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'ABSTRACT

Coﬁtacﬁ metémorphism Qf Precaﬁbrian upper amphiboiite facies
gréde metapelites by a Laramide stoék near Nederlénd, Colérado j
produced pseudomorph and othér reaction textufes*refiecting ﬁhe
. diSeqﬁilibriumlpresent in samples collected. The initial regional

aséemblage is-quartz—sillimanite—biotitefCOrdiériteagarngt—Kéfe;dépaf—

plag_ioclgse—magnetite°

| . The breakdown of garnet to cordlerlte, magnetlte7 and quartz
'was studled in detall from pollshed sect:Lon° Garnet is zoned with
respect to Fe2 ’ Mg, and Mn to constant edge c0mposi£i6n, éﬁd_Ti—poor

green biotite (cf. brown regional) forms inside "atoll®™ garnets. The

data suggest reactions such as:

1.0 Garnet(core) + .47 K;feldspar + vHéOH20-+ 051 Garnet(rim) +
.07 Cordlerlte + 53 Blotlte(green) + .06 Anorthlte(component
in plagioclase) + .93 Quartz - : : A (4a)
and, | |
51 Garnet(rim) + .16 Blotlte(green) + 20 O, .27 Cordierite
+ 012 Quartz + .05 Anorthite + 014 Kéfeldspar + o4O Magnetite

HZOHZO | | - , - (4b)

To produce product green biotite (reaction ha) K,0 and H,0 must

diffuse into the pseudomorph from the matrix because K-feldspar was



not originaliy in gérne£7 If A1203:remained relatively . immobile, .
Cal and~8i02 diffused outward and inward, respectively. Eeaction Lb
is slower.. Intermediate product, gréen biotite, is partially

' consumed (reaction'gb)° |

Closerito fhe coﬁtact and With'increasing‘oxidation éillimanite

and biotite break down according to the reaction:

3 Fe-Mg-Biotite + 6 Sillimenite + 6 Quartz + % 0, + 3 Fe-Mg-

Cordierite + 3 Kéfeidspér + 1 Magnetite + 3 HQO,

based on textursl evidence:



 INTRODUGTION

‘>TWo §f the majof goals of the study of ﬁetamorphicrrOcksfare:
1) deducing their conditions of formation, and 2)‘deducing'the sequence .
of events'ianlvéd;in the ﬁineralogical and textural eVolution of.a
saﬁple, and thereby, of larger rock unitso' Few "fegionallj" metamor—.
phosed rb?ké;show'unequivocal evidenbé of the manner'iﬁ which the
reactionsfnecéésary to attaiﬂ, or maintain, equilibrium were accom}
- plished. Ths-texiural and minéralogicél evolution of certain regional
métamofphic rbcks Has Been interpreted in the recént literature with
regard té feactiOn_mechanisms'aﬂd'procééses of ion transport (Rast ;g
1965, Mueller 1967, Carmichacl 1969, McAteer 1976, Misch and
Ohyeagoché 1976)7wheré-grédients in the intensive variabies in the
sample were small. In these cases, the initial configuration of the
rock was known tq some extent with regard to the distribution of
‘chemical components.and mineral pﬁases; hpwever, in the case of the
WhetStone'Léke_pelites (Carmichael 1969), some of the reactions which
are assumed to havé taken place cannot be demonstrated téxturallyo if
' unique interprgtations of téxtures are not possible, the conclusions.
reached concerning reaction mechanisms and texﬁﬁral evolution are
affected by aséumptions made about therconditions and processes in—
volved'in ﬁineral reactibns and’cémpbnent.migration,‘and thus are

- ambiguouse.

’



Dlsequlllbrlum amongst mlneral phases prov1des 1nformatlon in-
dec1pher1ng reactlon processes and is therefore of great 1nterest° As
.-examples7 COmpos1t10nal zonlng proflles in garnet have been applied to
problems of partial meltlng and crystalllzatlon at depth (Fitton 1972),
tectonlcs related to metamorphlsm (Grlffln l97la, 1972 : Griffin and
Raheim 19733 Grlffln and Heier 1973; Loomls 1975 RSheim 1975)7 and
mlneral growth and” reactlon (Harte and Henley 1966 Hollister 1966
1969, 19703 Bryhnl.anchr;ffln_l97l, Grlffrn l97la, 1972;>Ch1nner 19623
Okrusch l97i§7Grant:and Weiblenvl97l; Edmunds and.Atherton 1971 Kurat
and Scharbert 1972; Misch and On&eagocha,l976)a Spatial zonation of
mineral assemblages~in &olumeé of rock has long been a subject of
interest4in studieslof metasomatism, and, nore recently, of strongly
_overstepped‘reactionso-'Eﬁamples'of interest'are articles by Vidale
1969 Griffin 1971b, 1972; Griffin‘and'Rgheim 19735 and Loomis'l97oaq —h;
| _ The.collection of some of this type of data has come before an
adequate understanding br the~choice*of cOntrolling processes was
available;~and yet consideration,of‘the process involved in metamor;
phism of a small amount of'sample can be very instructive in formula—
ting a.model for the overall reaction. If the overall reaction is the
sum:of two or more steps, e.g., dissolution of a mineral, and
diffusion of ions tora nncleating or growing product mineral, one of
- the steps must 1imitrthe'reaction rate'at.any given time or under a |
given set of imposed conditionsb Experimentalists recognize the
. importance of surface energy effects when in some cases they seed an

experimental charge; but when, for example, reversals are difficult to



obtain, an explanation is not usually obvious. In a successful
'experlment all ev1dence of the rate—controlllng process is obliter—
ated. Because dlffus1on can generate readily apparent textures such
as mlneral zonation durlng a run, it is often assumed to have con-
trolled the texturalidevelopment and mlneral compositions.

The relatlve 1mportance of dlssolut10n—prec1p1tat10n or dif-
fusion in a glven reactlon has stlll not been glven sufficient
attentlon, eogo, garnet zonlng proflles 1ndlcate a need for measurlng
 certain dlffu51on constants to test the consequences of multlcomponent
diffusion in that m:Lneralo In recent years, much attention has been
drawn to- the local equlllbrlum, or 1ntergranular diffusion experlments,
and theoretical modelllng of natural processes has followed observa—
tion of intramineral and mlneral assemblage zonation in natural rocks .
(cfo Thompson 1959, Vidale 1969, Fisher 1973, ‘and othefs)o

An obvious env1ronment from whlch to collect data pertlnent to
klnetlc problems of all klnds is a contact metamorphic aureole,
because gradlents in the 1nten51ve varlables are steep and are of
relatlvely short duration. In addition, the P, T boundary condltlons
are usually better known than for most metamorphic- rocks. Careful ’
consideration of textures and'compOSitional data can be used to. out-
line the equiiibrium assemhlage-and in some cases can serve as con—
straints on the possible chemical feactionsvinvolvedo

An ideal'area is‘the Front Range Mineral Belt, Colorado,
because Tertiary stocks have affected metapelites formed during a
previous episode of metamorphism. Detalled sampling of Precambrian

{



”'gnelsses in the contact aureole of tﬁe Carlbou stock, Nederlanu
Oolorado, was undertaken to study the reaction processes 1nvolved in
reconstltutlon of the reglonal metamorphlc mlneral assemblage to ohe
reflecting the contact metamorphlsm° ~Large changes in the intensive
varlables —_ pressure, temperature, and the fuga01t1es of components
in the vapor phase — resulted in comp031tlonal shifts in minerals

| 1nvolved in chemical reactions. Reactions 1nvolved the breakdown of

,regional-garnet, siilimanite, and‘piotite-to-cordierite;besring-assem—
sr blageso.rThe textural reiations of.reecteut,and product minerals as -
seen in thin seetiou,‘aud detailed électron'mieroprobe analysis of
phase comp051tlons can be used to quantltatlvely model the chemical

reactlons ‘and to outllne the equilibrium assemblageso

Geologic Setting -

-+ The Caribou stock is one of a series ef shallow iaramide
intrusives which crop out west of Bouldery Colorado, in the central
Front Range of the Rocky Mountains (fig;..l)o The intrusions lie
aiohgpthe northeastern extension of the Colorado Mineral Belt and were
the site of intensive-mining activity around the turn of the century.
In the.vicinity of Nederland, the stocks passively intrude Precambrian
gneisses of the Idaho Springs Formation=énd are generally steep-sided
bodies that crosscut pre—eXisting structures and foliation in the
gneisses. The Caribou stock ranges in_composition from diorite to
quartz monZOnite>and is possibly a compssite intrusion.

| ,The'crystalline rocks intruded by the Caribou stock include

quartz-microcline gneiss, hornblende-plagioclase gneiss, and
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métapelife_éf'tﬁe IdahovSpriﬁgs Férmation, as well as youhgef,
bathOiithic; Pfecaﬁbriaﬁ-Bouldér Creek Granodiorite. The gneisses

are above ﬁhe'silliﬁénite—K—feldspar isograd as defined by Evans aﬁd "
Guidotti'(1966)b The thermal imprint of the stock on the gneisses is
most pronounced in the metapelites, which have been recrystallized as
much as one—half'mile from the contact, and in which hydrothermal

- activity waé most intensely concentrated. Care was taken to avoid
sampling alﬁeféd'rOckéo ThevoutcrOp relations of the vérious units

are depicted in'figure 2.

Previous‘Wbrk.

' The:mbst récenﬁ mapping of the Céribou stock and adjaéent
gneisses was;adcompliéhed by Gable and Sims (Gable, Sims,.and Weiblen
19705 cf. Smith 1938, Lovering and Goddard 1950). The area was
included in a régional mapping and chemical study of pelitic rocké in
the Idaho Springs Formation b& the same authors (Gable and Sims 1969).

Steiger and Hart (1967) and Wright (1967) discussed the
petrography and mineralogical aspects of the microcline—orthoclase
transition-within the aureole of the Eldora (or Bryan Mountain) stock
two miles to the south. The former authors also computed heat—flow
models of the probable temperature distribution sbout that stocke

18 /016

Shieh and Taylor (1969) determined O and D/H ratios for rocks

and selected minerals in the Eldora and Caribou stocks and contact

18/O16 whole-rock. data to preclude any

aureoles. They interpret the O
lateral exchange of material between the plutons and contact aureoles

except over a distance of several feet at the contact. Isotopic
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mineral temperatures were calculated from quartz-magnetite and.quartz—l
biotite pairs, the‘former being more interﬁallj-consistept,-and in‘
better accord with their heat—flow model.

