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ABstract 

Hsat and,.iiias's transport processes-rektteft to t1i.e, Mayflower stocksin, the Park City 
.district, Utah, hay.e. .beeii siniulUfed u.sing calculation.?' b;ised bii geolbgJGiLl, ob.'iervatibris 
and numerical metliocjs wlii.ch, approxiiiiate- con,vecti:ve and conductive heat transfer in 
p.e)-me'at)le.media.' E'erniealJility aiid, flb-iv porosity values for .the Mriyf],o.wer.stock -ivere 
.estimated ,pn th,e' basis 'bf a -.ijlanaf .fracture' rribdel ;,a!fd data 'oii tlie. aburidaiices- and 
apertures of continuous fractures. .Estimated p^erni.eabilities ranged from 4 X.,10r̂  to 
,1,0-̂  ciii^' and were: liy.pbthesized to represent initial permeatiilities a.t the- onset of the 
Jiydrotliernial fluid circulation. An estiniated. fluid mass of IG'-^.kg/rkm" strike, length of 
the stock' circulated through the upper. l._5,kiii 01 the. Mayflower stock in 1.8 X lO^ years 
•of cb61in'g:,_ thereby .reducing- the therntat anomaly to "O.-'S of its initial value. Tempera-
tures^decreased iapiclly in the'pernieahle pdrtions of the stock,.'as a result 61 GOnvectiye 
trarisfer of heat, but remained at'350° to 2SQ°Q:,in the. upper l!.5 Ijui for approximately 
7 >A 10* years subsequent to firacturihg- of the stock. Fluids in the host rocks flowed 
toward aiid.'oi'ten, into th.e ^stdck, from disfa'nces 'about .5.- km away liofii. the istock side 
contact. .Irre.ver^sible mass] transfer benyeen jthcse birctil.ating fluids'.and.'the .Mayflower 
stock- altered the'Stock tb mineral-assemblages which reflect the chemical .composition of 
th.e-'rocks thrbugh whi.ch' tile fluids' ci'rcula:ted, the pressure- arid telrfperature conditions 
along-tlie:;flo'vv paths,.and-"inltiaLcOmposition:o,f the fluids: 

Siniujatibn of the-heat transport processes in the Mayflower system' grovides-'an Initial 
-approX'ifnatibn, bf'tlie tempera'tu.re, .pressure,,-arid' fluid.":flux"es that" may-have Been realized 
in, the^natural systeni. These c;lata,.;allow tlie'; mineral ..eoiitent bf tJie:.,.altere_d Mayflower 
rocks to'be predicted from mas.s transfer computations:. Irreversible iiia,sS: transfer reac-
tton.s bet-tt'een.-'thc''unaltered Mayflower .rocks'arid solution coin'pbsition^ derii^ed initially 
-irorn fluid inclus.io.u data -vyere cpi-nfiuted a.t di sere te/temp'eratu res o-ver-the in.tet-i'al from 
'300° to r50°'C. The alteration proces.ses in the Mayflower stock were thus' siniulated .by 
a seqiieifce.-of isbthennal. i'eactidris ov'̂ r" tlie' cooling histbry, of the stock-; The mineral 
'tontent of;tlie altered, ign.eous'rocks:'exposed ,iiithe. M'ayflower'niine -ivas determined by 
least-square-treatment of bulk-chemical compositions of 'rocks and niineral phases and 
was iised to iiest the validity of coupling existing' theoretical models of mass and 'heat 
transfer. Tlie as^miiedlsolutibn cpiiipositiohs. prevalent.''tehiperature and pressure during 
th,e hydrothermal process.es; and 'th.e estimated. :niass .of fluids :Lhat 'circulated thro,iigh the 
uppet 1.5 km of the Mayflower stock as it cooled predicted masses of the mineral 
assemblages sjiiiilartb those measured in tlie altered Mayflower igneous rpcks. 

The determined :mineral modes, disclose two broad zones over the tnorth-sovith cross 
section of the n'line: a lafSral zone eharacterized-by ah increase of K-leldspar (3-15 wt 
^pX, kaplinjle. (.0-10 wt %,),, and quartz (•l,'2-24 'wt %) , . and a decrease of aiidesine 
•(5'5-2S'.wt ^'5 'toward the main veins; and a ve:rticar zone icharacterlzed by higher con-
'cohtrati.ons .'of K-fcldspar,, kaoli:nite, a'nliydrite, and pyrit'e-l:)eIow the-'2,400-ft mine level, 
and calcite-quartz and biotlte .above. tJains and losses for elemental'compbnehts indicate 
an overall loss (in grams of components per cm= of rock) of Si (0.009), Al (O.OSO), Na 
(0,p32-), and.Ca (O.Oiy."and 'aaiby.erall..gain bf'Mg (0:026),^K ,(0.-02G)';. S (0.338;),, .SQs'. 
(0.057), and.COj. ('OiOO?). A relatively small gain of Fe (0.006) is. the resiilt'bf-de­
crease'-in bulk diiBsity caused by the dissoiution of igneous mafic minerals to .produce 
p'yrite,. as ,ev,idenced by the shift' 'from "an- anriitic to a 'phlogopitic biotite during the 
hydrot;hernial event. 

This analysis of the Mayflower hydrotherrnal •system suggests that the original igneous 
minerals were .'altered by acld-sulfate, Na-KTrich solutions at moderate temperatures, 
< 400°C, .and pressures, < 1 kb. Tliesje's.blutiojis added large.rnasses of Mg, K, S,- arid 
G to the stock- and, concomitantly, altered the original igneous minerals. In order to 
account for. the observed itiasses and compositions of alteration products, fluid fluxes on 
the order of Ip--̂  g'/cm=s are requir.edidr'at least 2-;X 10' year.s. This large mass (HIO'" 
g/km-' of area) bf hyclrothermal fluid was evidently .'derived from a variety of eiivirpn-
nients'withiii and around the stock. 
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Intro duct ion 

TERTIARY pluto'ns in tRe, Cottomvood-Eark City 
area, Utah, have intrucied folded nietainorphic and 
sediiiientary units of Priecanibrian to Jurassic age, -
These intrusi-ye mcks range in coniposition 'from 
quartz mgiizonite. to iquartz diorite and incliide the. 
Little; Cotton-vvpod, AJta, aiid Clayton Peak stocks 
in the Cottqiiwopcl ,area and the Eine Greek, May­
flower, Ontario, Yaleo, Flag-staff, and Glencoe 
stoeks' iri the: Park'- City clistfict. This series of 
igneous -eveiitS' distributed oyer several millions of 
years were characterized by niagina tethperatures of 
approximately 850° ± 5 0 ° C, Each discrete intru­
sive body was" appa'reritly emplaeed at- approxi­
mately tWe-sairie depth in the crust (<10 km below 
thessurface), and its" theritial energjr -was' dispersed 
by conductive heat traiisfer and coqv.ectiv^e flo.w" of 
acjtieous solutions thro-Ligh the stpckrhpst roek 'en-
virotiiiient. The shallow depths of ernplacetnent of 
these bodies into, water-saturated pcmieable rocks 
suggest that eQiivectiye fluid flow contributed sig­
nificantly to the; transport of heat and mass. 

The emplacement of these relatively shallow-
seated heat sources, and the ^subsequent fracturing 
that :ocGurred in .the CottDnwpod-Park City area in 
Tertiary tiriies, generated the; physical conditions 

apprppri.ate for fluid circulation tliat resulted in 
chemical reactions between original igneous ijia-
terials and the circu,!ating .fluids, ultimately forming 
pre deposits and exteiisive hydrothermal alteration 
ill -the area. 

Kumerical simulation of heat transfer and chemi­
cal reaction betweeri fluids and rocks at elevated 
teihperature and 'pressure (T-Ielgesdh et al., 1970; 
Norton, -1972,; Norton and Knight; 1977) suggests 
several parameters that: niust be documented in 
order to pf.edief "the nature of mineral deppsitipii in, 
plutoii eiivirdnments. The purpose; of this cpiji-
munfeiation is to present the results of preliminary 
stiidies whose objectives were to develop and test 
niethpds usefid iii quantifying these parameters. 
The first section, of ;this; paper analyzes the thermal 
.and hydrodynamic aspects of the problem; the 
second section analyzes the hydrothemial alteration 
and mineral deposit formation. 

Geology- of the Cott<onwood-Park City Area 

The., Cottonwood-Park City area is Ipcated in the 
central-northern part of the State of tXtah, approxi­
niately oO. km southeast of- Salt. Take City, at the 
intersection pf the nprfh-south-trending Wasatch 
Range, arid -the east-west-trending Uinta Kange. 
This region, in which rocks from P'recamhrian to 
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Fie. 1, Distribution of Tertiary i'giiedus xccks in the Gottbiiwpod-Park Gity area, 
Utah (modified sifter. Grittendeii et ah, 1973). 
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Qiiaternary age crop out, has uiidergone two majPr 
uplifts: the Uiiita on the east, and tlie Cd'tt'oriwodd 
on the west. Gneiss^ quartzite, and schist make up 
most of the Precambriah terrain's and" occupy the 
central parts of the above-mentioned uplifts. Paleo­
zoic .sedipientary rocks, which flank both uphfts, are 
largely .composed of limestqtie, doloniite,'and saud-
stpne and their altered equivalents. Me_so;oic rocks 
crop out a-vyay from the uplifts and include con-
giomeFate, sandstone, shale, and limestone. Cend-
zoic rocks are irregularly distributed :aiid iilcltide 
jjoth intrusi-i'c.aiid exthisive.'igti'eous f6"cks' aiid sedi­
mentary uiiits. Tertiary jihttPnic "intrusions; occur 
along a Tine coiiieident with the .east-west treii'd of 
tlie Uinta" axis; The' EdceuerOligoGeii'e equivaleiits 
of these plutonic .-rocks' otcur pn the east (.Keetley 
-vplGamc.ŝ  aiid on the west .and .south pf 'the a.rea 
(•Traverse' volcanics.). 

Intrusve rcfckS in the Gpttonwpod-P.ark, City area 
occur as dikes and stocks discprdantly eniplaced 
into me tain Orphic and/pr sedimeiitary hp.st. rocks 
(Fig. 1). They include, from: west to ieast: the 
Little. C.bttonw.pQd, Alta, Clayton Peak, and Pine 
Creek stocjcs and a, composite intrusion comprising. 
the IVtayflpwer., Ontario, Valeo, Flagstaff, and Glen-
cpe stocks (BrpmBeld et al-̂  1974), 'cqU'eGtively 
called the Park City stock. These intrusions raii'ge 
in, composition fron'i -q'ttaftz niphzPnite" to quartz 

diorite, with these same, variations frequently found 
-within individual .intrirsipns. Major mineral con­
stituents are plagipclase, (pligpclase-andesine.), 
Ortlipekise, qijartz, biotite, arid horn blende j which 
vary in abundance from stock to stock. The Li ttie ̂  
Cottonwood, Clayton Peak, and Alta stocks are. 
composed of Goarse-graiiied rocks, in fnarked cour 
trast with the Pine, Creek .and Park' City stocks 
which are porphyritic" and gerierally have aii apliani-
tic or fine- to medium-.grained grpundmass. The 
Alta std'clv, howev.e'r, displays a porphyritic, phasfê  
which appears to, intrude, an enclosing nonporphyri--
.tic phase. 

Cheiiiical analyses of these iiitrusiye rocks (.Table' 
1) suggest a. tteiid. in silica content increasing to the 
west, altlipugh among the-pprphyriticintrusipns the 
silica content is mpre or less constant. Radiometric 
dating of the igneous, rocks indicates that magniatic 
activity in the area lasted a maximum of 17 ni.y. 
in Oligocene-Mioc'eiie tvines and that the'stocks be'-
come, progress!vely yotiiiger to the. west (Critteiid'en 
eflaL, ".1973). 

Several continuous fissiires 4 km or more in 
length have been recognized in tlie Park City" dis­
trict (Fig. 2) . They are "nofmal faults that- strilc'e 
eastTnortheast--west-sljuthwesf. and dip either north­
west or southeast. The most promlneiit of the.se fis­
sures is, the, Dalv-Ontario-Hawkeve which extends 

T:\iiuT. 1:. 'dien-iicnl CtiinrR.o.sitibhs of tgircojis Rocks iji'-the'^.C'Gtton'ivp.qd-Fark'Gjty -Area 
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H,0;^ 
TiOs 
ZrOj 
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67.02 
15,78 
l .5 '6 
2.80 
1,09 
.•5.31 
r3.85 
.3.67 
0.29 
0.63 

- 0.37 
0.04 
,0.26 
0,0.?' 
0.02. 

0,13 

6.i.27 
15.;75 
•2:i51 
1.8,5 
1,'62 

'4;09 
3.92 
•3.25 
Ml 
0.53 
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0:02" 
0.25 

0.10, 
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0.1:1 
O.OI 
0.02 
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'62.1,6 
.17.17 

2;26" 
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0.60 
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- 0.01 
0.17 
0.04 
0.06 

,0.17 

63.92 
16.13 

2.03 
2.,43 
1.90 
4:50 
3.77 
3;2'4: 
0.01 
0.4'4 
0.61 

0.31 

,0-08 

'63.43 
15.93 
•'2.61 
2,31 
,2.27 
4.33 
,3:66 
3^49 

. 0.27 
0':74 
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0.03 
0.16 

0.09 
Trace 
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•'2.09 
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1.73 
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3.85 
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59.35 
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3.'36 
3.08 
5.0.1 
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.1.-85 
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0.87 
0.03 
0.44 
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0.16 
6.05 
0.'02 
O.OS 

61.40 
17.90 

2.9P 
2.06 
2.22 
4.30 
4.48 
2.40 
0.72 
i.64 

0:02 

60.70 
17.50 
'3.'05 
1.89, 
2.49 
4:60 
4.46 
2.S4 
0..36 
0.64 

ir.d. 

61.11 
18.20 

3.931 
3.04 
5.10 
3.94 
'2.95 

0.82 

0^1:2 
o:to 
0.4:8 

•0.-58 

60.80 
16.70 
' 3 . 9 6 

1,20 
1.81 
tsa-s 
.5.=39 
.3'.60 
•0.4'4 
0:73 

0.07 

S9.50 
1.7.20 

2.66 
2.54 
2,93 
3:09 
4.26 
.2.-̂ 37 
0,4:7 

.2.32 

n :d . 

Total 100.S5 99,91 '100.03 ;99:37 100.17 9.9,86 100.2,9 100.00 9.8.20 1,0.0.37 97.80 97..10 

* Porphyritic phase. 
t"l 'ptal 'Fe as,,FeO. 
n.d. ^ iitiiie-detected, 
Refer'ences: (I'lCalkirtS'and .Butler,, 1943;_ (2) Villas, l'97'5; (3) Norton, impub; data;• (4) .Boiitwelli 1912-; and (,5) Wilson, 1961. 
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Moyflower a Reorl 

Fault Zone 

Howkeya — McHenry 

Foult Zone 

FIG; '2. Schematic, north-ndrthwe_st-spiith-southeast cross 'section of' the Mayflower stock 
showing major geological features. Sedim'eiitary linits'.Jare represented- with their .maximum 
thickness. T-—-Triassic,. P = Permian, P—'Pemisylvariiah, M = Mississippian, ^ = .Cambnan 
aiid, P € = Precaiiibrian. • ' ' ' 

foir: approximately- 10 km from east of the Keetley 
volcaiiics to west of the Clayton Eeak .stock. Other 
regionally less continuous fissures, but locally im-
p'ortafit bec'ause of their associated ore deposits, are 
the Mayfiower.-Pearl, Naildriver, Back Vein, Cres­
cent, and. Massachusetts. Soiitheast-dipping, fatilts, 
raffling- from N .25" E to almost east-wdst, gen­
erally 'exhibit wider scatter in their strikfe directions 
than nortliwest--dippiiig faults ;• angles of dip vary 
from moderate (45^-55=!:) to :s(-eep (86°-S!0°) 

An • irregular pattern of fracturing in the host 
rocks between the Little .Cottonwood^ stock,and the 
Claytori Peak-Alfa complex is indicated on the. 
Dromedary Peak (Crittenden, 1965.) and Brighton 
(.Baker e ta l . , 1966) geolcfgic maps,- but fractures 
apparently do not exteiid into the plutons. Their 
inaps, show that fractures,' up to 1 kfn loiiig and 
aligned paraUel to the niajor fissures of'the adjacent 
Park City district, transect, the .central portions, of 
the Little Gpttonwood stock. Likewise, niost dikes 
cutting, throiigh the host. lioeks and plutons in, tlie 
Cottonwood area follow the major fissure directions 
of that district. .Sjniilar structural relations, with 
fractures displayihg two prpniinent sets, one along 
N SO'" E drections and the other 'along N 25°-
50° E directions, are •present in the Alta stock, 
Fracture abundances in the Alta stock were esti-
iTiated Betweeri diie arid three fracttires per meter 
(Wils6n, 1961). Similarly, reconnai'ssance observa­
tions of the.ffaGture abundance iii the^Little Cdtfon-
wodd and Clayton Peak stocks ha-fe revealed local 

zones where, fracture abundances are ajsproximately 
one fractvvre, per ^meter. 

