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Granite

‘Ll ’L' By A. F. BUDDINGTON

AT

Publications of the last 25 years that discuss the emplacement of granite plutons
are reviewed, with special reference to North America. ‘The plutons are classified ac-
cording to emplacement in the epizone, mesozone, ot catazone of the earth’s crust. It is
found that those emplaced in the epizone are almost wholly discordant; those in the
mesozone complex, in part discordant and in part concordant; and those of the catazone
predominantly concordant. Granite formed by granitization is considered to be minor or

" local in plutons of the epizone, common but subordinate in those of the mesozone, and
a major factor in plutons of the catazone. The authors of the papers reviewed in genera),
however, infer that magma was either directly or indirectly the major factor in all the
zones. Contrary to some current theories, this review emphasizes the great number and
great total volume of granitic plutons emplaced as fluid magma in the epizone and their
community of origin with lavas of similar composition directly associated in time and
space. Magma is thus inferred to play the major role in Tertiary stocks and batholiths.
There appears to be no discontinuity between plutons of the epizone and those of the
mesozone, and a major role for magma is indicated for the latter also. The evidence is not’
clear as to whether plutons of the mesozone are continuous with those of the catazone,
have roots in the catazone, or are pinched off from it. Batholiths emplaced in the mesozone
are dominant in most basement complexes of Precambrian to Early Cretaceous ages.
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SOMMAIRE

Les publications des 25 dernidres années qui traitent de I'emplacement de plutons de
granit sont passées en revue, en se référant spécialement & 'Amérique du Nord. Les
plutons sont classés en fonction de leur emplacement dans l'epizone, la mesozone, ou la
"catazone de la crofite terrestre. On a découvert que ceux placés dans I'epizone sont pres-
que completement discordants; ceux dans la mesozone complex, en partie discordants et en
partie concordants, et ceux situés dans la catazone concordants de fagon prédominante.
Le granit forme par le granitisation est considéré comme peu important ou épars dans les
plutons de epizone, courant mais secondaire dans ceux de la mesozone, et d'importance
majeure dans les plutons de la catazone. La plupart des auteurs de ces publications passées
en revue déduisent cependant que le magma était, directement ou indirectement, le
facteur le plus important dans toutes les zones. Contrairement € certaines théories cou-
rantes, cette étude met en évidence le grand nombre et le grand volume total de plutons
granitique emplace sous forme de magma fluide dans I'epizone; aussi leur origine com-
munal 4 celle des laves de composition similaire associées directement 3 elles dans le temps
et dans I'espace. On en déduit donc que le magma joue le rdle de premier plan dans les
batholithes et les stocks Tertiairies. Il ne parait pas y avoir de discontinuité entre les
plutons de I'epizone et ceux de la mesozone, et, par consequent, on indique que le magma
joue également un rdle important dans le mesozone. Il n'est pas clairement évident que
les plutons de la mesozone forment une suit ininterrompue avec ceux de la catazone,
qu'ils aient des racines dans la catazone, ou bien qu'ils se disjoindre. Les batholithes situés
dans la mesozone dominent dans la plupart des complexes profonds de I'epoque Pré-
cambrienne jusqu’ & 'epoque Crétacee inférieure.

ZUSAMMENFASSUNG

Es werden Versffentlichungen der letzten 25 Jahre besprochen, welche die Position
von Granit-Plutonen, besonders solcher von Nord-Amerika, behandeln. Die Plutone
werden entsprechend ihrer Lagerung in der Epizone, Mesozone oder Katazone der
Erdkruste Klassifiziert. Es zeigt sich, daB die Lagerung in der Epizone nahczu villig dis-
kordant ist, diejenige in der Mesozone dagegen komplex, teilweise diskordant, teilweise
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konkordant, und diejenige in der Katazone vorwiegend konkordant. Granite, weld.xedur.ch
Granitisation geformt wurden, milssen in den Plutonen der Epizone als verhﬁltqtsmaﬁxg,
selten oder nur 6rtlich angesehen werden, als regelmiBig, jedoch untergeon’inet, in denen
der Mesozone, und als ein Hauptfaktor in den Plutonen der K_atazone. Die Autoren der
besprochenen Verdflentlichungen kommen jedoch im aligemeinen zu der Uberzeugung,
daf das Magma, direkt oder indirekt, in allen zonen der Hauptfaktor war. Im.Gegen-
satz zu einigen anderen umlaufenden Theorien betont diese Zusammenschau die grofle
Anzahl und den groflen Gesamtraum von Granitplutonen, we}che als fiussxges Magma in
die Epizone eingedrungen sind und unterstreicht ihren gemeinschaftlichen Ursprung mit
Lavamassen shnlicher Zusammensetzung, mit denen sie zeitlich und riiumlich in direkter
Verhindung stehen. Das Magma spielt infolgedessen eine Hauptrolle in tertidren Granit-
stécken und Batholithen. Es scheint keine Unterbrechung zwischen den Plutonen der
Epizone und denen der Mesozone zu bestehen, und fir die Jetztere sch?int das Magm'a
ebenfalls eine wesentliche Rolle gespielt zu haben. Die Beweise sind nicht klar, ob die
Plutone der Mesozone in diejenigen der Katazone {ibergehen, ob sie Wurzeln in der
Katazone haben oder ob sie von ihr abgeschnitten sind. Die in die Mesozone eingelagerten
Batholite sind in den meisten Grundmassiven vom Prikambrium bis zur Unteren Kreide
vorherrschend. ’

3AJIEKHA TPAHITA B CEBEPHOII AMEPIKE

A. ®. Byanuarron

AbcTpakt

1

IleuaTHwe Tpyaw NDOCHENHHX JIeT, OMICHIBAIOUINE NOJIOXEHIE IPAHHTHBIX
nayToAoB, ocofeHHO Tpynet uspannsnie B CeBepuoft AMepuxe sBsmoTes
npeaMeToM HacToaiero o63opa. ITnyToHs KmaceHPuuupOBAHBE! COrIACHO KX
[I0JIOXEHIIO B 2IMHBOHE, MECO3OHe NI KaTagoHe BemHoN Kopnl. Bruio natpeno
4YTO NAYTORK HAXORAMINECA B 91IH30HE IIOYTH IOJHOCTHIO HCCOBMECTHMbBI; TEMe
B MECOSOHHOM COEAMHEHNH YACTLIO BECOBMECTHMBI 11 UACTHIO COBMECTHMbI
TOrpa KaK Te B KaTasOoHe ruaBHHIM o0psaoM coBmecTnmbel. I['paHut
o6pasoBaHHBI nyTeM rPaHNTH3ANHMN DAICMATPHBACTCA KAK BTOPOCTENEHHEIA
NS MeCTHRI (axkTop B niyToHaxX 3nnsoHA, oObLIYHEIE HO BTopocTeneHHL! B
IIIYTOHAX MECO30HA, I KAK raaBimit axTop B nayTouax kartasona. B ofmem
aBTOpH cTaTeff HacToAwero o63opa OMHAKO [OIYCKAIOT UYTO MAarma
HEemocpeAcTBeHHO 1IN NMOCPEACTBEHHO ABJIACTCA TJIABHEIM (AKTOPOM BO BeCeX
soHaX. B npoTnBONONIOKHOCTS  HEKOTOPHIM  COBPEMEHHBIM  TEOPHAM
paccMOTpPeHHHIM B HacToAumeM ob3ope nopuepkitBaeTca boJibmoe KOJHUCCTBO
i Gonbwol 06eM TPAHUTHHX NIYTOHOB BHEAPEHHHX B BUAE MMHIKOH MarMet
B SNH30HEe I HX CPeNCTBO IO MPONCXOXIEHINO € J1aBaMit nonolHOro ke cocTasa
HEMOCPCACTBCHHO CBA3RHHLIMH MO BpeMcHH M mnpocTpaHcTBY. IloBnaumomy
He cymecTBYeT HernpephiBHOM CBABH MEMAY MJIYTOHAMI 3MISOHA M IJIYTOHAMH

MECO030Ha, IIp1 YEM TIRaBHAJN podb AJIA Mn.l‘M_hl YRasaHa TaKMe A NOCNeHEero.

Fwe He ACHO ABMAIOTCA JM IIAYTOHB! MECO30HA HelPEPHIBHO CBASAHHLIMH C
NNyTORAMHA KATa30HA, MCXOLAT JIH OHU M3 KATA30HA MIIH OTINEOJIEHE: OT Hero.
BaTonuTw, BHenpeHHblE B MECOB0HE HrpaloT TIABHYW pOJis B GoNbImHCTBE
ocHoBHBIX Macc IlpexamGpnoHoBolt BnsoTh no panHe#t KperacoBoit snox.
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INTRODUCTION AND ACKNOWLEDGMENTS

. A wealth of detailed descriptions of the
“internal structure and external relationships
of granitic plutons to country rock has been
published since the reports (1931-1935) of
Professor Grout's “Committee on Batholith
Problems”, the review by Daly (1933), and
the memoir of Balk (1937). Read has mean-
while (1949; 1951; 1955; 1957) developed a
philosophy of the origin and genetic relation-
ships of granitic bodies under the phrase
“The Granite Series’ which is a major con-
tribution. Read emphasizes that the mechanics
of emplacement of granitic masses must be
interpreted in the light of their regional setting.
The writer proposes to amplify this idea further,
largely in the sense of an essay review docu-
mented with specific examples, based pre-
ponderantly on the pertinent literature of the
past 25 years that describes the granitic plutons
of North America. The plutons of North Amer-
- ica are emphasized because the author is
. better able to evaluate the implications of
the literature on them; and because the phe-
nomena of the plutons of North America and

their interpretations have led to an emphasis

on certain mechanics and conditions of em-
TT—-~ement_that is different from that of much

\\\

Adintrusive igneous (or “pseudo-igneous” by

. ymetasomatis r recrystallization) rock of
of the current European literature and deserves 4 m o Y )

: P ideration. A i los of 3oy size or shape. Dikes, sills, and laccoliths
s and cnsdrion, few cxample 8 hal e il i, . The trm
" . .. plastic crystalline flow here means, flow q
g:-t;(:, et}:)mi::::phfy or accentuate certain ideas Ymaterial which remains wholly or predomi-

T ' @nantly crystalline during thoroughgoing de-
Jrn;-; “I'_;'tg e;ss xr;lel;tegstl;)o:lr‘:as;?‘x; %n,(;k;ﬁj formation and includes the concept of recrystal-
dc'r,vaa'rt 'for Iri,enc.lly‘cfiticism) and construc: hZ;lthn .U."‘)Ugh partial melting or solution gnd
. . Hr .
tive suggestions. They should not, howevc'r,~!e eposition
be held responsible for shortcomings of the §:
review, ‘
The problem of the origins of granite is §

necessarily a factor in the consideration of Bmay best be presented by excerpts from his
the- mechanics of emplacement of plutons § writings.

Many geologists who believe that most granites & | v .
are formed by “granitization” or “transforms- § (1957, p. 79) “Intrusions have been classed as

. N & pre-tectonic, syntectonic or post-tectonic. I have
tion” repeatedly emphasize that the problem Jendeavored to codify these relationships in what T

must be solved by-geology and field evidence. $all the Granite Series (Read, 1949), a series which
There is also the implicit inference that field g relates the nature and form of different types of
geologists, with independent minds and famil<3h franitic bodies with their place in the fold-belt and

S . . .S elthe time of their final solidification. The Gronile
iar with the current ideas of granitizalomgl seiss can be represented thus:

will find granitization the best hypothesis 0§,
explain most or nearly all granites. Yet thejl ] TIME

North American literature of the past 25 years & - CRUSTAL LEVEL
er'nphasizes §trqngly the role of magma either fAutochthonous Parautoch- Intrusive Plutons
directly or indirectly in the problem of em: 3 uanitization
placement of plutons. This despite the fact
that the authors quoted, more than 100, are
ficld geologists who accept as valid concepls

READ'S “GRANITE SERIES"

Read’s concept of the “Granite Series’

thonous
granites

magmatic

granites, mig- granites
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Deep in the fold-belt are formed, at an early stage
of orogeny, great complexes of granitization gran-
ites associated with migmatites and widespread
regional metamorphic rocks. As the orogeny con-
tinues, a part of these autochthonous granites
becomes partly unstuck from its surroundings
and moves higher in the fold structure. This proc-
ess continues with the movement of true intrusive
and magmatic portions late and high, and culmi-
nates in the emplacement of the granite plutons,
highest and latest, pushing their way as almost
solid bodies even into the post-orogenic sediments.”
(1951, p. 21) “The resulting parautochthonous
granites show variable marginal relations, in some
places migmatitic, in others characterized by an
aureole of thermal type. This movement out of
the migmatitic-metamorphic setting may con-
tinue till the genetic ties are completely severed
and frue inirusive graniles emplace themselves in
higher levels of the crust maybe as magma but
more likely as migma. The final term of the granite
series is represented by the high-level pintons,
intrusive into non-plutonic regions late in the
history of the orogen concerned. ... The plutons
are the domain of the Granite-tektonik of the Cloos
school and, as their emplacement produced consid-
crable folding and distortion in the country rock
surrounding them, they came in as almost dead
bodies.” .

The writer believes that Read’s discussion
needs some majof revision.. Plutons with
“granite-tektonik’” are not the final terms of
the granite series. On the contrary they belong
almost wholly to the mesozone where, as
multiple units, they may form huge batho-
lithic complexes. The final terms of the granite
series are the plutons of the epizone. Read
minimizes as ‘“few’”’, “puny”, and “nearly
dead” the bodies emplaced in the upper levels
of the crust. This is wholly inconsistent with
the number, size, significance, and the evi-
dence for mobility and fluidity of most plutons
emplaced in the epizone of .the crust in North
America. Knopf (1955, p. 697) estimates that
plutons of Tertiary age in North America and
Greenland (all emplaced in the epizone) have
a total area of 52,000 square miles.

Hans Cloos (1931) has presented a succinct
pertinent discussion of the possible structural
relationships of plutons at different depths. A
summary prepared by S. W. Sundeen (1935,
p. 48-49) is quoted here

“In a single mass the inner tectonics differ at
different horizons. In the upper horizon there are
poor, elusive structures in irregular branching

stocks. In the moderate depths there are well--

formed arches, schlieren domes, partitions or pend-
ants of wall rock and cleavage with border deforma-
tion and mylonites; with or without a stretching
of the border spalls. In the deep zone there arc
arches of gneiss. The whole region is deformed and
moves with the maema as an ill.definad wafe. 0
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occurs not only before and during crystallization
but in part after. There is thus a lack of any small
dynamic border zone and a lack of fracture sur-
faces, border gpalls and most other fealures of the
moderate zone. Cloos sketches a wvertical section
of a composite of these three horizons, each mass
smaller and drained dp from the one below, and
with less foliation than the one below; but does not

. deny that a single mass may grade downward

without much change in horizontal section into the
conditions of the deeper zone.”

.

ZONES OF EMPLACEMENT

The granite emplacement series will be
discussed with emphasis on the internal and
external structure of the plutons within differ-
ent temperature-depth or intensity zones of
the crust. Under the simplest hypothesis the
intensity of regional metamorphism may be
-expected to increase somewhat uniformly with
depth and therefore afford an indicator of
the depth. The site and period of granite

* .emplacement, however, is not one of static

conditions but of dynamic changes' in the

+environment. This is especially true for the
‘mesozone. The. intensity of regional meta-

morphism in belts away from the intrusives
may still be used, however, as a suggestive
clue to the depth zone. (See also Michot, 1957).
Inasmuch as we are particularly interested
in the physical conditions of the country rocks
at the time and in the region of emplacement,
the upper and lower limits of each zone will

. have a considerable range of depth for different

regions and at different times in devclopment.
The depths for plutons with similar characters
will depend on the temperature, pressure, rela-
tive mobilities of the country rocks, and other
factors. The term zones as used here thus
refers actually in substantial part to infensity
gones rather than strictly depth zones. At the
same level in the mesozone a. batholith may
be emplaced discordantly in only warm country

. rock during early stages and conformably in

hot rock during late stages, especially in the
roof. A predominantly mesozonal pluton may,
have characters peculiar to the catazone in
the roof portion: In some examples the esti-
mation of the physical conditions may be
difficult and little better than a guess. Never-
theless examples for which at least fair to
good data are available afford the basis for
a 'reasonably consistent picture and afford :

‘'some additional insight into the problems of

emplacement. .
Michot (1956, p. 28) suggests that the epi-
zone may be taken as extending from the sur-

RANI
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face to a depth of 10 km. The mesozone and % The_ rocks of the granulite facies in the
catazone will be successively below this.  Grenville belt appear to represent those

The deévelopment of the greenschist facies 9 ormed at some of the deepest depths now
of metamorphism in rocks could be considered 4§ ePosed in North America. They are estimated
as a characteristic phenomenon of the meso- %'

ZONES OF EMPLACEMENT
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‘tons 2.5 billion years old may be of the type
emplaced in the mesozone, as in the Keewatin
belt of the Canadian Shield where erosion to
only moderate depths is indicated.

zone. Fyfe, Turner, and Verhoogen (1958 §{" 0 2 M 6 8 o 'z g;‘;,;
p. 218) estimate that it is unlikely to develop.’§ Epizone

below a temperature of about 300°C. and above °§ " Mesozone

a depth of about 10 km. Their curves (p. 9° Cotozone

182) for rise of temperature with depth suggest
that at a depth of about 10 km in a great @ ¢
thickness of sediments, after depression in the &

earth’s crust, the temperature might rise to § to have formed between 600° and 700°C. Fyfe,
about 250°C., and where the temperatute § Turner, and Verhoogen (1958, p. 182) give a
had been increased by magmatic intrusion it §l curve that indicates that a temperature range
might be as high as 450°C. A rise of tempera- # of 600°~700°C. could be reached at depths of
ture in the country rock above an intruding #8 9-13 miles where the gradient had been in-
magma is strongly implied by such data as ¥ creased by magmatic intrusion. Rosenquist
that given by James (1955). The magma may 3 (1952, p. 102) estimates the niinimum ‘depth
thus be emplaced in rock of temperature higher B8 for the development of the granulite facies
that that otherwise appropriate for the general 78 i this temperature range as 9-10 miles.
region. A depth commonly of 4 miles but with& 1 The predominance of mesozonal batholiths
occasional extension, perhaps, to 6 miles seems 4 \in basement complexes, however, indicates
a reasonable estimate for the base of the epi- s that only locally has erosion cut very deep.

zone. M Possible depth relationships for the zones
The depth of the base of the mesozone or. 88 “are shown in Figure 1.

top of the catazone where the amphibolitt’§ There is in the western Cordillera of North
facies starts must likewise have a substantial America a rough correlation between the
range, perhaps from as shallow as 5 miles to @ structural relationships and zones of emplace-
as deep as 10 miles. Wegmann (1935) esti- ¥ ment of the plutons and their ages, especially
mated the minimum depth of the “migmatiteYR for those of Late Jurassic and younger age.
front” at 10 km. The temperature range fort% Plutons of Tertiary age as now exposed were
the mesozone may be estimated to vary from; & exclusively emplaced in the epizone and may
about 250°~350° at the top to S00°C. at the base. 3 ] be associated in space and general time with

Tuttle and Bowen (Adams, 1952, p. 38) M volcanic rocks of equivalent composition and
wrote that “It is improbable that many gran-88 often emplaced in them; those of the Late
ites reaching the light of day have crystallizedﬁf " Cretaceous are also emplaced in the epizone,
at depth greater than 9 miles”. This scems/8 byt there are more large plutons; the great
slightly low. The possibility that erosion has3ly composite early Late Cretaceous (?) Southern
exposed levels at a maximum a few miles deeper {§' California batholith has characters transitional
than this must be considered, but in general it is* 88 vetween those of the epizone and those of the
probably of the right order of magnitude. Guten-* }mesozone, whereas the composite stocks and

berg (1957) cites figures of 35 km for the depths’® hatholiths of the Late Jurassic and Early
of the “granitic” crust beneath the Alps and}

€ ¢ s3] Cretaceous were emplaced in the mesozone
25-30 km beneath the Sierra Nevada. If this ¢ with earlier members of the largest batholiths

is assumed to indicate the depth of_ the down g8 g emplaced in the catazone.
folded sial, and if reasonable estimates are 8 l Similarly, in the Appalachian orogen, the
made for the thickness of eroded material a7l nost-Pennsylvanian plutons were all emplaced

figure of about 25 miles is arrived at as theglin the epizone, whereas many earlier plutons

........
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normal maximum depth for sialic material. ¥
Assuming further that the minimum thickness§
of sialic basement complexes in the continentalj
shields is about 10-12 miles, the inference may
be drawn that present levels of erosion have
rarely exposed rocks that were ever at a depthj
greater than about 1215 miles.

t

of Devonian age were intruded in the mesozone,
i\ transitional mesozone-catazone, or locally per-
b haps the catazorie.
l. For rocks older than the Tertiary, however,
‘there is no necessary systematic relationship
‘between age of rocks and the depth at which
they were emplaced. Unmetamorphosed plu-

§

.'
}
i
)

Prurons or ErizowNE

“Dr. Hullow'’s theory of granite..".al the
some lime thal it conceives this stone lo have
been in fusion, supposes il lo have been, in lhat
slate injecled among the sirala already consoli-
dated.” John Playfair, 1802.

Introduciion

It is rare that estimates are given in the
literature of the depths at which the present
exposed parts of a pluton were intruded. Terti-
ary intrusions as now exposed may be expected
to have been emplaced within the epizone;
the time for subsequent erosion has been too
short to permit deep erosion. A review of the
literature shows that Tertiary intrusions have
the following characters, and these will be
used as criteria in classifying intrusives in the
epizone of older ages.

Tertiary stocks and batholiths are largely
or wholly discordant to the country rock no
matter whether they occur in Precambrian
schists and gneisses or in folded Paleozoic and
Mesozoic sediments, or, as is common, in
gently dipping Tertiary volcanic rocks. Occa-
sionally, as in the Gold Hill stock in Nevada
(Nolan, 1935, p. 43-48), part of the walls are
controlled by preintrusive faults. They may
occur in limestones, a type of rock peculiarly
resistant to granitization, without any sugges-
tion of relics or inheritance by replacement. A
few granitic plutons may be effectively homoge-
neous in composition, but most are of composite
character caused by a successive series of
magma emplacements of diverse composition.
The diversity is commonly from syenite or
monzonite to granite, or from diorite through
quartz diorite, granodiorite, and quartz monzo-
nite to granite. Quartz  diorite commonly
does not form- as large a part of plutons in
the epizone as it does in those of the mesozone.
Locally or in a few plutons the diversity may

.
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--general 80° or steeper in the border zone and

“Poldervaart (1957) have studied the Animas

but the zircons of both the tufl and the pluton
\
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be due in part to incorporation, more or less
in place, of country rock, especially in border
or roof zones, but this is usually relatively
unimportant. Roof pendants are common.
Many of the plutons are effectively ‘homo-
phanous without lineation or foliation. Some
have a primary linear structure, but well-
developed planar foliation is uncommon and,
where it occurs, is usually restricted to local
border facies or is indistinct.

The orientation of lineation in the James-
town, Colorado, granodiorite stock has been
studied by Goddard (1935). He finds that the
stock is elongated N.-S., that the lineation
along the western part plunges about 70°-80°
and in a re-entrant protrusion on the east has
a gentler plunge of about 35°-60°. Grout
(quoted in Calkins and Butler, 1943, p. 35-36)
-studied the lineation of the Alta stock in Utah
and shows the linear structure plunging in

metamorphosed. If folded and regionally
metamorphosed there may be independent
evidence that thé country rocks were only]
moderately warm and at shallow depths at
the time of emplacement. Zoning of associated
mineral veins on a regional scale is common,
as are veins of epithermal or xcnothermal
character in the upper part of the epizone,
Zoning of veins by repetitive introduction of
solutions of diverse compositions during
peated structural reopenings is commou
Peripheral outward deformation of the side
walls is a feature of some epizonal plutons.
It ranges from locally strongly deformed
peripheral folds to gentle parallel periphem‘
folds; outward thrusting is inferred in ont
example; rarely there is a local thin zone

crystalline flowage in contact-metamorphi
plutons are small, but there are also neverthe

less many batholiths. The Paleozoic White
Mountain batholith in New Hampshire asso:

:gently in the core. The lineation of both stocks
thus suggests steep upward flow in the border
zones. Grout and Balk (1934, p. 885) find that
lineation in much of the Boulder batholith is
elusive, but most has a pitch of about 70°
and a steep conformable upward rise is sug-
gested. Both the Alta and Jamestown
stocks and also the Mount Princeton batholith
(Dings and Robinson, 1957, p. 30) have asso-
ciated dikes with gently plunging lineation
suggesting subhorizontal flow. Other types of
orientation of flow lines such as arches of
flow lines and disconformable flow lines at
an angle to the walls have been referred.to by
Balk (1937, p. 5054, 60~63, 69-78). The arches
of flow lines may in some examples, at least,
be suggestive of an arched roof. - .

Moehlman (1948, p. 118) and others have
referred to Tertiary plutons whose walls
converge downward.

Volcanic rocks are commonly associated in
close genetic relationship with Tertiary plutons,
but they need not be with plutons of the deeper
part of the epizone. Characteristically, at
least, part of the volcanic rocks will have
compositions comparable to that of the facies
of the plutons themselves although the quanti-
tative ratios may be different. Alper and

outcrop area of 680 square miles, the Upper

square miles, and the Tertiary Cordillen

emplacement of stocks and batholiths ass,

subsidence is uniformly attributed by all
authors to subsidence, either subcolumnal
block sinking or block or piecemeal stoping.

Reference for comparative purposes may bt
made to the Cenozoic Slaufrudal stock 2 b
714 kilometers in diameter, that cuts basaltit
lavas with intercalated rhyolitic volcani

boer (1928) describe the stock as consisting
of miarolitic granophyre, in part with granitc
texture. They suggest that the stock was
emplaced by sinking of the replaced mas

layering of the intrusion indicates intermitteat
subsidence, the stock growing by the additiod
of successive sills or caps. Relations are excep,
tionally well shown in steep topography. ¥

Many other stocks and batholiths have
stock in New Mexico and the volcanic rocks
it intrudes and have shown that not only is
the chemical and mineral composition similar

commonly due in part to angular steplik
transection of the roof to yield this kind d
shape, in part to doming of the roof cither I
simple doming, or by doming accompanied f

“—ar habhits.
D faulting in the roof due to distention.

—-*-—af_the_contact-
e_contact-

metamorphic zones, may be relatively un-

E

foliation or local thin layer of slight plastic]

ciated with cauldron-subsidence origin has an§ :
| tory, and of micropegmatite in the batholith
I of the Casto quadrangle, Idaho.

Blanca batholith of Peru is more than 153K
miles long (Egeler and De Booy, 1954). The}

Cretaceous Boulder batholith an area of 12008

jor as metasomatized country rock. Grano-

fiphyre, in general, occurs exclusively in the

1

ciated with ring-dike complexes and cauldro]

domical or a broad arch-shaped roof. This 8}

'l

The earlier members of a complex pluton,
Fin small or modcrate volume, will show chill
20nes against country rock. Dikes, apophyses,
or small satellitic stocks related to large vol-

L umes of rock will commonly -show chill zones

gor porphyritic characteristics. Many large
,masses or later members of a composite stock
.0t batholith show no chill zones. There is
;'»‘o.ften a set of late-stage aphanitic or porphyri-
ghc dikes. Associated lamprophyre dikes are
also common. Distinct pegmatite veins are
typically rare or minor although small pegma-
3_htnc nests may occur locally. Aplitic veinlets
imay be present, but aplite dikes or facies are
joot commonly abundant in the stocks. In
“some of the batholiths, however, aplite or

d equivalent alaskite may be well developed,

8s in the Boulder, Seagull, and Ackley (White,
1940) batholiths. Miarolitic structurc is com-

¢ mon, especially in leucogranite or alaskite, and
zones or local minor drag folding. Most of the}

it may have pegmatitic facies associated lo-

g cally. Many aplite dikes are restricted to the
k border zone of the pluton where they occur

{both in the. roof and in the adjacent igneous
rock. Relatively flat-lying sheets of alaskite
occur in the Seagull batholith, Yukon Terri-

Granophyre may also occur locally as
sheets, stocks, domical roof facies of stocks,

] epizone.
Occasionally stocks of the epizone may be ac-

Oompanied by satellitic laccoliths (Hunt, 1956;
¥ Strobell, 1956).

Emplacement predominantly by metasoma-

1 o . . "
tism is uncommon in the epizone and will be

‘

cQl discussed under the title Pseudo-igneous Em-
rocks in Iceland. Cargill, Hawkes, and Led“Slplacement. Several plutons, however, do have
i an extensive aureole of granite or granite
gneiss resulting from granitization of sand-
¥stone or metaquartzite. Contacts of pluton

: aced Rfand country rock are normally sharp.
“en bloc” and that a distinct semlhonzon!ﬂ

Oftedahl (1933, p. 71-74, 92-93) has inter-

¥ preted the central nordmarkite and monzo-

knite facies of the central part of the Sande

Fstock in southern Norway as the product of
R.assimilation of .lavas by an ekerite magma

-more or less in place.
' Such criteria as lack of contact metamorph-
jsm and contact metasomatism, lack of chill

¥ zones, and the presence of evidence for upward
Rdrag of wall rocks have been inferred (Read,
81951, p. 9-10; Tweto, 1951; Hunt, 1953, p.
SE165- Drewes, 1958, p. 233; Mackenzie, 1958,

PLUTONS OF EPIZONE

p. 69) to indicate that many plutons of the
epizone have been emplaced as highly viscous
magma at relatively low temperatures (600°C.
or lower). This interpretation is satisfactory
for many porphyritic intrusives with an apha-
nitic matrix, but we need more data to be sure
it is appropriate for plutons of almost exclu-
sively phaneritic rock. Most plutons of the
epizone do have accompanying evidence of
contact metamorphism and contact meta-
somatism. Andalusite is developed in shales
and wollastonite locally in limestone at many
contacts. Pyroxene intermediate between he-
denbergite and johannsenite is not uncommon
(Allen and Fahey, 1957). Tourmaline is common
in many aureoles of epizonal stocks. Many
epizonal stocks have at least local miarolitic
facies, and they may be phaneritic throughout.
These facts are consistent with the probability
that the liquid phase of the magma of such
plutons was relatively fluid because of its
content of volatiles during part or all of its
period of crystallization. An excellent com-
parison of the characteristics of highly viscous
and less viscous magma emplacement in sills
has been given by Tweto (1951). -

In a few examples the smaller plutons are
accompanied by a small amount of breccia
whose origin is in part interpreted as an explo-
sion breccia and in part as due to upward

. drag of magma. Examples are a breccia of

slightly rounded fragments of sedimertary
rocks and of porphyry, in a matrix of similar
comminuted rock associated with a diorite
stock in the La Plata district (Eckel, 1949, p.
39) and breccia zones on one side of a grano-
diorite stock (Goddard, p. 383-384). Tweto
(1951, p. 526-528) has described an intrusion
breccia as an advance guard of porphyry sills,
formed by explosive intricutsion of fluids or
tenuous magma. The breccia may consist of
fragments of country rock and of chilled por-
phyry in a shale matrix or of dirty contami-
nated igenous material. .

The magmatic origin of many salic dikes,
stocks, and laccoliths emplaced in the epizone
is indicated by the inclusions of deep-seated
Precambrian rocks which they contain where
emplaced in overlying beds. Examples are the
quartz diorite porphyry laccolith described
by Rouse (1933, p. 145-146) emplaced in
Tertiary volcanic rocks with inclusions of
Precambrian rocks which have been brought
up for a minimum of 2% miles, the inclusions
of Precambrian rocks in monzonite-diorite
porphyry stocks, sills, and sheets emplaced in

) \L’! -
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B depression. Ross (1955) has pointed out that dera, described by Burbank (1941). The Sil-
pyroclastic rocks of rhyolitic, dacitic, quartz verton caldera is a minor unit areally and
latitic, and soime of latitic composition are structurally of the volcanic field of the San
present in many regions of the world, in vol- Juan Mountains. The caldera was formed in
¥ umes which dwarf many batholiths, Larsen the late Tertiary by gradual downwarping and
P& and Cross (1956, p. 94) have estimated that faulting of a large shield-shaped block of
the Miocene Potosi volcanic series of the San  crust about 8 miles in diameter. As down-
yJuan volcanic rocks in Colorado contains 2300  warping of the basin became accentuated with
¥ cubic miles of rhyolitic volcanic rocks and 3000  thickening of the volcanic accumulations, ring
»cubic miles of quartz latite volcanics. The faults and associated radial fractures- devel-
®thyolite volcanic rocks are the equivalent of a  oped. Intrusive bodies forced their way upward
% granite batholith 230 square miles in area and along certain more strongly accentuated re-
K10 miles deep. Stocks of monzonite and grano- gional rifts, and great numbers of smaller
¥ diorite emplaced in the same general period of intrusive bodies and volcanic pipes penetrated
§time as the Potosi lavas are associated with the broken rocks of the fault ring. Burbank
them"and range in size from necks up to plutons  suggests that both the rock alternation and the
$2by § miles in diameter. concentration of intrusive bodies indicate that
5 Late Tertiary couldron subsidence and intru- at moderate depths below -the surface the
psion.—The youngest cauldron-subsidence com- margin of the caldera is underlain by a more
j¥plexes may be expected to be among the least or less continuous ring of intrusive rock. The
-although probably none of them extruded any of volcanic rocks that has subsided. These teroded and give the clearest evidence of be- intrusive rocks consist of gabbro-diorite,
- great quantity of lava or pyroclastic materials”.  central volcanic rocks are flows and pyrodastic 'longmg to a volcanic association. andesite, latite, quartz latite porphyry, and i
A paper by Rouse e al. (1937) also portrays rocks ranging in composition from basalt ¥ Two such complexes from the United States rhyolite. The volcanic rocks consist of ande-
probable relationships between laccoliths and through andesite and trachyte to rhyolitely k will be described. site, 'latites”, quartz latite, and rhyolite.
volcanic rocks. The major bodies originally they are, he believes, comagmatic with the#@' = MEDICINE LAKE HIGHLANDS CALDERA, CALI- Larsen and Cross (1956, p. 227) describe one
described by Gilbert as laccoliths are now rocks in associated ring dikes. He further-5i- FORNIA: Where erosion has not cut too deeply, of the quartz monzonite stocks as 2 by §
. . interpreted by Hunt (1956, p. 42-45) as the states that 17 of the 30 ring-dike complexesiyg} < cauldron subsidences occur at the surface as miles in diameter.
upper part of stocks, the latter up. to about 2 possess what may be called a central stock; i in the Pliocene(?)-Pleistocene(?) volcanic rocks Early Terliary couldron sutsidence and plu-
miles in diameter. The Three Peaks laccolith, and the central stocks usually consist of quarw " of the Medicine Lake Highlands, California, tons.—Early Tertiary plutons associated with
Utah, about 5 miles in diameter, has been bearing rocks, commonly quartz syenite orfl described by Anderson (1941, p. 358-361). cauldron subsidence may be expected to
studied in detail by Mackin (1947). He finds granite. Belts in Nigeria and Southwest Al’nml b The caldera is an elliptical area about 4 by 6 include some which have been eroded to a
that the Upper Cretaceous (?) laccolith was and examples elsewhere have been described@l miles in diameter in a shield volcano of platy deeper level than those of the Late Tertiary,
emplaced under a cover that ranged from 2000 since Billings wrote so that many more nng- B olivine andesite about 20 miles in diameter. and this is the fact.
feet to a possible maximum of 8000 feet. The dike complexes are now known. e

The rim of the caldera is outlined by nine QuITMAN coMPLEX: The following summary
. laccolith consists of quartz monzonite porphyry, Examples have becn chosen from the litraSBK ‘volcanic vents from which platy andesite of the Early Tertiary Quitman complex is

generally holocrystalline but with some glass ture to exemplify the foregoing principles®ll8 (+£10 per cent normative quartz and =61 based on that by Huffington (1943). A series

in the groundmass near contacts. He infers Before presenting these we might refer tofil8 per cent calcic oligoclase) has issued. The floor of lava flows ranges in composition from basalt
that the chilled borders and the glass prove some of the largest masses of acid volcani]

: 'f of the caldera is inferrcd to have sunk at least to trachyte and rhyolite; rhyolites are most

that the mass was emplaced as magma. Some rocks which are believed to be of magmaticlll: 500 feet through collapse of a central block abundant. They are associated with pyrocias-

of the quartz monzonite porphyry is finely origin. OB ‘coincident with ring-dike intrusion and the tic rocks, and the whole has an approximate

miarolitic. The volcano-tectonic depression _ of  the} g eruption of andesitic lavas squeezed up the thickness of 3500 feet. Late basining, probably
The numerous diorite and monzonite por- Rotorua-Taupo graben in New Zealand (Mar{

b marginal fractures. This hypothesis would due to magmatic subsidence below the volcanic
phyry sills of the La Plata district (Eckel e shall, 1935) is about 60 by 15-20 miles in aresl;

i necessitate a stock of magma below with the rocks, has dropped the central portion of the
al., 1949, p. 34) also belong among the volcanic dlmensmns, with several thousand feet . of At composition of a quartz diorite. Later lavas volcanic rocks approximately 4500 feet. A

Mesozoic beds described by Eckel (1949, p. are also independent larger discordant plutons,§
34, 41), an example cited by Powers (1915, p. associated with those directly due to cauldron'ge
166-168) in Vermont where bostonite dikes in  subsidence, and inferred to be emplaced by¥s
. Middle Ordovician shales contain inclusions block foundering or stoping. The prototype
of underlying Precambrian rocks, and similarly  of this kind of complex is the Devonian Glen

that by Buddington and Whitcomb (1941, p. Coe cauldron subsidence and the associated}
78-79) from New York where small laccolites Starav granite batholith described by Clough§

and sills of quartz bostonite and rhyolite ' et ol (1909). Other examples of discordant3E
porphyry emplaced in Ordovician shales batholithic intrusion following ring dike and
-contain {fragments of underlying Cambiian stock emplacement are the Conway granite}
sandstone together with rare fragments of pluton of the White Mountain batholithg
Precambrian basement material. complex (680 sq. miles, Fig. 2), the Drammeng
Some of the Tertiary laccoliths are so closely and other batholiths (Fig. 3), and the Jos§
associated with volcanic rocks that they- can Bukuru pluton complex (285 sq. miles) of§

1 confidently be considered to belong to a vol- northern Nigeria (Jacobson et al., 1958, p. 11'
canic association. Hunt (1956, p. 43) writes Pl. VII). 9
concerning the laccolithic mountains of the Billings (1943) writes that he found de- )
Colorado plateau that “it seems likely that scriptions in the literature of 115 ring dikes and 38
most of the larger stocks in the laccolithic 30 ring-dike complexes. He states that 11 of

. mountains reached the surface and erupted, the 30 ring-dike complexes have a central block

bodies. depression and about 2000 cubic miles of ‘from the vents include olivine andesites, da-  discontinuous elliptical ring of intrusives

- ' welded tuff (ignimbrites) occupying a basingiil:cites, and rhyolites and are inferred to represent around the volcanic rocks is interpreted as a
Granitic Slocks and Batholiths Associaled of approximately 10,000 square miles. Thisfllf continued differentiation products discharged ring dike about 4 miles in diameter. The earli-

with Ring Dikes and Cauldron would be about equivalent to'a batholith ofg* irom later local vents in part spaced along est intrusion in the area was a diorite; the

! Subsidence 200 square miles and 10 miles depth. Again,JiiEe the margin of the depressed block. This would ring-dike intrusion averages quartz monzonite.

i g imply «n part the existence. of magma below There is a related stock of quartz monzonite
J§: which could yield granitic masses on consoli- adjacent to the ring dike. The quartz monzo-
b dation. The nature and tectonic relationships nitic stock is subcircular -with a diameter of
' oi these volcanic rocks may be considered as  about 3.5 miles and is separated from the parts
‘surface manifestations of ring-dike complexes of the ring dike by a septum about half a
B and associated deeper stocks and batholiths. mile wide of Lower Cretaceous sedimentary
. SILVERTON CALDERA, COLORADO: Another rock. Belts of anlite and oranita narnhor

" Introduction.—Granitic stocks and batho- Middle Pleistocene rhyolitic tuff blanket in 8

liths associated in time and space with ring fault trough in the Lake Toba area of North]

dikes and cauldron subsidences in direct rela- Sumatra covering 25,000 sq km and with 8

tion to volcanic rocks occur in many different  volume of 2000 cu. km. These are inferred td]

—— belts of different and widely spread localities have formed as a result of the initial break§
=~varv_pertinent ti&t‘hrough ofa comparatwely shallow acid magms

T ma



monzonite. Granites form less than 10 per
cent of the plutons, and monzonite and sye-
‘nite each about 10 per cent. The ring dike is
.inferred to have been emplaced in large part
by stoping along the ring fracture.

(Korn and Martin,
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and one of late Karroo age in Southwest Africs
1954). These plutons 3
occur in the “‘epizone” of the crust and can
approximately be considered to belong to 8
volcanic association. In addition to the annular 4

EXPLANATION

MISSISSIPPIAN
WHITE MOUNTAIN PLUTONIC- VOLCANIC
SERES

“ Gromite wilh howtingsite,
foychie ond hedenbergite.

—
l‘ﬁii Querlz syenite

1 .

D i

L [ Nephaline syenite (ns}
[ 3 Moat volconics

b
BRxasiod (Entrasive phase of
White Mguntala gtutonic - valcanie ceeies),

Flows, tuffs ond breccioss rhyolite, bosall,

sndesite, ond some trochyle,

? UPPER DEVONIAN
NEW HAMPSHIRE PLUTONIC SERIES

Predomingntly quorll
monzonite and quoriz
diovite, generally follated.

SILURIAN AND LOWER DEVONIAN

Predominanily Lower

Devonion micoceous
ouartiits and mico scNists, locolly granite
qneivs and schisty with granitic (njection.

& @ranite and granophyre form 63 per cent of the

plutonic complexes of the British Isles, gabbro
g and dolerite 33 per cent, and ultrabasic rocks
3 per cent according to Richey (1948, p. 55).
NEW HAMPSHIRE "BELT OF MISSISSIPPIAN(?)
4 PLUTONS: The ring-dike complex of the Ossipee
& Mountains, New Hampshire (Kingsley, 1931),
-4 has one of the most nearly perfect ring dikes of
A the New Hampshire belt and exemplifies the
& general character of the complexes (Fig. 2).
31 The ring dike is described as subcircular with a
B diameter of a little more than 8 miles and iscom-

* g posed of porphyritic quartz nordmarkite (13 per

cent normative quartz). Within the central com-
& plex is an arc-shaped mass of the Moat vol-
anic rocks. These have an approximate thick-
¥:ness of 7000 feet and consist of basalt (4 per
§ cent normative quartz), andesite (13.4 per

"JEieent normative quartz), and quartz porphyry

ows, and equivalent tuffs and breccias. The
wlemainder of the central complex, except for a
. $small block of country rocks,is composed of a

' coarse-gained biotite granite (25.8 per cent

Minormative quartz). Kingsley estimates that the

inimum subsidence of the volcanic rocks
.on the borders is 4500 feet and in the center
112,500 feet. The biotite granite is inferred to
‘Fhave been emplaced as a result of either piece-
‘g meal stoping or a columnar-block subsi-
dence.

&, The White Mountain batholith (fig. 2),
:another member of the New Hampshire central
mplexes, is significant because of its size.
L The following description is condensed from

area of intrusive rock in the belt of Tertiary

PLUTONS OF EPIZONE

siliceous facies of the nordmarkite. The vol-
canic rocks scem to have settled at least 5000
feet and probably at least 17,000 feet in one
area since they do not occur in the adjoining
region. The emplacement of the batholith is
inferred to result from roof subsidence. Magma
moved upward along great fractures and issued
at the surface as great flows and pyroclastic
deposits.

The belt of epizonal plutons is slightly dis-

cordant to the trends of the older country
rocks. .
OSLO BELT OF PERMIAN PLUTONS: The Oslo,
Norway, belt of cauldron subsidences or ring-
dike and central complexes has been described
by Holtedahl (1943) and Oftedahl (1952;
1953). It is of such general significance that
the writer cannot refrain from including a
summary here. (See also Figure 3.) The plu-
tonic complexes were emplaced in a lava
plateau consisting of 2000-3000 m of basaltic
and rhomb porphyry flows. The plutonic phase
began with the consolidation of larvikite
plutons, the magma of which corresponds to
that of the rhomb porphyries. During later
periods, with the formation of syenitic and
granitic stocks there occurred the cauldron
subsidences. Quartz porphyry annular dikes
occur in three of the four described cauldrons
as an early phase of intrusion.

The Oslo belt is very instructive because of
the association of large batholiths of larvikite,
nordmarkite, and biotite granite which form
a belt about 200 km long; the four major caul-
dron complexes lie within the central part of

Figure 2—NeEw Hawmprsmire BELT OF PLyuTONS .

Ossipee complex ring dike and biotite granite stock of cauldron subsidence; White Mountain bath:,

olith of cauldron subsidence and coalescing rim fracturing; both Mississippian (?) of epizone; and oldet

Winnipesaukee batholith of transitional (?) mesozone-catazone; Modified after M. P. Billings, 195

N. H. Planning and Development Commission, Division of Geol. Sci., Harvard University and U.
Geological Survey

glthat of Billings (1928). The batholith lies  this belt (Oftendahl, 1953, Fig. 1). One of these
E'about 4 miles north of the Ossipee Mountains  batholiths, the Drammen biotite granite (Ofte-
complex. 1t underlies about 680 square miles dahl, 1953, p. 103), encloses the Drammen
nd consists predominantly of granite with cauldron in the form of a huge cylindrical
ubordinate nordmarkite and great blocks of block or roof pendant. The biotite granite
olcanic rocks, from a few to 8 miles in diam- magma is younger than the rocks of the caul-
. ter, that have settled into the batholith. The dron, and the stoping followed the ring fault

blutons associaled wilh cauldron subsidence~—  dikes to batholiths underlying as much as olcanic rocks consist of siliceous flow rocks nearly exactly. It has a quartz porphyry

Four .great belts, three of them more than 680 square miles. The rocks of these belts # and interbedded tuffs and breccias to a thick- border against the effusives of the Drammen

200 miles Jong, each with numerous granitic may be thought of as representing in part @ ness of about 11,800 feet. The siliceous flows cauldron. The Drammen pluton is about 55

stocks, batholiths, and ring-dike complexes levels of deeper erosion than the Tertiary #-are largely comendites (24-33 per cent norma- km long. Against the rocks of the Giltrevann

in direct tectonic, geographic, and time rela- plutons and jn part the rise of large masses of ¥ tive quartz) or quartz porphyries. Trachyte cauldron it has a border facies of quartz por-
- tionships with volcanic rocks of related com- granitic magma to relatively high levels. % (18.3 per cent normative quartz) also occurs. phyry with an aplitic groundmass. Oftendahl
positions, have been described in recent years. ' Chapman and Williams (1935, p? 507) find' §& The plutonic phases include a small mass of (1953, p. 58) further suggests that the granite
The belt of Tertiary ring dikes and caldera that granite forms more than 78 per cent of R diorite, nordmarkite (4-13 per cent normative magma was at a relatively high temperature,
subsidences with associated granite stocks of  the plutonic complexes of the New Hampshire 3 quartz), and granite (23.6-28.5 per cent norma-  perhaps superhcated. An ekerite batholith is
Scotland should also be noted. The four belts belt, syenite and quartz syenite 20 per cent’gijtive quartz). Some nordmarkite porphyry younger than the rocks of the Sande cauldron.
incdlude that of New Hampshire (Billings, and gabbro, diorite, and monzonite less than 2 Boccurs as small satellitic stocks or as chilled The ckerite is full of pegmatite nests and has a
1945; 1956) of Mississippian(?) age, the Oslo per cent. Jacobson ¢t al. (1958, p. 7) estimale 4 border facies whose groundmass is dense, It is porphyritic border zone. Holtedahl (1951,
district in Norway . (Holtedahl, 1943; Ofte- that granite forms 94 per cent of the plutons ol Jnoteworthy that the extrusive comendites p. 90) concludes with respect to the mecha-
‘dahl, 1953) of Permian age, a belt in Nigeria  the belt in Nigeria and mafic to intermediatt @lifare comparable to the plutonic granite and nism of emplacement of the batholiths that
__hl.Gzeemm@,Macobson et al., 1958), rocks only 6 per cent. By way of comparison JMEthe extrusive trachyte to the plutonic more ‘“huge subterranean crustal blocks sank ta an

3
—————— h
————

Y

Permion, Mississippian(?), and Devonion dikes they range in size from small plugs and,‘v



———

684 A. T. BUDDINGTON—GRANITE EMPLACEMENT

THE 0ol REGION

........

Km.
: Cauldron
D Oranite ring fault
Egsog.
kerite om
Eker porphyry
Nordmorkite, etc.
Larvikite , etc.
@ Oslo-essexite
E Combro-Silurian
sediments
D Archean TURARIONS
' ' :
' HH
\\ ‘N % T
G
=
. ,- - . X = : ‘ !
KONGSBERG : k

Figure 3.—0sLo RecioN, NORWAY

Four Permian complexes (B, D, G, S) of lavas, ring dikes and stocks of cauldron subsidem.:e, a

__N_-A..:.ud_vounzwtnt batholiths; all of epizone. After Oftedahl (1953)
\
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@ uknown depth along curved fracture lines,
Wflvith magma occupying the vacated space'.
Oitedahl (1952, p. 58) infers a monzonitic
“<@nagma batholith at least 100 km long and 20~
A0 km wide, slightly superheated, to explain
e rhomb porphyry lava flows. He further
M ggests (1952, p. 60) that stoping normally
Qaras arrested close to the surface (about 100-

~ 400 m below the surface), but occasionally the

“Smagma stoped its way clear to the surface to

“tlorm areal eruptions,

: i:Stacks Primarily by Cauldron Subsidence,
bul Accompanied by Qutward or
Upward Presstire

!

Bl General discussion—The preceding discus-
lion has dealt with stocks that are assumed to
MBhave been emplaced effectively by subsidence
o columns or blocks. There are a few examples
¥ which subsidence of blocks or columns is
5 nferred to have been the major mechanics
k¢ emplacement, but they are also accom-

"-Wpanied by evidence of deformation of country

'-‘- k due to outward side pressure or uplift of

{00!,

& The basaltic lavas around the Mull complex
{Bailey et al., 1924, Chapters XII and XIII)

- Zthow several concentric folds with dips of

B10°-30° in discontinuous arcs or circles.
kK Tyrrell’s description (1928) of the northern

. Ziranite mass of the island of Arran, Scotland

' @hows that along one part of the border the

b tountry-rock schists have been dragged around
2y an uplift produced by the granite magma so
#bhat their strike swings into approximate par-
A@llelism. In another part of the border there
flas been upward movement by faulting and
¥ nylonitization.

