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Introduction

Ex plo ra tion geo chem is try in Brit ish Co lum bia has up to
now re lied on tra di tional meth ods, such as stream sed i ment
and soil geo chem is try, to de tect met als dis persed me chan i -
cally and hydromorphically from out crop ping sources.
These meth ods have proven to be highly ef fec tive and there
has been a long and im pres sive his tory of dis cov er ies us ing
them. As ex plo ra tion ma tu rity in creases, how ever, min ing
com pa nies are faced with the chal lenge of ex plor ing more
and more in ar eas of trans ported cover where tra di tional
geo chem i cal meth ods are less ef fec tive. Much of the cen -
tral in te rior of Brit ish Co lum bia is cov ered by an ex ten sive
blan ket of gla cially de rived sed i ments that com pletely
masks the un der ly ing bed rock. In or der to deal with this
cover, gov ern ment, in dus try and ac a demic in sti tu tions
have in vested heavily in de vel op ing air borne and ground
geo phys i cal meth ods to see through the ex otic over bur den.
Un for tu nately, geo chem i cal ex plo ra tion has not evolved as
rap idly, de spite the avail abil ity of a wide range of par tial
and se lec tive ex trac tions pro vided by the com mer cial lab o -
ra to ries. Rea sons for this are var ied and range from a gen -
eral lack of un der stand ing by the ex plo ra tion com mu nity of 
the use and in ter pre ta tion of these meth ods to scep ti cism
about their ef fec tive ness. It is only through well doc u -
mented, nonbiased, com par a tive field test ing of these
meth ods that the exploration community can gain the
knowledge and confidence to apply deep-penetrating
geochemistry (DPG) to routine exploration programs.

There are rel a tively few ex am ples of com pre hen sive com -
par a tive stud ies of DPG meth ods in BC. Cook and Dunn
(2007) eval u ated a num ber of par tial leach meth ods over
the 3T’s epi ther mal Au-Ag pros pect. They showed that B-
ho ri zon soils were more suit able than C-ho ri zon tills for de -
tailed geo chem i cal sam pling. Of the meth ods tested, they

con cluded that Mo bile Metal Ion (MMI®) and En zyme
LeachSM pro duced su pe rior con trast re sponses to con ven -
tional aqua-regia di ges tion, al though the lat ter method did
de tect min er al iza tion in ar eas of thin cover. Lett and
Sandwith (2008) car ried out soil ori en ta tion sur veys to test
the ef fec tive ness of a va ri ety of se lec tive and par tial ex trac -
tion meth ods at the Mouse Moun tain, Shilo Lake and Soda
Creek prop er ties in the area of the cit ies of Quesnel and
Wil liams Lake. Their study found that the most anom a lous
Cu and Au val ues, re flect ing blind Cu-Au min er al iza tion,
oc cur in the C and lower B ho ri zons with an aqua-regia di -
ges tion. A dis cus sion of the per for mance of the var i ous
partial and selective extraction methods is still in prep a ra -
tion at the time of writing.

Out side of BC, there have been a num ber of im por tant stud -
ies of DPG in a va ri ety of cli ma tic and phys io graphic en vi -
ron ments. Per haps the land mark study has been the Deep
Pen e trat ing Geo chem is try Pro ject, car ried out by the Ca na -
dian Min ing In dus try Re search Or ga ni za tion (CAMIRO).
This study was funded by 26 min ing com pa nies, the On -
tario Geo log i cal Sur vey and Geo log i cal Sur vey of Can ada.
Phase I con sid ered move ments of el e ments and ions from
bur ied min eral de pos its and nu clear waste fa cil i ties in arid
and semi-arid en vi ron ments. It showed that met als and ions
can be trans ported to the sur face by advective trans port in
gases and ground wa ters (Cameron, 1998; Cameron et al.,
2002) and can be ef fec tively de tected by par tial-ex trac tion
meth ods. In Phase II, a va ri ety of test sites in arid, semi-arid
and tem per ate bo real for est en vi ron ments were stud ied. It
was found that in all en vi ron ments par tial- and se lec tive-
ex trac tion anom a lies were de tected in soils above bur ied
min er al iza tion (Cameron et al., 2004) and in some cases
through appreciable thickness of complex transported
cover.

The cur rent study builds upon these im por tant con tri bu -
tions by ex am in ing the ef fec tive ness of a va ri ety of par tial
and se lec tive ex trac tions over two blind por phyry Cu-Au
de pos its in north-cen tral BC: the Cen tral zone at Kwanika
and the MBX–66 zone area at Mount Milligan (Fig ure 1).
Both of these de pos its subcrop be neath Qua ter nary gla cial
outwash de pos its and at least part of the Kwanika Cen tral
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zone lies be neath a post-min eral sed i men tary ba sin. Kwa -
nika is the site of a rel a tively pris tine pine and spruce for est
en vi ron ment while at Mount Milligan the sur face has been
heavily dis turbed by clear-cut log ging and drill ing ac tiv i -
ties. These con trast ing en vi ron ments provide a good test
for the different methods.

This re port doc u ments field work car ried out at Kwanika
and Mount Milligan pro jects be tween Au gust 10 and 21,
2009. It also ex am ines the pre lim i nary re sults of soil pH
and con duc tiv ity tests on soil sam ples from both pro jects.
Re sults from par tial and se lec tive ex trac tions will be the
sub ject of a sub se quent re port as the an a lyt i cal re sults are
pending at the time of writing.

This pro ject is funded by Geoscience BC and car ried out by
the au thor in part ner ship with Ac ti va tion Lab o ra to ries Ltd., 
Acme An a lyt i cal Lab o ra to ries Ltd., ALS Chemex and SGS 
Mineral Services.

