jaquidydag o) aunf uoswvay

(s&sp 3unjiy £-7) yovdydeq 10 H_Emu_. J)BIIPOJAI

uyed uopBAd[A , 0817 ‘du) punoi sapfu g €Y

yead Apjeg o1 buissoaq daaysg g, duy

67 pue | £ ‘€7 sdep 23§

(ovbs t1°61)
J9ALI 1) [)IM 1DBIUOD 183U Ojul sTuims peot ay) a1aym jutod ayy
0] weal)sdn 20uBISIP 110US B }[EM pUR 1J3] UIN) M |7 PROY 153104
yoral o], "puokaq isnf st 12A1y anjg ay) {A1epunoq eale aaniwpd
3y Juneoipul udis B puB 30UIJ 211M-paqieq B YOBal oM U00s 00}
IV uapiuaiul mol3 Aetl 321D Jueln 0M) 10 J[iul B 1))y
‘peayjie) ay) je ssaupjim JO sSof juauiw
-l 91]) 10] 19]9ABI) UOSEIS-I1B| 3] d1esuadwiod pue [jej 3Yy) ul uadu
s1niy £1se) 1nq Apaas asoym ‘saulaadess pim yim pauooissy Aqied
21 saypuelq pue syunt) ay) jo Auepy ‘ssaid4d euozuy pue auld
esosapuod ‘sadun[ 1o0jedijje ‘sjdew ‘nujem ‘alowedAs Juipnjo
-ul ‘y2)211s SNY1 Fuoje YSLINO[) $321) JO AI9LIBA IPIM W "J2ATY anjg
a([1 0] IO Y|em a[iw-¢ ‘Aysniq A[[eUOISEID0 JI ‘Ases ue si di1) ay) jo
Iapurewal ay L, "Arenqil) Suimor) A[JUapiuIdjul ue Jo aousanjjuod

STIVA] VNOZI¥Y 812




0t dejy 33§

ey

e e e e e ey e § 5 e et

SEvTt

(9L duy
Jo sdajs a1y as104al fpalinbai 3[1Inys 1ed J[IW ) [Ie1], Y10, I1seq
2y} BIA 10 ‘aIEd noK Aem a1y wInjal ‘mala af) u1 upye) 19))y
*uoI303IIp Sy} Ul 3e)s
ay] ssodoe Aemjiey A[Jeau 295 UBd auo Aep I3]0 B UO U0ZII0Y 31}
plemo) Aeme s|jej 99pu Pa1salo] 1a1je adpul ‘anng a1j) puokag ‘uok
-UBd J2ARY YA Y10 1seq o) Jo ysed daap ay) aaoqe Apdniqe
Suisil ‘anng asipeied 100J-0S] 11 S1 1Sam ang “jue]) Iseayinos
S11 U0 §1$210) Iep 3yl yum Ajdieys os $)SeIUOD YdIjM  mOopeatl
Fuiduey,, uaai8 yJi| 3 Aq 9]qeZIUF0Ia1 A[ISED ‘USLIBRA\ JUNON
100J-9€0 [ 1 SI 1SamYIoU 3] 0] J[IW y “UOINDAIIP AIAI Ul SMIIA
3AISU2]Xa pue ‘udis 0] 19751Fal B puUl) [[IM NOA juIwns ay) uQ
(‘[eARI) 10] PaPUSUILLIODIIL
Jjou pue paulejuiew 128U0] OuU S| YIym ‘fiel], J1oJ 1seq plo ay)
SI SIYL “1J9[ 243 0 }JO sayduelq |rel) juiej e doj ay) yieauaq isnf)
(E0F‘1T ‘6°9) Bad Apled Jo nwwns £3001 3y} 0juo Jujjquields
Ajreury alojaq ajppes mojjeys e ojul Ay3ns doip uay) ‘asu I}
-123 € SSOIDE IN0S 2NUTIU0D M uonoun( ay) wol ] ‘jrel], 10, 1seq
ay) uo umop Furids Aup) g je ‘Aeme s1u °() SI 1ajem 1Sa1eaU 9y} Inq
‘a191] punoj 2q ued sansdwed pasodxa ‘100d ma) v “(081°11 ‘1°9)
1se2 2} woij dn Fuiwod [lel], J9AIY Opel10jo) 3N Y104 Iseq
paudis ay) J9aw uCOs am ‘JUIDSE JjRISpOW INO Julnunuo)
JUUTWILLI SWIdIS WIoIsIspunty)
e J1 Jayjiej paadold 01 2|qeSIAPE JOU §I }I pue ‘eale jiwwns Apjeg
a1y} 01 Suipeaj 23p11 3y} Jo 15210 Y} mojaq Isnl 10 jo doj uo skejs
[re1y a1 ‘uo juiod siy) woi ‘ylou 3y 0 A1unod guijo1 ay) pue
110AI3S3Y UIBIUNOJA 211YAL PIEMO] BISIA Juesedld e yum pajuasaid
ale am a1aym ‘(098°01 ‘€°S) @8pu1 e doje yojou e 03 sn sFuliq a19y
wolj quind 1oys Y “sjinjq 3201 WOS [Jeauaq SRIBqIIMS M3
B 9)}BW 0] Pa210j Uoos sl [Iel] 3y pue ‘2onids uuewpduy jo puels
B 19]U2 am S Uadaa)s S[[em UOAUED 31 ], "pIem]SamlInos opelojo)
[N Y104 1S9 3y spejjered ureSe souo 31 [nun ‘sawr) je Ajdaays
Suiquirpo ‘opisjiy B SPUnol 3)N0I INO MOpEIW 3] puokag
*joou Apeys ‘Jsiowr wos
ur Surwossojq auIquInjod mo[[24 Amoys e Aq 1ydneo aq Aewr aka

-

B s

MEE suvu] vNoziuy 072

__”__l I@l - e W W . _l ™ O O W R W -AI:,N_




and Cross H,l)

The El Capitar}‘Catastrophic Landslide

With your most catastrophic hosts

= Will Grundy and Mark Lemmon =

Vitally catastrophic statistics

Volume of rock: 4x10" m? Time of emplacement: Pleistocene (?)
Max vertical drop: 1300 m Max horizontal travel: 6300 m
Deposit thickness: 5-35m Width of deposits: 1500 m

Max exposed length: 3800 m

3
Cross H:l/ velume : ~ 20 xlo‘ M otherdefy.

aveq: > ¢ km? ?27?
thickwss: |- SOm s
Catastrophic references:
Howard, KA. (1973) Avalanche Mode of Motion: Implications From Lunar Examples. Science 180, 1052-1055.
Hsg, KJ. (1975) Catastrophic Debris Streams (Sturzstroms) Generated by Rockfalls. G.S.A. Bull. 86, 129-140.

Krieger, M.H. (1977) Large Landslides, Composed of Megabreccia, Interbedded in Miocene Basin Deposits,
Southeastern Arizona. Geological Survey Professional Paper 1008, Washington D.C.

*Melosh, Sir HJ. (1986) The Physics of Very Large Landslides. .4cta Mechanica 64, 89-99.
Shreve, R.L. (1968) Leakage and Fluidization in Air-Layer Lubricated Avalanches. G.S.4. Bull. 79, 653-638.

Yarnold, J.C,, and J.P. Lombard (1989) A Facies Model for Large Rock-Avalanche Deposits Formed in Dry

Climates. in Conglomerates in Basin Analysis: A Symposium Dedicated to A.O. Woodford: Pacific Section
S.EPM. 62, 9-31.
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LANDSLIDES INTERBEDDED IN MIOCENE BASIN DEPOSITS, ARIZONA

v or
o

110°47'30" 110°46°30""

BASIN DEPOSITS (including unmapped
Quaternary deposits)

i

(ELCAPITAN:.
\MOUNTAIN:,

C. -

~a’ i | Alluvial and lakebed deposits

BEDROCK

Formations older than those
in landslide

l I ! \ ‘ l Naco Limestone

Formations occurring in landslide

Escabrosa Limestone

Martin Formation

Formations older than those

in landslide
€ | Cambrian formations
111 Troy Quartzite
da Diabase and Apache Group

Contact

65
A” . Fault, showning dip—Dashed where

I inferred. Bar and ball on down-
thrown side
N
l I
l 0 % TMILE
f T == —
0 5 1KILOMETER
Ficure 27.—EIl Capitan landslide and its source area on El Capitan Mountain. Reduced from geologic map of El Capitan
Mountain quadrangle (Cornwall and Krieger, 1977).
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Figure 2. Present crustal isopachs and Basin and Range extensional
province. Contours show present crustal thickness (km) on present-

day base map. Cross-hatch pattern indlcates area of Basin and Range
extension.
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Meotamorphic core complex ’

Oligocene~-Miocaene magmatic activity

5 Eocene magmatic activity

Snake River Plain

N, -

hY »
o peo \ ")
Pacific Plate \\\ﬁ_‘

L\

0 SO
) N
0 SN
thrust belt )

™ nd resulting crustal welt. Crustal thickness contours (km) and palin- subduction zone

Figure 4. Post-Laramide palilnspastic and paleoisopach reconstruction \ -

Jastic base derived from restoration of early and mid-Tertiary exten-
sion and crustal thinning. Weit of overthickened crust (strippled area), ‘.L spreading center
which was the consequence of Sevier-Columbia-Laramide tele-
scoping, runs down axis of Cordillera and coincides with locus of later
core-complex extension.

l N

‘ Figure 1. Major regional tectonic features of earty and middle Tertiary
6 ) post-Laramide, pre-Basin and Range time. From Coney (1978, 1980).
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ds from northeastern end of line to location 1 km.

and mid-crustal reflective zone. This sectlon exten

southwest of Precambrian basin

-flll contact. No vertical exaggeration. Abbrevlations are same as

DF—detachment fault (originally same as Eagle Pass

in Figures 2 and 3, plus M—Mlocene basin fill
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Figure 1.
Naruk, 1987). CP Is Colorado Plateau; TZ is transition zone; B & R Is Basin and Range.
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Flgure 5. Schematlc cross sections from Galluro Mountains to Glla Mountains approximately along
line 13, prior to movement along Eagle Pass detachment-fault system (A) and today (B). Approx-
Imately no vertical exaggeration. Inciplent Eagle Pass detachment-fault system extends from sur-
face near northeast flank of Galluro Mountains and flattens within brittle-ductile transition below

Glla Mountalns. Mid-Tertlary extension progressed and uplift of core complex occurred as upper
crust was tectonically denuded.