Monadnock, Vermont.—The Mount
M Monadnock pluton in Vermont is inferred by
% Chapman (1954) to result from the settling of a
plomical reservoir which developed cylindrical
#ind radial fractures with consequent cauldron
ubsidence and stoping of large arcuate-shaped
«§abs as the major method of emplacement.
& orth and south of the stock, however, quart-
§ites and schists which in general strike about

{Z¢orth and dip east have been strongly twisted
rekand their schistosity thrown out of regional

¢’
iRy

Pilitarly stages of intrusion positive magma pres-

ure was sufficiently vigorous for a brief period
of time to deform the immediately surrounding

i3 hetamorphic rocks.

trike. Chapman suggests that during the very,
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stock about 17 by 27 km in diameter, in Fin-
land. The following summary is based on the
work of Savolahti (1956). The earliest intru-
sions form an arc and consist of several succes-
sive intrusions of gabbro with anorthositic
differentiates. The younger gabbro intrusions
have chilled contacts against the older. The
main core of the complex is a stock of biotitic
rapakivi granite. The youngest intrusions are
granite porphyry dikes with fine-grained facies
in contact with all older rocks. Savolahti (1956,
p. 83) writes of the rapakivi granite in general
that “At an early period the hypabyssal, partly
effusive characters of rapakivis were described.
Likewise, the occurrence of miarolitic cavities
was recognized to be typical, and the scarcity
of aplites and pegmatites was known’. The
stock is in general discordant to the country
rock which consists of migmatites and older
microcline granite, but locally the trend of the
foliation of the migmatites has been deformed
into conformity with the boundary of the in-
trusive complex. Some of the rapakivi granites
in this region have been determined by Kuovo
and Gast (1957, p. 30) to be about 1650 million
years old, on the basis of Rb-Sr, K-A, and U,
Th-Pb. '

Other Discordant Plutons of Epizone

Iniroduction.—The characteristic setting for
discordant batholiths associated in space, time,
and tectonics with ring dikes, cauldron sub-
sidence, and stocks is a peneplaned surface on a
“basement. complex’ or series of folded and
faulted beds overlain unconformably by a ve-
neer of lavas. Such plutons occur in the New
Hampshire, Oslo, Nigeria, and Southwest
Africa belts and the Glen Coe district that have
been referred to. They may be very appropri-
ately called subvolcanic. Although many stocks
and batholiths are thus either directly ot in-
directly associated with cauldron subsidence
and ring-dike complexes, many plutons of the
epizone are not, although they are in general
discordant. Many of these latter plutons are
associated with volcanic rocks in space and
time, but the evidence is commonly not suffi-
ciently direct to tie both assuredly to the same
tectonic history. Some of these plutons may not
have had connections that broke through to the
surface to yield lava flows. Others probably did
have such connections, but the roof either re-
mained intact or broke down and sank in the
maema in such a wav that direct connectinn ha




associated with present evidence for caldera
subsidence. «

The Bayview and Packsaddle Mountain
stocks, Idaho, described: by Sampson (1928)
possibly afford a link between the directly sub-
volcanic type of pluton and plutons not now
associated with volcanic rocks. The stocks are
predominantly granodiorite and are significant
because probably subsidence of roof rocks has
accompanijed their emplacement. The stocks
are discordant with the relatively flat lying
" structure of the surrounding rocks, which are
predominantly the Precambrian “Belt” series
of sedimentary rocks. Block faulting has re-
sulted in downdropping of blocks of Cambrian
sedimentary beds. The block faulting is found
only about the stocks and is related to the in-
trusion. The Cambrian rocks are found only
where they are more or less engulfed in igneous
" rock. The granodiorite is coarse-grained up to
contacts. The collapse structure. recalls that
associated with cauldron subsidence. There is
no pegmatite in the granodiorite, but, there are
a few aplite dikes.

An excellent example of control of emplace-
ment of a Precambrian quartz monzonite stock
of fractures of the country rock has been de-
scribed and mapped by Steven (1957, p. 365-
375). One border has many angular step-like
irregularities, and another has a zone 1.5-2
miles wide with a complex network of dikes.

Several stocks or lines of stocks and several
+ batholiths of the epizone will be summarily
described. These may be either parallel or dis-
cordant to regional structure. -

Stocks and volcanic rocks of western Cascade
Mountains, Oregon.—The Miocene (?) lavas
and the line of Miocene (?) infrusive stocks of
the western Cascade Mountain range in Oregon
(Callaghan, 1933; Buddington and Callaghan,
1936) afford an excellent example of an associa-
tion of lavas and plutons of similar composition,
and of association in geography and time (fig.
4). The belt about parallels the trends of the
substructure. The lavas range from basalt to
rhyolite but are characterized by andesite. The
intrusive stocks in Oregon occur at intervals
along a line about 200 miles in length. They
range in size from small plugs to a stock 1}4 by
214 miles in diameter. The rock of the smaller
bodies is generally porphyritic aphanitic, that
of the largest body is even-grained granular.
The rocks range in composition from augite
diorite through augite dacite porphyry and
augite granodiorite porphyry to granite. The
larger masses are in general more siliceous. In

B
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. extent not yet uncovered by erosion.

general northerly trend, but the individual in‘ '
trusions and veins trend mainly to the west &§’
northwest. Epithermal and xenothermal metah} -
liferous veins are associated with the stocks§
An extension of this belt into Washington B
shown on the map by Waters (1955, Pl I).

A belt of Quaternary and late Tertiary v}
canoes lies in general to the east and roughlf}-
parallel to the line of older Tertiary intrusivt]
stocks. #

Snoqualmic  batholith, W ashinglon—Thg
Snoqualmie batholith of Washington (Fig. 4
of early Miocene or late Oligocene age (Grant}
1941, p. 590-593) has been described by Smilh®
and Calkins (1906). It is composed of granodior§,

1955, p. 711), and has porphyritic modifia¥
tions on the margins of large masses and

latter are in part gently folded and in part havegy
only initial dips. They consist of pyroxen ‘
andesite, dacite, rhyolite, and basalt with o i
first two greatly preponderating. An analysis gl
a sample of the andesite shows 18 per cenfif .
normative quartz and is very similar in comg
position to the granodiorite which intrudes ill§
The batholith is about 10 miles in diameter aodf

is inferred by Smith and Calkins to have cog)
solidated about 4000 feet below the surfactl¥
Knopf (1955, p. 695) states that the batholithy
is roughly 250 square miles in exposed area sndiig.
may be the top of a mass 4000 square miles Al

Batholith, Caslo quodrangle, Idoho.— bl
Miocene batholith described by Ross (19
from the Casto quadrangle, Idaho, is also nol

long and averages 7 miles wide. Much the mosti '
abundant rock according to Ross is granitgl
but there are small masses of quartz monzonite3e
granite porphyry, dacite porphyry, quarti}
diorite, and granophyre. The batholith cittis-
Oligocene(?) volcanic rocks composed pre;
ponderantly of rhyolite and quartz latite, sndg8

and granite porphyry may be a marginal lsod
Micropegmatite occurs in nearly hoarizonis

24°*

T LU I\UJIN

121°

5.&

o e

e

igneous rocks

intrusives

b

124°*
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goread low arch by the granite rather than cross-
jeut. The granite locally has followed faults.
_ Boulder-San Juan discordant belt of plulons,
{Colorado. —A series of plutons of Tertiary age
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Modified after Tectonic Map of United States, Am. Assoc. Petroleum Geologists, 1944
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MPLACED IN VOLCANIC ROCRS OF WESTERN

occurs in a belt extending from a little north-
west of Boulder to the San Juan district in Col-
orado (Fig. 5), a distance of about 200 miles.
The belt is strongly discordant to the regional



structure. Among others it includes the James-
town, Montezuma, Silverton, and La Plata
stocks and the Mount Princeton batholith.

Lovering and Goddard (1950) have described
the belt. They state that some stocks probably

09° 108° 197°

— v aarasvwavaYTTUNAANLLE EVMPUAUBMENT

lies perpendicular to the direction of Laramide. :
compression, it is possible that tensional forces of }
some magnitude were present here during the

occupies a position on the northwestern side of 8

PLUTONS OF EPIZONE

The Tertiary Montezuma quartz monzonite
Bilock is an example intruded discordantly in
folding of the region. The belt of porphyry stocks e epizone almost exclusively in Precambrian
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significant because the great relief and mine
workings permit an accurate picture of their
shape and geologic relationships. They are

tectonic transition zone between two types of
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Modified after Geologic Map of United States, U. S. Geol. Survey, 1932

occupy old volcanic throats, but many others

were roofed with pre-Denver (Upper Cretace-
ous and Paleocene) rocks and probably forced
their way in by stoping and intrusive faulting.
The earliest intrusives show structure con-
cordant with the country rock much more com-
monly than do the later, and among the latest
of the intrusives explosion breccia is common:
Most of the intrusives liec between monzonite
and quartz monzonite in composition. The
stacks are associated with dikes and sills. The
texture in general ranges from coarse porphy-
" ritic and medium-grained to porphyritic apha-
nitic. The intrusion continued intermittently
throughout the considerable span of time during
which the Laramide revolution was in progress.
Local transverse fracture zones marked by in-
trusive activity followed a period of regional
northwesterly folding and faulting. The trans-
verse structure is explained as follows;
" (Lovering and Goddard, 1950, p. 63).
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Gronodiorite
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Predominantly limestone

( Representative formation boundaries
indicated)
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Strike and dip of bedding

Dings and Robinson (1957) have described

b,

= . T0R
R | Strike ond dip of overturned beds
/-/
106° 108° 04°
Fault
. . - N
regional deformation. Fault :movements in tht &
porphyry belt suggest that the northern part d: f Al
the transition zone was one of shearing with n iy I 3000 Km.
horizontal movement as well as one of tension. Il F 2500
is believed that these two stresses—shearin, ; . 2000
tension—were in part responsible for the rise of§ 1500
the magma that formed the porphyry stocks.” 1 000

? IIO Kilometers

the Mount Princeton batholith which is oseg
of the largest bodies in the belt. It is about 143
by 19 miles. They describe it as quartz mon:@aloa (1956)
zonite with small areas of younger granite, in-$§
trusive quartz monzonite porphyry, and quartz 3 digmatites, schists, and gneisses (Lovering,
latite porphyry. Only locally-does the rock of y3s).

the batholith change texture to.a' porphyry 8t & The mineralization and by inference some of
the border, but apophyses art finer-grained, e accociated plutons of the Boulder-San
Small aplite dikes occur throughout. Pegm¥@hian belt has been stated (Eckelmann and
tite dikes are rare. The younger granite, 8 Kulp, 1957) to be 59. = 5 million years of age.

8 Stocks of Concepcion del Oro, Mexico.—Two

leucogranitic type, however, is locally miarolitic

a_md,ha.s rurmerous pegfna,ti.tg Veins. l?eryl occUS gosely adjacent granodiorite stocks of Tertiary
in the granite, the miarolitic cavities, and thellivs o1 ell exposed northwest of Concepcion
Bl Orn in Mawina f&~ A Tl oo 2o

pegmatite. There are two granite stocks, ot

1 FIGURE 6.—TERTIARY GRANODIORITE STOCKS EMPLACED DISCORDANTLY IN Epizone
¥ ' In asymmetrical anticline of limestone, near Concepcion del Oro, Mexico. After Rogers, Tavera, and

emplaced discordantly in the core of an asym-
metrical anticline of Jurassic and Cretaceous
sedimentary beds. Limestones are predominant
with minor shaly limestone. The roof is faulted
in a manner which may be explained as due to
a slight doming by upward magma pressure.
Roof pendants lead to an inference of a rela-
tively flat archlike roof with re-entrants. The
emplacement seems clearly to be due to sub-



considered a ‘‘resister” to granitization. The
mineral deposits are zoned, in part with a verti-
cal distribution, {from hypothermal deposits at
lower levels to epithermal chimney deposits in
the higher parts of roof. .
Boulder batholith, Montana.—A pluton of
Late Cretaceous age, of great size for the epi-
zone, and presumably somewhat older than the
plutons of the Boulder-Breckenridge bhelts, is
represented by the Boulder batholith in Mon-
tana. Knopf (1948, p. 660) states that a great
volume of andesite and latite was erupted,
probably just before emplacement of the
Boulder batholith, which rose to such a high
level that it invaded the pile of lavas. Balk

(1937, p. 91) states that the Boulder batholith "

approached the surface somewhere between
2000 feet and 10,000 feet. The batholith is 70
miles long with an area of 1200 square miles.
Grout and Balk (1934, p. 880) state that flow
structures are poorly developed and (p. 885)
that linear structures are much more wide-
spread and uniform, and probably more sig-
nificant than the foliation as indicating the in-
trusive movement, although they are also elu-
sive.

Knopf (1957, p. 81) states that the batholith
is composite and—that the order of intrusion
is (1) basic hypersthene-bearing granodior-
ite, (2) granodiorite, (3) porphyritic granodior-
ite, (4) biotite adamellite, and (5) muscovitic

* biotite granite. Alaskite and aplite are abun-
dant. Contact metamorphism has locally de-
veloped sillimanite - cordierite - microperthite
hornfels. Knopf describes the emplacement of
the batholith as the problem of how five differ-
ent magmas in turn made room for themselves
in the higher level of the crust and built up a
composite batholith. He writes that near the
batholith the invaded country rock has been
more closely folded than at a distance from the
contact. In places the strata adjacent to the
batholith stand vertically and have even been
overturned. Locally a series of reverse faults
has developed along the eastern border of the
batholith. The intrusive magma according to

" Knopf has manifestly made room for itself by
crowding aside the enveloping rocks, by close

- appression of the beds, by overturning them,
and by imbricate high-angle thrusting.

Knopf reports (p. 90) the age of the batholith
as determined by the Larsen zircon method to
range from 62-72 m.y. and by the potassium-
argon method, 87 m.y.

Seagull  batholith, Yukon Territory—The
Lononll hathalith in Vitlkan Territarv hace hean

based on his work. The batholith is about 6 by
28 miles and is emplaced largely in the trough
of a syncline of Paleozoic rocks (Fig. 7). The i
batholith could be of mid-Cretaceous or Late
Cretaceous age. It is in a deeply dissected !
mountain country with great relief and can be.;
shown to have stecp walls and relatively fiat
undulatory roof with several of the mountain:
peaks capped with hornfels and the valleys in:4
quartz monzonite. The country rocks are 1e #
gionally metamorphosed and belong to the]
muscovite-chlorite subfacies. There is no evigly -
dence for forceful intrusion or side thrustingJ@
The carbonate rocks have diopside, tremolite’ .
and garnct in the contact zone, at one locality
with wollastonite. The rock of the batholith '8 .
a coarse-grained leuco-quartz monzonite witha@
flat sheets of fine-grained and porphyriticgg
alaskite. Alaskite in near-horizontal layers up:gf
to 20 feet thick forms 5-25 per cent of the masi’
There are miarolitic cavities in the quartz mot- 3
zonite with quartz and tourmaline. Dens¥
spherical aggregates of quartz and tourmaline 3
also occur as replacements in the quartz mo:g,
zonite and alaskite. There is no pegmatite. ¢

Precambrian Plutons of Epizone

epizonal plutons may be of Precambrian 255
well as of Tertiary age. Discordant plutons
Precambrian age have been described by%
Anderson, Scholz, and Strobell (1955) fromg
the Bagdad area, Arizona, and by Kalliokesish
from the Weldon Bay area, Manitoba. Otk

types of Precambrian -plutons are referred 7%
below. - i
Granophyre—Extensive granophyre ,'."t
associated with gabbroic or diabasic strat’§:
form complexes have been described or rede-3§
scribed in recent years from the Precambrian of’
Minnesota (Schwartz and Sandberg, 1940),
Wisconsin (Leighton, 1954), the Wichita Moun-,
tains of Oklahoma (Hamilton, 1956; Mem'.t(‘l
1958), and the Sudbury complex in Ontarno}
(Thomson, 1956). All thesc were emplaced in
the epizone. Hamilton writes that in thegg.
Wichita Mountains, granophyre, granite, aod ¥
rhyolite form a shéet complex of dozens of '}
separate plutons, of which many are sills and
funnel-shaped masses. He states that granite &
and rhyolite may be either latéml equivaleats 3
of granophyre or intercalations in granophyre. 3
and that the granites are probably in genenl
younger than the granophyres. Rhyolite in
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The quartz monzonite is locally miarolitic. The roof pendants cap the tops of mountains and are underlain by granite. Modified after Poole (1955)




V7L

cavities are common in one of the granite masses
and that'it may have been emplaced as a batho-
lith. A younger granite mass has chilled facies
against older rocks. The younger granite is
also miarolitic. K/A and Rb/Sr ages of a biotite
from the younger granite are reported by Mer-
ritt (p. 62) to be 480 m.y. and 500 m.y. respec-
tively. '

Thomson (1956, p. 43-43) has proposed that
the Sudbury Basin is a volcano-tectonic de-
pression surrounded by a ring complex of dike-
like and sill-like character, and that the grano-
phyre (micropegmatite) was emplaced as a
ring structure inside the norite.

Ring-dike complexes.—The Ahvenisto pluton
of Finland has already been. referred to as an
example of a Precambrian ring-dike complex.
Two other ring-dike complexes, the Chatham-
Grenville and Rigaud stocks of probable Pre-
cambrian age in Quebec, have been described
by Osborne (1934). Chill facies such as quartz
porphyry and syenite porphyry are found in
both complexes, and miarolitic structure is
. found in the syenite of the Rigaud stock.

Awureoles of PseMo-igneous Emplacement

Descriplion—The contacts of the plutons
of cauldron subsidence are almost universally
sharp as are the contacts of most other stocks
of the epizone. Extensive metasomatism of
earlier gabbro members by younger granitic
magma, however, has been described by Korn
and Martin (1954) from the Messum complex
in southwest Africa. The Bingham, Cassia and
La Plata plutons in Utah, Idaho and Colorado
respectively have been interpreted as cores of
magmatic origin with aurcoles of pseudo-igne-
ous granite, the product of replacement of
quartzite or sandstone. Loughlin and Koschman
(1942, p. 41-42) have also described a small
body of granophyre interpreted to result {rom
metasomatism of sandstone by emanations {from
an adjacent Tertiary granite body.

Bingham, Ulah, stock.—Stringham (1953)
has described a small stock at Bingham, Utah,
where granite forms about two-thirds of the
area of the pluton and is inferred to be the
product of granitization of quarizite. Some of
this granite is exceptionally high in K;0. The
core of the stock is granite porphyry which is
interpreted to be of magmatic origin. In the
area to the south (Gilluly, 1932, p. 65) a series
of volcanic flows in which latite is overwhelm-
ingly predominant are cut by intrusives inferred

———to_be_roughly correlated with the Bingham

T ——~e.Olirncene age,
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Cassia batholith, Idaho.—Anderson (193“) wver of rocks after [o]dmg and perhaps fault-
has described the present 60 square miles Sy of the Concentrator volcanic rocks (Cre:
posure of the Cassia batholith to consist Bfhiceous ?). He states that it is possible that the
about two-thirds porphyritic, usually gneissic®omelia ‘quartz monzonite and Concentrator
granite and one-third granodiorite. He believ88Bwicanic rocks represent the same magmatic
the porphyritic granite gneiss is a replacemetifgsde. The disregard of older structures by the
of metaquartzite and the grancdiorite a ¢¥¥8irusive, the absence of wall-rock structures
tallized magma. The batholith has a domf@mcordant with its contacts, and the sporadic
shaped roof, and the metasomatic porphyrilkibeceryation of fine-grained (chilled) border
granite extends at least 1800 feet down. Thihcies indicate that the intrusion took place at
batholith is of late Cretaceous or early Tertis/|y rejatively shallow depth. The weakness of
age. The data are not too definitive, but Meation in the rock is inferred by Gilluly to
batholith is here classified as emplaced in USBbicate that there was litte motion in the

cpizone. ) Hagma at late stages of its consolidation. After

La Plate stocks, Colorado.—Eckel (1949 consolidation, however, it was fractured -

has inferred the emplacement of small Laz} ong westward-trending fssures, and aplite
Cretaceous or Tertiary diorite and monzoniZhikes’ were injected in large quantities. North-
stocks in the La Plata District, Colorado (FitMurd.trending fractures followed and were
5} to be in part by replacement or assimilating pied by pegmatites in the apical part of
of country rock. He finds (p. 39) that where8lbe stock. At later stages solutions chloritized
monzonite stock transects beds of sandstoP®End cericitized the rocks of the apical part of

there are inclusions from an inch to seveniSe ctock and deposited cupriferous and asso-

hundred fect in length which retain the attitudls(ed ietallic minerals of the New Cornelia
and position of the beds from which they wertie, body.
derived. However, he also finds that in masY Bsoner sick, New Mexico—The Hanover
places contacts between the diorite and mon Bpanodiorite stock, New Mexico, has been de-
nite and the host rock are sharp and that thefile ibed by Paige (1916), Schmitt (1933), and
diorite and monzonite locally contain nS¥err ¢ o) (1950). Where emplacement has been
ments of Precambrian rocks even where thef companied by uplift and outward deforma-
are in’ Palcozoic or younger sedimentary beci@lon Tt is about 2.5 miles long, north to south,
Z3nd less than a mile wide. The Paleozoic bedded
Supplementary Descriptions of Plulons <3cks dip away from the stock on the east and
Emplaced in the Epizone  Mest flanks so that it has the relationship of an
‘Vghticlinal structure. At the south the bedded
New Cornclia quarts, monzonite stock, s have been deformed into an overturned
zona.—The New Cornelia quartz monzonitlmeline and an asymmetrical anticline beyond.
stock in the Ajo district of Arizona exhl_bi“ ghe fold axes form arcs parallel to the edge of
many features characteristic of the Tertiaf, e stock as though the folds had been formed
stocks of the southwestern United States. Thé By lateral pressure from the overriding stock.
following description of it is condensed franityeayyy folding was so intense that thrusting
that by Gilluly (1946). Skcurred on a low-angle fault plane. Kerr ef al.
The great copper mine at Ajo is opened is 84950 1, 301-302) state that the near-by

“low-grade epithermal deposit of chalcopyrit¥@nts Rita stock arched and cut through over-

and bornite disseminated in the New Cornei]
quartz monzonite that is tentatively referred‘. ) .

Early Tertiary age. The New Cornelia stock ¥ Mopysuille stock, Montans.—The develop-
exposed over an area of about 6 square mﬂ ent by Barrell (1907) of the hypothesis of
There is a discontinuous border facies consisutiilMsel <ubsidence in magma as the mechanism
of fine-grained quartz diorite. The prepo.nde“’;n; emplacement of the Marysville granodiorite
rock is an equigranular quartz monzonite Wialnck has made the latter one of the classic
a poorly developed linear structure. 1DEBumples of this phenomenon. Knopf (1950)
country rock is predominantly the Conctigrites that the stock is 6 miles north of the
trator volcanic rocks consisting of andesitilbihern end of the Boulder batholith and
keratophyre, and quartz keratophyre flowsgy obably an outlying cupola. It is only 3 square
breccias, and tuffs with highly altered and congiBiles in area. Barrell states that the roof sedi-
plex structure. The Cornelia intrusion GilléfllBents were domed over the granodiorite to the
infers probably took place under a moderilBBBhtent of 1000 feet, possibly 3000 feet; that

ing sedimentary rocks and quartz diorite

o
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faulting immediately preceded the invasion of
the stock caused by upward pressure of the
igneous mass; and that at numerous places the
roof of the stock passes beneath the sedimentary
cover at a flat angle. Barrell further writes that
the granodiorite maintains granularity up to the
contact and is medium- to coarse-grained but
becomes markedly more porphyritic in outlying
tongues and wedges. Aplite occurs within the
margin of the stock and in rocks of the border
zone but is rare in the interior. There is also
minor pegmatite in the same zones as the aplite.
Knopf comments (5950, p. 840-842) on the
remarkable contact-metamorphic aureole. The
argillites are converted to cordierite hornfels,
and the limestone to diopsidic and tremolitic
hornfels.

Organ Mounlain batholith, New Mexico.—A
small discordant Tertiary batholith of about 55
squate miles in area has been described by
Dunham (1935) from the Organ Mountains of
New Mexico. He infers that Tertiary andesite
flows form the roof for the intrusive comparable
with the roof of a laccolith and that in depth
the body is crosscutting with steep outward
dips and was emplaced by piecemeal stoping.
There is evidence that some xenoliths have
sunk not less than 1400 feet and probably much
more. The dip of the andesite roof is away
from the batholith, excceds 50°, and swings
around with the contact. Locally the wall rocks
have been powerfully distorted by magmatic
pressure. The batholith is composite and con-
sists of three distinct bodies, a monzonite,
quartz monzonite and quartz-bearing monzo-
nite. The quartz monzonite has tiny miarolitic
cavities as a widespread feature of a porphyri-
tic fine-grained facies. The intrusive process
according to Dunham was accompanied by a
progressive concentration of volatile fluxes.
There are no pegmatites or aplites in the mon-
zonite; aplites but no pegmatites in the quartz
monzonite (17.5 per cent normative quartz)
and aplites, pegmatites, and mineral veins in
the quartz-bearing monzonite (10 per cent
normative quartz). The aplites are very small
dikes and veinlets. Quartz porphyry sills and
dikes occur in the country rock (Dunham,
1935, p. 84). Wollastonite (p. 100) has been
formed locally in the limestone contact with the
late intrusions. .

Paleosoic lencogranite and granile porphyry
batholiths, Newfoundland.—Two examples of
Paleozoic miarolitic leucogranite or alaskite
batholiths emplaced in the epizone have been
described by White {1940) and by Van Alstine
(1948), both from the south coast of Newfound-




- T mTessrwaeaswe TIREMNYY A AR AT ST AR S T A haadb e

land. The roofs of the batholiths are relatively hand it has a foliation throughout and is em:gf 'he slates were changed to mica schists and to  Locally the batholith is reported to cut fossilif-
flat, in part covered with roof pendants, and placed in close-folded country rocks—char jmjectlon schists, the quartzites to mica-garnet-  erous beds of Silurian and Devonian age. Most
have gently outward dipping walls. The granite acters appropriate for the mesozone. AR uartz rocks or to quartz-sillimanite rocks. of the data of Fairbairn (1957), however, based
is miarolitic and homophanous. Chilled con- Examples of plutons with transitional char’} Local bodies of marble around tonalite have on rubidium-strontium ages of mica suggest
tacts are rare but were observed. The St. Law-  acteristics appear to be not uncommon il been replaced by garnet, diopside, wollastonite, ~ages of between 350 and 400 million years, or )
rence batholith (Vaa Alstine, 1948) of Devonian  Europe. Several late Hercynian granite conr§ ocrase, feldspar, etc. Many of the intrusive between Middle and Late Ordovician. These
(?) age has related rhyolite porphyry dikes in plexes in Portugal described by Westerveld® ies have zones next to their contacts that are  discrepancies in ages are at present unresolved.
the country rock and epithermal fluorite de- (1955) are post-tectonic and almost wholly] gbanded or gneissoid. Gabbro forms about 7 The characters of the batholith seem to be
posits. It is elongated in a direction approxi- discordant, but also have stecply dippingjiPer cent of the batholith, tonalite 63 per cent, dcfinitely those of the epizone, but it is-not
mately normal to the trend of the major folds planar foliation in substantial part parallel o franodiorite 28 per cent, and granite 2 per certain what significance is to be drawn from
and thrust faults of the Cambrian and Ordovi- the borders of the pluton, but locally at an tent. Larsen is of the opinion that in the area  Wright's reference to 9 miles of eroded material.
cian (?) rocks and is inferred by Van Alstine to  angle. W described the rocks had only a moderate tem- The axis of the batholith is in part strongly
have been emplaced by stoping. The Ackeley ) perature when the first member, the San Marcos  discordant to the fold axes of the regional struc-

batholith (White, 1940, p. 969) is believed to - Southern California Batholith gabbro, was intruded, as small bodies of that ture. The discordant Boulder-San Juan (Col-
occupy more than 300 square miles. A 1 rt.’ck are rather fine-grained. Locally aplite orado) line of plutons, described carlier, may he
miarolitic alaskite facies is associated with The huge batholith of Southern Californiifld¢ikes are miarolitic. Larsen does not discuss referred to as a much ‘‘nearer-surface’’ expres-

the possible depth at which the present level sion of similar relationship.
of the Southern California batholith was em- y
placed but states (1945, p. 404) that it was PLUTONS OF MESOZONE

molybdenite and muscovite metasomatism, displays predominant discordant contacts andj§
Locally where the batholith is bordered by certain other features which ally it with plutons
volcanic rocks there is an agmatite zone 3 miles of the epizone, whereas the near absence o
wide. chill zones, and the occurrence of interna §@probably intruded to within a few kilometers

Another discordant Devonian (?) batholith border foliation and local concordance of struc 40t the surface. Chayes (1956) is of the opinion  “The granile was once hot, full of gos and
of the epizone has been described from the ture of country rock to contacts tie it to batho: ; that the tonalitic rocks are the product of a  mollen ... il rose along o .lcrge broad [ronl,
north coast of Newfoundland by Snelgrove .liths of the mesozonc. gl mechanical mixture and interaction between sirelched out end exponded {1deways and yielded
(1931, p. 24-25), Baird (1951, p. 49-52), and The northern part of the batholith of South:#fgranodioritic magma with previously solidi- to a force from the depth which pushed and drove
Neale (1957). The batholith occupies at least ern California has been described by Larsen; :’,ﬁed gabbro. In most places contacts of the in- i.” Hans Cloos, 1953.
75 square miles in area southwest of Confusion  (1948), from whose work the following summary g trusive bodies are sharp. Chilled borders were
Bay, west of Notre Dame Bay. The rock is is made. The batholith is exposed for a length ot found except in one grancdiorite dike. Iniroduction
described as a granite porphyry or quartz por- of 350 miles and a width of about 60 miles. It @Merriam (1946) describes concordance of struc- ) .
phyry. Foliation and lincation are marked in has a length of probably over 1000 miles i ture of country rock with batholith contacts in It may be expected that a substantial period

marginal facies. Many inclusions of Devonian discontinuous bodies at the southern end aréfthe Ramona quadrangle. . of time would be necessary to permit erosion to
(?), rhyolitic volcanic rocks occur locally in the included. The batholith was intruded in earlyJ: . expose plutons of the mesozone. The fZCt that
border facies. Neale (1957, p. 59) suggests that Late Cretaceous time. In the arca studied bygl'  Batholith of Southweslern Nova Scotia no plutons of Tertiary age in North America

the volcanic rocks and the prophyry are in- Larsen the batholith was emplaced by mort}§ . are known to the writer to be emplaced in the
timately related, and all the authors infer than 20 separate injections. The country rocs g The geology of the great batholith of south- mesozone 1s consistent with t'he foregoing prin-
shallow intrusion. So large a batholith of granite  were regionally closely folded, metamorphosed; g¥estern Nova Scotia (Fig. 8)‘ has been sum- . ciple. In the western Cordillera, Jurassic to
porphyry is very unusual, and it deserves addi- and intruded by earlier granitic rocks, perhapi §lmarized by Wright (1931). It is more than 110  Lower Cretaceous plutons, however, are dom-
tional detailed study. in late Paleozoic and Triassic sediments, théjgmiles long, 20-30 miles wide, and together with inantly of mesozonal character.
orientation of the inclusions and other strudj@wtellitic bodies has an area of 4000 square
tures of the batholith, the elongation of thtgniles. The eastern part consists of biotite and Characteristics
batholith, and the strike of the major faults areg fmuscovite granite that rarely shows gneissoid o
in about the same dircction. Larsen infers that @0t banded structure. Aplitic and pegmatitic The individual plutons of the mesozone are
Indroduction the batholith was emplaced by stoping and not ‘!acif_s are common, and the texture of the gran-  inferred normally to have the follovx:'mg ihta}:-
by forceful injection. Forcing apart of the walls#!te is maintained up to ghe contacts. The con- acteristics. The degree of metamorphism of the
There are several batholiths whose duscrip-  may have been important in furnishing roomigtacts are sharp. Andalusite hornfels has locally  regional country rock is not more intense than
tion suggests characters appropriate in part for some of the elongate members of the bath- 38 been formed in adjoining slate. The country the green-schist and epidote-amphibolite facies.
for the epizone and in part for the mesozone. olith, but it could not have furnished a large§@focks are predominantly folded late Precam- The argillaceous country rocks of sedimentary
. They are therefore herc included in a transi- part of the space for the batholith as a wholedibrian chloritic and carbonaccous slate and origin are usually slates and phyllites. The in-
tional (?) group until more definitive classifica- He concludes that there is no relation betweet§ilisandstone. The beds are in broad folds which fgrred te'mpera.ture_ of the country rpck at the
tion can be made. The Texas Creek granodiorite  proximity to granitic bodies and degree of metsd Qe transected by the batholith, wit.l;out ap- tlmg. of Lntrusnon is generally no hxgher than
batholith (Buddington, 1929a), a unit of the morphism, except for local contact metamorph-Jlk Preciable distortion or deflection. The invading 400 ‘5,00 C. There is no apparent direct rel:';-
Coast Range intrusives of Southeastern Alaska, ism and for thin screens between intrusive@Rmagma is inferred by Wright to have displaced . tionship between the plut(_)ns and volc_amc
is representative of the kind of problem in- masses and small inclusions. For the most its host without appreciable lateral thrusting rocks. The stocks and batholiths are effectively
volved. The batholith has a sharply discordant there is little contact metamorphism wheré Jer doming of the roof. Mesothermal gold-quartz ~ always of composite character made up of two
broad relatively flat roof, common aplite and  the granitic rocks intrude large bodies of older@|veins occur in the country rocks. Wright quotes  or more units. The units in geperal vary syste-
pegmatite dikes in the contact zones only, and schists, slatés, and quartzites. Some of theJiiFairbault as estimating that 9 miles of the matically; the younger intrusions are more al-
associated porphyrltlc aphanitic dikes. These screens and inclusions in the granitic rocks3 Precambrian Goldenville formation had l_)een kalic and siliceous. The charact.enstlf: plutons
........ Letlnawinana. On_the. omer\@ween greatly metamorphoseds troded, mostly before Mississippian time. have complex emplacement relationships to the

PLUTONS OF TRANSITIONAL(?)
EP1zoNE-MESOZONE



country rock—in part discordant, in part con-
cordant. Locally there may be some replace-
ment: Some may show transection of roof in

ally, gentle dips in the core or parts of theo
may indicate a domal roof. The planar struci
of some plutons may suggest a rough fun

core of the pluton without planar structure.
fimilation may be significant in border or
f zones. Wall rocks in the contact zones often
pow the development of a steep schistosity
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Jucture more or less parallel to the dip, in-
ating flowage in a subvertical direction.
Polift of the roof may be inferred. Minor fold
"‘* and lineation of country rock adjacent to
: \pluton may have steeper plunges than fur-
away (Trefethen, 1944, Pl. 1). Bedded
ks or dikes at large angles to the contact
y be crumpled back on themselves as though
picrmed by outward pressure from the pluton.
dded rocks or older sills parallel to the con-
‘may show boundinage structure due to dis-
Ration.
% Emplacement by reconstitution and replace-
ient of country rock is commonly either absent
subordinate. An occasional small pluton,
bwever, may be emplaced wholly by replace-
t. Chill-border facies, in the sense of apha-
JEtic texture, are absent. Typical migmatites
e commonly minor and are often absent. Peg-
! katites and aplites, however, may be common,
Xjdipecially in border zones. They may have a
dial fabric in some plutons. Miarolitic struc-
re is absent. Marginal fissures with inward
s, in part lined with aplite or pegmatite,
iy be present locally in border zones of plu-
gns. The plutons are pre-eminently those where
W applicability of Cloos’ system of “granite
Fctonics” is most rewarding.
‘Some batholiths may be bordered by a zone
dike injection or contact agmatites. Dikes
yig. 13) or dike systems (Pl. 1} as well as sills
Ry occur in the country rocks bordering the

Halifh: i r
:] (M'.l u::l m;n le formations

trusives. Hutchinson (1955) has shown that
ki the Ross Lake area, Northwest Territories,

Section slong tine B-A, modified after
T.R.Faribault, Geological Survey Conada, Mep 53A
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nada, pegmatite veins of an area of several

Ficure 8.—GreaT DiscorpANT DEvONIAN (P) GRrANITE BATHOLITH OF SOuTHWEST Nova Scomi‘;;
Emplaced in lower part of epizone or upper part (?) of mesozone. After W. J. Wright (1931, mod'

after E. R. Fairbault)

archlike shape, and have steep outward flaring
walls in depth. Rarely, a mass such as the Sugar
Hill pluton in Vermont (Doll, 1951, p. 44) has
crowded a series of uniformly north-northeast
trending metasediments into a conformable

- steep’ dipping funnel. Planar foliation is often

well developed, cspecially in the outer portions
of the pluton, but commonly is local, elusive,
or.missing in the core. The planar structure of
characteristic-batholiths and stocks, especially
in the border zones, is subvertical, consistent

are miles are spatially related to a body of
nnodiorite. In the hottest zone near the gran-
g they are often large and emplaced by gran-
zation of granodiorite layers whereas in a
oler zone they were cmplaced as pegmatitic
hids along dilatant fracture Zones, in part
ith the development of zoning of the “com-
fex”’ type of pegmatite.

4
structure either right side up or upside do¥3
with the axis vertical or at moderate indinf
tions; often the structure may be as shown ij
Figure 9. Younger units may crosscut the folia 3 !
tion of older units, or locally the planar flow, Contact-metamorphic aureoles may ‘be well
structure may be independent of boundaries Gji cloped around stocks (Philbrick, 1936;
units within a composite pluton (Fig. 9) aig fitcher 'and Sinha, 1958.) and small bat'hohths
maintain its swing across their contacts. Thg Rd ardund areas of dike complexes in roof
planar structure in some plutons is in part g e (Eric and Dennis, 1958, P1. 1). In the
tematically oriented at an angle to the ould] rger or relatively .deep. mcsozgmal bathoh'ths
border of the pluton. Lincar structure milESional metamorphism is associated. Phyllites

~
3
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canic rocks or metalimestones in the vicinity of
contacts. A schistose structure is common in the
country rock bordering mesozonal plutons.

Mesozoic Plulons with Both Discordant
and Concordent Relalions
to Country Rock

White Creek batholith, British Columbia.—A
late Mesozoic batholith described by Reesor
(1954), from British Columbia shows clearly
many significant phenomena (Fig. 9). The
country rock consists of the Proterozoic Lower
Purcell series regionally recrystallized to phyl-
lites, little deformed in the eastern part of the
area but compressed into isodlinal folds in the
western part. The rocks belong to the green-
schist metamorphic facies. The batholith is
about 12 to 17 miles in diameter. There is a
contact-metamorphic aureole of about 1000
feet diameter, and all the rocks of the contact
zone are schistose. The batholith crosscuts a
north-plunging anticline of Proterozoic rocks.
Although the batholith in part truncates pre-
existing structures, the bordering strata are
generally visibly and violently side-thrust and
forced to conform with the direction of the con-
tact. Vertical isoclinal folds occur along the
north and south borders. In one area a marked
cross cleavage has developed; fracture cleavage
has developed in competent beds, crenulations
with cleavage parallel to axial plane in phyllites,
and a planar {oliation across the bedding. A
vertical upward motion of the magma during
emplacement is indicated by the. vertical to
near-vertical lineation and by joints. Evidence
of stoping is indicated by an almost universal
irregularity of the contact of the pluton with
country rock and by local stoping. Inclusions
occur everywhere in varying amounts, except
within the interior granite. The rocks of the
batholith consist, in order of their emplace-
ment, of biotite granodiorite, hornblende gran-
odiorite, and porphyritic granodiorite .in
roughly concentric arrangement with an clon-
gate core of quartz monzonite. The quartz
monzonite grades into an aplitic facies which
cuts the other rocks. Aplites and pegmatites
occur in great abundance in parts of the mass,
notably in the porphyritic granodiorite but not
in the quartz monzonite. Inward-dipping
joints are well developed throughout the bath-
olith, and many are filled with aplite or pegma-
tite. They rarely extend into the sediments.
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inferred to have originated at the last stage in
"consolidation of the interior granite. The in-
terior planar foliation is universally vertical to
sub&tical, and although generally conform-

Tttt tha_hathalith_it_locally
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' ) FIGURE 9.—REPRESENTATHVE U
In part discordant, in part concordant because of crowding aside of counl .

locally at the border contact of the complex it3
follows every irregularity. There is no linear,
structure in the quartz monzonite. A mafic-rich
facies of the granodiorite may be due to incor3
. poration as indicated by the presence of basi

s
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BATHOLITH OF MESOZONE
M(reck batholith, British Columbia. Modifi

! Sierra Nevada batholith, California.—The
Sierra Nevada pluton is about 300 miles long
V:nd 50-60 miles wide. It has not been fully ex-
plored, and an adequate systematic unified

description of the existin

g data is not available.
Frall.ive 74020 lann ~ukli

chad a monlaaic man nf

EXPLANATION
IGNECUS ROCKS

Lote Mesazoic

590 Quarty montonite (am)
am | agplitic gronodiorile {agd)

[ oot s
[ ] e s

piohite gronodiorite
Biotite granodiorile
Gronite

SEDIMENTARY ROCKS

Proterozoic

Ouotizite, orgillite,
dolomitic quoritite ond
dolomite; represeniotive
" tormation boundories
outlined,

’7”7\ Outer contoel of
boiholith
|, Vertico! foliation

Strike ond dip of

= foliatien
Strike ond dip of
~ bedding

.r’"rr" Foult

2

E. Reesor (1954)

699

the Yosemite area, and Cloos (1936) has pub-
lished a structural study of the batholith of
Vosemite National Park and vicinity and of an
area northwest of Lake Tahoe. The structural
study has been effectively summarized by Balk
(1027 n R(G=A7Y Dnlv came nertinent ideac



from litcrature later than that available to
Balk will be cited here.

Hamilton (1956, p. 21-23) has given a sum:
mary upon which the following abstract is
based. The granites were intruded in hundreds
of separate plutons, some a few acres in extent
and some covering several hundred square
miles. Contacts are sharp, and gradation from
grm;ite to country rock commonly takes place
in less than an inch. The uniformity of the gra-
nitic rocks over wide areas, and the gradual
nature of the variations indicate that large
volumes of the material could be mixed and
homogenized. Some of the intrusive material
seems to have been wholly liquid (as in the
alaskites), whereas some was only partly liquid.

The granites intruded and produced contact
metamorphism of a country rock which had
already undergone moderate regional meta-

_ morphism. Structures in the metamorphic rocks
are cut across sharply by the granites, and
straight dilation dikes from the granites tran-
sect contorted metamorphic rocks. It is pos-

_ sible, however, that some of the deformation of
the country rocks was the result of forces of
intrusion acting before establishment of the
final contacts. Early plutons intruded the meta-
morphic rocks; later plutons intruded earlier
plutons.

The intrusive granites moved generally up-
ward, as shown by their flow structures.
Hamilton states that stoping -operated, but to
a degree that is only conjectural. He infers that
an explanation in terms of cauldron subsidence—
stoping on a huge scale could account for the
emplacement of some of the plutons, particu-
larly the smaller ones which are intrusive en-
tirely into other plutons. However, he finds
that no evidence for such emplacement has
been recognized in the Sierra except that the
geometry of some contacts might favor it. His
c9ndusion is that the plutons formed from mo-
bile magmas which moved upward and ex-
panded outward, mostly passively but in part
forcibly. Large amounts of material were in-
corporated into the margins by assimilation of

_wall rock and stoped blocks, but most of the
granitic material was introduced from {lower
levels.

Durrell (1940), Macdonald (1941), and Mayo

=(1941), who have studied contact relations in
the Sierra; have conduded that, whatever the
means of intrusion, these means were passive.

»They find that contacts are mostly complexly
discordant in detail and, if the wall rocks were
shouldered aside, it was apparently accom-
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solith as extending for many miles paraliel to

the strike of the adjacent formations, although
locally crosscutting; he notes that for a length
of 40 miles the batholithic margin strikes nearly
north and transects the general structure at an
angle of 15° to 40° whereas the northern part
trends northwest at a slightly greater angle
than the formations of the country rock. The
batholith is stated to work across a synclinor-
ium of Mesozoic rocks into Carboniferous rocks.

Smith and Stevenson (1955, p. 816-817) write
concerning the emplacement of the intrusives
#in southern British Columbia that in many
¥ places the batholiths transect the structures of
% the country rock, that in some places much of
‘the rock was pushed aside, and that trend lines
g around tlie southern end of the Coast Range

batholith were probably formed by broad-scale

and strong lateral pressures transmitted

through the magma. The formations southwest
¢of the batholith in southeastern Alaska are
xgenerally isoclinally overturned to the south-
{west, and their dip and the dip of the {oliation
4.0f the border belt of the batholith is steep north-
geast or vertical.

Also in southeastern Alaska (Buddington,
1929, p. 181) reconnaissance indicates that the
- quartz diorite is predominant in the south-
[ . western part (S to 15 miles wide) of the bath-
olith, and quartz monzonite is predominant in
- the eastern part (10-15 miles wide) with mixed
.1ocks of generally granodioritic character in
; the core. Smith and Stevenson (1955, p. 811)
Tdescribe the igneous intrusions in southern
|5 British Columbia as consisting of dioritic to
: granodioritic rocks in the western portion on
.Vancouver Island, predominantly granodiorite
B in the Coast Range, and principally granitic in

. tentral and eastern British Columbia. The fore-
" going relationships recall the Sierra Nevada
L. batholith about which Durrell (1940, p. 12-13)
gt writes that by far the most abundant plutonic
i rock in the area studied by him (southwestern
: part of batholith) is quartz diorite but that the
fmost casterly plutonic rocks are quartz mon-
# zonite and granite, and that there is a gradual,
¥ although overlapping, progression from basic
! types in the west to acid types in the east.
The batholith is exposed along Tracy Arm
" in southeastern Alaska for a width of about 15
% miles at an angle of 60° to the trend of the
Bie major structure. The intrusive rocks contain
[ many large belts of injection gneiss and so many
B inclusions of country rock that it is doubtful if
:‘3—’ any area as much as 10 feet square is clear of
-them (Buddington, 1929, p. 69).

zones about the intrusions, not with shearing B
along the contacts.

Mayo (1941, p. 1081) suggested that the
dominant means of emplacement of Sierm
plutons was “permissive intrusion, tectonically
con}:ro]led,f’ and “the structural features of the
region seem in harmony with the idea that spaceji
for the intrusion was provided . .. mostly by
buckling of the isoclinally folded wall rocks as
a result of a north-south compression”. 3
_ Durrell (1940) and Macdonald (1941) be?
lieve that the belts of country rocks within thé}
batholith are roof pendants with relatively,
flat bases, remaining portions of a once-con?

<.

upper parts of the stocks, and probably all the
larger intrusives, are more or less dome-shaped.
Balk (1937, p. 67), on the basis of the work of}
Cloos, states that an eastern pluton of the}
batholith in the Yosemite region has whatg
might be called a schlieren dome were it not for
a small mass of structureless granite at the core!
and that “each schlieren dome, or arch, is coms
posed of a number of closely related, but petro-
graphically different, rock types which tend to
conform with the dome structure, as a system of;
concentric shells”. This pluton also shows mar
_ginal upthrusts along the contacts of the oldest
intrusion. A comparison of the geologic map by
Calkins (1930) and the structure map of Cloosji
suggests that the flow structure in part crossesIe
the boundary of units as in the White Creek}
batholith, British Columbia. The foregoing dis!

_Coast Range botholith, Alaska-British Colum-
bia.—The upper Jurassic to Lower Cretaceoush

with widths of 35 to 60 miles common and up to
a maximum of 125 miles. A substantial part of
the batholith consists of screens of schist and
gneiss. There are few detailed maps of any parts
of the batholith. 3

The batholith in a general way parallels the}
trend of the prebatholithic structures, but only}
in a general way. Phemister (1945, p. 79) notesf§
that near Vancouver, British Columbia, “The

-
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part of the Coast Range batholith in south-
eastern Alaska have characteristics definitely
like those of bodies emplaced in the mesozone;
the southwestern part of the main batholith
and the adjoining country rock equally defi-
nitely have characters like those of the
catazone. The northeastern part of the batho-
lith appears to belong to the upper part of the
mesozone or even the lower part of the epizone.
A difference in degree of metamorphism of the
country rock bordering the western and eastern
parts of the batholith was early recognized by
the Wright brothers (Wright, F. E. and C. W.,
1908, p. 67) and discussed later by Schofield
_(in Schofield and Hanson, 1922, p. 65-66) and
by Buddington (1928, p. 293-294). The bath-
olith in southeastern Alaska is bordered on the
southwest by a belt of medium- to high-grade
metamorphic rocks. This belt has a width of
about 35 miles at the southern border of Alaska;-
it narrows and pinches out at the north near
Juneau. The belt of metamorphic rocks changes
in metamorphic intensity toward the batholith
from the general regional green-schist facies on
the southwest through garnet-biotite and staur-
olite-kyanite zones to a sillimanitic facies with
a migmatite zone adjacent to the batholith.
There are many plutons of granodiorite or
quartz diorite throughout. The rocks to the
northwest along the southwest border of the
batholith and along the portheast border of

the batholith are slates and greenstones. It |

might be suggested that the belt of medium- to
high-grade metamorphic rocks on the south-
west border overlies an extension of the main
batholith at depth and that the overlying schists
were forced up from deeper zones by the up-
ward push of underlying magma and by the
accentuated upward drag of the magma mass
which formed the southwestern part of the
main batholith. The mechanism suggested re-
sembles, but on a larger scale, the idea of up-
ward drag or upward thrust of walls by rising
magma proposed by Noble, Harder, and

Slaughter (1949, Fig. 4). The quartz monzonite

and granitic rocks of the eastern part of the
batholith are younger than the quartz diorite
of .the western part. Granodiorite porphyry
dikes of a character appropriate for the epizone
are abundant locally in the country rock of the
eastern border and are inferred to be related to
the quartz monzonite.

Mesozoic Psendo-igneous Plulons
or Facies of Mesozone

Swedes Flat plidon, Californic—Two ex-
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as emplaced by recrystallization and replace-
ment in the mesozone are the Swedes Flat stock
in California and the Chilliwack batholith in
Washington. The roof (Pellisier granite) of the
Inyo batholith, California, has also been in-

" terpreted as a product of recrystallization and

replacement.

Compton (1955) has described the Swedes
Flat pluton and interpreted it as the product of
recrystallization’ and replacement. The main
mass of the pluton is about S by 7.5 miles in
diameter. Tonalite and granodiorite form the
preponderant bulk of the pluton with about 4
square miles of gabbroic and dioritic rocks at
the north end and another mass at the south
end. Granophyre forms a local late intrusive
phase. Gradational contacts between granodior-
ite and dark hornfels and amphibolite are
striking. The latter give way to homogeneous
granodiorite through a broad zone of intricately
veined mixed rocks, 100-1000 feet wide against
gabbro and diorite, up to 3 miles wide against
metavolcanic rocks. The regular, gradational
changes from the incipient webbing of these
mixed rocks to inclusion-charged granitic rocks
and then to granitic rocks with only vague horn-
blende clots suggest that the granitic rocks
have passed through these stages in their. de-
velopment. Compton believes that a replace-
ment origin for the homogeneous rocks is sup-
ported by their lack of flow structures or frac-
ture pattern and by the fact that the foliate
inclusions fit the projection of country-rock
foliation through the pluton rather than any
reasonable- movement picture within it. He
suggests_ that most of the granitization was
produced by fluids moving in open channels
and that the source of these fluids was probably
a magma that formed the core of Swedes Flat

" pluton. Such a magma he infers would have

lain south of, and perhaps at a lower level than,
the rocks as now exposed.

Pellisier granite facies of Inyo batholith, Cal-
tfornia.—The Pellisier granite facies of the Inyo
batholith, California, of middle or late Meso-
zoic age has been interpreted by Anderson
(1937) as a roof facies of a major batholith de-
veloped in situ by replacement and recrys-
tallization of both sedimentary and igneous
rocks. The granite carries abundant inclusions,
most of which appear to have originally been
schistose or argillaceous. The replacement
origin he bases upon field evidence of gradation
between country rock and granite, the varia-
bility in composition of the granite, the inherit-
~==snfee-etructure closely_resembling stra stratifica-
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replacements, especially albitization. The pan§
of the batholith mapped is 35 miles long. Tl'r

blendic granite, whereas the main part of thiRg

effecting the development of the Pellisier granite
are inferred by Anderson to have been derived §
from the underlying magma which crystallized
to form the main part of the batholith. Migmat}
titic gneisses have been formed in the bordek§
rocks of the batholith at depth. Ey

Chilliwack batholith, Washington.—The de-}

rLULUND VY

¥ ont after much of the complex is solid. The
dlowmg summary has been made from the
Pellisier granite is in substantial part a hon{gs
d by Poole (1936).
batholith is a biotite granite. The solutions¥

|

scriptions by Waters and Krauskopf (1941)

The Colville batholith intrudes folded and
dynamlcally metamorphosed sedimentary and
Volcanic rocks of late Paleozoic and Triassic
ige. The age of the batholith is thought to be
hte Jurassic or early Cretaceous. It is about
0 miles long. Waters and Krauskopf describe

Whhe batholith as remarkably heterogeneous

both structurally and petrographically. A cen-

scription by Misch (1952) of - the Chilliwack@fitral mass of structureless granodiorites grades
batholith, Washington, affords an example in§ outward into a belt of foliated igneous rock
which the hypothesis of granitization has been § which commonly shows intricate swirling of
applled to explain the development ofa batho-l he foliation. These swirled rocks grade into a
lith in the mesozone in the latter part of thei penpheral belt of variable but well-foliated

Mesozoic. The batholith is about 35 miles long §
and 5-10 miles wide in Washington and ex-
tends north into British Columbia. The country §
rocks are a series of geosynclinal rocks, mostly §
phyllites, quartzites, marbles, greenstones,.
and greenschists except at the southern end of
the batholith where, in the border zone of the
batholith, the phyllites are changed to mica
schist, and the greenstones and green schists
to amphibolites. The granodiorite and quartz §

diorite of the batholith are inferred by Misch &
1 periphery of the Colville batholith show almost
R no evidence of contact metamorphism. Peg-
§ matites are abundant near the border. From
Fdetailed consideration of relations both within

to be the result-of a continued granitization
process which first yields a series of granitic
gneisses (the Skagit gneiss) and then large di-
rectionless granite bodies with gradual passages !
between. The country rocks on this hypothesns .
are not pushed aside along part of the contact, ¥

but in part the granodiorite is reported to havep
moved as a plastic crystalline mass and intruded ¥
the metamorphic rocks. Several smaller bodies
appear as isolated intrusive stocks which have |
forced their way by pushing the metamorphic |
rocks aside. Part of these intrusives are in Lower |
Cretaceous rocks. The magma of these intru-

sions is assumed by Misch to have formed at:’

depths below the level now exposed as the final,

climax in a long process of granitization and |

mobilization, and it is stated that it did noti}

come.from Iar away or an unknown depth. The
depth of formation of the granitic gneisses and§
granites he estimates at thrce or four to ten
miles.

