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Vermiculite deposits lie within a one mile square area in the
Gold Butte mining distriet, Southemn Virfin Mountains, Nevada, An
integrated field and laboratory stﬁﬁy of the depoaits was undere
taken in e attempt to detormine their origin, Partioular attention
was devoted ﬁa the mineralogy of the vermieulite and assoeiated

‘minarals and the geochemistry of vermiculitisation.

The deposite occur in ultrumafic sheets and lenses of probable
pro-Cunbrian age. Peridotites snd perknites bave ih&wmﬁgﬁ‘graé
Cambrian migmatites, granulites, and quartzites, and now ¢rop out
in the interior of an é&xigtiaal flome, Diverse ages of ultranafic
1%@@&&%?&&;~é«mﬂmstrakw&,§§ #rm&wamttiag r@la&ieas;kaﬁgﬁaﬁﬁ multiple
intrusion, Intrusion and f@rmati&n‘@f the domical strueture are
believed essentislly colineident in time, with in%r@aimn outlasting
the severe deformation sssociated with the forceful injection of an
vltramafic ervetal,mush.

During an early Cenozoioe{?) orogeny the Gold Butte granite
porphyry was empleced, This grauite was the probable soures of most
granitic pegmatites whieh are sbundant in the grea. Hydrothermal
solutions supplied from the granitic masgmas eirculsted throuegh the
uliremalic rocks, profoundly altering them.

Vermiculite is widely dlstriluted in altered ultramafie rocks,

segurring 1a,vﬁin$, stringers, pockets, and as seatiered flekes.
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A atudy of X-ray, ochemical, differential thermal, and heat exfoliation
data indieate two distinet types of vermiculite mixtures are present,
All vermiculitcs examined were e lof these two types or gradations
between them., All must be ¢onsidered varieties of hydrobiotite, for
Eg0 is present in every ¢ase and represonts a contamination by dbiotite
layers., One type 1s a vermioulite~biotite mixture with the apyratiméta
ratio of 811, respectively, The secand type is essentially biotite,
containing approximately four per cent vermiculite. Béth typea show
a marked degree of hest exfoliation, the second tyﬁe to a lessor
dogree,

Oonsiderable varistion between the ratio of wormiculite and dlotite
sxists in a single vein. This heterogensity im believed due to the
high cation-exchange sapscity of vermiculite.

The fact that sll samples showed either blotite interleaved with
vermieulite, or non~expendable biotite along with hydvobiotite is one
of the best svidenoes that ol vermieulite bas altered from biotite,
which in most gases, ie an latermediate product in the alteration of
other ultrumafiec minerals,

Vermiculitization of biotite involved (1} progressive sudtraction
of the alkalies,{2) hydration and Fformmtion of looselyebound interlayered
water, and {3) progressive oxidation of ferrous to ferrie iron, The process
was lurgely aanamplisne& by hydrothermal solutions. Zoning relations of
vermiculite and other minerals in asrpeatine vaiaaA¥§ espacially indicative
of hydrothermal activity. Bt111, other facts arve suggestive of a meteorie
origin. Hence it is delleved that meteoric solutions continued the
rrocess of vermieulitisation after hydrothermal activity ceased, and

yerhaps, in gome gases lnitlated 1t
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INTRODUCTION

Burpess of the study

The main goal of this work has besn to map and desoribe the
geology of the vermiculite deposits in the Gold Butte mining
distriet, Southern Virgin Mountains, Nevads, and to determine
their origin.

Vernlculite is one of the comparstively rare industirial
minerals whose commercial uses are many and are still being
developed. In view of the growing economie importance of vermiculite
products and the possibility that the deposits herein deseribed
may begome a commercial source of ?:amiamlite, gertain aspedis
of the potential ‘@X;&lﬁi‘t‘a‘ﬁiﬁﬁ of these deposits have also raaéi‘veﬁ

attention.

Logation of the ares
. The vermiculite deposits are in the central portion of the
Southern Virgin Mountains, in the extreme southesstern portion of
Bevada {(fig. 1)+ They lie within a one mile square area in the

Gold Butte mining distriet and are hereid cslled the Gold Butte



vermiculite deposits. OUnce the site of a smsll gold mining

village, the district is now almost deserted. It con be reached
by an unsurfaced county road from federal highway 91, at a point
40 miles to the northwest. The nearest large c¢ity is Las Vegas,

111 miles away by present roads.

Regional setting
The Southera Virgin Mountaine lie just within the southeast
gorner of the Great Basin section, Basin and Range province |
{(Fennemsn, 1930, map). They extend from the Colorado River north
for 32 miles %o $t. Thomas Gap, beyond which lie the Northern
Virgin MBountaing which ourve to the northeast and ercss the

Nevada line into the northwestern corner of Arizona.

Fhysical festures
The advance topographic sheet of the Bonelli Yuadrangle,
1928, preparcd by the City of Los angeles (pl. 1), shows that
some peaks of the Southern Virgin Mountains exceed 5500 fect in
eltitude. Virgin River, which parallels the mountains on the wost,
is now ponded by Lake ﬁaaﬂ‘ta a point ﬁ@ﬁ%&&aﬁ opposite Overton,
Nevads, where the altitude is 1265 feet 4A.T,» The maximum relief

is sbout 4300 feete
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The elimate is sufficiently arid that no permanent gtresms
exiat in the mountains, and vegetation is sparse except on shaded
slopes and sround seepage, Cedar, sereb oak, juniper, yuceca, and
pinon are common varieties of trees, and meaquite, sagebrush,
eacti, and erecsote are charascteristic of the smaller shrubs and
plants. |

The Southern Virgin NMeuntains are divided into two tapmgraghiaal»
ly dissimilar parts by an unnamed col, 3700 to 3800 feet A.T. {moe
pl. 1}» The southern part is an irregular, rugged massif with
seattered conieal aammit*§uaka.an& gub~radial Arainage., The
northern part is a less rugged and more regular seetion with sube
parallel, north to northeast trending ridges snd subetrellis
drainage, 411 named pesks appearing in plate 1 are located in the
southern parte They are Mice Pegk (5300~ feet 4.T.), Gold Butte

(5,600~ feet A,T.), and Bonelli Peak (4,800« faot 4.T.)e

Vermiculite deposita

The vermiculite deposits ccour in an srea of relatively léw
ridges and hills about 1 miles north of Miea Peask, This tragt is
slightly over one mile in jength in an eastewsst direction and about
three~fifths of a mile in maximum width {pl. 1}. Th@ main ridges

of the tract reach to Mica Peak.
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The topographiec map which serves as 8 base for plate 3
was prepaved with the ald of sladia equipment. It shows & mazimum
reliel Por this loesl ares of about 450 fest. With no g@varuwan%v
established benchemark at hand, precise altitudes could not be
determined, but from the Bonelll topographie mep it is esbtimated
thet the 700-foot contour of the writer®s msp is roughly
equivelent to an altitude of 4000 feet. Thus ridges of the
vermioniite loeslities have anspproximate altitude of 3700 to
3800 feet in the western part and 3900 to 4000 feet in the eastern
part, Valleys are open in character, gﬁaéraily with sandy
washes along thelr bottoms. Divides: rarely reach more thuan 200
feet sbove the washes, Valleys in genersl trend northwestward
and lead to the col nearby thet divides the Bouthern Virgin
Mountains into two parts.

The most conspicuous topographie feature is the basin in the
eastern part of the area, Its long direction, 1200 fa@f in length,
trends northeast, the direction of drainage escape.

4 eabin and an idle mill, the only setruetures at present (1962),
are situated in this basin, In a well nearby the mill the witer
level has stood within 20 feet of the surface even in summer. A
surface mine pit, almost 300 feet long, and wsste dumps also ocour
near the will {fig. 2}« Elsewhere shsllow test pits and explorustion

tranchas 40t the aret.
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Vermioulis

e surface mine pit end idle mill, looking

souths Shoulder of Hics Pesk to lefts (July, 198L).



EBrush was removed from the slopss by burning in 1941, and

regrowth has been pertisl.

Mideummer femperatures of 110° P or higher are common.

end spring seasons are enjoyable,

Some snow Falls in winter.

Fall

Strong winds avre not uncommon in the fall, winter, and spring

Southerns Virgis Mountains iz comeetion with hiﬁfmﬁr@ éﬁ%&iiﬁﬁ

geologle work in the Muddy Mountains west of the Virgin Rivers

His géﬁ@f&&&a@ﬁ genlogic map ef this part of the Southern Virgin

m&éntaiaﬁ appears hersin ﬁ$‘§1ﬂt@ 8« 1% mey be noted that

sedimentary rocks crep oub mainly in the northern portion of

the mountaing and erystalline rocks ¢rop ocut malnly in the southern

portion. A suswary of the stratigraphy worked au%,ﬁy Longwell,

spplying prineipally but not exclusively to the northern porition,

is presented in the geologic seetion below,

Summary of ax%aaaé rool formations in the Southers Virgin dounbaine -
{From 6. R. Longwell, 1938. Pe 280103}

Aze Formation Character Thiokness
' , ‘ {feet)
Bicistooens Alluvial fen deposits Hot stated|
Uneonformity /
Cenogole ‘Huddy Oreek 8ilt, elay, and sandstone | Not stated
{Pliccene?) formation Some salty and gypsiferous
material. Latustrine.
Uneonformity '

{continued next page)




Summary of ex@aaaavyaek formations in the Southern Virgin Hountains

{Continued from page 5)

{underlain by
Shinarump
con ghmerate)

shales in upper part,
variegated shales
and sandstones in
lower purt. Arid,

Age Formation Gheracter ﬁ'n“% ickness
, R ; (geet)
Cenozoice Horse Spring formation | Meinly limestone, 60=396
{(Hiccene?) Overton fanglomerate gome sandstone, {In Horse
S ‘ eonglomerate, sandy Spring Ve
shale, and fone
glomerste, Continentsl,
, Unconformity
Jurassie{?) Cross-bedded asandstone, | Woit state
' typieally red. Probably
continentsl eolian and |
, - fluvial depositse
Unconformity e
Gpper Triassic Chinle formation Red gypsifercus

741 (In ®
Sorlre Val.

gontinental environment,

Uneonformity

Lower Trisssic | Moenkopi formation Sandstone, elay, and 1,634
: gypsum beds above msrine (In Horse
limestones and gypsum Spring
beds below. Continental,
Uneonformity
Permian Kaibab limestone Gray cherty limestone 553
{(Some Cosconino sandw with some gypsum, clay, {South of
stone at base in and sundstone, Marine. ¥ud Well,
Grand Wash area
Pennsylvenian(?) Supai formation Red sandstone, some Several
gray and yellow in hundred
upper part. Largely
continentale
Penpsylvanian Callvilis limestone Dark grey limestone,
rezularly bedded. Several
Harine, hundred

{continued next page)
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Summary of exposed rock formationeg in the Southern Virgin Hountains
{continued from paze 8)

Genozoie (7)

Gold Butte granite porphyry

ige Formation Character Thickness
{feet)
Cambrian {7) Paleozoie Largely dolomite. 2565«
and youngey undifferentiated Some limestone and
shale
Cambrian Huav (¥} limee Darkegray compact 778
stone limestene, Marine,
Gambrien Bright ingel{?} | Olive-green to maroon 311
shale shale; some limestone.
Marine s o
Cambrian Tapeatsi?) Senéstone and quartsite, .
sandatone reddish brown to gray,
thick-bedded below %o
thin-bedded shoves Merines| 298
METAMORPRIC BOCKS
- PresCanbrian - Gnelss, schist
IGNTOUE ROCKS
mzmm%@ Bagaltie Tlows

_lnot dated by Longwell)

Strugture.= Though the geologic section above relates mainly to the

aorthern portion of the Bouthern Virgin Mountaios, the Tormations now

present thers formerly extended into snd probably across %M pouthern

portions A steeply-@ipping fault (pl. 2j, trending N70°E, divides the




Bouthern Virgin Mountains intc two parts at the low col already
mentioned {p. 3). Uplift of the southern portion and resultant
greater &maiaﬁ of it are responsible for the widespread exposure

of the pre-Cambriszn bascuent complexe Judging from the eastwarde

dipping Paleopoie formations on the eastern flenk of the Southern
Virgin Mountsins, Longwell (1957, p. 434) conoluded that the mountain
blook as & whole has beeon yoitated strongly eastwsrd between two
great portb-south fault zones now concealed by alluvial Fan deposits.
The mahéﬁm by which the mountain block was rotehed about a
:imgitaﬁiaél axls was not considered by Longwell.

With reservations, lovgwell {1928, p. 121~128) summerizes the
possibvle sequence of struetural events ss Tollowst

l. Intense folding and thrusting of all formations up to and
including the Jursesie {?) orossebedded sandstoae in pre-iicesne(?)
time, |

By Barliest normel fsultiug, probably concurrently with the
depopition of Miceena{?) formslions,

3, Regccurresce of a@w@%mwé deformation, with less intensity
than in (1}, at th:e end of the Miogcene, or in eavly Pliogene time.

4. Extensive and profound mormsl feulting, blocking ocut the
Southern Virgin Mountsing probsbly during Pliceene time, 4 precipitous.
fanlt &%ﬁrz‘z wag Tormed on the west gide of the mountains and was

maintaived for some time by repeated movemenis in spite af' extremely
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agtive ercsion of the range end filling of the adjacent basin,

8. Fleistocene warplng and faulting. |

It is evident that the origin of the vermiculite deposits herein
gonaidered must be related to the wat‘aw orogenie higtory of the

Southern Virgin Mountaling.

Method of investigetion

The obly toptgraphie base available of the repion iz the advam e
Bonelli Quadrangle sheet published on the seale of 1196,000 (pl. 1).-
This gm:i.mmwy edition is too generslized for detailed g;m}agia
napping. ‘%amf@re, the topography of the cae sjuare mile surrounding
the &wéaiw was marped with stadia equipment on & seale of 200 feet
to the inch. Becsuse of the rmx%!a terrain horizontal control was
established by two means, trisngulation to ¢laim eorners established
by transit mwé@, and driangulation %o a base iiﬁé messured parallsl
to the long diveetion of the srea with a steel tape. 4 topographic
map with g contour interval of 20 feet was prepared from an assumed
datwn plane, This map provided the base for the geology (pl. 3).

No previcus geolosgic mapping had been done in this ares. I%
was goologically mapped by m writer in as maék detsail as possible.
Emphaeia was placed upon field delineation of rock units and their
spatial ‘reia'%smﬁa. The general pattern of rodk units achieved,
petrographic studies were nade of 38 thin seetions end numérous
samples of erushed material. This microscopic work permitted some
subdivision of rock units; however, most of these proved unmappable

because of their similar appearance, poor cuterops, or small size,



In addition %o the field mapping snd petrographie work, é@tail&ﬁ
ﬁinera%@gia studies were undertaken to gain more infermation on the
propertien of vermiculite and o0 understand better the paragenssis
and geochesistry of vermieulitizaetion. Optical, chemieal, Z-ray,
 exfolistion, and spectrographie &#&mﬁmaﬁia&& plus an intensive
literature resesreh wore made. Detailed procedures involved in some
of these &xamiaaﬁiana sre discussed later uader their respeetive

titlene

Survey of vermisulite

The nems vermiculite originates from the Latin, vermieulsri,
weaning "to breed worms®s It wss Pirst applied by Webddb {18824, p.05)
%0 & mineral frow Millbury, nesr Yovecester, Massachusebts, becsuse
of the minersl's odd behavior &f‘ﬁxga&ﬁiﬁg inte long wormlike cclumng
when heated.

Chemically, vermiculite is e %y@raﬁéé magnesium aluninum silicate
with variable amounts of iron, titaniom, ﬁhmamimm, soditm, niokel,
mangsnese, osleium, ond potussium. Prior to 1934, whenever one of
these variable ﬁl@maﬁtﬁ was y%gsgﬁt in abaarﬁgllg large amounts, the
vermieulite received a mibspecies name, Numerous varieties £rom
various loealities wers described, the naus vermieulite being a@@}i@d
$o any mica~-like msterial that expanded upon heabing, Dana (1943,
pe 674) lists the following as members of the vermiemlite group:
jeffersite, vermiculite, culsagieite, kerrite, lennilite, hallite,

philadelphite, vaalite, maconite, dudleyite, pyrosclerite,



The question whether vermliculites were distinet minerals yuzzled
mineralogists for a long time. Finally Gruner (1934, p. 557-575) and
Kazantzevy (1934, p. éﬁé}, working independently and using X-ray
methods, showed that vermiculite exists as a definite mineral species
with a distinotive erystal structure. Further investigations by Cruner
revealed that many of the materials, earlisr classed as vermiculites,
were really biotite-vermiculite mixtures.

Vermiculite may oceur as a elay mineral {MacEwan, 1981, p. 306}
in perticles @i"mamgmpm gige or in orystals as luarpe as soveral
inches in dlameter. It is micacecus in habit, ut unlike biotite
the individual flskes lack elasticliy. Large flgkes sre soapy to
the toueh. The minersl ranges in color from black to brownishe
yellow to green. Its hardness is 1.5, which is intermedliate betwsen
tale and blotite. Before expansion the specifie gravity averages
2438, less than that of blotite (2.7-3.28). After expansion the
speeifie gravity is epprozimstely 6,9.\ Pure biotite will not expand
when heatede. |

The economieally important property of vermiculite is its '
sbility to expand when hested. This property, known as exfoliation,
may oause :t‘l@k@fz to expand to twenty or even thirty timss their
original length normal to the basal cleavage., Exfoliated vermiecullte
has meny industrisl applications, Because of its lightness, low
thermal conduetivity, bigh sound absorpiion ccefficient, and roti-
resistance, it is used chiefly as a lightweight ageregate, as a sound

snd heat insulstor, snd lately ém a s80il econditioner,



It is interesting to nobte that all commereial "vermiculites™
are essendlally blotite~verniculite mixtures whose sirueturs as
well as composition is interwediste betwsen trve vermienlite and
biotites The mixtures are knom as hydroviotites, Welker (1951,
ps 213) states that of eleven specimens labelled verniculite, he
Tound éigh% of them t¢ be agtuslly hydrobiotites. Like pure
vermiculites, hydrobhiotites exfoliste when heated and if the
rabio of biotite to vermiculite is not high, the extent of the

sxfelistion ig not marredly decrsased,

FIELD RELATIUNSHIPS

Hoek units and their distribution

The following roek units were delineated in the e¢ourse of the study

and ares shown below.

Summary of rock units recogaized in area nesr Gold Butte vermiculite deposils

_.Bixed faclies ultramafie roek border zsne.

Age m;zaak;aaita “Character " TEconomic val
Farly &aaﬁzmiﬁﬁ‘*@gmatiﬁéa ?w@:ey§sat"ﬁma}1 con= | Gheet miea
- - oordant and large crudely from one
zoned discordant; l&xg&iy pegmatite
‘ gran iﬁiﬁu
&a&ly Cenogoiel{?) Intervediate 5 avgen gnelss in an mltered

Barly Cenczolel(d) Geld Butte R
granite porphyry | massive, extremely coarsew
grained pluton with potash
feldspar phencerysts

{continued next page)
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Summary of rock units resogalzed in arss near Gﬂi&vﬁﬁtta‘vermiaalite deposits
{continued from page 13)

yr e UniTe | Character “Eeononic value

Pre-Canbrian(? JUltranafic rocks lsrgely altersd vermloulite
o peridotites and
perknites

Pre<-Canbrian Unelss somplox migmatﬁtaﬁ, Zrangs
‘ ' lites, and
guartzites

Gneiss complex.~ This complex comprises rocks of predominantly migma-
titﬁa; @ﬁarﬁmitas, and granulites. It is mapped as one unit, because
all degrees of transition exist between these rock types,

Outerops are widespread., The rocks are resistant and ocscupy the
erests of ridges, in some places as residual boulders. Pyramidal
bouldery outorops stand Eﬁkfg@ﬁ gbove some ridge crests. Outerop
surfaces are generally browm from weathering.

This unit is considered pre-Cambrisn in age because of its high
degree of metamorphism and its stratigraphie position below Cambrian
sedimentary rocks {see pl, 2).

Ultremafic rocks.~ This unit consists of peridotites and perknites
which intrude the gnelss complex. They are the host rocks for the
vermioulite deposits. | “

Ultranafic rocks underlie much of the arsa. They sre highly
susceptible t0 weathering, Subdued weathered outeropa aﬁé relatively
smooth alopes caﬁﬁr&aﬁ with the c¢ragey outerops anﬁvhaulﬁ&rmatéaun
slopes of the gneise complex. In most places rabble from the gneliss

ecomplex ocoats and protects slopes of the ultramsfic rocks. In an
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unaltered condition the ultramafie rocks are tenacsous, hard, and
dense, but exposure to weathering renders them friable, soft, and of
lower density. Fresh masses are spasrsely distributed, for the major
surficial portions of the ultrsmafic bodies have been converted into
weathered products. A few bold aatarwga mark the altes of relatively
uvnaltered masses. On a smaller scale remnants of unaltersd rock as
large as several fect in width snd usaltered nodulss en inch or two in
diameter ave like "plums in a pudding® within the weathered portions.
The ultramafic réaka are dated tentatively as pre~Cambrian{?),
bagause of 1a¢k of QViQ@nﬁ$ that they are genetically related to
younger plutons nearby, and because foliation of ultramafic rocks
in the western part of the area is concordant to follation of the
gneiss ocomplex. Folistion of these rock units is discussed under the
section, Structural Interpretation.

Gold Butte granite porphyry.e This rock unit does not crop out in
the ares mapped and, therefore, 1s not desoribed in detail in sections
te follow, However, its general features sre smmarized, because it
is the probesble source of at least the larger peguatite bodies and the
hydrothermal solutions that so profoundly influenced the history of
the arca. |

The Gold Butte granite porphyry is a nmassive, extremely toarse-
grained pluton with ébuaﬁan@ potash feldspsr phenoerysts as much as
several inches in diameter: Its intrusive contact with the gnelss

eomplex lies one mile south of the area mapped. Huch of the Southern
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Vipgin Mountains south of this contact is composed of the Gold Bulte
granite pﬁr@hyrg; which forms gisn® bonldery outerops and torestrewn
Bloress
Without doubt this grenite porphyry postdutes the gueiss eomplex,

h@&@ﬁﬁ@ i% intwu&&s the gﬂ@igﬁ complex, ¢entalans inclusions of 1%,
ig develid ﬁf felintion, aﬁé gontrasts in degree of metaworphism
with the gaeliss somplex, 4An esrly Cenozole age is f&#ﬁf&é, begnuse
the intense Tolding of Wesovzoie and Paleozole rocks of the Virzin |
¥ountelos probably cevurved st %hﬁﬁ time aceording to &amgwall
{1228, p. 126}, In addition the Gold Butte granite g@wﬁhsyy'h&a
the sawe a@péarmﬁﬁﬁ and general lithology as the Ithacs Peask granite
porphyry of the Usrbst Mounteins to the south, which Thomas (1949,
Pe 109) has tentatively dated as Cenozoic.

Intermediste Mixed ¥acjes.~ In many places between the ultramafic
rocks and bthe gneiss eomplex, or within the ultramafic racks i sn
augen grnelss whiech a§§$&$3\t$ ve dominantly altered ultramafic rock,
The width of this zone ranges from a kunife edge to aboul 300 feat,
In some outerops o perfect gradstion frowm the interpediste into the
ultramafie rocks and from the Intermedlste into %ha‘gaeiéa complex
is wellmshown.

Bocause this rock unit is of seeondary origin, its sge 1s

dependent upon the nature of %ﬁﬁ alyeration, to be discuseed in

part ¥IT »



Fegmatites.~ Pegmatites are largzely granitic. Tuo prineipal
structursl types are present, coneordant and discordant. Concordant
pegmatites esaa%at of numerous &&ail‘aiils, rarely attaining a width
of two or three feet. They @#ﬁ&@m&ﬁa&tly'§ara11@x the félia%i@a
of thﬁ'gﬁ@iaa:aﬂmylux‘anﬁ iﬁteymﬁéia%a‘f&aias,’ﬁ#sa&&a%iﬁg'it only
locslly snd usaﬁliy at a small angle, Discordant pegmabites ave
large dikes, comparatively few i&‘ﬁugkar,'whiah erosseut all roek
types in the aress |

i@rgé ?égma@ités‘ar& restricted to the southeastern part of the
ares, ﬁ&@r@ﬁa'gmaxi pegmatites oceur in every ssciowy,

ﬁéﬁﬁkyagmati%aa are believed to be genstloally related $o tﬁﬁ‘ﬁalﬁ
Butte granite porphyry for rosuchs constdered in partTZ. In view

of this kindred sn eawzy‘ﬁaﬁﬁa&i@i?i age has been nssigned,

Structursl Interpretation

Segondary folistion snd lineation 1o snelss somplex.~ In the gnelss

complex varying degrees of seeondary foliation are expressed as gﬁ&i&&iﬁ
layering, sehistosity, and fracture cleavage, This lithologic unit

is ahg&&ﬁt@riﬁaﬁ by irrvegularity of struchure. Single meisais

layere gaﬁ seldonm be traced for aeny considerable distanes, They
either die out, grade into sehistosity, sre toutorted into emsll

open folds, arf&r@~§a$@wr&@£aé and obliterated here snd there by

invasion of igpeous mgterial.
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In other places where rocks of orizingl simple composition such
a8 quartzites are present, the only change has been recrystallization
of the quartz and development of closely spaced joints, i.e., frasture
cleavage. What appears to be a‘rmmafi bedding in some of these quartzites
is concordant with the foliation in nearby outerops.

411 foliation is conformable with the struetural grain of the area
through varying degrees of transition between schistose and gneissic
facle sae This suggests that most of the present foliation has been
inherited from yw#wisting foliation. Transection of earlier foliation,
except by a few pegmatite injections, was not observed, Piygmstie
folding, a common feature where hos® rocks lack schistosity (Turner
and Verhoogen, 1951, p. 295), is generally lacking.

The foliation records the disposition of pre-Cambrian rocks in
an ellipticsl dowe, elongated northwest-southesst. In the northeast
side, follation attitudes have sn aversge strike of N, 865° W, and an
average dip of 75° H. In the southwest side the strike averages
W, 35° 9., the dip EQ" ¥. The follation sequence as 1% appears in the
southwest part of the area is therefore inverted. In the nose of the
dome, logated in the northwest portion of the area, the foliation is
nearly vertical, exhibiting en impressive arcuate pattern. A4 eorrespond-
ing southwest mw; if present, would lie outaide of the area mapped.

Oversll, the gneissic layering is most distinet on the marging
of the dome. This is consistent with the fact that magnstie intrusion,

soaking, and reerystallization have been more setive nesr the center
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of the dome and have destroyed pre-existing structures.

’I% is not conclusive whether we are daaling‘wiﬁh a deformed
foliation or a foliastion formed with thet attitude as s resuld of
igneous ;atwaaimn. Because introdustion of granitic material into
migmatites (deseribed in part V) was probably gulded by pre~existing
foliation, the former is favored. If this be the case, foliation
of tha m&%aﬁeéiwwﬁﬂs is probably parallel te &riainal bedding, for it
wreps grﬁnnﬁ‘tha pose of the é@m@, is concordant to aggar@gt bedding
lines in quartzites, and is conformsble to lithologic changes that
are unrelated to intrusion. It is believed that the foliation existe
ing before introduetion of spsn&tia;éatarial ﬁas daveloped from the
original bedding by plastic flowage in the solid state under regional
oyrogenic a%rass; in any case it ra:ﬁe&tm gonsiderable ﬂaf@?ﬁ@tiﬁa and
glves every &nﬁieaﬁimﬁ of having haaa ﬁa@yly b&r&ed.

In ‘some outerops the gneiss complex shows an 1ll-defined garall&l
arrangement of individusl minersl grains or aggregates referved to
herein gg}l%ﬁaa%&ea. Ityia best developed wheve the gneiss contains
minerals of fibrous or platy habit, Such lineation is oriented parallel
to the long é&r&atian of these minerals, It may also be indicuted by
stresks and strung-out clots of mafie minerals and garnets.

Lineation is a&waya within tha foliation plene and ia usudly
parallel to its strike. This is true even in the nose of the dome.
Recorded differences in attitude of lineation are considered significant
even though only three outorops revealed marked deviations, These

cuterope were distributed on both sides of the dome, In them the piteh



of the linestion ranged from 200-27° NW. ZLocal bucklisg end %ilting
by an underlying inbtrusive gpophysis would be o ressonable hypuihesis
if the devistions were pot &0 widely statiered and reguler in degree,
Ferhaps the rist of intmsiong was less forgeful in these places and
the linestions represent esrlier stages of formation. Failure to
obeerve o gresher gupber of éﬁ%&&%ﬁﬁﬁﬁ»ﬁﬁy have Been due o the lack
of Pfavorabls exposures.

Jointing in sueiss sompleXe~ An arbitrary system of distinguisning

joint sete was adopteds, They are divided into major and minor %types
on the basis of uniforsity wd strenglth of development. Major joint
sets are well-defined and more or less uaiform in attitude within an
guberop. Hinor Jolnt sels are less conspicuous and lack uniformity
witiln an cuterops The terme are velative, bub ﬁﬁ?@?tﬁﬁl@%&fu$%§ﬁl
85 a means of distingeishing Yhe master sotas and eliminating the
“"ghanee® fﬁ&ﬁﬁ&rma; ‘

Point disgrass of major and nminor joint sets ave shown iﬁ fig. &
and fig. 4, respectively. Two distinet and itwo less distinet master
sets ara revealed is fig. 5. This is demonstrated by the concentration
of points in foup ﬁiff&xamt dlusters, The most distinet joints ave
stesply-dipping north-south and eust-west sets. Loss distinet sels

strike roughly novthwest and noprtheast and are both steeply-dipriins

The minor joint sets of fig. 4 show no preferred orieantation.
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Fig. 3. PFoint diagram of 57 major joints in gneiss complex

plotted on upper hemisphere. Equal area projection.
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Fiz. 4. Point diagram of 24 minor joints in gneiss complex

plotted on upper hemisphere., Egual ares projection.
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It is difficult to offer a systematic interyretation of the

dynamies of jeinting, becsuse (1) varied and complex stresses hsve

been active gince pre-Cambrisn time and have superposed memy joint
sets, (2) sueh a small area was studied that at laamﬁ)yart of the
joint pattern may have no relstionship to local structure and (3} the
disposition of Joints may be unveluted to the diregtion of greatest
relief if that diresetion differs from the direction in which stresses
initielly acoumilated faster than they ¢ould be gecomodated by plastie
fl§¥& Besring in mind these inberent limitations it still seems
advisable to attempt to relste tentatively the jointing to the
atructure of the ares with the evidence at hand,

The tuo distinet porthesouth and eastewest joint sets form a
eon jugate joint eystem which ¢ould be interpreted ss shear fraciures,
besguse the joints are symetrically disposed sbout the sirain
axes of the dome end simulate the eircular sections of the strain
ellipsoid. Buch a relationship implies that the greateat amt%naiaﬁ
during deformation was in a northwestesoutheast direction snd not
vertically. Available evidence does not substentiate this possibility.
First, the greatest extension would be upward if upwardly-dirvected
intrusion were the motivating foree behiund deformation {a hypothesia
to be advanced), Secondly, the juint pattern is not an important
factor in controlling intrusions im the erea, Thirdly, the joint
pattern is Bot controlled by foliation. Lastly and most conolusive-

1y, the jointing postdstes the pegmatite bodies which are believed
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to be assoclasted In time with the Gold Butte granite porphyry of early
Cenozoicl?) age.

Therefore, the two distinet joint sets, whether comprising a
gon jugate jainﬁ ayaten or not, were furmed probably by reslonel
compressive forees durisg a Cenozoiel(?) orogeny.

1f doming is due %o upwardly-directed foreible intrusion,
then by deductive ressoning réﬂial or ring jolnting patierns should
be presents The absence of these teénsicnal patiterns is believed
a0 problem, bedsuse the intrusions we now observe were made al great
depth where tensional stresges tould be ascommodated by plastiec
flowage. |

The moster st with a northeast~southuwest trend is almosgt
perpendicular to the long axis of the dome and cculd represent
an extension jolnt set, resuliing from elongation parallel to this
gxise DBevause of ithe aforementioned evidense againatrﬁeaaiﬁaal
aﬁjﬁatm@n@a during intresion, this tensional set ls believed une
related to iantrusion.

gtrueture of ultramafic rockg.~ The strusture of the ultramafie

r@&%a»#&a#a&nﬁfhﬁﬁﬁ‘%h&i? shape asnd their Sestonie structures. From
these features and from facts dealing with the adjacent couniry rocks,
sertain deduetions can be made conceraing the wechanics and dabing of
intrusion. i

The shape of the intrusive masses mot be determined by the size

snd patters of their outerops and projected dips of their contaots,
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To begin with cne must coneider whether thare is more than one
intrusive body or just one intrusive body ¢ropping out in different
segtors, If there are several or more intruaive»masaea; they must
have the form of sheets or lenses that are essentially conformable
with the domical strueture. None is over one-eighth square mile in
surfaoe ares, If the intrusive masses are paris of ihe same large
body, it would underlie at least two~thirds of the one square mile
area. Diverse ages of ultramafic intrualives, which are demonsirated
in a later discussion, suggest multiple intrusion.

In the eastern portion of the ares it appears that erosion
has progressed almost to the roets of thekgneisa gomplex. The ridges
gurrounding the basin whiech is upderiain by softer ultrama£i§ rcaka'
are ¢apped in many places by residual boulders of gneiss which are
underlain by ultramafic rocks. In other places screens of the
gnelsaie complex rarm}tha ridges, with outerops of ultramafic rocks
extending almost to the ridge orests on either side. Thus we are
probably near the top of the intrusive, The structural trends of the
invaded roof rocks conform ﬁlqg@iy to the deteiled intrusive contacts,
indicating oonsiderable depth and plaaﬁiaity at the time of igtrusian.
By analogy to occurrenses of forcible intrusion in the Blaek Hil;a»
(Noble, 1952, p. 37-47) wall-rock screens are more easily explained
by injection than by assimilation,

Because the ultramafic rooks have 8o fully controlled the erosion,
it is diffiocult to infer how ultfamaria vontacts would change in

strike where they oross divides, Wence it is uncertain whether ihe
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gurround the essterns basin. Thevefore, the bodiss could be sither
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{1} Polistion of the ultramafic bodies is generally par.llll

10 tﬁe wollerool eontanbs,

geformation which fopred the demleasl strusiurs.
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{2} ‘he interiors of the ultramafic bodies display either a
decussate texiure or typlosl “ignesus™ textures.

{3} Poliation in the nosze of the doms is coneordant to metae
sedimentary follation.

The first two faols Pavor the coneept of reglional &ﬁﬁ@ﬁm@tiaak
antedating intrusion. Dtherwisge the Tollation in the uvitrsmafic mass
would be continuous into the wallerocks snd the igneous textures
would have been modified by the severe deformation. However, in the
nose of the dome, folistion in the ultramsfic rocks is parallel
to that in the wall-pookge 'The first hypothesis iz sugmestive timt
ignsous getivity is the vesult of deformation, whereas the latter is
sugeeztive thet igveous aetivity ls the suuss of deformation.

Tith these conflieting data in mind it is well o examine the
byrothesis that the two evenis, intrusion asnd deformetion, were essentiale
1y ecineident in time, but that lgneous activity was the driving
foree and tiat the domieal structure was formed under conditions
imposed by pulses of the intrusion itself, Even though the uléra-
malie rooks zhow erosseulting relsiions to the deformed countey
rooks, it is eatively possible that The deformation was the elffect
and not the ¢ause of the imtrusion and that what we observe is largely
the lagt surge of 3 foveeful injesetion. Iz this ovent one would
assume that the intrusion and the orogeny began gt the same time,.

The invasion of the erust by magme may bave besn well under way before

the older, bedded rocks wers severely deformed. To that earlier



stage mueh of the latroducticn of migmatite srenlie even be referred,
although it may be related 1o a 3till sarlier period, It is alear to
the writer that the ulirasalic rooke were emplaged in the nose before
the foliation wae superposed uwpon them. Hers the deformation followsd
the intrusion. Intrusion elsewbere by the sune or other ultramsPic
masses must have opturred at a later dste, alfter the dome md bewn
forwmed, IT they had been earlier they should bave haed 2 folliabion
impomed upon them. Instesd, elther a decussute or "lousous® teriure
ls presents Also, wsll-rook contacts have besn deformed and orumpled
indicating the wall~-rock strueture forwed first. The dats st hand
indleate all situstions from wltramsfie masses deformed after intrusion,
throvush ultrapalic masses intruded after deformetion.

The sequense of msjor events conaemed with the domal strueture
snd ultremalfie intrusion iz pre-Cambriani{?) in aze, OF course it would
be remariable 1f the general structure of the area has been spproxinatos
1y the same from pre-Cambrian{?) to present. No evidence of the sash-
ward $ilting of the South Viegin block as shown by Longwell was found

within the ares.

Seeondary folimtion in the intermediate mixed faclies.- The rock
possessas s guelsasice strugture formed by the erude alipnment of
maflie ssgregations. Iun the esuters of large interrzediaite bodies the
attitade of the gneissie stracture is not constant wnd is less welle
defined than elsewhare, Gnelssie structure is mere copmpioucus
near the ultramafic contacts and grades into the schistosity of the

ulsrazafic vontact zones. Outerope showing contacis with the gnelssice



complex are poop,

pe of gradstion ¢ith the
folietion of the gnelsses. Wherever noted, lineation iz within the
foliantion plane end narallel to its strike.

Foultinge= Faulting is subordinste to foldinz. Only two faulis
of sufficient size to map have been cbservede Une iz located in the
nose of the dome, itz tracge being essentislly at vight angles o
the long axla. Visidle disecontinuity of structures can be recognized,
but the separatlon inwlved cmnot be messured. However, it cannot
be of conasiderable magnitude. The irace of the other fault lies
within the northesst side of the dome wnd tvends ¥. 109 W, Jougze

within a zone one to two feet wide marke this tracee

of thrust fanlts,.

It sesme Likely that the faulting is pelated iz %ins to the
master joint sete. Nobeworithy is the possibllity thut bedding
Taulte snd favlte within the witramefie intruaives may be of faivly

large waanlitude and vet give no evidense of thely exiztents.

E

Shear sones were observed st sestiersd polntz Wb were not larse
enough b0 srpesr on dhe map. In all cuses these zones wers conformable
with the foliation. They ssem to represent the rock's sbility e
adjust along the follation plsnes. Because intrusion, in the writerfs
view, oublasied the formgbtion of ihe dome, these ghesr zones, he belleves,

vostdete this sarly period of deformation.
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Hicwatites

The wost widespread and diversified members of the guneiss complex
are wigmatitese. The temm was Tirst applied in 1807 by Jo H. Sederholm
o hybrid gneigses aéeﬁrriﬂg in southwest Pinland. Siuee then
migmatite has been variously defised., Following the usage of Turner
and Verhoogen {1951, p. 294) the writer has classified as uigmatite
those mixed rocks in whieh a granitie component is cleurly recugnizable.

Beseription.= Throughout most of the area schisils contalp numerous
giringers, lenses, knots, and sills of aplitic vr peguatitisc granite
{tig. Bl. These sills of granite follow the foliation elossly.
Lenses and koots are consistesntly elongated ln the foliation plane.
In mosb cases davk schistose bands that contaln wisps of Llighter
granitle rock alternate with 1ight granitie bands stresked with
septa of schist. Dark and light bands range in width from a unife
sdge to several feel. Commouly ithey are a fraction of an ineh %o
two inches in widbth. Both dark snd light bands ave isberrupted op
fade out in placese. Jowme continue after an interval, Folla are
rarely extremely contoried, but are quite conslstently weakly
plicated or warped.

4ll gzradoations from schist inte granlite oceure In meny places

it is impossible to tell where the schist stoyps and the grsnitic rodk

bezins. Locally, coacordant migmstites are cul by younger grepitie
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In other outereps recrystallizetion has progressed without the
iwdroduetion of wmueh granitic metevisl and has obseursd the felliation
s0 that the Pormer schist now vesembles in texture elther a normal
melanceratic ignesus rock or a horafels of thorouzhly massive habit,

Different facies of the migmetites may grade into esch other,
Their dirtlersnces are dus largely to sffects of ignsous intrasion and
the acticn of granitic "julees”, and also, to & lesser extent, to
initial differences in somposition of the achist,
| Differentisl weathering has caveed garnet-rich portionsg 10
atand out in relief, profucing a rough outerop surface, Westhering
alao tends 4o agcentuate the eolor eontrast between davk mnd light
beonde, the dark bands beling fﬁ#ﬁhar‘dark@aéé by mangsnese and iron
stainge Thisg mekes mineral identification of weathered hand specimens
extremely d4irffieult., Peldavar, quardts, and garnet are the most
eongricuous minerals in hand specimen, the amount of each increasing
where granitie juices have been wmost actlive.

