
MieROMETRIC AND PITROFABRIO STUDIES OF '!BE 

VAL VERflm TONALITE •. SotfTBERlf OALlFORllA. 

Thesis by Elburt F. Osborn 

In Partial Fu.lflllmen-t. ef the Requirements 

for the Degree of Doe.tor et Phlloeophy, 

·ea.l itunia Ins·tt tu te of Teohnology .• 

Pasadena, cal if on la. 

1937 



Page 

s ary •················•··················~··········· l 

Chapter I. Introduction .............. ., ................... 2 
Location and .Area of District ......... ~ ••••••••••••••. 2 

l eld o-rk .... ... ~ ... .............. .. .. ~. • •. • •. • • . • • • • •. .. • • . .. • .• • 2 
oae of the Inveat1ga tion •.••••••• . •••••. ., • . . • •. 4 

A e kno 1 ad.gem-en ta • • • • • .. • • • • • .• .. • • • • • • • . ••• ., • • • .. • • ... • 5 

Chapter II . T.opo. raphy and b.ys!.ography ........ ........... 7 

Chapter III . esc.r1p tive Oeology .... ~ • ., • ., ••• .•.•.••••••••• 11 
(>Us Ceolegic 1 Wor • .• .., ......... ................ ., ......... 11 

General s ·t a tem.ent ..... .............. It; .................. la 
·Leta.mo hio Roe s ................. ........................ ~. 12 
I ga-eo s · o · .... -· ... ... - ... .... ~· .......... .................... 14 

G~ ~ •••••••••••••······••• ~··········•·•·•••14 
Tonal it e · .......... ....... , .......... "' • • ... .. • • .. .. • • • • • • .. .... 18 
Gr · nit .......... ,. . ........ '* .............. .......... ........... 19 
D·ikas •·., • .• , .•••• .,. ................. .... ........... - ~ ... -~ ...... ...... ZO 

ge and Co relation •·• .... ......................... !t ... 22 
structural Oeelogy ... . ._ ......... •'!' •• .......... .......... .,. ~ •••• a3 
Eoono o Geo!. gy • , • .. •. • • • • • • .. • • • .. • • • • .. • • .. • • • • ........ a:s 

Chapter • crometric and Radioactivity 
easurement.s!t ........... ... ., • .,,,. • ,. ........ ..... • 21 

Zr ors Invol ired i n Sampli·ng the Ro .......... ,. •••••• 2 7 
ccuracy in Det.eniinin.g the composition ·of 

thin ect on •• ,.. • ., ••• ,. .............. •: ............. as 
Accuracy of sampling a roek by a thin 

seet 1o . - • • • • ... .. • .. • . ... ...... ............ ~ . ., ... .,. • " • 30 
Exp rt . en tal Re.sul ts .......... ., • . , ... ,. ,. ............. ~ ......... 31 
iation in neralogie C:o ·· 1tion of .the 

Tonal i te • • . . . .., .... ..... _. • • • • • ... .. ... ~ • ., _,,. •..• ~ ..... ,. ..•.•..•• 3G 
Co.r !'ela tio of neralog.1c ta with di°"" 

ac·tivi ty Det.emi rations ... .. ................ · -· .... ........ 40 
" p rtmental esul ts ........... .. ...... , ..... .... ~ ••. ~ •• _.,. 40 

Li t.erature ....... ,. ......... ... ...... ...... ~ •. - ..... .. ·'! ... ....... 42 
ouroe e adi oaetivt ty •• , ., ............. ~ ... ~ ....... ,, • 42 

Ori.gin e.f the Da;rk Inolusi-ons in the Tona.11te .•••• ~43 
Lite _ature ...... ............ ~·· .................... ..... 3 
Disou&&ion of Data. .. ........ .......... ............ ...... ..... 45 
C elus1ons ·~·-··~······~···················~·~41 

Chapt . V. . tructural P et~olo·gy ............. .............. _.., • 52 
Int:roduotion ........ _. .. ......... ....... ............................. 52 
F i -ld and Laborato~y Teohniqu.e ., . ........ ............... 53 
Tectonite Orientation Patterns •••····~····•••••••• 55 



t 

St 

Pl a 1 . 

2 . 

3. 

p 

e ehS.e . .......... * .,. •• ~. 5'1 
5 
58 
59 
59 

...... . ... . . , • • • • • • • • • • • • • • • .ao 

ng l&ea.tion f 
1th re -eet 

V ·l Verd 
Colorado 

. 1 
3 

69 

3 

16 

• I' • • • • • • • • • • • • • • • • .. • • 62 



Pla' 1-0~ 

11. 

P t f b "lo diagrams of " a and bie,tite 
ln sehi • • •• . ~ .... ., ....... • .. , . .. . Follotd.ng 10 

:Plagtee1 :e~ q _· t$. aft~ Mot~t 
p trofabl'i<: di~am& Df · . · 1 i • it . . • • .• 10 

Pettof ~ic diagram.' of tonali :tr. (.OO!l ) ... _. 
Pe-t:ro-ab~to iagrams .of to . a.lite ( eont) .••• .- 'O 



RY 

The Val Verde tunnel of the Metropolitan Water Dis

trict o.f Southern Califo·rnia, loca ted t hirteen miles s-ou 

of Riverside, California, passes through 27,000 fee t of a 

single tonalite intrusive and ao,/ross the intrusive conta Q.t 

i nto a body of quar·tz•bioti te s -ohist . 

iarometric analyses of the tona11 te along the line 

of the tunnel have shown no progressive vari ation in the 

percentage of minerals present; but t he al bite content of 

1 . 

the pl agioola.s e increa s es to ard the con.ta ct w1 th the soh1st ~ 

a11d this correlates directly with t he rad1oa.ct1 vi ty and zi 

con c·ontent o-f tbe tonalite .. The more acid border of the 

intrusive 1s believed to be due to assimilation of the q 1artz• 

bioti te s chist. 

On the bas i s of mineralogio and radioactivity dete l n

ations~ da~k fine grai ned inelus1ons in the tona.lite are 

believ ed to be xenol1ths of eahiat and gabbro . 

Petrofabrlo diagrams obtained from the plagioclas. , 

b1ot1 t e , and quartz of the tona l1 te indi .ca t e tha t t h e gn.e1 s 

planes of the t onalite developed as a r esult of a combi na

tion of now of the partially crystallized magma and post-

agma tio deformation. The present linear dtrect1on in the 

rook may or may not repr esent the original d1re.ot1on of new 
of the magma. 



CHAPTER I 

INTRODUCTION 

In order to bring water f ·rom the Colorado· River to 

Los Angeles and v1e-1nity._ the Metropolitan Water Dt-str1et 

of· Southe-rn California. eons-t .ruoted a series of tunnels,,. 

one of hich. the Val Verde tunnel .,. furnished the oppolrtun- · 

ity to collect th.e rock specimens on whioh the wo.:rk . discuss

ed. in this paper is chiefly based. 

The railroad station of Val Verde from which the tunnel 

is named is located in River:side County, Cal · f ornia , twelve 

mil es· south of the town of Riverside in longitude 11 ? 015 •· 

and latit-ude 33°50" . Beginning about a mile south of Val 

Verde., the tunnel extends for seven miles in a Nj3So • d1-· 

rec 1on.. Plate 1 shows the location of the Val Verde tunnel 

and gives· also data on the various tunnels and oanals ·hieh 

comprise the Colorado· River aqueduct.. A strip of country 

averaging about three miles in idth on ea.ob side of t -tt 

unnel as m pped follo ing the work underground. This area 

of appro ima.t.ely fifty square miles ooours ithin the River

side quadrangle topographic sheet of the United States Geo• 

logical Survey. 

[ _i§lg Ofk 

The field -.rk was sta rted in the s pring of 1935 and 

2. 

at this time the tunnel was already about one-third completed, 

.ork progressing simultaneously from four shafts . The pouring 



of conore~, ho ·ever, had just begun, so tha t litt e aa 

m.1 . :czed by not b~ginning the study ea lier . Mapping of t e 

geolo.gy an oolleetion of· specimens was so·on brought to· 

date and was -continued until compl ·etion ef the tunnel in 

June.,. 1936. Part of the tunnel oould not be examined sat-

1s;factorilly because of gwm.1 le on the walls or could not 

be een at all b cause of solid l agging on the walls and 

baok.. Thus, l mpor·t ant shear 2!ones and oonte~cte were in many 

ses o comple'tely h idden t e p e rmit careful examination , 

3 . 

al though oGmm<:mly strike and dip could be obt ·iined with reason• 

a le ac "Yt and ab samples ·ere f'requently obta ined by 

aa.. lng t h rough gaps in be l agging. over the last half 

mile of the tunne ( es.tern end) abundant water plu s heavy 

ground p :o· iblted the collection of any samples . Aboui the 

sa wa.s is-sed t t~ . as tern end due to conoret-

1 c l ·.i y_, so tha. t the tot-al 1 ength ot tunnel examined e 

31 ,,o f eet. 

1 , geological ·ork as divisible into t wo part .s . First, 

t he i-0-ok t ypes and thei r r elations to one another ,., a. d t -~ 

t -·e ueh as shear zones and joints ·ere mapped. econdly~ 

at i .. e .vals o:f 100 feet, t wo specimens wer·e collected., on·e 

from eaoh s1d.e of the tunnel . These ere knocked fr-om t h 

wall pu ely a t r andom., except in special caaest so t hat t he 

personal f aotor of choos ing a s mpl e be08Jlse of its being 

unusual . a.a largely el 1.minated. Otte of the speci men as 

carefully oriented by obtaining t e di ot an upper surface 



parallel and normal to t he 1 ne of the tunnel and a rro s 

wh ich were later re reduced in ink were marked on the sur

f a c e so t..llat the oTientation of the spe·oimen in the tunnel 

was reproducable later in the l abor a tory . 

4 . 

'l':h.e ~rtations wi thin the tunnel were numbered a ccording 

to their. dlstanee in hundreds of fee t from the Colora. . River 

along t .he line of the aqueduct . Spe·oimens taken from the 

tunnel have been given a numbeT· aorresponding t ·o the sta

tions from whieh they were taken. Specimen 11868, for ex

ample, is located l,188,800 feet from the Colorado iver, 

and sp ecimen 11889 is 100 f eet f arther away f rom t e :river 

in direction N.sa0 w. from 11868. 

Pl!IPQSe ..Q! the Inves~iga:\igp 

The construction of the Val Ver de tunnel afforded a 

unique opoortunity to study a section through part of a 

bath lith . The tunnel , for 27,000 feet of its length, pas ses 

throu~,h an apparently uniform t ona.lite intrusive whose west

ern contact is expo-sed in the tunnel . Any information ad

vancing our knowl edge of batholiths is very orthwh ile, and 

1 t ms t ought tha t possibly s ome light could be thrown on 

uc1 ua tions as: How uniform is a uniform bathol1th, and 

What vari ation in composition can be exp,...cted? Is there a 

conti uous variation as the contact is approa ched? How re 

resentative is a thin section of a hand sp ecimen, and the 

hand sp eoimen of the rock mass? How constant is the radio

activity of the rook and with wha t mineral s are t he radio~ 

active elements associated? Are heavy mineral studies of 



an igneous rock reliable as a means of e relation an do 

they reflect genera. oompositional ehanges in the rock? 

A separate line of .invest -gat. on oone~·rned the strn·c

tura of the tonalit~e . A pa -allel m of the plag1oolase. 

hornble e . and b1ot1te is e-v1dent throughou mos t o · e 

mass.. B making pet-r:ofabr -0 atctdy of t s rook as 1ell 

a of t e lnt · . d seh1at · t was hop ed s rne info tio11 

b f rtbaomi ng oonc~rni ng the strue·tu.ral hi .s ·. ry o 

t e s1 e and h- eountry oc.k; or" ti no evideno-e e e 

f . un .by this prooedure" t h s oul d ndlea. te that th .thod 

i gh · o be gene'!'ally appl ieabl e to this e O;. in . ·sive-. 

l _ J- t e to alite aont· 1 varying amounts of da . ~ 

inelusi.ons ~ 'fhe o 1 n of· sueb has been di eussed fox 

y e """ and a -t-111 not satis-fao orilly answered deep i t . alu-

abl . · pe s on the sub3eot. Are· the dark ".dies 1 

o reign roe or segrega. ti-ons rom the tonal 1 te? If the 

.r e .olusions,. f . o wha rock have they been. derived and 

in at nner - ve they been e anged? 

The kin es s o he M tr-opolita Water o· tr ct and of 

.. ~ • 'W. Re p ~ r es dent engine· . r or the Dra o Cont aoti 

Comp n n e· t tting aocess o the tunnel and in coope 

ting in every way p ·s s lbl wa t e neoesea ry prelude to t e 

1 . e. tig tion. The iter wishes to aekno ledge the as !st

ance of p rofess-Or I an Oampb-ell, Dr . J . R. Sc ultz., Mr . Oooper 

Hy , and ,. • Ygna.cfio Bonilla s, III, during par t of th-e tunn

el u pp1ng• and p rofesao Campbellts help throughout the 



investigat ion . Drs . H. s . airbairn of '-~een• s Univer-si ty 

and J ames Gilluly of the u •. s,.,Q. S ~ ga e valuable advice on 

p etrofabr'iC proc edure and interpretatton . Rad1oaet1v1ty 

mea.su~·etnente · ere made by R .• A. Olark . and r .. ' ~Wright of 

th Phy·sd.·cs depar\m:ent. of the Cla.l 1forn1a Institute o·f 

fechnol .. • 

s. 



O'FI P ER II 

The V Verde district is a small part 0£ a l a rge, 

conspicuous topo phie unit in aouthern e·aliforn!a named 

he Pe rle Bloe· by English ( 1925, p .• 54)1 . This bloc is 

app x mately 20 m · es ic.le.,. ounded on the est by the 

re rough and on th ea.st by the San Jacinto fault 

zone, and i$ of b'ldefini e l en ·th · extending nor h a r d t 

Gabriel 1 ounta1ns and southwaxd o 

so tens of i iles. The re io s one of generally lo r . 

lief ·n rked -contra.st to the moun. a.inous country on . l 

ides., sur aoe has been d-eveloped on the blo.ck a an 

ele ation .eying be een 1500 and 1900 foot, av eraging 

170 eet , whioh some of the earlier wo·rkers ( Diokerson1 

1914.1 p .. ~?""59 ; English , 19.25 , p .• 54-; Hill, 1928, p . 168) des

ed as a pane_ lain. The northern half of the Val .. rde 

dist ·let ls a part of this surface. Here eea.tter d , roun · 

·ou crops of ·eathered tonalite protrude above t he oul-

ti a. . d telds, nd ln a f places hills o tona.li te, g.ran-

1 te, o schist rise 1 0 to 200 . eat a e h i s su:r aee .. I 

7 . 

othe% par of t e Perris lock t h is · pen.epla.1n" i not der. 

lain bed roek, but ra.thes- has been built up by lluvium. 

1 . I the bibliography authors are l1sted alphabetic lly 
a.nd papers by a single author are arr anged ch:ro-no
logieally,. 



Rising :rathe:r abruptly above this 1 ~-foot surfa ce 

are occasi0t1al monadnoek~like masses with an average eleva

t·on of a.bout 2100 feet.. The GaVilan Hilla, o-f whioh the 

so th . alt of the region m pped by the ., ter is a part., 

f 11 in t h is category .. Pask•like areas , compaJYable in f l a.t-

es£ to t h e l o er country ocou:r here;,, 1 tb soatt e ed hills 

ieing 200 tQ 300 fe t abotre . Intermittent str ley 

.ean.d · o . t hi s surlao.e until he p i d desoen to the 1 er 

tt eplain'* is r . ob ed. 

