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Irreversible Mass TI%]&DSfé_I between Circulating
Hydrothermal Fliids and the Mayflower Stock

R. N. Vitras anp D, Nortox
Abstract

Heit and ind¥s transport processes rélited to the Mayflower stock-in the Park City
dlstrlct Utah, have beén simulated ushig caleulations based on crcgloglml observations
and numerical methods \\thh approximate convective and conductive heat transfer i
permeatle. fgdia. T’ermeabxhty and fow porosity values for the M,Lyﬂowa stock were
estlm'lted on the Dbasis of a plandt fracture model ,arid data ‘6 the abundances and
apertures of continuous nglctures Lstnmtecl permeahilities ranged from 4 %107 to
107 ¢im* dnd were hypothesizéd to répresent initial pelme(tblhtles at the onset of the
Jhydrothermal flni@d éirculation, An estimdted fluidl inass of 10'% kg/km strike: length of
the stock eirculated through the upper. 1.5 ki of the Mayflower rut(.)ck in 1.8 % 105 years
of - cobling, theréhy reduc,mg the thérmal mmmaly to 0:3 of its initial value. Tempera-
turés, dec1ea:ed rapidly in the permeable portions-of-thé stock, ds a fedult of convective
t1'1r15>fe1 of heat, but remained at '350° to 250°C.in. the: upper 1 5 ¥ui for approximately
7% 10¢ yéars subqequent to fracturing of the stock. Fluids in the host rocks flowed
toward aid ‘oiten intg thé stock from distaucés abéut 5 km dway frofi the stock sice
contact. Irrever sible masg transfer between sthesé cireulatig fluids and ‘the “\{avﬂowm
stock: altered the $tock to mineral: .1ssembhgcs which reflect: the chemicil composition of
tlig. rocks thrgugh which the fluids civeuldtéd, the préssure and téinperature conditions
along- t]m flow paths, and initial composition-of the Auids:

Simulation of the heat tr ansport processes in the I '\‘Lwﬂowcr systemv provides.an initial
approxnmtlon of the temperature, pressure, and Auid fluxes {Hat may -hive béen réalized
in the. natural system. These data allow the mmeml content of thie.altered Mayflower
tocks to'be predicted from mass tr ansfer computations: . Trreversible mass, transfer reac-
tions betiveen the unaltéred | Mayfiower rocks and solatibn comipositions dérived 1111tlally
drom ﬂu1d inclusion data were computed at discrete temperdtures over-thé interval from
300° to 150°C. The qltnmtlon processes in the Mayflower stock were thus simulated by,
a Sequerice. of jsothénmal. reactions dver the cooling hisfory of the stock: The mineral
content of the alteréd ignégus rocks e\c]‘oscd in‘the. "Vlayﬂm\cr riine was detérmingd by
least-square. treatment of bulk chemigal compomhons of rocks and mineral phases and
wis ised fo tést the V’i]ldtl}’ of Coupling ewstmg* theoretical models of mass and heat
transfer. The assuimed solution compositions, prevaleilt temperatiire ahd pressuté during
the hydrothernnl PEOCESSES; and the estimated mass of fluids that circulated throwugh the
upper 1.5 Kin of the Mayflower. Stock as it cobled predmted masses of the mineral
assemblages similar-to tlioge measured n the altered Mayfower ignedis rocks,

The determined :mineral modes, dlsclose two broad zZones over the ~1101t11 south cross
section of the iine: a latéral zofie charactérized by an incréase of K-feldspar (3-15 wt
%), kaolinjte, (0-10 wt %), and quartz (12-24 Wt %), and a decréage Gf andésine
(55-25 wt %) ‘toward the main veins; and a vertical zone characterized by higher con-
ceitratiohs .of K-feldspar,. kaolinite, anliydrite, and pyrite - helow theé - 2400 fi mine levél,
and calmte-qumtz and biotite above. Gains and losses for elemental® chmponents mdlcate
an"ovérill loss (111 grams of componerits per cm?® of rock) of Si (0. 009) Al (0 O:JO), ~\Ta_
(0,032), and Ca (0. 011) and dn.overall gain of Mg (O 076) K (0:020), 3 (0. 038) S0y
(0. 037), and. CO2 (0 007). A relatively small gain of Té (0 006) is ‘the result of de-
creage. ini ‘hulk density caused by the (hssolutlon of igneous mafic minerals to produce
pyrite, as evidenced by the shiff from an amiitic to a phlogopitic bistite daring the
hydrothermal event. ‘

This analysis of the M.xyﬂm\ er hydrothermal system suggests that the or iginal igheous,
mingjaly were Taltered by acid-sulfite, Na-K- rich- Solutions at moderate temperature«;
<400 C, and pressures, <1 kb. Theése solutions added Iarge.masses of Mg, K, S; and
¢ to the stock and, concomitantly, altered the original ignepus minerals. In order ‘ton
account for the observéd iasses and compositions of aiteration prodicts, Auid fluxes on
the arder of 107 g/cm?®s are required férat least 2. X 10° years. This large midss (f-'](]“’
"/km-'of a1e'1) of hychotherm:\l fluid was ewclcntl} del ived from a variety of environ-
meénts within dnd around the stock:
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Iritroduction

‘TeETiaRy plutons in the. Cottonwood-Bark: C1ty
aréa, Utah, have inttuded folded migtamorphic: and

sedimentary uiits of Precambrian to Jurassic age, -

Thége . intrusive racks range in composition -from
quartz monzonite, to quartz dierite and include the
Little Cottonwood, Alta, and Clayton Peak stocks
in the Cottonwood area and the Pine Creek, May-
flower, Ontario, Valeo, If Iagstaf’i and  Glencoe
stocks in the: Park: City district. This seriés of
1gneous -events distributed over several millions of
yéars were characterized by magina teinpératures of
'11)pro>\1matcl} 85@° = 50°C. Each discrete iiitfu-
sive body was apparentlv emplaced at approxi-
mately the -same depth in the crust (<10 km below
the: EU.I’fd.CC), and. it therial energy was dispersed
by condictive lheat trafisfer and convective fow of
aqueous sohitions ‘through the stock-host rock -en-
virgiment. Tl shallow depths of emplacement of
these bodies into: water- saturated permeable rocks
suggest that convective fluid flow contributed sig-
nificantly to the transport of heat and mass.

The emplacement of these rélatively shallow-
scatLd heat sources; and the -subsequent fracturing
‘that oceurred in - the CUttanood -Park City area in
Tertiary timeés, generated the ph) sical conditions
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appropriate for fluid circulation that resulted in
chemical reactions between original igneous ma-
terials and the c1rculatmg fuids, ultlmdtely formmg
in the area ’
\Tun'lerlcal simulation of heat transfer and' chemi-
cdl reaction between fluids and rocks -at elevated
temperature and ‘pressure (Helgeson et al, 1970;
Norton, 1972; Norton and Knight; 1977) suggesf:s
several patametérs that fust be docuimented in

order to predict ‘the nature of mineral deposition in.

plutan emwironments. The purpose of this com-
munciation is to present the results of preliminary
stiidies whese objettwes were to develep and test
methods ‘useful in quantifying these parameters.
The first sectipn of ;this paper analyzes the thermal

and hydrodynamic aspects of the problem the.

second section analyzes the hydrothermal alteratlon
and n_nne;al deposit formation.

Geolo’gy'of the Cotfonw’ood Park City‘ Ar“ea

centr'il nmthem part of tll& Stale of Ut1h approm-

mately 50, km southeast of Salt. Lake Clty at the,

intersection of the north- -south-trending Wasatch
l\'mge and ‘the east-west-trending Ulnta Range.

This region, in which rocks from Precambrian to
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Fli:. 1, Distribution of Tettidry igneous focks in thie Cottonwood- Park City aréa,
Utah {inodified aftér. Crittenden et al,, 1973).
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Quaternary age-crop ‘out, has undergoné twd major
uplifts: thé Uihta on the east-and the Csttonwodd
on the west. Gneids; guaitzite, and schist make up
most of the Precambrian ‘terrains and occupy the
central parts of the abovesmentioned uplifts. Paleo-
zoie sedimentary rocks, which flarik both uplifts, are
largely composed of limestone, delomite, and sand-
stone and their altered equivalents. Mesozoic rocks
crop out away from the uplifts and includé con-
o-]omerate sandstone, shale, and liméstorie, Cend-
zoic rocks are irregularly distributed -and includeé

hoth intrusive. afd éxtrusive igheods rocks aifd sedi-

méntary uints, Tertlaly plut@mc ‘intiusiong occur
alotig a-line coiicidént with tlhe éast-west trend of
the Uinta axis; The! Eocene-Oligocene equivalents
of these plutenie focks’ decur on the east Cchtiey'
volcartics) atid on the west and south of the area
(Traverse voleanics,) . ‘
Intrusve rocks in tlie Cottonwood-Park City area
occut as dikes and stocks discordanily emplaced

into ‘metamorphic and/er sedimentary host. rocks

(Fig. 1). ‘They include, fromy west toeast: the
Little. Cottonwood, Alfa, Clayton Peak, and Pine

Creek. 5'[0(,]\5 and a composite intrusion comprising,
the Mayflower, Ontario, Valeo, Tlagstaff, and Glén-

coe stocks (Bromfield et al, 1974) collnctwely
mllcd ‘the Park City stock. These inttusions range
in csmpoﬂmon from quaftz monzonité fo quartz

“CafiLe 1.
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diorite, with these same var lations frequently found
within individual intrusions. Major mineral con-
stituents  are ‘plagioclase  (oligoclase-andesine),

orthoclase, quartz, biotite, and homblende, which
vary in abundance from stock to stock. The Little:
Cottonwood, Clayfon Peak, and Alta étocks are.
composed of coarse-graified rocks, in inarked con-
trast with the Pine Cigek :and Park City stocks
which are porphyritic’ add gérerally Have an aphani-
tic or fine- to hﬁeﬂium-.g_r‘ained graundmass: The
Alta stock, however, displays a porphyritic phase,
whith appears to. intrude an enclosing nonporphyri-
tic phase.

Cliemical analyses of. these intrusive rocks (Table.
1} suggest a {rend in 31l1ca content inereasing to the
west, alth@ugh among the porpln riti¢ ‘intrusions the
“silica content is more or less constant. Radiometric
datm;: of the igneous rocks: indicates that magmatic
autmty in the area lasted a maximuii of 17 niy.
‘in Ohgecene Miocetie times and that thé stocks be-

conie. progréssively yotuiger to thes wist (Cnltenden
et al., 1973).

Several continuovis fissures 4 km ot more in
length have been recdgnized in the Park City dis-
trict (Fig. 2). Theéy dre nermal faults that strilee
gast-northeast—west-southwest. and dipp either north-
west 6r southeast. The fnost prominent of these fis-
sures 1s, the, Da‘]}f—11t;1ri0—fIqul;€yé which extends

Chemical Combositions of Fgmeons Rocks in-the. Cottonwend-Park City Area

Clayton

L. Cotton- Clayton  Pine. May- Flag-
wood. Alta Alta Alta- Alta* Alta* Peak Pealk Créek  flower Ontario  sta f L
{1y (1) (1) (3 (1) {(3) €2 (3) (3 )] (3) (3)
Si0, 67,02 6527 6116  63.92 343 6370 3935 6140 6070 6111 60.80  59.50
AlO5 T5; A8 1575 A7.17 16.13 .93 15789 16.36 17.90 17 50 18.20 16.70 17.20
Fes0s 156 231 226" 2.03 2. .00 290 290 303 ‘ 306 2.66
Fel 2. 80 1.85 2,78 2.45 2,31 1.97 3.36 2. 06 1.89 3.93% 1.20 2.54
MgO- 109 162 1.8t 1.90 2.27 73 308 592 249 304 1.8 2.93
CAQ._ 331 409 470 4:50 433 07 5.03 430 460 510 @715 300
Na& 385 392 306 3.7 3,66 &3 373 448 4.46 394 539 4.26
.0 367 3.5 358 304 349 ‘19 3.85 240 2.54 2.05 360 287
o 029 021 0.03 001 027 003 0:28 072 0.36 AL 047
H,0* 0.63  0.53 060  0.44 074 049 0.68 164 0.64 673 232
Ti0s 0.37 055 .53 0.61 0762 0.53 .87 .82
Zr0y 0.04 002 0.0l . 0.03 - 0.03
}%05 026 025 017 031 016 0738 0.44 ) ,
: 0.03 0.04 ) o o 002 nd o2 007 nd
IM n0 002, 010, 0.06  0.08 o0 0.07 0.0 0:10
GOy Tr'ir:e Trace 0.48
Bad 0.13 011 0.17 0.13 0.16
1 0.01 0.05 0.05
FeS: 0.02 .02
SeQ) 0:.05 a.03
S0, '0.58
Total  100:85  99.91  100.03 9037  100.17 9986  100.2¢  100.00 9820 10037  97.80  97.30
* Porpllyrltlc phase,

T lotal Fe as FeO,
nd. = none: dett.t.tcd

References: (I)Calluns ‘and BuLIer 1943 (2)\f1lhs 1975, (3) Norton, unpul: data; (4) Boutwell; 1912; and ())\\Hle.on 1961,
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Fic. 2.
showmg major geologlcal fedtures,
thickness.
and, P& = Precambrian,

for:approximately: 10 km {from east of ‘the Keetley:

Volcaiics to west of the Clayton Peak stock. Other
regionally less continuous fissures, but locally m-
portant hecatise of their associated ore deposits, are
the Mayflowér-Peat], Naildriver, Back Vein, Cres-
cent, and. Massachiusetts, Soiithéast- d:ppmg faiilts,
ranging from N 25° E ‘to almost east-west, gen—
erally ‘exhibit wider scatter in their strike directions
than northwest-dipping faults, angles of dip vary
from  moderate (43 °-55%) ‘to ‘steep (80° -90%)

(Fig. 2). A A
An-irregular pattern of Iracturing in the host

rocks between the Little Cottonwood stock and the
Clayton Peik-Alfa complex is mdlcated on the

Dmmedary Peak (Crittefiden, 1965) and Brighton
(Baker et al,
apparently do not,_exterid into ‘thé plutenis, Their
maps. show that fractures; up to 1 kin loitg, and
aligned parallel to the major fissures of<the adjacent
Park City district, transect the central portions of
the Little Cotton“ ood stock, Likewise, most dikes
cutting. through the host. rocks and plutons in the
Cottonwood avea follow the major fissuré directions
of that district. Similar structural relations, with
fractures displaying two prominent gets, one along
N 80° E drections and the other along N 25°-
50° E directions, are present in the Alta stock,

Eractufe abundancés in the Alta stock were esti- _

iiated between one -ard three fractures per meter
(Wllson 1961) 51mllarl), reconmlssmce observa»

\‘«100(1,2111(1 Clayton Peale stocks have re\«ealed local

1966) geologic maps; but fractufes

Schematic: north-ngrthwest-sonth-southeast crogs ‘section of’ the Mayflower stock
Sn‘zchmmltar;.r units.ate répresented. with ‘théir maximum
T= 'Inassu: P = Pérmian, P= ‘Penisylvarian, M—M1ssmmpplan E Cambrnn

zones where fractufe abundarices aré approximately
one fracture. per .meter.