Gable et al. (1970) made a study of selected samples from the
Tertiary aureoles including,two samples from the contact aureole of
the Caribou stoekc' A general description of the contact effects,
petrographic data, and a discussion of the conditienslef metamorphisp
deduced from tﬁe‘metamorphic_reactions end.the heat—flow.model of
Steiger and Hart (1967) were outlined, Their papér,proﬁided*a besis
for the detailed study presented here} and seme of their results are.

discussed and summarized in this paper (Appendix I).

‘Sampling

 Thin secﬁions:(AA) were cut from samples collected aleng B
traverses approximately perpendicular to the stock contacts. Five
samples were chosen as representative and used for reconnaissance

A A ,

mieroprobe study; of these, two samples, ECl3 and CB7, were selected
for detailed studyo The locations of the hend specimehs dlscussed in
this paper are shown in figure 2. Table I lists the mineral assem-
blages of the chosen samples arranged by degree of alteration. A
'complete'sample location map and a discussion of the geology and

petrography of the contact and regional gneisses are included in

Appendix I



Table I.  Mineral assemblages present in selected
_samples from the Caribou aureocle.

Mineral . ECl3 " EC0a _ CBT _ _ GCBlla
' Quartz oz x X | X
K~feldspar : X X : X

Biotite N ¢ X X

ST B

Andalusite
o Kyamite X

Sillimanite - X X X

Hercynite
ilmehite

: Magnetite
Garnet
Cordierite

!
Oligoclase .

Pe b4 b b be

b4 b4 b4 B4 Bd
Tod B4 b4 B bd B

Muscovite




ANATYSTIS AND INTERPRETATION OF
REGIONAL GARNET BREAKDOWN

'Description of Regional Assemblage

The regionally metamorphosed assemblage that was studied

comprises*quértz—sillimapi@e (i kyanite)—biotite—magnetits—ilmenite—.

K;feldspar—plagioclase-i garnet + cordierite gneiss (EClOa in table‘I);_
- and_is-préséfve& without.significan£ evidencevof reactidn in some of - -
‘thg more quartzose rocks in the aureole., All of the above mineréls
can'aﬁparéntiy be found'in a single thin sectiqn; ,
 ?i;_ .Hefcyhite~iS sporadic in occurrence.and wés found in one thin
sectibnrin'the contact aureole Eonﬁaining all of the above minerals
Vexcept regional cordierite. Cordierite may rimlgarnet or is present -
aé anhedral pbrphyroblasts in the matrix (Gable and Sims 1969, p. 19,
Gable ét al. 1970, p. 671); no texturally obvious relict (regional)
cordierite waé found in'any thin sections from the Caribou aureole.
" Rounded or.flattened garnets are variously encased in quartz and
plagioclase, or between foliae of biotite and sillimanite. .

The photomicrograph in figure 3 illustrates some of the tex—
tural characteristics of a relatively unaffected outer aureole rock-
(EClOé)o The garnmet contains small inclusions of quartz and biotite
and numerous throﬁghgqing cracks which contain quartz, green biotite
and magnetite considered part of the contact alteration assemblage.
Sillimanite needles are included in garmnets in other_thin seétionso‘

10



Figure 3,

Photomicrograph of polished thin section EClOa. — Garnet
() is in a matrix of quartz (q), plagioclase (p), and
brown biotite (bb). Plane-polarized light. Note quartz
inclusions in garnet and alteration along cracks at right
side of photo. 65X.

11
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Description of Outer Aureole
Contact Assemblage

Textural evidence of reactions involving the breakdown of
regional garnet to cordierite-bearing contact assemblages is found in
what is here called the outer aureole. Garnet is largely reacted in
sample EC13, giving rise to pseudomorphs of cordierite, along with
some biotite, magnetite, and quartz. The sample is no closer to the
contact than is EClOa, the representative regional rock. The pseudo-
morph textures were described by Gable et al. (1970), but a more
detailed description is presented here.

The photomicrographs presented in figure 4 are of several
domains displaying reaction in a single polished thin section. The
pseudomorphs preserve the outline of the original garnet and lie in a
matrix of sillimanite, biotite (brown), and quartz. Some anhedral
plagioclase grains may be found nearby. Well-formed prisms of silli-
manite and large brown biotite grains are ragged where they project
into the pseudomorph. Minor muscovite is present along the rims of
the pseudomorphs intergrown with (replacing?) biotite or sillimanite.
In another thin section from a nearby outcrop (ECl17), a green spinel
(hercynite?) was found near the pseudomorph as anhedral grains within
biotite; there is no textural evidence of it having been involved
directly in the reaction as a reactant or product. Anhedral K-feldspar
associated with an incipient breakdown of biotite or as porphyroblasts
in quartz is present; magnetite grains are strung out along cleavages

in the biotite.



(@) Cordierite pseudomorph after garnet (c, cordierite; bg,
biotite; s, sillimanite; m, magnetite). Small specks are green
biotite in cordierite.

(b) "Atollll structure of garnet from another pseudomorph.

Figure 4*

Photomicrographs of polished thin section EC13« —

13

green

Plane-

polarized light. Orthogonal lines are location grid. 6$X.



(c) Interior of large psendomorph showing development of cordierite,
magnetite, and green biotite in garnet cracks. Portion of outer
rind is at left.

(d) Small psendomorph with remnants of garnet only below the surface
of the section.

Figure 4> continued.

14



() Matrix of sillimanite and brown biotite.

Figure 4» continued.
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 The variation in modal sbundance and distribution of product
~ phases within thé péeudbmorphs is marked, as can be seen frdm compari—
‘éon of figures La, b, c, and do . An outer rind of cofdiefite, with
SPécks of green, or greenish~brown bidtite and sparée magnetite,.is
usually present and contains alﬁoSt no garnet remnantsoi This rind is
ﬁhickest_where the surroundiﬁg minerals are'siiiimanité and biotite.
-The inner "core" of the pseudomorphs is ficher in green biotiﬁéy and
lérge; réunded quartz grains are”ofteﬁ ﬁresehté VCordierite'may be-a 
'lgﬁéﬁy.minor‘conétitueﬁh of the iﬁﬁéf"zoné (core); bﬁt‘in pseudomorphsv
- of lesser size in which the garnet has almost compleﬁely disappeared
(fig° 4d), cordierite is present in about the same amount as in the
outer rind throughouto |
'~ Garnet remnants (50 to 200m diameter) are most abundant just
inside the outer rind and near the core pf the-pseudomorph,.giving,
rise to "atoll"” textures (cf. Rast 1965, po‘95)o Where garnet grains
are iﬁ abundance they form a mosaic of straight, matching edges
(figsa~4a and Le) because breakdown occurred along_pre—éxisting cracks.
Magnetite in euhedral crystals intergrown submicroscopically(?) with
'quértz forms in the core of the cracks flanked by biotitei andythisr
relict texture is still presérved where the pﬁocéss has adVanced4as
in ECl3. Magnetite is only rarely in contact with garnet; the roﬁnded
iquértzAgraiﬁs in, e.g., ‘figure La, may have been present prior to
reaction.
Muscovite is ﬁresent with K-feldspar, sillimanite (or sporadic

~ andalusite), and quartz infthe polished sections studied in detail
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from thé'outer and inner éuréoleéo,fLarge, tébular crystals Seém to
réﬁlace ﬁhe lattér mineréls,lqr are growing in quartz next to'éiﬁher
éillimahite~or{biotiteo The suhedral character and size bf these';
muscovite crystals‘distinguish fhem from the fine-grained sericite .
that is observed.in many thin SeCtions, aﬁdrwhiéh appears to represent
"later? éiteratione 'Hbﬁever, abundant‘Krfeldépar in association with

:biotiteﬂbréakdown textures suggeéts that-K—feldspar énd silliménite
IIWere compatible; théreforé; the textﬁres do'hot allbw é.soiuﬁién'to 
v;.ﬁhe probiéﬁ_of whéﬁher K~feldspaf or-muscoviﬁé,ror'goth; are stables
h The matrix-in.E013 has no texture interpreted'as réactioﬁ of
- biotité and'Sillimanite_to formvcofdierite, and apparently fepresents
an orientéd.fabrié preserved from the Précambrianimetamorphism '
(fig. Le)o

The fextural Qbservations-made above suggest aﬁ overall

‘reaction for the breakdown of garnet as follows:

‘Fe-Mg-Garnet + Fe-Mg-Biotite + Quartz + O, + Fe-Mg-Cordierite

'+ Magnetite + Anorthite + K-feldspar + H)0, - | (1)
which is similar to that formulated by Gable et al. (1970, p. 679).

Nature of the System to be Analyzed

While the»qvérall;reaction 1 documents the*éhanges taking place
'_ in the sample dﬁring.¢on£act metamorphiém, it is the goal of this study
té,combine petrographic‘and'compositiOnal data to discern a possible
.mechaniém for the reaction in terms of the mobility of chemical com-

ponents. - It is evident from previous work in the field that .
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interpretatioﬁ of cheﬁicél and textural data and the kinetics of |
- reactions requires definition of the system and of the scale at which
it is observed. | |

One system of interest is thé vo;ume of.rock represented by
the scale of the thin sections., The reactions themsélves, however,
may be taking place on a much smaller scale which could‘be deciphered
from téxtures or from‘mass balance calculations (Carmichael,l969,‘

. Loomis 1976a, MiSéh.and Onyeagocha 1976). The-domain con§idered.is
the smallest volumé,Which,contains thé reactant and product minerals,
vand may include an intergranulaf fluid. In this study, the domain
in which reaction is taking place is texturally represented by the

' pseuddmorph minerals, and perhaps minerals in the immediate Surroﬁnd-
ingse |

Severai-of the pseudomorphs in a single polished thin section
were studied in detail. The preséncé of compositional'zdning in the
garnet remmants, color’variatién between blotites in different sur-
roundings, and the complicated ahd variable paragenesis withiﬁ the
pééudomprphs réquire study in order to determine at what volume scale

equilibrium was achieved.

