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1. Introduction
Tills deposited by ice at the base of a glacier are 

commonly derived from nearby bedrock, and exploration 
geologists have long-used the lithological, mineralogical, 
and geochemical anomalies found in such tills to establish 
down-ice dispersion patterns (e.g., Shilts, 1976, DiLabio, 
1990). Relative to multicyclic fluvial, lacustrine, and 
colluvial deposits, which have more complex histories 
of erosion, transport, temporary residence, and final 
deposition, overconsolidated silt-rich basal tills are 
minimally reworked and thus better reflect proximal 
source rock compositions. Once transport direction is 
understood, basal till geochemical anomalies can be 
traced to primary sources. In mountainous terrains flow 
paths are usually along linear, valley-controlled trends 
reflecting the most recent glacier movements (Levson, 
2001).

Volcanogenic massive sulphide (VMS) deposits, 
important sources of copper, zinc, lead and precious 
metals, are formed in volcanic arcs or rifts by discharge 
of hydrothermal fluids onto the seafloor (e.g., Höy, 
1991). Lead isotopes can effectively trace contributions 
to sedimentary deposits derived from isotopically distinct 
ore and country rocks and hence can be used to pinpoint 
Pb deposits (e.g., Gulson, 1986; Bell and Franklin, 1993; 
Bell and Murton, 1995; Simonetti et al., 1996; Hussein et 
al., 2003). Furthermore, weathering profiles retain the Pb 
isotopic ratios of parent ore bodies (Gulson, 1986).

Our study builds on the pioneering work of Bell and 
Franklin (1993), Bell and Murton (1995), and Simonetti et 
al. (1996), who established a method of using Pb isotopes 
in glacial overburden in the exploration of relatively old 
Archean (Manitouwadge, Ontario), Paleoproterozoic 
(Chisel Lake, Manitoba), and early Paleozoic (Buchans, 
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Newfoundland) VMS deposits, and Hussein et al. (2003) 
who extended its application to another early Paleozoic 
deposit (Halfmile Lake, Bathurst, New Brunswick). The 
isotopic differences between the Pb from a VMS deposit 
and surrounding country rocks constitute the basis of this 
method. We refer the reader to Bell and Franklin (1993) 
and Bell and Murton (1995) for details of the theory 

behind Pb isotopes and till prospecting. Simonetti et al. 
(1996) also studied the effectiveness of several different 
selective extraction techniques and different grain-size 
fractions for the Pb isotopic analysis of tills.

Because most VMS deposits contain negligible U and 
Th but high Pb (up to a few wt.%), their Pb isotopic 
compositions remain little changed from the time they 

Fig. 1. Terranes (after Colpron and Nelson, 2011) and location of Chehalis valley study area (red box) in southwestern British 
Columbia.
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are emplaced. In contrast, the crustal rocks that host these 
deposits have much higher U and/or Th and much lower 
Pb contents and, as a result, develop distinctly more 
radiogenic present-day Pb isotopic compositions due to 
in situ decay of U and Th. In cases where mineralization 
is significantly younger than the host rocks, marked 
isotopic contrasts can originate as a primary feature. But 
because it generally takes time for in situ U and Th decay 
to increase radiogenic Pb concentrations in host rocks 
and raise the host rock-ore body Pb isotopic contrast to 
easily measured levels, previous studies have focused 
on older VMS deposits. In this study, we extend the 
application of Pb isotopes for tracing glacial dispersion 
from relatively young (Middle Jurassic) VMS deposits 
in Chehalis valley, southwestern British Columbia (Fig. 
1). Our results demonstrate that Pb isotopes fingerprint 
the signature of these VMS deposits in overlying tills and 
provide an effective indicator for mineral exploration in 
the Canadian Cordillera. We also test the suitability of 
different instrumentation for the Pb isotopic analysis 
of till (<0.063 mm fraction) and rock samples. Our 
simplified method, in which Pb isotopes are measured 
directly in bulk 2.5N HCl leachate on a high-resolution 
ICP-MS (inductively coupled plasma mass spectrometer) 
provides suitable reproducibility for the isotopic contrast 
between country rock and ore.

2. Geology and physiography
The Chehalis valley study area is in the Coast Mountain 

Range, about 120 km east of Vancouver (Fig. 1). Most 
of the area is underlain by intermediate and felsic 
volcanic rocks of the Harrison Lake Formation (Early to 
Middle Jurassic) of the Harrison terrane (Fig. 1; Monger, 
1970; Arthur et al., 1993; Monger and Journeay, 1994; 
Mahoney et al., 1995). These rocks host several Kuroko-
style massive sulphide occurrences, including the Seneca 
Zn-Cu-Pb deposit (Höy, 1991; McKinley et al., 1994; 
1995; McKinley, 2006). The Harrison terrane is intruded 
by Middle Jurassic porphyry stocks and plutons, made up 
of diorite, quartz diorite, granodiorite and tonalite, of the 
Coast Plutonic Complex (Fig. 2). Elevation in the study 
area varies from ~30 m above sea level at the confluence 
of the Chehalis and Harrison rivers, to headwater peaks 
>2,000 m. Outcrop is generally poor below the 500 m 
level. Forest cover ranges from recent clear-cut to mature 
stands of hemlock and cedar. Bedrock-controlled middle 
and upper slopes have moderate to steep gradients with 
rounded summits and ridges.