The Mayflower Pluton
The hydrotherimal Systemis in1 the Cottonwood-Park

City-area that develdped as a c':dn’sequence of em-
placement of igneous intrusions cin bé simulated if
hydrodynamic patameters are‘available, Thesé prop-

erties were estunated for the.Mayflower stock, whith

18 well exposed in the extensive t1pdergrOlllld work-
‘ings of the Mayflower mine,

as. described below.
The Mayflower phiton is the easternmost intrusion

‘af the comifipsite Park. City Stock wlnch has been
emplaced intfo a sequience..of: mtermlclted clastic and

carhonate units of Precambriai‘to: Jurassi€.age. The

Jpost-Devanian formations inglude most of theé <ar-

bonate beds and form a relatively thin covér over-

1ying much thicker Precambrian and Cambrian strata,

All ‘of thése sedimentary units have been broadly-

folded .into the north-plunging Patrk Clty anticline,

which has been truncated by intfusive rocks on its,
southern exténsion. Fissures developed in the area_
along east-northeast—west:southiest directions and
localized the base miétal ore depésits of thé Park City
mining camp.

The. M'iyﬂcmer pluton is exposeéd .in the May-
flower .mine between the 800-ft and 3,000-ft levels
(Fig. 3). Underground workings show the May-.
flower piuton in contact with sedimentary format10n5
from the Mississipian Gardisen limestone on the
bottom of the Pennsy lvanian Weber quartzite, on the .
surfice (Qumlan and Simos, 1968), and with rocks
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of two other stocks: the Ontario and the Valeo.
Crosscutting relations between the Mayflower and
the Ontario stocks show the former to be older, but
age relationships to the Valeo stock are not evident.

IEconomic mineralization in the Mayflower stock

.occurs along the Mayflower-Pearl fault zone and

consists of fissure-filling Pb-Zn sulfides with im-
portant amounts of gold, copper, and silver. Mine
production has come primarily from veins in igneous
host rocks; only about 20 percent of the production
has been provided by veins and replacement deposits
in sedimentary host rocks (Barnes and Simos, 1968).

Orientation, continuity, frequency, and aperture of
fractures were determined for the Mayflower stock
to serve a twofold objective: (1) analysis of the
tectonic history of the stock with the hepe of dis-
closing possible relationships with the major fissure
zones of the Park City district; and (2) estimation of
hydrodynamic properties on the basis of fracture con-
tinuity, frequency, and aperture.

Interpretation of the fracture pattern of the May-
flower stock with regard to the district structural
framework was based on an analysis of 1,100 frac-
ture planes, mostly shear, derived from Hecla Min-
ing Company maps, together with fracture orienta-
tion data obtained during this study. The results of
this analysis reveal that two prominent sets of frac-
tures developed in the Mayflower stock (Figs. 4A and
4B). One set trends northeast-southwest, dipping
cither northwest or southeast ; the other is northwest-
southeast trending and dips dominantly southwest.
The steep-dipping character of both fracture sets is
evident from the stereogram plot of poles. For
purposes of subsequent discussion, the representative
structural attitudes of these two sets were considered
to be N 50° E/80° N'W and N 50° W/80° SW.

The northeast-trending fissure system in the May-
flower pluton is subparallel to the major fissure sys-
tems in the district (Figs. 2, 4A, and 4B). However,
the narthwest-trending fissures in the Mayflower plu-
ton do not have recognized counterparts on a district

KEY
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F16. 3. Lower hemisphere stereographic plot of the poles
of the major fissure zones present in the Park City district,
Encricled areas delimit the variation of fissure attitude; X
represents the axis of the Park City anticline,

F1c. 4. Percent plot of the poles of fractures in the May-
flower and Ontario stocks. One percent counting areas.
Lower hemisphere projection on equal arca net. A. Ap-
proximately 1,100 sheer planes compiled from mine maps
(all levels below the 700-ft level). Dark areas, 5.5 to 7.5
percent; hachured areas, 3.4 to 5.5 percent, dotted areas, 1.5
to 3.5 percent, and blank encircled arcas, 0.5 to 1.5 percent.
B. 21,061 poles of mineralized fractures (800-ft, 1,380-it,
1,505-{t, 1,775-1t, 2,005-1t 2,200-ft, 2,600-ft, 2,800-ft, and 3,000-
ft levels)., Dark arcas, 8.0 to 11.0 percent; hachured areas,
5.0 to 8.0 percent; dotted areas, 2.0 to 5.0 percent; and
black encircled areas, 0.8 to 2.0 percent,

scale. These fracture sets in the pluton are con-
sidered conjugate shear fractures developed during
the pluton emplacement and cooling processes (Vil-
las, 1975). The contemporaneity of the two sets is
evidenced by the lack of significant offset of one
fracture set by the other and the fact that both sets
contain similar alteration mineralogy. The conjugate
shear angle (26) of these two sets is approximately
80° = 5°, measured from the stereograms (Figs. 4A
and 4B). Failure under conditions of low coefficient
of internal friction, [u = tan (90° — 26)], as indi-
cated by the Navier-Coulomb’s or Mohr’s criterion of
failure, is consistent with failuré at high temperature
and high confining pressure (Heard, 1967).

Fluid flowpaths through fractured media are prin-
cipally along continuous fractures which are usually
present in the crystalline rocks, and an analysis of
hydrotherma) fluid flow through these rocks coupled
with the reactions that occur between fluids and rocks
requires consideration of those fracture properties
which define rock permeability (Norton and Knapp,
1977). 1If the fractures are considered to consist of
equidistant, planar, parallel plates of infinite extent,
as proposed by Snow (1968, 1970), then the perme-
ability (k, in cm? 10-% em® = 1 darcy) of a single set
of fractures is given by:

nd?

k=T2' (1

where the abundance of continueus fractures (n, in
cm™) and their apertures (d; in cm) need to be
known. The flow porosity (¢) per unit length of
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Fi6. 5. Fracture abundance (n) distribution in a portion
of the Mayflower stock showing the substantial decrease of n
below the 2,600-ft level and zones of higher fracture density
refated to the Mayflower vein in the upper levels.

fracture for the corresponding case of equation (1)
can be written as

P = l](l,‘. (2)

Fracture abundance and aperture were, therefore,
measured and used with equation (1) to estimate the
flow porosity and permeability of the Mayflower
pluton, The abundance of continuous fractures (cf.
Villas, 1975, for methods) over a north-south cross

section of the Mayflower mine ranges from six frac- -

tures per meter to 21 fractures per meter (Fig. 5).
These values are generally greater than those for all
other stocks in the Cottonwood-Park City area,
which are generally in the order of 0.6 to 3.0 frac-
tures per meter. Larger fracture abundances in the
Mayflower stock occur on -the upper levels of the
mine in the vicinity of the Mayflower vein, notably
hetween the 1,380-ft" and 2,005-{t levels where they
occur symmetrically on either side of the vein. - A
substantial decrease in fracture abundance occurs
below the 2,600-{t level.

The continuous [ractures mapped in the Mayflower
pluton were partially or totally filled with alteration
minerals. Although present-day openings are most
likely the net effect of mineral dissolution and pre-
cipitation, these openings are the only remaining indi-
cation of what the fracture apertures were during the
alteration processes. Fracture aperture data for the
Mayflower pluton refer to present-day openings and
are assumed to represent the fracture aperture at the
onset of the hydrothermal fluid circulation. In the
absence of a more adequate way to quantify paleo-
fracture apertures, this approach is considered to pro-
vide a reasonable initial estimate. Fracture aperture
values measured in this manner range from 40 to
270 pm and average 145 um (Villas, 1975). On some
levels where the average aperture values are rather
uniform, on the order of 150 pum = 30 um, no sys-
tematic variations in apertures with depth or lateral
extent were found.

The geometry and distribution of pores define the
contact area between fluids and reactant minerals—a
critical parameter in understanding the mass transfer
between reactant minerals and aqueous solutions. Tt
is necessary, therefore, to discriminate the major
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Tic. 6. Distribution of total porosity (¢r) in the
Mayflower stock.
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conteibuting l)dlt'« of the rock poresity. The.natuic

of ‘porés can ke relited to Specific porositics;
@1 = ¢r + ¢p + ¢n (3)

where ¢p is the total porosity of the rock; and ¢p is
thie flowr porosity which ‘refers to ‘open spaces. '1leng
fractures whcre agueous ions are transported pn-
marily by fluid; ¢p is the lefusaon porosity. and in-

cludes those pores or dead-end fractures conected to.

flow chanels. This latter type of fluid-saturated void
constitutes the channels threugh which ions are trans-
ported, -primarily by diffusion, ¢¢p 15 the residual
pérasity which 1§ assbeiated with pores fiot connected

to flow ‘or. diffusion “chihriels, suehas fluid inglusion

voids, minefal grain JCILII‘!d"lI’]ES. and submicroscopic
cracks (\Tortan and Knapp, 1977}
Total porosity of-a rotk can be obtained {rom

gr=1-2 (4)
Py

where pgand- py are thie bulk and grain dengities of
the rotk, respectively. Values of total porasity for
the M'wﬂm\ et pluton fall in the range of 0.4 to 6.0
percent. Average total porosities for rocks along
traverses oriented along east-northeast—west-south-
west directions, at-approximately 15 m south of the
Mayflower vein, are the highest values (3 209,
4.509%, and 2.709 for the '2,005-1¢, 2,200-ft, and
2,600-ft levels, rebpcctwcty) whéreas those cLlOI’l("
riorth-south traverses ofi ‘these sarie levels reveal
average porosities ¢f 220, 2.00, and 120 percefit,

respectively. The cast-northéast—west-southweést tra--

verses correspoud to altered zones where clay min-
erals are most.abundant. The: distribution of total
porosity valies over a ngrth-south cross section 0£
the mine {(Fig. 6) indlicates that the higher values
oceur below the,2,005-ft level.
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The directional permeabilities of the Mayflower
pluton were computed with respect to the N 50°0 E/
80° N'W and the N 50 W /80 SW structural planes
and were caleulated from equation (1), Values
range. from <10 {3 7 x 10-* ¢m? for fractures-
oriented "ilbng'th‘e N 50° E/80° NW direction and
from <107ty 5% 10® em? for ‘the N 50° W/80
W plaine. These results:are in. reasonable agree-
ment with reported values of permeabilities for frac-
tured plutonic rocks, Permeablhtles rangmg from
109 to 1.7 X 1077 cm® have been measured in quartz-
porphyry stocks, d]lhﬁllgh most reported valiés G-
cur in the 107 to 107 cm?® rasige (Cadek et al.,
1968). This lower peritieability range was qttrlhuted
to- the fact that those $técks dre fiot- as abundantly
frattured and/or that the fracturés ohserved are filled

Aivith altération minerdls,

Simulation of the Hydrotherinal System Related
to the Mayflower Stock

The hydrethermal.system adsocidted with the. ein-
placement of the Mayflower dnd Little Cottonwood
stocks Has been siimulated in, otder to predict the
style of Auid girculation rélated to these intrusions.

The large permeability of the Mayflower stock- re-

quires that convective Auid flow was the dominant
‘mechanism of heat transport during its thermal his-

tory. By contrast, the Little Cottonwood stock is
chafdctetized by very laige fracturé spacings and,
hefice, low peritieability, and appears. t& have cooled
pledomlmutlv by “conduction.