Analysis_oﬁ Data

Display of Microprobe Data
Selected major element analyses of garnet, cordierite, and
biotite are listed in table IT, and most of the data for one domain

are projected from K-feldspar and quartz in the AFM diagram, figure 5.
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,Table~IIo_ Selected maJor element analyses of garnetY cordlerlte, and
- . biotite. — The analyses were performed on ARL-EMX micro-
 probes  at the University of Wisconsin and University of
California, Los Angeles, using an accelerating potential :
- of 15KV and .Ol5uamp sample current measured on bra_ss° The -
‘minimim beam diameter was used, being 1-2u for rim composi-
tions. -Data were corrected using correction factors (Bence
and Albee 1968). Garnet analyses were re-run using the
ZAF correction program developed by Tracor Northern, Inc. _
Insignificant differences in values for Fe0 and MgO resulted
- from this procedure. Spots analyzed were checked for Anter=
- nal con51stency at each laboratoryn._" ' : ‘

Sempler 1 2 - 3 4 5 6 .7,ff‘"'7é:

. Leb No. _ UWGLL_ Uwclse‘UcLAJ,'UCGQN{¢UGG1A;;UQGAAj{Ucclw‘,,,UW;f;];All -
810, 36060 3648 LTSTh 34e99 3hok9 3hobh 35.8% 50463 .
. A;ZOB_:e'e 21066; 20,40. 32008 18.62 21.06 19.80 118.43 32,72
"MgO . 5.85. 1.55. 615 6.57 - T.76 . 6.55 . T<87  7.22
' Feot_,*e3-'32;QoVi34paorv11°45,e22095v 25040V*22,99 21,39 -10.22
; MnO. . 93 75e55 - 48 .20 W16 . .20 ¢ o25
Lm0, 0.0 282 .09 242 3.8 0.0
- Ca0 - 1.60 1.38 .12 .19 .18 .08 0.0 . L0L
Ne O . 509 .23 .29 .26 .19 .08
KO0 L .05 897 848  9.15 9.31 0.0
H O 0.0 0.0 1.8l LikO 2,06 3.87 _3.45 _ 0.0
Total — 98.64 99577 99.97 99:9L 99,97 99.96 99.96 101.13.
zMngFU o e32 .08 .95 51 o5k ok ,.,péé L 1.26

*1 — (EC13) Garnet core composition (flgo LYo
2 — (EC13) Garnet rim composition (same grain as above).-
3 — (EC13) Cordierite next to biotite and magnetlte (fig. 4)
4 = (EC13) Biotite in matrix (brown).
5 — (ECL3) Biotite (green within pseudomorph next to garnet and
: cordierite. -
6 — (EC13) Biotite (greenlsh—brown) next to cordlerlte on edge of
. pseudomorph,
7 — (CB73 Biotite next to cordierite.
8 — (CB7) Cordierite next to biotite (above).

‘**Héo computed by dlfferenceo_
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Figure 5«

AFM projection from K-feldspar of selected probe analyses
of biotite, cordierite, and garnet in a pseudomorph in
sample EC13. — Tie lines connect grain boundary composi-
tions of coexisting pairs. Rim compositions of the
garnet and phases touching garnet are constant within
analytical error. The less aluminous biotites are inter-
mediate to brown in color.
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Tie Iines afe drawn,beﬁween coexisting phases as analyzed. The '
representetiOn suffere beceuse of thernumber of compoﬁents'needed to 
fully depict the system, but certaiﬁ compositional relationships can
‘be shown in the presenee of magnetite. Til‘*+ in bietite, andhspessar_
‘tite'and grossularite inrgarnef, as well es Fe3+ in all the phases
enalyzed are not considered in the projection. On inspection of
figure 5 and table II, the following points should be noteds

1) analyses_(three) of garnet "cores" (meaning the portions of garnetrr.
remnents having constant composition)iare rieh in,pyrope comﬁared to
analyses'(four) of garnet'rimsg'which have a constant compositions

2) matrix biotites (brown) enclosed in sillimanite or égg& to the
bseudomorph are Al—poof and plot below green biotite (in fig. 5);

~ which is restricfed to within the pseudomorph; but, 3) Mg/Fe ratios of

green biotite fall in the same range as for matrix biotite.

Gomp051tlonal Characterlstlcs of Biotite
Because foz of . the system was w1th1n the. magnetite field it is

'reasonable.tb expect that biotite was partlally oxidized (Mueller 1972,
Do 310). The. color dlfference between biotites; however, in ECL3 may
be related to thelr tltanla content (table II, analyses 4 and 5)
rather than to their oxidation states as had been proposed earlier
(Gable et ale 1970, Po 672). Green biotite is always 1oﬁ in Ti and
.hlgh in Al relative to brown biotite in the thin section. Values for
(Ti + Al) using mole fraction data were computed for all the biotites

analyzed in a giveﬁ probe run. A similar correlation between the Ti

and Al contents of biotite‘and.its.COlor was obtained by calculation
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of (Tl + Al) from the limited data of Chinner (1960 Table 5), Hall
(1941)9 and Misch and Onyeagocha (1976 Table 3). No correlation Wlth.‘
(tetrahedral) Sl was found; this lack of correlation indicates that
the Al3 in octahedral coordlnatlon is that affected by the substitu—
tion of Ti%*,  Vones and Eugster (1965, p. 1257) also recognize
A13+ 2:Tih+ substitutiens in biotite, The substitutions involving
Fe " and Ti% 2 213* would both affect the H,0 comtent of biotite.
',The'waterlcentente (comtutedvby difference) for all brown and green
 biotites are also averaged in table ITI, bub instrument drift and the

method of calculating'Hzo preclude.an accurate determination.

Cempositienel Characteristics of Garnet

| - The comp051t10nal varlatlon of garmet is evident from step
scans (flgso 6a, b, c) on the garnet remnants shown in figure La.
Mg drops sharply,Awhereas Fe and Mn climb significantly toward the
rrim ina zbﬁe 30u wideo The profiles generated a}l.show two
changes iﬁ slope; indicating that, e.g., multi-component diffusion
eross~coupling eria ﬁulti—stage reaction history could be responsible
for what is observedq; Large non-ideal interaction between Mn and Mg
(Ganguly and Kennedy-197h) could affect the éhape of the zoming pro-
~ files in the case of multicomponent diffusion coupling. Figures ba—c .
are profilesiof a series of garnet remnants located in the center to
near the edge of a pseudomorph, respectively. -The garnet core compo-
sitiohs are the Same'in each grain, and therefore the zoning present
probzbly does not represent and is not affected by, an original

(Precambrlan) growth or reaction zoning profile in the garnet°
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‘Table IIT. Comparison of H,0 and (Ti + A1) for biotites.

_Sample Size ' H,0 (who %)  (Tiy A1)%

Brown Biotite = 8 | 3.9 : 1.88

Green Biotite’ 9 ko5 1.88

N= ' be2 - 1.88

X .Son = 8

© *Reported in formula number based on 12 oxygens. —
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(a) Edge-to-edge step scan on garnet remnant.
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STEP SCAN ON GAR B IN EC13.

(b) Center-to-edge step scan on garnet remnant.

Figure 6. Step scans of zoned garnet remnants in a single psendomorph
in EC13* — a, b, and c are in order of increasing distance
from the pseudomorph center. Horizontal scale is distance
in microns from edge of grain.
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(c) Edge-to-center step scan on garnet remnant.
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(d) Unzoned garnet in sample EClOa assumed to be characteristic
regional garnet.

Figure 6, continued.
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Figure 6d is a sﬁep scan-df é-virtualiy“ﬁnzoned garnet in the
<unreacted sample from the aureole (EClOa) shown in figure 3. It would -
.lend ‘support to the hypothe31s that there was no prlmary zoning in
regional garneto. ' V

The rim composition.of the~garnet does .not differ in composi—'
tion from graiﬁ to graiﬁ,~nbf dées it dependvén whether garnet is
adjacent to cordierite or biotite; within the precision of the

analyses.

Attainment of Equilibfiumianﬁ ﬁhe Equilibrium Assemblagé

| Eiemenﬁ partitioniﬁg data can be used to evaluate the exient‘
rto which.equilibrium was attained in the pseudomorph assemblage. Mg~
Fe partitioning, in partiCular,lis most useful because that ratio is
'sensitive to changes in the intensive variables T aﬁd fozo The slopes
of the tie lines betweén coexisting garnet rim, cordierite, and biotite
. are related to KD’ the distribution’cﬁefficient for Mg/Fe, and are
observed to be neafly parallél.between diiferent pairs in EC13.

‘Values of Ky for garnet rim-biotite pairs (fig. 5) were com~
pared with the data of Heitanen (1969) for similar. temperatures (dis-
cussed bélow); arid show agreement. Assuming that garnet rims have a
constant composition and assuming that equilibrium Mg-Fe partitioning
with biotite and cordiefite are satisfied under the assumed conditions,
the rim composition of garnet appears to be stable in the system as

far as can be determined from compositional data. These criteria for

suggeéting>the approach to equilibrium have been applied in previous
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studies by Edmunds and Atherton ('1971) -and by Loomis (19'75)0 Other |
posslble ev1dence of garnet stablllty 1s the observation that some
A garnet is present in every pseudomorph, regardless of size.

| No textural evidence of 1ncompat1b111ty of biotite with silli~ .
manlte was noted 1n the same sample, or from others collected nearby.
"At"afbltrary T, Py and foz, garnet, cord1er1te7,31lllman1te, and
biotite should not all coexist:with quartz, kaeldspar, magnetite,
ollgoclase, and a vapor phase (where the system 1s 3i0 AlZOB—FeO—
MgO-NazO—Kzo—Hzo—Oz)*unless, eego,_l) some component such as MnO or
Ca0 stabilized garnet,as a phase, or 2) sillimaniﬁe and biotite are
incompatible, buf the_reaction for some reason has not taken place.
Ca0 in gafnet islessentially constant'in the aoned garnets, but since
MnO,is higher,in:garnet_rims in the sample, the latter component
couldepnesumabiy have stabilized garnet. Tne second possibility cannpt
be verified with the data availsble. -

The'minerals present in the outer aureole which may constitute -

the partial equilibrium (Helgeson 1968) contact assemblage is from the

cOnsiderationS'aboVe suggested to be quartz—garnet—cordieriteesilli—

manite—biotitermagnetite—plagioclaSe—Kefeldsparq Garnetrcores are

considered to be isolated from the equilibrated minerals by garnet rim.