Hill (1928., p -.168 ) considered these h igher areas ~o be 

upl ifted ult blo~k • . dley (1936), ho ev~, made a t . 

e t_ orough study of thi portion of the Perris Block a; 

bri gs forth t .h only real evidenoe thus far pr odue.ed to 

p o e a t hat t he ~arl1er riters called a p . epl a in 1 

co bin t icn agg adational a.nd deg adattonal su ·face., t 

the upper surf e s not p · o.uced by faulting) and that~ i:n 

all , · ·e surlae ·e have been out. The first ., o let ·~ 

l s th lo est and i s preserved only un r t he cove · o 

alluviwn.. The eoond., -e 1700 f ot lev el and nam-ed by 

the surfao-e is a truneat on of ' he firs t after l u• 

viu h d -t lled up the old va.lle-. ·to t his le·vel . oll . ng 

t h i s riod of s r o·s on,. a.ggradatio sim l a ly .eo-ve ed u he 

e . is to t.he 2100 o t level at wh oh ti.me the 1 

est su f c ma ca.- -ed , m the m.onadnooks Wh i .oh had protrud• 

ed. t . Perr e eurfa·ee . Later exhuma.tio has reveal d 

t t -; upper eJ?osional levels . Data from well logs , evi-

dence d- duoed fro h noma .s courses of presumably supe~ 

a. 



posed s trea.ma, and le .. ck o ev· den-ee Gf faulting to a co-ount 

fer the monadnock•like maaseQ hav.e led him to a.·ooept this 

s eries of events a.s the most plausible for the phy a1ograph1c 

hi ory of the region . The t er has found nothing i n the 

Val Ver d-a district whi ch ·uld . on.fute Dudley·•a th sig , and 

has found some supp.o:rt. 

I the Val Ve·rde district., the maximum relief is appr-0-

xima ely 1000 feet . The gr eatest elev. tion is 2559 feet.~ 

attu.1 ed by a hill of schist. ri ing bov·e the 3100 foot s -

f c e .. 1e ne t h ighest h 11 , Gav l an ea.kt is conrposed o£ 

~abbr: •. S-0h1st a.nd gabb o in genexal exhibit a t .enclenoy to 

resist e sion mo e effect vely an the oid i gnoo.-ua. roeka , 

excepti the fin grai . . apli tic di es . 

·The southe:rn, higher part 0£ the dis triat drai no ~ 

ard ough a seTies o canyons into the valley under hieh 

he tun el eons tru.oted and theno·e was a:rcl int-0 Oaj alco 

CC'_ yo • The we-s a.rd drainage into Cajalco Canyon is . oss 

t e truo al trend of the ~o ck , and is not t hat normally 

to b xpec ed. This omalous oros drainage s ppa ently 

a reoe t development, for thre-e older stream · all ys eneo ter

ed 1 ·h tu el at depths o fron 100 to 200 feet belo t he 

pre. ent surface t-r,end .nor o "· t est as shown in plat 6 . 

Tbe pre ent ·est a rd flowing s t ream m y be pe _,.osed, h ving 

b . Gie el ped o t hiok covering of all vium. This p stu-

l a ted o:ri . n for t e s ,re i v lley sup :rts Dudley·• s h 

~ · e .is t hat the pl'esent Perris surface is an exhumed one. 



The nortbe%n half of the istrict drains mainly nor h

ward through Mo.akingbi:rd Canyo into the Santa Ana Rive 

alley . 

10. 



CH TER III 

~ . ~· 2~1.ggiCAl ~~ 

Following the cu> pleti.on of the writer*s field wor ~ 

a paper by · dley (1935) as published deal ing ith the 

eology o · an area of a.bout 500 square mil es on the Pe . ris 

Bloek . The Val erde district is a pa t o-f that mapped by 

dl ey . In gener l the map by Dudley and tha t by the iter 

11 . 

ooinoide, nut because of the reeonna1ssa.nce nature of dley ts 

mapping, minor poi ·ts of in erest are not sho·wn on his p . 

Be .id s t e excellent erk by dley, nothing of any g ea. 

cie t l. · value has been publish ed on the geology of i s 

eB~on . Early reports on the sm 11 gold mines de elop d 

t he. ou _ ern p.art of the d s riot er'e bli.Sbed by h . 

California State ·1ning Bu:rea.u. ~hose by Goo year (18 ) 

nd ., airbanks (1892) cursorily di.sous the regio al geology . 

'tari g (1919) in eo meetion th a. treatise o .he hy o-

g phy o this r egion, dea·eri b es the general geology, ~ t 

goes into no detail .. 

p .. fesso E-. s. Larsen of Harvard University 1 t p _ es

ent inv. lved in a pe rologioal study of the rocks in the 

eount - t-o the south and west of tha t studied by the i ter. 

Hurlbut. olm!erly a graduat e student v1-orking under profess-or 

La:raen., has publ i shed on the pet ology of the ·igneous rocks 

in t he San Lui s Rey ';.uadra ngle (1935), hi eh is about th! ty 

miles south of the Val Verde district. The roeks described 



by hi ' e very si ri lar to ·those in the Val erde strict .• 

11~e dominant rock of the Val Ver de district are· medium

to co. rse- ined ign.eou ro·o a · hioh have been intruded into 

a ae i s metamorphie rocks . The latter O-(l00.1* as isolated 

at i urrounded by intrusive r o.k . - In o-rder of pro . ble 

d .. cre . ing ge. the igneous rocks are: gabbro, tonalite,_ 

~ ·· n1 te., and ac·id a -d baste di.kes . 

Th.a oldest rocks 1. the Val Verde distlliat ar meta.-

mo ·.;ho.a ed ediments~ named by dley _ (1935• p , ;493) the 

n r -e Metamorphic Series-,•· They oc:our a disconnected 

st-r· ps elongat.ed parallel to the s-t ·ike of the b ds ., T· ese 

r . ants of mat ma,y ha ye bee: f . xmerl y a . .,ontinuous b n et 

of sed .. t-s vary fr ·n a fe hundred fe·et to sev :al ile .· 

i n length.,. d from a. f e ten of eet to bout a ile n 

rid.th ..- w t1 in the Val Verrue district t t~eive of the e bodies 

t mev no? hie ooka _er·e mappe ( See pl .,1 2) .~ 

Well indurated uartz-bio te schist which g ades into 

qu tzite n a fe · pl ac e . is the domin~t . ook type. Sehis~ 

o·i y i s r rely appa:rent i the 

cause o th advanced st.age of 

erm '1sohisttt be!· g s"' 

ao:ry~ all iza.tion. ear t ie 

con a c.ts i t l1 t'1e , oid 1gneou · ro ·· ks 1 .$.nj ect1on or re.pl c. 

me.nt iss has been produo.ed" bout en miles $ OUth ,o"' the 

district, near the town of F.:ls5 .. nore,. Dudley ·s ma.!)t.- i g sho e 

that . e me "' · orp1ics a.re t'" e chief type of ro·ok., and her 



s.lates, . et ·-- voleantcs~ nd r b1e ·occur besides schia and 

quartzi ··e. 

'l'he st:rtke o:! th·e s-ehist averages approximately I . 3oow • 

. n ioh is in conformity '"-th the ao ·Ctural pattern o.f this 

pal"t of southern O 11forn1ei. ~ The El£rinore and San J o~nte 

f. t zolles ,, the less i mportant shears with n the tunnel, the 

a.. i tic di'kes~ and the gneiss planes w1 thin the tonali te all 

13 . 

ve in general this same av erage strike. The dip is in 1 et 

c ses e eep to the a t, rying fTOm about 25° in t h is di-. 

r eotion ,.o sso to the west. Th oody of seh .st oocupring 

1n t he tunnel ba pp ximately a ve:rtle.al dip . A notabl.e 

exe p tion to this st:ru-o.tural picture 1s found in the ea e 

of t wo m 11 bodi es of achi t loca ted 1.n the south es co 

ne of the area. The ike he e is . 60° to 10° .. , ith 

an a er ge dip of 75 · to- the north . Contrastingly., the 

beds of the eh longer bel of schist 400 yar to the east 

ry in rike :i.ro . 10 • to 1 . 20ov; . h ese two mall 

bodi s ma be esa p le.s of . ocks of the metamo- h ... e : ek 

hi~ sank in o t e gTanitio gma and ere rota ted fro 

eix er . si tion . 

Conto _ion of the beds of ehist exoept at «)1' neo. the 

eo a c. · i th the t onal! te is not gen Tally conspieuous . 

Several e a-mples of olose r ag folds th an amplitude of 

a fe inches, how·ever, we:re found. The best exampl e. dis.

ca e ed occu.r approrlms ely half a mile a.out of the wes 

era en . of the tunnel abou·t fifty fe-et ·es t of the rea.d. 

At this lo.cation the beds strike N. 200W . and dip 6?0r~ . 



Strong joints oross the bBds strikin·g 4 .s5° ~ and dip ~_, ing 

85°S-. On the fae·es of t hese joints the drag fol ds s how up 

cl ~ i.rly .. Their· axes plunge about 100 o less te the ~-rt .,.. 

The shape of t he folds indicates t nat is belt of e i s t 

w s located on the est flank of an anticline. Possibly a 

syncl :.nal axis in t11e sch st esiated t>O the est,. the othe 

limb being revresented by the beds :five miles to the est . 

Tlie sohi at 1s tJLought to be of Tria~s·io P.ge al.tho gh 

no fossils ha - been reported from t he Perris Block. The 

detern ination is bas-ed on a co relation. of these ,metamo.r

phic·a i.th t hose in the Santa Ana Mount .aina im~ediately to 

t he es·t . Mendenhall (1912 , p . 505 ) s t ates that the collec

tion of fo ails from the slates in t o Santa Ana ... ount ain 

i s nsufficient to det ermine the ~.t·iassie age of t1 e elat e ·" . 

The correlat1on bet een ·the t wo looa.li t1ee is purely l i t h

ologic ~ 

If!MQif. ~acJs-s-

The oompoei t1on and s-tructure of the igneous r-o.ets,, 

esp ecially .o.f the tonalite, will be discussed in detail 1 

l a ter chapt-era . Only the general eha.raoteristica and struc

tural rela. tiens a.re desc·ribed ere .• 

G l3BRO. The intrus ive t hought to be the ol dvst of the 

s eri es is gabbro which has been named by ·t.ha wxi ter the 

Gavil.a.n Peak gabbr·o.-. Tbi 1~ock outcrops in four looal i ti es 

1n the astern part of the dis t rict . Gavil~n Peak ~ i ~ the 

sou ·_ weste· [} par-t o the mapped area , is composed entirely 

14. 
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of fres~o.ppea.ring gab.bro with the uoeption of a. few na rrow 

acid pegmatit1c st·:sringers which out it.. About a mile east 

of the Ga.vilan l!ine is a second oc-outteno:a. In the west...,~ 

.central part of the district, al. tPA)Ugh outerops are not nume~ 

ous ., altered gab'brt? 1.s f ·ound in the bottoms of n.iany of the 

sulleys and may underlie a large area.. Then a few small 

outclJop.s of gabb3ro occur in the nerth ..... c-entral part at the 

diatriot. 

The gabbro is massive, da.rk•ooloz·ed-. .mediu~te e;Qa.rse

gra. ined, and hyp1diomol'Pb1c.. Poik1litic ¢-rysta.ls of pyribole 

several millimeters in length a.re c.om.monly visible 1n ha...11d 

specimen.. The plagioelase is~ with one exception* bas.1.o 

bytowni te, Anas-oo• A specimen from Gavilan Peak conta ins 

64% bytownite, 20% a.ugite1 2% olivine• and 14~ hornblende. 

an alteration prodUot of the augite-~ A specimen f:L'Ov.l the 

area east of the Gavilan Mine eontains leas homblende and 

more olivine a.ad aug:i te.. Spe·eitnen$ from the we~tem a.nd 

nort.hern loe_alities taken a few feet from the ,e·ontaot 11dth 

the t .ona1ite contain no augite or· oliv1n-e~ in some oa.ses 

conta in bioti te,, and the hornblende is commonly poik1litic 

enc-losing ftne-grained a.ndesine. (See pl •. 3A.) . A specimen 

from the outcrops ln the northern part of the district con

tains s2i labra-oorite (An. 57),, 46% hornblende,, and 2% magna.

ti te q,nd apa. ti t .e. 

Th e average gra in size is about l s:q. mm.., but aggreg._ 

a t es of the ma.fie minerals a nd a few of the felds!)ar orystale 

attain ~ .. diameter of 5 mm. 



• ( Uppe?') Photomi c,rog:raph of ga bbro a t con tact 
wi t ·h tonal i te showing poikil 1 tic crystals 
of hornblende ( dark ) enclosing andesine . 
ithout analyser; x 25 

B. ( Lo er) Photomic.rograph of t onalite showing 
vein•like projections of biotite cutting 
andesine . crossed niools . x 80 . Sp . 11868 





That the gabbro is younge·r tha n the aohist is shown 

by fiel d relations in the ex treme wes tern part of t he di s

trict. Here schist , gabb:ro , t-on~.li t e , and granite are 

i nti 1tely mingled. The schist dips directly into the 

ga b.ro , a.nd bodies of the sohis.t are cut off across the 

s t rike, and in some oas es surrounded, by the gabbro . 

TOJAL ITE. The next youngest rock, presumably, is the Val 

Verde tonalite . This name for t he rock has been preoccupied 

by ti'Perris Quart~ D1or1 te" used by Dudley ( 19 35., p . 501) . 

But Wilson, in conformity with the terminology of the riter , 

us ed th e t erm "'Val Verde tonali tett 1n h is Paper (1937) a 

The r eason for th e t wo names having appeared in the lit

er a ture is due to the fa.ct tha t al t hough Dudleyts paper is 

d t ed two years before tha t of Wilson, the pape:r was not 

a ctua lly distributed until Wilson•·s manus-0rip t had been 

sent to t he printer . Because the specimens us ed by Wilson 

are the s ame as t hose studied by the writer , becau se these 

specimens came from the Val Verde tunnel. and because the 

rock is a typical tonalit-e~ the term, " Val Verde to nal i ta" , 

ill be used. 

The Val Verde t ona.lite i s the pr edominant rock typ e 

outcropping over t he entire eastern and central parts of 

18 . 

the d strict. The tunnel for 27~ 000 of its 31 ,000 fe et of 

length passes through t h i s rock . In the western pax-t » ma sses 

of t he t onalite are separ a ted from one another by bodies of 

schist,. gr a ni t e, a nd gabbro . On t he basis of the mapping 



by dley (1935 ), t he tonali t e is el1eved to underlie an 

area o a -t lea st 1 50 square miles on t..n.e Pe:rrie B ock . 

The tonali te is ligh t grey , me · grained> and po--

ssesses a gneissoid structure hioh par allels in gene r al 

the strike and di p of the schist . D1s-ooidal masses of 

dar~. ~ · fine-gra i ned roe occur in variable auantiti es through

out t he i ntrusive. ·arran ed paral l el to t · e gnei ss lanes ~ 

Th·ese dark bo·di es a:re absent in some instanges over areas 

:- n t he ·to lite as l arge as a fe hund e.d fe et in diameter~ 

but otherwise are almost al ays pr esent and i n some places 

cons itute 60'% of the :r-oc . The inclusions va ry in maxi-

mum ,..., ·1ensions from an inch or les s up t o sev er a l t ens of 

f ee • In general the borders a e sha and definite , but 

i n some cases t hey fray out into the tonal ite and t he da· k 

bodi es appear to have been almost entirely di gested. A 

t endency exists for the inclus · ans to be l a rger and more 

angular where t hey a re more numerous . The statement, ho -

e er ~ o Dudley (1935, p . 498 ), n1t i s no ble in the Per r is

Elsinore region that i n many instance s arms of basic in

clusions li e close to present sch1st contacts" as not . ound 

by the ri t er t-o be valid fo r the Val Ver de di s tric t. The 

d st ibution of inclusions along the line of t he tunnel is 

s _otm graphically in plat 6. 

