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Introduction

There are cur rently nu mer ous poorly un der stood, rel a tively 
underexplored Mo de pos its and oc cur rences in the North
Amer i can Cor dil lera that have ex plo ra tion po ten tial. It
would be of great ben e fit to the ex plo ra tion com mu nity if
more data about these Mo de pos its in Brit ish Co lum bia are
collected and published.

There are geo chem i cal sim i lar i ties (e.g., re dox state of as -
so ci ated plutons; trace- and ma jor-el e ment chem is try of as -
so ci ated plutons; and min eral and el e men tal as sem blages
such as high Bi, Te and W, and low and pe riph eral Cu, Pb
and Zn) be tween por phyry Mo de pos its and ‘in tru sion-
hosted’ Au de pos its (e.g., Tomb stone belt; Fig ure 1;
Stephens et al., 2004) that sug gest a pos si ble ge netic link.
The Adanac Mo de posit (MINFILE 104N  052; MINFILE,
2009) be longs to an im por tant class of oc cur rences that lie
within the Atlin min ing camp. The Adanac de posit con tains 
no Au it self, but placer Au is still be ing mined on the lower
reaches of Ruby Creek be low the de posit. His tor i cally, it
has al ways been as sumed that the Mo de posit post dates Au
min er al iza tion, which oc curs in quartz-car bon ate–bear ing
shears in Pa leo zoic Cache Creek Group vol ca nic strata and
as placer de pos its. How ever, a study by Sack and Mihal -
ynuk (2004) sug gests that this may not be the case. Sack
and Mihalynuk’s work on Feather Creek sug gests that at
least some of the placer Au in the Atlin area may have been
de rived from the Cre ta ceous Sur prise Lake batholith be -
cause some of the Au nug gets are as so ci ated with thorite
and cas sit er ite. This is con sis tent with the pres ence of Au-
and W-bear ing quartz veins in the Boul der Creek drain age
im me di ately to the south of the Adanac Mo de posit, be -
cause wolf ram ite is com monly found pe riph eral to the mo -
lyb de nite zone in por phyry Mo de pos its (Wallace et al.,
1978). Thus, the pres ence of Au in those wolf ram ite veins
raises the ques tion of a po ten tial link be tween Au-de pleted
Mo and Au-bear ing W ‘in tru sion-re lated’ de pos its. Un der -

stand ing this as so ci a tion (or lack thereof) is an important
step toward focusing further exploration in the North
American Cordillera for both of these deposit types.

Geological Background

The Adanac Mo de posit is lo cated in the north west ern cor -
ner of BC, near the town of Atlin (NTS 104N/11; Fig ure 2).
The ge ol ogy of the Atlin area was mapped by Aitken
(1959) and the re gional set ting of the de posit was dis cussed
by Chris to pher and Pinsent (1982). The Atlin area (Fig -
ure 3) is un der lain by de formed and weakly meta mor -
phosed ophiolitic rocks of the Penn syl va nian and/or Perm -
ian-aged Cache Creek Group (Mon ger, 1975). These rocks, 
which in clude ser pen tin ite and ba salt as well as lime stone,
chert and shale, have long been thought to be the source of
much of the placer Au found in the Atlin area. The sed i men -
tary and vol ca nic rocks are cut by two youn ger batholiths:
north of the Adera fault, they are cut by a Ju ras sic
granodiorite to diorite in tru sion (Fourth of July batholith),
and north and south of Sur prise Lake they are cut by a Cre -

Geoscience BC Re port 2010-1 115

Keywords: por phyry Mo, placer Au, Re-Os iso tope, U-Pb iso tope,
Sur prise Lake batholith, Atlin

This pub li ca tion is also avail able, free of charge, as col our dig i tal
files in Adobe Ac ro bat® PDF for mat from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.

Fig ure 1. Plot of Fe con tent ver sus ox i da tion state for plutons and
as so ci ated por phyry min eral de pos its. Note that Au is found in both
ox i dized (por phyry Cu) and re duced (por phyry Sn-W-Mo) en vi ron -
ments. The Sur prise Lake batholith, Brit ish Co lum bia, plots ap -
prox i mately at the solid tri an gle. Fields from Thomp son et al.
(1999).

http://www.geosciencebc.com/s/DataReleases.asp


ta ceous gra nitic to quartz monzonitic in tru sion (Sur prise
Lake batholith). The rocks are lo cally strongly faulted and
the Adanac de posit is lo cated near the in ter sec tion of two
ma jor syn- to postmineralized fault sys tems within a sat el -
lite stock (Mount Leonard stock) of the Surprise Lake
batholith.

The Sur prise Lake batholith is a highly dif fer en ti ated, F-
rich (0.27%), U-rich (14.6 ppm), peraluminous gran ite
(Ballantyne and Littlejohn, 1982). The batholith is a known 
host of quartz-vein stockworks (es pe cially as so ci ated with
the multiphased Mount Leon ard stock) and skarn al ter ation
that hosts base- and pre cious-metal min er al iza tion in clud -
ing W, Sn, Mo, Cu, Co, Pb, Zn, U, F, Ag and Au that oc cur
as both sulphides and ox ides (Ballantyne and Littlejohn,
1982). An im por tant de posit re lated to the batholith and oc -
cur ring within 4.8 km (3 mi.) of the Adanac de posit is the
Black Di a mond W vein (Fig ure 4). The Black Di a mond is a
060°-trending, 60°N-dip ping quartz vein con tain ing py -
rite, schee lite and wolf ram ite; mi nor chal co py rite, ar seno -
py rite and mo lyb de nite; and anom a lous tel lu rium
(Kikauka, 2002). This vein lies mostly within the coarse
gran ite of the Mount Leon ard stock, ex cept for the east ern
por tion, which is in Pa leo zoic mar ble. El e vated Au val ues
along with Pb, As and Sb anom a lies also oc cur in this east -
ern por tion. A soil sam ple sur vey in this area showed anom -
a lous Cu, Pb, Ag, Sb, Bi and Au (Kikauka, 2002).