The migmatites can be most effectively studied under the microscope,
vet gertain suantitetive limitations are present, To evaluate the
true minerslogie relations and asgoelations, one must examine thin
sectiocns in which the entire assemblsge is a&@@uataly ghown. Song
folia are thin enough that several of different compositions ocour
in a single thin seciion {figz. 8), but most folia sre s0 wide and
coarse in erain {fig, 5) that the provortion of minerals cannot
be determined aecurabely from one thin seetion. Another diffieulty

is that folia contain not only sharply contrasted minersls characteriatic






of metamorphic foliation, but also s mixing in verying propordions
af the sase minerals of a suite,
¥ievogcopleally, some boundaries betwees lizht and dark folia
ave sharp, bud most boundaries ave ivresgular, sutured, and gradational.
Sowe Gark bands heve been redussd to strisge of inclusions [fig. 8).
Fithin the lizht beonds wnd zows dark bands g grammleose bexture
orevails due to the wredominance of eguidimensionsl minerals. In
most dark bands at least s semblance of sehistosity is atill present.
The light folis dypleally sontaln large amounts of olizvclase,
nerbhite, or quartz. Percsntsges of these ninerals are extremsly
varisble, but eomblustions of the thres slways constitute the wulk
of the light folia, Myrmekite ia ofbtsn present in acgsaacry amounts.
Hafites are generally lacking in the cenbral porticns of the wider
folis. Spinel,biotite which exfoliates {hydrobioctite), muscovite,
and chlorite are scoessory. Hypersihene is locally prouninent in
\%ﬂrder BONERe
4% averags volumetrle esbimate of minerals in light folla from
five representative thin secticns is asz followss
Constituent Por Cent
Perthite
@liroclane 20
duarts 10
Garned
¥usecovite
Hydroblotlte

Chlorite
Vyrmeklise

83 b= b b 00
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The dark schigt bauds are charscterized by the pressnes of
sillimanite, garnet, oligpnelass, quarts, aad hydrobiotite. Spinel
and echlorite sre locally abundsnt and sre geperally present in at
lesst small quaentities. Hotsble secessories ave corundum, tourmsline,
and elinozoisite. Where granitic material has inveded the durk bands,
perthite and wmyrvmekite lncrease in amtund.

An sversge volumetric estimate of winerals in Bark folia from

tiree representetive thin ssetions is as follows:

Censtituent Yer Cent
Garnet 30
Gligoclass 25
Gusrts 15
Bydrobiotite 10
Bninel 8
Billimanite 8

Corundum, tourmeline, elinczoisite,
ehlorite, tale, perthite,
myrmekite, apatite &

Deseriytions af the principsl minerals in migmstites followa.
Garnet is essentislly gyrépﬁ aa ﬁét&rm&ae@ by speetrographio
examinabion. Mesgsseopleally, it ls essily confused with hyperathens,

bonause hoth appear red to reddish brown. However, both minerals
sonsistently do not ocour in the same thin sediion, and are therefore
believed to form under different environmental conditions.

In thin section garnet is pink %0 eolorless, Wogt porphyroblasts
in thin sestlion ave badly frée%ur&&s embayed, and drawn out. The
association of these xenoblasts with fresh-looking idiobtlasts, which

wore examined oanly in hend specimen, gives the impression that garned
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is an extremely psrsistent mineral and perhaps belongs to two or more
epochs of formation. There 1s no evidence of more than one variety of
zarngte

Witbln perihite e¢rystals, fine~grained garnet iz poikiloblastic.
Garnet erystals containing eores of perthite, cusréz, and hydrobiciite
are commone A characteristie sieve texbure is usually present.

The outer portions of some garanets contain many fine-grained
inclusions, especlially sillinmanite needles. Becsuse the inner portions
of the porphyroblasts contain relatively few ineclusions, 1Y seems that
either the garnet erystals started to form before sillimanide, or that
they sjected the inelusions at an eurly stage, The orisatation of
most sillimanite needles in consentrie fashion around the erystal
boundariss appears to Tavor the l&tt@r altersative, pamely forgeful
gjection. Heedle~liks iﬁﬁlﬂﬁi@ﬁ&»@f sillimanits in garnet would nake
any helioltic texture at once apparent. 45 thip texbture is not
observed, no rotation has probably oecurred, at least during late
stages of porphyrohlagiic growbh.

Suartz is present in seven out of eight slides in amcunts from
8 %0 80 per sent. It shows several modes of ogourrencs, Whers
assooiated with perthite 4t displays g typisal quartz momale or graphie
intergrowth. In dark Folia 1% is generslly iﬁtarsti%iai and polkilitic,
In places n thin guartz vein separates the schistose and pegmabitic
folia, or crosscuts bobh. duartz is seriate within the rEALS fiaﬁw
grained to mediumm-grained in agll associations except in pegmatites

Most grains show wavy extinetion,
where large phenoerystsa have grovie

but are clear and unbrokem.
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&% least three generetions of quaréz are bellieved to be present,

one in the original schist, one in the pegmatitie additicrs, and
snother velning the obther panemtions,

Perthite is presert as rega- and microperthite in seven out of
eight slides in the amount of 2 %o BO per cent., Two ssseniial minerals
ave present, pamely, albite md microclina{?). The zrid siructure
of mierceline i camepieuocus in one geetion, and faint or absent in
otherg. Falnt fraces of the zrid strusture oceur nsar borders of
sryatals that otherwlise appsar $0 e orthoeiase, Albite ooours

and veins, sud displays interlocking, platy, snd

Thug, ezgsclation sad pevlsgcement lave both nlayed
# parte In some perithite graine alblie rode sre S-shapsd. If the
rofa bhave formed by exsolution, perthite grains mey have been
rotated during growth.

srthlte graing are guibhedral to snhedral. In most thin asections
pserthite fs falrly fresh with only small swounts 8F sericlite mnd kaolinites
Some perthite eryatals ahow relie lamel lar twinning of plagiocelase.
Bimultaneous extinetlion of ¢ ns under erossed nisols in sowe slides
signified sither 8 ypreferred orientatiocn or remmanits of one large
eryetals The fomner alternative is favored beeause of spatisl
reiations.

Dligoclase ceours in seven out of elght glides and ranpes from

1% to 30 per cent in smvont. Sligdluse forms sutured bdlebs in the
fark schist bands, Some oligonlase grains are untwinned; in other

graius the twin lemellae sre extrewely faint., Where twinned the
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the lawellae are narrow, In some grains twin lavellae have been
deforeeds, & Little erushine belwesn grains of oligocluse has prodused
2 mortur struchure within sehis! bunds., The zranulsted material is
traversed by gquartz velinleis, indicating the srapulstlos cessrred
before sutry of the guarts, Jligoclase shows only slight keolinizabione
he oligoclase has the composition ingy a8 showm by the following

phleal proveriles: o L8043« 0,008, = 1547~ 0,008, w Ll.00le 0,003;

ey wrid

&y = BEYa

gilliﬁﬁﬁiﬁg is present as matted seedle bundles

within garnet snd az lurger prissetic blades. Orysial lengil

"

renes Prom D.1 mm o the nsedles o 2.0 mam in the law blades.

7%

we larger evyshale sbhow & preferred orisnitabion parsllel to the

foliation in sohlist bands {Fige 8} ILike the needles they cucur in

s ponstlitubes Frow § to 10 per sent of the scehist
fulise I% is abgent only where schist lewves bave been largdy

assinileted by srenitic nuterisl.

Crystels are solorless and free from loelusions. Transverse
fracturecs ercss the larger erysbals, bub sre absest lo the smaller

VEMQ%‘},%»&G

Two generstions of gillimaniite are suggested by the diffevsacss

in sizme, srrangement, snd fracturiag of the peedles and blades.
2iilimanite nas seffered no visible alteration.

at and acgessory constitueat ln some thin

gettions. It ocoeurs wp o 20 per eepnt. Ulthout chemical analysis,
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it esnnot be assigned to a definite spinel psmber. DJetause it
appears otk green and black, even within the same grain and is in
plases slightly mﬁ@ﬂ%@i@; i% is believed to approach the composition
of chromohergynlie.

Spinel is olosely assoeiated with garnet. “here one increases
in amount so does the othere. Some gpinel is interstitial veinlet
materisl and siso Pllls fractures in garnet. lost graing are slongated
wnd vragged. Some sre rismed by hydrobiobite snd chlorite,

Hydroblotite cecurs in seven of eight slides in smounts ranging

Trom 1 to 18 per gent. Although dark brown in hand specimen, it is
plecshrole Trom pale tan 40 orange 0 orsoge-Ted in thin section.

At extingtion positlons flakes have a guriocus speckled appearance,
differing somewhat Irom the typleal "eurly msple” tezbure of biotite.
Some larze maspses convey the lopresslion that they are bundles of
closely packed needles with a wavy arrvengesent. Ublhers show curious
ghrain shadows, motiling, or signs of regrowth (fig. 9ls

Hydrobiotite is most sbundant in schist bands, but is often
found withis grapiile folia in s parsllel and conformable arrangement,
which probably marks the original lamination of the schist.

Flekes are in gensral mediuvm-grained. However, traing of {ine=-
grained lnclusiocas of hydroblotite are present in granitic folis.
Also, along the contacts of the dark and light folia and in the
presence of garnet, hydrobiotite is usually of large grsin size and

most abundant (fig. 9.
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iach evidence exists that hydroblotite has rorplaced garset [£iz.9),
both centrally and wmerginally. FPosudomorehs of hydrobliotite aller
gornet, wmd raggesd, vesidual cores of gevnebt in hydroblictite are aot
uaacuEon » Flov-grained eubedral blades sre found along fragturss In
garnete Uvergrowihs of ‘3£fm%i®ti%a oo garsst sre also visible,
In places, zones of chlorite snd hyircbictite are presest ss tertiary

products that eval and vein gernet and sploel.

ABoensoriest ’
Hymmekite iuntergrowths and other lmplication texturse lnvelving

guarts and alksli feldspsr seldom exceed 2 per eent in any siide, but

thely presence in nignstized rocks seemy significant. The myroekitie

texturss show ¢loppated blebs or worm-like patehes of quurts in
feldspars Other Sextures lneluds the cunsiform Bype of intergrowths
of guartz in feldspar. 4 sharp dlstinction between graphle and myreekitie
intergrowths cannot always be made, Silluly {1833, p. 72-73) also
r&aagnim&é a gradation in these texture types near Spsria, Urogon,
The intergrowths cecur at the bovders of verthite aud oligoelase.
In slides where oligoolese is abeent, myvsmekite is aleo shsent.
This amﬁaﬁiati&ﬁ sugpeste that the iatergrowth results from ths

replacement of olipoclase by the wermieuler quariz.

ig present in two thin seetiong in fine-grained twianed
rhowbice erosse-sections. IT is interstitisl belueen sillimanite,

garnet, oligoclase, snd spluel in schlst Tolise
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Tourmaline oocurs as tiny dlue-zresn seattered idicblasis in
sehlat folis. ILte Tfresh condition, evhedral form, aand proximity to
channels of supply sesm to rule out the possibllity of its being
guthigenie. The varisety of tourmaline is probably schorl.

Clinozoigite ocours as tiny colorless aggregates of fibers.

It 1s found in schist folia that have been invaded by granitie
material.

Apatite is invarisbly present as small rounded scattered grains,
It shows no sign of chacge, even in these highly mebtamorpnossd rocks.
Ubviously, this is in heeping with the general principle that rock
congtitusnte yield 4o metamoryhiam in arn order the reverse of that in
which they originally formed from a magma.

WFuscovite 1z present as clusters of small flskes in the granitie
foline

Ghlorite is pfés@mt in veinlets associated with bhydrobiotite,
spinel, and garnet., Its properiies seem 10 vary, o more than one
type of chlorite may occur. Some, or perhaps all, of the chlorite
is probably peaninite on the basis of ultra-blus interference color,
pleochroism, and paralliel extinction.

Tale is coumonly associsted with garnet, as an alteration producte
Flskes of tale oceccupy fractures id garnet and are oriented perpendiculare
iy to the length of the vein filling, simulating comb structure of

savity fillings.



Origine= Whether %the migmetites bave besn Tormed principally by

injection, by magmatic sosking and replacessent, or by segregation of

w newly Tormed Ev diftferentisl fuelon in vlusce is & gquestien

$0 be rosolvad extensive pelrogravhie and chenieal studies.

n the production

has been injected in lit-parelit fashion snd appears

o

o s S . . — el Dl gy L e
related to the epcch of extensive vegmatl tic intrusion.

Corthitio

and gravhie vegitures, and loeal traasgressisn

by granitie meteriael ave belisved slgsificant here,

of Peliation

A sertain spount of sssimilation has also oceurred. The resconstituted

felis gontals verylag proportions of the minsrals as the lzneous

feliae, Host boundaries between light and dark folls sre lrreogular,

gutured, and gradationaei. Vhere granitle Tollis sre oluse together,
the ifotervening maberial has bBeen lurgely replaced, lesving parallel
geams of residual paturs

of differentisl fusion {variously referved %o

B

a8 ultrasetamorrhism, anatexls, or palingenesis] is sericusly
auestioned. Why wepe not ihe guartzites and grenulites that arve
assveloted with the migmtidtes glse alfeoted by differential fusiony
Sarely in such a deepeseusted zone as that iwmagined by Tskola (1333,
ve 24} reactions would not be so local and seledtive.

The initial intrusions sre believed to have been more replaeive

than displacive. Leaves of sechbist between granitie folls are in many
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representing schist that was relatively unarfeeted by granitie juleces

was gelected for snalysis. This analysis is shown below in wh. per

cent,
oxide Schist
810, 8.2
41503 8.8
Fo 0z 1.8
Fel 4.8
¥nl 0.8
Mg0 20.1
Cal 1.1
a0 el
K0 0e2
Hy0 0.8
Total 99,8

Ge Lo Cheney, analyst
That the schist portion has been influenesd to a small sxtent
by the injeetions is showm by the 2eglizible gpount of EgQ, a prise
congtituent of perthite in granitie portionse. HNo perthite is presgent
in the sehist sample analysed, DBecause the mineral composition of the
granitie folia corresponds to the mineral composition of the larger
intrusive pegmatites {see part LITI), it seems safe to conclude that
migmatizetion hss resulted in an addivion of slumina, alkalles, snd

silica. This was added in the form of feldspar snd guartz.
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Az @ result of the intimate assoelastion of the granitic folis
with pehist folia, the true nsture of the originel schist is difficult
to pereeive., Certainly, the primary texturss of these schists have
been largely or wholly obliterasted by recrystallization, especially
where mizing has cecourred. In addition, the metamorphie minerals
present in the schist folias represent such an sdvanced stape of
metamorphism that they do not clearly reflect what early minerals
might have been present,

The chemical classification of rocks by Usann (Jchannsen, 1939,
pe 68-82) ls of groat usefulness in separating pera- from ortho-rocks.
Differentiation is based upon a number of equations relating molecular
proportions of oxides to one spother, and nlotting these resultant
values upon triaagular disgrams. Values have been caleulated in
table 1 rrom the chemical anslysis of the schist folium. 411 fall
within the ipclosed fleld of sedimentsry roeks in the HS-il-F and
A1-G-ilk dimgrams shown by Johannsen (1938, p. 79).

From the chenlceal composition and the presence of the mineral
assenblage sillimanite-garnet-spinel it is believed thal the original
sediments were argiliaceous in composition. The high nagnesium
content is not readily scecunted for, because magnésium is not usually
an abundant eonstituent of argillaceocus sediments. It may be secundary
and stem in part from diffusion of magnesium Trom pegmatitic solutions
ahich became Mg-rich as a result of their cireulation within the
nearvy ultramafiec rocks, This is further mpgested by the abuéﬁanae

of pyrope garnets in pegmatitic feolia eclose to the ultramafic intrusives,



snd their deorsase i size snd sbundsnes favriher away.

The pelitic schists sre probably the best indicsiors of the rank
attoined by metamorphiss. These rocks have s sssemblage ¢haracterized
by sillimsnite-pyrope-~spinel-oligocluse, According bo Turner ﬁi?%g,
e BH) this sssemblage belongs to the sillimenite~almandine subfucles
of the awphibelite facies. The assepblage is a produet of higheat-
rank metamorphism, the type so prevalent in orogenic belts and in
nre-Cambriog terranes. Evidences of eavlier stages of urogressive
mebtamorphism are obscured by this higherank assemblage. Inasmuch
as the dlstribution of metumorphiss withkin the ares is on a reglonsl
soals, the term regionsl metamerphims ls beliesved to be applicable
here.

4 queation srises conceraing whelber the sillimanite assemblage
is ¢ue to litepar=lit injection or %o sn earlier epoch of metsmorphlgme
Tao more or less indirect lines of evidence suggeat that sulficiently
hizgh temperatures wers maintained during both epochs of melamorphism
to produse such sz assenmblage.

{1) The sillimanite zone is known to be characteristic of pre-
Cambrian orogenic regions, Ageording to Turaner {l%@%, ve B8} a
sillimanite zone is often produced by the ilntrusion of granitic
magmas Decguse the major epoch of visible pegmatitie Intrasiocn
is early Cenozoie{?), it seews likely that conditions favoring a

sillinmsnite assemblage prevailed wope than onee.
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Table le  Seilel and Al-C=3lk proporéions for mimmatitie schist (from Osann)
Oxide Bol. Wit ATy ol e Hol%
§10g 80,06 88,228 <269 56.%@
41504 101.94 9,45 <093 Be4l
Fe 0 159.68 1.52 «010 0.58
¥el 71.84 4080 + 067 3.50
Cal 56,07 1.10 020 l.1¢
Mgl 40,32 230,10 i 499 29,08
Wag0 61+99 3413 4080 2,91
K0 94.19 .18 ; 002 Az
b TOe 93 4B z 008 35
Cryls 152,08 .01 - -
Ti0g 64,10 #15 ; 002 o132
P03 142,05 2017 ; - -
cop 44,400 <07 % - -
mm-mé 1.718 100,006

[Sum of alksliss iz less than Alp0:)

g
1]

56040=0

1

Mk = i = ¥ol%d of %ag@*ﬁgg = 3,08

3i$2~ﬁiﬂgmﬁr@gqyggﬁ

.18 ) 5@.&3

Dodl

£ 2 Cal=BaleSr0= .15

Fe Cal-Fol-lnO-Hgl-i0=8r0=320 = 1:18~3,9060,55=88,00~34,48
3 ALF = 56@33%5.%1354)%@% 96,39

30

h &léXI? ;?ng310%31109

3,41,F

Ad:Cialk = 5.4131&1@33.%3: S 60 - &I,C,&lk l?zﬂzﬁ.ﬁzﬁoﬁ

30

51,0, A1k

HE = 1ONag0 = 28,1 = 9,603 MC = 10-Mgd = 200,85 = 9,68
Nag 0-Kgp 3+08

Mgl=Cal 30,21
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{8} 2% loast two generations of zarnet and eoillimanite arve
¢learly distinzuished. The earlier stages of progressive change ars
obscured by this high-ranik wetsmorphism,

4 Btate of ﬁi&agﬁilihrium~ﬁyavailg in the pelitic schists ss
demongtrated by the heterogeneity of minersglocic commosition and the
obvious replagemant of one minersl by another. These departures from
the idesl assemblage by no mesns invalidate the classificstion of the
ideal zgsemblagze towards which reglonsl metamorrhism was progresaing
or had rrogressed {Turner and Verhcogen, 1951, p. 431}, but are
bel isved to heve speclal simificance,

The departures are gt least of thres types and resulit from
{1} initial heterogeneity of the metamorphosed sediments, [2) meta=~
somatism, and {3) retrograde metamor hiam,

{1} The ocourrence of corundum wnd spinel close t0 quartz, though
not in oontact with 1%, impllez sp originel sedizent eonslating of
gllica-rich and silicsepoor seams with a vary‘nafraw zone of free
diffusion.

{2) ?@uﬂﬂml&&i@ﬁti@& is evidence of boric pseumatoiysis or borie
high temverature hydrothermal sotivity; both are probably associated
with lit-par-lit injection. In addivlon, pobash feldepar and sonme
mpartz were added during lit-par-lit injection at the expense of
minerales nresent in the schist,

(3} In high ranks of metamorvhiasm, biotite and chlorite usually

disappear {(Harker, 1939, p, 57} Therefore, the replacement of garnet
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ané grinel by ehlorite aed biotite is olesrly @ robrogrsde change.
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garnet o hydroblotite 1s especially
iateresting in view of the slmilarity of the hydrobiotite o ithe

vermiculite of the ultramafic rocks., 4s determined by speatragr

Eu Ve 3 E rom P N TR ..
the garnet i a pyrope with micor amo

Uity and ManEene e,

sinus walters I3 all probablility the garned

mmegianerleh hydroblotite, or has

reacted with introdveed votash Teldspar %o produce a was:

A2

biotive which has subesenuently been hydrsted to bydrobiotite.

@uﬁrﬁ?.tﬁﬁ gnd granulites

i the gneiss son

ka3 b g 4
Lateral and verti

sinilar 1o the gavnet aplite Taeles of the
migratls B, and the
gozposition o the migmatites.

and form bold oute i granulites are less reglstant and rarely
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form distinet ouboropa.

The granulites are dark brown in weathered hand specimen, dark
gray in fresh hand specimen. They sre uniformly fine-grained, grande
blastie in texture, and stronsly gneissic in strueturs. Segregatioas
of amphibole and feldspar-quartz are responzible for the gneissie
structure. In places the gnelsses Torn border zones o large pesmabite
intrusives and appear to be vontact rocks. Coumenly, pegmatitie stringers
of implieated gquarts and feldapar parallel +he folistlion.

In thin section the chief minerals are hornblende {20 to 30 per gent),
plagiociase (20 to 35 per cont), quartz (10 to 15 per gent), magnetite
{10 to 20 per centle 4 fino-grained erystaelioblastie toxture is
distinetive,

Hornblends is pale greon 10 colorless and presents a blotohy
appearanes. Uptical properties apvesr varisble. Hornbleande comuwoenly
makes poeeiloblasts with thelr long direeticn parallel to the gneissic
strueture, These erystale sre set in agpregstes of quartz and feldapars
Yagnetite and hornblende forw kelyphite intergrowths which ars at
least in pact conirolled by the amphibole nleavapes

Surprisingly enough, the plagloelase is labdradorite, Host twinning

x oare sxbressly bread. Bome plagioclase ls uniwinned, Weat

s gre velatively elesr: others conitznin isclusniong or are covered

2

&

gith a highly bivefringent flaky agoresgste bslieved t0 be geprlcite and

ealeite, Heaction has produeed symplektite interzrowths with guartz,.
Guarkz is widely distributed, It shows undulatory extinetion.

Bogause of its tendency 0 reaet with gll other constituonts 1t is

believed to be a luate introdustiocn.
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¥agnetite not only forms intergrowths with hornblende, but also
wlth guartz to s lesser degres. It apresrs relatively unaliered,

Bo positive evidenes that these rocks are of contact origin or
products of metasomation of sediments ceould be found. There is no
doubt, howsver, that they a&ﬁ thoroughly recrystasllized rocks in a
state of marked diseguilibrium, A4ll minerals appear t¢ be secondary
with the exception of labradorite.

The guartzite displays a tan weathersed surface, The fresh
surface may be lighter or darker than the weathered surface. Hand
gpecimens appear é%ﬂ&é and aphanitice 4 falint lamlication 1s apparent.

Under the mieroseope the gquarizites present a typieal quartz
mogaie strueture, in which all traces of the former clastic origin
are obliterasted, 4 slight schistosity can be seen. Guartz shows
sirain shadows charasteristic of metamorphisme. Some gralns are crude-
1y banded in lines closely parallel t¢ the apparent schistosity.

These are impure ar@#aaeeua rociks aa evidenced by the presence
of small guantities ;f oligaeiase, blotite, chlorite, magnetite, and
garnet. In some guartzites large poeciloblastic crystals of garnet
are evident. The presence of garnet in scme facies reveals that the
rocks have been completely recrystallized ln a2t least & moderate~

rank metanorphie zone.
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ULTRANAFIC ROCES

General desoription

In hand specimen the ultramefic rocks are black or greenish
gray and show a medium- to coarse-gralined granitoid %o gadbroid
texture, Where Iresh the rocks have a sparkling luster, but partly
altered specimens present a dull speckled appearance, Teathered
surfaces are comuonly reddish~brown amd usasally exhibit & hackly
surfage,

Basentially, the wltrusmaliec vrodis are composed of vwarious
combinations of olivine and serpentiuse, pyroxenes, emphiboles, biotite,
34

and vermioulitse. M ite-chromite {a sinzle isomorphous species)

is a notable sccessory. Under weasthering conditions the olvine and
rhombie pryrozene sre indlicsted by reddish-brown spots. Some minoral
grains are coated with pulverulent magnesite aud calcites
Vermiculite is willely distributed in altersd ultramaftie rocks,
ceourring is veins, stringers, pogkets; and as soatlered {laukes.
The width of the velns, strisgers, and pocketls ranges from a fraction
of an ineh to seversl feeb, In pockets and at the intersegtions
of vermiculite veins and stringers, flakRes attain their largest size.
Boocks 4 to B iﬁéh&ﬁ in thelr longest disension have been measured.
Those one~fourth to two inches in diameter are the rule hers, however,
Vermiculite disseminated in looss small flskes congbtitutes the
bulk of the minarai.‘ ¥o other segaseopie micsceous wineral oceurs

io altered portionsj all nica~like material exfolliatss to some extent
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vnder heat from an aseiylens torch.
Pegmatitic dikes of diopslde, an ineh or twoe in width, eut the

wltrapafic rocks. Diopside erystals resch s maximum of three inches

in lengthe Mozt are g guerter fo s half inceh long. The dikes sre
ususlly bounded by cosrse horsblende orystals of sbout the same sige.

Vermiculite also inerssses in eryetal size close to the dikes,

fmall pesratitic injeetions of labradorite {4nge o) invade the
ultrametie rodis. These range from a Prectlon of an inehk o tvo
inghes ig width. The labradorite is massive and derk gray. Coarss-

grained diopside crystals az much as half? an lach long are in places

5

intergrown with the Teldspsr and 1o obher plsces bordsr the dikes,
Here again versleulite becomes courser glose o the dikes. Ho
dlatinotive attituds nor sppavent contrel is found in elther geits of
dikslets,
Large discordant felsic pegmaiites alse penetrste the vitramaefic
rociks, Thelr border relatlons are diseusasd in part TITT on pesmatites.
Two grayish-brown ﬁi?auziﬁs bodies of egtremely Tine-grained and
altered uliremafic meierial cecur in the worked face 300 feet szouth of
the 211l The bodiss besr sowe resemblance t¢ ssadstone dikes. In

1

thicknese they are 1 0 8¢ ifnehes and 6 to 13 inches, respectively.
They trend roughly south and dip almost vertically, Thin seetions
ndieate an intersertul and pseudomorvhous texturse, The chief minerals

are ¢linozoisite and vermiculite; the varletals are srrpentine

magnetite and henstite, and spherulitic chaleedony. & microerystalline



groundmass includes undetermined isotropie brown asgregates. In placss
meah and bastite texiure can be seen, indicating derivation of serpentine
from olivine and hypersthene.

The segregation of matérisl in dike-like form was abtiributed
at first to supergene action, This view was dismissed when further
observations revealed microsconic mesh and bastite textures and showed
megascopie veinlelw of feldspathie material definitely erosseutting
the dikes, The alteration producis are believed to have been derived
from vltramalie roek by intensive hydrothermal alteration.

The Bezone of soils, and fractures in the uliramafic rocks contain
a caliche that consists of approxisately 90 per cent ealeium sarbonate
and 10 per cent megnesium earbonste. This renrcsents a mixture &

o end messesite thal has been concenirated by weathering

progesses, ne calliche and the hizhly alkaline character of soil sclution
reflect prolonged weathering in an arid olimate thet apparently has
pravailed for s long tine,

Caliche is most abundant in the hichly weasthered rocks., Herse
veinlets of ealiche are axﬁrém@lg numerovs and ramified, Some eracks
now oecupled by ealiche were formerly oecupied by serpentine, as
indiented by the remnant coatings of brown sernentine on the sides of
the pracks, Veinlets of caliche are ususlly a fraetion of an ineh
in width, but some attain a width of D inches. Calliche also ccours
in intimate associstion with vermiculite in veins, siringers, and pockets.

Tree rooty follow serpentine velns now galelified.
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The relative propertion of mimerals in the ullramalic rocks is
varia&ie. ¥o sssential or varietsl mineral is ubiguitous, Table 2
shows the ultramafic rock varleties which have heen recoznized.

Peridotites vredominate over other ullramafic types, Perkanites,
though widely distribuited, typieally take eitber ihe fovm of large,
irregular-shaped foliated bodles which are present in the northwesbern
&@e@mﬁg or Adikes which cubt the foliasted bodies and the dominant perido-
tite.

The peridotites are pich v iron, magnesium and water, whereas

perknites are relatively rieh in sluminum, ealelum, and iron.

Peridotites

These litholomic types ars charscterized by the presence of
olivine und other mafic minerals. Serpentine in at least an incipient
stage of development is universally preseat,

#ost of the peridotite has a grasular sprearances with iitile
or ne evidence of deforpation in hand specimens., an sppearance of
homogeneity way be deceptive, Thin sectiocns of the peridotites reveal
greater varié%iaa in the proportion of winerals preseat, then would
be expected from megascopie appraisal.

It has not been feasible to separate cortlandtites from hornblende
peridotites in the present mapping, vegcause they &0 nearky ﬁ$§r0ﬁi$at@
each other in composition and texture, and outerops are so fove

Cortlandtite.~ This member erops put prineipally in the worked arvas

near the mill and esbin. It displays marked variations in the degree

of altsration, more than any other unit in the area. Most of the
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abundants Veins of serpestine bounded by sones of intercaluted serpeniine,

so velos are believed

vermiculite, and aetinolite are nob uncommon. Th
t0 have a direst bearing on She orizin of vermisulilte and are deseribed

in grester detsil in

The average volumebtrie eabimste of minerals in flve revresentative

gobasive svecimens, as displayed in thin section, is as followa:l
Constituent Eer Cent
Serpentin ‘ 40
MNivine 20

Hornhlenda~pargasite 15

Diopeide 18

snetite-vhronite 3

Tale

Tue petrographic reiatlionships of these minerals will now be
sonsidered. Optiecal properties and chomlcal apalysss of the most
important rock-forming minevals ave discussed in nart Xl

Serpentine.~ The chiefl serpeniine mineral is antigorite, Under the
binocular microscope serpentine appesars black, pale green, brows, or
lizut vellowe. In thin section it may bYe pale green, mottled clive

green, pale yellow, tan or colorless. DSeveral colors are often exnibited

in the sawe sllde, The reeson for the varianes in color ie nob apparvent,
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although 1t may be due to varying ivon content of hest minerals which
are replaced by serpentine, Limonite superposed upon sntigorite may
cauge the mottled elive green and Lol appearsncs.

All peridotites revesl at least ineipient replacement of olivine
and rhombic pyrozene by serpentine. 4 mesh of antipgorite veinleta
that enclose eores of amurphous-~looking serpentine (a@ryapniteh and
relicts of olivine and rhombic pyrozxene ¢rvstals is not unconmon,

The veinlets are controlled Tor the most part by fractures in the
minerals. Two fracture sets at pnearly right angles predominate. That
n¢ change in wolume has been involved in the replacement, at least
on a microscoplie seale, is demonsivated clearly where the original
texture ig preserved. Falnt polysonal outlines of paeudomorpha of
gerpentine after olivine persist in soms instances. The nosi
serpentine present in any one of the Tive thin seotions studied was
58 per gent by volume; the least was 15 ver cent. In these specimens
the olivine was never wholly destroyede. Iron oxides invariably form
haloes about olivipne rempants and separate them from the serpentine
{tige 11}

Dlivine.~ The wmineral resges ian abundeanee frow 15 t¢ 30 per cent by
volume, It is eolorless, medlumegrained, and saecharcidal. inkedral
o subhedral grailns predominate. In extremely serpentinized specimens
few grains with pelygonal ocutlines remain. Tiny olivine exhedra are
found in poikilitic assoociation with dlopside and hypersthene, Ividences
of sheariang, such as translation lamellae and undulatory extinetion,

are generally sbsent. Primary resction rims are absent.
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agsite.~ A green to colorless amphibole is always
present. On the basis of optical properties and chemical analyses it
varies between parpgasite snd hornblende proper. The amount present in
thin section is between 10 and 20 per cent. Crystals ave of bladed

habit aa£~mmﬁiua»grainaé. Bome euhedra are po

¥ilitic in pyrozene,
Larger grains range in ¢rystal development from aakaﬁrai to euh@dfai.
The large euhedrs between 5 and 5 mm in diameter are not common snd
are seattered about irregularly. Hany are raggéﬁ and show slgns of
resorption and corrosion. Antigorite veinlets often trensect horne
blende~pargasite grains in atr@ﬁgly s&xpantiniaéﬂ,aﬁaeimeua. Hoat
veinlets are controlled by the amphibole c¢leavage.

That most of the hornblende is primsry is suggested by the high
pereentage present in relatively uneltered specimens. However, the
variability in optical properties unrelsted to zonal growth, and the
incressing percentages in highly altered specimens are bardly suggestive
of a primary origin. ?ﬁ@?@fare, some seem to hawe formed as a late
alteration product, whereas most is believed to be primary.

Diopsides~ In sections exsmined dlopside ranges from O to %ﬂ‘gar cent
by wolume. Under %h& binoeular microseope diopside is green., It may
ﬁa eolorless or have a faint greenish cast in thin seetion. Crystale
are uswd 1y prismstiec and anhedral to subhedrsl. 41l are mediume
grained. Broad twisning lamellse ave characteristic. In slightly
altered specinzens, hypersthene shows alteration to eerpentine and

uralite, wheress diopside remains unaltered.
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An interesting fesgture is e nuwber of lithopbysae with hollow
interspaeces in the unaltered cortlandtite. They are lessa than 3 mm in
dismoter and are always Tormed by dlopside graine. The reason for
thelr formation le both baffling end intriguiog.

Znptstite~hyperathens .~ The two members of this series are differentiated
by ecolor and pleochroism in $hin section. Hoth are pinkish brown under
the binoeulsr mieroscope, but in thin section enstatite is coloriess,
whersas hypersthene exhibite a pink to green to cwlorless pleochroianm,
Enetetite ie present in place of hypersthene in unaltered rocks,
sonstitubling roughly 15 per gent by volume of the rock, Hypersthene
is the rhomble pyroxene in altered rocks and reaches a maximum of 20
per eents It Lz absent in intenaely serpentinized rocks, whereslt
probably has alresdy slitered $0 serpentine,

instatite~hypersthene and diopside form the largest crystals in
cortlandtite. They are seriate, predominantly mediuwm~grained, and
anhedrale Several graiss of enstuatite exhibit schiller structure.

Bieﬁite.— Fing-grained tan blotite iz present in fresh specimens but
iz absent in those extremely serpentinized, It 1s not present in
amounts greater than 10 per cent by wlume, Subhedral flakes are
plentiful and are distributed haphazardly is thin section., Some are
voikilitic in bypersthene.

The biotite is not a vermiculite hybrid as shown by the sudbstantisl
quantity of potessium and very mmall water content is the chemical
analysis of unaltered peridotite {p.88 ), Wearly all of the 4.3 per

gent of potassium oxide must belong to bdiotite, and nearly all of the
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0.4 per cent of water must belong to the serpentine present,
Biotite is believed to be magmetic, because the roek is practically
unsltered and no potassium is present in the formulas of other mineral

congtituentsas

Megnetiterchramite, Magnetite-chramite eontent ranges between 2
and 7 per gent. Most grains sre opague and are probsbly magmetite,
but & few ave translueent and green on the edges, snd may be chromite.
The absence of shromivm oxide in chemicsl smalyses of important rocke
forming minerals ’ig aleo evidence that 1% ls present elsewhers, probably
igomorchously with nagnetite,

Magnetite~chromite oceurs as rounded grains, as intergrowthe with
antigorite flakes {ophitie assosiation), and as strings along the
meshes of olivine and hypersthene. A patohwork of this oxide in
gerpentioe retains the paittern of pyrozene cleavsse and is thus g»::embaﬁly
produced either as an exsolution festure or, together with serpentine,
s an alterstion rroduet of pyroxense. In fresh specinens magnetite
borders biotite laths. OSomwe of the magnetite has altered to hematite.
“0paoite” is present in slide 6~114,

Talo.~ The sssociation of finewgrained, highly birefringent fiskes with
other magnesium minerals suggests the presence of tale rather than
gserieite. Tale is a scanty constituent, constituting less than one
per cent by volume. Flakes are oriented on the edpes of diopside
graing and s small wisps elaewhere, They ceecur enly in the wost

gserventinized aspeainens,
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Hornblende peridotite.~ This rock is aetually a veriation. of eortlande
tite, for i% canpot be distinguished in hand specimen, However, in thin
seetion two mimeral relationshing are éigt&éa%iv&;{l} Pyrogenes are
absent or are minor constituents. (2) ¥o biotite or vermiculite is
pregsents In a&l,athgr r&ag@#ta the mineralogy of the rock is similar
to that of the cortlandtite.

Beetions examined wers gerpentinized, though not over 58 per cent,
Hornblende is universally present, aversging 20 per sent. Olivine is,
of eourse, the other essential minersle. |

it {8 recognized thet this rock could be an altered product from

a eortlendtite, in whieh case the pyroxene has gone %0 serpentine,

Pepknites

ihereas peridotites are undersaturated, with considerable olivine
appearing in the mode, perknites are saturated rocks withoud olivines
It is @iffieult to distinguish between these two ultremefic verieties
in the field and consequently they have not been differentisted on the
map {ple 3)s In thin section perknites are characterized by the
predominance of amphibole {hormblende), nyroxene (hypersthene and
éi&@&iéé}, snd wiotiteshydroblotite., L4n much s aigk% per eent
vlagicclase is gr@a@#t in some apecinenses Alberstion products include
tale, limenite, antigorite, iddingeite. Wegnetiteechromite, apatite,
and quartz are acCessOry. T%% higher percentages of eluminum, potassium,
and ealeium and the 1¢W@$,parméntag@ of magnesivm and water, as compared

with those witﬁig\gﬁyiﬁatiﬁﬁa, are chemical features workhy of note,
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Texturally, perkaites are of soarser graln than peridotites. 4
polkilitie, subhedral fabric is the general case {fig, 18). Some
textures are nobably degussate.

Perknites are associated im elose proafmity with peridotites.
They exist usually as small isolated irregalar-shaped massss whigh
are chaotically dlstributed within the peridotites: They erop out
srineipally in the ﬁﬁ#ﬁhﬁﬁﬁ% ssotor where deformation has superposed a
foligbion on most of the rook. 4t leset one perknite body, dike~like
in shape, was found to out thie follstion. I% appears as though this
latter intrusion took plage following the formation of the folistion,
though hydrothermal setivity may bave lnduced replecement and rearrenge-

ment at a later date. Post-magmatie alteration has not affected the

perknites sg much s the peridotites, probebly becsuse of the more
stable minersalogie makeur of the foymer.

Gontradictory indications of ftlwe of intrusion between yﬁ?&mi?@&
and peridotites ave probably reslly due edther 40 hySrothermsl pesrrange«
wment, or to primary hetevogeneity. Ab lesst perkmites appear to be
related to the peridotites geneticslly, differing only in being wicher
or vourer in certain minersl donstituents.

Though only wne variety of perkunite, hornblende perknite, is listed
in %teble 2, ﬁi@@ﬁiﬁﬁléﬁ?ﬁﬁitﬁﬁ 5180 exist nesar tontacts with the migmaw
tites and pegmetites, Beosuse little, if sy, vermieulite is associated
with diopeide paéﬁﬁitgﬁ, t&ﬁy~wﬁra not accorded as suoh attention ae

the horablende perknites, the ¢hief veriety.
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Fige 12, Typloal peikilitie subhedral fabrie of perkaite, Wote

tiny eubedrs of hernblende im diopside. Hypersthene grain

S 3¢

ki shebt soyners

algo present sbove bublle in u

Sample 8-125, X35, Plain lghts



The gversge velumetric eaotimate of minersls in nine representative
speclnens for hornbleade perknite, &5 szhown in thin section, is as

followns

Hornblende 0
Hypersthens 20
Diopaide 18
Biotite~hydrobiotite 15
Plagioclasge -4
Tale 3
Magnetite : 2

{ther acosssories »!
160
Individusl deseriptiong and petrograrhie relationsghive of thepe
minersls under the microstope follow,

Horsblendee Thils is 2 universsl constituent of perknites examined,

and in seven cut of nine specisens wae the most sbundent minerels Its
volume peresntags raﬁgeg from 10 bo 88,

Upder the binveglar sicroscope it is black or &ark green., In
thin seotion it is elther bright gpreesn or light groen. Fleochroisw
is extrenely varisbles Texture ig nediumets cosrsee~grained, anhefral
to evhedrsl, fibrous ssd in eome ¢sses nematoblastic. Small ealelte
inelusions ceeur in hornblende crystals sad are move plentiful in the
goareer varicty of hornblende.