The tonalite vari es only sli ~htly in composition and 

gener a l appear ance fTom the eastern end of t he tunnel to 

1-t,a b r der five mil es t o t he e t~ Var i ations i n compo.si

tion will be discussed i n a l a ter chap ter. The propor tions , 

17 . 
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of t h e miner als for an average sample of t h e r ·ock a re as 

f ·ollows: a.ndesine 57·%, quartz as~. bioti te 12%, hornblende 4~» 

and ortho.olase l~. Tne andesine and hornblen,de are subhedral, 

and the bioti te and quartz are anhedral. The oTthoelase is 

in most cases anhed-ral and closely associated with the bioti'te. 

Commonly, however, small amounts of orthoola.s.e occur as tiny 

rectangular blocks in the a.ndesine aligned parallel to the 

cl eavage directions.. This suggests exsolution, but may be a 

replacement phenomenon. The bioti t ,e, quartz, and ortho.cl.ase 

are def1n1 t ,ely la.te:r tha n the plagioclase (See pl.3B,.). 

Th e pl a g1oe1ase .and hornbl ende are t hought to have crys t a llized 

contearpora.ne.oualy. The accessory minerals, oceurring in 

small amounts, are apatite, zircon, sphens, magnetite, and 

pyrite, with rarely tourmaline.. Wilson reported also mona.-

zl te and a.natase (1931, p.12-4). 

The inclusions a re much mor e variabl e than the host 

reek, but a.s a.n average, contain about 50'% plagiocla s e va ry-. 

ing in composition from bytownite to oligoclas·e, 10% quartz. 

a nd 40~ hornblende: a..nd biotite, the hornblende commonly being 

more al· -ndant than the biotite. Apatite, z·ircon, magnetite, 

and r (-;i r e .J..y sphene a re the a ooeesory minerals ( ·~11son 1 1 93?, 

p. l29). 

The average diameter of t he gr a ins i n the tonalite i s 

apprqxi rnately l.Omm. , and tha t of the inclusions 0. 25 mm. 

However, a small percentage of the gra ins of the former a tta in 

a maximum l ength of 3 to 5 rnm., and in on~ specim&n of the 

h:.tter the grain size was O . 01 to 0 .. 05 mm. 



The texture of the tonali te is hypidiomorphic granular, 

and dominantly igneous as distinguished from metamorphic . 

19. 

The roc K: possess es t wo characteristics wh ioh indicate some 

de..:'ormation and recrystallizat1ont (1) The contacts bet.wean 

the mineral grains are in most cases sutured,. and t h e andesine 

grains are rarely bent or broken (See pl . 4A) . (2) The quartz 

grains no t only commonly possess undulatory extinction but 

in some oases the grains are divld.etl into a dozen v.L' more 

segnents having slightly different extinotion directions and 

sharp bounda.riea ( See pl.4B). The '*segwented't quartz grains 

may represent quartz which has not entirely rec1--ystallized 

following deformation which rotated the mineral gi~ins ( Se·e 

Chap ter IV) . 

The texture of the inclusions is xenomorphic granular . 

Th e xenomorphism of the grains , sutured contacts, small grain 

size and absenoe of an order of crystallization among the 

minerals i ndicates a.n advanced sta.ge of recrystallization. 

Th e tonali te intrudes the schist , is therefore younger , 

and _ i·obably is post-Triassic. The tonali ta also clearly 

intrudes the gabbTo 1n a few places. 

GRA MITE. Granite .. , which outcrops i n the wes tern part of th-e 

district and also o·ccurs as dikes in the tonalite, is light

brown, medium-grained, and possesses a gneissoid stl'Ucture 

parallel to that in the tonalite. Dark , fine-grained in

clusions ara sporadically present,, but are not generally ae 

a bundant as they are in the tonalitA. 



A. (Upper) Photomic·rogr a.ph of tonalite 
sho ing d. srupt .ed andesine o.rystal 
and sutured contacts of the andesine 
grains . Crossed nicols ; x 50 . 
Sp . 11982 

D •. (Lower) P atomi c ograpb of tonalite 
showing two anhedral qua_tz grains 
div·ded i to seg ants possessing 
different extinction angles . Cross• 
ed nieols; 35. Sp . 11868 





Data on the relative ages of the t .o.nalite and granite 

are somewhat eontradiotory. In the westernmos t part of the 

district t he gra.n1 te is l a ter than the tonalite, and grarr 

1 te dikes commonly intrude the to.nalite i n other parts of 

the ciistrict. On the other hand. the main ton.ali t&-gr ani te 

conttia.ct near the western end of the tunnel is well ~x,p0sed 

for several hundred yards, a.nd. yet the e.xact bo\U\daey line 

bet een the two :ro-ok types is indefinite. The t wo appear 

to be gradat1o.na.1 into one another.. Either some of the 

granite ia appro·xirna:tely coev.al with the tonal 1 ta and some. 

l ater, or 1 t is all later~ 

The . rook which the wxiter has call~d r anite, was named 

by Dudley (1935, p.50'2) the ncajaleo Quart.z -' ~o:azonitefl. 

T'ne r ook und-ou.btedly varies in o.ompoei ti on from granite tv 

qu r~z monzonite, but four specimens of the rock wh ich were 

thought , in the field, to be typical of the locality are all 

gra lite.. Quart-z oompr1ses about 30~ of t he rock., bioti t e 

about 5-f~~ oligocla.se 5 to 20%. and orthocl ase and rnioro-cline 

45~ to aoi. 

DIKE~. Both acid and basic dikes ar·e comm.on cutting all the 

other rock types in the district. Most of the dikes are too 

small to show on the geologic map, but tnose shown giire the 

typical configuration of these bodi es. The dikes are in moat 

cases planar bodies accordant wi th the struotur-e of the coun.. 

try rook. Some of the late intrusives, however, are plug

like masses roughly oiroular in plan. This ls true esp e:cially 



of t he granites and a plites intruding the gabbro, i n the 

western part of t he district . and 1 ~~ y of t he g ci. ites n 

a _,l it,~~ ·n ·ruding t he to.i. lite bout ·ile est of the 

C-vil 'ine also have this fo • Th 1 er h s gained 

the general i mpression that dikes ar~ .~ Qre numerous ·n he 

g~."o 'oro than in any of the o her rock t ·es ~ conclusion 

re ohed also by Donnelly in tl e ala dist ict , southern 

c~ lifor1 ia (1936) . 

Tl e pegmatite dikes consi t of icrocline and uart~ , 

commonly in graphic i t e growth ~ co rs,, .gra ined biotite an 

a small i;lmount of . uscovi te, nd in some plaoes tourmal ine. 

The g ani't e diltes .. re simi lar in co si ti on nd texture 

t he main a.ni. te inti<>us ive . T o of the apli te di kes ere 

thin- a ctioned. One has the composition of a gran1te, a d 

21 . 

-Cb o t4_ex has t he oompos i tion of an aug1 te-quar z onzoni te . 

The ba . ic dikes are co only very fine- , ·ained an" in s ~ · 

case have c. illed borde s . he gr in size ~ verages 0 . 1 • 

1~ · at ter or l ess . The plagiocl e {b ic andesine) oocurs 

a e edral laths , the ornblende and biotite are subhedral , 

uhe q rtz a1lhedral .. Th e t -·o basic dikes of wh ich t in 

se - tions were made are fine-grained diori te.. Ji Rosiwal 

analysis on one of them sho , ed t hat the rock was composed 

of 57 /e andeaine , 28% hornblende , 12% biotite , nd 3i quartz. 

The fac t that the b sic d ikes commo y possess ch il l d 

borde s whereas. t he acid ones s·1ov1 no indication of fine-

gx . ined z ne a t th e border is i ndicative of the a aid- dilte • 

bein intruded earlier t han th e ba sic wh ile the co nt y ook 



r.a s still t [ h i gI'- tempera.ture '.9 Professo r Campb ell p o i ts 

ou t 1 , howeve·r, tha t t he basic dikes may ha ve been intrude 

at (:; muall higher tempe:t'"a ture than t hat poss essed by t he 

t onali e magma and the a.eid dikes . Since 1 t i s the di f:fe ~-

ence i n tampe~ature bet~een t he intruded magma and oou t'y 

r ocK v-.hioh i s r espons i bl e for ch i l l ed bo derst the b as c 

di' s . t her efore , . ay be a c t ually ol der t han t e ac i d r_i ,_< es . 

I n t1e only observed cas e of inters~etion of ~he di kes . a 

baa ·c ai e as out by apl ite. 1~i s lfas a t s t a tion 11772 

1n t he nal . 

The igneous rocks all intrude ·he 

Triassic metamorphio series and u e earl i er than the Eocene 

Albe. h ill ola.ys (Dudley·, 1935, p . 505) . 't;;. the Santa Aria 

ounta.ins igneous rockc> similar to tho s e in the Val Ver 

district are overlain uneonformabl . by the Trabuco ox mation 

whic . is late lo .ie·r,, or early upper~ Or·etac eou:s2 . It seem 

probable therefore, that t he i gneous roe a were emplaced 

during t he Jurassic period, or at least dUring t he esozoic 

er a , _ d a re oo-:npar abl e in a ge to intTuaives of the · i e 

Nevada .• 

1 . Campbell , Ian. Pe r sonal Oommunica tion , 1937 . 

2 . Popenoe, w.. .,, Personal Oommunioa.t ion,1 193? . 

a. . 



· trgctur§l ~,G,....iiiiM!iiiiiiw. 

The position of t he Val Verde dis tric-t wi. th r esp e·et 

to t h e main struetura.l features of southern California. is 

shown i .. n plat-e 5 .. The distr ot i s l ocated between two major 

strik slip faults, the San.Ja cinto on the ea st and the 

Elsino~e on the wes·t . These faults strike approximately 

23 . 

1 . 3 ° ,1 . and dip about vertically . The main structural f eatures 

wit 1n the Val Verde district possess this same etri e , t ' 

dip in most cases steeply to he east . 

he structural trend ithin the Val Verde d1~trict ~s 

outli·_ed by the na o body of schist hioh orosses it from 

north est to southeast . I.n the southern and central pa ts 

of t he d atr·ct the seh s t strikes N. 20° to 30° • and i ps 

steeply to the nor hea.st . In the northern part. of the di 

triot the schist s 1ngs wee a.rd., ssuming a .soo to 6 · 'V ,. 

strike a d a sl i ghtly lo er angle of di p . Th e eiss planes 

in t1e ~a lit and gr nit , he acid dike , and the in-

olusio ·s all faithfully foll this sa e trend. The gn iss 

pl nee i the to lite , however, d,ecreas e in d1p eastward 

f om he contaot 1th the sch t and a.re essvntially ho ; i zo 

t 1 ~ t tne eastern end of he tunnel {see pl . S) . 

A J. ew well de eloped drag folds wtth an amplitude of 

a f e inehes · ere found in the schist. The axes of the folds 

w re ppro i - tely hox izcntal . ear t he cont .et with t e 

t onali t a noth eT type of fold occu s 1n the schi t . The 

bed re commo ly contorted nd crinkled about an axi.s ioh 
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para.11 ls the dip of the schist . These folds are a~ parently 

rela ed in soem-e ay to the intrusion of the to · i te an. 

we e fotmed subsequently to the dra fo,lds . 

$ - ous faults an joints cutt the tonal te ooou~ 

in th e· .-tunnel . !he position of t ese i s sho gra hi.caJ.ly 

i ate • ~. :tn most ~a.s s the faults and jo1nts st ik in 

a g _nera nort:ie:rly dir ction d di steeply . o constant 

. elation be · een the faul tst joints, flo strue -e , and 

dikes. ooul · be es tab 1shed. If the fractures connected 1th 

the i ntrusion of the tona.li · e are present.,. they cannot . be 

dif ierent i · ed fro later structures,.. n a. f oases some 

24 . 

in ication of t e dlreation of mov -ent ong t' e shear zones 

w s dis.cove d~ At station 11749 w 11 develo sl1o en-

sides .r e horizontal on a s e st%i ng N. 10°E. an 1 -p ing 

80 E. station 11792 a --inch . egmatite di e str ... i n 

.• 10° • nd dipping 70 .. is eut by a aul t str1 .. 1· .1 

and dipt>1ng ?5°E. That par . of t he dike on the e t i e 

of the fault has been displ aced horizontally one foo t to 

t ort est i re -peot to t-hat on the east s i de . 

~ largest shear zone i s one loca ted at t e este 

o~ a t of the schist and .onal te . It is repra nted by 

a zon of C~'llahed and sheared roe and gouge ten to f i t ee 

feet ide stri ing . • 30 • and dip ing approx mately· v er i

oally. As shown on 1 lc.te 2 this fault has been tra ce on 

the surface for a di.. ·-- n.ce ·of abou four m1les . It cont 

u i on to the northwest and southeast could not be e . tab~ 

• 

li hed. Evidence fo the existence of the fault on the sur-
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faee - of four kinds . Fil'st 2 the contact be-twee . the schist 

and tonal i te is uniquely sharp and stxaigh t, unlike the tru 

intruai ve. conta.ct.s exhib. ted els here in the distTiet . 

econd, a large s pring, shown o the iv;e~'Side quaclrangle 

topogr a.p e sheet.,, is located. on the line of th s eh.ea · on.e 

he~ e it crosses the small alley loca ted about wo miles 

nor . l o· the tunnel ., Third .• pbys1ographie evidenc ., al _ ougb 

not c.onvino.ing, is suggestive in t his connection. The valley 

j s · mentioned crosses the f ;ult zone and then t rne ab pt• 

ly northwest ~ard into Mockingbird Canyon ivhich parallels 

t1 e e ten · ion of the shear zone . The location or oc i 

· · rd any on a.nd the tu11n in direction of the strea va.ll ey 

may related to the presence of the fault .. The so 

ea n ext ension of the fa.ul zone also l e ds into ro in-

ent alley on the southern side o.f the Gavilan Hills J 

tl is region as not m ppe.d i fie; ent cl tail to d · te-o:h 

t e prese11oe of a f ult.. ourth, 'the : a1n body .o-f s-cl i · 

is o fset ··bout 0 fee at he pla.ee whe -e the f ault er .as• 

es i • e we t side has be.en ah ift.ed northwestwar;,l i h 

respeet to the east side. The displacement of tl1e ·s- h ist 

a s mapped uld not b e established beyond all dou t., t 

it i s the most ;i.>easonable interpretation of t-he field · a

la.ti ns . 

In s ,mraary ., the ovidence at hand indic~tes at orizon. 

t 1 ispl aoement along northwest striking and steeply d pping 

faults i th the e$t side moving north est .. · th respect t-0 

t he ea.st h s been the domi nant type of movement in this di • 



triat in recent times. In th1s connection, ayo (1937) 

finds evidence pointing to tbe faot that. strike slip fault. 

1ng was important in aom~ parts of California prior to the 

empla.O"Sme.nt of· he 81-ena. Nevada ba.tholi t-h_ .. 

bOQ~S Q;gl_o.a:. 

Gold 1s the only commodity of any 1mportanc.e produced 

from the re.ck& of the Val Verde district. The old :Ga.:ttilan 

Mine (See pl . 2) was originally worked by Hex1eans with 

art- tree, and between 1890 and 1892 wa.s reo·pened and o 

er-at-e · by a - e-r ide company ( s son., 1935 )-• The or ing 

reaehed a depth of a.bout 485 feet. and it 1e reported t · at 

be en one and to million dollars orth of g .d was re-

cove.Led. A new minin:g company has opened a. shat·t about 300 

fee south of the old Ga. tlan shaft and called it the· Ida 

Leona inth Drifting is going on at the present tl . 

the Sr» oot level al.-o-ng~narro: quartz vein paralleling 

hea.r 1ch strikes . S59 E.. and dips 40° o 600-S. A small 

amount of gold has be-e11 produced. 



OHAPTER IV. 