Copper
Mining Porphyry Deposits
or

Red Giants to Arizona to Your Pocket

Eric Wegryn

Copper is a nice, shiny, copper-colored metal. It is nice because it is very
electrically and thermally conductive, ductile and malleable, and resistant to
corrosion. Because of these properties, it is one of the more useful elements, as
opposed to, say, yttrium, or rhenium, or those boring non-descript rare earth
elements. Copper is ideal for use in electrical devices, and indeed, at present over
75% of all copper is used in electronics and electrical applications.

All the copper in the world was created in the advanced nuclear burning
stages of red giant stars billions of years ago. How some of it came to be part of our
planet is beyond the scope of this work. How much of it ended up in Arizona
would be slightly more relevant. How it comes to be dug out of the ground,
separated from the surrounding rock, purified, and fashioned into nice things such
as pennies and electrical wiring is bang on, so it is this last story on which we shall
focus. As one chronicler of the history of copper mining said, “Whatever Power is
responsible for the Universe made ore deposits; but mines are made by the genius of
men.”1

Arizona’s extensive deposits of copper-bearing rock have made it the largest
copper producing state in the U.S., with more production than all the other states
combined. The oldest and most productive mine in the state is located at Morendi,
near the New Mexico border. Copper was first mined at Morenci in 1872 (see
chronology below), from the very richest “bonanza” sources, veins or sheets near the
surface. As these high-yield deposits were quickly used up, more intensive
techniques had to be employed to mine the copper. The bulk of the deposits are
low-grade porphyry deposits, which contain much smaller amounts (less than 2% by
mass) of copper, in crystals which are distributed fairly evenly throughout the
deposit, and in thin coats along fracture planes.

As early as 1893 a struggling Arizona Copper Co. had to consider mining the
low-grade porphyry copper at Morenci. The term porphyry refers to igneous rock
containing conspicuous crystals (phenocrysts) in a fine-grained groundmass. It is
formed when a molten magma intrudes or invades existing rock, and as it solidifies,
develops the porphyritic structure of relatively prominent (0.1 mm sized) crystals in
a much finer-grained groundmass. This genesis is followed by a period of secondary
(or supergene) enrichment, as acidic solutions leach copper and repreciptate it lower
down. The result is a porphyry deposit enriched with chalcocite under a leached

capping layer.



Mining Porphyry Copper Deposits
In the case of Morenci, a predominately quartz monzonite magma intruded
on the regional limestone and shale to create a porphyry deposit about 1400 x 900 m
and averaging 250 m thick, with chalcocite (CuzS) grains, and pyrite (FeSy),
chalcopyrite (CuFeSy), and sphalerite (FeS) veins, beneath a capping layer about 80 m
thick.23 Although it is a geological term, the word “Porphyry” is also commonly

used to refer to the major copper mines, even if the ore is not porphyry, and
Morenci is considered one of the original “Porphyries”.

The extent of a déposit which can be profitably mined is determined by boring
for numerous samples, and using the assay results to delineate the region to be
excavated. Obviously though, the definition of what is profitable varies from mine

to mine, and changes with increasing technology and with the supply and demand’

for copper. As the percent yield of the remaining ores decreases, it becomes
necessary to make use of lower grade ore through improvements in technology and
efficiency.?2 Even the richest porphyry ores remaining today contain less than 1%
copper. For this reason, economies of scale usually dictate the necessity for open pit
mining, the removal of enormous quantities of overlying “waste” rock to reach the
porphyry ore and remove it in bulk quantities. As a result, Morenci and other open
pit copper mines are among the largest man-made things on Earth.

Open pit mining commenced at Morenci in 1937, and large scale exploitation
of the orebody began in 1942 with the construction of a new concentration facility.
To profitably extract the copper from the deposit, it is necessary to remove great
amounts (up to 2.5 parts) of waste rock to get to good ore. Great diesel trucks,
arguably one of the most significant developments in open pit mining, are used to
haul the ore out of the huge chasm, up to 190 tons per load. The mine grows deeper
and wider, a gaping man-made crater marked by tiers of horizontal benches 50 feet
(15.2 m) high. As one observer remarked, “Perhaps the principle impression is one
of hugeness; of wonder in the capacity of mere man to make this tremendous scar
on the bosom of the eternal Earth . . .”1

Once the ore is extracted, it must be processed to remove the small quantity of
copper it contains. Two basic methods are available. Most (~ 85%) of the copper in
porphyry ores exists in sulfides (chiefly chalcocite and chalcopyrite). The extraction
process begins with concentration (milling). The ore is crushed and ground up to
free the copper-bearing crystals from the rock. The next step is flotation, in which
the powdered ore is mixed with water so the copper grains can be preferentially
coated with chemical reagents, brought to the surface by air bubbles, and separated
off. Up to 95% of the copper can be separated into less than 3% of the original mass
of the ore; the remaining copper ends up in the tailings.

The concentrate is then sent to a smelter, where it is roasted to drive off some
of the sulfur and volatile impurities, then melted in large reverberatory furnaces.
The resulting mixture of iron sulfide (FeS) and copper sulfide (Cu35), called matte, is
transferred to a Bessemer converter where the iron is slagged and the sulfur burned
off, leaving 99.5% pure “blister” copper. This is remelted and cast into large anodes,
which are sent to an electrolytic refinery, where they are dissolved in solution and
reprecipitated at a cathode, yielding 99.9% pure copper.



Mining Porphyry Copper Deposits

For ores rich in copper oxides (e.g. as a result of weathering), an alternate
technique is leaching, percolating through sulfuric acid to dissolve the copper, after
which the copper sulfate solution is directly electroplated onto cathodes. This is
known as the solvent extraction / electrowinning (SX/EW) process. A new facility
for this process was constructed at Morenci in 1987 to continue supplying high
quality copper for decades to come.4

The world’s supply of new copper comes from a surprisingly few copper
mines, most of them open-pit porphyry mines. Undoubtedly there exist deposits
still hidden, but the overall supply is obviously limited. Fortunately, copper is one
of the most easily recyclable metals, and “used” copper can now supply over half of
our copper needs. Still, the mining of copper is an impressive feat, which has
undergone great technological advancements. Every effort should be made to pull
all of this metal out of the earth. After all, “If it had not been for the application of
brains and capital to the development of this copper, these properties would be so
much worthless rock in mountains of scenic value only.”3

A brief chronology of the Morenci_mines:

1872 Federal Mining Law; First claims at Morenci; town of Clifton founded

1874 Detroit Copper Mining Company organized

1875 First smelter (led to first railroad in Arizona)

1881 Phelps, Dodge & Co. invests in new smelter for Detroit Copper

1884 Arizona Copper Company organized

1886 Bonanza ores exhausted; First concentrator in Arizona built

1892 James Colquhoun appointed General Manager of a struggling
Arizona Copper Co.; he institutes leaching of porphyry copper with
sulfuric acid, leads to company’s first profits

1897 Phelps, Dodge & Co. buys Detroit Copper Mining Co.

1922 Phelps, Dodge & Co. buys Arizona Copper Co. (with its Metcalf mine)

1932. All mining temporarily halted due to the Great Depression

1937 Phelps Dodge begins open-pit mining at Morenci

1942 New concentrator and smelter built between Morenci and Clifton;
large-scale mining begins in earnest

1948 Molybdenum separator added

1974 New Metcalf concentrator built

1985 Phelps Dodge Inc. sells 15% of Morenci to Sumitomo Metal Mining,
of Japan

1987 New SX/EW plant constructed

1989 Movable in-pit crushers and conveyors transport ore more efficiently

References:

1 AB. Parsons, The Porphyry Coppers, 1933

2 A.B.Parsons, The Porphyry Coppers in 1956, 1956

3 EJ. Tuck, Stories of Arizona Copper Mines, 1957

4 RR. Beard, The Primary Copper Industry of Arizona, 1985
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The Ill-Considered and Hastily

Constructed Apache History Handout

or Keeping Your Head While Losing Your Scalp

with your range-ridin’ hornswagglin’ rootin’ tootin’ guide, Andy Rivkin

Cast of Characters:

Geronimo (1829-1909): Chiracahua Apache medicine man, led “final” Apache raids in
1880’s

Cochise (?7-1874): Chiracahua Apache chief, led raids in 1860’s and 1870’s

General George Crook (1829-1890): Commander, Department of Arizona. First to use
Apache scouts in fight against Apache outlaws, compelled Cochise to surrender

General Nelson Miles: Crook’s successor as commander. Caught Geronimo in 1886,
went on to capture Puerto Rico for the U.S. during the Spanish-American War.