The Mayflower Pluton 

The: hydrothermal systems in the Cottonwood-Park 
City "area, that developed as a consequence of em­
placement of igneous jntfiisib'ris can be simulated if 
hydrodynamic parameters are'available,. These prop­
erties were estiuiated for the-.Mayflqwer .stock, which 
is well exposed in the; extensive' underground work­
ings of the Jt-Iayflower mine, as described below. 

The Mayflower pliiton is the eastecnmost intrusion 
-of' thCi Gohiposite: Park, City stock, which has been 
einplaee'd into a sequehGe,.6f inferGalated clastic and 
carbonate units of PrecambriaiiftptJurassic-age. The 
post-Devonian fprmations include most of th'c tarr 
bonate beds and form a relatively thin cover over­
lying much thicker Precambrian and Cambrian Strata. 
All of- these sedimentary units have been broadly 
•folded .into the fiorth-plunging Park City anticline, 
which has heeii truncated by intrusive rocks on its, 
sputiiern extehsicm. Fissures developed in the area 
along east-northeast-west-southwest directions and 
IpCalized the Base metal ore,deposits of the Park City 
mining camp. 

The; Mayflower pluton is exposed in the May­
flower .mine between the 80P-ft and .3,0.00-ft levels 
(Fig. '3). TJnderground workings show the May­
flower piuton in contact' with .sedinientary .'forrnations 
from the Mississipian Gardis^n limestone on the 
bottom of the Pennsylyanian ^Vebe^ quartzite, on the. 
srirface '(Quinlan and Sinios, 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. 

Economic 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 hope 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 
purpo.ses of subsequent discussion, the representative 
structural attitudes of these two sets were considered 
to be N 50° E/80° NW and N 50° W/80° SW. 

The northeast-trending fissure system in the Alay-
flower pluton is subparallel to the major fissure sys­
tems in the district (Figs. 2, 4A, and 4B). ITowever, 
the northwest-trending fissures in the Mayflower plu­
ton do not have recognized counterparts on a district 
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FIG. 4. Percent plot of the poles of fractures in the May­
flower and Ontario stocks. One percent counting areas. 
Lower hemisphere projection on equal area net. A. Ap­
proximately 1,100 sheer planes compiled from mine maps 
(all levels below the 700-ft level). Dark areas, S.S to 7.5 
percent; hachurcd areas, 3.4 to 5.5 percent, dotted areas, 1.5 
to 3.5 percent, and blank encircled areas, 0.5 to 1.5 percent. 
B. 21,061 poles of mineralized fractures (800-ft, 1,380-ft, 
1,505-ft, 1,775-ft, 2,005-ft 2,200-ft, 2,600-ft, 2,800-ft, and 3,000-
ft levels). Dark areas, 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 (2$) of these two sets is approximately 
80° ± 5°, measured from the stereograms (Figs. 4A 
and 4B). Failure under conditions of low coefflcient 
of internal friction, [/* = tan (90° —26)], as indi­
cated by the Navier-Coulomb's or Mohr's criterion of 
failure, is consistent with failure 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 
hydrothermal 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). If 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"* cm- = 1 darcy) of a single set 
of fractures is given by: 

nd? 
^ = 12" (1) 

FIG. 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. 

where the abundance of continuous fractures (n, in 
cnr ' ) and then- apertures (di in cm) need to be 
known. The flow porosity (^) per unit length of 
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FIG. S. 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 
related to the Mayflower vein in the upper levels. 

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

(j> = nd j . (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 
between the 1,380-ft'and 2,005-ft levels where they 
occur symmetrically on either side of the vein. • A 
substantial decrease in fracture abundance occurs 
below the 2,600-ft level. 

The continuous fractures 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 jLiin and average 145 /xm (Villas, 1975). On some 
levels where the average aperture values are rather 
uniform, on the order of 150 ;am ± 30 /̂ m, 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. It 
is necessary, therefore, to discriminate the major 
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FIG. 6. Distribution of total porosity (^r) in the 
Mayflower stock. 
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(.•otitribnlirig parts- of tlie rock porosity. Tlie-naturc' 
oE "pores cap life related t"b.",specifi.'G poro'sitics^ 

'̂ ,1 = .̂e + !̂ D + Î :JI; (3) 

where .̂ ^ is the total porosity of the rock, and ^ P is 
the flp.w porosity which •refers to'open spaces along, 
fractures wherj aqueous ions are transported pri-
niarilybj' fluid ;:^r) is the diffusion porosity> and in­
cludes thpse pores or dead-end fractures conected tô  
•flow chanels. This latter type of fl,uid-saturated void 
constitutes the channels through which ioiis are.trans­
ported, primarily by diflfusidn. ^n is the residual 
pordsity wliiGh is associated.-ivitli pores riot connected 
't(3.'":flow "Or. diffu'sion-'chaiiriels, ,su,Glr-a3 fliiid in.clu.sipn 
voids, niiiieral :grain boundaries, and sub micro scop ie 
cracks (Norton and Knapp, 19773. 

Total porosity of-a rptk, can be obtained from 

<j}j = 1 
P I 

(4) 

where pjs? arid py are the blilk and grain derisities of 
th^ rock, respectiveily. VEvlues' 6f total pdfo'sity'fqi: 
the Mayfldwe'r pluton fall'iii the railge, of O.+ tp 6.0 
pefceiit-.' Average total pprpsities for rocks' along 
traverses oriented along east-.northeast-wegt-sputh-
vvest directions, at-approximately 15 m south of the 
Mayflower vein, are the, highest values (3.20^p, 
4. SOS's, 'intJ 2.70$̂ ô  for the !2,OG5-ft, '2,.200-ft, arid 
2,SO0-ft levels, respectively), whereas those along 
north-south: traverses on these sariie leivels reveal 
average pbrOsities of 2.20, 2.00, arid 1;20 perceiit, 
respectively. -The eastmbrtheast-west-southwest tra­
verses cofreispQnd to "altered zones where day min­
erals are most ..aburidarit. The; distribution of total 
pdrpsity values pv&i a nprth-sputh cross section: of 
the mine (.Fig. 6) indicates that the higher values 
occur 'below tlie,2,'0O5-'ft level. 
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Fic. 7, Geology and initial boundary conditions 'used for 
the 't-wo-dimensional cooling hioilel pf the" M'ayflower 
stock. 
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FIG! 8. Vajiatiph of perhieability (fc) with time tlirdugh-
out sectibn do-ivn to< 0,?:5, l.SO, and 3:0 km beldw the top' of. 
the Mayflower stock. 

The directional pernieabilities of- the- Mayflower 
pluton were-computed with respect to the N 5.0 °0 E / 
SO" NW and the N 50°'W/SO SW struGtural planes 
and were calciilated from equation (1), Values 
range, from ^ lO ' ' " to 7 X 10"' cm^ for fractures 
oriented alohg the N 50° E/SO° NW direction and 
from < 10^" tb. S X 10"̂  cm^ for the N 50° W/SO 
SW plane'. These results-are in, reasonable agxee-
nieiit with reported values of permeabilities for frac-
tur.ed plutonic. rocks. Pernieabilities ranging- from 
10"— to 1.7 ̂  10"̂  ciiî  liEive been measured in quartz-
porphyry stocks, although most reported values oc­
cur in the 10"̂ ? to 10"-" cm^ range (Cadek et al., 
1958). Thi's lower per-iiieability range was attributed 
to the "fact that tlidse stocks are riot: as abundantly 
fractured and/or that the fracture's, observed,are filled 
with alteration minerals, 

Siniulation of the Hydrotherrnal System Related 
to the Mayflower Stock 

The hydrothermal.system associated with the.ein-
pracenietit of the Mayflower and Little Cottonwood 
stocks has been 'simulated iri, order to predict the 
style of 'fluid Girculatipn related to these intrusions. 
The large permcabihty of- the Slay flower stock re­
quires that Gpnvective flriid flow was the dominant 
-mechanism of heat transjiort during its thenrial his­
tory. By contrast,, the Little Cottonwood stock is 
characterized by very large' fracture spacings and, 
hence, low permeability, and appears to' have cople.d 
predoniiriaiitly by 'conductidn. 

The system was slnlulated by iiiethods which.utilize 
numerical apprOxiiiiatipns. of dilTerential equations 
which describe the process of heat and mass transport 
ai:ound cooling plutons' (Noftpn and Knight,'197?). 
The co.mputational program affptds for both con­
ductive and convective heat transfer, mechanisms iii a 
two-di.inenEiona,l frainework, thermodynaiiiic propr 
erties of the |cjrculating fluid (HaO system) in the 



uts li . N. VILLAS AN D-D. NORTON 

etJKDUCriVE • NO RLOH 

/ 

CVJ 

' '2Kn^ 

/ Q 

V. 

T 

/ ^ ^ 
fOO y 

'̂ -AP' 

too' 

^ \ 

400 
\ \ 

V \ 

800 
INSULfiTIND r NO FLOW 

STREfin FUNCTION TEMPERATURE 

TIME = SbODO TEARS 
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P - T region cif; interest, and variable' permeabilities 
and thermal 'cdriduGtiviti'es at each grid point of the 
domain. 

Siniplified geol'pgic Gross sectiqri's combiiied with 
estimates of •pernieabilities for the different rijck" units 
and teniperature of the heat .squree, define a,possible 
set of initial conditions lat, the time .\of emplacejnent 
bf the Mayflower stoclt (F ig . 7 ) , EmplaGement of 
the intr'usibii into water-saturated host rocks was 
a:ssuined to be 'instantaneous. The initial teinpera-
ture of the stock w'as set tb 92.5"G, and the sur-
,r pun ding-rpcks -were s"et-to teniperature s appropriate 
fo.r- a gepthermal gradient- of '20° C/km. Heat df 
er-ystallizatipn, for water prcs.sures- coiiipatible with 
•the depths of eniplacement, was included in the heat 
equations. The size and shjipe of the stocks w.ere 
•assigned on the basis; of geologic .ergss sections, and 
'constraints ii'nposed by the numerical approximatipris 
"which utihze' discfete points to approximate the dif­
ferential eqiiatioHs, A thernial cdriductivity bf 3-.0 X 
10"^' cal/cnis °C was assiiriied' for all- rofcks. The 
systems were analyzed'for conductive-bqmidary eoii-
ditipns, except: for- the lower bGundary -w-hich 'was 
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FIG. 10. Steady state (A) streamfunction and (-BXisp-
thertiis in the Mayflower,system-at 10°-:years of cooling. 

insulating, and impermeable, flow bouiidary. c'ohdi-
tions were used. 

Hos t ,rpck, iDermeabiliti.es were; assigned on the 
basis pf notions, of .pernieabiiities of stratified se­
quences .comparable to the varied lithplpgies; in, the 
Cottonwood-Park City- area-. 'Stock periiiealiilities, 
however, were- estiiiiated on the Ijasis of observed 
fracture- Gharacteristics, as previously disciissecl. 
Initial' perineabilities of the magma at the time- of 
emplacement were assumed .to' be 10"" 'cm-. To ac­
count for variation .'of permeability with tihie', frac­
turing vyas simulated by instantanepu'sly inGreasiiig 
the periiieabiiities as t h e stocks;-cooled belpw solidus 
temperatures, i.e., 750°C. 

The- style of fluid circulation caused by the 'em­
placement 'df the" Mayflower stock has been predicted 
,'bh the, ba.sis of .estimated pernieabilities, as discussed 
earlier. Thtee episodes of fractui'ing were siriiulated 
.as, the stock- cooled b'elow 750°C, apprbxiriiately the. 
spHdus temperature, of this s'y'stem. Each df these 
-episodes was assuined to affect progressively lower 
zones of the stock- (Fig, 8 ) . Fractures developed 
during the first Kpispde were considered to- extend 
arbitrarily into the host rock.fpr distances of 1.5 km 
awa}^ frbiii the topiand upper 0;75-km margins of the 
sto*ck, arid the host,rock permeabilities were increased 
one drde'r''of,niagrtitude relative to their initial values: 
Partial or total filling of fractures with alferati'oii 
niiiierals-is evident aiid indicates that rock perme­
abilities have.actually decreased with tirrie. Althdiigh 
this decrease may have had a sub-stantial effect ;on 
the style of flow, it was npt accpunted fpr in this 
analysis. 

.SLibsequent to fracturing, relatively large amounts 
of fluids eirculated through the domain, with the 
exception of the imperiiieable lower "half of the 
stock. .As gradients,"!n the •str.e'anifuriction increased 
(Figs. 9 to ,11), ,conv<;ctiou .cell's, initi'ally centered 
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.function .o| ti,iii"e.-,an_ the,,Mayflower ,systG''n3S',,at.- fixed p'ositibns, 
0-4 an'd 1.2 km, above'̂ 'tgii .oi.the st'oclC r'and.'S, resifectivelj'. 
Arrrnvs show times, at which -p'ernieability -ivas increased.," 

'in the, host rocks, shifted to the more pernieable 
•zones of the .stock where'the largest flow velocities 
Occurred at appro.xiriiately t = 7 X l̂O"* years, de­
creasing, gradually thereafter. Fluid fluxes .in the 
earb.pnate layers- ranged -frps-n lO^̂  to J,0"1 g./cm-̂ k at 
t = 1.5'x i;0^''years.tolO"^tp IG-̂  g/cm=s at t ^ 1:S 
X W years with values,;at a given time,, inofeasing 
toward the: stock side contact. In the.shaly forina-
tiotls ini'me'diately .'above, fluid -fluxes increased frbrii 
,fin average of 5;X 10"' g/crii:.s before, the first'irac-
tufe event to ah average'' of 10'^ gycrii^s, whieh per­
sisted for most of the cooling of the.sto.ck subseguerif 
to .that event. Magnitudcs;pffluicl fluxes yaried sig­
nificantly with trine ynside the stock. The -mpre 
permeable upper half witnessed fluxes ;four to five 
orders of magnitude .greater than those in the lower 
half, which were in the order of 10"̂ ^ g/cin-s. How­
ever^ after the third fr'acture event, at t-'='6.5 X- lO"* 
years, fiuid fluxes-ranged froiii 10''̂  to 10"" g/cni's in 
the upper'4 k'ln of the stock', with"vahies increasing 

•with .time. 
The high .periiieabihties in the domain caused a 

c0nveGtipn::doiiiinated system in which large amounts 
of fluids flowed through the heat source,-thereby re­
ducing its thermal eriergy to about 4Q percent of the 
initial value after only 10^ yeiars df cbohng. Convec­
tive heat flux at-0,25 kin ahb-i-e the: stock'tdp reached 
riia-ximuiii values of 11, 7, arid 5 HFU at approxi­
mately 2 X 10* years after "each .'fraGfure episode grid 
was at least four times higher than 'the rcondimtive 
heat flu.x during at 1,2. >C lO'̂ -year period of GGOlirig. 

Tlie heat transferred across- the ;s.tgck margins in-
erease'd the teniperature of a 1.2-kni-thick pile of-

100000 200000 

TIME (YR) 
Fia 13. Average teniperature for 2 km' as'a-function gf 

time in-the. SlayHower system''at-,'fi.xcd,-'po"'sitibri's,, 3.'6,'2.p, and 
0:4: kiiij.'below top', of 'tlie stock, 1, 2, and 3, re'spectiVely. 
Arrows -show tinies at which pefiiieability was increased. 

hq^t'rocks above, the stGck.-.,atari average, rate of 9 X 
0-3 °Q^'ygar, 4 t approxiniately f = 3 X' 10' years 
temperatures,, had riseri to a maxiiuum of 35D°G in 
those rocks whiGh subseGjuently cooled at an average 
rate-of 6 X lO"* °C/year (-Fig. 12). By t = l.S'x 
10?'years only a OrS: kni of overlying rocks was still 
heated aljove 200°'G. .Abun.d'arit'fluid':c.i'rculatipn info 
the4ipper-»stockm*a'rgin.and along the stock-host rock 
cbritacts inhibited a. sigriificant outward displacement 
of the;200°C isotherm. Inside the stock tejiiperatures 
dropped very rapidly in the fractured zones- (Fig. 
T3). The-!SQ,0°C'isotherm was displaced at an aver­
age rate of l'2: cm/year,, -vvhich was 3:5 tinies as high 
as the average displacement of"the 4O0''G'isbtherm in 
corresponding periods df time. The upjier 2 km pf 
the stock -ivas thus maintained at, averagi; teinpera-

CONDUCTIVE i NO FLOH 

PfiTHLINE 
INSULflTINt} ! NO FLPH 

IBOOOO YEARS ELflPSEO 

.Eig. 14̂  Fluid pathlines in the,Mayflower system repre­
senting redistribution: of fluids diirin'g 1.8 X 10° years of 
cooliiig, .Tick marks'̂ 011 path Q.qqiir a.t t —(J and every 6X 
10' years. 
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tures of 27.0°,G, siihseqdent to the.last fracture event 
at t.— 6:5 ::s 10* years, while the lower third of the 
:st.0Gk continued tb cool at a rate':- of 2.60. X 10"̂  
°t/}'ear. 