Benefits to the Mining Industry

In de pend ent, nonbiased stud ies of com mer cially avail able
par tial and se lec tive ex trac tions are few and far be tween,
par tic u larly in BC. These stud ies are im por tant as they pro -
vide the ex plo ra tion com mu nity with valu able in sight into
the ap pro pri ate sam pling strat egy and com bi na tion of an a -
lyt i cal meth ods for a given en vi ron ment. With out this type
of study, the ex plo ra tion ge ol o gist must rely on in for ma tion 
pro vided by the com mer cial lab o ra to ries, who pro mote
their own meth ods to see through trans ported cover. With -
out knowl edge of the rel a tive per for mance of these meth -
ods in dif fer ent cover en vi ron ments and for dif fer ent de -
posit types, the ex plo ra tion ge ol o gist could choose an
in ap pro pri ate method on the ba sis of a lab o ra tory’s mar ket -

ing rather than on sound sci en tific knowl edge. This could
be an ex pen sive mis take. While all of the meth ods tested in
this study have their mer its, it is im por tant to rec og nize that
none of them can be used blindly in all en vi ron ments. One
size does not fit all. This study and oth ers that have pre -
ceded it (Cook and Dunn, 2007; Lett and Sandwith, 2008)
pro vide the ex plo ra tion ge ol o gist with the knowl edge and
tools necessary to make an informed decision and therefore
to maximize the benefit of their investment in geo chem is -
try.

An other ben e fit of this type of study is that it gives min ing
com pa nies a set of ex plo ra tion tools and knowl edge that
helps im prove their suc cess rate for ex plo ra tion pro jects in
cov ered ar eas. Deep-pen e trat ing geo chem i cal meth ods can
be used to ef fec tively pri or i tize drillhole lo ca tions to test
geo phys i cal tar gets. Geo chem i cal data can pro vide an ad di -
tional layer of in for ma tion to help dis crim i nate po ten tially
min er al ized and bar ren tar gets. This reduces drilling risk
and protects shareholder value.

Study Areas

Kwanika (Serengeti Resources Inc.)

The Kwanika pro ject is sit u ated in the Omineca Min ing Di -
vi sion, ap prox i mately 140 km north west of Fort St. James
(55°30’N, 125°18’W; Fig ure 1). It is ac ces si ble by well-
main tained For est Ser vice roads from Fort St. James via the
com mu nity of Takla Land ing. Serengeti Re sources Inc., the 
owner, holds the ti tle to 28 con tig u ous min eral claims cov -
er ing an area of 8960 ha (Rennie and Scott, 2009).

The Kwanika Cen tral zone is one of two min er al ized cen -
tres lo cated at the north ern end of the Kwanika prop erty.
To gether with the South ern zone, it forms a lin ear, north-
trending, Cu-Au por phyry sys tem hosted in sev eral small
monzonite in tru sions along the west ern mar gin of the
multiphase Hogem batholith (Ren nie and Scott, 2009).
Monzonite in trudes diorite, quartz monzonite and gran ite
of the Hogem batholith as well as andesitic vol ca nic rocks
of the Up per Tri as sic Takla Group. In tru sive and vol ca nic
hostrocks are trun cated to the west by the Pinchi fault: a ma -
jor ter rain bound ary jux ta pos ing Cache Creek Terrane
rocks to the west.

Min er al iza tion at the Cen tral zone is as so ci ated with a
strong core of in tense, tex tur ally de struc tive al bite al ter -
ation as so ci ated with a vari able multiphase stockwork of
quartz veinlets. Sur round ing the albitic core is a broad zone
of weak to strong, per va sive and frac ture-con trolled po tas -
sic al ter ation char ac ter ized by K-feld spar and sec ond ary
bi o tite (Ren nie and Scott, 2009). This al ter ation grades lat -
er ally into propylitic as sem blages. Dom i nant sul phide min -
er als in clude py rite, which is ubiq ui tous to the de posit,
chal co py rite and bornite. Mo lyb de nite is also com monly
pres ent. Supergene en rich ment con sist ing of an up per ox -
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Fig ure 1. Lo ca tion of study ar eas, cen tral Brit ish Co lum bia.



ide zone with na tive cop per and a lower sul phide zone with
sec ond ary chalcocite oc curs on the up per sur face of the hy -
pogene min er al iza tion be neath a pack age of youn ger con -
glom er ate and sand stone that bur ies the min er al iza tion to
the west. These sed i men tary rocks are in ter preted to be part
of a youn ger sed i men tary ba sin formed against the Pinchi
fault. The eastern part of the deposit subcrops beneath the
Quaternary cover.

Surficial Environment

The Kwanika Cen tral zone lies in a broad, flat-bot tomed
val ley con tain ing an ex ten sive cover of gla cial till and
outwash sed i ments. Lo cal el e va tions range from 900 to
1200 m but in the study area it self there is only 40 m of re -
lief. Drill ing has shown that the cover var ies in thick ness
from a few metres to over 50 m thick in the im me di ate de -
posit area (D. Moore, pers. comm., 2009). Out crops are rare 
and only seen in the bot tom of the Kwanika Creek val ley,
which is deeply in cised into the Qua ter nary se quence (Ren -
nie and Scott, 2009). Away from the river val ley, the sur -
face is well drained with gently slop ing to pog ra phy. The
area is for ested with a mix ture of lodgepole pine and white
spruce as dominant species.

Three types of soil pro file are pres ent in the Cen tral zone
area. These are for the most part de vel oped on a par ent ma -
te rial of cob ble-rich sand and gravel. Podzols (Orthic
Ferro-Humic; soil no men cla ture based on the Ca na dian
Sys tem of Soil Clas si fi ca tion [Can ada Soil Sur vey Com -
mit tee, Sub com mit tee on Soil Clas si fi ca tion, 1978]) are the 
most wide spread soil type, oc cur ring on well drained, gen -