The systeim was simulated by methods, whichutilize
numenml approzimations. of differential equations
which describe the precess of heat and mass transport
around cooling plutons {Norton and Knight, 1977).
The computational program affords for both con-
ductive and convective heat transfer mechanisms it a
two- (11111er1'=1011a1 framework, thermodynamlc prop-
ertms of the ,cuculatmg fluid (20 systeni) in the
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P-T region of interest, and variable’ permeabilities
and thermal ‘conductivities at éach grid point of the
domain. N
Simpliﬁecf geologic cross sections cormbired with
estimates of-permeabhilities for the different réck urits
.and temperature of the heat source define a,possible
set of initial conditions at. the tlme mf emphcement
of the Mayhower stock: (Fig. 7).

the intrugion. into wafer-saturated host roclxs was -

assimed to bé iristantaneous. The. initial tempera-
ture of the stock was set fo 925°C, and the sur-
lroundmg rocks were set to tEmperaturcb approprmte
for a geothermal gradient. of 20°C/km. Heat of
crystallization, for water pressures, compatlblc with
the depths of empiacemcnt was included in the heat
equations. The size and shape of the stocks were
assigned on the b'151s of geologic cross sections: and
tbnstraints nnposed hy the nunierieal approximationg
which utilize' disctéte points to approximate ithe dif-
{ferential equidtions, A thetmal conductivity of 3.0 X
10-* cal/ems °C was assiied fof all. rocks.
systems were analyzed for conductive boundary ¢6i-
ditions, except for the lower boundary -which was

NG FLOM.
1100

T N T

CONDUCTIVE =
T T

K04 ON *° JATI3N0ONGD

CONDUCTIVE = NO FLOW -

INSULATING :

KO FLOW

TEMPERATURE
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Fic. 1. Stcady state (A) streamiunchon and (B}, iso-
therinis in the Mayfloweér, system-at 10°yeirs of csoling.
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N. RILLAS AND D. NORTON

insulating, and impermeable. flow boundary. coidi-
tiens were used.

Host rock permeabilities were’ assignéd on ‘the
basis of netions. of perme'lbmtrcs of stratified se-
quences comparable to the varied ]1t11010gles in.'the
Cottonwood-Park City area. ‘Stock. permeabilities,
were estimated on the basis of observed
fracture. chardcteristics, as prewousiy (hsa,ussecl
Initial permeabilities of the magma at the time-of
emplacement weré assumeéd .to e 1077 '¢mi®, To ac-
count for variation of permeability with tine, frac-
turing was simulated by instantanegusly increasing
‘the pcrmeablhtms as-the stocks: cooled bclou solidus
temperatures, 1.e., 750°C.

The style of ﬂmr:l eirculation caused by-the em-
placéiment of the MayfHower stock has been predicted
‘on the basis of estimated perméabilities, as discussed
carlier. Thiee episodes of fracturing were sithulated
as the stock cooled below 750°C, approximately the
solidus temperature. of this syétem. FEach of these
gpisodes was assuined to affect progressively lower
zones of the stock (Fig, 8). Fractures developed
during the first episode were considered ‘to extend
arbrtr’mly into the host rock for distancesof 1.5 km
awdy from the top-and upper 0.75-km margins of the
stotk, and the host.rock permeabilities were increased
oné drder ‘of. mdgnitiuidlé relative to their initial values:
Partial of total filling of ffactures with altération
minerals-is evident and indicates that rdck perme-
abilitics have actually decreased with time. Although
this decrease: may have had a substantial effect .on
the style of flow, it was not accounted for in this
analysis,

Sibsequent to fracturing, relatively large amounts
of fluids circulated through the demain, with the
éxception of the imperiueah’]e lower Balf of the
stock. -As gradients in the streamfunctién. increaséd
(Plgs 9 to 11), convection cells, initidlly certeved

CONDUCTIYE : NO FLOW
! i 100

MO DN * 3ATLINONOD

_CONDUETIVE = NO_FLOW

INSULATING : NO FLOW

TEMPERATURE
TIME = 180000 YERRS

STREAM FUNCTION

Fig. 11, Steady state (A) streamifunctioi and' (B) iso-
thefms 1 the Mayflower system at -1.8X 10°. yeirs of
caoling.
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MASS TRANSFER. RETWEEN FLUIDS AND MAYRLOWER STOGK
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04 and 1.2 ki, abidve top BE ihé stock, 1 and 2, reéspectively,
Arrows show times, at whidh permeabmly was intreaséd.

‘in thé host rocks, shifted to thé ‘more permeable
zones of the stcnd\ where’ the hlgest flow velocities
ogcurred at approximately t=7 % 10 years, de-
«creasing, gradually thereafter. Fluid fluxes in ‘the
carbonate layers ranged from 10°® to 10? o fem?s '1t
t=1. § % 10%years to 10 to 10 <8 g/t:m satt= 1. '8
X 109 years with: values, at a giver tlmc , inefeasing
toward the stock side contact. In fhe. shcﬂ) forma-
tions imimediately above, Awid flikes indredsed from
Aan average of 5:x 107 U/t:m 5 before. the first frac-
tiifé event to ah average of 10 g/cras, which per-
sisted for most of the cooling of thé stock suhsequcnt
to. tlmt event, Magnitudes:of Hmd Huxes varigd sig-
nificantly with time <nside the stock. The more
permeable upper half wﬂne;sed fuxes dour to ﬁve
worders of nngnltude Jgreater than those in the lower
half, which were in the order of 10722 g/em? s, How-
evér, after the third fracture event, at £="6.5 X 10¢
_vears fluid fluxes-tangéd from 1077 to 10-° g/civi%s in
. the upper 4 kin of the :sfock, with' valuegs incdreasing
'w1§h e,

The high permeabilities in the -domain caused -a
convection-=dominated system in which l'uge amounts
of fluids flowed thlouch the heat source, thereby re-
ducing its thermal energy to about 40 petcént of the
1mt1d1 value after only 10° years of cooling. Convee-
tive heat flux at:0.25 kin above the stock top teachéd
maximim vahies of-11, 7, and 5 HFU at approxi-
mately 2. X 10* véats (afte‘r each fracture episode and
wag 4t léast four timeés higher than “the conduetive
heat -fhix duting at 1.2 10%year period of couling.

The Heat transferreéd across the :stock margins in-

ereased the temperature of a 1.2—1{:111;t111gk ‘pile 'D:f‘
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Fre: 13, Averdge temipérature for 2 km® as-a furiction of

time in the. Mayfower svsiein’atfixed. positionis, 3.6, 2.0, and
0:4 km;- bélow top: of the stock, I, 2, and 3, reepechvcly
Arrows show tinids at which pcrmeab111ty wag iicreased.

host rocks above the stock:at-an average, rate of 9 %
19~ °C/ve1r At apprommatcly t=3 X 10 years
temperatures, had risen to a maximum of 350°C in
those rocks which subsequéntly cooled at an average
rate-of 6 X 10-* “C/year (Fig. 12). By t= 18X
1os yeqrs only a 0:5 kimi o6f ¢ verlvmg retks was still
hédted above 200°C, -Abundarit luid cifeukition ints
thesupper-stock margin.and along the stock-host tock
contagts inhibited a significant outward displacement
of the:200°C isotherm. Tnside the stock temperatures
dropped very rapidly in the fractured zones (Fig.
13). The'800°C isotherm was dzsphced at an avei-
age rate of I2 cm/year, which was 3:5 times as hlgh
as the average cllsphcement ‘6F the 400°C isothérm in
periods of timé, The upper 2 km of
the stock was thits maintained at.average tempera-
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Fig. 14, Fluid pathlines in the MayHower system repre-
stpting redistribution .of fluids - diring 1.8 X 10¥ years of
coolmg Tu,k marks on; path ogeur af t—Q and every 0%
10* years,
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tures of 270°C, siibisequient to ‘the.lagt fracture event,

at = 6.5 % 10* years, while thé lower thiid of the
stock continued to cool at 2 rate of 2:60.% 10
C/vear
The analysis of fluid. distrilution in and arourd
the Mayflower: stock «during-its-¢ooling provides, im-

portant evidence to unacrstmding the nature of the
mineral assemblages observed in, the altered rocks of:
hive been chosém as representative of botlr the extent

the Mayflower mifie. Pathlines of seven fluid packe,ts
have been chiosen as represefitative of both the extent
16 which fluids moved through contrasting chemical

and mineralogical environmeénts, (Fig. 14) and the.
variation in pressure and témpérature that those

fluids experienced along: their paths (Figs. 15a and
15h), ]"]uxd packets: that started in the basgment
rocks at different depths -and, distances from the.

stack-sidle contacts showed distinct pathlines dm‘mc“

a cooling period.of 1.8 X 107 years. "Fluids associ-
ated with pathlie 1 did not peretrate. the stock,

whereas. those associated with pathline 2 cFossed.

‘the stock margin at't = 105 years and nioved 1.5 ki
Jinto the stock interior. "The paths of fluid- packets 1
and, 2 in P-T space are similar; but the fluid packets
of pathline 2 were heated tg. lngher temperatures (up
to 400°C) -and subjected to lower pressures (down
to 425 bars). The Auid packet represented by path-
line 3 crossed the stock margin at t = 7.5 X 10% years
-and mioved for '3 km through the stock at which point
it mdved. to the Meésozoi¢ shaly formation-stock .con=
tict, The fluids then circulated for ovér 6 X 10°
vears. throiigh those fofmations, heading: towaid the
carhondte tocks immediately below.  Along this
path_the temperature increased from 110°-to 560°C
then decreased to 180°C as fluids'moved dway froim
the stock interior. The corl_'espouclmrr ‘pressurg

change reached a maximum of about 170 bars (Fig.
15'1) The fluid packet of pathline 4, which originated
in the shaly formations, moved dr_mm\ard through
thé mote pérméable carbonate rocks and then into
the basément rocks. Both pressure and temperature
increaséd along this path to a maximuin of 400 bars
and 230°C.. Pathliné 5 describes the pathof a fluid
packet residing initially in the. carbonate rocks at

approximately 1 km froin the stock -side .contact.

Fluids entered the stock at a depth of 4 km and
moved upw'lrcl inside ‘the .stock for ahout 1.6 km,
crossing the stock-Mesozoic shale contact at approxi-
mitely t =107 years. Fluids continued to move
through thé shaly formations, then toward the under-
lying carbonate roeks to ertér the stock agdin along
the carbonate-hasement rock contact at t = 1.8 X 107
years, . Tluid temperature increased 1sobarlcally to

_'lbout 260“(: at the stock margin, and.for a period of
approximately 1.4 X 10" years temperature and pres-
sure first decreased and then increased as fluids.

ioved out of and into the heat source, The fluid
packét associated with pathiling 6 crossed the upper

Stoek contact at t = 2 X 10* years; ‘moving into the
.'OVCrlymg volcanic rocks in thé subsequent 162X 10°

yeats-of cooling,. first upward for about, 1 km then

laterally for about 2.5 ki, "The fluid packet  under-

went a 6259C decrease in temperature over an initial

G % 10*-year period of cooling, continuing to. ccol

iherenfter at a much slower rate, Fluid pressure in-

creased for a short period of time, but the overall

trend was-a grac]uai decrease from 300 bars initially
to 120 bars at t= 1.8 x 10% years. Fluids repre-

sented by pathline 7, with origin in the volcamc rocks-
at a-distance of 2.3 [ froi the stock upper corner,

flowed only a relatively short-distance. anid withott
changing pressure. or température.
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MASS TRANSFER B“ET'I;VEEN FLUIDS AND MAYELOWER STOCK

Trreversible Mass Transfer between Circylating
Fluid and the Mayflower Stock

The composition and relative amounts of product:

minerals derived from solution-rock interactions
depend 1 upcn time- and space-dependent parameters

stich as temperature pressure, fluid flux, and fuid

and rock cangp@smons., The extént of alteratmn 13
measured by the distribation and abundance-of dltér-

ation-minerals and the gains or losses’of components’

relative to the unaltered rock. )

Mingral abundances were cilcilatéd from the
chemical compositions of rocks and minerals, These
data were obtained on samples collected in a region
near the top of the Mayflower stock over a vertical

depth of approwcmntely 700 m. and a lateral distance

of about 300'm south.of the ”\’I'wﬁowcr veln,

[
The Mayflower stock is the pred@mmant rock unit;

C\prf.‘d within the underground limits of the May-
flower mine. Tfs composition ranges’ from diorite to
granodiorite, but' it generally falls into i.,he quartz
diorite: catégtry. Tle Mayflower rocks are por-
phiyriticwith pliénoerysts of andesine, bidtite, quartz,
hoenblende, and K-feldspar. The gioundmass is

aphanti¢ to ‘fine grained and exhibits basically the.

same mineralogy. Subhedral to anhedrdl aridesine

phenocrysts show- zoming, but- enrichment in albite-

content is nonuniform toward the phenocryst edges.