The; analysis of -fluid, distribution in arid, around 
the Mayflower,: stock xluring its^-cooling provides, im­
portant evidence to understandhig the nature of the, 
niineral assemblages observed in, the .altered rocks pf" 
have beeri chos'en as representative pf both: tlie, extent, 
the: Mayflower mifie. Pathlines of seven fluid packe.ts 
hav̂ e beeri chbseri as repfeseiitative of both the extent 
tb whiGh: fluids mo-̂ êd through co'ntrastiiig chemical 
and niineralogiGal eilvifonmeritS; (Fig. 14) an^ the-
variation in .pressu/e .and temperature that those,' 
flirids exiierienced along their paths (Figs, 1 Sa and 
ISb), Fluid packets that started in the basement 
rocks at dil?ereiit depths and, ;distances from the 
stdck-sid'e contacts showed distinct pathlines during 
a'.coplirig period.of I.S X 10^'years. 'Fluids associ­
ated with pathliiie- 1 did riot perietrate. the stock, 
whereas, those associated with pathliiie 2 crossed-
the .stock margin a r t = 10,^'years and nioVed 1.5 krii 
, into the stock interipr. The pafths of fluid- packets 1 
and,2 in F-T space are similar, hut the flind packets 
of pathline.2 were heated-to.higher temperatures (up 
to 4O0''GJ -and subjected to lower pressures (down 
to 425 b a b ) . The fluid packet represented by path-
line 3' crossed the stock margiri at t = 7..5 X ,10* years 
and irioved for 3 km thfoughthe stock .at which point 
it indve:d to the Mesozoic shaly formatioiiTstock con­
tact. The fluids theri circulated for over 6 X 10'* 
vears. through those-formations, headirig toward the 
Garllpnate rpcks immediately below. Along this 
path, the tempefatur.e iiicreased frorii 1.10°'to 560° C 
tiien deerea^secl to l80°C'.as: fluids'-movecl away frorii 
the stock interior. The: corresponding presspr? 

change reached a maximum of about 170 bars (Fig. 
ISa), The fluid packet pf pathline 4, which originated 
in the- shaly formations, move4 downward through 
the iribre peVmeable carbonate rocks and •then into 
the basement rocks. Both pressure and temperature 
increase~d along this' path to a maximum of 400 bars 
antl 230°e.. Pathline 5 describes the path-of'a fluid 
packet residing initially in thfe. carbphate rocks at 
approximately 1 km from the stock' side .contact. 
Fluids entered the stock at a depth of 4 km and 
moved upward inside the stock for about 1.6 km, 
crossing the stock-Mesozoic shale .cpntact at' appro.xi-
inately t = 10? years. Fluids continued to move 
th'"r6ugh the shaly formations, then toward the under­
lying carbonate rocks to enter the stock agairi along 
the carbpriate-baseriierit rock contact at t = 1.8 X lO"̂ ' 
years.. , Fluid teniperature iri'creased isobarically to. 
.about;2"6Cf?C at the stock margin, and, for a. period of 
approxiinately 1.4 X Iff years tejiiperature and pres­
sure first decreased .and then increased as. fluids 
nio-vftd out of and into the heat source. The fluid 
packet associated with pathline 6 crossed the upper 
stock contact at t = 2 X 10* years'; movirig info the 
.overlyirig volcanic rocks iri the subsequent 1,6'sX 10= 
years of'codling,, first upward for about, 1 km then 
laterally for about 2.5 km. T h e flriid packet'under­
went a 6,25 *?C decrease in teniperature ove.r an initial 
6'X 10*-year period of cooling, cpntipuing to cool, 
thereafter at a much slower rate. Fluid pressure in­
creased foi: a shor,t period pf tim^, but .the overall 
trend was -a ;gradual decrease frpm 300 bars initially 
to 120 bars at t = 1.8 X 10=' years. Fluids repre­
sented by pathline 7, with origin in the volcanic rocks 
at a distance of 2.3. km frorii the stock upper corner, 
flowed only a relatively short"-distance and without 
chariging 'pr^ssute, or teiiipe'rature. 
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Irreversible Mass Transfer between. Circ.iAlating 
: Fluid and the Mayflower Stock 

The composition'and relative amounts of product: 
minerals derived from solution-rock interactiqns 
depend upon tihie- and space-dependent parameters 
such aS' teniperature, pressure^ fluid flux, and fluid' 
and rock compositidris. The extent df alteration is 
measured by tliedistributioii and abundance of alter­
ation niine'rals and the gains or Ibssestof coiripdrienfs' 
relative to the urialtered rock. 

Mineral abandaHces were calculated from the 
chemical conipositibiis bf rocks and niirierals. Thes'e 
data were .pbtained on samples cdllectecl in a region 
pear the. top of the Mayflower stock over a vertical 
depth of- apprpxiniateiy 700 ni, and a lateral distance-
of about 3D0 m south of the. Mavflower vein. 

The Mayflower stock is the predominant rock: unit; 
exposed withiri.the under-ground limits of the May­
flower mine. Its composition ranges'froni diqrite to 
graiio did rite, but' it, generality falls into the quartz 
diorite category. The Mayflower rocks are por­
phyritic "with pli&riodrysts df aiidesii'ie, biotite, quartz, 
lior-nblendej and K-feldspar. The- •g-rouridriiass is 
aphantic'to fine grained and exhibit's basically the. 
sanie mineralogy, Subhedral to anhedral aridesine 
phenpcrysts .show- zoning, but enrichment in :albite-
content is npnuniforni toward the phenocryst e.dges. 
Andesineis the most-abundant phenQcryst-and, is the-
fiiajor eomponent of theigroundmass. The most com-
iiiOn alteration products replacing iandesine are kao­
linite, sericitd, 'epidote, calcite, arihydrlfe, and chlorite, 

Biotite is present in varying amounts and consti­
tutes the second most alsimdarit phenocryst in the 
rOcks. Iri the grburidniass it occurs as scattered 
flakes less than 0.5, iiirii in, rengtb. In some iri'starices 
biotite is -fpund replacing hbrnblende. Most samples 
contain clusters of fine-grained biotite, about 0.1 mm, 
long, app.areiitly the result of .alteration of earlier bio­
tite phenocrysts, The most Gpnimon alteration prod­
ucts of biotite are chlorite, epidote,. fine-grained cal­
cite, and sphene. 

Hbrnblende has an occurrence similar to that of 
tlie.bibfife witli which it is iisually associated. Gen­
erally, it is'preseiit-as anaecessory.riiineral, although 

"in a few cases it Goriipfises up to 15 peri^ent of thte 
rock • '̂plume. It appears usually in siibhedral crys­
tals, cominpnly altered to, chlorite; 

Quartz exists both as pheiriocrysts and small g'rains 
ill - '̂arying amounts .and hasrb'een introducecl along 
with the veiiilets that trarisect 'the rbck. In :genefa1, 
it forms small anhedral e.quant .crystals,, especialiy in 
the groundniass. 

K-feldspar occurs' rarely as phenocrysts. "VV-lien 
present, it shows .anhedral crystals of ort.hoclase, Or 
microclinc 'slightljf altered to kaolinite of seticite. In 

the grou,ndmaas,il: is uiore abundant,, especially -ajH a 
hydrothermal alteratioii product. Augite, apatite, 
spheiie, arid zircon occur as accessories. 

The Ontario stock is exposed only on the '2,S00-ft 
' and 3,0OG-ft levels of the Mayflower 'mine. The 

Oiitarib rocks-are pdrphyritio, 'although some facies 
are ri'fea'rly eqni|;fanular, arid their Gdinp'ositibn raii'ges 
•frdm quartz mpni.(5riite to quartz diorite. Petro-
graphically, the Mayflower and Ontario stocks look 
alike,; their minerals display essentially the sarile;'tex-
tural chara.cter.istics, except that sonie pkgipGlase 
phengerysts in the Oiita:r:io rpcks have amyriiiekilic 
intergrowt.h of quartz. 

The V'aleo porphyry rocks are. exposed in the 
west side of the mine between the SQO-ftand 1,'270-ft 
levels, forming a thick sill-Uke body between sedi-
nrentary walls. It reappears on the 2,005-ft level 
as sri'iail dikes or torigue-shaped intrusions cutting 
through calcareous .units. These rocks have a dis-
tirictit'e porphyritlG, texture with pheiiOGrysts 'of 
oligoclasg-andesine: and quartz (some with rounded-
outlines) embedded.in a; fine-grained grpundmass. 
PJagipcl.ase phenocrysts-are tabular, reaGhing up' to 
1 cm in iength, Mafic-niinerals, partiGiilady biotite, 
are present as scattered small crystals but ;are not 
.abundant. K-feldspar occurs in larger amounts than 
in the.other two stocks", aiVd some grains are perthitiG. 
Pyfife, kaolinite^ seri'cite, Galcite, find chlorite are.the' 
principal alteration vviiiierals'fouiid-iri.the;Valed,stock. 

The .cheniiGal and 'mineral comp'ositioris of the 
jigri'ebus rocks were 'quaiititatively dc'teriilined on 
saiiiples represeriting a depth of abdut 670 lii (be­
tween the 800-ft and the 3,000-ft levels), arid a 
lateral distance; of 2.0 kiii along drifts and crosscuts, 
was exaniine.d, of which 1.4 km was sampled along-
north-soutli dircctiqiis. The •remaining .Q.o km was 
mapped in laterals parallel to the Mayflower-Pearl 
sy.keni along east-no rtlieast-west-south west direc­
tions. Ob'ser-\'atibns were made aiid samples cOl-
leGted over 15-m irit'ervals or less. Continrious roGk 
chip sauiples covered the whole extensipri of each 
interval; a few were: restriGted tg, the iiniiiediate 
vicinity, of veins. In atldition, 305 m .pf core samples 
from a vertical diamond drill hole Iqeated near the 
•shaft on the 3;000-ft level were studied. 

One hundred :;and thirty samples^ were ehemiGally' 
analyzed for all niajpr cenip.onents exGept chemically 
bdund water (Table 2)-. Si; 'Al, Fe ('total .iron as 
Ee'̂ "̂ ), Mg, 'Ca, 'Na',-.K; Mri, a:ndTi were, determined 
by 'X-ray fluorescence spectroscopy, whereas sulfur 
(.bbth ,sulfi,de and sulfate) was ,determined with '.a 
LECO automatic titratqr. Carbon dibxlde was 
deterrmned with a •s,electrve coile'ctiiig-gas systera 
adapted to a LEG© iriducfion furnaGe (cf. 'ViHas, 
1975, for analytical procedures). 



G/.GM**3 PER OEN'T 

SAMPLE GRDENS- BKDENS P K S T V 3 1 0 2 ' kwio î 

kF-38ai 2.,82Tl 2 . 7 8 l-.,45 5 8 , 2 0 1.6.'70 

MF-080-2 2,;819 2 . 7 9 1 .^3 ' 5 4 . 4 0 17v.40 

MF-08a,3 2 . 84 9 2 . 7 4 3 .83 , 5 6.50: 1 7 . 6 0 

MF-0 8.0 4 2,.88.5 2 . 7 5 4".'68-' 5 7 . 0'0 18. '00 

M F - r a M 2 . 7 6 1 2 . 7 0 2. .21 6 1 . 50 1 7 . =20 

.••1F-1:3 02 2.78-5 2 . 7 3 1.-97 51 ' . 50 17.2^0 

HF-L3''ti:3 2.75.4 2,-70 .1.9.6: .SI,. 50 1,5.'.30 

MF-r3>4 2'. 759 2 . 7 3 1 .05 61-. 70 1 7 . 2 0 

,MF-lJ0fc 2 . 8 2 7 2 , 7 0 '4...49; '5 '9,14 16,. 70 

M F - i 5 e l 2 , ; 8 i i 2 . 7 8 i . - ' i * S0i:.4'0' 17.:;le 

MF-l'5a'2 2..8 25 2 . 7 5 .2,,65 5'9. 70 1 6 . 8 0 

t.lF-1503 2 . 7 4 6 2 , 7 1 1,-31. 60 .30 ' 1 6 . 5 0 

HF- l 504 2 . 7 5 9 2 . 7 2 1 , 41 6 1 , 5 0 1 6 . 2 0 

H'F-15,05 2„;821 2 . 7 5 . 2 . 5 2 5,9.40 r'7.-50 

I'VF-lSae 2 , 6 3 1 2; 61 2 . 6 5 43. '50 I3 .5 i j 

I'1F-1701V 2 .765 2 , 7 2 1 .63 56 ,90 1 3 , 3 0 

,.iVF-1702 -2,795 -2:, 76 1,, 25- -5,3,20 1 6 . 8 0 

MF-179.3 2 . 7 5 5 2 . 7 2 l'.'27 5 7 .40 l-7-.'80 

MP-1 70 4, 2 . 78 0 2 . 7 4 1 , 4 4 58, .80 1 7 . 90 

M F - l 705 2 , 7 7 7 2 , 7'4 1 ..'33 58 ,30 1-7,3'0 

M F - l 7.0 6, 2 , 7 5 0 2'; 71 1„ 45 .54.70 U , 53 

M'E-1707 2 , 7 9 3 ' 2 ,75 -1 ,72 56 ,70 1 7 , 5 0 

M,F--1 70 8: 2 , 7,9 4 2.. 74 1 . 93 55 , 00 1 5. 90 

MF- i709 2 . 7 e ' 4 : ' 2 . 73 1,94 5 7 . 5 0 : r7 , 20 

ty, and Biilk Cheniical Composition of the Igneous Rocks .of the Mayflo-iver Mine 

FEO' 

4 , 2 5 

4 , 8 5 

4 . 4 3 

4 .97 

3 , 67 

3 ; 89 

3 . 9.2 

4 . 1 8 

4.Ba 

1 .72 

3.7B 

3 . 8 2 

4 , 1 4 

4 , 4 0 

4 . 59 

7, 53 

5,16 

4, 36 

4 , 27 

4 . 4 4 

4 , 1 0 

4 , 2"9 

4 . 2 2 

4 , 3 9 

HC50 

3 , 6 1 

4 , 1 8 

4 . 3 1 

3 . 90' 

2 . 50 

2 , 50 

-2. 30 

2 . 7 7 

2 . 52 

2 . 7 3 

2 . 7 1 

2 . 7 9 

2 , 7 2 

3 , 32 

1., 74 

1.74 

3., 39 

3 , 37 

3 ,60 

'3 . 52 

2., 89 

3 , 39 

:3.23 

3 . 4 5 

WEIGHT 

CAd 

5 , 60 

7 . 01 

'6 ,,.08 

5,.97 

4 . 74 

4 , 0 0 

4:-. 0'4 

3 i . B l 

5 . 6 2 

4 . 3 7 

4. 53 

3., 92 

•3, 93. 