tle slopes within the pine and spruce for est. A typ i cal pro -
file (Fig ure 2) in cludes a thin LFH ho ri zon con sist ing of
par tially de com posed wood, twigs, nee dles and mosses and 
a thin (<1 cm) black to dark brown, or ganic-rich Ah ho ri -
zon. The or ganic-rich lay ers over lie a dis tinct white to grey
or pink ish, sandy tex tured Ae or Aej ho ri zon of vari able
thick ness. Be low this, the B ho ri zon is made up of an up per
Bf ho ri zon (up per B), en riched with iron ox ide, and a lower, 
me dium to choc o late brown, BC ho ri zon (lower B), which
grades into me dium to dark grey sand or gravel of the C ho -
ri zon. Brunisols, the sec ond soil type, are com mon at the
base of slopes that are ad ja cent to boggy ar eas (Fig ure 3). A
typ i cal ex am ple has a surficial LFH and Ah ho ri zon up to
4 cm thick over ly ing an un dif fer en ti ated ol ive-brown Bm
ho ri zon. The third soil type is rep re sented by Or ganic soils.
These oc cur in de pres sions and boggy ar eas (Fig ure 4).
Pro files con sist of an up per thick, peaty Om ho ri zon that
can be tens of centi metres thick, over ly ing a lower grey or
blue-grey C ho ri zon. A mottled Bg horizon was noted at
one locality. In all cases, the lower part of the profile is
water saturated.

Mount Milligan (Terrane Metals Corp.)

Mount Milligan lies about 100 km east-south east of
Kwanika. It is sit u ated in the Omineca Min ing Di vi sion, ap -
prox i mately 155 km north west of Prince George and 95 km
west of Mac ken zie (55°7.35’N, 124°1.50’W; Fig ure 1).
The prin ci pal ac cess is by all-weather For est Ser vice roads
from Mac ken zie or by a lon ger and less main tained log ging
road from Fort St. James. The prop erty, which is owned by
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Fig ure 2. Typ i cal Podzol pro file from the Kwanika Cen tral
zone, Brit ish Co lum bia.

Fig ure 3. Brunisol from the Kwanika Cen tral
zone area, Brit ish Co lum bia.



Terrane Met als Corp., in cludes 80 con tig u ous min eral
claims that cover Up per Tri as sic Takla Group vol ca nic
rocks and as so ci ated in tru sions that form part of the highly
prospective Quesnel Terrane.

There are three known por phyry Cu-Au de pos its on the
prop erty: the MBX, 66 zone and South ern Star, which to -
gether con sti tute a re source (mea sured and in di cated) of
590.8 mil lion tonnes at 0.193% Cu and 0.352 g/t Au (Mills,
2008). The de pos its are clas si fied as be long ing to the
alkalic suite of por phyry de pos its (Panteleyev, 1995). The
prin ci pal min er al ized body is the MBX–66 zone, which lies 
along the footwall of the west-dip ping MBX stock and
along the cross cut ting Rain bow dike (Fig ure 5). The gold-
dom i nant 66 zone is dis tin guished from MBX by higher
Au:Cu ra tios but, for all in tents and pur poses, the two de -
pos its are part of a sin gle min er al ized system, which is the
subject of this study.

Hypogene min er al iza tion at MBX is dom i nated by chal co -
py rite with lesser bornite and mag ne tite, as so ci ated with in -
tense potassic al ter ation in the footwall of the stock and ad -
ja cent vol ca nic rocks. In con trast, min er al iza tion at the
gold-rich 66 zone oc curs with in tense albitization and

abun dant pyrite (Mills, 2008).

Surficial Environment

The MBX and 66 zone lie on the
east ern slopes of a north west-
trending ridge of hills, which rises
300–500 m above the el e va tion of
the sur round ing plains. The high est 
point at 1508 m is the sum mit of
Mount Milligan it self, which lies at
the north west ern end of the ridge.
Drain age pat terns along the ridge
are den dritic, be com ing anas to -
mosing on the sur round ing plains
where gla cially fed, short, me an -
der ing streams con nect pot hole
lakes, ponds and swamps (Gravel
and Sibbick, 1991). In the vi cin ity
of the min eral de pos its, the ridge is
di vided by a steeply in cised east-
west val ley oc cu pied by Heidi lake, 
which d ra ins  eas t  in to  King
Richard creek (Figure 5).

Qua ter nary ge ol ogy map ping by
Kerr and Bobrowsky (1991) and
Ricker (1991) iden ti fied a va ri ety
of surficial sed i ments in the study
area (Fig ure 5). Col lu vium de rived
from tills and bed rock dom i nates
the flanks of the hills to the north
and west of the MBX–66 zone area. 
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Fig ure 5. Mount Milligan, study area, Brit ish Co lum bia: sam ple transect, surficial ge ol ogy and
min er al ized in tru sions (mod i fied af ter Ricker, 1991).

Fig ure 4. Or ganic soil from the Kwanika Cen tral
zone area, Brit ish Co lum bia.



Away from the hills, the land scape is blan keted by a ve neer
of gla cial till, which is over lain by a highly vari able and
com plex se quence of glaciofluvial sand and gravel con tain -
ing cob ble- and boul der-rich lay ers. These de pos its form a
fan-like fea ture orig i nat ing at Heidi lake and spread ing out
over the MBX–66 zone area to the east (Fig ure 5). Drill ing
has shown that the cover thick ness is ex tremely vari able,
sug gest ing sig nif i cant paleotopographic relief (Kerr and
Bobrowsky, 1991).

Soils de vel oped on the glaciofluvial de pos its are dom i -
nantly Orthic Humo-Fer ric Podzols. They typ i cally have a
thin or ganic layer made up of a 1–2 cm thick LFH ho ri zon
com posed of par tially de com posed twigs, nee dles and
moss, which over lies a thin, poorly de vel oped, Ah ho ri zon
of ir reg u lar thick ness (0.5–2 cm). The or ganic-rich lay ers
sit on top of a sandy tex tured, white, grey or pink ish
eluviated Ae ho ri zon or Aej ho ri zon (a thin, dis con tin u ous
or barely discernable eluviated [Ae] ho ri zon), which may
vary from ab sent to over 10 cm in thick ness. A strongly
illuviated, red-or ange, iron-rich Bf ho ri zon is com monly
found be neath the Ae ho ri zon and in some places ex ceeds
15 cm in thick ness. This ho ri zon tends to have a fine silty
tex ture. Bf ho ri zon grades down wards over a few centi -
metres into a me dium to ol ive brown Bm (an un dif fer en ti -
ated, uni form-col oured B ho ri zon) or tran si tional BC ho ri -
zon. Depth to the C ho ri zon may vary from 25 cm over
col lu vium to 70 cm over sand and gravel. A typical Podzol
profile is illustrated in Figure 6.