Andesine is the most abundant phenocryst and is the

major component of the.groundmass. The most coni-
fion alteratiofi products replacing :andesine are kao-
lifite, sericite, epidote, calcite, anhydrite, and chlorite,

Biotite is prescnt in varying amounts and consti-
tutes the second most abundant phenocryst in the
rocks. In the groundimiass it ¢ceurs as scattered
flakes less than 0.5 mum in Iéngth, In some inStarices
biotite is found replacing hornblende.

long, apparently the result of. 'tltcrdtmu of earlier big-
tite phenocrysts, The most common altemtmn prod-
ucts of biotite are ch]onte cpu{otc fine- gramed cal-
cdite, and sphene,

‘Hornblende has an occurrence similar to that of
the biotite with which it is dsually associated. Gen-
¢tally, it ig present-as an accedsory minéral, altheugh
‘in a few cdses it coniptises up to 15 percent of the
rock volume. It appears usually in §tbhedral ¢rys-
tals, conmonly altered to chlorite;

Quartz exists both as phenocrysts and small. grains
in varying amounts .and hasbeen introduced along
with the veinlets that transect‘the rock., In genera]
it-forms small anhedral equant crystals,, especially in
the g g,rmmdmass

Kfeldspar occurs rarely as phenocrysts, Wiien
present, it shows anhedral crystals of orthoclase, or
microcline slightly altered to kaolinite of seficite, In

Maost samples
contain clusters of fine-grained biotite, about 0.1 mm

1481

the groundmass. it is more abundant, especially as a
hyclrotherm'ﬂ altcmnon pmduct Augllc apatite,
sphene;-and zircon occur as accessories,

The Ontarie stock is exposed only on the 2,800-ft
and 3,000-ft lévels of the Mayflower ‘mine. The
Onitario’ recks -dre porphyritic, altticugh some facies
are nedrly equigranular, and their ¢omposition rangés
fmm quartz wionzémité td quaitz diorite, Petr0~
graphically, the Mayflower and Ontario stocks logk
alike ; their minerals display essentially the same fex-
tural characteristics, except that some plagicclase
phenoerysts in the Opntario rocks have a myrmekitic
intergrowth of quartz,

The Valeo pDrp‘h} ry rocks are exposed m the
west side of the mine between the 800-it and 1,270-ft

“fevels; tmrmmg a thick sill-like body between seli-

mentary walls. It redppears. on the 2,003-ft level
as stall dikes or tonguc-shaped intrusions cufting
through calcdreous units. Thése rotks hiave a dis-
tiictive porphyritic. texture with pherocrysts “of
oligoclase-andesine and quartz (some with rounded-
outlines) embedded in a fine- ~grained groundmass.
Plagioclase phenocrysts are tabular, reaching up. to
1 em in length, Mafic-minerals, particularly biotite,
are present as scatturecl small crystdls but are not
Abundant. K-feldspar occirs in larger amounts than
in the.other two stocks, and some grains aré perthitic.
Pyrife, kaolinité, sericite, calcite, and chlorite are. the
prificipal altération mmer'\ls found aivthe: Valés stock.
" The chémmical and mineral compositioris of tlie
Agriepus rocks were yuantifatively détermiined on
‘samples representing ‘a dépth of about 670 m (be-
tween ‘the 800-ft and the 3,000-ft levels), and a
Tateral distance: of 2.0 lem along drifts and crosscuts
was examined, of which 1.4 km 'was sampled along:
north-south ducctmns The remaining 0.6 km was
mapped in laterals parallel o the Mayflower-Pear!
syitém along east-northeéast—west- southwest direc-
titms.  Olsérvations “weré niade. aiid samples col-
lected over 15-ht intervalg oi less. Continuous réck
chip samples covered -the whole extension of each
dnterval; a few were -pestricted tog the immediate
vicinity of veins. Tn-addition, 303 m ofcore samples
from a vertical (lmmond dr ill hola. IOCclted aear the
ghaft on the 3,000-ft levgl were studicd.

One hundred -and Lh;rty samples were chemically:
analyzed for all major cemponents except chemically
bound water (Table 2). Si; Al Fe (total iron as
Fe™), Mg, €a, N&, XK, Mn, and Ti were. determiriéd
By “X-ray fluorescence spectroscopy, whereas sulfur
(bnth sulﬁde and sulfate) was determined with a
LECO automatic titrafor. Carbon dioxide was
determined with a. selective collecting-gas system
adapted to a LECG indtction furndee (cf. ‘Villas,
1973, for analytical procédures).



Tanur:2, Grain and Bulk Densities, Porgsj'gy, and Bulk Chemical C“umpogit'ion of the Igneous Rocks.of the Mayﬂower Mine

G/CM**3 ‘PER CENT WEIGHT PER CENT
SAMPLE GRDENS- BKDENS PRSTY SICZ ALZ03 FEG MGO Ccag RAZ0. K20 S €02 MNO 503 TIQZ  TYTAL
MF-BB@1 2.871 2.78 1.45 58.20 16.70 4.25 3.6l S.50 3.67 3.27  @.58 1.32  8.15 ~ #.19 ‘e.§ 98.4e

MF-BB802 2819 2.79 1.9% 54.40 17.4¢ 4.85 4,18 7.01 320 .77 @€.93 .1.87 @.,20 @.22 0.95 98.08

MF~B893 2.84% 2.74 3.B3 56.58 17,68 4.43 4. 31 6..08 3.56 2,55 8,34 1.21 8.13° B.22 #.95 97. aa

ME~0884 2,885 2.75 4.8 S57.06 18.06 4.7 3.96 5.57 3.62 2,61 6.8l 1.49 8.12 8.9 9.93  99.42

HF-17381 2.761 2.7 2,21 61.59 17.20 3.867 2.58 4.74 3,27  3.62 4047 1.31 .17 8.82  92.69 99.16
HF~1302 2.785 2.73 1.97 sl.50 17.7% 3:89 2,58 4.4p -3.16 372 9.41  e.7¢  H.29 w8 H.71 98.08
#E~1.363 2.754 2,78 1.96 @1.5 15,38 3.92 2,30 4.04 2.87 3.43 1.74 1.67 B.35 1. 82 8.53 9887

MP-1304 2,789 .73 1:95 6l1.7¢ 17.20 4.18 2.77 3.81 3,23 3.92 e.84 4.66 0.30 8.1l 6. 74 95, 2%

MF~1366: 2.827 2.79 4,49, 59.1¢ 16.7¢  4.8¢  2.52  S.62 3.5% 2.95 @.6¢ 1.12 Wl B35 9,73 97.37

MF-1581 F.811  2.78 1:18 6B.48 17416 3.72 0 2.78  4.87 3.0 3.1 @.2¢ 1.19 @0l @.16 4.7 97.58
HE-Y58:2 2.825 2.75 2.65 59.7¢ 16.8¢ 3.78 2.71 4,53 3.24 3,45 1.92 l.84 8.12 d.¥p  ¥.66 95.85
uF-ise3 2.746 2.71 1.3l 6¢.3¢ 16,589 3.82 2.79 3.92 3.16  3.33 9.8l 0.89  9.38 8,17 €,62 96. 63

ME-1584.  2.759 2.72 1.4 61.59 16.29 4.14 2.72  3.93 2.93 3,65 B.85 P.9% 9.33 w15 0.87  28.982

MF -1 505 2.821 2.75 . 2.52 53.4p 17.50 4.49 3.32 5.36 3,52 3.05 9.24 @.42 9.1 6.13 9.94 98.38
HE-1506 7.681 2,81 2.65 43,56 13.50 4.59  1.74 19.7% 1.44 2,34 1.11 9.8l 8.38 2,17 .43 10680

MF-1781Vv  2.765 2.72 .63 56,94 13.32 7.53 1,74 4.d42 1.98 2.55 6.18 2.52 .39 1.49 ©0.43 9.4
HE=-1792 2.795 2.76 1.25 58.2¢ 16.80 5.16 3.39 3.68 2.41 4.3¢ 1.4 g.97 ©,51 ©.33 .88 97,95
ME-1703 2.755 2.72 1.27 57.48 17088 4.36  3.37 4.76 .24  3.44 0,27  1.83  0.23 0.7 @.83 37.48
MF-1704, 2.780  2.74 1.44 58.86 17.9¢ 4.27 3.68 4.7¢ 3.36 3.37 .49 .7z -9.19 6.20  0.83  9B8.38
WF-1 785 2.771 2.74 1.33 58,30 17.30  4.44  3.52 4,52 2.96 3.69 0.49 9.67 4.35 .33 8,77 97.34
MF-178%6, 2.758 2171 1.45 54.70 16.54 4.1y 2.89 7.80 2,53 3.49  1.74 4477 9.26  ¥.68  9.57 9935
HE-1747 3.798 2.75  1.72 56.7¢ 17.5¢ 4.29 3.39 6.2p 3.84 3.9  0.43 1.66 0.24 2.30 ¥.82 97.66
ME=1708 2.794  2.74 1.93 55,88 15.98 4.22 3.23 7.79 .79 2.8 @.82 2.7 @.21 4,75 4.78 9.2

HE-1765 2.78% 2.73 1.94 57.58 17.20 4.39 3.45 6.06 3.27 2.96 90.22 4.9 .13 0.24 6.85 97.23

T8P1
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SAMPLE

MF=171.0

HF=1T11

ME-1712
VL-20d1
VL-2082
MP-2 381
MFP-2082
MF-2083
nF-2084
MF-2085
MF-2006
MF-2987
MF-284%
HE-2089
ME-2B19

MF-=281}1

ME-2812°
MF=2813

MF-2814

ME-2815

NF-Z816

MFP-2817
MF-2018

MF-2681

G/CM¥*3
GRDENS
2.774
2,791
2.735
2.733

2,664

2.793

2.824
2.751
2.179%8
2.764,
2. 854
2.782
2.777

2.822

BKDENS:

PER CENT

PRSTY 5102

2. 59

2. 54

2. 68

5'8%
61.
58,

63.

62
59,
8.

53.

58.

61.
55.
53.
53.
51.

52.

59,

60.

58+
D

5.8.

59,

59,
61,
59,

78

4%

9p’

08
18
18

29

68
10,

38

79

58

66

4%

386

2@
17
40
90
12
59
59
18
99

AL203
1%..99
17..79
17,28
17.74

18, 48,

1.8,18;

18, 68

16. 8@

17,30,

17,58
17.20
17.46
16.89
16,90
16,20
6. 78
15.58
17.58@
16,98
17.68
17.58
18. 89
U8, 2¢
16. 80

FED

.87
.75
.91
. 89
. 96
.98
.34
.87
.34
.28
27
h 93

.18

Thsrk 2—(Contihuéd).

MEO

3.8%

3.42

4.53

WEIGHT PER CENT

‘CAO

NAZO

32l

K20

3. 83

3.08

3.88

1.238
1.47
g.9¢
0. 66
1. 08

2,28
2.82
1.37
2.27
8.24
B.73

2. 28

B.16

#.22

MNC

.14

6.65
a.52

@.12

9. 10
0.08

o 0%

0., 89
o, e

.72

503

8. 48.

TIOZ
‘0. B4

6. 82

TOTAL

97.22

190..27

99 .:54
99, 21
99,44
97.'93
97..96
97.97
97.71
89. 54
97219
97.99
6. 66
96. 65
98. 49
97.92
99,19
97,92
97. 48
98, 23
196.11
1@8.31
iua;Ss

97 . 74.
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SAMELE
MF-22672:
MF-2263

MF =208 4

MF-2285:

MEP-220 6

ME-2207

ME -2 2@'8:

MF-2289

MF-2219:

MF=22}1
MF-2212
MF-2-212
ME-2214
MF-2601
ME=-2'692
MF-2643
MF-2604
WE-2685

ME-2686

ME-2607

MF-2608
MF-26B9
MF-2618

MF-2611

G/CM**3
GROENS
.

2.

2

2.
Z.
2.
2
2

Z.

761

784

. 781
T
753

.. 769
824
834

. 785

755
775
16
813
8ol

782

BEKOENS

7. 5

.64

PER 'CENT

PRSTY 5102

4. @2

5..17

4,139

62. 48
59, 93
59. 18
55.78

57.18

- 57.44

56. 68
53. 54
54,50
54., 4P
57,18
55,80
56.60
)
60190
60.18
60,83
57.-68
59.°23
59.14
60.. 19,
60,86
'58. 10,
59.17

AL293

18.
17.
18,
17.
18.
17.
16.
15.
17.
17.

18

17
17.
17.
17,
17.
16.
17.
17.

17.

16:
17.

17.

27
38
49
60
a0
a9
38
34
28

E['

. 9a

49
30
46
95
57
99

i

89,
18
.51
%9

20

41

FEQ

5. 19,
4.52
5.1%
4.51
4.26
3.97
4.96
4.8l
4.64
4.99

5.23

5.38

(5}

.37

5.88

6. 61

"TABLYE? 2— (Continiied)

WETGHT PER CENT

CRO

Na 20

3.79

4.16
4.08
2.77
4.186

3.78

3.8

2:92.

3.57

F. AT

4.45

3.736

3,36

3.43

7. 94

3.57
3.58

3.79

3.79

314

3.21

3.14

3. 28

3.21

K20
3.11

3231

‘2.47

2. 18

2 49!

C02

@, 70.

4.83

B 57

8. 54

9.7

1..95

1.88

@.45

9. 76

a1 84

@.45

93 49
.36
e.37

B.53°

@.28

B. 49,

8.05

503

TIOZ
0.68
8. 79
2. 78
8. 74
B.75
7.81

g, 67

TOTAL
99..69
99. 16
1BE.31
98.24
95,66
95;32
98° 32,
99., 75
97. 80
97. ¢8
99, 28
_9?.92
53, 48
99. 88
§9.98
160. 14
184.78
99..87

99, 99
'99.59
'99.45
100,48

1¢@.11
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BAMPLE
MF-2612

ME-2613

MF <2614

ME-2615;

MF-25616

ME-~2617
ME~2618
MF-2619;

MEF-2620

ME-2621

ME-=2527;
ME-2623
ME-2624
HF-2625
ME-2626
MF-2627

MP-~2628

MP-26729

ME-263 ¢
ME-2631

MF=2632

. MF-2633
ME-2634

MF-2881

G{CM"‘*}
GRDENS
2.779
2.756
2. 762
2,832
2.765
2.835
2.727
2.768
2,811
2. 811
2. 742
2.728
2.735
2.724
2.838
2.797
2.753
2,755.
2.797
2. 769
2.787
2.824
2.804
2,782

BXDENS
2.75
2.72
2,74
2.73
2.7%

PER CENT

PRSTY 'SI0Z

1.
1.

B4

3

+ 51
.99
i 54
.99
w19

74
.90
-3
.84
.88
.53
.75
.95
.54
.84
69
.97
. 27
.86
.23

59.. 57

57.74

58.°88
55.88

57.50

59,85

62,98

61.25

68,45

6l.18

61 48
60 .55
58..508
§1. 66
54 .86
61.70

62.16

56,38

59..86
55. 70,
56;3a.
55.18
53.30
54,21

AL203

16: 64
16,12

16.18

16,20

17.58
16.99

17.95

17,686

17.82
17.18
17. 26
17.55
16.98
18,09
16.99
17. 46
17.88
15. 99
16.79
17.70
17.60
17. 48
17.38

17.65

FEQ
5:82

TABLE 2—(Continiicd),

MGd

L 72
J47
.99
.47
'+ 29
.43
. B4
.65
.53

.29

22

.72
w61
11
.98
. 65
.97
LT
.34
. 15
.76
. 97
.61

.75

WEIGHT PER CENT

CAO

5. 07

4. 41

3,85

N& 20

3.21

3.1886

3,79

2.8%

K20

g.23

B. 40
B.33
8. 63
®.42
8. 47
8. 58
0. 38
B.36

.45

. 64
B.57

8.47

1.18

g.83
1.33
1.52

B.83

.64

1.86

o',

.89
.1
- 87
. 08
.06
.14
. BE
. 86,
L1
.14
. B5
17
. 05
.11
- 149
. B8,
34

. 19
L 62
BT
.1g.