The Apache Kid (c. 1860-1890’s? 19077 1920’s?): San Carlos Apache outlaw
Charlie McComas (1877-7): Kidnapped settler’s son turned Apache outlaw chief

Indian Juan (7-1931): Brutal Apache outlaw in Sonora

Rough Timeline:
c. 1000: First Apache ancestors may have reached Southwest.

1500 and later: Introduction of horse leads to Comanches and Utes speeding Apache
migration south and west.

1600’s: Apaches begin raiding Spanish missions.

c. 1700: Some Apaches still living as far north and east as Kansas.

1821: Mexico becomes independent.

1846: Mexican War begins, Apache raids in Sonora kill over 100 Mexicans.

1848: Mexican War ends, Arizona north of Gila River ceded to U.S. from Mexico.
Apache raids continue to trouble Sonora.

1853: Gadsden Purchase transfers rest of Arizona to U.S..

©




)

-)----T

The earliest known photo of Geronimo, taken by photographer
A. Frank Randall at San Carlos reservation in 1884. This is the face
that launched a hundred articles, stories, and novels.

1858: Meeting at Apache Pass in Dragoons leads to peace between U.S. and Chiracahua
Apache. Also, Mexican revenge attack kills Geronimo’s family.

1861: U.S. Civil War begins, troops called east from New Mexico Territory (then
comprising Arizona and New Mexico). Also, Cochise leads Apaches on warpath.

1865: U.S. Civil War ends, Indian wars begin again in earnest.

1871: In April, 150 Mexicans, Papagos and Anglos kill over 100 Apaches (mostly
women and children) in Camp Grant Massacre. Gen. Crook takes command of the
Department of Arizona. Cochise surrenders in September.

1872: Cochise escapes reservation in spring, surrenders again for good in summer.

1880’s Unhappy (for any number of valid and invalid reasons) on the reservation,
Apache raids become more and more common, led by Geronimo.

1884: Geronimo surrenders to San Carlos reservation.
1885: Geronimo leaves reservation with followers in May.

1886: Geronimo surrenders in Sonora in late March, but near border with U.S. bolts
with a small band. Crook replaced by Gen. Miles, who gains final surrender in Septem-
ber.

1880’s-1920’s: Apache raids continue in U.S. with less and less frequency, “Bronco
Apaches” hide out in Sierra Madres along Sonora-Chihuahua border. Mexican victims
of Apache raids take stronger and stronger measures verging on genocide until finally
raids cease.
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Glacial Deposits
Elizabeth P. Turtle

Terms

Drift -- all encompassing term for glacial sediment. Includes sediment
deposited directly by glaciers and that deposited indirectly through
rivers, lakes and oceans. There are two classifications of drift which
grade into one another:

Till -- unsorted rock particles deposited directly where they were
released from the ice. The surfaces of larger rocks in till are
faceted and have smoothed edges due to grinding and polishing
within the ice. They often display striations. Small particles are
usually rock flour which is fine sand of silt comprised of fresh,
unweathered, jagged particles created by crushing of rocks by the
glacier.

Stratified drift -- particles deposited indirectly by glacial meltwater
and thereby sorted.

Landforms

Glaciers generate a wide variety of landforms and there are almost as
many classification schemes as there are glaciologists. The figure below
(from Sugden and John) shows broad categories of depositional features
and the conditions under which they form.

'wastage zone’
(deposition from
stagnant ice)

(streamlining and

5
§ ‘active zone'
c
J

i till lodgement)

erosion
zone
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Goldthwait (1988) includes a five page table classifying different glacigenic
landforms. The following table is a simplified version concentrating on
depositional features relevant to the White Mountains and (possible) Mars:

Direct deposition [in contact with ice, composed primarily of till]
Subglacial
parallel to ice motion [active, warm-based ice]

Streamlined drift -- assemblage of oval hills shaped by
erosion and/or deposition by ice. Includes drumlins,
drumlinized ridges, fluted moraines, crags-and-tails.

transverse or unoriented

moraine ridges -- systematic sets of ridges ranging from
straight to crescent-shaped usually formed under
moving ice. Includes corrugated, Rogen, and thrust
moraines.

ground moraine -- ranging from smooth to hummocky, thin
to thick: cover moraine [patchy, thin veneer over
bedrock], hummocky ground moraine [irregular area,
rolling or rough], till plain [nearly flat, thick, often
composed of multiple till layers]

Ice Margins [slow-moving ice]
parallel to ice motion

lateral moraine -- sharp ridges along sides of valley
glaciers also includes perched or stranded moraines
and medial moraines.

transverse or unoriented

marginal moraines -- perpendicular to ice motion, includes
end/terminal/recessional moraines [created by
dumping] and push moraines [created by thrusting]

miscellaneous moraines -- crevasse filling and moraine
dump ([stagnant, wasting ice]

Etc.
Erratics -- boulders carried by glaciers and deposited away from
their source on bedrock of different composition.
Kettles -- Depression left in drift after melting of a partially or
completely buried, isolated block of ice.
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Indirect deposition [meltwater induced or fed, usually well-sorted]
Subglacial [in contact with warm-based, slow-moving ice]
Eskers -- sinuous, steep-walled, stratified ridges deposited by
streams running through tunnels in the ice.
Ice margin [in contact with slow or stagnant ice but subaerial]
Kame fields -- patches of irregular hummocks and short ridges
from material that collected in openings in stagnant

ice.
Kame _terrace -- stratified drift deposited between wasting
glacier and valley walls.
Glaciofluvial features -- fluvial deposition (often alternating sand

and gravel beds) usually downstream of but
sometimes on or even under thin ice with shallow,
braided channels. Includes outwash fans, valley
trains, and outwash terraces.

Glaciolacustrine features -- meltwater fed lacustrine deposition
landforms include outwash deltas, subaquatic
outwash from underwater tunnel mouths,
strandlines, bars, spits.

i in
In the White Mountains most of the depositional evidence for glaciation
consists of glacial drift on valley floors, lateral and end moraines (see
geologic map in Karen Meyers and Cynthia Phillips' handout "Glacial
History, White Mountains to the world") and erratics. There are also
glaciofluvial and glaciolacustrine deposits.

Planetary Connection
Possible glacial deposition features identified on Mars including eskers,
kettles, and moraines.

(16)
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Sheep Crossing Formation

Greg Hoppa

The Sheep Crossing formation is a sedimentary feature that formed 8.6
million years ago on the lower slopes of Mount Baldy. The formation has been

mapped over 600 km? and has a patchy distribution presumably due to erosion. In
most cases the original surface has not been preserved except where it has been
capped by basalt. This formation consists of two members, Campground Member
and Marshall Butte Member.

The Campground Member is only a few meters thick and is named after the
Sheep Crossing Campground where we will be staying on the first night. Poorly
stratified gravel and sand are the primary components of this unit, however boulders
as large as 6 meters can be found within.

The Marshall Butte Member is nearly 100 m thick and is named after a hill
on the southwest side of Mount Baldy. Unlike the Campground Member the
Marshall Butte unit is well stratified. Figure 1. shows the cross-section of the Sheep
Crossing formation.
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Figure 1.
Origin:

The Sheep Crossing Formation is believed to have formed by the flow of :
fragmented material that was initiated on the upper slopes of Mount Baldy. The
extent of these flows are affected by topography and gravity. Flow rates can be as
low as 10 m/s for movement of cool material due to creep and wash., however for
hot fluids the velocities can approach 131 m/s. The flow of hot material is
commonly referred to as nuée ardentes, or glowing avalanche. Observations of
volcanic ash and dust within the Marshall Butte Member suggest that this unit was
formed while Mount Baldy was still active. The absence of primary tephra within
the Campground Member suggests that this was formed shortly after the volcano
became inactive. Figure 2. shows a sketch of Mount Baldy as it may have appeared

during the Miocene time.




Figure 2.

Due to the high fluidity of the soil during its movement down the slope of
Mount Baldy, these flows were capable of carrying a wide distribution of material.
The deposition of clay, silt and gravel is very similar to glacial till. Therefore the
local topography, age and the distribution of the deposit are necessary to distinguish
Sheep Crossing Formation from glacial till.

Features similar to Sheep Crossing Formation have been observed, as large
fans in the Sinaqua Formation for the San Francisco peaks in northern Arizona.
These colluvial features have also been observed on the slopes of the volcanos near
Mexico City and on Irazu Volcano, Costa Rica.

References:

Melosh, H. J. “Dynamical weakening of faults by acoustic fluidization” Aature,
vol. 379, p. 601-605. 1996.