A i mportant part, of_· the· inves,tiga.tion of the rooks 

from 'the Val Verde district was ooneerned ith the varia

tion. ia. mine~alog1c eo· po-aitio.n and radioactivity of the 

tonali t .e . The problem as of pa:rticular interest beoaus· 

of ·' he unique oppe-rt.unlty o study fresh samples of a roc·k 

collected at regular intervals over a distanee ·of 1 e miles 

acros-.s a single intnsive. The study of the heavy minerals 

s ade by R. • Wilson of the geology department. and of 

the radtoaetivity eont-ent by R. A. Clarke and r _. H. r-tgh 

of the phys·ics depa.rtm-ent o.f the Oa.lifor·n1a Inst1 tute of 

T.-eohn-ology .. 

. e riter's contribution to tbe roblem ·is divi .ibl 

into four sections: (1) examination of the errors in nl~ed. 

1n sampling the eo.k; (2) determination of the variation 

in inen.logic composition of the tonalite along the 11n 

of the tunn-el; (3 .) eo-rrelation of these data ith those o -

tained :from heavy mineral and radioactivity studies; and 

(4) application of the micrometric and radioactivity data 

to the p roblem of the origin of the inelusione . 

Eft.2tl Intolveq_ in. §ampling thm ~c~ 

A la~ge number of papers has been publ ished on the 

general problem of ob·ta.ining a.eourate quantitative da.-ta on 

the mineralogio eompGtd tion of a. roo • A re-oent paper by 
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La en nd iller (1935) s r1zes this literatu , s 

that only t..l'iose publication.a di eotly related to the present 

study ill be entione ' • A eu ey of these arioue con -

bu·tio s reveal tr e a.o.t that the cauracy of any me tho of 

es t ng e compos ion of a rock · s partly depende t 

on t .. e y e of rock b 1 g studied. A o·oars~grai ed r• 

P r :rock in gener ntroduces a larger o han a 

f ne-g ained one; a d n ome i truei es the aria ion in 

eompo · tion is rapid !ro poi.nt o po nt hile in o hers 

t b y is su:ffic ently homogeneous o that a grab ea l 

1 ypical o an re se e a.l ee o a veral tens of ee , 

in am ter . In shor • the pr~ba le errors involved in aa 1-

1 g should be ev luat for the pa ticul roe being s udied 

be o e h compos tional vari t ion oan be considered. 

o t ..., of e r e in o ve in m ome io analysis . 

Th ·1rst is oo ·oerned 1 e d te mination o e co . o-

sit! n of e hi ection. The second. is i volve in the 

a u t h the hin ion is epre entative of the 

h nd s eoimen., an that th~ latter is typical o a larger 

a of oe • 

C?SITION .QL .! ...,TH....,.1_.N TION 

The linear ethod of Rosi al (1898) s e ployed in this 
a. 

study us1ng)\ . e tz 1 -spindle " te ating s e . Parallel 

tra erses ere un aoxoss e sec ion at equally sp ced. i n-

ter ls of 1 mm. and the dis ano ac OS$ each gTai lo 

the t a -e ee was au oma..tioally registered. The spaci g o 



1 mm .. a s used because the avera · e .grain size is 1 sq . mm. , 

a.nd because this 1s a n:onvenient unit to use. The method 

assumes· fir:st, that- th e rock is equigranular~ and EUlon y,_ 

th.a:t the diam-ete:rs measured a.re pro .ortio·na1 to the Tl · ume ·; 

and al t~ough the valid.1 ty of this seoond premise has been 

que.etioned by Ju~ien (1903) and Williams (1905). mor-e re. 

cent investigati ons by Lincoln and Rietz .(1913) anrl. Jo a nsen 

(1919) have sho~ that this basic assumption .is oorreo·t . 

o:r.eo e 1 Thomson (1930.,, p .• 215) found t hat the linear method 

1 s11g tly more aoourate than the areal m,ethods . 

everal factors combine to introdu.ee error into th .; 

e uremeut of a thin section. F1rst1 it ie not alway po 

sibl .. to identify positively every grain during th proeeas 

of measuring. The po-si tlon of the integrating stage is too 

high abo-ve the eondensing lens to permit the use of inter

feren()e f1gura-s . The n!.ools, ho everi could be rotate·d on 

the micros-oope used by the r1 ter . The main diffieul ty l ay 

in d stinguishing andesin.e_, cut in a manner such that t e 

twinni g was not visible,. from quartz . Students in the 

petrology <&las-s ho worked on these ro·eks experienced dt:ffi

eul ty in this respect . As one becomes accustomed to the 

rock, ho ever~ t hese t wo min-erals are seldom confused. 

Second., a slight error inevitably enters due to inaccurate 

meas: re 1ents . Tbis is o tly a. personal error and increas e·s 

as o e~s eyes become fatigued, but in some eases the boun• 

dazie bet een minerals are indefinite or are inclined so 

t ha t the position o the boundary a t tbe top and bottom of 



t he th_n section i s iff e ent . If the oontact be ween a 

oolor-ed and a transparent mineral 1a i nclined, he colored 

min~r l ill g~ne:rally be gi -en a greateT diameter t han is 

eo rect unless this possibility · s borne i n mind. Thi_d~ 

the measuri ng method itself ould be absolutely eorrec 

only if an inf1,ni t num er of 1 i nes e·re run aoro-ss th seo-

i . n . Greater aceuraoy than is obtained by spacing ·le 

travexses at 1 mm.. interval , however., is n-ot neovs ry· be

cause of t .e l arger error-a due to t e inhomogeneity of th _ 

ro.ek . 

In seve-ral oases se:otiolls _ere measured t 1ee t -o 

det - ine ho closely the val uec. ohecked. The enor f 

i ndividUal mine~l was 1n almost all eases less t an one 

p cent and ne"Ver greater than two per. eent. 1'h1s a ccuracy 

ef about one per eent eorres· onde with that found b . othera, 

a d there ; ··s 11 t le reason to doubt i t:e eorr-ectne~ • c 

the eoted en-0r is about one per eent, t he ~alues a r e 

11 ted only tc the nearest per o nt .. 

.......... ~ ...... c ..... x .QI. SAMPLI G ROOI !I A fHID S_ECTI QN . As Larsen 

and Mi l l ar point ou t (1935, p . 263 ), the more di f .ficul t and 

yet portant phase of t he probl em i s how represent a tive 

i a thin seet1on of a and speci men; and t he riter _as 

carri ed la inquiry one st p f arther to gain information 

on t · e questi on of how representative i s a hand spe·cimen 

of a l arger roek mass . 

a rt of the error i ol ·ed i s inherent 1 thi n the 

30 . 



rook itself . In the oa.ee of a ooar·s~grained rook, absolute 

homog nei ty w-1 thin the area of a thin seotio is not te be 

expected. The larger the t in section, howeve~. 

accurately will it sample tbe ·rook . 

e mo e 

ln order to test the a.ecura.ey of the 

measu ing method, two oriented thin sections of the tonal1te 

were us$·d.. Eaoh was out normal to the plane of gneisaosi tr 

and parallel to th-e linear direction in the roek.. Tw-o meagure

ments ere then made of each thin seotiont one with the re.vers

es pai-allel1ng the traces of the gn.eiss planes and the other 

w1 t h the traverses running normal to t hem. The area of the 

:i.n sect.ions used wa 500 sq . mm.. or more . As the follo -

ing table shows 1 the deviation fro the average value of the 

two measurements as not great er than l~ for any constituent . 

is is n .t on y evidence to prove that t he mie om t rio 

method used 1s accurate to within a'tout 1% f or any oon ti

tuent~ bu also sho a that in t he case of the tonalite it 

ma es no difference in What direc-tion with res_eot to the 

gnei sosity the t a . erses are run. 

8 

Para.11 el t.o ormal to 
Gpe~1~os1~:r 1 Gtu~istgo~i1 t:r: 

eviation 
f ;om Msn 

Leng-th of 
572 . 1.mm. ra.veJ?a.e 611 . 3 .. 

Plagioclase 51~ 51% 51% O°}; 
Qua tz 29 28 28 . 0 .5 
Orthoclase 1 1 1 0 
Biottte 12 12 12 0 
Hornblende 7 8 7. 5 0 . 5 
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Parallel to -0rmal to 
Gne~i·~iUii :!ii . Qne!mli2~4 \y 

Mean 
. ? 

D.e'V'ia.tlon 
f .mm.1 . a;n 

L~ngth OJ 
t-ra· e:rse 

Pl agioalase 
,, rtz 

Or !hoolase 
B.-i~oti. te-

504. .. 
64~ 
a2 

1 
13 

482. Bmm. 
627' 
82 

l 
15 

S3 
22 
l 

14 

i i 
0 
c 
1 

O i mpo tanc.e to the inv·estiga. tion i a the quest o of 

;.o l arg e a thin section of t he onali te· must be in o e 

to be representative of the hand specimen. .o test the 

size section nee ~esary to give dep endable results,, ·en 

l a ge t hin seotio.ns were divide i n ha lf and the upper c 

lo· er hal v.es run . epa tely ~ a m.ethod used by Larsen and 

Mille (l~l35) . The leng th .of traverse aoross a half e 

tio a veraged about 250 ., or 

< ... s about 250 sq . mm. The ma.xi 

ot.he worda,, the a · ea 

deviation o ai.111y ing 

ns t.uent in one half from the average of the t o ha.l 

wa . si ,. The average devi.a t1on from th e m-ean i n per een ~ 

f-oi: e t·en sections was., fo plagioelase 2 .1 , for qua.rtz 

1 . 1, for or"thocla.s4 . 4, fo bioti te 1 . 7 $ and for hornbl ende 

14. 0 . In table 2 are given the valuea for t e of the sec-

t1ons. 
e 

The f'iT-at 1.s the E!_o .. tion pos sessing- the lea.st corr-

es onden·ee bet een the two halves. and the other is one 

showing close eorrespondence . 
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( M.easured par~llel to gneiesosity) 

Lower ~ Upper~ Weighted Av. Max. Deviation 
ftgin lhe l ean 

Length of 
traverse 273il6mm. 231 . 4mm. 

Pl agioelaae 57t'/o 6~ 54~ 4% 
Quartz . 23 21 22 1 
-Orthoela.se l 1 l 0 
Biot1te 9 18 13 5 

l2Q~4ij . 

Lower ! Upper 1 Weighted Av . ~x . Deviation 

Length of 
fr2m the 

traverse 309 . 3mm . 322 . 4mm . 
Pl ag1oelaee 40 1~ 39i 39 •. ~ o.: i" 
Quartz 27 28 27 . 5 0 .. 5 
Orthocla.s e 15 19 17 2 
Biotite 9 9 9 0 
Hornbl ende 9 5 1 2 

The iter has concluded from the aboYe experiment 

that sinoe the per eent of a single eonstituent 1n a sec

tion 1th a length of traverse of 250 mm . may vary from the 

me n value of a section t ice tha t size by as much as 4 to 

, sections les s t han 250 sq . mm . should not be us ed in 

the miorometric .study of the tonali te . Therefore, all sec

tions used in studying the variation in the tona.~,ite ere 

l ar ger t han 250 sq . mm . 

The next queatio.n ccnc.e·rns the accuracy of represent

ing a hand eeimen of the tonalite by a single t hin sec

tion . Of three of the hand spe-oimens , t wo sections were 

made . The c.hi p s from T h ioh the sections w,er·e made wexe 

t aken at a di s t ance apart of a t least two inc:hea . 

Mean 
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Specimen 11982A 11982B 118SBA llOOSB 120240 
Length o.f 
traverse 412 .• lmm. 504 . 0 317. 8 611.-3 662.5 

Plagioolaae 83% 631' f 52~ 51~ 42'% 
Quartz 23 2·2 30 29 27 
Orthoolase 1 l 1 l 14 
B1ot1te 13 14 13 12 9 
Hornblende 0 0 4 ?· 8 

The correlation sho\m in t a ble 3 is interesting in 

that the t wo l a r ge thin aeetions of the sa me hand specimen 

agree mere closely than did the two halves of the sa e l arge 

section. The maxi mum deviation in a singl e tbin section 

from the mean o:f' the t wo sections of the same specimen for 

pl ag · oclase, quartz, orthoolaae and bioti te i e 1%, and fol' 

ho blende i s 1 . 51&.. The w iter concludes from these dat 

t hat one thin se·otion ae large as those used i n the abo e 

study is sufficient a.s a sample of a hand a-pecimen of the 

ton i te. 

The final t est ade was on the acouraGy of a hand sp eci

men s a sample of a l ar er body of tl}e rock. At station 

12024 eight sp·e-c i mens of wh t appeared to be t .ypical t o -

1·te ·ere taken ... !tater study revealed tha t the rock wa 

ac tually granodiori tie to quartz-monzoni tio i n co r.po·si tion . 

The . ea from wbieh these specimens were taken was a pp:ro.xi.-· 

ma t ely six feet in diameter , and the distribution of the 

speci mens i s shown in the diagram on he follo ing page. 

12024-CB 

598 •. 7 

44% 
28 
14 

8 
8 
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Table 4 lists th e Ct>mposition of th e samples and gives 

f ally the aver ~ge deviation from the mean for each oonsti .. 

e samples are very olos.e in oompos i tion e ,oe-p t fo:r 

num'be h ic.h be..s a rather different plagioolase.ort oolase 

r a tio fro the othe • The mineral with the largest a erage 

evi tion f rom the mean is orthoclase with a value o · 3. 1% • 

If the t onal1 t ·e along the tunnel is as uniform as the rock 

at th),s station,. t hen varia tions in compos1 ti on from point 

t p int great e than about 3% for a single ·const1tue .t a;re 

p o bly out ide the l i mits of error of the ~~!ing m thod. 

This va i a tion in composition of an apparently uniform i n

t .rusi ve rock from one h a nd specimen to ;;:.. nther., both of which 

appear to be typical , ts of the same order of m~gn~tude as 

that determined by Grout (1932 , p . 398 ) . Actually the tonalite 
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Ogyipggiti2p .a! s !1 §1&1iisa i~at. 
Sample Leng'th of Pl agio- Quar tz Ortho- Bio~ HoTn.-

No. traverse cla se ela.- e tite blende 
irl ii!t. - L 

.A . 447 . 5 42~ 27% 15~ iai 4 
B. 519 . 6 44 28 13 9 6 
o. 562~5 4a 27 14 9 8 
o. 460 . 3 44 29 11 11 5 
E. 354.5 34 25 27 B 8 
F. 598.7 44 28 14 B 6 
G. 503. 2 43 29 17 s 3 
a. 631.7 40 27 17 9 1 

41 .,8 27.5 16.0 9 .2 5 . 6 

;Qev!attgn f;rom ~ 

Sampl e No. Pl agio- Quar-tz Or tho• Biot1te Ho rnblende 
cl~1 e e]:il:~ 

A. 0 . 2% .5% i •. o, a.a% l .6% 
B .• a.2 0 . 5 3 . 0 0 . 2 o •. 4 
c. o. 0 . 5 1 . 0 0 . 2 2 .4 .. 2 . 2 1 . 5 s ... o l . 8 o.a 
"?T' 7 . 8 2 . 5 11 . 0 1 .. 2 0 . 4 w • 

• a.2 0 . 5 2. 0 1.2 0 , 4 
G. 1 . 2 1 .. 5 l .O 1.2 2.a 
H. 1 . 8 0 . 5 l . O o.a 1. 4 

2 . 2 1 . 0 3 .1 1 . 1 1 . 2 

may be ore uniform than the rock a t sta tion 12024 because 

it was found t hat i n the vioinity of this sta tion the igneous 

:rock is va rying more r a_ 1dly in composition than at any other 

pl ace in the tunnel , 
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fatia tj,gp. 1D. · &ner!J,2,te comp2s ; t19ri .Q1 .1la toNlt~e 

Twenty nine· t h i .n s-eet·1ons a ll l ar ger t han 250 sq . mm. 

have b·eon used to sho the ·variat i on in c.o ·nposi t1on of the 

tonalite al ong the line of the tunnel . The spacing of t he 

sample f rom which ~he thin sections were made 1a not uni• 

f orm due to the imp(HJ ~-; 1b1lity of securing fresh sp ecimens 

f m some part.s of the tunnel . The. distance betw.een the 

sa1 pl es averages about 1000 teet. Table 5 11 ts the oompo

s-1 t1o -0f t he specimens as det ermined from t hin se"Ct1ons 

1th an area great er than. 2SO sq . mm . ; and pl a te 7 sho s

graph1c lly the var i a t.ion in rn1nel.'alog1o c omposi t1on o... the 

t.onal i te . Bo mineral tends to increa s e or decreas re'.gu

l a rly from ea.st to west through the tun,nel , a l though the 

tonalite n ear the estern end contains in general sli · tly 

more o t hocl ase . The varia tion in eomp0·si t i on o the pl 

.g1oclase, ho ever, i e s i gnifi cant . As eho n on t ·he u per 

grapn o pl a te 8,1 the plagieola.a-e becomes more sodic to-

ard t he estern end of the tunnel . ?hue , the gener~liza.

tion ay be ma.de that the tonal 1 te is ore a cidic towa.r·d 

the estern end of the tunnel• or towar d the border of the 

intrus ive . ils·on (1931 ., p . 129 ) came t-o this same conc-lu-

eion from a. study of the vy a-oce:ssory mineral s.. He 

30 . 

found t hat t o rd t he wertgrn enC!. zircon inorsas gd in amount . 

apatite &ecreased. and there was an introduction of tourma...-

11 ne, .. ·onazi t.e, and a na tas e . 