Mesozotc Plutons with Proloclastic or Lale-
Stage Posiconsolidation Deformation

Colville, Washinglon, and Cassiar, Brilish
Columbia, batholiths—The Colville and Cassiar

bathollths are discussed together as they both ¥

[

ta-tharacultc.of continued magma move-

‘migmatitic gneisses characterized by severe
‘granulation of the constituent minerals. Over
‘broad zones they find that this rock is a mylo-
nite and that locally recrystallization has pro-
duced types resembling metamorphic granu-
lites. The trend of the folds (in the country
rock) as well as the direction of foliation and
other structural features is predominantly
northwest-southeast, .and across these struc-
tural trends the batholithic border cuts with
decided discordance. The wall rocks at the

the wall rock and within the adjacent intrusion,
»| however, Waters and Krauskopf suggest that
'the features of the contact zone can best be
attributed to the rise and emplacement of the
batholith as a unit. By this interpretation they
infer that the intense brecciation and usual
lack of metamorphism in the wall rocks is due
to a rise of the intrusive at a time when its

{peripheral portion (Which now forms the gneis-

fsicand mylonitic facies) was nearly solid. Where
the linear structure shown by swirl axes is well
developed the prevailing pitch of the axes is
invariably northwest. They take this to indicate

i
N

ik batholith is taken from Poole (1956). The bath-

at least a slight regional control of this struc-
:ture. The core of the intrusive mass is ho-
‘mophanous and composed of granodiorite and
‘quartz  diorite.

The following description and interpretation
ol certain phenomena shown by the Cassiar

olith is of late Jurassic or Early Cretaceous age
:and is 13 miles wide by 70 miles long. The
‘country rocks are sedimentary and volcanic
'tocks regionally folded and metamorphosed in
‘the greenschist facies or of lower metamorphic

MESULUNE 1o
grade. The Cassiar batholith is largely a bi-
otite granodiorite and quartz monzonite. The
western part of the batholith for a width of
about 4 miles is a strongly foliated cataclastic
gneiss, whereas the interior and the eastern
part is effectively massive though foliated in
places. The central and eastern part is rela-
tively undeformed. There is evidence for shoul-
dering aside and uplift during the emplace-
ment of the magma although it is unlikely that
all the space occupied by the batholith was
made in this manner. Poole infers that the
cause of the deformation of the western border
zone was renewal of intrusion in the solid state
such that the northeast part of the batholith
and adjoining sedimentary rocks moved up
and perhaps southwest relative to the south-
west border zone, producing the northeast dip
of the foliation. He notes that the sedimentary
rocks for several miles southwest of the
batholith are in isoclinal folds with a south-
west dip, and it is unlikely that this would have
persisted if regional deformation had acted to
produce the northeast-dipping foliation of the
west part of the batholith.

Precambrian Batholiths of Mesozone

General stalement.—It has been noted that
stocks emplaced in the epizone may be of
Precambrian age, and so also may Precambrian
stocks and batholiths belong to the mesozone.
The Giants range (Allison,- 1925) and the
Vermillion (Grout, 1925) batholiths in Minne-
sota may be examples, and descriptions of
others follow. .

Noranda-Sennelerre  belt, Quebec.—Several
batholiths of granite and granodiorite occur
as intrusives in a series of intermediate and
basic flows with subordinate tuffs of the Kee-
watin series and Timiskaming sediments in
the Noranda-Senneterre belt, Quebec. The
country rocks have complex structure and a
low-grade regional metamorphism. Norman
(1945) and Tremblay (1950) have described
some of these batholiths, and .a map and
description of structure on which Figure 10 is
based have been published by Dawson (1954).

The batholithic rocks include muscovite
and muscovite-biotite granites and horn-
blendic varieties; the hornblendic varieties
are quartz poor.

- The boundary of the La Motte batholith
is almost wholly conformable with the folia-
tion of the country rock but does transgress a
series of metasedimentary beds at one locality.
The foliation indicates an elongate domal roof
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with moderately dipping walls on the north
and steeply dipping borders around the rest
of the pluton. Migmatization occurs very
locally, Pegmatite forms nearly 50 per cent
of the rock in a zone half a mile to a mile wide
around the border of the pluton and at least
10 per cent of the interior of the pluton.

The Lacorne batholith has borders which
are essentially concordant on the north and
south but which on the east cut directly across
the strike of the enclosing formations. Migria-
tization occurs locally near the southwest
border of .the pluton. Certain large inclusions
have been moved from the vicinity of the walls
and rotated. Thin lenses and dikes of granitic
material have been injected in peripheral
metasedimentary rocks. The foliation of the
pluton indicates a structural dome in the
northeast part of the main mass and another
in the southwest part. As in the La Motte
. Pluton the north border dips moderately, and
& the south border steeply. Dawson infers that
4 the Lacorne pluton originally had steeply

' dipping walls and may have been slightly
‘§. overturned toward the southwest.

liths of granodiorite and quartz diorite were
emplaced in the refolded isoclinal rocks with
accompanying metamorphism of the forma-
tions in the vicinity into andalusite cordierite
and quartz-mica schists (locally with staurolite)
and hornfels. The outer boundary of meta-
morphism crosses the trends of the folds. The
granitic batholiths are concordant, and Hender-
son infers that lateral pressures of invading
magma may have produced deformation. The
sediments and volcanic rocks dip away from
the batholiths at steep angles. There is a series
of small younger muscovite-biotite granite
stocks that have also produced similar meta-
morphism of the country rocks. Many granite
pegmatite veins are discordant with the foli-
ation of the country rocks.

Suppiementary Descriptions of Plulons Emplaced
11 Mesozone

Inlroduction.—Qther excellent detailed de-
scriptions of mesozonal plutons in the western
Cordillera are those by Taubeneck (1957) of

the Bald Mountain batholith in Oregon, by
Smith (1947) of the Surf Point stock .in British 3
Columbia, by Krauskopf (1943) of the Wallowa e
batholith in Washington, and by Compton

The satellitic intrusions are interpreted as
unroofed cupolas that join the main granite
R mass at depth.

Figure 10.~EarLy PrECAMBRIAN BATHOLITHS OF MESOZONE

Dawson (1958, p. 232) on the basis of a multi-
variate variance analysis of the mineralogical

M compositions concluded that the batholiths are

composed essentially of a quartz monzonite
that is homogeneous within the individual
massifs and also within the intrusives as a
whole.

The intrusions are all interpreted by the
{ authors as of magmatic origin. The age de-
termination (Shillibcer and Cuming, 1956) of

& mica from the Lacorne pluton by the K4%-A%
&8 method gave 2500 % 150 m.y.

Plutons norths of Great Slave Lake, Norllnest

(1955) of the Bald Rock batholith in Cali-
fornia. Plutons emplaced in the mesozone are
also dominant in most other orogens, but de-
scriptions of only the Snowbank stock in Minne-
sota and the Enchanted Rock batholith in
Texas will be referred to here.

Bald Rock batholith, California—The Bald
Rock batholith, California, described in de-
tail by Compton (1955), shows many charac-
teristic phenomena of the mesozonal batholiths.
The Bald Rock batholith is one of four plutons
in a chain somewhat more than 40 miles long
of small satellitic intrusions that lics 20 miles

toliotion in granitic rocks; (inchned, verticat,

Foliotion or bedding in pre -batholitic racks,

Lacorne batholiths, in part discordant, in part concordant; Noranda-Senneterre belt, Quebec; Canadian shield. Medified after K. R. Dawson {1954)
t

g T I. Terrilorics.—Batholithic emplacement in Pre- west of the main Sierra Nevada batholith. The ‘
@ ] 1 cambrian rocks north of Yellowknife on Great batholith is about 9.5 miles wide, a little more i .
3 £ . % Slave Lake, Northwest Territories, Canada, than L1 miles long, and has an area of about
a 2 % has been described by Henderson (1943) and 80 square miles. The bedding of the country ;
. Joliifie (1944), and the following is an abstract rocks swings concordantly around the batho- P &
T of their work. The country rocks away from lith, and Compton interprets it as formed by T
fji ~ the intrusions (Fig. 11) consist of graywacke, forceful intrusion. However, he also notes : ;%
3 g slate, and voleanic rocks. Pillowed lavas are that local crosscutting relations show that SRS
58 #' so little metamorphosed that tops of flows can bout a fourth of its area at the sed level T i
§§ o3 | be determined. Chiorite and sericite are com- 2°0Ut 2 d by oth ZXP& leve l} Y
£ ; §§ mon in the graywacke and slate. The rocks are  W2% g"‘t"?e {l.o et :lneans},m;n ¢ at large Pk
5238 isoclinally folded with steep dips. Henderson concentric outliers an a ot injection L
’S‘-_’»;% believes that the isoclinal folds in turn have Migmatite suggest stoping. Indusions are
2337 S 1 been warped into syndinal- and anticlinallike Scarce, but gradational zoning of the batholith
5 ‘

from a trondhjemite core through granodiorite -
to a heterogeneous tonalite rim suggests that

& structures with the axes of the secondary folds
- plunging nearly vertically. The granitic batho-
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FIGURE 11.—PRECAMBRIAN BATHOLITHS EMPLACED IN MESOZONE

Note discordant boundary of zone of metamorphism; from Henderson (1943) reproduced by courtesy'

he American Journal of Science

Rlasic stoped rock contaminated an originally
ditrondhjemitic magma. ’
M Contact-metamorphic rocks of epidote am-
I hibolite to possible pyroxene hornfels form
10 aureole that has an area nearly as great
s the original kinetic intrusion. Squeezing
lland vertical stretching of wall rocks is indicated
hy_ pebbles of conglomerates and crystal line-
Jition, most pronounced near the contact.
A The zone of the contact migmatites is only
& few feet to a few tens of [eet wide where
Rountry-rock foliation is parallel to the con-
Pict; but it is as much as a quarter of a mile
Fwide where the contact is sharply discordant
§lo foliation. Most of the granitic parts of the
gdontact migmatites occur as sharply bordered
Mdikes that generally parallel foliation but
Whocally cross it. The flow structure of the in-
Pirusives is more obvious near the contact be-
fcause mafic minerals and inclusions are here
most abundant, but its actual perfection,
Mvain to grain, does not vary greatly from the
Alnm to the core of the intrusion. In some places
i he flow surfaces paralle] the gradational
A boundaries between rock types, in other cases
@lbey cut across them at large angles. There
e several extensive, unconformable junctions
@Y the flow lines that are probably local in-
Rinusive contacts. Notably, the flow structures
|l as steeply at the core as anywhere in the
§8ntrusion. In the west haif of the pluton there
e thousands of thin aplite and pegmatite
Bliikes, in the east half several large dikes and
Bvipes of aplite and microgranitic rocks. Almost
Wil the dikes are vertical and trend at about
ight angles to the flow .structure. Thus they
3ian out on the flanks of the trondhjemite mass.
RThe late-emplaced bodies in both halves of
Bthe batholith are interpreted as controlled by
Jradial fractures resulting from upward pressure
8 an underlying mobile core. The way in which
bthe flow layers locally cut across the grada-
Bllional rock boundaries poses a considerable
BBliroblem. Compton’s suggestion is that im-
g nobile tonalite was forming near the contact
vhile granodiorite was forming somewhat
farther from the contact, and in some cases
while trondhjemite twas forming still further
firom the contact. He believes the flow structures
ind their overall pattern can be explained only
by assuming that the magma was mobile dur-
ing the growth of the batholith and that grain
Qorientation took place when a zone of mobility
i lowly grew into the intrusion from its walls.
S Larsen and Poldervaart (1957) state that

kAl

A

Lo,

B “The distribution of two distinct zircon popula-
Wl.lions in the Bald Rock batholith as well as struc-

rur

tural relations demonstrated by Compton, are ex-
plained in terms of a parautochthonous intrusive of
migma-magma, with solid phases predominant at
the borders of the pluton and silicate melt predomi-
nant in the core”. .

Larsen and Poldervaait emphasize that
xenoliths are concentrated between the trondh-
jemite core and granodiorite-tonalite rim but
are rare in the rim itself.

The Merrimac pluton to the north, described
by Hietanen (1951), shows many similar
phenomena.

Snowbank stock, Minnesola.—The Precam-
brian Snowbank stock, Minnesota, described
by Balk and Grout (1934) is a very fine example
of a typical stock emplaced in the mesozone.
It is an elliptical mass, 3 miles wide by 5 miles
long, with planar foliation in the borders and
a faint linear structure throughout, although
a late granite portion is almost massive. The
country rocks are strongly crowded outward
with structures largely conflormable with the
contact, and the magma rose steeply as a
cylindrical mass at an angle of about 70°.

Enchanted Rock batholith, Texas.—A pluton
emplaced in quartzo-feldspathic gneisses and
high-grade metamorphic schists has been de-
scribed by Hutchinson (1956) as the Enchanted
Rock batholith from the Precambrian of Texas.
Although of Precambrian age and intruded in
high-grade metamorphic rocks, the batholith
has some characters of those emplaced in the
mesozone. It is also exceptionally’ interesting
in that one-third of the batholith has a phaco-
lithic relationship to the country rock. The
batholith is 9 miles wide and 15 miles long.
The batholith shows predominantly a periph-
eral concordance of the country rock with
the border of the pluton, with minor dis-
cordance. Except for the phacolithic part of
the batholith the foliation is nearly vertical
throughout. The lineation is also nearly verti-
cal, and during the early stages of intrusion
and crystallization the principal direction of
transport is inferred to have been vertical.
Marginal fissures are restricted to the outer
mile-wide perimeter, dip 10°-25° inward, and
are filled with pegmatite and aplite. There
is one joint system with steep dip, subradial
and at right angles to the planar structure,
also filled with pegmatite and aplite. Chilled
border rocks are 10 to 2 feet wide. Hiatal por-
phyritic texture prevails in chilled borders
and apophyses. The phacolithic part occupies
a synclinal trough plunging 35°—40°. There are
four concentric zones of different granitic
facies within the pluton.
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Hutchinson infers that the batholith was
emplaced at a late stage in the deformation by
forceful injection and that not more than §
per cent of the bathalith is of replacement
origin. The age given by the “Larsen” method
is 815 m.y.

PrutoNs or TRANSITIONAL
MES0ZONE-CATAZONE

General Discussion

Ina numb}r of regions part of the plutons
have characteristics of the mesozone, and part
those' of the catazone, although both are of
similar age. Individual plutons also have some
characteristics of both the mesozone and the
catazone. Such mixed associations or. charac-
teristics appear to occur particularly in plutons
emplaced in rocks with an intermediate grade
of metamorphism; that of the epidote-amphib-
olite or staurolite-kyanite subfacies. Where
plutons-are of similar age in the same region,
yet vary from mesozonal to catazonal, it seems
probable that we are dealing with focal vari-
ations in the physical conditions at the site of
emplacement rather than with different depth
zones. In many such examples the pluton with
characteristic of the catazone may be the roof
facies of a mesozonal batholith. .

Plutons of Wolverine Complex, British Columbia

Armstrong (1949) describes the Wolverine
complex as occupying more than 1000 square

.miles in British Columbia. According to him it

includes a series of micaceous quartz-feldspar
gneisses (in part with 40 to 65 per cent quartz)
and migmatites with granodiorite plutons (up
to 10 square miles) formed in place by progres-
sive injection of granitic material and gradual
replacement of injected rock. Roots (1954)
considers the complex was formed by a meta-

_morphism and granitization superimposed on

previously regionally metamorphosed Protero-
zoic and Lower Cambrian sedimentary beds
whose grade of regional metamorphism in-
creases in intensity with successively lower
stratigraphic horizons, low-grade quartz-chlo-
rite schists; crystalline limestone, slate, phyl-
lite, chloritoid schist, and graywackes in
the upper part of series; quartz-mica schists,
quartzite, garnetiferous schists, and kyanite
and staurolite schists in the lower part of
series. The regional metamorphism he believes
preceded folding, and the temperature rise

——mee-dus-in_nart to_emolacement of underlying

_and catazone. The following abstract is based

PLUTONS OF TRANSLILTIUNAL MEJULUIVNE~CA L ALUIN G v

igneous or anatectic material and to sim

:  Willard® . Th try rocks consist
produced by relatively gentle orogenic defo Willard’s report. The country

. a2 . -l rnetiferous quartz-mica schists, quartzite,
o o rtizing fluids developed leucogrlghy e Yand amphibolite. The phyl
same of which consolidated in place; some ¥ 8 carry metacrysts of staurolite, and the

sociated rocks contain randomly oriented xeno-

liths of schist and quartzite.
The metasedimentary beds are part 9( a
homocline on the east limb of an anticlinorium.

mobilized and traveled along foliation plasily
and fractures in partly granitized metssollflt .
ments to form sills.and dikes. A stock of graallf \?’i o o \\\5{5 PN
diorite (5 square miles) with sharp contacge k{ \ 73\3:
steep walls, and a flat domed roof intrudes i ‘ é( :‘1790\\5
schists. e \ \4}‘\\\@
d P N
AY

Plutons of Shuswap Complex, British Colun

B
" According to Cairnes (1940) the area of (ffF
Shuswap complex may be more than 403 g
square miles and consists of intensely metigh.-
morphosed Precambrian beds of Belt (?) -
about Shuswap Lake, but in other areas mi§ §
include Upper Paleozoic and probably Triassls -
formations. The metamorphic complex oM
tains abundant pegmatites, gneisses will
aplitic injection material as an important oo
stituent, great bodies of granitoid gneiss, mf
sive granite with many bodies of pegmatiti:-
granite, and a “sill-sediment” complex @ .
crystalline schists and sill-like bodies of granil 9
gneiss. He believes that the principal process
have scemed to involve a gradual up r B
‘seepage of this material (pegmatitic and aplite¥
differentiates), infiltration along bedding plancfs
replacement or partial replacement of intesf’
vening rock matter, and the growth, in sisg
of perhaps.much of the pegmatitic granite. figg
suggests that, in places, the continued supp 2
of magmatic material resulted in the complegfl-
conversion of large bodies of the original strtif§-
into massive granitoid rock, which, under theft-
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conditions of transformation, became partipg

plastic or molten and, where subjected to lod® TFiourE 12—WLLIAMSBURG GRANODIORITE PLUTON OF TRANSITIONAL MESOZONE-CATAZONE
' >

stresses, behaved much as a normal intrusive}
rock behaves in its contact relation with 14k

joining rock masses. Cairnes believes thi@hists locally have metacrysts of staurolite
granitization was effected in connection wi ,d_kyam_te_. mqst abundant near the grano-
the emplacement of the Mesozoic batholithelbrite. Sillimanite and tourmaline are de-

Armstrong and Roots consider the Shuseapftioped near contacts with the intrusive rocks.

complex the equivalent of the Wolverine com e amphibolite consists of hornblende, un- )

plex and date the granitization as pre-Pennsyk¥F inned calcic plagioclase, with quartz, biotite,
‘vanian or pre-Mississippian. - yfianite, and epidote. The rocks may barely
. wJve attained the staurolite-kyanite facies at

17 wodiori sachusdig time of magma emplacement. The grano-
Williamsburg Granodiorile Pluton, M a.s‘sadx‘::g“ orite i in largs pact a mixed type consisting
The Williarasburg granodiorite pluton in Ml biotite-muscovite granodiorite and of pegma-
Williamsburg quadrangie, Massachusetts, g e, granitic, aplitig, and granodl'ontlf: dikes
scribed by Willard (1956), appears to be.aolfed sills of many sizes. Some of it might be
example of emplacement under conditionflhlied an injection gneiss. The g;anot!mnte is
transitional between those of the mesorogiruded by granite and pegmatite dikes and
Bls. At many places the granodiorite and as-

e . |

Appalachian orogen, Massachusetts. Modified after Willard (1956)

The schistosity is approximately parallel to
bedding on the limbs of folds but cuts across
the bedding on the crests and in the troughs.
The axial-plane schistosity is inferred by
Willard to bave been deflected at the north by
the force of the intrusion (Fig. 12). Slip cleavage
is a planar structure that coincides with. the
axial planes of small corrugations or micro-
folds in the schistosity. For the most part the
slip deavage is parallel to the exposed contact
between the granodiorite and the country rock.
This suggests that the schistosity planes nearest
the intrusive moved up relative to those farther
away. Willard believes that, in large part, the
intrusive forced its way alorig earlier foliation
planes, bending them apart, causing the de-



_ -and producing local shear couples that rcsultga

in the slip cleavage.that surrounds and dips.

away- from it. The schistosity planes fiearest
the intrusive moved up relative to those farther

away. A northwest-trending slip deavage was

produced hy a'later deformation. The preszit
writer would also emphasize the discordant
relationships - bétwien the- borders of the in-
trusive.and the country rock, as:portrayed both
in plan-and by the section as drawn by Willard,
" that relate this pluton to the mesozone.
Lithonia Gneiss (and Stons. Mouniain Granite.
of Mesozone), Georgia

The Lithonia gneiss and -Stone Mountain
granite in Georgia afford another example of a.
gneiss with characteristics-of the catazone in-
ferred to'be assofiated in-time and space with
a pluton apparently emplaced in:the megozone.
The Rb/Sr age of the granite averages 278
m.y. and biotite ‘from the Lithonia gneiss
« gives 297 m.y. (Pinson. el al., 1957, p. 1781).

The Stone Mountain plutonhas been de-
scribed by Herrmann (1954) from whose. work
the following summadry is taken. The country
rock is regionally metamorphosed and consists
of schists of the staurclite-kyanite or epidote
amphibolite subfacies. The muscovite granite
pluten in part cuts discordantly across the
structure of the country rock and in part
crowds the country rock to one side. The flow
structure of the granite i§ in'part conformable
to discordant contacts with the.intruded gneiss..
Pegmatite dikes:aré locally abundant in the
schigt on the north side of -the intrusive, and
aplite dikes on the south side. _

An independent extensive belt of the schist
was. injectéd and replaced by syntectonic,”
‘magmatic, potassium-rich. solutions: which
" modified it to a gneiss (Lithonia gneiss) of
granitic composition. Pegmatite dikes in the
Lithonia gneiss are small and irregular; com-
monly diseardant but locally partially con-
cordant aplite forms thin veins. The retation-
ships of the rocks are shown- in. Figure 13, The
migmatitizing and granitizing fluids are thought
by Herrmann to be co-grdinate with the magma
that formed the Stone Mountain granite. The.
rocks surrounding the Lithonia .gneiss are
metamorphosed to the sillimanite-almandine
. ‘amphibolite subfacies. It iz thus a problem to
* ., the present writer as-to whether the Lithonia
gneiss is the roof portion of a mesozonal pluton
or represents an -eaflier emplacement. in the
catazone. '

. phism by magmatic injecfion drid by perm

363-369) has also emphasized the' extensive
‘oceurrence of mixed ‘gneiss resulting from it

(m}d Naue{uaiag Granité Lens of t
Mesozone), Connecticut b |

A Dbelt of rocks in Connecticut, regionallr
metamorphosed in: the epidote amphibolite
staurolité-kyanite facies, contains plufon}
whose characteristics are those of the mesczontl:
There are -alse bodies of gneiss' formed by
migmatization and granitization that,
best classified in the transitional mesezoney
catazorie. : ;

The Paleazoic Nonewaug granite lens in thi

belt. has been described by Gates.(1954). Thege

plﬁ‘ton is 9 miles long and 3 miles wide. T
long axis is about N.60°E. and is across
foliation: of the schists whose regional tren

YT
'Siene Mountgin granila

Porphiyretdnstic (andesing) bictite gneisa
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‘is north. The schists adjacent to the lens
the noith and west borders have in gerneral
Toliation parallél to the border of the granitt]
as a result of crowding aside at the time.oly
magra intrusion. On the south border

foliation of the:schists is normal to the contac
The sotrthern part-of“the granite lens, howey
is a complex mixture predominantly of grani
pegmatite, and granitic gneisscs with subord
nate féldspathized schist and schist. The fe

ation is variable, as in a crumpled zone. Tht
-granitic goeissés are pgranitized schist, -The
bulk of the granite mass hasa layered structure
dipping 35°-80° SE. and is inferred to be of
magmatic origin.- The granite has crosscuttingd
apophyses:and also occurs.as dikes in the schisti
Pepmatife wveins. are present in the schists
The normal schists are mica giartzites a
.quartz-mica schists with biotite-and muscovite
and accessory' garnet, staurolite, and kyani
The characteristics of the pluton .seem app
‘priate-to emplaceément in the mesozone.
Stewart' (1935) has described from a zont
southeast of the Nonewaug pluton an extensi
belt of porphyritic granitic.gneiss formed
schists of similar age and grade of metama

ation and replacement by fluids whose sour
was in a subjacent mapma. Agar (1934,

vision of these schists by granite and pegmd
tite. These. gneisses may be the roof porti
of mesozonal batholiths, or they could belo

to the upper part of the catazone.

Precanibrian Phacoliths of Hanson Lake, Ar_i i
Saskatchewar b:
It appears possible that phacolithic emplace: 8
ment, although characteristic of the catazonej
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In part discordant, in part concordant, associated with

Hérrmann (1954}




~

may also occur in the transitional mesozone-
catazone. Byers (1957) has described several
syntectonic phacoliths of granodiorite or
quartz diorite emplaced in anticlinal structures
of biotite gneiss, amphibolite, and migmatitic
gneiss of the Hanson Lake area, Saskatchewan.
The country rocks are described by him as
regionally metamorphosed in the amphibolite
facies or the garnet-staurolite zone or staurolite-
kyanite subfacies; locally the sillimanite-
almandite facies is attained. The anticlinal
structures have steeply dipping axial planes
and may be asymmetrical or isoclinal.

Systeclonic Pinckneyville Batholith, Alabama

The Pinckneyville quartz diorite batholith,
Alabama, has been described by Gault (1945)
as a syntectonic batholithic intrusion. It is
more than 40 miles long, 8-12 miles wide, and
is emplaced in phyllites, schists, quartzites,
and amphibolites that have attained only an
intermediate metamorphic grade.

CompLEx HisTory orF GREAT BATHOLITHS,
LARGELY Oor MESOZONE

Introduction

Great batholiths such as those of the Coast
Range of Alaska and British Columbia, the
Sierra Nevada of California, Southern Cali-
fornia, and Idaho have had a most complex
history. Individual units have been emplaced,
usually in a systematic sequence from more
mafic to more alkali-siliceous, to make up
composite stocks or small composite batholiths.
Such composite plutons have in turn been
emplaced as a contemporaneous or successive
series within a limited period of time to yicld
a multiple aggregate that forms part or the

. bulk of the batholith. Such §eries may in turn

be repeated in periods of time separated by
substantial intervals.

The ages of the members of the Sierra Nevada
batholith (largely mesozone) have been de-
termined by the Larsen method (Faul, 1954,
p. 265) to range in large part between 90 and
111 m.y. and by the potassium-argon method
on biotite to be between 82.4 and 95.3 m.y.
in general.

. The ages of several major members of the
Sietra Nevada batholith in the Yosemite
National Park area have been determined
(Evernden, Curtis, and Lipson, 1957) by the
potassium-argon method. The ages for the

youngest major member is 82.4 and the oldest
e

————

I T LR NIDIURY OF GREAT BATHOLITHS, LARGELY OF MESOZONE

95.3 million years, a range of about 13 millug

years, and they believe the range is conef
ept for a narrow chilled edge, in-places less

to a few per cent at most. The average inte
of time between successive intrusions is efffa0 1 inch. The description suggests to the
gFsent writer emplacement in the epizone,

mated as 2 million years, and each is infel - wrl i
to be almost completely crystalline at (g™ this is in agreement with his own observa-
: of this rock in the Hyder district.

time of the succeeding intrusion. The au ol . .
propose S Kere refers certain dome-shaped bodies of

bigoclase granodiorite and hornblende grano-
trite to a Jurassic age. The characteristics
tonsistent with emplacement in the meso-
e, He describes as still older a thick sheet
granodiorite which is gneissic throughout
d possibly of early Jurassic or Triassic age.
Snally there is an older hornblende grano-
rite for which he suggests a Triassic age.
The probable emplacement of part of the
wartz diorite of the southwest border of the
ktholith in the catazone has been previously
plerred to.

f arse grain persists to the sharp contacts

&

"that room for the batholith was made slowly
in small increments by vertical uplift of the ovel
ing sedimentary rocks which were stripped by @

sion as rapidly as they rose. Probably some of &
earliest granitic intrusions were at Lge surface i
the time the last intrusion squeezed into place”d

The writer would qualify this by suggests
that this mechanism was only one of sevd
factors in emplacement.

The ages of several outlying batholiths vn
the sedimentary rocks have been determiss

by Curtis, Evernden, and Lipson (1958).8 .
range between 133 and 143 million years. 18 Mathews (1958, p. 172-177) has described

intrusives of the two different age groups # \;(;'ft;he t}io:mem end of bthtGh COTSi Rangef
believed by the authors to correlate with il o1 % lcong)ntses oth plu ocriust 0
scparate major orogenic periods—one of la§f Ic or Early Lretaccous age and two

Jurassic and the other of early Late Cretaceg utons of post-Late Cretaceous age. The
age. ter are homophanous. Only one of the

The Coast Range and Idaho bathohths unger batholiths shows a faint flow structure,

i that near the borders only.
the complex of plutons of the northeast .
section of the Appalachian orogen all b There are also small epizonal plutons of

mesozonal plutons as the dominant elem gt quantitative volume in_the plutpnic
but also many plutons emplaced in the episd mplex of the Coast Range. One, described
as younget members. - Gault (1945), has developed contemporane-

The ages of a granodiorite and a diorite ok explosion brecqas. A S.tOCk. of mlaro!ltlc
the Coast Range batholith "of southeasis nite porphyry is intrusive into Tertiary

Alaska have been determined (Matzko, Ji&§
and Waring, 1958, p. 538) to be 93 and i
m.y. respectively. They note (p. 537) d .
Silver, Stehli, and Allen have dctermined‘ Idaho Batholith

“«
mean age of 103 & G m.y. for four early M The complex history of the Idaho batholith
Cret.aceous plut.omc I:OCRS. frorp Baja g, been described by A. L. Anderson (1952).
fornia. The Baja California, Sierra Ne ',‘" states that the batholith is composed of

fmd C:’ aistbRanfge. mut FUSIVES ,;‘v; lﬂg thrs ,"' Ecrete masses of granitic rock, some of which
[ part to be ol simuar age. Lhe (0ast % Sime to place under deep-seated conditions,

intrusives, however, are called Late Juratsg e I
to Early Cretaceous in this report. fhers at much shallower depths. The deeply

“ted emplacements include two closely re-
ied, but separately formed masses; the earlier
olved while deformative stresses associated

The Coast Range intrusives in northes Bith 2 major orogeny were still quite intense,
British Columbia are stated by Kerr (l @ other evolved during the later less intense
p. 305) to comprise nine (more or less) dlS ges Anderson infers that these masses prob-
intrusive phases which range in age from ol Bly had their roots in the same source, but
Triassic to late Early Cretaceous. Kerr it the granitic bodies introduced under
scribes the youngest membex, which cuts LosgRallower conditions came from a younger prob-
Cretaceous rocks, as a quartz monzonite n ly unrelated source. The oldest rocks of the
in mafic minerals, homogeneous, and miardil lhollt_h were emplaced at the close of Sierra
with discordant relations to the country rdifevadan orogeny hence near the end of Jurassic
fne. The younger rocks appear to be asso-

Zarembo Island (Buddington, 1929, p. 275).

" Coast Range Balholith i

yoiitic volcanic rocks of similar composition

713

ciated with Laramide structures and are be-
lieved to be product of “Laramide orogeny of
late Cretaceous time”’, He describes a “marginal

" facies”, a gneissic quartz diorite along the

western side with scattered roof masses in
more central areas. The gneissic structure he
takes to indicate emplacement during orogeny.
An inner facies is largely quartz monzonite
without gneissic structure emplaced after oro-
genic forces had ceased and formed under rather
deep-seated conditions as ‘was the quartz
diorite. The bulk of the batholith is believed
to be of these Sierra Névadan rocks. The present
writer suggests the possibility that the quartz
diorite of the western part of the batholith
may have been emplaced in the catazone and
the quartz monzonite in the mesozone.

Anderson notes that a younger group of
rocks, including diorite (of gabbrodiorite type),
granodiorite, and quartz monzonite were in-
truded later and resemble the rocks of the
Boulder batholith and its satellites of Late
Cretaceous age. The diorite has chilled contacts
and hypabyssal characteristics. The grano-
diorite and quartz monzonite have {eatures he
infers to be indicative of fairly rapid cooling
and intrusion into the cold older batholithic
rocks fairly close to the surface.

Larsen and Schmidt (1958) state that some
coarse muscovite-bearing quartz monzonite
and some very fine-grained granite of the Idaho
batholith have small miarolitic cavities. They
also contrast the batholith of Southern Cali-
fornia in which the largest unit is about 200 -
square miles with the Idaho batholith in which
several units are more than 2000 square miles
each, Their statements for the Idaho batholith,
however, are based on reconnaissance only,
and detailed work may reveal greater com-
plexity. They interpreted a subordinate por-
phyroblastic granite facies as the product of
granitization of schist. Ages determined by the
Larsen method on most of the rocks average
108 m.y., but one pluton gave 57 m.y.

Complex of Plulons in_Appalachian Orogen,
Northeast Section

A varied scries of plutons occur in Paleozoic
metasedimentary and metavolcanic rocks in
a wide belt of the Appalachian orogen that
extends north from Long Island Sound and
northeast through Newfoundland. The plutons
range in age from late Ordovician (?) or Taconic
through Middle to Late Devonian or Acadian
to post-Pennsylvanian.

Plutons of Tacanir amn falawe 20n

[N
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tions around the mass in a zone half a mile to
a mile wide contain migmatite. The migmatite
- is interpreted as formed prcdominantly by
forcible granitic injection with some accom-
panying metasomatism. There is a local de-
velopment of granite augen gneiss emplaced
partly by dilation and partly by replacement.
The Clinton dome is similar to the Branford-
Stony Brook dome. . '
IGNEOUS DOMES OF SOUTHERN RHODESIA:
The Precambrian domes of Southern Rhodesia
have been described by Macgregor (1951). He
quotes {p. xxxix) with approval the following
statement of Maufe,

“It is & general rule throughout the Territor
that the strike of the schists and their foliation is
ﬁaral]el to the edge of the batholiths and to the

anding of the gmeissic granite. Secondly, the
batholiths, .being roughly oval bodies, have curving
margins, there being no general direction of strike
throu%hout the country independent of granite
batholiths. Thirdly, the schists almost always dip
away from the margins of the batholiths, thus
appearing to be synclinal areas,” °

. ! pia

:Mz’a,cgregor suggests that the large ovoidal
batholiths probably originated as homogeneous
magmas which ultimately consolidated as
granite gneiss.

Inlerlayered  xenolithic domes.—The term
“stromatolith” was proposed by Foye (1916,
p. 791) for “a rock-mass consisting of many
alternating layers of igneous and sedimentary
rocks in sill relationship”. The types to which
it was applied were granite plutons of the
Haliburton-Bancroft area, Ontario (Fig. 14).

HALIBURTON-BANCROFT  AREA, ONTARIO:
These plutons have a minimum of 20 per cent
of layers of gray gneiss and amphibolite. It was

" inferred that the granite magma was intruded
concordantly along foliation planes of the

- ¢ountry rock with a doming produced near the
center of the intrusion with outward qua-
quaversal dips. Osborne (1936, p. 426-427)
believes that only the border zones of the
batholith described by~Foye contain so many
inclusions.

BLACK HILLS DOME, SOUTH DAKOTA: The fol:
lowing descriftion of the Black Hills Pre-
cambrian granite domes is summarized from

“a report by Runner (1943). The granites of

.the Harney Peak area are a composite of many
sills, tongues, dikes, and irregular masses of
various compositions and ages. Within. the

. arda are many xenoliths of sedimentary rocks

i which in the central part are composed of

. metalimestone and amphibolite. The bedding

———nlanca.and.the axial lanes of the isoclinal folds

iq the sedimentary inclusions in the interiof}
dip outward from the central axial region and
form a well-defined xenolith dome. The growth
of the dome is believed by Runner to havell
been from the center outward by margina J§
intrusion on the border of a laccolithlike struc
Jture. As the structure increased in size, marginal
dips steepened. ; X
The formation of the Harney Peak domejg
was preceded in the area by overthrust faulting§
and recumbent folding. Space for the granite
according to Runner was made by domal uplift,§
lateral spread, and replacement. He suggests
that the domes of the southern Black Hilis§
probably coalesce below the schistose sedi-
mentary cover into a major Precambrian§
batholith. The foliation, he infers, has been§
produced by flow in the liquid state, replaceq
ment of bedding, multiple intrusion, and shear 3
ing of solid granite: Many inclusions were iso-§
lated by coalescence of parallel sills and by
intersecting dikes and sills and were never en
gulfed in liquid magma. The age of some granite
pegmatites in the Black Hills has been de§
termined to be about 1600 m.y. ;
Tectonic domes and folds of plastic crystalline
Jflowage.~Quirke and Lacey (1941) have con’
cluded that many complex batholithiclike
domes with invasive relationships shown by

their diverse facies may arise from “mutual §8

plastic invasion of the rock layers by solid
flow” under conditions of deep-zone deforma-§§
tion, but this interpretation has not received g
much application.

NORTHWEST ADIRONDACK AREA:

bodies of orthogneiss (Fig. 15) with a comf i Introduction.—~The term phacolith was intro-

® duced by Hacker (1909, p. 77-78) for con-

position ranging from syenite to granite have
been described from the northwest Adirondacksg
by Buddington (1948, p. 24-30). The rock of

all these bodies has a granoblastic texture and g
evidences of complete recrystallization undetji

conditions of high-grade metamorphism. They}¥
are inferred to have structures formed by}l
plastic doming and anticlinal deformation}
(isoclinal folding at extreme) of original sheet
like or gently phacolithiclike differentiated lays
ers of igneous rock. There is no evidence of
any granitization or migmatization in cong
nection with the remobilization and develop’
ment of these domes and anticlines as in the
case of the reactivated domes described by,
Eskola, although pressure of rising magma be3
neath the anticlines and domes may have been!
a factor. The domes are not rheomorphic in
the sense that their reactivation has resulted i
intrusive relationships to country rock.’
Tectonic domes of remobilization with iniro.

Several§ {!

duction of fluids.—Eskola (1949) set forth a
gaconcept of the development of domes in.a
@fsecond period of orogeny which has received
Bfvide acceptance. The hypothesis envisages
BE2 plutonic mass of an early orogeny later eroded
#and mantled with sediments. During a later
[ orogenic cycle fluids or new granitic magma was
Hinjected into the older pluton at the same time
Athat it was deformed into gneiss with accom-

panying migmatization and granitization or
i palingenesis. The old pluton was thus mobilized

anew, and associated younger intrusive magma
may display an intrusive relation to the mantle

rocks. .

g Eskola (1949, p. 470) suggests that the domes

in Maryland described by Broedel (1937) are
of such an origin. Precambrian granite gneiss

was reactivated in Taconic (?) time by intru-

'sion of granite and granitization. He also sug-
_gests that these mantled domes accur in oro-
' genic zones and have apparently been formed
£ under the influence of horizontal thrust move-
pments, although the doming itsell is inferred
#to be due to vertical movements of granitic
B masses, most if not all of which were caused
by swelling during granitization and soaking
I with granitic magma.

[ Inalater paper Eskola (1952, p. 126) empha-
f sizes that in some domes the element of later
i granitization is absent or only incipient.

Further discussions of the problems involved

W in such domes may be found in the papers by

1
©

it Kranck (1954) and by Balk (1946).

! Phacoliths

o
Ji

)

tordant intrusive bodies introduced concur-
#i rently with folding. He states that the situation,
habit, magnitude, and form of the phacolith
are all determined by the circumstances of the
folding itself and that the ideal type of phaco-
lith is subject to many modifications, in accord-
lance with the varying mechanical conditions
fl of intrusion. Harker also suggests that orig-
inally concordant relations may be obscured,
i owing to the ignedus rocks becoming involved
Bin later folding. The original phacolith de-
’ scribed by Harker is a dolerite intrusion in a
Frelatively gentle anticline. Most intrusions to

Bl which the term has been applied since, how-

R ever, are syntectonic granitic types in highly
B} deformed rocks and may themselves have been
F subjected to strong post-consolidation deforma-
% tion. The phacoliths are characteristically much
! thickened on the anticlinal plunging noses or

|
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in the plunging ends of synclines. They com-
monly range in size between a mile and a’score
of miles in length and may be up to several
thousand feet in thickness.

Phacolithic intrusions emplaced in the cata-
zone are common throughout the world and
have been especially described from the Pre-
cambrian shield areas. Excellent descriptions
of granite phacoliths in Africa have been
published by Gevers and Frommurze (1929)
and by Poldervaart and Backstrém (1949).
Several North American examples, all of Pre-
cambrian age, are reviewed here to illustrate
this mechanism of emplacement.

Phacoliths of Grenville subprovince, Canadion
shield—Phacoliths are abundant in the high-
grade metamorphic Precambrian rocks of the
Grenville subprovince of the Canadian shield
where they have been referred to by Wilson
(1925, p. 397). Osborne (1936, p. 426), and
Hewitt (1953, p. 92-93), and have been de-
scribed throughqut the Adirondack outlier
by Buddington (1929b; 1948; 1956, p. 115-117),
Reed (1934); Cannon (1937), and Dietrich
(1954). Some of the Adirondack phacoliths
occur in marble, and all have a homogeneous
and narrow range of composition (Buddington,
1957, p. 295). These relationships along with
others make it highly improbable that they
were emplaced by replacement but rather as
magma. Nearly all those in the marble, 15 in
all, have come into anticlines, most of them
into anticlines parallel to the major trends, but
some into anticlines or synclines that are cross-
folds. Extensive phacoliths of . replacement
origin, however, in many places accompany
those of magmatic intrusion.

Phacoliths of the New York-New Jersey high-
lands.—Phacoliths are also abundant in the
highlands belt of Precambrian metamorphic
rocks in New York and New Jersey. A syndinal
phacolith has been described by Lowe (1950).
The granite occurs as a synclinal sheet with a
greatly thickened trough and one well-de-
veloped limb. Lowe infers that absence of
secondary foliation and lack of tectonic fabric
patterns in the granite indicates ‘post-tectonic
emplacement. He proposes the concept of “ex-
change of space” between the magma rising
and the country rocks subsiding into the empty-
ing magmatic chamber to account for the lack
of evidence indicating lifting of the overlying
rocks by forcible injection of the granite. The
present writer has studied similar granitic
plutons some miles to the southwest, and for

these there is adequate deformation and re-
crystallization in much of the rock to justify

s i e o

o
=2

.

R
s

i



— EXPLANATION
- . IR
- oysont 1l vy
: gronile .« YV
. ' .. . gneiss . R
. it e Granile, granite greiss ond
associoted pegmalite
. sl Hybrid gronite gneiss,
./"'——\\ migmotile and associated
> .0 gronite pegmotite
4500/ [ Olomorgon\{ 45°00°
D gronile | (e I
T gneiss \\ \\$5 RN : s ro }L
DN NN i Es /. :Cgh'eo?‘?fev R\ Diorite, gabbro, hornbiendite,
YN % // el e pyroxenite, ancrihosite;
AN ,130\ (¢ fm £ 7 aneiss>: - metogabbro, omphibofle
AN SN N A -_'.:.:.:"
. P Nty
‘ \. A . ' - - ’ ' s g
. HASTINGS § Strike and dip of [oliotion
+ - -
/7
Strike of foliotion
4l ArTslrulhe:r ST Boundary lines of lithologic
' _// gronife gneiss _ - . e unils
) . . .t . . * —
”~
/
Foult or lineoment

: F 7
. ”I {;\\.\Iggne:ss RREL I
SN

Ordovician
° beds
t [+] 2 4 6
B Scole In Miles ’
44°30
78°30' i
I Ficure 14. GEOLOGY OF PART OF T AREA, CANADIAN SHIELD
\“““““-""’;mnnmr.v_and_metavolcanic rocks of Hastings Basin southeast of line of crosses are & Jiate-grade metamorphism and include conglomerate, argillite, and pelitic schists, blue-limestone

“““ —-=ancchict_facies. Metasedimentary and metavolo#t of fine of crosses are in high-grade metamorphic facies and include migmatites, paragneisses in
e

e mbalinrite schist fram hacir valranic rarke The aranitae af Haclinee Nacin wara amanlacad i sl cmmmee 0



'

44%as'

7515’ 7500 ;

F S
O
rS

T T

15

i 20 Miles

i 44°30'

4445 -

: PALEOQZ0IC
o BEDS

[
. 44°00' 1
* 75%4s%’

e

. &lﬂf’_ﬁ" 45

. (X2

o

Lo . 75°30

. ;_ﬁ-/;
1 —_f_ -+ -;: -
—LEn

Lottt
yYvye

yvy

; \ﬂ"_ vv':' i
-—E]I‘_—'-'_\r S Wy

PALEO
:14

¥
¥

+ 4t

AN ANl O \ e g
et Attt +-
"

+ +
++ + .b—-'A“ A +44
Y Y YY VY AT

[)
+++++++4¢+/++
ER TR Ik S

75°15'

75°00

‘ . _ FiGure 15,—PRECAMBRIAN PLUTONS OF CATAZONE, N
Phacoliths of igneous origin, pseudo-phacoliths of metasomatic origin, 08

. considering them as late tectonic emplacements

. , and as phacoliths.

A 'phacolith of pyroxene and hornblende
syenite gneiss has been described from the New
Jersey highlands by Buddington (1956, Fig.

. 6). It occurs on a steep anticlinal fold, is more
..7+. than 12 miles long on one limb with a thickness

) 4
amount on the plunging nose’ of the antidlinl
Younger granite also occurs as a younger phace
lith flanking the syenite gneiss (Buddingt j
1956, Fig. 6) on the same anticline. In the arés
to the northwest of this composite phacalitl
Hague el al. (1956, p. 459) describe phacolith
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ﬁsneOus domes, and tectonoplastic domes and anticlinal cores of orthogneiss

ithe Byram gneiss and other rocks indicates
that the Byram was formed either as a phaco-
Llithic intrusion or by replacement of a large
metasedimentary sequence and that most of
the field and microscopic evidence points to an
igneous origin. They conclude that the Byram
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Phacoliths of igneous olaskite, predomincin!!y
in morble
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Phocofiths and sheels, predominantly ol pseudo-
igneaus porphyrablostic granitic augen qneiss
{metasomotized biotite-quortz - plogiociose
gneiss); some igneous gronite.

-

Phacoliths, synciinal, predominantly of quartz~

microctine gronite gneiss. { metasomotized biotite

quoriz-plogiociase gneiss); some igneous o
microcline-rich granite.
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Elongole domes, phocoliths ond shee! of igneous
hornblende granite and subordinote alaskite.

H

T

Antictinl cores and domes of granablastic
syenite-quortz syenite- older granite or lhogneiss; .
in por! complexly overlurned isoclinal folds.

Marble, migmatite, paragneisses, quarlzile,
and skarn of Grenville series; dioritic gneiss,
omphibolite.

o —————

>

Sirike ond dip of foliation

P

Vertical totiation

igneous intrusion coupled with partial re-
placement.

Phacolithic emplacement of plutons in the
New Jersey highlands has also been described
by Hotz (1953, p. 185-192) and by Sims (1953,
p. 265-268).

Walf Mnsestnin hhacalith Toavae ™o
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described by Stenzel (1936). He suggests that
-the granite intruded as a phacolith into the
trough of a syncline that pitches on an average
16° SE. The granite is underlain by gneisses
and overlain chiefly by schists. The intrusion
he. believes took place toward the end of the
period of folding of the country rock and was
accompanied by the stress that produced the
folds. Stenzel infers that the feeding channels
of the intrusive body are in a long shear zone,
which extends along the phacolith and cuts
across the schistosity of the country rock.
Thus the magma, after rising in this moving

shear zone, spread out into the syncline along

the boundary between gneiss and schist.
Horpoliths.~—The angle of pitch of the axes
of phacoliths may range from gentle to 90°.
The name “harpolith” was originally intro-
duced by Cloos (1921, p. 44-47, 84-85) for
- intrusions of sickle-shaped form emplaced
contemporaneously with the formation of cross
folds in steeply folded rocks. There are numer-
ous harpoliths in the Precambrian of the
. Adirondack area. The syndinal phacolith
described by Dietrich (1954) could be called
a harpolith.
Replacement pseudo-phacoliths—Some phaco-
lithiclike granitic masses are in large part the

. product of granitization and metasomatism,

such as the Hermon pseudo-phacolith of the
northwest Adirondack area, New York, and
the sheet of granodioritic gneiss of the Manawan
Lake area, Saskatchewan, described in sections
that follow.

Ambrose and Burns (1956, p. 49-52) have
inferred that the granite sheet conformably
surrounding the Clare River syncline of the
Grenville series in Ontario is of replacement
origin, primarily because of the general con-
formity of long thin septae of limestone and
the lack of disturbance which they infer should
accompany magmatic emplacement. The pres-
ent writer, however, is convinced of the pos-
sibility of essentially conformable syntectonic
emplacement of magma in folded rocks.