Fornblende is usually clossly aegsocisted with diopside., Where
intergrows, dlopside is the host minersl, Blebs, patches, and lawellae
of horablende in diopside have s common orientation, and display an

fige a&ﬁsﬁg'ev ”iﬁiaﬁéraﬁﬁyﬁﬁﬁﬁ‘ﬁaﬁﬁﬁrﬁ {fiz., 13}, Hornbleade islands
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show simltanecus éx‘&mﬁtmﬁ under crossed mnicols. Small euhedra

of hornblende in ﬁm;miai are probably s.aﬁahlaaw {fig. 3.%& Intepr-

grain replacensnt of diopeide by horanblende snd &s"ewww&m of horn- .

blende on diopside are quite conmen. |
Alteration of hypersthene and blotite-hydrobiotite to hornblende,

and hornblende to biotite~hydrebiotite is a conmon feature and u#zll be

discuszed under the other mineral headings.

{ypersthene,~ Hypersthene and diopside are almost equally distributed

in two specimens, Oversll, the guantity of hypersthene ranges from 0
%0 45 per cent. The mineral is absent in only one specimen.
fiyperathene is pimkish brown under the binosular mieroseope and
“pink in $hin sestion, Texture is medium-grained, anhedral, and equant,
Hany grains are fractured, others are velned by tsle and iron oxides.

. Some erystals show transformation %o hornblende; disseminated
horablende ;gxéaim in hypersthens show simulteneous extinetion under
erossed niecols.

A noteble festure in slide 6~125 is hypersthene with a few garnet

inclusions.

Diopside.~ In quantity diopside ranges from O ¢o 40 per eents It
is not found in two of the specimens examined.

- Plopeide ia £ faint wﬁ%i@ﬁmﬁm to colorless s $hin section
and green under the binooular microscope.

Many relict graine are poikilitie in hormblende, The large
Braine show signs of strain, i. e., they ere stretohed and fractured,
A few garnet inclusiona are in diopside in slide 6~123, In slide
Wwlilé diopside is &t@rmg to sntigorite and guarts,
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»= Under the binooular microscope biotite-hydro-
biotite is dark brown or black, but in thin section it exhibits conasiderable
variation in ¢olor, escurring in orange, yellow, tan, and dsrk brown
shades, A serlate lepidoblastic texture is characteristic, The mineral
renges in amount from 4 to 40 per cent,

Host Tlakes do not show good extinction and instead ahow “eurly
maple" texture at the darkest positions. Generally, flakes are not
intensely sheared, or broken., Biotite shows preferred orienmtation
in folisted spegimens. This is pwhbly due to groﬂh, in a diregtion
perpendicular to the grestest atvess, 4 few pleochroic haloes,
probably denoting the presence of xenctime or monazite, are noted.

Evidense of at least two generations of biotite is present.

The mineral appears to have formed both sarlier and later than homme
tlende, Where earlier, biotite flakes ave bent snd ragged. Hornblende
pierces cleavage planes of thesge flakes (slide 7-116). Apatite is
insluded within biotite flakes of enly this ga;neratmnm On the other
hard, later erystala {fig. 14) reveal sores of remnant harnh}.ends,
replace hornblende slong ¢leavage planes and rim hornblende blades.
Biotite has grown aoruss a fracture in s hornblende orystal {slide
9-131a)}. Biotite has formed in fractures of hypersthene (in alide
B=120) where tale and iron oxides are also preépnt. Here one blade

of biotite shows a central parting, indicating possible growth along a
fracture. 1r these rran%umm fopa only at supergene levels as some

believe, then premm thia biotite im very late, Another interesting
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14, Bivtide-hydroblotite
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feature iz the development of laths slong fractures at points wheve
the fraoctures parallel each other, These orystals scem to have a
~preferred orientation and heve grown lsrger than erystals oriented
in other positionss

Small biotite euhedra within bornblende crystels may have formed
before the k@mh&mﬁ@ whigh encloses them, m* may be idioblasts of the
 late biotite generation. Their fresh condition is suggestive of the
latter. |

lase.~ The plagicelase is predominantly labradorite (angs.gol,

but locally @ little bytownite is present {in slide 3-158). Plagioclase
occurs es smull grains in or contigucms %o hornblende and hwamém
in subophitie fashion, In a few places it has penetrated cleavage planes
of blotits.

Plagioeclase constitutes & to 10 per ¢ent of e mum; but ia

lacking in

moet, and 4n others does not exeeed 5 per cent,

Tale,~ Tele is present in amounts as great as § per cent but appears in
only four of the nine specimens, I% iz concenirated as mmall flakes
in veinlste along contacts of biotite and hypersthene and within
hypersthone, and prodably represents an slteration product of hypersthens.

sucessorios.~ 0f sll sceessories magnetite ls the most abundant,

aversging three per cent in thin section. MNeny graine are opaque and
are probzbly megnetite, tut some are green and iranslucent and are

probably ehromite. No particular segregation of either was Mm&
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Hasnetite~ghromite OCCurs a8 goronas on harnblmde; hyyerst’mme;
and diopside and se ragged emsll grains. An execeptionally large grain
megsured 4 mm aOross.

Apatite ococurs ap small graina, disseminated in hypersthene,
diopaide, and sarly h&e%&té. Ip sglide 3-109 apatite reaches its maximam
of 1 to & per cent.

Guartz evidences itself as amsll graius asssociated with antigorite

in slide 7~116, and as scattered mmall graine in slide 3-10%.

INTERMEDL ATE MIXED FAQIES

The intermediate mixed faclies oocurs in most places as a narrow
zone between the ultramaefiec rocks and the gnelssic complex, It ranges
in width from s knife sdge to roughly 300 feet, amd grades into either
one or both of the two other rock groups on all eides, ¥No sharp
econtacts are observed., A few irregular masses of uliramafie rook five
t0 alx inches in dismeter agre obasyved within the intermediaste Pacies.

In hend specimen the intermediaste faclices ghows n gneipsic structure
with sugen of durk mafitez a:iemeﬁ in & relatively leveoeratic felds-
pathie background. The augen average 5 mm in greatest diameter and
vary in color from black to reddish~black to green. The typieal
specimen is fine- to mediumegrained, consisting of 30 to 45 per cent

mafites and the remainder feldapar. {£ig, 18).
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Pegmatitie andeaine-labradorite dikelets one-fourth to two inches
wide are present. They generally are linear and psrallel the gneiasio
structure, but loecally where they erosscut the gneissic struature they
becone contorted into pysematic folds. Contaets are gradational over s
fraction of an inch. Feldspar laths are gray and sre asz much as half
an inch in 1ongthg Clusters of green diopside orystals of approximately
the same size border the feldspsr dikes,

In th}n seotion the most unusual end interesting foature of the
intermediate fasies is the wide varliety snd range of feldspars preasent,.
Plaglooslese from albite through 1abraaﬂr1§e, md verthite and a little
antiperthite a1l oseour,

The feldspar shows & characteristic orystalloblastie texture,
Boundaries are sutured and reerystallized, inclusions are common, snd
chadaerysts occur in the mafites. MNost of the feldspar is relatively
unaltered showing only slight kuolinlmstion. 4 little of the basic
feldapar has sitered to oaleite and epidote. Tiny veinlete and other
anastomoaing stringers containing yellow oryptoeryatslline material
and basie feldapar erosacut other feldspsr grains. Thess veinlets
are intensely kaolinized. Subhedral apatite needles and kernels are
abundant as scattered inclusiona in the feldspars.

Host of the twinned plagioclase ranges from Ca-andesine to Haw
labradorite in composition. Some plagloelase grains show a pecullar
embayed type of zoning. Sodi¢ cores with ealele shells Jemonstirate

reverse soning. JZoned erystals are not present within the mafic sugen
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or ae ¢hadacrysts in the mafites, Andesine~labradorite inclusions are
common in more slbitic grains, the majority of which are untwinned,

Andesine-labradorite is the host in sntiperthite. Both perthite
and antiperthite econtain rods and beads of albite snd orthoclase,
respectively. These are more sbundant in the centers of grains than
at the sides, Ohost remnants of plagloclase graine are indicated by
faint lamsllas ¢xtending across perthite grains,

The prineipal mafites are dlopside, hypersthene, and hydrobiotite.
Dicpside and hyperasthene have optical properiies similar to diopside
and hypersthene in the ultramafic rooks, but in the lntermediate facles
their oriented ragged remnants signify corrosive asction and replacsment
by feldaspar, Hydrobiotite is pleochrois from tan to derk brown. Larger
grains are aohedral, erinkly, and bent. Small subbedral to euhedral
laths that show a decusaate arrangement are poikilitie in hypersthene
and diopeide (fig. 18}, Accessories asscoiated with the mafites are
spatite, magnetite, and iddingsite,

Sone evidence shows that hydrobiotite has grown at the expense
of diopeide and hypersthene, Rims and overgrowths of hydrobiotite are
common. YUralite forms fringes on many pyroxene grains and grades into
bydrobiotite. Magnetite in irregular small graine agcompsnies the
uralitie alteration. |

Plagioolsse appears to replace the mafites. Gleavage iines of
hydrobiotite have4béeﬁ foreed apaxt'by the entry and erystallization
of plagioclage. Some shreds have been replaced. Ghost-like remnants

of hydrobiotite apﬁaar in feldspar graing,



-y

B

in Byporath

Plain light.

&

re

mrantde

af i

i, e
pia

wrmadl ate



w33

Table 3 shows the spatial winerslogical relationships of the

ultramafic rocks, intermediato mixed facies, and gneiss somplex.

Origin
Lersen {1938, p. 418} states that esecondary trsnaition zones are

invarisbly associated with ultramafic rocks. ¥Fileld relations suzgest
a segondary origin for the intermediete mixed facies, The position
of the intermediate facies between the gneimsic complex and uliramafic
rooke in most places and the complete gradation between the three
ro0k types favors e secondary origin,

A% least aix petrographic features also are in agoord with a
secondary origin. They are as follows:

1. 43 shown in table & minersis present in the treosiiion mne
are alse present in either the gneiss complex or the ultramafic rocksa.

2., The pesulisr irregular type of plagloclase zoning is s yroduct
of reaction and does not resemble in smount, composition, or appearanse
the plagioslase of the gneiseic complex or ultramafic rocks.

3. The prosenge of diverse types of plagicclase, sapecially
basic feldspar velnlets eutting more ameidie feldspar, and perthite
replaocing lamsllar plagioclase, illuvatretes dlasequilibdrivm withis the
rook, ‘ |

4, GOhost-like remasnts of hydrobiotite in plagiocisse, and
plagicclase engroaching on the mafites is evidence of replacement by
plegioslase. | |

B, Remnant grains 6: diopside and hyperathene, essential minerals
of the uliramafic rooks, implies alteration of rocks that were once more

basia.



Table 5. Mineralogical sequenses from ultrsmafis rocks to gnelss complex

" Mineral

"Baeissic

Flagioclase

T Tatermediste

| Albite~
0ligoslase

| mized faoles

Albites
Labradorite

“Ultvanaiis |

Labradorites
Bytownite
{ingggp)

Feldapor intere
growths

Perthite
lyrmekite
Graphie

Perthite
%M}W#’é&ﬁ‘&

é.ﬁgm%

Guarte

Garnet

Ruarty

essentislevarietal

~ Abundant

Rare, if present

Abaent

Rare

Abgent

Vermieulite

Hydrobiotite

Hydrobiotite

Biotitew
Vermiculite

Mmrmaam&ax&
minerals

Hypersthene
Hoyvablende rare

Diepside
Hypersthene

Clivine
Hopnblende=
pargasite
Diopside
Hypersthene
Astinolite

Comson accensories

Spinel
Corundum

- Tourmaline
Glinomoisite
Piedmontite

Apatite
Hagnetite

Hametitew
Chromite
ipatite
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6+ The abundanee of apatite grains {1 to 2 per eont) seems indica-
tive of alteration. HNockolds {1932, p. 442) deseribea tbe oecurrence
of abundant apatite needles in basic roeks intruded or included by aeid
nagmas.

What is the origin and the chemioesl nature of this glteration?
Two modee of vrigin seem possible. First, the replacenent featurcs
may be the repult of gelsetive fusion of country rocks by the uwltra-
mafie intrupions. Secondly, they may be the result of metasomatie
aetion.

At least three lines of evidence already sdvenced appear to rule
out the possibility of selecitive fusion by ultramefic intrusions.

le It may be srgued thst because ultramafic rocks were intruded
in the solid state, they d¢ not possess ithe necessary degree of
superheat to assimilate larze quantities aof country rook.

2. As glready noted, no xepoliths of country rodk oeour in
altramafic rocks.

3, In places contscts between ultrammfic rooks and gnelssio complex
are oxoceptionally sharp.

Thus, the transition zone can be satisfactorily regarded ss the
result of metasomatismm. Two mechanieme of metascmatiam are likely.

1. Diffusion between the gneilssic complex and ultramafie rocks.

2. Intreduction of solutions from pegmatite intrusions,
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Ghemiosl investigations are necessary to reveal the true nature
of the metasomabtism, OChemical amlmﬁa and norms of the three prismcipal
rook groups are given in table 4, together with the estimated modes of
samples analysed. Minor eonstituents of principal rock groups sre listed
in table 6. Fig. 17 shows g Harker plot of the chemieal analyses in
table 4, Table & gives the esloulations of S~AleF and Al-(=ilk proe
portions of t!w m%ﬁzm&&mw mixed facies ﬁamwiag $o the @ﬂm gystems
| Obviously, pegwatitic intrusion was a late swmﬁf,i because it was
eontrolled in the Sransition zome by the gneissic strugture. mﬁaf«ma,
if diffusion between the gneissic complex and ultrsmefic rocks played s
part in forming the transition zome, 1% ccourred belore pegmatitic
alterations

"?he driving Torves of diffueion provesses are differenges in
chemioal setivity (Ramberg, 1945, p. 99) or chemieal potential (Bugge,
1948, p. 57}, which in turn, are dependent upon such veriables as
temperature, pressure, concenbtration, sod the grevitational !ﬁ'i&lﬁ'
Between the ultramafie rocks and gnelsalc somplex };,ﬁar;ﬁ;gﬁ differences
in composition exist, AV the time of intrusion prodably no great
temperature @;»&ém@i; was present, but aaﬁimm% by elevated temperatures
during istrusion must have exerted a great influence on chemiesl
agtivity gradients. ;m@mm differenses were probably negligible,
The gmwwmmm field may have had some effect, becsuse the contaet

between ultramalic rocks and miéﬁié ecomplex was not vertiocal.
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Table 4, ﬁorma1

Mineral " Gpeiss eomplex Intermediate facies | Ultramaric roc
{peridotite)
Q,uﬂrtz‘ 3.% - E -~
Orthoolase - 8.34 18,34
Albite 26,70 24,85 -
Anorthite 5.58 Y89 -
Corundum 2.44 | - -
0livine - ? Fa-2.65 Fae —
- Fo-2.80 Po~20.16
'Pyroxene  o— Fow14,73 Ho=10,09
E m*wdm En~- ‘9.69 ¥n=-21.90
| Fog- B33 FPow #,09 Faiw
Aemite - - : 14,78
Magnetite 2.32 2,56 f 2032
Hematite - - ’ 12.80
Potassiun - - 4.33
Metasilicate '
Nephelite - 38,84 -
Flagiooclase Abgy Amyn Abgy Anyg

*14. Hormative pyroxene and olivine ¢ompositions were caloulated according
to the method proposed by Barth (1981, p. 17).

{eantinued next page)



Table 4, Analysea?
{continued from page 87)
Ultramafic rocks
Oxide Gneiss complex Intermediate facies (peridotite)
531*33 85,28 5200 44+80
AlgOy 9.45 16,70 2.48
FG&OH‘ 3-053 176 19.60
¥al 4,80 490 0.79
¥nd 0.48 .08 34086
}go 20,10 5,43 20,33
a0 1.10 7.92 488
g0 3,13 8459 2401
H, 0,57 458 0439
20 99,65 99.38 99,32
2. Analystt G. L. Cheney
Approximate modes {estimated)
Garnet 30 r-?z. dnpar 80 Olivice 30
albite~ , ‘
Oligoclase 30 labradorite, Enatatite 15
E~tfeldspar) Diopside 20
Guarts 10
Diopaide 18 Hornblende 15
Hydroblotite 10 .
Spinel o8 " Hypersthene 10 Bictite 10
Sillimenite 5 Hydrobiotite 10 Sevpentine §
Accensories 5 Accessories B Kagnetite-
ineluding including quartz, Chlorite 4.
sorundum apatite, mmgnetite Other
acesssories 1




=8P

Table 5. HKinor cmstituents of primveipal rock groups”

Gneiss complex Tntermediate Tltramafie rooks
| facies {peridotite)
or 0,01 0,08% 0,28%
fin 0.46* 0.09* 0,05%
T4 0.186% 0.10* 0.04*
Ba 0.01 001 Trace
v 0.008 04008 0408
Zr 0.05 0.0 -
Ph 0,002, 0,002 -
Ga 0,008 0,008 Tracs
o | 0.008 0,005 0.008
#u 04001 0,008 0.05
00 Trace Trace 0.005

*Jualitstive spectrographie analyses by T, O, MeBurney, All quantities
reported are approximately sccurate to nearest facior of ten exeept those
indicated with ssterisk represent cquantitative chemieal analysis approximate«

1y acourstes to - 0.03,
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Table 6 Beil»F and AleC-ilk proportions for intermediate mixed facies
{from Osenan)

60,06 52,00 866 86.17

101.94 16.%0 164 10.85
l89.68 1.76 011 71
71.84 4,90 »088 4edd

Cad 56407 792 | 41 9.14
g0 40,32 Be43 | 4138 8.75
Nag0 6199 8.59 | .39 9.01
Eg0 94,19 1.4 | .08 .97
M0 70.93 09 | 001 .08
Or,0g 152,08 +08 - -

T10, 64,10 10 | .002 .15

Totalgemmmawst 1,548 100.00%

{Sum of alkelies is less than AlgOs)
§ 2 8102~Ti0g~Zr0,~Pply = 56,30

Al & Alglg = 10,05

Ak = A & Holh of NagO-Kg0 o 9.98

C o CaleBal-8r0 & 9,14

F » Cal-FelwiinO-lglel {0wirte=-Bal = 28.86

S1ALIF = 56,30110,65122.36} ma S,A1,F; 19.0-3,517,8

8,i1,F T
AL1CtAlk = 10,6619.1419.98; gg.w e 41,0,01%; 11,0:9,0:10.0

. £ 75'. - gﬁ.i : @,5&3 gﬁ % » 87,50 & &t%
Nag0-Kg0 ~9.96 Hig0=0a0 17,89
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Henpos, the gradiemt for diffusion may have been present, if
the prineiples established by Ramberg and Bugge hold for migration of
ions through long distances in roeck as well as migration throuzh small
distanges, In view of the faot that these were deeply buried pre-
Cambrian rocke in an orogenic belt, sourees for pore solutions may have
exiated.

. 8%rong evidenca demonstrates that the present position of the
transition zone was at ¢ne time essentially within the ultramafic rooks,
i.e., that the zone Nas formed st the expense of these rocks, This
evidence, cited belcw, stems from cortain field and mieroscopie relations
within the dransiticn zone,

1. Relie nltranufio minerals and structures which have bean partly
replaced or reeryatallized.

2+ Lithologie similarity between the ultramafic rocks and inclusiona
in the transition zone,

B, SeAl~F and AleC-51k values {table 6] indieste that the transition
zone is of imnecus somposition,

4 somparison of the varistions in rock analyses in tables 4 and 5
and flgwcl? suggests thet diffusion between the gnolssie complex and
ultramafia'ﬁnita will not account for most of the “"geochemisal oulminationa®
{ s termn employed by Heynolds {1946, p., 389-448) for an increase of any
conatituent beyond the gquantity present in the adjecent rock). 4 useful
'msthod of checking whether geochemical sulminations signify diffusion
18 introduced by Chayes (1948, p. 413-425 by Wahlstrom, 1960, p. 256},

Be states that in rocks formed by repiacament the amounts of resldual
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and introduced materials shouyld vary inversely. If one variable

{ the introduced material } incresses as the other variable (the residual
material} decreases, it may be said that there is a "negative correlatica™
between the two. If the sequenes of rocks under study does not show
significand negative correlation between the yvariavles, the diffusion
hypothesis is untenable.

Certain negative correlations ocsur. For example thers are
negative corrslstiona between Mg, Fe, and Ca, ¥Wa, al. The transition
zone gppears deprived of Mg and Fe and enriched in Ca, Wa, &4ls Such a
large incresss in Ha is not a likely sontribution from the sohistoss
portion of the gneilss which is believed $0 be a former argillaceous
sediment. ‘The average shale c¢onbaing only 1,3 per cent Ha. However,
if the schist bhad been already partially migmatized, a= seems probabdle,
the gneiss would not be lacking in Ba. It is noteworthy that minor
constituents whioh reach their maximum in the gneissic eomplex {notably
¥n, Ti, and 2r}, aéa more abundant ik the transition zone than in the
ultramafic rocke.

Let us now consider the mechanism of metasomatism by the intrusion
ot pegmatites. DBeocsuse pegmatitic activity occurred in the erea later
than ultramafic intrusicn, it seeme likely that the tramsition zoune
wag sither formed or affested by the entry of magmatie solutions.
Horeover, some of the relations in the transition are such as would
be expeeted from reasetion with pegmatitie solutions. The heterogenecus

naturs of the gneiss, espeeially the zoned plagiooclases, stringers of
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albite, and the presence of both perthite and antiperthite caunot bve
axplained by diffusion betwesn the gneigeic complex and ultramafic
units, JIf thia had been the only phenomenon influencing the trangition
zone, surely diffusion would have rendered these mized plagloclases
more uniform.

The concentration of apatite needles throughout the feldspars aleo
oppomes the diffusion hypothesis, Noekolds {1933, p. 561-589) oites
e¢leven eoxamples of an abundance of apatite in basie roacks intruded
by acid magmas, and asoribed the eoncentration %0 the volatile setion
of the magmass |

The existence ¢of numercus pegmatitic dikelets is evidencs that
magma has hmdraeceae t0 the transition zopne, Jn the southeast sector
the internediate faeies borders a lasrge pegmatite whioh has intruded
the ultramafiec rocks.

Jeveral features of the dikelets iundicate thaet they were relatively
wobile and qaﬁablé of preducing consideravle alteration in the wall
rocks. WNumerous stringers a fraetion of an inch wide supgest highly
sttenuated solutions. UWhere sontorted into plygmatic foldas, the dikelets
svidence formation in & somevhat mobile host rock. Significsnt also
are the toatacis whieh are not sharp, but gradationsl over s fraction
of an inchks The feldspar in the dikelets is sndesine-lgbpedorite,.
Beoause the dikelets are probably offshoots from the larger and more
aﬂiﬂin‘yegmatiteg in the arsa, donsiderable chemitsl rea¢tion between

the uliramafic rooks end aeidie golutions has taken place t¢ render
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the Ffeldspar basle.

A8 pegmatitic solutions entered the uliranafie bodies, they were
apparently desiliecated in what is now the transition zouns. To fomn
the albite and perthite in the gneiss, leaving behind valcle plagice
elase in the transition zone, g large amount of silics and sodium
must be removed and also much Kp0 and &1203 in moleeular proportions.
Increases of all these conatituents (with Yhe exeeption of K,0) in
the tramasition zone with respect %o those in the gneiss gomplex and
uwliramafic rocks are shown by the chemical analyses. As the solutions
bevame more bhasic, esleolum could be added to the trassition zone, and
reveraals in zoning could be formed. While lime and alkalies were
added, Pe and Mg were apparently subiracted and carried ijte the

- gonelas complex,

Thus, the minerals and relations of the reaction zone are as
would be expected from magmatic reaction with ultramafie rocks.
Asecording to Larsen (1928, p. 395-433) periphersl zones of altered
ultranalic rock assotisted with pegmatites invariably have higher
silica, alumina, and alkall contents than the unaltered ultramafic
rock,

More chemical dats from the gradational portions of the transition
zone are needed before further extrapolation ean be made., Available
data are insufficient to warrant stolehiometrie caleulstions whieh
might disclose, among other things, whether the material removed la
aprroximately aqﬁal to the materisl sdded. But the losses and gaine
mentioned are believed $0 be gqualitatively reasomable and of the

corveot order of magnitude.
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The role of metasomatism by diffusion betwesen the gnelssie
eomplex and ultramalie rocks is no% clear. Though present chemiosl
evidence is far from gonclusive and probably mush oversimplified,

1% showe that such a diffusion proeess is a possibility., However,
thers is no strong evidense for its ability vo produge the itransition
zone, and some evidente againat its having done s,

Either pegmatitie solutions alone opersted t¢ form the zone, or
their effects are merely superposed on earlier diffusion feutures.
The former hypothesia ia favored, beesuse it raises less questions
regarding the fundamentsal prineiples of diffusion in rocks, and
because it is more consistent with the distinetive features of the

trangition gons,

PEGMATITES

Deseriotion
Types of pegmatites.- Pegmatites in the area may be divided into
small concordant pesmatites and large discordant pogmatites,

Small concoprdant pegmatites in general 93&&11@1 the rock or
reglosal structure, only logally iranagrasaing the folistion,
Beecause of thelr small size most small pegmatites could not be shown
on. the gealagiafmap. The vpresence of many is8 recognized by patehes
of white pegmatite Tloat fragments. Lack of sontinuity of small

pegmatites is characteristie and in seotors without outereps is
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demongtrated by lsolated flogt patches, is a rule, outerops are not
very resistant and rise only slightly above the general surface level.
The eyumbly charaster of most cuterops reflscts intensive weathering.
Sotue auﬁargpa are cmdely alighed; others are disposed in an en
echelon arrangement.

In gontrast to large discordant pegmatites the small type is
more abundant, more widespread, end more irregular in = 20 and shepe,
& profusion of small pegmatites cccur in all parts of the sres,

They range xfam stringers a fraction of an ineh thick to bodlee
which average one to three fect in thiekness., Some swall pegmatites
are tabulaxr and vein-like, others form lenses, knots, end irregular
protuberances.

in migmatites swell pegmatltes ordloarily fora litepar<lit
tnjections. In both migmstites and intermediaste mixed fatles, veinw-
like pegmatites ave locally thrown inte ptygmatie folds. Helatione
ships of these smaller pogmatites to the host rocks are disscussed
under host rock headings,

Compogitionally, a@all goncoydant pegmatites are less gomplex
then large peematites. They are essentlally bi-or mono-mineralie,
Yost contain ﬁartbite with a veriable quantity of intergrown
quartz. Some thin pegmatites cosiat of pure guarts, plagioclase,
or potash feldspar, In the migmatite phase, pegmatites contaln
appreciable amounts of garnet (pyrope} and minor smounta of muscovite

and biotite,



Contacta of swall pegmatites are gradationsl over a fraction
of an inch to s fool, evidéncing considersbls scaking by pegmatitie
solutions. This ls in contrast to the contaete of large discordant
pegmatites which ere exesptionally am&rw%. Gertain emaller e¢ons
cordant pegmatites are undoubtedly offshoots from lerger pegmatites,
as they ere intermingled with them loedlly.

Large discordant mﬁmtﬂéa ggour only in the southeastern part

¢f the sreas, Outerops are ordinmy

1y resistent %o am#ﬁﬁn and form
rounded, hummocky cuterops above the host rock. For the most part,
cutorops are diseomtimuous and persist for only a few fest to 150
fect laterally, Their lack of contimuity makes i% diffioult o prediot
their 'plmm and latersl extent. Hoat of @h&m weather piakish-gray,
but fresh exposures are brillient white. In outcrop large pegmatites
a;ﬁpéwf al@aiwamﬁwma, but in fresh exposures are aetusl by ﬁmmwmy
ﬁa;ﬂﬁéi“mw

is & group, the large pegmatites crosseut other rock types in the
@éa. Hone are concordant with fa}.iaﬁw in older roek typea. All
strike roughly ﬁﬁ‘ﬁh@»&ﬁﬁ@l&' snd dip sieeply. 4 mamﬂaw fealiamm

has been induced in the gneissie eomplex along pegmatite sontacts.

‘i’m# m@mﬁa 1o move than s Tow feetd from the contact. Oontacts
of main pegmatite bodies are in places of knife-edge sharpness.
Large pegmatites are characterized by a tabular to mw@wdmaw.

Thicknessss range from 8 to 0 fect, OUne bulbous cuberep at the head



of the wash, 500 feet southeast of the cebin, adtains a width of &
feat; Variations in thickness within the same vegmatite revesl a
piunching and swelling habit,

Perhaps the most siriking feature of the large pegmatites is
their extremely coarse~ agod irregular-grained ltexture, Subhedral
blocka of quartz end perthite arc as much as 3 to 4 feet in diameter.
The cleavaze of each vlosk extends without intorruption through its
entirety, indicating that the bloek is ell part of s oingle crystal.

The averase dlameter of all erystals in 3 pegmatite may be mﬁasured.
in inches. ¥Xo ehilled mgtg;ne ware noted, but a conspicuous feature
in the lavger pegmatiies is that they become increasingly coarser-
grained toward the center.

Internal structure,~ Three fundemental types of internal strugture
of psgzatites have been estsblished {Cameron, et al., 1949, p. l4)
as follows:

1, Fracture fillings
8. Replscement bodles
ds Hones
Only the laiter type of internsl structure, wones, has been
distinguished with eertsinty by the writer in this area, Zones have
been classified {Qamercn, et al., 1949, p. 20) as follows:
1» EBorder zones
2+ Wall zopss
3s Intermediate zones

4y Cores



Three large pegmatiite bodies show crudely-developed wall zones,
intermediate zones, and cores. Boprder zones are missing. Wall zones
are eomposed of perthite, with some muaeovite and blotite. Intermediate
zopes oonsist of graphlo granite, whieh %ypioally consieis of abundant
cuneiform roda of quartz within orystals of perthite, Bome miga
and pink perthite ave aommaniy sssaciateds Cores of mmasive quarta
are well-defined, Thus zones besome more siiigeous toward the center,
Mica im distributed acress the width of the wall and intermediate
mones, but there is a tendency for mein voneentraticns 10 lie near the
walls, The black variety of tuvurmaline, sohorl, ocours as a wegescopie
grachie intergrowih with quariz close to the pegnatite core, Coatings
of green #pidote are commonplace at eontacts of wall zones with host
rockss 4 lititle apatite is found asscciated with perthite st margine
of wall zones.

fontacte between zones vary greatly in distinetness. The gores
are most distinct, but the wall and intermediete zones ars simewhat
gradational. The prinocipal distinction between the wall and intermediate
zones ie that the intermediste gone is relstively guartz-fres.

Deseription of two pelecied pegmatites.~ Artifiecal eross-seetional
exposures of two pegmatites pemit thres-dimensional analysis. These
exposures ocour op the north side of the road within 500 feet of its
terminus to the southeant.

The largest pegmatite {fig. 18) has yielded some sheeti mica.

i Grift bas been driven 50 fevt and some underground work accomplished.

The eposed fase of the pegmatite is 38 feet wide and 40 feet high.
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It trends approximately ¥, 159 £, aund dips 65° S, The lateral
extent of the surfage autarép is 756 feet. Apparently the pegmatite
plunges ér pinches out to the north. Its $abular shape is elearly
ghown in tigura ig,

Zones are present, butycb@aure in surface outerop and somevhat
poorly~defined in orcass seetion, J4n irregular core of massive quarta
is prominent approximately five fect west of the peometrical center,
The usual intermediaste zone Qr‘arayhza granite becomss the wall wzone
and congtitutes the bulk of the dike., Exceptionally rieh concentrations
of puscovite and biotite appear t© be fracturs-sontrolled close to the
foot wall., Two sets of fractures ¢ross ai right soples and contain
mioa books with their cleavage parallel %o the fraetures. lany of the
books are § to 12 inches in meximum dimension.

Of specinl interest are the country rock zones adjoining the
pegmatite proper, Sodic andesine Intermixed with highly pure vermiculite
borders the pegmatite. Fine to medigm-grained reasidus) zenoliths of
vltramgfic gomposition oeeur below the foot-walls They are eapecially
rieh in vermigulite and alsc coantain admixed andesine and warious
ultramafic alteration productis.

This firast country rock zone zives way to granulites putward
from the pegmatite, Labradorite replaces asndesine as the plagioclase
in this rock whieh is desoribed earlier as a member of the gneissio
esomplex. The gramulites are erosseut dy a maze of irregular bulpes,

prongs, and dikelets of sodie andesine and minor vermieulite, ané slso



«108-

W . Massive grophic Grords
K mrcrociine perThTe
Mo = Onoesive
N it
Yorrods Ths e P V@b rr 0 00/ 1T
A
/I
:, Grone /ﬁ‘e/\§)
. -
. PV
‘.’C/ey,’
Kubble ; } No ~agnolesiss Kubdre
1

. {7 Vermcolite
IR VN )
G ranulite ‘\ ~

l< 28 ¢t N
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by footewide play dikes consisting of fine-grainsd ultramafic alteration
products, namely, elinozoisite, vermiculite, serpentine, magnetile=
hematite, and spherulitic chalcedony. The dikes are in turn $hreaded
by andesine dikeletis and serpentine~coated sesms of ¢aliche. Both
andesine dikelets and ¢eliche sesms are less than four inches thick.

The second pegmatite roughly parallela the first st a distance
of B0C feet to the west. A oross-sestion of this pegmatite (fig. 19)
is bared by a road eut. The dike strikes K. 45° E, and dips 30° w.
ita outerops ean be traced discontinuously for s distance of a quarter
of & mile south of the poad, but for less than 25 feet novith of the
road.

The pegmatite is tabular and O to 8 fest in breadth. It consiste
of a msasive quartz ¢ore and an cuter zons of gzraphie greanite.

Flgkes and books of musecovite and biotite are acattered through the
regmatite, but ogcur mainly in the outer zone. The only notable
goncentration of tourmaline found in this area 4is the ogcurrence

in thia pegmatite, Rosettes and surbursts of shiny, black schor}
farm.iﬁtargrautha #ith quarts and perthite at the boundary of the
guarts eorc.

4 fine~ to medium-grained v@rmdculiie»rich zone § %012 inches
thick adjoins the pegmatite, HNany graphic granite stringers extend
into this zone from the pegmatite., Thia zone is bounded by granulites.
Gontacte between all zones within and without the pegmatite are sharp

and ¢lear~cut. Wall-yook contsots are costed with epldote.
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Figs 12, Diasgrammatic eross-gection sketeh of tourmaline pegmatite showing
zopal relations. (July, 1881},
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Origin
All pegmatites are believed $¢ belong to one period of intruasion.

They are younger than otber rocks in the area and are probably genetical-
ly relmbed to the Gold Butte granite porphyry shieh erops out almost
one mile to the southwest.s This is the only young grasitis rock in the
region. Large pegmatite dikes atrike southwest and other pegmatites
are abser%éd trending toweards and inte the granite porphyry. The
similar extremely ooarse texture of the Gold Buite porphyry is snothsy
reasgon for considering it the source of the ﬁegmatitaa.

A suggestion that the large pegmatites represent foreefully
injeoted fluids is showm by the Impoaltion of a segondary feliation
in the wall-roock. Softeaed by beat and emanations, the wallerosk
iz believed td have bshaved plastically.

The lithologic saquence of gones, inward cosrgening of texiure,
and lack of replscement driteris faver the hypothesis auggeatéﬂby
Cameron, et sl., (1949, p. 98~108} that the large bodies formed by
fractional erystsllisation of relatively unconteminated magmatie
liquide from the walls of the pegmatite lnward.

Proapectors have supplied the euthor wiih the following minersls
from peamatites within the Gold Butte porphyry: allanite, samarskite,
monazite, uraninite, tantalite, and columbite, The sbhsence of all
these minerals from pegmatites in the avea under gtudy is puzsling.

It may be due to the impoverishment of pegmstitie solutions upon
reaching areas remote from their geaetic sourde, Yo egrlier cryastallliza~

tion of rare mineralz under high temperature somditions, to localized
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goncentration of these conatituents, or to the suthor's obeervations

whiech wore limited to a smxll aveas,

CENERAL MINFRALOGY OF VVRMICULYTH

Crystal Structure

Investigations by Pauling (1930, p» 123«189; 1330, p. 578-5828)
demonstrated $hat a lavee number of alimino~silicates ineluding
the trus micas, brittle miemsa, chlorites, vermieulites, pyrophyllite,
tale, stilpnomelanes, and aartaiu clay sinerals-have rslated 1ayér,
or sheet structures, Subsequent detalled structursl studies of the
micas by Jeokson and West {1930, p. 211-827; 1003, p. 1€0-164) and
Hendrioks and Jefferson (1930, p. 729-771); the shlorites by MoMurchy
(1834, p. 420-438); pyrophyllite, tale, and vermiculites by Gruner
{1934, pe. 4182-419; 1934, p. DO7-576); the stilpnomelanes by Hutton
and Fannkuahén {1938, p. 178~208); snd the ¢lay minerals by Ross and
Kerr {1931, p. 55-84) and Gruner (1932, p. 75-88) confirm and extend
Pauling’s interpretation.

The sheet structure common to all these minerals consists of
atomie groups arranged with hexagonal symmetry in superposed parallel
layers. Within the layers the atomic groups are both tetrahedral
and octahedral. Tetrahedral groups include four O atoms surrounding
8 &i‘ Al, or 9acasiana;§y other atoms; oetshedral groups consiet of

0 and OH atoms surrcunding Al, Fe, Mg, or occasionally other atoma.
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Tetrahedrs may be firmly supervposed upon the cotahedra to form
a single sheet layer, or they may bs fimmly bound below as well as
above the ceotahedra to form double abeet layers. In turn, the lavers
may be packed one upon another or may be separsted by atoms whioh
readily penctrate between them. These interlayer atoms serve %0
displuce the layers, giving rise to new minerals. as n result there
are four ﬂiatiﬁet types of layer struotureal
1. single sheet strustures (kaolinite, ete, fir. 20a)
2. single shest strustures with interlayer strué¢ture
{halloysite, ete, fig. 200}
3, double sheet structures (tale, ele, Pig. 20e)
4. double gheat strugtures with interleyer atractures
{vermisulite, chlorite, biotite, ste,, fig. £04)
Bedavae all these types have the same pattern of very similay
lateral dimensions, there exist mixed strugtures contalning inter-
stratified layers of more than ocne iype. Hendricks and Jeffersen
{1938, pe. 861} 1939, p. 720-771) have shown that these differsnt
lavers can be stacked in & variety of ways. They conolude, Messss
any mixture of mica, vermiculite, chlorite, pyrophyllite, stilpnowel ane
{provided this is not a mixed structurs) and talo layers would not
be unreasonable, The list also might include keolin and hydrated
kaolin struetures.” Sueh mixtures result in no lateral displacement
of the nompgnwai layers, although the differesnt layers may or may not

be of equal thickness.
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In view of the similar lsteral dimeneions within the sheet
strustures, it scems surprising that there is not greater maltiplicity
of layer structures within single orystala. Oruner (1848, p., 686)
believes the reason, Ts....nay be fﬁund pore likely in the relatively
stationary or only elowly changing chemleal environment in a system,
than in any aversion on the part of the struetures to chauge from
layer to layer.® In other words, if ithe composition of caiflon supply
were shanged at the sume rate individual layera grew, a aingle corystal
might sontaln more eombinaticns of different layers.

¥ineral typos of the double sheet strusture with interlayer
arrangements exhiblt the property of interleaviap to the greateat
extent. Layers may be distridbuted regularly, randomly, or a
eombination of both with the added possibility of segrezation into
zones {MacEwan, 1981, pe 268). A resular interleaving pattern is
displayed by the welleknown hydrobiotite from Lidbby, Montans. Samples
of this hydrobiotite were studied by Barshed (1549, p. 682) and were
shown to consiet of vermiculile and biotite interleawved in the pro-
portion of three biotite sheelts to one vermloulite sheet, Most
interleaved minerals, however, are merely mixed at random. Jeccord-
ing 0 Bradley (1950, persopal gommunicstion) the coneept of regular
repetitive segueness is graduaelly being replaced by the concept ef
rendor intergrowth.