Th.e more a cidic borda~ cf t he tonal1te ie believed to 

be due to assimila tion of quartz-b1otite schist . Ineorpora~ 
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TA ~ 

Specimen Rook Type Plagio---- art·z Or tho- Bio--- Hon--
._ ... .21a.11 cl1;1~ ,. t1jei 

F.11• Gabbro 52% 01> o1f, ~ , , 29 48 0 0 0 
F •. 31 fl 64 0 0 0 

119le\ Diont e dike 57· 3 0 i a 
F. 3o Inclusion 5~ 4 0 13 
11742 .. 30 19 0 18 
11912 tt 45 21 0 21 
11915 ff 48 18 0 lS 
i aoaa.A ti· 

l 022 ff 

119BO . ft 

ll980B ff 

11983 tt 

B.400 -• ,•• # 48 20 0 11 

r . ..,s tt 45 23 6 9 
• J. . .... 37 41 0 15 

*The s.._ eoimens marked "F" ere t aken from the surface and 

have the f ol_lowing locations: 

~1na= 

46%" 
48 
36• .. 

28 

30 
3:3 
13 
18 

1 

17 
7 

F ~S.. 3/ 4 mi . N., of est nd of tunnel, 400 yds . e t 
of s .ehi1't-tona.11 te oonta.ct • 

• 1 · ~- l~ mi . NE. of est end of tunnel 
. • 1~ 2 mi . • of west end of tunnel 
. 13- 1 3/4 mi . N. of ·est en.d of tunnel 
. 18- 2 m1. est of est end of tunnel 
. 1 2-¢ m·1 . W ~ ef es.t end of tunn.e 
.19-i About 20 feet from F.18 

F . 22.- 1500 ft. w .. of .1a 
F . i33• 2000 ft ~ MW* of F. 16 
:r .• 29- 2·~ mi . - • of west end of tunnel 
F. 31- Qavilan Peak 
F. 3S.- 100 yds . • of station 11930 
F .37~ 3/4 m1 . s. of est end of tunnel 

·•·· Includes a~ apatite and m~~etite 
•••Includes ao~ a.ugi te and ~fo olivlne 

••·speci .men from Bernas-ooni Tunnel 

Radi O• · 
~Cli~!~ 

0 
·(} 

0 

11 

25 
12 
19 
21 
30 
19 
l .'· 
33 
19 

7 

81 
46-



'I;ABk;m ~ (Continued) 

Spee1meti Rook Type Pla.gio-
Qj ~ •. ii I . . 9~&~Sl Id f. I 

F . l.9 Sohist 38 
F .22 ft" 48 
12011 ff 2 
12012 n 15 
F-37 ft ·1 
12021 .. 0 

11730 Tonalite S9 
11733 ff 

11734 * so 
11741 1J 1 
11750 ff· 58 
11751 u 

117S2 u 58 
11767 n 

11?'1 ft 51 
1 779 tJ 

11790 • 46 
1179:' It 46 
llB ~ ft 58 
11803 tt 56 
11811 t4 .55 
11020 ·ti 57 
11830 .. 51 
11631 " 11845 tt 63 
118 8 " 51 
llS?O fl 54 
11886 
11894 50 
11896 u. 54 

897 tt 52 
1190 ... 58 
11910 
11914 " 68 
11927 ft 

11930 41 62 
11941 S7 

*Include$ 5% muscovite 
" Includes 16~ muaeovi te 

quartz 0Ttho-
9d:5:i~@ 

25 0 
7 0 

s ·1 14 
69 3 
84 0 
'76 0 

22 2 

24 0 
23 0 
18 0 

25 0 

17 l 

30 l 
27 0 
20 5 
22 0 
32 0 
26 1 
25 0 

23 0 
29 1 
23 2 

28 0 
28 0 
26 1 
a1 2 

15 0 

19 1 
22 3 
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.Bio- Horn,.. Badia-
,Ute, _blentl'i asttivisx 

17 ao 55 
12 3!3 25 
17 0 42 
13* 0 32 
15* 0 ·12 
.24•• 0 50 

a 15 35 
48 

10 6 
11 5 15 
a l-6 53 

9 
13 4 32 

22 
20 11 17 

19 
15 8 19 

6 1 9 
14 3 23 
19 3 34 
a 7 52 

12 4 25 
10 e ·23 

24 
ll 2 37 
12 7 
16 5 23 

10 
13 11 2? 
12 6 46 
1.5 6 
11 2 

45 
5 12 66 

43 
9 9 83 
7 ll .83 
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T . A -(Continued) 

Speelmen Rook ·Type Plagio- .. ·_ art~ Orth~ lUo- Horn- Radio.-
. 1.· • . . t . cliMft ii I ; . . 9 eJ..fA:~i tl~§ .. }?l~de agt1JA$t 

11953 Tonal1te 58 28 1 8 5 72· 
1196,5 ft. 60 22 3 11 4 93 
lli773 n 63 21 1 9 6 89 
ii ·eo ti· 60 
1198 ft 63 23 l 13 0 52 
ll~S .. 59 29 3 9 0 50 
11996 53 30 4 12 1 8·4 
12022 ft 54 18 0 20 8 
12022 . 5 lf 62 15 3 9 11 so 

12024 Granodior1 te 42 as lG 9 5 95 

1203 Gra.ni te 21 33 45 .l. l 145 2 -a-
F~23 tJ 6 3.4 54 8 0 105 
F.16 .ff; 3 35 56 6 0 85 

F.13 Aplite 11 33 56 0 a 52 

F.12 Pegmatite 220 

tio of t his material 1nto the tonalite magma would tend to 
make it more acidic; contact relations ittd1eate t hat a.ss1m1la-

tio m y have been i mportant; and the i ncrea se in r adio.. 

a.otivt ·ty of the t onali te near the s chi.st is suggestive o:! 

a ss mil tion inee the schist averages higher in r a d1oa ct1 i ty 

t_ an the o.nalite.. That variation in e.omposition of an aeid 

i t . uaive toward its horde may commonly be du~ to assimila

tioh of the country ro.ak i s supported by oth er evidence . A 

g. anod1crri tie intrusive i n oent:ral Colorado .( Behra, Osborn,. 

and Fla.ill ater, 1936~ p . 790 ) is slightly more basio toward the 

bo1· .er 1

'flJ. e e it i s in oonta c t with lime-stone . The WTi t er s 

propo$ed the e _la.na tion tha t the more baaio border is due 

to assimila tion of limestone. La sky (1935) ha s found good 

e"v.1denee for· believing that the more bae io borde.r of a 



granod1ori te intrusive in ·fie . fl 0-0 is due to ass·imila• 

t1on o.:r salt . . yo s. tesl that in the vicini·ty of Island 

' 
ere graoodio - te 1s in oontaot 

baste tu.ff and 1 ime.s tone• the bo-rd.er is eo·mmonl y mo . e 

basic and tn~t he has &bserved t e .everse in l&oalities 

here intrusive rook is in co.ntact with aeidic tuff·s and 

q artz-mica schist . 

amples of r ·o·e·k from the Val Verde district were ex-· 

a.mined by R. A. Clarke and F •. H. w ight of the physics de--. 

part ment of the California Institute of Technology for their 

r adioactiv1 ty . In the following d1sousaion the values listed 

fo:r rad1oact1vi ty are proportional to the number of alpl'la 

part~ cl es te · per unit time per unit weight of sample2 .• 

s far a s is no known., the only elements involve are mem

bers of the ra.diunt, thorium, and actinium se:r1es'3. 

Radioactivity measurements ere made 

o the to lite from thirty five fferent stations along 

the tunnel, on several specimens of gran-odiori te, gran1 te. 

1 .. yo, E~ B. , Per onal ommuni tion. 1937 . 

2 . A aper by Clarke and Wright is in press giving a detailed 
desorintion of apparatus and method• and giving more d 
t 11 ,d results than those listed herein . 

3 . Clarke, R. • , Personal Commun1oation, 1937 . 

·• 
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schist, gabbro, a.nd inclusions. an. on a pe tit-e . ike, an 

aplite dike, and a fi;n-e..gra1ned d .orite dlke. The r esults 

are listed in table 5 along i th t he mineralogical oomposi• 

tion, and the dat a on the tonaltte are pl ·otted in _l ate s. 
Al t hough the points in t he lower gra h on l a e 8 are 

a t h %· seattered a curve has been drawn which oor lates veiy 

well ~ ·1th the upper curve which is a plo' of the alb·1 te con

t ent of the plagio·elase alon,g the tunnel . There may be s:ome 

do-u.b as t-0 the existence of the wave in the eu.rves bet een 

a ·t tiona 11760 and 11850 , bu't the rise in both curves t ;oward 

the est., or to:· ard the eontaet with the schist is undoubt

edly eal . 

A summary of he data concerni ng the correlation of 

r adioaoti · ty with iogt .-a·· llWiiiiiillil- is gi van i n t able 6 . These data 

sho a direot relation be een the radioactivity and the 

ao1di ty o.f the r c •. 

No . of spec! . 

3 
1 

10 
2 

35 
6 
l 
8 
3 
1 

TA!ik .~ 

Rock fyp..., Av . Value of 
)Sagi oa~"t<i v& ty 

Gabbl'e 
Diorite d1ke 
tt Gabbre Incl u.s1ons 
ttseh1st* Inclusions 
Tonalite 
()hist 

Apl ite 
Granodiorite 
ranite 

PetJnatite 

0 
11 
20 
84 
42 
48 
52 
95 

112 
220 
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......,~ .......... -....iliiillii>., Lo _d Rayle1gh., 1n 9 5,,. . s the first to point 

out the direct eorrelat on. between ·the- adieaetivlty and 

ao _ ty of roeks ( Stnt t" 1905) . The data pr -esented here 

fu:rni·sh addi tion 1 :Pl!OO'.f o the eo · rectness of the ge.n.eral

iza 1en. A e_rie of papers s ince 1905 has dealt .ith the 

radioaat-ivity of mt nera.ls and rooks~ aters (1905., nd 1910) 

found that in the Corni··sh granit.e the radium was con.cent ted 

in anatase or rutile, ln th·e Dal beat-t1e grani te in a.llanit.ei, 

nd i n the oume granite inl y in zircon and some ti ta.ni~ 

f e11 0 · s mineral. . Fletcher, ·in studyi .ng t he Le1nst.er granite 

(1911) found t hat the r adioact1Ti ty of the· roek was due -ostly 

to mj.oae containing 1nelua1ons of 2iroon. Plggot and e: ill 

( 1932 ) e~ined wo grant tes 1th a high content of radio

ac·ti ve substances., one f ro. Stone t . Georgia and the other 

fr-0 · ·th Jay, Maine. As a i~esul t of their ork. they eo.n

eluded t hat in ica.-bearing granite-a, the r ad1um is a ssocia t ed 

more ith the ioas t han 1th the other e0nsti tuents of t he 

roe • Evans nd il i ama conclude · from a study o.f the ioliS 

type o lavas from Lassen Volcan1e ational Park (1935) that 

the amount of radium in.creases Vb 'the alkalies , especially 

po saiu • 

~~ ..... .2E RrfWIOJ\CIIVlTI· · · re ork is to be done by right 

of th hysics dep · t ment on e radioaet -v'i ty of t he ind1-. 

vidual min·e:rals of t he Val Verde tona.11 te~ but tenta tive 

eonol sions may be l'eaehed concerning 1th wh.at constituent 

of the rook the radioac~ive material is associa t ed. An ~x-



amination o:f plat .es 'f and a ·is sufficient. to show that the 

data so f ar obtained indicate no colt-relation 'be·twee.-n the 

r-adium-tho:rium.aettnium -eontent of the tonali te and ·the per

entage o.f biotite~ quart~. or hornblende . slight conela- · 

t ·ton e.ximts· bet een t he low points in t,he p l agio·olase and 

~ . io ctivity eu .. :rvee .. but th1 may be foTtu.it<.n.u:;. l so 

orthoclase is slightly more abundant in the ~oc ar the 

contact . It is possible that t he r adi&aetive subetanoes ·e 

oontaine .1.11 zircon hich ilson (193?} found to ino-:re se 

i n a.moun t .oward the ·weaten end of the tunnel; in this e 

the a oun of -eon y vary d1re·o ly with he albit e e 

t .en of the pla.gioclaa(h It i s not-ewer. hy,. ho eTe ,. tha. . 

the zircon OC·Oli!f .. almos t exclu ively 

by pleoehroie halos,. in the b otite . 

O · i ri ot lJa ~~ ..-.~iioiiMJi~!ilif" 
LI A nearly untversal characteristic of ligh t ool r-

ed intrusive· :roeks is the pres-enoe in them of da.r , fine- t . 

medium.grained inclusions . Because of their pre·valenoe an 

gener ly une~-tain origin. these inclusions are frequently 

discueee ~ in gooleg!e literature_, and a bri.ef s ary of t he 

theories oonoerning their origin ia given belo • 

A .common expl anation o the origin of t he inclusion 

is tb·at they are basic segregations fl.tom the magma which aoli· 

d1fied f ·orming the host r ·ook. Knopf·· d. 1helen (1905), s 1n 

(l9ll) , and abst (192 ') have ~pr-essed t h ts Vie • The p -

tlees by which the dark etJ:nst 'tuents .of the magma eegreg~ -~, 
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and were concentrated about centers to form the inclusions 

is obscure~ and the value of t he t heory seems to li e mainly 

in t ·e fact· t hat 1 t cannot be easily confuted . 

Formerly se"feral writers ( Backstrom, 1893; Weed a nd 

Pirsson,. 1896, p .• 87; a.,nd Daly , 1914, p . 225) ex loyed a s till 

more t enuous h·_ othe-ais, that of liquation, to .expl a in the 

origin of the inclusions . This i dea has fallen into di$~ 

repute even among its eponsers . 

A third t heor·y supposes that the inclusions are bodi 

of foreign rock ,hioh have broken from the alls and roof 
been 

of the intrus ive and have.., ineo1 porated in the gma . The 

magma~ a s reacted ·ith the blocks of count~y rock t o a rv-.J 

ing deg:>?ee . Thia was the explanation us.ed "oy Gilbert (1906 , 

p . 325} for the ori gin of the incl usions occurring in th 

Kings River count.:ey ·of the Sierra Nevada J California it Grout 

(1930,, p . 678) considered the inclusions in the Duluth gabbro 

t o be xenoliths . Nook.old& (1932and1937) , and Thomas and 

Smith (1932) have been abl e to submit good evid nee t o prove 

t ha·t the inclusions studied by t hem are xenoli t hs of o.1 .er 

rock . During t ne summer of 1933 t e wri teT examined the i n

·clusions in the Ca.:1.ume t 0 -anod1ori te (Behre,. Osborn, and 

Rain ra ter, 193 , p . "fBB), and in many oases these were ol e rly 

bl cks of the older shale., sandstone and dolomite .. Hurlbut 

(1935 ) on the basis of m exoscopic evidence showed that he 

inclu ions in the Bonsall tonalite in the San Lui s Rey Qua ._ 

a - ·1 e , h i rty miles south of the Val Verde distr'iot. were e

rived f r om t he San Marcos ountai n gabbro. 