Wide spread sur face dis tur bance from drill ac cess roads,
drill pads and log ging ac tiv i ties has re sulted in ei ther com -
plete de struc tion or burial of the orig i nal soil pro file over
large parts of the MBX–66 zone area. Site se lec tion for soil
sam pling is there fore very im por tant. Where pos si ble, rem -
nant patches of the orig i nal sur face were iden ti fied by the
pres ence of orig i nal tree spe cies (white spruce or lodgepole
pine). In ar eas where the pro file has been bur ied, holes were 
ex ca vated to the orig i nal sur face or moved to the clos est
pos si ble lo ca tion where the original profile is preserved.

As much of the area was clear-cut logged in the 1980s, orig -
i nal tree spe cies are re stricted to small en claves be tween
dis turbed ar eas, wa ter courses or steep slopes. White
spruce and lodgepole pine are the dom i nant spe cies on the
well drained flats east of Heidi lake. In the creek val leys,
black spruce, bal sam pop lar and trem bling as pen are com -
mon. In the clear-cut ar eas, veg e ta tion is dom i nated by pi o -
neer shrub spe cies like moun tain al der and wil low, which
form dense thick ets between the drill roads.

Sampling and Analyses

There has been much de bate in the lit er a ture about the ap -
pro pri ate sam pling strat egy for par tial- and se lec tive-
extraction geo chem is try. Bradshaw et al. (1974) pointed
out that “the depth of sam pling dur ing a soil pro gram may
be very crit i cal as vari a tions with depth can be greater than
a fac tor of 10 within six inches”. A fixed depth in ter val (10–
25 cm be low the top of the min eral soil [Mann et al., 1998]), 
re gard less of soil ho ri zon, is rec om mended by SGS Min -
eral Ser vices, the pur veyor of the MMI leach. Their em pir i -
cal ob ser va tions from nu mer ous field stud ies sug gest that
the zone of ion ac cu mu la tion in the soil is a re sult of equi lib -
rium be tween cap il lary rise and evap o ra tion draw ing ions
up wards and down ward leach ing by per co lat ing rain wa ter.
Ham il ton et al. (2007) con clude that con sis tent sam pling is
ab so lutely nec es sary for suc cess ful se lec tive-ex trac tion
geo chem i cal sur veys and rec om mend a strat egy of sam -
pling be tween depths of 10 and 25 cm in mineral soil and
below 30 cm in thick organic soil or peat.

Tra di tional soil sam pling in BC has al most ex clu sively
used the –80 mesh frac tion of the B ho ri zon. B ho ri zon has
been a fa voured sam pling me dium be cause of the com mon
pres ence of an illuviated iron- and man ga nese-ox ide–rich
Bf ho ri zon that con tains el e vated metal con tents com pared
to the other parts of the pro file (Bradshaw, 1975; Levinson,
1974). It has proven to be an ef fec tive sam pling me dium in
re sid ual soil en vi ron ments.

This study aims to test both the con stant depth sam pling
strat egy, with MMI ex trac tion of up per B-ho ri zon soils, as
well as ho ri zon-based sam pling. Uni form soil pro file de -
vel op ment over much of the study area means that the up per 
B ho ri zon oc curs at a more or less con sis tent depth of be -
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Fig ure 6. Typ i cal Podzol pro file de vel oped on glaciofluvial
sed i ments, Mount Milligan, Brit ish Co lum bia.



tween 5 and 15 cm. Up per B ho ri zon sam ples were col -
lected con sis tently from this interval.

Sam ple lo ca tions were ac cu rately lo cated us ing a Garmin
GPSMAP® 60CSx handheld GPS re ceiver. At each site a
50 by 50 cm hole was ex ca vated down to the C ho ri zon to
ex pose the com plete soil pro file. Each hole was pho to -
graphed and de scribed us ing a geo chem i cal cod ing form
and codes pro posed by Hoffman (1986), along with the de -
tails of the immediate area.

Sam ples from the Ah, up per B, lower B and C ho ri zons
were screened to –12 mesh at the sam ple site to re move
coarse frag ments and roots. Where soil mois ture pre cluded
screen ing, coarse frag ments were man u ally re moved from
the sam ple. Ap prox i mately 500 g of ma te rial was placed in
12.7 by 25.4 cm (5 by 10 in.) Hubco Inc. poly es ter-weave
sam ple bags. Ma te rial from the top centi metre of the Ae ho -
ri zon was tested for soil pH and con duc tiv ity. These sam -
ples and those for MMI ex trac tion were col lected in heavy-
duty, poly vi nyl chlo ride (PVC) Ziploc® bags.

Sam ples were an a lyzed by a range of pro pri etary and non -
pro pri etary, se lec tive and par tial ex trac tions, as well as by
fire as say and super trace (an ALS Chemex pro pri etary
method) for Au. The an a lyt i cal meth ods and sam pling ho ri -
zons are summarized in Table 1.

Quality Control

Qual ity con trol (QC) mea sures used in this study in clude
the col lec tion of two types of field du pli cates. In each sur -
vey area, five sites (about 10%) were ran domly se lected for
field du pli cate sam pling. Two types of du pli cates were col -

lected at these sites: within-hole and be tween-hole du pli -
cates. Within-hole du pli cates are a rep e ti tion of the orig i nal
sam pling pro ce dure, col lect ing an other soil sam ple from
the cleaned walls of the soil pit. Be tween-hole du pli cates
are taken from a sec ond hole dug as close to the orig i nal as
pos si ble, usu ally within 2 m. All du pli cate sam ples were
submitted blind to the laboratory.