Merrill, Robert K. and Pewe, Troy L. Late Cenozoic Geology of the White Mountains
Arizona. p. 17-23. 1977.



From Better Homes and Gardens New Cook Book.

Lamb Chops with Honey-Mustard Glaze:

Trim fat from 4 lamb loin chops, cut 1 inch thick. If desired, sprinkle with salt and
pepper. Place chops on the unheated rack of a broiler pan. Broil 3 inches from the
heat for 5 minutes. Turn; broil 5 minutes more for medium. Meanwhile, combine 2
tablespoons fAoney and 4 teaspoons Dijon-style mustard. Brush each side of chops with
honey mixture. Broil 1 minute more on each side. Brush any remaining honey
mixture over chops before serving. Sprinkle with 1 tablespoon snipped parsley and
1 tablespoon finely chopped walnuts or pecans, if desired. Makes 2 servings.
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Glacial Erosional Features

A Virtual Tour
with your abrasive host, Barbara Cohen

Glaciers erode rock in two ways: plucking and abrasion.

Plucking: ice at the bottom or side of a glacier can melt and surround particles in
the rock or soil. The expansion of the water as it refreezes pries particles loose. These
particles can then become entrained in the glacier and be carried away. Particles here does
not just refer to small bits of dirt. Huge boulders are known to be carried off this way!

Abrasion: The bottom of the glacier carries a load of rock particles, just as rivers
do. These particles scour the bedrock muck like sandpaper. Some surfaces get sanded to a
smooth shine, but some surfaces will show glacial striations. Glacial striations are used to
reconstruct flow direction. The rock that is pulverized in this manner is called rock flour.
Rock flour often gets entrained in the streams underneath the glacier and carried out. So

much flour can be generated that often the outflow streams have the appearance of skim
milk.
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Glacial Jargon
U-shaped valleys or glacial troughs. Glaciers take the path of least resistance, which
often means utilizing existing streambeds. The streambeds are originally v-shaped due to

downcutting by a line, but glaciers broaden the bottom and sides, creating a characteristic
u-shaped profile.

Hanging valleys and truncated spurs. Glaciers in a valley network don’t erode at the
same rate. When a glacier erodes the main valley more than the tributaries, the main valley
becomes deep and the tributaries remain high. The land in between the tributaries also gets
cut off, leaving triangular spurs between hanging valleys.

Side-glacial channels. Glaciers take up the space where runoff once went. This water

will flow in the crevice between the glacier and the side of the valley. The channel erodes
just as normal stream channels, but is located high up on the valley wall. When the glacier
retreats, these channels appear as ledges or terraces on the valley wall.
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Cirques and cols. At the head of the glacier where it is accumulating snow and ice, much
erosion occurs. Bowl-shaped depressions, or cirques, get cut out of the mountain which are
deep on three sides but open on the downvalley side. When two glaciers accumulate near
each other, but flow in opposite directions, their respective cirques may cut toward each
other and eventually meet, forming a col. Cols are often used as mountain passes.

Horns and aretes. Mountain glaciers flow down from a mountain and abrade its sides.
The mountain often takes on a very steep aspect, with polygonal sides. The most famous
horn is the Matterhorn in the Swiss Alps. The polygonal sides are separated by steep and
sharp aretes, or ridges, which were the separations between the valleys in which the glacier
flowed.

Roches moutonées. Usually found in continental areas, these are small bumps of bedrock
that are abraded on the side facing the ice sheet and plucked on the opposite side. The
asymmetrical shape tells in which direction the glacier flowed. %

1y
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More Glacial Jargon

Tarns and bater noster lakes. Water often fills glacial depressions. Tarns form in
cirques and pater noster lakes form in strings down valleys, looking like beads from
overhead.

Fjords. When glaciers retreat and sea level rises again, the sea will drown glacial troughs
in much the same way as estuaries are formed. These drowned glacial troughs are called
fjords, as seen along the coasts of Norway, New Zealand, Alaska, etc. Fjords are often
quite deep, sometimes exceeding 1000 meters. The dramatic depth is caused partly by the
rise in sea level, but partly because of a neato property of glaciers. Unlike the erosion done
by rivers, glaciers do not have a baseline controlled by sea level. Therefore, glaciers can
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erosion.

The rates of glacial erosion are highly variable among areas of the world, glacial periods,
and even among nearby glaciers. Erosion rates depend on

% rate of glacial movement
# thickness (weight) of the ice

% shape, abundance, and hardness of rock embedded in the ice
* erodability of the surface
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Periglacial Processes And Features

What is “periglacial”? The problem is that there are two different meanings to
the term periglacial. The original, strictly defined term, refers to the area
immediately surrounding a glacial area. More recently, however, it has been
used to refer to a more general phenomenon, terrain affected by intense cold
(permafrost), whether or not there have been any glaciers in the area. The term
geocryology is preferred by some, but periglacial is much less cumbersome
than geocryological.

In either case, glacial processes are specifically omitted, though some glacial
processes technically leave their mark on the surrounding terrain instead of
within the glacial sheet: outwash plains, for example.

Processes

The most important and pervasive periglacial process is frost action, more
specifically the action of the frost-thaw cycle on different subjects. This includes
frost wedging, frost heaving, frost cracking, and frost sorting. The basic action
is simple: liquid water seeps through pores and joints, then freezes. Upon
freezing, it expands.

Frost wedging (also congelifraction, gelifraction, frost riving, frost shattering,
or frost splitting) is when the expanding ice pries materials (commonly rock)
apart. Frost wedging produces angular fragments, ranging in size from fines to
house-sized blocks. Huge piles of talus produced from frost wedging are often
found in periglacial regions.

Since the pressure generated by expanding ice crystals is at right angles to the
freezing isotherm, which is usually more or less horizontal in soils, frost action
in such soils tends to push upwards. This process is known as frost heaving,
and can push buried blocks or small stones above the surface. Two proposed
mechanisms for ‘upfreezing’ of stones are frost-pull and frost-push (see figures
1 and 2). Frost heaving tends to rotate buried objects such that their long axis is
oriented vertically (see figure 3).

After freezing (and hence expanding), ice can be cooled further, resulting in
contraction, and what is called frost cracking. Liquid water can enter these
cracks, resulting in an ultimate expansion and growth of the ice into ice
wedges. If the area later thaws completely, the ice wedge melts, leavinga
cavity which is filled in by loose material. This loose material forms a cast of
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the wedge. Such ice wedge casts are one of the only accepted signs for former
permafrost in an area. Frost cracking can result in linear or polygonal cracking
on the surface, similar to dessication cracks.

Frost sorting can occur through many freezing processes, though the specifics
are not entirely understood. It is known from laboratory experiments that as a
freeze propagates through a soil, finer particles can be pushed ahead of the
isotherm, while coarser particles become trapped. On a larger scale, frost
heaving of individual stones seems to work more quickly for larger stones,
lifting them to the surface faster than smaller ones.

Features

The most common periglacial frost-action features include patterned ground,
stone pavements, periglacial involutions, palsas and pingos. Periglacial mass-
wasting features include boulder streams and protalus ramparts.

Patterned ground is a general term including circular, polygonal, and striped
patterns. Unsorted patterns involve tend to be uniform within a given unit, but
sorted patterns are marked by coarse, stony borders and interior fines. Circles
and polygons occur on flat ground, primarily. Stripes seem to occur on slopes
that would otherwise qualify for circles or polygons.

The origin of patterned ground is perhaps best described as complicated. It is
believed that a number of different processes may contribute to similar
endforms, and that one process can produce multiple endforms. In general, it is
felt that there are separate patterning and sorting processes (with a ‘slope
process’ thrown in as well).

Stone pavements are similar to desert pavements, and are believed to be
formed from upfreezing of rocks through frost heaving and rotation while
elevated, followed by infilling of fines, perhaps. Stone pavements tend to be
made of larger stones than desert pavements.

Periglacial involutions are marked by meandering, warped beds and
apparently random interpenetrations of same. This is explained as being
simply due to the variety of frost action proccesses acting along the beds.

Palsas and pingos are both hills built around ice. Palsas are largely peat, with
interior ice lenses. Pingos are larger, not primarily peat, and with a massive ice
core. Both are thought to grow by growth of the interior ice. Pingos are
commonly remotely identified by their collapse.
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The intensive fracturing action of frost wedging often results in high amounts
of mass-wasting in periglacial environments. Taluses are common, as are other
features known as block fields, boulder or block streams, and protalus
ramparts. Block fields and streams tend not to have a readily recognizable
sheer face at their head, unlike taluses. Protalus ramparts are formed when
piecemeal mass-wasting drops debris onto a snowbank, guiding

it to the base of the snowbank.

The White Mountains

The most mentioned periglacial features in literature on the White Mountains
are protalus ramparts, which hopefully we’ll get to see. Boulder streams are
also mentioned. Low mounds of uncertain origin are also mentioned.
Unfortunately, the freshest features are those associated with the Mt. Ord
glaciation, while we’re going to be at Baldy.

The Planetary Connection

Mars.