The de posit area was de scribed by Suther land Brown
(1970), White et al. (1976), Chris to pher and Pinsent (1982) 
and Pinsent and Chris to pher (1995). The Adanac Mo de -
posit un der lies the val ley floor near the head of Ruby
Creek, and is largely bur ied with very lit tle sur face ex pres -
sion. The ge ol ogy un der ly ing the val ley floor is de rived
from drill data (Fig ure 5). The de posit is par tially con -
trolled by the Adera fault sys tem, which trends ap prox i -
mately north east and de fines much of the south ern bound -
ary of the pre-ore Fourth of July batholith. This is a nor mal
fault, dip ping ap prox i mately 80° north west. Min er al iza -
tion is hosted within the multiphased Mount Leon ard stock
and en tirely within plutonic rock. It forms at least two blan -
ket-shaped and steeply dip ping shells over and around por -
phyry domes, one in the area of the pro posed main pit and
an other in an area to the west of the pro posed pit. Min er al -
iza tion is in the form of 3–4 cm sized mo lyb de nite ro settes
in a stockwork of smoky, rib bon-tex tured quartz veins.
Some late-stage milky-white quartz veins carry smaller and 
less fre quent ro settes, but are typ i cally bar ren. There is very 
lit tle fine mo lyb de nite, and some mo lyb de nite ex ists as
paint on frac tures and in faults. Other min er als pres ent in
the por phyry stockwork in clude wolf ram ite and rare chal -
co py rite, ga lena and sphalerite.

There were three stages of in tru sion at Adanac: an early,
gen er ally coarse-grained stage that was de formed prior to
the in tru sion of sev eral sec ond-stage por phyry domes, and

a late fine-grained stage that was in jected through the por -
phyry domes and the early coarse-grained stage. All of the
stages of in tru sion at Adanac have very lit tle chem i cal dif -
fer ences and are grouped based on tex tures and cross cut -
ting re la tion ships. All of the rocks are high-SiO2, peralum -
inous alkalic gran ite for ma tions, and have a Rb/Sr ra tio of
about 1. Whole-rock geo chem is try stud ies (Smith, 2009)
in di cate that Adanac hostrocks re sem ble other hostrocks of
Cli max-type, high-F por phyry Mo de pos its.

Hy dro ther mal al ter ation at Adanac is sim i lar to Cli max-
type por phyry Mo de pos its, al though it is not as strong or
per va sive as de scribed at Cli max. Al ter ation at Adanac
con sists of a high-SiO2 ‘core’, or sili ci fi ca tion, at the west -
ern end of the de posit, and af fect ing the rest of the de posit
area in the form of sill-shaped bod ies of sili ci fi ca tion trace -
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Fig ure 2. Lo ca tion of the Adanac Mo de posit, Brit ish Co lum bia
(from Pinsent and Chris to pher, 1995). The white box (Adanac
prop erty) is the ap prox i mate lo ca tion of Fig ure 3 (lo cal ge ol ogy
map). In set is a lo ca tion map of BC.

Fig ure 3. Gen er al ized ge ol ogy of the Adanac de posit area, Brit ish
Co lum bia. Mod i fied from Aitken (1959).



able from one drillhole to the next. Potassic al -
ter ation is also stron gest at the west end, oc -
cur ring as zones of pink feld spar flood ing in
drillcore sev eral metres thick. In the rest of the
de posit, potassic al ter ation is com mon as pink
feld spar en ve lopes around quartz veins. Hair -
line frac tures filled with quartz, seri cite and
py rite are com mon, and are cut by other frac -
tures filled with cal cite, stilbite and some times 
flu o rite. Fresher (un al tered) rocks from the
deeper por tions of drillcore have illite and
kaolinite as clay al ter ation prod ucts, while
fault gouge is com posed of kaolinite and
mont mo ril lo nite. There is a weak chlorite
over print on most of the rocks at Adanac,
especially those distal to mineralization.

Research Objectives

Rhe nium-os mium ages of mo lyb de nite and U-
Pb ages of var i ous rock types at Adanac were
de ter mined to com pare ages of min er al iza tion
and magmatism. One goal of this study was to
iden tify the caus ative or min er al iz ing in tru -
sion by match ing a min er al iza tion age with a
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Fig ure 5. Sur face ge ol ogy of the Adanac Mo de posit (Mo main zone in Fig ure 4), Brit ish Co lum bia. The black dots are drillholes.
The black dashed lines are strong faults that cause dis place ment, such as the Adera fault. The grey dashed lines are weak faults, or 
faults that cause no dis cern ible dis place ment. Rock types CGG (coarse-grained gran ite), CGG-T (tran si tional phase), MGP (mafic
gran ite por phyry) and SQFP (sparse quartz feld spar por phyry) are all the first phase of in tru sion. The sec ond phase is SGP and
CGP (sparse and crowded gran ite por phyry). The third phase of in tru sion, fine-grained aplite dikes, is not rep re sented on the map,
but cuts other units at more lo cal ized scales. The red lines are cross-sec tions for al ter ation- and trace-el e ment zon ing dis cussed in
Smith (2009). The grid shows co-or di nates in UTM Zone 8, WGS 84.

Fig ure 4. Boul der Creek and Ruby Creek area, show ing main min eral oc cur rences
of the Mount Leon ard stock and lo cal faults, Brit ish Co lum bia. The Ruby Creek Mo
Main zone is the ap prox i mate lo ca tion of Fig ure 5. Grid shows UTM Zone 9, NAD 83 
co-or di nates.



mag matic age. A sec ond goal was to con strain the life span
of the hy dro ther mal sys tem at Adanac. The re sults of this
study can also be used to com pare Adanac to other por -
phyry Mo de pos its, be cause the age of the de posit is an
important con sid er ation used in clas si fi ca tion. Also, to test
the the ory of a pos si ble link age be tween Adanac and placer
Au min er al iza tion down stream of the de posit, the Os sig na -
ture of Au from Ruby Creek was com pared to the Os
signature of magnetite from drillcore of the Adanac Mo
deposit.