Quirke (1929) has described a series of Pre-
cambrian intrusives from the French River
area, Ontario, which he calls batholiths. His
"description of the structural relationships,
tectonic history, and his interpretation of their
origin, however, permit them to be called re-
placement phacoliths. The country rocks are
metasedimentary rocks and migmatites. The
plutons consist primarily of granitic and syenitic

~warlke_The major structures of these areas ac-
T etk unifving

its apex to the north, to which converge ani*jillindrical fold resulted from a deformation of
clines, synclines, and fault lines. The batholiti@leviously isoclinally folded metamorphic
conform to the country gneisses of this strucx
ture. The masses of plutonic rock are in geners I

of the Grenville series that caused rota-’

emplacement is considered improbable because
of lack of flow structure or of post-emplacement
deformation.

small, less than 15 miles long and less than S
miles wide. Quirke states that the intrusiveag
lenses are inclined to widen along the axi
region of the great syncling; indicating thaf
intrusion and folding were closely connected
in origin. The granitic rocks appear to him to]
be replacements of sedimentary rocks, and'hg
cites as one line of evidence that the pheno
crysts in some certainly have grown wilhil
gneisses which still are easily distinguishablé
as sedimentary rocks, and that these gneisscS
grade into masses which are so exclusively pofy
phyritic that no trace of other structure
texture remains visible. . :
Phacolithic and pseudo-phacolithic emplac
ment, Monowan Lake ares, Saskalchewori—
Complex phacolithic emplacement appears
be well exemplified in the Manawan Lake areay
Saskatchewan. The area has been mapped and ¥
described by Kirkland (1956), and a part df
the geologic map is:shown in Figure 16. The
plutons were not designated as phacoliths by
Kirkland, but the structural data given 8
consistent with such an interpretation. The
rock mapped as granodiorite gneiss is descri
as a strongly foliated or finely gneissic rock
composed of quartz and feldspar with horf
blende the most abundant mafic mineral.
many places minor amounts of nodular mel
arkose, biotite gneiss, cordierite-biotite gneisiag
and hornblende gneiss also occur. The granolies

EXPLANATION

E Horablendic’
or biotitic

migmatite and ougen gneiss

Hornblende gneiss
ond granutife,
mphibolite

| Biotite and biofite-
boe 4 hornblende meta-

sedimentary gneisses

Meto - arkose
ﬂ Lineotion

Foligtion and
gneissosity

diorite gneiss occupies the same pasition on thel
cast side of the Lake Manawan dome (L.M:
as the meta-arkose does on the west side, and
the granodiorite gneiss is inferred by Kirld' o
to be a more highly metamorphosed granit;# ,
equivalent of the meta-arkose. 1
The conformable phacolithiclike core of thillin about a vertical axis expressed by buckling
Lake Manawan dome consists of leucocralKBi competent bands along the strike and in
porphyritic to even-grained granodiorite. Thilertain places of flowage of incompetent layers
plagioclase exhibits albite and Carlsbad-albiligilinlo “vortices”. The pluton is formed in part
twins. The rock is generally massive but{illy gabbro but in large part by monzonite that
places weakly foliated. The granodioritei&ieplaces gabbro, paragneiss, and marble. The
interpreted by Kirkland as intrusive. ‘JESuton is about 15 square miles in area, and the
X diation of the country rock is conformable
Prith the margin of the mass. Numerous relics
B country rock occur within the pluton, and
Rheir foliation conforms to the attitude of the
ternal mantle. There are several such plutons
l'a row close together. The plutons are in-
ferted by Wynne-Edwards to be post-orogenic,
Riiplaced in a dilatant zone with no indication
¥ flow structure. A syntectonic mechanism of

Scole in Miles

5

Subcylindrical Plulons

Wynne-Edwards (1957) has described b
Westport pluten in Ontario as that of an almog
vertically plunging cylinder emplaced in]
vertical cylindrical {old or “vortex” that formek
a natural vertical channel for the uprised]

b I~ aranitic  emanations.

" FIGURE 16.—CoOMPOUND GRANODIORITE PHACOLITHS (M.L. aND S.L.) OF INTRUSIVE ORIGIN AND
B PsEupO-PuACOLITH OF GRANODIORITIC GNEISS (RECRYSTALLIZED AND GRANITIZED META-ARKOSE
. N Prace), CAaTAzONE

Modified after part of Manawan Lake area, Saskatchewan, by S. J. T. Kirkland (1956)

Emplocement in the Grenville Subprovince,
Canadian Shield
General  stalemeni.—The Grenville sub-

province of the Canadian shield includes a
belt more than 250 miles wide and more than
1000 miles long consisting preponderantly of
uniformly high-grade metamorphic rocks and
igneous plutons of the catazone. The province
includes the Precambrian outlier of the Adiron-
dack area in New York. The rocks of the high-
lands of New Jersey are similar. Many aspects
of the area are discussed in The Grenville prob-
lem (Thomson, 1936). Age determinations
(Shilliber and Cumming, 1956; Eckelmann and
Kulp, 1957) lead to the inference that the
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general Haliburton-Bancroft area, Ontario,
are 800-900 m.y. and 1050 =+ 20 m.y. old.

Plidons in the Grenville scries of Quebec.—
Osborne (1947) has had much expericnce with
the geology of the Quebec part of the Grenville
subprovince, and the following statements are
based on some of his conclusions. The type
locality for the Grenville series lies within a
dejective zone. Within this zone the intrusives
tend to be concordant with the Grenville rocks.
Between the dejective zones are broad areas
characterized by schistosity parallel to bedding
and by gentle dips. In addition to sills in these
arcas there are batholiths of coarse-grained
granite that cut across the structure. Qsborne
notes that some measure of syntexis is observa-
ble, particularly in the dejective zones, and
that members of the normal sedimentary series
may be missing, in which case a variety of
granitic rock ozcurs in its place. He suggests
that magma appears to have been the dominant
constituent of the syntectic but that at a few
localities the granitic gneisses were formed by
granitization of paragneiss. In the Ottawa
folded belt Osborne (1936, p. 426) finds that
most of the intrusives as a whole partake of the
nature of phacoliths.

Plutons of northwest Adirondack area, New
York~—Several types of emplacement of plutons
in the catazone are well represented in the
Grenville series of the northwest Adirondack
area, New York, and outlier of the Canadian
shield. Representative structural relationships
are shown in Figure 15.

In the northwest part of the area is a belt
about 25 miles wide in which members of the
Grenville series are predominant. The granitic
plutons occur as alaskite phacoliths of intrusive
magmatic origin, mostly in marble, and as
sheets of porphyroblastic augen gneiss formed
largely by metasomatism of biotite-quartz-
plagioclase gneiss interbedded with marble.
Most of the phacoliths have moderate plunging
axes parallel to the major trend of the forma-
tions, but a few are in crests or troughs of cross-
- folds plunging nearly at right angles to the
trend of the formations. The phacolith at the
cxtreme northwest is emplaced in a cross-fold
. plunging southeast in beds isoclinally over-
turned to the northwest with steep dips. Sev-
eral small phacoliths along the northeastern
half of the southeast border of the Grenville belt
are also on cross-félds, here plunging northwest.
The phacoliths along the northwest and south-
east portions of the Grenvilie belt are in zones

‘ tion that the granitic gneiss is of mectasoma '

suuwneast respectively and are grano
gneisses. In the central part of the belt, boe
ever, there are phacoliths with gneissoid mes:
perthite granite. ;

The largest body of pscudo-igneous porphyz
blastic augen gneiss in the Grenville belt is th
Hermon pseudo-phacohth (Fig. 13,
44°25' Long. 75°15 to Lat. 44°%8’
75°45'). The rock is predominantly a

ern and eastern anticlines of orthogneiss
as floors for the phacolithic emplacement
the younger granite athough the southern
of the northwest limb of the northern belt
orthogneiss was locally cut out by the
ger granite.

There are several synclinal phacoliths of
tz-microcline granitic gneiss. These repre-
with augen of microcline in an even-grai §metasor3mtized biotitg-quaru-plagiodase
gneissic groundmass. The phacolith has a g?'uddmglton, 1957) in péll:t :fmd i part
imum length of 35 miles and a width of 1-k Juat Nimlcm? 1r;e igneous rock o :ﬁagm?ﬁlc
miles. The granitic mass is continuous at 1, l:gn: %Ch of the mctasom:lltxc rc]> 15 Sl
southwest around the plunging nose of a v} lhl ic. The bmtlfte qul?rttlf plagioc asel: grzlexss
ordinate anticline and the trough of a syndine§: e;fme ty ‘})16 oblroc at was replace tlio
The granite mass transgresses the trend of s ba¥ ville l?:l:p yroblastic augen gneiss in the
of biotite-quartz-plagioclase gneiss from nes ecg 1' in th theast t of th
one side of the stratigraphically upper partJ a (i mplg;! n the soutneas e(rjn pfart ot ¢
the gneiss to marble at the base. There are g lic dgom lsd ust ;?T‘lmie S° of ecrorr:o:
gradations between porphyroblasts in the b s T Lhcs an ";n ! ‘al ore d; grano
tite-quartz-plagioclase gneiss, porphyrobl Boes, orh Og';etlﬁs ° z:jn e}a]xr );Speno d |gne(ojus
schiieren of the country rock in the grs R, col'tlp acf:o: Z an ts ee tan pseugo-
mass, and uniform granitic augen gneiss. M' Pl ,1 'S 0 Hme b'isoma ¢ granite gneloss
matic facies of the biotite-quartz-plagiods Thu mf Sf ‘fmth“ﬂ;;:lgg ncroﬂ];zrea, f)étana
gneiss are also associated. The granitic gncls ; O:t: u { 0 Ad € ! du;}tori- an(tirgolo) a}l;ea
variable in composmon A syenitic facies is O# tio by Adams and Barlow as

i e this a classic area for the portrayal of
veloped locally in mixture with anp hibolie mlain aspects of batholithic emplacement. A

All these phenomena have led to the interpreiaf@’ fed geological map (Ontario Dept. of
Nines, Map 1957b) and a revised interpretation
the geology by Hewitt (1956, p. 22-41) have
ently been published.
% The belt of high-grade metamorphic rocks
wthwest of the Hastings Basin (Fig. 14)
dudes marbles and silicated marbles, basic
deanic rocks largely altered to amphibolite

origin. There is also some even-grained grani
associated which is inferred to be of direct ma
matic origin. There are some bodies of ineq
granular granite or granite gneiss intruded &
isolated sheets in marble. These may reprsd
remobilized or partly anatectic material, be

we have no critical evidence. The sclutio . .
A . { ists and  gneisses, metagabbro and meta-
effecting the metasomatic development ol g . . P .
iite gneiss, paramphibolites, and paragneiss

i i ted to m b - JA . .
augen gneiss are inferred to be rela ~ dolaining sillimanite and garnet. Hewitt de-
matic masses below. i

The structure of the area dominated by ¥ bes. the batholiths in the high-gra de meta-
neaus racks, pseudo-igncous racks, and ort orphic terrane as mixtures of granitic material
gneisses in Lhe ‘southcastern part (Fig. 15) bt l‘ng 'fr_om granitic gneiss to pegmatite inti-
been controlied by the anticlinal folds Alely injected into and replacing paragneiss
domes of granoblastic syenite-quartz syeni®s " amphibolite. Abundant inclusions and
older granite orthogneiss that have scrved lleren are present, and gradational hybrid
relatively rigid buttresses. The metamorphisth§ eer[ tTlxl;:dd origin are cm:;mc;n l\soiﬁ of
and deformation of these rocks along with the§" 8ranitic bodies are concordant, and there
Grenville series of beds preceded the emplaoe
ment of the younger granitic plutons. :I:
magmas yiclding the syenite-quartz sye o ) )
old%r g,rar)me rogks are )mferred to have beodgfdliolithic Development of Pseudo-igneus Gronite
emplaced as relatively flat-lying sheets « in Calazone

ne & :
gently dipping phacoliths of the ep)z?h A Iroduction—The occurrence of replace-
transitional epizone-mesozone. The nor

knt pseudo-phacoliths and sheets in the cata-
ern part of the western belt of orthogneiss Bi» ! .
limb of an anticline overturned to the soubdl,® has been discussed. A few examples

matism,

# much evidence of granitization and meta-_

liths will now be considered. Many have been
described from the Precambrian, especially the
Canadian shicld. Early papers advocating the
emplacement of batholiths by replacement and
recrystallization were those of Quirke (1927)
and Quirke and Collins (1930). Some recent
examples are those of Harrison (1949), Christie
(1953), Robertson (1953), Steven (1957), and
Eckelmann and Poldervaart (1957).

Harrison (1949, p. 3¢-39) described the rocks
of the File-Tramping Lakes area, Manitoba,
and concluded that granitization has locally
affected all volcanic and sedimentary forma-
tions in the area and that it has taken place on
a regional scale and has locally been intensive
enough to produce granite. He infers further,
however, that abundant evidence indicates
that magmatic granite also existed in large
amounts.

Robertson (1953) has described the rocks of
the Batty Lake area, Manitoba. He finds that
gneissic, granitelike bodies occur in the Batty
Lake area as bodies of batholithic size, as

stocklike and sill-like bodies, and as pegmatite .

bodies. Viewed in aerial photographs, the larger
bodies exhibit complex to broadly sweeping
folds resembling those of sedimentary forma-
tions, but in the outcrop they are granodiorites,
tonalites, and granites, compositionally, with
well-defined foliation and grading impercept-
ibly into rocks. apparently of sedimentary
origin. He concludes that ‘granitization”
commences with the development of albite-
oligodlase in the sedimentary rocks, producing
rocks mapped as “‘granitized” gneisses, and
continues with the later formation of micro-
cline to form bodies of granitoid gneiss that
may, in some instances, have become mobile.
Robertson suggests that the cause of regional
metamorphism and “granitization” in this
area is the proximity of magmatic material at
depth.

The development of quartz mohzonite gneiss
and extensive granite pegmatite veining by
metasomatism has been described in detail by
Steven (1957) from the Precambrian of the
Northgate district, Colorado. The country
rock is hornblende gneiss, and remnants are
abundant in the quartz monzonite gneiss.
Metasomatism has been effected by tenuous
silica- and alkali-bearing solutions. The gneiss
is inferred by Steven to have locally become
mabile, moved as a plastic crystalline diapiclike
mass, and developed with its foliation in the
form of a funnel.
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Towl 1 oaskatchewan shows very well the kind
of phenomena that have led to the inference of
batholithic emplaceniént by metasomatism,
The {ollowing description i3 based on that of
Chiristie (1953), and: two. sélecled aréas from
his map are shown in Tigure 17. More than
50 per cent of the Goldficlds-Martin Lake

map-area is underlain by-a complex of \granite,
.gramite gneiss, and granitoid gneiss, Christie
concludes that thegranites have been emplaced
mainty by a granitization or réplacement
Process, although various small bodies such as:
the Mackintosh Bay granite may have beén
emplaced as 2 moltén magma. The Mackintosh
Bay stock is shown in the lower part of area
B of Figure 17, and Christic dederibes it as
greissic with the appearante of having thrust.
aside the enclosing sedimentary strata during
emplacement. The foliation of.the. granite iear
the .contacts is everywhere parallel to. them.
Within thic stock the foliation has a rough
elliptical pian, and lincation indicates a plunge
of about 35% ST.

Christie states that in general, although the
contacts of granitic rocks and amphibolite are
sharp, ‘the cofitacts. witli ‘quartzites: are com-
monly gradational over tens, hundreds, or even
thousands- of feet: Typical coarse-grained pég-
matite dikes' or sills are rare except in the
melasedimentary rocks north and northwést
of the Mackintosh Bay granite stack,

Tlic folidtion of the granitic rocks-near con-
ticts with metasedimentary relics dips gently
or moderately but tends to bé steep or vertical
away from them.

The evidence for emplacement of most of the
grainitic: rocks By granitization is based by
Chrigtie. largely on gradational zones with
quarizite, evidence for a complex serics of
replacements ‘indicated by interpretation: of
niicrotexture, and the lack of displacement .of
most reliet structures. The latter is exemplihed
by the inclusions outlining a skeletal fold in
the upper part.ol area B of Figure.17,

(Qitad Creck area, Bearloth Monntains, Mon-
tasi.—A detailed study of the Quad Creek area
of Precambrian age in the Beartooth Moun-

tains has- been published by Eckelinann and.
Poldervaart (1957}, Age determinations of
these Tocks by Gast and Long (1957} based on
Rb-5r plage them.in general between 2730
antl 2800 m.y. The following description is.a
summary based on the report of FRekelmann
and Poldervahrt, The Beartooth Mountaing
form an elongate range with longer axis trend-
ing northwest and consist of a, core of granitic
pieiss flanked Dby migmatites and metasedi-

mients. The historical development is Heli

is o2 2 .
to be (1) original deposition of an Archean H E 2 VE % £ 3
mentary sequence; (2} emplacement of met £1 e f 3 g
gabbro and ultramafc intrusions; foltowed b '-:-;': f£1s z P o =
folding—Ilold axes strike north-northeast; Eg g3t T g A 3 g
regional metamorphism  and  graniti 8% E;E =] 2 H k4
resulbing in-a.core of granitic gneiss and m i3 %.2 T v 2 &
of migmatites and metasediments with boukg by 8 ¥ £ . &
daries-trending northwest. The last expressiy” ‘g.% '-5 £ 8

g: ]

of granitization was thé production of pegnel.
tites, Eckelmann-and Poldervaart believe thiff -
their studies ‘indicate in-place formation Bf
graiiitic gneiss. lold axecs pags continue
and without deflection from the mantle
metasediments and migmatités aerdss
Boundary zongs into the core of granitic gn
‘although the folds intersect the boundary
at 40° to 50% The boundary zone consists
intersecting: tongues, migmatites, and granifig
gneiss, and these tocks grade into- cach othag
along and across ‘the strike. Tn the boundd
zong more: resistant rock types persist at
nite horizons, continuous with skialiths’,
similar rocks in granitic greiss. Throughtdl
foliatidn-in granitic gneiss and banding in mig
matites paraliel bedding in metasedimen
Growth phenomenia shown by zircens ol differg
ent rocks they believe alse indicate autochth
nous formation of granitic gneiss at tem
turés probably about .500°-600°C. Eckelma
and Poldervaart conclude that granitization s
effected by migrating - alkaline: aqueous: sol
tions during 2 prolonged Archean cvcleid
thermal aclivity. The lollowing statements aff
also from their description and from a persondl
comimunication frém Poldervaart. The rodks
of the core consist mainly -of granilic gnei
in part showing banding; with many migms
tite layers and some metasediments, The 2
cons are-a rounded type with overgrowths 8
gutgrowths. The more liomogeneous granilic
Tacies, in particular, have some cuhedral
cons. The rocks -of a boundary or transition &4
zofie comprise migmatites -and granitic gneis X
with some metasediments. The moré. nearfp$¥:.
homogeneous granitic facies Have zircons like
those of the cofz, whereas those of the more
inhomogeneous areas:are similar to those of the®
mantle. ‘The rocks of the mantie are mostly:?
migmatités with associated metagediments aod %
sonie granitic gneiss. Rounded zircons, rounded
zircons with eutgrowths,- and rounded zircons,
with overgrowths. are all present. The first two
are.about cqual in quantity. There thus.appears
to bt a gradation in the transformation of ir:
cons during granitization. The core of the
Reartooth block consists predontinantly “of

AMBRIAN BATHOLITHS
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pink leucocratic granitic grieiss, with tonalitic
gneiss developed toward the-migmalitic boun-
dary zone.

The authers emphasize that field relations
are crifical in establishing the metasoidatic
hypothesis. Insofar as structuré alone is con-
cerned, however, the jollowing alternative
interpretation might be posed as a question.
Could the pluton have been emplaced hetween
synclinal leaves of country rock as magma
wedges that were rclatively very thick at the
south and thin at the north so that a marked
consiriction of the magma wedges occurred
along the pseudo-discordant boundary of
-granitic core and fmixed rocks? ‘Supplemental
granitization would accompany the magma.

Complexily of Precambrian Phidonic Complexes.

Generel—~The Precambrian plutonic com-
-plexes of any area of considerable size nornially
compliise ‘@ complex of granitic plutons that
‘have been emplacéd in different zones at differ-
ent timés. Anderson, Scholz, and Strobell
{1955) have described o Precasibrian complex
of the Bagdad-area, Arizona, where the éarliest
intrusive ﬁ;embgrst arc ‘epizonal plutous of
rhyolite and alaskite porpliyry, followed by
mesozonal plutons {age 1,600 m.y.) in Pre-
cambrian schists of interrbediate grade of
metamorphism. Kallickoski (1952) has de-
scribed” similar relationships from the Weldon
Bay area, Manitoba, where a Precantbrian
epizonal stock of fine'grained granodiorite

with a parphyritic quartz latite border facies.

is interspersed with wyounger Precambrian
batholithic Intrusions that have developed
migmatites with adjoining schists appropriate
to the mesozone or catazone:

Grenville belt.—The writer has estimated
that ovér a third of the igneous rocks (includ-
ing orthogneisses) of the Adirondack -area of
Grenville rocks belong to the §yenite-guartz
syenife-grahite series such as form the cores of
tectono-plastic domes and anticlines (Fig. 18).
These are inferred o have been emplaced
originally -in the deeper part of: the epizone al-
though much of the rock now belongs to the
granulite metamorphic facies. Granite, per-

‘haps 100-200 million years younger, forms

40~30 per cent of the igneous rocks and was
empladed in the catazone. ;

_ The Grenville subprovince in the Haliburton-
Bancroft area (Fig. 14) includes a belt, the
Hastings Basin, about 20 miles wide, within
whirk the tocks are of & low to intermediate

characteristics of the mesozone .in conirast & R
the broad belts on each side of high-gradtdghs
metamorphicrocks with plutons of the catazens
“The rocks. of the, Hastings Rasin consist &
part of the Hastings series which is thoug
by some geologists to be younger than
Grenvillé series, but by other geologists fo bike
part of the Grenville series. Fewitt (1956, pf
30) writes that ¥

"The Hastings Basin congists of a terrane of I
to intermediate grade 6f metamorphism, includiog;
schiists, arpillites, Wwell-bedded Dblue Jimestonthy
crystalline limesicnes, and volcanics, .Sedimentaly
-and volcanic structures stich as crossbedding, gk
gradation and pillows, are _frequentﬁy well pred

-sefved,”’

The basic lavas frequeitly belong to the low
grade chlorite facies. Hewitt describes the Lx
loro grasite stock as consisting of a fine:"U
medium-grained granite with sharp contacts
and the McAfthurs Mills granite stock a5
sisting of a massive; coarse-grained granite %
irregular shape and discorgant structural 7
lations t¢ the -country rock. The intrusivy
plutons in the Flastings series thus have bolhg
concordant and discordant contacts, and mag
have a contact-metamorphic aurcole chal
acteristic of the mesozong. The present wrild
notes that the Marimora metasomatic iron-of®
deposit js a fine-grained magnetite-pyrosentd
cpidote tactite of a type normal for the upps,
part of the mésozone and dissimilar to the
charaéteristic magnetite-bearing skarns: '@
the Grenville rocks:of the catazone. .t
Colorado Fronl Range—Portions of 1heq
Précambrian complexes in the Colorado qug
Range have been-intensively studied and aflordy
an excellent exampie of their complexity. ;
The oldest country rocks of the ares nowg
consist of high-grade’ metamorphic biotils
sillimanite schists, quartz-biotite gneiss
schist, quartzite, and hiornblende gneiss and;
amphibolite. The sillimanite-bearing rocks g’
have more aplite and pegmatite. - 8
Plutons of the catazore are well exempliﬁed‘
by the quartz monzonite gneiss (Fig: 18) ¢
“bodi¢s. Lovering and Goddard (1950, p- Ly
describe these rocks as concordant and nearly §
everywhere patallel to the {oliation, with “ﬁg] [
developed gneissic structure, closely ass00-§
ated lenticular bodics of pegmatite, dnd &3
tense Ait-par-lit injection of inclusions of schﬁi
with some assimilation. It may also be noted .
that a few miles southeast of Central City st
quattz monzonite.gneiss. has typical catazonsd ‘g“
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Phacoliths also occur within the schists of
the Frecland-Lamartine district to the west
described by Harrison and Wells (1956, p. 54)
as mostly bodies of biotite-muscovile granite
that are generally concordant, although some
are sharply discordant. Many of the bodies are
hook-shaped and crescent-shaped in  their
surface exposures and arc in the axial regions
of folds.

Boos and Boos (1957, p. 2615~2617) state
that the probably related Mt. Morrison quartz
monzonite gneiss is in part saturated with
ill-defined pegmatite; they suggest that it is of
granitization (palingenesis and metasomatism)
origin.

The Boulder Creek granite (Fig. 18) is
described by Lovering and Goddard (1950,
p. 25-26) "as a quartz monzonite to sodic
granite slightly younger and less metamor-
phosed  than the quartz monzonite gneiss
previously discussed. The granite is further
described to have primary gneissic structure,
less well developed but still discernible in the
cores of large masses, and locally with abundant
inclusions that rarely show much evidence of
assimilation. Boos and Boos (1957, p. 2616-
2617) state that no other granite of the Front
Range has produced so many aplite dikes and
sills. They ascribe the granite to a combined
magmatic and metasomatic origin. The plutons
of Boulder Creck granite are largely com-
formable but in part break across the foliation
of the country rocks. Lovering and Goddard
(1950, p. 52) state that the foliation and
lincation suggest that the individual plutons
are funnel-shaped, enlarge upward, and are
accompanied by lateral thrusting. Lovering and
Tweto (1953, p. 8-16) on the basis of the
orientation of the primary planar foliation and
lincar structure infer that the batholith was
emplaced by rise of magma through a ceiitral
conduit from which it sprecad upward parallel
to the linear structure that plunges 40°-G0°N.
The schist along the west edge of the batholith
dips under the batholith, but at the north the
granite dips under the schist. The foliation of
the schist is generally conformable with the
contact, and the schist is closely seamed with
pegmatite. The present writer suggests that the
plutons of this granite may have been em-
placed in the transition mesozone-catazone.

The Silver Plume granite plutons (Fig. 18)
are inferred by Lovering and Goddard (1950,
p. 28) to be younger than the Boulder Creek

» v =ennite hadies. They state that ;hpsc granites

mesozone-catazone. The Proterozoic
psions, in part (Geological Survey of
, Maps 1024A and 1024B), show cross-
Bng relations to the country rock and may
Mg Lo the mesozone. In part the Proterozoic
iles (Hlenderson, 1948, p. 47-48) are
fribed as associated with porphyry that
By seems to grade into the granite and to
gnetically refated to it but in places is cut
ﬁcgramtc with sharp contacts. Henderson
& that no method has been found to
Mozuish one granite from the other except
critical structural relationships can be
Rrmined.

3 'l

to the generally concordant habit of the w8
intrusives. They suggest many local cen
intrusion and that in some places the co
of granite masses fed from relatively
scattered conduits at depth has resulted
composite batholith. Boos and Boos-
p. 2616-2618) have suggested that the .
Plume granite plutons were emplaced b
gressive magmatic stoping. "y
The Longs Peak-St. Vrain batholith hﬂ v
correlated by Boos (1934) with the: "7
Plume plutons. The present exposures &
sent the rool portion ofa batholith, and
describes it as a “pine-tree” type of enigh
ment effected by lateral spreading snd 8
par-lit injection of the adjacent and o¥
beds with local folding and tilting, althiey
the initial conduits were made by stoping
deep-seated assimilation. There is a grad ;L
shown in the walls of the c1rques, (00~ N
feet high, from schist and gneiss at the’d
through almost horizontal layers of
separating thick sheets of gramte, lo mases
granite with little schist in the Iowcr ;
and floors of the cirques.
The Silver Plume granite plutons apptr! ]
afford an excelient examplc where d"
the upper portion were seefi®it might be

COMMENTARY-
.. General Structural Relationships

\Study of the literature on the plutons of
wth America leads to the following com-
. Plutons emplaced in the epizone,
rcially the “‘subvolcanic” plutons with
gctly associated volcanic rocks, would prob-
By be classed with thc atectonic or post-
bnic group, those of the mesozone as
Hectonic and post- or occasionally late-

menatic, and the catazonal plutons, pre-
I'\‘ ! )
terpreted as an example of emplacement sinantly at least, as syntectonic and syn-

transitional mesozone-catazone, wheress Beratic. Also the plutons of the cpizone
deeper parts of the pluton have charaClersiges, bl o

. . . T . ong to the “disharmonious” class as
diagnostic for the normal mesozone. 2 i

A few discordant intrusive stocks of Te by Walton (1955, p. 8-11) in which

¢ and emplaced in the epizone add § 15 a strong contrast between the energy
age and emplace i ; of the granite and that of the country

complexity of the Colorado Front Range. =
Ml?zcken)zlw district, Northuwest Terri ¥ -83 evidenced by contact-metamorphic

The batholithic complexes of the distnd
Mackenzie, Northwest Territorics, Csi
have been described by Henderson
as consisting of both Archean and Prot

¥l

Bike exposed plutons of the mesozone occur

LY . i

Wiy in belts of eugeosynclinal rocks although

Y are in general post-tectonic. Those of the
pae, however, occur (1) in the eugeosyn-

intrusions, each on a large scale. The ! (1) geosy

-belts; (2) in belts of miogeosynclinal
1
L’:{;ﬁl‘;zcag%“;?;::é{gf:lsc: bs::?: :{ BEs and structure such as the Sierra Madre

] : formably by ni e Ntal of Mexico (¢f. Concepcion del Oro,
places ?velg {“:‘ uncon fo matlc)),ns wnh 3 5) and (3) in the Colorado, New Mexico,
f::;zior:erat;z erTolZ\?:ls(:: l()); ds in turn *southern Arizona Rocky Mountain belts

; mounding the Colorado plateau where the
truded by granite batholiths. Both Ob!: ents gare of mainlanc‘l) or intracratonic
younger groups of rocks have mcmo‘ ] clinal and shelf types and the intrusions
belong to only a low-grade stage o, Whcide with belts of faulting and uplift
morphls-m. Henderson has not discuss fnover, Santa Rita, and Organ Mountain
mechanics of emplacement of the bath - s, I’\Iew Mexico)’.. The cpizonal plutons
The writer notes, however, that the AR ST also occur in transverse belts such as that
batholithic complexes in part at least Wibe Boulder-San Juan in Colorado (Fig. S)
to show (Geological Survey of Cannda. i"one including and extending northeast
§31‘\) domal structure and that m‘_;‘ e the Boulder batholith in Montana. The
-=i~anma.well develoned in_association ER¥eaz0ic and Mesozoic sedimentary beds may

locally be so thin that Tertiary intrusions in
Precambrian rocks . arec exposed. Tertiary
cpizonal plutons of the Oregon Cascade Moun-
tains occur in very gently warped Tertiary
lavas and in the Cascade Mountains of Wash-
ington in lavas and in folded Tertiary sedi-
mentary beds. The question arises as to whether
the epizonal plutons outside the eugeosynclinal
belts would pass downward into those of
mesozonal type. Ewing and Press state (1957)
that the thickness of the crust in the Canadian
shicld and central Interior Plains is 35 km,
whereas it is 4045 km in the western Great
Plains and Basin and Range province and
50-55 km in the Rocky Mountain region.
This permits the possibility that the Tertiary
plutons of the Basin and Range and Rocky
Mountain provinces are connected with deep-
seated processes. A mesozonal batholith may
also occur in an old orogenic eugeosynclinal
structure but may have been emplaced follow-
ing the development of a’ miogeosyncline or
other type of structure in the same region.

A general discussion of the hypothesis of
granite by granitization has been published by
Perrin and Roubault (1949) and by Perrin
(1954).

Dickson (1958, p. 35) has proposed that
magma emplacement may take place by a
process he calls “zone melting™. This involves
crystallization of the base of a column of
magma to yield latent heat that is in part
transferred by rise of fugitive constituents
(mostly H:0) to the top of the column where
melting of the roof is effected. The differential
concentration of the [ugitive constituents at
the top of the magma column arises in con-
sequence of the tendency for such materials
to move to zones of lower pressure and lower
temperature. The quantitative role of the
eflectivencss of this mechanism of emplace-
ment remains to be determined. There is the
problem of adequate time and appropriate
physical conditions. It may bLe a possible
accessory factor under favorable conditions in
accentuating  differential  incorporation of
rock with low-melting constituents thereby in
turn increasing the potentiality for piecemeal
stoping and in increasing the intensity of
conditions at the roof of mesozonal batholiths.

Reynolds (1958) has summarized in an at-
tractive manner a stimulating hypothesis that
involves a combination of granitization and
diapiric rise in deeper levels with movement
by fluidization and magma development in
the upper levels. She writes (p. 382)



“As a diapir rises, rocks which at a low structural
level are obvious migmatites become more and more
homogenized by the mechanical kneading caused by
superposed movements (Wegmann), and by chemi-
cal interchange (with appropriate additions and
su_btractions, and recrystallization). In this way a
migmatile rising in diapir style becomes gradually
transformed to nebulite (Sederhoim) and eventually
to homogeneous granite. 1f recrystallization out-
lasts the movement then, just as in salt-diapirs, all
traces of the movements will e lost,”

and p. 384

“It is, however, only where granite diapirs have
reached the zone of [racture that evidence of melting

and the birth of acid volcanics has so far been

found™.

If the writer understands this hypothesis
correctly it involves two assumptions for which
we must await adequate support: (1) that there
is time for a substantial flow of hot matter to
diffuse upward through the diapir, and (2)
that in the upper zone something is postulated
to happen that affords cnergy to raise the
temperature of solid material to the melting
point and to supply adequate iatent heat of
melting to develop magma. The present writer
considers it at least equally reasonable to
postulate that hot matter dilfusing upward
from depths would help to liquify granitic
material in the regionallvy hot catazone before
that in the much cooler upper zones. The
hypothesis of magma from depth to surface
has advantages with respect to ease of effecting
homogeneity and adaptability to explain the
systematic compositional variations of the
different units of composite batholiths and
their structural details. Efforts to check on such
hypotheses as that of Reynolds, however,
would doubtless lead us to new insights.
The epizonal stocks and batholiths have been
cmplaced at one extreme by columnar sub-
sidenee with a 360-degree ring iracture (Ossipee
pluton, New Hampshire) and at another ex-
treme by piecemeal stoping of angular blocks
(castern part of the pluton in Northgate dis-
trict, Colorado). Subsidence of blocks for most
plutons probably involves both arc and inter-
secting angular block [racturing in varying
degrees. The alternative devclopment of
columnar subsidence or of piccemeal stoping
is not related to depth. One factor in aggressive
piecemeal stoping as. contrasted with per-
missive subsidence may be the predominance
of a tendency for the magma to lift the roof
with consequent breaking and subsidence.

%rgﬁsca.le granitization has resulted in batho-

Adhic masses. One of the difficulties in proving
§mnitization is that nearly all criteria are

The tremendous total volume of batholiths gEbieet to alternative interpretations. Much of
with their directly associated rocks of high« a‘,'_"d‘ involved is a leucogranite of a com-
grade metamorphism in plutonic complexes of Fiition approaching that of the experimentally
orogenic belts predisposes one to think of the Slermined ratio for the major minerals con-
complexes predominantly in terms of verygimed at minimum temperatures with H,0
deep-scated erosion and of batholithic em-g asolution. A satisfactory hypothesis as to why
placement in the catazone. This, however, i placement of varied rocks in an open system

Predominance of Mesozonal Batholiths
in Plutonic Complexes

only partly true, for most of the batholiths of 3
most orogenic belts were cemplaced in thed

catazone).
There is only one well-authenticated grea 8

Y alkalic-siliccous solutions should result in
cogranite approaching the composition

mesozone (including the transition mesozone-gerimentally determined to be that of the
olectic has yet to be offered. Overgrowths and
gautgrowths on rounded zircons may develop

BU contaminated magma as well as during

belt of uniformly high-grade metamorphicH

rocks with associated intrusives in the \vhol

Canadian shield. This is the belt of Grenville

from Labrador to Pennsylvania and is mo
than 250-350 miles wide. This belt in part hasg
rocks that belong to the granulite facies and

is also characterized throughout by the presence§ mestonc irncy  pe:
dhatholith is interpreted as xcnolithic in in-

Jtnsive granite by Runner (1943, p. 449-453),
Bshereas a long thin metalimestone layer in
granite on the border of the Clare River syn-

of great anorthositic plutons. The ages of the
granitic intrusives insofar as now determined
range between about 900 and 1100 m.y. At
least part of the belt of Precambrian rocks i
the Rocky Mountains such as that in Mon-
tana, Wyoming, and Colorado may be analo-,
gous to the Grenville belt. Granitic rocks with
ages of 27002800 m.y. and anorthosite bodie;
occur in this belt. 4

The batholiths of such provinces as tht
following, however, were predominantly em g

with a width of more than 250 miles and with
rocks intruded by granite pegmatite with agey
of 2,500 m.y.; the Yellowknife belt, Northwest

Territories, with pegmatites at least 1850 m.y.§

old; the Colorado Front Range with somt]

granite plutons of about 1000 m.y. age; thé
helt about 200 miles wide across Newfoundland
with plutons of Acadian age; and the zone d

Jura-Cretaceous batholiths about 330 milﬁ(

wide in Alaska and British Columbia. TheX: ; asrel du
gin quartz monzonite of granitization origin.

intensity of regional metamorphism as indi
cated by rocks farthest from the major in
trusives is prevailingly that of the grecnschisl
facies with local zones in the staurolite-kyanité’
subfacies. The sillimanite facies is generallf
restricted to zones of rock adjacent to the major.
plutons or complex of plutons.

Criteria for Large-Scale Granitization

fanitization of metasediments in place.
The problem of the proper interpretation of

type rocks that extends for over 1000 mil& Ate significance of long thin layers of country

;Jck occurring cither as linear slabs or out-
Jlining skelctal folds is an old one. (Cf. Lawson,

1894, p. 296.) A skeletal fold outlined by
getalimestone slabs in the Harney peak

dine is inferred by Ambrose and Burns (1956)

§!o necessitate an origin as a relic in granite
gfeiss of granitization origin. The mectasedi-

mentary rocks outlining skeletal folds in the

_@Goldfield-Martin Lake arca are also inferred

by Christie (1953) to be relics in a batholith of
ganite gneiss of granitization origin, although

placed in the mesozone: the Keewatin provina§U¢ present writer would note that some phaco-

lithic magma emplacement, if not indicated, at
firast does not seem precluded by the relation-
ships shown,_ on the map (Fig. 17). Folded

Jamphibolite layers and thin amphibolite layers

in granite phacoliths of the Northwest Adiron-
gdacks are interpreted by Buddington (1929)
as xenoliths in granite of magmatic origin,
Avhereas skeletal folds outlined by layers of
hornblende gneiss near Northgate, Colorado
are explained by Steven (1957) as relics residual

¢

dMany recent authors emphasize a skialithic

35 contrasted with a xenolithic origin. Ex-
tensive thin layers of country rock do however
occur in igneous sills (Eckel, et al., 1949, Pl. 2),
laccoliths, and stocks (Murthy, 1957, p. 94).
The conditions of emplacement in the catazone

dare intense and syntectonic, and it seems
iprobable that conformable emplacement would

be facilitated. Metasedimentary inclusions
in the form of relic folds or skeletal folds in

Several examples have been described in the]

Sem—s fe LIL I ks hesn nactilatedthat]

Eranite gneiss are not necessarily ‘‘skialiths”

but may be thought of as arising from a com-
plex phacolithic mechanism of magma emplace-
ment into country rock that bas complex

folds, boudinage structure, and formations -

much thickened and thinned by differential
plastic flowage. It is erpectable that the magma
will be accompanied by some granitization,
partial fluxing of the lowest-melting constit-
uents of the country rock, and hybridization.
The shredded ends of some layers may be due
to being squeezed or pulled apart during plastic
flowage as well as to irregular replacement.
It thus secems highly probable that metasedi-
mentary rocks as layers or skeletal folds in
granite or granite gneiss may be ecither of
xenolithic origin in magmatic granite or of
skialithic origin in metasomatic granite gneiss.

It has been argued that some batholithic
emplacement by granitization has been ac-
companied by inflation with outward deforma-
tion of the walls as the result of introduction of
new material. Barth (1947, p. 181) infers that

the Birkeland, Norway, batholith with con-

formable walls is a ‘“‘petroblast” developed by
the introduction of new material as a “cloud
of ichor or migrating ions”. Oertel (1955, p. 45)
describes the Loch Doon stock in Scotland as
having expanded its volume by 34 per cent
and (p. 81) “Der Pluton ist durch Metamor-
phose unter Stoffzufuhr aus pneumatolytischen.
Losungen und durch metasomatische stoff-
wanderung entstanden”. The Loch Doon
pluton has discordant contacts for much -of its
border. To the writer’s knowledge the concept
of expansion of the walls as a result of granitiza-
tion has not yet been advocated for any North
American pluton. This is perhaps because
hundreds of examples of mineral deposits have

"been studied in which there has been introduc-

tion of new material, but little or no evidence

for inflation in consequence of it has been

reported. ‘

Emplacement of Plutons in Epizone
and Mesozone

Lava flows, acknowledged by all to be of
magmatic derivation, may be considered an
observable large (as contrasted with the size
of an ion) base of known origin from which to
extrapolate to a corresponding magmatic
origin for most plutons of the epizone.

The common occurrence of homophanous
structure, the common local development of
miarolitic or aphanitic texture, and the inferred
genetic relationship to lavas of similar com-
position associated in time and space all in-
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dicate that the Tertiary plutons were emplaced
as magmas, largely or whelly fluid. “Far-
travelled” xcnoliths from depth and absence
of flow structure in the enclosing rock of some
plutons fecessitate a fluid mode of transler
from depth. The magma .of Tertiary plutons
was, in the initial stages, fluid enough to yiéld
lava flows. At later stages, after rise to higher
cooler levels in the accumulated lava pile,
loss of volatiles at lower pressures and partial
crystallization would occur, and the magma
would become viscous enough to “sét” before
veaching the surface ent -masse. ’

Many geologists have emphasized the
development of a schistosity that is steeply
dipping, often with ‘subverticdl lineation, in
both peripheral country rock and it border
facies of plutons, such as most of those of the
mesozone and many of the transitional epizane-
:mesozoné, Bécause of this they have inferred
that the invading material had to be a highly
viscous. or a diapirlike mass, patrtly or larpely
-crystallized, fising. upward and dragging its
‘walls: This is probably true for much of the
‘Guartz diofite {icies that forms the outer part
of many plutons. Such guartz diorite is rea-
sonabily interpreted as theproduct.of incorporas
tion of ‘country :roek by a more specifically
granitic magma and might therelore be ex-
pected to be partly crystalling. Again; suc-
cessive ceniral intrusion 'of magma could pro-
duce. inflation, deformation;, and upward. drag
of partly td largely consolidated earlier facies.
In some plutons of the mesozone, upward move-
iment in the border zones persistéd through the
very last stages ol consolidation and even into
the solid state.

Such evidencté for viscous magma in the
bokder -zones, however, does not preclude the
possibility that cven initial stages of magma
émpla{:emeht in the mesozonz may locally
have beeén frcely fluid, and it.has no necessary
hearing on the later intrusion of the cores.

Even conformable schistose slructure in the
contact Zgnes of mesozonal plutons need not
always indicate development in consequence ‘of
cmplacement of viscous magma. Durrell

(1940} made .a systematic study of contact

metamorphism in the southern Sierra Nevada
and emphasizes that, in contact zones with

granite, metasedimentary phyllites and schists.

inay merely cbarsen in grain but. retain the
original foliated structure, a mimetic in-
heritance. This means that if the material of a
pluten of the mesozone were d fluid magma
in the early stages we should not necessarily
exnect a hornfels +o Be formed fram mebasedi.

mentary phyllites, and if formed it might @
appear subsequently by stoping. It may
be noted that hornlels, as distinguished:
schist, does occur in the wall rock of
inesozonal plutons. In part, however,
hornfels may itself be deformed-at. later §
of magma emplacement. '
~ Much of the gneissoid granite does not
the amount of crushing and protoclastic stro
ture that weuld be expected if flowage o
at a late stage of consolidation. Freely
pended crystals in an early stage of crysisi
zation may be oriented by flowage, and te
orientation may be preserved and inherited ¥
subsequent overgrowth and control of ery
lization by the early fabric.

~ It.seems probable that much,, if not m
the magma. that yielded the rocks o
mesozonal plutons was predomidantly lig
at the time of its eniplacement.

There is good -evidence that lavas
locally some. hypabyssal pluténs erysta
with some minerals characteristic of h

mn (Kennedy, 1955) would tend to increase
Miity, but it remains to be shown that these

rs are adequate to meet the requirements.
by development and risc of granitic magma
B of the roots of eugeosynclincal materials
4 presumably leave behind a series of rocks
posed predominantly. of garnet amphibo-
and magnesian pyrozenc-calcic plagioclase
some other refractory
uterials. This complex would be appropriately
sislent-with the seismic data for rocks above
M discontinuity in the lower part of the
not now ‘éxposed, but there is no salis-

evidence that there is 3 concenlration
¥resistates?” in the now-exposed portions of
Jlecatazone. I erosion has only locally expesed
deeper, than about 12 miles in the earth’s
as scems probable, then we conclude that
magma -usually came f{roni levéls deeper
3 most how at the surface.
he apparent dominance of lineation, insofar
fiowage structures do gtcur, in plutons of
tpizone and the dominance of planar
ation, with or without lifigation, in the
fons of the mesozone correlate with the
ences in mechanics of einplacement -dnd
ent conditions of consglidation .and flow
¥ike two zones. Lineation alone appears. tor
fated to an early fluid stage followed by
ued crystallization in quiet. In the
continued movement
cted intermediate period of crystalliza-
% permits the development of planar struc-
in some parts of the pluton.
There appears to be good evidence that some
e plutons of the mesozone had extensive
and could not have been continuous with
ns of ‘the epizone unless through relatively
I connecting channels. The plutons-of the
ozone and epizone locally overlap one or
of their borders.as though overriding them,
gencral the evidence for an extensive

lite but with

equivalents {Tuttle and Keith,
and Smith, 1956; Buddington & dl;
p. 519-522). Most of the plutorns, hov
-especially the larger ones, will have crystalls
in the presence of at least part ¢f their volal
will therefore Liave rémainéd partly Auid.f
long time down to temperatures low
those:of lavas, and any initial high-tempé
minérals will have uridergone recrystallizat
at lower temperatures: The plutons
cpizone, and their inferred relationships
those of greater depth, necessitate tha
fluid magma that formed them could:h
risen from source t& surface in a rela
-short time-—a, small fraction of the leng
time assigned to a geologic period. Oth
the magma would have [rozen en route
A liypothesis is that autochthonous
parautochthonous batholiths are ineta
in origin, wholly or predominantly sol
arese in and ascended from zones now
in the more-decply eroded areas. This
problem if wé also:assume, as.is here done
most of the plutons- emplaced in the €
and -in part in the mesozone were prét
nantly liquid magmatic, The foregoi
-theses taken together would necessitate
plutonic mass became more liquid as i
into cooler levels and:that it left’a concen
residuum of ‘resistant type of rocks in
soufee ‘aréa; the catazone: Rise into’
pressure zones, chemical reactions, and ine?
o wnlatilee i1 the. nnner matrt of &

¢ present.data do not preclude the possi-
Bty, however, that theplutons of the epizong,
least in part, enlarge downward and are
tinuous with plutons of the mesozone. If
mplacement of the latter were in sub-
Eintial part cffected by crowding aside of the
Bs the the possibility would exist for em-
ment of magma in the epizone tlirough
ndefing of crustal blocks into magma below.
demical-planar or arch-lincar structure sich
occurs in some plutods of the mesozone
d form at a late stage in consolidation and
mid not necessarily indicate a roof of original
stew ek ab time of consolidation.

The mechanics of emplacement of plutons
in Uie cpizone as a consequence of alternating
magma rise with accompanying pressure effects
and magma relaxation with accompanying
appropriate structural collapse of roof and
walls have been discussed by Anderson (1936)
and by Billings (1945, p. 53-35; 1947, p. 279-
288). )

In the mesozone, vielding of the walls by
plastic flowage may be expected to be greater
with depth. This. will commonly’ result in
outward-flaring walls, distention of the roof,
and the potentiality for coliapse of local por-
tions of the roof over the border zoies of the.
underlying magma. This may in part explain
the oceurrenice .of both discordant and con-
cordant boundaries so characteristic of plutons
of the mesozone.

Tt is recognized that replacement may occur
lacally with sharp and even discordarnit contacts,
An origin by mechanical ratheér than cherical
processes, however, ‘seems- the best interpre-
tation for most contacts of plutors, in the
epizone, and the imilarity of character and
probablé history indicates a similar mechanical
origin for most sharp discordant contacts of
plutosis in‘the deeper zones.

The writer finds no evidence {or postulating a
discontinuity between the compositions, -tex-
tures, internal structures, or mechanics: of
emplacement of plutoris ‘i’ the epizone ;and
those of the mesdzone. There are plutons with
iftermediate characteristics that suggest. a
series of gradational changes {rom ope to the
other.

The concept of the development of nilgma-
magma with schlierenlike structyre at the
source séeins, reasonable, but its rise and ém-
placement “as such” does not fit the homophia-
nous core of the plutors of the mesozone and
those of the epizone: -

The North American literature of the past 25
years appears to be based on ‘the assumption
that the best theory, as of the present, for
emplacement of plutons in the: epizone is onc
of block foundering in; or some kind of stoping,
by, magma as a major factor. After half a
century, however, the stoping hypothesis
still lacks vérification in the sense that we do
not, have desirable supporting evidénce of
sunken Blocks in the plutons of deeper levels:

Unless such blocks have been indistinguishably
incorporated in magma, of reworkéd. and
metasomatized into new granites at-depth, or
kave .suik to very great depths, we might
expect to find more evidence of flogred plutons
than has-been reported.
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Three major factors of emplacement of
plutons in the mesozone are inferred to be
stoping or block foundering, crowding aside
of the walls, and uplift of the roof. The sideward
cxpansion may in part result in plastic flowage
of country rock upward and downward. Ad-
ditional factors are incorporation of country
rock and metasomatism of wall rock. The
importance of cach factor varies with the
particular example. I{ the tonalities of the
batholith of Southern California are inferred
to result from incorporation of gabbro by
granodiorite magma then gabbroic material
may be inferred to be equivalent to about half
of the tonalite that forms 63 per cent of the
area now occupied by the batholith. This
would make the problem of emplacement of the
batholith one of how so large a volume of the
initial gabbro was introduced as well as of
how so great a mass of granodiorite was cm-
placed. Similarly at least 10 per cent of the
problem of emplacement of the Coast Range
batholith of Alaska and British Columbia
could be related to incorporation of mafic
rocks. Most of the mafic rocks in orogens, how-
ever, are lava flows and intrusive diabase,
dolerite, or gabbro sheets emplaced under
conditions of the epizone previous to major
deformations.

A great variety of structures associated with
plutons of the mesozone have been cited as
consistent with formation by upward movement
of magma. Such structures within the plutons
are subvertical foliation and lineation in border
facics, marginal fissures with pegmatite or
aplite, marginal upthrusts, radial dikes, and
schlicren domes; structures in the country rock
near the pluton may be increase in dip of
foliation or of slaty cleavage or of the plunge of
Jineation, subvertical lincation and subvertical
secondary fold axes of plastic flowage origin,
'slip cleavage roughly similar in strike to the
periphery but dipping outward with the lower
schist layers moving up rclative to the over-
lying layers, and dcvelopment of domical
foliation in the roof.

Structures consistent with outward ex-
pansion cffected by the pluton are deformation
of beds into partial conformity with the periph-
ery, intensification of folding, and in part the
intensification of planar foliation in the border
facies of the pluton itself.

All discordant structures nced not necessarily
mean stoping, for expansion effects of the
pluton may result in pulling portions of the

this possibility is not of sufficient magnitude W e areal cross section of bat119\ilhs in the
satisfy the actual relationships. sfheper part of the mesozone with the areal
Muoss section of their feeders from the catazone.

Emplacement of Plutons in Calazone lrhe shape of the intrusive mass would be

If the writer has correctly interpreted the§
literature, then most, perhaps all, of the}
plutons of the catazone were emplaced undet§
synkinematic conditions. The roof portions of 8
number of batholiths of the mesozone are’f
similar to those of plutons emplaced in the
catazone, but such conformable emplacement
in the mesozone does not, in part at least,
appear to be related necessarily to regional§
tectonic forces. Such plutons may be inter<¥
mediate between those typical of the mesozones¥
and those characteristic of the catazone. The
extent to which plutons of the catazone are§
due to metasomatism or anatexis is yet to be
definitely dctermined. It is logical to assume}
that at their source granitic masses would as
a result of anatexis and rise of temperaturegy
become mobile and rise as diapirs or as “migma- {
magma’’, but the extent to which source areas,
are now exposed is most problematical.