No stan dard ref er ence ma te ri als were used in this study.
The rea son for this is the un avail abil ity of suit able ma trix-
matched ma te ri als that are cer ti fied for the meth ods be ing
tested. In or der to mon i tor and mit i gate an a lyt i cal drift, the
sam ples were ran dom ized prior to sub mis sion to the lab o ra -
tory. Ran dom iza tion has the ben e fit of dis trib ut ing the ef -
fects of in stru men tal drift ran domly through out the sam ple
pop u la tion. It also al lows for drift mon i tor ing by plotting
the samples in analytical order.

In ad di tion to the field QC pro ce dures, a num ber of steps
were taken at the lab o ra to ries to en sure the qual ity of the an -
a lyt i cal re sults. These in clude the in tro duc tion of an a lyt i cal 
stan dards, blanks and lab du pli cates into the sample stream.

Field Analyses

Soil pH

There is a grow ing body of ev i dence to in di cate that vari a -
tions in soil pH, or hy dro gen ion (H+) con cen tra tion, oc cur
at the sur face over bur ied sul phide min er al iza tion. Smee
(1983) pro posed a mech a nism, based on lab o ra tory ex per i -
ments and field tests, for the for ma tion of metal anom a lies
in soils de vel oped on glaciolacustrine clay over mas sive
sulphides in the Abitibi Belt, north ern Que bec. His work

showed that H+ re leased as a by prod uct 
of sul phide ox i da tion at the wa ter ta ble
dif fuses to the sur face to form de tect -
able acidic anom a lies, and that pH sen -
si tive el e ments like Ca, Sr, Mg, Fe and
Mn in a bo real for est en vi ron ment (i.e., 
slightly ox i diz ing to reducing) become
redistributed in response to the pH
shift.

Smee (1997, 1998) pro posed a sim i lar
model for ion trans port and in di rect
anom aly for ma tion for arid en vi ron -
ments. Re sults from a multicompany
spon sored ori en ta tion sur vey at the
Mari gold gold de posit in Ne vada
(Smee, 1998) showed that Ca con cen -
tra tion, in all weak leaches tested, dis -
played a dis tinc tive rab bit-ear or
double-peak re sponse with the peaks
oc cur ring over the edges of the min er -
al iza tion. The ra tio of weak leach Ca
(e.g., ace tic acid or hydroxylamine
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Table 1. Sample media and analytical methods, Kwanika and Mount Milligan, British
Columbia.



HCl) to aqua-regia di gested Ca showed clear re sid ual
anom a lies with the same rab bit-ear form and pro posed that
two forms of Ca ex ist in the soil; one of which is eas ily sol u -
ble and spa tially re lated to min er al iza tion and a sec ond less
sol u ble form, which rep re sents back ground car bon ate.
Smee (1999) con cludes that near-sur face Ca over ox i diz ing 
min er al iza tion is be ing remobilized in re sponse to the up -
ward move ment of H+. Reprecipitation of Ca (car bon ate)
oc curs where pH conditions permit, in other words over the
edges of the sulphide body.

More re cent work by Ham il ton et al. (2004a, b) at the Marsh 
zone gold pros pect and the Cross Lake volcanogenic mas -
sive sul phide (VMS) pros pect in On tario shows that sim i lar 
rab bit-ear pat terns oc cur in H+ at the sur face, above the
edges of min er al iza tion. They con clude that pH cor re lates
with ox i da tion-re duc tion po ten tial (ORP) and pro pose that
H+ pro duc tion is a func tion of the re dox con di tions in the
over bur den col umn. In an ear lier pa per, Ham il ton (1998)
pro posed the ex is tence of re duced col umns or chim neys in
the over bur den col umn above a re duced metal source. Re -
duc tion of the over bur den col umn is pos tu lated to oc cur as
a re sult of up ward mi gra tion of re duced an ionic spe cies be -
tween the top of a con duc tive body and the ground sur face.
Charge is trans ferred by the re ac tion with ox i dized cationic
spe cies mi grat ing in the other di rec tion. This pro cess re -
sults in the for ma tion of an ox i da tion front that prop a gates
to the sur face to form a chim ney or col umn. Within the re -
duced core of the chim ney, ox i da tion of the un der ly ing
min er al iza tion is in hib ited thus lim it ing the amount of H+
re leased. At the edges, how ever, ox i da tion is en hanced thus 
pro mot ing H+ ac cu mu la tion at the sur face over the edges of
the un der ly ing min er al iza tion. This pro cess re sults in a typ -
i cal rab bit-ear re sponse for H+, with a pronounced central
low over the reduced chimney, from samples collected at
the very top of the mineral soil profile.

The pres ence of sim i lar pat terns in the vastly dif fer ent en vi -
ron ments of Ne vada (arid to semi-arid) and north ern On -
tario (sat u rated, bo real for est) sug gest that a com mon pro -
cess is op er at ing in both en vi ron ments. Re gard less of the
mech a nism, H+ ac cu mu la tions (di rect re sponse) and re dis -
trib uted near-sur face car bon ate (in di rect re sponse) should
be eas ily de tect able in the field us ing a sim ple pH me ter and
acid bot tle. By tak ing two pH mea sure ments of a 1:1 soil
slurry (one with out acid and a sec ond with acid), the near-
sur face H+ vari a tion and the re ac tiv ity of the soil can be
readily mapped. In ad di tion to rab bit-ear H+ peaks over the
edges of the min er al iza tion, the remobilized car bon ate halo 
can also be iden ti fied. A sim ple plot of the in verse of the dif -
fer ence be tween the acid i fied and non-acid i fied H+ con cen -
tra tions (IDH; Smee, 2009) will high light the zones of car -
bon ate reprecipitation over the edges of the underlying
sul phide body.