Okay, okay. Mars is the one place where we see evidence for permafrost, or
even just a freeze-thaw cycle. In addition to a number of presumed pingos,
patterned ground is the primary periglacial feature on Mars. The giant
polygons, so frequently discussed in the context of Red Lake Playa, are similar
to the polygons observed in periglacial regions, though much bigger. Smaller
polygons, about the size of periglacial polygons on Earth, are also observed.
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GLACIAL HISTORY:
WHITE MOUNTAINS TO THE WORLD
PARTNERS IN CRIME:
CYNTHIA PHILLIPS: WHITE MOUNTAINS
KAREN MEYERS: THE WORLD
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Frontispiece.—The White Mountains from the north as they might have looked during Purcell time.
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The Four Late Quaternary Alpine / Valley Glaciations in the White Mountains

* Climatic differences in White Mountain area
* Mean annual temperature during periods of glaciation was 5-6°C lower than today
* precipitation was 20-25% higher than today

[Glaciation Purcell Smith CLiengga Baldy Peak Mount Ord
Time * Pre-Wisconsinan | Early *Late * Early to mid Holocene
(Ilinoian) Wisconsinan Wisconsinan * C-14 dating of charcoal
» Wisconsinan * between 100,000 in moraine: 3000 years
glaciation started and 212,000 years old
about 100,000 - ago » other dating methods
125,000 years ago (talus development,
moraine preservation)
» likely pd. of glaciation
_ 6000 to 3000 years ago_
-ﬁemaining  U-shaped valleys |+ moderately * Sharp-crested |« Single, well-preserved,
features * subdued moraines | subdued moraines in steep-fronted, very
* scattered erratics moraines higher valleys bouldery moraine
* abrupt change « fluvial and  well-preserved | * 3 m high
from U-shaped lacustrine * Some moraines | * Deposit of colluvium
- glacial valley to V-] deposits are multiple, 1.8 m deep behind
shaped canyon * recessional have kettles moraine
represents moraines preserved on
maximum extent common them
_ ciation _ _ ﬁ
'Glacial Extent * Glacier occupying |+ On W.Fork of |+ Two glaciers * Single Glacier was 0.2
valley of W. Fork | Little Colorado | presenton W. km long
of Little Colorado | River, glacier Fork of Little
River was about 7 { was about 3.5 Colorado River,
km long km long each 1.3 km
_ long —
Glaciated 3140 m 3190 m 3260 m 3380 m
snow line
¢ present snowline =
3900 m
* Mt. Baldy =
3475m
Other interesting information:

* Often difficult to distinguish between glacial till and till-like volcanic deposits due to volcanic mudflows and
other processes

* many volcanic deposits in White mountain area first erroneously attributed to glaciation
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Figure 30.—Extent of glaciers during Purcell time in the White Moun-

tains. :
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Figure 37.—Glaciers
Baldy massif.

present during Baldy Peak I time on the Mount
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Contout taterval 2 500

Figure 31.—Extent of glaciers during Smith Cienega time in the White
Mountains.
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Figure 40.—Extent of late Quaternary glaciations in the White Moun-
tins. The numbers refer to pollen sites: 1-Benny Creek. 2-Smith
Cienega, and 3-Bear Cienega.
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GEOLOGY OF THE WHITE MOUNTAINS
APACHE COUNTY, ARIZONA

by
.Robert K. Merrill
and
Troy L. Péwe
1973
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The Rest of the World (or at least the Northern Hemisphere)

hwe nited State,

Correlation of late Quaternary glacial events in the southwestern United States

White San Francisco Sierra Rocky
Mountains Peaks Nevada Mountains
Early Holocene Mount Ord! R_ecess Temple
Peak! Lakel
Late Wisconsinan | Baldy Peak! | Snowslide Tioga2 Pinedale!
Spring!
Early Wisconsinan | Smith Core Ridgel Tahoel Bull Lake!
Cienega1
Late Hlinoian Purcel! Lockett Mono Sacagawea
(Pre-Wisconsinan) . Meadow! Basin? Ridge1

! From Merril and Péwé, 1977
2 From Richmond 1986

North America

Two main ice sheets are recognized in North America:
The Laurentide Ice Sheet was the major North American ice sheet
The Cordilleran Ice Sheet covered western Canada and the northwestern United States
-generally, the region west of (and including) the Rocky Mountains

Northern Hemisphere
Alternative names for the Late Pleistocene glacial period
United .
States and K?:l:i?m Germany Eu:::p :an Flt;glsn;r
Canada g P
Wisconsinan Devensian | Weichselian Wirm Valdai _

0



Formal Geochronoiogic

Units Informal Time Divisions Age (y1)
Holocene Post-Pleistocene
10.000'
Late Wisconsin
Late 35.000%
A— Pleistocene Wisconsin Middle Wisconsin
65.000°
Early Wisconsin
79.000°
“Eowisconsin™
. 122.000*
Quatemnary Pleistocene Sangamon
132.000°
Late middle Late [llinoian
Pleistocene Illinoian 198,000°
Early Illinoian
302,000
Middle middle
Pleistocene Pre-{llinoian
610,000°
Early middle
Pleistocene
788.000° <
Eari 0%
P'I:islngene KRS
1,650,000° s
Tertiary Pliocene * Pre- 5070
Pleistocene Xp
KX
¥

Y
3
55
65
()
&
&

! Arbitrary age assigned to the Pleistocene-Holocene boundary (Hopkins. 1975).

*Estimated astronomical age of correlated marine oxygen isotope stage boundary, interpolated from Figs 4 and
6=10 in Johnson {1982).

3Best estimate’ K—Ar age of Lava Creek Tuff and Pearlerte ~O" volcanic ash bed (Izett. 1981).

* Astronomical age of the Matuyama-Brunhes magnetic polarity reversal (Johnson. 1982).

$Provisional radiometric age of the proposed Pliocene-Pleistocene boundary at the Vrica section, southern [taly

(Aguirre and Pasini, 1984).

X
55

Provisional ages assigned to informal time division
boundaries in the United States of America (From

: Maximum extent of ice in the N.
Richmond and Fullerton 1986). Hemispnere during the Quaternary.
The map is generalized and many
small areas are not shown (From
Gray 1985).

7 Present d €
/////A anr':ij g!acng;fslc e

Major areas of marmeﬁ
submergence of v
Late Wisconsinan & S’
Holocene age (only 4
shown for areas within g

glaciated region)

Exunct glacially-dammed[& L
- and ‘pluvial (SW United/ '~ & "!A !I‘ !,Jf
?’iumﬁl,
(b=,
LY

States) lakes H 2 ‘
I nul,
l"

Ice extent during Ef
maximum of last |
(Wisconsinan)

glaciation

Extent of ice during
pre-Wisconsinan
glaciations '

o} km 2000

| O

Glacial limits in North America (from Lowe and Walker 1984).
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¥k GLOBAL CLIMATE CYCGLESH ke,

by ‘Che King
(i wld to David Crilling)

P -)-

Global climate cycling has been recorded with various time resolutions as far back as 160 000
years, and predicted for ages much greater than this. There are climate cycles with periods
approximately 23 000, 45 000, and 100 000 years due to orbital variations. Earth’s orbital
parameters seem to vary regularly and periodically; Mars’ obliquity is chaotic, though, possibly
implying episodes of drastically different climates. The current temperature increase on Earth,
largely suspected to be due to anthropogenic emissions of greenhouse gasses, primarily CO2, is
estimated to be far less than some fanatics would claim (Michael Burns, for instance).
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Temp. vs. Age and Variance vs. Frequency (1/time)

Data: Vostok (Antarctica) Ice Core.
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Variations in Earth’s Orbital Geometry with Time (Iinbrie a‘nd .Imbrie, 1980)
(affects solar energy influx, precession of solstices w.r.t. perihelion, etc.)
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Ibliquity of Mars versus time. Chaotic! (Touma and Wisdom, 1993).
(c” “cations for surface temperature and radically different climates.
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Gaia Madness:

A Touchy-Feely New-Agey Crystal-Wearing Bizarre Idea that The Earth — GAIA — is a Living
Organism, and as such “heals” herself of “environmental” diseases - like too much CO», the
aftermath of the K/T impactor, or even overpopulation. See James Lovelock (“Creator of the

Gaia Theory”)’'s HEALING GAIA: Practical Medicine for the Planet for a good laugh and fluffy
quasi-scientifoid treatment of this topic.

Lovelock essentially takes the idea of feedback mechanisms and assigns a mystical

‘consciousness’ to them, implying that Gaia acts in a willful manner to heal her -
environmental problems. -

As if.
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Glaciers and Glaciation - Earth and Beyond Ralph Lorenz

What is a glacier?

The conventional definition of ‘a river of ice' is somewhat restrictive. A gravity-driven flow would
include landslides, katabatic winds, lava flows and rivers, as well as glaciers. Perhaps a working
definition might be ‘a slow gravity-driven flow of a solid material precipitated onto the surface'. This
neatly eliminates, albeit fudgingly, the above counterexamples.

Glaciers on Earth

Conventional ice glaciers are covered elsewhere in this handout. It should be noted, however, for the
purpose of comparison, that ice moves in two ways - by viscous deformation, and by sliding on a basal
layer of meltwater and debris. The latter mode gives much faster rates of movement and erosion.

Rock Glaciers

These are simply glaciers composed mostly of rocks, bound together by an ice matrix. They differ from
conventional gladers only in their rock fraction, which leads to much slower creep rates.