Marshall and Narain (1954, p. 73) have post-{
ulated that the negative gravity anomalies over
granite batholiths, of a type here inferred toj§f:
belong to the mesozone, are due to ‘“‘granite
roots”, to extension of the granite pluton to
depth, rather than due only to density con-
trasts between granite and country rock near
the present surface. Presumably this could
mean continuity of plutons of the mesozone
with those of the catazone. Biehler and Bonini
(1958) have concluded that, if reasonahle
assumptions are made for the probable geology § .
and density distribution of the region of the fiireamlined and comparable to the shape of
Boulder batholith, it follows that a granite J4it diapirs with pinched-of roots. The. lower
mass roughly with a plano-concave cross jpart of such bodies should have inward dips.
section and a depth not much less than and Symmetric funnel-shaped plutons such as the
not much more than 10 miles will closely satisfy {loon Lake (Fig. 14) are few, but a number of
the residual negative bouguer anomaly. An {deep-seated plutons such as the Cheddar
additional narrow root could also be present. jbatholith (Fig. 14) and the southwest side of a

Grout (1945, p. 276-278) on the basis of 3part of the Coast Range batholith are asym-
some experimental evidence suggests that large §Metric in cross section and bordered on one
intrusives that risc from great depths may fide by inward-dipping schists. The problem
have only roots or a series of roots and that Jof batholithic roots in the transition zone
they ‘'may ascend along part of their route between the mesozone and catazone and in
because some of the overlying rocks become llhe catazone deservg more c}etmled study.
so reduced in viscosity that they move aside§ The details of the interrelations of plutons
and down along the sides in a mobile contact 80 the catazone to those of the mesozone .and

zone. There may be accompanying distention Rof those of the mesozone to those of the epizone

and sideward flow in the roof during emplace--§emain as problems. A tentative schematic

ment. Such a mechanism af intrucinn wanld &

MESOZONE EPIZONE

tectonoplastic
folds ond domes

those of catazone or whether they have roots

diaoram af relatinnehine ic chawn in Fienrs 10

Orthogneiss in  Conformable granite, Psuedo granite
gneissoid to gneissic

secems to be a major kind in the catazone, and
often phacoliths, of both igneous and of meta-
somatic origin are reported to be associated.
Many xenolithic domal batholiths may also,

Granite

gneiss by
granitizotion

FIGURE 19.—SCHEMATIC SKETCH SHOWING POSSIBLE STRUCTURAL RELATIONSHIPS OF PruTons
1N Erizong, MESOZONE, AND CATAZONE

Question is left open as to whether batholiths of mesozone enlarge downward in continuity with .

in part at least, result from a phacolithic
mechanism of emplacement, usually igeneous
but in part metasomatic.

Age determinations permit the inference
that the youngest plutons of the catazone with
extensively developed migmatities are about
100 m.y. old and that plutons of the epizone
may be at least as old as 1.65 b.y. and probably
much older. Plutons of the mesozone range in
age from slightly less than 100 m.y. to those of
the Keewatin belt of the Canadian shield which
are 2.5 b.y. or older.

Origin of Granitic Magma

“We must still enlertain the hypothesis that most
graniles have been produced throughoul geologic

time by differentiation of basic (basaltic) magma,
< PIURIS S ~ips SN SRRV

Arnul rnceannhi-d 7 IO
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The role of metasedimentary material as the
prime source of most granitic magma is now
emphasized far more than is implicd in the
statement of Bowen cited above. There appears
to be a tendency at the present time to start
with the assumption of at least two major
magmas—one, the granitic derived from the
sialic part of the crust, the other, the basaltic
from deeper down, probably in the mantle, or
beneath the continents from an eclogite root.

Graywacke forms a large part of eugeosyn-
cinal sediments. It would with increasing
melting yield successively a little true granite
and then a trondhjemitic magma. The latter by
reaction with associated basalts would result
in a tonalitic magma. Partial melting of an
illitic type of clay has been shown by Winkler
(1957, p. 57-58) to vield an exceptionally
potassium-rich leucogranitic magma. The
hypothesis that the lowest part of the sial
contains some primordial granitic material
differentiated from basaltic magma however
is reasonable and has not as yet been pre-
cluded, especially {or the early stages of geologic
history. Remelting of such primordial granite
would, of course, yield granite magma directly.
An andesitic magma may form by partial
melting of a gabbroic or eclogitic continental
substratum or essentially by incorporation of
graywacke in basaltic magma.

Basaltic magma may yield basalt or gabbro
dircctly by consolidation; dioritic-andesitic
magma by assimilation of sialic material or by
mixing of femic and salic magma; and ultra-
mafic, anorthositic, monzonitic, granophyric,
and other subordinate {acies by differentiation.
The granitic magma may yield granites di-
rectly; minor diorite by incorporation or
metasomatism of mafic rock; and mobile
quartz dioritic or other intermediate kinds of
magma by incorporation of graywacke and
carlier basalt flows or gabbro plutons. The
‘quartz dioritic magmas may in turn yield
granodiorite, quartz monzonite, and new
granite magma by differentiation. The initial
volume of gabbro cmplaced in the mesozone
and epizone must have been much larger than
that now represented by exposure. Much of it
foundered in later intrusive granitic magma
and was incorporated to reappear in the modi-
fied facies such as quartz diorite.

Read (1951, p. 22) has made a tentative sug-
gestion that “we seck the ultimate source of
the granitising fluids in crystallising simatic
material below the site of the geosyncline.”
Adoption of such a hypothesis has a number of

significant consequences. Simatic material ing

crystallizing at depth slowly over a long timt

lization and differentiation to yield dircctly

may be expected to undergo fractional erystal- §

magmatic monzonitic to dioritic differentiates ¥

(especially if magma is undersaturated) of
magmatic granitic differentiates (if over-
saturated). The released granitizing fluids,

either magma, gas ions, or all threc may be r
expected to modify the material in the lowest §

part of the geosyncline and add to or develop
granitic magma. The cflect of pressure

raising the temperature of melting is not ade- §
quate to prevent a rise of tempecrature and §

preumatolytic fluidg from fluxing granitic
material at the base of the sialic part of the

crust rather than higher up. The source zone g

for the plutons would therefore not be expected
to be exposed.

Tuttle (1955) has estimated that with a ¥
geothermal gradient of 30°C. per km partial g
melting of a geosynclinal prism of sediments §

might start to yield a biotitic granitic magma
with'a temperature of about 640°C. at a depth
of 21 km and that complete melting with about

2 per cent H,0 could occur at about 31 km.J

With a gradient of 40°C. per km incipient;

melting could occur at a depth as shallow dsg

15 km.

diorite, granodiorite, quartz monzonite, and

foranodioritic magma may in turn react with

% rises as a whole followed successively by
wlling and rise of the overlying materials.

wafic material on its upward flow to yield
quartz dioritc. Later granitic magma may
fse through a sheath of the earlier intrusives.

Olher hypothescs are desirable.

The variation in ratio of different kinds of
gneous rock in the different zones needs study:,
The plutons of the epizone may be predomi-
mntly granodiorite, quartz monzonite, and

g manite. The tonalitic facies in gencral appear

o form a larger percentage of the rocks in the
plutons of the mesozone than in those of the
tizone. Quartz monzonite, granite, and
lucogranite or alaskite are far more common
tmong the members of the granite family in
trtain belts of the catazone than in the
mesozone (Daly, 1914, p. 60; Osborne, 1956).
In particular, andesine-quartz diorite ap-
mrently is relatively subordinate in these
belts. Andesine and labradorite anorthosite

yind gabbroic anorthosite of the types found in

granite—in composite plutons is one that’d

corresponds to the order theoretically ex-

pectable as a result of magmatic differentiation'§

or alternatively to that of decreasing tempera- ;
tures. A speculative hypothesis to explain this

order might be as follows. The carly rise of

basaltic magma directly yiclds gabbro plutons, i
diabase shects, and basaltic lavas; basaltic?

magma with incorportation of sial leads to
andesitic lavas and minor diorite plutons.:
Subsidiary effects of the development and;
rise of basaltic magma and its derivatives are.

accentuation of the rise of the isogeotherms and |

fluxing in the lowest part of the sial. As the 3

isogeotherms rise through the deep sial carly
formed interstitial low-melting granitic fluids

work upward, react with country rock in part;

and result in a differentiated domal column
ranging upward in composition from residual

. refractory malerials at the base through quarls

dioritic and granodioritic facies to granite at;

the top. Eventually the continued rise of the
isogcotherms results in sufficient melting o3
the lower portion of the column—either thed
quartz dioritic or granodioritic facies—so thaly

g massifs and independent sheets are possibly

tlmost exclusively in belts of the catazone.
Asuming the foregoing relationships are’
wrrect, although we do need quantitative data
to substantiate them, some suggestions as to

A their origin may be offered as bases for study.
The usual order of intrusion—gabbro, quartz§

Is the restriction of the types of anorthosite

# mentioned to the catazone the result of the

necessity for the kind of environment which by

j cling as a plastic envelope (the country. rock

& often marble) under high pressure permits
the retention of the high volatile content es-
wntial to keep the equivalent magma fluid
and of gabbroic anorthositic or anorthositic
wmposition, or is it a phenomenon to be corre-
lted with greater age, or-both? A favorable
bome for quartz diorite is the mesozone. Is
this because the quartz diorite magma origi-
uates largely through reaction of more alkalic
granitic magmas with mafic rocks, thus losing
fuidity and to a substantial extent not rising
thove the mesozone? Is the predominance of
ganodiorite and granite relative to quartz
diorite in the cpizone the consequences of
equivalent magmas being the lightest types
and fluid at relatively low magmatic tempera-

fdtures because of volatile content and their

lower melting intervals? Why the predominance
of granite in cerlain catazonal belts? One
mswer might be, “They are granitization
products’. But the writer is not convinced
that this is the whole answer because magmatic

mesoperthite granite bulks large in the Adiron-
dack belt of catazonal rocks.

Problem of Volcanic and Phulonic
Associations

One of the most critical problems is whether
or not our present knowledge indicates, or is
consistent with, the hypothesis that there is a
direct relationship between salic volcanic rocks,

aphanitic or porphyritic intrusions, and
granitoid plutons. .
Kennedy (Kenpedy and Anderson, 1938)

has made a sharp distinction between volcanic
and plufonic associations with respect to
igneous rocks. He postulates that the volcanic
associations include not only lava flows and
directly related vent intrusions but also such
intrusions as the great sill swarms of the
Karroo, South Africa, the Palisades sill of New
Jersey, and even the great sheets such as the
Bushveld igneous complex of the Central
Transvaal, South Africa, all of which are in
nonorogenic areas and intimately associated
with volcanic phenomena. Plutonic associations
on the other hand he suggests appear to be
limited to orogenic regions and consist almost
entirely of granodiorite and granite together
with smaller amounts of their associated pre-
dominantly hornblendic, basic, ultrabasic, and
lamprophyric types, while typical gabbros are
characteristically rare or absent. He further
states that volcanic associations, on the con-
trary, are overwhelmingly basic and are com-
posed mainly of basaltic magma or of rock
types belonging to a basaltic line of descent.
He concludes (1938, p. 30) that

“Altogether, there does not appear to be any very
direct evidence to indicate a close connection be-
tween plutonic activity and volcanicity™

and (1948, p. 2~-3) that

“there is a universal absence of lavas belonging toa
period contemporaneous with the rise of batholithic
intrusions to their highest levels in the crust.”

A recent discussion of the problem has been
given by Raguin (1957, p. 185-199). He refers
to subvolcanic granite masses as truly very
special and exceptional and moreover am-
biguous in interpretation. He attributes to E.
Suess the development of the concepts that
successively deeper denudated levels reveal
lava flows, hypabyssal porphyry intrusions,
and grained plutonic bodies of similar com-
position but different texture and that all are




prrvwvany 1CIALCA. HE.also presents a discus-
sion of an opposite philosophy that envisages
thfz .foregomg concepts as seductive but de-
ceiving and that interprets the association of
volcanic rocks and major plutons in the earth’s
crust to have no direct rclationship. Some
proposed objections to the Suess concepts are
tha!: the succession in plutonic rocks is from
basic to acid but in volcanic rocks from acid
to basic, irregular or recurrent; volcanic rocks
may occur independent of plutonic rocks and
vice versa; volcanism s related to pcrioc,]s of
frac.turmg of the crust, plutonism to periods of
folding; plutonism occurs after vulcanism; a
true volcano has never been observed to r,ise
from 2 plutonic mass; and identities such as
volcanic and plutonic quartz porphyries are
only a phenomenon of convergence. Raguin
concludes that the problem of the relationship
of vulcz}nism to plutonism is still unsolved.

The ideas of Kennedy have been criticized
by Tyrrell (1955, p. 420) who writes

“The lava series ranging from pyroxene andesite to
rhyolite, therefore, has the same chemical composi-
tion, the same geological and geographical distribu-
tion, the same tectonic environment, and appears
at the same stage of the tectono-igneous cycle as
the plutonic series ranging from quartz diorite to
granite. If the jatter belongs to the plutonic associ-
ation there seems to be no escape from the conclu-
sion that the andesite-dacite rhyolite series likewise
:?fﬁ .p.h.lio'}l‘g::e:;r(;l:gls:gg_ests that the whole trouble
E an b i
are Wrongly v s ic assoclations is that they

The many citations (21) in this review dem-
onstrate that it is normal for volcanic rocks of
equwale.nt composition to be associated in
Space, time, and tectonics with plutons em-
placed in the cpizone.' Many granitic bodies
Lha.t‘ have been called plutonic because of their
medium to coarse grain and their batholithic
size are not plutons in the sense of deep-seated
emplacement. Lxceptionally cogent examples
tlmt‘ provide a clear demonstration of the suc.
cession of magmatic activity from volcanism
to h\gh-lcvel granite cmplacement have been
described from Northern Nigeria by Jacob-
son, MacLeod, and Black (1958, p. 7). Here
are abput 40 granite complexes in a belt about
270 miles long and up to 100 miles wide, The
total area of granite is ahout 2000 square
mglcs, and there is ahout 500 additional square
n.u]cs ol rhyolite of similar chemical composi-
tion and age. The rhyolite furthermore is
almost wholly confined within the granite

ring complexes. The granite plutons are up to
285 cautare milec 1 omone  TE et N

LN

the problem remains one demanding

. "
about 3 times as many complexes, each ¥
studies and more dependable criteria.

about 3 times the arca, in the mesozone Wlks
ncath this belt, it would mean a continesdil
great batholith, 270 miles long with an avergll®.
width of 65 miles. k
Some of the very small plutons of the episel
may be.granitic, granophyric, or monzoaiis
differentiates of basaltic magma bodics loa e, VY M., 1934, Granites and rclated intrusives,
somewhat below. But it seems essential tlil¥sstern Connecticut: Am. Jour. Sci., v. 27, p.
most of the salic lava flows and stocks and SRR 24373
the batholiths of the cpizone originated I
granitic magma of deep-scated origin. ”
A diversity of succession in Java -:-3
can reasonably be interpreted in terms of s
cessive pulses of basaltic or andesitic mag
from depths and magmas of the rhyalit
rhyodacitc, dellenite, dacite group <[
epizonal plutons. It is also probable that s
of the epizonal dikes of granitic composite
came di.rectly from great depth rather thes
from epizonal plutons. In summary, the malig
rocks are predominantly extruded as lavas'dl
emplaced in the epizone, whereas the fei§
rocks, although including lava flows and m
related plutons emplaced in the epizone, are iy
volume per cent largely emplaced ind
mesozone and catazone. If the granite ofg
nated as a differentiate of gabbroic magma
the mesozone or catazone, at a level above
source of the gabbroic magma itself, then
of gabbro at least 10 times as large:s
granite plutons should be common - in Xt
mesozone or catazone of the orogensl% o
bodies do not occur in appropriate volumé
these zones as now exposed. |
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REGIONAL GEOPHYSICS OF x10021
THE BASIN AND RANGE PROVINCE

Gedrge A. Thompson
Department of Geophysics, Stanford University, Stanford, California 94305

Dennis B. Burke )
U.S. Geological Survey, Menlo Park, California 94025

Of late years the most important contributions have come from the Physicists,
and in their scales have been weighed the old theories of Geologists.

G. K. Gilbert (1874)

INTRODUCTION AND GEOLOGIC SETTING

Nearly one hundred years ago, Gilbert (23, 24) and other geologic pioncers
introduced the idea that much of the seeming jumble of mountains and valleys
in western North America was the result of far different processes than fold
mountain systems such as the Appaiachians or Alps. After a century of geologic
and geophysical investigations in the region, it is now generally accepted that the
physiography of the Basin and Range province (Figure 1) is one of sculptured and
partially buried fault-bounded blocks that have been produced by the extension of
the region during late Cenozoic time. Crustal blocks composed of complexly
deformed, diverse pre-Cenozoic rocks and relatively undeformed, predominantly
nonmarine volcanic rocks of early and middle Cenozoic age have been variously
uplifted, tilted, and dropped along numerous normal faults throughout a broad
region from Mexico to Canada—from as far west as California and Oregon to as
far east as western Texas (e.g. Cook, 13; Gilluly, 27; Thompson, 76).

The distribution of late Cenozoic normal faults in the western Uniled States is
shown on Figure 2 (note that the regional extent of faulting is somewhat larger
than the Basin and Range physiographic province of Figure 1). The recent
seismicity (Figure 3) shows that small earthquakes are widespread in what
Atwater (5) called a wide soft zone accommodating oblique divergence between ,
the Pacific and North American plates. The net effect of fault movements within
this region is a crustal extension oriented roughly WNW-ESE. The actual motion
on individual faults is quite variable, however, and appears to be controlled by
the orientation of faults with respect to this principal extension (Thompson & )
Burke, 78). In the northern portion of the region—across Nevada and western
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Figure 1 Physiographic provinces of the western Unjted States (Fenneman, 21).

Utah—the domain of faulting is neatly confined between the Sierra Nevada of
California and the Wasatch Mountains of north-central Utah. The relatively
unfaulted Colorado Plateau separates the central portion from a zone of faulting
in the Rio Grande trough in New Mexico and west Texas. Relative motion between
the unextended and rather enigmatic mass of the plateau and the encircling faulted
terrain is presumably accommodated by a comporient of right-lateral strike-slip
along the southern plateau border. Faulted terrain extends southwards without
interruption into Mexico and the Gulf of California. Faulting seems to die out to
the north, and the manner in which relative motions are accommodated along
the northern boundary remains a troublesome problem.
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Figure 2 Predominanily normal (Basin and Range) faults of late Cenozoic age in the
western United States (modified from Gilluly, 26).

Although the Basin and Range province is in many ways a unique physiographic
and geologic entity, increasingly precise and reliable geophysical studies, together
with advances in tectonic theory, highlight similarities between the province and
other regions of past or present crustal extension. It has a high heat flow and
widespread volcanism like other regions of active normal faulting, such as the Rift
Valleys of Africa, the Lake Baikal depression of the USSR, the Rhine graben of
Europe, the marginal basins of the western Pacific Ocean, and the worldwide
system of oceanic ridges and rises. Along with the Sierra Nevada and Colorado
Plateau, it forms a wide elevated region averaging 1-2 km above sea level and thus
may resemble the elevated, thermally expanded oceanic ridges (Sclater &
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Figure 3 Earthquake epicenters in western North America for the period 1961-1970.
Small dots represent earthquakes of magnitude sbout 3 to 5, large dots greater than §.
National Oceanographic and Atmospheric Administration epicenters replotied by J. C.
Lahr and P. R. Stevenson of the US Geological Survey (personal communication, 1973).

Francheteau, 65). Also like some of these other regions, it has a thin crust and low
mantle velocity.

Can regional geophysical data for the Basin and Range province, combined with
interpretations of its geologic history, lead toward a better understanding of the
tecionic processes that have controlled its development? To what exient have
earlier geologic events in the region preordained the pattern of faulting that we now
see in western North America? What constraints must be heeded in tectonic models
of the region, and what aspects of the province allow these models to be compared
with other portions of the global system of ever-changing lithosphere plates? We
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believe this last consideration to be of great importance, although it can only be
touched on lightly here, because much understanding of the provincs derives from
analogy with other regions of crustal extension. The currently most promising
models relate Basin and Range structure to an earlier subducting plate at the
weslern margin of North America, and they incorporalte close physical comparisons
with the marginal basins of the western Pacific.

REGIONAL CRUST AND MANTLE STRUCTURE
Crustal Thickness: Seismic Refraction

Seismic waves from explosions have provided the most réliable and detailed
information on crusial thickness and indicate that the region of distinctive Basin
and Range structures corresponds quite closely with a region of thin continental
crust (Pakiser, 52; Prodehl, 55). Prior to the work of Tate! & Tuve (74) it was
generally assumed that the crust would be thicker under this elevated region than
in continental regions near sea level, a relationship that has been found in other
mountain regions. It was thought that lateral variations of velocity and density in
the mantle were unimportant, or at least inconvenient in seismic interpretation, and
that isostatic compensation was accomplished mainly by variations in crustal
thickness.

Tatel and Tuve found that the crust in northwestern Utah is an anomalously
thin 29 km. Verification came from Berg et al (6), Diment et al (16), and Press (54),
although these authors initially used a different definition of the crust. They found
abnormally low P-wave velocities of 7.6 to 7.8 km/sec at shallow depth for what
we have now come to identify as P,, the wave traveling in the uppermost mantle
below the M discontinuity.

Extensive explosion studies carried out by the US Geological Survey established
the basic picture as we know it today. David H. Warren, of the USGS (personal
communication, 1973) has compiled and interpreted these and other data into a
contour map of crustal thickness (Figure 4). The contours are based on data of
varying quality and on varying interpretation of velocity structures within the crust;
nonetheless they represent a good first approximation. Almost the whole region
from the Rocky Mountains westward has a thin but variable crust, roughly two
thirds the thickness found in stable regions of comparable elevations. The eastern
border of the Basin and Range province is marked by a fairly sharp gradient at the
35 km contour to a thicker crust under the Colorado Plateau. Southeast of the
Colorado Plateau there is some indication of thinning beneath the Rio Grande
trough of New Mexico and west Texas.

The crust is thicker beneath the Sierra Nevada to the west of the province
[although this conclusion has been called into question by Carder (10)). It is
interesting 10 point out that in detail the thick crust of the Sierran region {Figure 5)
extends into the Basin and Range province 1o the east of the Sierra Nevada. The
eastward extent of thick crust does not correspond with the eastern border of the
Mesozoic Sierra Nevada batholith (Figure 6), however; although a correlation of
the low velocity zone with the border of the batholith is not ruled out.

\
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Figure 4 Contour map of crustal thickness (in kilometers) based on seismic refraction
studies. Small numbers indicate individual thickness determinations. Compiled by David
H. Warren from the following sources: I, 4, 7, 11, 16, 19, 20, 22, 30, 34-39, 44, 55, 57-59,
62, 66, 67, 70, 72, 73, 82-8S.

Upper Mantle Velocity and Implications From Gravity

When it was found that the crust is abnormally thin beneath the Basin and Range
province and adjacent regions it was also discovered that P, is anomalous. Its
velocity of 7.7 10 7.9 km/sec is significantly less than the normal velocity of about
8.2 km/sec observed in stable regions (Pakiser, 52; Herrin & Taggart, 33; see
Figure 7). Most of the Basin and Range province is characterized by the lowest
P, velocities, less than 7.8 km/sec.
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Figure 5 Crust and upper mantle structure in a section across central California and
west-central Nevada as deduced from seismic-refruction studies. An alternative model
beneath the Coast Ranges and Great Valley is shown by dashed lines; 1opography
greatly vertically exaggerated (from Eaton, 20).

Gravity data supply a fundamental constraint on the amount of mass per unit
area underlying any region. This information is particularly valuable because
seismic refraction measurements do not by themselves allow interpretations of the
thickness of the anomalous upper mantle of low P, velocity. Gravity interpretation
utilizes: 1. crustal thicknesses from seismic refraction, 2. crustal densities estimated
from- seismic velocities and geology, and 3. upper mantle densities estimated from
P, velocities. The gravity data then yield estimates of the thickness of anomalous
mantle relative to stable regions (Thompson & Talwani, 79). The required thickness
of low-density, low-velocity anomalous upper mantle is at Jeast 20 km over much of
the region.

In comparison with stable continental regions near sea level, most of the isostatic
support for the high Basin-Range and adjacent regions is in the anomalous upper
mantle, This material must surely be a key element in any tectonic model.

Isostatic gravity anomalies in the United States (Figure 8) show that most of the
region from the west coast to the eastern limit of the Basin and Range province is
deficient in mass, with an average anomaly of perhaps around — 10 myal. In this
respect the region is similar to marginal basins of the western Pacific, which also
tend to be isostatically negative, )

The Lake Bonneville Experiment

A natural experiment in gravitationa! unloading of the Basin-Range crust occurred
as pluvial Lake Bonneville, of late Pleistocene age, dried up, leaving the Great Salt
Lake as its principal remnant. Prominent shorelines around the edge and on former
islands mark the successively lower levels of Lake Bonneville. These shorelines are
domed up toward the center as much as 64 m as a result of the unloading (Gilbert,
25; Crittenden, 14).
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Figure 6 Distribution of granitic rocks in California and Nevada. Solid lines represent
major active strike-stip faults {from Crowder et al, 15).

Using data from this natural experiment and a simple model of an elastic
lithosphere fAoating on a fluid asthenosphere, Walcott (81) has computed the
apparent flexural rigidity of the lithosphere and compared it with that of other
regions subjected to various kinds of loading and unloading. Walcott's results, as
shown in Table 1, illustrate that the flexural rigidity of the Basin and Range
lithosphere is unusually low. He suggests that the anomaly may be explained by a
“very thin lithosphere, only about 20 km thick, with hot, lower crustal material”
acting as part of the asthenosphere. In contrast, the flexural rigidity of stable
continental and oceanic regions suggests lithosphere thicknesses of 110 km and
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Table 1 Apparent fiexural rigidity of the lithosphere (from Walcott, 81)

. App arent Characteristic
Data Region flexural rigidity, .
) | time, years
Newtogmeters
Lake Bonneville Basin and Range province 5x10%? 10¢
Caribou Mountains  Stable continenta! platform 3Ix10% 5$x10°
Interior Plains Stable continental platform 4 x10% 5x10®
Boothia uplift Stable continental platform 7x10%? 5x10°
Lake Algonquin Stable continental platform 6 x10%* 10°
Lake Agassiz Stable continental platform 9 x10% 10°
Hawaiian archipelago Oceanic lithosphere 2x10% 10?
Island arcs Oceanic lithosphere 2x10% 107

75 km or more, respectively. The low P, velocity and high heat flow (discussed in
a later section) are consistent with Walcott’s interpretation.

Anomalous Mantle and the Low-Velocity Zone

Several studies have indicated that the Basin-Range region has an unusually well-
developed upper mantle low-velocity zone (LVZ) for both P- and S-waves. The
relationship is not always clear between the accentuated LVZ (as defined by waves
refracted at deeper levels in the mantle) and the anomalous upper mantle (as defined
by low P, velocity). In a study applicable 1o the central part of the Basin and Range
province in Nevada and western Utah, Archambeau and associates (2) derived a
model (Figure 9) in which the M discontinuity is at a depth of 28 km and the P,
velocity just below it is 7.7 km/sec. This low velocity remains nearly constant to a
depth of 130 km, where it undergoes a rapid transition to 8.3 km/sec. Thus the
LVZ is about 100 km thick; it begins at the top of the mantle and coincides with
the anomalous upper mantle.

In comparison, the same investigators derived three models applicable to regions
northeast and east of the Basin and Range province, including the Colorado
Plateau (Figure 9). These models have in common a “lid” of higher velocity muterial
(P, about 8.0 km/sec) above the LVZ, which is only about half as thick as in the

Basin-Range model.

* In the foregoing discussion a single model has been assumed to represent the
Colorado Plateau, and this assumption seems reasonable because of the geological
uniformity of the Plateau. However, within the limited resolution of the data, P,
velocities (Figure 7) appear to vary markedly over the Plateau and would not
allow a single upper mantle model. This seeming conflict invites further research.

Helmberger (31) developed a new technique for studying regional variations of
the LVZ. The method makes use of the nearly constant velocity of the PL wave in
the crustal wave guide and the regional variation in the velocity of long-period
P-waves. Results are mapped on Figure 10 (York & Helmberger, 87) as observed
time differences minus the time difference predicted from a model LVZ roughly
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Figure 7 Contour map of P, (upper mantle) velocities (in kilomeiers per second) {from
Herrin, 32).

comparable to the Colorado Plateau model of Figure 9. Progressively more
negative At valies [delays of the long-period P-wave relative to the model)
represent progressively thicker LVZ or lower upper mantle velocity. Positive values
represent thinner or higher velocity LVZ rélative’to the model. Two main zones of
thick LVZ within the — 3 sec contour trend northward through eastern Nevada and
western Utah and northeastward into the Rio Grande irough in New Mexico,
These zones join to the southwest and conlinue across southern California and
northern Mexico toward the continenta]l borderland off southern California
{generalty consideréd to have Basin-Range structure) and the Gulf of California. The
Colorado Plateau is strikingly outhined by the zero contour, which is expected
because the reference model resembles the Colorado Plateau mantle,
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Figure 8 Regional isostatic gravity anomaly (based on Airy-Heiskanen concept with
standard column 30 km). Line pattern, greater than + 10 mgal; stippled pattern more
negative than — 10 mgal (from Woollard, 86).

In other important investigations Robinson & Kovach (56) studied upper
mantle S-waves in the Basin and Range province, and Herrin (32) compared the
Basin and Range upper mantle with that of a stable region, the Canadian Shield.
Using direct measurements of the travel time gradient, Robinson and Kovach
found a thin lid zone (9 km) of shear velocity 4.5 km/sec at the top of the mantle,
overlying a low velocity zone with a minimum velocity at 100 km. Herrin's
comparative model for the Canadian Shield contains no LVZ for P-waves and only
a weak one for S-waves. The comparison is imporiant because it emphasizes a
degree of similarity between the Basin and Range and Colorado Plateau mantles
relative to the stable region.
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Figure ® Generalized comparison of crust and upper mantle struciure in the Basin and
Range province -and Colorado Plaleau. P-wave velocities are in kilometers per second
(adapied ftom Archambeau et al, 2):

RATE AND DIRECTION OF SPREADING
Seisimological Evidence

Recent studies of focal mechanisms of many small earthguakes highlight a
strikingly consistent diréction of ongoing Basin and Range extension. Although
recent earthquakes have been concentrated near ihie eastern and western borders of
the province and in a belt across southern Utah and Nevada, evidence of older
faulting indicates that they are a reasonable sample of this longer but much more
widespread lectonic activity.

Focal solutions tompiled by Schofz et al (64) show predominantly normal
faulting, with the extension direction ranging approximately from east-west to
northwest-southeast. The few examples of strike-slip motion are also consistent
with this extension direction.

Only a few of the larger historical earthquakes were accompanied by surface
ruptures large enough for the amount of offset 1o be directly observed, and ihese
larger shocks (Figure 11) probably account for most of the total deformation. The
main porth-south zone of historical faulting in Nevada and adjacent Culilornia is
nearly continuous, Rorizontal extension across the faults ranges from a lew centi-
meters o a few melers {Thompson, 75) and is greatest near the north and south
ends of the zone. This wide.range in extension, plus the existence of unfuulted gaps,
shows that the 100-yr historical period is 100 short for measuring a meaingful rate
of extension,

Dixie Valiley, a Type Basin
Near the northern end of the zone of historical faulting, at the site of the 1954
faulting in Dixie Valley (Figure 12}, two measures of jong-term displacement have
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Figure 10 Relative development of upper mantle LVZ (low velocity zone), expressed as
contours of time difference in seconds with respect to a mode! LVZ similar to that of
Colorado Plateau. Stipple patiern accentuates region of pronounced (thicker or lower
velocity) LVZ (from York & Helmberger, 87).

been investigated (Thompson & Burke, 78): 1. Displacements of the shoreline of a
late Pleistocene lake supply a measure of extension during the last 12,000 years
(Figure 13), and 2. fault displacements determined from geophysical exploration of
the valley give the total amount of extension for late Cenozoic time, at least 5 km
in 15 m.y. The average spreading rates are 1 mm/yr for the short interval and at
least 0.4 mm/yr for the total displacement. The spreading direction we obtained
from large slickenside grooves on fault planes is approximately N55°W-S55°E,
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Figure 11 MHistoric surface offsels and epicenters for earthquakes of greater 1han abowt
magnitude 7 in the western Wnited States (from Ryall et al, 61).

which corresponds wel} with the range of diréctions abtained from earthquake focal
mechanisms.

Dixie Valley is the only basin for which this much data is available. A simple
extrapolation 1o 20 major basins .across this part of the provincé suggests a total
Basin-Range spreading of about 100 km (10 increase in crustal area) and a
spreading rate of 8 mm/yr. On somewhat different assumptions, Gilluly (28)
estimateéd that the areal expansion ranges from 4% to 12% over most of the
province. Stewart (71} estimated 50 to 100 km (5% 10 10%) of extension on thé,
basis of a careful analysis of all available data. Hamillon & Myers (29) supgesi
that the exlension may be as great as 300 km {309%). More subsurface data on
many basins is needed 10 improve these estimates,
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Figure 13 (above) Map of offset lake
shorefines in west-central Dixie Valley.
The relative vertical spacing of beach
ridgesaround the valley demonstrates that
the highest beach ridge preserved in this
area (3544 M) marks—like the wfa
cemented terrace deposits on bedrock —
the highest lake stand. The age of the
high shoreline is 12,000 years (from
Thompson & Burke, 78).

Figure 12 (left) Dixie Valley region. Fault scarps formed or reactivated in 1903, 1915,
and 1954 are shown (from Thompson & Burke, 78).

Locus and Time of Basin-Range Faulting

The present seismicity (Figure 3) is a misleading guide to even the geologically
youngest faulting. Fault scarps of Quaternary age are widespread and bear little

227
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relation to the seismicity. Slemmons (69) has documented this fact for Nevada with
maps of faults in three age groups covering roughly the last 100,000 years. The
locus of faulting appears to have shifted randomly over the whole breadth of the
province rather than having been confined to the area of recent seismic activity.

Alihough older normal faults are known (Burke & McKege, 9), the main onset of
block faulting is marked by the widespread disruption of drainage und formation of
local sedimentary basins about middle or late Miocene time. The lower Miocene
ash-fiow sheets which cover broad areas were deposited on surfaces of low tectonic
relief (McKee, 46; Noble, 50). The inception of Basin-Range faulting over at least
Nevada and adjacent California is dated at 15 to 17 m.y. (sec Noble, 50, for
references). It must be emphasized that after faulting began it was probably
sporadic in any one area. On physiographic evidence, some areas appear to have
been inactive for a long time (for example, parts of Arizona, New Mexico, and west
Texas), while activity continued to the present in other areas.

THE PATTERN OF RUPTURE

Basin-Range faults are often described in a general way as high-angle normal faults
striking north to northeast, but the impression conveyed by that description is
highly misleading. Individual faults tend 10 be extremely crooked in map plan and
the fault pattern is more nearly rhomboid or even rectilinear. Some mountain
ranges are bounded by en echelon faults that strike diagonal to the range (eastern
front of Sierra Nevada for example). Considerable warping and tilting of the blocks
accompany the faulting, particularly near the ends of elongate basins.

Nowhere is the fault patiern better exhibited than in the late Cenozoic basalt
flows of south-central Oregon (Figure 14), but similar patterns are common from
Nevada (Figures 12 and 13) to Texas. Moreover, the roughly rhomboid map
pattern of faulting is characteristic of other regions of present or past crustal
extension, such as the African Rifts, the Rhine graben, the Oslo graben, and the
Triassic basins of eastern North America.

No well-founded explanation for the complex rupture pattern is known.
Alternative hypotheses include changes in the stress system with time, influence of
older structures, and anisotropy in mechanical properties of the crust. Another
possibility is that the pattern is roughly analogous to the near-orthogonal patiern
formed by oceanic ridges and transform faults, a pattern which has been explained
as offering minimum resistance to plate separation (Lachenbruch & Thompson,
42). Oldenburg & Brune (51) dramatically reproduced the near-orthogonal oceanic
pattern in a laboratory model with a thin crust of wax forming on molten wax, and
Duffield (18) observed similar patterns forming on the solidified crust of a convecting
lava lake.

The simple application of the minimum resistance theory to the Basin and Range
province would suggest a series of northeast-trending grabens (normal to the
spreading direction) and northwest-trending transform faults. The actual mechanics
are more complex, and the faults commonly are hybrid, having components of
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Figure 14 Rhomboid pattern of rupture expressed by late Cenozoic norma! faults in
south-central Oregon. Barbs on downthrown side of faults: faults dushed where inferred
(from southeast portion of plate 3 of Donath, 17).

both dip- and strike-slip. The pattern is not simple and the question of the
rupture pattern is far from resolved.

In addition 1o the problem of the patiern of faulting, the question of whether
the normal faults systematically flatten with depth has been much debated, in part
because such changes would imply greater regional extension. The seismic focal
mechanisms lend no support to the notion of major decreases in dip, however, and
serious geometric problems would ensue at the ends of basins if such decreases did
occur. Therefore the low dipping to subhorizontal normal faults that have been
observed in surface exposures and mine workings seem best ascribed to gravitational
sliding and tilting in response to decper primary faulting. The problem has been
explored by Stewart (71) and Moore (48). Armstrong (3) interprets low-angle fuults
in eastern Nevada as gravitational sliding features of late Cenozoic uge.

. .

HEAT FLOW AND CRUSTAL TEMPERATURE
Regional Variation of Heatr Flow

A region of anomalously high heat flow comprises the entire Basin and Range
province and extends across the Columbia Plateav and part of the Rocky
Mountain province (Figure 15). Heat flow values greater than 2 HFU [heat Nlow
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Figure 15 Contour map of heat flow. Contours in Heat Flow Units (pcal cm™? sec™!);
dashed where extended on the basis of meager data. Data points shown as open
triangles are measured heat flows in the runge 0 10 0.99; solid triangles, 1.0 to 1.49; open
squares, 1.5 1o 1.99; solid squares, 2.0 10 2.49; open circles, 2.5 10 2.99; solid circles, 3.0

and larger {from Roy et al, 60).

units (HFU), pcal em™2 sec™'] characterize this broad region, in contrast to
normal average values of about 1.5 HFU. .

Although the Colorado Plateau is at least partly an area of normal heat flow,
the distribution of measurements is inadequate to explore its boundaries with the
Basin and Range province. The boundary with the Sierra Nevada appears 10 be

surprisingly sharp.
Another compilation of the regional heat flow, by Sass and associates (63),




REGIONAL GEOPHYSICS OF THE BASIN AND RANGE PROVINCE 231
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Figure 16 Cross section of Dixie Valley, Nevada, The subsurface structure to the depth
of the sedimentary fill (stippled) is based on geophysical exploration. Dike at depth is
hypothesized to accommodate surface extension, as shown by arrows (based on Burke, 8;
Thompson, 76).

although more conservatively contoured, contains important additional details.
One cluster of consistently high values (mostly above 3 HFU), the “Battle
Mountain high” in northern Nevada, is interpreted as a transient eflfect of fairly
recent crustal intrusion. To the south in Nevada, a cluster of values less than 1.5
HFU, the “Eureka low,” is thought 10 be the result of unusual deep circulation of
ground water. These examples emphasize the importance of nonconductive heat
transfer. We point out that spreading of the grabens may be accompanied by
intrusion of dikes at depths of a few kilometers (Thompson, 76), and these
intrusions may be important in the heat transfer (Figure 16). The Batile Mountain
high is on the projection of the active zone of spreading (historic fault breaks) at
its north end (Figure 11).

The thermal transition to the Sierra Nevada may occur within a lateral distance
of only 10 or 20 km (Sass et al, 63). If this proves to be the case, it will require
shallow heat sources and will strengthen the hypothesis of intrusions beneath the
grabens. Furthermore, present evidence suggests that the heat flow boundary with
the Sierra Nevada follows in detail the irregular boundary of the normal faulting
and not the generalized physiographic or topographic boundary.

Heat Production and the Linear Heat Flow Relation

A surprising and remarkably simple relationship has been found between heat fow
and the heat production of surface rocks in plutonic areas; that is, within areas
such as the Sierra Nevada and Basin and Range province, the heat flow varies
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linearly with the radioactive heat production at the surface (Roy et al, 60). This
relationship is best explained by an exponential decrease of heat production with
depth in the crust, combined with an additional flow of heat from the mantle
(Lachenbruch, 41). The flow from the mantle—called the reduced heat flow—
amounts to 1.4+0.2 HFU in the Basin and Range province, compared to 0.8+0.1
HFU in the United States east of the Rocky Mountains and only 0.4 HFU in the
Sierra Nevada (Roy et al, 60).

Crustal temperature profiles for the three heat-flow provinces have been
calculated by Lachenbruch (41), based on the exponential model. Temperatures at
a depth of 30 km in the Basin and Range province range from 700-1000°C
(depending on surface heat flow or heat production), as compared 1o 400-600°C in
eastern United States. Temperatures in the Basin-Range crust may thus reach the
melting range for granite, and temperatures in the upper mantle may reach melting
for basalt. These high temperatures, combined with widespread late Cenozoic
volcanism, form a basis for the generally accepted hypothesis that partial melting
is responsible for the thin lithosphere and for the shallow, accentuated low
velocity zone {(asthenosphere) of the Basin and Range province.

The conductive mode! will need to be modified if much heat is carried into the
crust by intrusions beneath spreading centers, as we have suggested (Figure 16).

Hot-spots and Mantle Plumes?

The Yellowstone volcanic region in northwestern Wyoming may represent a-hot-spot
above an upwelling convective plume in the mantle (Morgan, 49). According to
Morgan’s theory the North American lithosphere as a whole is moving west-
southwest with respect 1o the mantle. The trail of the persistent Yellowstone
hot-spot across its mantle plume would be marked by the older volcanics west-
southwest of Yellowstone (in the Snake River part of the Columbia Plateau
provinee). Other possible hot-spots have been suggested within the Basin and Range
province.

A significant point about the theory should be kept in mind regarding the origin
of the fault-block structures. 1f the Yellowstone plume is a driving mechanism for
the structures and the lithosphere is moving westward across it, the locus of Basin-
Range tectonic activity should be migrating eastward ; and we know of no strong
evidence for an eastward march of tectonic activity. Westward movement of the
lithosphere at a rate on the order of 1 cm/yr would have produced a movement of
150 km in the 15 m.y. since the inception of Basin-Range faulting.

MAGNETIC AND ELECTRICAL ANOMALIES

Anomalies in the regional magnetic field and in elecirical conductivity generally
support other evidence of a hot upper mantle in the Basin und Range province,
but the resolution of lateral variations has so far been very limited.

Zietz (88) showed that from the Sierra Nevada to the Rocky Mountains, magnetic
anomalies are subdued in amplitude, and that long-wavelength anomalies are
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absent. This fact suggests that the lower crust and mantle may be above the Curie
temperature (578° for magnetite). Surprisingly, the magnetic field over the Colorado
Plateau does not appear to differ significantly from that over the Basin and Range
province, in contrast to results from other kinds of studies.

Porath & Gough (53) explored variations in mantle electrical conductivity from
the eastern and southern Basin and Range province to the Great Plains by
measuring geomagnetic fluctuations. The anomalies are well represented by
variations in depth 1o a half-space of conductivity 0.2 (chm mj~*. The top of this
conductor is inferred to correspond approximately with the 1500° isotherm. Depths
to the surface of the conductor are 190 km under the Basin and Range province
and 350 km under the Colorado Plateau, with a ridge of depth 120 km at the
boundary. The depth under the Rio Grande trough is 120 km, that under the
southern Rocky Mountains is 150 km, and that under the Great Plains is 350 km.
Although such models are naturally not unique, they strengthen the interpretations
of regional heat-flow variations and add another dimension to the unusual
properties of the Basin and Range province.

PETROLOGIC RELATIONS

Three important relationships among the rocks deserve special emphasis:

1. Prior to Basin and Range faulting, lower and middle Cenozoic volcanoes
erupted largely intermediate-composition rocks that become more alkalic toward
the continental interior {(Lipman et al, 43). This pattern is similar to volcanics now
being erupted around the Pacific margin in association with convergent plate
margins.

2. A major change to fundamentally basaltic volcanism (including bimodal
mafic-silicic associations) took place during late Cenozoic lime at about the
inception of Basin-Runge faulting (Christiansen & Lipman, 12). The transition to
this new volcanism began in the southeastern part of the region and moved north-

westward. The time of transition may be correlated with the initial intersection of

the East Pacific Rise with the continental-margin trench sysiem, an intersection
which Atwater (5) also interprets as having progressed northwestward.

3. The composition of the crust and upper mantle as it exisied beneath the
Colorado Plateau prior 1o Basin-Range faulting has been ingeniously recon-
structed from crystalline rock fragments in a breccia-filled diatreme, which is about
30 m.y. old (McGetchin & Silver, 45). The crust contained about 31% inter-
mediate and acidic igneous rocks, 669 basic metaigneous rocks, and 3% eclogite.
The upper mantle 10 a depth of about 100 km contained about 75% peridotite
and pyroxenite and 259/ eclogite. It is especially interesting that the mantle 30 m.y.
ago contained this much eclogite, because eclogite is capable of converting into
gabbro with a volume expansion of about 10%, in response 10 a rise in temperature
or decrease in pressure.

Eclogite may be a key to an understanding of late Cenozoic uplift of the broad
region that includes the Sierra Nevada, Basin and Range province, and Colorado
Plateau. The expansion of eclogite in only 60 km of mantle could produce an
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uplift of 1.5 km (60 x 25% x 10%). The former eclogite may now be represented by
gabbro dispersed in the mantle low velocity zone, or by crustal additions of basic
metaigneous rock, or by basaltic volcanics.

SYNTHESIS AND TECTONIC MODEL

The regional geophysical data put many useful constraints on speculations about
the fundamental tectonic processes of the Basin and Range province. Among
these data the heat flow is central; the volcanism, thin crust, low mantle velocity,
accentuated low velocity zone, generally high elevation, subdued magnetic
anomalies, high electrical conductivity, and great breadth of the seismically active
zone can logically be associated with high temperatures and high heat flow.