Resulis obtained by BParehad and Grunsr indiecate that there are

four szeneral ¢lasses of vermieulite~like minersls found in nature,
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namely (1) true vermiculits (2] vermiculite-biotite mixtures
{ﬁg&xﬁ%ﬁ@titasg {3} vermigulite~chlorite mixtures, (4} biotite~ehlorite
mixtures.

Strueoturally, the essential difference between biotite, vermieulite,
gnd chlorite is that Aifferent interlayer structures ave prasent, the
main interlayer constituents being water moleoules in mmiwli%;
potessium atoms in micas, aod megnesium aluninum hydroxides in the
ghlorites. Bach mineral has a chareckeristlio unit cell, its size
depending wpon the thickmess of the interlayer strusture., Biotite
eonsistes of Yale-like 1ay$ﬁ$¢ 9.264% high, elternating with potassium
layers {1.074°); chlorite consists of tale-like layers (3.204%)
alternating with meenesium hydroxide layors (4.864%); vermiculite
consiste of tale~like lavers {9.264%), slternsting with weter layers
4,964%,

In an X-ray analysis of esch of these minersle the bassl gpacing
{a001) is not only the most importent spaciog for the purpose of
identifieation, but is slgo essential in deternining the beight and
structure of the unit cells, The height {ep) ©f the unit esll ﬁaaawéga
sormal to the base ls twice this 001 spacing. Becawse the unit edl
eonsists of two telo~like 1ayawa~aﬁa<£§a interlavers {"water &ag&@g*},
the thiskness of the interlayer may be found by subtracting 9.284°,
the thiskneass of a tale layer, from the basal spaeing of the pure
mineral féﬁﬁ fig. 20)}s The thickness {or height} of & "water layer®
is thus defined as the distance between adjacent silicon~oxygen

surfaces of successive tale layers.
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411 of the asbove four general classes of vermioulite~like minerals
Zive characteristie diffraetion patterns with the exeeption of vermioulite
and vermiculite~chlorite hybrids. The similarity of unit eell layer
spa¢ings between chlorite and vermiculite partislly accounte for the
virtual impossibility of distinguishing vermiculite from a chlorite-
vermiculite mixture by means of mn Xeray powder pattern {Gruser, 1930,
e 430 Walker, 1941, p. 203). Differences sve best brought ocut by
ohemiosl means. The combination of s low Nl eapseity, the sbaence
of E*, and & low water content serve to éistiag&i§&~%ha mixture from
true vermioulite (Bershad, 1848, p. 676). &ia@,.bﬁ hesting a apecimen
to 500° C. all interlayer water will be driven off, snd if, therefore,
the characteristics of a random interstratification perasist afier
this treatment, we may suppose that & chlowvitie component is present
(MoeEwen, 1951, p. 279}, |

Studies by Barshad (1948, p, 665] showed that vermiculite has
& high cation~exchange gapacity in the interlayer structure. The
degree of displacement of the double sheet siructures was found bv
Barshad (1980, p. 237) to depend upon the size, valency, snd total
number of interlayer cations as well as the kind of adsorbed cation,
147, x*, wa*, WE.*, ROY, Ca*, Mg*?, Ca*2, or Ba™®. Those adsorbved
sstions whigh produce contracted lattices were shown to be more or
less fixed against replacement by & vation which itself produces a
contracted lattice, but eabions which produce sn expanded lattice
tan replace s eation sdsorbed in a conireeted latbice, apparently

by being able $0 expand the lattice gradually as it enters from the
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sdges. Barshad wes able to convert biotite and uydrobiotite into
vermiculite by eation-exchange of Mg*® for X+, It follows that
vermiculite must be 5 biotite with either Mg ions, or Vg and Ca
ions veplacing the kfé: ions in the interlayer positions.

Little, if any, experimental work to convert chlorite to
vermisulite has been attempied, This appears impogsible by cation~
exchange, beesuse Mz ions alvesdy ocoupy interlaver positions in
the ehlorite,

Although it has been demonstrated that theoretisally any
sheet structure may miz with another, it is particularly puzzling
from & stractural viewpoint why the luterleaving of vemiculite
and musoovite, and vemmiculite and montmorillonite do not ococur in
nature, Nuscovite has a similar lattice structure to biotite with
41, replaced by (g, ¥e)ss Montmorillonite contains the mice~type
double sheet structure snd has sn expanded and hydrated latiice
gimilap to vermicullite.

Winchell (1945, p. 287) shed some light on the mica problen
by claseifying micas into @é%ﬁw and ;wgstaphglﬁw gyouns. Taere ia
seldon isomorphous mixing between the octophyllite system, bistite,
whish has all or wost of its thres octahedral gaamimﬂ filled, and
the heptaphyllite sysiem, munscovite, which has only two or slightly
more than two of thess posiiions filled, Like blotite, vermiceulite
is ™rioctabedral®. Thus mixtures of biotite and vermisulite sre

gcopmon, mixtures of nusoovite and vermiculite unkunown.
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Ho elear structursl differvence exists between mi¢roscopie
vermieulise and montmorillonite {Grim and Bredley, 1950, personal
emm:m%ﬁatwm}, This is one yeason why no mixtures of the two mave
been reported, Recent work by Barshed (19850, p. 237} revesls
that the ,i_m@x&aww gtrueture of air-dry vermiculite and montworillonite
ig identical, whereas the interlayer atrueture of montmorillonite
expands to & greater extent im glyeercl or water. This phenomenon
is not fully understood as yet.

Another problem deserving additional study is the mesner of
packing of water molescules in the interlayer space of vermiculite.

Twe major diffieulties existed heres, For a long time it was diffieult
to uvanderstand bow alomost half the water in vermlewlite could be
driven off at 110° ¢, without affecting the &i&?fﬁmﬁwﬁya%&m
{Gruner, 1934, p. 5068; 1989, p. 433) (Brage, 1937, p, 220}, Redently
Walker (1949, p. 736} showed that a ehange in the structure does
aetually cecur, although it is obscured by rapid rehydration upon
epoling, Another diffionliy was presented by the vardation in the
height of the water layer in different crystale. How it is known that
the nsture of the aamﬁ;mg interlayer cations determines the srrange-
neat and mwnt of water present. Agcording to Walker (1949, p. 728)
when magaesium ls the saturating ¢ation the inberlayer structure is
surrounded by an octahedral growp of water molescules., Barshed (1949,
pe 883) believes that the water molecules in natural vermjculite form



tetrahedrs with the bases of the linked silies tetrshedra of the
lattice, giving rise to hexagonel risngs of water molecules which ave
similar $o hexagonal rings of oxygeus at the vertices of the linked
siliea tetrahedra of the individuel mica sheets,

Expansion of the eryatal lattiee of vermiculits is sonetimes

related to particle size., Although the comm

0 megascopie form of
vermioulite diffara from the microseopic form in siwe only (Crim,
1980, personal eommunicatisn), the former does not seem to expund
in organie liguids as does the latter (Bradley, 1945, p. 718},
Hesently, Barshad (1950, p. 233) hes stated thst the expansion of
large vermiculite particles showed the ssme expansion ss migrestopie
particles whether alr-dry, lmmersed in water, or in glycol., This
would be espected if mege~ and micro-vermisulite were structurally
identicals Perbaps under certain conditions vermiculite mixtures
inhibit the introduetion of liquids inte large orystals even though
the liquids may penetrate Pine~grained vermiculite (Bradley, 1945,
pe 712}e It is interesting in this counsction that the interlayer
water is more easily removed from fine purticles of wvermiculite than
larger purticles (Walker, 1951, p. 209}, sugzpesting that this is
possibly due to dirferent types of boading or packing of atoms and

molecules in the iaterlayer spaces.
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@mms (W‘M«, pe 560) Getermined the formula uﬁ' wmim}.iw,
%xawri on ﬁw &?é’é&‘ﬁgﬁ ehmiaa& w@iyma of seven true wmimmea.
o be as :E‘allwm
iﬁﬁig{&@,%%{m,&,%)ﬁm-&ﬁzﬁ or 22igo
True wmim&iw amtamzs no Wtsaasmm, and %km formula is thet of

»%ﬂgﬁg&‘é 393' 3&3&@34&*}3&@

bms,w with potassivwe belug ,m’btrwmﬁ and water being aﬁém; The
ebove formulas were later confirned by Hendricks and Jefferson (1938,
Pa -ﬁﬁl} . | |

The old “*&am »mmwm@m méé for biotite-~like material with
a high water content, was revived by Gruner to desigmate an inters
leaving of biotite snd wmmm; For a bm%iwwwmim&im ratio
of 1l Gruner set the formula as i‘mllﬁwat

| OHgE (Mg, Po) g(ﬁi é&l,ﬁs?aﬁg{;-%ﬁg&

%miaaliy, the mmﬁtmz éiff&mme between hydrebiotite and vermiemlite
ie the presence of potessium in the Turmer. |

‘The first indication that these formulas were not satisfastory
was Grunsr's preparation of smmonium micas from versiculites {1939,p.428«
435} s How charged KHy groups could enter azzfsmwwly usutral biotite |
or tale-like layers of wméia%i% was nod understood by Gruner.
The existaam at’ charged water particles whioh ¢sn be replaced by
WHg groups was postulated by him but not substantlieted.

Barshad tl@@, ps 677) ﬁmmmrétaﬁ that the eation-exchange
eapacity of vermioulite was approximately 50 per cent greater than

that of monimorillonite, thus very pronounced., Experimental results
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indigate tiﬁat; K ions in blotite cen resdily be exchauged for otber
¢ations and that this precess is reversible betwees Na, Ca, Mg and ¥
ionss By catiomwexchange i%g"a for K*) Barshed was able to convert
biotite and hydrobictite into vermiculite. Be elec accomplished the
reverse. grm@am

These results indicate that the old formuls of vermioulite
needs modifi¢ation, because no provision had been wede by Oruner for
e@hangaam& cations. As a premult the following formulae for vermioculite
was proposed by Barshad: '

| (H20) 3ig, Oa) (41,7, lg) , (51,47 ,Te) (0 o (OH) |

where x represents mols of Hgl, ¥, the exchangesble cations, and 3,
the ccetahedrsl iona. In hydrobiotite the exchangesble sations may
e shown as {K,ﬁg,ﬂa}ya The amn% of hydrated water present in
?@mﬁ&am%@ and hydrobiotite is ¢hiefly ﬁ‘agmﬁm% on the kind of
interlayer cation present and is directly proportionsl %o the amount

of ¥ replaced by He*® and fﬁa’”‘gp

There are Wﬁz,m;am of exfolisting vermiculite, with heat and with
ez%zmmazsg Both mesns ave associsted with the meparation of individual
lamellae and & change in wlﬁr to silvery mw; Heat exfoliation
ogeurs with a logs in water and weight] cheniesl exfoliastion may or
may not result in a ﬁsmmm in welght, Beth exfoliated products have
&8 1@%# specific gmﬂrﬁg, but only mudden hest trestment esvaes the

deorcase necessury for commereial application.



Hest exfolistion,~ Thers have been two theories explaining the
meghanism of hest exfoliation. |
{1} It depends at least partly upon the warping and buckling
of the cleavage plates (Laschinger, 1948, p. 43 Byers from Davis
and Johnson, 1&%&; p» LB Goldstein, 1946, p. 22).
{2) 1t depends aalﬁly'ayan the rapid formation of wﬁ%&g vapor

between erystal pletes (Barshad, 1948, p. €8

83 Walker, 1951, p. 208).

ﬁaaahi&&ar~ﬁxﬁiaiﬁ@ the warpiug and buskling by the sbrupt
ghange in cell dimensions of contiguocus layers ﬁyﬂﬁ aahyﬁra%ian,
Aecording to Byers, "The reason vermiculite expands is begause the
bonding of the planes of cleavage is weaker than the warping and
twisting force and the plates are pressed apart, while in micas the
bonds between the planes of cleavage are stronger than the twisting
foree which results in the same warping and twisting of the whole
sheet, with some spreading %hﬁrﬁﬁf‘ﬁk 8 trage of swelling, but with
no sugh expansion as ogcurs on heating a vermiculite in which the
eryatals are less tightly bound due to the natural sclvent action
along elesvages before the subsequent heat freatment”, Both
Lasehinger and Byers believe the evolubiol of water vapor is also
important.

Barshad found that vermieulite loses the property of exfollation
if the water is driven off slowly by graduslly heating %o 250% O
after heiag slowly debydrated vermiculite was then suddenly heated to

high tam@mratawaa,rbut it did not exhibit exfeliation. Thus, warping



and buckling cannot be the prime eause of heat exfoliastion. Instesd,
Barghad's experiment favors the necessity of an explosive release of
water between layers, That s rapid relesse is needed is alse suggested
when, iws@ from a mateh causes gleavage pia%m to swell in the center
before opening at the marzins. By contrast, beat from a blow torch
causes rapid exfoliation without this swellfng., Rapid heating is also
sccompanied inveriably with a erackling noise, produced by the sudden
sscape of steam and the foreing open of the plates, The mﬁm ﬁaggﬁé |
the conversion of water ﬁﬁs; stean, the greater (within limits) is the
a}xfélimim. Only those minervals @@fzﬁ;f’ﬁ&miﬁg water of hy&m&im
display the w@e@wy of @mmm% , ‘ | |

Differentisl thermsl snalysis has provided a useful m@ﬁaﬁ «:;S
examining the 1@@5 of water during heat exfoliation. ?wmi#aliﬁaa
yield characteristic troughs in the differential thermal curves ;@hw@gh
the temperature renge 0% C. to 1000° 0. and charscteristie plateaus
in the eqﬁim‘w‘mm dehydration gurves for the sane ﬁ@w;gwm%m PENAG .
Differential thermsl c¢urves have proved more usefsl than eguilibrium
dehydration curves in the study of vermiculites, as well as in the
study of most common elay minerals.

ﬁhwmﬁéx&imm differential themal eurves for nstursl vermieculite
gad for hydrobiotite are showm in figure 21, The significsnt parts
of the ecurves are the %ﬂﬁa’m@mﬁ troughs which vepresent water lossca,
These lossés for eagh trough may be ealeulated in per gent total

ﬁa% or in mols per exchangeable sation.
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The curve for natural vermiculite shows three @xwagha; the firsd
at about 150° C., the second ab about 2409 C., mnd the third at
about 850° ¢, The Tirst two troughs represent Es0 losses, the third
an O loss.

The hydroblotite shows reduesd pesks gorresponding to the reduced
ratic of vermiculite in the vermiculitee~biotite mixtave, Because the
area of the frough is proportional 4o the pereentage of vermiculite
present in g glven welght of the sample, the percentage of vermieculite
and g&ra@atagﬁ of biotite may be determined. Measurement of the trough
~areas indicstes the mizture 1la 40 per cent vermiculite.

The molsture losges r&@ﬁr%ﬁé on differential thermsl curves
assume gpeclsl siznificance when correlsted with the desress of
exfoliation, The mﬁximnm-gxiblim%i&a.ﬂ@@g@ﬁp@ﬁég in time with the
fimﬁt_ﬂ&ﬁ&? losses ghow on the omwrves. %t‘aﬁgﬁé,iﬁk@rafﬁr@, that
temperatures need not exceed 500° C. to give maximum exfoliation.

Heecent investisations shed considerable light on changes in
the interlayer strusture during heat exfolistion. Barshed {1942,
pe 680} indiecates that heat exfolistion takes plage in steps, each
equivalent to a thicknese of one wolecular layer of water., It is well
to k&é@ in mind that the meve loass of wat&#“kalﬁﬁ‘ﬁﬂ?ﬁéia%i&aﬁhi%
to exfoliastion, for the crystal lattice contracts ds water is expelled.
When vermicullte lattices are contracted, it is probable that the
interlayer eationg Mg and Ca occupy the cavities formed by the
hexagonal rings of oxygems on the bases of the linked siliea tetrshedra
of oppesite lattice layers in the typical biotite or talo-like struetures
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Galker (1961, pe 208) showed that the height of Yhe water layer
in vermiculite is sufficient for cach Mg atom 4o be surrounded by &
single hydration shell of six elose~packed water molemles Wﬁiﬁ@&ﬁ‘
ééizamérﬁzw@ Inasmuch a# the chemicsl formula of vermiculite requires
16 water molesules per unit eell, thers will be approximately 14
water molecules betmeen the biotite-like layers for sach Mg*%, six
of these will be "bound™ water and eight will be left over in a loose
sondition as “unbound” water, A¢cording %o the chemical formula of
vermieulite, 80 per dent of the total water ¢onsists of hydroxyl
gﬁ%ga 80 that the "enbound® water will congtitute almost bhalf the
total water content of the misersl, the hal? presumshly released
at 150° C, The loss of the "bound® water molegules would sorrespond

to the water loss at 240° €., csusing further exfoliation.

dslkey supposes that on the removal of the “unbound® water, the
ostahedral zroups sround the g iloms spresd oubl over the basel z%lmﬁ

surfages in a single layer, but that the stromg tendeney of the Mg

ions to rehydrate causes reversion %o the original structure as sgoon
a8 moi@ture becomss available.

foliation,- 4 number of @x&éwim@&gﬁms will produce

sxfoliation, Drosdoff snd Miles {1938, p. 391398} discovered that
¢old hydrogen peroxide exfelistea vermloulite. They ascribed the
reaction to the presenge of traces of catalytic ¥nOp whioh caused

the decomposition of E@%. m»»;};xbamwa oxygen split the vermiculite
flakes spart, Oroves (1930, p. 554) Tound that other oxidizing agwﬁn‘ |
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a¢t in & similar manser but not as emergetisally. He, too, believed
11*9@&%& oxygen forced the sheets of vermioulite apart, Gruner (1839,
pe 428} repested and verified the experiments of Invosdoff and Miles.
Ruthroff (1941, pe 480-481) showed that when hydrobiotite is
satursted with concentrated sulfurle acid and then exposed to air
over a congiderable pericd, or steamed for a shorter time, it exfolistes
ap mack as ten fold. This bebavior ie attributed to the foreing apart
of lamellae by sulfste crystals formed between them. Inasmuch as
true vermieulite does nol exfoliste under these ssme comdtions, an
easy means of distinguishing vermieulite and hydrobiotite is thus
afforded,.

HMINERALOGY OF QOLD BUTTE VERMICULITE

X~ray, chemical, d4iffeventisl thermal, and heat exfoliation
studies indieste that two 4istinet types of vermiculite mixtures
ogour in the depunlt mﬁwigﬁaw&» All sumples examined were one
of these two types m* gradations between them. All must be donsidered
as varieties of hyﬁmbiémta. bedause Ep0 is present in every case
and represents a contamination by blotite layers,

Une type is 8 vermisulite~biotite mizture with the approxinmate
rajio of 81, respectively. '1“1;# eslor in the field is dark green and

it bas the feel and luster of tale. In genersl it ocours in mica-like



bocks which measure half sn ineh t0 3 inches parellel o the basal

The sesond type is essentially a blotite, containing epproximately
four per sent vermioulite, It is 1ike biotite in general appesrsnce
with a dark brown eolor. Ho books lapger Shan half an ineh were found.
Begause this mineral displayed merked heat exfoliation in scomperiscn
%o the ;msm blotite slso present in the deposit, 1% will be considered
as & hydrobiotite. |

In order to @istinguish the two types in this repors the one will

4o, the wﬁ@ﬂ' a8

%ﬁami mﬁmm&m of seah are discussed ia pert XI,

X-ray data are sssential %o an securate pisture of the structure
of a mmm; Beosuse basal speeings (4001) are the most slzmificent
mmmm umu, these are pressnted in table ?, Hoat were kindly |
mzm& by Ma. Ime Barshed of the Ea&.mpaﬂy of mwwai&, a1
~ spacings of the diffrastion pettern of the vmimmawhmmﬁ&wa
gorrespond 40 thoss of wmi% or wermieulite with the sxesption of
the broad basal sgaﬁms, 12,4874,

This mm spacing is an average spacing gmﬁam by the w%w-
leaving of Wzma&z},i% and blotite, If these two lattices are inter~
leaved in s regular m;@m, a8 shown %o be the cass in the hydrobiotite
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Trom m’b‘w, Hontann {(p. JO¥), the basal spacing should be an average
of the busal apacing £or each material (Hendricke and Jefferacn, 1909,
Pe 873-875}. In the sample studisd the average basal spasing would
therefors be (% ¥ 14.62 + 1 % 10,27} 5 3 = 15,278, wheve 14.63% 1s the
vermisulite basal spaoiag snd 10,273 1g the sseumed diotite bassl
spasing. The spsaing actually obtained was xa.m&, showing that »
regular repetitive patiern ia absont.
Aesording to Barshad the diffraction pattern of the vermioulite~
hydrobiotite sample studied Wy him shows st all of the Biotite
An randomly interisaved with the vermigulite, but that scme of the
vermiculite ia pressm$ in segregated sones without helug interlesved.
Calsulstions by Barshad, dassd cn the 12,483 apaoing, show that 81
per sant of the total wermiculite in the sample is in segregated
form, wherean 4F per oent 12 in interleaved form, Thus the sanple
aan be gonsidered as a 1:l mixture of vermieulite and hydrahiatwe.
Other semples of the same vermiculite-hydrobiotite specimen
give diverse resulta. Barehad (1951, personal communisation) reporta
that one apmtmwi appears to be o nixtars of foras, some of whieh
saen iamtzul $o the 1:l vermigulite-hiydrobdotite mizture and others |
that seem Zar differest. Another specimen (Intermedinte~l ipn table 7],
A-payed by the writer showed & broad bassl mpascing of 11.20%, Bredley
(1850, personal eommunication) studied the X-ray diffraction effeqia
of other symplos ef the ssce speoimen, reporting thel one is a bdlotite~
hydrobiotite mixture aad that snothor econtains nearly equal preperiicas

of blotite and vermigulite.
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Table 7 Basal spacings of vernmioulite from Bold Butte, ¥evads

Variety

Basal spacing (4001)

e

e

Be

4o

Vermiculite-hydrobiotite

Intermediate {1}

Intersediate (2]

Hydrobliotite

la;%&&» strong intensity (av@rag@
spacing of vermiculite and
piotite)

ll¢ﬁ$§# strong intensity (average
gpaging of vermiculite and
bictite)

o

30,784= atrong intensity {sveraze
spacing of vermiculite and
biotite)

1@;3?3@~5@r&ag intensity {essentiale
1y blotite spacing)
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This total lack of uniformity within one specimen collected from
the sume small ares 1s indeed sstonishing at firet, but seems
gharagteristic of the interstretification of shest structuves wherein
all kinds of irregularities can and do exist, Probably a more direct
explanation in this case invelves the high cation-exchange capacity
of vermieulite, because catiop~exchauge is undonbtedly the provess
of alteration in these sheet structures. With the alteration being
sompletoly random, the implication is that initislly smy layer may
be attacked, determined only by chance, bubt en att&aﬁéﬁ,layar tends
to alter é&myiataly before other layers are attacked (Bradley, 1950,
personal communieation).

The biotite-hydrobiotite examined by Barshad bas & broad basal
spacing of 1@¢2?§, whieh is essentially a diotite spacing. In
addition all 4iffragotion lines are identical %o those of bi@ti;w,
the ﬁ@rm&@aii%@ being present in 0o small an amﬁuﬁt to be detected
by Xeray. 4n A-ray snelysis by the writer shows a basal spacing of
&&a?&g;aiﬁéia&%£n@ a greater nunber of vermieulite layers than in the
gpecimen analysed by Harshad.

It is interesting to compare these Leray data for Gold Butte
hydrobiobvites with X-ray data available for other hydrobiotites.

Of 1% mized biotitesvermiculite strueturcs for which basal spacings
bave been measured, all Pall within the limited renge of approximebe~

o N ke e b Al fie e Al pb
1y 11.4-12.34° Kot a single bassl spaeing of Uold Butte hydrobiotite
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ia inecluded in this range, although there is reason to suspedt there
exist all gradations between the two measured extrenes of 3_3.@?;?;

, 9
and 12,484,

Uhemieal analyses of the two extreme veristions of vermioulite
are shown in table 8. 4nslyses of other vermiculites, hydrobiotites,
and @ biotite are shown for comparison, The separation of water inte
uncombined water (HpO«) and combined water (H0+) {& ignoved, because
mach of the total wabter content &é%@aa at temperstures as low as
105° to 110° 0. upon prolonged heating. OGold Butte samples were
thoroughly dried below 160°% ¢, and only total water mmﬁa&.

The two most significent oxides in the analyses are X0 and
Hale %airmlatw@ abundancy establishes the minerals' position
within the range biotite to vermiculite, Percentages of ¥ 0 and
Hy0 for Gold Dutte ﬁyéma are gompared with average oxide pereentages
of biotite, hydroblotites and true vermiculite in part 4 of teble 8.

Potassivm oxide ranges from O per gent in frue vermiculite %o
10.7 per cent in ideal blotite. Water shows a progressive ilnorvease of

4,1 to 20,7 por cent from biotite to true vermioulite. The renge

of averaged analyses for K,0, Mgl, and H,0 is shown in part B of
table 9, These do not include the Uold Butie bypes. 42 a rule
the amount of Mgl inereases from biotite %o vermieulite, but this

i not always true, as gan be seen by overlep of the range for
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Table 8 Chemical analyses™ of wermiculites, hydrobiotite and biotite
{eent. next page)

Vermieulite | idesal W@gwgwwwf Trpore ﬁ@w&w?ﬁmﬁmgﬁmwwﬁ ~THyarobiotite Biotite~ ~THydrobiotite, ideal
Verpio-Bare Eills, julite amwﬁﬁm megwgw ite, |Libby, ¥ont. hydrobiotite, Looclekep, Biotite
ulite Hd. . , Gold Butie,Nev. , Gold Butte,Hev.S. Africs

36,7 | 361 59.8 43,5 59,0 34,5 39.1 40,9
14.2 13.9 15.4 10.6 17.1 1.6 10.2 11.8

- 0.7 1.5 B2 0.0 1.8 15.6 16.4

4.4 4.2 4.8 3.8 6.7 12.4
248 | 24.8 19.9 19.4 21.7 38.5 17.1 164
- 0.2 1.7 0.8 1.4 0.8 0.3
- - 0.7 oz 42 7.4 8.3 | 1047
- - 0.4 0.5 0.0 2.1 0.1

20,09 | 18.9 1427 12.9 9.9 2.1 5.7 i

Accessory Slements

TiGg | 0.89 mtmﬁ‘;y S T o

o g

NO | - 0.28 - 0,02 0.001*aporox, =

Pgls 0,00 - - #il - -

F 0§58 - 0453 Hil - 0,53
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Black hydrobiotite from Trensveal Ore Co. workings, souihwest of Loolekop. analyst: J. €. I

Table 8 Chemiésl snalysest of vermiculites, hydrobiotite and biotite
{eont. from page 128)

Dolden yellow vermieculite, most abundant $ype, maln deposit, Transvasl Ore Qo. @&.ﬁ%ﬁ? Loolekop,
Palabora, Hopth Bast Transvesl, Anelyst: J. €. Dunne. Listed by Gevers {1948, p. 154},

Tdeal® 4@%@%&% Graner mwwzﬁ De &80}, arrived at by sveraging seven avallable vermioculiie
analyaes,

Vormiculite from Bare Hills, Baltimore, ¥Md., Shamon (1928, p. 21}.

m&wﬁmﬁgwn&wwwmaw&ww&wwggw%@@wﬁgwﬁ%fﬁw@%@m&@m@&w”w‘?mm@?ﬁmmgﬁ
by Hagner {1944, pe 9)e , :

Vernieulite-hydzobiotite from Gold Butto, Nevada. Analyst: G. L. Cheney {1951},

Hydrobiotite from Libby, Nontana, Rethruff {1941, ps ﬁ&w;

Biotite-hyirebiotite from Cold Bubtte, Heveda. %wwwwmmm G, L. Cheney (1951).

Ideal biotite ealeulsted From theoretieal formila.

,w“mwﬁ ¢ents are pounded off to nesrest ftenth,

~R. Be Ellested found 5,864 Eg0, D115 Bagl in Libby, hydrebiotite examined by Gruner {1984, p.559),

*Zrestrographic approximstions.
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Table ¥ Comparison of signifieant oxides in biotite, hydroblotite, aad vermiculite

A« Percentages of signifisant oxidas.

]

Mineral E a0 g0 #H,0 No, analyses
: ‘ avemﬁed
Biotite Y0.9 18.4 4.1 Ideal
Blotiteshydrobiotite Tod 368 Zel 1
{Gold Butte, Nevada)
Hydrobiotites Se4 2008 Se4 ]
_ §
Vermieulite-hydrobiotite B4 19,4 12,9 | 1
{Gold Butte, Nevada) »
Vermiculites Q 22,7 2047 9

B. Ranges of avéraged aralyses above {excepting Gold Butte typess.

Mineral 0 g0 %0
Hydroblot iten B.70-8,32 17-.21.8 P oBwld 7 5
Verniculites 0-0.38 | 18,826,9 | 18,9~22,1

?
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hydrobiotite and vermiculite., A4 notshble exeeption to the rule is
the Gold Butte hydrobiotite which contains up to 56.5 per gent ¥e0,.
The Gold Butte $ypes oontain easentially ifdentical pertentages
of asccsssory elemente with the gxception of shromium oxide wﬁiah
totals 0.49 per cent in vermiculite-~hydroblotite, but is slmest
ril in biotite-hydrobiotite. The greater chromium and/or Perrous
iron eontent in vermiculite-hydrobiotite probably accounts for ita

greener g0lors

Chemloal formulas

Chemical Tormulas were ¢aleulated from the two chemieal analyses
of Gﬁid Butte vermigsulite in table 8, Oalculations are shown in
table 10. The ratics of the analyses give, with reasonable ascurasy,
the following formulas:

VbzmieulXte~hydrahiotite~
22{Hg0. 4241 50, . P8 50734 13K 50, 3045102, 50Hg0
Biotite=hydroblotite-
aﬁﬁgc.&laﬁg.ﬁFegﬁa‘?Kg@.3681¢a.?ﬁﬁa

The first formils bears similarities to that paloulated for

vermioulite by Gruners

224g0.BAL,05.Fe 05, 229105, 08,0

2
Significant differences sre the increased water content and the absence

of Kgﬁ in the ideal vermiculite.
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Table 10 Csloulations for chemios)l Pormulss of vermiealite
Ae Vepmiouliteehydrobiotite

ions| Retlos |Theorctical oomp,
2024230 | 3018105 = 45.5

at] Per cent | itomic wia.

43,5 60
0ud 80 008
0.5 158 +008) 108 | .024x4) | 43A1p0z » 112
10.6 100 .m&}

3.8 159 024 024 | .024x) Fogln = 5.9

3.1 72

19.4 40 0 548 | JO24x22}l  28Rdp0 « 22,5

Cad 0.8 86
#g0 8.4 94 026) 034 | 084x1 1820 & 3.5
Ba O 0.5 68 G0

.m} 718 | J024xB0| BOHg0 =z 15.4
o244,

RSO

FroporLions | Ratios |Theorctioal somps

8i0p 34,5 60 .wj #+B8L | J016x36)  36S10p 34,7
Tilg | 0.8 80 + 00/

81,04 1.8 100 W16 (016 | J0L6xk | Alg0y = 1.6
Fegly 12,4 159 076 076 | JOL6xD | BFeglz =  12.8
FeO | 1.8 78 |

O16x60) GOMgl =  38.6

¢a0 0.8 58
£g0 704 94 079) 115 | L01687 | TKH = 105
Nag0 1 24 62 .034

’ 80,0

Hpl
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Gatiannﬂxegggae studies

in vermiculites the exchangeable ecations ars present in the iuterw
layer strustures. The interlayer cations in the Gold Butte vermioulites
a8 determined by Barshad inelude the readily exchangeable ions, Ca and
He; and the aifficultg exchangeable lon, K.

Cation~exchange studies by Barshad show that the exchangeable
eations of the vermiculite~hydrebiotite are 859 per cent Mg, 31 per cent
K, and 10 per cent Ga. In the biotite-hydrobiotite they are 96.1
per oent E and 3.9 per cent Cas Un the baala of cation-exchange the
ecmposition of the vermieulita—hyéroﬁiotite is 68 per cent vermioculite
and 3) per gent biotite; the biotite-hydrobiotite is 98.1 per sent
biotite and 3.9 per cent vermieculite,

In a specimen similar in composition to the vermiculite~hydrobiotite
the ratic of the exchangeable Eg*g $o Ca*a was zbgnaaby Barshad to be
1:1 inetead of 6:1 as in the firset spedimen., It thus appesrs that
there is the saﬁe degree of variation between the Ca/Mg cation ratios
that exists between the vermioulite-blotite ratic. Hela: ive solubility

and aetive mass are factors which may have influenced the Caf¥g ratio.

Differential thermal analyses
Dirferential thermel analyses by Bavrshad gerve to identify the fwo

types of vermioulite at Gold Butte and confirm the X-ray and catiou-
exchange reseliss

Differentisl thermal curves of vermiculite-hydrobiotite and bilotitee
hydrobiotite are showan in figure 22 whers they may be oompared with
curves of typical vermiculite and hydrobiotite that were discussed on

page 120. The ourve for vermiculite-hydrobiotite {ourve 4, fig. 22)
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o 100 200 300 400 500 600 700 800 900 1000

Temp. °C

Differential thermal anslysie gurves.

4 = Vermiculite-hydrobiotite, B - Vermioulite-hydrobiotite, £ - Biotite-
hydrobiotite, D » Vermiculite from Uest Chester, Fa., I - Hydrobictlite from
orogore, Tanganyike. 4, B, and € from Gold Butie by Barshad. D and £ gfter
Walker {1951, p. 811).
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shows waler l&ﬁﬁﬁa of 7.87 per ecent at about 150° C. end 2,13 per cent
at sbout 260° C., totalling 10 per gent interlayer water. The specimen
is thaquery similar in composition to the first vermiculite specimen.
I the thres significent water losses on each vermiculite-hydroe
bioctite curve are expreessed as perceniages of the total water content,
we obtain 57, 17, and 26 per cent, respectively. These percentages
are not in good agreement with %hé theoretical percentsges derived by
Walker for "unbound® water {40 per aﬁ&ﬁ), "boundhater iaﬁ por sent)
{(sce p. 121}, However, if it is sssumed thai two of the originally
“bound® waﬁar mglaaalaa in sach ootehedrsl group become “unbound®
by beling preossed cut into s single layer and ave released with the

renainder of "unbound® water, some measure of agreenent with the

experizental data is obtained,
The ourve for biotite~hydrobiotite (ourve &, fig, 22) is similer
%o suy blotite surve in which no importent thermal remetions are
registered. Only 0,80 per eent of iﬁtarlaygr water was measured.
Percentages of vermiculite in the two types, vermloulifee
hydrobiotite snd biotite~hydrobioiite, were calmlated fron the inter-
layer water eontents by Barshad. On the basis that pure vermiculite
pontaing 20.8 per eent interlayer water, vermiculite-hydrobiotite
gontaineg 66 per cent vermiculite and biotite~hydrobiotite containg
3.8 per cent vermiculite, These percentages sre in exeellent agreement

with those caleulated from the composition of the interlayer cations.



Degree of hegt exfolistion le the wost Important sommercisl

property of vermioulite. Because few, if any, compercial laboratories
have specially designed thermostatic furnaces necessary to determine
the axgaiiaﬁien characterintics of vermiculite under controlled
eonditions; Re T+ Kujawa generously undertook exfoliation tests in the
researeh laboratories of Zonolite Co., Libdy, Wontana, largest
produger of aa&mﬁweiﬂl vermieulite in the United States. From sush
tests a reasosably accurate commercial comparison eould be drawe
between Gold Butte samples and Libby, Montana hydvobietite,

4 sereen analysis was made and each size fraction exfoliated
o asaure more uniform pesults, Crushing of s great emoynt of
oversized material was negessary before sereening. Thus this
sereen mnalysis itself is of no particular significsnce. Pneumatie
means wers used to separate the exfoliated fractions. Iach fraction
was t&aﬁ weighed and its volume measured. Its density wss caloulated
in grems per cubiec centimeter, Densities of exfoliated Gold Butte
vermiculite for three screen fractions are shown in table 11, wherein
they may be compared %o sverage densities of Libby hydrobiotite and
¢ the limits imposed by Zonolite Co. on their expanded products,

Results indicate that Libby materisl has a superior expansion
factor. Only the B und 8 mesh fractions of vermiculite-hydrobiotite
appesr to be within the commereial limits set by Zomolite Co« These

fractions ave the siges used for loose-fill home insulation, Based
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Tuble 11 Densities {gfee) of sxfolisted vermiculite

Sample T 14(0,0461n)

| Vermiculite~hydrobiotite 0,08 0,09 0.10
| Biotite~hydrobiotite 0,08 0.18 017
Libvbhy hydrobiotite {avg.) 0.08 0,08 0.08
Limite set by Zonolite fo.| 0.1l 0,09 0.09

Densities by Re J. Fujaws {1961)
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on the deneity of the B mesh fraction, the yield of exfoliated vermioulites
hydroblotite would be 358 cubie feel per ton,

4 high degres of correlation betwsen water content and degree of
exfolistion in Gold Butie vermioculite is demonmirated in table 12.
Thus water content appears to be a Palrly reliasble index of the degres
of exfoliation to be expected within Gold Butte samples. The hisgh
density of sample no. B is due at least in pert to forelgn mineral
particles aﬁh@wiﬁg Yo exfoliated vermiculite flakes. |

4 velationship is inferred betveen the amount of water expelled
during exfolistion and the degree of exfoliation, This relastionship
supports the view that aﬁf@&i&%iéﬁ depends wpon the rapid formation
of water vapor between aﬁgaﬁ&l'piataan

Whenever the tightly held erystal lattice water was lost upon
exfoliation, the G0ld Butte vermiculite became extremely friable.
Inssmueh as exfeliation is solely dependent upon the loss of inters
layer water and not eryetal lattice water, it seoms unnecessary to
Talse the temperature in an expansion chamber above 5009 or 800° C.,

if adequate heat transfer can be acoomplished,

Strugtursl formulas

Structursl formulas based on the stomic positions of the elements

give en accurate, useful, end general pieture of related vermiculitew
type minerals by indieating the structural ﬁia%riﬁﬂﬁian‘af ¢ations

and the degree of isomorphous mbstitution. Accordingly, formulss
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Table 12 Correlation of water content and degree of exfoliation in
Gold Butte wermiculite

e, Sample | Kg@f Density {g/ee)

1 Vermioullte-hyiro~ 12.9 0,09
biotite

2 / 99 0,09

S 18 0,09

4 Intermediate GeB 0.10
nydrobiotites

& 2.7 0.30

é 2.8 0,16

7 2.1 Gel8

) Biotite-hydroblotitel 2.1 0.18

Samples were dried below 100° C. before being snslysed., Ignition
loeses by G« L. Cheney (1951); demsities by B. J. Xujewa(1l981),
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were caleulated from anslyses in table By following the method advanced
by Harvey (1943, p. 541-8543), COatlons weve assigned to tetrshedral,
ocetahedral, snd interlayer positions by the followlng procedures

1. A1l 8% jons were placed in tetrahelral ¢oordination and enocugh
a1*3 and Fe*® to make a total of four.

2, The remaining A1*3 and re?D, together with Fet?, 71, or, Na,
and epough Hg ions to Till the three positions, weve asssigned to
ootahedral poaitionsg.

Be The romaining ¥y and all the s snd ¥ ions were assigned %o
interlaver positions, /

The caloulated digtribution of gations in a lavbice layer of the
| Gold Butte types and in Gruner's ideal vermiculite sve shown in tables
13 and l4.