Mineralization Ages

Four sam ples of mo lyb de nite were an a lyzed for a Re-Os
age to con strain min er al iza tion ages at Adanac. Sam ples
are listed in Ta ble 1, with a de scrip tion and an in ferred rel a -
tive age based on cross cut ting re la tion ships or known char -
ac ter is tics of Cli max-type por phyry
Mo de pos its (i.e., mo lyb de nite as so -
ci ated with other base met als in por -
phyry de pos its are usu ally later min -
er al iza tion events). Fig ure 6 shows a 
sche matic di a gram il lus trat ing
cross cut ting re la tion ships seen in
drillcore. All samples were hosted in 
CGG (coarse-grained gran ite).

The first three sam ples in the ta ble
are all from drillhole 375, which was 
drilled in the west ern end of the de -
posit where a sus pected min er al iz -
ing in tru sion is lo cated (see Fig -
ure 5). They were se lected based on
dif fer ences in vein type (dis cussed
be low) or other host (feld spar
flood). Their lo ca tion in one drill -
hole within 9 m (30 ft.) of each other
adds con fi dence to the as sump tion
that any dif fer ences in ages are not
cor re lated with their dis tance apart
in the de posit but rep re sent tem po ral 
changes in vein type. The last sam -
ple, 364-50, was cho sen from the
cen tral part of the de posit, in the

blan ket of min er al iza tion lo cated above the SGP (sparse
gran ite por phyry) and the CGP (crowded gran ite por phyry)
in tru sions. Be low is a list (in ex pected paragenetic or der
from old est to youn gest) of the four mo lyb de nite sam ples
and as so ci ated de scrip tion and oc cur rence.

1) 375-1054: This mo lyb de nite was dis sem i nated in a feld -
spar flood in the potassic-al tered core of the de posit.

2) 375-1036: This mo lyb de nite was in a duc tile, rib bon-
tex tured vein. The quartz in these vein types is usu ally
dark and soot col oured, ei ther from fine mo lyb de nite or
be cause it is smoky quartz. Veins that carry this type of
mo lyb de nite and ex hibit dark, sooty col or ation are usu -
ally small (~2 cm) and con sis tently bear mo lyb de nite.
Other quartz veins bear ing mo lyb de nite are com monly
seen to cut these vein types.
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Fig ure 6. Sche matic di a gram show ing paragenetic re la tion ships (seen in drillcore) of the four
Re-Os mo lyb de nite sam ples. Sam ples are num bered from old est to youn gest. Sam ple 364-50
may have no cross cut ting re la tion ships with the other sam ples, but it is pre sumed to be youn -
gest based on a high base-metal con tent in the quartz vein. Base met als are usu ally de pos ited
af ter main mo lyb de nite min er al iza tion in alkalic por phyry Mo de pos its.

Sample Location Hostrock Vein Type Associated Minerals
Probable 

Paragenesis

375-1054 southwest  end CGG No vein, feldspar flood feldspar 1

375-1036 southwest end CGG
2 cm ductile ribbon textured vein 

with fine molybdenite
none 2

375-1125 southwest end CGG
Large, 5 cm milky-white quartz 
vein with molybdenite rosettes

none 3

364-50
central mineralized 

blanket
CGG 4 cm milky-white quartz vein

pyrite, chalcopyrite, 
wolframite, magnetite

4

Table 1. Molybdenite Re-Os samples. The sample ID refers to the drillhole and the depth from which it was taken.



3) 375-1125: This mo lyb de nite was in a large, 4–6 cm
milky-white quartz vein. Mo lyb de nite in these veins
usu ally forms large 2–5 cm ro settes. The con tact of the
vein with the hostrock, in con trast to the pre vi ous sam -
ple, is sharp. These veins carry min er al iza tion less fre -
quently and are some times bar ren. This vein type com -
monly cuts other vein types.

4) 364-50: This mo lyb de nite was taken from a vein cut ting
CGG that had an abun dance of other vis i ble opaque
min er als, such as py rite, chal co py rite, wolf ram ite and
mag ne tite. No dis tinct tem po ral re la tion ships with other 
vein types were ob served. How ever, it is typ i cal in Cli -
max-type por phyry mo lyb de nite de pos its to have min -
er al iz ing events that have spe cific tem po ral re la tion -
ships that can be par tially de fined by as so ci ated
sulphides, such as early events that bear mo lyb de nite
only, and later events that bear mo lyb de nite+py rite
(Westra and Keith, 1981). There fore, this sam ple was
dated to as sess the pos si bil ity that this vein represents a
separate and distinct late mineralizing event.

Sam ples were pre pared by break ing apart the hostrock with
a ham mer on a clean sur face (a sheet of pa per) and the mo -
lyb de nite was hand picked with tweez ers. The mo lyb de nite
was ground in a steel mor tar and pes tle and placed in a small 
dish of wa ter. Be cause mo lyb de nite is a micaceous min eral, 
the sur face ten sion of the wa ter held the thin min eral par ti -
cles at the top of the dish while feld spar, quartz and other
im pu ri ties sank to the bot tom. The wa ter con tain ing the
float ing mo lyb de nite was de canted and al lowed to evap o -
rate. Sam ples were then ex am ined un der a bin oc u lar mi cro -
scope and any other im pu ri ties were re moved with tweez -
ers. The tweez ers, ham mer, mor tar and pes tle, and dish
were washed with soap and wa ter be tween sam ples. Sam -
ples were then sent to the Re-Os geochronology lab at the
University of Arizona at Tucson.