.71

.72
- 86,
52
' 39
.58
. 63
.21
. B6
43
. 46,
- B8
. BB
N
37

TIO2
8.72
8.64
964
8.83;
.66
#.68
&, 57
.63
8. 61
8. 54
8.58
. 56
g, 56
#.55
8.°65,
B. 54
g.51
@. 59
0:72
b, 80
B.78
6.87
.88

#.53

TOTAL

99.89

101.4d8

198,37
99,95
1€0.17
198. §1
98 .54
39,24
59. 41
99.59
97.. 92
9%. 86
98. 39
89,75
97.93
106. 64
189. 16
99.58
9976
98.13
98, 25
98.. 40
97. 94

98. 68

#
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SAMPLE
MF-2882
MF~2883
MF-2 804
MF-2'805
MF-2806
MF-2887
MF-2808
MF-2809
MF-2810
MF-2811
ON-2801
- ON-2882
ow-28a4
MF-3001
MF-3882
MF-3003
MF-3004
MEF-3005
MF-3006
MF-3887
MF-3088
MF-3089
ON-3881

ON-3802

G/CM**3
GRDENS' .
2, 79¢
2.813
24819
2.799
22829
2.822
2:775
2. 789
7. 811
2,794
2.754
2.697
2. 977
2,845
2.868
2.817
2.8L3
2.873
2,771
2.792
2.795
2. 822
2, 882
2.785

BKDENS

2.78

2.63

2,84

3.77

PER CENT

PRSTY 5702

3.23

2,24

59.724
56. 60
56.28
51.78
55, 58
56.80
56.20

55.16

52..60

55.79

61.38

®2.30

59, 64
55.32
5 6.."86

‘54, 3@

55,88
54. 78
54, 980

52,72
53. 79
53,98
58, 98

6. 68

« AL2013
17.18
16.58

17.20

15: 78

16,48

16.32

15.98
16.98
14.99
15.99
‘17:53
18, 3¢

17.68

1.6.°00

146,714
14.99
15. 40
14,88
15.48
15.60

16,58

RAYIRE]

.17.78

17.28

.85
.51
86

.38

54

. 06
.63
w25
.38
63

93

. 87

16

23
.92

"TARLE 2—{ Contintied)

MGd
2.83
3.4p
4. 75
4.33
4,61
5.25
4.56
5. 28
4.85

WEIGHT PER CENT

CAO
4,75

5. 91

5.59

6.67

5.83

NA 20.

MNG

2.e6

501

.06
.90
.93
Y
.42
'.-57
.79
.78
17
.85
.76
.98
82
.. 58
.48

.62

59

.80
.85
.28
512
.53
.41

.25

7102
B.66
g.:60
9. 80
¢, 88
8,74
.79
é,73
6..81
E..8;3
#:88
g.57
B.59

TOTAL
97..96
99,18
181 84
9, 47
99. 25
1849. 96
99, 25
99.76
99, 57
99, 56
100,34
99.. 58
99..44
98. 41
9g.. 29
98. 64
98. 62
98.92
98. 85
9%, 43
98.58
99. 61
98, 62

98. 41

98%]

o
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SAMPLE
ON-3803
ON-3004
ON-3085
ON-3085V
ON-30806
ON-3087
DDH-216
DDH-350
DDH-639
DDH-778

DDH-992

GRDENS
2.
2.

2.

G/CHM**3

769.

834

750

.776
. 753
. 794
. 803
.753
. 747

. 856

BKDENS
2.

2.

78

76

. 69

.72
.72
.78
.78
.70
.70

.77

PER CENT
PRSTY SI02
2.49 61.79
2.61 6B.7¢
2.18 59.89

58.10
2.082 59.50
1.20 57.99
0.5 55.80
9.82 56.20
1.93 62.00
1.71 62.19
3.1 55.19

TaBLE 2—(Continued)
WEIGHT PER CENT
AL203 FEO MGO CAOQ NA 20 K20 S co2 MNO 503 TIO?2
16.90 3.21 2.24 4,210 2.71 4. 44 1.27 1.04 .13 .99 2.59
16.7¢ 3.28 2.24 4.52 3.06 4.32 1.66 1.16 0.17 1.77 9.55
18.1¢ 3.9 2.25 3.75 2.33 5.17 2.24 1.19 0.14 8. 27 2.58
17.69 4.59 2.31 3.08 2.02 5.04 3.27 1.29 9.18 1.22 f.58
16.89 3.45 2.71 4.55 3.47 4.07 1.15 0.56 0.19 1.88 9.53
17.38 5.28 3.32 4,25 2.13 3.74 2.00 1.06 2.35 1.36 0.59

16.18 4.09 5.35 6.35 4.23 2.45 0.50 9.38 9.06 2.95 8.80

16.69 4.23 5.83 6.6 3.72 2.75 9.77 0. 36 0.08 1.14 9.83

17.30 2.86 2.26 4.38 4.37 2.54 ©.28 9.33 9.85 1.36 .60
17.26  3.34 1.33  3.33 3,59 3.34 .1.26 ©.35 6.64 1.39 6.49
16.40 5.31 5.18 6.¥5 3.21 2.64 1.16 ©.30 9.85 3.53 0.78

TOTAEL

99.
100.
99.
99.
98.
99.
99.
97.
98.
97.
99. &

77
28

46

AIOLS ATMOTIAVIN ANV SAINTI NHIMIAT YTASNVIL SS¥IV
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1488 R. N. VILLAS AND D. NORTON

TAgLE 3. Estimated Composition of the Unaltered
Mayflower and Ontario Stocks

MayRower! Ontario
Calculated MF-20184
Weight percent.

Si0» 59.40 61.10 60.80
AlO, 20.60 18.20 16.70
IFeO 4.30* 3.93 1.20
FCan -— _ 396
MgO 1.90 3.04 1.81
CaO 5.90 5.10 313
Na,O 4.90 3.94 5.39
IK,0 2.10 2.95 3.60
S — - 0.12 3.60
H.0Ot 0.45 — 0.73
.0 — — 0.44
CO2 — 0.48 —_
SO, — 0.58 —
MnO 0.05 0.10 —
TiO, 0.40 0.10 —
Total 100.00 100.36 97.80
Bulk density 2.69 2.75

''Villas, 1973.
t Least altered Mayflower rock sampled.
* Total iron as FeO.

Unaltered specimens of igneous rocks were not
found in the mine, Therefore, estimates of their
original chemical compositions became necessary to
determine the extent to which hydrothermal fluids
reacted with the igneous rocks.

Chemical compositions of the unaltered May-
flower rocks were, on the other hand, approximated
from modal analysis of the least altered samples and
from the ‘chemical compositions of primary minerals,
with the exception of igncous biotite. Mineral modes
for the unaltered rocks were estimated as follows:
andesine, 69 = 5 percent; orthoclase, 5 == 2 percent;
quartz, 10 =3 percent; biotite, 12=3 percent;
hornblende, 3 = 1 percent; and magnetite, 1 %= 0.5
percent. The corresponding calculated chemical
composition is given in Table 3. Iron was assumed
to be conserved in the system, implying that iron-
bearing alteration phases were primarily formed with
iron derived from the dissolution of igneous mafhc
minerals and magnetite. Because the mole fraction,
N, of annite and phlogopite in present-day biotite
(Nam = 0.36 and Ny, = 0.64) would fall short of
accounting for the ohserved amounts of iron in the
altered Mayflower -rocks, the igneous biotite was as-
sumed to correspond to 7 weight percent annite and
5 weight percent phlogopite. These values fix the
igneous biotite composition, making it equivalent to
the member of the biotite solid solution series char-
acterized by 58 weight percent annite and 42 weight
percent phlogopite (or Ny, = 0.53 and Ny = 0.47).
The more magnesian character found for hydro-
thermal biotites in other areas (Beane, 1974 ; Jacobs

and- Parry, 1976) adds qualitative evidence o sup-
port these assumptions.

Mineral Assemblages

Andesine, quartz, orthoclase, biotite, and horn-
blende are the major primary minerals of the un-
altered counterparts of the stocks exposed in the
Mayflower mine. The alteration assemblages of these
stocks; on the other hand, are much more varied, but
only a few minerals occur in significant quantities
over the studied vertical section of the mine. The
most abundant alteration products are kaolinite,
K-feldspar, quartz, biotite, chlorite, anhydrite, calcite,
and pyrite, Minor alteration components include
actinolite, epidote, salite, zeolite, rhodochrosite,
schorlite, and magnetite, which locally are abundant,
especially as vein-filling minerals. Sericite, although
ubiquitous, is not abundant except locally in the 1m-
mediate vicinity of the main vein system. Albite,
likewise, is not widespread but is a major hydro-
thermal mineral in the range of two to five meters
from the Mayflower vein. Montmorillonite was not
found in this study, but it has been reported to occur
ubiquitously in small amounts above the 800-ft level
(Williams, 1952).

Chemical Compositions of the Mineral Phases

QOuly silicate minerals that usually exhibit sig-
nificant compositional variation, e.g., members of
solid solution series, were analyzed. Grains of bio-
tite, chlorite, hornblende, actinolite, epidote, salite,
augite, plagioclase, and K-feldspar in carbon-coated
polished thin sections were examined with an elec-
tron microprobe, Chemical determinations were
made for nine major elements, Si, Al, Fe (total iron
as Fe*), Mg, Ca, Na, K, Ti, and Mn (Table 4).
Biotite analyses also include F, Cl, and Ba, while
Ca, Na, and K were the only elements determined in
feldspar grains, Eighteen microprobe sections were
prepared from samples collected in all levels of the
mine studied. As a rule, mineral compositions de-
termined from a mount were taken as representative
for the level from which the sample came. On levels
where more than one sample was analyzed, deter-
mined mineral compositions were assigned to the in-
tervals closest to the sampling site. The minerals
analyzed show remarkably uniform compositions
despite their spatial distribution in the cross section
of the mine and their mode of occurrence.

Mineral Abundance Determinations

The relative amounts of reactant and product min-
erals composing the igneous rocks of the Mayflower
mine were calculated using a least squares regression



MASS TRANSEER BLETWEEN FLUIDS AND MAYFLOWER STOCK

TaBLE 4. Structural Formulas of Minerals Used in Mass Abundance Calculations,
Mayfower, Ontario, and Valeo Stocks

GRAM.ATOM/MOLE

MINERAL St AL FE MG CA NA K MN T RA o] + H20
ANALYSED WITH THE ELECTRON MICROPROBE

BIOTITE

MF-0801 2.84 1.13 ©.96 1.56 9.0l .64 @.8¢ ©8.02 0.29 ©.85 11.86 1.0
MF-1306 2.89 .1.1@  9.97 1.73 0.81 .83 @.88 .92 ©.20 6.61 11.0 1.9
MF-1504 2,81 1.21 ©.92 1.75 8.8l 6.63 9.86 0.2 8.20 0.2 11.0 1.0
WF-1708 2,96 1.09 6.95 1.71 $.82  9.90 .01 @.21 11.6 1.0
MF-2811 2.84 1.18 0.93 1.77 9.64 9.8¢ B.01 ©.21 0.61 11.6 1.0
MF-2201 2.85 1.23 8.9 1.60 §.61 6.04 90.85 9.8l .23 6.62 11.0 1.0
MF-2204 2.88 1.09 .96 1.73 0.81 0.64 .87 6.91 .19 ©.0l 11.9 1.0
MF-2206 2.90 1.1 @.97 1.7l  ¢.¢L  ©.83 €.87 ©.02 9.19 0.01 11.9 1.9
MF-2211 2.83 1.18 1.01 1.54 §.02 0.94 B.89 ©.02 9.23 06.84 11.6 1.0
MF-2683 2.77 1.3 1.20  1.53 4.0l b.b5 2.87 0.62 €.21 9.03 11.0 1.9
MF-2634 2.79  1.18 $.87 1.85 .02 4.94 .86 6.0l .21 6.61 11.8 1.0
HF-2802 2.84 1.21 ¢€.8 1.58 ©.04 0.84  §.86 9.29 0.0l 11.0 1.0
MF-3805 2.83  1.18 1.2 1.59 .9l 9.4 2.92 8.81 8.22 9.92 11.6 1l.@
DOH-177 2.80  1.286  ©0.79 2.4 ©0.62 $.83 .84 9.0l .17 0.01 1ll.¢ 1.0
DDH-812 2.79  1.26 0.99 1.64 9.05 9.87 V.8l 0.20 8.02 11.0 1.9
ON-3085 2.74  1.28 9.97 1.66 9.04 6.88 0.91 8.24 6.82 11.8 1.9
VL~-2802 2,73 1.29 8.36 2.51 #.92 0.84 0.81 0.14 11.0 1.8
CHLGRITE