Downstream of Chehalis Lake, thick (>100 m) late 
Pleistocene sediments fill the Chehalis valley (Fig. 3). As 

described by Ward and Thomson (2004), these sediments 
span the transition from the middle Wisconsin interstadial, 
marked by a fluvial gravel unit, to the Late Wisconsin 
Fraser glaciation and Holocene nonglacial conditions. 
Fraser glaciation deposits include both advance- and 
retreat-phase laminated glaciolacustrine sediments, 
tills deposited by ice flowing down the Chehalis valley, 
and gravels interstratified with dropstone-bearing sand 
and silt, which represent subaqueous outwash deposits. 
Locally, thick (>50 m) bedded gravel foresets are capped 
by horizontally bedded gravel, likely marking deltas 
formed during deglaciation. Bedrock striations (Fig. 4) 
indicate ice flow towards the south-southeast, parallel to 
the Chehalis valley (Appendix 1; Fig. 2), perhaps by ice 
sourced in the upper valley (Ward and Thomson, 2004). 
The occurrence of older bedrock striations oblique to the 
valley may also record possible ice flow up, and perhaps 
westward across, the Chehalis valley from the Fraser 
lowland during the Late Wisconsin maximum or perhaps 
a pre-Late Wisconsin glaciation (Ward and Thomson, 
2004).

3. Samples
We collected 26 till and 11 bedrock samples from 

Chehalis valley (Fig. 2). In addition, duplicates of till 
samples (2-3 kg) were collected at three randomly selected 
sample sites. Most of the till samples are from forestry 
roadcuts. Sample sites are distributed up and down ice of 
the VMS occurrences. Sampling density increases near 
the VMS occurrences; one sample was taken immediately 
above the Seneca pit. Details for till samples are given in 
Appendix 2.  Most of the samples were collected at depths 
of >0.4 m. Care was taken to avoid rootlets and oxidized 
or reduced joint surfaces or horizons. The tills overlie 
laminated silt, bedded sand and gravel, or bedrock. For 
tills directly overlying bedrock, samples were collected 
0-0.1 m above the contact. The till is generally massive, 
dense and weakly fissile, has a silty sand matrix, and 
contains 25%–55% clasts (Fig. 5). A crude stratification, 
owing to variation in clast size and abundance is locally 
developed (Fig. 5a). Subangular to subrounded granules 
and pebbles are predominant and clasts are commonly 
striated. Volcanic rocks of the Harrison Lake Formation 
are the main clast type (>60%), although one sample 
contains mainly diorites and granodiorites of the Mt. 
Jasper pluton (Fig. 6; Appendix 3), indicating glacial 
transport and bedrock sources within the study area. Till 
samples down ice from, and directly above, the Seneca 
pit contain abundant mineralized clasts, with up to 7% of 
rusty pseudomorphs (up to 4 mm in diameter) presumably 
after sulphide grains (Fig. 7).

Lead isotopes in till for mineral exploration
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Fig 3. Northeast slope of Chehalis valley, about 1 km northwest of Seneca VMS occurrence.

Fig. 4. Two sets of cross-cutting striations on bedrock overlain by till.

Lead isotopes in till for mineral exploration
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Fig. 5. Examples of basal till, Chehalis valley. a) Clast-rich till (unit 1) overlain by darker till with smaller, less abundant clasts 
(unit 2). b) Close up of unit 1, showing weakly oxidized, dense till with silty sand matrix and about 35% clasts. c) Close up of 
unit 2, showing more oxidized, less dense till with sandy matrix and about 30% clasts. d) Dense till with sandy silt matrix and 
about 35% clasts, overlain by retreat-phase glaciolacustrine silt and clay. e) Weakly oxidized, dense till with sandy silt matrix and 
about 30% clasts, overlain by bedded sand and gravel. f) Mottling, possibly after vegetation roots, in pervasively oxidized, dense 
till with sandy silt matrix and about 25% clasts.
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Bedrock samples include Kuroko-style VMS 
mineralization from the Seneca deposit and nearby 
country rocks (Appendix 4). Samples of country rocks 
are mostly dacite and rhyodacite porphyries and tuffs 
of the Harrison Lake Formation and one sample of 
hornblende diorite from the Mt. Jasper pluton (Fig. 2). 
Dacite and rhyodacite have phenocrysts of plagioclase 
and orthoclase (total 5-15%), quartz (0-3%), and 
hornblende (1-2%), set in a dense, very fine-grained felsic 
groundmass. Feldspars are sericitized and altered to clay,  
and hornblende is completely replaced by pseudomorphs 
of chlorite±epidote±tremolite. Secondary chlorite, 
epidote and tremolite also form veinlets in the albitized 
or sericitized groundmass. Volcaniclastic rocks from 
Seneca pit area are lapilli tuff with disseminated pyrite 
(~4%) and sphalerite (<1%) in a silicified and sericitized 