If these same caloulstions are placed inte the genaral structural
formula given by Barshud {p.116} we haves

1. Vermiculite-hydrvbiotitee

(8,0) (K, Hg,0a) yzaz_ﬁwﬁ,wgm,sr,ggg;,ﬁa;s{ai,ﬁ},@@wcaﬁ},ﬁ

B Blotite-hydrobiotite-

(Hz0) (K Mg, Oa)y (Fe+2,T1 g, Na) .81, A1, Fo Hg) 401(0F0) 5
3s Ideal vermioulite {Cruner)e

(HgO)Mg (41,Fetd Mg) ,(51,41) 40y0(0R) 5
4,44 Q.397 '

Several defects in the csloulated distribution of eations for
no. 1 and 2 are at once spparent. Piret of all, in ne. 8 it is obviocus

that some divalent cation, presumably Met®, must oceupy sufficient
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Pable 13 OCalenlation of struetural formulas of vermisuliSes

1. Yermiculite~hydroblotite

Oxide Weh Wetal~01 wtoms | Valenoies | xua:x.»sz atoms per |
g 43,8 6,725 2.900 3.890
Ad gV 10.8 C.208 - Q.804 0.944
Fo 03 3.8 0,047 0,141 0.204
i 1% § 0,043 0.088 0.199
: iv.4 0.48) O.962 8.170
rﬂ.ﬁ Okt 0,008 080 0.083
crfa 0.5 0,007 0,00 0.038
0.8 0,014 0.029 0,004
a0 0.5 0,018 0.016 0,073 ‘
' R.4 2,081 8,081 0.28
12.9 G.717 ‘
— 4,880
8« Blotite-hydrodbiotite
1583 1.6 0.031 0,098 0,186
Fogls iR.4 0.1086 0,488 0.687 :
e ek 103 2.0%0 ) ﬁam_ 0.1358 ‘
38.0 0.908 1.819 3.980 ;
0.8 0.008 0.084 0,088
0.0 0.014 0.029 0.082
gtl 0.&5& B.m ﬂul’g
7.4 0.157 8.187 0,498
2.1 2,183 L
R 5009 1,
"ldeal” vermioulite [Gruner) ;
- 56T 6,605 5,430 Z.668
ab 1‘0“ 6-37’9 acw 1,320
Toq0x b 0,068 0.185 0,361
’ : ”*‘ Q*Gm 1.33@ asm ;
20,09 1.110 |
4,058 .
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Tgble 14 Ualoulated distridbution of cations in a latties layer of vermiculite

f&mla "oty ral go nationi Oot gpor sion —
BT A Foud 2 " Cvers R W mTHe W L
13 |s.e90| .20 4000 |.206|.22¢ |99 |oss |oms|s.an0 0,073 |8, 948!
'8 |a.520| 236 |.ee7 i385 | - | - |30 lLoss |- i2.543/0.399(3.000
5 [m.886/1.234 - 4000 aeel.zel | - | - |- 2588 - 3.000
S ] |

g0 (mole) )
5. 57 ?

8

N

Semple 1 - Vermionlite~hydrobiotite from Jold Butte, Nevada,
Sowmple 3 - Bmtiu-’-hy&mbtwtnai from Gold Putte, Neveda.
Sample & - “Ideal”™ vermiculita {(Gruner, 1934, p. 560).
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totrghedral positions 0 give & totel of 4 ions. Sacondly, experimsntal
detormisasions of interlayer jons by Barshed do not support the saleulated
tindings, In Yermiculite-hydrobiotite some of the Mg'® in cotabodrsl
coordinetion should be shifted to. mmlawx? positions and saze of
the X7 ahould be shifted to ectshedral ecordinaticn. In bictite~
hydrobiotite a1l of the NMg'® in tnterlayer posttions ahould be transe
ferred %0 tetrahedral and ootsbedral ecordination,

By restifying the sbove defeote and bringing the eslsulated
Pesul$s inte harmony with the experimental results in light of the
genoral struetursl formuls, the meu utmmr'ai ml‘ui:ar'
vermioulite-kydrobiotite and blotiteshydrobioctite may be writien
ss fallows:
Yormioulite-hydrodiotite~

(Hg0) (x,g,Ca) (ﬂ.l‘a"‘a.!‘ﬂ"";ﬂ'i,ﬂr.ﬁg.z.hl(m,ﬁ.)‘ 030(0H)
2,87 0,368 2.948

Biotite-hydrobiotite-

m,g)vg,g.}' m**,m.xs,x.xava(ax,u,ra“.ﬂau 0ol0H),

GCHIGIN OF VERMIOULITE

Origin of other oscurrences
An exsmination of the literature datisg from 1900 reveals few
ingonsistencies regarding the cecurrenes of vermiculite and few Aiverse

viows regsrding its origin, Table 15 prosents this information in
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Table 16 Ocourrences and hypothsses of origin for vermicgulite

I.acatmn %em M Aunthor and date Author's views on origin
e T _wovmivalite ”
,mm, Kontana };gmmiu stock |Pardee & lLarson ﬁymmtamal amamtim &f
‘ {1 &2 . biotite ‘
) , , sa).uaims rm :mnite ﬁwm
Central and | | zmmx@n  Bess |Hydrothermel alteration of
nerthern Vermont serpantinite | (1986) g serpen tine . :
. :mt ' _’m,_arn ntior tuia
; | . '
Wyoming sarpenticites, |Hagner {1044} Hydrothermal alteration of
«mmmnaun. horntlends biatita.mmﬁn&
ww & vs.tm«- ‘ and posaidly others .
i i i se | . Souree of solutions-pegma ;t,iwa
Chester, %n&rpmﬂnﬁe Hons 11933) Hydrothormal alteration of
Vermont ‘ody : ~iserpentine
- iSoures of selutiongeacid
‘ ' 3 ive
ﬁm& Gawlinu 1wiﬁnutu “THanter & Hnttealtc Hydrothermal slterstion Trom
& North Ceorgia 1 {1ese) Ec&&oriﬁag and micas, subseguer
%rsta " im;ﬁgtﬁuk T |Frindle & Smith -‘Kﬂnth&m& slterstion of
o {1938) lmaneovite, biotite end
: jeblorite. Scuree of solutiome
‘ L o tite 5
West Chester, scypsntinite |Larsen(1928) Hydrothermal alteration of
Pennasylvanie %b&dy » : vlotite and yhlogﬁyiu
Soures of
Fackson Gounty, [bor Mnblmﬂo doldstein(1946) ' i
Colorade ‘ adiorite e hmhlmdt bietite and 9211#3@-
’ p.tta. SBouree of solutiona
titas

Bere Hills, — |serpentinite | Skannon(i088) |6 conelusions reached
Mpryland b ‘
%uhstar%ﬁem ‘ &u"ﬂto body Rnn h Shannon  No conolusions rem!;aa

LI A 2 = .
L4 T w e NE oY ook L L T
. . S om {3 OOR : biatgta ‘
Iiano Goundy, A hornblende HoMsl ian ; o mﬂuims Toacned
T ? ‘ Gorhard sé-%iﬁ;,
xﬁmﬁmr o ’ Tacroix (1940) | Meteorie aiterstion of pulogd
s . : i pite
Falabora,Be pyroxenite “Gevers (1948] |Mainly mtwru, Wminor hyaroe

Africs body t t&‘ntitm of hiotite

dium UBe8.8}

i
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summary form. %he location of the vermicnlite otcurrence, the host rock
body, the suthor and date of reference, and & brief summary of the
author's views ¢oncerning the ordgin of the vermieculite are shown.

In some cases suthors have merely descoribed the occurrences and presented
no theories of origin.

411 references testify to the association of vermiculite with
vltremafic rooks, ggﬁtiemi&rly pyroxenites, hornblendites, peridotites,
dunite, and serpentinites, In all deposits the ultramallic rocks have
been intruded by granitie rocks., In most deposits vermieulite is found
eantiguanﬁ or near to pesmatites, ALl %uth@ra favor a secondasry rather
than a primary origin for varmiealiﬁa meaning that they believe it is
not éapémitaé a8 vermiculite, but albers from another minerel. DBiotite,
phlogopite, aér@&ﬂtina, and hornblende are believed to be the chief
parents of vermiculite, Two modes of alterstion aprear possible,
hyﬁr@ﬁha&m&l and peteorie,

The most important commercial deposits of vermiculite are discussed
bel owe

The largest commercial deposits in the United States oecur near
Livby, Hontana in a stock of alkaline rocks, two-thirds of which ia
pyroxenite., ‘%ha pyroxenite varies in composition from unmixed pyroxene
{&1@381&&} to uvnmixed biotite or vermieculite. According to Pardee and
Lavsfn (1929, ps &) the pyroxene has been hydrvothermslly altered to
amphibole asbestos and the blotite to vermieculite, @yla? {1936, pe 1078)
believes that a series of syenite dikes were the source of the aalutiaﬁa
that altered the pyroxenite in whole or in part inte vermieulite in one

end of the deposit,



Vermiculite deposita of Horth Careling and CGeorglae ra anit seound to
Libby in production. They ocour in perdidotite intrusives., Hunter and
Hattooks {1936, p. 1-10) doseribe the vermiculite deposits of both
states and gosslder thut, "Duriug the last stages in the cooling of the
peridotitossevssn conbinued flow of mwolobionsesevvsabtogked the parily
gocled basio rocks allering ther along the contasts wnd planes of

&

weakness into chlorite, actinolite, and some blotite. Later, vheo

@

the hydrothormsl solutions besose more walery ad cooler, the slutions

atbacked the chlorites and mamagﬁ converticg them Into the warious
vemiculites devending wm the ayi zinal mineral smd the degres of
glieration, seseln many sases aftor hydrothermal setivity csased,
asgending ‘1 descending netsorle water continued to vermloulize the
materialss”

- Bogarding the Jeopgis deposits Priodle ad Saith {1938, p. él»%a)
explain that the final stsges of an introsion of peridotite brought in
beated mineralized wabers that altered the surroiading rocks und perhaps
portions of the perifotite. The alteration fo vermiculite may or mey
ot tave been sompleted at this stsge. They believe it possible
that ﬁmw hgﬁr@@%@r@ui gliaration accomplished by the walers accumpanying
the iaﬁrasiaa of peridotite simply formed sn suvelope of sueh products
as museovite, blotite, and a&iaxi%@'ﬁaﬁisﬁa,"ﬁiah weps later aliered

to vermiculite by heated waters that accowpanied tho intrusion of

dyeming V&fm;@&*liﬁ deposite buve been investigsted by Hagner

(1944, pe 1~é¥}, They scour in hornbleade schists, borablendites,
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and serpentinites. Hagner regards vermiculite as an alteration product
of horablends, serpentine, biotite, and possibly other minerals. The
fact that the ultramafic rocks have glbered to vermicnlite only where

intruded by pem

matites suggests to Hagner that hydrothermal solutions
from the pegmatites wers responsible for the formstion of vermiculite
and not solutions from the ultremafic bodiecs themselves,

Colorads vermiculite deposits of Jackson County ave found in
pre~Gambrian hornblende metadiorites. Ooldstein (1946, p. 13-17)
feels there is a direct relabion between the intrusion of younger
granits pegmatites and the fommation of vermiculite, The pesmatites
are belleved to have ﬁﬁ?ﬁli@é the hydrothermsl solutions which attack-
ed the hornblende and converted 1t to vermiculite. Ooldstein writes
as follows: “Biotite may or mey not be an intermediate product in
the alteration of hornblende to vermieulite. In the mafority of sampl o
studied the vermionlite is & Sertiary product replacing biotite
¢y phlogopite.®

Cutside of the United States, commersisl depoeits of vermiculite
oecur in the Ural Mountains, U,8.3.R, and in South ifrica, Little
infommation is gvailable oz the geclogy of the Russian deposites |
which are believed %o be of considereble extent. Kazantsev (1934,
Do 484-479) deseribes the alteration of vermioculite from blotite in the
Buldgflm deposit of the Ursl Mouwstaing.

The best kaa%n déposit in South Africa exists ot loolekop,
Falabora in Noribeastern Trensvesl and hes boen described by %ekwéllaus

{1988, p. 1=-27), and Gevers {1948, p. 133173}, According to Covers
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the deposit represents the largest ocourrence of vermiculite in ihe
world. It occurs iz & pyroxenite mass intruded by zranites %é
syenites, The process of vermiculitization is believed to result from
supergene alteration and only wminor hydrothermal slteration of biotite
and phlogopite,

Significant observations concerning the arigin of minor occurrences
of vermiculite are as follows:

Phillips and Hess (1936, p. 330-362) show thet the intrusion of
pegmatites into serpentinite belts extending frm Vermont to Southern
Quebec was accompanied by sbundent hydrothermal m;nt'ima. which
‘attacked the serpentinites and produced avound then & complex zonal
ammgemm 62‘ minersls ineluding wmieali%.

Pabst (1942, p. 580585

] in 2 study of metumorphosed serpentine
in Freano County, Californmia, found that vermieulite ccmposed most of
the micaceous arum of geversl nodules of serpentine, The vermiculite
overley a zone of tremolite.

Lareen (1988, p. 396-438) describes s number of localities where
rocks made up chiefly of sodice g}.mi@emw ia‘%bi?&iﬁa} or qf’ godie
plagicclsse with varying amounts of corundum {plumasite) eut ultrabasie
roeks., In every case the ultramafic rock is altered to vermieulite,
ampbibole, and tale layers cutward from the pegmatite, The vermioalite
layer is made up of a vermiculite derived from biotite or phlogopite,
1t contains some apatite and loegally tale or anthophyllite, The
amphibole zone is sharply sepsrated from the vermiculite but is zradation-
al into the tale gzone. Larsen believes that alterstion by hydrothermal

solutions is the correet explanation of thsse vermieulite coourrences.
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Wickeliferous vermiculite in s donite mass neavr Webater, North
Garolina has been studied by Ross, Shamnon, and Gonyer {19828, p. 52Be
645}, They aseribe ite origin to the alterstion of biotite and suggest
that nickel set free from weathering dunite has been fixed in the
vermioulite by eati$ﬁ~axﬁkaaﬁ%,

In South Madagasear phlogopite deposite Lagroix (1940, p. 355~357)
showed that alteration of phlogopite to vermieulitc is taking place
at the present time by the action of civreulating meteorie waters st
normal temperature.

The distribution of vemmiculite is elearly related to the land
gurface or the water table in other areas, slso. In many South African
kinberlite pipes, vermioulitic hydrated phlogopite at the surface
gives way in depth %o ordinary phlegopite (Gevers, 1948, p. 165).

At Palaborg, ﬁ@aﬁh/éfriaag betuwsen BO and 90 feet from the surface,
vermiculite passes into less highly hydrated types asnd finally into
non=expanding blotite {Gevers, 1948, p. 165). 4nalyses show less
water and a h&ghﬁ?,K§§ content for the latier meterial. Oore~drilling
of five vormioulits deposite in Llane County, Texss showed that
vermiculite is restrieted o within 65 feet of the surface. Unlike
the fact that serpentinites have been found to a depth of several
thougand feet below the water table, no such evidense for vermiculites

has been offered.
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understand better the geochemistry of vermiculitization. If vermieulite
alters from one or & mumber of other mafie nmwam bosides biotite,
this process must represent a shange in orystal strusturs, chemical
somposition, or both, OChemieal changes lu the altered sonss bordering
solution shaunelways should refieet additione and subirastions of |
material o and from solutions; be they hydrothermsl or meteoriec.

In addition, theme data weve colleeted with an intent to furnish
quantitative informstion whieh has been lacking in pest studies of
vernioulite deposite. Views concerning the paragenesis of vermimlite
nave thus far been supported by no quentitative data, Ho attempt has
been mads %o gorrelate optical properties of vermiculite with ehemiesl
eomposition or physiesl properties. Admitiedly, dats on the biotites
vermitulite series or other vermiculite hybride are as yet too searce
to permit sgourate eorrelations of optisal ﬁmpwﬁima with shemieal
composition in graphiesl form. Some 62 the Mwﬁm dats sre a atep
in that direction and at least permit »M%‘&Wﬁ of other vermiculites,
commercial and othsrwise,

 Winehell, among Others, hes contimually emphasized the faet that
many minersls vary sonsidersbly in eomposition and has putlished
dlagrass showing the relations between veriations in composition mﬁ
‘wmwﬁgmﬂmg variations in @hj&iaal properties of those minerals.



181

-M oxpeated fm E~yay umﬁiu, optical properties of minerals in
ultramafic rocks show oconsidersile veristion within the Gold Butte ares
becsure of Isosorphiss. Unfortunately, ohemiocal snslyses sould not

be made of pll thees wvariations yevealsd by optical dlaparities,
Another liability wan the faet thet olivine snd eustabite gould not
. be inolated in pure form for themioal snalysis, Minerals seletded

and prepared for shemisal anslysis wers vermiculite-hydrobiotite,
blotite-hydrotiotite, hyperatbene, diopside, horablends, snd
serpentine, FPowders of thess important rodkeforming minerals that were
ehanigally snalysed were systamatically stuited and theavaileble
optieal aonstants #M the pature of the foreign materisl were

resovded.

Indiees of refrvastion were measured by means of imsersion Mﬁ;ﬁ
diftering from sach otlmy by a.eaa; Indicen are connidersd agenrats
to within $0,008, thus mking allowsuce for the seouracy of $he oils.
Besunse vermiculite ia very ﬂif‘ﬂmlt % erient uuh &'awm o X and &
vivretion directions, a new “needls orientor* method suggested by
Rosenfeld (1980, p. 908) was ussd with much suosesa, Several innovaticns
whish sorved to facilitete measurement of indiges by this method are
rosorded as followss

1+ By beveling the 0.08 ineb glsas needle mides, no additionasl

plate is needed to hold the seeils in position.
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£. A hstpin three inches long serves s s better nesdle thed &
shorter ¢orssge pin and faoilitetes Yumming of ﬁha;apa@rﬁal knobe
A three insh slide base is beat suited to the larger needls.

3. Rotation of the needle may be Smpeded if the needle point
is not centered, By forming a waterglass Ball on the point this
airrienlty is el jminated,

Optic sngles were measuvred by three methoda {1} estimating
the angle from the amount of survature of the hypertela in seetions
eut normal to su optie exis {8) computing the angle from the three
indiees of refraetion according to the squation devised dy Wright
{1981, p, B4S-858) (B8) measuring on the vniversal stage, The method
or methods used are indicoted under omch mineral.

Errors in the opticel work mey be due Yo ingorreet measuremsnta,
presense of lmpurities, zoning, strain, and hetervgensity of spesizens
selected, Anomsloun values aye dissussed under eatéh mineral spesies.

Crystala easily separable from -&!a#s.zr asontaining rocks were erushed,
lightly ground, end examined under the binetular wieroasdpe, i arude
separziion of undesirable material was made with a needle. The parest
material was then studied under the petrographic mieroscepe where
further impurities, 4f appareat, weze rejeoted in a similuy menner or
by using bosvy liquids, Pines and adhering dust were removed by
washing and decanting, Vemiculite plates wore pleaned with a danp
trush, Suiteble samples were chemioslly analysed by @, L. Cheney.
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Errors in the ohemicel anslysesz may be of three types:

1, Lack of homogeneity in the miserals, espeeially in the ossea
of vermioulite, snstatite-hypersthese, a1d hornblende, Thie iz me
of the chief sourses of error,

8. dnalyticsl errora.

3, Contaminstiorn of the minsrals by foreign mubatanses,

Chenieal analysss are belisved soourate to the following Mwn
soustituents over 5 per ssnt - 20,088 sonstituents between 1 and &
par sent-10,10; eonstituents belew 1 per gent - 10,08,

An adwmixture whieh sould not bde entirely removed from ull minewrsl
panplen wee a neglipgibls quentily of emorphous-looking material whieh
was determined ohemicelly to be ealiche,  This would be mmﬂ.& in
ehemical @nxyau priacipally as Oe0 amd COg, Only in one vemmisulite
is 6&3 of aignifisant amount, 2,2 per eeat. Decsuse (a0 in the ssme
an-aly,aii is 0.78 per gent, only 0,8 per aent of the m, way be
sllotted to Oa0, lesving 1.8 per sent. This exness sould possibly
be present in combination with Mgh, in which case 1,4 per oont Mg0
ia tied up ss carboaste, However, this ias not donsi dered likely,
bosaues the galiche erfervesscs froely in dilute hydroghloric aold
and dontains omly 10 per cent ¥gld, 1a ohemieal Myda;

Susll eslofte $nolusions {n hernblands erystals were removed
with aeid hafore the hournblende was powdersd.

Speeific gravity was measured by mesns of the pyouometer,

Values ave belisved Acgmrate 30 at lemst the first desimal place.



1f not otherwise indle ated, the specific gravity velues were determined

by the writer.
Mineral data

Verndeulite

{1} Biotite-hydrobiotite

- I{%i?xial
' ‘ =~ 99 {Univeral Stage)
. Mspersion « {weoalk)
Refractive indices - A= 1,508
‘ 5)’)/. o L8607
Birefringense - 0,089
sBsorption -2Z=Y>X
Pleoshroisn = ¥ = pnearly colorless
- & g yellowish brown to tan
to orange
Compositions
Wtw%
81 Oguamanity 48
AlpOgewnw 1,60
?&@*nm*ww 180
8, 0gmeeelB40
g e ol gggﬂ
Mgﬁ»wmm%'

NagOemmne 3,06
£ g@"“‘?m" Tedd
Hnlwasames (08
9”2‘63“*“”* 0.08
COgmmmrnn D418
ﬁgﬂﬁ*wwhﬂ g?lﬁ~

totalre-99, 51:

3P; Gr. 2,37
inelysty G Le Chogey
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{8} Vermiculite-hydrobictite

A

Class «Plaxial
2y «yery asnsll
Dispersion ~{weak)
. Befractive indices - A = 1,528
Y m 1.580
Birefringenos {3,082
sbsorption iz Y > X
Plevchroisnm =X » nearly colorless
«f& = Te yellowish brows
- Composition-
wt b
S 0pmwmmend3, 50
Al pOnmenall, 66

Felewnmun 5,10
FepOnmess 3,76
7.1 Tape—— Q‘?ﬁ
3&%@*%&«*&},@.%
Nagleeees 0,50
K%ﬁ“"“"“‘”"" 3.@
B O ssamonsiene Q;ﬂ@
Crggmenn 0449
ﬁig*ﬁmnwﬁ '93
%1{}2""”** Q‘w
P oOgmnmen K11

ﬁga’nﬂ%wm E.%
Eﬂhmawmmmm Hii

HgOmmswws 8,52

ﬁgzaﬂwwwﬁ& ﬁ 5 %
t0t2l-200,07

Bps Gp. £.28 ’
inalysts G, L. Cheney

The variety of vermiculite in the periknites is copsiderably
more biotitie than that in the peridotites. This difference rolledtis
the higher percentags of lron and potassivm and the lower pergentage

of ms

gnesium and walter, as compared with these within peridotites,



as well a8 the less intense alteration of ‘tfm perknites. &kmgmy,
the slteration of blotite to vermisulite is accompsnied by a loss of
:irm, gr&q{a&w by oxidation of ferrous %0 ferrie, loss of potasaium,
aod & galn in weter. This fs shown by the analyses on page L&6.
Refraetive indices and bivefringence of all mmzi*‘w whose
optieal constants are reeorded in the literature are shown ia tuble
16 The velation of specifie gravity, %fmwma index, and per cent
iren {8 treated i:& table 17, a1l minerals ia %&m 16 that ave listed
ﬁalw ‘the miwl&m from E‘wwxw, galitornia ave w&w&.{y hydro=

bickites, wma ‘km exesption of the mw@:ﬁf%wu vermioulits from
Hebstor, Horth Oarolina. From the dats aveilaeble the renge of
retractive indices for expandable vermisulites lsAs 1.526-1.568 and
G ® 1,548-1,607; the range of birefringense is 0.020-0.039; the

pange of specifie gravity is 2,15-2,78, These rasges may be compared

%o the renges found at Gold Butte. Refrastive indices are A s 1.528-
&,m,eﬁj)f » i.ﬁ&ﬁa&;ﬁéﬂi mrntrmgﬁwa 19 0,088-0.089; spesific
gravity 18 2.37-2.40. Varieties of vernieulite with refractive
indices between the extremes given were eonfirmed. Thue it appears
that Gold Butte vermiculites nesrly run the gamut of possible optieal
properties. It slso eppesrs thet a ehange from victite Yo vermieoulite
involves a M@Wa&a in specific gravity, refraciive indiges, and
birefringence and a marked golor shauge frem o dark to a lighter color
(nmxm dark brown w @amam yellowde

Optipal eherasteristies of vermieculite msy be summarized as
followes mi are ez%imw negative with a emsll 2V, The soute
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Table 16 ﬁ&fme*@:‘iva indloes and birefringenee of vermioulites

;ﬁw&m@%@m% Y= o~
ST ,

‘,..“_..'

Mineral, loeality and examiner

1.5285
1,528

L.587

Le84B 0.020
1: _‘55*3 Q-tﬁﬁz

1..552
1,857 Q,Q&B@
1.588

1,580 0,080
1573 0,081

1.0588 (0.087
1,608
1.807 . 047
1.581 0,020

1,607 0.0359

Vermiculi te, Bare Hills, ¥d.,Shannon

Vermieull te~hydrobictite,; Gold Butte,

Vermiculite, Freano, Calif., Tabst
Jefferiglte, Delavare Couniy, Pa.,lavsen
Hydrobiotite, Loolekop, 8. ifrieca, Gevers
Vermiculite,Corundum~Hill, ¥.0s, Lursen
Hiokeliferous vermiculite, Webster ,H.C.,Ro
Hyaroblotite, Haddam Neck, Berman
Bydrobiotite, Lovlekop,8, ifrica, Gevers
Yermionlite, Slenrock,Wyoming, Hagoer
Jefferigite, Yest Chester,Pa.,Larsen

Biotite-hydrobiotite,OoldButte, Nev,,Leigh

Jorvelation of speeific gravity, refractive index, snd totsl iron

of vermisulltes

14566
1,582
1,550
1807

1.808
1,588

Le607

o gravity | &V |#rotal o

™
Ge9
14.8
1846

16,9

Mineral, leoeality, ond exsminer ,
Hyérobiotite, Loolekoyp,8. Africay Gevers

%mﬁmmm,?r@ma, Calife, Fabat

Terniculite-hydrobiotite ,lold Butte Nev.,
Ieishton
Biotite~hydrobiotite,Gold Butie,Nev.,
' teighton
Hydrobiotite Lookekop,S.Africa, Govers

Bydreobiotite, Haddem Neck, Derman

Hydrobiotite, ¥Yyeming, Hagner
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blasctrix (X) is nesrly normsl to the perfect basal clesvage. Pleow
ehroiam is strony, uswally inercasing with the iron content. Refractive
indices and bivefringence are extremely variable.

Optically, vermiculites may be confused with chlorites and biotites.
The optiecal differences between chlorites and vermiculites are that
{1) vaumi@&liie& ave a1l eptically negative, (2) the birefringence of
ehlorite iszamnéiﬁ&raaiy lessg (B) the ¢hlorites sre usually green,
whereas vermiculite, unless nickeliferous, i$ gonerally not green under
transmitted light. Vermlculites differ opticelly from blotites by
generally having s lower birefringence and lower indices of refraection.
However, as ¢an be sesn by table 16 the twe minerals merge into each
othere

The bictite-vermicullite series should not be considered as mixtures
of end member “molecules®. This would be inconsistent with present
ideas of isomorphons ¢ation-exchange in erystal structures. Correlation
hetween chemleal composition and opticsal constants should be viewed in
this light,

From soanty dats it seems that iron sontent is the chief control
of refractive index. 4 vermiculite high in refractive index is also
high in iron, Because iren inereases in passing from true vermioulite
%o hydrobiotite to biotite, the refractive index also increases in that
direetion. The comparstive influence on the refractive index of iron
in 8 highay\a%aﬁe of oxidation to ivon in g lower state iz not known,
beesuse in all ah@mi@azranalgaaa of vermiculite iron in a higher state

predoninates,
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Effects of sdmixtures are diffieult to assess beesuse few vermiculites
gontaln sppreciable smounts of thess elements and in meny anslyses
these elemsnts have not been sought. However, Shannon balieves (1928,
Pe 4) that nickel increases the refrseiive indlees and bivefringence,
Thig is confirmed from inspection of the chemical mmalysis of nickels
iferous vermiculite from Febster, Horth Carolina snd isspection of
table 184 Though there is no direct evidenge of Tilg and Qraég
imar%ﬁﬁiag‘ﬁh& réefrastive lodeyr and specific @#ﬁ?ﬁty af the Gold Butie
vermiculite«hydrobiotite, this is suspected because of the extremely
low ivon gontent and the somewhat high speeifie gravity.

Hyperathone

Optiesl properties

Glags « Biazial
Sian - {=) ;
2v - 589 {esleulated)
Mapersion - {unak)
Refractive indices = In altered cortlandtite.
&Qg 14890 .
é?m ly?ﬂi
vz 1704
Birefringence - 4014 {moderate)
ABsorption -
‘Pleochroian = X red to brownish pink
Y= pink %o yellowish to eolorless
Zz pale green

Gomposition- whe%
giﬁ%ﬂﬂ“kmmww*%“ﬁ%&l&
ﬁl&ﬁﬁw~~wﬂm*mw~ 1,88
F Do mmmmens w4 o B0
Peghgmommmmewnwl¥ 04
CuDmmmmmsmmmnnn 0456
%@& 21458
o 1023 51

totalewe 98,80
VnOemmmmmnmeaapproxe Gel%
Spe Gre 3.855 = asalysts G, Ls Cheney
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Correlations ¢f optierl and chemlieal deda Tor orthopyrozsne
by six different authors 4o neot diffey materislly (Foldervaart, 1950,
ps 1078}, hence the determination of the cowposition of orthopyrozenes
by optical means appears to be reasocnably accurate,

Aecording to Lavesen and Berman {1934, p. 24L) the most reliable
optical means of detevinining ecomposition is by refractive indexs
Compositions indicated by plotting indices of refraction éﬁ a fdiagram
prﬁyarﬁafby Foldevvasrt (1950, pe 1068) are compared below with

gompositions deternined by chemical analysis.

Composaition from Poldervaart dhard Chemieal snalvsis
oxide whe% Bt.%
5104 - B8 810, - BB
Feld - 20 PeO-Fo 03 ~ 81+6
He0 - 28 Mg - 2148

Aluming, smownting to l.88 per cont, appesrs to be the only
important admixbture which might cause Yhe slight dispavity between
the true and theoretleal chemienl aﬁmyaﬁiﬁiﬁnsk

Hess believes $hat all natwal orthopyroxenes cuntaln about
18 per gent Cald [Poldsevaart, 19850, pe 1078)« The present asslysis

reveals only U.58 par cenl Cal,
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Diopside {from sitered sortlandtite)

Ontienl pronerties

Olaas -~ Biaxial
Sign = (4] ,
oy - 3680 {Universsl Stage) and
co 599 {calonlation)
Optic angle « %% {dlstinct)
Refpaetive indices - - Ao 1.689
= 1874
Y z 1.856

Birefringense T 0,020,008 {stvong)
Coloy = faint green tint
Pleochroliom - NG

Compositions=
e fgé
10 mweeBledb
1,12{}&*”% Os ﬁ&
Felmwewne § 88
Fe ggﬁgmmﬂ S84
Calemmnil o 88
fﬁ@ﬁwﬂm wainn], By OF
Kgewnmelrace
totale99,060

Bpe Gre = 3.34 '
imelysts G. L. Cheney

¥ost optical property curves for the {'iwmmmmﬁmbwgm% series
draw lergely from date on synthetic specimens. A recent dlasgrem
published by Hees (1949, p. 841) includes 13 new chomicsl anslyses
of natupsl ﬁlﬁ:ﬂ@@?fﬁ%%ﬁ%% belanging to this series, fowr lylng
within the diopside zoue,

If plotted on this disgram the extinetion angls, optic angle,
speeific gravity, snd £ aad Y indices of refrsetion establish
gompositions) values thot rm in cloze agrecment with those in
ghemignl analysiss The average gravhiesl composition is that of a

true dicpeide contaiuing 5 per cent Fe atoms of the total Ca-iig-Fe,
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the three major variables wnder considerastion. Un the other hand
the chemieal analysis contales spproximstely 18 per cent Pe atoms.
This is 8 sufficlent nuwher of Ye atome for salite, vet the optical
properties whilch were deterninad agres with those plotted for diopside.

Hither mueh of the iron is an impurity, or jg*a'f'ﬁ# unlike F@-%%! has
little effeét on the optleal properiies. o lmourities sueh as
ezsolution lawellae or limonite staing were notede Atcording to Hess
{1949, pe 626} 1f the ohemical analysis is accurste snd the material
soalyzed ia puve, the tobal suvber of 81 and Al ione will come within
about 2 per cent of eguuling the totel of other luns, exgluding O
ivnse The ratio of these two groups is BY01872, evidence of a
completely satisfuctory analysis.

Thiz de the Cirst analysis of g pyroxene known to gontain a greater
number of Fetd thay ret?, although Fet® is incivded in the total Fe
of the diasgras by Hess, the effect of ?@4$ on optivsl properbies ig not
the sewms 48 §@+g as polnted out by him. ¥rom snelyses 1 and 2 by
Bows it soenms that ?&*5 does not ineresse the indices in divvside
nsarly as mach &3 ret3, Hevertheless, & alwost negative effect on
refraetive indicesz meamred by this writer is aiffiault to explain.
it may be that anslyses are not numercus encugh to draw relisble
curves. &t least there seems no reason 1o suspect that all eptical
properties are im@é?y&@%, :

The ratio of CailMgife recaleulasted to 100 per gent is Uaggepn

Hgpe,y Feyp v Hess stalies that the per gent of Ca (of total Ca-lig-Fe)
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is close to G0 throughout the diopside-hedenbergite series. The
number of Ca dlons, 44.3 per eemt, is well within the range vublizbed
by Hess. The averase diopside awwwﬁ by Hesa is &a@?'ﬁ MgggFey 5,
the average salite analyzed is Cayg . MEgg o Fease

Hornblende {from perknite) |

Gobisal Provertiss
Glass - Blaxial
Sign - (=]
v - B2030' {ealeulated)
Dispersion -
Refraetive indices- (= 1,880

A = 1,689

Yy & 1.666
Birefringence  « 0.018 (woderate)
Adsorption - XLY<Z
Fleothroiem - yariable shedes of freen

Composl tion-
W‘i&@ﬁ_ ,
| B 0gmmnnndB 86
Al QuwweslB,54
Pobosoen 8,06
&Q&unﬂwmiﬁ.?ﬁ
fﬁ%@mww*nﬂn @,?’?
Wagﬁnm-m—n , ﬁ,&ﬁ
tobule=§7,89
Kglemapprox. 0.5
0~ * 0.5
Npeww ® B.1
Opmom @ 175 §

a@t’ 'aﬁr‘. Sedl
Anaelyst: G L. Cheney

The hornblende series is w&li*kﬁﬁwn for showing considervable
variation in composition. The prinecipal chemical feature which
churacterizes the aérimﬁ is the presenee of both Ca and Ve, the
formey predominating {Lersen and Berman, 1834, p. 220). So many

departures sre noted in the tables of physical end chemiecal properties
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of caleifercus amphibols by Winechell {1945, pe 38+43) that 1t does
not seem worthwhile atterpting any corrvelation, %o property or sed

of propériies appears anomalous in the light of these fables.

Serventine

Optical Propertiss

Class - Biaxiel
Sien - (*)
Refractive
Indices w 1oB8=),57
Birefringence = low
Color - tan
Jompesition- g@aﬁ
Bilgmavsmenedil 10

) M gaumm*ﬁ @\'4"%
j ' AR A O AR ﬁﬂ?g
E\i’@&»mwam"' [ %
5178 ¢ SRR 3‘0&8’

Yel /#mmﬂﬂw“‘wﬁw

@@aﬁ*ﬂ'ﬂﬂéw*ﬁ ﬁul@

ﬁﬁﬁmﬁg*»mﬁwzf;;%?

ﬁ ﬁwﬁwmﬂ*ﬂ* = 5&
% fotalene-09.59

Spe Gy : 2. w :
4nalyst: G, L. Cheney

Serpentine is considered by most minerslogists as the end wember
of the ehlorits $ﬁriea; 1t is the ﬁggrﬁag, Few and Alefres end of the
geries., It includes sntigorite and its dimorph chrysoliite, although
#h@ latter is orthorhombie snd is‘as%‘aaa$iiy ineluded within the

Both may be dlstinguished from the rest of the

gihlorite serieg.

ehlorite series by lower indices of refraction and the absence of
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pleochroism,. ¥ost, if not all the serpentine present is satigorite
which ¢an be distinguished from ehrysolite by its optiec sign and
lamellar habit. |

The chemical énézyaxa is in close agreement with the theoretiesl
formuia for serpentine, %gsﬁzgﬂsfﬁﬁ}ga which contains 43 per cent Mgl,
44.1 per eent 51i0p, and 18.9 per eent H,0. The 16 per cent of HgO is

unusually highe

Olivine {Forsterite)

Clegs = = Biaxial

Sign 0000 e}
av . = 88%graphical plot-Foldervasrt

o . and estlmate from optiec axis
.- tigure)
Refractive jndices - 4 gz 1,660
Birefringence = =« strong
Colorless . ‘

The solid solution a@riés a£«§$3a3§$@wfawsﬁﬁmita has been studied
thoroughly (Deer and Wager, 1989, p. laﬁaﬁ%kﬁﬁléervaayt,,lﬁﬁﬁ, Pe 1066~
1079), and variations of ﬁytiﬁaigﬁruﬁﬁrﬁiaﬁ with composition are known
with acoursey. The composition of the olivine was found by determining
the optie axial angle and refractive index and observing $heir position
on & composition-ontical diagram prepsred by ?ald@rvaart\§i%5ﬁ, De 1073},
Chemical results for both opbtical determinations were about the seme,
The olivine appears t6 be pure forsterite with no more thas § per cent
of the Pfayalite molecule, In wiew of the gquantity of secondary iron
asaoeisted with olivine and serpentine in thin seetion, an clivine

momber richer in iron is exrected. I c¢aleium were an Important
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aduixture, 1t wonid tesd €0 lvwar the index of rafraetion somewhat
{Earses saud Bovmas, 1934, pe RE0), tims lowsring t2e avpspent jivon
scptont on thy dlagrems Allowing for 5 per gont Cal, vhivk lo probably
moh $00 bigh, eatrapoletion ebows more thaa B pe sent iron ie prodably
»ut presest and dortainly o wors thar 180 per et
Elsgioalasn (ohief wariety in ultremaric vosks)

Slasy ~ Blexial

fign w {u}

. 4 » $0n90% {entimated)

Refraotive isdiees - Lg 3.543

A Y 2e¥R4

Biretrisgenes - 0011

Haxisos extinetion

angle » 399 {ioselomlevy method)

Thiy mineral aeries bes beun #tudkd in mors detail thun say other.
Gorveletions of optienl propertios with dhemisal sompowitios $o aimple
plagiosioss meabers should be yery seourate, Optisal date assenbled
above ggres slosely with one anothsr snd with velues given by surves
plotisd by Eennedy (1941, p. 568) and Poldervasrt {1560, p., 1088).
431 fall withis the wompoesiticnsl range AB o 90 with the axesption of
the bivefringense, whiok is within the limits of possible errors
dorived from messurement o refrastive indioes.
The shesiosl gompoaition, based upen optical proverties, is as
follows in wi, per sentk:
ot e e
AlgOp-~-Kl-3%

Columawnlé~18
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Besause plagioslase was an aceessory constituent of the ultramarie
rocks and because the chemieal composition of simple plagictlase
merbers 18 readily ascertained from optisal properties, chemical
anslysis seemed unnecessary. In addition, zonisg and istergrowths
are absent and provide no yroblen,

These factors may produce anomalous optical properties,; the
presence of Eg0, @Iﬁ@&&i?ﬁ‘ﬁlgﬁgﬁ and adwixtures of Fe, Ba and 8r,

A KgD content up $0 2 per eent epparently does not affect the optieal
gonstants of plagioclase (Chudoba and ﬁ&gmlé,'lﬁﬁ? by Yoldervaart,

1980, p. 1070} and, thereforse, is probably not an imporbtant fastor.
Exeeasive Algly is apyérﬁﬁtlw not ccmmon in normal plagioelase {Perrier,
1930 by Poldervasrt, 1980, p. 1070) and, therefore, is probably not
pregent here. Significant aduiztures of Fe, Ba, and Sr are absent

in other basic minerals &ﬁﬁyaa are probably also avsent in plagicelase,
‘ﬁﬁ?mﬁﬁﬁﬂﬁ o 1@§'ﬁ®w§$ratur@ modi fieations of plagloglase was shown

by Tuttle and E%ﬁﬁa {3%%&.‘p. 572-588) to extend only as high as

| Anpss therefore, ihis phenosencn would have no effest here.