MF-8801 5.87  4.29  3.29 6.51 9.95 ¢.04 6.7 @.01 28.0 8.9
MF-2801V 5.84 4.25 2.91  6.9L  8.43  ¥.985 .86 28.9 8.2
MF-08¢4 5.80  4.98 2.59 7.54 .83  8.05 9.08 2.0l 28.0 8.9
MF-1306 5.7¢ 4.21 3.36 6.77 ¥.63  B.04 9.08 ¢.u1 28.8 8.9
MF-1504 5.73 4.13  3.22  6.97 ©.02 9.4 8.4l  ©6.04 9.02 28.8 8.0
MF-1708 5.77  4.18 3.41  6.63 0.82 8.92 9.23 .97 0.0l 28.4 8.0
MF-2011 5.76  4.20  3.48  6.59 0.63 ©0.04 0.0l ©.04 0.08 28.0 8.0
MF-2201 5.83  4.46  3.58 5.86  ©.82 8.8l 0.91 .17 ©.01 28.9 8.0
MF-2204 5.89 4.86 3.45 6.52 ¢.84 @.86 6.91 .07 6.01 28.2 8.9
MF-2206 5.73  4.13 3.53 6.61 9.82 @.82 9.82 ©.13 8.6l 28.9 8.9
MF-2211 S.82 4.18 3.54 6.37 ©.06 @.94 @.s1 9.97 9.0l 28.08 8.0
MF-2603 5.58 4.46 3.8l 7.85 ©0.82 ¢.p4 .81 9.06 28.0 8.¢
MF-2634 5.74 4.20  3.55 6.54  6.95 0.84 0.65 0.6l 28.0 8.0
MF-2802 5.74 4.36 3.56 6.43 0.2 8.82 6.e2 g.01  © 28.8 8.0
MF-3005 5.85 4.23 3.66 6.19 9.84 @0.85 9.p4 ©.95 0.0l 28.0 8.4
DDH-177 5.85 4.62 3.53 6.62 ¥.84 0¢.03 @9.g2 9.84 0.01 28.2 8.9

DDH=-177V 5.86 4.94 4.01 6.18 9.87 0.0 0.05 28.0 8.9

1489
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ODl-412
ON-3005
VL-20892
ACTINOLITE
MF-0301
MF-1306
MF-2811
MF-2204
MP-2206
MF-2211
MF-2634
MF-3005
bPH-177
EPIDOTE
MF-0801
MF-1306
MF-2811
MF-2294
MF=-2603
MF-2634
MF-2802
DDH-177
SALITE
MF-2881
MF-2204
AUGITE
MF-1708
HORNB LENDE
MF-1708
MF-3885
PLAGIOCLASE
MF-0804
MF-1306
MF-1504
MF-1708
MF-2811
MF-2206

MF-2603

S1
5.48

7.51
7.49
7.61
7.41

7. 60

3.68
3.12
3.10
3.22
3.01

3.16

2.56
2.60

2.60
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. TasLi 4—(Continued)

AL FE ME CA NA K MN T1 RA 0 H20
4.42  3.48 6.80 @8.¢42 ¢.983 9¢.g1 Y.¥6 u.el 28,0 ¥.¢

4.39  3.74 6.55 9.92 8.8l e.e2 ©9.65 9¢.81 28.0 8.8

4.15 1.75  8.39 0.0l .82 ¢.p2 .17 @.el 28.2 8.0

6.39 1.24 3.55 1.87 @.1¢ 6.62 2.08 .92 23.9 1.0

.89 1.65 3.4l 1.73 9.24 9.¥9 ¢.87 0.10 23.9 1.4

¢.76 1.33  3.47 1.77 6.18 @.87 .04 ©.v4 23.9 1.0

.62 1.46 3.49 1.91 9.17 .65 D.v4 .4 23.6 1.¢

8.65 1.37 3.39 1.82 B.16 6.85 J.907 0.03 23.8 1.8

0.75 1.56 3.28 1.72 8.22 98.87 9.¢7 9.1l 23.0 1.0
.52 1.55 3.39 1.97 ©@.99 2.03 9.23 0.0l 23.6 1.9

.51 1.19 3.54 1.88 9.1l  ©¥.05 ©0.05 0.04 23.9 1.0

@.65 2.88 2.69 1.96 ©¥.13 6.04 0.63 @.6) 23.8 1.0

2.96 0.99 9.0l  2.63 0.0l 6. 82 12.5 9.5

2.16 0.99 p.EL 1.98 ¥.81 ©B.91l B.62 G.0l 12.5 9.5

2.28 ©.96 8.6l " 2.85 8.0l B.01 0.0l 9.02 12.5 9.5
2.22  9.76° 2.81 2.13 8.6l 2.02 12.5 0.5
2.2 0.99 2.06 u.0l v.01 12.5 9.5
2.¢2  8.99 8.01 2.0l 6.01 12.5 8.5
2.24  9.98 ¢9.61 2.8l 2.1¢ ¢.0L .01 6.01 12.5 9.5
2.5 1.v3  08.83 2.42 ¥.01 12.5 #.5
.05 @8.27 0.8 0.8 ©6.03 0.92 8.06 6.9

.05 9.24 0.80 ©0.96 90.03 0.02 9.03 6.9

6.05 .29 0.76 .86 0.04 .01 6.0l 6.2 1.0

2.1 1.24 3.54 1.77 0.6 ©.21 8.03 6.23 23.¢ 1.0

1.96 1.77  2.79 1.98 @.38. 8.21 ¢.92 ©.18 23.0 1.9

1.42 9.41 9.57 0.0l 8.9

1.42 #.42 9.56 0.82 8.0

1.44 0.44 8.55 9.0l 8.0

1.48 ' 9.40 8.59 9.01 8.0

1.40 ¥.40  @8.59 8.6l 8.0

1.36 0.36 0.63  B.82 8.9
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TaABLE 4—(Conlinued)

SI AL FE MG cA NA K MM TI RA O H20

MF-2802 2.66 1.34 8.34 0.64 0.02 ) 8.8
MF-3085 2.59  1.41 8.41 .58 ©.@l 8.0
DOH-B12 2.63  1.37 .37 9,61 9.01 8.9
ON-3085 2.64  1.36 8.37 ©@.61 0.02 8.8
VL-2802 2.68  1.32 9.32  0.66 0.02 8.0
K-FELDS PAR

MF-0804 2.99  1.01 g.01  0.12- 8.87 8.9
BF-1306 2.99 1.0l 9.81 .12 .88 8.8
MF-1708 2.99 1.0l v.61  6.14  0.85 8.8
MF-20811 2.99 1.0l 6.1 g.12 .87 ) 8.8
MF-2206 2.99 1.81 8.1 9.13  0.86 8.0
MF-2802 ©3.90 1.0 g.61 ©.17 8.83 8.9
MF-3005 3.0 1.00 §.12  2.88 8.0
DDH-812 3.0 1.00 0.1 9.12 .88 8.0
ON-3085 2.99 1.0l g.91 ©0.12 0.87 8.0
VL-2082 3.00  1.00 6.10  ©.99 8.8

procedure. The mass concentration, X;, of the i observed to be less than the compouents, and equa-

element in a rock is determined by the relationship
between the mass abundances of the n mineral phases,
m;, and the concentrations of the it* element in the
j™ mineral, Cy;.

n

Z lnjCi‘j.

i=!

X; (5)

A set of such equations can be written to represent
the k rock-forming elements where'n <k is a re-
quired condition.  The set of equations has the form:

i Ciy 4 moCha .. + m,-Cl,- = .‘\"1
lllgC:l + m:C-_»z - -‘I- lnjclj = X_:
1 Cpy + miCpz . . .+ mCy; = X (6)
Tu matrix notation, equation (6) becomes
mC =X @)

where C contains the chemical composition of the
mineral phases, X the chemical composition of the
rocks, and m the mineralogical composition of the
sample. If the number of minerals is equal to the
number of elements analyzed, i.e., if n = k, there will
usually be a unique solution to (7). Hydrothermally
altered rocks are generally disequilibrium assem-
blages; thus, the number of phases is not constrained
to be less than or equal to the number of components,
However, the number of major phases is commonly

tion (7) is overdetermined. ‘The solution to (7) is
obtained by a least squares approximation in which
the sum of the square of the difference between
actual whole-rock chemical data and the value of X
computed from (7) are minimized. Additional con-
straints are imposed whercby Zm; = 1.0, negative
values of my are not allowed, and the solution is
allowed, and the solution is weighted according to the
estimated absolute error in the analytical data. Prac-
tical usc of this method requires the selection of a.
representative mineralogy in terms of major min-
crals in order to ebtain the best mineral fit from the
computations.

Distribution of Major Mineral Constituents in the
Altered Rocks

The thermal anomaly accompanying the emplace-
ment of the Mayflower and Ontario stoeks was
largely dissipated by movements of fluids along open
continuous fractures present in both igneous and
adjacent rocks, as discussed previously. Observa-
tions in the fractured igneous rocks of the Mayflower
mine reveal that permeable fractures are commonly
filled with product minerals and enveloped by dis-
crete hdlos of alteration phases (1-2 cm wide). As
a result, large volumes of the stocks appear to have
survived as relatively unaltered blocks of reck
bounded hy flow fractures, Diffusion channels cut
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Fic. 16. Distribution of mass of alteration products in
relation to mass of unaltered rocks in a portion of the May-
flower stock.

across these blocks as evidenced by tortuous altera-
tion paths on the order of millimeters in width.
From this general picture, one is led to expect a
major control of the flow fractures on the distribution
of reactant and product minerals composing the
altered Mayflower and Ontario stocks. The best
evidence of this control comes from the overall mass
distribution, as determined by regression, of the
major minerals of the stock over a north-south cross
section of the mine (Fig. 16), showing that the ratio
of altered to unaltered assemblages increases toward
the main vein system. Control on the distribution of
individual minerals is evident for andesine, K-feld-
spar, kaolinite, and quartz (Figs. 17 to-20), the last
three increasing in abundance toward the major
veins. Andesine, the quantitatively most important
reactant mineral, was more thoroughly destroyed in
the vicinity of the'major veins than in any other zone
sampled. Biotite, chlorite, pyrite, anhydrite, and
calcite distributions (Figs. 21 to 25), on the other
hand, do not seem to depend on the main veins, al-
though below the 2,600-ft level a lateral zoning is
apparent, with biotite and chiorite increasing in
abundance away from the Mayflower vein.

R. N. VILLAS AND D. NORTON

The distribution of the major minerals also dis-
closed a vertical zoning with cal¢ite and quartz
being more abundant above the 2,400-ft level of the
mine and pyrite, anhydrite, K-feldspar, kaolinite, bio-
tite, and chlorite more abundant below. The change
in the relative abundance of anhydrite and calcite
with depth may reflect an increase in the ago3™ /ago: ™
ratio in the solutions which favored the precipitation
of calcite as the CO. pressure increased. This
chemical change may have been a consequence of
solutions flowing from quite distinct sedimentary se-
quences, below and above the horizons that mark
the upward transition from more clastic to more cal-
careous formations. This transition occurs at a depth
corresponding approximately to the 2,400-ft level
(Fig. 26). As a result, the inflow of solutions that
might have been in equilibrium with carbonate rocks
was largely favored at depths above that level, and
precipitation of calcite occurred as the relatively high
COs solutions moved into the pluton. Likewise,
SOj3~-rich solutions, possibly in equilibrium with the
basement rocks, might have entered the system from
below to cause the observed vertical zoning, with

e
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Fic. 17. Distribution of andesine in the Mayflower stock.
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sulfate largely consuined at greater depths as anhy-
drite precipitated. Equilibrium relations show that
at lower reaction temperatures, for a given CO.
pressure and SO3~ constant, calcite has its stability
field expanded over that of anhydrite, suggesting that
temperature may have also contributed to larger
ratios of calcite to anhydrite at shallower depths.
Pyrite was found to be more abundant below the
2,600-ft level at some distances south of the May-
flower vein.

A collective picture of the variational trends of
the major minerals is shown along north-south tra-
verses on the 2,800-ft level across the Mayflower-
Ontario contact (Fig. 27) ; it relates the abundances
of reactant and product phases with distance from the
main vein structure,

Gains and Losses of Components

The comparison between altered and unaltered
compositions of rock samples affords a quantitative
estimate of the irreversible reactions that took place
between hydrothermal solutions and rocks. The ex-
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Fic. 18. Distribution of K-feldspar in the
Mayflowcer stock.
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Fic. 19. Distribution of kaolinite in the Mayflower stock.

tent of these reactions in the Mayflower mine is in-
dicated by the variation of ratios between the masses
of product and reactant minerals, which shows that
the greatest change in mineralogy occurred in the
regions closer to the MayHower vein (Fig. 10).
From data on chemical and mineralogical composi-
tions of altered and unaltered rocks, the overall mass
transfer in the stocks could be appraised in terms
of gains and losses of both minerals and components.
Bulk densities were determined on all samples in
order to compute gains and losses. Lack of visible
microscopic or megascopic deformational features in
the altered zones of the Mayflower and Ontario
stocks is supporting evidence that no significant
volume change: took place during alteration so that
densimetric percentages could be used to represent
rock compositions without introducing errors. Bulk
density variations resulting from the hydrothermal
processes were thus caused by the addition or re-
moval of mass from the rocks.

Mincral abundances and gains and losses of min-
erals and major elemental components in the May-
flower stock, determined by regression, are sum-
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Fic. 20. Distribution of quartz in the Mayflower stock.

marized-in Table 5. Gains and losses of minerals
aré rcported either as the range of variation for all
sampled traverses or as the average mass balance
for distinct altered blocks in the north-south cross
seetion (Fig. '28). Gains and losses of eleniental
coniponents are shown as average values in either
case; The division of the vertical scction into blocks
of alteration was based on the distribution of relative
amounts of major minerals and was done in order to
compare systematically the observed mass transfer
with that predicted by theoretical computations.
Average mineral masses are also presented, and
their variation from block to block reiterates the
earlier recognition of a broad zone of alteration in the
nirne.