:5, 3,6 

19.7 '4 

4 . 42 

3 .63 

4.. 76 

4 . 7 4 

•4;. 52 

7 , 8 0 

s , 2 a 

7 ,7 9 

6, 06 

PER CENT 

Kft'2b: 

3 . '67 

3 : . m 

:^--,S6 

3 . 62 

3 , 27 

•.3'.. m 

2.8,7 

3.,.03 

3', 53: 

,3, 10 

3 . 24 

3.1Q 

2 , 9 3 

3,'5 2 

1 . 4 4 

1 .90 

2,4,i 

3 , 2 4 

3 . 36 

2 .:9:6 

2 , 5 3 

3 . 0 4 

2 , 7 9 

3 . 27 

K2d: 

3. '27 

2 .77 

2. .55 

2 . 61 

3.'62-

3*. 72 

3 . 43 

3 . 92' 

2.-95 

3 ,15 ' 

3 . 0 5 

3 . 3 3 

3 , 65 

3.0,5 

2 . 3 4 

2 , 5 5 

4 . 3 0 

3 , 44 

3 .37 

3 ,69 

3 , 4 9 

3 ,09 

2 . 84 

2 . 9 6 

S 

0,,sa 

0 . 9 3 

0 . 3 4 

0 ,-31 

0 ,''4'7 

0. 4'1 

1 .74 

0, '84 

0 . 60 

0., 20 

r ; 22 

0 , 8 1 

0 . 8 5 

0 . 2 4 

1 . 11 

' 6 , 1 3 

I , 40 

0, 27 

0 . 4 0 

0 . ,49 

1-. 74, 

0 . 4 3 

0 . 8 2 

0 . 2 2 

e o 2 

1.. 32 

. .1,87 

1 .21 

1.49 ' 

1 . 31 

0, 7tf 

1 . 07 

0 . 6 6 

1 . 12 

1 . 19 

1,. 04 

0. 89 

a , 9 0 

0,. 42 

.9.', 31. 

2 : 52 

0 . 97 

1., 03 

••0.-7 2-

0 . 6 7 

>4.,-77 

1 , 66 

2-.67 

-0, 96 

MHO 

0 , 1 5 

0 , 2 0 

0 ,13 

0,,12 

0 ,17 

a . 29 

' 0 , 3 5 

•0.30 

0-. 1'0 

,«-•.'11 

.0.,12' 

0 , 38. 

0.. 33 

e,.iei: 

0 . 3 8 

0,-39; 

0 , 5 1 

.0.2,3 

- 0 „ i 9 

a . ^35. 

a . 25 

0 . 2 4 

' 0 . 2 1 

0.,,13 

S0,3 

" 0 . 19 

0 . 22 

"0. 22. 

0. 00 

0 . 0 2 

,•0', m 

1.02" 

•0.11 

•0'-.':35 

= 0 . 1 6 

a.a'o-

-0..17 

•0, IS-

•0.13: 

2 . 17 

1 ,49 

0 , 3 3 

^•,;67 

0.:2:0 

0 . 33 

0 . 0 0 

0 .30 

8., 75 

0 ,24 

T i p ? 

'0.'S'6 

a . 95 

0 . 9 5 

' 0 . 9 3 

0 ,69 ' 

0'.:71 

0 ,53 

0 . 7 4 

'0'i 7S 

-a,..'72 

0 . 6 6 ' 

0 , 6 2 

0 , 57 

0, 94 

0;,4'3 

0 . 4 9 

0,-80 

0,-83 

0 . 83 

0 .77 

0 . 5 7 

0 . 3'2 

0 . 78 

i i ,85 

TOTft'L 

93 . 40. 

98 , 08 

9 7 , 8 3 

99.. 42 

9 9 . 16 

98 . 08 

98 .'07 

99 . 25 

97 . 37 

97 . 50 

95 . 85 

9 6 . 6 3 

9 3 . 02 

93.. 38 

r';flO . 3'0 

9 9 . 41 

97-, 95. 

97 . 40 

'9,8:. '38'-

97 . 34 

99:, 3,5 

97.166 

Si!. 00: 

97 , 2-3 

r^ 

'S 

.tt 

.0 



.SAMPLE 

MF-1710 

MF'-a71I 

H F - l 712 

VL-20 01 

VL-20.0 2 

(4F-2001 

MF-20.02 

MF-2:0,0.3 

MF'-20,0 4 

MF-,2,0'0'5 

MF-2 006 

HF-2'0:07 

MF-20 0''̂ 8 

MF-2,00 9 

t'lF-2'01''O, 

M,F-2 01.1 

ME-20'i^2: 

H F - 2 0 i 3 ; 

MF^2014-

•[•1F-:20,15 

MF-2'01 6-

MF-2'0,1;7 

'wiF-'201-8 

MP-2 0:01 

.G/CM*'*3 " PPiCEMT; 

GHDEtiS BKDENS: PRSTY" S I 0 2 AL2G3 FEO 

Tkiit'E, 2—(GoMiimed)-

WEIGHT PEB CENT 

2.7,7 4 2 . 7 6 

2..79'l 2 . 7 2 

2 . 7 3 5 2 , 7 1 

2, 73,3 2,. 70 

2.,66 4 2. '59 

2,.7 93 2>67 

2 . 8 3 4 2 . 7 7 

£ . 7e'8 2 . "74 

2 .:.687 2 . 59 

2 , 7 7 4 2 . 7 4 

2,;868 2 . 7 6 

2 , 8 3 6 2 . 7 6 

2 . 7-93 2,. 78 

2, '797 2„ 74 

2 . 7 4 4 , 2 , 7 3 

2.32.4 ,2,..-74 

2 , 7 5 1 2 . 7 3 

2 , 798 2', 74 

2 . 7 6 4 , 2.,72 

2 . 8 5 4 2 . 7 6 

2 ,782 . 2 , 7 3' 

' 2 . 777 ,2'...7'1, 

2.. 822 2 , 75. 

0 . 5 0 5 8 T 7 0 i '6.9'0 

2:, 5.4 6:1.60- 17.,70 

:0,9'l 58''. 9'0' 1 7 , 2 0 

1,21 63 .00 17.'7.0 

2 . 7 3 62-. 10 1,8,-40. 

4 . 4 0 59., 10 L8.10,; 

2 , 2 6 6 0 . 2 0 1 3 , ,00 

i.'7-2 53..'60 l '6-.80 

3;, 61 .58 .10 . 1 7 , 3 0 . 

1 ,23 61 .30 . 1 7 . 5 0 

-3 . 77 5 5 .70 1 7 . 2 0 : 

2.63-, 53,. 58 1 7 , 4 0 

0 , 6 4 53 .66 16.-80 

2 .04. 51 .43 ; 1 6 . 0'0 

.0..51 52,3:6 16,-20 

2..9'7 5 9 , 2 0 i . 5 .70 

0 , 7 6 6 0 . 1 7 1 5 . 5 0 

2,:0i7 5 8-,.40 1 7 . 5 0 

1.-̂ 59 :5-7i90 r 6 . 9 ' 0 

3 . 2 9 5 3.10 1,7,6.0 

1:.37 -5 9.-50 1 7 . 5 0 

2 . 4 1 59 ,50 1 8 , 0 0 

2 . 55 6 1 , 10 re; , 20 

59 ,90 1-6,80 

FEO 

4 , 4 5 

4 ,.26 

-4, 34 

1.96 

2 . 02: 

3,.;47 

3.-53 

5.'03 

4-.;̂ 9,7 

3.:89 

4 , 91 

4 . 3.7 

4 , 7 5 

3 . 91 

4 . 8 9 

%.. 96 

4... 98 

4 .. 3,4 

.'4.07 

4, '34 

4 . 2 8 

4-. 27 

3;.93-

3-. 10 

'MGO' 

' 3 , 6 0 

2.9,6 

3 , 1 "7 

' 2 . 70 

3 . 54 

2 . 71 

2 . 3 6 

4,, 35 

3 , 36 

3 -42 

4 , 8 8 

4 - 5 3 

4 . 32 

'4. 17 

.4 .67 

.3 .15 

•2,9'0 

3 , 2 9 

-3.. 43-

4 . 1 1 

4., 04 

3.-43' 

3-, 04 

r£. 08, 

• c m 

5i-l''8-

4 . 90. 

5 . 8 3 

2 . 4 3, 

2 . 2 0 

4 . 1 0 

3 . 5 8 

6. 50 

3 . 1 6 

3 .68 

5 . 22 

6:. 36 

•S,,. 31 

8'-'. 26 

:6'. 96-

3,, 69. 

-3:..:9f' 

5.. 36; 

5. 17 

•5.-7 3" 

5, 79 

6. 14 

5 .10 

4.^65 

Nft20 

•31 21-

3-, 79 

3 .41 , 

2 , 7 0 

2 , 3 3 

•3,04 

3 , 0,7 

2 . 16 

'2:. .15-

3 . 70 

3-. 24, 

I . 04 

3,-01 

2 . 76; 

'.2 . ^ 

•2:., 41 

1.'93 

3-6.5 

3 , "06 

3 . 2 1 

3 . 21 

3,3'5 

3 . 9 4 

2 , 1 9 

K2Q 

3;- 03 

3.25--

2 .99 

6'.01 

'•6-.,07' 

3 i 5 7 

3 , 8 2 

3 . 5 1 

3;, 86 

3.,25, 

2 . 7 4 

2..;83 

2. 61' 

2 - i . e 

-2,-42 

3.70 

3 . 7 0 

3 . 1 9 

3 , 6 6 

2 . 94 

2 ,98 

3 . 0 3 

2 , 9 5 

3 . 80 

S 

0. 

'0. 

;0,:. 

1 , 

1-

• 0 . 

1, 

1 . 

1 , 

0 . 

0. 

1.. 

1., 

2 , 

2 . 

1. 

2, 

0. 

0, 

0'. 

&. 

0. 

0. 

,1,. 

49: 

.27 

9 8 

0'9' 

.34 

9'6. 

43, 

3 3 

4'7 

. 90 

66 

.00 

'•08 

28 

.82 

,37 

. 27 

.24 

. 73 

,28 

• ^ 

..22 

. 12 

.49 

C02' 

0 . 6 9 

0:. 40 

1-74 

0'.§6 

• M 

1 , 2 5 

1 .09 

2", 76 -

K- 15 

0 , 6 0 

0 . 40 

0 . 7 5 

0 , 6 8 

1 , 11 

1 . 45 

1.30 

L. 70 

0. 64 

1 . 12 

-a. 87 

0 . 9 7 

1,32 

;0,.4t ' 

2 . 1 0 

MNO 

0 , 1 2 

, 0 , 10 

0 .10 

0 . 1 6 

.14 

0 . 15 

,0.16 

0 . 65 

0 , 5 2 

0 . 1 2 

0 . 1 0 

0 . 0 8 

0'. 06 

:0.. 09 

0'. '06 

0 , 72 

%•: 63: 

0,,,15. 

0,:-25-

0-, IS 

-0,, 12= 

0 .12 ; 

0 , 1 0 

0;. 34, 

S"0'3 

0 , 0 1 

0 , 1 7 

0 , 1 1 

0 , 0 0 

0.. 00 

0 , 8 4 

0 . 13 

<0-. 43-

0'. 42 

•0. 4;6. 

1 .14 ' 

;2;.,58i 

Z-,51 

3 ..8.6: 

3'. m. 

0.,,0O 

-.0.:89 

0 . 40 

0 , 3 5 

0 ,-.00 

0 . 67 

0 . 00 

0 . 58 

.•T.6 

TI0:2 

'0. 84 

is. 82 

'0.1 77 

0. '45 

. 46:, 

0:. 6'4, 

0..59 

•0.;6;4 

' 0 . 74 

0..,72' 

i .m-

;0..92^ 

0i8.7 

0'.'60 

0 . 6 4 

0 . 7 2 

.0:.,:60. 

0 , 7 5 

0 . 7 5 

0.-.90 

0.. B'9 

0,-38 

0 , 8 2 

. 49 

TOTAL 

9 7 , 2 2 

1 0 0 , 2 2 

•99,:54: 

9 9 . 2 1 

99..-44 

97 , 9 3 

97 .96 

97 . 97 

97 , 71 

99 ,54 

97 . 1 9 

97 , 99 

96 ,66 

9 6 , 6 5 

98-49 

97 . 92 

99..19 

•9'7'. -92 

97 . ,40 

9'e*,'23 

1 0 0 . 1 1 

.100 ,31 

1 0 0 . 3 5 

9.7 . 7,0. 

1 
^' 

11̂ ' 

b3 
td 
M 
^ 

'^ 

-to 

-b 

.6 
'^ 
b 

1 fri: 
:<0 
Go 

6 

h-^ 



SAM-PLE 

MF-2 20'2 

MF -2'20 3, 

:MF-2'0'0-4--

MF-2 2'0 5.-. 

• M F - 2 2 0 6' 

«F-2,'20 7 

MF -2 2 0'8; 

.r-1,F-2 20 9 

MF-2=21-"0: 

>1F-2,2.11 

,HF-2"212 

MF-2-21.3 

MF.-2214 

MF-2 601 

MF-2,'602. 

MF-2603 

MF-2604 

MF-2 60S 

MF,-2:50;6 

MF-260.7 

MF -2 6 0̂ 8 

i- '̂F-2 6 0 9 

MF-2.610 

Mf-2 611 

G/'GM**3 ,PE,R 'CENT 

GKOE'NS B'KDE'NS- PH3TY.SI0 2 A'L203 

2. 761 2, 65' 4 . 0 2 62 . 43 1-3, -27 

2.73'4 .2,'64 5,17 5'9, 93 17 .30 . 

59 ,10 1,8-, 40 

2 . 7 8 1 ^2.71 2 . 5 5 5 5 . 7 0 1'7,60 

2.80'0 '2 ,74 . .2.14 57 .10 1,8.00 

2. '753 2 . 7 2 1 . 20 • 5 7 . 4 0 1,7:80 

2.79;3 2 . 7 6 X. 13 5 6 . 6 0 1 6 . 3 0 

2.-39.4 2 , 8 5 1.-52: 53-. 54 15,-30 

2 . 7 7 2 -2'. 7'0 2 , 6 0 54 ,90 1 7 , 2 0 

2.-76 6 2..64 4,„55 -54-.'40 17.3,'0 

2 . 7 6 0 Z ,7S 0 , 3 6 '5-7.10 18 .00 , 

2;,-801 2 ,77 1 .11 55.-Ba; 1 7 . 4 0 

2 , 7 7 8 2 . 7 2 2..09 5 6 . 6 0 1 7 . 3 0 

2,72,7 2 . 6 3 ,3., 5,6- •60.70 17 . ,4 6 

2..70:9 2 . 61 ' 3 .65 60.^90 17.-95 

2 , 8 2 4 2 . 7 4 2 . 9 7 60,.10 17. '57 

2,,834 2". 72 4,;02 6 0 . 0 3 i6 . ;99 

2.7'8 5 2 . 7 2 2 , 3 3 5:7.60 1 7 . 0 0 

2.7,55 2,6,9 2.3.6 5'9.'23 17 .09 , 

2', 77 5 2 . 7 2 1.9*8' 5 9 .10 1 7 . 1 3 

2 , 7 7 6 2 . 7 2 2 . 0 2 6.0.10, 1 6 , 5 1 

-2','313 2 , 7 1 3.-66 ;60.06 16:'6'9 

2 : Soi 2, 6'3 6, 10 '5'3. 10. ,1 7. 20 

2 . 7 8 2 2 , 6 6 4 . 3 9 . 5 9 . 1 7 1 7 . 4 1 

EEO 

3 , 0 0 . 

5 ,19: 

4.. 52 

5,1''6 

4 . 5 1 

,4'. 'M 

4.. 2,6 

3 , 97 

4., 96 

• 4 , 81 

4 . 6 4 

4 . 99 

5 . 2 3 

4 . 9 5 

4 , 3 6 

5 , 3 8 

5 , 3 7 

5 , 3 2 

4 . 6 3 

5 . 0 3 

4 . 6 0 

5 .-45 

6 . 6 1 

5; 93 

TA:BLK'2-

HGO 

,3-..00, 

4.,'07 

4-64-

,4,.:'3S-

.3. 79-

3.. 49 

3 , 5 4 • 

4 , 61 

-4.. 32 

.4 .46 

4 ,14 

'4. 43 

4; 36 

3 , 1 1 

3-. 15 

3 . 1 5 

' 3 . 40 

3'. 23 

,3,. 11 

3 , 4 7 

4 , 1 1 

3 .96 

3 .38 

4 . 39 

-(;Cdnl.iniied^ 

WE'IGHT 'P,Eft. 

•CAO 

3 .38: 

4,,.06 

4, , 3-7 

.4,91 

5..7-2* 

5.78'! 

,6. 56 

9. 44' 

:6,94, 

7 .97 ' 

'.6. 11 

5. H 

§..12 

3;. 1^' 

3 . 1 9 

3,1,7 

3-. 85 

4 . 34 

4 , 1 3 

3.. 56 

3 .91 

2 , 94 

3.,20 

2 . 6 5 

NA-20 

3.7.9 

4 .-le 

4 •. Q 8 

2 . 7 7 

4.16. 

3.-76 

3. 0,6 

2:92. 

3 . 5 7 

.3-. 45. 