Soil Conductivity

Soil con duc tiv ity (EC), ex pressed as mi cro Siemens per
centi metre (µS/cm), is a use ful mea sure ment in ex plo ra tion
geo chem is try as it pro vides an es ti ma tion of the sol u ble an -
ions and cat ions pres ent in the soil. It has been sug gested by
var i ous work ers (Govett, 1974, 1976; Smee, 1998) that EC
vari a tions in sur face soils re flect the re lease of salts and
other ionic spe cies as a re sult of the ox i da tion of sulphides
at depth. Smee (1983) pro posed that a spe cial re la tion ship
be tween pH and EC may oc cur where ions have been mo bi -
lized and reprecipitated in re sponse to a change in pH.
There fore a mea sure ment of EC in soils over a sul phide
body should show anom a lous read ings over the flanks of
sul phide min er al iza tion. Ham il ton (1998) as serts that
surficial geo chem i cal anom a lies, both rab bit-ear and api -
cal, form above bed rock con duc tors as a re sult of strong re -
dox gra di ents be tween the top of the con duc tor and ground
sur face; a re duced chim ney. His model pre dicts the ac cu -
mu la tion of ions at the edges of the re duced chim ney as a re -
sult of an ion move ment up and out, and cat ion move ment
down and along re dox gra di ents. These zones of ion
accumulation should be readily detectable as areas of
anomalous soil conductivity.

Results

This sec tion de scribes the re sults of the field soil EC and pH 
mea sure ments car ried out at Kwanika and Mount Milligan.
Re sults from the se lec tive and par tial ex trac tions will be the 
sub ject of a fol low-up paper.

Data Quality

Ta ble 2 shows the re sults of the field du pli cate sam ples for
the soil pH and con duc tiv ity mea sure ments, ex pressed as
av er age per cent rel a tive stan dard de vi a tions or RSD%.
RSD% val ues for the pH and acid i fied pH are be low 10%
in di cat ing that the re sults are highly re pro duc ible. It is in -
ter est ing to note that the RSD% val ues for the be tween-hole 
du pli cates are ac tu ally slightly lower than for the within-
hole du pli cates. The rea son for this is un clear. These re sults
show that there is lit tle vari a tion in the soil pH val ues over
distances of a few metres from a sample site.

Con duc tiv ity mea sure ments have a higher un cer tainty than
the pH mea sure ments with RSD% val ues rang ing from
18.77 to 32.72%. Once again the be tween-hole val ues are
mar gin ally lower than those from the same hole; an ob ser -
va tion that is not eas ily explained.
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pH

Acidified 

pH Conductivity pH

Acidified 

pH Conductivity

Within hole 9.24% 2.97% 32.72% 4.62% 5.69% 23.71%

Between hole 7.10% 2.82% 18.77% 4.31% 3.09% 19.85%

Kwanika Mount Milligan

Table 2. Average percent relative standard deviations (RSD%) for
field duplicates, Kwanika and Mount Milligan, British Columbia.



Kwanika Survey

Two transects of soil pro files (52 sam ples) were sam pled
across the Cen tral zone (Fig ure 7). The east-west transect,
which com prises 24 sam ple sites, passes over the por tion of
the de posit that subcrops be neath the Qua ter nary cover.
The transect ex tends from the Pinchi fault in the west to ap -
prox i mately 350 m east of the known min er al iza tion, where 
drill ing in di cates that there is no min er al iza tion and back -
ground lev els ex ist. A north west-south east transect com -
pris ing 29 sam ple sites crosses the por tion of the de posit
that lies be neath the post-min eral sed i men tary ba sin. In this
area, the min er al iza tion is pres ent at a depth of ap prox i -
mately 300 m be low sur face and is masked by both the post-
min eral sed i men tary ba sin and the over ly ing ve neer of
Qua ter nary gla cial outwash sed i ments. The two transects
pro vide dif fer ent chal lenges to the DPG meth ods be ing
tested. Sam ple sites are spaced at 50 m in ter vals in inferred
background areas and at 25 m intervals over the deposit
itself.

Soil pH and con duc tiv ity mea sure ments were re corded at
the end of each day on ma te rial col lected from the top centi -
metre of the min eral soil (usu ally the top of the Ae or Aej

ho ri zon). This level was cho sen
based on re sults pre sented by Ham -
il ton et. al (2004b) that in di cate that
the stron gest H+ pat terns oc cur in the 
up per most part of the soil pro file, or
microlayer (Smee, 2009). Con duc -
tiv ity mea sure ments were made on a
1:1 slurry of soil in de min er al ized
wa ter us ing a VWR In ter na tional
con duc tiv ity me ter. Mea sure ments
of the pH were made on the same
slurry us ing an Oakton® In stru -
ments dou ble junc tion pHTestr® 30. 
The in stru ment was cal i brated daily
us ing stan dard pH buffer so lu tions
at pH 4.00, 7.00 and 10.00. Two pH
mea sure ments were taken on each
sam ple: one 20 s af ter im mer sion of
the elec trode into the slurry and a
sec ond mea sure ment 20 s af ter add -
ing one drop of 10% hy dro chlo ric
acid and stir ring. Mea sure ments of
pH were re corded into an Ex cel
spread sheet and con verted to H+

con cen tra tions. IDH val ues were
also cal cu lated us ing Smee’s (2009)
method. Summary statistics for the
pH and conductivity measurements
are presented in Table 3.

Fig ure 8 shows pro file plots for EC,
H+, acid i fied H+ and IDH along the

two transects over the Cen tral zone. Con duc tiv ity pro files
(Fig ure 8a) show a re la tion ship to the east ern and south ern
sur face pro jec tion of the min er al iza tion as de fined by the
0.6% Cu equiv a lent en ve lope (Mills, 2008). On the east-
west transect, there is an asym met ri cal rab bit-ear re sponse
slightly off set to the east of the min er al iza tion en ve lope.
The higher con trast peak (11 times the back ground lev els)
oc curs in the di rec tion of plunge of the min er al iza tion be -
neath the post-min eral sed i men tary ba sin. An ex pla na tion
for the ap par ent off set in the anom aly would be the pres -
ence of lower grade subcropping min er al iza tion to the east
of the de posit en ve lope. The strongly anom a lous value at
the east end of the transect is likely an ex pres sion of a prom -
i nent north-trending fault zone iden ti fied in drillholes to the 
south of the transect (D. Moore, pers. comm., 2009).