From the mineralogical gain and loss tabulation, it
can be seen that greater masses of andesine were
destroyed than any other reactant mineral, followed
by igneous biotite and hornblende. The other reac-
ant phases were either consumed or reequilibrated
with the hydrothermal solutions but were subse-

quently added to the rocks as alteration products.
Anhydrite, calcite, pyrite, kaolinite, chlorite, and al-
bite occur exclusively as alteration products. The
original mass of hornblende (0.08 g/cm?®) was as-
sumed to be totally consumed during alteration,
despite its preservation in some rock pulps (gen-
erally in amounts less than 1%, a condition that ex-
cludes it from the mineral abundance calculations).
Similarly, the igneous biotite (0.32 g/cm®) was as-
sumed to be completely destroyed or reequilibrated to
the composition of the present hydrothermal biotite.
Hence, the values of hornblende and igneous biotite
appear as losses equivalent to their respective original
amounts, regardless of the alteration zone to be con-
sidered.

The mass balance for the sampled rocks indicates

an overall loss of Si, Al, Na, and Ca and an overall

gain of Fe (total), Mg, K, S, C, and Ti. Large
quantities of sulfide and sulfate were added to the
altered rocks from the hydrothermal solutions by
reaction with indigenous iron and calcium in the wall
rocks. The latter were almost exclusively deposited
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Fic. 21. Distribution of biotite in the Mayflower stock.
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in the ore zone as sulfides. A portion of the total
sulfur was in the form of sulfate which was incor-
porated into the altered rocks mainly as anhydrite.
Considerable addition of CO3~ was also evident, as
the widespread occurrence of calcite indicates,

Comparison of Predicted with Observed
Mineral Abundances

Circulation of fluids along pathlines between differ-
ent chemical environments apparently resulted in
the mineral abundances and elemental gains and losses
that were measured. As a fluid packet circulates
from one chemical environment into another, mass
transfer occurs between the fluid and rock along its
flow path. On the basis of the conditions predicted
by the heat transfer calculations and an estimation of
initial solution concentrations, the alteration process
can be simulated by theoretical methods. Helgeson
et al. (1970) describe methods which simulate the
overall mass transfer resulting from irreversible re-
actions between a fixed quantity of aqueous sotution
and initial reactant mineral assemblages. Equilibrium
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Fi6. 22. Distribution of chlorite in the Mayflower stock.
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Fic. 23, Distribution 6f pyrite in the Mayflower stock.

conditions are defined by a set of differential equa-
tions describing the laws of mass action and mass and
charge balances at a fixed temperature and pressure;
and the overall irreversible reaction is approximated
by the derivatives of these variables with respect to
the recaction progress. o
The thermal regime of the igneous wall rocks“and
fiuids that prevailed over discrete periods of time
during the cooling history of the Mayflower stock
was used to define conditions for which the fluid-rock
reactions were simulated. The heat flow computa-
tions predict that during the major portitii of the
cooling process temperatures were in the 150° ‘to
400°C range, but the thermodynamic data for the
mass transfer computations was only available for
25° to 300°C and 1 bar; therefore, luid-rock reac-
tions could be simulated only at a sequence of discrete
temperatures between 300° and 150°C. Modeling of
the cooling history of the Mayflower stock has shown
that its top regions remained at temperatures sig-
nificantly above 300°C only for the initial 1.5 X 10*
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F16. 24. Distribution of anhydrite in the Mayflower stock.

years subsequent to the vent that fractured and en-
abled fluid circulation through the upper 1.5 km of
the stock, so that the 300°C restriction probably does
not affect the results significantly. The unaltered
equivalents of Mayflower rocks were taken as initial
reactant assemblages, and initial solution composi-
tions were estimated on the basis of fluid inclusion
studies, which indicate high salinity fluids (34-44
equiv. wt % NaCl), suggest relatively low Na/K
ratios in the fluid and filling temperatures of 350° =
50°C for the earliest stages of vein formation in the
Mayflower stock (Nash, 1973). Additional con-
straints in the solution compositions relied upon
equilibrium relationships among the alteration assem-
blages at a given temperature (Villas, 1975).

Fluid circulation caused by the Mayflower stock
clearly caused mixing of HaO-rich magmatic fluids
with aqueous solutions entering from the surrounding
host rocks. The nature of fluid pathlines not only
indicates the inevitable mixing of fluids from various
sources, but also the drastic changes in pressure and
temperature along the pathlines that. affect the
thermodynamic properties of the solvent (Norton

-temperatures.

R.N. VILLAS AND D. NORTON

and Knight, 1977). Dilution of high salinity fluids
in the Mavflower stock is also evidenced by analysis
of fluids included in quartz and sphalerite crystals,
present in the major veins, which revealed salinities
ranging from 0.3 to 11 weight percent NaCl equiva-
lent (with average around 5 wt %) and homogeniza-
tion temperatures between 220° and 300°C (Nash,
1973). Provisions for dilution were incorporated
into the mass transfer calculations by assuming pro-
gressively more dilute starting solutions at the lower
Solutions initially reacted with the
Mayflower rocks at 300°C had true ionic strengths
around 5.0, comparable to the lower limit for the
salinities characteristic of the early vein minerals
(~30 wt % NaCl equivalent), whereas the more
dilute solutions, below 200°C, had true ionic strengths
of 0.3. This dilution process is consistent with the
large influx of fluids from the host rocks which could
dilute initial high-salinity fluids by at least a factor
of 10, if we presume the host rock fluids are ~0.1 m,

General characteristics of the starting solutions for
the mass transfer reactions used to simulate the

%
i
N
DA )
%
y 200-
’/ meters
7 N
CALCITE
< 2 2-3 3-4 4-5
WEIGHT PERCENT
F1c. 25. Distribution of calcite in the Mayflower stock.
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alteration of the Mayflower stock are presented in
Table 6. These solutions were selected on the basis
of observed mineral assemblages, gains and losses
of elemental components, and inferred compositions
of circulating fluids. Additional initial conditions
included: (1) oxygen fugacity fixed at a given
temperature for the pyrite-magnetite and pyrite-
hematite pairs which were commonly observed in the
alteration assemblages; (2) starting solutions in
equilibrium with quartz and pyrite; (3) CO. pres-
sure fixed at an upper limit of 10 bars; (4) CO:a(g)
as a reactant only at temperatures below 200°C;
and (5) reaction rates of reactant solid phases pro-
portional to their original mole fractions in the un-
altered rocks.

Results of Mass T.ransfer‘ Calculations

The irreversible reaction paths between solutions
and the unaltered equivalents of the Mayflower rocks
are represented in activity-activity diagrams which
depict the stability fields of minerals and the composi-
tions of the solutions that coexist with these minerals.
The composition of the starting solution at 300°C is
in equilibrium with both pyrite and quartz and pro-
jects onto the microcline stability field (Fig. 29).
Incremental masses of reactants dissolved in the solu-

tion caused its composition to shift initially toward

VEIN
SYSTEM

MAYFLOWER

PLUTON Carbonale Rocks

Schists & Gnerss

TFre. 26. Schematic north-soutll cross section of the vein
system in the Mayflower stock, showing major types of host
rocks and direction of fluid flow. The upward transition
from clastic to calcarcous rocks occurs at a  depth
corresponding approximately to the 2,400-ft level of the mine.
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Fic. 27. Lateral variation of the abundance of the major
mineral constituents of the Mayflower and Ontario stocks
with respect to the vein system on the 2,800-ft level.

higher /a4 ratios at an essentially constant
ape+/a}s. ratio, since the solution was enriched
in Mg as a result of dissolution of igneous biotite,
whereas the Fe derived from the destruction of bio-
tite and magnetite was consumed by the production
of pyrite. This portion of the reaction path was fol-
lowed by precipitation of anhydrite, then by mus-
covite, Figure 30. However, near the Mg-mont-
morillonite-phlogopite boundary, muscovite ceased
being produced. The solution next equilibrated with
Mg-montmorillonite but then undersaturated with
respect to quartz and, at the same time, started pre-
cipitating phlogopite. Further dissolution of igneous
biotite and simultaneous precipitation of phlogopite
and Mg-montmorillonite maintained the ayge/aky
ratio constant, shifting the solution composition
toward equilibrim with biotite. In the process, Mg-
montmorillonite, phlogopite, and pyrite became un-
dersaturated, favoring the precipitation of Mayflower
biotite and Ca-montmorillonite, By the time overall



TanLe 5. Minéral Abundances and Gains and Losses of Minerals and Elemental Components in the Mayflower Stock

Range of variation for
all traverses

Mineral abundances Gains and losses Gains Losses
Minerals Grams of minerals/cm?® of rock
Block 1 Block 2 Block 3 Block 4 Block 5 Block 1 Block 2 Block 3 Block4 Block 5
Andesine 0.98 1.19 1.25 1.08 1.24 —-0.92 —0.72 —0.70 —0.86 —0.60 0.17-1.04
K-feldspar 0.41 0.16 0:18 0.33 0.17 0.27 0.03 0.00 0.18 0.03 0.47 to 0.13
Quartz 0.54 0.47 0.43 0.58 0.44 0.26 0.20 0.21 0.28 0.21 0.00-0.46
MF-biotite 0.35 0.47 0.49 0.52 0.51 0.35 0.47 0.49 0.52 0.51 0.26-0.70
Pyrite 0.08 0.11 0.05 0.05 0.04 0.08 0.11 0.05 0.05 0.04 0.06-0.18
Calcite 0.05 0.04 0.05 0.09 0.06 0.05 0.04 0.05 0.09 0.06 0.01-0.60
Anhydrite 0.08 0.10 0.08 0.02 0.06 0.08 0.10 0.08 0.02 0.06 0.00-0.24
Chlorite 0.03 0.18 0.05 0.03 0.05 0.035 0.18 0.05 0.03 0.05 0.00-0.29
Kaolinite 0.18 0.01 0.11 0.14 0.03 0.18 0.01 0.11 0.14 (.03 0.00-0.41
Magnetite — — —_ 0.01 0.02 —0.03 -0.03 —0.03 —0.02 —0.01 0.00-0.03
Hornblende* — _— — — — —0.08 —0.08 —0.08 —-0.08 —0.08 0.08
Biotite* — — — — — —0.32 —0.32 —0.32 —0.32 —0.32 0.32
Albite — — — — — - —_ — — —_ 0.00-0.43
Grain density 2.72 2.73 2.69 2.85 2.64
Average for all
Gains and losses traverses

Elements Grams of components/cm? of rock Gains lLosses
Si- 0.010 -0.040 —-0.026 0.000 —0.032 0.009
Al —0.043 ~0.061 —0.044 —0.052 —0.050 0.049
FFe(total) —0.009 0.028 0.003 0.002 0.004 0.006
Mg 0.011 0.049 0.032 0.021 0.028 0.026
Ca —0.024 0.002 0.010 —0.024 0.023 0.011
Na —0.035 -0.031 -~ —0.031 —0.041 —0.034 0.032
K 0.032 0.014 0.015 0.032 0.017 0.021
S 0.043 0.068 0.027 0.034 0.024 0.038
C 0.006 0.005 0.007 0.011 0.011 0.007
SO, 0.048 0.062 0.051 0.011 0.031 0.037
Ti 0.009 0.013 0.013 0.012 0.013 0.010

* Hornblende was assumed to be totally Eles.trq_ved {or purposes of computing mineral-abundances of major minerals, Igneous biotite was assumed to be destroyed or
reequilibrated to hydrothermal biotite (MF-biotite).
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TF16. 28. Blocks of alteration over a north-south 670 m
cross section in the Mayflower stock that were defined on the
basis of abundances of major alteration products (see Table

equilibrium was reached, 130 g of reactant phases
were destroyed, and 130 g of product phases were
formed per kilogram of water, with a net change in
pH from 4.5 to 4.7, Table 7.

The starting solution at 200°C (Fig. 31) was
initially in equilibrium with quartz, pyrite, and
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Frc. 29. Activity diagram for the system MgQ-TeQ-K.O-
Al:0s-Si0:-HCI-H:0 at 300°C and 1 bar. Activily of
solid phases and H:O are equal to one; equilibrium reactions
were balanced on aluminum. Log awmsie, = —1.94, quartz
saturation and log (ar+/an+) =4.0. Reaction path at 300°C
(refer to Fig. 30) on activity diagram shows the shift in
solution composition as the reaction progressed. The tail of
the arrow represents the composition of the starting solution,
whereas the small circles mark the positions at which a prod-
uct phase either started (positive numbers) or ceased (nega-
tive numbers) precipitating out of the solution. Mg-mont =
magnesium-montmorillonite. Biotite represents stability field
for biotite found in the Mayflower altered igneous rocks.

Ca-montmorillonite. As reactants dissolved, the solu-
tion composition shifted parallel to the Ca-montmoril-
lonite~Na-montmorillonite boundary. The solution
then equilibrated with calcite, whose saturation sur-
face for a CO- fugacity of 9.5 bars was reached at
log (aca/att) = 7.47 and after 0.57 g of andesine

TABLE 6. Tnitial Solution Compesitions for Path Reactions at Different Temperatures (molality)

Specics 300°C 250°C 200°C 150°C
At 1.0 X 107 1.0 X 10— 1.0 X 107 1.0 X 1079
K+ 2.5 2.5 2.5 X 10~ 2.5 X 1072
Nat 3.2 3.2 3.2 x 107 3.2 X 107
Caz+ 2.2 X 1073 1.3 X 103 1.3 X 103 1.3 X 108
Mg+ 3.7 X 10-¢ 3.7 x 1078 3.7 X 107 3.7 X 1073
Fet 7.4 X 107 2.6 X 10710 1.0 X 107 1.0 X 1077
Cut 1.0 X 102 1.0 X 103 1.0 X 1077 1.0 X 1078
H.,SiO, 1.2 X 1072 7.8 X 103 4.5 X 1078 2.1 X 1073
S 8.0 X 102 2.4 X 102 1.0 X 1072 1.0 X 10-¢
S03~ 9.5 X 107? 5.6 X 10 2.8 X 10 25X 10t
Ccoz- 1.0 X 107° 1.0 X 1073 7.8 X 10 7.7 X 1072
Cl- 4.4 4.4 4.7 X 10! 3.5 X 107
Initial pH 4.50 4.40 4.50 4.50
Final pH 4.68 4.82 6.25 6.56
‘I'rue ionic strength 5.32 5.36 0.5¢ 0.32
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Fi6. 30. Masses of alteration minerals produced, per 1,000 g of solution, as a function of reac-
tion progress during reaction of unaltered 7\[ayﬂo\\o:r igneous assemblages and solutions at

300°C.

with the solution.