4 . 4 5 

3 ..'3'6 

.3 .36 

3 . 4 3 ' 

3'-. 94 

3.57-

.3 . -5'e' 

3 . 7 9 

3 . 7 9 

3 , 1 4 

3 . 2 1 

'3 .14 

3 . 0 0 

3 . 2 1 

GENT 

K2Q 

3 , 1 1 

3-- 31 

2 . 5 1 

3 . 2 5 

2 . 4 0 

2 . 6 9 

2 , 36 

1.7:1. 

-2.'47 

1.--91 

2 , 70: 

2'.'7'5 

2. '95 

•i.m. 

2 . 61 

2 . 6 2 

2 . 6 2 

2.. 70 

2 , 9 1 

2 \ 49: 

•2=,e8; 

3 , 0 4 

3.. 45J 

•2. 83 

% 

.0". 

1. 

H-

1, 

• 0 -

• 0 . 

1 . 

1 . 

0.. 

0 . 

a . 

0. 

0. 

2 . 

2. 

2 . 

2, 

2 . 

2. 

2 . 

2 . 

2 . 

3-. 

2'. 

.,80 

.4,8; 

. 53 

,-2'5 

•5-7 

,64 

..00 

09 

59 

60 

•27 

23 

44 

48 

.'03 

. 70 

67 

67 

24 

47 

•;05, 

62' 

43 

.48: 

CG2 

0, 53' 

0.;5O 

;0, 70. 

-0.'e,3 

0'. '.5.7 

B. 54 

0 . 7 7 

,1,95 

1 .00 

0 .^53 

•0,45 

'0. 76 

;0;84 

0 . 4 5 ' 

0 . 4 9 

0, 36 

0 , 3 7 

0 . 5 3 • 

0-,47 

0 , 6 9 

0 . 28 

0,3'6 

0 ,35 

-0. 49: 

MNO: 

0.-03 

0. 12 

0 , 1 8 

,0.31 

•;0.'07 

.0.;07 

!0'. i'0' 

:0.-.0,'?' 

0 . 1 0 

0", 1-2-

0 . 1 2 

0,.12 

a, 1'4 

0 . 0 5 

0 , 35 

0 . 05 

0 . 0 5 

,0.07 

0 . 0 5 

0 . 0 5 

0 , 0 5 

0 . 0 5 

0 . 0 5 

0 . '06 

S P 3 

0 . 65 

1 .24 

0-.-42 

0.8,-7 

2.0-2 

2 . 04 

•3:. 10 

•4, 59'' 

"0..79'' 

a, 71 

,0.^32' 

. 0 , ,3.3: 

-0^ 0"6-

0 . 5 1 

O'. 34 

0,7'9. 

1 , 20 

1 .20 , 

1,52-

2 . 0 7 

1 . 14 

0 , 3 9 

0 . 8 9 

0 , 7 0 

T162; 

0 . 60 

0. 79 

:0'.. 7'5 

0 . 74 

'0 ,75 

0 , 8 1 

0 . 6 7 

0, 56 

0 . 5 6 

.-1. .0'4 

0; '98 

1 .00 

1,08 ' 

0.,e6; 

0,'67 

0,-68' 

. 0 . 6 5 

0'. .62 

0'.'63. 

•a, ,69 

•a, '7:5, 

0 . 7 3 

a . 82-

0 ,74-

TOTA L 

99 ..̂ 59 

9:9'. 15 

1 0 0 . 3 1 

•9.8 ...2,4 

9 9 , 5 6 

99,:. 32 

93". 32.. 

9'9:, 75 

97 . 80 

97'. 28 

99 . '28 

97 . 92 

93 , 48 

99 . 8J 

9 9 . 9 3 

1 0 0 . 1 4 

1.00,78 

9 9 . 0 7 

9 1 , 80 

9 9 . 99 

-'99.59 

99.45-

10 a, .43 

1 0 0 . 1 1 

0 0 

f5 

<; 

'^ 

!3 

.t) 

0 

1 fe; 



G/^GM**3 PER CENT 

'SAMPLE GRDENS BKDENS P R S T ! ( ' S I 0 2: Ai:;'2b3 FEO 

- M F - 2 6 1 2 2 . 7 7 9 : - 2 . 7 5 1 . 0 4 : 5 9 , 5 7 16:; 64 S ; 82 

M P - 2 6 1 3 2 , 7 5 6 2 . 7 2 1 , 3 1 5 7 . 7 4 1 6 . 1 2 5 . 3 9 

M F ^ 2 6 1 4 - 2 . 7 8 2 2 . 7 4 1 , 5 1 53."38 1 5 , 1 3 4 . 6 5 

MF-2 6 1 5 ; 2 . 8 3 . 2 : 2 . 7 5 2 . 9 0 5:5,30: , 1 6 . 3 0 5 , 3 0 

,MF-2 6 1 6 2 . 7 6 5 2 , 7 5 0 : . 54 5 7 . 5 0 1 7 . 5 0 4 , 7 3 

H F - 2 6 1 7 2 , 8 3 5 - 2 , 7 3 1 , 9 4 5 9 , 8 5 1 . 6 , 9 9 4 , 1 3 

-MF-2 6 l ;8 ' 2 . 7 2 7 - 2 . 6 4 3,1-9 ' ,6'-2.::90' 17 , ' 9 '5 3 . 0 7 

MF-2 '619, ' 2 , 7 6 8 , 2 , 6 2 5 . ' 35 5 1 . 2 5 1 7 . 6 6 4 . 5 5 

MF-2'6-20 2 , 8 1 1 2 . 6 9 4 . 3 2 6 0 , 4 5 1 7 , 0 2 4 . 4 9 

: M P - 2 6 2 1 2 , 8 1 1 2 ,7 .9 , ^ . 7 4 6 1 . 1 0 1 7 . 1 0 4 . 0 6 

MF-2 '622: 2 . 7 4 - 2 2 , 6 9 l . i 9 0 6 1 : 4 0 1 7 . 2 0 2 , 9 3 

M P - 2 6 2 3 2 , 7 2 8 ; 2 . 7 0 1 . 0 3 6 0 . 5 5 1 7 . 5 5 4 . 0 0 

M F - 2 6 2 4 2 . 7 3 , 5 •2, 63 3,:8.4 5 8 . 5 0 1 6 . 9 0 3 , 0 1 

'MP-26-25 2 , 7 2 4 2 . 7 0 0,:88" 5 1 . 6 0 1-8.00 3 . 1 4 

MF-2 6 2 6; 2 . 83 0 2 . 7 3 3 . 53. 54 . 3 0 1 5 . 90 4 . 22 

M F - 2 6 2 7 2 . 7 9 7 ' . 2 . 72 2 . 75 6 1 . 70 1 7 , 40 3 . 0 7 

t l F - 2 6 2 3: 2 , 7 , 5 3 ' 2 . 6 5 - 3 . 9 5 -6 :2 .10 1 7 . 3 0 3, . 1^ 

M ' F - 2 6 2 9 2 . 7 5 5 . ' 2 . 7 4 0 , ' 54 - 5 6 , 3 0 1 5 , 9 0 3 . 03 

MF-2 6:3 0' 2 . 7 9 7 2 ' . 74 2 , 04 5 9 . .86 1 6 . 7'9 4.. 52 

[•1^-2631 2 . 7 6 9 . ' 2 .75 0 . -59 5 ' 5 . 7,0. 1 7 . 7 0 3 , 8 - 2 

MF-263^2 2 , 7 3 7 2 . 7 6 0 .9 .7 5 6-, 30 1 7 , 6 0 3 , 6 0 

• M F - 2 6 3 3 2 , 8 2 . 4 2 . 7 6 . 2 . 2 7 5 5 . 1 0 1 7 . 4 0 3 , 9;5 

: M F - 2 6 3 4 2 . 8 0 4 ' 2 , 7 3 0 . -86 5 3 . 3 0 1 7 . 3 0 5> 29 

MF^23 '01 2 . 7 8 2 - 2 . 7 2 2,2-3 ' 5 4 , 2 1 1 7 , 6 5 5 . 3 4 

T A B L E 2—{Conlinu&l ' l 

WEIGHT PER" GENT 

CAO ^ A 2 Q K20 

' 3 , 2 9 ' 3 . 9 4 2 . 5 4 

5 . 5 1 3:. 53 2 . 6 9 . 

4 . B 9 3 . 7 2 3 . 1 3 

. ;5 .0e "3..-65 2 . 9 0 

5.. 1J7- 3^.57 '2',.tt8 

. '4.,41 3 , . 9 4 2 . 9 9 

3 .7 .3 - 3 . 50,. 3 . 5 5 

MGO 

3:. 72 

3-,'4 7 

2 , 90 

3 . 4 7 

3 ; 29 

3 , 43 

2 . 04 

2 . 65 

' 2 , 53 

2.. 29-

2 . 2 2 

2 , 7 2 

• 2 . 6 1 

2 , 1 1 

, 2 , 90 

1 . 65 

1 , 97-

:2 , 7'9'' 

3 , 34 

3,. 15 

2 . 76 

3.. 97 

4.. 61 

''2. 75 ' 

- 3 , 1 8 2--'99 3 . 5 2 

3-. 95 3 • 35 3 . 6,6 

4 . 0 8 . 3 . 2 1 3 . 2 9 

4 . 5 8 ^ •3 . ;36 3 - 1 0 

4 , j 2 9 4 ,3 :7 2 . 4 9 

5,:3,4, 3 , 1 4 : l . f A 

-4.5-3 ' 3 . 7 9 ' . 3 . -65 

6.. 60 - 4 , ' 0 1 2 . 4 5 

5 . 1 1 2.. '99' 3 . 4 0 

3..,'95 2-,.-5„5' . 3 . 9 3 

7 . 0 2 2.-8 4- 3 , 2 4 

4 , . 0 4 ' -2 .74 3 . 5 0 

6 . 2.3; 3'.-50 .2 . 44 

-'5,. 25 . 3 . 5 7 2 . 7 5 

7 . 1 2 ' 3-. 28: 2 . 7 3 , 

6 . 0 3 2 , 2 9 ' 2 . 6 5 

' 5 . ' 2 3 ' 1 . 6 3 4.. 13 

.-s 

• 2 . 2 7 

2 . 40' 

2 , 00' 

2 , 27 

1 , ' 93 

' l , - 2 4 

0 . 54 

1 . 50 

I . 33 

1., 75 

0 , 7 5 

1 . 38 

0 . 9 0 

C 0 2 

0 . ' 2 3 

0 . 5 7 

9 , 4 3 

0 . 40 

0 . 3 3 

0 , 5 3 

, 0 , 4 2 

0 . 47 

0 . 58 

0., 38 

0 , 3 5 

0 . 45 

0 . 64 

0 . 32 „ :0.-57 

1.2-2 0 , 47 

1 . 2 8 

1 . 34 

1 . 06 

2 . 1 0 

1 . 0 3 

l . " l 7 

1 . .06 

2 , 51 

2 , 84 

1 . 13-

? - 8 3 

1 . 33 

1 . 5 2 

,0, 83 

0 , 6 4 

1 , 0.6 

.0 , 67 

2 , 13 

MNO 

0:. 05 

•0-'. 04 

' 0 . 0 4 

, 0 . 0 4 

'0^',,04 

0 , 05 

0 , 0'5 

0 . 09 

0 . 1 1 

0 , 0 7 

: 0 . 0 3 

0:, 06-

:0. ,10 

0 . 08" 

0.. 06, 

0'. 11 

i..i4 

0 . 0 5 

0 , 1 7 

0:, 05 

0 , 1 1 

0 , 1 0 

0 , 0 5 . 

0',34--

S 0 3 

1.. 10 • 

2 . 90 

2 . 90-

3 . 1 9 

; 2 , 62 

1 . 67 

• 1 . 1,0, 

' 0 , -71 

1 . 3 3 

1.7.2 ' 

0r. ,3'6, 

1 , 5 2 ; 

3 . 39; 

l-.'5'0, 

3 . 63 

2 . -21 

i . - e 6 . 

' 5 . 4 3 

0 . 46. 

2 . ,83 

2 . 80 

1 . 7-5r 

• 2 . 3 7 

1-. -80-

T I 0 2. TOTAL 

0 . 7 2 9 9 . 3 9 

0 . 6 4 1 0 1 . 0 0 

.0'.'i54 1 0 0 , 3 7 

i 0 . 63; 99 . 95 

0. '6'6 1 0 0 . 1 7 

0 . 6 8 1 0 0 . 0 1 

-0', 57 9 3 , . 5 4 

0 . 6 3 

0 . 61 

0 , 54 

0 . 5 8 

0 . 5 6 

0 , ,56; 

,0..-55 

0,=66, 

9 9 . 20 

9 9 . 41 

9 9 , 59 

97.. 92 

9 9 , 86 

9 3 , 39 

9 9 . 75 

97 . 93 

0 , 54, 1 0 0 , 64 

^ . 51 1 00 . 1 6 

0 , 59. 9 9 . 58 

0 : 7 2 

0 , 8 0 ' 

0 . 70 

0 . 8 7 

. 0 , 86 

0 , '53 

9 9 v 7 6 

98 . 1 3 

9 3 , 2 5 

9 3 . 40 

97 . 9;4 

9 3 . 6 8 

W 
^, 
Vi' 
^q 
fti 
'•pi 

fej; 
fs ' 

tei. 

' • ^ ^ 

t -
c:' 
B: 
^i 

fe; 
b, 

Tj' 
in 
O 

S' 

Ocs 



G/CM**3 PER CENT 

SAMPLE GRDENS' -BKDENS PRSTY S-I0:2' . AL2o:3 

MF-2 302 2 . 7 9 0 2 , 7 0 3..23 5 9 . 3 0 1 7 . 1 0 

MF-2.B03 2 . 8 1 3 2 . 7 5 2 . 2 4 5 6 . 6 0 1 6 . 5 0 

MF-2 30 4 '2-.. 319 2.; 78 1 ..'38 5 6 .20 1 7 . 2 0 

MF-2:805 2..79,9 2 .'76 1.39.' 5 1 . 7 0 1 5 ; 70 

MF-2 306 2v329 2 . 7 8 1 .73 . 5 5 . 5 0 1 6 . 4 0 

MF -2 80 7 2 . 82 2 2 . 76 :2-. 20- 5 6. 30 1 6.32; 

MF-2.808 2 : 7 7 5 2 . 7 6 0 . 5 4 ,56.20 1 5 . 9 0 

MF-2 809 2 . 7B'9 2,. 67 4 . 2 7 55.-16 1.5.00 

MF-2 810 2 . 8 l i 2;, 73 1 ,10 52.,,60 14.-9,0 

MF-2 811 2 . 7 9 4 2.7,6 1.22- 55.70 ' 1 5 . 9'0 

ON-2-801 2, 754 2 : 70 1 .96 ' 6 1 , 30 1 7 , 50 

ON-2 802 2 . 6 9 7 2 , 6 3 .2-.,48 ' 62 .30 1 8 . 3 0 

O«--2 304 :2',92'7 2 .'34 2'. 97 5 9 , 6 0 17,-60 

MF-3001 2,;84-5 2 , 7 6 2 , 9 9 55,,32 1.6,'00: 

MF-3002 2.:803 2. '77 1 .35 56: '36 ,16 .14 

MF-3003 2.:817 2.'74 2 . 73 ' 5 4 , 9 0 .14 .90 

M F - 3 00 4 2 , 81,5 2 . 75 2 . 31 5 5 . :S0 1 5 . 40 

MF-300'5 2 , 8 7 3 2 , 7 8 ' 3 , 2 4 5 4 , 7 0 1 4 . 8 0 

MF-'-300 6 2 , 7 7 1 2 .74 1.12 ' 54,, 90 1 5 . 4 0 

MF-3007 2 . 7 9 2 2 : 7 5 . 1 . 5 0 52-. 70 15,:60 

MF-300 3 ;2 .79 5 2 . 7 7 0.39- 5 3 . 7 0 1 6 . 5 0 

,HF-300 9 . 2 ,822 2 . 7 6 2 . 2 0 5 3 . 9 0 1 7 . 1 0 

QN-3 0,01 2 . 8 8 2 2 . 7 9 3 . 1 9 5 8 . 9 0 . 17 .70 : ' 

ON-3002 2 . 7 8 5 2.;58 3,. 77 6 0 , 6 0 1 7 . 2 0 

TABLE Q,—'{Continued) 

WEI'GHT P E R CENT. 