Con duc tiv ity val ues on the north west-south east transect
show a dif fer ent pat tern. There is a broad but sub tle in -
crease in val ues (over two times the back ground lev els)
from north to south over the pro jec tion of the min er al iza -
tion. This cul mi nates in a mod er ate con trast peak (nine
times the back ground lev els) sit u ated di rectly over the
south ern edge. There is also an in di ca tion of a low-con trast, 
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Fig ure 7. Lo ca tion map show ing the soil pro file transects at the Kwanika Cen tral zone, Brit ish
Co lum bia.



rab bit-ear anom aly fur ther to the south. This feature is
unexplained.

Hy dro gen ion (H+) pro files are il lus trated in Fig ure 8b. Re -
sponses on both transects are rel a tively noisy but dis tinct
pat terns can be seen. On the east-west transect, H+ val ues
dis play a gen eral in crease over the edges of the min er al iza -
tion and dis play a low di rectly over the cen tre. While not a
clas sic rab bit-ear re sponse, this pat tern is con sis tent with
Ham il ton’s (1998) model for a re duced over bur den col umn
or chim ney above sul phide min er al iza tion, which pre dicts
a H+ low over the min er al ized body (Ham il ton’ s [1998] pH
mea sure ments were taken at a depth of 25 cm be low sur -
face, com pared to 7–10 cm in this study). More pro nounced 
lows oc cur on the north west-south east transect. Here, the
H+ re sponse has the form of a dou ble neg a tive or W-shaped
pro file with the min i mum val ues oc cur ring ap prox i mately
over the edges of the sul phide body and the cen tral high di -
rectly on top of it. The con trast ing pat terns on the two
transects may be an ex pres sion of the dif fer ent depths to the
min er al iza tion; i.e., less than 50 m on the east-west transect
and approximately 300 m on the northwest-southeast
transect.

Neg a tive re sponses are even more pro nounced in the acid i -
fied H+ pro files (Fig ure 8c). On the east-west transect, a
dou ble low or W re sponse is vis i ble slightly to the east of
the min er al iza tion en ve lope. This fea ture has an an ti thetic
re la tion ship to the con duc tiv ity fea tures men tioned above
(Fig ure 8a). Lows are in ter preted to be re gions where ei ther 
ox i da tion of the un der ly ing sulphides is be ing in hib ited by
re dox con di tions in the over bur den col umn, caus ing a drop
in H+ flux (Ham il ton, 1998) or ar eas of buff er ing of the acid
so lu tion caused by remobilized car bon ate (Smee, 1998). A
strong neg a tive cor re la tion with con duc tiv ity sug gests the
lat ter case, where remobilized car bon ate is ac com pa nied by 
other pH sen si tive ions in the near sur face. A sim i lar W-
shaped pro file oc curs in the acid i fied H+ read ings on the
north west-south east transect. The acid i fied H+ lows are co -

in ci dent with the edges of the mineralization. Again, there
is a strong antithetic relationship with conductivity.

IDH, as men tioned ear lier, is a good es ti ma tor of the pres -
ence of remobilized car bon ate. As the in verse of the dif fer -
ence be tween the acid i fied and nonacidified H+ con cen tra -
tions, high val ues in di cate ar eas where car bon ate has been
remobilized and pre cip i tated. Fig ure 8d shows the IDH
pro files for the Kwanika transects. On the east-west
transect, there is a very high con trast (66 and 25 times the
back ground lev els) asym met ric rab bit-ear re sponse cen tred 
slightly east of the pro jected po si tion of the min er al iza tion.
The peaks co in cide ex actly with the po si tion of the con duc -
tiv ity rab bit-ear re sponse and re in force the in ter pre ta tion
that they rep re sent redistribution of pH sensitive elements
at the surface.

A sim i lar pat tern, but with lower con trast, oc curs on the
north west-south east transect. The asym met ri cal peaks (13
and 3 times the back ground lev els) fall close to the pro -
jected lim its of the min er al iza tion. Lower con trast val ues
are likely an ex pres sion of the much greater depth to min er -
al iza tion (>300 m) on this transect.

Mount Milligan Survey

A 3200 m north west-south east transect (39 sam ples) was
sam pled across the MBX and 66 zone de pos its (Fig ure 5).
Sam ples were spaced at 100 m in ter vals in back ground ar -
eas at the ends of the transect and at ap prox i mately 50 m in -
ter vals over the min er al iza tion. Wide spread sur face dis tur -
bance in the de posit area pre cluded sam pling at a reg u lar
spac ing. Sam ples were col lected from lo ca tions that were
as sessed to have un dis turbed pro files. These in cluded
roadcuts, ex posed roots of first growth trees and iso lated
en claves of the orig i nal for est pre served be tween drill ing
roads. The transect crosses a va ri ety of over bur den types,
in clud ing till and col lu vial de pos its in the north west to
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Table 3. Summary statistics for soil pH and conductivity measurements, Kwanika and Mount Milligan, British
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glaciofluvial outwash, al lu vium and eskers in the centre
and southeast (Figure 5).

Soil pH and con duc tiv ity mea sure ments were col lected us -
ing the same pro ce dures em ployed at Kwanika. Re sults of
the soil EC and pH mea sure ments are shown in Fig ure 9.
EC mea sure ments (Fig ure 9a) dis play lit tle con trast be -
tween back ground and min er al ized ar eas. Most of the vari -
a tion ap pears to be noise. The only ex cep tion be ing a very
sub tle peak (2.05 times the back ground lev els) lo cated over 

the north west ern bound ary of MBX. This fea ture is barely
dis tin guish able from background values.