The gravity data—coupled with the estimated extension—supply an interesting
constraint that does not seem to have been widely recognized (Thompson, 77). If a
30 km crustal plate were simply atlenuated by a horizonta! extension of 10%, a
negative isostatic anomaly of more than 300 mgal would be produced. If the
attenuated plate were only 10 km thick the anomaly would still be 100 mgal.
Because the regional isostatic anomalies average no more than about 10 mgal, the
gravity emphatically indicates that the circuits of mass flow must be closed. Near-
surface crustal spreading is almost perfectly matched by lateral backflow in the
mantle,

If we imagine a vertical fence surrounding the Basin and Range province and
extending through the crust and mantle, the integrated flux of mass through the
fence must be zero, despite the outward flow by extension in the upper crust. We
now need to find out how the deep lateral inflow takes place. Is the laferal flow
in the low velocity zone? Is it a deeper mantle flow associated with narrow
upwelling convective plumes, analogous 1o a thunderhead in the atmosphere? Is
the flow related to former subduction of un oceanic lithospheric plate at the
continental margin? At present these questions lead rather quickly into speculation,

The regional geophysical characieristics, geologic history, and petrology rather
strongly suggest a link with plate-lectonic interactions at the western edge of the
continent going back to early Cenozoic time. Analogies with spreading marginal
basins of the western Pacific are especially promising (Karig, 40; Matsuda &
Uyeda, 47; Scholz et al, 64, Sleep & Tokséz, 68 Thompson, 77; Uyeda &
Miyashiro, 80). :

The general idea’is that in a broad belt on the continental side of an arc-trench
system, a descending lithospheric plate either generates magma along its upper
surface or creates a convecting subcell by viscous drag. The rising magma’ or
convection current helps 1o move the arc away from the continent, creating a
spreading marginal basin. The situation is somewhat different along the central coast
of North America in that subduction ceased when a spreading ridge reached the
trench in middle Cenozoic time. But because the descending young lithosphere
would still be very hot when the ridge reached the trench, and because conductive
heat transfer is very slow, it is easy to imagine that the thermal eflects of a past
subduction process are still being felt in the Basin and Range province.
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121.403 DRAKE'SBAD” (DRAKE HOT SPRIN:S)

121.434 DEVILS™KITCHEN °
121.420 HOT SPRINGS VALLEY -

1214399 3S0ILING SPRINGS LAKE

121375 TERMINAL GEYSER =~
121.507 SROWLER HOT SPRING
‘121513 MORGAN HOT: SPRING-
121.036 (SPRING) .-

122.634 SALT "SPRING .
122.110 TUSCAN (LICK) SPRINGS
122.737 STINKING SPRINGS
120.936 (WARM SPRINSG)
120.163 PETERSON RANCH

120.158 FORT BIDWELL HOT SPRINGS
120 917 POTHOLE SPRING .
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i SEx=x £ 3 =3 & 2
$5E82sS2 = B3S 5 .5 ms OFSPRING .
CAT 5413 0 T 20 1 815726 120. 081 BOYD HOT*SPRING = ' or i . L. aedh’y 75
{eCA "6 14..7206- 97 1°41.670. 1204206 LAKE CITY:C(SURPRISE VALLEY). HDT sprwss‘
~" CA "7: 16,188  87. 1 #13615,120.102 SEYFERTH -HOT SPRINGS R P
‘CA .8 -17%. 1150 .-:66 1741.600 120088 LEONARDS HOT SPRINGS e TRy
n'g L

%98 ;1 _41.534120.078 HOT SPRINGS '(SURPRISE VALLEY . AND BENHAC)
#3341 ¥17492.1204700 HOT CREEK -RANCH AND ESSEX _SPRINGS | ‘
LATRT M 1MAT 484 1207664 (SPRING). o DL uwTl e e
- CA, JoTr2 w22 .1784108521120.515 CSPRING) < o oo L
e CA 137485 204 .96 1 81.%50,.120.830 KELLY HOT SPRING -
"CA 14.20..71387 59.11"°81.266 120.080 MENLO.HOT' SPRINGS T
CA 15.- | -375-..23:-1 8162521204521 (WARM SPRINGY:- - "
' ‘ s " 83107 81%2197120. 068 " SQUAW: BATHS 'W«mf L

JeorWL 8159571200475 ((SPRINGS). - 3 CORSE AT S
. 77::°0.,41190°1205383 WEST, VALLFY RESERVOIR HOT "SPRING o
“0.415167,1200032 BAREIRANCH - =i o 00 % 5 068 0 i
151816160 120403 ~(WARM SPRING) R R ' ‘
B:i31.:612607,1214523 'HOTHSPOT /0" Wimi e 2
T 1781.229°121.405 LITTLE HOT SPRING
"1781.143 121.110 BASSETT HOT SPRINGS 2 T i
1.81.126.121.028 KELLOG, ¢STONEBREAKER) ‘HOT.SPRINGS - ﬁ
'.1.61,036 121.924 HUNT "(XOSK CREEK) HOT SPRING .- A
..1.:414025 121,924 BIG BEND HOT 'SPRINSS .. .. ol .o '
1781.012°121.274 (HOT SPRINGS) " ST e jag\-;(
01 81.973-122.202 KLAMATH HOT SPRINSS R O
1.814919 ¢ '122.369 ‘BOGUS  SODA SPRINGS "W '/7 im0 hodrT
. 122197 (HOT "SPRING "ON. MOUNT SHASTA) e
59 -123. 319 SULPHUR SPRINGS S e
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BRI o H;,COLORADO ;u};g}",ﬂﬁ{'%ﬁFET” b
137294 105.784 DEXTER: WARM sparns
374751 106+317 SHAWS 'WARM SPRING . e
37.754 106.828 WAGON WHEEL GAP HOT spaxuss 2
37511°105.945 RAINBOW HOT SPRINGS ;ﬁsp,‘rﬁ,*“f. R
.37+033.106.805 - STINKING 'SPRINGS" Sl T T T
37.741 107.03% ANTELOPE WARM SPRING . - R
37.718 107.060 BIRDSTE WARM SPRING €2) e

37453 107.803 PINKERTON HOT SPRINGS
37.400°107.849 TRIPP . HOT SPRINGS . T
.3T7T«391 107.846° TRIMBLE HOT SPRING . = LML
374263 107.011 PAGOSA. SPRINGS- ..~ .- 7 -0 = 7
37.771 108.031 DUNTON HOT SPRING - &
37.762.108.113 GEYSER WARM SPRING PER
"37.752 108.131 PARADISE HOT SPRING . o
.37.689 108.031 RICO HOT SPRINGS = e ke
384987 105.912 WELLSVILLE WARM SPRING' T
384479 105.891 SWISSVALE WARM SPRINSGS (2) .- = - = _<:
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 TEMPERATURE = = : Y
. 2. = = 2y
i ) = - -~ i
Twzd 28 & Z £5 2 s
L E¢E X =X £ O Es o =
V% O= = X S =35 35 -3 _NANE OF SPRING . ’ !
"o 3. . .1 96.0°36 11 38.459 /1052200 FREMONT NATATGRIUM HOT SPRING"“ JTETEE
~{7.co” & 22A 103..40. 0 .38:%33 105.261 CANON -CITY ‘HOT SPRING R
V. C0 5. 2 6% 187 0.384305 105,979 FULLINVIDER WARM SPRING
6 24 98 737 -1 384192 105.816 VALLEY VIEM HOT SPRINGS
-7 .23.°.139 .60.71 3831687105+924 MINERAL HOT."SPRINGS =
113+ .78 .26+ 1.384836 106.825 CEMENT CREEK WARM SPRING
2 :12 /80 27 1-38.816 105.873:RANGERWARM SPRING
'3 19 136 58 . 1-38:812 106.226 COTTONWOID 'HOT SPRINGS -
4 20. . 132, 56 - 1.383733 1064162 MOUNT PRINCETON -HOT SPRINGS 0
50 .1817 83,1 38.732.106.178 "HORTENSE HOT SPRING ~ CoL 3
“6 . ... .76 -25:0.384653 106.056 BROWN' S CANYON: WARM SPRING (2) L 3
TS UL 130023 0 380634 1064072 BROWN' S GROTTZ WARM SPRING-€2) - :
8 1437175 180" 1,.384512 1064507 WAUNITA- HOT* SPRINGS - v ‘,4;;”
"9 21 7 159 7i71 -1 384498 106.076 PONCHA HOT SPRINGS ™ SRR e A
‘1715, 105 41 1 3842727107.100 CEBOLLA €¢POWDERHORN) "HOT SPRINGS R
2 .27 12T 53 1.38.133 107.736 ORVIS (RIDGWAY) ‘HOT: SPRINo A o]
3i.28° 156-..59 -0 384021:107.672 OURAY."HOT .SPRINGS . SRS
15267 .91 733 - 0:38.014 108.054 LEMON HOT SPRING ~.
1 & 78. 26- 1-39.932 .105.277 ELDORADO SPRINGS .. -
2 5 - 114..46 1 39.742 105.510 IDAHO SPRINGS =~ :. -
37017 125752 1 39.017.105.793 HARTSEL ‘HOT SPRINGS .
1 .16 .76, 25 1.39.164 106.062 RHODES WARM SPRINS
2.9 108 38 1 39.012-106.891 CONUNDRUM HOT.SPRING -
1 T . .89 32 0 39.62% 107.106 DOTSERD WARM SPRINGS
2.0 . '118° 48 0.394552:107.412 SOUTH CANYON “HOT. SPRINGS :
.®CO 3 6 123 51 1 39¢548°107.320 GLENWOOD SPRINGS ' .
igf.co 4 ~='8° -138° 57 9 39.233 107.228 AVALANCHE SPRINGS B
I oo R 132 "56 1 39.227 107.224 PENNY HOT -SPRINGS . '

., ®CD 1. 2 1847 64 140553 106849 ROUTT HOT SPRINGS e T e
_beCO 2 .., 2A:.102. 39 °1.40.486 106.831 STEAMBOAT SPRINGS ~'. . A )
fv CO- 3. .3, 7111. 44 1 40073 1064113 HOT SULPHUR SPRINGS = - 7+ - fow’omf

Co"1. 1 .100..38. 1 40.967 107.952 JUNIPE R HOT' SPRINGS. .. ' . . oo e by
iy Lo : C Lo TR T T A I ."'. ’ et

: ' JIBAHO T T o

: . . - . L R L s e .-”...".":_,_ v .
ID 1 192 107 42 1 $24910 111.555 (WARM:SPRING) = =

. ID 2., 7107 42 0 42891 111.702 - T 7 - ¥

ID 3 193 87 31 1'42.656 111.607 SODA SPRINGS ,
I0 4.191° 125 .51 1 42.562 111.801 77 o : 3
ID ' 5 - H 1 82.336 111.719 (HOT "SPRINGS) ° T .
eID 6 168 76 1 42.305 111.708 MAPLE GROVE HOT SPRINGS : !
- elD . 7 170 77 1 82.135 111.930 WAYLAND HOT SPRINGS IR B
ID 8 .0 . H 1 82.118 111.929 SQUAW HOT SPRINGS o 2
ID 9 196 118 48 -1 82.11% 111.254 BEAR LAKE HOT SPRING S B
I0 =1 189 .° B89 .32 1 42,725 112.873 INDIAN SPRINGS T
‘ID 2.190 112 45 1 62.620 112.014 LAVA HOT SPRINGS & o .
ID 3 © 100, 37 1 842.542 112.903 (WARM SPRINGS) S e
- N - ,x.........':n_n..x.:.'l‘bu..-a...,.-_‘., N e
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TENPERATURE 2 = -
. (-3 | — ™
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TwZEEE T Z Xz 2 =
L e=EZEEE =z g €8 % =
S5 8= = X S = ot ] NA“E OFSPR"‘G
e S e L T o S e e
T 10 ‘9,191A1‘109 ‘a3, 1 92.389:112.089 DOHNATA 'HOT SPRINGS
A4 71D . 5 ©.75-.24 . 0 824381 112,838 . i s
Fa 1D B4 vff7s':25’ﬁ0z92a115w112‘239 “"“”"”“‘“»-w&L?a*t T
, ID- 7-194 .. 767 25 V1. 42. 153‘112.349,PLEA3ANTV1£U WARM SPRINGS
yh. 1D /8195 [-80 .. 277/11024053.112.242 WOODRUFF. HOT SPRINGS.u Py
... ID - 1.186 .5;387§$7w'0_42.452 113.520 .- wEa e
4. IDT 2183 - .84 29 9 .82, 2&6i113.519.sznas SPRING e R
CID-3 T T T W 178240226.:113.780 0 CWARM -SPRING) ”“, L T
>eID ..4 182 "'116 47 T 42.170- 113.857 OAKLEY WARM (HOT)' SPRING. ‘ AR
. ID . 5.184. ;204 .95 1 42.107 .113.390 (WELL (HOT)) (BRIDGE SPRING) (FRlZTER H S
ID 6 .1 96 . 36.:0,42.099 . 113,635‘DURFEE SPRING (9) T e
I0: 171737 123 ;54 0.82.703 118.857 ;" .= .~7"" T e - ~~';J‘_ ¥
ID . 2.174 - 123 HSijf,42.=87‘11@5859fH0T SULPHUR (HIRACLE 'HOT) SPRINGS LT
I0 23 175 . -130 .55 1°.42.686.114.826 BANBURY HOT SPRING K ~~.°° ~ _.ov i
ID " 4,178 - ..100. 37.-0..42.413 1148161 ARTESIAN CITY HOT' ‘SPRINGS ot '« <137 ..
ID-'5 . "96 36 142,347 114.509 NAT-S00=-PAH WARM SPRING SO e
ID 6 1777 90..32 '0.%24309. 118.323: e - SO B
ID -7-.181 © 69 20~ 0:42.015 114.237 THOROUBHB%ED sparnss-ﬂ
: I0 '8° . 114 46 . 0.92.005 114.504 MAGIC.HOT SPRINGS - . - o
- ID 17153 105 41 1:42.799 .115.744 BRUNEAU HOT SPRINGS' B G
ID 2 165 114 46 1 42.799 115.721 BAT.AND PENCE (TRAMMEL#S) HOT SPRINGS
10 '3 164 ° 111 44 1 82.796 115.732 cn e L e s
I0 4.169 : 111 44 3.8%2.779 115.716 Pre *~',}aﬂ-j<gyj- L ,(
. . ID 5 156 ":105--41 0.42.767 115.725 " B
v . ID. 6 157 -..102 . 39 . 1 42.762. 115.739 INDIAN 'BATHTUB  HOT ' SPRINGS ’
"o, "ID.-7,169A ' 156 69, 0-42.337.115.646 INDIAN .HOT.SPRINGS .. . ... ;»- e
“v eID:: 8 1598 123 51 ' 1 42.030" 115.36T'MURPHY HOT SPRINGS IR R
. UID 1 - . 76 25 0.62.866-116.372 T LA R
10 1°153 . 111 84 1 43.792 111.435 PINCOCK (5 SREEN CANYON). HOT SPRINGS
<10 2 .. 0 W.1'83.653 111717 ELKHORN WARM 'SPRING ., .. ".:. . . .
. ID B3t T W 178340652 1114698 HAWLEY T WARM SPRING . | i
= 1D .4 152 j1zo 48 1 43.643 111.686 HEISE HOT SPRIMG S -
“»ID 5.154 7 "76 25 0.43¢427 111.405. = 77 Coo A T
© ID 1157 -89 32 1:43.112 112.169 YANDELL SPRINGSJ,.; Vol
1D 2 N W 1 83.040 112.006 (UARM SPRING) f“f”~‘~ A
o101 0111 784 D 43,3649 113.781 S N m
ID 2 1647:7-125 52 0.43.325 113.916 CONDIE HOT SPRINGS .
I0 1 102,120 49 1 43.988 114.798 PIERSON HOT SPRINSS
ID 2103 . 123 51 1 43.984.114.486 (SPRING C(HOT))
., ID . 3.140.- 102 38 .1 43802 114.586 RUSSIAN JOHN HOT SPRING -
ID "4 141 - 93 37 1 43.773 114,539 EASLEY HOT SPRINGS ,
- ID 5 132 - "W 1 43,703 114.739 (SPRINGS (HOT)) . R
. .®ID 6142 157 70.°1L 43.583 114.410 GUYER HOT SPRINGS
.ID 7133 © H 1 43.686 114.81% SKILLERN.HOT SPRINGS
ID 8 143 ‘ H 1 43639 114.488 WARFIELD HOT SPRINS
ID 9°134. 145 63 1 °63.606 114,947 LIGHTFDOT* HOT SPRINGS
ID 10 135 105 41 1 843,580 114.834 PREIS HOT -SPRING - , o L
©ID 11 136 177 B81- 1 43.561 1144791 WORSWICK HOT SPRINGS . IR
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2 e 5 2% B = - i
fLoSgeg £ ZZE B B | !
ST ET ==X = S Tz = = o
$5 82 5= = 853 S . U3 NAME OF SPRING: {7
©ID 12 %47 116 47 1 83.556 118.413 CLARENDONHOT SPRINGS “ﬁf“?’;“f"*%f‘f%éﬁ
oID 13145 145 63 1 43.504 114.356 HAILEY ‘HOT SPRINGS S P
eID 14 138 129 54 '1°43.8422 114+628 ELK CREEK HOT SPRING : S
e10-15 137 :150  66. 1 43.382 114.932 WALDRO? 'HOT SPRING } R
. 1D 167139~ .159 71 .. 0.83.292 114.906 BARRON#S HOT SPRING . . SR
.. eID.17 170, .148_ 65 1 .43.051 114.952 WHITE ARROW HOT SPRINGS .. ... 5" * ju
eI10 18.171 ., .80 .27 1 43.050 114.333 HOT SULPHUR LAKE - . . oL R
I0 1 -82  -115 46 .1 43.818 115.863 (WARM SPRINGS) . _ L N
ID "2 123 130 54 .0.93.814 115.045" o A
ID 37120 ;130 54 -.0.43.802 115.393 GRANITE CREEK SPRINGS e
eID 43119 .- .148 55 .0.43.789 115.434 DUTCH. FRANK SPRINGS .~ -~ ' 700 o po
“I0  5'117 - .. W D 43779 115.481 POOL"CREEK HOT SPRING - . =~ . . =
oID 6116 168 76 1 43.754 115.570 NEINMEYER HOT SPRINGS .. - . . - .
I0D-“77115 - 7 H 1 43,736 115.580 VAUGHN HOT -SPRING L ek
ID 8 113 . 120. 49 1 43.726 115.602 LOFTUS HOT SPRING ~~ . " N T
1D 9 112 CH 1 83.721,115.615 SMITH CABIN.HOT SPRINGS o
~10 10:110 4 141 ' 61 1 43.697 115.655 SHEEP CRIEX 3RIDGE HOT SPRING.
ID 11 84*':154 67 1 434669 115.698 TWIN SPRINGS .
. ID ¥2,126 122 49 11 643.638 115.127 (HOT 'SPRING) o . :
L ID.13 124 . " W 1:°83,613°115.250 (SPRINGS) = L T .
. ID 14 125 W1 83.613 115.158 S o : SR
. ID 15 127" 120 49 1 .43.603 115.069 ¢HOT SPRINGY - "~ = A g
eID 16 129 132 56 1 °'43.553 115.273 PARADISE HOT SPRINGS . ‘ R ﬂ
© ID 17°128° 138 59 3 43.5%2 115.285 BRIDGE HOT SPRINGS (e) . -
ID 18 131 _ 157 70 1 43.154 115.515 (HOT SPRINGS) ) <
-®ID 19 .131A 130 .55 1 #3.113 115.305 LATTY HOT. SPRING - A
10 20 i+ W1 834005 1154125 (WARM. SPRING) -
LT ID 21 1313 125 51 0.43.002 115.171 Tt :
_eID 1 '66 130 55 1 43,951 115.353 -ROYSTONE HOT SPRINGS ] -
SI0T 2 159 128 53 1 43,425 116.718 GIVENS HOT SPRINGS T
I0. 1 =~ 62 17 1 %44.150 111104 .LILY PAD LAKE' '
10 -2.151 0:99.135 111.303 ST
‘eID 3 .-° 105 41 0.44.091°111.459 ASHTON WARM ‘SPRINGS
10 1 ‘148 84 29 1 44.253 112.639 (WARM SPRINGS) .
. ID 2 158 121 50 1 44.144 '112.546 LIDY "HOT SPRINGS
.ID 1 85 87 31 1 94.613 113.365 (WARM SPRINGS)
“ID "2 108 84 29 1 48.267 113.450.BARNEY HOT SPRINGS
JID 1 54 ‘1 444951 114.706 CWARM SPRING) -~
1D 2. 115 46 1 49.836 114790 HOSPITAL "HOT SPRING -
_ID 3 55 121 49 1 94,799 118.806 CHOT. SPRING)
ID "4 49 130 54 1 44.78% 114.358 COX’HOT SPRINGS
ID 5 . . 189 64 1 44.730 114.995 SUNFLOWER HOT SPRINGS
ID 6 63 - 114 46 1 44.722 114.017 (HOT. SPRING) .
I0D0 7 ST , ‘W 1 44,661 114650 (HOT SPRINGS)
ID B8 56 190 87 1 84.645 114.738 (HOT SPRINGS)
“ID° 9 -58 121 50 1 48,626 114:598 SHOWER BATH SPRINSS
"ID-10 105 123 S0 1 464.524 115.175 BEARDSLEY. HOT SPRINSS
ID 14 88 . 0 44511 114.880
. . . . T
.. S S e “~«§>
- iz ”“-f““~f-*-"~*--ﬁ;p;,«.;;z¥Wv-~-‘“
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TENPERATURE =S 5
O . E 'ég = w - N
P = oz == w o b— S Ry
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3582 SE E B 3S 3 = NANE' OF SPRING | %
*’j 10 12 107 © - W 1 94.383 114.089 CUARM-SPRING) © BRI jﬁ?jﬁ}z
'eID 13 93 168 - 76 1.44.269 114.754 SUNBEAM ‘HOT SPRINGS ST
o, 0 ID 1640 91 v L c (Hu0. 88268 1184848 0 0 LuhLL LT S S
COID 15732 L L W 0 8%e260 118797 0 ETT T TN TRt o T s e T
¢, TD 16 100 . 105.° 61 .1:944254 1144443 SULLIVAN Hor SPRINGS - _;*a= A
v 1047 90, .. ... .. H.0.%8.246 114,883 . U L
1018 95 - 135 57 1 44.243 114.671 ROBINSON BAR RANCH HOT SPRINGS~
ID 19 .94 3105 "41 . 1 444222 114.931 STANLEY HOT SPRING T e
ID 20 . 99 121 50. 1 44.167 118.625 SLATE CREEK HOT. SPRING T
ID 21 101 -105 40 1-485101 1144853, (uARn SPRING) i
ID 1.26 . 96 -35 0.84$900 11548967 . - =0
ID 2..25. %116 47 0 84.850 115,691 '“*“*"““*'*"“‘“~; . -
ID . 3. . "s157 '69:71.44.829-115.213 KWISKWIS "HOT SPRING _ -, = . A
10, 4 .48 . ;162 .72 1 4%%.812 115.121- (HOT SPRING)” SO -
ID "5 -i. 191 88 0 4%.796:115.128_ L2t ;
- ID 629 . ..H. D.44.754 115.685 :
o SID- T T - 7116 46. 0 .44.731 115.020. “*‘¢'¢< i
1D .8 47 7138  58.- 1 44,717 115.016 - } T
I0 "9 " 46 <116 46 1 944719 115.207 CHOT" SPRINGS)
ID 10°' 28 .120 49 -1 4445675 115.944 (HOT SPRING) PR o
.®ID-11° 31 138, 59 0 444537 115.689 MOLLY#S HOT SPRINSG ~ =~ .
1D 12 30. "121 50 .0°44.626 115,755 TRAIL CREEK 'HOT SPRING (9) - . -« - . . .
ID-13 44 - . . H'1-84.627 115.196 SHEEPZATER. HOT SPRINGS oo
1D 14 86 ~W -0 444571 115.071 . . T -
eID 15 32 188 B7 .1 44.565 115.697 VULCAN HDT SPRINGS ;
1D .16 33 2OH D .88.587 115697 e . o L
1D 17 .43 7110 43..0 44564 '115.312 e N
1D .18. .42 . -H D 89,524 115,280 . - ' .
ID 19 41 M 0. 64.443 115,236 . B : T
;- 11D 20 . 39, H 1. 84.429.115.763_BULL CREEK HOT SPRINGS IR
;.. 1D 21 87 W 0 84.399 115.017 . 7 T
. ID 22 35 ""H'1:94+399 115.820 (HOT ‘SPRINGS) =~~~ -~ .~ | =
ID 23 36 100 37 1.44.331 115.834 (HOTY SPRINGS) ’ SRR B "
1D 24 37 90.-32 "1.48.380 115.843 (HOT, SPRINGS) .
eID 25 38 186 B86 1-44.363 115.856 BOILING SPRINGS
ID 26 40 90. 32 1 44.328 115.801 (HOT. SPRING)
10 27 120 49 1 44.252 115.891 (HOT SPRINGS)
-ID 28 89 . - H 0.44.203 115.045 .~ "~
ID 29 81 . 100 37 0.49.167 115.188 SACAJAMEA HOT SPRINGS
ID 30 .73 168 76 1 9%.153 115.995 (HOT. SPRINGS) a :
®ID 31 80 184 B85 0 44.153 115.310 BONNEVILLE HDT SPRINGS
ID 32 77 141 61 "0 44.075 115.788 " -
ID 33 78 W 0 94.074 115.554 HAVEN LODGE €9) -
®ID 34 .79 .148°°65 0 843071 115.581 KIRKHAM HOT SPRINSS:
1D 35 : 103 40 1 44.060 115.816 (HOT SPRING)
ID 36 “74 123 51 0 444055 115.906 - ' : o
ID 37 715 H 0 44.051 115.825% '
eID 76. 130 55 (

0.44.046

115.855
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TENPERATURE = =
. 2. ~ =
s - o= S-g = w - A
PoSe o= = 8 =8 S = -
: W =~ Em s by —
i SXTE=xz = S EZ OE = #
L 358852 E B SS S 8 NAME 0F srmnc ¥
fleID-'1 17 109 4370, 442971 116.199 -KRIGBAUM HOT SPRINGS o ;f
[ eID. 2 . ©132 56 1°84.853.116.94% STARKEY HOT SPRINGS .
nleID "3, 19 114837 65 -1 ‘88.5673 1154231 WHITE LICKS:HOT SPRINS
RINE €2 R S - B H'l 84667 116+305 (HOT, SPRINGS)' N e
‘9IDWV54‘27 93, ;34.‘1.44.641[116.055iHOT;CREEK,SfRINGS - s
6 1577 70.. 0 444582 1164631 ..o 1
ST 121 50...1.44453171164,751. . oo o L
B34 S H:D 444515 116.055-_g3:;.».71‘3“{05 R s X
9 .;'100-‘38'”0w44.510”115.035" ST oTmTLIoT Ty S b
10 . .159 171 .0.88+%15.116.030 CABARTON HOT SPRINuS : R '
‘11 . +197 (92 . 0.94.306 116.744 CRANE CREEK Cre O Con
12 . 7716574 ..0:%9.212 116.710 COVE. CREEK " ERN ‘ -
130712 " W D.99.185 115.115L1;;“,;:'m;3£4;.,iu. , . 1-
14 . - J175°780 17.44.,090 116.0647 =~ - 0 TV o ; g
A0 L T1 022 01 444305 117.047 wzxsza HARM (HOT) SPRINGS '
1 53 . 175, 80.70.45.313.113.8339 _ “ BRI
259 112 845 %1 45.093:113.837 SALMON’ HOT SPRINGS” IR SR
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- eID -4 16 148 65 1 85.039 116.292 zrn:s RESORT (YOGHANN) HOT SPRINGS
v A0 +1T, -2 7105 41 1 86.465°114.935 COLGATE WARM SPRINGS
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149 97 .36 1 37.462.115,188 ASH :SPRINGS
L5 ;- 80, 26 0°37.948-117.80¢%
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182 70 21 1 3B4672:114.625 GEYSER RANCH SPRINGS
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2122 . ... W 1 38.951.115.702 B1G WARM SPRING -
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134 . 100~ 37 1-38.59%4.115.140 MOORMAN SPRING
128 182 "127 1 384562 115.530 BLUE EAGLE SPRINGS .
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134A 92 33 1 384350 115.181 MOON RIVER SPRING ;
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: ~ Wl 38.69% 116,435 UPPER WARM SPRING AND:(WARM SPRING) }
92 33 1 38.533 116.464 UPPER WARM SPRING b
B2 "1 38.520 '
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39.547
39.416
"33.284%

3%9.817.

39.422
39.072
39.988
33.943
39.941
39.905
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115.591
1164650
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CHARNOCK (BIG BLUE) SPRINGS
DARROU’HS HOT SPRINGS
INDIAN SPRINGS . .

DOUBLE SPRING
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MINA HOT SPRIVG 1L Ry
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NEVADA" (HINDS) HOT SPRINGS
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MONTE .NEVA HOT SPRINGS
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SULPHUR SPRING™ ,
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SULPHUR 'SPRING B .
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(HOT . SPRINGS)
(HOT. SPRING)
DIXIE HOT SPRINGS
MUD SPRINGS

BORAX SPRING
SAND "SPRINGS
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(SPRING) (WARM)
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= o =
S 2 =
= B E
136 58
.. H
. 70..21
R
123 54
177 81
112 44
108 42
132. 56,
132 56 -
80 26
150. %6
104 39
199 , 93
. 135 .791
- 73 23
170. 76
W
W
83 28
71 21
84 . 29
112 45
129 54
136. 58
132 . 56
109: 43
73 23
127. 53
78 26
71 22
162 39
75 24
H
152 67
80. 26"
121 58
175 80
114 46
161 72
172 78
204 96
125 52
32 33

wcooﬁﬂcooﬁﬂococr—ccwcwr—'—r‘Hv—ﬂr‘mcv-ir-t-'-"-.'b"""r"l—‘r-'v-‘t-‘or-" LOCATED ON NAP

"LATITUDE (N)

41.424
.41.064
41.031
414932
“41e321
41.918
41.752
-41.726
41.718
41.717
41.703
41.565
41.526
-41.369
414366
41.253
41.050
41.790
41.745
41.730
41.590
41.395
41.393
41.382
814370
41.358
41.356
81,355
41.3484
41.337
41333
81.332
41.319
41e175
41.146
41.137
$1.113
31.049
41,029
41.019
61.011
41.003

RTINSO

1L0uc|ruo£(w)

117 391
117.085
117.326
118.807
118.804
118.707
118.840
118.919
118.523
118.504
118.298
118.562
118.570
118.791
118.810

118.93%

118.715
119.108
119.795
113.787
119.86%
119.169
119.193
119.189
119.189
119.192
119.220
119.114
119.192
119.170
119,221
119.199
119.207
119.957
119.020
119.135
115.004
119.029
119.018
119,015
119.012
113.007

NEW MEXICO

1 32.501
1 32.795

106.926
107.276

NANE OF SPRIHG
»THE HOT SPRINGS

- =

~

(WARM "SPRINGS)
806G HOT SPRINGS
BALTAZOR HOT SPRING
.(WARM _SPRINGS)

WEST SPRINa

'HOHARD HOI SPRING
"CSPRING)Y .~

DYKE HOT SPRINGS .
(SPRING) T R
PINTO .HOT SPRINGS (EAST)
PINTO HOT SPRINGS (HEST)
CAIN 'SPRINGS’ B
MACFARLAND HOT SPRIVG
(WARM SPRING)

(WARM SPRINGS)

HILL#S WARM SPRING
TWIN SPRINGS

SOLDTER MEADOW
SOLDIER MEADOW

SOLDOIER MEADOW

SOLDIER MEADOW -
SOLDIER MEADOW '
SOLDIER MEADOW

MEADOW
MEADOW
'MEADGW
MEADOW
MEADOW

SOLDTER
SOLDTER
SOLDIER
SOLDIER
SOLDIER

DOUBLE HOT SPRINGS

RADIUM SPRINGS
DERRY WARM SPRINGS
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TEMPERATURE = A
' s = = i
= : - = : - f‘.~>
f.Sgez £ 332 8 3 5
s EEEE £ 3 Z = = .
TES2 2 E OB = = 3 NANE OF SPRING i
NM 2 .34 144 52 32.753 107.83% MIMBRES HOT SPRINGS : ,f
NM 3 .66 18 32.703 107.759 GOAT SPRING
_NM & 72 22 32.593 107.811 o R
NM 5 .36 131 54 32.554 107.994¢ FAYWOOD HOT SPRINGS - e
NM 1. LTT. 24. 0.32.975 1084631 - R L e
NM 2 73 25 32.884 108.357 ALLEN SPRINGS o T
NM - 3 68 19 32.867 108.698 :
CNM 4T 72 22 32.816 108.412 ASH SPRING
‘. NM 3 35 W '0.32.639 108.124 APACHE .TEJO WARM "SPRING
ER- ... M.l 32.562 108.027 KENNECOTT WARM SPRINGS (6)
NM 1 69 .20 32.899 109.035 LT
N 2 63 20. 1 32.830 109.044 GOAT CAMP SPRING -
NM 1 ST0 21 . 1.33.813 1064971 VT S e Ty
N T 66 .18 1 33.911 107.159 SAWMILL SPRING o CoTL
NM 2 24.. 83 .28 33.572 107.600 0J0. CALIENTE" R
Ny 3. . 87. 30 33.279 107.563 (WARM SPRING A o T T
©NM & 37 109 42 0.33.123 107.25% TRUTH OR cowszousvcss (LAS PALOMAS) H.SPG
NM 1, 70 21. 0 33.898 108.501 ARAGON SPRING
NM 2 98 36 33.829 108.797 (UPPER) FRISLO HOT SPRINGS
NM 3 . "H 0 33.3065 108.247 Lo T o .
NM 4 91 32 33.304 108.330 THE MIADOWS CWARM SPRING) (6) .
NM 5 81 27 33.283 10B.254 (NO NAME SEEP) (6). , S
NM 6 - 94 34 33.261 108.233 (NO NAME SPRING) (€5) (
7 25. 121 49 33.244 108.880 LOWER FRISCO ¢SAN FRANCISCD) HOT SPRINGS
NM 8 C - H 133,237 108.880 CHOT SPRINGS)
NM 9 27.. 150 55 - 0 33.218 108.237 (NO NAME. SPRING) (5)

}33.199 108.205 GILA "HOT SPRINGS o
33192 108.180 LYONS HUNTING.LODGE HOT SPRINGS (6)
33162 108.209 (SPRING  (HOT))

NM 11 .31 126 52
NM 12 32 113 44

CNM 13 29 i H 0 33.113 108.486 o ‘
TNM 1 92 33 33.708 109.025 FIIEBORN CANYON SPRING
NM 1 63 20 '34.995 106.454 CLEAR WATER SPRINS
NN 2 70 21 34.264 106.883 o .
NM 3 68 19 344116 106.980 OJITOS SPRINGS
NM 4 - - 70 21 1 34.049 105.939 COOK SPRING
NM 5 23 92 33 34.038 106.940 SOCORRO SPRING AND SEDILLO SPRING
NM 6 73 . 26 34.032 106777 0J0 DE LAS CANAS
NM 1 68 19 344916 107.143 ' .
NM 2 22 73 22 34,903 107.085 EL 0J0 ESCONDIDO
NM 3 73 22 34,686 107.090 S S ) :
NM 4 BO 26 34.854 107.088 (SPRING ¢SALT)) LAGUNA- PUEBLO SPRINGS i)
NM 5 2 75 24 34.847 107.091 (SPRING (SALT))
NM 6 3 g2 27 34.833 107.091 (SPRING (SALT)) LAGUNA PUEBLO SEEPS (4)
NM T 68 19 34.815 107.388 -
NM 8 86 29 34,808 107.091 (SPRINGS (SALT))
NM 9 . .80 26 344791 107.091 -
NM 10 - 78 25 34.769 107.085 (SPRING ¢(SALT))
NM 11 .71 21

34,698 107.129 (SPRING) . " | ’ (

R N e

.
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~  COMPILER

" WARING

)
N N =N O

d)m-qa\w-kq4mpduxm-40\0|¢(xk:»cxn:u

'NUNBER

n
b

20
11

10 .

12

14
13
15
16

17

19

18

85

35C
B6
65
56
57

‘68

69
70
71
72
48
4 8A
49

49A
498

- 49C

43D
50

<D
-
TENPERATURE = 2
e - =
= 232 8
£ 2 ZZ E
= W sEsS 0=
72 22 0 34,326
71 .21 0 .34.912
72 22 .0 34.158
137 58 1 35.654
101 .38 .1 35.971
120 . 48 .1 35.939
.158 69 1 35.907
0111 43 1 35.B48
90 32 1 35.821
118 47 1 35.793
163 73 1 35.769
.70 21 .1 35.501
123 50, -0 35.592
" 66 19 1 35.548
.. 85 '29 0 35.540
... 68 .19 .0 35.308
T2 22 1 1°35.060
. 89 37 .9.36.523
100 . 37 . 1 36.568
85 34 .1 36.324
83 28 1 36.368
113 .44 '1 364385
H 9 36.2485
© OREGON
120 49 0 42.977
33 34 ] 42.53%
125 52 1 42.078
80 27 1 42.891
82 28 0 42.837
89 32 1 42.823
206 - 97 "1 842.677°
168 76 1 &2.544
204 .36 1 42.340
96 36 . 1 424328
100 .37 .1 42.254
125 52 0 42.190
114 46 0 42.543
103 40 .1 42.501
H1 62.472
71 22 1 42.308
154 68 1 42.300
82 28 1 42.290
172 78 1 42.230
197 32° 3 42,220
159 71 0 §2.175

LONGITUDE (W)

107.095

108.351
108.319
105.292
106.561
105.644
105.614
106.629

106.628 .

106.585
105.591
106.860
1064753
106.827
106.854
106.471
107133
105.713
105.722
105.605
106.059
106053
105.826

117.061
117.181
117.760
118.897

118.859

118.901
118.345
118.530
118593
118.602
1184311
118.383
119.672
119.693
119.710
113.875
119.778
119.869
115.88¢%
119.877
119.858

. . - "
ity Ml AL)A;.~<)-: .&‘4;-0\-; *.*-w Zie

. ) f
-

© o

NANE OF SPRING:

Wt

0Jo’ CALILNTE | .

MONTEZUHA (LAS VEGAS) 'HOT SPRINGS
SAN. ANTONIO. WARM SPRING

SAN ANTONIO (MURRAY) HOT SPRING
SULPHUR SPRINGS

SPENCE HDT SPRING o e

MCCAULEY HOT SPRING

SODA DAM HOT SPRINGS

JEMEZ SPRINGS

PENASCO CPHILLIP S) SPRIN’S
INDIAN SPRINGS

SAN YSIDRO WARM SPQINGS

SAN YSIDRO HOT SPRINGS

ALAMOS SPRING - I : B A

(NO NAME SPRING) (&)

MANBY (MAMBY SeAMERICAN) HOT SPRINGS
PONCE DE LEON SPRINGS (HOT SPRING)
STATUE SPRING €6)

0JO CALIENTE (JOSE®H S HOT SPRINGS) B
AGUA CALIENTE (&) -

(LS

CANTER S HOT SPRING

HOGHOUSE HOT SPRINGS

(WARM SPRINGS)

MICKEY SPRINGS

ALVORD HOT SPRINGS
(HOT SPRINGS)

BORAX LAXKE (HOT LAKE)

«

ANTELOPE HOT SPRINSS

HART MOUNTAIN HOT SPRINGS
MOSS RANCH

FISHER HOT SPRINGS

MOSS RANCH

CRUMP (CHARLES CRUMP S SPRING)
WARNER VALLEY RANCH

ADEL HOT SPRINGS

Yo e e e e ...:.x-&._‘z“——k— LPR)
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TENPERATURE = =
: 22 - =
- = _< = -
: Sz .= = z=g 8 =
i3S 8= F= = 8 =3 03 . =] NAME OF SPRING
ITOR 10, 51 153. 71 0 42.078 119.882 HOUSTON HOT SPRINGS A _-f~;f
OR 11 50A 112 45 1 842.077 119.933 HALLINAN = s T
OR 12 159 .71 .0 42.073 119.922 HALLINAN =~ - j o - c. e T
"OR .1 37 66 .19 0.42.998 120.770 .ANA RIVER SPRING T e T
©OR 2 ...~ - B64.18 .0.42.997 120.653 T SRR IR S
_OR 3 38 .67 20 0 42.390 120.728 BUCKHORN CREEK SPRINGS - A
_OR .4 . &0A 66 19 0 .42.980 120.780- ... .. = - . S oo e
SOR TS5 % T 66 19 D .42.960 1204655 U v o DL L
OR 6 40 66 19 0 42.952 120.639 THOUSAND SPRINGS & = . - =~ -. L
L, OR -7 ~40E 67 20 0.42.929 120.645 ‘LOST CABIN SPRING o , ST
;. 0R 8 &1 75 24 0 42.928 120.801 PARDON.WARM SPRING ~— . - L
T ®0R 9 42 109 43 ' 1°42.725 120.647 SUMMER LAKI HOT SPRING " SLE
«. OR.10 &4E .~ 6T 20 1 42.380 120.331 BEAN HOT SPRING . . !
OR 11 44D 67 20 1 '42.32% 120.327 WHITE ROCK RANCH HOT: SPRING , e
O0R-12 3r °.. 7 H 1742.266 120.991 ROBINSON SPRING o e
®0R 13 45 204 96 1 82.220 120.367 HUNTERS HOT SPRINGS ‘ o
©© OR 14 46 161 .72 1 42.160 120.343 LEITHEAD HOT SPRIN5S (JOYLAND PLUNGE)
"+ OR 15 47 190 88 1 42.153 120.3456 BARRY RANCH HOT SPRINGS' .
OR 1 ' 94 34 D 42.420 121.950. - : e < Lot
OR .2 .78 21 0 42.185 121.823 ' T 3 -
,OR 3- .. - .70 21 0 42.181 121.807 HARDBOARD SPRING (3)
OR 4 28 165 74 '3 42.174%:121.517 OLENE GAP HOT.SPRINGS B
DR 5 28A 66 19 D 42.168 121.574% HIGH BROS CTAYLOR) WARM SPRINS €32 {
OR -6 28B 78 26 0 42.158 121.629 CRYSTAL SPRING C
OR 7 30 75 24 1 42.132 121.218 WILKERSON S HOT SPRING
9 0R B8 29 141 61 1 42,115 121.287 BIG HOT SPRING (ORZGON HOT SPRINGS)
<+ OR .1 25 103 .40 0 62.211. 122.723 JACKSON HOT SPRINGS. T
. ®QR 1 7T 205 97 3 43.983 117.232 VALE HOT SPRINGS 'ﬁ'f.
'®O0R 2 76 137 70 3 43.894 117.503 ‘ ' .
i ORT-3°:79 143 62 1 43.763 117.160 MITCHELL BUTTE HOT SPRING - -
. OR. 4..80 195 90 1 43.738 117.178 DEER BUTTE HOT SPRING .
.. ~OR .5 " H 1 6¢3.728 117.203 SNIVELY HOT SPRING .
. OR 6 82 © ‘71 22 0 43.701 117.191 S BLACK WILLOW SPRING
" OR 7. . 105 41 L 43.299 117.386 (HOT SPRINa) :
. OR -8 -B4A - H 0 §3.212 117.514%
w@O0R 1. 74 139 60 1 43.963 118.138 BEULAH HOT SPRINGS
. OR 2 W 1 43.775 118.043 (WARM SPRING) .
. OR 3 51A 71 22 0 43.662 118.738
. OR 4 54 143 62 0 43.643 11B.255
®0R 5 B84 145 63 0 43.467 118.200 (HOT SPRINGS)
"®0R "6 53 172 78 1 43.440 118.6541 CRANE HOT SPRINGS
OR 7 55 107 42 1 43.393 118.307 (HOT SPRINGS)
OR 1 8¢ 29 1 43.950 119.635 (WARM SPRINGS)
OR 2 52 82 28 1 43.538 119.084 MILLPOND SPRING
OR 3 528 W 1 43.531 119.079 GOODMAN SPRING
OR &4 .352D 71 22 1°643.501 119.093 ROADLAND SPRING
‘OR- "5 S2E 69 21 D 43.481 119.077 BAKER SPRING ‘
OR 6 71 22 O

 43.274 119.313 DOUBLE 0 RANCH S 3 ¥
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 CONPILER
0 ©~  NUNBER -

PUNHMULUNFRPURNHRON M POHN RS WRNHOUS GRS N =R -

Ry

WARING
NUNBER

.58 ¢

50
53A
61
652

620

52D
64 -

32

33
21
22 .,

23
26 .
24

17A

,178
17

.13

78
75

14
16
15

13

i
14
i
E
[

139 60
93 34
141 61
100 38
B2 28

=
TENPERATURE = =

) =2
= =S
= 2 =2
£ = Z=
= %W =S
- .73 2370
73 23. 0
69 21 0
71 22 0
87 20. 0
63 21 D
108 .42 0
32 33 9
108 42 0
154 68 1
87 30. 9
69 21 O
1481 610
98. 37 1
163 73 "1
114 46 .1
S WD
105 © 40 .0,
135 58 1
. 80. 27 1
80 27 ©
T H.0
154 .73 3
188 87 1
120 49 ¢
.69 21 1
136 58 1
102 39 1
105 41 1
. H' 1
71 22 o
114 46 O
125 52 1
125 52 1
197 32 1
136 58 1
155 71 -1
174 .79 1
111 44 0
W o3
84 29 D
175 80 . 1
1
1
1
1
1
1

"LATITUDE (K)

834272
43.267

43.260
.43.261
43249

43235

43.203
43.20%
43,196

. 43,177

43877
43731

" 63809

43.718
43.689

43.29¢
444930
84,778
84.550
44,201
44,061
44,022
44,653
44,373
444356
44,285
464,894
44.448
44,071
.44.002

" 444866

44.860
44.785
44,934
44.193

$4.103
45.503
45.295
45.243
45,202
45,013
45.741
45.150
45,125
45.060

4430451

- LONGITUDE (W)

'119.346

119.295
119.019
119.279
119.257

119.057 . |

NANE OF SPRING

DOUBLE O SPRING -~ 7777w

BASQUE SPRING
DUNN SPRING -
JOHNSON SPRING
HUGHET SPRING

113.141 | <

119.069

119.131

119.060
120.026

121.255:
121.203
122.305

122.292

122.375
122.143
122.367
117.938

'117.809

117.425
117.466
117.022
117.452
118.831
118.739
118.575
118.964%
119.142
119.109
119.427
119.655
121.224
121.201
121.972
122.175
122.049
122.100
122.240
117.371
117.805
117.965
117.510
117.562%
118.232
118.661
118.732
118456

EAST LAKE- HOT SPRINGS

PAULINA SPRINGS '

WALLI'CREEK HOT SPRINGS
MCCREDIE SPRINGS °
KITSON SPRINGS

UMPQUA. WARM SPRINGS
RADIUM HOT SPRINGS .
SAM 0 .SPRING

NELSON SPRING
JAMIESON HOT SPRINGS
MALHZUR 3UTTE SPRINGS
NEAL HOT SPRINGS "

HOT .SULPHUR SPRING
LIMEKILN-SPRING (2)

BLUE "MOUNTAIN HOT 'SPRINGS

JOAQUIN MILLER RESORTY

RITTER HOT SPRINGS

MT VERNON HOT SPRINGS.
BRIS30IS RANCH SPRINGS (2)
WEBERG HOT SPRING o
(SPRINGSY = S ;
KAHNEETA HOT SPRINGS
BREITENBUSH HOT SPRINSGS
BAGBY HOT SPRINGS

BELKNAP HOT SPRINGS

FOLEY .SPRINGS .

COUGAR R‘SERVOIR HOT SPRIVS

COVE SPRINGS
HOT LAKE

MEDTICAL HOT SPRINGS
BINGHAM SPRINGS
LEHMAN HOT SPRINGS
HIDAWAY SPRINGS
WARM MINERAL SPRING

Al

) 3__.'{5’ DA

——




CONPILER
NUMBER -

) CIRC. T34
STATE -

Y e e e . e e o e Temedl, e e

T ¢ - e ——

OoR
OR
OR

" SD
SD

sD ..

SO

TX.

TX
TX
.TX

urt

Ut
S uT

T ut
uT
LUt

‘ur
uT

ut

ur

uT
uTt
urt
uTt
ut
uT

uT -

ut
uT
uTt
ut
ut

UT -

uTt

SN -0 =

N = b K

[ . " .
'BPUN RO WN P OWO NG U LGN =R

27

[i-3
. - = va
TENPERATURE 2 = _ o
. = :;g g § &&
o = v ga w S ~ '1-‘_-;
28 § 3 2% = = i
== = - &= — = .
=2 = Y 32 3 S NAME OF SPRING _%;
EE,ELEEe AL E L T i el
. 1 45.631 119.704 . -/
1 193 50 0 45.373 121.697 MOUNT HOOD FUMAROLE S
2 80 27 1 45.293 121.731 MOUNT HOOD WARM SPRINSGS
4 186 86 1;45.021 122.011 AUSTIN (CAREY) HOT SPRINGS
" SOUTH DAKOTA .- |
4 - 72 22 0 43.526 103.375.HARTIN VALLEY CBUFFALO GAP) SPRINGS
2 90 32 1 43.447 103.509 (SPRINGS)
1 89 31 -1.43.438 1032483 HOT SPRINGS -
3. 68719 1 -43.333 103.551 CASCADE SPRINGS
TEXAS
105 40 1 29.183 102.994 (HOT SPRINGS)
3 114 45 1 °30.036 104.598 HOT SPRINGS
1 100- 37 1 30.853 105.342 RED BULL SPRING
2 126 52 1'30.822 105.311 INDIAN HOT SPRINSS
. UTAH i
57 91 32 1 37.700 110.421 (WARM SPRING)
L 98 36 3.37.323 113.687 VEYO HOT.SPRING ~ 3 AR
54 107 42 1 .37.183-113.253 DIXIE CLAVERKIN) HOT SPRINGS Lo
37 71 22 0 38.998 111.870 REDMOND SPRINGS .CLAKE)
28 105 41 I 38.864 112.508 MEADOW HOT SPRINGS . .
100 37 1 38.849 112.492 HATTON €BLACK ROCK)Y HOT SPRINGS
213 23 0.38.776 112.095 RICHFIELD WARM CHOT) SPRINSS
168 76 1 3B.638 112.100 RED HILL HOT SPRING
48 147 64 1 38.632 112.106 MONROE (COOPER) HOT SPRINGS
49 147 64 - 1 38511 112.199 JOSEPH HOT SPRINGS
47 77 2% 1 38.602 112.108 JUOHNSON WARM SPRING
_ . .0 38.588 112.554 (WARM VAPOR) ~
51 190 88 0 38.496 112.857 ROOSEVELT (MCKEANS) HOT .SPRINGS
53 96 36 1 38.211 112.909 RADIUM (DOTSONS) WARM SPRINGS
52 193 90 1 38.173 113.201 THERMO HOT SPRINGS
17 70 21 1 39.955 111.855 GOSHEN WARM SPRINGS
31 .73 22 0 33.246 111.644 LIVINGSTON WARM SPRINGS :
35 72 22, 1 39.180 111.693 STERLING (NINEMILE) WARM SPRING
74 23 1 39.5614 112.805 FUMAROLE BUTTE ’
24 188 87 1 39.611 112.727 BAKER (ABRAHAMy CRATER) HOT SPRINGS
20 168 75 1 39.905 113.428 WILSON HOT SPRINGS '
21 82 27 1 39.88% 113.408 BIG SPRING (NORTH SPRINGS)
22 82 27 1 33.841 113.394 FISH SPRINGS
25 82 0 33.456 113.998

GANDY WARM SPRINGS
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TENPERATURE 2 = _
= o= = =
. [ V9 )
¢ ez = 835 B =
S == £ 2 E= E 2
S22 52 = ¥ = = =
1 194" 86 29 1.40.465 109.219
1 11 132 55 1 40.815 111.915
2 12 105 40 O 40.790 111.895
3 115 46 .1 40.532 111.478
4-.14 7 100 '38. 1 40.528 111.490
5 14B 104 39 1 40.524 111.468
6 14A . 115 46 1 40516 111.475
.7 .13 136 58 0 40.487 111.911
8 B W 0 404353 111.895
9 15 111 43 1 40.348 111.908
10 -. . TT7. 2%  0.40e240 111865
11 . 75723 0 40.232 111.868
120 . . 86 29 0.40.177 111.801" .
13 16 89 31 ..0.40.144.111.807
14 19 .. 67 20 1 60.118 111.341
15 18 111 44 1 40.0481 111.530
1 9 0 .N 1. 640.733 112.647
2 : W1l 40.667 112.677
3 10 90 32 .1 40.5684 112.523
4 o 1 404538 112.695
5 W 1 40e513 112.712
6 - ‘W 1 40.559 112.741
"7 10A 80. 26 1 404397 112.418
8 10B 80 27 1 40.388 112.42¢4
1 .8 135 57. 0 41232 111.329
2. 77 24. 1 41.035 111.658
1 -3 110 43 1°41.853 112.157
2. 2 B5 29 1 41.832 112.455
3 80 26 0 41.836 112.056
4 75 23 .0 41.722 112.2656
5 4 134 57 1 41.659 112.0856
6. 4A 30 32 0.41.584 112.240
7 126 51 1 41.579 112.232
8 6 137 58 1 41.339 112.032
9 5 B4 28 "1 414233 1124415
10 139 60. 1 414138 112.169
1 1 80 26 "1 41.756 113.602
.2 107 41 1 41.587 113.986
WASHINGTON
1 100 37 1 45.823 121.116
2 120 49 1 45.728 121.800
3 . H 1 65.723 121.927
416 89 32 1 45.653 121.9562
1 12 90 32 1 46.%52 120.959
1 69 21 1 46.752 121.814
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NANE OF SPRING

'SPLIT MOUNTAIN WARM SPRINGS

BECKS HOT SPRINGS
WASATCH HOT SPRINGS -
WARM 'DITCH SPRING

.MIDWAY HOT SPRINGS (SCHNEITTER S HOT POT
MIDWAY HOT SPRINGS €¢BUHLER S SPRINGS) .

MIDWAY. HOT SPRINGS (LUKE S HOT POTS)
CRYSTAL . HOT SPRINGS ’

CRATER HOT SPRINGS

SARATOGA HOT SPRINGS

(WARM-SPRINGS).
(UARM SPRINGS)

i
RSNt A

LINCOLV POINT WARM SPRINGS

.DIAMOND 'FORK WARM SPRINGS

CASTILLA SPRINGS .

BIG ‘WARM SPRINGS’

BURNT _SPRINSS

GRANTSVILLE WARM SPRINGS
MUSKRAT SPRING -

HORSESHOE SPRINGS

I0OSEPA (DESERET) SPRINGS
MORGANS WARM SPRINSS
RUSSELLS WARM SPRINGS

OGDEN HOT SPRINGS

COMO WARM SPRINGS

UDDY  HOT SPRINGS °

BLUE CREEK SPRING (BLUE WARM SPRINGS)
CUTLER WARM SPRINGS
BOTHWELL WARM. SPRINGS
CRYSTAL (MADSENS} SPRINGS"
LITTLE MOUNTAIN WARM SPRING

STINKING SPRINGS

UTAH: (BEAR RIVER) HOT SPRINGS
(SPRING

_HOOPER HOT SPRINGS

(WARM SPRING)
¢SPRING. C(HOT))

KLICKITAT SPRINGS

ST MARTINS HOT SPRINGS
GRAYS HOT .SPRINGS
MOFFETTS HOT SPRINGS
SODA 'SPRINGS

LONGMIRE

AP .A‘.]_»'l

L




STATE

ZiRe. 136

1
C

. [
CE © €
> P> X 3» B

e WA

WA.

WA

WA

e WA
® WA

® A

® A
e uA

c;fogAc

WY
Wy
wy
WY
- WY

WY,

WY
Wy
ouy
WY

WY

WYy °

WY

- WY

Wy
WY
‘WY
WY
Wy

\ WY
‘ WY
WY
\ Wy
WYy

WY
WY

WY

WY

CONPILER

SN RPN~ 0 DN NUNBER

N NSO NOU FGERN RGN R WR H N e

115

l1lse
114
113

‘112

110
105
103

111

108

106
107

102

101
104
I8

" 99

97

o2
TENPERATURE =2
[ ] A-
2 o, 2
S5 3 x
=3 ==
= B =
120 49
55 13

. H
16 .24
190 - 87
100 .38
“ k22 49
- 127 52
122 49
125 52
~ 132 56
. 107 42 .
..98 37
. 139 60
© 189 43
120 48
69 21
85 30
. 129 54
75 24
60 16
. 83 32
102 39
143 62
114 46
- 60. 16
132 56
71 22
111 94
84 29
76 25
121 50
112- 45
80 27
64 18
B0 217
85 30
112 45
98 37
85 30
67 20
69 21
356 36
: W

LOCATED ON NAP

D e e et b e D e O et O -
H

Ot O F e e D PRI e OGS D b OO P

"LATITUDE (N)

464005
464215
47.892
. 47.710
47.4984%
47.201
87.977

48.172
484118

AYOMING

~41e.4%49
42.243
42,545
42.813
42.491
42747
42,827
$2.817
42.395
43.654
43.582
43.009
43.560
83.520
§3.363

43.637
43.624
43.545
434471
43.367
43.296
43.282
44.612
44,512
44,493

“ 464703
46.202°

4Te369"
q 8:0 7 63
484254

.43.910

LONG ITUDE (W)

121.483
121.482
121.191

+122.188

121.342
121.152
121:391
121.536
123.682
123.864
121667
121.170
121.033

121.192

106.802
104.779
105.39¢
106.723
107.103-
108.033
108.171
1069.618

110997

110.933
110.507
108.195
108.209
108.837
109.723
109.670
110.693
110.189
110.614
110.605
110.739

‘110..833

110.448
110.774
110.020
108.188
108.136
109.115
109.20¢4

) _* BANE_OF SPRING : the
121.562

PSPPSRSO §

D L - T U S T I - e ce e - e '

OHANAPECOSH HOT $PRINGS . . . | =" .
SUMMIT CREEK - €SODAY . - . _  ~ .
MOUNT .ADAMS CRATER : =
(SPRIN53S)- ! |

MT. ST HELENS FUHAROLE

GARLAND WINERAL SPRINGS

SCEN.JC. (GREAT NORTHERN) “HOT .SPRINGS
GOLOMEY.ER -HOT "SORINSS

(HOT SPRINSS)Y

"OLYMPIC HOT SPRINGS

SOL DUC HOT "'SPRINGS . -
BAKER HOT SPRING
SULPHUR HOT SPRINGS -
‘5AMMA "HOT SPRING .
KENNEDY HOT SPRING - -

\'."~_. . ‘ . et . . ey

SARATOGA HOT SPRINGS.

IMMIGRANTS WASH TUB (WARM SPRINGS)

DOUGLAS WARM SPRINSGS (3)

ALCOVA HOT SPRINGS

HORSE CREZEK SPRINGS .
CONANT (3 = e
t4AM SPRINGS) ' _' ) i
STEELE HOT SPRINGS"

AUBURN .HWARM SPRINGS

JOHNSON SPRINGS (3}

BIG FALL CREEK (3) ;

THERMOPOLIS €BIS HORN) HOT- SPRINGS

WIND RIVER CANYON (3)

WASHAKIE MINERAL HOT SPRINGS

WARM SPRING (3)

LITTLE 'WARM SPRINS (3)

JACKSON LAXE HOT SPRINGS .