. Comparison of Regional and Quter
Aureocle Contact Assemblages

Graphical Display of the Assemblages
The contact metamorphism caused measurable compositional shifts

in the garmet-bearing assemblage as well as changes in paftitioning of
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:Mg'and Fe-between’gafnet, biotite, and cofdieriﬁeoerThis can be SEOWn 1:
in a limited way by projecting both the regionaleand contact meta-
' mofphic assemblages on a diagram subject to some géﬁditions and assump-
tions. Both essehblages are assumed to be in equilibrium with
plagioclase, magnetite, and quartz. These are considered excess®
componeﬁts in.the'Sense of KorzhinSkii (1959) and'are thus.used as
projection points. - ' |

K—feidspaffis'élso used ae a projeciioﬁ point hotwithstanding
its'apparenﬁ coexistencelwiﬁh mﬁsdovite in the oﬁfer and iﬁner contact
aureole., Estimated femperature and pressure conditions of the eureole
(Lovering and Goddard 1950, Gable et al. 1970, this papef, below) may

lie within the field of the divariant isograd reaction:

- K-Na Muscovite #+ Quartz + Albite (component in plagioclase)

= K-Na-Orthoclase + Sillimsnite + H,0 : (2)

(Bvans and Guidotti 1966), whereas the regional gneisses are above the
feaction° The compOsitions of'feldepars‘and muscovite were not .
studied, but ﬁhe'ekperimental data and documented temperature range of
the reaction in-western:Meihe could explain the observed associations.
The choice of K-feldspar instead of muscovite as a projection point

is thus somewhatAarbitrary, Bpt will not significanbly reduce the use-
fﬁlness of the projection forvanalysis of the relations between garnet,
cordierite, biotite; and sillimanite. Alternatively, the coexistence
of sillimanite, K-feldspar, and muscovite may simply reflect the range

of temperatures in the aufeole during heating and cooling.
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The résultingrprojectiong figuré 7y 1s the AFM diagfam used
widely in simpler peliﬁic syotems;: Unfortunately, the regional assem~
'blage is not completeiy ﬁndersﬁood ond is‘appafently a‘diseqpilibrium
one, Cordierite is.present With garnet, sillimanite, and biotite in
some of the fegional assemblages studied by Gable and Sims (1969) and
as a relict fegional bineral,ih some of.fhe contact ﬁetamorphoséd
‘ rooko studied;by Gable et al. (1970). Thus, the reglonal topology

| cannot be safely extrapolated from their data for purposes of thermo—

»dynamlc analy31s of the changes to the contact metamorphic topologyo

Instead measured comp051tlons of reglonal garnet, blotlte, and
cordlerlte reported by Gable et al. (1970) and measured froﬁ the’
unreacted sample (ECLOa in table I) in this study are shown as phase
triangle A in figure 7.  Reliable partitioning‘data are not available
to indicate whether or not compositions chosen are reaéoﬂable for the

estimated conditions {630 to 7OOQC, B‘to 5kb, £. in the magnetite

0
field) of regional metamorphism in the Fronp Range (Gable and Sims
1969)o The pie lines have no actual significance here other‘phan to
distinguish the regional mineral'compositions from'those measured from
the contact assemblage (triangle B) containing garnet rim, green
biotite and cordieriteov.Sillimanite and biotite were probably com-—
pétible in the regional rocks, and possibly were also compatible in
the outer aureole. Figure 7, therefore, will only be used in a
qualitatife manher to illuétrate the compositional shifts and changes

in partitioning between the minerals commected by tie lines.



Figure 7. Diagrammatic comparison of limiting compositions in the

regional (4) and outer aureole (B) assemblages. —
Projected from K-feldspar and quartz (see text).

30
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Choicé of'Assembl;ge for Comparison of Regional
and Outer Aureole Metamorphism
o At least thréé.phases~of garnet, cordierite, biotite or
sillimanife cén’be assumed to have béen compatible in the régional or

contact gneisses with K-feldspar, magnetite, quartz, and oligoclase.

If we arbitrarily choose an assemblage to be stable, eogp,'ga:net—

cordierite—biotipo coeiisting with the other phases excepting silli-~
.manite?.wE oanrshow the effects of changes in T, P, gnd.foz'upon ite -
The compOSitional'shiftéiof the phases cén then be qualitaﬁively pre—~
'dioﬁed from eiporimental studies and studies of natural assemolages

without making ény further assumptions as to thelr compatibility in>

the’CariEou éureoleQV

Theofetioal Pressure Effect on Assemblage
Considering phase triangle A as our hypotheﬁical assemblage,
decreasing'pressure'at constant temperature and foé will shift ohe
phase compositioﬁs toward higher values of Fe/Mg (Currie 1971, fig° 2,
Ganguly 1972,.fig. 5)2 while the change in Fe/Mg partitioning between

garnet-biotite and cordierite-biotite will be very small (Sen and

Chakraborty 1968, p. 39; Perchuk 1970, po 160-161).

Theoretical Temperature Effect on Assemblage

An incroasé of temperature at constant prossure and f02 will
drive mineral compositions in the assemblage in the same direction as
decreasing‘pressure (Currie 1971), but partitioning betﬁeen the three
phaoés will presumably'approaoh unity. The net résult is that the field

of garnet stability“narroWs_(Chinner 1962, Perchuk 1970, Currie 1971). -.
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Theoretical Effect of £, on Assemblage

Oy

The effect of £, on the assemblage can be demonstrated by

O,

balancing reaction 1. Ignoring anorthite,.twb Fe end~member reactions

can be deduced:

Fe-Biotite + 1/2 0, = K-feldspar + Magnetite + Quartz + H,0 (32)
) .

and,

2 Almandine + 2/3 O, = Fe-Cordierite + L/3 Magnetite + Quartz. (3b)

Equations 3a and 3b could be summed algebraically to a reaction simi-
lar to reaction.l which would represent equilibration in thé system
contaiﬁing only Fe2+7 and not Mg. Writing the'reaétions in this way
it can be seen that a change in sz could caﬁse compoéitional changess
biotite and garnet will both change toward higher Mg/Mg + Fe with an
increase in fozo By writing the Mg—Fe exchange redction between
biotite and garnet it could be seen that Mg—Fé partiﬁioning is only a
function of P and T (and X)o | |
Possible Caﬁses of AsSemblage}Compositién
and Partitioning Shifts

The foregoing analysis can now bée compared with the data
_collected in this report and from previous‘workerss‘ The compositionai'
response (or appearance of a new'mineral, €.go, cordierite) of the
regional minerals, representedlb& A in figure 7, to the confact mét&—~
morphism which generated the compositions in triangle B could be due

to changes in one or all of the intensive varisbles P, T, and £y o
2
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‘ Temperature estimates made by Gable et al. (1970).for the
aureole from the heatflow models of Steiger and Hart (1967) fall in
- the range between 400 to 600°¢ eompared with Precambrian. regional
temperatures of 630 -to‘7lOOCo Tﬁe direction of change in Mg-Fe
pérfitioning‘as indicated in figuhe 7 is. consistent with a lower
temperature in the contact event. A decrease in pressure from the
regional cenditiohs is indicated by the observation that the iaramide
| plutons were probably intruded as subvolcanic complexes at shallow
depth (Lovering and Goddard 1950, p. 40-42); an extensive throughg01ng-»
hydrothermal system related to the intrusion at Caribou transects the
.aureoieo The compositional shift in the regional minerels apparently
reflects this drop in pressure. While there is no direct evidence to
indicate ﬁhe values of f02 in the two environments, any rise in fO2
was masked by the effect of pressure on the garnet, biotite, and
cordierite compositions. Since magnetite is presen£ in both assem—
blages, there is no need»to assume that the contact environment in the
outer eureole was characterized by a much higher or lower fO2 than
was the regional one.
| The pressure effect on the regional minerals is probably simi--
lar to that described by Okrusch (1971) for the compositional shift
of the regional to the first contact assemblage in the outer Steinach
aureoleo There, compoeitions of garnet and biotite are considerabiy
more Fe-rich in the contact assemblage than in the regional one, as

-at'Caribouo Cordierite eppears as a new mineral in the contact
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assemblage, whereés the regional assemblage is quartz—sillimanite—' (

biotite-garnet. Gable et al. (1970) consideredvonly the effects of

_ temperature, fH 0 and fO in the Front Range aureoles.

2 2

‘Reaction Model.

The low titania content of green_biotite compared with iniﬁial
‘matrix_(brown) biotite, and its‘variable abundanée within the pseudo-- |
morphs are'evidence>that it formed as an intermediate product duriﬁg
the breakdown of regional gérnet°, This, in turn,rsuggests that
overall réaction 1 is not adeqﬁatértOvdéscribe the.reaction’mechanism
leading to formation of the cordierite pseudomorphs after garnet.