00 
'o> 

FEO 

3 , 4 3 

3 . 93 

4,. 92 

6.-85 

5 . 5 1 

4.-86 

5.38 

5.54 

7 . 06 

5„ 63 

3.:-"25 

3.-30 

5 ,63 

5 ,45 

4:-93 

6 .07 

5 .16 

6,-23 

5 ,92 

6 .91 

5 .65 

5,-78 

4 , 5 6 

1.32 

MiSd 

2 , 8 3 

3 , 4 0 

4, 75 

4 . 3 3 

4 . 6 1 

5 . 2 5 

4 . 5 0 

5.28 

4 . 8 5 

5 .69 

2 . 3 6 

2 . 2 6 

2 . 90 

4 . 06 

4 , 04 

4 , 1 5 

4 . 1 5 

3 . 9 5 

4 .89 

5 , 38 

^•66 

5 .84 

2 . 9 5 

2.,52 

K20 

2 . 9 1 

2 ,79 

CAO NA20. 

4 . 75 -2.92 

5. 91 3:. 21 

5 .59 3 . 3 7 "2 ,61 

,5.67 2 . 9 7 2.. 7 8 

5 .91 2,9-2 -2,-49 

5 , 6 3 -3.14. -2',:83 

5.5-7 3:. 05 2 , 5 5 

5 , 6 1 3 . 2 1 2 .57 

6.17 2', 72- 2-,'81 

5 .89 3 . 2 8 , 2 . 3 9 

4 , 2 4 3 . 2 1 3.'94 

2 . 9 6 3 . 4 3 3 , 7 0 

1.69 2 : 5 5 

5 , 53 3 , 52 

5:, 70 3'. 72 

5 , 6 8 3 . 3 8 

5 . 8 2 3,.55-

5 , 7 a 3 -43 : 

5 , 43 3-, 38 

5 , 9 8 3 - i a : 

5 . S3 :2-. 31 

6. 07 3:. 33 

4 . 4 9 *3,'36 

4 , 2 7 3 . 4 1 

3 , 62 

2 : 8 1 

'2.. 57 

2 . 8 7 

2 . 5 2 

2-. 80 

2'..'47 

2,-54, 

3 .04. 

2 . 7 8 

3 , 2 6 

3 . 5 5 . 

,,S 

1 .28 

1 . 49' 

2 , 5-3 

3 , 7 9 

2 . 07 

1 . 39 

2 . 8 4 

2 , 1 3 

3 .85 

1,. 43: 

1 . 3 2 

l- ,36 

2.94: 

2 . 1 2 

1.79; 

2 , '84-

1 „;62 

3,-24 

1 , 36 

.3 , 54 

1 .64 

1 ,78 . 

1 , 31 

1 . 14 

C02 

0,, 65 

0 . 6 6 

0.-60 

1 .77 

0 . 6 2 

1 . 32 

0 , 6 6 

0 . 5 6 

0 . 90 

.0:. :61 

0 . 7 7 

0 . 4 3 

0 .38 

0, 28 

0 . 3 3 

0. 43 

1 . 20 

0 .48 

0 . 4 0 

0 .7a 

0 , 5 9 

0.,52 

0 : 4 6 

0, 51 

MNO 

a , 0.6-

0 : 0 6 

,0, 04 

0 . 2 4 

0,, 06 

0:. 06 

0.. 0.7 

0 . 1 1 

0 , 1 1 

0 . 06 

0 . 1 2 

0 . 0 5 

•0 .12 

0 , 05 

0 . 05 

0 . 05 

0 . 05 

0..09 

0 . 0 6 

0 , 1 0 

0, 10 

0 , 0 9 

0 . 0 9 

0 , 0 6 

SQ3 

;2, 06 

3 . 90 

1 .93 

1 , 87 

2 , 42: 

2,-57 

l . ,79 

2. 78 

2. 77 

1 , 85 

1 ,76 

0 , 9 0 

0 :82 

,2., 50 

1 . 40 

2,. 52 

2 . 59 

2 . 80 

2 . 3 5 

-TI0:2 TOTAL 

0 . '65 9 7 . 9 6 

0,:,60 9 9 . 1 0 

0 .80 1 0 1 . 0 4 

0':, 3°0 9 9 , 4 7 

0, 74 99 , 25 

0-. 79 1 00 . 9'6 

0,7.3 9,9.25 

0 . 3 1 9 9 , 7 6 

0 . 83 99 , 57 

0 i88 ' 9 9 . 5 6 

0 , 5 7 1 0 0 . 3 4 

i i .3S 99.. 58 

0 .59 

.0, 77 

0.-76 

0 . 7 4 

0 . 7 5 , 

0 . 69̂  

0 .79-

2 . 0 0 ' 0 .80 

2 . 1 2 0', 94 

1 .53 

0 , 41 

1 , 25 

-0:,'89 

0, 63. 

0 . 58 

99,.44 

9 3 , 41 

9 8 . 29 

9 8 . 6 4 

9 3 . 6 2 

9'8. 92 

9 8 . 8 5 

9 9 . 4 3 

9 8 . 5 8 

9,9. 61 

9 3 . 6 2 

98 . 41 

;̂  
b 
hi 

>' 
ti 

•i3 

> 
O 

fe: 



to 

> 
G/CM**3 PER CENT WEIGHT PER CENT c^ 

s 
S3 

SAMPLE GRDENS BKDENS PRSTY S I 0 2 AL203 

ON-3003 2 . 7 6 9 . 2 . 7 0 2 . 4 9 6 1 . 7 0 1 6 . 9 0 3 . 2 1 2 .24 4 . 2 1 2 . 7 1 4 . 4 4 1.27 1.04 0 . 1 3 0 . 9 0 0 . 5 9 9 9 . 3 4 g 

ON-3004 2 . 8 3 4 2 . 7 6 2 . 6 1 60 .70 1 6 . 7 0 

ON-3006 2 . 7 7 6 2 . 7 2 2 . 0 2 59 .50 1 6 . 8 0 

ON-3007 2 . 7 5 3 2 . 7 2 1.20 57 .90 1 7 . 3 0 

DDH-770 2 . 7 4 7 2 . 7 0 1 .71 62 .10 1 7 . 2 0 

FEO 

3 . 2 1 

3 . 2 0 

3 .91 

4 . 5 9 

3 . 4 5 

5 .28 

4 . 09 

4 . 2 3 

2 . 8 6 

3 .34 

5 .31 

TABLE 2— 

MGO 

2. 

2 . 

2. 

2 . 

2 . 

3 . 

5 . 

5. 

2 . 

1, 

5, 

24 

24 

,25 

.31 

,71 

.32 

,35 

.03 

,26 

,33 

,10 

(Continui ed) 

WEIGHT PER 

CAO 

4 . 2 1 

4 . 5 2 

3 . 7 5 

3 .08 

4. 55 

4 . 2 5 

6 .35 

6 .06 

4 . 3 8 

3 .33 

6. 05 

NA20 

2 . 7 1 

3 . 0 6 

2 . 3 3 

2 . 0 2 

3 . 4 7 

2 . 1 3 

4 . 2 3 

3 . 7 2 

4 . 3 7 

3 . 5 9 

3 . 2 1 

CENT 

K20 

4 . 4 4 

4 . 32 

5 .17 

5 .04 

4 . 0 7 

3 .74 

2 . 4 5 

2 . 7 5 

2 . 5 4 

3 .34 

2 .64 

S 

1 . 

1 . 

2 . 

3 . 

1 . 

2 . 

0. 

0. 

0, 

1, 

1. 

27 

66 

,24 

,27 

,15 

00 

,50 

,77 

.28 

,26 

.16 

C02 

1.04 

1 .16 

1 .19 

1 .29 

0 . 5 6 

1 .06 

0 . 3 8 

0 . 3 6 

0 . 33 

0 . 3 5 

0 . 30 

MNO 

0 . 1 3 

0 . 1 7 

0 . 1 4 

0 . 1 8 

0 . 1 0 

0 . 3 5 

0 . 0 6 

0 . 0 8 

0 . 0 5 

0 . 0 4 

0 . 05 

S03 

0. 90 

1 . 77 

0. 27 

1 .22 

1 . 88 

1 . 36 

2 . 9 5 

1 .14 

1 . 36 

1 . 39 

3 . 53 

T I 0 2 

0 . 5 9 

0 . 5 5 

0 . 58 

0 . 5 8 

0 . 5 3 

0 . 59 

0 . 80 

0 . 8 3 

0 . 6 0 

0 . 49 

0 . 7 8 

TOTAL 

9 9 . 34 

1 0 0 . 0 5 

99 .73 

99 .28 

98 .77 

9 9 . 2 8 

99 . B6 

97 . 77 

98 . 33 

9 7 . 7 6 

99. 03 

ON-3005 2 . 7 5 0 2 . 6 9 2 . 1 8 5 9 . 8 0 1 8 . 1 0 3 .91 2 .25 3 . 7 5 2 . 3 3 5 .17 2 . 2 4 1 .19 0 . 1 4 0 .27 0 . 5 8 99 .73 g 

ON-3005V 58 .10 1 7 . 6 0 4 . 5 9 2 . 3 1 3 .08 2 . 0 2 5 .04 3 .27 1 .29 0 . 1 8 1 .22 0 . 5 8 99 .28 |2 

5 
Co 

fe: 
DDH-216 2 . 7 9 4 2 . 7 8 0 . 5 0 5 5 . 8 0 1 6 . 1 0 4 . 0 9 5 . 3 5 6 .35 4 . 2 3 2 . 4 5 0 . 5 0 0 . 3 8 0 . 0 6 2 . 9 5 0 . 8 0 9 9 . B 6 b 

DDH-350 2 . 8 0 3 2 . 7 8 0 . 8 2 56 .20 1 6 . 6 0 4 . 2 3 5 .03 6 .06 3 . 7 2 2 . 7 5 0 . 7 7 0 . 3 6 0 . 0 8 1 .14 0 . 8 3 97 .77 ^ 
"-̂  

DDH-539 2 . 7 5 3 2 . 7 0 1 .93 62 .00 1 7 . 3 0 2 . 8 6 2 . 2 6 4 . 3 3 4 . 3 7 2 . 5 4 0 . 2 8 0 . 3 3 0 . 0 5 1 .36 0 . 6 0 9 8 . 3 3 ^ 

O 
? 

DDH-992 2 . 8 5 6 2 . 7 7 3 . 0 1 55 .10 1 6 . 4 0 5 .31 5 .10 6 .05 3 . 2 1 2 .64 1 .16 0 . 3 0 0 . 0 5 3 . 5 3 0 . 7 8 99 .03 !=3 
to 

O 

4^ 
•cc 



1488 k. N. VILLAS AND D. NORTON 

TAiiLE ,3. Es(inl.^lecl Coin|>ositloii of the Unaltered 
Mayflower and Ontario Stock.s 

SiOj 
.-M-O, 
FeO 
FciOa 
MgO 
CaO 
Na..O 
K.0 
S 
H-iOt 
HjO 
CO2 
SOs 
MnO 
TiO. 

Total 
Bulk density 

' Villas, 1975. 
t l.east altered Mav 
•• Total iron as FeO. 

Mayl 

Calculated 

59.40 
20.60 

4..30* 
— 
1.90 
5.90 
4.90 
2.10 
— 
0.45 
— 
— 
— 
0.05 
0.40 

100.00 
2.69 

flower rock 

lower' 

MF-2018-)-

Weight percent. 

61.10 
18.20 
3.93 
—. 
3.04 
5.10 
3.94 
2.9.5 
0.12 
— 
-— 
0.48 
0.58 
0.10 
0.10 

100.36 
2.75 

sampled. 

Ontario 

60.80 
16.70 

1.20 
3.96 
1.81 
3.15 
5.39 
3.60 
3.60 
0.73 
6.44 
— 
.— 
— 
— 

97.80 

Unaltered specimens of igneous rocks were not 
found in the mine. Therefore, estimates of their 
original chemical compositions became neces.sary to 
determine the e-xtent 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 anal3'sis of the least altered samples and 
from tlie chemical compositions of primary minerals, 
with the exception of igneous 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 =t 1 percent; and magnetite, 1 ± 0.5 
percent. The corresponding calculated chemical 
coniposition 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 mafic 
minerals and magnetite. Because the mole fraction, 
N, of annite and phlogopite in present-day biotite 
(N.,„„ = 0.36 and Np„i = 0.64) would fall short of 
accounting for the observed 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 fi.x 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 Nann = 0.53 and N,,bi = 0.47). 
The more magnesian character found for hydro-
thermal biotites in other areas (Beane, 1974; Jacobs 

and-Parry, 1976) adds qnalilntive evidence to sup-
[tnrt 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 im­
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 

Only silicate minerals that usually exhibit sig­
nificant con-ipositional 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 analy.ses 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 n-iount 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 
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TABLF, "4. Structural Formulas of Minerals U.sed in Mass Abundance Calculations, 
Mayflower, Ontario, and Valeo Stocks 

G R A M . A T O M / M.O L E 
MINERAL S I AL FE MG CA NA K MN T I RA 0 , H20 

ANALYSED WITH THE ELECTRON MICROPROBE 
BIOTI-rE 

MF-a801 2 . 8 4 1 . 1 3 0 . 9 6 1 . 5 6 8 . 3 1 0 . 0 4 0 . 8 4 0 - 0 2 0 . 2 9 0 . 0 5 1 1 . 0 1 . 0 

MF-1306 2 . 8 9 . 1 . 1 0 a . 9 7 1 . 7 3 0 . 0 1 0 . 0 3 0 . 8 8 9 - 0 2 0 . 2 0 0 . 0 1 11 . f l 1 . 0 

H F - 1 5 a 4 2 . 8 1 1 . 2 1 0 . 9 2 1 . 7 5 0 . 0 1 0 . 0 3 0 . 8 6 B .02 0 . 2 0 0 . 0 2 1 1 . 0 l . B 

HF-17t )8 2 . 9 0 1 . 0 9 0 . 9 5 1 . 7 1 B.B2 0 . 9 0 B . 0 1 0 . 2 1 1 1 . 0 1 . 0 

MF-2B11 2 . 8 4 1 . 1 8 B . 9 3 1 . 7 7 0 . 0 4 9 . 8 0 0 . 0 1 0 . 2 1 0 . 0 1 1 1 . 0 1 . 0 

MF-2201 2 . 8 5 1 . 2 3 0 . 9 0 1 . 6 8 0 . 0 1 0 . 8 4 0 . 3 5 0 . 0 1 8 . 2 3 0 . 0 2 1 1 . 0 1 . 0 

MF-2204 2 . 8 8 1 . 0 9 B . 9 6 1 . 7 8 0 . 0 1 0 . 0 4 0 . 8 7 0 . 0 1 0 . 1 9 0 . 0 1 1 1 . 0 1 . 0 

HF-22'B6 2 . 9 0 1 . 1 0 B. 97 1 . 7 1 0 . 0 1 0 . 0 3 0 . 8 7 0 . 0 2 0 . 1 9 0 . Bl 1 1 . B 1 . 0 

MF-2211 2 . 8 3 1 . 1 8 1 . 0 1 1 .54 0 . 0 2 0 . 0 4 0 . 8 9 0 . 0 2 0 . 2 3 0 . 0 4 1 1 . 0 1 . 0 

M P - 2 6 0 3 2 . 7 7 1 .30 1 . 2 0 1 . 5 3 8 . 8 1 0 . 0 5 0 . 8 7 fl.02 0 . 2 1 0 . 0 3 1 1 . 0 1 . 0 

MF-2634 2 . 7 9 1 . 1 8 0 . 8 7 1 . 8 5 0 . 02 0 . 0 4 3 . 8 6 B.Ol 0 . 2 1 0 . 0 1 11. f l 1 . 0 

HF-28B2 2 . 8 4 1 . 2 1 0 . 3 6 1 .58 0.fl4 0 . 0 4 0 . 3 b 0 . 2 9 0 . Bl 1 1 . 0 1 . 0 

MF-3805 2 . 8 3 1 . 1 8 1 . 0 2 1 .59 0 . 0 1 0 . 0 4 0 . 9 2 0 . 0 1 0 . 2 2 0 . 3 2 1 1 . 0 1 . 0 

OOH-177 2 . 8 0 1 . 2 0 0 . 7 9 2 . 0 0 0 . 0 2 0 . 0 3 0 . 8 4 0 . 0 1 0 . 1 7 0 . 0 1 1 1 . « 1 . 0 

DDH-S12 2 . 7 9 1 . 2 6 0 . 9 9 1 .64 0 . 0 5 0 . 8 7 0 . 0 1 0 . 2 0 0 . 0 2 1 1 . 0 1 . 0 

O N - 3 0 0 5 2 . 7 4 1 . 2 8 0 . 9 7 1 .66 3 . 0 4 0 . 8 8 0 . 0 1 B. 24 0 . 3 2 1 1 . 0 1 . 8 

VL-2002 2 . 7 3 1 . 2 9 0 . 3 6 2 . 5 1 0 . 0 2 0 . 8 4 0 . 0 1 0 . 1 4 1 1 . 0 1 .0 

CHLORITE 

WF-0801 5 .37 4 .2 t ) 3 . 2 9 6 . 5 1 0 . 8 5 0 . 0 4 0 . 0 7 0 . 0 1 2 8 . 0 3 . 0 