Salt Glaciers

These also have the name 'namakier’ (derived from the Farsi 'namak'='salt’) These glaciers, known to
the West since 1927 (Lees, 1927) are the surface manifestation of salt diapirs which have welled up
through the surrounding rock, and whose rock caps have been eroded away, allowing the halite dome to
emerge onto the surface. The salt was deposited when the Sea of Tethys dried up (it stretches, but is
compliant with, our definition above, in that the salt must have precipitated out... I include these
because they are interesting) and the geology of the area has been studied in some detail - the salt
domes form impermeable reservoirs for hydrocarbons, of obvious economic interest.

Just as glacier flow on Earth is driven by the budget of supply by precipitation against loss by ice flow,
melting and sublimation, a salt budget can be derived balancing loss by solution in rainwater against
delivery from below (Talbot and Jarvis, 1984). Of note is that the effective viscosity of halite is
strongly dependent upon its water content, and thus namakier flow is strongly episodic, with rapid (0.5
m/day) advances following rains. The thickness of the closely-studied namakier (Kuh-e-Namak
(Dashti)’ Talbot and Jarvis, 1984) is modest - 50-160m, and the average rate of flow is small - less than
a meter a year. Using typical erosion rate estimates, e.g. E= DT ec U®V , with DT= the age of the
deposit (~10° yr), ec~104, ev~1 (Harbor, 1992) and U the sliding velocity, suggests no more than a few
metres of erosion should have taken place during the ~105 year age of the deposit. Talbot (personal
communication, 1996) reports he has never observed evidence of erosional or depositional features
associated with salt glaciers, however.

Glaciers on Mars...

The mental connection between Mars and glaciation is an easy one - Mar's most prominent telescopic
features are its polar caps. However, polar caps do not necessarily imply glaciers - present surface
temperatures are such that CO3 and H>O have high viscosities (see PTYS 505b Homework 1)such that
flow transport is small compared with the sublimation fluxes. Note that the present-day poles at least
have differing compositions (due to the combined obliquity and eccentricity of Mars' orbit), with the
residual south pole composed mostly of CO2.

(43)
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At the end of (or in cool episodes in) the 'Warm, Wet Early Mars’, water ice deposits may have been
widespread. The abstract of Kargel and Strom's (1992) paper says it all : ‘A large number of anomalous
landforms on Mars can be attributed to glaciation.... Indeed. They can also be attributed to other
processes, however. To an unbeliever, the photographic evidence they present is far from totally
convindng.

Triton

Triton presents an interesting case - it has polar caps of nitrogen ice. The rheology of this material has
been estimated by Elusciewicz and Stevenson (1990).

The considerable obliquity leads to large variations in insolation, such that on decade timescales large
thicknesses of ice can build up. However, internal heating limits the thickness of such deposits by basal
melting (Brown and Kirk, 1994). The caps are therefore limited in extent by the flow of ice to warmer
lower latitudes where it re-sublimes.

Titan

Titan possibly has all kinds of organic sludge all over it. Surface temperatures, in part due to a methane
and hydrogen greenhouse effect, are too high to permit methane ice on the surface. However, if the
methane supply (from a surface or subsurface reservoir) ever fell below the level required to balance
the continuous depletion by photolysis, the greenhouse effect disappears, and temperatures could fall
to levels where the nitrogen atmosphere could condense out, perhaps as a solid (work in preparation).

Mad Speculations about other solar systems

In our own solar system, only two planets have glaciers in the sense of gravity-driven flows of solids in
a cycle completed by atmospheric transport: Triton and Earth. The salt glaciers on Earth (not really
cyclic) and sulphur (not solid) and SO; (not enough of it to flow, as far as we know) on Io don't really fit
the bill.

There is a common thread linking the glacial cases - the glacial material must have a sufficiently
high precipitation flux that it forces the surface deposit to move. The implications are that the
material must be fairly abundant, and temperature variations over the surface are sufficient to require
significant transport of latent heat. Temperatures must be such that vapour pressures are adequate to
allow reasonable vapour fluxes at the deposition site, but not so high that it resublimates before it can
flow: an implication is that surface temperatures must be close to the freezing point, where the vapour
pressure curve is steep: here the viscosity of the solid is at its lowest too. Thus the presence of glaciers
requires a solution of the 'goldilocks problem' - similar to that of defining habitable regions around
stars.

The possibility of glaciers is a little easier, in that we are not restricted to liquid water, but have a
choice of volatiles, such as SOy, NH3z, CO,, HyO, CHy, CO, No. It might be interesting to define, using
vapour pressure and/or rheology information, ‘glacial zones' for solar systems for each of these
materials.

(q4)



Glaciations on Fictional Earths

Just for fun, why confine ourselves to the real universe? The effects of even modest climate change only
afew centuries ago were profound on a human level - large areas of Scotland became agriculturally
unviable during the little Ice Age, and climate change may have led to the desertion of Nova Scotia
and Greenland by the Vikings. The effects of glaciation seen by late-20th century individuals is
explored in a number of science fiction stories : John Gribbin's 'The Seventh Winter' is gripping, and was
written in the late 70's, when the scientific consensus was that the Earth was cooling (Gribbin is a
prolific science journalist). A more recent story, ‘Ragnarok’, involves a jaded scientist attempting to
detonate a nudlear device in the mid-atlantic ridge: the steam explosion resulting from the
water/magma mixing would induce a nuclear winter: among the beneficiaries would be the Libyans,
whose arid wastes would become fertile, this providing the motivation for them to provide the nuclear
device.. Jerry Pournelle's ‘Fallen Angels' is a rather implausible and evangelistically-pro-science story
set on an Earth where the Green lobby has taken over and technology is outlawed. Lots of trees have
removed CO3 from the atmosphere, and gladiation has begun. The encroachment of the ice sheet over
the northern USA is graphically described.

A little off-topic, Robert Forward's 'Rocheworld’ describes a planetary system around Barnard's Star,
complete with a near-contact binary planet. Gravity-driven flows of different ammonia-water phases,
some of which threaten the humans exploring the system, are described in detail. The book comes
complete with a phase diagram in an appendix.... truly a book for planetologists.
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Why Are We Here and not Somewhere Else?
And How Long Have we Got?
PLEASE NOTE!
— [the ramblings of a non-planetary scientist-type person] «

Robert F. Coker

I. What's so Special about Earth?

Obviously we're nicely adapted to Earth’s environment. But couldn’t have life evolved on

Mars or Venus? If by life we mean something rather like us, the answer seems to be no. So
what's so special about Sol 37 After some thought, four things come to mind: 1) Earth has
(and has had for quite some time) water oceans, 2) Earth has a strong intrinsic magnetic field,
3) Earth is slightly more massive than either Mars or Venus, and 4) Earth has a decent sized
moon. In terms of life, the first difference seems the most important (and seems to be related

to the other three). So, tentatively, let’s say Earth is special because it has water oceans.

1l. Why are we the only ones with Surface Water Oceans?

There's certainly a lot of H20 around but not much in the form of liquid. How is it that
the Earth is just the right temperature to have most of its H,O in liquid form? If we were just
a little closer to the sun, bad things would happen. Water would vaporize and disassociate;
then the hydrogen would go bye-bye. Then the carbonate-silicate cycle would get impaired and
pesky CO; would make things even hotter. If we were just a little further from the sun, water
would freeze and plate action would slow down or even stop. CO, might help prevent freezing

via the ol’ greenhouse effect, but if it's cold enough to form CO; clouds, the increased albedo'

would push Earth into runaway glaciation.

IIl. What are thev Limits on our Location?

The so-called Habitable Zone (HZ) for an Earth-sized planet around the sun is, at the
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moment, between .95 to 1.37 A.U. But 4 Gyr ago, the sun only had 70% of today’s luminosity
so planets at the outer edge of the present HZ would have been frozen. This squeezes the HZ
to between 0.95 and 1.16 A.U. Not much room for érror. In fact, to be a truly peachy world, a
planet needs to never get outside the HZ. So no highly eccentric or chaotic orbits are allowed

(a Mars-like orbit wouldn’t cut it).

IV. So Why is the Earth so Well-Behaved?

Not only do we not have annoying nearby massive planets to tweak our orbit, but we do
have the Moon which, interestingly enough, actually stabilizes our orbit. Without Luna , every
1 Myr or so the Earth would get a large enough eccentricity to wander too close to the sun
and our oceans would start leaking away. The Earth would also have a more variable obliquity
(15-35 degrees over 15 Myr) and a larger variance in mean daily insulation (& 20% more). Life

likes to have more stability than that....

V. Is the Earth itself Special?

Our location and neighbors seem perfect. s the Earth itself critical to our existence? The
Earth is more massive than Venus or Mars, allowing for more atmosphere retention and longer
tectonic activity. Both of these widen the HZ in both time and space. If the Earth were much
larger, water retention at the inner edge of the HZ would be easier but heat retention at the
outer edge would be more difficult. The Moon would also have to be correspondingly bigger.
Another Terran pecularity is our strong magnetic field. Does water (which may be crucial f:o
plate tectonics and thus the motions of the core) indirectly strengthen our magnetosphere?
Certainly without our protective magnetosphere, pre-biotic material wouldn't have been able

to form more complex molecules before getting zapped by energetic solar particles.