44 . 



In summary it may be said that although all i nclusions 

may not h ve been formed in the same manner ,. nevertheless , 

wherever good evidence as to t :heir origin ha s been a . tla'ble 

this has pointed always in the same direction -• that the 

inolusi ons a:re xen-0li the of th e country rock . 

DI~pUSSlOW 9E . · T~- · Two of the i nclusions etudie~ d iffered 

from the r est and ar·e t hough t t o have been originally schist . 

Sneci men No . F. 8 was taken from the eente~ of a disco idal 

inclus i on whioh was app roximated ftv.e f ee t in diameter and 

one foot t h ick, loca ted three-fourths of a mile no:rth of 

the tunn-el and. 400 ya rds west -of the tona11 ta-schist oon ct. 

l'leferr1ng to t able 5 , it i s se·en t hat this inclusion contain 

6~ orthoola se, which is unusual f or any of t .he medium basic 

or b eie rooks in the district except th~ .schi st ~h ie in 

one c&s e oonta1ns 14%.. The plagi oel.aee i s oligoolase whic 

is th e pl agi ocla.s e most comrno n.ly foun~ in t he sohist~ but ~ s 

more acid than that in the enclos i ng roek . The value for 

the r adioactivity content 1s 81 a;) oo:inpared ith an ave 'ge 

value of 20 for ten other inclusions wh ich are t hought to 

have been derived from the gabbro . The f act tha t the value 

for t he radioactivity is h igher t han tha t f -or t he schist 

speci mens examined is not eont.radictory evidence_, because 

in t he first pl a ce the schist varies notably in r adioa o:tivity 

content, arid i n the eeeond pl ace inj eotion of ac i d ma terial 

from t ne t onalite int<> t he inclusion may conceivably have 

raised the radioactivity OGntent . 
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Sp e·eimen No . r . 18 was taken from an inclus on in t 

tonali te loca ted n ear the 'U?'ester·n edge of t11e d1.st ict t;venty 

feet f~om a sohist-t-0nalite contact. Specimen No . r .19 is 

of the schist a f e feet from the contact . Sp ee·1 1ens F . 18 

and F ~ l9 are simila r i n mi neralogic oontent , nea ly identical 

in gra in size a.nd te-xture, and possess comparable r adio- · 

activity values . 

The other ten inclusions ~ h1ch were .axe.mined for t heir 

radi oaot1v1 ty content or mineralogic compos1 ti n or both.1 

are t hough t to have been derived from t!le g ~)bro . In the 

fi rst ~ lace , th e composition or the pl agioclase is euggest-

1 ve. Specimens 1;-0 .. 11915 and F . 36 were ta 1'"en from near the 

eent a% of inclusions ha i ng a maxi mum diamet er gr eat er t h 

six feet and a thickness of one foot or more , located in or 

n·e :r that pa1·t of the t unnel in whic i inclusions comp rise 

50 to 60% f the rock ( See pl . 6} . In both of these speci

mens some of the pl agi ocla.s e grains have oores of l abra-

or byto 1te, varying in composition in t e di fferent 

gra ins from 60 to BO% anorth~ te molecule content . The only 

rock in the district oont aini ng pl agioolase as basi o aa t .i.s 

is t he gabbro . ttost commonly the plagiool . .: .. se in the gab :r . 

is by o . ite with an a.northite content of 85 to 90%, but i n 

one c ~ e t he pl agioclase was lab adori te , An57• Dat a v exy 

simil " r to th1e on tl1e plagiocla se in the 'inclusions in the 

Bon l l tonalite , about thirty mil es a:outh of the Val Verde 

dist i ct , i·as the evidence used by Hur~but ( 1935} t o sho ~v 

that t e inclus ions are enoliths of gabbro. If t he othe · 



eight inolus1ona a.re .gabb . xenol1 ths~ -a is thought) ~ en 

the plagioolase has been changed by rea ti on 1th the to 

lite ma • ln th e second pl a.c·e. the average value for the 

radi oac.ti vi ty of t hese t ·en inclusions is 20. Thi ·s value is 

muoh lower t han the average for the schist" . nd it i ·s not 

p obable that the radioactivity of the schist ould. be a.ppre-· 

eiably 1 - ... red by reaction .. 1th the tonal! te. On the o uher 

hand:t- since the value or the radioactivity of the gab'bro 

i s o. reaction ·th the tonalite could change thi s value 

only by r a i sing it. 

CONCLU~IONS . Beeause of the reasons given above~ most of t he 

inalus1ons studied a re believed to have been de~ived f ·rom 

t he gabbro .• the others from the schist. This is assuming 

that the inclusions a.re xenoli ths.. Pabst (1928 ) described 

1nolus1ons in the acidic intrusive roe s of the sfrra Ne d.a 
-A---

hie , a re identical to those in the Val Verde district, 

and he decided that they eTe not xenoliths• but autolit s . 

Hi s Teasoning, however, the riter bel i eves is open to ques

tion. He considered the inclusions autolitbs because: 

(1) •The auto11ths are eomp0sed of the same mincrale as the 

enclosing gran1 tic rocks.,'" (p ,368 )' .. is should be true also 

1n the case of xenoliths imme~sed in a magma1 however, if 

re c ion i s compl ete (See Bowen, 1938). ( 2 ) "Chemically 

a.nd texturally the autol1 ths have the characters of i _ . eous 

rocks.tt If the inclusions are xenoliths of gabbro~ then 

they are of igneous origin. Furthermore. the inclusions in 

the Val Verde district do not possess a typieal igneous t ex-
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ture in that no order of erystallisatio.n is apparent exeept 

that quaztz is the latest forming constituent . This suggests 

Jrecrystal.11zation., {.3) ·ttAlthough they repree·ent a conoentra.""""· 

tion of what are believed to be the early crystall1za tie:n 

cone ti tuents .of gl!'ani t1c roo:ks. the.i:r fine · grain does not 

p-ermi t the interpre·tation tha t they ar-e meirely the products 

of s.ynneus1s •. tt Th·e method by which Pabst believes the au~ 

lithe te hav·e formed is obseure,. but the fine-~ain.ed text.

ure of th& 1nclua:1ons is doubtful evidence in suppert of their 

being a.utol 1 tbs . ( 4) n The au tol 1 tbs show,. under f av.ora.ble 

cl:reumst:anees, a now structure oonformable te t.ha.t of tbe 

enclosing %ook. • The <S:rigin of the f1ow struc-tu~e is s-ome

what 1n doubt., rut reerystallized xenoliths moving with th-e 

m gma . ould have the s ame opportun1 ty for orientat.ion of their 

gJla.ins a.a autoliths . ( 5) "The flattening and orientation of 

t~he e.utoliths in certa"in lo-oali ties gives definite evidei1o·e 

that the.y ere able to unde.rge pl&s·tic de:format.ion at the 

t e of· the einplao-ement of the enclosing rock or even later. 

Lioreover , tbey we'.r'e then not fully erystallized. " It is a 

well known prineiple that solid rock undergaes plastic de.

forma tion under oondi~ions of high temperature and pressure ... 

ore0ver, autoliths w.ould have to b·e firmly held together to 

remain intact during the movement of the magma to possess at 

cone,o11dation the sharp boundarieB exhib1t-ed by some of the 

1nclus1·ons . (8) 11 They are not reatr.i:ct~ed to any narrowly 

limited set of conditions as to natu-r-e of enclosing :rook.,. r~ 

lation to ·contact or position in the intrusive mass . " The 

48 . 



ni .. e:r does not view this as evide·n,0$ feT the inclusions be

i g either autoli'ths or xeool1ths . (1) llfhe distribution 

&f the autol1ths ·i.s apparently related to magmatic acvaments 

at the time o-f intnision." The ''r ·i ter found no evi denc. 

tn t e Val Verde distriet that. the distribution of the i~ 

olu -l n as r ·elated t-o agma.t1c mo·vements., but if this i s 

·e ·1 tuation in the .. e· .. a Nevada., the i mplieation i · t i l 

obsettl"e .. 

In short~ from abst•s o n arguments. the -iter b~ 

lie. es the case is no-t better for the inclusions•· being auto-. 

lit s than fe.r their 0e·1ng xanoli ths, and fu:r·thermor-e, the 

minv%alog1o and ra.dioaetivt ty data o.n the inGlu&ions given 

ea~lier in the discussion 1s in support of their being xeno-

l i ths . 

The ori gin of the f 1ne-grained t.exture of the inclu

sions is an enigma.. Were the inolueions basle segra.gat1o.ns, 

on.., might reasonably expect the grain size to be large be. 

eause of the long time available for oryatallization.. On 

t he other hand, if• as thought by the writ~r, the inclusions 

a a mostly xenoli tbs of gabbro, the fine-gTa.lned nature is 

a ill not definitely explained, A pose1ble explanation~ h0:w.

eve·r.,. is here sugge-ated. Joplin (1935) examined the p oble.m 

of hy ri iza:ti on of basic. roeks by acidic magma and f ·ound 

the f 01101 ng= In t he firs-t stage, a granoblastie texture 

is ,_ roduced in the basic ro-.ck and granular masses of pyroxene 

an . c·rlss-oress flakes of biot1 te may form.. During and follow .... 

ing this etage l ar ge, highly poikil ·it-lc o:rystals of hornblende 



and/or biotite are developed. As Joplin points out, slight 

me>ven1en t in the magma would disrupt t he poikilitic orystals, 

producing a fine-grai.ned- aggr·egate.. This same pmees.s -- as 

observe in the ca.-se of the gabbro. Tne gabb~o at Gavila.n 

Peak is uncontaminated by the t onali te and it c..ont.a1ns augite 

al taring urali te·~ and olivine. The gabbr-o in the westel:n 

and nor~hern parts of the district. i s closely ass-oo1ated 1th 

th tonalite~ aDd t hi n sections of this gabbre contain only 

hornble de and bioti te ae t e m-fia eonstituents. reover, 

a t' n section of a. specimen of gabb-ro t aken from the eo-n

taet l t h t he tona.11 t e contains unusually large. highly 

po1k 1 l tic ~ystal e of hornblende encl osing fine-grained 

andesine (S~e pl . 3) . If a block of this gabbro dtopped into 

-th t .onalite, as flattened into a d.iec, and as (tarried 

along i th the magma. the movement probably would be auff·1-

cien to disrupt the poikilitic crystals and produce a in~ 

grained rock. 

The gabbro i s a ~oek whi ch ould robably furnish in

clusio t o the tonal -1 te more r eadily t han t he schist. The 

schist at 1ts contacts tends t o be assimi lated and r .. la,ced 

by the tonalite rather t h n to break off into blooks; er·eas 

t e ga bTO, because o· its massive nature divides into large 

blocks hich are surrounded by stTingers and dike-like masses 

of the tonal ite. 

The dlstr i butio- of t he inelu.sions offers no clue as 

t t -heir origin. Pl ata G sho a that the i nclu.s i ons are no 

mos t abundant as the eahist contact i e app.roa-ched, but rather 
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the gxeat est concentration of inolusions is in t he vicinity 

of 11900 . The localiz·ed swar s of i nclusions may repres e.nt 

the fra ctured lo er pa~ts of roof pendants or l arge engulf..-

of the country rook. 
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CHA PTER V 

STRUCTURAL p·~~rROLOGY 

Introduction 

Although an important part of t he groundwork or struc

tural petrology was laid by t wo Americans-- Becker {1893), 

and Lieth (1905) --, the subject is primarily a ~uropean 

development.· A paper by Bruno sander ( 1911) first enun

ciated t he f'una amental principals of structural petrology, 

and much of t he technique involved as well as the theory 

was developed by Walter Schmidt (1917 and 1925). Rach of 

t hese men has now published a book -- sander (1930 ), and 

scrnnidt ( 1932 ) -- and these superbly cover t ~ie field as far 

a s it has advs.nced. 

A paper by F. . B. Knopf ( 19;;3 ) was the first paper in 

~.nglish to summarize t he previous work and to show t he 

possibilities of t his me thod of rock study. Since 1933 a 

series of publication in English has appeared. '11h ose by 

Sander (1934 ) 1 Gilluly (1934 ) ~ Pairbairn (193~~ Bell (1936)• 

Ingerson (1936). Osborne and Lowther (1936), and kinehell 

(1937) are of particular interest. s everal of these publi

cations, especially Fa1rbairn•s "Introduction to Petrofabric 

Ana lysis" lucidly explain t he general technique and funda

mental principals of structura l petrology . In the following 

pages it is assume d t hat t he reader is fsmiliar with the con

tents of one or more or these publications and t hus has at 

least a n elementary knowledge of the field. 



'l~he me t hods of structural petrology were applied to 

t he r -ocks of t he Va l Verde district in an eff ort to deter

~ine t he origin of t he gneissoid structure of t h e tona lite. 

It has been as su1':1e d by t hose o f t he Cloos school t~at this 

type of s tructur_e i n an intrus1 ve r-m ss was d ;:-;ve loped during 

t he e mpln.cement of "'~- he partially crystallized magma, and 

t hat t he orientation of t he grains may t herefore be used 

t o determi ne the directi on of flow of t he magma. There is 

a l ways the possibility. however., t hat t he structure was im

pressed up on th(=~ tons.l ite by post-magmatic deformation. '.i'he 

p robl e n is on wh i ch cannot be defir..itely settled at t l1e 

presen t t j.r:ie, but tne methods of structural petrology applied 

to the ton.eli t e h ,,. e 1nc r odu ced some interesting evidence . 

~io l d ~ Laborat ory freclmique 

In t he fie l d detailed mapping wa s confined mostly to 
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t he roe· s it h in t he tunnel , a. ·.J. the surrounding country was 

mapped on a se a. le commen su r r.i ~ f-~ with its i mport a.nee to t h e 

problem. T~e ~ork involve ~ t e e xamina tion and plotting of all 

megastructures such as c ;_; ntacts, folds, faults, joints, 

schistosity , gneissosity , orienta tion of inclus ions, and 

l!i:f t he linear element in t he tonalite. Oriented specimens 

were selected to b e use d in t ne l aboratory stuciy. 

;i'he l aboratory t e chnique involved first t he grinding of 

oriented thin sections. A flat surface wa s ground on the 

specimen 1n t he desired direction and an arrow marked on this 

plane. A ch ip containing this surface was broken off and t he 

surface cemented to a glass slide on which an arrow had been 



sera tched eorrespond1ng to t he direction of th-e arrow on 

t he chip. The aeeuraey of o~ientation of the resulting 

thin section was with in t wo or t h ree degrees. (i he aocuraoy 

of o1'1enta_tion of' the s p e cimens i n t he field was probably 

sligi.11.tly- l ess than t h is,_ but undoubtedly t he e r r•or i n t he 

stated orie nta._tion o f the t h in section was not gre at e r than 

ten degrees. 

'11he oriented t h i n sections were a x amlne d by means of 

a Leitz Universal sta~e. The direct1onp of t he optic axis 

of quart z gr ains, t he p-oles to t he cleavage planes i n b1o

t1te, and t he !-e x1~ and pole s to t he 010 faces of plagioolase 

were measure d anq p lotted. I~ t he case of the tonalite all 

quartz and biot 1 te g r·a1ns occurring i n a t h in s e ction we r e 

measure d, Pnd 1n s omt:~ ins t anc e s 1t wa s necessary to use two 

paralle l t h i n s ections to s , e 1 :re sufficient grains. 

o:J'he da t a were recorded on a n equal-area projection 

mounted on a Le itz turnt Abl e covered vrith a s heet of trans

pare nt paper. ~i.'he p roj e c t.ion of t he points was made fr·om the 

lower he mi p he r e t o t ,,.., equatorial plane of t he sphere in 

conformity with t h e con ventions e stablis .. led by Schmidt and 

followed by other workers in the field. 