New mass balance expressions formuléted to cérreépond to the
kinetic steps might tell ﬁs more aﬁoﬁt the reacting system. fTwo

component reactlons in the system SlO -A1,0 TlO —Fe0-Mg0~Cal-K 0~

2 3 2

HZO are written and discussed below using the compositional data such

as are found in table II:

1.0 Garnet™® & .47 K-feldspar + szo B0+ .51 Garnet™ +

.07 Cordierite + .57 Biotite (green) +..06 Anorthite (in

plagioclase) + .93 Quartz o a (La)
and, |

.51 Garnet®® + .16 Biotite (green) +020'Oé

+3012 RQuartz + .05 Anorthite + .14 K-feldspar + 40 Magnetite

* V0 B0 - . ()

> .27 Cordierite

where Yreg® = the garnet core composition, "eq" = apparently stable

composition in system, and Vi O is a reaction coéfficiento. The'-
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reaction coefficients may only represent the process under one set
of imposed conditions°

Reaction La is thegirrerersible reaction inuolving regional -
garnet out of equiliorium with the matrix. It is responsible for
-the production of green biotite and compositional shift of garnet, and
results in garnets being zoned with respect to Mg, Fe, and Mn. In
sample EClB-garnet is reacting to form green biotite; cordierite, and
garnet rim. In this case, described by Loomis (1975),.the flux of
ions leaving the interface lies on the cordierite-biotite join, as
implied by the compositional invariance of those minerals.in contact
with garnet core (cf;'nonesteady-state model, ioomis 1975). The
reaction rate of garnet in reaction La is presumably limited by
lattice diffusion in garnet because that mineral is‘internally-zoned
and the'rim compoSition is invariant, . |

From reaction La we can deduce that K2O (presumably actually
from4the breakdown of K—feldspar.in the matrix to'other products) an&
HZO'must diffuse into the pseudonorph while Ca0 and Si02 must leave,
this assuming the Ale3 is relatively immobile. - The biotite formed
reflects the limited interaction with the matrix in its having low
Ti content. 4

Reaction 4b is based on the follOWing criterias 1) much, or
all 1ntermed1ate product (green) biotite disappears with greater
reaction progress, and 2) garnet,decreases in modal abundance below
what is predicted in reaction Lao Reaction L4b must be kinetically

slower than reaction 4a. To react all of the garnmet, a small amount
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» ofvbrown matrix biotite must also belconsumedo' No oﬁher inéﬁt from
V:outside'fhe pseudomorph, éxcépt pérhaps of'O27 is necessary to writé
.T_;che reaction°

. The Bélanced o&erall reaction is the élgebraic sum of réaétion |
' Aa.and.reactioﬁ Lb: | |
1.0 Garnet™®8 4 .33 K-feldspar 4 v, - H.O + 20 0, +

HO "2 |

- o3L Cordierite % lo05.Quartz + o11 Anorthite + .37 Biotite

(green) l+’-°40 Magnetite - : - | ) T (5)

Ti shows some mobility. Analysis of greenish~brown biotite
in a more cdmpletely reacted domain than is shown in figure La and

figure L4b (fig, 4d) shows that Ti and Al approach matrix biotite

Biot Biot
i Al

between biotites with time. The stability of biotite was not appar-

values, suggesting that diffusion equalized Hep and u
ently affected, though, by the rate of diffusion of these components.
The component reactions above do not demonstrate that diffusion
of chemical components was restricted to the pseudomorph and immediate
surroundingsc Plagioclase (a product), €.g., is ﬁot.immediately
aVailable in a few of tﬁe pseudomorph areas or as inc¢lusions in
regional garnét;: However, variation in product phase abundance not
’gofrelated with extent of3reac£ion is as easily explained as being due
tq kinetic factors (éuch as different reaction fates for reactions La -
and Ab) as it is’by'postulaﬁing a more completély open system. - The
proposed reactions, as written, also do not allow quaﬁtitative com—

 parison with the actual modal percentages of product minerals in the
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pseudomorphs because such calculations are suhject to large errors
 1n 1) modal analySis, and 2) assumptions about the size of the original
_garnet°
froblem of Determining Mechanism in Disappearance
of Green Biotite
| Zoning and compositional invariance of garnet rims implies
that lattice. diffusiOn in garnet controlled the rate of reaction 4a°_>
: In a complete model for the overall reaction, however, we would like
to know what factor or process controlled reaction Lb, the reaction of
garnet rims with green biotite. The importance”of difquion and
diffusion rates’is»bfoven by the haturevof the pfoducts and. their
‘compositions formed by‘reaction La above. Intergranular diffusion
maybalso’have been important in localizing the products to the
viecinity of garnet to form pseudomorphs and in forming the textures
resembling systematic zoning within the ps‘eudomoriohs7 such as the
regular-occﬁrrence of magnetite along cracks flanhed_by biotite and
cordierite separating it fromAgarhetq - | |
- The reaction of garnet rim with biotite (green or brown) in
equation 4b is dependent on‘f02 and szo, which presumably could con—
trol reaction'rate and mineral compositions. An attempt was made to
relate biotite and cordierite compositions measured to their locations
_in the.pseudomorphs, particularly as to their proximity to garnet. |
Consideration of all the data from two domains. and of data collected

in separate probe runs shows that: 1) the Mg/Mg + Fe ratio in
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-{biotite and cordierite are nigher aﬁay.from gernet, and 2) that the
highest ratios. are for pairs measnred next te magnetite, eVen where
. close to garnet.

The'variation in Mg/Mg + Fe ratio can be either a function of

1) the flux supplied by garnet by reaction La, 2) of higher fo._away
. . . ‘ 2
from garnet, or 3) of incomplete egquilibration in the pseudomorph.

The first.possibility should'not be important assuming diffusion in
'garnet of the type descrlbed above, unless the intensive variables
were not constant during the: reactlon t:Lmee In the second case, the

mobility of O2 in metamorphic rocks: 1s known to be low. If enough 02'
was consumed at the garnet 1nterface,»f02'might have decreased and fhe
reactlon stoppedu Thus, while control ef f02
morph seeme unlikely, variation of f02 away from garnet remnants seeme.
certainly poesibleo 'The fHZO could'haVe varied also-as a function of
changing conditions in the aureoie? and conceivably changing szo in

external to the pseudo-

fhe pseudemorph could explain the composiﬂional dif—ferences°
The discussion above can be advanced no further in any case,
and. unfortunately the data lack desirable precision because of the
limited number of analyses,collectedo If the compositional varia—
tions are real, the data do not rule out the possibility that tne
diffusion rate of O2 or cnanging fHZO could have controlled the rate
of reaction Abo Alternatively, however, rnucleation and interface—
controlled growth of euhedral magnetite'eould have‘controlled the
rate of the reactien (cf. McLean 1965). The data, unfortunately,
give no proof as to whether diffusion of oxygen of surface effects

controlled the reaction rate.



ANATYSTS AND INTERPRETATION OF REACTIONS INVOLVING
BIOTITE AND SILLIMANITE TO PRODUCE
CORDIERITE IN THE INNER AUREOLE

Disappearance of Garnet in Inner Aureole

Iﬁ the inner aureole, garnet is no longer present. In one
thin section.(CBS) from the innef aureole, pseudomorphs after garnet
‘consist of cordierite, magnetite, quartz and fine—grained'Kéfeldépar(?)s
While garnet'is stable feiative to cordierita with increasing tempera—
tu?e, with increasing foé such products as‘describéd above from the
breakdown of garnef are'expected (Ganguly 1972)0_ Evidence from other ‘
contacﬁ aureoles (Chimmer 1960, 1962 Okrusch 1971) and experimental
data (aog°9 Hsu 1968) indicate that spessartite~rich garnet could be
stable in the similar P, T, f environment af.the inner aureole.

0
2 .
Perhaps not enough Mn was available to stabilize that phase.

.Description of Sample

While oxidation of garnet to produce éor&ierite characﬁeriﬁes
the outer aureole, cqntiﬁuous reactionvof biGtiie'and sillimanite to
form cordierite in inereasing abundance characteriZes the imner
~aureole. The reaction was only observed in thin sections where-
garnet 1s absent, and ita initiation ia_apparently.abrupt in the
Cariboa aureole. Figure 8 is a photomicrograph of a domain of reaction
in sample CB7 from the inner aureole. Euhedral magnetite, ragged
prisms of sillimanite7 and rounded biotite grains are-included in
large crystals of cordierite. K-feldspar (orthoclase) Tn‘large,
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Figure 8.

Photomicrograph
Plane-polarized
and sillimanite
(not shown) and
and sillimanite

of a reaction domain in sample CB7* —
light. 65X. Shows breakdown of biotite
to form cordierite, magnetite, ilmenite
muscovite. Note rounded biotite remnants
in cordierite.
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~ anhedral grains, and/or muécovite altering biotite crystais oqtéide
the cordierite, and a small amounmt of ilmemite (IimgoHem, ) in
énhedral grains are also present in the domain. From consideratibn _
of ﬁhe textures; cordierite appears to have been-produéed by the

general (unbalanced) reactions

2

Biotite + Sillimanite + Quartz + O
+vMagnetiteSS + K~feldspar + HZQ , : . . (6)

> Cordierite + Timenite.

(cf. Gable et al. 1970).

e

Analytical Results

Analytical Dafa '

Anélysis'of the reacting system involving siliimanite, biotite;
and cordierite can be performed in the same manner asAfor the_gafnet
pseudomérphs; Two partial anaiyseé of cordierite and biotite are |
liéted in table IT, and all of the data collected in a single domain
of reaction are projected from K~feldspar and quar£Z‘inAfigﬁre 9 with:.
tie iines“between analyzed mineral pairsol Biotites show small, but |
significant, compositional variation. Those biotites with low Fe/Fe
% Mg ratios are large crystals corroded by cordierite; and,, conversely,
ﬁhe-small, rounded inclusions in cordierite afé Fe-rich. This trend
wag confirmed by'anaiyzing cordierites and biotites from three other
reactioﬁ'areas in CB7, including ohe‘where reaction was ineipient.

The symbdl,g , in figure 9 illuétrates the findings from the texture

and composition data that progressive reaction results in more
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Figure 9.

AFM projection from K-feldspar of probe analyses of
biotite and cordierite in CB7. — Analyses are from a
single reaction domain and tie lines connect rim
compositions of minerals in direct contact. The symbol

denotes increasing extent of reaction as determined
texturally.
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'Fé—rich biotites, and perhaps more Feériéh;cordieriteo« One biotite -
“"armored"rby quértz‘and embayed by plagioélase wasAaﬁalyzed foripur—
bposes of'comparison with the finding that Fe/Fe + Mg is the same as

. for the small biotite remnants in cordierite.

Projection of the Final Assemblage
‘The stable equilibrium assemblage would appear to be guartz—

" (Fe-rich) biotite—sillimanite—(Fe—rich) cordierite-K~feldspar-

'»magnetite—ilméniiee‘ The daﬁa'do not indicate whether or not the
asSemblagé mineral compqsitions representfequilibrium values. It ié
possible that the changes in composition mereiy,reflect changes in |
bulk composition within a doﬁain;' Figufé 10 is a graphical comparison
vabiotite and cofdierite analyses‘from.thé'outer and inner aureoles
(samples EC13 and CB7, respectively). The filled circles represent
£he final inner aureole compositions and show a trend toward higher
Mg/Mg + Fe approaching thé igneous contact. rThe two sets of data can
be.COmpared if it is assumed that pseudomorph biotite-cordierite |
pairs away ffom garnet (in the outer aureole) are a séparate sub-

:.system not including that mineral, but including sillimanite.