VI. So how long will this Delicate Balance last?

If the Earth were different in just about any way (location, mass, density, orbital parameters,
the moon, compositon, etc.) in any large (or even not-so-large) amount, life as we know it

wouldn’t be around. Although it's not clear how robust the Earth’s climate is to cars, it's clearly
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rather fragile on larger scales. In fact, excluding the human factor (and impacts), how long
will life as we know it be possible on Earth? The lifetime of the sun, right? Not quite. First,
there are influences external to the solar system. Although no supernova candidate (barring a
lot of strange obelisks) is near enough to threaten us, there is the matter of interstellar matter.
In the next few Myr or so, the sun will be entering a spiral arm where the ISM is more dense
than our IPM. Will this be our doom? Roughly 0.5 magnitudes of visual extinction between
us and the sun would leave the Earth too cold to support water oceans. Would a jump in IPM
density of a few orders of magnitude and a larger prevalance of micron-size grains be sufficient?
Probably not.

So this leaves us with the sun as our grim reaper. But sooner than might be expected. 4
Gyr ago, the Earth was almost too cold but in about 1 Gyr the sun will be 10% more luminous
than it is today. This is just enough to cause water to trickle out of our atmosphere. So we
have just 1 Gyr to find another world as perfectly balanced between ice and steam as the Earth.
Luckily, it appears that in F, G, and K star systems, if terrastrial planets are present, one is
likely to form in the HZ. Present estimates say the odds are good that a lovely potential colony

world is less than 50 light years away......

Vil. Bibliography

Laskar, J., et al., 1993, Astr. Ap., 270, 522.
Li, Z., et al., 1991, Ap. J., 378, 93.
Sackmann, I, et al., 1993, Ap. J., 418, 457.
Kasting, J., et al., 1993, Icarus, 101, 108.

solar year 2470 My

10 g

, ]
N X
, 7 SCLAR SYSTEM

9 Z —>
0.1 freeeeeer H
= 2
A4 Ve /
m , rd , /:.' .
(Q ’ s,
2 P4 7/
0.0t ¢ % ’ 3
rd 4 N I
s 7 3
L L’ § <& TICAL LOCK RADIUS :
2 7, 3

0001 4 -ev o/e e o
JUPITER SYSTEM

0.001 0.01 o [ 10 “Tco
SISTANCE {AU)

!




Colorado Plateau Rim Volcanism
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Captions for Potentially Useless Figures Fig 1: Mid-Tertiary volcanic province of southwestern North
America. Fig 2: Provisional tectonic sketch map of southwestern New Mexico. Numbered circles outline

the inner walls of mid-tertiary ash-flow tuff cauldrons. Fig 3: Correlation of volcanic suites with tectonic
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COLORADO PLATEAU: UPLIFT MECHANISM(S)
by Jim Head (West)

The Colorado Plateau is the second highest plateau on earth. It has receive a great deal of
scientific attention, most recently being the sole topic of two sessions at the Fall AGU
meeting. Arriving at a plausible mechanism for uplifting a large section of the crust to an
elevation of two kilometers has been a fruitful, if somewhat contradictory area of study the
last 25 years. This is one of those problems that has been solved more than once in
mutually exclusive ways.

The plateau has a nearly uniform elevation of 2 km and has apparently behaved as a
coherent unit throughout the Cenozoic. It is bounded by the Rio Grande Rift to the east
and the Basin and Range Province to the west and southwest (Figure 1). Volcanism and
tectonism is largely confined to the margins of the plateau. Gravity data indicates that the
plateau is in isostatic equilibrium. Further data are more controversial. The interior of the
plateau is thought to be in a compressive stress state (Thompson and Zoback 1979) or an
extensive stress state (Jones 1995). The thickness of the crust is 40 kilometers (Black and
Braile 1982, among others) or 50 kilometers (Beghoul and Barazangi 1989, Hauser and
Lundy 1989). The corresponding compressional seismic wave velocity along the Moho
(Pn) is 7.8km/sec or 8.1km/sec.

Hauser and Lundy: Colorado Platcau Moho at ~50 km
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To sort some of that out, before COCORP (the Consortium for Continental Reflection
Profiling) the depth to the Moho and Pn were thought to be 40km and 7.8km/sec
respectively. This seismic velocity is somewhat low, indicating a warmer, less dense
mantle beneath the plateau. About one kilometer of the uplift could be accounted for in this
way. The rest would come from “underplating,” addition of crustal material to the bottom
of the crust. This has been known as the “thermal uplift model.” By 1989, data from
COCORP (e.g., Figure 2) indicated a crustal thickness of 50km and a Pn of 8.lkm/sec.
This seismic velocity is too high for a “warm” mantle. The new “delamination” model was
posited (Beghoul and Barazangi). These two models are contrasted in Figure 3. The
delamination model requires crustal thickening in addition to thermal expansion in the
mantle. In this case, the thickening is ascribed to shear between the North American and
Farallon plates. In each case, the uplift of the plateau is tied to the subduction of the
Farallon plate about 30 million years ago. Keep in mind that in the Basin and Range
Province, thermal uplift is invoked to explain the high heat flow, high elevation (1.5km),
volcanism, and thin (25km) crust, while in the Colorado Plateau it has been invoked to
explain the lower heat flow, high elevation, lack of volcanism, and a thick crust.

It would seem that this should have been all sorted out some time ago. A good deal of the
controversy can be tied to determining Pn. Like all interpretations of seismic data, Pn is
inverted from the bumps and wiggles of seismometers. Such inversions are not necessarily
unique. In their 1989 paper advocating a Pn of 8.1km/sec, Hauser and Lundy take pains to
re-analyze data back to Roller (1965). They claim the older data can be interpreted to
support the high Pn, thicker crust model. In his 1995 abstract, Jones presents both
interpretations, without coming down firmly in favor of one or the other. Unfortunately, I
left AGU on Wednesday morning, and Jones’ poster session was Thursday afternoon.
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The History, Geology, and Stratigraphy of the Salt River
Canyon, Intrusive and Extrusive Volcanism on Earth, the
Moon, Venus, and Mars, Spheroidal Weathering, and Their
Effect on the Rise of the English Parliamentary System.

Bob “Hoppa’ Reid and Nancy “Turtle” Chabot

Who needs color when you can have Gratuitous Use ofFrameMaker ™

Salt River Canyon

General Setting

The Salt River lies just beyond the
southwest margin of the Colorado Plateau. It
has tributaries in the White Mountains, drain-
ing their southern and western edges. The river
starts in the Transition Zone region of Arizona,
and travels through the Transition Zone and
Basin and Range provinces as it flows to the
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Gila River near Phoenix. (Figures 1 and 2)

The eastern end of the Salt River Can-
yon in the Transition Zone exhibits flat sedi-
mentary strata and monoclinal folds
characteristic of the Colorado Plateau region,
and the western end of the Salt River Canyon
in the Transition Zone exhibits tilted Tertiary
volcanics and sediments bounded by normal
faults, characteristic of the Basin and Range
province.

The Salt River is currently used for rec-
reation and is dammed in several places pro-
viding water, power, and flood control to
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Figure 1 - Location map of Salt River Canyon
region (from Davis, et al.)
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Figure 2 - Physiographic map of the Salt River
Canyon region (from Davis, et al.)
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central Arizona. The name “Salt River” has
been used for centuries by the earliest natives
in the region.
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MIDDLE PROTEROZOIC

Figure 3 - Composite geologic column of the
Salt River Canyon region (from Davis, et al.)

Geologic History

The geologic history of the Salt River
Canyon region is varied and complex, and is
summarized below. A geologic column is

given in Figure 3.

® Basement rocks are Middle Protero-
zoic (1820-1420 m.y.a.) metavolcanic rocks
overlain by metasedimentary rocks, intruded
by granite batholiths, and tilted. These will not
be seen in the canyon on our rip.

® The Apache Group consists of Upper
Proterozoic (1420-1100 m.y.a.) conglomerate,
siltstone to sandstone, and limestone, with
some basalt flows near the top.

® Diabase intrusions (sill and dikes, see
Intrusive vs. Extrusive Volcanism) fill the
Apache Group, and to a lesser extent, the over-
lying Troy Quartzite. These intrusions have
doubled the size of the ancient Apache Group.

® A period geologic quiescence follows
(for 800-900 m.y.), then the whole region goes
to hell in Paleozoic and Mesozoic time, but
these rocks are not widely exposed at our
viewing region of the canyon. There is marine
deposition to the north and south, faulting and
volcanism, subsequent erosion of Paleozoic
rocks, deposition of Cretaceous strata. Then
came Laramide tectonism, generation mono-
clines, deformation belts, and thrust faults,
intrusion of granitic plutons, and tilting of Cre-
taceous strata.

® Back in to rocks we can easily see,
layers of river sediments are interspersed with
basalt flows and pyroclastics. The uppermost
strata are river gravels and terrace deposits,
stranded by the downcutting of the Salt River
through the Transition Zone.

Intrusive vs. Extrusive Volcanism

The generalities of intrusive vs. extru-
sive volcanism are too extensive to go into, so
we’ll focus on the rocks we're going to see at
the Salt River Canyon.