NORTH BUFFALO FORK (€3)

KELLY WARM SPRING

TETON VALLEY WARM SPRING

ABERCRIMBISC WARM SPRING

BOYLES HILL SPRING (3)

GRANITE HOT SPRINGS AND GRANITE FALLS (3)

ASTORIA MINERAL HOT SPRINGS

KENDALL WARM SPRINSG

LITTLE SHEEZP MOUNTAIN WARM SPRINGS

SHEEP MOUNTAIN WARM SPRINGS

DEMARIS (CODY) HOT SPRINGS :

BUFFALDO BILL RESERVOIR (3) o
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i bl

. <D
d -
TEWPERATURE 2 3
. mz
s . . = =
R WE & = =4 =i3
sE g2 EE £ 3 ES
Y582 s2 = B =SS
. p SERE LS E
_f WY 1 1 136. 58 1
‘% WYy 2 2 - 165 T4 1
‘WY 3 &5A° 155 68 1
WY 4 56 - H 1
~WY .5 .3 o H oL
WY -6 87 . . H L
MY T 77T 195 .91 1
- . MWY 8. JTA 198 92 1
s WY 3 8 156 68 1
WY (10 S . H 1
. WY 11 68 H 1
oL WY 12 RN H 1
WY 130 50 .0198..92 1
Lo WY 18 730 7. TH1
L. WY 15 -9, 184.84 1
L WY 16, 69 R
PotwY 1T 52 H 1
WY 18 9A CHo1
WY 19 .75 195 91 1
WY 20 .. -+ % "H1
. WY 21 72 198 92 1
\ WY 22 75 -7 H1
WY 23 .76 ‘H 1
' WY 2¢ 11 135 91 1
wY.25 78 . .+ H1
WY 26 11 188 .87 1
- WY 27 55 . ~ H 1
WY 28 58 H o1
NY 29 717 H 1
;WY 30 .79 H 1
WY 31 12 136 87 1
WY 32 13 198 92 1
WY 33 14 139 92 1
WY 3¢. 81 H 1
‘WY 35 ‘15 201 94 1
WY 36 16 197 91 1
4Y 37 16A 197 91 1
MY 38 83 180 82 1
WY 39 H 1
WY 40 36 : H 1
WY 41 61 194 89 1
WY 42 87 ' H 1
x WY 43 61B 193 36 1
. WY 44 57 H 1
|l WY 45 39 H 1
. WY 46 - H 1
WY 47 H 1
. WY 48 92 H 1

e L

LATITUDE (N)

44.906 "
444841
44,825
44,823
444787
44.779
44,779
84,771,
44,767

. 4% e 762

444737

-88.757

444751
44.750
44.749

44,746
44,740
44,740
44,741
44,738
44.725
44,721
44.716

44,714

44,712

449702

444596

44.596

44,583

464,687

44.685

44.683
44,675
44,673
44,673
44,556
44,548
44,634
44,522
44.615
44.608
44,598
46,598
44,598

1 e e -

"LONGITUDE (W)

Sy

110.688
110.708.
110.395
110.167
110673

110.114
110.725.

110.735
110697

110.737°

110.2656
110.303
110.430
110305
110.733
110.254
110.409
110,712
110.225
110.699
110.329
110.256
110.035
110.705
110355

'110.702°
-110.557

110.475
110.034
110.378
110.758
110.722
110.738
110.327

110727
110.753
110750

110,295
110.237
110.570
110.489
110.231
110.436
110.617
110617

110630

110.235
110.211

_ NAME OF SPRING

CLEARUATER SPRINGS AND SEMI-CENTENNIAL GE

WASHBURN -HOT .SPRINGS -AND SULPHUR CREEK H{

LHOT SPRINGS)

PO T WIS S

]
f

HOT RIVER

MAMMOTH HOT SPRINSS
CALCITE: SPRINSS.
CHOT. SPRINGS) T
¢GAS \VENTS) ' S
WAHB "SPRINGS = ‘ STk
AMPHITHEATER (SPRINSS: S

WHITEROCK SPRINGS Ll
(STEAM VENTS) S b
RAINBOW HOT "SPRINGS

(HOT SPRINGS) ™

COFFEE ‘POT HOT SPRINGS
B1JAH SPRING .

(HOT SPRINSG) _ } _ S : Tk
(HOT "SPRINGS) = : A
FRYING PAN SPRING AND (GAS VENT) 8
HOT SPRING BASIN.GROUP ‘
(GAS VENTS) - : .
WHISTLER GEYSER AND UDSEPHS COAT SPRINGS
HOT SPRINGS BASIN GROUP e

NORRIS GEYSER BASIN : . :
(HOT SPRINGS) : ‘ o
ECHINUS GEYSER (NDRRIS GFYSER BASIN)
(GAS"VENTS) . °

FOREST SPRINGS - -
CHOT SPRINGS) = . RS
(HOT 'SPRINGS) B

SYLVAN SPRINGS

GIBBON HILL GEYSER

ARTISTS PAINTPOTS

(HOT SPRINGS)

GEYSER SPRINGS GROUP.

MONUMENT GEYSER BASIN

BERYL SPRING

PONUNTPA SPRINGS GROUP

(HOT. SPRINGS)

VIOLET SPRINSS

SULPHUR SPRINGS

THE MUDKETTLES AND THE MUSHPOTS
SULPHUR CAULDRONy MUD VOLCANOs AND OTHE
HIGHLAND HOT SPRINGS o
CHOT SPRINGS) - - L !
(GAS. VENT) :
(HOT. SPRINGS)
PELICAN SPRINGS

'S

em

5 \l.-_":‘\ .




..........

. CIRe. 16

WY

WY

&  CONPILER
9 NUNBER -

50 -

w ' WARING

*\D

. 23

94

1520fl

S22
igs

: 2"4
25

26A
36

29

30A

.34 .
33A.

33.

'35

37
64

36
~38

42

444

40
39
41
45
43

- 48

“TEMPERATURE
T
-t
b — K71
= =
»g 3
= B
195 91
204 .95
203 ‘94
C 160 71
202 95
199 93
197 92
202 54
201 34
204 95
198 ‘92
202 34
193 93
201 93
190 87
202 . 35
192 89
205 96
199 . 92
200 93
158 69
200 ‘93
200 93
202 95
159 93
201 94
195 91
154 67
191 61

. &7

- NUNBER

'.A63..

IrxxTx

WARN, HOT, BOILING

v-u-v-v-r-r-‘p-or-o-.-r-wr-v-r-y-r—r—"—p-y-ar—r—-r—r—p-ov—r—-—p-ay-v—g—Hraww'p'r-;;wrf,—;-‘h‘Hr-r-}v—' LOCATED OK NAP

W4

“LATITUDE (N)

44,594
44,592
44.587
44582
48.571"
44,570,
. 8464.568

44.565
44,563

4644557
444,558
184,558
4644547
444545

44,543

44543

44,534

- 44,529
. 444529
464,523

44,520

‘44513

44.483

44,473
44,472,
44.458

44,461

%4.458
44,436

44,632

44,432
84,423

84415
44,407
44.403
44.351
$4.313
44,305

34289

44.291
44,282
44.283
44,279
44,274

464,203

44,180
444165

.
|3
sl
'
3
[
1

* LONGITUDE (W)

110319

110.613
110.332
110312

110805

110691
110.851
110.831
110.871

110.847 .
110.813.
:110.301
110.807.
110.257

110.859

110.790
110.798°

110.29¢
110.878

-110.837

110.81%

1106275 -
110

«85¢%
110.863
110.844
110.825

110.839

110.852
110:974
110.578

110.809:

110952
110.802
110.569
110.821
110.937
110.795
I110.655%

110.530
'110.504

110.888
110.899
110.8793
110.5056
110.640
1106.485
110.727

110.588

.BEACH ‘HOT SPRINGS 73m’2;;u.fh-< Co Tk
"FOUNTAIN PAINT POT =~ "7 &% 0 7 ¢ .

-OLD -FAITHFUL GEYSER -AND OTHERS
"CASTLE

~ et Tt
bade ea mmmmean et W be w o ams = et e o SR LB e Dthtne v

) - . "a

Y
 NAE OF SPRING | "
(HOT SPRINGS) - o . LIRS
CGAS 'VENTS) - - . . N

EBRO" SPRINuS'*’ CE T T s ,
VERMILLION SPRINGS T -
MORNINS nxsr SPRINGS AND QUAGHIRE GROUP

CHOT."SPRING e e e

AN . S, ! A I

FLAT "CONE SPRING o T
RIVER -GROUP SPRINoS S T
RED TERRACE SPRINo AND QUEENS LAUNDRY_w,f

FOUNTAIN GROUP

TURBID SPRINGS ,_;ij*cfe:J EERETE

'FAIRY SPRINGS .- .~ .. . :-gﬁi"~<?;

HOT LAKE AND FIREHOLE LAKE ) :
JHITE DOME GEYSER .AND: GRLAT FOUNTAIN SEY-
STEAMBOAT SPRINGS

"IMPERIAL GEYSER AVD'SPRAY SEYSER

EXCELSIOR GEYSER CRATER AND GRAND PRISMAT
(HOT SPRINGS) (RABBIT CREEK ARER)

BUTTE SPRINGS ..~

SAPPHIRE POOL AND OTHERS

HILLSIDE SPRINGS B e
MORNING GLORY POOLs GROTTO GEYSER, AND OT
GEYSER (BLACK SAND BASIN)

EMERALD POOL AND DTHERS ’

(HOT SPRINGS) . f-f”°l'

'POTTS HOT SPRING BASIN

(HOT "SPRINGS)

'SHOKE JUMPER HOT SPRINGS .. . .

LONE "STAR SEYSER - L L
WEST THUMB GEYSER BASIN . ‘ -
CHOT SPRINGS) : o
(HOT SPRINGS)

SHOSHONE GEYSER BASIN
(HOT 'SPRINGS)
(HOT SPRINGS)
(HOT SPRINGS)

"THREE RIVER JUNCTION SPRINGS

BECHLER RIVER HOT SPRINGS

TENDOY FALLS SPRINSS

RUSTIC GEYSER :

(HOT SPRINGS)

(HOT SPRINGS)

(HOT SPRINGS) :
SNAKE RIVER (SNAKE) HOT: SPRINGS (5)'

-}
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LOCATED ON NAP
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SLATITUDE (N)

444155

844.141
34.113

. 844,245

110.698

- LONGITUDE (W)

110.656

‘110.68%

NANE OF SPRING’

(HOT SPRINGS)
SOUTH ENTRANCE HOT
HUCKLEBERRY. (FLAGG
111.022 (HOT SPRINGS) .. .-
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Figure 11. Detail of anomalous thermal gradient areas in Grand County, Utah
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Septemher 21, 1979

MEMORANDUM
TO: ESL Staff
FROM: Mike Wright
SUBJECT: Management of the Geochemical Laboratory and Staff

As you all know, Bob Bamford plans to leave ESL in order to pursue
private consulting. Therefore, effective 1 October 1979, Joe Moore will
assume responsibility for management of the Geochemical Lahoratory facility
and staff. Reporting directly to Joe will be the current 1ab staff, including
0din Christensen, Regina Capuano, Dave Cole, Ruth Kroneman, and Tina Serling.

Joe will be responsible for implementing new programs planned for FY80,
for continuation of the current programs, for ensuring the quality of the
analytical and other work produced by the lab and for assigning priorities.
Requests for lab staff assistance and for analytical work should be
communicated to Joe.

After 1 October, Bob will be working as a consultant to ESL. He will be
working at the lab full time until about the middle of October, when the
initial writing for the Roosevelt Hot Springs report will be completed. At
that time, Dave Cole will be taking over Bob's office space, and Bob's work’
for ESL will be on an as needed basis until The Geysers work is complete.
0din Christensen will assume primary responsibility for the Roosevelt and
Geysers studies on behalf of ESL after 1 October and will interface with Bob
on Bob's continuing contribution.

) We have very much appreciated the excellent work which Bob has directed
while at ESL. Industry has recognized this work as being highly interesting

and significant. Those of you who have contributed to the success of the
geochemical research efforts to date can be justly proud.

Associate Director

MW:srm
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SUBREGION DESCRIPTIONS jl*ynaﬁuu,%%ﬁj

SUBREGION I: SNAKE RIVER PLAIN

Subregional Setting

The Snake River Plain and the Yellowstone volcanic field
constitute a major young volcanic province extending in a broad
arc from the Idéhb—Oregon state line eastward across Idaho tc

/

Yellowstone National Park and vicinity (Figure 1l). The common

geblogic element in the region is the volcanic'activity as

" indicated by the young basaltic rocks at Craters of the Moon in

the eastern Snake River Plain and the massive young rhyolitic
volcanic deposits and associated basalts df the eastern Snake
River Plain and Yellowstone.

The Snake River Plain is an area of generally low relief which
is covered by basaltic lava flows interbedded with ycung, flat-
lying river and lake deposited sedimentary rocks. The plain
contains a large proportion of the state of Idaho's irrigated
agricultural lands, and mosé/of its pppulatioﬁ’centers.

The northeastern portion of the plain is terminated by a generally
circular, forested, silicic volcanic feature, the island Park
Caldera. The island Park Caldera borders the higher plateaus
ané mountains of Yellowstone National Park immediately to the

east. Radiometric dating indicates that the volcanism has pro-

gressed eastward along the plain toward Yellowstone.



The Eastern plain has been characterized as a downwarp,-and
geothsical surveys indicate 3 to 5 Kws of sedimentary and
voicanié £ill within the trough. The primary recharge area for
the Snake Plainé Aquifer is the high snowfall regién in the
island park area. Thé outflow area is ét Thousand Springs near
Buhl in the canyon of the Snake River. Scattered young silicic
volcanic centers are present both within the Eastern plain and
marginal to it within the Blackfoot Volcanic Field.

The Western plain has been described as a rift valley. Volcanism
in the Western plain is older than that of the Eastern plain and
no specific prospects based on young rhyolitic volcanism have

been identified.

Economy of the Subregion

The agricultural emphasis in both the eastern and western Snake
River Plain is on potatos and sugar beeﬁs.. Associated food pro-
cessing industries are a major agribusiness element of the subregion.
Alfalfa and grain are also of agricultural significance in the

subregion. The Island Park area supports an active timber industry.

Thg most significant minefal industry in the region is also
agriculture-related. Extensive phosphate deposits occur in the
region marginal to the Snake RiQer Plain in southeastern Idaho
and significant phosphate processing industry is centered at

Pocatello.




Energy Production and Consumption

At present, wnergy generation within tbe subregion is ‘dominantly
hydroelectric, with extensive generation capacity developed by

the Idaho Power Company from reservoirs along the Snake River,

and imported electric power from the Columbia River system pro-
vided by the Bonneville Power Administration. Idaho Power

Company and rural electric coops are seriously considering
alternative electrical generation alternatives as the hydroelectric
generating capacity of the Snake River system has béen developed

to near—capécity. Coal-fired plants have been proposed to meet
projected requirements but specific projects have been rejected

on environmental groundg.

The major supplier of energy for direct heat uses in the sub-
region is the Intermountain Gas Company. The company is agressively
investigating geothermal markets, mamry of which (as at Boise)

have twraditionally used geothermal energy for dirgct.heat

applications. . S

Geothermal Potential

Confirmed geothermal resources of the area are of low and moderate
temperature, and ére presently being exploited for a variety of
direct heat .uses. Known geothermal resources within the sub-
province are primarily associated with normal faulting along the

margins of the Snake River plain.



Young silicic volcanic rock Qithin ﬁhe Eastern plain and the
high temperature geothermal systems af Yellowstone National Park
indicate the potential for igneous-related high temperature
resources in the Eastern plain. The high flow rate. Snake Plains
Aquifer -is responsible for obscuring the high heat flow that may
be associated with such hidden resources.

Moderate temperature hydrothermal systems are indicated by geo-
chgmical thermometry for the Western Snake River plain. High

temperatures (-200°C) have been reported from deep exploration

-wells in the area, but no high temperature fluid production has

been confirmed.

The fracture zones paralleling the northwestern trend of the

plain contain at least moderate temperature geothermal resources
along both the northern and southe;n flanks of the Western Snake
River plain. The Bruneau—Grandview area adjacent to the plain

on the south is notable in this respect. At least a 12 by 60 mile
area contains hot fluids at depths of 1,000 to 3,000 feet. The
region may ext end from Twin Falls near the easternmostvportion

of the Westefn plain more or less continuously to the Oregon state

line near Vale.



Strategy

Based on existing resource data, near-term géofhermal utilization
within the subrAegion will be primarily a continuation and
expansion of direct heat applications of the low aﬁd moderate
temperature hydrothermal resources. The Technical Initiati&es
Program (TIP) insures that potential users are made more fully
aware of the geothermal potential existing throughout the sub—.
region and, togethef with the PON program for direct heat
application, will maximize the replacement of fessil fuel used
. : - -

tbucreate low grade.energy-with geotﬁermaluregources. - The
Midterm electrical generation goal of 8,000-9,500 MWe from high

temperature msources will be largely dependent on the successful

exploration for the hidden resources of the aeep Snake River

" plain. | Impediments to industry exploration cf the subregion

without governmenf support inciuée both the masking of the deep
thermal situation by the cold Snake Plains Aquifer and the
drilling difficulties anticipated in drilling ';hrough the
volcanic sequence. A combination of 6ngoing USGS and DOE-supported
assessment, combined with cost-shared drilling with industry,
is expected to establish the high temperature geothermal
potential of the Snake River plain by 1982.

The midterm utilization of the extensive moderate temperature

.resources forlelectrical power generation will depend on the

successful development of moderate temperature electrical

generation technology at Raft River.
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SUBREGION II - NORTHERN ROCKY MOUNTAINS

Subregional Setting

The Northern Rocky Mountain Subregion (Figure 1{ is a mountainous
~area characterized by rugged topography, extensive forests and
low population density. The subregion is here defined as those
portions of Montana and Northern Idaho characterized by the
presence of batholiths and folded mountain ranges exclusive of
thé young volcanic provinces of the Yellowstone and Snake River
plain.

The combined Idaho and Boulder Batholiths comprise much of
central Idaho and southwestern Montana. The area geologically

is dominated by batholithic complexes of intermediate to silicic
rocks of Cretaceous age (90MYBP). The batholiths are similar in
composition aﬁd age to the Sierra Nevada Batholith.

The southern and western margins of the Idaho Batholith contain
faulted sediment:basins such as Little Camas Prairie, which
proQide ideal reservoir conditions with approximately 2 KM of
sedimentary f£fill.

In add%tion to the batholithic rangeg& the subregion contains
nor%h¥€rending, folded, sedimentary mountains such as the Sawtooth

Range in central Idaho.




Economic Parameters

As the subregion is dominantly dorestéd land; the economy is
based on forext products, tourism, agriculture and hard-rock
mining. Popﬁlation dénsity is low and much of the spbregioq

is composed of Nationai forests, wilderness areas and primative
areas.

Energy Production and Consumpsion

Electrical generation within the subregion is a mix of hydro-

electric power imported from the BPA and Snake River systems,

"coal fired generation at the Jim Bridger Plant near Green River, .

Wyoming, and smaller local hydro and coal fired plants.
Domestic and Canadian natural éas provides the most importént

energy source for direct heat applications throughout the sub-

.region. Concern over natural gas availability has motivated

widespread interest in alternative energy sources for direct

heat applications.

Geothermal Potential

The Northerﬁ Rocky Mountain Subregion has a widespread potential
for the discovery and development of moderate and low temperature
geothermal resources. There is.no geochemical or geologic
evidence for the existence of very high temperatures suitable for
electrical power generation. Widespread moderate and low -

temperature resources are localized by the presence of fractures




*. 1,)

and fault zones. Heat flow throughout at least the Idaho
Batholith and Boulder Batholith is known to be high-.and virtually
any recently active fault zone within this portion of the sub-
region has a potential for providing a moderate temperature
resource through deep convective circulation. Hot springs and
shallow, moderate temperature, hydrothermal resources are par-'
ticularly common along structural zones within tﬁe Idaho

Batholith.

Strategy

The geothermal program in this subregion will emphasize the.
stimulation.of the development of moderate temperature resources
for éirect heat applications. Individual communities and
indusfries within this natural gas;dependeﬁt area will provide
the primary targets,fér development of the geothermal resources
for direct heat applications. The program will be implemented
largely through the TIPS project and a continuation and expansion

of the PON program. The wide-spread occurence of hard rock

mining throughout theigubregion presents both an opportunity

for expanded utilization of natural hot waters in mineral bene-
ficiation and an institutional qguestion concerning the status

of geothermal rights versus mineral rights.
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SUBREGION III - WASATCH FRONT

~ .Subregional Setting

| : The.WasatchFauIt Zoqe'and 4xs_nésthern~continuat@onmas~the

Téibn Fault'ZonéSthfoﬁéﬁ southeas tern Idaho/to the southern
{ - .

border of Yellowstone volcanic field.pégtains'é disproportionate

\percehtage of, the,K subregion's poéﬁlatioﬁvandgland'sﬁitable for

~—~— - -

agricultﬁral‘purposes. The-W?satcp”?éult;ZQnefmarks a sharp.

| . —_ . ! .

f boundary betweenuthe Basinqand'Ranée_P}obinée to the west and
J the Wasatch Range to the east. The“weététn_margin of the
. "uWasatéh Eroﬁt Subregion generally cofrequnﬂs to a zone of 
' seismic activity known as the Intermountain Seismic:ﬁelt, which
continues on northward in the Northern Rocky Mountains past
i Yellowstone through western Montana.£o the Canadian border

| near Glacier National.Park. The Unita uplift, the Wind River

Range and the associated overthrust belts are also included

within this subregion.

“',Economy of the Subregion

The. Wasatch Front Subregion is generally lightly populated
. forest land with forest products and ranching dominating its
At _ 3 ' -

rural economy. A narrow strip along the western margin of the

subregion, the Wasatch ana Teton Fault Zones, contains most of

the area's major population and trade centers including Salt
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Lake City,'a major intermountain commerce-and'tranSportatioﬁ»
center. This same area also includes much of the subregiﬁn's'
crop land. The subregion contains the watershed for several
major drainages, but the populated éortions of the area remain
relatively water short. Water constitutes one of the major

restrictions on the economic growth in the subregion.

Energy Production and Consumption

The subregion is a net importer of energy. Both coal and

'petroleum are imported from the Colorado Plateau immediately to

the east of the subregion in the state of Utah. Utah Power and

Light, the priﬁcipal electrical utility for the southern half

of the region currently purchases power from BPA and has tenta-
tively contracted with Phillip for geothermal steam from the

Roosevelt field, in south central Utah.

?

Geothermal Po tential

~ The techonically active margins of the subregion, which border

-the Basin and Range Subregion, contain low and moderate tempera-

ture geothermal resources suitable for direct heat applications.
The general -absence of young volcanism within the subprovince
is negative evidence concerning the potential for the discovery

of ‘the +200°C fluid resources suitable for electrical generation

in the near term. The fortunate coincidence of the area's

-population centers with widespread low to moderate temperature

resources associated with the Wasatch Fault Zone provides a major

opportunity for direct heat applications.


http://subprovin.ee
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0il and gas'exploration of the overthrust belt of southeastern
Idaho has provided firect confirmation of the pfesence of

moderate temperature resources. Water near the boiling point

.has been produced from carbonate aquifers at depths of less than

2 km at several points in Teton Valley.

Strategy ' 7

The near term geothermal program for the Wasatch Front subregion
will emphasize the écceleration of the development of low and
moderate temperature resources for direct heat applications.
This will be accomplished by means of the inventory of these
resources in coopgrétion with state agencies in Utah and Idaho
and the geothermal program of the U. S. Geological Survey.
Following the initial inventory of the resources which will be
completea in FY 78, the program will emphasize site specific

studies and projects under the TIPS Project designed to bring

the resource to the attention of the potential users. A sig-

- nificant impact on new energy requirements for low grade heat

1}

will be possible through an ambitious program which addresses

markets in the private and public sector.
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SUBREGION IV - COLORADO PLATEAU

Subregional Setting

The.Colora@o Plateau and the young volcanic ranges which occur
around its margin with the Basin and Rande Province.are here
considered as a single subregion. The Colorado Piateau is
roughly a circular area bounded on the west and south by the
Basin and Range Province and on the north and east by the
Wasaﬁch Front and southern Rocky Mountains. Topographically,
the plateau is divided into a number of individual uplifts and
basins which range in elevation from 5,000 to 11,000 feet.

The margins of the plateau contain a number of relatively young
volcanic ranges with a significant geothermal potential.

These include the Mineral Range in southwestern Utah, the San
.Francisco Peaks near Flagstaff, Arizona, the White Mountains in
southcentral Arizona, the Zuni Uplift in northwestern New

Mexico and the San Juan Range of Southwestern Colorado.

Economy of the Subregion

The subregidn contains an abundance of mineral resources,
including coal, o0il and gés; uranium, and precious metals.
The area is, in general, sparcely populated with scattered
commerce centers, such as Flagstaff, serving large geographic
areas. A number of cities have prospered in the Four Corners

region as a result of oil and gas production and uranium
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exploration and development. Coal mining is a major activity
within the Uinta region and the Kaiparowits Plateau field. Agri-
culture in the form of truck farming and orchards is an important
local source of income in the.valleys marginal to the plateau.
Much of the land.is semi-arid and supports sheep and cattie

ranching.

Energy Production and Consumption

The subregion is a net exporter of energy as a result of the coal
generation plant at Four Corners. The oil and gas fields of the
subregion include the Uinta Bas&n, and the numerous fields in the
Paradox Basin and the San Juan Basin. Energy consumption within
the region is low, but the region presents major opportunities for
the growth of energy—intensive industfies co-located with the coal

deposits and geothermal resources.

Geothermal Potential

The interior of the Colorado Plateau is generally thought to be a
relatively léy heat flow province. The margins of the plateau,
however, contain major, confirmed, high-temperature geothermal
systems associated with young silicic volcanic centers. The
Roosevelt~Cove Fort-Sulfurdale-Thermo KGRAs in southcentral Utah
constitute a major electrical generation resource which is

being actively developed by industry with DOE support.



\
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Young volc;nic centers in central and eastern Arizona include the
San Francisco Peaks and the White Mountains. These regions have
not been explored by deep drilling but appear promising on the
basis of their geologic setting, regional heat flow measurementé
and limited géochemical data. The Zuni Uplift in northeastern

New Mexico is interesting but its potential is less substantiated.

Strategy

The young volcanic.fields marginal to the Colorado Plgteau éon—
stitute a high priority target within the total region. Accelera-
tion of the rate of development of the known fields in southern s
Utah in order to meet the 1985 gbal of 100 MWe-and the year

2000 goal of 2600 MWe will be accomplished primarily by means of
the industry-coupled arilling'program which was initiated in

FY 77. Further drilling in adjadént KGRAs will be encouraged
during subsequent solicitation programs. The rate of development
of these reservoirs will also be accelerated by means of case |
studies of the data set provided by the industrial participants in
the program.

The utilization of by-product fluids produced by electrical genera-
tion at these fields will be encouraged through an expanded region-

wide PON program for direct heat applications.
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0il and gas exploration within the Colorado Plateau will be care-
fully monitored for abnormal gradients encountered during the

oil and gas exploration. The margins of the plateau will receive
particular emphasis in state-USGS cooperative origrans with

Arizona, Utah, New Mexico and Colorado. These programs are

designed to target reservoirs suitable for direct heat applications,

which the TIPS Project will help make available to potential users.

‘l
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SUBREGION V - BASIN AND RANGE

Subregional Setting

The Basin and Range subregion is a major physiographic province
which includes most of Nevada, sputhwestern Arizona, western Utah,
southwestern New Mexico and a small portion of southern Idaho.

The subregion includgs block-faulted basins and ranges which are
éenerally north-south trending«ﬂ&;ﬁ*gonE/thq\}%gjon& The sub-
region is arid to semiarid and charécteristiéally is composed of
desert lands and closed drainages.. Althéﬁgh basaltic and'rhyolicic
lavas dated 6 to 20 million years before present are common
throughout the province, there are very few youné rhyolitic centers.
The region has a higher than normal heat flow, and hot springé

and wells, particularly in northcentral and eastern Nevada. -

P4

Economics of the Subregion

Mining and ranching provide the major regional source of income.
Tourism, forestry and agriculture are locally important. The
availability of water throughout the region is festricted and
water requirements for any new industrial or populaﬁion growth

must be carefully considered.
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Energy Production and Consumption

Due to the low population density, the Subregion is not a large
consumer of energy. The minerals industry, however, does require
large quantities of energy for mineral beneficiation at the
numerous smelters dispersed throughout the province.

The region could be a major supplier of electrical power to

California.

Geothermal Potential

The subregion has a widespread moderate temperature resource
which is almost universally present along fracture zenes within
the region. Geochemically predicted base reservoir temperatures

of 150° to 200°C are relatively common and temperatures as high

as 240°C are predicted for some fields. Although the Basin'aﬁd

" and Range Province is characterized by its high heat flow, the

thermal gradients measured throughout the region are by no means
uniform. High gradients are especially common in a region of
nofthcentral aanhqrtheaéte&Q\Nevada known as the Battle Mouﬁtaiﬂ
High. This ‘area of unusually high heat flow does not appeaf to
be associated withlany knan igneous heat source, but rather is
an'area of abnormally.high gradient superimposed on the reginnal
high. | |

The area of the Béttle Mountain High continues to be the object

of considerable industry interest in exploration for electrical
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generating capacity. The westernmost portion and its boundary with
the Sierran Front seems to possess the high temperature geothermal
potential. Prospects with confirmed high temperatures include

Steamboat Springs, Brady Hot Springs and Grey's Peak.

Strategy

In view of the interest displayed by industry in the electrical

' generating capacity of resources of the northern Basin and Rénge,

this region has been targeted for the second initiative of the
iﬁdustry coupled program, beginniné in 1978. .Significant guestions
remain as to the nature of the heat source driving the numerous
moderate and possibly high temperature systems. The industry
coupled program will be designed to both stimulate the drilling

and development of the numerous systems in the area and also to
acquire detailed subéurface data which will be valuable in
acceletétipg the industries rate of successful discoveries.
A)%bdééfﬂpfégfam of 10 W and moderate temperature reservoir
identification is planned in cooperation with the USGS and State
agencies. This program will seek as its main thrust to replace
existing energy consumption in . the region for mineral beneficiation
at sites where mineral processihg and the geothermal resources

are co-located.



_structural depression located just-west of theJéangre De Cristo
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SUBREGION VI

RIO GRANDE RIFT - SOUTHERN ROCKY MOUNTAINS SUBREGION

/

The major feature of this subregion is the Rio Grande Rift, a
/

Range of Northern New Mexico, which estends soiithward through
[

Central New Mexico to the Texas border at El ﬁaso. Also inclqaed
ﬁ/

in the Subregion are the Southern Rocky Mountalns, which extend
/

from the Largmie Range in Southern Wyomlng/to the Sangre De/Crlsto

Range. The region is mountainous with elevations to 14,000 feet.

The Subregion is bounded on the east by the Great Plainé’and on

‘the west by the Colorado Plateau and'W&bming Basin (Figqre 7).

/
Economics of the Subregion ' /

The economy of the subregion has a strong agrlculture and forest

/
products base.- Tourism has become an increasingly 1mportant

industry and environmental sen51t1v1t1es are especially high.
Ranching, forestry and only a limiﬁ;d additional agricultural

/ 4
activity is permitted by the topodraphy and climaté of the region.

r/ .

Energy Production and Consumption
/[ J
@ze area generally lacks energy/lntenslve industries and is o=

nelther a major producer or consumer of electr1c1ty. Electrical
power generation from high temperature geothermal resources could
serve the needs of growing metropolltan areas/ such as Albuquerque,

or could be exported to Galifornia.' Many of/ the individual cities
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and town within the subregion are dependent on natu#al gas for

direct heat applications and their service has beeﬁ‘threatened

4

during past winters by natural gas shortages. Thése urban areas
constitute the major new term market for geothermal energy

/

within the region. /

Geothermal Potehtial ;

The subregion has a demonstrated high temperéﬁure reservoir which

is being developed by Union 0il Company at tﬁe Valles Caldera/ near

/

Los Alamos in northern New Mexico. The‘Calééra lies along the
Rio Grande Rift on the margin of the Colorado Plateau. Theﬁpre—
sence of high temperature geothermal reservoirs at other sites
along the Rift have been postulated but nbt confirmed. Tﬁe Rift
does constitute a favorable region for high temperature geotherma;
system discoveries. The remainder of the subprovince, particularly
the more northern ranges, do not appe#f to have a high’temperature‘
potential. Known geothermal occuren§és through the Séﬁ Luis

Valley in southern Colorado and neag;Alenwood Springs in noréhern
Colorado confirm that at least a mqéerate temperature resource

is present tﬁroughou; this negion./

/

j

i
/
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Strategy

A pre-commercial study of the high temperature potential of the
Rio Grande Rift will be conducted during 1979 ané 1980. Based on
the success of this survey, an industry-coupled érogram-will be
. ‘

initiated in 1981 which wiil be designed to stimPlate industry
exploration for high temberature systems within khe Rio Grande
Rift. The State Coop program and the PdN progr#m for direct

heat applications will be employed in order to %timulate the
development of low and moderate temperature geo%hermal resources

in the major population centers of the region.
|
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SUBREGION VII

GREAT PLAINS

. i
lying east of the Rocky Mountains. For the purposes of this pro-

. Powder River, Big Horn and Wind River Basins inlWyoming, and gas

significantly impact the region's economy. Coal processing will

Subregional Setting

The Great Plains subregion is a major physiographic province

gram the Wyoming Basin-is included within the Great Plains sub-

region. The Great Plains are underlain by eastwafd dipping sedi-

|
mentary rocks of tertiary age. A number of indi%idual mountain

ranges, including the Black Hills of South Dakot#, are present
within the subregion. The Williston Basin is a iarge sedimentary;
basin centered to the northeast of the Black Hilis in Montana,
North Dakota and Northwestern South Dakota.

The principal deep fresh water aquifer throughout much of the

subregion is the Madison Limestone.

Economy of the Subregion

The economy of the area is dominantly agricultuﬁal, with most of

the subregion being utilized for grain production and ranching.

0il production from the Williston Basin in North Dakota, the

and oil productlon from several fields in Montana have constituted

major non-agriculture economic activity of the subreglon. Montana

)

and Wyoming contain significant bituminous to subbltumlnous coal

fields which are undergoing accelerated development and will

i

compete with other demands for ground and surf@ce water in the

Subregion.
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Energy Production and Consumption

The region is a net exporter of energy and fuel as a result of
i .

its low population density and abundant energy reéources. In
i

view of the region's abundant coal deposits, coal, generation of

electricity may be water-limited rather than resohrce—limited.

Geothermal Potential

!

Thé Great Plains subregion contains no idéntified igneous point
sources and the geologic environment does not suggest the presence
of high temperature geothermal systems. Heat fléw throughout

most of the region is normal or near-normal and, as a result,
moderate temperature convective systems are not pommon.

The subregipn.does contain widespread occurrences of hot water

in the Madison Aquifer, which has been locally qtilized for

direct heat applications. A significant development for space
heating i; preséntly underway in South Dakota uﬂder the PON pro-

gram. Water near the boiling point is produced from the Madison

. Formation near Casper and Sheridan, Wyoming, maFing these urban

areas potential users of geothermal energy for direct heat

applications.
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CHARACTERISTICS OF THE JURASSIC TWIN CREEK LIMESTONE

IN IDAHO, WYOMING, AND UTAH' yywepgiry gf yray

By RALPH. W. IMLAY . RESEARCH INSTIVUTE
United States Geological Survey, Washington, D. C. EARTH SCIENCE LAB.

INTRODUCTION

This paper includes a summary of the lithologic
nd stratigraphic characteristics of the seven members
f the Twin Creek limestone, the descriptions of some
ypical sections in westertn Wyoming and southeastern
daho, and three lines of columnar sections. The last
wo items present much information not published pre-
iously. The summary descriptions represent a con-
ensed version of those published in the Wyoming Geo-
sgical Association Guidebook for 1950 (Imlay, 1950a)
ut include some additional information. Only brief
1ention is made of the correlation of the members of
1e Twin Creek limestone, as that subject has been dis-
ussed fully in the Bulletin of the Geological Society of
umerica (Imlay, 1952a). Likewise, the origin of the
arious kinds of sediments comprising the Twin Creek
mestone has been discussed amply in a report pub-
shed by the National Research Council (Imlay,
950b).

JISTRIBUTION AND GENERAL FEATURES

The Twin Creek limestone occurs in an area of ex-

nsive thrust faulting along the Idaho-Wyoming bor-
r and in north-central Utah, extending from the
uthern end of the Teton Mountains west of Jackson,
'yo., southward to the south end of the central Wa-
tch Range near Thistle, Utah. It also occurs east of
e area of thrust faulting in the western part of the
‘nta Mountains as far east as Lake Fork (Thomas and
uger, 1946, p. 1275-1277). Within the area of
rusting, it thickens westward from about 800 feet to
300 feet. The thickest measured section is at Thomas
rk Canyon, about 22 miles north-northwest of Coke-
le, Wyo., but the section on Stump Creek, Idaho,
out 8 miles northwest of Auburn, Wyo., is nearly as
ck. The Twin Creek consists mainly of medium- to
he-gray limestone, of which most is shaly and
athers into long splinters. However, the formation
o contains two persistent red members in its lower
td, one cliff-forming limestone member at the top
its lower third, and one sandy member at its top.

DESCRIPTIONS OF THE MEMBERS

Member A at the base of the Twin Creek limestone
‘kens westward in an irregular manner from an aver-

ublication authorized by the -Director, U. S. Geological Survey. .

age of 75 feet in western Wyoming to about 400 feet
in the Blackfoot Mountains in Idaho. Its thickness may
vary markedly within distances of less than a mile. It
is absent in the Uinta Mountains and locally absent
in the Wasatch Range of Utah.

The member is characterized by soft, brownish-red
siltstone that contains interbeds, or units, of brecciated

or honeycombed limestone. In westernWyoming and .

locally in eastern Idaho the lower part-of the member
contains a conspicuous unit of brecciated gray to yellow
limestone that ranges from 10 to 50 feet in thickness.
This unit is a jumble of sharply angular blocks, generally
includes a little red siltstone, and shows faint stratifica-
tion. The position of this brecciated limestone. unit is
occupied by thick masses of gypsum in the southeast
corner of the Jackson Quadrangle in the EV4 sec. 36,
T. 36 N, R. 115 W. Locally, gypsum has been found

in the lower part of the member near the head of Crow .

Creek, Caribou County, Idaho, in sec.-10, T. 11 S, R.
45 E. (Maansfield, 1927, p. 96). In many sections the
middle and upper parts of the member contain one or
more beds or thin units of yellow honeycombed or brec-
ciated limestone that are generally inconspicuous. In
southeastern Idaho the middle part of the member con-
tains a unit of dense limestone that is siliceous and bears
nodules and lenses of brownish-gray chert. This unit is
about 70 feet thick on Stump Creek. in the SV secs. 27
and 28, T. 6 S, R. 45 E,, Caribou County, and at least
140 feet thick on Williams Creek in the SEl4 sec. 12, T.
2S8.,R. 39 E, Bingham County. A similar chert-bearing
limestone generally only .1 or 2 feet thick occurs near
the middle of the member in several sections near the
Idaho-Wyoming border. Most sections contain minor
amounts of brownish-red fine-grained sandstone inter-
bedded with the red siltstone. Yellowish-white sand-
stone occurs locally at or near the base of the member.
The basal beds of the member may consist of red silt-
stone, of soft yellowish sandstone, or of brecciated lime-
stone, and they invariably rest sharply on the hard
quartzitic Nugget sandstone. The upper contact of the
member is marked by an equally sharp change from
soft red siltstone to sandy or massive oolitic limestone.

Member B thickens westward from 25 to nearly
300 feet. In western Wyoming this member consists
mainly of medium- to thin-bedded, grayish-black to
dark brownish-gray limestone. Its basal unit generally

FrrrrrrrrEE I 1
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consists of 5 to 15 feet or more of dark oolite that con-
tains a few sand grains and some pyrite. Thinner oolitic
beds occur higher in the formation in some sections.
In southeastern Idaho the basal 20 to 60 feet generally
consists of brownish, sandy, crossbedded limestone that
may contain tiny pebbles of red, green, and gray silice-
ous material. Similar sandy limestones also occur at
higher levels. Some of the sandy beds are’ glauconitic.
Oolitic beds are generally present above the basal unit
of sandy limestone. A light-green to white volcanic
wuff (Mansfield, 1927, p. 97) from 5 to 10 feet thick
occurs within the member in the general area between
Cokeville and Afton, Wyo. The member has furnished
a large fauna of mollusks. Gryphaea planoconvexa
Whitfield is one of its most common and most charac-
teristic fossils. The ammonites Stemmatoceras and
Chondroceras (Defonticeras) have been found in
most sections in the upper part of the member and
prove its middle Bajocian (earlier Middle Jurassic) age.
The member persists southward into north-central Utah
as least as far as Thistle. In the Uinta Mountains it is
recognizable as far east as Lake Fork but is absent on
the Whiterocks River. In the Jackson Hole area it thins
eastward and becomes shaly, but the basal oolitic unit
persists.

Member C thickens wesrward from 50 feet in west-
ern Wyoming to 350 feet in Idaho and consists mainly
of medium-gray shaly limestone that is very soft basally
but becomes harder upward, contains some thin beds
near its top, and grades into the overlying silty beds of
member D. A few thin beds near the top are generally
composed mainly of crinoidal fragments. It weathers
characteristically into light-gray splintery fragments.
Its basal contact is transitional within a few inches in
most sections. Its lower two-thirds has furnished Gry-
phaea planoconvexa Whitfield. The ammonites
Stemmatoceras and Chondroceras were found about
10 feet below the top of the member on the North Fork
of Stump Creek in the Freedom Quadrangle, Idaho.
These ammonites show that the member is of early
Middle Jurassic age. Member C is recognizable litho-
logically in northern Utah as far south as Thistle and
as far east in the Uinta Mountains as the Whiterocks
River. It thins eastward rapidly in the Jackson Hole
area and is only about 50 feet thick at Lower Sllde
Lake on the Gros Ventre River.

Member D thickens generally westward from 35
feet in western Wyoming to 270 feet in Idaho but
varies considerably in thickness within short distances.
It consists of interbedded soft red, green, or yellow silt-
stone, silty to finely sandy yellowish limestone, and
greenish-gray silty shale. The limestones vary from
shaly to thick-bedded, frequently show crossbedding,
and contain marine fossils. Red siltstone dominates over

limestone in the easternmost sections in Wyoming, but
westward the member becomes more calcareous, sandier,
and loses its red units. In Idaho is consists mostly of
yellowish limestone whose sandy members: are cliff-

- forming. In northern Utah, member D at most places

consists of a unit of yellowish sandy limestone overlain

. by a unit of soft red siltstone. The base of member D

is generally marked by a unit of silty to sandy limestone
that is transitional into the underlying member. The
top of member D makes a sharp contact with the over-
lying cliff-forming limestone at the base of member E.

Member E thickens westward from about 60 feet
in western Wyoming to 400 feet in Idaho. It consists
mostly of medium-gray to brownish-gray, medium-
bedded, cliff-forming limestone but includes many thin
beds in its middle and upper parts. Most of the beds
are dense, but oolitic beds occur throughout. Generally
the basal bed is massive and oolitic. In Idaho, along
Preuss Creek and Stump Creek, some of the limestones
are slightly sandy. Member E is the main ridge-former
in the Twin Creek limestone and' could be mapped
easily if detailed mapping of the Twin Creek is ever
found desirable. Its basal contact is sharp. It grades
into the overlying member through a unit of thin-
bedded to shaly limestone, and the boundary must gen-
erally be chosen arbitrarily within an interval of 30 to
50 feet. It has furnished very few fossils. Some of the
beds contain crinoid parts and Camptonectes. Gry-

. phaea nebrascensis Meek and Hayden was found near

the top of the member on Sliderock Creek and on Cot-
tonwood Creek east of Smoot, Wyo. Member E is recog-
nizable lithologically in northern Utah as far south as
Thistle and at least as far east as the Whiterocks River .
in the Uinta Mountains. The lowest few feet of lime-
stone in the Carmel formation north of Vernal in sec.
26, T. 3 S, R. 21 E, is probably the easternmost limit
of the member. Between the Whiterocks and Duchesne
Rivers the upper part of the member contains a thin
but conspicuous unit of grayish-white, thin-bedded,
nearly lithographic limestone. This limestone is over-
lain at Lake Fork by a few feet of sandy limestone.
Near Manila on the north side of the Uinta Mountains,
member E consists entirely of slightly sandy oolitic
limestone. Equivalent beds at Lower Slide Lake on the
Gros Ventre River are about 57 feet thick and include,
from base to top, 20 feet of medium-bedded oolitic
limestone, 30 feet of shale with thin interbeds of lime-
stone, and 7 feet of ‘oolitic limestone. About 8 feet
above the base of the shale were obtained the ammo-
nites Arcticoceras and Cadoceras. These genera are
common in the basal part of the Rierdon formation in
Montana and in equivalent beds in north-central Wyo-
ming.
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Member F thickens westward from about 250 feet

in western Wyoming to 1,600 feet 6r more in Idaho. It

is by far the thickest and most conspicuous part of the

Twin Creek limestone, forming extensive bare slopes
of llght~gray color that are visible for great distances.
It consists mainly of soft, dense, light:gray shaly lime-
stone that weathers generally into lighter-colored splint-
ery fragments. At wide intervals the member contains
hatd, thin beds that bear many fragments of crinoids
and echinoids, faitly well preserved Camptonectes, a
few oysters and belemnites, and rarely such pelecypods

as Pinna, Astarte, Isocyprina; and Trigonia. In the

middle and upper parts of the member, some of the
thin limestone beds are oolitic, and others are silty w©

" sandy and ripple-marked. Eastward the member be-

comes less calcaréous, and a few of the units weather
into chunky rather than splintery fragments. Associated

with these chunky beds are some: thin nodular lime-

stones that ‘may contain an .abundance of Gryphaea
Such fossiliferous
units are common in the section on Greys River in the
Afton Quadrangle and on Cabin Creek and Fall Creck
in the Jackson Quadrangle. The member is overlain
transitionally by the silty to sandy beds of member G,
and the boundary must be sélected arbitrarily in most
sections. Member F is recognizable lithologically in
northern Utah as far south as Thistle-but becomes much
shalier southward, and some units.are calcareous shales
rather than litnéstones (Baker, et al,, 1947). In the
Uinta Mountains, member F is typlcally developed as
far east as Lake Fork At the Whiterocks River, and
eastward, the beds occupying the stratigraphic position

‘of member F consist mostly- of redbeds and gypsurn

that are customarily included in the Carmeél formation.
Eastward, in the Jackson Hole area beyond the Darby-
Absaroka line of overthrusting, the beds equivalent to
member F consist of thinner, medium-gray, calcareous

shales that fiear their base in some sections _contain a
few thin beds of nodular limestore. The nodular lime: .

stones contain a great variety of mollusks, including the
ammonites Cadoceras and Xenocephalites: The shales
are especially characterized by an abundance of Gry-
phaea nebrascensis Meek and Hayden, which contrasts

with the farity of the species in the underlying oolitic.

limestones, that contain Arcticoceras. These shales are
lichologically and stratigraphically identical with the

_ Rierdon formation of Montana. Eastward, in the Wind
River Basin, they pass into- the Stockade Beaver shale

member of the Sundance formation.

Member G ranges in thickness from about 25 feet
to at least 288 feet, is highly variable in thickness, and
within the area of thrust faulting does not thicken ap-
pteciably ‘in any direction. It consists mostly of yel-
lowish to greenish, lavender, or pinkish, silty to finely

sandy, ripple-marked,. thin-bedded limestone, and some
shaly limestone. Some units consist of medium-bedded
limestone that is generally ocolitic or sandy. Some of
the sandy units are crossbedded. Many beds are a
coquina of crineid and echinoid fiagments, and their
upper surfaces are commonly matted with shells of
Camptonectes. The upper part of the member is gen-
erally harder'and thicker-bedded than the lower patt
and in places forms low cliffs. Westward, in Idaho,
the member becomes sandietand consists of interbedded
units of ripple-marked sandy limestone and glauconitic,
thin- to thick-bedded sandstone. At Thomas Fork Can-
yont and Wolverine Canyon the membér is more than
half sandstone and at Preuss Creek is mostly sandstone
(Imlay, 1952b, p. 1740). The sandy units are litho-
logically similar to the: Seump sandstone. Member G is
overlain transitionally by red siltstone or sandstone at
the base of the Préuss sandstone. At the. top, in most
sections, is a transitional zone that is generally less than

10 feer thick. In some sections, as on South Piney Creek

and on Cabin Creek in Wyoming, the transitional zone
is much thicker. In such sections the highest limestone
is arbitrarily placed in the Twin Creek, because a marine
limestone is apt to be more persistent than a red unic.
Member G is recognizable in Utah as far south as
Thistle and as far east as Lake Fork. East of the Du-
chesne River the member ¢onsists mostly of greenish-

gray siltstone and sandstone. In the Jackson Hole acea

it disappears eastwatd and is absent at Lower Slide Lake
on the Gros Ventre River. Member G is similar litho-
logically and strarigraphically to the Hulett sandstone
member of the Sundancé formation in central and ease-
ern Wyoming, western South Dakota, western North-
Dakota, and southeastern Montana.
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LOCAL SECTIONS

Lower part of Twin Creek limestone about 114 miles
ast of Bear Lake on road to Pegram in NW14 sec. 29 and
NEY4 sec. 30, T. 15 S, R. 45 E., Bear Lake County, Idaho:

'WIN CREEK LIMESTONE

Member C:

24,

Limestone, shaly, soft, medium-gray, weathers light-

‘gray. Not measured; at least several hurdred feet

EXPOSEA. orereeeeemcrreeterieeserare s assne et saee s rasen

Member B:

23,
22.

21.
20.

19.
18.

17.
16.
15.
14.
13.
12
11.
10.

Limestone, medium-bedded, slightly sandy, cross-
bedded, medium yellowish-gray
Limestone, greenish-gray .......c.o.ccoiiioeiniciinccmnncecceens
Limestone, thin-bedded, yellowish- to pinkish-gray....
Limestone, medium- to thick-bedded, finely sandy,
crossbedded, medium-gray, weathers light brownish-
BIaY, traces Of OYSIErS......ocemeereeiceceeeerreeerreeeeerencaesnns
Covered ........ . .
Limestone in beds 8 to 12 inches thick, very sandy,
a few small pebbles of red and yellow chert, cross-
bedded, dark brownish-gray, weathers light-brown,
many oyster fragments in top bed

Sandstone, thin-bedded, crossbedded, fine-grained,
light-gray. ..oooooooiiiiiiiinn. e rteeernaeaaaeannn
Limestone, full of grit and small pebbles consisting
of red, yellow, gray and black chert and white quartz,
many shell fragments. ........cooceiiieiiireerereeeeeeeene
Covered. .....ooceeeieeereeeieee e ceennes
Limestone, thin-bedded, sandy, partly crossbedded, a
G-inch coquina bed about 5 feet below top, medium
yellowish-gray, weathers grayish-yellow.....................
Limestone, thin-bedded, sandy, medium-gray, weathers
SAME. ooeeeececesieeseecnaeereeeseesassressassmssaesesseseeansesseeesrans
Limestone, thin- to medium-bedded, medium yellow-
ish-gray, weathers brownish-gray...............ccociennees
Limestone, sandy, hard, crossbedded, contains oysters,
bryozoans, and crinoid fragments..........cccueieieeecreaecnne
Limestone, finely sandy, partly crossbedded, medium-
gray, weathers light yellowish-gray............c.c........

Member A:

9.

VAV OAN®

[

1.