Cauées of Compositional Shifté

One .variable 1ik31ymto have differed in the inner: compared to
the outer aureole is temperature. However, the oppqsite compositional
shift was noted by Okrusch (1971) for biotite and cordierite in the
Steinach aureole, where simply temperature, and not increasing

N

oxidation, was involved. fo seems to have increased toward the
2 _



Figure 10. Diagrammatic comparison of limiting "equilibrium"
compositions of biotite and cordierite in outer aureole
(EC13, left) and inner aureole (CB7, right).
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rgontacto"Thisvfollows from the~féct (Ganguly 1972) that the - |
coexistéﬁcevof cordiefité,vSillimanite, magﬁetite, and quaf%z (3 Cord

+ 02.= 6 Sill + 2 Mag + 9 Qtz) as was obéefved in the inner aureolé
defines a higher f02 than that in equilibrium with cordierite,
-alménding,'magnetite and quartz (54 Alm + 18 0, = 27 Cord + 36 Mag

+ 27 Qtz)y’observed in the outer aureole., Implicit in tﬁis reasoning
is thé‘assumptiOn that cordierite and sillimanite are in équilibrium ,
in'thé-inner aureole; this cannoﬁ be confirmed'b& the datéov waever;
the fact ‘that Mg/Fe ratios in biotite and gordiérite are hisher in

"the inner aureole is also evidence of higher fO there,

Discussioh
Variatibn or gradients in intensive variables over the thin
section can explain different extents of reactions between separate
domains but may not explain»compositional variation of biotite and
COrdiefiﬁe within a single domain. The data show that cordierite
and’biotite could not have simply reacted by Mg-Fe exchange, although
' KDr(related to slopes of the tieAlines) does reflect the nature of

the assemblage disegquilibrium.

Control of the Reaction

- Diffusion in biotite did not evidently control the réaction
rateo- Biotite grains are either homogeneous or slightly zoned, but
only the small grains have the assumed equilibrium rim composition;
The dissblution fate of biotite or sillimanite could have been the .

rate-controlling factor, however. If.diSSolution at the interface of :



‘a reacting grain is slow compared to diffusion of ions in the grain'z‘.::

itself, a zoning profile will not develop. Alternatively,'consumptibn'f“_'

. of internallyvcontrolled 02 in the reacting system could also have
limited reaction rate and have been responsible for increasing Fe/Fe 
+ Mg in biotite with greater_extent of reaction. rThe compositional
data arevinsufficient to distinguish which process controiled the
‘reaction rate; the intergranular diffusion model does not explain,.

- however, the random distribution of pfoduct phases oObserved in thin
section and the facf that compositions of cordierite and biotite bear

no relation to distance from sillimanite.



APPLICATION OF RESULIS

The oxidation reactions deéqribed here have immediate
significance to stable isotope geology. Shieh and Taylor (1969, -

18/016) temperatures in pelitbes

Do 333) measured mineral isotopic (O
“from the Caribou and Bryan Mountain (Eldora) stocks. These authors

8 state; "The schists and gneisses in theACaribou and Eldora traverses

give rather high:quartz;biotiteitemperatures (63Q to 710°C) for samples' |

1000 feet away from the contact, bﬁt the quarti—magnetite tempefatures 
(595 to 615°C) seem moré feasonable, and these conceivably could repre-
sent the original'metamorphic temperatures.® Fér the samples in
question (which had not undergone oxygen.isotopic‘eXchaﬁge,withrthe
intrusion), an‘explanation for the discofdant temperatures should be
obvious from considefation of the data presented hefe° While much,
of most of the magnetite in the pelites formed (or equilibrated)
during contact metamorphism from the breakdown of biotité‘and/or |
garnet, agundani unreacted biotite is preServed in marny foéks which
may reflect the regional temperatures. Because H2 was rélgaéed or
consumed by the reactions taking place in the aureole, D/H isotopic
ratios should also be interpreted with considerable caution (Gable *

et al. 1970, p. 685).

L7



CONCLUSIONS

The author has shown in the foregolng analysis that the
nature of the contact metamorphism can be understood despite complex
~ changes in the intensiVe variables. Previous work centered on the

Front Range aureoleé (Gable et .al. 1970) demonstrated that T, fOé’

l,.{and fH O’were»controlling variables of metamorphism. Detailed

",fanalysis of the mingral phases in thé pseudomorphs énd conétruction of
_  an équilibriumvtoleogy fordes re@ognition of pressure-és aﬁ impor—'
-_ﬁéni variable. The inner aureole'also was more oxidizing thin-the
outer aured;e¢ | | - V -
Other fééults were obtained which hinge less on the assump-
tion of complete or partial equiiibrium and more on the textural
interprefations and'microprobe analyses of minerals involved in the
reéctions studied. The-data permit deduction of the reaction
kinetic path because intermédiate prbducts are formed (component
reactions Aa‘énd Lb). This yields more information than can be

N

obtained by writing reactions based on textural abundénces or associa—

,tidns alone, or by mérely writing the overall reaction for the
breakdown of garnet (reaction 5). The component reactions are useful
in compafing ion mobilities during intergranﬁlar diffusion: eoge,

Ti diffuses more slowly than does'KZO and H20,'otherwi3e we wouldn®t

have green biotite. immediately obvious net gains and losses in the

and of Si0, and Ca0,

2

pseudomorph include that of K20,'H207 TiOz,

respectively.

L8
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Reaction 4b, for some‘reason, is slower than reaction Lao
The‘limiting factbr in feaction'Aa is probably lattice diffusion
IWithin gafnet; and, if the'diffuéion constants for>this process were
4"knowh,‘the rate ofvfeaction Abrwould>also be known, and thus also
Vthe maXimum rate atlwhich thé'breakdown of gafnet takesrplaceo- The
fates of intergranular transport of components, as exemplified by
reaction 4b, are paraméters necessary to the interpreﬁation of
’ equilibfium volumes in metamorphig rocks and moss transfer. Thé data
'do_ﬁot indicate the reaction mechanism of reaction 4b nof.of the
Jbreakdbanof sillimanite in the iﬁner aureolelto‘éordierite and other
'productso Whether intergranﬁlarfor latticevdiffusioﬁ;,or interface—
‘controlled. mechanisms liﬁitrréaction rate muét.be determined for
raﬁy metamorphic reaction at the conditions under which they take
place. With this information, the time of metamérphism.of a sample

and the rock units in which they are contained could be caleculated.



APPENDIX I .
SAMPLE COLLECTION

Previous workers provided a geologic map'baee upon which
sampling was carried out. The units present areund the Caribou stock
vlnclude microcline gnelss, hornblende gneiss, pelltlc gneiss, and
Precambrian 1ntru31ve plutonic and dlke rocks (Gable 1969 and fig. Is l)
Pelitic gnelsses on the western and eastern contacts of the stock
correspond to theiﬁorﬁhwest and northeast limb, respectively,'of a
northeast-plunging Pfeeambrian anticlinal structure. -

:Several faults of unknown magnitude of displacement are shoﬁn
on the pubiished map (Gable 1969) in the ﬁicinity ef the sampling
area, but only ene-of these}'a ndrthwest—trendingvbreak“which follows
the ereek (figo Io2) draihing Caribou transects the sample grid; A
thorough search feiled to confirm the presence of the'northwestern;'
.most extension of this fault as drawn by Gable. No breccia, staining,:
or change in lithology or structural trends was noted in outcrop or
near-outcrop along the inferred trace of the fault in the sampling area.

-Cross—sectioﬁs were constructed for two of the sampling lines
- from stfuetural data collected along the traverses. Figure I.3 (B-B*f
in fig. I.1) depicts the structure on the west end of the stock from the
south side of Klondike Mountain. The gneisses iﬁ'the»aureole from
sample locations marked 1 to 8 (fig. I°2)'are well—foliated pelitic and
semi-~-pelitic gneiSses with a granitic component:as thin'veins parallel
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to follatlon, and occasional folded pegmatite lenseso At-éample
location 9, the reglonal follatlon becomes sw1rled and offset sllghtly
by steep—dlpplng fractures. Platy partlng found in the less dis—
turbed rocks (eogo, locations 1.to 8) is healed; foliation is less
pronounced, and the rock matrix is more homogeneous in appearance.
Sévéral near—vertiéal dikésiare drawn in schematically'or
where they wereinofed at a sample iocationol These occupy a well—
'ddeveloped fracture system seen on the scale of the hand spec1men
‘(above) and in outcrop, along whlch sllppage east—81de down has
taken:placeo ‘Some of the-dlkes plnch out upwards and the foliation
in the gneiss is kdnked above the:dike,apices§ Towafd the contact
near the base'df the cliff face large blocks df gneiss are surrounded
by coarser, dark grey monzonite.
| The western contact of the Caribou stock thus appears to have
vintruded passively and to have imvolved downward stoping of the roof
and walls into the magma. The amount of disturbance in aureole
rocksbincreases‘toward the dontacﬁ gradaﬂionally and involves no
major internal displacements. Because exposure is nearly complete,
and because the topography affords a natural cross-section through
the roof, a more detailed study of the intrusion emplacement could be
undeftakeno
: Uhfoftunately, the surface expression of the contact relations
on the east side of the stock near Caribou is not as good. Tﬁe slopes
and ridgetops are pértially forestedrand are cdvered with a thin

veneer of colluvium, and stream deposits blanket the valley below
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Caribou tiéwnsite° A fough-crOSSféectién (A-A') is shown in figufe'Iaéa'
The gnéisses are lithologically similér to those inAthejwesterh
aureole.bgﬁ contain mofe abundant folded pegmatite, a;sumed to be
Precambrian. Two varietieé were no£ed2 1) those pfedominantly micro-
cline and éuartz,-and 2) those cOntaining quartz, K-feldspar, plagio-
clase, and biotite; 'Foliaﬁion confdrmé generally to the same
northweét,strike and northeast dip eXégpt near the intrusive contact.