At the lab, sam ples were hand picked and loaded in a Carius
tube and dis solved with 8 mL of re verse aqua regia. The

tube was heated to 240°C over night, and the so lu tion was
later treated in a two-stage dis til la tion pro cess for Os sep a -
ra tion (Nagler and Frei, 1997). Os mium was fur ther pu ri -
fied us ing a microdistillation tech nique sim i lar to that of
Birck et al. (1997), and loaded on Pt fil a ments with
Ba(OH)2 to en hance ion iza tion. Af ter Os sep a ra tion, the re -
main ing acid so lu tion was dried and later dis solved in 0.1 N 
HNO3. Rhe nium was ex tracted and pu ri fied through a two-
stage col umn us ing a AG®1-X8 (100–200 mesh) resin and
loaded on Pt fil a ments with Ba(SO)4. Sam ples were an a -
lyzed by neg a tive ther mal ion iza tion mass spec trom e try
(NTIMS; Creaser et al., 1991) on a VG 54 mass spec trom e -
ter. Os mium was mea sured us ing a Daly mul ti plier col lec -
tor and rhe nium us ing a Far a day col lec tor. Isochrons and
weighted means were calculated using Isoplot (Ludwig,
2001).

Mo lyb de nite ages are cal cu lated us ing a 187Re de cay con -
stant of 1.666 × 1011 years (Smoliar et al., 1996). Un cer tain -
ties for mo lyb de nite anal y sis in clude in stru men tal count ing 
sta tis tics and in the 187Re de cay con stant (0.31%). In this
work, un cer tain ties are cal cu lated us ing er ror prop a ga tion,
tak ing into con sid er ation the un cer tainty in the Re de cay
con stant. Re sults of the analysis are summarized in Table 2.

Sam ple 375-1054 was mo lyb de nite dis sem i nated in a feld -
spar flood on the west ern end of the de posit and, as ex -
pected, was the old est sam ple at 70.87 ± 0.36 Ma. It was not
sur pris ing that this was the old est sam ple be cause this mo -
lyb de nite was dis sem i nated in a feld spar flood, and
potassic al ter ation is com monly early in the se quence of hy -
dro ther mal events. There was no dis tinc tion in ages
(69.6 Ma) be tween the other three sam ples (375-1036, 364-
50 and 375-1125) when one con sid ers the er ror of 0.35 Ma.
All three min er al iza tion events oc curred in a rel a tively re -
stricted time of less than 1 Ma. Be sides the cal cu lated iso to -
pic age, there are other fac tors to con sider when de ter min -
ing paragenetic se quence. First, cross cut ting re la tion ships
can not be ig nored. The mo lyb de nite in smoky quartz veins
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Table 2. Summary of data for Re-Os mineralization dates.



with a rib bon tex ture and a duc tile con tact with the hostrock 
is con sis tently seen to be cut by thicker milky-white quartz
veins that usu ally bear less mo lyb de nite. There fore, this
vein type (sam ple 375-1036) is clearly older than veins
with milky-white quartz, even if they may be part of the
same min er al iza tion event.

Based on Re-Os re sults, sam ple 375-1125 should be placed
as the last and youn gest sam ple, us ing the Re con cen tra tion
as a proxy for fluid evo lu tion. It makes more geo log i cal
sense for mo lyb de nite sam ples be ing de pos ited to main tain
a some what con sis tent Re con cen tra tion un til there is some
change in the en vi ron ment to force de po si tion of the el e -
ment within the mo lyb de nite. In other words, it is un likely
that the hy dro ther mal sys tem went from de pos it ing mo lyb -
de nite with 8 ppm Re, then to mo lyb de nite with 39 ppm Re
and then back to mo lyb de nite with 5.6 ppm Re. It is more
likely that Re con cen tra tion jumped at the fi nal stages of
min er al iza tion be cause the el e ment has no where else to go,
and mo lyb de nite de po si tion at the fi nal stage of the hy dro -
ther mal sys tem must incorporate all the remaining Re, thus
increasing the concentration.

It is a pos si bil ity that, be cause no cross cut ting re la tion ships
were ob served be tween the base metal–car ry ing vein and
other sam ples, that the vein rep re sents the same paragenetic 
stage as sam ple 375-1125, but lo cally, the Re in the fluid
may have been di vided be tween some of the other min er -
als—magnetite and chal co py rite—al though there is no
anal y sis at Adanac for Re con tent in min er als other than
mo lyb de nite. An ad di tion of Re to other min er als would ex -
plain the low Re con cen tra tion in sam ple 364-50. This sce -
nario puts the paragenetic or der of the base metal vein in
line with what is ob served in other por phyry Mo de pos its,
namely, that base-metal stages usually occur last (Westra
and Keith, 1981).

Magmatic Ages

There has been pre vi ous work on mag matic ages of the
Mount Leon ard stock and the Sur prise Lake batholith.
Mihalynuk et al. (1992) re port a U-Pb age of zir cons from
the Sur prise Lake batholith as 83.8 Ma. Chris to pher and
Pinsent (1982) ob tained K-Ar ages of bi o tite from some
rock types within the Adanac de posit. The av er age age was
70.6 Ma and the in di vid ual ages of each rock type are
shown in Table 3.

For this study, a to tal of seven sam ples from Adanac were
an a lyzed for U-Th-Pb ages in zir cons to con strain the du ra -
tion of magmatism of the Mount Leon ard stock, to re-test
some of the ages re ported by Chris to pher and Pinsent
(1982), to de ter mine ages of some new rock types not tested 
pre vi ously and for which rel a tive ages were ob scure, and to
iden tify the in tru sion re spon si ble for min er al iza tion by
com par ing the ages of mo lyb de nite to the ages of units.

Sam ples were col lected on site at Adanac and crushed with
a rock crusher be fore be ing bagged. In be tween sam ples,
the crusher was washed with soap and wa ter and vac u -
umed. Sam ples were then sent to the Ar i zona LaserChron
Cen ter in Tuc son, Ar i zona. Here, sam ples were run through 
a pulverizer to re duce the sam ple to sand-sized grains. Be -
tween sam ples, the pulverizer was cleaned with soapy wa -
ter and a wire brush, and then vac u umed. The sam ples then
went through the first of two grav ity sep a ra tion steps and a
Wilfley ta ble sep a ra tion, af ter which a hand mag net was
used to re move mag netic grains. The sam ples were pro -
cessed in meth y lene io dide, and mag netic grains were re -
moved with a Franz mag netic sep a ra tor. The zir cons were
stored and care fully la belled. Mounts were made by se lect -
ing and ar rang ing zir cons and stan dards on a piece of tape,
epoxying the sam ple, sand ing, la bel ling and fi nally im ag -
ing the sam ple with enough detail so that individual grains
can be seen.