Mostly covered. Some red siltstone occurs wichin
32 fEEL Of LOP...cueeccrereeeeieeeerieceesreeserieesreanereneesassessnanaes
Siltistone, light-red, soft...
Silestone, olive-green, soft.
Siltstone, light-red, soft.....ccceemromrcaveeeenncenn.
Limestone, light yellowish-gray, nodular...................
Siltstone, light-red to light-green........cocoooieevnnreenne.
Limestone, medium- to thin-bedded, nodular and por-
ous but not brecciated, light yellowish-gray to olive-
gray, weathers yellowish-gray.........ccocooiot
Limestone, thin-bedded, laminated, medium dark-
gray, weathers light-gray........
Siltstone, reddish-brown, soft.

IGGET SANDSTONE.

Twin Creek limestone on north side of Preuss Creek
El% sec. 15, T. 11 S, R. 45 E., Bear Lake County,

tho:

iUSS SANDSTONE.
‘IN CREEK LIMESTONE: -

Feet

44

37
32
14
1%
22

fember G: ) Feet
25. Sandstone, thin-bedded; some sandy limestone, pink-
ish, weathers dull pinkish-gray, contact with Preuss
sandstone transitional within 10 feet....................... 71
[ember F:
24. Limestone, shaly, soft, some thin beds, medium-gray,
- weathers light-gray. Cannot be measured because of
strong folding but ac least........ccoonieeeriiniiiiee. 1,500+
‘ember E:
23. Limestone, medium- to thin-bedded, dense, medium-
BIAY . oeeecreieeer et e ettt a st e s et e et aaea e s nmnaaaeane 95
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22. Limestone, massive, slightly oolitic, some shell frag-

ments, forms top of cliff.. 10
21. Limestone, thin- to medium-bedded, slightly sandy,
medium yellowish-gray ... ...~ " "~ " 48
20. Covered. ............. 26
19. Limestone, thick-bedded, cliff-forming, medium-gray.. 61
18. Limestone, massive, oolitic, medium-gray.................. 6
Member D:
17. Siltstone, "brownish-red, soft ... 6

16. Limestone, thin-bedded to shaly, silty to sandy, light

yellowish-Bray. ....ooooooiiiiiieee e 33
Member C:
15. Limestone, shaly, soft, light-gray, a few thin beds...... 271
Member B:
14, Limestone, medium- to thin-bedded, medium-gray,
forms low cliff.........c............ eeeeerneeeneaen—enn 20
13. Limestone, thin-bedded, light-gray.........coccoeveeeeeo... 21
12. Limestone, thin- to medium-bedded, sandy, some
grains of grit size, brownish-gray.........cccovevveeeeeeee. 30
11. Tuff, dense, light-green to white... 5
10, COVEred. ..ot eee e 22

9. Limestone, thin- to medium-bedded, sandy, brownish-
gray, becomes less sandy toward base, some beds

€oquINOId. ..o
8: Limestone, medium-bedded, gray
Member A:
7. Covered. ..ttt 15
6. Siltstone, brownish-red, s0ftu...coooeiveieriieeeine 37
5. Limestone, brecciated, 8ray.......o.coooemcoeeeeeeeeecenncnn. 4
4. Sandstone, thin-bedded, brownish-red, very fine-
BIAINEA. oot 33
3. Silistone, brownish-red, soft. .. 30
2. Limestone, brecciated,’ gray... - 1
1. Siltstone, brownish-red, soft.......... reeeteeraneeraeennnaearaes 3
Approximate thickness ©.........o...co.oocovemererecenn, 2,485+

NUGGET SANDSTONE (not measured). .

Twin Creek limestone along old Lander Trail south
of Stump Creek in SV5 secs, 27 and 28, T. 6 S, R. 45 E.,
Caribou County, Idaho (thicknesses approximate):

PREUSS SANDSTONE.
TWIN CREEK LIMESTONE:
Member G: Feet

22. Limestone, thin-bedded, slightly sandy, yellowish- to
pinkish-gray, overlain by soft red siltstone at base

Of Preuss sandstone.........oooceovirveaieicererceescsnsrneeaen 920
Member F: .
21. Limestone, shaly, soft, light-gray_ ...l 1,000
Member E: .

20. Limestone, medium- to thick-bedded, slightly sandy,
some beds oolitic, contains some comminuted shells,
medium-gray to light yellowish-brown.........c..c.cceece. 400

Member D:

19. Siltstone, brownish-red, soft ..o 30

18. Limestone, thin-bedded, sandy, yellowish-gray............ 60

17. Limestone, cliff-forming, finely sandy, light yellowish-
gray, contains many small Gryphaea...........cccceeee.. 20

16. Limestone, thin-bedded to shaly, silty, yellowish-gray 60

15. Limestone, cliff-forming, sandy, glauconitic, partly
oolitic, greenish- to pinkish-yellow......ccoecoereieeainencne 40

14. Limestone, thin-bedded to shaly, interbedded with
calcareous siltstone, some beds sandy, yellowish-gray.. 60

Member C:

13. Limestone, shaly, soft, light-gray, becoming harder
upwards, contains abundant Gryphaea planocon-
vexa Whitfield in its lower two-thirds......ccoeveevecneens 250

Member B:
12. Limestone, thin-bedded, slightly sandy, yellowish-

gray, weathers light yellowish-gray, upper l_O.feer
contains many Gryphaea planoconvexa Whitfield.. 60

-
-
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>
-
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TABLE 1.

THICKNESS IN FEET OF THE MEMBERS OF THE TWIN CREEK LIMESTONE AND
SOME EQUIVALENT FORMATIONS IN WYOMING, IDAHO, AND UTAH

A B C D E F G Total
Mosquito Pass, Wyo.:
N2 sec. 34, T. 41 N, R. V18 W ... 80 75 95 45 65 395 25 780
Lower Slide Lake, Wyo.:
Sec. 4, T.42 N., R. V14 W.. e 46 56 50 38 57 163 0 410
Wolverine Canyon, Idaho:
- Etasec. 28 & Wlasec27, T. 1S, R 39 E......... NOT EXPOSED 15004+ 172
Fall Creek, Idaho: .
Sec. 18, T. V. N, R. 43 E._ .. 96 200 338 77 160 628 131 1630
Big Elk Mountain, Idaho:
SW¥ sec. 6, T.2S., R.45 B ... 20 74 228 123 172 520 120 1257
Fall Creek,.Wyo.:
NE% sec. 20, T. 39 N., R, 116 W, 63 55 151 40 69 477 48 9203
Cabin Creek, Wyo.: . . :
St sec. 17, T.38 N, R.VI6 W ... 97 97 140 40 89 370 127 960
Mumford Creek, Wyo.:
SEY sec. 32, T. 38 N, R. W15 W 107 24 125 71 65 330 41 763
Hoback Canyon, Wyo.: Secs. 31 & 32, :
T.39N,R. 114 W,;sec. 6, T.38N.,,R.114W... 76 60 104 43 65 290 28 666
Stump Creek, ldaho:
- SYasecs. 27 & 28, T.6 S, R.45E............... 223 281 250 270 400 1000 90 2514
Greys River, Wyo.:
Sec. 4, T.33 N, R N6 Wi 110 45 240 64 155 475 89 1178
Cottonwood Creek, Wyo.: W% sec. 36
and EY2 sec. 35, T. 31 N, R. 118 W 102 87 275 66 146 530 100 1306
Poker Flat, Wyo.:' .
Secs. 3& 10, T.29 N, R 17 W .. 125 88 247 83 175 813 102 1633
South Piney Creek, Wyo.: .
Sec. 11, T.29 N, R VIS W 82 70 103 49 157 262 232 955
Preuss Creek, 1daho: .
EY2sec. 15, T. 11 S, R.45E. ... 129 229 2N 39 246 15004+ 71 2485

Thomas Fork Canyon, Wyo.: Secs. 19 & 20,
T.28 N.,R. 119 W,,sec. 24, T. 28 N, R. 120 W... 404 188 315 168 305 1625 1 27524

Ferney Gulch, Wyo.: Secs. 1 & 2, T. 27 N,,

R.117VAaW,, sec. 1, T.27 N, R. 118 W.._.......... 140 1 252 115 400 575 86 1659 .
Devils Hole, North Fork, Wyo.:

Sec. 15, T. 27 N, R V17 Wi, 75 79 245 - 69 218 735 102 1523
LaBarge Creek, Wyo.: NWY% sec. 16 & : . '

NEY% sec. 17, T. 27 N,, RR. NS W ... 53 75 208 59 339 249 128 1Mn
Sliderock Creek, Wyo.: )

Sec. 10, T. 25 N, R. 118 W, ooiiiiiireeens 150 85 275 75 154 1089 186 2014
Fontenelle Creek, South Fork, Wyo.: )

NWW sec. 33, T.26 N, R. 116 W.................. 77 68 184 35 212 487 177 1240
Leed Canyon, Wyo.:

Secs. 1 & 2, T.22 N, R N9 W. it 76 95 260 108 182 1118 102 1941
Manila, Wyo. (4 miles south of):

SWWisec. 6, .2 N., R. 20 E......coooooeiceeaane.... 0 0 24 7 23 227 50 331
Weber River near Pesa, Utah: ;

SW¥ sec. 11 & NW¥ sec. 14, T. 1 S, R. 5 E..... 0 474 125 107 220 776 82 1357+
Duchesne River, Utah:

SWlisec. 4, .V S, R. 8 W een 0 42 N 68 104 280 165 750
Lake Fork, Utah: .

Sec. 2, .U N, RS W e 0 32 109 30 - 109 114 49 443
Whiterocks River, Utah:

NWY sec. 19 & SE% sec. 18, T. 2 N, R. 1 E..... 0 0 40 21 17 182 85 345

Monks Hollow, Utah:

Sec.32, T.4S,R. 5E, &sec. 5, .55, R.5E... 49 92 123 57 305 275 288 1189
Thistle, Utah: -

WVasec 33, T.8S, R4 E i, 9 71 183 4] 345 ? ?
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medium-gray, dense to granular, some beds slighdy
sandy and showing weak crossbedding. One 4-foot
bed of oolitic limestone occurs about 72 feet above

base. coocvcrviiianans . . 172
Member D:
9. Limestone, shaly to thin-bedded, sandy, yellowish...... 15
8. Silwstone, light brownish-red, soft.........cc.ccco... .. 24
7. Limestone, thick-bedded, sandy, yellowish 25
Limestone, medium- to thin-bedded, becoming
thicker-bedded upward, medium-gray to yellowish-
-7 3 .. 59
Member C:
5. Limestone, shaly, soft, light-gray, weathers into
pencil-like fragments. ......cocoooeeeiiiine, 168
4. Limestone, medium-bedded, dark-geay, shgh(ly sandy,
contains many crinoid fragments.......ccc.ooeveeererevennnnnn. 12
3. Limestone, shaly, light-gray, poorly exposed.............. 48
Member B:
2. Limestone, medium-bedded, yellowish- gray, becomes
sandy in upper part............. - .. 74
Member A:
1. Sandstone, fine-grained, and siltstone, brownish-red
to mottled gray and red; contains some beds of
honeycombed limestone at top, poorly exposed........ 20

Total thickness of Twin Creek...oooevveeeennennn.... 1,257

light brownish-gray, weathers medium brownish-
gray, traces of crinoid columnals..............

\ |
F INTERMOUNTAIN ASSOCIATION OF PETYROLEUM GEOLOGISTS 61
11. Limestone, shaly, medium-gray, weathers light yel- Twin Creek limestone along Fall Creek in Irwin
lowish-gray, contains Stemmatoceras..................... 50 Quadrangle, measured from center to southwest corner
10. Ln{‘nes(one, massive, dense, medium-gray, weathers p of sec. 18, T. 1 N, R. 43 E., Bonneville County, Idaho:
A7 4 11 (R SOOI PP .
9. Lu;)::stoge,“:l;m}-l gto medt:l:u:rrl sl:::::fd(ded slightly sandy, 35 PREUSS SANDSTONE.
oolitic, brownish-gray, rather soft........ccovveveeiecnececs )
8. Limestone, saady, glauconitic, crossbedded, conmins TWIN CREEK LIMESTONE:
small pebbles of gray and red chert, many oyster Member G: Feet
and crinoid fragments, dark-gray, forms low cliffs.... 25 23. Sandscone, thin-bedded (V5 inch to 4 inches chick),
7. Limestone, sandy, thin-bedded, dark yellowish-gray.. 35 light yellowish- to olive-gray, some glauconite.......... 60
6. Limestone, sandy, oolitic, medium- to thick- bedded, 22. Limestone, medium- to thin-bedded (1 inch 1o 12
contains many oysters on beddmg surfaces, dark-gray.. 30 inches thick), medium yellowish-gray, mostly oolitic,
5. Limestone, sandy, thin-bedded, contains many oyster 40 some dense, silty to finely sandy, weathers yellowish-
and crinoid fragments, dark-gray """""""""""""""""" gray, some beds full of crinoid columnals and arm
Member A: f{agments, some  glauconite. . ..o 3
4. Silestone, light-gray to pink, intecbedded with yel- 21 i:l'mestone, shaly, ’1811!_)’62"20“’*5}7'&!3)'-- - i{
lowish thin-bedded limestone that is locally brecciated 20. Limestone, same as UANIC 22....ooieeniiicnnencnies e
and honeycombed. .....ooomoeei 41 Member F:
3. Siltstone, brownish-red.‘ soft, poorly exposed; some s R 80
beds of honeycqmbed limestone near base................ 65 18. Limestone, shaly, medium-gray, weathers hght-gray,
2. Limestone, medium- to thin-bedded, medium-gray, chunky to splintery 453
weathers light-gray; contains considerable brownish- 17. Limestone, thin-bedded to shaly, medium-gray.......... 95
to reddish-gray chert as nodules, short, thin lenses,
and as granules; crinoid fragments abundam some Member E:
beds 'sandy and crossbedded..........c.oooeoioiiiiiiienen. 70 16. Limestone, medium- to thick-bedded, medium-gray,
1. Sandstone, fine-grained, and siltstone, brownish-red, oolitic to dense, weathers medium-gray.............ce...... 160
— poorly exposed. ..o 47 Member D:
. . 9 + 15. Siltstone, red, soft......coeevveeeenreennee... 45
Towl thickness of Twin Creek.......cocrrvorrrc 2514x 14. Limestone, medium-bedded, silty, oolitic in éower
. . . . part, medium to yellowish-gray, weathers medium-
- ) Twin Creelf hmgstone on north side of Big Elk Moup- gray, upper pare dense, slightly sandy throughout but
tain between junction of Elk Creek and Bear Creek in B R e 32
the SW4 sec. 6, T. 2 S,, R. 45 E., Bonneville County, Member C:
- Idaho: 13. Limestone, thin-bedded to shaly, medium-gray,
I weathers light gray..... 117
PREUSS SANDSTONE. 12. Limestone, medium-bedded (6 to 8 inches), medium-
TWIN CREEK LIMESTONE: . gray, weathers light-gray..........coooovmiiniiiiniieieennn. 32
' Member G: Feet 11. Limestone, shaly, medium-gray, weathers light-gray,
12. Limestone, thin-bedded, silty to finely sandy, yel- chunky, becomes harder toward tOp........vvvuerirucecnnnne 189
lowish-gray, ripple-marked, locally crossbedded, up- Member B:
- per 16 feet contins interbeds of pink siltstone........ 120 10. Limestone, thin- o medium-bedded, medium- to
Member F: light-gray, weathers light-gray, conains Gryphaea
. hal fo. breaks i lint f planoconvexa Whitfield. ............coocvvieemeiiniceeenns 13
11. Limestone, shaly, soft, breaks into splintery frag- 9. Limestone, very sandy, crossbedded, brownish-gray,
ments, light-gray, has thin beds of nodular limestone weathers same, forms low cliff........ccccocooiiiviiiennnn... 11
every 10 to 15 feet. Gryphaea nebrascensis Meck 8. Limestone, brownish-gray, slightly sandy, medium-
and Hayden noted at 250 and 410 feet above base.... 520 to thick-bedded, weathers medium brownish-gray...... 32
Member E: 7. Limestone, medium-bedded, medium-gray to yel- - p
10. Limestone, dium- to thin-bedded, cliff-forming, lowish-gray. ...c.coomueriruenn.e. 1
O e e o beds dight 6. Limestone, silty, thick-bedded (6 to 24 inches thick),

5. Limestone, oolitic, medium-gray............. .. 10

4. Limestoae, dense, chxck bedded, light-gray.................. 10

3. COVEIEA. et et et eeseaaen 45
2. Limestone, med:um gray to grayish-black, -dense,

medium- to thick-bedded, weathers dark-gray............ 42

Member A:

1. Siltstone, mostly brownish-red, upper 20 feet purp-
lish, soft; rests sharply on Nugget sandstone..............

Total thickness of Twin Creek.........ccoevveeeee. 1,630

" NUGGET SANDSTONE.

Twin Creek limestone and Preuss sandstone on Cabi

29. Sandstone, dull-red to pink, thin- bedded to shaly,
fine-grained, rather soft, contains a few hard, thin
beds overlain sharply by glauconitic sandstone of
STUMP. eniiiitcctenencete e eeeee e etem s e s eeassceeescneeenen

28. Sandstone, massive, fine-grained, hard, light pinkish-
gray, weathers darker......ooooeeeeeeniiiireeoiniceeeeeeeeeeecs

Creek, Jackson Quadrangle, in SV sec. 17, T. 38 N,, F
116 W., Teton County, Wyo.:

STUMP SANDSTONE (not measured).
PREUSS SANDSTONE:

Fee
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27. Sandstone, duli-red, rather soft, a few hard layers......
26. Sandstone, massive, very fine-grained, dull-pink,
CHEF-FOrMINE. oottt

7VIN CREEK LIMESTONE:
Member G:
25. Limestone, sandy, crossbedded, beds 1 to 3 feet thick,
light yellowish-gray, cliff-forming........cccoeeveerieicce.
24. Siltstone, shaly, mostly brownish-red, some yellowish-

FIELD

21

17

BIAY. croeeeceecrieeeascsssnnesssneassre st aae et se e esec s e cameeneeents 11
23. Siltstone, shaly, calcareous, ribboned yellow and gray. 16
22. Limestone, thick-bedded, finely sandy, shows some
crossbedding, light yellowish-gray, cliff-forming........ 4
21. Limestone, shaly to thin-bedded, silty, light yellowish-
BIAY. oeereevereniias e snraessne s bsssasasseacearersseesbasanbenessrrenernes 48
20. Limestone, medlum bedded, consists mainly of ¢érin-
oid and echinoid fragments, medium-gray............... 106
19. Limestone, shaly, medium-gray, weathers into light-
gray splinters. ..... 16
18. Limestone, medium- bedded sandy, medium yellow-
ish-gray, forms lcdge..........; ....................................... 5
17. Limestone, thin-bedded to shaly, silty, yellowish- -gray
Member F:
16. Limestone, shaly, medium- to light-gray, weathers
into light-gray splinters.......ccccooviivinnnmaniccnscinmnnnnns 253
15. Limestone, silty, yellowish.........cocoveiiiimimneeeeneencn 10
14. Limestone, shaly, fissile to splintery, medium-gray.... 32
13. Limestone, shaly, chunky, medium-gray............c......... .75
Member E:
12. Limestone, medium- to thin-bedded, pardy ooliric,
MEAIUM-BIAY. cevviiiecoreereeeniiecraerrreeiaeasrecsarasnraeercaeene 11
11. Limestone, thin-bedded to shaly, poorly exposed...... 53
10. Limestone, medium- to thin-bedded, oolitic to dense,
MEAIUM-BIAY. .oe.veeceemeeanceeacrereranesesesneeaceesvenuennceneeenne 25
ember D
9. Silstone, red, soft, upper contact sharp...........c..cccc... 40
viember C:
8. Limestone, thin- to medium-bedded, silty, some beds
oolitic, medium yellowish-gray.......ccoeeeeiiienmrerrcecneene 10
7. Limestone, shaly, soft at base, forms low ledges at
tOp, MediUm-Bray. ......ccomummiriiieiiercisceacececneneeenes 130
dember B:
6. Limestone, thin-bedded to shaly, medium-gray, Gry-
phaea planoconvexa Whitfield found ac top............ 70
5. Limestone, oolitic, medium-bedded, slightly sandy,
dark-gray. ... 11
4. Limestone, mcdium-bedded. dense, medium-gray........ 16
Aember A:
3. Siltstone, red, soft, poorly exposed......ccccceuiireccenen. 55
2. Limestone, medium-bedded, granular, light-gray, con-
tains some chert.....c.ccovveeeiivnnnnne. 10
1. Limestone, brecciated, medium-gray, lower 2 feet
YEHOW. oottt 32
Total thickness of Twin Creek........cooveeeiiiccvneneee 960

'GGET SANDSTONE.

Incomplete section of Twin Creek limestone on north
1k of Williams Creek in SEV4 sec. 12, T. 2 S,, R. 39 E,,

1gham County, Idaho:

"IN CREEK LIMESTONE:

Adember B (?):
10. Limestone, oolitic, massive, sandy.......ccooeererierurnnncns
9. Limestone, sandy, crossbedded, partly oolitic..............

Aember A: .
8. Covered. Some float of soft red sandstone..................
7. Limestone, medium- to thin-bedded, dense, medium-

to dark-gray, siliceous, contains brownish chert
NOAUIES. e ce et et ceen e ee e annn

6. Limestone, yellowish-gray, brecciated or honey-
combed. ...

5. Limestone, medium- to thin- bedded, dense, medium-
to dark-gray, siliceous, contains some brownish chert
nodules.
Limestone, brecciated, light yellowish-gray................
Limestone, finely sandy, light yellowish-gray, inter-
bedded with brownish-red siltstone..........ocooevvvivenecees

SN

Feet

140
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2. Siltstone, soft, dull-red, yellow, green, some inter-
bedded honeycombed hmestone...f ....... ,emer
1. Siltstone, soft, pink to dull-red, some light green
or yellow, mostly non-calcareous, contains some beds
of dull-red to yellow, lme-gramed non-calcareous
sandstone; about 30 feet below top occurs 2 feet of
dense, shaly yellow limestone

NUGGET SANDSTONE.

20

Twin Creek limestone equivalents north of Lower

Slide Lake on Gros Ventre River in sec. 4, T. 42 N.,
R. 114 W., Teton County Wyo.:

Feet
PREUSS SANDSTONE (?) (may be basal Stump):
24, Siltstone, 1ed. coooniiieeceeeeeee e 3
23. Sandstone, light-gray. ......ccomvveniiiniiiieci e S
TWIN CREEK LIMESTONE EQUIVALENTS:
Member F:
22. Shale, calcareous, medium-gray, weathers light-gray,
one thin bed of nodular limestone in lower foot,
several thin beds of fossiliferous limestone from 35
to 40 feet above base include Cadoceras and Xeno-
cephalites. Gryphaea nebrascensis abundant
thrOUBROUL, eeeeeiciiecceeee e eercrre e e e 163
Member E:
21. Limestone, oolitic, thick-bedded at top and bottom,
thin-bedded in mnddle, medium yellowish-gray.......... 7
20. Shale, calcareous, medium-gray, weathers light-gray.
Gryphaea nebrascensis obtained 10 feet below top
(lowest occurrence Noted ) ...oooooiiueieee i eeeeeeeeeesans 20
19. Shale, calcareous, medium-gray, and thm beds of
. soft, brownish-gray limestone, weathers light-gray.
F_ight feet above base occur Arcticoceras, Cadoceras, -
and many pelecypods.......ccooirriiraeeeiieieeeeeeee s 10
18. Limestone, oolitic, massive, medium-gray, weathers
SAITIC, weviieaeeaenctmierneeeeeeeeesansnnaeeeraeranrsasassssasersnnsnmmesssses 315
17. Limestone, medium- to thin-bedded, slightly oolitic,
crumbly, medium yellowish-gray, weathers mednum-
gray, very fossiliferous......ccccccocevveennnn.n. 414
16. Limestone, medium- to thick-bedded, beds 6 two 12
inches thick, oolitic, hard, medium yellownsh -gray,
weathers medium- -gray, traces of fossils...........oeeeeeee 12
Member D:
15. Limestone, shaly, soft, yellow:sh SBIAY..neieeernnneeieeenne 31,
14. Limestone, shaly, soft, olive-green to yellowish-gray.. 115
13. Silestone, brownish-red, soft, makes sharp contact
with underlying unit, thickens westward in 15 mile
10 43 £OOL et 33
Member C:
12. Limestone, shaly, medium-gray, contains a few thin
beds of coquinoid limestone and locally a hard bed
Of COQUINA B LOP.eeeeeeeeeerceieececeee et eereeenaeeees 23
11. Limestone, shaly, soft, medium-gray, weathers same.. 27
Member B:
10. Limestone, mostly shaly, fairly soft, some beds from
4 to 10 inches thick at intervals of 4 to 8 feet, dark-
gray to grayish-black, weathers dark-gray; 20 feet
above base occurs Chondroceras; Gryphaea plano-
convexa Whitfield occurs throughout.........cco.co.... 35
9. Limestone, medium- to thin-bedded, mostly dense,
partly oolitic, upper 2 feet slightly sandy and pyritic,
medium yellowish-gray, weathers medium-gray........ 16
8. Limestone, shaly, soft, medium-gray e 4
7. Shale, soft, yellowish-gray..........ccccoiiiiiiiimiiniciicinnnn. 1
Member A: .
6. Siltstone, brownish-red, soft..........cccoovvveeeeiiiiiireeeenne. 15
5. Limestone, pinkish- yellow weathers pinkish to yel-
low, forms top of cliff...................... -8
4. Lxmestone, brecciated, gray to yellow, angular frag-
ments as much as a foot in diameter but most frag-
ments smaller, forms cliff....... 16
3. Limestone, brecciated, silty, purplish to yellow and
-2 2 U 2+
2. Limestone, silty, soft, yellow to pinkish....ccccoccceeeecn 102
1. Siltstone, brownish-red, soft, rests sharply on Nugget
SANASIONE.  ooiiireiriinieecnetararsensrnceneceaaseerscnnsssesneennnes
Total thickness of Twin Creek...cccooveioreveeecene. 410
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INTRODUCTION

Mississippian seas were widespread in the Rocky
[ountain region, and throughout most of Mississippian
me broad seaways extended from Alaska to Mexico.
7ithin these seas thick sequences of limestone, sand-
one, and shale were deposited, with carbonate rocks
redominating in volume and extent. Eardley (1949,
. 665) has given the name “the Madison basin” to
long narrow zone extending from western Montana,
irough southeastern Idaho, and into southern Nevada,
hich received over 4,000 feet of sediments in Lower
{ississippian time. A somewhat smaller area in west-
'n Utah and central Idaho which sank over 6,000 feet
id received over 6,000 feet of sediments in the Mis-
ssippian is called “the Brazer basin.”

The area covered by the excursion (Ogden, Utah,
Jackson, Wyoming) (Figure 1) lies roughly along
hat Kay (1951, p. 10, 14) has called “the Wasatch
1e.” This hypothetical line roughly marks the posi-
n of the monoclinal flexure from the ¢raton on the
st into the miogeosyncline on the west. The area of
> miogeosyncline west of the Wasatch line (defined
a line of disappearance of the Lower Cambrian and
» 2,000 foot isopach of the entire Cambrian) has
:n termed the Millard Belt (Kay, 1947, 1951). Thus
: tectonic pattern in the Cordilleran region was set
Cambrian time and the same pattern was followed
oughout the Paleozoic. Kay (1951, p. 14) says,
stems from the Ordovician through the Jurassic are
erally more.fully represented and thicker in the

e areas in which lower Cambrian is present and

whole Cambrian thicker.”

The route of the trip throughout most of its extent

far enough west so that practically the maximum

ion of Mississippian is seen. Thus, thick fossiliferous
sissippian limestones in the Logan-Ogden area pass
wvard into drab sandstones, with the fossiliferous
stones dropping out as the craton is approached.

Brush Creek in the Uinta Mountains, Williams

13, p. 609) has stated that the Madison formation

sists essentially of light-drab sandstones and silt-

s,'with tongues of red beds and a thick member of

formational breccia,” Also Wanless, et al. (1946)

reported progressive westward thickening of the
ssippian . from 1,080 feet in the Gros Ventre
e of western Wyoming, to 1,800 feet in the
:» River Range of eastern Idaho; further west-
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ward in Idaho the Mississippian passes into a thick geo-
synclinal black shale sequence. Two formations make
up the Mississippian column in most of the area: the
Madison limestone (Kinderhookian) below, overlain
unconformably by the Brazer limestone (Meramecian
and Chesterian) above. A thin unit of shale, the
Leatham formation (lower Kinderhookian), is known
to conformably underlie the Madison in the Logan,
Utah area; however the extent of this shale outside
of the Logan area has not yet been determined by field
studies.

The Mississippian generally rests unconformably
upon the Devonian Jefferson limestone or an equiva-
lent of the Upper Devonian Three Forks formation. In
much of the area the Upper Mississippian Brazer lime-
stone is unconformably overlain by the Penasylvanian
Wells formation, but from Teton Pass eastward the
Darwin sandstone member of the Amsden formation
(Lower Pennsylvanian age) overlies the Brazer.

The first report of Carboniferous rocks in Utah
was by the Stansbury expedition in 1849 (Stansbury,
1852). Hayden, Peale, and others made observations
in the Logan area. King (1876, p. 478-80) first named
the strata, calling them the “Wahsatch” limestones of
“Devonian” and “Carboniferous” age, however, Rich-
ardson (1913) revealed that King’s “Wahsatch” in-
cluded rocks of Ordovician to Mississippian age. The -
term Wasatch has not since been used to refer to
Paleozoic rocks. . -

The type sections of two of the Mississippian for- a8
mations lie near the route of the field trip. Richardson -’ .
in 1913 named the Brazer limestone from exposures in ..
Brazer Canyon in the Crawford Mountains, 6 miles 38
northeast of Randolph, Utah; and Holland (1952, p. ¥
1719) named the Leatham formation for the exposure

EEXNEEERIRYN

miles southeast of Logan, Utah. The Madison wasi#ilf

A% T

named by Peale (1893) who failed to designate a’typek

locality for the Madison limestone but did unplf E
the unit was named for the Madison River in the Three]

of the name Madison and have described in det
section directly north of Logan, Montna, de
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Mansfield (1927) prepared a comprehensive re-
port on the geology of southeastern Idaho and included
in this report a description of the Carboniferous and
Triassic fossils by Girty (1927, p. 411-46). Rich-
ardson (1941) published a report on the geology of
the Randolph Quadrangle (next quadrangle east of
the Logan Quadrangle) and included a geologic map.
Williams (1943) has described numerous sections of
Carboniferous formations in the Uinta and Wasatch
Mountains. Eardley (1944) studied the geology of the
north-central Wasatch Mountains, and Williams and
Yolton (1945) described in detail Brazer and Wells
sections near Dry Lake, southwest of Logan, Utah.
Parks (1949 and 1951) zoned the Brazer on the basis
of its coral fauna and Williams (1948) summarized
much work in the Logan Quadrangle and presented an
excellent report on the stratigraphy, structure, and
historical geology, with a geologic map and detailed
Cross-sections.

" Kirkham (1924) discussed the geology and map-
ped a large portion of the Caribou Range southwest of
Swan Valley, Idaho.

FIGURE 2.—Mississippian section on the east slope of Beirdneau Peak viewed
from U. S. Highway 89 about 5 miles east of mouth of. logan Canyon, Utah. .
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In the mountain ranges about the Jackson Hole
region the writer has relied principally upon reports
by Horberg (1938), Horberg, Nelson, and Church
(1229) » Thomas (1948), Wanless and others (1945,
1946). ’

Ogden to Montpelier — East of Ogden the Mis-
sissippian crops out in Ogden Canyon. There the dark-
gray, thin-bedded typical Madison is about 600 feet
thick, and the Brazer is only about half as thick (1,100
feet) as in the Logan area.

Mississippian strata are not again encountered until
Wellsville Mountain and the Pisgah Hills southwest
of Logan. Approaching Dry Lake from the south the
Leatham and Madison are not exposed along U. S.
Highway 91. A very thick section of Brazer is, how-
ever, exposed along a road cut of an old portion of
U. S. Highway 91 where it turns eastward across the
Pisgah Hills toward Sardine Canyon. Williams and
Yolton (1945) have reported 3,700 feet exposed in
the Dry Lake section but this is over 1,000 feet more
than was measured by Parks (1949). The former have
listed over 130 species from the most typical strata of
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the formation, the thin- to medium-bedded, dark-gray
to grayish-black cherty limestones of the middle Brazer.
Caninia, other large tetracorals, Lithostrotion whit-
neyi Meek, Spirifer brazerianus Girty, and Chonetes
are abundant and frequently excellently preserved;
many specimens are silicified and suitable for acid
etching.

Entering Logan Canyon east of Logan one can see
the cliffs of nearly flat-lying resistant Mississippian
limestones near the axis of the Logan syncline. About
5 miles from the mouth of the canyon an excellent
view of the entire Mississippian section is obtained from
the road (Figure 2).

There on the east slope of Beirdneau Peak the
Upper Devonian “Contact Ledge” can be seen as a thin
zone of resistant limestone matking the top of the
Devonian section. Above this, a slope is formed on
the Lower Mississippian Leatham formation (about 75
feet thick). The Leatham consists of shales, sandy
shales, and dark reddish-gray, nodular limestones char-
acterized by abundant nodules 1 to 2 inches in diameter
containing Rhipidomella missouriensis (Swallow)
and Syringothyris. At the type section in Leatham
Hollow, about 9 miles to the south, the base is marked
by a 3-inch conglomeratic limestone, bearing angular
chert nodules, limestone pebbles, and an occasional
fragmental fish tooth.

Above- the Leatham the Madison limestone rises
in a sheer cliff, locally known as the “Chinese Wall”.
This part of the Madison is about 250 feet thick, and is
composed of dark-gray, fine-crystalline limestone
thythmically interbedded with thin shaly limestone
beds. A long steep slope rises to the base of a second
cliff of the Madison, which may be termed the “Upper
Chinese Wall”. This middle slope of the Madison
is formed on dark-gray, fine-crystalline to sublitho-
graphic, thinly-bedded limestone rhythmically inter-
bedded with 1g-inch beds of grayish-orange, soft, silty
to argillaceous limestone. The lithologic character of
most of the “Upper Chinese Wall” resembles that of
the slope below, but this part appears to be more re-
sistant to weathering and erosion. At several levels,

benches or reentrants are weathered into the cliff,

so that this upper cliff is not as well-defined as the
lower cliff of the Madison. This thin-bedded lime-
stone is the lithologic and faunal equivalent of the
Lodgepole limestone of the Logan, Montana area.
Osagian elements are in general lacking from the
fauna. Whether never deposited, or removed by ero-
sion, there does not seem to be an equivalent of the
thick-bedded Mission Canyon portion of the Madison
of Montana present in this area. The fauna of the

Madison is characterized by tetracorals of smaller size
than those of the Brazer, abundant Syringopora, Spiri-
fer cf. S. centronatus, and abundant gastropods and
cactocrinids.

- Locally the base of the Brazer is marked by a phos-
phatic shale member which seems to have been de-
posited on the eroded upper Madison surface. Williams
(1939, 1943, p. 595) has reported this basal phos-
phatic shale in Blacksmith Fork Canyon but it is miss-
ing in Leatham Hollow, 2 miles to the north. Wil-
liams (1943, p. 611) mentions the variety of litho-
logic types in the various exposures of Brazer, but
says that each section generally contains some inter-
calated limestone and sandstone and generally some
pure thick-bedded limestones (note cliffs near the top
of Beirdneau Peak, Figure 2). The Wells is not exposed
on the north side of Logan Canyon but appears in an
incomplete section atop Logan and Millville Peaks, the
high peaks just east of the town of Logan and south
of lower Logan Canyon.

Steeply tilted Madison beds crop out in several
small areas south and east of Laketown in the Ran-
dolph Quadrangle. and then disappear under the cover
of the Wasatch formation. The Brazer also outcrops
about a mile east of Laketown with a bed of phosphate
rock near the base.

From Sage Creek Junction the escarpment of the
Crawford Mountains can be seen to the southeast. The
Brazer forms this scarp, and here the Madison forms
the upper slopes and the crest of the mountains. The
200 feet (or at least the upper portion) of the “thin- -
bedded impure earthy-gray limestone, which weathers
to yellowish and reddish tints” reported by Richardson
(1941, p. 20) to underlie conformably the Madison
in the Crawford Mountains probably represents the
Leatham formation. The Brazer type section in this
area has been restudied by Williams (1943, p. 610) '
who states that neither the top nor the bottom is ex-
posed, and that the limestones are dolomitized. Missis-
sippian fossils are rare and poorly preserved in the area.

Montpelier Through Georgetown Canyon and
Return. — The large faule block that rises norcheast of
Montpelier is composed of Madison limestone. Brazer
limestone is present on the west slope of the hills just
east of town, but in this area the Mississippian is faulted
and the section is incomplete.

The Mississippian is next seen in a broad strip along
the west side of Crow Creek; the outcrop of the Brazer
limestone is crossed at the entrance to Wells Canyon.
At the mouth of Wells Canyon a partial section (the
base is covered by hill wash on the east) of Brazer was
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reported by Mansfield (1927, p.-63) as 1,130 feet
thick. The section dips westward into the Webster syn-
cline of Mansfield which is marked by the Pruess
Range. One-foot to three-foor beds of dark-gray lime-
stone mark -the lower. part of the section here, with
whitish sandstones and light sandstones exposed above.
I chis section shaly, chefty, limestone matks the top
of the Brazer, underneath sandsrone of the basal Wells
formation.

Brazer beds of essentially the same lithology form,

the crest of anticlinal Snowdrift Mountain, and the
foute passes through it along the South Fork of Deer
Creek.

Although Madlson is not éxposed in the. Crow
Creek Quadrangle, it crops out at a number of places
in the Slug Cteek Quadrangle to the west. The high
ridge west of Georgetown Canyon is formed by 2 large

portion of Madison brought up by faulting. The Brazer

is lower on the canyon walls and the: trip crosses a
narrow slice, dipping 757 west, brought up by a thrust
subordinate to the main overthrust.

A spectacular portal or gateway at the mouth of
Georgetown Canyon is formed by ledges of Madison
limestone..

Alpine, Idaho, to Jackson, Wyommg — The
Madison and BraZer limestones make up the rugged
mountains along the northeast edge of the Snake River
Valley from Alpine to Swan Valley; Idaho..

West of the Snake River only one section of Madi-
son is crossed by the route and this lies at the entrance
to Fall Creek Canyon. Here in the Fall Creek Quad-
rangle, however, the Brazet is well exposed along the
west side of the Smake River fault, and 4 complete
séction is obtained in Fall Creek Canyon. South of
Fall Creek the Brazer runs along the axis of the Snake
River anticline (Kirkham, 1924). In this atea the
Madison and Brazer are each about 1,000 feet thick,

Each are ¢liff-makets but the Brazer is again the. more

massive, and although each is dominantly made up of
dark-gray, fine: to coarse-crystalline limestone, the
Brazér ‘again weathers to the lighter color, being light-
gray or almost white. As in the Utah zarea the fannas
of both formations aré dominated by rugose corals,
thosein the Brazer bemg much larger, generally 3 to' 8
inches long.

Along Pine Creek, west of the fault typical Madison
and Brazer are exposéd. In the west part of the canyon
the beds dip about 25° to the west, but farther east-

ward dips as high as 75° are ericountered near the main

ault, -
East of Victor, Catboniferous limestones fise from
wider the cover of Mesozdic and Cenozoic sediments
if the Teton Basin w0 form the gently-dipping western
lope of the. Tetons. Horberg (1938, p. 16) states
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that “the tabular inter-stream areas and most of the
imporrant sedimentary peaks (Mt. Hunt, 10,775 feet,
Rendezvons Peak, 10,924 feet, and Fossil Mt., 10,553
feet) ate formed of these [Madtson and Brazer] lime-
stones.” The Madison and. Brazer form the bulk of
the mountain just north of Teton Pass. Here the Brazer
has thinned considerably and is subordinate to the
Madison. In general the dlstmgu:shmg charactetistics:

of the liméstonies are the same in this aréa as in areas .

o the south.

. Thomas (1948) states that Bachrach (1946) has
recognized the: Brazer over 4 wide area in the Hoback
and Gros Ventre Mountdins with the Darwin sandstone
everywhere present above the Brazer. Thomas con-
siders. the Darwin as basal Pennsylvaniin in this area.

The. Gros Ventre Buttes northwést of Jackson are
similar to each other in structure and composition.
They represent normal fault blocks of gently-dipping
Paleozoic strata and younger lava flows tilted westward
along their eastern ;scarp slopes. The Madison crops
out on the, southeast cornér of éach of the buttes and
Hotberg (1938, p. 42) reports that-a-tunael dug west
of Jackson on East Gros Ventre Butte has penetrated
the talus and exposed the slickensided, pohshed surface
of Madison limestone forming the footwall in contact

with breccia and talus on thé east.

Two smaller buttes south of the main Gros Ventre
buttes expose Madison limestone {(and other Paleo-
zoics) as remnants of the southwest-dipping Jackson
thrust plane.
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STRATIGRAPHY

Figure 3 shows a cross-section of Devonian rocks
extending from southwesternmost Montana and imme-
diately adjacent Idaho eastward to western Wyoming
(Cody area, Wind River Range, and Teton Range) and
thus southwestward to northeastern Utah.

In northern and northeastern Utah relatively
rapid thinning with correspondingly rapid changes in
vertical stratigraphic sequence characterize rocks of
Devonian age. The thickest portion of the Devonian,
as exposed in Logan Canyon (Section 8, Figure 3), is
composed of three stratigraphic units described in detail

* by Williams (1948). The units are, from bottom to
«.top; the Water Canyon formation, a light-gray to almost
" white, coarsely-crystalline, sandy, dolomitic limestone,
the Hyrum member of the Jefferson formation, a drab,
dark-gray, medium- to coarsely-crystalline secondary
dolomite, and the Beirdneau member of the Jefferson
formation, a light-tan to buff unit composed of platy
beds of siltstone and’ dolomite with partings of tan
shale being prominent throughout the sequence (Fig-

.
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FIGURE 1.—South wall Logan Canyon east of Logan, Utah.
Massive cliffs on upper wall are Madison limestone.
“*3lope-making sequence to lower, less well developed
“cliffs is Beirdneauy member, Jefferson formation. Lower
cliffs mark upper portion of Hyrum member, Jefferson
formation.
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ure 1). Local zones of sedimentary breccia are promi-
nent in some parts of the section. The Beirdneau mem-
ber exposed in Logan Canyon is some 400 feet thick.
Holland (1952), describing what is apparently the
uppermost portion of this unit, exposed a few miles
south of Logan Canyon in Leatham Hollow, has
measured a thickness of some 70" of rocks of similar
lithology to which he assigns a Kinderhookian age and
which he correlates with the Sappington sandstone of
southwestern Montana. In Leatham Hollow this unit, .
named the Leatham formation by Holland, rests dis-
conformably on the dark-gray limestones and dolomites !

of the Jefferson formation (presumably the Hyrum .
member of the Jefferson of Williams in Logan Can-

yon). Absence of so great a thickness, in view of its
presence a few miles to the north seems somewhat
anomalous. However, since the writers have not visited
the Leatham Hollow area they do not presume to offer
an explanation of the apparent anomaly.

The Water Canyon formation at the base of the
sequence is not recognized elsewhere in the area of the
field trip. However to the south and west, in central
Utah, correlable units are exposed. The Hyrum mem-
ber of the Jefferson is likely correlative with the Jef-
person formation which lies at the base of the Devon-
ian section in areas to the north, east, and south. The
Beirdnieau member of the Jefferson formation may be
chronologically a close correlative of the Three Forks
formation, recognized elsewhere in the region. How-
ever, the lithologies are similar only in that both repre- "
sent a change in late Devonian time from purely car- .
bonate deposition to that of a more clastic nature.

To the east (Laketown-Randolph area, section 7
Figure 3) two units of Devonian age are recognized.
The Jefferson formation, a dark- to medium-gray, me-g
dium- to coarsely-crystalline unit composed of varying Ja
beds of limestone and secondary dolomite 1s cgnform
ably overlain by the Three Forks formation which con i
sists of a shaley, very thinly-bedded, olive-gray limestone
typically making a topographic saddle in areas _{gfélg'
ping beds and almost always characterized byg’rcd i)
weathering zone at the outcrop surface (Fi 2)3
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the south at Durst Mountain (Section 9, Figure 3) east

of QOgden, Utah, the Devonian is represented by the
Three Forks formation which is composed predominant-
ly of limey and sandy shales which are olive to buff in
color and which show the red soil weathering zone
typical of the Three Forks at othet localities.

FIGURE 2.—North wall Laketown Canyon, east of Lake-
town, Wah. Saddle in ridge crest to left of center is
typical of Three Forks formation. Units to right are
Mississippion limestones. Strata to left of soddle are
uvppermost Jefferson formation.

Still farther to the south in the vicinity of Qakley,
Utah (Section 10, Figure 3) Devonian rocks are repre-
sented by a very thin section of tan calcareous shales
and siltsones which rests disconformably on a quartzite
of questionably Cambrian age and which apparently
grade upward into rocks of Mississippian age. A for-
mation name has not been assigned to thesé rocks, but
presumably they are genetically related to the Three
Forks formation mentioned to ‘the north, representing
a slightly variant shelf environment. A fauna of Hack-

berry age is present in these beds. This section is the .

most eastward exposure. of Devonian rocks so far noted
in Utah and, in view of the thinness and clastic nature
of the sediments, presumably-represents deposition pot
too far removed from the zero edge to the east.

In Wyoming, the Devonian interval is termed the
“"Darby formation”, but approximate lithologic equiva-
lents of the Three Forks-Jefferson may be differen-
tiated. The upper part of the Darby sequence is char-
acterized by conspicuous amounts of clastics (sand, silt,
and atgillaceous material) iriterbedded with the car-
bonates and may be correlated with the Three Forks.
The reffiaining lower relatively pute carbonate beds
are considered Jefferson equivalents. Eastward in the
shelf area of Wyoming, this Jefferson interval thms
and is not recognizable near the eastern zero edge. The
- Three Forks beds appear to be transgressive eastward
in Wyomning.

In southwestern Montana and adjoining Idaho, a
two-fold division of -the Devonian is recognized. The
two units ate roughly correlable with the Three Forks
and Jeffefson of c¢entral Moniana. In the latter area,
a pre-Jefferson basal clastic unit is also recognized and
the Jefferson is divisible into an upper dolomite mem-
ber and 2 lower limestone member. In sections 1 and
2 the lawest Devonian beds appear to be lithologic
equivalents of the dolomite member of the Jefferson,
and the lower limestone member is not lithologically
distinguishable. However, this limestone member be-
comes recognizable a short distance to the north. The
Thtee Forks interval of southwestern Montana, is made
up of shale and argillaceous dolomite beds conraining
a thin, varicolored, solution-brecciated zone at the base.
Light-brown or orange-weathered, fine, sandy beds are
déveloped. in the upper. part of this clastic sequence,
directly bélow the Madison strata. These sandy beds
may be lithologic equivalents of the Sappington sand-
stone in the Logan area of Monrana, where they have
béen included in the Devonian by Sloss and Laird
(1947). Recertly, Holland (1952) has assigned a
Kinderhookian age to the Sappington sandstone de-
veloped at Logan, Montana, and correlates the zone
with his Leatham formation of northeastern Utah men-
tioned above. The exact relationship of the Three Forks
beds with the Darby of western Wyoming requires
further study, bur the upper part of the Darby appears
to be related to the Three Forks in that it also contains
prominent amounts of clastics. The Darby" rypically
shows a shelf sequence made up predominantly of
secondary dolomites with variable amouants of formal
marine limestone. The sandstone has variable amounts
of carbonate cement and passes laterally into sandy
carbonates and puré carbonates. Green or gray clay
shales are also developed in thin beds or partings.

ISOPACH AND FACIES MAP
Isopach Pattern

The isopach pattern (Figure 4) suggests the exist-
ence within the area of the map of two different tectonic
environments. Stable shelf conditions in the Wasatch
Range—western Uinta Range area and in the area of
west-central Wyoming and eastern Idaho are indicated
by the rather broad extent in both areas of relatively
thin Devonian sediments. The thickness of the De-
vonian section in these shelf areas averages between
150-and 300 feet. A gradual westward thickening from
the eastern zero edge is well portrayed, particularly in
the Wyoming Shelf (Andrichuk, 1951). The shelf
areas are bounded on the west by an irregularly trend-
ing axis of rapid increase in thickness. This zone pre-
sumably represents the tectonic “hinge” between the
shelf areas to the east and the more negative geosyn-
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clinal areas to the west. The Wyoming Shelf is like-
wise boundéd on the north, off the area of the map,
by a west to east axis of rapid thickening trending
across southwestern Montana.” Devonian sediments to
the north in Montana. increase to a thickness of about

.ming Shelf, in Idaho, and
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1,000 feet, while to the west and southwest of the Wyo-
the northeastern edge of
Utah, thicknesses in excess of 3,000 feet are known,
The smaller shelf in notth-central Utah is separated
from the Wyoming shelf by the geosynclinal embay-
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ment in northeastern Utah. Thickening from the very
thin sediments of the Utah shelf, to the geosynclinal
embayment to the north is moderately rapid, with thick-
nesses of approximately 2,500 feet being attained. How-
ever, to the west of the Utah shelf thickening toward
the geosyncline is more gradual, and geosynclinal sedi-
ments in western Utah average about 1,500 feet.

Lithofacies Pattern

Clastics are important constituents of the section
in both shelf areas mentioned above, and exhibit a
gradual decrease in proportion westward from the zero
edge. Near the present eastern limit of Devonian occur-
rence, the clastics locally may be quantitatively more
important than the carbonates. In the shelf area of
Wyoming they generally constitute at least 20 per
cent of the total section. Non-clastics form over 80 per
cent of the total section in the adjoining basinal areas
to the west and southwest. In Wyoming the clastics
become much coarser near the eastern zero edge. In
the Utah shelf, which is considerably narrower than
that in Wyoming, clastics near the eastern edge domi-
nate the section, constituting at least 75 per cent of
the sediments present. This condition rapidly changes

to the west until in the exposures at the western edge -

of the shelf in the Wasatch Range carbonates consti-
tute the greater part of the section.

TECTONIC AND ENVIRONMENTAL
INTERPRETATION

The Utah and Wyoming shelf areas behaved as
relatively positive areas on which sedimentation com-
menced somewhat later than in the adjoining negative
areas to the west and north. Devonian clastic deposits
of the Utah shelf represent deposition under stable
conditions. The relatively fine sands and silts and clays
are of a clean character and suggest deposition under
conditions of stability with reworking of the deposi-
tional interface for considerable lengths of time before
lichification was completed. Carbonates at the western
edge of the Utah shelf likewise represent stable condi-
tions, being of normal marine limestone type. Similarly,
to the northeast, in the Wyoming shelf area the clastics
and carbonates of the Darby represent shelf-type de-
posits laid down under relatively near-shore conditions
of considerable stability. Quartzose sands, showing
lateral intergradations with carbonates, green clay
shales, and well developed secondary dolomites all indi-
cate slow deposition on a slowly subsiding platform,
permitting winnowing out of fine clastic material and
dolomitization of the limestones. The deposits are
characterized by evidences of disconformities, especially
in the eastern areas. The increasing clastic content and

PETROLEUM GEOLOGISTS N

coarsening of clastics of the east indicate that the present
zero edge was also the approximate eastern depositional
limit. The adjacent landmass to the east was apparently
sufficiently positive to furnish the coarse and fine clas-
tics which are prominent at the sight of deposition.

The locus of ‘rapid change in thickness bounding
the generally western edge of both the Wyoming and
Utah shelves represents a tectonic hinge which, conse-
quently, also forms the eastern boundary of the irregu-
larly trending geosynclinal belt. The fact that carbonate
sediments are predominant in this more negative belt
indicates that the belt lay a considerable distance from
the land area to the east from which the sediments of
the region were likely derived. Even in the area of the
southeastern Idaho embayment, which extends consider-
ably closer to the sediment source area than do other
parts of the geosynclinal element, the section is com-
posed predominantly of non-clastic material, although
in this area clastics do become more noticeable in the

- section (for example in the Logan, Utah area, Section

8, Figure 3). 4

Patterns shown in Idaho are constructed on the basis
of available published information (Mansfield, 1927,
Ross, 1934, 1937; Umpelby, 1913, 1917; Umpleby, et
al., 1930) and by use of unpublished material received
from L. L. Sloss and used by permission of Phillips
Petroleum Company.
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