Orizin of Gold Butte vermioulite
The minerals of the primsry unsltercd ultramePic rock are thought
to have besn @livéme, diopaide, epsiatite~hypersthens, borablende,
biotite, and magnetite-chramite, This aﬁnéluaiag ie based on the

mineralogy of the least altered rocks in the area, and on eomparison
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with the normal compesition of ultramafic rocks of similar eomposition
and modes of origine

Inasmuch as vermiculites are associated with only mafic minerals,
they méﬁt have formed at theexpense of ane or norve of them. ¥ros tadble 18
it is apperent thut chemieal additions and subtractions are necessary
to produce vermiculite-hydrobiotite, biotite-hydrobiotitg, or a

vermiculite intermediste between the two from gach of the malie minerals

¢hemically analyzed. However, if the bulk eomposition of all mafia
minerals in eertain proportions is oonsidered, only @ amsll amount of
gilica must be subtreeted and considerable potassium and water &déaé
to give either type of vermiculite., This supsests that vwrmi&mliﬁé
has altered from biotite by the progess of eation-exchange or has Pformed
from a combination of hornblende, hypersthene, diopside, serpentine,
biotite, and possidbly other mafic minerals with water being added
and sillea subtraected,
Trace elements shown in table 19 ﬁuﬁgly no tlues as to which minersls
did or 4id not take @art in the alteration. 411 ﬁdﬁﬁw&lﬁfﬁﬁﬁ%ﬁiﬁ at
least traces of the followlng minor constituents: chromium, titenium,
manganese, bsrium, nickel, vanadium, sirontium, boron, eopper, and
eobalt, Zireonun sad gallium are found in all except diopside and
hypersthens, Biotite-hydrcbiotite is the only mineral e&ﬁt&iniag‘laaé.
Because the majority of the peridotites are ﬁ@fﬁi@i@aﬁiy weathersd
$0 drusble readily in the hand, thin seetions could not readily be made.

fience gawples were ground and exsmined in immersion media under the
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Table 18 Comparison by weizht and volume of compositions of mafie minerals

Weight per cent

xide 1 g 3 4 | B 6
510, 40,3 34,5 [43.9 (53,1 (8l.5 | 40.1
Alg0g 11.8 1.8 115,5  | 1.9 | 0.8 Ded
o0 07 1.8 | 7eB | 408 | 1.8 0,7
FeyOg 10.3 1244 | Bl (17,0 | 9.4 | 0.3
aMs‘@ 17.4 36,5 8.8 (21,8 ,M‘(" 4046
G0 2.6 0,8 [12.7 | 0.6 2.7 | 1.0

» ;
K0 3.2 Ted | 0.5% - ;" 0.l
a0 1.0 2o | BuS | o~ = -
. Mg/eu ém';rxtw’b. p&‘? gent X 10 »

oxide S U I T S NS S
1810, 918 17 | 170 | 1780 §1780 928 ;
151,03 266 38 420 64 ‘ 16 9
Fe0 16 43 226 | 154 | 63 16
Fe,03 232 294 258 | 6v0 | B0 | 7
{40 390 865 21z | 725 | 46y 942
Ca0 59 19 395 20 | 728 23 i
Kg0 2 0 s | aet| - | - 2
Nagd 23 50 A7 - - - |

*aprroximate from gualitative speetrograph
{1} Vermioulite~hydrobiotite. Sp. Gr. 2,26
fﬁ) Biotita*hydmhiﬂtitﬂc Sp. Gr. 2.37
{3} Hornblende. 3Sp. Or. 3.1l
(&) Hypersthene., S5p. Gr. 3,38
{5) Diopside., Hp. Or. 3.34
{6} gﬁ@eﬁtiﬁ*. s})t Gra B.38
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Table 19, Y¥inor eonsbituents of mafic minerals®

A | B | @& B 5

0,05 0a1 0,001 0.001 0,003
0.01 0,08 0.l 0,08 0.1
0,008 0,01 0,001 | 0,001 0,008
0,01 0,01 - - 0.01
0.008 0.01 0,001 | 0,008 0,08

©§ 5 <F ¥

0.001 0,001 0,601 0,003 0,001
i » 0,001 - ] 1 -

&

0.001 0,001 LK - G.001
Gu 0.00% 0.001 0,001 0001 0,001
i 6.01 0,001 0,008 0.008 0,000
Go 0.001 | 0.001 0,001 0,001 0.001

*aualitative spestrogravhic anslyses by T. O. MeBurney.

Juantifes veported are approximately securate to the nearest fastor
of Len,

© A » Vemsiculite<hydrobiotite

B =~ Biotite-hydrobiotite

¢ ~ Hyperothene |

U = Diopside

E = Horpblende
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petrographie wmiercecope. Niercscopis study of these specimens from a
number of logaticns was made 10 determine the gverage eompsaitiona of
altered specimens. Comparison of the minerslogy of unaltered and altersd

rocks yleldrthe following resuits in volume per dents

Constituent Unaltered Altered
Serpaniine 6§ - 10 80
Olivins 30 -
Horablende~parzasite . 10-18 15
Aetinolite | 0 10
Diopside ~ 20 ]
Vermioulite 0 40
Biotite 10 0
Hypersthene Q -]
Enatatite 15 -
Hagnetite«~Ghromite 34 8
Galeiteoslagnesite - | 2
Other accessories b 58 2.

The most prominent minerslogic chenges in the sltered specimens
“are the addition of vermiculite, aa;ei%-mgmswe, attinolite, and an
{ron-rich enstatite (hypersthene), the deletion of biotite, olivine,

and enststite, the decreasc in smount of diopside snd magnetite-chromite,
the inerease of merpsntine, Three of thes: shanges are espocially

gignificant in the formation of vermiculite,
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1o Hiperals in additon %o m'imw biotite must have altered to
vermioulite.

:‘3» Higher peresntages of serpentine in less al tered specimens
indicate that serpentine has undergone alﬁemtwﬁ to vermiculite o
‘hes been extracted and consentrated ;iz;; other plages.

3. A8 indieated by thin seetion study and mﬁwxﬁeﬁ by quantitative
and gqualitative misroscopie away of erumbled spesimens, pyrozens
has altered to amphibole and serpentine. |

The ‘chemical ehanges shows in table 20 shed light on the natuve

dhanges involve both

of the mineralogile ahmg@m The most nvtable
subtraction and addition of elements., From the wnaltered material
iron snd $he slkalics have besn leached, and water and carbon dioxide

have boen added, 'The constengy of

g0 is noteworthy. These changes
guggest supergene vather then hypogene alteration, There is no surface
indication of the fate of the materisl leached from the rodk,
I he chemieal data ave significant the following mineralogie
inferences can be madet
1. ¥eo new gl was inbroduced during wmm&;%ma%im; f
8. HNost of *%:Sm Kzﬁ has been subtragsted from biotite,
B ?%m%%’img of vermioulite and serpentine adevunt for
the inmeressed water eonteni in the aif.wm@ oK,
4+ The souree of the iron that has been exbracted is not
restricted to sy ose mineral. It has come from some
sombination of magnetite-chromite, blotite, diopeides
bedenbergite, snd olivine,



Table 20 Chemical changes in alteration of peridotite

T iy 10 ) ) I

| Oxide wsd | mafou emd W% » ng/eu omt
310, 4.6 1390 43.6 1370

A0, 2.5 7% 4 123 |
¥el 0.8 85 1.8 34
Foply 19.8 617 10,8 297 |
Mgd 20,3 640 21.8 617 |
Cad 4.9 154 47 153 |
Kgo 4.3 138 0.1 3

'Hagd 2.0 65 0.7 20

Org03 0,28 8 0.5 14

c0g 0.08 ! 3 2.7 76

Hg0~ 0419 2 8 4ot 124

‘Kaa-»- Q20 8 5.8 156

Total 98,78 é 99.9 i

1. Unpltered matorial, 250 feet HNE of cabin, Bulk density-3.18.

2. Ailtersd material, aversge gomposition of samples studied
under microseope, Bulk density - £.88,

lMillisrama per cubic eentimeter ia equal to the weight per sent
muitiplied by the bulk density times 10,
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8¢ If acrpeniinization ocours without substentisl change in volume,
it appears that the formation of serpentine involves the removal
in solution of Welb and 31@3. Beosuse the amount of Mgl has
deoreassed only slightly in altered peridotites, some g0
must have entered another alteration yroduct, the most likely
one being vermioulito.
4s stated earlier, vermioullte peesend in the perknites is g blotite~
hysrobioctite. It appears that bMotiteshydroblotite has Tormed directly
from blotite. Bufficlent Kpl to fornm biotiteehydrobiotite is not present
in sny other primaryy mineral, and biotite-~hydrobiotite im s stage of
alteration not far advanged beyond biotites
Gould not biotite-hydrobiotite have been devosited as such? 4
serious objection is that no interlayer water can be retained above J00P Oy,
and that much of the Lotal water content escapes st Ytemperatures as low
as 105° to 110° ¢. upon prolonged heating., Temperature of formation is
thus an important fagior. Under magmetic eonditions only erystal lattice
water san be retained; hence hydrobiotite cannot form. But if the envirop~
ment is epithernal, hydrobiotite could theoreticelly be deposited, sllowing
that Kg@-ia somewhat scaree and that all essential eonstituenta are present
in sufficient amomnts, Strong testimeny azainst such an origin is Iurnished
by the rendom interstratification of biotite and vermieculite layers, the
implidation being that the mineral bas developed vermiculite layers
through the altecation of an initial pure biotite structure. ¥urthere

more, inasmmueh as some of the bictite-hydrobiotite in the perknites is
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sarly and probebly megmatic, at lsast a portion of the mineral must
have altered f£rom biotite. Comsidering the pronounced eation~exchange
property of vermiculite and the likelihood of reversals in the exchange
process under shangiag envirommeatal conditions, the congept of direct
alteration to the preasent compoaition of hydrobiotite would be an overw
simplification of the oase,

Decause the relatively pure apecimens of verniculite oeour in or
sontiguous to serpentinized rooks, vermiculitizstion is likely related
0 ssrpentinization. Field relations reveal that serpemtinization
panifests itself wholly within the ultramafic rocks. Serpsntinized
rook is not restricted to the tore of the ultramsfic bodies as has
been reported (Gevers, 1948, p. 160}, It shows s baphazard distridu-
tion unrelated %o rock sontacts. However, it is nowhere, as far as cen
be determined, in direct eontact with large pegmatiles infected into the
ul$ramafic rocks.

In the light of laboratory investigations by Bowen and Tuttle
{1949, p. 439-460) serpentinization is not a late magmatic or deuterie
proeess, but rather a process involving hydrothermal solutions derived
from nearby sediments or fros intrasive bodigs of granitic magua. Faets
prought out by Bowen and Tuttle which seem appiicalle here are as followsi

1. A4bove B0O® C. olivine-snstatite mixtures cannot be converted
$0 serpentine by sny means,

2. Ssppentine can form from olivine-enstatite mixtures under the
agtion of »ure water.

5. Replagement of both olivine and enstatite precludes the

pogsibility of gutometascmatism,
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Therefore, it seems ressonable to assume thal serpentinization of the
peridotives in question bas not been produced by autometasomatism but by
low temperature highly aqueous solutions. Hecause nearby granitic and
pegmatitic intrusions ure avallable us a aouree of waler, serpentinization
is believed due t0 the introduction of magmatie water into the ulirae
mafic mass, Hydrothermol sotivity is so intimately assosiated in time
snd space with pegmatitic aotivity that it can be differentiated only
on the basis of its mineral products such as serpentine,

Serpentine not only ocecurs as a constituent of the periecdiite
proper, but also as megascopic veins which cut westhered peridotite.

4 typiesl vein exposed in a trepnch 1850 feet east of the eabin contains

a central zone, 1% to 5 inshes wide, of almost pure serpentine. The
seypentine is pale gresn, fine- to medlumegrained, end flsky. Sharply
in contact on both sides are dark green somes half an inech %o one inoch
wide. Dark browa vermiculite is the most abundent minerel in this

zone, comprising over 60 per eent by weight, Scrpeatins averagss 30

per sent and actinolite 10 per ¢ent, The texturs of this zone iz similar
to that of the eentral zone. Frogresaing outward the vermiculite«ssrpen-
tine~actinolite sone grades into typieal altered peridotite within a
distange of one inch. Discontinuocus hyp@rstheaewriﬁh gseams of relie
sountry rock are in places present between the two inside zones,

showing that walleroek has been replaged and that we are not dealing

with a,sim@la~£zasuran£1;lingg From the essentially matching “walls®

of the vein, the symmetry of the $wo sides, and the changing mineralogy



and chemicsl composition outward from the senter, it seems that a portion
of the eentral aserpentine sone waav ge an open sonduit,
Obviously, there has been a rearrangement of material, taking
plage within the peridetite hodiea. 3%@ of the serpeniine whose absenge
in the aliered poridotite was unsoeounted for, has agamﬁaﬁ? moved
in solution and been redeposited in velns which transect the Cormer
altered mass., Uafer solution aﬁaam, the walls of the solution channel~
way have altered to & different mineral assemblage. Thus sucsessive
gones of glteration have furmed mma from the solution chancel,
Assuming that the sltered mones were formerly of the same chemical

composition, shemiesl anslyses in table 21 reveal the chemical changes

whieh have taken place. s transfer of 'm%amai has coturred between
zones. The most conspicuons ehanges ave the addition of Mgl end HO
into the wall-rock, and the subtraetion of iron ami siliea from the
wall=rotk.. '

The spage relations of mineralogle changes indueed by selutions
are determined by a number of variables, %o witin: 4the nstuwre of the
golution and the wall-reek, the temperature pressure relations, and
the eharsster of the fissuve, Exmmmg these variam@a one by one,

the following vpointe are inferred:

1. Inasmich aa Mgl inereasss outward and ssrpentine ig the
oaly mineral stable in the particular chemiesl environment of the

eentral zone, soiutions must have been Mg~rich. They may be regarded



Table 21 Ohemical chenges in alteraticn by serpentine wein.
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oo e St ot i

{ (1) {z) () 8 T (8]
Oxide 2 7% ngfou omt | wt.b ng/ew cm* | Wb g}mg/wu et
810 40,1 930 se.3 | 820 43,6 1230
- AlgDy 0.t 9 Be6 el 448 “ 119
FeO 0.7 16 15 54 1.2 | 34
Fegls ’ 0.3 7 0.2 | 5 10,6 297
Hes % 4046 940 377 , 851 2.8 817
Ca® L.l 28 5.8 3 13 47 | 133
Kg0 0.1 2 140 1 83 0.l 3
- 00y 0.1 % 0.9 20 2.7 76
Hg0- 15,8 360 ne | e 5.5 | 158
Hg0w 0.83 18 1.0 25 4u4 124

1. Berpentice in sentral vein Zone,

2. Vermisulite~serpentine-agtinolite zone.

3. Rook unaffected by wein solutions.

Bulk density 2.83.

Bulk density 2.582,

;%illigrama per ocuble sentimeter is equal %0 the weight per cent muliiplied

by the btulk density times 10.



as the product of deliquescence of the ultyemalic roocks under the
influenee oOf agueous liguids migrating out from intrusive magnas..
They were probably dilute in their sarly atagea,‘huzbiater begane
relatively immobiles |

8, The wallerock was uliramafic with a chemical somposgition
indicated presumably by the leagst altered rock outward from the
channel, Only a small width on both siﬂa# of the channel has been
affecteds |

8. Temperaturc was alweys less than 500° G. Stress was not
active during mineral formation as shown by the random erianﬁatigﬁ
of serpentine and vermioulite flakes.

4. Seaus of reliet eountry reck limi'b the width of the fam&r
c¢hannel 4o thraabtnches, shieh is the average maximum width of the
centrsl zone. As a result, most of the ssrpentine in the eentral
zone may not be & replacing minsrél, tt rather @ fisauruutlllingw
Forthermore, the minerals just outside the oentral zone bhave replased
minerals of the wallw~rotk. |

The amaua% of materlial that has ®igrated to and from the wones
cannot he estimated, bevause the width o0 the former shannelway is
unknown. HNevertheless, a few qualitutive conclusions are in order.

Symuetrical zones of slieration such as these seem explainable
only by diffusion of materfaX #hrough pore solutions, This movement

by diffusion depends upon u consentyration gradient indussd prinecipally
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composition or tempersture, 4

by &ifferences of elther chemivel
nearliy isothermsl e&z&é%i&m srobably prevailed beecause of the relatives
1y rapid hmﬁgg of the wall by hydrotherssl solutions and nesrby
maguas. Composition gradiesnt is belleved t¢ have been the chief

gontrel of diffusion.

If silice is to be removed from the wallerosk, it is cnly
necessary that the pore sslution 1n the wall-rook be more nearly
saturated with silica than the solutions moving through the fiseure,
Basause the wl&;%ﬁm we ave dealing with are Mg-rich, upon paseing
throuph an iron-vrich rook ¢ation-~exchengs would be promoted; the
*g"'a of the solution moviag outward and perhaps proxying for Fet?
which moves inwsrd. Inasowch ss the replacsd rocks originally gvatained
Cal, aetinolite and serpentine would form. ALs the solution bedoues
gupersaturated with Mgl and relatively immodile, serpentine would
be precipitated within the fissure. Diffusion of ¥gl cutward would
take place uatil all the Mg0 in the fisewre bad precipitated or until
the ¥gl congentyation in the wall-rock was eguslized.

The foermstion of aetinolite is usuglly sesumed $0 be & rather
high temperature hg@m%@m&l phesomenon. This suggests that vermisulite
was formsd at s later date than setinolite, beceuse vermiculite is
not steble sbove 1609 G, If this be the omse, m% gﬁwmxm is
thet vermiculite is & weathering produet of actinolite and serpentine.
Hogever, the amm:&m gomposi tion of aetinolite and awmtma. and

the sonal W&atmm&m@a in sprace and time militate againat such s view,
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The chemieal zonal relationships, especislly the inecrease of Mg
and HpQ in the inner zonss, suggest that vermiculite and some serpentine
formed while ﬁyﬁw‘%mmﬁ solutions were still astive and the temperas
ture had dropped below 150%9 €. Thue, the zonal vermiculite must have
g Complex paragenetie history, for it formed from the resonstiiutios
of some eombination of blotite, serpentine, diopside, hyperathene,
and possibly setinolite, Serpentine, hornblende, snd blotite arve
believed to be the essential contributors, slthough wany questions
regarding the parsgenesis are lel't unanswered.

Although vermiculite in thin sestions of perknites appears 1o
be replaging sevepal of the shove minerals, the ysactions are muoh
. more complex than simple substitution, invelving substantes not
gontained in either wermioulite or the host mineral, In the same
way, a orystel of vermiculite growing within the outer zone of the
yein owes part of its mbstance (water and some masnesial to the
impregnating solution snd part of its substsnece to minerals initislly
present in the host rodk.

Evidence is socumulating that serpentine formed over s longer
$ime iaterval than other hydrothermel eonstituents. High snd low
~ tempereture formastion of aetinclite and vermieulite, reapectively,
durisg serpentinization, probable itranssetion of g;é&ﬁ@ua}.y gor~
g@ﬁmmimé waterisl by veins of serpentine, snd the ocowrrence of
gerpentine in outer and inner zones of veins - all support thie view,

- Tew or more epochs of serpsatinizetion are possible but not probable.
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The evidenss presented thus far definitoly favers a hydrothermal
rather than g meteorig origin for vermiculite, In mummary form, the
evidence favoring hydrothormal origin is listed below.

1., Zoning relationa of vermiculite and olber minersls in
serpentine veins suggest cooling hydrothermal solutions.

8., The relatively pure forms of vermiculite cesur in or next
0 serpentinized rouks,

3. Vermiculite is more abundant and goarser adjacent $o pegmatitie
diopaide snd plagioolase veinlete which orosseut the badly altered
paridotite.

4, Vermiculite is most sbundent and pwrs where large pegmatites
occur, as in the southeastern purt of the ares.

5, Vermiculite flenking one large pegmatite decreases in quantity
and quality sway from the pegmatite and zrades into bii@inal ultramafice
minerals,

Such evidence would seem %o rule out a meteoric br:tgm.' However,
the faets that caliehe velns oeoupy fractures and formeyr assrpentine
veing, and eontain the largest and purcst books of vermiculite in the
area, strongly suggest that vermiculitization has progressed along the
veins by meteoris means,

Gevers (1948, p. 168) oitea as evidence against a meteoris origin
the varicus degrees of alteration of hhlagopita %o vermiculite Yaterally

at the surfave. To0 this writer suoh chemical variability, if heterogenscus
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and not zonsl, refleets differential cation-exchenge, All gradations
from almest pure vermioulite to bletite-hydrobictite within the same
veln sample is move in keeping with o hyvothesis of meteorie alterg-
$ion iay eation-exechange. In the interlayer a‘&mﬁma of the vermiculite
analyzed from the wveins, Cet® and Met? ave the replacing cations. Both
are available in the ¢aliche which surrounds the orystals.

Other faota which suggest a meteorie origin ave as followss

1. In all esliche velns vemmiculite is oriented with its maximum

dimension paraliel to the veln. |

£+ Serpentine was never found transecting vermiculite flaken.

3. In some Warmiwliw flakes penetration of water a&m@ ¢leavage
lines could be followed unded the mieroscope by mesns of the trages
of oxidation left behind. |

In summery, it is believed that meteorie solutions sontinued the
process of vermioulibimation after bydrothermal activity csased and
perhaps, in some eases initisted its In order %o vrove thut any
of the vermiculite is wholly supergene, it appears that vemsioulite
would have 0 be found crossceutting the ¢aliche, Certainly, this
relationship would be very 4iffieult to identify, if present.

Although there is evidence that some of the ¢aliche velns were
onge cccupled by serpentine, obviously serpentine 19 not the direet
parent of vermieulite, The extreme poverty of ,mv;aemma in iron,
alummm; and potassium is & bar to such an origin. Biotite is the
enly eltramefic minersl wvieh isn sll these constifdents end is,

therefore, the most likely direct sncestor of vermicullte.
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The fact that all samples examined in the whole area show etther
bietite interlayered with vermiculite, or man»axggﬁd&bi& biotite
slong with vermioulite is perbaps the most opnvincing evidence that all
vermiculite has alteved from biotite, which in most cases, is an
intermediate produet in the alteration of other ultramafic minerals.

Vermieulitization of biotite involves the following chemicel
¢hanges:

1., FProgressive subtraction of the slkalies, mainly Kg0.

2. Hydration and formeation of loovsely-bound interlayer water.

3. Progressive oxidation of ferrous to ferri¢ iron.

411 varieties of vermiculite at Gold Butbe reflect the degree to
which these ¢hanges have been carried, cation-ezchange being the
essence of the process.

In view of the faet that vermiculite mey have a hydrothermal
or meteoric origin, it may be much more common than heretofore

suppoged is sltered biotitic rocks.
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OGIVES OF THE EAST TWIN GLACIER, ALASKA
THEIR NATURE AND ORIGIN®

FREEMAN BEACH LLIGHTON
California Institute of Technology

ABSTRACT

The perfection, fine exposure, and unusual accessibility of ogives on East Twin Glacier, Alaska, malke this
an exceptional place in which to study the nature and origin of this phenomenon. The origin of ogives is dis-
cussed, and previous hypothcses are critically analyzed. With the exception of a hypothesis first suggested by
R. T. Chamberlin, that ogives arc the surficial expressions of shearing planes, no other hypothesis satisfac-
torily accounts for the fact that these ogives are exposed edges of layers of denser and dirtier ice than the in-
tervening layers. Concepts of glacier flow evolved by Demorest provide a reasonable mechanism for un<ler-
standing their formation, namely, periodic obstructed extrusion flow down-glacier from an icefall. Debris
which was originally basalis believed to become, by upthrusting and ablation, the surlace manifestation of

an ogive.

INTRODUCTION
TERMINOLOGY

Agassiz (1847, p. 216) first applied the
term “ogives’” to the series of curved
layers of debrisrich ice whose surface
manifestation in the ablation arca of a
glacier resembles large-scale pointed
arches. This usage is believed to have
special merit and will be followed in this
paper. '

Ribboned structure, alternating thin
bluec and white ice layers, was considered
to be a type of ogive by II. and A.
Schlagintweit (1850, pp. 78-86, 101), but
this broad usage has rot been followed
and is undesirable. Ribboned structure is
a distinct phenomenon in occurrence, if
not in origin. Most glaciers form rib-
boned structure; few form ogives.

The terms ‘“dirt bands” (Forbes,

* Manuscript received February 28, 1g31.

2 Actually, the term appeared earlier in an article
by M. E. Desor (1843, p. 308).

1842, p. 8g), “Forbes’ dirt bands”
(Quincke, 1gos, p. 543; Fisher, 1042, pp.
i-17), and “periodic annual banding”
(Washburn, 1935, p. 1885) have been ap-
plied to the features herein called
“ogives.” “Dirt bands’ is an unsatis-
factory term, because it has also been
widely applied to annual dirt layers in
stratified firn and ice. These are the Ger-
man Schmutzbinder of present usage.
“Ogives” has priority over all the other
terms mentioned and has the further ad-
vantage of identical form in Tnglish,
French, and German.

In addition, “periodic annual band-
ing” and “Forbes’ dirt bands” are not
entirely apropos as.terms. The annual
formation of an ogive has not been
clearly demonstrated, and it is controe-
versial whether J. D. Forbes, for whom
“Forbes’ dirt bands” were named, was
their first discoverer. With the exception
of Tyndall (1876, p. 130), nineteenth-
century glaciologists attributed the first

PLATE 1

Aerial view of Taku glacier system, looking southwest. Lettered locations: A, East Twin Glacier; B, West
Twin Glacier; C, Taku Glacier; D, Twin Lake; E, Taku Inlet; F, approximate location of Juneau, 24 air

miles from Twin Lake. U.S. Air Force photograph.
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recorded mention of this feature to
Guyot* (unpublished paper, 1838) and
Agassiz (1840, pp: 120-121). The fact
that Agassiz and Guyot failed to dis-
criminate between ribboned structure,
primary stratification, moraines, and
ogives may have been largely responsible
for the resulting variance in nomencla-
ture.

Subsequent authors have also con-
founded ogives with dissimilar phenome-
na. Russell (1897, pp. 43—44) apparently
confused ogives with the outcrops of pri-
mary stratification on Sierran glaciers.
Fisher (1942, pp. 1-17; 1947, Pp. 137-
145) confused what he termed “Alaskan
bands” with what in reality are ogives.

“Margins’’ as used in this paper refers
to the lateral margins of a glacier. “Lat-
eral moraine’ refers to the accumulation
of debris on and within a glacier along its
margins.

SCOPE OF WORK

This study of ogives is based upon
brief observations made during the
Juneau Ice Field Research Project of
1949, sponsored by the American Geo-
graphical Society and carried out under
contract with the Office of Naval Re-
search, with the active co-operation of
the Department of the Army and the Air
Force, the Forest Service, and other
civilian agencies.

Ten days, September 4-13, 1949, were
spent on the Twin Glaciers, six of which
were devoted to studying ogives. Since
then an extensive study has been made
of the literature. Although the paucity of
field data is recognized, it is felt that the
field data and information compiled from
published observations as interpreted
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here in the light of modern concepts of
glacial mechanics constitute a contribu-
tion to the understanding of ogives.

PHYSICAL SETTING

The East Twin is a small valley gla-
cier, roughly 3 miles long and an average
of 1 mile wide. Its source is the same ac-
cumulation area as the West Twin Gla-
cier, which is roughly parallel in position
and symmetry (pl. 1). Both descend ice-
falls and calve icebergs into Twin Glacier
Lake. These are the only two glaciers in
the Taku system that form ogives. Be-
cause ogives on the East T'win are regu-
larly spaced and conspicuous and those
on the West T'win are irregular and indis-
tinct, the former were accorded particu-
lar attention and will be described here.

Roughly 2 miles above its terminus,
East Twin Glacier descends 1,100 feet in
a horizontal distance of 1,000 feet as an
icefall over a steep, narrow cliff. The
ogives occur below this icefall. Inasmuch
as the zone of the icefall is believed to be
a critical factor in their formation, atten-
tion will be given it first.

DESCRIPTION

THE ICEFALL AND ITS RELATIONSHIPS

Above the icefall, the East Twin Gla-
cier is broken by tension forces into a
great number of curved crevasses point-
ing up-glacier (pl. 2). No glacier-wide
crevasses are present above the icefall; in
fact, none extends even half the width of
the glacier. In the course of its descent
the ice becomes so badly shattered and
disrupted that no crevasse retains its
identity (pl. 3, 4). Even seracs in the
upper icefall are pulverized by the cas-
cading.

PLATE 2

Ogives of the East Twin Glacier. The definite ones are numbered. U.S. Navy photograph.
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Although the firn limit lay at least
1,000 feet above the icefall, the disin-
tegration within the icefall was so com-
plete that all evidence of the dirty sum-
mer surface on the glacier was destroyed.
Moreover, there was no visible contami-
nation of ice within the icefall by morain-
ic debris to the depth of observation of
roughly 75 feet.

In an icefall the ice is necessarily thin-
ner than at places either upstream or
downstream therefrom, because in-
creased velocity is accompanied by de-
creased thickness. Owing to extensive
exposures of the bedrock riser which re-
stricts the icefall to a narrow gap, it is
not likely that the icefall is very thick.
This would imply that the ice is also
broken up in depth and that plastic flow,
if present at the base, is not considerable.

For 3,000 feet below the foot of the
icefall, crevasses are lacking except along
the glacier margins. Ogive banding is
also absent. The glacier surface is firm,
unbroken, and relatively clean, only the
margins being strewn with detritus.
Roughly 1,500 feet below the icefall the
glacier surface becomes mildly undulat-
ing. A series of indistinct pressure ridges
are faintly outlined by narrow discon-
tinuous white bands, which represent
residual accumulations of snow on the
south sides of the ridges. Small ponds oc-
cupy the depressions between several
ridges.

The ridges are 200-3500 feet in width
and four in number. They are crudely
concentric, pointing downstream, and
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gradually become cuspate toward the
glacier sides. Short crevasses cross the
crest of the downstream ridge at right
angles to its trend.

The ridges die out 3,500 feet below the
foot of the icefall, and they are succeeded
by the first faint appearance of an ogive.
This transition from pressure ridge to
ogive is gradual, and the general rela-
tions suggest that the down-glacier sides
of the ridges become ogives and that the
upstream sides, including the narrow in-
tervening troughs, become the cleaner
bands. The termination of pressure ridges
also marks the beginning of intense trans-
verse crevassing. This is believed to be in
response to topographic control, inas-
much as a resistant bedrock ridge pro-
jects transversely from both sides of the
glacier 3,500 feet below the icefall and
narrows the glacier perceptibly. Beyond
this ridge the glacier floor again appears
to increase in gradient.

OGIVES

East Twin ogives are most striking
when viewed from an elevated position
(pls. 1 and 2). Traced downstream, they
at first become increasingly distinct, but
farther down they gradually become less
distinct. Fifteen successive ogives were
definitely identified and are numbered in
plate 2. Pressure ridges just below the
icefall are believed to be incipient ogives.
These and the remains of several other
ogives in the terminal portion, if in-
cluded, would bring the count to twenty
ogives in roughly 2 miles of glacier.

PLATE 3

4, Middle portion of East Twin icefall.

B, Lower East Twin Glacier viewed from west bank. Discordance between bands at far right is an optical
illusion caused by foreshortening and unevenness in the glacier surface.
C, Longitudinal section of East Twin terminus. Remnant ogive stratigraphically below most prominent

debris layer.

D, Ogive ice on left; bubbly, white ice on right. Twin Glacier.
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Plate 2 reveals the remarkable regu-
larity of size, shape, and spacing of the
ogives. They are mostly 250-350 feet
wide in the center of the glacier. This ap-
proaches the average width of the inter-
vening areas. Ogives near the icefall are
lunate, becoming gradually more para-
bolic toward the terminus. Unlike the
ogives viewed from air photos of other
Alaskan glaciers, these did not become
more closely spaced or more hyperbolic
toward the terminus. The ogives die out
before the terminus is reached, as a result
of intense crevassing preparatory to ice-
berg calving.

All narrow toward the glacier margins,
and most of them lose their identity upon
merging with the morainic debris of the
margins. On the east side of the glacier,
where the margin is relatively clean,
ogives §-11 could be traced up-glacier as
narrow subparallel bands, which finally
coalesced. It was possible to follow ogive
17 to a point opposite the apex of ogive 3,
a distance of almost 3,000 feet.

Lateral morainic detritus ismuch more
prominent on the west than on the east
margin of the glacier (pl. 3, B). Aprons of
avalanche debris on the west margin at
the base of the icefall have been dragged
into arcuate stringers by the more rapid
movement of the center of the glacier.
Farther down-glacier, concentrations of
morainic detritus emphasize and coincide
with the west sides of the ogives. Itisalso
present in intervening areas, but in most
cases it does not extend so far toward the
center of the glacier in these areas (pl.
3, B). Hence the ogives appear to incor-
porate more morainic detritus than do
the intervening areas.

A traverse was made of ogives from
the terminus of East Twin Glacier to
ogive 8 (pl. 2). Measurements and par-
ticular observations were made of ogives
8, 9, and ro and of the intervening areas.
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The distinction between ogives and in-
tervening areas is relative only, but the
following general differences are noted:

1. Ogives are composed of denser and
dirtier ice than the intervening areas (pl.
3, D). The difference in color is imparted
by the concentration of debris in ogives
and by the contrast between the pre-
dominantly bubble-free blue ice of ogives
and the predominantly bubbly white ice
of the intervening areas.

2. Debris within the ogives is more
abundant, coarser, and more evenly dis-
tributed than in the intermediate areas.

3. Owing to differential ablation
caused by a difference in albedo, the
cleaner and whiter intervening areas pro-
ject a few inches to a foot above them
(pl. 3, D).

Ogives &, 9, and ro are nearly spoon-
shaped structurally, dipping 70°-80° to-
ward the center of the glacier at the mar-
gins and 35°-50° up-glacier at the ver-
tices of the ogives. They are conformable
with the intervening layers and with the
ribboned structure, which is less con-
spicuous in ogives than between them.
The average true thickness of ogives 8, 9,
and ro measured 240 feet and that of the
intervening areas 255 feet.

On a small scale, ribboned structures
resemble ogives, inasmuch as dense,
bubble-free, blue-ice layers alternate
with bubbly white-ice layers. The blue
layers of ribboned structure have long
been attributed to differential move-
ment accompanied by recrystallization
through refreezing of meltwater pro-
duced by friction along shear planes
(Philipp, 1920, p. 439). For this reason
the blue ice of ogives is also considered
ice that has recrystallized in this manner,
with elimination of air bubbles.

Excavations showed that the surficial
debris of ogives is derived from the ice by
ablation and not from an extra-glacial
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source. The surficial debris is predomi-
nantly angular and poorly sorted. Sizes
~ range from clay and silt to boulders sev-
eral feet in diameter. The clay and silt
are rather uniformly distributed, and the
coarser debris is localized along certain
layers. Concentrated superglacial de-
posits of coarse sand and pebbles form
debris cones. Striated cobbles and boul-
ders suggest that some of the detritus
was once subglacial. Ogives also contain
bubbly-ice layers up to 25 feet thick
which are mostly debris-iree, but a few

TABLE 1
SECTION OF PART OF AN INTEROGIVE
IcE LAYER :
True
Thickness
Type of Ice (Feet)
Clean, bubbly white ice. ... .. .. 12
Bubbly white ice with many par-
allel thin dirt layers....... ... 4
Dirty blue-icelens........ . .. 1
Clean, bubbly whiteice........ 14
Bubbly white ice with many par-
allel thin dirt layers. . .. .... .. 4
Dirty blueice................. 2
Clean, bubbly whiteice........ 18
Total, ... ... ... ... ... . 55

contain dust and silt. By contrast, all the
blue ice contains layers of debris parallel
to the ogive structure.

Dirty ice in the relatively clean ice
areas between ogives is of two types:
first, parallel dust and silt layers o.25~
o.50 inch thick within white, bubbly-ice
layers and, second, debris-laden blue-ice
layers and lenses. The debris in nonogive
areas is similar to that in ogives, but less
abundant. The clean layer between
ogives ¢ and 10 measured 306 feet in
width and 252 feet in true thickness. The
section in table 1 of a part of this layer
adjacent to ogive ¢ is believed to be rep-
resentative.

The dirt in all the glacier ice is so small
in amount that it has often been mistak-
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enly assumed that the surficial debris
must have been introduced onto the gla-
cier surface from an outside source in-
stead of being concentrated by ablation
(Forbes, 1842, pp. 348-352; Tyndall,
1876, pp. 127-132; Scherzer, 1907, pp.
s50-60). The difficulty in tracing the
ogive and nonogive dust and silt layers
in depth is analogous to the difficulty in
detecting annual dirt layers in pits dug
in firn. In such pits it may be several
days before ablation concentrates the
debris sufficiently so it is visible on the
pit walls.

Where East Twin Glacier enters Twin
Glacier Lake, a striking longitudinal sec-
tion of the glacier is exposed (pl. 3, C).
Debris planes are clearly shown, dipping
upstream. The most prominent debris
plane pictured is believed to be the upper
surface of an ogive, because, stratigraph-
ically, below this debris plane is the
dense, dirty,schistoseice characteristic of
ogives and above the debris plane are the
bubbly, relatively debris-free character-
istics of ice between ogives.

HYPOTHESES OF ORIGIN

Ogives have been reported from valley
glaciers in the Alps, the Himalayas, Can-
ada, the United States, Alaska, and
Patagonia and are therefore a feature of
wide geographical distribution. Six con-
trasting hypotheses have been advanced
to explain the origin of ogives, as follows:

1. Ogives are original dirty layers in
the firn carried through an icefall or re-
stricted channelway and eventually ex-
posed by ablation in the lower part of the
glacier.

2. Ogives are surficial bands related to
alternating zones of porous and compact
ice formed at the base of an icefall, with
dirt of surficial origin lodging in the
porous ice more readily than in compact
ice.
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3. Ogives are formed by surficial con-
centration of debris in depressions at and
below an icefall.

4. Ogives are glacier-wide blocks of
dirty ice which are separated by the
clean, snow-filled crevasses of an icefall.

5. Ogives are formed in an icefall by
alternate winter snowfalls and summer
dust accumulations.

6. Ogives are the surface expressions of
shearing planes and associated phe-
nomena of glacial flow.

All hypotheses were first developed
from study of ogives in the Alps, with the
exception of no. 5, which has been ap-
plied only to the ogives of East Twin
Glacier, Alaska. Hypotheses 3 and 4
have subsequently been applied to Alas-
kan ogives. All except hypotheses 2 and 6
have had proponents within the last two
decades.3

ORIGIN OF OGIVES OF EAST TWIN GLACIER

Any plausible explanation of the East
Twin ogives must account for the follow-
ing characteristies: (1) location down-
valley from an icefall in the ablation
area; (2) continuity across the width of
the glacier; (3) three-dimensional char-
acter; (4) regularity in size, shape, and
spacing; (5) thickness in excess of 200
feet; (6) dip up-glacier and inward from
the margins; (7) complete disruption of
pre-existing stratification in the icefall;
(8) gradation from pressure ridge to
ogive; (9) layers of dense, bubble-free,
seemingly recrystallized ice; (10) coarse-
ness of detritus; (11) abraded clastics;
(12) increasing prominence and increas-
ing abundance of detritus down-glacier
to the terminus.

1. Stratification hypothesis—This is
the only hypothesis which does not de-
mand the presence of an icefall up-glacier

3W. V. Lewis (in Orowan, 1949, p. 239) by infer-
ence seems to favor a shear origin.
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from the ogives. This hypothesis, origi-
nally proposed by Agassiz (1847, pp.
205-218), was subsequently supported
by Hess (1904, pp. 169-178) and Vares-
chi (Godwin, 1949, pp. 325-332).

Hess formed miniature ogives experi-
mentally with layers of red and white
wax. From these experiments he con-
cluded that parallel horizontal firn stra-
ta, moving from a wide firn area into a
constricted valley, would become thick-
ened and spoon-shaped and that the
dirty layers would be accented through
the removal by intensified ablation of the
surficial seracs produced in an icefall.

Vareschi’s pollen studies on the
Aletsch Glacier, Switzerland, lend sup-
port to the stratification hypothesis,
Samples of pollen collected from succes-
sive dark and light bands are interpreted
as showing a seasonal sequence, the dirty
ice representing suminer, spring, and au-
tumn accumulations and the cleaner ice
corresponding to winter accumulations.

The complete disruption of pre-exist-
ing stratification by East Twin icefall
definitely eliminates this hypothesis from
consideration here. Other facts just as
fatal to the hypothesis are (1) the 200-
foot-plus thickness of some ogives; (2)
the coarseness of detritus; and (3) the
failure of the theory to recognize the
dynamics of glacial flow.-

2. Porosity hypothesis—]. D. Forbes
(1842, pp. 348-352; 1859, pp. 1726,
210-220, 268; 1900, pp. 154-162, 379~
380) was the lone proponent of this hy-
pothesis. He was the first to recognize an
icefall as a general requisite to the for-
mation of ogives.