'fhe numbe r of p oints measured was n e xt counted, n con

tour interva l determined, and t he diagra...~ contoured using, 

in t he process~ two ce11·u101d counters each of which h a s a 

c·ircular area equal to 1% of t he total area of the projection. 

I n a fe w cases it wa s advisable to rotate t he diagrrons 

nine ty de grees after they h ad been contoured for comparison 

with other diagrams. 



55. 

Tecton1te Orle..ntat ion . Pa-t~erns 

San9.er ( 1911) formulated the principle that t h e defor

mation of rook masse·s is eommonly p roduced by the integra tion 

of the partial movements within t h e mass. 1~ s "partial move

ment u he means tt e a. ch movement of any element in a rock , as a 

result of which , nfter the deformation, and for t ho time un

de r conside:ra·tion, t he rock retains its continuity" ( Fairbairn, 

1935A, p.32 ) . Hocks wich have ur1dergone deformation in this 

manne r and whose grain orientation is resolvable into some 

tectonic pattern or symmetry are known as tacton1tes • 

. Tectonite s ha ve be en divided into two groups depending 

upon the t ype of pattern exhibited by i:;he g r ain orienta tion. 

s -tectonites, t he first t ype , a.re characterized by ha ving an 

orientat~on diagr am v1~J. 1cl s h ows one clear cut ma:xl,:rnum or two 

or more clearly separated maxima. B-tectonites, the second 

and more common type, sho w a g1rdle, completa or incomplete, 

and with or with out i mportant submaxima . · Diagram No.13, pl. 

12• is t . e type of orientation exhibited by ~-tectonites. 

'l1he quartz diagrams ob taine d from the schist (see pl.10) 

are B-tectonites. lto s t of the orientation patterns obtained 

rrom t he auartz and biotite of the tomalite are intermediate 

in type between s- and B-tectonites. 

riefly, t he infer1:.ed origin of t h e t wo types of orie.nta

tion patterns i .s based on t he various methods by · ~111ch differ

ential, or pa r t i al, movement may produce grain orientation. 

If tho movement is produced by gliding along parallel shear 

surface s, s -tect onitas will normally be formed. If t he movement, 



on t he other hand~ is of the rolling "type~ in whi ch the 

grains tend to be rotated about an axis, a B-tectonite ~ill 

probably be develpped. The gliding planes with in t he mi n

erals a.re commonly cleavage or t winning p.}.anes. In the case 

of quartz, glidin~ pa~allel to a pri sm f ace 1s thought to 

be t he commonest method of transl a. t 1o r:1 ~· ~l t h ough s ome evidence 

has been found suggesting gliding parallel to a r hombohedral 

face • . The exp lanation for the formation of a g1r4le of optic 

axe s of quartz .during rot a tion may l ie in t he fact t ha t t he 

crus h ing strength of quartz is nearly 10~·~ greate r parallel 

to c • t h en nor mal to this direction (Berndt_ 1927). . .s a 

result, quartz crys ta.ls orientP. d orig inally with ct . i n the 

plane o f rotation a re more durable t han t h ose qriented other

wise. As deforma tio proceeds, grains rotated into this pre

ferre d position tend to rema in thus with c' in t pe plane o:f 

rotation. Li kewise, ~onditions or ctynrunic e quilibrium de-

mand t hat small grains v h ich w.ould be fox-me d by cru s h ing, o.f 

larger grains, dissolve a s l a r ger grains increase i n size .• 

Furthermore, since the direction of easiest gliding ip quartz 

sa .. 

as far a~ we now know is parallel to t hG pri sm# gra~ns oriented 

wit h t he ir c-axes sub-parallel to t he. direction of movement 

might escape crushing by gliding nn p lanes parallel to t he prism. 

Th e surf.ace s in a rock a. long ·:ilhich material h as moved or 

shearing ha s oceurre.d a re called s-sur faces , a non-commital 

term exp r ess i ng t he i dea of sch istosity , shear, er stratifica

tion. The se a re not always visible i n t ' e hand spe cimen but 

s h ow up in t h e orie ntation diagram. From many .clear cut cases 



that ha ve been studied ( :::; a.nde:r~ 1930) in which the directio·n 

of shea:ri.ng along a s urfaee was known, it h as been found tha t 
i:b 

t he optic axis of quartz tendsto orient ..t.J:wmselves parallel 

to t he surf'e.ce and in the dire ction of movement# and the 

cleavage p lanes of mica and the 010 faces of feldspar tend to 

be aligned parallel to t he surface. on t h e diagrams {pl. 11, 

12, and 13) various s-surfaces ~·mve been marked by das hed 

lines corre sp onding to the concentrations of optic axes of 

quartz, clea vage planes of biotite, and 010 f'aces of feldspar. 

A plaiting surface is a visible surface within a rock 

along which s hearing has~ taken place, ( See Fairba4-Pba1rn, 

1935B. p.598). It is formed largely by a dimensional arrange-

ment of t he grain fabric, and is t he result of gliding , or 

s he ar movements whi cfri take p la (_~e inclined to it. The surface 

t hus corre sponds to t he AB plane of the strain ellipsoid, and 

t he s he a ring surfa ces inoline·d to it correspond to the pla.nefl 

of le ast distortion of t he ellipsoid. Plaiting surfaces are 

t houq;ht to form by a combination of s hearing on surfaces in-

clined to t he p lane and rotation. fl'hrough rotation minerals 

sue ' 8' mica. tend to be plaited in t ·:1e AB plane of strain. If 

shearing is dominant over rotation, however, much of the mie s 

may be caught up in t he shear surf aces and rotate no farther. 

fi'he gneiss planes 1n t he tonalite possess t he charaeteristics 

of plaiting surfa~es • 

. structu:ral .Petrology 2.f ~ schist 

AXE S OF REFERENCE . Following the method of ~ander. three axes 

or reference were set up for the oriented hand specimens of the 

schist. The b-axis is the tectonic axis,. or that direction 

paralleling t he axe s of dr ag folds and small crinkles in t he 



rock. The a-axis is that dire~tion lying in the plane or 
schistosi ty or .!.!: plane• 900 .from b.· . The c-axis is normal 

to t ha ~ plane. In the field the b-axis is horizontal or 

dips at an angle less t han ten degrees to t he northwest and 

is directed in a general north to northwest direction. The 

~-axis- therefore~ approximately parallels the dip of the 

beds, whic h is in most cases steep to t he east. 

ORL~NTAT ION DL~. GFJ~MS• Of four specimens of the schist, 

oriented t h in sections were made a.nd the orientation of' the 

quartz and biotite studied. Plate 10 shows the results ob-

tained on two of the specimens. Diagrams l to 4 are of biotite 

and quartz from two thin sections cut normal to the ~-aAis. 

Three features of diagrams 1 and 3 should be noted. ~irst# 

t 11e poles to the basal p lane s of the b1otite a.re concent~ated 

a.bout .£• ~ inee t he foliation, or ab, plane in the rock is 

outlined in t h e hand s pecimen by the basal planed of biotite 

f l nke s, this orientation i s exactly as would be expected. 

se cond. the bioti te not only is concentrated at _£ 1 but forms 

a ne nrly complete girdle about b. Third, the biotite sh ows 

a tendency t o extend from ~ towa rd ~* or in other words- to 

be rotated in t he plane normal to a. 

The optic e.xes of quartz, as shown in diagrams 2 and 4 

describe a girdle about b wi th no s1gn1:f1cant max i ma. These 

diagrams indicate also a slight tendency for the opt.le axes of 

qua rtz to be rotated about a .• -
Diagrams 5 and 6 \¥ere mede from thin se,ctions cut normal 

to t he a-axis of the schist. Diagrams comparable to these could 

be produced by rotation of diagrams 3 and 4 90° a.bout the _£-a.xis~ 



but a new s e ction cut normal to a was measured instead in 

order to find how elosely the orientettion patterns of min-

ere.ls in t wo sections correspond~ rrhe correspondence is 

fairly ~ood; but,, especially in t he CE- ~e of quartz, obvious 
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a1screpencies a re present. A lack of complete corresp ondence 

is apparently commonly f ound and may e ·plain t he fact that 

most wri t ers show rotated patterns .for t he ir!• diagrams 

rather thnn diagrams from sections cut normB.l to .!!• Diagrams 

5 and 6 are important in t hat they show more clearly t ~·} an 

t he others t he tendency for t he quartz and biotite to form 

girdles about a as well as about b. 

JOINTs !:J!!2 FAULT~. Joints are not conspicious in general in 

t he sch13t, but in t h e body o:f schist half a mile south of 

.the western end of the tunnel well d~veloped joints are common 

s'triking approximately normal to t he s trike of the sch ist 

and dipp i ng vertically or steeply to the south . 'l'hese are 

thus approximately parallel to t he !!2. plane of the. fabric 

and undoubtedly represent the ~ _joints of Sander. 

The main fault in t he district lies along the western 

border of t he schist and parallels the achistosity. 

INTbRPRETATION. The conclusions drawn from these dia grams are 

as follows: ( 1) The degree o:f concen'tration of points is too 
~ah!e#'_,,.$ Q~e' roo /:'ON.S~J"/f!!'Ae /~ Ty_,,Pt!" ,,;;;,,.. r.ke Crc

0

e-;zt"ait?o"'n 

great and t h e orientat ion/'\of the minerals to be fortuitous. 

( 2) Movement in t he rock: during its deformation was produced, 

in the case --:i f biotite~ by rotation of the grains. with accom

panying recrystallization~ into a p referred position with the 



bas a l plane s p arallel to the p l ane of schis tosity, a nd ·by 

gliding para llel t o t he clea vage p.lanea~ ( 3) The cua.1 .. tz 

diagrams s trongly support the contention that t he quartz 

grains have u&en oriEtnted chiefly by external rotation in 

a p lane normal to b. Alth ough t he optic a xes of the quartz 

are not c once ntra ted i n .!' nevertheles s it is most reason

able to as sume t ha t t he shearing movement wa s parallel to 

the !!!l pl.ane r a t her t ha n along othe r p J. anes, because if other 

s he a r p lanes we r e i mportant t he se s h oul d sh ow up eithee meg

a s cop iea ll.:y or in t h e orientation p atterns. J' ca se similar 

to t hi s is de scrited by Gilluly (1935). (4) The di agr ams 

indica t e a slight tendency toward rota tion a bout a a s well 

as abou t b. Di agr ams 5 and 6 are t he be st illustrations of 

t h is. Thia would mean moveme nt p a r a lle l to t h e sch istos ity 

and approxi mately parallel t o t he strike of the b.e ds. It is 

r easonable to a s sume t ha.tthi s deforma tion was l a ter t han, 

and t herefore superimposed upmn, t he e a rlie r and more impor

t ant de f orma ion ~.~ hich produced t h e drag folds in t he rock. 

-' ' s will be seen later, t h is s eeond de f orma tion is t he one , 

and t he only one, recorded i n t .i.e tonalite diagrams. .~ are t he 

main deformation of the shhist t he l a ter one, it d~til d also 

be more i mportant i n t he tona.lite. 

~truotural Petrology of t h e Tonalite 

so. 

A XE~S OF R.FFF:RENCE_. The a xes of rererence used for the tone.lite 

h a.ve in gener a l t he same significa.nee as in t h e cas-e of t he 

sch i s t. 'l'he b-axis is p arallel to t h e lin-e a. r dire ction in the 



PLATE 9 ----
A . {Upper l eft) Index diagram illustrating relat.ion 

of axes of refe.rence to d.imensional orientation 
of gra.ins in tons.lite. 

B. ( Up per right ) Photog r aph of ac f a ce of sp. 11870 
of tonal! te. a is vertical; ~ is hor-izontal. 

c. ( Lower le:ft) ab :fac·e of sp. 11870. ;: 1s vertical; 
b is h ori z ontal. 

D. {Lower righ t) be .race of sp. 11870. o is 
vertical. ~ is horizontal. 

The photographs a r e natural size . 



b •. __,.T ........... a 

c 



rook.. 'rhe _!-axis lies in the plane of gneissosity ,. and is 

normal to b. The .£-axis is normal to the .!:.£ plane .. or t he 

plan.e o f gneissosity, Plate 9 illustrates t he scheme of 

orientation and a lso gives an idea as to the degree to which 

the minerals are oriented in some of the tone.lite specimens. 

The degree of orientation or the minerals is commonly not 

as h igt1 as in the specimen figured. 

trhe e-axis of t he tona_lite parallels the c-axis of the - ' 

schist since the gneiss planes parallel the schist planes. 

J. owever~ 2. gradually approaches the vertical as one goes 

east from t he schist contact because of t he flattening out 

of the gneiss planes ( gee pl.6). The b-a.xis in the tonalite 

is oriented 90° from that in the schist ror the linear 

element parallels the dip of the gneiss planes rather than 

the strike. The a-axis of the tonalite is approximately 

horizontal, and is directed north to northwe ~ t f ollowing the 

the strike of t he gneiss pla nes. It is thus parallel to the 

b-axis of the sch ist. 

ORIENT/l'.:. I ON DI AGRAMS. Nine specimens of t he tonali.te from 

61. 

~ne tunnel~ distr i buted between stations 11734 and 12022, 1ere 

examine d by the methods of ~ander. and ~chmidt. Typical diagrams 

obtained from four svecimens or the tone.lite mm one specimen 

of artinclus ion are shown in plates 11~ 12, and 13. 

tphe degree to ·which the linear element in the rock is de

velope d was e.xamined by plotting t he !! crystallo }~ :r·aphic a.xis of 

the p lagioclase in sections cut normal ~o t he lineHr dlrect1on. 

v iag rams 7 a n d 13 are illustrative of this. 



Dia.grams 8 and. 14 are p lots o.f ths poles to the 010 

faces of t h e plag1oola.se in the ·two specimens used fott 

diagrams '7 anci. 13. .A discontinuous girdle is present 1n 

the p l ane n orma l to ~,. and in this girdle conspicuous con• 

centrations occur in two intersecting plane s labelled s1 

and. S2 1 synnnetrically arranged with respect to the !!! plane. 

'fhe quartz diagrams 10, 16, a nd 18 possess in gene ra.1 

the same char acteristics. Dia.gram 10, however, has an 

ad ditiona l concentration at a. Diagrrun 11 is from a thin 

SB. 

section cut normal to that from which diagram 10 was produced, 

and t hen thi s has been rotated 90° about c to produce diagram 

1 2 f or di r e ct c omparison with No.lo. The obj e ct,_ as in the 

c a se of t he s ch ist, was to observe haw close ly t wo s e ctions 

of the s ame spe cj_man. one normal to _!! and. t h e othe r normal 

to b, ould corresp ond. !-a s in 10, a girdle is develop ed in 

12 s n d a s trong s1 is present, but S3 is weaker ana not in 

e xactly t 1e s ame position, and S2 is missing. Dia.gram 22~ 

.from an inclus ion, ana diagr-am 20 are similar and show the 

development o f only one s-surface. The angles wh ich t he s-

surfa ces~ produced by t he arrangement ofth e optic axes of 

quartz, make with t he ~ plane were plotted for all t he seo

.tions o f t he tonali te studied and a.re s h own in aiagram 24. 