Thejekposures of the coﬁtaéts‘are}only fair. Dikes and
fractufes'along which slippage ﬁook place are not chérac£eristic of
the gneisées near Caribou townsi-te° The wall—rock in the Idaho-
VItunnel and in the Carlbou Mlnlng Company mine operated byMro To
Hendrlcks 150 yards to the south (shown on map by Gable 1969) is
apparently gneiss for a considerable distance (T. Hendricks, oral
communicétiOn, 1975) irnward. The data indicate that the section
repreSents.a portion of the aureole below the roof, and that the stock
is steep-=sided.

A throughgoing vein systémttraverses the daribou stock and
portions of the pelitic rocks, and was mapped and aiscuSSed by
Lovering and Goddard (1950). Those authors assumed that its orienta-
tion was-éontrolled by Laramide tectonic forces, but Tweto dand Sims
(1963) contend that Precambrian fracﬁufes already present ip the rocks
may simply have been reactivated during the later events. Sulfide
mineralization of the Veins produced.ﬁorkable amounts of silver and

base metals (in the 19th centurf) moétly within the zone of supergene
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'rrrenrichmeﬂtq Mineable o;e»gave out at moderate'depfh,sbut thefe has’

: beeﬁ intermittent ihﬂefesﬁ'in_fhe ierger easﬁ—west ffending veins up
io‘the present day. o '

The relations between the veins ahd waierck'alteration were

investigated briefly from outerops and prospect piﬁs in the field.
The veins have sharp planar contacts with the pelitic host gneisses
”Awhefe they are relatively.unfractured and are fiiled with brown, -
:gouge—llke, soft materlal and strlngers of quartzo ' Near mine shafts
- and- clusters of plts, the gnelsses themselves are broken7 and abun-
:dant whlte quartz forms part.of the surface veneer. Where outcrops
~ are present, alteration of gneiss can impart a crumbiy fracture when
struck with a hammer. Micaceous layers are rustyhcelered and the
feldspars appear clouded0 Distinct veinlets sre largely lacking in
these outcrops except in the uﬁexposed broken areas near veins;
,rether a system of fractures sometimes coated with epidote7 muscovite,
and oxide ﬁinerals’appeers to be responsible‘for the incomplete, but
pervasive alteration. In a sense, then, a "halo" of alteration which
is grossly discernible characterizes intersections and concentrations
of veins. Thefarea east of sample no. lOsin figﬁreIOB (the small basin

and Boulder County Hill) is greatly affected by veinerelafed alteration.

_Sampling Technique

Samples were collected from outcrops only and their locations
were plotted on the UeSeGeS. 7.5 mimite preliminary topographic map

of the Nederland Quadrangle or on the geologic map of Gable (1969).
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Absolutevdistahces between'éamples were detérmined both by pace and
compass from‘laﬁdmarks or tfiangulated pointsar Attempts were made to
samplé‘different bulk comfoéifidﬁs in a givenrbutcrop where possible,
_ and also to.avoid any obvious proximity to dikes and veins.  Portions
of several days were spent in investigating the structural character-
‘istics of the aureole and the Caribou s-tocko The time spent sampling
was'in ﬁw@ periods.separatéd by an interval of thin section examina-
tion at.the_UhiVefsity of Afizonéo .'- | |

| Sampie locations are shown in figure I.2; an overiay'of the
topographic map.. Two of the tfaVerses (kM and CB series) are
prbjected onto the crossasecticns (figs;LéZandIZQO Several scattered
© samples from'the aureole énd from'a travefse acrdss the stock are. not

shown because they were nbtAstudied in detail.

Sample Paragenesis

Tﬁe‘sampling experiéncé of the author may aid further .
investigationé° ’Eulk cémpositidns are limited in range in the
vicinity of Klqndike Mountain. Garhet was found in only one badly
altered sample, although‘most of the samples collected were very fresho.
Cordierite appears in most of the'rocks-at about the point where
foliation becomes swirled (sample KM9, sbove), and along with
AK+feldspar becomes an abundant constituent at the expense of biotite,
Andalusite is present in thin sections cut from samples located

between 500 and 1000 feet from the contact (Gable et al. 1970).

Muscovite is present in large cfystals in all of the samples
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.céntaining cordiefiﬁéo The alteration mineral assemblage-appears to
. comprise sericite, Qﬁartz, chlorite (var. penninite); éalcite,vand
hematite. | |

Samples from two traverses on the east side of the stock,
CB and EC, are more diverse mineralogically in that some contain.
garnet. Usﬁally red or dark-colored in hand specimén7 garnet generally
- shows up as knots1in.the féliation.planes‘of the gneisseé° Not a
single garnet—bearihg sample from the CB.fravgfse~was'dé§med suitable
for éﬁudyAbecausejof'the pervasive quarﬁz—sericite—chlorite—Opaque
‘ oxide’alteration in.most_of the samples which obiiterated original
textures. An area of no oufcrop sepéraﬁes the outer from the ‘inner
aureole where no fresh sémplestere found. Pséudomorphs after garnet
i in ‘samples CB7 and CBS discussed in the text were 1dent1f1ed as garnet'
in outerop. Andalus1te was found in two thin-sectioned samples at
greater than 1000 feet from the igneous contact. The mineral appearé
to be growing poikiliéically'with, or on, quértz, and is-associated
with é new generation of biotiteo

Samples from the EC traverse afford the only known exposures
of fresh garnet~bearing rocks around Caribou. Even here, few outcrops
'contain many layers with garnet, and some are deeply surface-weathered..
Unfortunately, topography dictated the traverse'direction such that
the significance of rélative distances between samples must be deduced

from the CB traverse.
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TABLES OF CHEMICAL ANALYSES
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Table II.1le

Sample EC1l3 — biotitese.

Sample* 1 2 3 L 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
and _

Lab #%* UWGll UWGl2 UWGL3 UWGLL UCGIA UCGIlA2 UCGLK  UCGIN  UCGLP UCG2M UCG2N UCGR0 UCG3R  UCG3S UCGhA UCGLC UCGLE  UCGLG UCG5
510, 37.39 36.63 36.24 35.80 34.49 3heTh  34e39  3L4e59  3L4.58 35,17  34e99  3L4e52 35.02  33.95 3Lebh  3heh6  35.09  3L4.40  3Leik
A1203 18.81 20.94, 18.82 20.38 21.06 20.56 20.73 20.32 20.89 18.73 18.62 18.68 20.88 20.51 19.80 19.82 20.12 19.73 20.51
Ti02 3-31 olL} 1.1.01.14— 1081 009 008 c21 .10 012 208ll- 2'82 2'32 ‘63 081 20[{.2 l.l}2 .lO 2056 076
FeO, 22.7h  23.37  23.95 22.3L  25.40  23.53 23.55 23.20 23.61  23.46 22,95 23.72  23.29 23.30 22.99 23.18 23.53 22.79 22.82
MnO .2 .15 .23 .26 .16 .15 .15 .13 .12 .22 .20 26 .13 A «20 .21 11 .17 .16
MgO 6.70  7.13 - 6.13  5.93  7.76 6,94,  6.73 740 7.08 6.78  6.57  7.06  6.82  6.62  6.55  7.00  T.ld 654 6461
Ca0 .01 .05 0.0 .01 .18 127 .09 .12 12 .13 .19 14 .08 .08 .08 .08 -05 .08 -09
Nazo 026 036 022 021.[. 029 029 03[{. 033 035 °2Z|' 023 02]- 031 .26 .26 031 029 027 .35
K20 9012 8.614. 9.30 8.98 8ol|-8 9.29 8.88 8.92 8.75 9.02 8‘97 't 8‘76 9002 8‘94 9'15 8'92 9018 9'05 8'79
H,0 1.41 2.5L .76 L.15 2.06 o2l 4.88 Le79 Le32 3.36 440 L4e28 3.77 5.32 _3.87 Le52 L.06 Le37 5440
Total 99.96  99.95 99.79 99.90  99.97 99.94 99.95 99.91 99.94 99.95  99.94  99.69  99.82 99.79 99.76 99.71  99.83 99.79 99.77
Color Brown Green Brown Inter. Green  Green Green Green Green  Brown Brown Brown Green Green Brown Brown Green Brown Inter,
*] — Brown biotite on edge of pseudomorph away from cordierite.

2 — Green biotite touching garnet rim and cordierite (UWGLl) inside pseudomorph.

3 — Brown biotite appearing encased in sillimanite in matrix.

L, — Brownish-green biotite on edge of pseudomorph touching cordierite.

5 — Green biotite touching garnet rim inside pseudomorph.

6 — Green biotite touching garnet rim inside pseudomorph.

7 — Green biotite touching cordierite (UWGl3) inside pseudomorph, halfway to edge.

8 — Green biotite touching cordierite inside pseudomorph.

9 — Green biotite touching cordierite inside pseudomorph.
10 — Brown biotite in matrix, center of grain next to quartz.
11 — Brown biotite in matrix, closer to edge of same grain.
12 — Brown biotite in matrix, edge of same grain.
13 — Green biotite touching garnet rim, center of pseudomorph.
1/, — Green biotite away from garnet; large grain in center of pseudomorph.
15 — Brown biotite touching cordierite near edge of pseudomorph.
16 — Small brown biotite in cordierite at edge of pseudomorph.
17 — Biotite next to cordierite and magnetite in crack in garnet remmant

inside pseudomorph.

18 — Brown biotite at edge of pseudomorph touching cordierite.

19 — Brownish—-green biotite next to cordierite in center of small pseudomorph.

**First two letters of title identifies laboratory (UW = University of
Wisconsin, Madison, UC = University of California, Los Angeles, UA = The
University of Arizona).
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Table

IT.2. Sample ECl3 — cordierites.