Zann’s surtace

Figure 4 - A) Cracks of planes of weakness before intrusion of magma. B) Intrusions between
layers are sills; intrusions across layers are dikes. (from Plummer and McGeary)

Intrusive Rocks

® Granitic Batholiths: The rocks of
the Ruin Granite were intruded ~1.4 b.y.a. into
the basement Precambrian rocks. These are not
exposed at out viewing site.

® Diabase Sills and Dikes: These
rocks were intruded into the Apache Group,
doubling its size. Sills are coplanar with the
surrounding strata, while dikes cut across the
stratigraphy through cracks or faults. Sizes
range from a few centimeters to hundreds of
meters in width.

Extrusive Rocks

® Basalt Flows: Upper Proterozoic
flow occur near the top of the Apache Group.
Tertiary flows occur in the uppermost stratigra-
phy interspersed with river sediments and
pyroclastics.

Identification

From this, we see that we have basalt
flows interspersed with intrusions of diabase
within the stratigraphy. How can we tell them
apart?

1) Stratigraphic Setting: Intrusions
can cut across strata, while basalt flows clearly
must reside in a single stratigraphic layer. (Fig-
ure 4) That is, if a dike are observed to connect
with parallel-lying layers, those layers can be
interpreted as sill of intruded rock. Of course,
you may happen across a feeder dike for the
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Figure 5 - A) Original magma intrusion. B)
Slow cooling causes preferential crystalliza-
tion. C) Crystals sink to bottom, resulting in dif-
ferentiation of rock in intrusion. (from Plummer
and McGeary)




basalt flow, which may lead to misinterpreta-
tion.

2) Contact Metamorphism: Intruded
magma will alter rocks on both contact sur-
faces. Extruded lava will only alter the lower
contact surface, if any noticeable alteration
occurs at all.

3) Crystal Differentiation: If the
intruded magma cools over a sufficiently long
time, the first crystals (of mafic composition)
will crystallize first and sink out, followed by
successive mineral types as cooling
progresses. (Figure 5) Lava flows cool suffi-
ciently quickly that this crystal differentiation
does not occur.

4) Crystal Size: In general, magmas
cool slower at depth and thus tend to have
larger crystals, as crystal growth is not
quenched by rapid cooling. Extruded lavas
cool quickly and typically consist of small
crystals. This criterion in only generally appli-
cable -- if the chemical compostions of the
extruded and intruded rocks are significantly
different, this general relation may no longer
hold.

What We Will See

A topographic map (Figure 6) and a
geologic map (Figure 7) of the region we will
be viewing provides a good stating place for
understanding what we’ll see.

Upstream we should be able to see
some Paleozoic rocks, overlain by Tertiary
gravels and capped with a lava flow. Down-
stream we should see Dripping Spring Quartz-
ite at river level, overlying Mescal Limestone,
and diabase exposed primarily in sills. We
should be able to also see some abandoned
asbestos mines at the contact between the dia-
base and the Mescal Limestone. The island is
Dripping Springs Quartzite.

- We should also be able to see the Mule
Hoof Monocline (Figure 7) exposed in the
north canyon wall with about 50m of structural
relief. Rocks exposed in the monocline include

9

the Dripping Springs Quartzite, Mescal Lime-
stone, and diabase. The diabase intrudes both
the quartzite and limestone along bedding
plans and fauits.

The river course is controlled by its
ability to erode the local rocks. Here the river
cuts into diabase, which is weaker than the
bounding quartzite. The folding of Apache
Group rocks has forced the river to make two
sharp turns as it enters and leaves the mono-
cline. This may or may not be apparent. Mule
Hoof Bend itself is an incised meander. (Davis,
etal.)

Intrusive and Extrusive
VYolcanism in the Solar
- System

Determining Magma Generation
Rates

As a concept, determining a magma
generation rate for a planet is simple: add up
all the magma that has been generated over a
planet’s volcanically active period and divide
by the time duration of that period.

Well, getting accurate ages for plane-
tary bodies is not as easy as it sounds. If you’re
lucky, you have samples to date. If not, you
rely on crater counting and stratigraphic rela-
tions. '

Of course, determining the amount of
magma that has been generated is also non
trivial. Estimates of the thickness of surface
features must be made to compute volumes,
and these surface features may be eroded or
covered once they are formed. And, even more
importantly, EXTRUSIVE MAGMATISM IS
ONLY A FRACTION OF ALL OF THE
MAGMA PRODUCED! So, how do we get
information about intrusive volcanism, when
by definition, it is not extruded so we can’t see
it? -

Never the less, despite these obstacles,
scientists have braved onward and determined
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Figure 7 - Geologic map of the Mule Hoof Bend area. (from

Davis, et al.)
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MOON

(from Head and Wilson)

Method: observe 17% of lunar surface
covered. See Figure 9 for ways to estimate
thickness to get volume. Age from crater
counts, datng of samples. “cryptomare”
detected from intermediate albedo surfaces, so
maybe 20% of surface is covered?

Result: difference between near and
farside explained because of thicker crust on
farside; maximum intrusive to extrusive
ratio of 50:1 because otherwise would detect
higher observed crustal density; ascent and
eruption influenced by magma buoyancy,
crustal thickness, topography, thermal evolu-
tion trends....; 0.0024 km?’/yr extrusive produc-
tion.

VENUS

(from Grimm and Solomon)

Method: determine age of surface form
retention age of craters; compare to what crater
count should be for a surface that age - missing
craters are attributed to being obliterated by
volcanic activity to give an upper limit

Resulf: maximum of 2 km3/yr volcanic

resurfacing rate; no intrusive to exfrusive con-
siderations
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Figure 10 - Magma production rates on Mars.
(from Greely and Schneid)
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MARS

(from Greely and Schneid)

Method: measure areal extent (46% of
surface); estimate (guess) thickness; ages from
crater counting; “extrapolate volcanic volumes
by age for areas covered by younger rocks”;
use 8.5:1 for intrusive to extrusive calculation.

Result: total magma production: 0.17
km3/yr; (Figure 10); applied this intrusive to
extrusive ratio also to above Moon and Venus
numbers; (Table 1).

Table 1: Magma production rates

. Total
Extrusive
Planetary Magma
Rate 8
Body ot Production
. (km?/ yr)
Earth 3.9 30
Moon 0.0024 0.025
Venus LA <19
Mars 0.018 0.17

THE POINT (or just using 8.5:1 is not

good enough)

Much of the magma produced on plan-
etary bodies is intrusive. Any assumptions
therefore made about intrusive to extrusive
ratios will significantly affect resulting calcu-
lations and conclusions. So what can we do to
make good estimates of intrusive to extrusive
ratios? Understanding the factors that control
magma emplacement and observing the types
of extrusive features we do and do not see are
probably the best bets.

Spheroidal Weathering

Spheroidal weathering is a fairly
straightforward process that results in all of
those nifty freestanding rounded boulders we



magma generation rates for the Earth, Moon,
Venus and Mars. How did they do it? Well, by
gathering some data and then by making the
rest of it up.

EARTH

(from Crisp)

Method: areal mapping and field
observations (for extusive); geophysical

methods, spreading rates, and observations
from erosion (for intrusive); ages from dating
techniques

Result: ratio of intrusive to extrusive
volcanism between 3:1 and 16:1; (see Figure
8); dependent on crustal thickness, magma
composition, tectonic  setting, regional
stress.....; 75% of total is from ocean-ridge
magmatism. 26-34 km3/yr = total global mag-
matism.

Intracontinental

Yellowstone

Oslo, Norway

Caldera-forming ash-flow reservoirs
Twin Peaks, Utah

Subduction-zonc reiated
Andes

Peru

Kurile Islands
Kaimondake, Japan
Fuego, Guatemala
“Tvpical " stratovolcano
Ocranic

Kilauea

Hawaii

Average for mid-ocean ridge
Iceland

Figure 8 - Ratios of intrusive to exirusive vol-
umes. (from Crisp)
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Figure 9 - Estimating thickness of extrusive lavas. (from Head and Wilson)

PARTIALLY BURIED CRATERS (DEHON)
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Figure 11 - Geometry of spheroidal weather-
ing. (from Ferry)

see at Texas Canyon and other places along
our trip. Formation of these features requires
these three major conditions to exist:

1) A homogeneous, basically unlay-
ered rock with a significant amount of feldspar
and mineral crystals that are all about the same
size.

2) Rainwater (rain + COj in air = acid
rainwater with dissolved CO,; feldspar + acid
rainwater = clay + dissolved stuff; feldspar =
hard mineral, clay = soft and crumbly)

3) Network of planar fractures or
joints (rainwater acts along these fractures.
Corners become rounded; surfaces exfoliate.
(Figure 11) The material weathered from the
rock forms a soil called grus. Subsequent ero-
sion exposes the rounded boulders at the sur-
face. (Figure 12)

Granite is the dominant victim of sphe-
roidal weathering, at least in Arizona, and we
see such weathering products at Texas Canyon.

Figure 12 - Stages in the exposure of rounded
boulders. (from Ferry)

Diabase in the Salt River Canyon also weath-
ers in this fashion, so we should see some of
that later in our trip.

The Rise of the English
Parliamentary System

You mean you actually read this far?
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