Ura nium-lead geo chron ol ogy of zir cons was con ducted by
la ser-ab la tion multicollector in duc tively cou pled plasma–
mass spec trom e try (LA-MC-ICP-MS) at the Ar i zona
LaserChron Cen ter un der the di rec tion of V. Va len cia dur -
ing June 2008. The ab la tion of zir cons was done with a New 
Wave/Lambda Physik DUV193 Excimer la ser op er at ing at

a wave length of 193 nm, us ing a spot di am e ter of 25 mm.
Ab lated ma te rial was car ried into a GV In stru ments Ltd.
isoprobe, where U, Th and Pb iso topes are mea sured si mul -
ta neously in static mode. Each in di vid ual zir con anal y sis
be gan with a 20 s in te gra tion on peaks with the la ser turned
off (for back grounds) and then twenty 1 s in te gra tions were
com pleted on each zir con with the la ser fir ing. The la ser op -
er ated at 23 KV with a rep e ti tion rate of 8 Hz. The re sult ing

ab la tion pit was 12 mm across. Interelement frac tion ation
was mon i tored by an a lyz ing crys tals of SL-1, a large con -
cor dant zir con crys tal from Sri Lanka with a known (by iso -
tope di lu tion–ther mal ion iza tion mass spec trom e try) age of 

564 +4 Ma (2s; G. Gehrels, un pub lished data, 2005). The
re ported ages for zir cons from Adanac are based en tirely on 
206Pb/238U ra tios. The er rors of 207Pb/235U and 206Pb/207Pb
anal y ses were too large for the ages to be con sid ered re li -
able be cause of the low-in ten sity sig nal (<0.5 mV) of 207Pb
from the young (<1 Ga) zir cons. The 206Pb/238U ra tios were
cor rected for com mon Pb by us ing the mea sured
206Pb/204Pb, the com mon Pb com po si tion as re ported from
Stacey and Kramers (1975) and an un cer tainty of 1.0 unit
on the com mon 206Pb/204Pb.
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Table 3. Summary of K-Ar dates
from Christopher and Pinsent
(1982).



Zir con crys tals that were an a lyzed by the la ser but showed
ev i dence of lead loss or as sumed to be metamictic were ig -
nored. A crys tal was de ter mined to have suf fered lead loss
if, as the la ser an a lyzed suc ces sive lay ers of zir con crys tal -
li za tion deeper into the cen tre of the crys tal, these ages did
not pla teau or be come sta ble (ex plained in more de tail be -
low). Also, the crys tal could be vi su ally de ter mined to be
metamictic by dis play ing a char ac ter is tic honey-brown col -
our, in di cat ing ra di a tion dam age to the crystal and thus a
mechanism for lead loss.

The re ported age of each sam ple is the weighted mean of 30
in di vid ual zir con anal y ses, ex clud ing crys tals that were
then sta tis ti cally as sumed to have ex pe ri enced lead loss or
sta tis ti cally as sumed to be in her ited. A crys tal was sta tis ti -
cally iden ti fied as be ing in her ited or suf fer ing lead loss if its 
re ported age was out side of a co her ent pop u la tion of ages
(at the 95% level). The weighted mean of all the crys tals be -
lieved to have a re li able age was cal cu lated ac cord ing to
Lud wig (2001). The mean takes into ac count ran dom er rors 
(i.e., mea sure ment er rors). The age of the stan dard, the cal i -
bra tion cor rec tion from the stan dard, the com po si tion of
com mon Pb and the de cay con stant un cer tainty are con tri -
bu tors to the er ror in the fi nal age de ter mi na tion. All of
these un cer tain ties are grouped as ‘sys tem atic er ror.’ Rocks 
at Adanac dis played a range of 0.9–1.7% in sys tem atic er -
ror. The er ror in the ac tual age of the sam ple is de ter mined
by quadratically add ing the sys tem atic and mea sure ment

er rors. All age un cer tain ties are re ported at the 2s level.

Dated units in clude CGG, CGG-T (tran si tional), SQFP
(sparse quartz feld spar por phyry), MFP (megacrystic feld -
spar por phyry), MEG (me dium-grained equigranular gran -
ite) and two sam ples of FGG (fine-
grained gran ite). A sum mary of
paragenetic ages of rock types based
on cross cut ting re la tion ships is
shown in Fig ure 7. The rock types
CGG, CGG-T and SQFP are all es -
sen tially the same in tru sion and are
con sid ered the first phase. They are
cer tainly the old est rocks as all other
rock types in the de posit cut these,
a n d  t h e y  w e r e  a f  f e c t e d  b y  a
deformational event prior to the in -
tru sion of any other rock types in the
de posit. The con tacts be tween them
are gradational; the coarse-grained
unit (CGG) grades up ward and out -
ward into both a tran si tional (CGG-
T) and hy brid (CGG-H) va ri ety with
in creas ing groundmass con tent, or
be comes more of a por phy ritic unit.
Con sid ered sep a rately and slightly
older than these three rock types are
CQFP (crowded quartz feld spar por -

phyry, not dated) and SQFP, which are ba si cally the por -
phy ritic equiv a lents of CGG and its tran si tional and hy brid
va ri et ies. They were at one time the up per mar gin of the in -
tru sion based on geo graphic lo ca tion, but the Adera fault
has dropped these units to the north. One sam ple each of
CGG, CGG-T and SQFP were sub mit ted for U-Pb zircon
dating to obtain an older limit on magmatic ages at Adanac.

Based on cross cut ting re la tion ships, MGP (mafic gran ite
por phyry) and then the SGP and CGP in tru sions were
emplaced. These are con sid ered the sec ond phase of in tru -
sion. Like the CGG and CGG-T and CGG-H units, SGP and 
CGP are es sen tially the same in tru sion with gradational
con tacts, and their des ig na tion as a sep a rate unit is based on
dis tinct geo graphic lo ca tions and dif fer ing phenocryst con -
tent. These three units were not dated be cause both older
and youn ger units were tested, and this con strains the ages
of these units to within a rel a tively small range of geo log i -
cal time.