The presence of alternating zones of
porous and compact ice on the East
Twin was verified, but in the reverse re-
lationship from that proposed by Forbes.
The ogives are the compact, not the
porous, zones. In addition, the porous
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zones are not perforated enough to col-
lect particles of rock, and the compact
- zones are not smooth enough to be
washed clean by rain, as Forbes visual-
izes.

Other facts which oppose Forbes’s hy-
pothesis are (1) the East Twin ogives
have a three-dimensional character; (2)
the surficial debris increases in abun-
dance down-glacier; (3) the amount of
debris bearing the characteristics of sub-
glacial action is greater than would be
expected to be introduced in the icefall
zone.

3. Depression  kypothesis—Tyndall
(1876, pp. 127-132; 1896, Pp. 372-375)
believed that Forbes had confused cause
and effect and that the greater porosity
observed in the ogives was merely the re-
sult of the ice surface’s being pitted by
dirt. His explanation involves three con-
siderations: “(1) the transverse breaking
of the glacier on the cascade, and the
gradual accumulation of the dirt in the
hollows between the ridges; (2) the sub-
sequent toning down of the ridges to
gentle protuberances which sweep across
the glacier; (3) and the collection of the
dirt upon the slopes and at the bases of
these protuberances.”

Washburn (1935, pp. 1885-188¢) fol-
lowed this thesis in its entirety, appar-
ently failing to recognize that Tyndall
had introduced the idea years before.
Though Tyndall merely speculated on
the annularity of ogives, Washburn was
convinced of it.

Scherzer (1907, pp. 50-60, 118-119),
Tutton (1927, pp. 113, 121—22), and
Streiff-Becker (1943, pp. rri—132) fa-
“vored the accumulation of debris in
troughs at the base of an icefall. Scherzer
held that the troughs were due to the in-
complete healing of transverse crevasses
in an-icefall. On the other hand, Streiff-
Becker considered that the undulations
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at the base of the icefall were formed
from strong differential pressure from
above (Fisher, 1947, p. 140) and by the
damming-up of the glacier below an ice-
fall through a narrowing of the glacier
bed (Seligman, 1949, p. 330). Tutton
(1927, p. 121) regarded the swells as “due
to the forces at work in effecting the
stream-like movement of the glacier,
faster in the middle and at the surface
than at the sides and bottom (bed),
rather than to mere change of declivity
of bed.”

Application of this hypothesis to the
East Twin ogives is weakened by thelack
of glacier-wide crevasses and block
ridges in the East Twin icefall and the
lack of surface debris available at the
icefall. Troughs exist below the icefall,
but there was no sign of dirt collecting in
them. On the contrary, the pressure
ridges appear darker than the depres-
sions.

The increasing abundance of debris
down-glacier is also a cogent argument
against the accumulation of debris in
troughs. Had the debris collected in ice-
fall crevasses, progressive ablation down-
glacier might well remove a sufficient
thickness of ice to bring most or all of the
debris to the surface by the time it
reached the glacier terminus; yet all
ogives develop and retain a well-defined
three-dimensional form despite unlimited
ablation.

4. Block-ridge  hypothesis.—TFisher
(1947, pp. 137-143), in contrast to Wash-
burn, believed that the block ridges be-
come ogives and that the glacier-wide
crevasses become white bands. In his
opinion (1947, p. 140), “the dark bands
are the lineal descendants of the old
(dirty) névé surface above the icefall,
and the clean bands are inlays of clean
ice that filled up the crevasses.”

The facts which prevent acceptance of
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this theory include: (1) lack of glacier-
wide crevasses and dirty block ridges in
the icefall; (2) coarseness of the debris in
the ogives; and (3) increasing clarity of
ogives down-glacier. In addition, the “in-
lays of clean ice” in 735-foot crevasses
would be depleted by ablation before the
bands reached the glacier terminus, as-
suming an arbitrary velocity of flow of
300 feet per year and an ablation rate
of 2 feet per year.

5. Snowfall-dust accumulation hypothe-
sts.—After observations of ogives on the
East Twin Glacier, Miller (1949, p. 25)
reports:

It seems fairly clear that the alternation of
bands represents, in turn, the white clean ice of
winter snow carried over the seracs from late
autumn to spring, and darker bands of ice made
dirty by accumulations of summer dust carried
through the seracs in that segment of the glacier
which moved over this point during the warmer
months. This summer dirt is concentrated by
virtue of ablation and a narrower channel of
flow below the icefall.

This concept ignores the fact that
much of the debris is not dust, that it is
much greater in quantity than any sea-
sonal accumulation, and that much of
the debris shows subglacial abrasion.
Furthermore, this hypothesis assumes
that the area of dust accumulation would
be limited to that portion of the glacier’s
surface which had not moved “over the
seracs from late autumn to spring.” It
also implies that the glacier descends the
icefall in roughly half a year. If this
premise were true, each ogive should be
over oo feet wide. In all fairness to Mil-
ler, he also suggested:

It is considered very desirable for next sea-
son’s field party to investigate closely the possi-
bility that here, shearing at depth, may be a
factor in bringing out the pattern of dirty sum-
mer ice, intercalated with cleaner winter ice, re-

sulting from possible thrusting of many thm
layers of ice one against another. :
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6. Shearing hypothesis.—Although T.
C. Chamberlin (18935, pp. 206-208) did
not discuss ogives as such, his explana-
tion of the means of introducing debris
into the small-scale foliation within the
ice of ablation areas is especially sig-
nificant:

The original stratification could not have
been pronounced. Perhaps it was intensified
somewhat during subsequent consolidation, but
some new agency was necessary to produce the
more definite partings and to introduce the

layers of debris. This agency appears to have
been a shearing movement between the layers.

According to R. T. Chamberlin (1928,
pDp- 24—26), ““where an icefall behind de-
velops strong thrusting, relief is obtained
by upward movement of the ice mass as
well as by forward movement. This is
both by granular adjustment and by
shearing.” R. T. Chamberlin did not dis-
tinguish between the large-scale ogives
and smaller-scale foliation, nor did he at-
tempt to account for the periodicity of
ogives. He regarded each ogive as a spe-
cial surface expression of many closely
spaced shearing planes.

This mechanism accounts for features
not readily explained by other hypothe-
ses. The three-dimensional character of
the ogives, their form, the general coarse-
ness of debris, the similarity to thrust
layers exposed in longitudinal section in
the terminus of the glacier (pl. 3, C), and
the similarity of the ice in ogives and in
the blue bands of ribboned structure, all
attest to a shearing origin. Furthermore,
the occurrence of pressure ridges at the
base of the icefall is an intimately related
phenomenon produced by the dynamics
of the glacier.

Concepts of glacier flow proposed by
Demorest (1942, pp. 29-66; 1943, pp-
363—400) lend support to the shearing
hypothesis. His analysis of glacier flow
establishes four types of ice movement,
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each characteristic of different conditions
of underlying topography and surface
configuration. These are extrusion flow,
obstructed extrusion flow, obstructed
gravity flow, and gravity flow. Extrusion
flow is “pressure-controlled’’ because it
depends upon differential pressures aris-
ing from the slope of the glacier surface.
Gravity flow is “drainage-controlled” be-
cause it results from the force of gravity,

pressure ridges

crevasses (zrcipient ogives)
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bear the thrust of the steeper portions
behind. This obstruction causes the flow-
ing ice to pile up below the icefall and in-
crease its thickness. Compressive stresses
accumulate faster than they can be ac-
commodated by plastic flow during the
thickening process. Under these condi-
tions the slower-moving thinner ice
ahead is overridden by the obstructed
ice. Movement of the thrusted layers is

forn e
crevasses
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F16. r.—Diagrammatic longitudinal section of East Twin Glacier icefall. Dashed lines show profile of
rate of flow; arrows show the locus of maximum velocity in different parts of the glacier (after Matthes and
Demorest). Ogives form below icefall where flow is obstructed by slower-moving masses.

whose effect is dependent upon the slope
of the glacier floor,

East Twin ogives seem best explained
by the periodic occurrence of obstructed
extrusion flow at the base of an icefall. A
condition of obstruction to flow, such as
is present here, was suggested in principle
by R. T. Chamberlin, namely, the sud-
den flattening of bed slope beneath an
icefall.

In making its steep descent, theiceina
fall is accelerated by gravity and attains
a high velocity. This velocity increases
with the height and gradient of the ice-
fall and the constriction of the cross sec-
tion of flow. At the base of the icefall this
motion is in part arrested, and the rela-
tively level portion of the glacier has to

forward and upward, deforming the
upper zone of relatively nonplastic ice
and forming transverse pressure ridges.

The absence of tension crevasses from
the base of the East Twin icefall to the
constriction 3,500 feet down-glacier indi-
cates the absence of gravity flow. Thus
the type of flow, we infer, changes from
“drainage-controlled” in the icefall to
““pressure-controlled’”” below the icefall,
and the level of maximum velocity shifts
from the surface to the bottom of the
glacier (fig. 1).

It is a matter of common observation
that lakes are often located below bed-
rock steps in valleys of homogeneous
rock. Pressure-controlled flow down-gla-
cier from the East Twin icefall implies
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that the glacier floor is either basin-
shaped or has a gradient too low to en-
able the force of gravity to overcome the
frictional resistance of the rock bed. It
seems likely that the former is the case.
The bedrock restriction which projects
‘laterally into both sides of the glacier and
marks the boundary between the con-
tinuous compact ice and the crevassed
ice may be a surface indication of a basin
sill. If this restriction exists as a riegel
(buried ridge) at the lower end of the
basin, it may be a factor influencing the
resistance to thrusting and hence may
have a partin controlling the spacing and
regularity of ogives.

In all probability, the shearing and
thrusting occur near the lower end of the
smooth reach below the icefall, where
pressure ridges are most prominent and
where the transition from bottom to top
current takes place (fig. 1). It is here that
what was originally subglacial detritus is
believed to become, by upthrusting and
ablation, the surface manifestation of an
ogive.

PERIODICITY OF FORMATION

Because the ogives on the Iast Twin
Glacier are rather uniformly spaced, a
roughly periodic relation must exist be-
tween velocity of flow and episodes of
thrusting. Presumably, the obstruction
below the icefall is a fairly constant
force, and the stresses which produce the
obstructed flow are accumulative until
that type of flow occurs. The stresses are
not relieved solely by thrusting of the
bottom  current, because small-scale
shear foliation (ribboned structure) of
conformable orientation is also found in
the ice layers between ogives. These rep-
resent minor yieldings along planes par-
allel to the ogives and are a product of the
same applied stresses. Hence the over-all
thrusting isa general periodic movement
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involving thick masses of ice which carry
along thinner slices in the direction of
easiest relief, which in this case, owing to
the obstruction, is surfaceward. This re-
lieves the obstructing effect temporarily,
and plastic flow then dominates. When
stresses again accumulate to a point
where plastic flow is overcome, thrusting
again takes place.

Obviously, it would be wholly fortui-
tous under the shearing theory if East
Twin ogives were formed only by annual
thrusting, although annual changes in
ice volume or velocity of flow might be
an important factor. Glacier flow is
sometimes accelerated above firn line
during the winter, owing to heavy snow-
falls (Streiff-Becker, according to Selig-
man, 1947, p. 16; Orowan, 1949, pp. 232—
233), and it may be retarded at the same
time of year below firn line, where ac-
cumulative snowfalls are less and where
a proportionately thicker surface layer
yields less readily in subfreezing weather
(R.T. Chamberlin, 1936, p. 104). Such a
difference in rate of flow during the win-
ter on East Twin Glacier would increase
the obstruction below the icefall and pos-
sibly influence the regularity of large-
scale thrusting at this point. Seasonal ob-
servations, if and when possible, should
contribute to this problem.

SCARCITY OF GLACIERS WITH WELL-
DEVELOPED OGIVES

Glaciers with well-developed ogives
are relatively uncommon as compared to
glaciers with indistinct and deranged
ogives. From a comparison of the two
Twin Glaciers and a study of available
photographs of ogives, the following pos-
sible explanations for the absence, indis-
tinctness, or derangement of ogives be-
low icefalls are suggested:

1. The glacier is of too«great thickness
or is too short to permit obstructed ex-
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trusion flow in depth to be revealed by
ablation.

2. The icefall is composite or compli-
cated by other icefalls, which disrupt the
regularity of thrusting at the base.

3. No abrupt flattening of bedrock
- slope occurs below the icefall.

4. The icefall lacks the size or vigor to
develop large periodic thrust movements
at its base.

5. At the base of an icefall the glacier
makes a sharp turn.

6. A tributary glacier may disrupt or
conceal ogives in a trunk glacier.

7. If the distance from an icefall to the
glacier terminus is not great, thrust
layers formed near the glacier terminus
as a result of thinning of the ice may de-
range thrust layers formed at the base of
the icefall.

8. No portion of the glacier below the
icefall is in the ablation area.

SUGGESTIONS FOR FURTHER STUDIES

Tt is natural to refer a phenomenon to
a single cause, even though it is rare that
any phenomenon is wholly the result of a
single cause. If it is demonstrable that
this cause is effective in one area, the
tendency is to extend its application else-
where. Therefore, the writer suggests

FREEMAN BEACH LEIGHTON

careful study by others of the following
points.

For those ogives occurring down-gla-
cler from an icefall the writer is'inclined
to believe that the factor of thrusting
may be universally applicable. That all
ogives are related to an icefall has not
been established, although this is sus-
pected from studies of the aerial photo-
graphs of nine Alaskan glaciers which
display ogives below an icefall. Further
observations in other glacier regions are
needed to prove this.

Studies made at the bottoms of steep
declivities in recently deglaciated valleys
may aid in reconstructing the flow char-
acteristics and indicate whether topo-
graphic and geologic relations would
have favored obstructed extrusion flow.
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Be INVESTIGATIONS IN THE TAKU GLAGITR FIRN
By F.Be Lelghtonl

(This section describes, analyses, and interprets the results of
firn studies made between August 12 and September L, 1949, on the broad
and relatively flat main branch of the upper Taku G1a01er. Both qual~
ltative and quantitative measurements of melt-water, its generation
and movement in the firn, and various firn structures influenced directly
or indirectly by melt-water behavior are con51dered )

The site selected for these studles (Fig.3) was representative
of the meteorological and firn conditions for the glacier at 3,600 feet
elevation. This site, hereafter known as Camp 10A, lies 35 air miles
from the city of Juneau, 16 miles from the sea level terminus of the
Taku Glacier, and 8 miles inside the 19L9 firn line limit which rested at
approximately 3,200 feet elevation. The depth of the glacier beneath
Camp 10A (approx1mately 1,200 feet from the eastern edge of the glacier
at the main base, Camp 105 was on the order of 600 feete.

Hourly temperature records, lLi-hour psychrometric readings, and daily
sunshine and precipitation records were made at Camp 104 with standard
U.S.Weather Bureau and Army Signal Corps equipment (see meteorological
section of this overall repor+) Weather conditions for the 2L day
period on the upper Taku Glacier were generally mild during the daytime,
typifying the maritime summer climate of Southeastern Alaska. At night
freezing or near-freezing temperatures were the rule at Camp 10A. The
maximum temperature at this site for the period of observations was
58°F., the minimum temperature 28°F. Despite an extremely wet summer
there was little rainfall during the period of study and no snowfall.
In as much as the Juneau Ice Field is at a melting point in summer
months, it is of Ahlmann's Temperate Typezand Lagally's Warmen Type3
a geophysical classification.

The ablation season extended roughly from May to September. The
thickness of the 19L8-L9 accumulation layer at Camp 10 was 1L.8 feet

1 Mr, Leighton is Assistant Professor of Geology at Whittier College,
Californiae.

2 fhlmann, H.Wsson, "The Swedlsh—Norweglan Arctic Expedition", Geogr.
Ann. VOlo 150

3 Lagally, M., "Zur Tgermodynamjk der Gletscher", Zeit. fiir Gletsch.
Vol., 19, 1932,
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on August 1l and had an average density of 0.55. Ythis amounts to 98
inches of water, an exceptionally large amount of accumulation considering
the ablation losses before August 1. After deducting measured ablation
losses up to September 12, the surplus of accumulation over ablation at
this site for 19L8-U49 was approximately 85 inches.

‘I am indebted to Dr. Robert P. Sharp of the California Institute of
Technology, under whose exp ert supervision the field work and the writirg
of this paper were done. Many field procedures should be credited to
experience gained as Dr. Sharp's assistant on upper Seward Glacier, Yukon
Territory, in 1948%, Rudolf von Huene, California Institute of Tech-
nology technician, constructed most of the equipment. To R. Lange, M.M.
Miller, F. Pooler, 7. Stewart, and N.E. Turner, I am deeply appreciative
for their help and cooperation in the field.

“Le yeasureménts of Melt-water Percolation

Glaciologic investigations on Isachsen's Plateau,’w§st Spitsberge 5
and on the Mdnchfirn near the Jungfraujoch, Switzerland,® represent two
contrasting approaches to melt-water study. Ahlmann measured the amount
of melt-water formed at the surface; Hughes and Seligman studied melt-
water movement at depth. Following considerable experimentation on
upper Seward Glacier, Alaska, in 19h87, an attempt was made to combine
these two equally important phases of melt-water study on the Taku
firn in 1949.

,(é) Equipment. and Methods:

Ablation Measurements. At this particular site surface ablation
was measured every 12 hours by averaging the lowering of the firn sur-
face at three stationary vertical stakes. The stakes were reset dailys
Considering possible errors caused by surface irregularities and sett-
ling, measurements are believed accurate to within two millimeters.

L Note: M.M. Miller of the American Geographical Society also assisted
Dr. Sharp on the same expedition in 1948 and has made firn studies on
the Juneau Ice Field.

5 Ahlimann, op. cite, ppe 290-291 :

6 Hughes, T.P. and G. Seligman, "The Temperature, Melt-water Movement and
Density Increase in the Névé of an Alpine Glacier," Roy. Astro. Soc.,
Mon, Notices Geophye Supps, Volel, 1939, pp. 616-647%

7 Leighton, F.B., "Contributions to the Glacioclogy of the Seward Ice
Field, Canada, and the Malaspina Glacier, Alaska", unpublished master's

thesis, Calif. Inst. of Tech., 1949, pp. 1~10l.




25

The quantities of melt-water passing through the firn are best
gauged by the amounts of surface ablation and rainfall, but these measure-
ments give no indication as to the nature and rates of melt—water nove=
ment through the firn. Therefore, the latter were the nr1nc1pal
matters investigated in this worke

Melt-water Collection. Ten metal pans of 730 square centimeters
were used to coliect vertically moving melt-water. They were of two
kinds, an open-box type and a funnel type (Figs. 16 and 17)s Two pans
of 100 square centimeters collecting area were designed to receive the
horizontal component of movement to the exclusion of vertically moving
water. Each was built with a top, but without a back sides The term
pans, unless referred to as horizontal component pans, will connote
either the box or funnel typee

| Five pits were excavated to depths of 6 8, 10, 1h agd 23 fleet,and
the pans were buried in the pit walls. Hughes and Sellgman completely -
buried their box-type pans in the firn so that they would not be in-
fluenced by radiation and air temperatures, but before d01ng thls they
filled the pans with snow and ther , i

wes~eoneernedy—they produckd unnatural conditionse On the Juneau Ice
Field small tunnels were cut laterally in the plt walls at different
depths below the firn surface. Pans were pushed upward into the roofs
of these tunnels until the firn was in contact with the bottom of the
pan, or in the case of the funnel phns, in contact with a screens In
this way the firn above the pans was not disturbed, and conditions of
melt-water flow into the pans were not altered. Pans which received

the horizontal component of flow were inserted laterally into the back
faces of tunnels. Before burial all pans were cooled to the temperature
of the firn to prevent melting of the snow upon contact.

Twenty-four to thirty inches of packed firn protected the: burled ‘
pans from atmospheric influences related to the walls of the large pit.
The adequacy of this protection was demonstrated by the agreement in
melt-water production of two pans placed at the same level, but on
opposed sunny and shady sides of a pit.

Melt-water gathering in pans drained threugh a rubber tube to a
receptacle (Fig. 15)« The receptacles were covered with funnel tops -
to exclude extraneous water or snow. Hourly measurements were made
during the daytime and frequently at night. :

The position of melt-water pans in pit 1 and their relationship to

8 Hughes and Seligman, op. cit., ps 636
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to ice structures9 and den51ty10 are shown in Fig. 24. Funnel-type pans
IF, 2F vy WPy, 5F, 6F, 7F, and BF were installed atcl6,50,53, 80,
105 1ﬁh3 , 192-1nch levels, respectively. The symbol hF 1 85 an
example, refer% to the first funnel-type pan located at the fonrth level
(80 inches) beneath the firn surface.

Utlllty pans 1B, 1Bo, 3B, and hB of the box type and 2F, and th
of the funnel type were relnserted prericdically in other pits at the
16, 50, 53, and 80-inch levels so that melt-water collection at these
hlgher 1evels could be compared at several placess Box~type and funnel-
type pans proved equally satisfactory. Pans at the 16-inch level and
pans that collected no melt-water were removed after a week to ten
days and placed elsewhere in the firn. The two pans, Hy and Hp, meas~
uring the horizontal component of flow, were buried at progre551vely
deeper levels for short periods. All pans in the bame pit wall.were in
staggered positions. ,

‘ ~ Pans were purposely positioned directly above and below ice
structures in order to study the effect of the latter upon melt-water
circulation (Fig.24). At the 50-inch level in the main pit, pan 2F,
was placed directly above a two-inch ice layer. Pans 3Fy and 3F, were
placed just below the ice layer; pan 3F; also lay under an ice column
three bo four inches in diameter which transected the ice layer and
extended to the firn surface. Subsequently, at the same level in an-
other pit, pan 2F2 was placed above the ice layer and pan 3B below the
ice layer. No ice column descended to pan 3B.

At the 80~inch level in the main pit (Flg- 2l4) a pan was fortuit-
ously placed beneath an ice column that descended from the tapered ter-
mination of an ice lens nine inches above the pan. Pans were installed
in other pits at the same 80-inch level but where there ﬁﬁaﬂno ice
structures directly above or below them.

(b) Concentration. of Melt—water with Depths

Flg. 25 presents graphlcally the average hourly melt-water col-
lections at four different levels during the daytime and the average
total melt-water received at night. In general, the deeper the pan the
later its maximum melt-water production was attalned. Pans buried at
16-inch levels delivered their average maximum flow between 2 and 3 PeMes
pans at.the 50-inch levels delivered their maximum flow between 7 and
8 p«m. However, the deeper pans behaved so irregularly that the im-
pression of a descending melt~water front is nullified.,

Some of the deeper pans, such as 3Fj, hFl, and 7F, redeived large

9' Ice structures include ice layers and ice columns which are dis-
cussed in detall elsewhere in this report.

Y Firn densities were determined by weighing a sample of firn taken
from a hole of known volume with a toothed plpe.
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quantities of melt-water; others, such as 3B LF,, hB, LF, 6F, and 8F,
received little or no melt-water, For those pans that recelved melt-
water, the amounts increased with depth, Thus the quantity of water
measured in deeper firn layers is not representative of the total melt-
water produced at the surface in terms of the same units of area. This
increased concentration of melt~water W1th depth is striklngly brought
'out hv Table 1.~

Abundant evidence indicates that the concentratlon of melt~water
can be attrlbuted to the 1nf1uence of 1ce structures 1n the flrn.

Above the pan ‘at the 16-inch level, the flrn is more homogeneous,
‘because it is in the zone of transmltted radiation.ll A1l ice structures
in this =zone are permeable. Pans at the 16-inch level received 51milar
* amounts of melt-water and reached their maximum rate of productlon at
- nearly the same time of day (Fig. 26).

Table 1 shows that the melt-water generated each day at the surface
(column 2) is less than that measured at the 16-inch level. This dif-
ference in most ‘instances is beyond the 11m1ts of error of ablation
measurements “rom which the calculations of surface melt-water were
made. This discrepancy must be due either to concentrations of melt-
water in its descent to the pan level or to generatlon of melt-water
beneath the surface. Because all pans at the 16-inch level collected
aimilar amounts of melt—water, the additional melt-water is probably
produced beneath the surface by transmitted radiations

Table I. o - , o
: ' Column 1 -~ Column 2 Column 3.
\ ; Density Calculated Measured Melt-<water
Ablation Rainm  Ablation at  Melt-water o cc/730cm2
Date  (mm) (mm) Rain (mm) Surface 'cc/730cm2 15 3in. 50 in. 80O 80 in.
B/1I5 127 2.3 I5.0 0.48 TBIL 620 1053
8/16 1L.2 2.0  16.2 0.8 7 6h2 6827 832  1L§7
8/17 1.9 7.9 0.50 288 597 472 1587
8/18 15.7 ~15.7 0.50 57k 653 877 196
8/1% 15.7 1547 0.55 631 773 1048 1969
“8/20  1h.2 1h.2 - 055 570 895 7h5 - 1816
8/21 12.7 12.7 0.55 510 858" 1120 1760
8/22 15.7 C15.7 0455 631 987 1458 1352
8/23 17.5 175 0.55 703 996 1919 - 1667
8/24 17.5 175 0.55 703 996 1018  1Ll19
8/25 15.7 15,7 0.55 631 925 862 1563
8/26  1h,2 1h.2 055 570 816 458  1h2l
8/27 1247 12.7 0.55 510 S oTh? 322 1249
8/28 19.1 19.1 0.53 139 878 1627 1h5é
8/29 22.4 22.4 0,55 900 887 597 . 1k29
8/30 27.0 : 27.0  0.55 1085 = 1011 772 1626
8/31  19.1 8. 27e5 0.L8 1277 1066 . 1979 2738
9/1 25 L.8 30,2 0.8 12 . 3360 . 3392

11 The maximum depth of penetration of transmitted radiation was estimated
to be 26-L0 inchess The phenomenon is discussed in the section on
firn structures. :
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Note: Data in column 2 were calculated from data in column 1 for a pan
~ ‘area of 730cm2.

Data in column 3 represent daily melt—water totals averaged for
the 16, 50, and 80~1nch levels. . ,

Furthermore, on most cloudy days when radlatlon was at a mlnlmum
the calculated melt-water approximated the measured melt-waters

Results of melt-water collection at the 50 and 53-inch levels are
given in Fig. 28+ Despite the fact that five pans were located roughly
at the same level, they varied greatly in melt-water volumes and melt-
water cycles. Pans 2 and 2F, placed above ice layers produced more
water than pans 3Fy, 3 s, and %B beneath ice layerss In fact pans 3B
and 3F, received almost no melt-water until August 31, and are there-
‘fore not shown in Fig.28e Thus, these ice layers served as barriers to
melt-water flows Melt-water reaching the ice layers was arrested and
compelled to flow laterally until it reached openings in the ice layers

or termlnatlons of the ice lenses.

Even greater variance in flow was measured at the 80—inch levele
Little or no water was collected by pans th and hBl, but pan hFl col-
lected more melt—water than any higher pan.

Hour to hour results of pan hF are compared to those of pans 2Fy

- and 3F1 in Fig. 29. The maximum flow to pans 2Fyand 3Fy shows no cor-
relation whatsoever to the maximum flow of pan h% Hour to hour flow

was also more erratic and the maxima less well-defined in the case of

pan ’.LFlo N

The position of pan hFl with relation to ice structures in the

firn (Fig.2hi) is believed to be the reason why it was the only pan to
collect melt-water at the 80-inch level, and also why it collected melt-
water so erratically. The ice column that descended to the pan from

the tapered end of an ice lens at 71 inches depth, apparently contrelled
the flow of melt-water which had moved along the lens to its tapered
end. Other ice structures above the lens may have also played a part

in complicating and concentrating the drainage.

The remaining four pans at deeper levels produced minor amounts
or no melt-water with the exception of pan TF. The increase in size
and number of ice structure’in depth apparently caused greater irregu-
larity of flow.. Pan 7F collected almost no melt-water the first week
after it was installed, but on August 30 it suddenly began producing
melt-water in large quantltles. Water formerly flowing in another
direction was apparently diverted to pan 7F. This possibly was the
result of a recess dug adjacent to pan T7F the day befores

The aforementioned pan records have shown to the writer's
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satisfaction that below the zone of transmitted radiation melt-water is
diverted and concentrated along certain channels of flow by impermeable
ice structures, both horizontal and vertical. Owing to the increased
complexity of these ice structures with depth, loei of flow became more
unevenly distributed. Once established, these loci continued to exist
as evidenced by the fact that on successive clear days, melt-water
maxima for any one pan occurred in sequence, and usually with the same
time interval separating thems The record of pan 7F indicates.diversion
of melt-water, but this may have been man-made as shown above.

(¢) Correlation of Melt-water Flow with Meteorological Record:

In all pans the ascent to daily maximum flow was generally much
more rapid than the descent from it (Figs. 26,28, and 29). This trend
followed that of daytime temperatures which increased rapidly to a
maximum and then decreased gradually. Melt-water flow at-the 16-inch
level was more closely correlated to air temperature changes than at
the deeper levels. The shallow pans also show sharper and steeper peaks
on the graphs than the deeper pans. Pans at the 16-inch level ceased
receiving flow during nocturnal sub-freezing temperatures while pans .
at the 50, 53, 80, and 168~inch levels continued to deliver substantial
quantities of melt-watere.

Meteoroclogical data are compared with ablation and melt-water data
in Fig. 30. The daily rates of ablation and melt-water flow, and the
average daily temperatures all show a similar trend during clear days.
Although air temperaiure appears to be the most important factor in~
fluencing ablation, no single meteorological factor can be used to
predict daily ablation. Ablation would be a reliable indicator of the
volume of melt-water flow, if it were not for the varying density of the
firn surface and the amount of melt-water received as rainfalle

Althbugh.ablationlandvmelt—water productibn,wére high on rainy days
(Table I and Fige 30), rainfall itself does not appear to be the prin-
cipal cause. The well-established computation for ablation from rainfail
ise . B V . e o

A= P(Tw-32)
I x D

where P is the rainfall in mm, Tw is the wet-bulb temperature (assumed to
be the temperature of the rain); and D is the density of the firne  Sube
stituting the data of September 2 in this equation, L2°F for Tw, L5 mm
for P, and 0.48 for D, the maximum ablation accounted for by rainfall
would be only 0.65 mm of water as compared with the measured ablation of
20 mm of water. Even a wet-bulb temperature of 60°F under the same
circumstances would produce no more than 2 mm:of water. . )

Consequently, high ablation and copious melt-water on rainy days



. must result'from the average temperatures, extreméiy high humidity accom=~
panied by condensation, and moderate winds which accompanled the rain.

(d) Rates of Flow-

Volumetrlc Flow Rates. The greatest rate of flow recorded was from
pan- L4Fy,B0 inches below the surface. For the pan area of 730 cm® this
rate was 0,46 cc/cm? /hr. Seligmanl? recorded an identical maximum rate
on the Mdénchfirn for a pan at LO inches depth. The average maximum rates
in ecc/om?/hr. for the different pan levels were as follows: 16-inch level, .
0.1Ls 50-53-inch level, 0.17; 80-inch level, 0+20; 168-inch level, 0.15

Veloeity of Flowe Water soluble fluorescein dye was used success-
fully as a tracer to enable visual observation of the velocity of melt-
water flow. Its characteristic yellow-green color can be distinguished
at a dilution of one part in 10,000,000+ The diffusive power of the dye
in extremely dilute solution and at near-freez1ng temperatures was deter-.
mined to be n&LviWﬂxai

.- During nine sunshine-days dye was spread on the firn surface hourly
from 9 am. to 6 p.ms Trenches were dug after each ensuing hour to
determine the depth of penetration of the dye in the firn. The average

~of these hour by hour records is shown below.

Hour of Day Rate (inches per hour)

T 5-10
10~-11 16
11-12 20
12~1 23

1-2 _ 25

2-3 19

3-l 15

-5 16

5-6 12

The rates of dye percolation in ice columns ranged from one to
eleven inches per hour more than the tabulated figures.

. The maximum hourly rate of dyed melt-water flow shows a close
correlation with the hour of maximum melt-water flow at the 16-inch .
level which varied between 1 and 3 pem. When it rained the percolation
rate increased,. the amount depending upon the intensity of the rain.
The rate of flow is obviously a function of the rate of water supply.

Long-period measurements were made by noting the rate of descent of

12 Seligman, ope. E_j_-_E', p063?
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dyed melt-water frem the surface to groups of small cylindrical holes
bored 2 feet horizontally into the walls of a pit along specified levelsa
An extremely dilute solution of fluorescein:dye was 'spread everly on -
the firn surface above the pit walls. The dye reached the core-holes
of each horizohtal plane at different times, the -advancing dyed~water
front becoming mere irregular with depth. For example, at the time

that the first traces of dye reached a depth of 1L feet at one place

in the main pit, the maximum penetration belew the surface in nelgh-
boring areas was only 9 feet. At 23 feet depth the differences in
penetration along different parts of this same pit wall had increased
from 5 to at least 12 feet. In addition to this vertical range the
lateral configuration of the dye front became more irregular with depth.

The dye reaching the dli-foot level had moved at an average rate of
10 - 11 inches per hour. This is much less than the average rate of
percolation, 19 inches per hour, in the upper three feet of firn. The
decrease in rate of flow and the increasing irregularity of the dye .
front can be attributed to the increase of den51ty and heterogenelty
within the firn at depth.

If the maximum flows recorded by the various pans shown in Figs25
all belong to the same daily melt-water wave, the average velocities
of flow between pan levels in the main pit would be as folloWS:

Firn Layer (inches) Imches per hour
16-50 6=
16-80 32 plus
16-168 38-76

These figures show that no uniform meltewater wave is in evidence
here; nor is one in evidence if the peaks om the curves of Fig. 25 are
considered to be one wave out of phase., Velscities of the lower firn
layers computed for a two-day instead of onewday wave cycle are 2-6 inches
per hour. These velocities are probably nearer the true order of mag-
nitude of melt-water flow at devth, but they also indlcate the irregul~
arity ofﬂmelt-water fronte

Hortonl3 and Oechslinll have recorded constant velocities for
water moving through snow and firn of certain densities. Such relations
do not attain on the Juneau Ice Field where there are so many come
plicating factors. These factors in order ef estimated importance are
thevsize and number of ice structures, the rate of water supply, and the

13 Horton, RwE., "The Meltlng of Snow", Mon. Wea. Rev,, Vol.h3, pe 603
1k Church, J.E., "Snow and Snow Surveyln Te€," Chapt. b4 i
Hydrology, McGraw-Hill, New York, l9h2, p. 132.



texture and density (permeability) of the firn itself. Below the wmne
of transmitted radiation, velocities of flow are only local and are
not constant for 31m11ar sectiono of the same firn layer.

24 Nature of the Melt-water Movement

Flrn by definltlon is a porous medlum, the voids belween ice
erystals belng filled with water and air. The water in firn may be
of two types: first, capillary water which is held by surface tension
in the crystalainterspaces and as a film -about the crystals, and
secondly, gravity water which.drains through the influence of gravity.
Although the vapor pressure over ice is less than over water, trans-
~port of melt-~water as a vapor is believed to have been negligible, since
the temperature of the Taku firn.was isothermal, and since the relative
humidity in‘the~firn iScassumed,to be nearly 100 per cent. -

‘ When cakes of firn were lowered into contact with a. water surface,
the firn acted as a’'sponge to soak up the water gradually. The height
of the rising water was nearly horizontal at all times as though the
water were moving upward in thih parallel tubes of nearly equal diameter.
According to the laws of capillarity the height to which the water

would eventually rise is-chiefly depemdent upon the radius of the
capillaries. Therefore, the openings in the firn were assumed to be
relatively uniform.

Disregarding the influence of ice structures and the rate of
water supply, the most important factor im the percolation of melt-water
is the size of the firn grains and their interspaces. As in soil of
~uniform texture, the finer the grains, the larger is the amount of
water that may be retained by capillary force. In early summer the near-
surface firn is generally less coarse and less dense than in mid-summer.
Despite the coarseness of the near-surface firn in late August in the
Taku accumulation area, the influence of capillarity was still signifi-
cant. -This was concluded in the light of the following observationse.

‘Dyed melt-water percolating downward through the firn moved
~around rather than into tunnels excavated horizontally into the walls
of a pite. This indicated that the capillary attraction of the firn
was greater than the force of gravity.

A lag of at least several hours occurred between the time of
burial of melt-water collecting pans and the time that they first
delivered water. This was not related to the short distance of
transport of melt-water from pan to receptacle., Instead it was pro-
bably a direct consequence of capillarity, because the firn in con-
tact with the pan had to become saturated before water flowed into
the pan. This is suggested by a one to two-inch saturated layer of
firn found above the bottoms of all pans producing melt-water. Where
pans failed to0 produce melt-water ho saturated layers were found. In



one instance, pan 1B was removed, its saturated layer sliced away, and
the pan placed in its original position.  As a result it was almost 2L
hours before the pan.again collected melt-watere.

The behavior can be explained as follows. 4As the liquid water
contentl® of the firn within the pan gradually increases, the cohesion
_between water molecules becomes greater than adhesion of water for the
firn grains. When the firn becomes saturated, capillarity is over-
come. The rate at which saturation takes place depends, of course,
pon the rate of water supply and the por051ty of the firn,

The horizontal component of flow was measurable only in the near-
surface firn. Fig.27 graphically compares the horizontal component of
flow with the verticsl component at the 16-inch level. Maximum horizon~-
tal flow was always less than 10 cc per hour, while maximum vertical
flow was close to 100 cc per hour. The horizontal pans show a marked,
if somewhat erratic, trend of rapidly reaching their maximum output in
early morning and then gradually declining to gero in late afterncon.
In all but one case, daily maxima were reached five hours before
maxima of pan 1Fy. Significant, also, is the fact that pans Hy and Hp
began and terminated their melt-water collection at the same tlme as
pan 1Fy.

These results seem best explained by the effect of capillarity in
the firn, En the unsaturated firn of early morning, capillary forces
~ dominate, and movement is confined to the smaller pores. Melt-water may
move in any direction, because capillary forces act in all directions.
Thus, melt-water moves laterally as well as upward and downward. This
was demonstrated by the irregular anastomosing veinlet paths of dyed
melt-water in unsaturated firn. Where capillary channels carrying dyed
melt-water became obstructed by large firn grains or by impermeable
small grain clusters, the flow changed direction along kines of lesser
resistance. There was also a tendency for the water to keep to the
crystal aggregations and avoid the large inter-crystal spaces. 4#gs sur-
face melting increases in late morning, the water in the firn will
exceed capillary saturatione Gravity necessarily becomes the controlling
force, and the rate of downward movement materially increasess

15 Liquid water content was measured by one of Bader's non-calorimetric
methods (Bader, H., "Theory of Non-calorimetric Methods for the
Determination of the Liquid Water Content of Wet Snow", Schweize = .
Min. Petrs Mitts, Vol+28, 1948, ppe 355-36L)s This involved meas-
uring the dilution of a known amount of normal solution with a
precision theymometer. Owing to the lack of satlsfactory equipment
results are considered of 11m1ted values
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Seligmanl6 contends that capillary action is more effective than
gravity in controlling water movement through firn, except when melt-
water has melted the snow grains and formed free-fall channels or has
saturated a layer of firn from which it can free-fall through space.

It is believed that gravity flow predomlnates at depth, because the firn
there, at least in certain areas, is saturated. Ice structures have
already been shown to have the effect of damming, diverting, and con-
centrating melt-water flowe Uhere melt-water is concentrated, the firn
becomes saturated, and gravity flow supplants capillary flow. In these
saturated zones the rate of downward movement is restricted byfthe per-
meability of the least permeable horizon. Thus, impermeable ice layers
act similarly to funnels with constricted stems in controlllng the move~
ment of meltuwater in the firn above thema

3. Observetlons on Diurnal Surface Crusts aﬁd Sudﬁﬁﬁps
- Aa) Dwvrnnd  Surface CrusTs
. At the 3,600-L,000 foot elevation during the nerlod of observations
in late summer, a surface crust began to .form each clear day between
5 and 6 pem. It would grow from the surface downward to a maximum
depth of 8 inches and melt by 1 p.m. the following day.

, ~A study of the effects of freeze and thaw upon firn density contributed
to the study of melt-water behavior in the surface crustad layer.  The
-chief aim was to determine the day by day change in density of the crust
for as long a period as density samples could be cored in the same stratum
before that stratum was ablated. Ideal conditions for these measure-

ments were successive clear days when sufficiently thick crusts formed.

It was found that cores could be taken at an initial depth of three

inches for no longer than four days. Records for the period August 25-

28 are shown below. Each sample was cored and welghed between 8 and

10 a.me. before the crust had melted.