Hy dro gen ion con cen tra tions (Fig ure 9b) also dis play a
very low con trast. A sub tle, dou ble-peak fea ture (six and
three times the back ground lev els) oc curs im me di ately ad -
ja cent to the north west ern bound ary of MBX. There is no
cor re spond ing peak on the south east ern bound ary of the 66
zone, where val ues are in dis tin guish able from back ground
lev els. A more ro bust re sponse oc curs in the acid i fied H+

20 Geoscience BC Sum mary of Ac tiv i ties 2009

Fig ure 8. Pro files over the Cen tral zone (red out line), Kwanika, Brit ish Co lum bia: a) con duc tiv ity; b) hy dro gen ion con cen tra tion; c) acid i -
fied hy dro gen ion con cen tra tion; d) in verse dif fer ence be tween the acid i fied and nonacidified hy dro gen ion con cen tra tions (IDH).



pro file (Fig ure 9c). Again, the pro file is asym met ri cal, with
the high est val ues (5.8 times the back ground lev els) oc cur -
ring ad ja cent to the north west ern bound ary of MBX with
no iden ti fi able response on the southeastern boundary of
the 66 zone.

The asym me try of the pH re sponse is high lighted by the
IDH pro file (Fig ure 9d). A high-con trast, dou ble-peak fea -
ture (39 and 17 times the back ground lev els) can clearly be

seen ad ja cent to the north west ern bound ary of MBX. The
peaks show an an ti thetic re la tion ship with the H+ pro file,
strongly sug gest ing that they are caused by car bon ate
remobilization in re sponse to changes in the H+ con cen tra -
tion. Once again there is a lack of a cor re spond ing fea ture
on the south east ern boundary of the 66 zone.

There are two pos si ble ex pla na tions for the ab sence of a
rab bit-ear peak on the south east side of the de pos its. As dis -
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Fig ure 9. Pro files over the MBX and 66 zone de pos its (red out lines) at Mount Milligan, Brit ish Co lum bia: a) con duc tiv ity; b) hy dro gen ion
con cen tra tion; c) acid i fied hy dro gen ion con cen tra tion; d) in verse dif fer ence be tween the acid i fied and nonacidified hy dro gen ion con cen -
tra tion (IDH). Pro files are of re sponse ra tios af ter data lev el ling to ac count for over bur den type.



cussed ear lier, both Smee (1998) and Ham il ton’s (1998)
mod els pre dict that there should be an H+ and IDH peak on
both sides of the min er al iza tion. One ob vi ous ex pla na tion
for the miss ing peak is sur face dis tur bance. The south east -
ern bound ary of the 66 zone oc curs in an area where there
has been con sid er able sur face dis tur bance from road and
drill-pad con struc tion. While ev ery ef fort was made to sam -
ple ‘pris tine’ soil pro files, it is pos si ble that the sur face is
too dam aged and the anom aly has been de stroyed. The
high-con trast, dou ble-peak anom aly on the north west ern
bound ary of MBX oc curs in an area rel a tively free from dis -
tur bance. An other pos si bil ity is that the transect does not
ex tend far enough to the south east to cap ture the other side
of the anom aly. This would be rea son able if there was an
ex ten sive zone of low-grade or bar ren sul phide min er al iza -
tion ex tend ing south of the 66 zone. Drill ing south east of
the 66 zone has con firmed the pres ence of bar ren py rite
min er al iza tion at depth, however its extent to the south is
unknown (D. O’Brien, pers. comm., 2009).

Summary and Conclusions

Part 1 of this study de scribes the ap pli ca tion and in ter pre ta -
tion of soil EC and pH mea sure ments col lected over the
Kwanika Cen tral zone and the MBX and 66 zone de pos its
at Mount Milligan. It has been dem on strated that these sim -
ple and rapid field mea sure ments ap pear to de tect sul phide
min er al iza tion through con sid er able thick nesses of cover.
At Kwanika, the study shows that sul phide min er al iza tion
lo cated up to 300 m be low the sur face has a re sponse con -
sis tent with Smee’s (1998) model for remobilized and
reprecipitated car bon ate. IDH pat terns de fine char ac ter is -
tic rab bit-ear anom a lies over the edges of the un der ly ing
min er al iza tion. At Mount Milligan, a high-con trast IDH
anom aly was iden ti fied through rel a tively thin cover im me -
di ately ad ja cent to the north west ern mar gin of the min er al -
iza tion. There was no cor re spond ing rab bit-ear re sponse on 
the south east ern mar gin of the 66 zone. The lack of a re -
sponse on the other side might be due to ei ther ex ten sive
sur face dis tur bance in that area or the pos si bil ity that the
sam ple transect was too short to capture the anomaly.
Further work is required to explain this result.

Pre lim i nary con clu sions from this study are

· Soil pH and EC are low cost, rapid field mea sure ments
that ap pear to ef fec tively de tect pat terns re lated to blind
sul phide min er al iza tion through con sid er able thick -
nesses of trans ported cover. Blind min er al iza tion can be
de tected in the field us ing noth ing more so phis ti cated
than a Tef lon beaker, de min er al ized wa ter, an acid drop -
per bot tle and conductivity and pH meters.

· Re sponses to min er al iza tion in un dis turbed ar eas show
clas sic rab bit-ear pat terns with peaks lo cated over or im -
me di ately ad ja cent to the edges of the un der ly ing sul -
phide min er al iza tion. In tem per ate bo real for est en vi -
ron ments of north-cen tral BC, the sig nal is stron gest in

the IDH, sug gest ing that car bon ate remobilization is oc -
cur ring in re sponse to subtle changes in pH at the
surface.

· Both soil EC and pH ap pear to show a re sponse to min -
er al iza tion through tens of metres of Qua ter nary cover
at Kwanika, and are able to in di cate min er al iza tion
through hun dreds of metres of post-min eral sediments.

· Am pli tude of the sig nal ap pears to be re lated to the
thick ness of the cover. At Kwanika, max i mum con trast
oc curs where the min er al iza tion is subcropping be neath
tens of metres of over bur den. Where sulphides oc cur at
con sid er able depth, be neath 300 m of post-min eral sed i -
ments and Qua ter nary cover, con trast is lower but the
patterns remain the same.

· At Mount Milligan, ad di tional work is re quired to de ter -
mine why the south east ern rab bit-ear re sponse is miss -
ing. This would in volve resampling the south east ern
mar gin of the 66 zone us ing al ter nate sam ple sites and
ex tend ing the sam ple transect fur ther to the southeast.
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