The rel a tive ages of MEG and MFP are some what less cer -
tain than other units. Me dium-grained equigranular gran ite
(MEG) oc curs as an in tru sion at depth on the south west ern
end of the de posit, cuts both CGG and CGG-T, and is prob -
a bly part of the sec ond phase of in tru sion. The MFP unit is a 
dike that cuts the CGG, CGG-T, SGP and CGP units. It is
not known whether MEG is youn ger or older than SGP and
CGP, nor is the age re la tion ship be tween MFP and MEG
vis i ble. Be cause the hy dro ther mal al ter ation is the most in -
tense in the south west area above MEG, this unit is thought
to have been re spon si ble for min er al iza tion. Min er al iz ing
in tru sions in other por phyry de pos its are usu ally di rectly
un der the most in tense hy dro ther mal al ter ation (Westra and 
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Fig ure 7. Sum mary of paragenetic ages for com mon rock types at Adanac based on cross -
cut ting re la tion ships. Ab bre vi a tions: CGG, coarse-grained gran ite; CGG-H, hy brid phase;
CGG-T, tran si tional phase; CGP, crowded gran ite por phyry; CQFP, crowded quartz feld spar
por phyry; FGG, fine-grained gran ite; MEG, me dium-grained equigranular gran ite; MFP,
megacrystic feld spar por phyry; MGP, mafic gran ite por phyry; SGP, sparse gran ite por phyry;
and SQFP, sparse quartz feld spar por phyry.



Keith, 1981). Be cause min er al iza tion cuts the SGP, CGP
and MGP, the MEG was, there fore, as sumed to be youn ger
than these units as well. Megacrystic feld spar por phyry
(MFP), be cause it is a dike that must have been emplaced
af ter most or all of the pre vi ous units, is con sid ered to be
one of the younger units. Both MEG and MFP were dated
by U-Pb.

Fine-grained gran ite (FGG) ex ists in the de posit as dikes
that are al ways seen to cut ev ery thing else, and are the third
and fi nal phase of in tru sion. How ever, two sam ples of FGG, 
one from the pit area and one from the south west end, were
dated to see if there is more than one gen er a tion of these
dikes. It was rec og nized that if MEG and FGG have sim i lar
ages to the min er al iza tion, it would mean that these units
rep re sented, or were at least syn chro nous with, the
mineralizing intrusion.

The sum mary of the re sults of iso to pic dat ing are shown in
Fig ure 8. The com plete re sults, in clud ing el e ment con cen -
tra tions, iso to pic ra tios and Con cordia di a grams are in -
cluded in the M.Sc. the sis as so ci ated with this paper
(Smith, 2009).

The ages for rock types at Adanac span 77.5–81.6 Ma, giv -
ing the Mount Leon ard stock a min i mum life span of 1 Ma
when fac tor ing in er rors. Most of the ages of the units are
in dis tin guish able from one an other due to un cer tain ties in
the re ported age. How ever, sev eral re la tion ships are ap par -
ent from these ages. On the ba sis of the geo chron ol ogy,
FGG from the pit area is older than CGG. This can not be the
case, as FGG cuts CGG. Also, FGG from the pit area re turns 
an age that is older than FGG from the south west area, and
these rock types rep re sent two dif fer ent FGG in tru sions or
in jec tions. This re la tion ship is un cer tain, how ever, due to
the fact that FGG (pit area) has a sus pect age. The U-Pb
ages in Fig ure 8 also in di cate that there is no in tru sion that
matches the age range for the min er al iza tion. The tem po ral
gap be tween the old est pos si ble min er -
al iza tion (71.23 Ma) and youn gest pos -
si ble magmatism (74.5 Ma) is 3.3 Ma.
From the ear li est pos si ble start of mag -
matism to the latest (or youngest) close
of mineralization would be 13.4 Ma.

There are three possiblilities that could
ex plain the dif fer ence in ages and the
re la tion ship be tween min er al iza tion
and magmatism. One pos si bil ity is that
all of the re ported magmatism ages are
cor rect and the min er al iz ing in tru sion
has not yet been dated. This seems un -
likely be cause the FGG (pit area) age is
in cor rect rel a tive to CGG. Also, in por -
phyry Mo de pos its, the min er al iz ing
in tru sion is usu ally di rectly un der min -

er al iza tion it self. The bulk of mo lyb de nite min er al iza tion
at Adanac forms blan kets di rectly above both MEG and
SGP/CGP, and is there fore likely genetically related to
either or both of them.

The sec ond pos si bil ity is that the ages are cor rect, but that
the in tru sion stayed hot for long enough to ac count for the
tem po ral gap be tween the min er al iza tion and magmatism.
This pos si bil ity still seems un likely be cause the FGG (pit
area) age cannot be correct.

The third pos si bil ity is that sev eral as pects of the sta tis ti -
cally cal cu lated ages are not rel e vant or mean ing ful in this
study. First, there is prob a bly a high in ci dence of in her ited
zir cons in each rock type that shift the mean age to what is
older than rea son ably ex pected. In any given 305 m (1000
ft.) drillhole at Adanac, there may be up to five ig ne ous in -
tru sive phases that would be passed through in close spa tial
re la tion ship to each other. It is un likely that each of these
rock types did not in herit a sig nif i cant num ber of zir cons
from rock types older than it, in clud ing from the Sur prise
Lake batholith. Sec ond, zir cons that prob a bly did not ex pe -
ri ence lead loss were dis carded as such, fur ther skew ing the 
ages to what is older than reasonably expected.