MF-O801v/ 5 . 3 4 4 . 2 5 2 . 9 1 6 . 9 1 0 . 0 3 0 . 8 5 H.B5 2 8 . 0 8 . 0 

i1F-e304 5 . 8 0 4 . 8 8 2 . 5 9 7 . 5 4 fl.03 0 . 0 5 0 . 0 8 0 . 0 1 2 8 . 0 8 . 0 

MF-1306 5 . 7 0 4 . 2 1 3 . 3 6 6 . 7 7 0 . 8 3 0 . 0 4 0 . 0 8 0 . 0 1 2 8 . 0 8 . 0 

MF-1504 5 . 7 3 4 . 1 3 3 . 2 2 6 . 9 7 0 . 0 2 8 . 8 4 0 . 8 1 0 .C4 8 . 0 2 2 8 . 0 8 . 0 

MF-1788 5 . 7 7 4 . 1 3 3 . 4 1 6 . 6 3 0 . 0 2 0 . 0 2 0 . 0 3 0 . 0 7 8 . 0 1 2 8 . 0 8 . 0 

M F - 2 0 i l . 5 . 7 6 4 . 2 0 3 . 4 8 6 . 5 9 0 . 0 3 8 . 0 4 0 . 0 1 8 . 0 4 0 . 0 8 2 8 . 0 3 . 0 

MF-2201 5 . 8 3 4 . 4 6 3 . 5 3 5 . 8 6 0 . 8 2 0 . 3 1 0 . 0 1 8 . 1 7 0 . 0 1 2 8 . 0 8 . 0 

MF-22B4 5 . 8 9 4 . 0 6 3 . 4 5 6 . 5 2 0 . 8 4 8 . 0 6 0 . 8 1 ^ • ^ ' l B • 01 2 8 . 8 8 . 0 

MF-2286 5 . 7 3 4 . 1 3 3 . 5 3 6 . 6 1 0 . 0 2 0 . 0 2 0 . 0 2 0 - 1 3 0 - 8 1 2 8 . 0 8 . 0 

MF-2211 5 . 8 2 4 . 1 8 3 . 5 4 6 . 3 7 0 . 0 6 0 . 0 4 0 . 0 1 3 - 0 7 0 - 0 1 2 8 . 0 8 . 8 

MF-2603 5 . 5 8 4 . 4 6 3 . 0 1 7 . 0 5 0 . 8 2 0 . 0 4 8 . 0 1 3 .B6 2 8 . 0 8 .B 

MF-2634 5 . 7 4 4 . 2 0 3 . 5 5 6 . 5 4 8 . 0 5 0 . 0 4 B-B5 0 . 0 1 2 8 . 0 8 . 0 

MF-2802 5 . 7 4 4 . 3 8 3 . 5 6 6 . 4 3 0 . 0 2 8 . 0 2 ^ • ^^ B. 01 2 8 . B 8 . 0 

H F - 3 0 0 5 5 . 8 5 4 . 2 3 3 . 6 6 6 . 1 9 0 . 0 4 B.flS 0 . 0 4 " • ' ^5 0 . B 1 2 8 . 0 8 . 0 

DDH-177 5 . 8 5 4 . B 2 3 . 5 3 6 . 6 2 fl.04 0 . 0 3 0 . 0 2 ° • ^^ ^ - ^ l 2 8 . 0 8 . 0 

DDH-177V 5 . 8 6 4 . 0 4 4 . 0 1 6 . 1 0 0 . 0 7 0 . 0 1 " - " 5 2 8 . 0 8 . 0 
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TABI.K 4—(Conlrnited) 

RA 0 1120 

DUII -a i2 5 . 4 8 4 . 4 2 3 . 43 6 . 8 0 0 . 0 2 0 . 8 3 0 . 8 1 ^ ' • "5 '̂  • ^^ 2 8 . 8 8 . 8 

ON-3fl05 5 . 5 1 4 . 3 9 3 . 7 4 6 . 5 5 0 . 0 2 0 . 8 1 8 . 8 2 0 - 0 5 0 . 8 1 2 8 . 0 8 . 

VL-2002 5 .54 4 . 1 5 1 . 7 5 ' 8 . 3 9 0 . 8 1 B.B2 0 . 0 2 8 . 1 7 0 . 8 1 2 3 . 0 8 . 0 

ACTINOLITE 

MF-0301 

MF-1306 

MF-2 011 

MF-2204 

MF-2206 

i l F - 2 2 1 1 

MF-2634 

HF-3B0 5 

DBH-177 

EPIDOTE 

MF-0801 

MF-1306 

MF-2811 

MF-2234 

MF-260 3 

MF-2634 

MF-2 88 2 

DDH-177 

SALITE 

MF-0801 

MF-2204 

AUGITE 

MF-1708 

HORNBLENDE 

MF-1708 6 . 2 0 2 . 1 0 1 .24 3 . 5 4 1 . 7 7 B. 50 0 . 2 1 8 . 0 3 0 . 2 3 2 3 . 0 1 .0 

MF-38B5 6 . 4 5 1 . 9 6 1 . 7 7 2 . 7 9 1 .90 0 . 3 8 . 8 . 2 1 a . 0 2 0 . 1 8 2 3 . 0 1 .0 

PLAGIOCLASE 

MF-0804 2 . 5 9 1 . 4 2 8 . 4 1 0 . 5 7 0 . 0 1 8 . 0 

MF-1306 2 . 5 8 1 . 4 2 0 . 4 2 0 . 5 6 8 . 0 2 8 . 0 

MF-1504 2 . 5 6 1 .44 0 . 4 4 0 . 5 5 0 . 0 1 8 . 0 

MF-1708 2 . 6 8 1 . 4 8 0 . 4 8 8 . 5 9 0 . 0 1 8 . 8 

MF-2011 2 . 6 0 1 . 4 0 0 . 4 0 0 . 5 9 0 . 0 1 8 . 0 

MF-2206 2 . 6 4 1 . 3 6 0 . 3 6 0 . 6 3 8 . 0 2 8 . 8 

MF-2603 2 . 6 4 1 .36 8 . 3 6 0 . 6 2 0 . 8 2 8 . 0 

SI 

5.48 

5.51 

5.54 

7.79 

7.48 

7.51 

7.49 

7.61 

7.41 

7.68 

7.71 

7.57 

3.22 

3.10 

3.68 

3.12 

3.10 

3.22 

3.01 

3.16 

1.96 

1.95 

1 .98 

AL 

4. 42 

4.39 

4.15 

0.39 

0.89 

0.76 

0. 62 

8.65 

8.75 

0.52 

0.51 

0.65 

2.06 

2.16 

2.20 

2.22 

2.21 

2.82 

2.24 

2.05 

0.05 

0.05 

0. 85 

FE 

3.43 

3.74 

1.75 

1.24 

1.65 

1.33 

1.46 

1.37 

1.58 

1. 55 

1.19 

2.88 

8.90 

0.99 

0.96 

8.76" 

0.90 

8.99 

0.98 

1.03 

B.27 

0.24 

rt. 7 1 

ME 

6.88 

6.55 

8.39 

3. 55 

3.81 

3.47 

3.49 

3.39 

3.23 

3.39 

3.54 

2.69 

B.01 

0.81 

0.81 

8.81 

0.01 

0.01 

8.03 

0.88 

8.80 

« 7fi 

CA 

8.82 

8.82 

8.81 

1.87 

1.73 

1. 77 

1.91 

1.82 

1.72 

1.97 

1.38 

1.96 

2.03 

1.93 

• 2.85 

2. 13 

2.06 

2.01 

2.81 

2.02 

8.88 

B.96 

NA 

0. 83 

0.81 

0.02 

8.10 

0.24 

8.18 

0.17 

8.16 

8.22 

8.09 

8.11 

8.13 

0.81 

8.81 

O.fll 

0.01 

8.01 

2.10 

0.03 

B.83 

a a i 

K 

0.81 

8.82 

0.02 

0.02 

8.89 

0. 87 

8.05 

0.85 

8.07 

0.83 

0.05 

8.04 

8.81 

0.01 

8.01 

MN 
0.85 

0.05 

0.17 

0.08 

0.07 

0.04 

0.04 

'8.07 

0.07 

0.03 

0.85 

0.03 

8.82 

8.82 

8.01 

a. 82 

B.Ol 

8.01 

8.01 

8.01 

0.02 

0.02 

0.81 

TI 
0. 81 

a. 81 

0.81 

0.02 

0. 10 

0.04 

0.04 

8.03 

0.11. 

0.01 

8. 04 

0.81 

8-. 81 

8.02 

8.01 

0.06 

0.03 

0.81 

23.8 

23.8 

23.8 

23.0 

23.0 

23.8 

23.8 

23.0 

23.0 

12.5 

12.5 

12.5 

12.5 

12.5 

12.5 

12.5 

12.5 

5.0 

6.0 

1.0 

1.0 

1.0 

i.e 

1.0 

1.0 

1.8 

1.0 

1.0 

0.5 

8.5 

0. 5 

0.5 

8.5 

8.5 

8.5 

8.5 

6 . 8 1 . 8 
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MF-2882 

M F - 3 e a 5 

DOH-812 

O N - 3 0 0 5 

V L - 2 0 0 2 

K-FELDSPAR 

MF-0804 

H F - 1 3 0 6 

MF-170;8 

MF-2011 

MF-2206 

MF-2802 

MF-3005 

DDH-812 

ON-300 5 

V L - 2 0 0 2 

S I 

2 . 6 6 

2 . 5 9 

2 . 6 3 

2 . 6 4 

2 . 6 8 

2 . 9 9 

2 . 9 9 

2 . 9 9 

2 . 9 9 

2 . 9 9 

• 3 . 0 0 

3 . 0 0 

3 . 0 0 

2 . 9 9 

3 . 0 0 

AL 

1 .34 

1 . 4 1 

1 . 3 7 

1 . 3 6 

1 . 3 2 

1 . 0 1 

1 . 0 1 

1 . 0 1 

1 . 0 1 

1 . 0 1 

1 . 0 0 

1 . 0 0 

1 . 0 0 

1 . 0 1 

1 .00 

FE 

"..\BLE 4—{Cont inued) 

MG CA 

0 . 3 4 

0 . 4 1 

0 . 3 7 

0 . 3 7 

0 . 3 2 

0 . 0 1 

0 . 8 1 

8 . 0 1 

B.Ol 

B .B l 

fl.fll 

8 . 8 1 

0 . 8 1 

NA 

0 . 6 4 

0 . 5 8 

9 . 6 1 

0 . 6 1 

0 . 6 6 

0 . 1 2 -

0 . 1 2 

0 . 1 4 

0 . 1 2 

0 . 1 3 

0 . 1 7 

0 . 1 2 

3 . 1 2 

0 . 1 2 

8 . 1 0 

K 

8 . 8 2 

8 . 8 1 

0 . 0 1 

0 . 8 2 

8 . 0 2 

0 . 8 7 

0 . 8 8 

0 . 8 5 

0 . 3 7 

0 . 8 6 

0 . 8 3 

0 . 8 8 

0 . 8 8 

0 . 8 7 

0 . 9 0 

MN T I RA 0 H20 

8.0 

8 .0 

8.0 

8 .0 

8 .0 

procedure. The mass concentration, Xi, of the i"* 
element in a rock is determined by the relationship 
between the mass abundances of the n mineral phases, 
nij, and the concentrations of the i"' element in the 
j " ' mineral, Cij . 

Xi = X̂  lUjCi (5) 

A set ot such equations can be written to represent 
the k rock-forming elements where n < k is a re-

The set of equations has the form : 

ni iCii -\- m.jCi-j . 
ni-.>Ci;i -f- m-jC-.-2 . 

quired condition 

- i - n i j C i j = X i 
-1- lUjCli = ^ 1 ! 

"uCki- t - miCki • . • -f- nijCki = X],. (6) 

In matrix notation, equation (6) becomes 

mC = X (7) 

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 

observed to be less than the components, and equa­
tion (7 ) is overdetermined. The solution to (7 ) is 
obtained by a least squares appro.ximation in which 
the sum of the square of the difference between 
actual whole-rock chemical data and the value of Xi 
computed from (7) are minimized. Additional con­
straints are imposed whereby Snii = 1.0, negative 
values of n-ij 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 use of this method requires the selection of a 
reiJresentative mineralogy in terms of major min­
erals in order to obtain the best mineral fit from the 
computations. 

Dis t r ibut ion of Major Minera l Cons t i tuen ts in the 
Al te red Rocks 

The thermal anomaly accompanying the emplace­
ment of the Mayflower and Ontario stocks 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 halos of alteration phases (1 -2 cm wide) . As 
a result, large volumes of the stocks appear to have 
survived as relatively unaltered blocks of rock 
bounded by flow fractures. Diffusion channels cut 
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FIG. 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 e.xpect a 
major control of the flow fractures on the distribution 
of reactant and product minerals composing the 
altered Mayflower and Ontar io , stocks. The best 
evidence of this control conies 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 chlorite increasing in 
abundance awav from the Mavflower vein. 

The distribution of the major minerals also dis­
closed a vertical zoning with calcite 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 acol~/(tso\~ 
ratio in the solutions which favored the precipitation 
of calcite as the CO2 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 
CO3 solutions moved into the pluton. Likewise, 
S04~-rich solutions, possibly in equilibriutn with the 
basement rocks, might have entered the system from 
below to cause the observed vertical zoning, with 

eoo Lv 

0-1 

1 0 0 

2 0 0 - ' 

m e t e r s 

E3' 
< 25 

ANDESINE 

25- -40 > 55 4 0 - 5 5 

WEIGHT PERCENT 

FIG. 17. Distribution of andesine in the Mayflower stock. 
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sulfate largely consumed at greater depths as anhy­
drite precipitated. Equilibrium relations show that 
at lower reaction temperatures, for a given CO2 
pressure and SO.i~ 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. 2 7 ) ; it relates the abundances 
of reactant and product phases with distance from the 
main vein structure. 

Gains and Losses of Componen t s 

The comparison between altered and unaltered 
compositions of rock samples affords a quantitative 
estimate of the irreversible reactions that took place 
between hvdrothermal solutions and rocks. The ex-

8 0 0 Lv 

1 0 0 

2 0 0 
m e t e r s 

^ 3 
< 3 

ZZ2 
3 - 7 

FELDSPAR 

^ m 
WEIGHT PERCENT 

On 

1 0 0 -

ZOO-" 
meters 

KAOLINITE 

S 3 ZZl 
< I 1 - 4 4 - 7 7 - 1 0 

WEIGHT PERCENT 

> 10 

FIG. 18. Distribution of K-feldspar in the 
Mayflower stock. 

FIG. 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 Mayflower vein (Fig. 16) . 
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 sai-nples 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 hydrotheri-nal 
processes were thus caused by the addition or re­
moval of mass from the rocks. 

Mineral abundances and gains and losses of min­
erals and major elemental components in the May­
flower stock, determined b)' regression, are sum-
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FIG. 20. Distribution of quartz in the Mayflower stock. 

marized- in Table 5. Gains and losses of minerals 
are reported 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 
section (Fig. '28). Gains and losses of eleniental 
coniponents are shown as average values in either 
case: The division of the vertical section 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 
mine. 

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 exclusivelj' deposited 
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FIG. 21. Distribution of biotite in the M.-iyflower stock. 
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ill Ihe 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 C O I " was also evident, as 
the widespread occurrence of calcite indicates. 