Arrow marks position with respect to reaction progress when phlogopite equilibrated
Indices refer to curves that represent precipitation of alteration minerals in

systems where 1= pyrite, 2= anhydrite, 3 = quartz, 4= microcline, 5= phlogopite, 6= Ca-
montmorillonite, 7 = Mg-montmoritlonite, 8 = muscovite, and 9= blotxtc Calculations based on

thermodynamic data from Helgeson (1969).

per kilogram of water had been destroyed. Calcite
equilibration constrained the solution composition to
shift along the calcite saturation surface. Increases
of H in log ax.+/an+ relative to log aca/af+ changed
the solution composition toward the Ca-montmoril-
lonite-Na-montmorillonite low albite phase equi-
librium point. Phlogopite and alteration muscovite
became stable, but Ca-montmorillonite ceased pre-
cipitating. The solution then equilibrated with Na-
montmorillonite and low -albite, at which time only

22 g of product phases had been formed. Thereafter,
as the reaction progressed, significantly larger mass
transfer occurred and, when overall equilibrium was
attained, 166 g of products had been precipitated as
opposed to 163 g of reactants destroyed per kilogram
of water (Fig. 32 and Table 7).

The saturation surface of anhydrite shifted as cal-
cite precipitated, from a position at log (@ce/a%+)
= 8.2 when the solution first saturated with calcite
to a position at log (ace+/ak+) = 9.8 by the time

TasLe 7. Irreversible Mass Transfer at 300°C and 200°C
Reactants 300°C Reactants 200°C

Log mass I.og mass Log mass Log mass

destroyed produced destroyed produced
Magnetite 0.2 —_ -2.0 0.8
Quartz 1.5 —0.8 —4.7 0.7
Microcline ~0.8 2.1 1.0 —
Annite 1.0 — 1.1 —
Phlogopite 0.9 3.4 —-0.8 -0.9
Mayflower plagioclase 1.9 7.6 2.1 —
Carbon dioxide 1.0 —8.4

Initial pH
Final pH

Lot
-~y

O
wwn
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overall equilibrium was attained. At 200°C produc-
tion of calcite prevented the solution from saturating
with respect to anhydrite, This may partly explain
the occurrence of larger masses of caleite than an-
hydrite in the shallower depths of the mine, as dis-
cussed earlier. The style of mass transfer between
the aqueous phase and rock for reactions simulated
at other temperatures (250° and 150°C) is similar
to that documented for 300° and 200°C.

Comparison of Measured and Predicted
Mineral Abundances

Predicted gains and losses of minerals were esti-
mated from the amounts of minerals produced or
destroyed on the basis of the mass transfer computa-
tions and from mass fluxes derived from analysis of
fluid flow associated with the initial 1.8 X 107 years
of cooling of the Mayflower stock. The mass flux
estimates apply to the upper 1.5 km of the stock,
whose temperatures remained at 350° to 300°C, 300°
to 250°C, 250° to 200°C, and 200° to 150°C for
periods of approximately 10%, 6 X 10*, 1.8 X 10° and
2.0 X 10° years, respectively. The last two periods
were linearly extrapolated from the initial 1.8 X 10°
years of cooling. Mass fluxes corresponding to these
time intervals (Table 8) refer to the mass of fluids
that flowed through a volume of rock with length
measured vertically on the cross section of the stock.

Densimetric amounts of minerals (M, in grams of
minerals per cm® of rock) produced or destroyed in
the computed irreversible reactions were calculated
from

WqAt

M, = —

10-3 (8)

where W is the computed amount of mineral pro-
duced or destroyed per kilogram of water, ¢ is the
total mass flux in g/cm’s, At is the time interval in
seconds, and /, in cm, is the flow path length through
a given volume of rock.

The predicted and observed gains and losses of
minerals (Fig. 33 and Table 9) show a remarkable
agreement for most minerals, considering the nature
of the approximations made in the theoretical pre-
dictions and error in the observed data. The theory
indicates much more microcline was added to the
initial rock than was detected in the measurement.
Conversely, the theory predicted quartz was removed
from the rock, but in reality the quartz content in-
creased. One possible explanation is the somewhat
unusually large Na/K ratios in the initial solution.
These ratios were estimated from the occurrence of
halite and sylvite in the fluid inclusions (Nash, 1973)
and may be too high since a decrease in potassiun in
the original solution would lead to the formation of
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Frc. 31. Activity diagram for the system MgO-FeO-K.O-
Al:03-Si0.-HCI-H:O at 200°C and 1 bar. Activity of solid
phases and H:O are equal to one; equilibrium reactions were
balanced on aluminum. Log ausie, = —2.35, quartz satura-
tion. Reaction path at 200°C (refer to Fig. 32) on activity
diagram shows the shift in solution composition as reac-
tion progressed. The tail of the arrow represents the com-
position of the starting solution, whereas the small circles
mark the positions at which a product phase either started
(positive numbers) or cecased (negative numbers) precipitat-
ing out of solution. A-B and A’-B’ are the saturation sur-
faces for anhydrte at ¢ values where calcite started precipitat-
ing and at the time the system attained overall equilibrium,
respectively. ’

less microcline and, consequently, more. quartz.
Chlorite was approximated by clinochlore because
thermodynamic data do not exist on chlorites with a
composition sitmilar to those found in the altered
Mayflower igneous rocks, which may explain the fact
that chlorite did not appear as a product phase in the
computed irreversible reactions. Similarly, end mem-
bers of the montmorillonite group were included as
possible product phases in the irreversible reactions,
due to a lack of thermodynamic data on intermediate
members. This necessary approximation, together
with the uncertainty in the end-member data, most
likely stabilized the montmorilionites over other
phases, causing large predicted amounts of these
clays. As a result, these clays were equated to ob-
served amounts of kaolinite.

The predicted mass abundances .clearly indicate
that many of the limitations imposed by the very sim-
ple coupling of the fluid flow and irreversible mass
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Fic. 32. Masses of alteration minerals produced, per 1,000 g of solution, as a function of

reaction progress during reaction of unaltered Mayflower igneous rocks and solutions at 200°C.
Indices refer to curves that represent precipitation of alteration minerals in open systems where
1 = pyrite, 2= magnetite, 3 = calcite, 4 = quartz, 5=Ilow albite, 6 = Na-montmorillonite, 7 =

phlogoepite, 8 = Ca-montmorillonite, and 9=
data from Helgeson (1969).

transfer theories must be accounted for in order to
use transport theory to predict the mass abundance
and distribution of phases in hydrothermal systems.
But, for a first order approximation, the results are
quite encouraging.

Conclusions

The igneous event that produced the Mayflower
stock resulted in the development of abundant con-
tinuous fractures within the stock as it cooled below
solidus temperatures. This fracturing generated per-
meabilities in the darcy range and allowed relatively
large masses of fluids to circulate in and out of the
stock. This convective transfer of heat cooled the en-
tire stock to 0.3 of the initial thermal anomaly in 1.8
X 10° years, which is approximately 1.5 times faster

muscovite.

Calculations based on thermodynamlc

than if the rock were impermeable and cooled by
pure conduction. A large mass of hydrothermal
fluid, 10** kg per km of strike length, flowed through
the upper 1.5-km portion of the stock during this
same time period. These fluids circulated from a
variety of rock environments, and along their path-
lines they encountered variations in temperature and
pressure. Irreversible mass transfer between these
fluids and the Mayflower stock altered the stock to
mineral assemblages that reflect the chemical com-
position of the rocks through which the fluids cir-
culated, the pressure and temperature conditions
along the flow paths, and initial composition of the
flwids.

The heat and mass transport model of the May-
flower system provides a first order approximation

TasLE 8. Mass Fluxes that Prevailed in the Upper 1.5 Km of the Mayflower Stock during Cooling

Time intervals (years)

10,000 60,000 180,000 200,000
Temperature range 350°-300°C 300°-250°C 250°-200°C 200°-150°C
. Mass fluxes
(g/cm? s) 1.6 X 10~7 1.8 X 1077 4.0 X 108 2.0 X 108
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of the temperature, pressure, and fluid fluxes that
may have been realized in the natural system. These
variables in turn define the conditions under which
alteration and mineralization of the Mayflower stock
occurred.

An analysis of the Mayflower hydrothermal system
was based on quantitative data on the mineralogy
and fluid inclusions combined with theoretical pre-
dictions of mass transfer and analysis of fluid flow
in and around the Mayflower stock. The assumed
solution compositions, prevalent pressure and tem-
perature during the hydrothermal process, and the
estimated amounts of fluids that circulated through
the upper 1.5 km of the Mayflower stock as it cooled,
predict the formation of mineral assemblages in
masses similar to those found in the altered May-
flower .igneous rocks. The mass transfer that re-
sulted from irreversible reactions between the cir-
culating fluids and the igneous rocks added relatively
large amounts of S, C, K, Mg, and H20O to the stock.
The vertical zoning characterized by larger masses of
calcite than anhydrite above the 2,400-it level of the
mine may reflect precipitation from fluids that circu-
lated through different stratigraphic horizons and
entered the stock at different depths. Fluids derived
from the stratigraphically upper-carbonate host rocks
were enriched in CO3~ content which favored the
precipitation of calcite upon reaction with the
andesine of the stock. Decrease in temperature and
increase in CQOg pressure further favored the pre-
cipitation of calcite over anhydrite in the shallower
depths of the mine,

This analysis of the Mayflower hydrothermal sys-
tem suggests that the original igneous minerals were
altered by acid-sulfate solutions at moderate tem-

GRAMS OF MINERALS /7 CM® OF ROCK
15  -10 -05 ) 0.5 1.0 1.5

EANIES
ANDESINE

HYDROTHERMAL
BIOTITE

IGNEOUS BIOTITE

BJcL Ay MINERALS

AL SERICITE

ALBITE

X PREDICTED"
Il OBSERVED

Fic. 33. Comparison between observed mineral gains apd
losses in the Mayflower stock and those predicted on the
basis of irreversible mass transfer calculations between 300°C
and 150°C and fluid-flow computations.

peratures, <400°C, and pressures <1 kb. In order
to account for the observed masses and compositions
of alteration products, fluid fluxes on the order of
1077 g/em®s? are required for at least 2 X 10°
years, ' Although the hypothetieal solution contained
on the order of 50 ppm total copper, only small
amounts of chalcopyrite were precipitated along the

TABLE 9. Predicted Gains and Losses of Minerals on the Basis of Irreversible Mass Transfer Calculations
between 300° and 150°C and Fluid-Flow Computations

Length = 700 m (vertical section) .Total
- Total observed
Temperature 300°C 250°C 200°C 150°C predicted: blocks 1 & 4
Mineral Grams of minerals/cm3 of rock

Andesine —6.1 X 1072 —9.4 X 107! —4.2 X 107 —1.6 X 10! —16 X 107! -9 X 10
K-feldspar 8.5 X 102 1.35 -3.2 x 1072 -1.2 X 10 14 X 107! 2 X 10~
(Quartz —2.0 X 1072 —3.4 X 107 1.7 X 10 1.8 X 107 —1.6 X 102 3 X 10!
Anhydrite 0.8 X 107 3.5 X 107 trace -— 4 X 102 7% 107
Calcite — 0.1 X 104 6.3 X 10 2.3 X 10 9 x 102 7X 10
MF-biotite 0.9 x 102 2.3 X 1071, — 2.0 X 10— 3x 107 4 % 107!
Ig. biotite —1.2 X 1072 —-2.3 X 107t —4.4 X 1072 —2.8 X 10 3 X 1071 3 X 107!
Pyrite 0.4 X 10~ 0.8 X 1072 1.6 X 1073 trace 12X 10 7. 1072
Clay minerals! 2.5 X 10°3 -—_ 14 X 107v 8.7 X 10 2 X107 2 X 107
Magnetite -1.0x%x 10" —2.9 X 1073 1.9 X 1072 34 X 1072 2 X 10t -3 x 10
Sericite 1.7 X 107 3.5 X 10¢ X 107 3.1 X 10~ 1X 107t 2 % 101
Low albite — — 1.9 X 1071 2.8 X 10 2 X 10 2 % 10~
Chlorite — — — —_ — 4 X 10
Chalcopyrite trace trace t

-2
o
[£]

-1 Clay minerals comprise kaolinite and montmorillonites. The observed values refer only to kaolinite.
* Value for sample MF-2801 on the 2,800-ft mine level at about 60 m south of the Mayflower vein.
t Average value of 360 m of sample along the Mayflower vein on the 2,600-{t level.
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reaction path. Therefore, the effluent fluids from
the stock still contained sufficient copper to produce
a significant quantity of copper sulfide in the oyver-
lying host rocks.

This heuristic model of the Mayflower hydro-
thermal system summarizes the nature of processes
which prevailed during the cooling of the stock and
accounts for many of the observed geologic features,
More importantly, we wish to communicate the utility

of combining field observation and computer models.

of process to extend understanding of the processes
attending formation of mineral deposits.
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