There are two ways that a zir con could have been con sid -
ered to have un der gone lead loss. If a zir con age fell sta tis ti -
cally be low 95% of the pop u la tion, it was dis carded as
anom a lous and was there fore likely ex pe ri enc ing lead loss
(for ex am ple, see Fig ures A-23–A-35 in Smith, 2009). The
other way to de ter mine lead loss was more de pend ent on
mea sure ments taken di rectly from the zir con crys tal. When
each zir con from a rock is an a lyzed for an age, the la ser
fires many times and cre ates an ab la tion pit in the zir con.
Each fir ing of the la ser re ports an age and an a lyzes suc ces -
sively deeper lay ers of the zir con crys tal. The outer lay ers
are ex pected to show some lead loss, and the ages get pro -
gres sively older as the la ser an a lyzes closer to the core. If
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Fig ure 8. Re sults of U-Pb zir con ages for each rock type tested. The sam ple IDs are the
drillhole, the foot age depth and the rock tested. Un cer tain ties are re ported at 2s.



the ages pla teau, then the core is con sid ered to rep re sent a
real crys tal li za tion age. If there is no pla teau of ages, then
the en tire zir con is con sid ered to have ex pe ri enced lead
loss, and that par tic u lar zir con is not in cluded in the 30 tal -
lied zir con crys tals for the weighted mean. Anal y ses con -
tinue un til there are a to tal of 30 crys tals that show re li able
core ages. Zir con crys tals that did show a di ag nos ti cally re -
li able core age were dis carded from the weighted mean be -
cause they were out side of 95% of the pop u la tion. How -
ever, 95% of the pop u la tion is not rep re sen ta tive of an age
for the rock be cause there are too many in her ited zir cons.
Ta ble 4 shows the low est reported age for a zircon from
each rock type. All of the zircons in the table had reliable
plateau core ages.

Most of the ages in Ta ble 4 are slightly older than the min er -
al iza tion but not a sin gle zir con gave an age that is lower or
youn ger than one would ex pect con sid er ing the min er al iza -
tion ages. If these zir cons had ex pe ri enced lead loss it
would be rea son able to ex pect that at least some of them
would be youn ger than the min er al iza tion. This prob a bly
means that the ages seen here are real crys tal li za tion ages.
The two sam ples of the FGG dikes did not con tain any zir -
cons that are youn ger than the other rock types. This is not
sur pris ing be cause the FGG dikes are low-vol ume rock
types (not much of the rock ex ists at Adanac rel a tive to the
vol ume of other rock types in the de posit) and this makes it
less likely that a zir con that crys tal lized com pletely within
the dike would be sam pled. Be cause the FGG dikes cut
across all other rocks, they prob a bly had a much higher in -
ci dence of in her i tance relative to other rock types in the
deposit.

Based on the fact that ev ery unit dated has some zir cons that 
show no lead loss and that closely re sem ble the age of min -
er al iza tion, it is likely that all of the units at Adanac were
ex pe ri enc ing some crys tal li za tion right be fore min er al iza -
tion oc curred. There fore, us ing U-Pb zir con dat ing does not 
re li ably iden tify a sin gle in tru sion that caused min er al iza -
tion. What this does mean is that magmatism prob a bly be -
gan by 82.7 Ma dur ing the wan ing stages of crys tal li za tion
of the Sur prise Lake batholith and con tin ued un til at least
69 Ma. This rep re sents a time span of about 13.7 Ma. There
were a num ber of in her ited zir cons from the Sur prise Lake
batholith span ning from 85 Ma to about 90 Ma. There were
no in her ited zir cons from the Fourth of July batholith,
which is Ju ras sic in age. The crys tal li za tion ages of bi o tite
us ing the K-Ar method from 1982 are likely re cord ing the
last hy dro ther mal event they were af fected by, since the
closing temperature of biotite using this method is 300°C.

Relationship between Adanac and Nearby
Placer Gold Deposits

There are many sim i lar i ties be tween por phyry Mo de pos its
and in tru sion-hosted Au de pos its such as Pogo and Fort

Knox in Alaska. These sim i lar i ties in clude re dox states and
trace- and ma jor-el e ment chem is try of the hostrocks, and
min eral and el e men tal as sem blages of the de pos its them -
selves. Por phyry Mo de pos its and in tru sion-hosted Au de -
pos its both are hosted in rel a tively re duced and alkalic or
fel sic mag mas, and hostrocks typ i cally be long to the S-type 
magma se ries (Thomp son et al., 1999). The trace el e ments
and min eral as sem blages pres ent in in tru sion-hosted Au
de pos its are char ac ter ized by Bi, W, As, Sn, Mo, Te and Sb.
While the Adanac de posit it self con tains no min er als or
trace el e ments in sig nif i cant quan ti ties other than Mo and
W, within 4.8 km (3 mi.) of the de posit and clearly re lated to 
the Mount Leon ard stock are sev eral de pos its and veins
(Fig ure 4) that have the same trace el e ments as in tru sion-
hosted Au de pos its (e.g., Donlin Creek or Fort Knox).
These in clude el e vated Te, As and Bi, along with wolf ram -
ite, Au (un known whether it is na tive Au or electrum), cas -
sit er ite, mo lyb de nite and stibnite in quartz veins hosted in
the same ig ne ous rocks that host Adanac. Gold in in tru sion-
hosted de pos its like Fort Knox can be con cen trated in lo ca -
tions dis tal (1–3 km) to an in tru sion, are cor re lated with Bi
and Te, and typ i cally oc cur in sheeted veins (Stephens et al., 
2004). Mo lyb de num and tung sten can oc cur more closely
to the in tru sion. There fore, the min eral as sem blage at and
within the vi cin ity of Adanac is con sis tent with that of in -
tru sion-hosted Au de pos its. In tru sion-hosted Au de pos its
are also as so ci ated with Phanerozoic arc set tings and W-Sn
prov inces (such as Fort Knox; Thomp son et al., 1999). This 
is con sis tent with the set ting for the Adanac Mo de posit,
which is very close to Logtung (MINFILE 104O  016; a
porphyry W deposit) and other Sn deposits such as the
Germaine porphyry Sn deposit (MINFILE 116  004) and
the JC Sn skarn (MINFILE 105B  040).