Sample* 1 2 3 L 5 6 7 8 9 10 11 12 13 1 15 16
and
Lab #** UWGL1 UWG12 UWGL3 UWGLL UCGLA UCGLJ UCG1D UCG4B UCGLD UCGLF UCGLH UCG5 UCGIM UCGLO UCGLQ UCG1R
SiO2 50.40 50.61 50.19 50.37 47.83 47.80  47.42 L7.87 L48.55 48.70 48.25 48.26 L8.43 L4845 48.25 48.12
A1203 32.46 32.65 32.72 32,64 32.73 32.05 32.80 30.78 31.93 31.85 31.04 30.53 32.40 31.20 31.56 31.94
‘I'iO2 .02 .02 .03 .03 .01 0:0

FeOt 11.06 10.69 10.90 11.25 11.63 11.45 11.83 11.23 11.11 11.78 11.12 11.15 11.68 11.32 11.56 10.59
MnO olly .56 5L «52 «50 48 L6 .51 .62 L6 52 <50 .51 42 L6 .63
MgO 54 Ll 5.72 5.47 5,47 6.30 6.1 5.86 6453 6452 6446 6.56 6,48  6.43 6.50  6.36 6.70
Ca0 .01 .01 .02 .02 .16 012 .19 .09 .10 .10 12 .11 13 13 .13 .11
Na20 o2 «20 .18 .18 .16 .09 .
K20 07 .08 .06 .07 .06 .06

H,0

Total 100.14 100.54  100.11 100.55 99.38 98.19 98.56 97.01 98.83 99.35 97.61 97.03 99.58 98.02 98.32 98.09
*] — Cordierite touching biotite (UWGl2) and garmet in pseudomorph center. ;

2 — Cordierite touching biotite (UWGlL), pseudomorph edge.

3 — Cordierite touching biotite (UCGlK), halfway to pseudomorph edge.

L, — Cordierite touching garnet (UWGlL) inside pseudomorph.

5 — Cordierite touching garnet inside pseudomorph next to garnet.

6 — Cordierite in center of pseudomorph. '

7 — Cordierite inside pseudomorph next to garnet.

8 — Cordierite touching biotite (UCGLA).

9 — Cordierite touching biotite (UCG4C).

10 — Cordierite touching biotite (UCGLE).

11 — Cordierite touching biotite (UCGLG).

12 — Cordierite touching biotite (UCG5).

13 — Cordieriet touching garnet (UWGl5).

14 — Cordierite touching biotite (UCGlNg.

15 — Cordierite touching biotite (UCGLP).

16 — Cordierite at edge of pseudomorph.

**First two letters of title identifies laboratory (UW = University of
Wisconsin, Madison, UC = University of California, Los Angeles, UA = The
University of Arizona).
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T, 3° Sample EGL3 — garnets.

**¥First two letters
University of California, Los Angeles, UA =

Table i R .

Sample* 1 2 3 Lo .5 6 7 8 9 10 1
and :

Tab #**%  UWGLl1  UWGL2 UWGlB UWGLY  UWGL5 UCGELG UCGLC _UCGLE  UCGLK UCGBP UcG3Q
510, © 36,60 35,98 36,67 36057 36,48 38,49 - 38,58  37.06 . 38.54  38.73  37.65
A1203 21966' 21,08 20.71 V 0.4 20,40 21.44 21,38 21093 Zlolh 21.97 21,06
Ti0, | ' ' _ _ '._ _ R

FeOt 32,00 33,89 35,10 34,03  34.40O 'v32964> 34,00 34972_= 32.97 | 33,31 34.13
MnO 093 Le91  L.70 Le92 5655 . W97 . Lok 1.17 - 297 104 6,36
Mg0 5.85 1.48 3,50 1.50 . 1.55 5,86 5;56 1.65 5,72 5.65 1.42
' Ca0 1,60 . 1.28  1.40  1l.26  1.38  1.72 1.73  1.80° Toh2 1.48 1.31
Na,0 v o

'KZO

H0 ‘ : —_— _
Total 98,64 98,62 99,08 98,72 99,76 101,12 102.39 98.33 100,76 102,18  101.93
¥l — Large garnet, core. o o '

R - Same garnet, rim; touching blotlte (UWGL2) .

3 — Small garnet, core.

L — Rim of (3), touching cordierite (UWGLA).

5 — Small garnet core, next to cordierite (UWGlM)

6 — Same as (1), above.

T — Narrow garnet, core.

8 —— Garnet core.

9 — Large garnet, core.

10 -~ Large garnet, core,

11 — Large garnet, rim of (lO)

of title identifies laboratory (Uw Unlver51ty of Wiscon51n, Madison; UC =
The University of Arizona).:
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Table TIoke Sample CB7 —— biotites.

Semple* T 2 3. Lk . 5 4 7 8. 9 10 1. 12
iﬁ% #%% _ UWG25 UWGLG UWGID UWGLG UCGLX UCGLW UCGLL UCG3A _UCG3D_UCG3E__ UCG5 _ UCG6
510, 37.50 36,61 37.57 -37 87;‘35v87 35.84 35.03 35,09 35.24 35.05 35.28 3491
A1,05 - 19.41 19.14 18.69 18.63 19.2, 18,43 18.52 18,77 18.80 18,17 i8,46 18,40
Ti0, 272 286 3,06 2,66 2,67 3.48 1.19 1,20 1.3 1.00 1.08 1.09
FeO, 19.55 21.17 21,13 20,58 20.44 21.39 20,81 20,22 20,20 21,39 20.46  21.12
MnO . .10 .08 .09 .08 o L1 .12 .1 .10.- .09 .11
MgO 7.6L 8.38 8,30 9.03 B3 7.87 8.4l 8.5 8,53 7.79  8.85 7,93
Ca0 0.0 0,0 0,0 00 0.0 0.0 .16 .13 .13 13 .08 .16
Na,,0 S W18 W21 200 .22 W2 W19 . WBT WBh WBL W6l ohh . .60
K50 947 916 9.13 894  9hh 9.31 9432 9.23  9.15 9,22 948  9.47
HO 3.37 _2:37 1.8 _1.97 _3.76 3.5 _5.8L 6,18 _5.87 _6.46 _5.70 _6.13
Total . __99:9% 9998 99.98 99.98 99,97 99.96 99.9k 99.93 99.92 99,92 99.92 99.92
¥1 — Biotite in cordierite, '

2 — Edge of large biotite touching cordierite (UWGlE)

3 — Core of (2) away from cordierite.

}, —~ Biotite touchlng sillimanite and cordierite (UWGlH)
5 —— Same grain and edge as (2), different location,
6 —— Tiny biotite in cordierite, touching UCGLJ.
7 — Edge of biotite touching cordierite (UCGLK).
- 8 —— Small biotite in cordierite, touching-:UCG3B,
9 — Tabular biotite in cordierite, touching UCG3C and. sillimanite 1nclu31on°
10 — Small biotite in cordierite, touching UCG3F. ‘ :
11 — Edge of large biotite touching cordierite’ (UCG5H)
12 — Large biotite in plagioclase.
**First two letters of title identifies laboratory (UW = University of

Wisconsin, Madison, UC = University of California, Los Angeles, UA = The Unlver31ty of Arizona). o~
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Table IT.5, Sample CB7 — cordierites.

Sample¥* 1 2 3 L 5 v 61 " 7 8 9 lO
ﬁﬁaﬁ* UWG2 UWGAE  UWGLF  UWGIH  UCGLJ  UCGIK  UCG3B . UEG3C  UCGSF- ~ UCGSH
5i0,, 50096  50.7h  50.63 50,97 k7.9 AT.T5  KT.95  48.2h  L8.05  K7.99
11,0, 32,92 32.23 3272 3241 32,57 3258 32,40 32,46 3214 31.67
T10, .02 0.0 - 0.0 - 0.0 o o '
FeO, 9,96 10,20  10.22 9.68  10.30 10.0,  9.87 106 10 27 - 9.33
MnO .31 .21 .25 2L .27 .26 .31 .27 .26 .28
MeO 6,51 7.37 7.22 7,76 To28 T3k 729 To23  7.28 7T.30
Ca0 . 0.0 0L 0.0 0 .07 .09 L1 .08 .1
Na 0 . 513 08 - .08 .13 | | ST
K0 .07 0.0 0.0 0.0
 H2O . — . — .
Total 100,89 100,86 101,13~ 101.19  98.51 98,04  97.91  98.47  98.08  96.68
#] — Qordierite near biotite. o :
2 — Cordierite touching biotite (UWGLGC).
3 — Cordierite away from biotite.

J, — Cordierite touching biotite (UWGLG) and sillimanite.
5 — Cordierite touching biotite (UCGIW). :
6 — Cordierite touching biotite (UCGLL),
7 —— Cordierite touching biotite (UcesAg.°
8 —— Cordierite touching biotite (UCG3D).
9 — Cordierite touching biotite (UCG3E).
10 — Cordierite touching biotite. (UCG5).
*%First two letters of title identifies laboratory (UW = Unlver51ty of
Wisconsin, Madison, UC = University of California, Los Angeles, UA = The
University of Arizona).
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, Table,IIgéo“iSamples C]7 and CB5 Qpaque ox1de analvseso

. Sample |
Camd - |
leb#c UGEW . UAGF . TAGRQ

sio, .1 . .28 .33

O, KT w3 4209

| _Fe0t<,  f,'a_”;f-'503521 ) B . 53.6h | 53.68 -

Mg0 .19 _.lk N
Cgoter 9761 988 98,56

"; .*F1rst two letters of tltle 1dent1fles 1aboratory (UW = Unlver51ty of

Wiscon51n, Madison, UC = Unlver31ty of Callfornla, Los Angeles, UA =
“The Unlver51ty of Arlzona)

\



 Table,iIo7qT‘Sample EC10a ——uahalysés»of_garhet}and biotite.

$ample*r' 1 2 o 3 S L4 | ‘  5
"ﬁgfﬁ*, UCGIA UGG UCGIP UGGL0 - UGGIL

$10, ' 3545 3kT3 3562 3561 38.06
41,0, 2ho13 - 21,38 22,39 22,14 21.96
o, 1.8 2,50
Feo, 20,29 20,99 3410 3460 35.35
Mo .13 .10 _;’1055”_ Ui 1.8
Mo 9.26° 873 330 400 Luk9
Ca0 o2 02 1069“ 102 1.25

Naj0 15 .17 . |

K,0 9,02 9014

HO 0.0 2.21 I -

Total _99.93 _ 99.97 98,05 98.51 102.19

¥] -— Biotite touching garnet rim.

2 — Core of. (1), above, away from garnet.

3 — Garnet rim touching (1), above.

L — Garnet core, same grain as (3), above.

5 — Qarnet core, same grain as (3), above.
*% First two letters of title identifies laboratory (UW = University’

of Wisconsin, Madison, UC = University of California, Los Angeles,
" UA = The University of Arizona). x
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