Compar i son of P red ic ted w i th Observed 
Minera l Abundances 

Circulation of fluids along pathlines between dift'er-
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 solution 
and initial reactant mineral asseiublages. Equilibriun-i 

8 0 0 Lv 

8 0 0 Lv 

1 0 0 

2 0 0 

m e t e r 

CHLORITE 

S3 ra ^ ' 1 
> 7 < l 1 - 3 3 - 5 5 - 7 
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FIG. 22. Distribution of chlorite in the Mayflower stock. 
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FIG. 23. Distribution of pyrite in the Alayflovver 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 reaction progress. •' 

The thermal regime of the igneous wall rocks'-'and 
fluids 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 conlputa-
tions predict that during the major portibii'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, fluid-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 tlie initial 1.5 X 10' 
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FIG. 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 HoO-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 afifect the 
thermodynamic properties of the solvent (Norton 

and Knight, 1977). Dilution of high salinity fluids 
in the Mayflower 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 fo) 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 
temperatures. Solutions initially reacted w-ith the 
Mayflower rocks at 300 °C had true ionic strengths 
around 5.0, comparable to the lower limit for the 
salinities characteristic of the earl}' vein minerals 
(—'30 wt fo 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 
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FIG. 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 fi.xed 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) C.O2 pres­
sure fixed at an upper limit of 10 bars; (4) C02(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 Transfer 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 

1*4AYFL0WER 
PLUTON 

FIG. 26. Schematic north-south 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 cla.stic to calcareous rocks occurs at a depth 
corresponding approxiinately to tlie 2,400-ft level of the mine. 

2800 ' Level 

I 1 I l o l o s l o e l o r l o s l o s l o i l o s l o z l o i i o i T o z l 
MAYFLOWERl ONTARIO . 

FIG. 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 Me=*/â ,+ ratios at an essentially constant 
apo=*/flH+ 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. Flowever, near the Mg-mont-
morillonite-phlogopite boundary, i-nuscovite 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-niontmorillonite maintained the a':tfg^/aa+ 
ratio coiLstant, shifting the solution composition 
toward equilibrium with biotite. In the process, M:g-
moiitmorillonite, phlogopite, and pyrite became un­
dersaturated, favoring the precipitation of Mayflower 
biotite and Ca-montmorillonite. By the time overall 
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TABLE 5. i\'iineral .Abundances and Gains and Losses of .Minerals and Elcmentrd Components in the Mayflower Stock 

Minerals 

Andesine 
K-feldspar 
Quartz 
MF-biotite 
Pj-rite 
Calcite 
Anhydrite 
Chlorite 
Kaolinite 
Magnetite 
Hornblende* 
Biotite* 
Albite 
Grain density 

Elements 

Si 
Al 
Fc (total) 
Mg 
Ca 
Na 
K 
S 
C 
so 3 
Ti 

Block 1 

0.98 
0.41 
0.54 
0.J5 
0.08 
0.05 
0.08 
0,05 
0.18 
— 
— 
— 
— 
2.72 

0.010 
-0 .043 
-0 .009 

o.on 
-0 .024 
-0 ,035 

0.032 
0.043 
0.006 
0.048 
0.009 

Mineral abu 

Block 2 

M 9 
0.16 
0.47 
0.47 
0.11 
0.04 
0.10 
0.18 
0.01 
— 
— 
.—. 
— 
2.73 

ndances 

Block 3 

1.25 
0;18 
0.43 
0.49 
0.05 
0.05 
0.08 
0.05 
0.11 
— 
— 
— 
— 
2.69 

Grams of minerals/cm' of rock 

Block 4 

1.08 
0.33 
0.58 
0.52 
0.05 
0.09 
0.02 
0.03 
0.14 
0,01 
— 
— 
— 
2.85 

Gains and losses 

Grams of components/cm' of rock 

- 0 . 0 4 0 
- 0 . 0 6 ! 

0.028 
0.049 
0.002 

-0 .031 
0.014 
0.068 
0.005 
0.062 
0.013 

-0 .026 
-0 .044 

0.003 
0,032 
0.010 

-0 .031 
0.015 
0.027 
0.007 
0.051 
0.013 

0.000 
-0 .052 

0.002 
0.021 

-0 .024 
-0 .041 

0.032 
0.034 
O.OI 1 
0.011 
0,012 

Block 5 

1,24 
0.17 
0.44 
0.51 
0.04 
0.06 
0.06 
0.05 
0.05 
0.02 
— 
— 
— 
2.64 

-0 .032 
-0 .050 

0.004 
0.028 
0.023 

-0.0.34 
0.017 
0.024 
0.011 
0.031 
0.013 

Block 1 

- 0 . 9 2 
0.27 
0.26 
0.35 
0.08 
0.05 
0.08 
0.05 
0.18 

- 0 . 0 3 
- 0 . 0 8 
- 0 . 3 2 

— 

Gains and losses 

Block 2 

- 0 . 7 2 
0.03 
0.20 
0.47 
0.11 
0.04 
0.10 
0,18 
0.01 

- 0 . 0 3 
- 0 . 0 8 
- 0 . 3 2 

— 

Average for all 
traverses 

Gains 

0.006 
0.026 

0.021 
0.038 
0,007 
0.037 
0.010 

Losses 

0.009 
0.049 

0.011 
0.032 

Block 3 

- 0 . 7 0 
0.00 
0.21 
0.49 
0.05 
0.05 
0.08 
O.OS 
0.11 

- 0 . 0 3 
- 0 . 0 8 
- 0 . 3 2 

— 

Block 4 

- 0 , 8 6 
0.18 
0.28 
0.52 
0.05 
0.09 
0.02 
0.03 
0.14 

- 0 . 0 2 
-O.OS 
- 0 . 3 2 

— 

Block 5 

- 0 . 6 0 
0.03 
0.21 
0.51 
0.04 
0.06 
0.06 
0.05 
0.05 

- 0 . 0 1 
- 0 . 0 8 
- 0 . 3 2 

— 

Range of variation for 
all traverses 

Gains 

0.47 to 
0.00-0.46 
0.26-0.70 
0.06-0. IS 
0.01-0.60 
0.00-0.24 
0.00-0.29 
0.00-0.41 

0.00-0.43 

Losses 

0,17-1.04 
0.13 

0.00-0.03 
0.08 
0.32 

1 

r̂  
i^ 

^ 

t-

Co 

tu 

to 
b 
> 
6 

3 
^ 

* Hornblende was assumed to be totally destroyed for purposes of computing mineral abundances of major minerals, 
reequilibrated to hydrothermal biotite (MF-biotite), 

Igneous biotite was assumed to be destroyed or 
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- \ 3000 LEVEL 
N 

200 METERS 

FiC, 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 niajor alteration products (see Tabic 
4). 

equilibrium was reached, 130 g of reactant phases 
were destroyed, and 150 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 equilibriiiin with quartz, pyrite, and 

CM 
O 

PHLOGOPITE / / 
BIOTITE 

4,5,-3 

1. 
7,-e 

-7 9,-1,6 - 6 , - 4 , 

MG MONT 

\Zh-'-
MICROCLINE 

Log(ape-^-^/ a^u-t) H^ 

FIG. 29. Activity diagram for the system AlgO-FeO-KaO-
AL0.i-Si0:-HCl-H,.0 at SOQ-C and 1 bar. Activity of 
solid phases and H2O are equal to one; equilibrium reactions 
were balanced on aluminum. Log on ŝio, = —1.94, quartz 
saturation and log (oK+Zan*-) =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-monbnorillonite. 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 CO2 fugacity of 9.5 bars was reached at 
log (aca.'*/a-B+) = 7.47 and after 0.57 g of andesine 

TABLE 6. Initial Solution Compositions for Path Reactions at Different Temperatures (molality) 

Species 

Al'-^ 
K+ 
Na-f-
Câ -̂  
Mr+ 
Fe^+ 
Cu-̂  
H^SiO, 
S2-

sol-
coi-
ci-

Initial pH 
Final pH 
True ionic strength 

300°C 

1.0 X io-» 
2.5 
3.2 

2.2 X 10- ' 
3.7 X 10- ' 
7.4 X lO-"" 
1.0 X 10- ' 
1.2 X 10--
8.0 X 10-^ 
9.5 X 10-' 
1.0 X 10- ' 

4.4 

4.50 
4.68 
5.32 

2.50°C 

1.0 X io-» 
2.5 
3.2 

1.3 X 10- ' 
3.7 X 10-» 
2.6 X 10-'» 
J.O X I 0 - ' 
7.8 X 10- ' 
2.4 X 10-2 
5.6 X 10-J 
1.0 X 10- ' 

4.4 

4.40 
4.82 
5.36 

200°C 

L O X 10-^ 
2.5 X 10-2 
3.2 X 10-' 
1.3 X 10- ' 
3.7 X 10-5 
1.0 X io-» 
1.0 X 10- ' 
4.5 X 10- ' 
1.0 X 10- ' 
2.8 X 10-2 
7.8 X 10-2 
4.7 X 10-1 

4.50 
6.25 
0.54 

150°C 

1.0 X 10-" 
2.5 X 10-2 
3.2 X 10-1 
1.3 X 10-' 
3.7 X 10-s 
1.0 X lO- ' 
1.0 X 10- ' 
2.1 X 10- ' 
1.0 X 10- ' 
2.5 X 10-= 
7.7 X 10-2 
3.5 X 10- ' 

4.50 
6.56 
0.32 
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FIG. 30. Alasses of alteration minerals produced, per 1,000 g of solution, as a function of reac­
tion progress during reaction of unaltered Mayflower igneous assemblages and solutions at 
300°C. Arrow marks position with respect to reaction progress when phlogopite equilibrated 
with the solution. Indices refer to curves that represent precipitation of alteration minerals in 
systems where 1 = pyrite, 2 = anhydrite, 3 = quartz, 4 = microcline, S = phlogopite, 6 = Ca-
montmorillonite, 7 = Mg-montmorillonite, 8 = muscovite, and 9 = biotite. 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 arsa*/au* relative to log flca=V"rn- 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 destroj'cd per kilogram 
of water (Fig, 32 and Table 7 ) . 

The saturation surface of anhydrite shifted as cal­
cite precipitated, from a position at log (aca'*/oH+) 
= 8.2 when the solution first saturated with calcite 
to a position at log (oca=*AH-f) = 9 . 8 by the time 

TABLE 7, Irreversible Mass Transfer at 300°C and 200°C 

Magnetite 
Quartz 
Microcline 
Annite 
Phlogopite 
Mayflower plagioclase 
Carbon dio.xide 

Initial pH 
" Final pH 

Log mass 
destroyed 

0,2 
1.5 

- 0 . 8 
1.0 
0.9 
1.9 

Reactants 300°C 

4.5 
4.7 

Log mass 
produced 

- 0 . 8 
2.1 

- 3 . 4 
— 7.6 

Log mass 
destroyed 

- 2 . 0 
- 4 . 7 

1.0 
l . l 

- 0 . 8 
2.1 
1.0 

Reactants 200°C 

4.5 
6.3 

Log mass 
produced 

0.8 
0.7 

- 0 . 9 

- 8 , 4 
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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 calcite 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. 

Compar i son of Measured and Pred ic ted 
Minera l A b u n d a n c e s 

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 flu-KCS derived from analysis of 
fluid flow associated with the initial 1.8 X 10° 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 1 0 \ 6 X 10', 1.8 X 10', and 
2,0 X 10^ years, respectively. The last t^vo 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. 

Densin-ietric amounts of minerals (M,„ in grams of 
rninerals per cm^ of rock) produced or destroyed in 
the computed irreversible reactions were calculated 
from 

M . . ^ - ^ I O ­ CS) 

where W is the computed amount of mineral pro­
duced or destroyed per kilogram of water, q 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 N a / 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 potassium in 
the original solution would lead to the formation of 
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" ' • # . . ; " 

CALCITE 3.2 - y ^ '<. 

Pco2-9 5bars / / / 
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FIG. 31. Activity diagram for the system MgO-FeO-KaO-
AL0a-Si02-HCl-H=0 at 200°C and 1 bar. Activity of solid 
phases and H:0 are equal to one: equilibrium reactions were 
balanced on aluminum. Log aH,si<., = —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 ceased (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 similar to those found in the altered 
Mayflower igneous rocks, which may e.xplain 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 therniodynan-iic data on intermediate 
members. This necessary appro.Kimation, together 
with the uncertainty in the end-member data, most 
likely stabilized the montmorillonites 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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FIG. 32. Masses of alteration minerals produced, per 1,000 g of solution, as a function of 
reaction progress during reaction of iinaltered 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 = low albite, 6 = Na-raontmorillonite, 7 = 
phlogopite, 8 = Ca-niontmorillonite, and 9 = muscovite. Calculations based on thermodynamic 
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 cesulted 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 

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 rpck 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 
fluids. 

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

TABLE 8, Mass 

Temperature range 
. Mass fluxes 

(g/cm2 s) 

Flu.xes that Prevailed in 

10,000 

350°-300°C 

1.6 X 10- ' 

the Upr er 1.5 Km of the Mayflower Stock d 

Timeir 

60,000 

300°-250°C 

1.8 X 10- ' 

itervals (years) 

180,000 

250°-200°'C 

4.0 X 10-8 

uring Cooling 

200,000 

200°-]50°C 

2.0 X 10-8 
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of the temperature, pressure, and fluid flu.xes 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 froiTi irreversible reactions between the cir­
culating fluids and the igneous rocks added relatively 
large amounts of S, C, K, Mg, and HoO to the stock. 
The vertical zoning characterized by larger masses of 
calcite than anhydrite above the 2,400-ft level of the 
mine ma}' 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 COl~ content which favored the 
precipitation of calcite upon reaction with the 
andesine of the stock. Decrease in temperature and 
increase in CO2 pressure further favored the pre­
cipitation of calcite over anhydrite in the shallower 
depths of the mine. 

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

GRAMS OF MINERALS/CM OF ROCK 

ANDESINE 

-1.5 -1.0 -0 .5 0.5 i.O 1.5 

^ * K- SPAR 

QUARTZ 

IGNEOUS BIOTITE 

ES PREDICTEO-

• OBSERVED 

HYDROTHERMAL 
BIOTITE 

I f c L A Y MINERALS 

^ SERICITE 

^ ALBITE 

0.05 O.i 

ANHYDRITE 

^ f i ^ CALCITE 

PYRITE 

Fic. 33, Comparison between observed mineral gains aijd 
losses in the Mayflower stock and those predicted on the 
basis of irreversible mass transfer calculations between 300°C 
and ]50°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 
10'^ g/cm-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 

Temperature 

Mineral 

.Andesine 
K-feldspar 
Quartz 
.iXnhydrite 
Calcite 
MF-biotite 
Ig. biotite 
Pyrite 
Clay minerals' 
Magnetite 
Sericite 
Low albite 
Chlorite 
Chalcopyrite 

Lenijth = 

300°C 

- 6 . 1 X 10-2 
8.5 X 10-2 

- 2 . 0 X JO-2 
0.8 X 10-2 

0.9 X 10-2 
- 1 . 2 X 10-2 

0.4 X 10-2 
2.5 X 10- ' 

- 1 . 0 X 10- ' 
1.7 X 10-« 

— 
— 

= 700 m (vertical 

250°C 

- 9 . 4 X 10-' 
1.35 

- 3 , 4 X 10- '̂ 
3,5 X 10-2 
0.1 X 10-" 
2,3 X 10- ' 

- 2 , 3 X 10- ' 
0,8 X 10-2 

— 
- 2 , 9 X 10- ' 

3.5 X lO-" 
— 
— 

section) 

200°C 

Grains of minera 

- 4 . 2 X 10-' 
- 3 . 2 X 10-2 

1.7 X 10-2 
trace 

6.3 X 10 
— 

- 4 . 4 X 10-2 
1.6 X 10- ' 
1.4 X lO-i 
1.9 X 10-2 

2 X 10-' 
1.9 X 10- ' 

— 
trace 

150°C 

s/cm' of rock 

- 1 . 6 X 10-' 
- 1 . 2 X 10-2 

1.8 X 10- ' 
— 

2.3 X 10-2 
2,0 X 10-2 

- 2 , 8 X 10-2 
trace 

8,7 X 10-2 
3,4 X 10- ' 
3,1 X 10-2 
2,8 X 10-^ 

— 
trace 

Total 
predicted 

- 1 6 X 10-' 
14 X 10-' 

- 1 . 6 X 10-2 
4 X 10-2 
9 X 10-2 
3 X 10-' 
3 X 10- ' 
1 X 10-2 
2 X 10-' 
2 X 10-2 
1 X 10- ' 
2 X 10-' 

— 

.Total 
observed 

blocks 1 & 4 

- 9 X 10-' 
2 X 10-' 
3 X 10-' 
7 X 10-2 
7 X 10-2 
4 X 10- ' 
3 X 10- ' 
7,X 10-2 
2 X 10- ' 

- 3 X 10-2 
2 X 10-'* 
2 X lO-'t 
4 X 10-2 
trace 

' 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 .'Vvciagc value of 360 ni of smnple along the Mayflower vein on the 2,600-ft 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 over­
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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