Maximum Crust

Date Density at Initial Depth 3 Inches Thickness(inches)
‘ Noesl Station  Nos2 Station S

8/25 0.63 0.59 3-5

8/26 0457 0454 2% -3

8/27 0.54 0.52 I g

8/28 0.53 0.52 S -8

16 Seligman, G., "Snow Structures and Ski Fields", Macmlllan and Co.,
London, 1936, p.280.
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4 significant progressive decrease in the density of the crust is
evident from these data. A crust containing a small amount of moisture
will freeze into a less dense mass than one which is relatively wet.
However, this progressive decrease is believed to be directly related to
changes in the firn fabric and not to the liquid water wontent. A very
dry surface firn will harden more slowly than a wet fimm. Because the
crusts were observed to form every evening between 5-6 Deme and grow
at a similar raté until 10 Delis, the 11qu1d water content 1s belleved
to have been falrly constant. ; , :

~ During the dally thaw1ng period the smaller ice. crystals melted -
more rapidly than the larger ones; leaving a porous texture with a
lower density. . When freezing took place at night a coating of ice was
added to these larger crystalss It seems likely that there was further
minor growth @f these crystals by accretion in the morning when the
first surface melt-water, in-seeping downward, encountered the sub- -~
freezing temperatures of the lower cruste Wlth the increase in coarse-
‘ness and porosity the surface tension was diminished. As a result, less
capillary water was retained by the firn. Thus, the increase in poros1ty
and decrease in caplllary water were respon31ble for redu01ng the
density.

Density samples were taken atfdepths‘of three and twelve inches in
order to compare densities inside and outside the crustal mne. These
measurements were made three times daily. The results are given below,

INITIAL DEPTH AND STATION

. ‘ .3 Inches 12 Inches
_Date Station 1 Station 2 Station 1 Station 2
8/25 | , ~
9-10 a.ma 0.63 0459 0453 0.51
) 1-2 Pl 0056 0056 OOS).I. 0052
2 ' : , : ‘ , .

8"10 aomc 0-57 005,4 OtSh Oo).],9
1-2 p-m. OQSB O‘LI.9 : 0'56 ‘ 0051
8/5"6 pum. 0‘52 0:.).].9 ‘ 005)4 OQS].
27 | |

8-10 aum.  0.54  0.52 0.54 - 0.50
1-2 Plle 0050 : Oo).l.9 0051}. 0053
5-6 pem. 0.L9 0.49 0453 0452

8/28
9-10 SeMe 0053 T 0-52 A . 0!52 ’ ' 0051
5#6 p-m. . O.h9 ‘ Ooh9 0-50 0052

, Comparison of the dsily trend of densities at the initial three-
inch level with those at the initial twelve-inch level is especially
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~illuminating. It is evident that the changes in density at the twelve=
inch level are less significant and are not affected appre01ably by
atmospherlc 1nfluences.

Meltlng by transmitted radiation beneath the firn surface (with-
out concomitant settling) probably played the greatest part in reducing
‘the density at the initial three-inch level after the crust disappeared..
The fact that the preceding table shows an increase in density at this
level between 5-6 pems and 8-10 a.m. the following morning supports this
thesis. In general, greater densitites were recorded between 1 and 2
pem« than between S5 and 6 p.ms This is attributed not only to the time
factor of greater melting in a whole than half day, but also to the '
greater amount of melt-water 1n c1rculat10n near the surface at mid-
daye '

(4) Sun;:u}_JS‘

Introductions FE. Matthesl7_proposed the term suncups for cuspate
hollows, only & few inches in depth, on snow and firn surflaces usually
at moderate to high elevations. Under favorable conditions at_even
higher elevations intensified forms of suncups called s gits 18 grow to
depths of a number of feet.19

These terms not only indicate the form of .the hollows, but link
them with their principal genetic agent, the radiant heat of the sun.
Suncups are not to be confused with indirect ablation pbkenomena, hor
with' ripples and ridges formed by the wind. ng shape of Suncupsvls
similar 4o the "scalloped" surfaces of Workman<“ and Sharp g ich are
the "cuspate" or 'megatively mammillate" surfaces of Leighlye “However,
the latter forms occur in sheltered spots protected from the direct
rays of the Suns

Suncups and sunpits’are generally interpreted as the result of
evaporation. This theory is based on observations that suncups and
sunpits develop best on high mountain glaciers and snowfields in
latitudes below 50° and in a dry summer climate. It was surprising,
therefore, to find ‘suncups on the Juneau firn under conditions of
relatively low elevatlon, high latitude; and humid summer cdimate.

- This occurrence requires a descrlptlon andk;nterpretationg

- Descriptions During sunny periods, firn on the Juneau Ice
Fleld was suncupned (Flgalz) Intervals of’cloudy weather and rain

17 Matthes, F.E., "Mount Rainier and its Glaclers" Dept. Interior, Washe
ington, D.b., 191k, pp» 17-18 :
18 Matthes, F.E., "Ablation of Snow-Fields at High Altitudes by Radiant
Solar Heat", Trans. Amer. Geophys. Un.,183L, p.381,
B9 The plnnacles or plllars between the sunpits are the well-known
njieve penitente.
0 Workman, WeHo, "A Study of Nieve Penitente in Himalaya', Zeit. fir
Gletschy, Vole3, 1909, ps263.
2l Sharp, ReP., "The Wolf Creek Glaciers, St. Elias Range, Yukon Terr-
itory," Geogr. Rev., Vol.37, 1947, ppa L6-LT.
2 Leighly,”Js, "Cuspate Surfaces of Melting Ice and Firn", Geogr. Rev.,
Vol. 38, 1948, p.300.
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destroyed the cups entirely on two occasions, but in both instances they
were renewed by two to three days of sunshine. :

The suncups were best developed on flats or on gentle slopes facing
the sun and were present on all gentle slopes receiving direct. sun-
lights Typical depressions on a horizontal surface were almost sym=-
~metrically cuspate, having a slight east-west: elongatlon., They averaged
roughly 10-12 inches from rim to rim and 3-L inches in depth, with a
maximum depth of 6 inchess - Aside from some. coalescence, their maximum
sige appeared to be related generally to their initial size, Measured
footprints in the firn, for exsmple, would eventually show an enlarge-
‘ment in width three times as. much as depthe

Well-developed suncups had a steep south wall and a gently sloping
north wall, making the north-south profile across the alternating
ridges and depressions saw-toothed. The steeper walls were inclined
toward the south at a uniform angle, approximately that of the sun's
elevation at mid-days ’

N

On clear evenings a thin ice layer formed on the steep south wall.
As a result of differential melting the following morning, this ice
layer rOJected as a lip, an “ice shingle", above the wall (see above
sketch)s Where numerous, these gave the firn field the appearance of a
minature wind-tossed sea with white caps, 'This effect was lost when
looking south-warde By mld-day the "ice. shlngles" had -melted. .

On slopes where the suncups are elongate, the long axis of the cups
was invariably aligned downslope. The steeper the slope, the greater
was this elongation and the shallower the cups. Suncups, two feet long
and two inches deep, were not uncommon on a 15° slopes

Origine Heretofore, suncups at high elevations have been regarded
- as sun-evaporated hollows. However, during August when the writer made
his observations meteorological measurements indicated that evaporation
on the Juneau Ice Field was relatively ineffective. On only one day
during the month was the dew point of the air next to the firn. surface
below freezing, In addition, there was little movement of air. Thus,
it can be concluded that ablation was chiefly by meltlng.

The cups themselves are the product of differential meltinge The
question arises, was this selectivity caused by differences in density
..or by slight 1n1t1a1 depressions in the surface of the firn, or both.
The absence of dust ruled out indirect ablation. Differences in .density
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were apparently not a factor. In general, the density was uniform at
the surface except where there were ice columns. Even they failed to
form the walls of sun cuos. Atmospheric eddy currents were not con-
sidered a factor. Had they been, they might act to reduce the more
vulneranle rims once the depressions were formed.

‘ Orlg¢nal slight depre551ons, Wlth their north slopes produclng a
concentration of the sun's rays, appear to have initiated the cups, and
subsequently in their evolutlon other factors played a parts

A horizontal firn surface reflects about 60 per cent of the solar
radiation when the incidence of the sun's rays is 45°. Because of a
greater angle of incidence more solar heat is absorbed by the initial
slope on the north side of the depression, and more firn is melted there.
Furthermore, a fraction of the radiation impinging on the north face
is reflected and caught by the sl opes of the depression. More melt-
‘water is thus’produced in the depression than on the ridge tep.

. An addltlonal factor that promotes greater meltlng in the depres=-
sions than on the ridge tops is the freeze—thaw process. This occurs on
all clear days and nights, and it acts in two ways: first, to form "ice
shingles" (alrrady described) and secondly to form a crust which reached
a thickness of one to eight inches between L and 6 a.me.

"Ice shingles" formed in early evening. The only melt-watep,usually
small 1n amount, produced this late in the day was on those slopes where
the sun's rays were concentrateds This melt-water was trapped and frozen
as a thin ice layer, or "ice shingleg", which retarded melting of the
firn on the south wall the following day.

The thickness of the diurnal crust was measured early each
morning. A fluorescein dye pattern observed in vertical section pro-
vided a check as to the exact depth of the crust. It was always thicker
in the ridges than in the hollow of the suncup. This is attributed to
the greater surface area exposed to sub-freezing temperatures in the
ridges, As a eonseqaencc of the diurnal freeze-thaw process, melting
was more effective in depressions than on rldges the greater part of the
sunshlne days . ,

The maximum depth of the suncups was controlled by the relative
rates of downmelting of ridges and hollows. - Deepening of a hollow below
the ridge~top level increased the surface area and sharpness of the ridge
exposed to meliing and, therefore, its susceptibility to melting. The
suncups deepened until the ridges and depressions were melted equally.

The reasons that the suncups did not display a more pronounced
east~-west orientation are not at once evident. The sun warmed the
depressions first on their east~facing side,. then more so on the south-
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facing side, and in the afternoon with less intensity on the west-facing
'side, while the north-facing side remained comparatively unaffected. The
tendency for the suncups to develop a crescent shape is attrlbuted to
thls relations

However, atmospheric heat, which was generally at its maximum
elevation, acted to overcome the sun's effect of differential melting
by melting all sides equally. Moreover, it is believed that drainage
of melt-water to the centers of the depressions aided in accentuating
the cone-shaped form. Dye patterns showed greater downward percolation
of melt-water below the centers than below the sides.

s Ice Layers and Ice Columns in the Firn23

(2) Ice Layers:

Introduction. Elzontal ice layers in glacial firn were first
reported by Saussure.2t The term ice lens will be employed synonomously
with ice layer, because all but one of the horizontal ice layers above

a deoth of 23 feet (the deepest level investigated) were non-uniform in
thickness, were discontinuous within 20 feet, and tapered at both ends.
The one exception was a 4-10 inch sontinuous ice layer vhich is believed
to mark the top of the 1947-L8 annual firn layer. This will be ~ -
referred to as the annual ice layer. V R

Correlatlon of ice layers from pit to pit was made uﬁusually diffi-
cult by their lensing habit. Only the ice lenses at depth 51.5 inches
could be correlated with confidence across the 50 yard strip investigateds

Descriptions Before solar radiation had caused "frosting" of ice
layers exposed in vertical section, their color was a deep blue whiéh
distinguished them from the firn layers and produced a distinct laysring.

. . R o 9;

The ice layers averaged two inches in maximum thickness. They™
increased in thickness irregularly with depth, never exceeding threg’
inches with exception of the annual ice layer. The number of ice layers
also incressed with depth. Where they occurred in clusters they were
less than 1.5 inches thick. Sometimes they were grouped so closely
that the thickness of individual 1ce layers exceeded that of the in~
terveriing flrn layersa

23 Hd. note: See Miller, M.M., "Preliminary Report of Field Operatiens,
The Juneau Ice Field Research Project - 1949 Season", American Geog~
raphical Society, January 20, 1950, pp. 12,13.

2k Agassiz, L., "Systeme Glaclare" Paris, 18h7, pp.201-202»
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On the vertical wall of the 23-foot pit, ice layers constitutyed
8 per cent of the area. Nearly all layers had level bases, but uneven,
mlldly undulating upper surfacese

Den51ty samples of ice layers were taken W1th a brace and bit. The
results from this method were not wholly satisfactory. The density of
ice layers was above 0.88 as compared with the maximum density, 0+71,
of the firn at a depth of 22 feet. This increase is produced prine
cipally by the refreezing of melt-water between firn crystals. The
firn just under the ice layers was less dense than the firn Juat
above, with differences as great as 0.13. The minimum density measured,

.uB was under an ice layer at a depth of 11 feet.

Ice 1ayers below three feet in depth were commonly 1nequigranular.
Crystal shapes were irregular, but generally nearly equant. Where
elongate, crystals weretoriented with their long diameters perpendicular
- to the firn surface. Diameters renged from 0,04 - 0.55 inches, with an
average of 0416 - 0.2l inches. Contact surfaces of crystals were irreg-
ular and tightly interlocked. All ice layers observed were bubbly. Air
bubbles were generally spherical, but a few were ovoid. A semblance of
r”horizontal stratification was preserved in the ice layers.

Crystals in ice layers within the zZone of sunlight penetration
(above roughly three feet in depth) had average diameters of 0,20 -
0+28 inches. In the diurnal crustal layer within 8 inches of the

surface, the average was closer to 0,L0 inches.

Two processes were responsible for this increase in érpstal size.
Abcdve the maximum depth of  sunlight penetration, destruction of smaller
crystals by melting predominated because of their greater surface area
per unit volumes In the surface crustal layer, meli-water refroze on
the remaining crystals to increase their size. Both of these processes,
therefore, increased the average crystal size of the flrn as well as of
“the 1ce layerss .

Belnw three feet in depth the individual crystals25 composing ice
layers were difficult to distinguish. Only occasionally were the crystal
boundaries ‘defined by entrapped air bubbles« However, when directly
exposed to the sun or to above-freezing temperatures, crystals developed
vigible sutures at their boundaries. These sutures were integrated
and enlarged during continued. exposure untll the ice 1ayers became
masses of loose crystals.~

Ice 1ayers near«the~surféce were greatly affected by solar

25

Crystals were distinguished only megascopically and therefore, may
~occasionally consist of more than one individual crystal.
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radiation. Of a given quantity of radiagicn reaching the firn surface
at least 60 per cent will be reflected.“® The transmitted radiation
reaches a depth dependent upon the inclination and wave length of the
rays and on the "groundglass scattering effect".of the ice crystalss
The maximum penetration of transmitted radiation was empirically
measured by observing to what depth the ice layers were disarticulated.
Extremely dilute fluorescein dye solutions penetrated the permeable ice
“layers to a maximum depth of 26-40 inches. This may be cemparg? to the
51 inch maximum radiation penetration depth measured by Olsson®! with a
photoelectric cell, and to. the 20-inch maximum depth (in snow) measured
by Gerdel?8 with a pyrhellcmetera .

The depth of nenetratlon varies w1th flrn den51ty, texture, and
‘melting conditions. 4As pointed out by Gerdel?? melt-water may absorb
radiation as it percolates downward, and thus carry heat to a lower
depths In view of the slow rate of melt-water percolation through
£irn, this depth is not only within the magnitude of error in measurlng
the depth of dlaartlculatlon, but stratigraphically above the maximum
penetration of short-wave radiation whose heating effects are nils -

Bel ow the lowermost depth of melting, dye solutions flowed laterally
along impermegble ice layers to points where the ice layers became dis=-
continuous. . As the surface was lowered by ablation, the ice layers not
only became disarticulabed and permeable, but also became carriers of
melt-water. When an ice layer came within 20 inches of the surface,
dye solution penetrated the ice layer and flowed laterally through
it, instead of along the top of the layer.:

Incipient disarticulation preceded visible melting. ' This fact
indicates either that the melting point at crystal contacts was lower
than that of the bulk of ice or that there was greater heat absorptlon
at crystal contacts.‘ , : S

Origine Despite the fact that Aga351z30 inltially recognlzed two
types of ice layers, namely, the nrimary ice layers in the firn and the
secondary "blue bands" of the lower glacier, the origin of ice layers
in the firn had 1ong‘been attributed to differential movement,and to

26 Wilson, W.T., "An Outline of the Thermodynamlcs of Snow-melt"’ Trans.
Amere Geonhys. Une, 1941, pp. 182-195;
Wallen, CsCs, "Glacial-Meteorological Invest1gat10ns on the K&rsa
Glacier in Swedish Lapland", Geogr. Ann., Vol.30, 1948, pp. L9L-L96.

27 Olsson, H., "Radiation ”easurements on. Isachsen's Plateau,“ Geogre
Ann., Vols 18, p.2LOs

28 Gerdel, R.W., "Penetration of Radiation into the Snow Pack“ Trans.
Amer. - Gquhys. Un., Vol.29, 1948, p. 372. ;

29 Gerdel, op.-cits, pe 371

30 Ag3831z, Lo, "Geologlcal Sketches" New Ybrk 189&, ppe 2h8 260-261s
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the refreezing‘of«melt—water produced by friction along shear‘plan‘es.31
Agassiz related the icée layers to former surface crusts and to the
freezing of rain which spread along the top of a dense firn 1ayer below
the surface.,

As far as is known,,Sverdrup32ﬁwas the first to suggest that ice
layers form from downward percolating melt-water. :This conclusion was
drawn from observations of ice layers on Isachsen's Plateau, West-Spits-
bergens At a campsite on the North East Land Icecap, Moss3 33 found a
‘four-inch layer of saturated flrn at a depth of five feet which lent
' support to thls theory. .

As a result of thelr crystalloﬁraphlc 1nvest1gatlons of the Jung~
fraujoch firn, Perutz and Seligman3l concluded that ice layers "“orig-
inated in a stratum of water in firn... where melt-water is either
held up by,a crust or by a partlcularly flne—gralned layer of flrn of
_ hlgh capillarity." = .

Many lines of eV1dence attest to thls orlgln of ‘ice 1ayers in the
~areas investigated. The gently undulating upper surfaces and the even
-base surfaces of ice layers, the continuity of horizontal stratification
in the ice layers with the stratified structure of the firn and ice -
columns, the lower density of firn below an ice layer support the view
that thelr growth takes place by the refreez1ng of downward percolatlng
‘melt-water. , :

o Furtherfconfirmation of this.origin was proVided‘by'actual obsers
‘vation of the formation and growth of igce layers at the firn surface
‘inside the camp.tent. Wooden boxes and other non-conductors became
perched on firn pedestals owing to differential ablation. Melting of
the pedestals furnished water which seeped downward to a.layer of high
retentivity where it was frozen by diurnal chilling, formlng an ice
1ayer This . layer grew to a thickness of 2.5 inches in three dayse

The deve]opment of this ice layer probably duplicates the deveIOp-
ment of ice layers in depth. Thus, the requisites for the formation of

e Philipp, H., "Geologische Untersuchungen tiber den Mechanismus der
' Gletscherbewegung und die Entstehung der Gletschertexturt, ‘New.
Jahrbe flir Min., 1920, pps 502-508;
Drygalski,E., "Uber die Struktur des grénlindischen Inlandeises und
ihre Bedeutung fir die Theorle der Gletscherbewegung" Diesa Jahrbe,
) 1900 p~76-
32 Sverdrup, HeU., "Sclentlflc Results of the Norweglan«SWedlsh Spits=
- bergen Expedition in 1934", Geogr, Ann., Vol.l7, 1935, pp. 78-88.
33" Moss, R, "The Physics of an " Ice-Cap", Geogr. Jours, Vol,92, 1938,p«219.
3k Perutz, M.F. and G. Seligman, "A Crystallographlc Investlgatlon of
Glacier Structure and the Mechsnism of Glacier Flow", Proc. of the
Roy. Soc. of London, Vol. 172, 1937, p« 3L6. -
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an ice layer in depth appear to be a firn horizon of hlgh retentivity for
water, below-freezing temperatures, and a supply of downward percolatlng
melt-water.

As already discussed, transmitted radlatlon disartlculated ice
layers within three feet of the firn surface. When the ice layers
reached the crust-forming zone they were nearly completely disintegrated.
This prevented an increase in thickness of ice layers in the crustal
zZones, because water passed on through the layers, In pit walls on-
mornings following the formation of a crust, ice layers were observed'
to have grown at the expense of the overlying firn layer where the wall
was completely shaded. These ice layers were wedge-shaped, thinning into
the wall. Direct radiation during the morning prevented the refreezing
of melt-water on the upper surfaces of other ice layers, rendering
them even more permeable than the contiguous firn 1ayers. ‘ g

Theoretlcally, ice. 1ayers may form in the autummn durlng the in~
cidence of the winter cold wave, in the winter during. the periods of
thawing, and in the spring during the dissipation of the winter cold
wave. However, in the autumn the greater part of the melt-water should
have time to peggolate away before the temperature of the flrn falls :
below freezings ,

Ahlmann36 states that the most contlnuous and thickest ice 1ayers
on Isachsen's Plateau correspond to crusts frozen in the autumn at the
end of the ablation season. This was true on the Juneau Ice Field in -
the instance of the top of the 1948 layer, the only annual dirty
horizon identified. At the end.of the 19L8 ablation season the firn
must have been suncupped, because the base of the overlying annual ice
layer was scalloped similarly to the 1949 firn surface. The horizontal
base surfaces. of other ice layers probably represented former w1nd~
packed surfaces or the tops of other denser layers.

101flcatlon 1ncreased progressively with depth in the l9h8~h9
accumulatlon layer despite the presumably greater negative firn tempers
atures near the surfaces37 This was largely because of the increased
retentivity and greater specific heat in depth, and the longer time
“available for growth of new ice layers and thickening of all ice layers.
The same ice layer may, of course, continue to thicken at its upper
surface as long as it remains within the depth of penetratlon of . the
winter cold waves T

: 35 Sverdrup, Opo ltvv 088 . ’ ' ‘

36 Ahlmann, HY W:son, "Results of the Norweglan-Swedlsh Spltsbergen
Expedltlon in 193&" Ceogr. Ann., Vol 17, 1935, p« 36.

3T Sverdrup, op. cit., pp. 69-71. :
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Meteorologlcal records from the U,S. Weather Bureau in Juneau suggest
‘that surface melting occurred on the ice field during the spring of 1949.
Such melting tends to increase the number of ice layers with depth. ressively
deeper Show ¢ ééernatlng accumulation and melting during the spring would affordﬂgae
' Ai 8-49 accumulation layer greater opportunlty to form new ice layers.

(b); Ice COlumns.

Introduction. No extensive descrlptlon of ice columns appears in
the literatures Ahlmann38 first christened these forms "ice glands".
' Subsequently, Moss39 and GlenlO referred to them as columns of ice and
pipes, respectivelys Of these designations, ice column is more apt and
- will be used heres

) Descri tione Where exposed by ablatlon, ice columns were readlly
recognlzed by their characteristic protrusions above the firn surface as
small rounded knobs of coarse frosted ice crystals, either disjointed
or "loose in their sockets". The knobs ranged from one to six inches in

diameter, Their relief was never over three inches and was produced by
dlfferentlal melting, which in turn was dependent upon the weathers As

a general rule the greater the rate of ablation, the greater the differ-
ence in melting between the firn and ice knobs. “On sunny days, their
.frosted appearance blended in with the general firn surface. On rainy
days they were more conspicuous; not only was their relief accentuated,
but their crystalllne character was compacted and less frosted.

; Though regularly dlstrlbuted on a. broad scale, ice columns were
unevenly distributed on a .smaller scale, 6ften occurring in groups on
the flatss On slopes they were linearly aligned with the inclination of
the slope. From a distance they appeared as parallel sinuous dotted-
lines. The knobs also showed a linear trend over concealed crevasses.
Thus, ‘the traces of underlylng crevasses could be accurately determined.

. The knobs made their appearance above the surface progre331ve1y
later at successively higher elevations. As the summer progressed, .
ablation exposed an 1ncreasing number within a given area, On August 1l
"in the vicinity of Camp 19, the’ number counted averaged one per three
square feet over concealed crevasses and one per ten square feet else-
where on the flat. By August 31 the count in this same area had in-
creased to one per two square feet over concealed crevasses and one
per six square feet elsewhere.

38 Ahlmann, op. CIto, pe 35.

39 Moss, ops 01t., pe 219.

Lo Glen, E.Re¢, "A Sub-Arctic Glacier Cap: The West Ice of North East
Land", Geogrs dJour.,Vol. 98, 1941, ps 143.
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A vertical pit wall has a much better chance of cutting a horizontal
ice layer than a vertical ice column. Nevertheless, square pits 10
feet on a side and up to 23 feet deep revealed blue 1ce columns at all
levels.

On flats, the vertical, roughly cylindrical ice columns formed the
core of a system of lateral projecting ice layerss - Several such
systems were in some 1nstances connected, forming a network of horigontal .
“ice layers and vertical ipge columns. Where ice columns were absent,
the horizontal ice layers were also usually lacking or at 1east ‘poorly
developed.

Ice columns require three~dimensional analysis. Surface exposures
and pit walls supply clues, but it is only by excavation that the three-~
dimensional nature of these features can be studieds This was accom-
plished by digging around the ice columns with a small shovel. The
boundaries of the ice columns were so sharp below the disarticulated
level that the remaining firn could be scraped away with a knlfe. L
Even so, the firn in contact with the dense columns was slightly coarser
than more dlstant flrn.

Ice columns were one to siz inches in diameter and from one to.
seven feet in length. Most terminated downward at an ice lens; others
extended downward from sn ice lens, or connected one lens to another.
Columns and lenses commonly formed inverted pedestals and sometimes
pedestals and I bars. Ice layers formed lateral offshoots from the
columns and resembled irregular ribs extending out from a ‘backbone.
These offshoots were thickest at their juncture with the ice columnsa
A few columns were offset by several feet at ice lenses, the lower part
usually extending downward from the tapered or blunt end of the lens.

Though generally vertical and’roughly cyllndrical many deviations
in size and shape were observed. Columns commonly pinched and swelled,
or formed nodular outgrowths. Many bulges in the columns attained 16
inches in diameter. Some columns blfurcateﬁ and formed inverted Yis.
Gnarled, twisted forms mentioned by Ahlmann 1 were not observed by the
writers On slopes were all gradatlons between laterallyhconnected
chains of vertical columns and ice structures of dike-like form. = All
of these were concentrated in great numbers at the bottom of slopese

Tce columns are essentially of the same crystalline character and
density as ice layers desciibed in the previous section, Special

hl Ahlmann, ‘O_EQ 2}.}_', p0350



characteristics of ice columns are the inward coarsening of the larger
columns, and the arrangement of air bubbles in crude rings about the
vertical axes of some columnse

Exper1menhsw1th dyed melt-water established ice columns in the zone
of transmitted radiation as more rapid transmitters of melt-water than
firn (Fige 1h)+ Ice columns were disarticulated to a depth of at least
50 inches, or 10 inches below the maximum disarticulated depth of ice
layerse The rapid rate of melt~water flow in the columns must have pré-
moted the transmission of some heat below the general disarticulated
level. However, below 50 inches ice columns proved impermeable to dyed
melt-waters

Dyed meltéwater'also brought out in minute’detéil the horizontal
stratification of ice columns inherited from the firn, and the slight
arching of firn laminae directly above some ice columns.

Origin. The literature contains few references to the gene51s of
ice columns. Ahlmannh ‘implied that ice columns formed through the
~ vertical coalescence of ice layers. Mossu pletured the following mode
of growthe "If such water layers can percolate downward in an irregu-
lar way owing to relatively small irregularities in the intervening
wind crusts, they may reach a temperature level where they become
ylmmobtllzed before they have tlme to spread out in level sheets again',
Glenlt stated "seseit is only when the firn above an impermeable layer
becomes con31stent1y sodden that an upward extension (meaning ice
column) of the ice band can occur"

“In as much as ice columns were interconnected with ice layers and
contained the same fabric as the ice layers, it seems safe to assume
that they formed in an analogous manner, that is, by the refreezing
of downward percolatlng melt-waters The formatlon of incipient ice
columns was not observed as was the formation of ice layers. There-
) fore, the evolution of melt-water freezing into vertical columns mast
be deduced from analogy and from the following field facts:

1. Ice colimns did not develop during the summer when the firm

was isothermal at 0°C.

2. There was concentration of melt-water during the summer in

~ the centers of suncup depressions.

L2 Ahlmann, ops clt., p.35
3 Moss, op. cite, p. 219,
Glen Opo Cltn, Pr lhB'
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3« Ice columns did not appear above the surface near the Camp 10B
site until late summer.

L. Columns showed a linear trend over some concealed crevasses and
down slopes.

5« Most columns were associated with horizontal ice layers.

- 6¢ Stratification of the firn was Dreserved in the ice columns.

T+ Some columns were at least seven feet in lengths

8. The centers of the columns were more coarsely crystalllne than
the sides, and air bubbles were often arranged concentrically
‘about the vertical axes of the columnss

9. Ice colums usually developed lateral rib-like projectlons.

Considering each of the above p01nts in order the folloW1ng evolu~
tion of ice columns is env1saged' : .

Ice columns formed when the w1nter cold wave was present in the fime
Melt-water generated at the surface was concentrated in surface
irregularities., The top foot or two of the winter accumulation layer
was probably already isothermal when this melt-water was produced. Thus,
no melt~water, even though it may have concentrated in vertical. channels,
refroze in this upper sections :

A lower, denser firn stratum caused some of the melt-water to
spread laterally until it found a permeable passageway downward. These
passageways were sometimes controlled by the slumping of firn over
crevasses or by uneven settling in the firn. The melt-water in
percolating downward through the openings moved slowly, preserv1ng the
stratification of the snow or firn. It:ultimately moved into the winter
cold zone. Despite the negative temperatures the melt-water descended
some distance before it gave up its latent heat and was immobilized.
The columns of water froze slowly in the firn from the outside inward.
It is believed that water-rich columns and water-rich layers in firn
-of equal negative temperature and depth froze as a unit during the same
time interval. Had this not been true, a later supply of melt-water would
have flowed along the many rib-like pro jections extending from the
ice columns and over their edges, forming additioral vertical columns
and a more thorougly interconnected plumbing system than was observede.

As the firn temperature rose, additional melt-water passed to
greater depths. Other relatively dense strata impounded the channelized
melt-water until it was able to permeate them. The alternation of
permeable and less permeable firn and a fluctuating supply of melt-water
was probably responsible for the development of lateral offshoots from
the columnss ‘ -

It is difficult to visualize subsequent enlargement of ice columns
unless melt-water spread along an impermeable ice lens and descended
vertically along the sides of ap ice column which extended downward from



the termination of the lens. The freezing of this melt-water would call
for a second transgression ¢f the winter cold wave, and therefore, is
not likely.

5« The Summer Melt-water Cycle.

The ablation season begins when the curve of ablation crosses the
curve of accumulation on a time-quantity graphe This occurs during
May on the Juneau Ice Field when the warm winds from the ocean replace
the cold winds from the continent. In some cases alternating above -
and below-freezing air temperatures may cause a firn 1ayeﬁ of negative
temperature to overlie a firn layer at the melting point. 6

The first substantial amounts of melt-water are utilized to dissi-
pate the winter cold wave. When this melt-water percolates downward in
the snow it refreezes in the form of ice layers or ice columns upon
reaching the depth where the snow temperature is sub-freezing. In re-
freezing, water releases its latent head which raises the temperature
nearbye Owing to this refreezing and t continuous compaction-settling
the snow evolves to firn, and with continued ablation and frequent rains
the whole firn mass can soon become isothermal at 0°Ce

It is now possible for melt-water to percolate downward to glacier
ice and accumulate there, but only after many interruptions by and
lateral flow along impermeable ice layers in the firn. As the days
.grow longer and warmer, increasing amounts of melt-water reach glacier
ice. Movement of this melit-water down-glacier is similar to the move-
ment of ground water. The melt-water is eventually concentrated in en-
glacial and subglacial channels and passages. In some instances these
drainage channels are obstructed, causing ponding of melt-water in
crevasses and flow of melt-water upon the surface.

Melt-water production ceases with the oncoming of the winter cold
wave. The surface cerust now lasts from day to day and is extended down-
ward by conduction from sub-freezing air temperatures. Ultimately, it
is buried beneath snowfalls. Melt-water derived from these first snow=
falls may penetraite o the “op of the old firn surface and where
temperatures are sub-freezing refreeze to form an annual ice layer. An
annual ige layer is not so likely to form if the first sutumn snows
fall upon a summer surface that is at the melting pointe.

L5 Sharp, R.Pe, personal communication.
L6 Ahimann, H.W:son, "VatnajBkull, Scientific Results of the Swedish-
Icelandic Investigations™, Geogre. Ann., Vol. 20, 1538, pp. L42-55.
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ige 11. Obtaining daybtime record of
ablation from shtakes on upper Taku
Glacier. Stakes were reset each
morning and evening and were palnted
white to reduce loosening by excessive
absorption of the sun's heat.

§%§e 12. Suncupped surface near Camp

Pig. 13. Samples of névé being obtalned

in toothed pipe corer imserted imbo wall
of pit on upper Taku Glacier. From such
samples density determinstions and free

water content snalyses were madsa.

Fig. 14. Bsction of ice colum 3-4 indhes
in diameter. Dyed melt-water gsnerated
at the surface has penetrated the colum
to the base of the rule (26 inches), but
only half this distance in the adjacent
firn.



Pig, 15. Fighttine messure- Fig. 16. Funnel-type pan.
ment of meli-water. Pan wes turned uwpward into

reof of tumnel wntil fimm
touched the scresen,

Fig. 17. Open box-type metal
pen. Melt-water received by
ren drainsg through rubber
tube te receptacle.



SoUuTH WaltL, Pr7 7

: 72 70 68 66 64 62 60 58 56 54 52 50
SvRFACE T T L T T T T T T ‘

a8

e/
2r 2
3r 3
4 4
5+ 5
6 16
(2 F
7+ 47
8- /J 8
LSE,

57 i
t:lo 16}
1O ) 7

} %——-—g
}l i s— ]

N i
&,12~ L 2
Q
13 (’— 3
14 L it

/1948 FIRN SURFACE

16+ L84,
17F S
/

] i 1 1 1 1 1 1 i

<l A DTy

120

121

DENSITY

E . L 22
%2 70 68 66 64 62 60 58 56 54 52 50 48

Fig. 24. Pogition of melt-water pans in

the south wall of pit 1, at Camp 10As(and
in
golid biaez} and the density curve of firn.
Denslty of ice structures is not tc be in-

thelr rejatzam@%lm to ice structures

ferred from the density curve of firne.

DAYTIME HR.
weshe 31010 21 2 3 &2 5 6 7 89 00 12 |12 9aMm
125 Y Y S VS S N Y S Y S SO B
OOk 16 inch leve!

12 mmm
129 AM

50 - 52 inch level

100

12-9 AM.

80 inch level

168 inch level

91011 121 2 34567 8 9 101t 12| 12-9AM

Fig, 25ﬁ Aversge hourly melt-water collec-
tione for several pans at 4 different levels
durirw the daytime and the average %otal
melt-water received at night (12-9 @.m.).
Period of observation was Auvg. 18-Sept. 1.



*IOIJIP SWeISeTp JO Se[e0s [BOTLI9)

*T8AST

YouT 9T UL 2% AM@M wed) queuodwod TEOY
-1I24 OU} ULTA (CHY pue 1T sued) moyF Jo gus
=ROdmoD [RIUOELIOY Pyl IO UOSTIBAWOD °LP °Fig

92 °9nv _ cZonv ¥2 9nv |
A whs 2l v9 2l 9 2l WV
0 o
2 2
14 14
9 9
Hl|{NVd
8 g
) o}
2 2
b ¥
? 'HI{NVd °
] 8
o S O
Gz -s2
06 —os
5L 'J1|{NVd 54
00! —oo!
/920 Y/ 9%

°1g 01 g1 9suBny woag

weg § PUS LUTIUDIE uUSeslsq sJanoy osg L£I046 epuo aswvey

9% PUP LUITUPTH PUT °w s g uvssajeq LTAN0Y SPEW SI84 B1USW
=pINIBIV I92BM=4 TON OB TIBUWOD J0F SoI0}EIscmes LTInoy
qIT4 TRAST UDUT 9T oYl 2% ‘2gT pue ‘Igl ‘41 *(Vol aamww T
a7d ur suwed seJya Lg L£1IN0Y POATIODSI I8LBH=4TON °0F °FIg

l ryenv T T T T T vzonv | ozonv | eionv
WyZ 2l 5 2l wvi 2 9 21 Wy el 9 2T owWvZ 2l 5 21 Wyl
20% ’ 00¢
20% °0%
005 - 008
e 4o
] o]
S2- -162
osH -0s
Si —5e
i
00t 7 2g1INvd oot
52 # G2
o o
G2k 62
ost- -os
Sip m 182
..
00i~ : ! ‘g1l Nvd oo
521 521
0% 0s1
[¢] eggrer Q
sz~ 52
osH -{os
st g2
d1| Nvd
o0+ oo
sz ! sei
14725 i I _ B /oo




CISIITP SWeISEIP JO SOTe0s TES1JI9) °[SAS]
yout 91 eug g€ (4§l uwed) qusuodwoo ywoy
=2 I84 BUYL THIH Mmmﬁ pue Igt sted) #01I JO jus

*1¢ 0% 61 38y wodg

"W Q PUB JUFTUPIW USSMIS(Q SJINOY OMg AI948 O0UC 28BOT

1% PUB JUSTUPTU PUB °W® ¢ usemieq AL[JINOT 9PEW SJI8H SLUOW
=9INsEeW JI94BM=4 I8} °u0sTIedWOD JI0F setajvisdwes ATInoy

T4 [SAST UOUT 9T U3 3% ‘Tl puws ‘Igl ‘AT (VoI @E@mm T
B

~uodwod [eIU0ZTI0Y 8u) JO uwostIsdmon °L °Fig 97d ut sued eseays Lq L[IN0Y POATISVOI J8JBM=TEH °9Z °
{ 2By T i2anv N 0z 9nv | 61 onv 1 - ‘\_ 929Ny ~ Sz ony , v2 onv 1_
oOst 3 a1 9 21 Wv.e 21 9 kA <.<4~ 2l 9 2l WYL 2t 9 ci E(amom 21 21 9 21 WY9 21 9 Z1 .wz.q_WV
20% Exel4 e
v
208 4 006
4o 4o 9
“HL|NVd
¢ o 8
S -62
0
oS- -10%
Sib s [
oo ] g1 Nvd oo .
g2 Gt
0 - o 'HI|NVYd °
Gt -162 8
o5 -10¢%
ay O
S 52
oot  Bl'a1 Nvd oo 5@
G2l Get
—os
(03+7) oGt
° ~ 0 '41|NVd 754
ser- ~s2 oo
oS -10%
Sl 152
41| Nvd
001 —~00¢
S2i _ Szt
Jy/09 _ _ eSS

POVEES



AUG 28

___AUG 29 auc 30 I AUG 33
5

R S NI |

" [ 27 -

2;‘55 12 AUE 22 12 6AM iz A0 20 2 Glli M [F3 A 12 EALM i2 2 QAM 12 i2 GAM F :26‘2 3 BAM 12 & zr(c/hr
ce/ne -
il 225
= PAN| 2F, 200
" 175
1 150
5g- -
25 -
1 75
75k -
sof- )
N F N

150

PAN| 3F, 2%

00

k43

50

%

o

}75

PAN| 2F, liso

25

‘ 100

78

50

25 ‘
7 & 12 BAM__ (2 13 szD ‘
; . é M 12
GAM_12 6 2 oA iz Au:zs 2 éAiM 2 AUZ — 2 6AM_ 12 AU: — 12 GTM, iz w:}g;zr ,,Gfi 2 AUGE — 12 51 ey T |
AUG 25 _.._AUG 8.

Fig. 28. Results of hourly melt-water collection at the 50 and 5% inch
levels. Melt-water measurements were made hourly between 6 a@.m. and
midnight and at least three times between midnight and 6 a.m. from August
25 to 27 end on August 29. Pans 2F and 2Fy were at the 50 inch level;

pan ZFy at the 53 inch level.
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Fig. 29. Hour to hour melt-water collscted from pans 2F, 3Fy, and 411
&t the 50, B3, and 80,inch levels, respectively, from August 23 o 30,
Melt-water measurements were made hourly between 6 &.m. and midnight
and at least three times between midnight and 8 &.m. from Aungust 25 %o

37 end on Aungust 29.
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Fig. 30, Meteorologicsl data compared with surface ablation data end the aversge
deily melt-water received at the 16 inch level, Camp 104, upper Takv Glacier.