With one e xception, the s-surta.ces all lie between 30 and 

70 de grees from the ab p l ane. A ~ough cor?elation~ which 

may be fortui tuous, exist a between t he a'gle of t he s-surfaces 
'\ 

of quartz with t h e .!.£ plane and the distance o~the specimen 



from the schist contact. As shown in ta.ple 7, the a.ngle~ 

measured from t he !.£ plane tends to . increase eastward or 

away from the contact~ 

TABLE 7 
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Specimen 

12022 
11982 

Angles of s-surfa ce s from 
ab plde rn de grees 
~o an 28 

930 ( F. 36) 
897 
870 
868 
820 
'741 
734 

36 
35 
37,. 55, 65- and 
55 , · and 5.0 
55, 70, and 0 
6'5 
70 
40, and 50 

'l'he biotite diagrams are similar to t hose of quartz, 

di:ffering fundamentally only in the one respect that an s 

surface sub-parallel to the .!:.:£ plane is commonly developed 

(see diagram 23). 

The orientation patterns obtained from the minerals in 

t he Val Verde tonalite differ in important respects from t h ose 

obtained by Hurlbut (1936, p:623) in the Bonsall tonalite of 

the san Luis Rey quadrangle, southern California, and from 

thos-e obtained by .Pabst (1936) from granodiorite in the 

Sierra Nevada. Tbe quartz was unoriented in t ne specimens 

studied by these m~n and the 010 .faces of plagioclase were 

aligned only parallel to the gneis s planes, with no indica

tion of intersecting planes inclined to the gneissosity .. 

I1 TER! RET.AT I Ol' . SinC'e the main object -of thi s study is to 

uncover e vidence on t he origin of t he gne1sso1d structure 

in t he tonalite and thus to obtain e. more complete p icture of 



the history of the intrusive, let us take up i-r1 order the 

t hree poso,1bil1t1es: ( l) that the structure ~as developed 

during t he magmatic stage of the tonalite~ (2) that the 

structure was developed a.fter com_µ lete solidification of 

t he rock, and (3) that the structure 1s a result of stresses 

ope r . tive on t h e ro.ck both during and after solidification. 

(1) In support of t he hypothesis that the gneissoid 

structure is entir~ly a result of magmatic flow the following 

points may be l isted : (a) The texture of t he tonalite is 

essentially t ha t of an i gneous rock, in t hat t h e normal order 

of crystallization for a medium basic rock 1s present, and 

evidence of either recrystallization or catacla.s1s is slight. 

(b) The attitude of t he gneiss planes ana the direction of 

the linear element are t hat norr!l!ll l y to be e.xpe cted ere the 

gnaissosi ty the 1'esul t of primary flow. 'that is, the gneiss 

pla.no s are parallel to the sch1stosity o f the cour1try rock, 

and t he linear direction is parallel to the dip. ( c) 1:1he 

inclusions are oriented parallel to the bl'lle is sosity, and 

it i s ~ost reasonable to as~ume that t he inclusions we re 

oriented thu s before com~) lete solidificat ion of t he tonalite. 

(d} In the detailed studies of intrusive s carried on by 

members of t he Cloos school,. such an arrangement of minerals 

a s is found in t he Val Verde tonal1te is assumed to. be primary 

and appa rently no evid-0nce to the contrary has been uncovered 

by t hem. Mayo reportsl that intersecting p lanes of biotite, 

1 .• Me.yo, E . B., Personal Communiee.t1on. 1937. 
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hornblende, and plag1oclase . may be seen connnonly on a face 

normal to t he line ar element in the· intrusive rocks of t he 

~ierra Nevada. e g ives no explana tion for tr is, but as sumes 

it to be t he result of' magmat ic flow, and he t akes the acute 

bisector of t h e t vro pl ~ines as t he planar direction in t he 

rock . ( e) Joint and. fault patterns mi ght be of u se in dis

tingu i s h ing primary and secondary gneissosity, but t he writer 

ha~ n ot be en able to use t he f a.ult and joint patterns mapped 

in t he tunnel as evidence for any t heory on t he origin of the 

flow structure . 

Jrhe only evidence opposing this first h ypothesis on t h e 

orig in of t he floi.v st ructure in t he tonali t e is that furnished 

by t h e pe trofabric diagr ams. Petrofa.b:rie · a.ta .have no t been 

used by t he Cloos school as complementary evid~n¢e . &nd therefore 

t heir t he ories have not been generally oppose and have been 

app lie d to i gne ou rocks of all t ypes with ou t question. The 

intersecting p l a nes in t he roek formed b y biot1te rlakes and 

t he 010 fac~s of p l agioclase are not re adil y explained as 

being t he r esult of primary flaN. A wavering of t h e f low lines 

i s to be expected , but t he development of t wo definite planes* 

or in some cases one. incline d to t he plane of gneis Aosity 

is a a ifferent c ase . l~oreover, t he optic a.xes o f quartz a re 

orie nted in a similar rrmnne r. The quar-tz grains are irregular 

and a re not flat t ened or e l ongated in any direction bearing 

a cons tant relation t o the optic a.xis. 'l'he arrangement of t he 

quartz, therefore~ is undoubtedly not tte result o f magmat ic flow. 



Furthermore• the opt1e axes o'f the quartz grains form a 

girdle norma l to the linear d1r·e et1on in the rock, and, 

from studie s of metamorphic r-ocks :~ this is assumed to meen 

rot ~~ tion of: the grains in a plane normal to the linear 

d1:rection. It' the orientation of the quartz is a resul-tl 

of post-magmatic de.formation. then since t he orientation · 

of t h e biotite and plagioclase i ~ of t h e samE) type as, and 

is correla.table wit:h, the quartz orient ation pattern. may 

not t he arrangement of all of these minerals be t ~.::e result 

of deformation following solidification of the tonalite~ 

( 2) Two line s of evidence favor the ·hyp.otLesis t hat the 

gneissosity was develOiJed following the solidification of 

t !-~ e tonalite: (a) The orientation patterns of t he mine r a ls 

can be explained by deformation following solidification of 

t h e rock. Much is yet unknovm about t he process of orien-

tation of minerals during metamorphism~ but vatterns similar 

to t h o se presented i1ere-in have been found in metamorphic 

ss .. 

rocks. In t~1e d1agPams of the quartz, a g irdle has developed 

normal to _£, and !_-surfaces occur inclined to the gneiss planes 

at angles varying between 30 end 70 degrees. 'l'his is interpreted 

to mean t h at during deformation Che quartz grains rotated about 

an a.xis and also glided along lines which lay in t he pla.ne of 

rotation. A similar movement on the part of the plagioclase alXi 

biotite produce d the observed plaiting structure which is a 

dimensional orientation of the grain fabric. (See p.57). In 

most of t he b1otita and plagioclase diagrams a strong concentra

tion of t he poles to basal planes and 010 faces, respectively, 



occurs at _£; or in other words, a large proportion of the 

grains 11e i n t he plaiting su:rfaee. It is to be expeeted 

that during r-0t-ation such platy minerals would be aligned 

parallel to the surface bisecting t he shear directions 

( See p.s7). The elongation of t he plagioclase and h orn

blende parallel to E is also compatible with this hypothesis, 

for in tectonit~s the direction of elongation is most commonly 

norma l to t he girdle of ·quartz end biotite• 

The inclusions pos :::ass the same type ot' mineral orientation 

as the tonalite (Diagrams 21 and 22) but t his is not necessarily 

proof t hat the or.ientation pattern was imposed upon t he rock 

following solidification. 

( b) In support of the the-ory that minerals in an igneous 

:rock have in some cases been or1e.nted by post-magmatic defor

mation, we have t he results of p·etrofabric studies made on 

other intrusive bodies. Johe (1933) examined a quartz porphyry 

w .ich possesses a linear structure paralleling tha t in the 

mica s.b.hist with which it is in cont·act. A qua rtz girdle normal 

to the linea r direction is present in both rocks. He concluded 

that deformation had played some part in t he orientation of the 

minerals of the nuartz porphyry. A granite, which is l a rgely 

massive~ was studied by Ma:roschek (193~:.S ). Even t h ough no linear 

uirection in t he r•ock was observable, gird l es of qua1·tz were 

found to occur, and t hese correlnted with the joint pattern in 

the rock in t .r e same manner as in t : 1e c ase of ordinary tecton1 tes. 

In some of the gneisses studies by s ahlstein (1935) girdles of 

quar.tz were found to occur oriented at rigt t angles to the gneiss 

planes and to t he linear direction in the rock, a case similar to 



that of the Val Verde tonalite.· . 

. ~~o lines of evidence oppose t h e hypothesis tha t the 

arrangement of the minerals i n t h e t onalite wa s produce·d 

entirely following solidification: (a) ~ince the inclusions 

are nota bly !"'l u -ctened parallel to the gneis s pl~nes, t!1e 

development or- t h e gne1ssosity and t he orientat .. ion of the 

inclusions p robably occur r ed. during the same stage in the 

history of the tonalite mass. I.f stress-es in t he solid 

rock ere sufficient to flatten an inclusion several feet 

in diame~ e r, evidences of c ataclasis and recrystallization 

should be mnch more evident than they a.re. If t he inclusions 

were flattened parallel to the gneiss planes during intrusion, 

t h en t h e gneiss plane s must also have been formed t hen. (b) 

The gneiss nl anes dip s teeply ne a r t he schist contact, but 

flatten out to the east. This flattening of the gneiss planes 

could be e.xplsirnad, -if they e.re the result ot· magmatic flow, 

by a horizontal t h rusting movement of the magma from the 

eas t during intrusion; but t he structure is dif 1cult to ex

plain (~n the basis of post-magma.tic deforma'tion since the b 

tectonic axis is p arallel to the dip. 

(3) A third hyposthesis on t he origin of the gne1sso1d 

structure in t h e tonalite explains ~he structure as having 

be en p roduced b y a combination of f low before, and eformat1on 

following, solidification. The develop~ent of the gneis sosity 

according to t h is postula~e would be as follows: During t h e 

intrusion gneis.s planes were developed to some extent parallel 

to the schistosity in the country rock,. and t he inclusions 

68 . 

were flattened parallel to this gneissosity.. Lieforme.tive stresses 



which may have been active in t he region during t he intrusion, 

took ef f'ect on the tona lite 11 fter it possessed su:fficient 

rigidity to transmit differential stress ·. "rhe stres ses were 

of euch a n . ture tha~ t~e rock tended to be sheared par allel 

to t he strike of t h e cont!-ct, with resulting rotati~n ot: the 

minerals; and t he existing gneiss plane s i n t he rock influenced 

the attitude of the plane of rotation of the minerals to t he 

extent t ha t t h is plane was maintained norma l to t he gneiss 

planes-. The gneiss planes were t:r-ansformed into plaiting 

s urfaces by the rearrangement of the mineral grains. The 

p~esent lip.e ar direction in t he rock, as exhibited by 

plagioclase a nd hornblende, may be parallel to tha t develop-

ed· during magmatic flow, or may h ave been entirely produced 

du.ring deformation and so ma ./ not be t h e same as the original 

flow direction. s ince t he 010 .faces of t he plagioclase hnve 

been arranged to some extent by apparently the same forces 

t hat produced the or1ent.at1on of the quartz_ t he a-axes may 

also have been rearranged. 

conclusion 

On t he basis of t he above discussion~ the writer con

cludes t hat t h e gne1ssos1ty developed in t he tonal ite as a 

combined result of flow before comple te solidi:fication, 

and of oost-ma gma tic deformation.. The s-surf~ = ce s and girdles 

may h a ve been produced before t he rua. ( -~~ma wa s completely 

cryst a llized , but it is difficult t o understand how s he ar 

planes could h ave developed if the rock were not essentially 

solid • . 'rhe actual movement of the crystals within the mass 



and the strain producing the movement may have oeen small. 

•1-ihe linea r dil''e ction now visible 0Yithin t .,. e rock rnay or 

may not have been t he ori gina l flow direction. 

The geolog ic his tory of t;he district me:y be divided 

into four stage s: ( 1) During the Tria Asic ~)eri od a.Nmaceous 

sediments J!ere dep os ited .. ( 2) Later in t he I~'.lessozoio, a fter 

buria l1 consolida.tion
1 

and recryst a lliza tion of tha sedimentary 

series, t he beds we re fol ded a l ong axes striking northwest • 

. _hearing p ;:i r a llel to t h e beds accompalhlhed the fol ding , 

rot a ting t he grains abou t t h e tectonic axis. ( 0 ) £vollow.ing 

t h e f olding of t he schis t and before t he lower Cretaceous, 

magma was injected i nto t he sch ist and the partially 

crys tall ine magma a ssumed a now structure par allel to t he 

schist osity . j_; it :1e r before t he rook bad become entirely 

c r y stnll ine , 0r following t h is sta :e, searing p arall e l to 

t he strike a nd d ip of t h e schistosity and gne issosity 

ro. 

occu r red . ~1~rn s altered t h e orientation of t l: e quartz and 

biotite in t h e sch ist to a s mall extent. and effected a new 

orien t a t ion for t Le :mi nerals in t~ ·.e tonalite. Movement a long 

t he strike slip faults whi ch occur with .in and bordering t~·)e 

.Pe rris Block ( 3-ee pls. 2 and 5), may have been a s s ociated with 

t he s trik~shearing in the schist and tonalite. (4) The history 

of the f e rr is Block during t he t 'ertiary pe riod is incompletely 

know . At p r esent t h e block appears t o be d own- d ropped with 

r e s pect to t he dis trict to t he north ~ we st, and east , and 

it a lso is apparently tilted downward toward t he east. 
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Fig. 7 . D1a ~am of a- axes of 106 andes ine grai ns 
in sp. 11.868 of tonal1t$ . Contours 
io., s1 e,,4., 2'%. 

8 . Diagram o-f Poles to 010 faces 106 
andesine grai n . in sp ., of fig. ~,. . 

Contours 5~4,3•2*1 • 

9 . Di.a.gram of poles to baso~l pl anes of 
88 biot1 t e grains in sp . .of f"1 g . 1. 

- *"> d.1. Contours 4,. 3 _, ~ ,1~. 

10. Dia.gram of o:;tie axes of 185 quartz 
grains in sp . of f i g. 7 . Contours 
5~ 4t· 3 , 2 ,. 1~. 

11 . Di agr am of optic ax -s of 284 quar tz 
grains in sp . of !1g. ? f ·rom section 
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12 . R.ot a ti on of diagram in f 1g. 11 906 
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Fig. 13 •. Diagram of a.- es of 130 a.nde-sine 
grains in sp. 118'70 o-f tonal i te. 
eontours 12,. 10): 8,_5,, 4~ 2~ . 

14. Diagram o~ poles to 010 faces of 
130 andesine grains in mp . of 
fig. 13. Oontou:re. 10.ats., 4, 2%. 

16. Diagram of poles to basal planes o.f 
e·9 bioti te grains- in p . of flg. 
13. Contours 4.3,)l,l · • 

16. Diagram of optio axes of 163 quartz 
grains in ep . of fig. 13 •. 
Oentours 4,3. 2~. l~ . 

17. Diagram of pol es to basal plane-s of 
161 biotite grains in sp . 12022 of 
tonal i te. Can tours 3 , 2 J l '% .• 

18. Diagram .of op tic axes of 243 quartz 
grains in sp . of fig . 17 . 
Q.ontours 3f2f1 °/o . 
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Diagram of poles to basal planes o'f 
165 biotite grains in sn . 11983 o 
tonaJ.ite . Cont0-urs 4.3,2.1t% . 

ao . Diagram of optic· axes of aoo quartz 
gr ins from sp . o:l fig . 19 . 
Contours 4,3'> 2,1%. 

21 . Dia.gram of pol es to basal pla.nes of 
143 b.iot1 t .e grains in sp . r . 36. 
of an inclu.a1on in the tonalite . 
Cont ours 6,44 _,3,l~.. · 

22 . Diagram of optic axes of 108 quartz 
grains in s • of fig. 21 . 
Oontours a,s. 4.1 2%-•. 

23. Dia r a.m of orientation of s-surfaoes 
of b i oti t e in t he n1ne specimens o.f 
tonalit examin d. 

24. Diagram of orientat ion of s-surfaoee 
of quartz in nine e ecimens of . 
tona.1·1 te examined. . 
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