Sack and Mihalynuk (2004) showed that Au from the Atlin
min ing camp may be at least in part de rived from an in tru -
sive source, be cause cas sit er ite, thorite and granitoid clasts
were found to be in ti mately as so ci ated with some Au nug -
gets in the camp. The Sur prise Lake batholith is en riched in
Sn and is known to con tain thorite. Be cause the Adanac de -
posit oc curs at the head of two creeks (the Ruby and Boul -
der creeks) that have placer Au de pos its on their lower
drainages, Adanac pres ents a good op por tu nity to test for a
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Table 4. Lowest reported age for a zircon from
each rock type. Because they were the lowest
reported, the ages were excluded from the
statistical mean. Each zircon had a plateau core
age.



pos si ble ge netic link be tween por phyry Mo
de pos its and intrusion-hosted Au deposits.

To test this the ory, the Os ra tios of Au from
Ruby Creek were com pared with Os ra tios of
mag ne tite from drillcore of the Adanac Mo
de posit. Both the Au and mag ne tite sam ples
were dis solved and ho mog e nized us ing the
same Carius tube tech nique as de scribed for
the mo lyb de nite ages and an a lyzed by ther -
mal ion iza tion mass spec trom e try (TIMS). This was done
at the Re-Os geo chron ol ogy lab at the Uni ver sity of Ar i -
zona, Tuc son, and the results are summarized in Table 5.

The Au an a lyzed had lit tle Re and a very small re sult ing
Re/Os ra tio. No age re gres sion was pos si ble for Au. For
mag ne tite, there was not enough ma te rial sub mit ted for
mul ti ple anal y ses, even though the larg est known sin gle
mag ne tite crys tal from Adanac was se lected for the anal y -
sis. There fore, no isochron could be made for mag ne tite be -
cause mul ti ple anal y ses are needed for an isochron. Re -
gard less of these prob lems, the ques tion of whether Au is
re lated to the hy dro ther mal sys tem that gen er ated the
Adanac de posit can still be an swered with rea son able cer -
tainty. The Au has a 187Os/188Os that is very prim i tive, even
lower than the cur rent man tle value of 0.129, and so is
likely from the man tle, not from a por phyry de posit (see
Fig ure 9). Also, the Os con tent of the Au sam ple is very
high and vari able, sug gest ing the pres ence of os mi rid ium
grains, which would likely be in a
source as so ci ated with chro mite or
peridotite, not a por phyry de posit. It
is in ter est ing that the Os and Re con -
cen tra tions of the Au are very high in
re la tion to other por phyry Au de pos -
its, and are ac tu ally quite sim i lar to
the man tle-de rived Witwatersrand in
South Af rica (Fig ure 9).

Al though the re sults of this study
sug gest the Au on Ruby Creek is un -
re lated to the hy dro ther mal sys tem at
Adanac, this does not mean that none
of the Au in the Atlin min ing camp is
re lated to Adanac. It likely would
have been better to sam ple Au from
placer de pos its on Boul der Creek
rather than Ruby Creek. Also, it may
have been better to get mul ti ple sam -
ples as well, be cause if some of the
Au is de rived from the Sur prise Lake
batholith (and the Mount Leon ard
stock), this means that Au in the Atlin 
min ing camp is from mixed sources.
Mul ti ple sam ples would have in -

creased the like li hood of iden ti fy ing at least one sam ple
that is ig ne ous de rived.

Conclusions

Rhe nium-os mium anal y sis of mo lyb de nite con firmed at
least two gen er a tions of min er al iza tion at 70.87 ±0.36 Ma
and about 69.66 ±0.35 Ma, with the youn gest min er al iza -
tion oc cur ring at the south west end of the de posit above the
MEG in tru sion and dis sem i nated in a feld spar flood. Ura -
nium-lead ages of zir cons from Adanac hostrocks place
magmatism at 81.6 ±1.1 Ma to 69 ±1.2 Ma, giv ing the
Mount Leon ard stock a prob a ble life span of al most 14 Ma.
When us ing the weighted mean of 30 zir con anal y ses for
each rock type, no ap pro pri ate age match was found for an
in tru sion and min er al iza tion ep i sode, and the FGG (pit) age 
is cer tainly in cor rect. There are too many in her ited zir con
grains for a mean age to be re li able, and sta tis ti cal meth ods
for de ter min ing lead loss dis credit ages that are most likely
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Fig ure 9. Os mium and rhe nium con cen tra tions of Au de pos its com pared with Au from Ruby
Creek. The Witwatersrand de posit is his tor i cally the larg est Au de posit in the world, ac count -
ing for about 40% of to tal world pro duc tion (Frimmel and Minter, 2002) and is man tle-de rived
(Kirk et al., 2002). The two Witwatersrand sam ples are from dif fer ent for ma tions: WA (West -
ern Area) and VR (Vaal Reef). The Grasberg is a por phyry Cu-Au de posit in In do ne sia. Mod i -
fied from Kirk et al. (2002).

Sample Phase 187Os/188Os Error 187Re/188Os Os (ppb) Re (ppb)

Ruby Creek-1 Au 0.125 0.0005 0.016 345 1.16

Ruby Creek-1* Au 0.125 0.0005 0.001 4538 0.82

Adanac 351-957 Mt 1.237 0.0110 872.250 0.015 2.42

Table 5. Results of the Au (Ruby Creek-1 and -1*; -1* is a duplicate of the same Au
sample) and magnetite (Mt, Adanac 351-957) Re and Os analyses.



valid. It is prob a bly true that most, if not all, of the rock
types that were dated at Adanac were still un der go ing some
crystallization just before (1 Ma) or during mineralization.

The Au from Ruby Creek an a lyzed in com par i son with
mag ne tite from Adanac is de rived from rocks more like
peridotite than por phyry-de posit hostrocks. The ques tion
of whether some of the Au in the Atlin min ing camp is ig ne -
ous de rived re mains un an swered. The next step in an swer -
ing this ques tion would be to try to get mul ti ple sam ples of
mag ne tite from the Mount Leon ard stock or the Sur prise
Lake batholith to com pare with mul ti ple Au sam ples from
the Boul der Creek placer de pos its or Au from sheeted
quartz veins to the southwest of Adanac.
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