matrix, and very fine-grained reworked felsic ash tuff. A 
subvertical gossanous zone (~1.5 m wide) within lapilli 
tuff at a roadcut outcrop ~2.5 km northwest of Seneca 
pit contains abundant pyrite cubes (up to 0.5 cm), clay, 
sericite, chlorite, minor epidote, and accessory sphalerite 
and titanite. Diorite from the Mt. Jasper pluton is a 
massive, weakly porphyritic rock with rare phenocrysts 
of plagioclase (up to 1 cm) and quartz (up to 6 mm) set in 
a medium-grained groundmass. The groundmass is made 
up of weakly sericitized and chloritized plagioclase, fresh 
or weakly chloritized and epidotized hornblende (6-
7%), magnetite (1%), and interstitial quartz (4-5%) and 
chlorite. Accessory apatite forms euhedral inclusions in 
hornblende.

VMS mineralization in the Seneca Pit includes 
stratiform lenses of pyrite (15-60%), sphalerite (7-10%), 
chalcopyrite (1-5%), and minor galena (<1%) in strongly 
sericitized and silicified fragmental volcanic rocks, and 
veins and disseminated sulphides in altered dacite lava 
and epiclastic conglomerate. Barite is common and locally 
comprises up to 50% of the rock. Detailed descriptions 
of the geology, mineralization, and exploration history 
of the Seneca deposit can be found in McKinley et al. 
(1995) and McKinley (2006).

4. Analytical methods
Samples were prepared at the British Columbia 

Geological Survey (BCGS), where blind quality control 
samples were inserted. Till samples were oven dried at 
40oC and sieved to <0.063 mm. Rock samples were jaw 
crushed, and fragments (>3 mm) selected to be free of 
weathered surfaces were pulverized using a steel mill. All 
equipment was thoroughly washed between samples to 
avoid cross contamination. In addition, a small portion 
of each sample was processed and discarded to 'pre-
contaminate' the equipment.

Elemental abundances were determined by several 
different methods. Total contents of Cu, Zn, As, Rb, Sr, 
Zr, Mo and Pb were analyzed at BCGS using a Thermo 
Scientific Niton FXL 950 energy-dispersive X-ray 
fluorescence (XRF) spectrometer in hand-pressed, 32 
mm-diameter sample pellets, made with a 4 µm-thick 
polypropylene bottom. We used an 8-mm X-ray spot 
diameter, automated sample spinner, 180 seconds counting 
time, and Compton internal standardization method 
with calibration factors of Rukhlov (2013; Appendix 
5). Total C and S were determined by Leco combustion, 
loss-on-ignition (LOI) at 1000oC gravimetrically. After 
fusion of samples with lithium metaborate-tetraborate, 
major and minor oxides were determined by inductively 

Fig. 7. Basal till with sand- to granule-size oxidized sulphides. 
a) Till collected about 1 km down ice from the Seneca pit. b) 
Till collected directly above the southeast wall of the Seneca 
pit.

Rukhlov and Ferbey
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coupled plasma atomic emission spectrometry (ICP-
ES) and trace elements by inductively coupled plasma 
mass spectrometry (ICP-MS) at Acme Analytical 
Laboratories Ltd., Vancouver, B.C. (Acme; Appendix 6). 
Concentrations of Ag, As, Au, Bi, Cd, Cu, Hg, Mo, Ni, 
Pb, Sb, Se, Tl, and Zn were determined by hot aqua regia 
leaching of 0.5-g samples and ICP-MS analysis at Acme 
(Appendix 7). Samples were also analyzed for 35 elements 
by instrumental neutron activation analysis (INAA) at 
Activation Laboratories Ltd., Ancaster, Ontario (Actlabs; 
Appendix 8). Table 1 lists the minimum detection limits 
(DL) and percentage of results at or below DL per element 
for each method.

For Pb isotopic analyses, we used a conventional leaching 
technique that Simonetti et al. (1996) found to be more 
effective in enhancing the Pb isotopic contrast between 
the mineralized and background samples than complete 
dissolution or other selective extractions. In our modified 
procedure, 0.3 to 0.5 g samples were leached with 6-10 
mL of 2.5N HCl at room temperature for ~2 hours and the 
leachate solutions were analyzed at three laboratories using 
different mass spectrometers (Appendix 9). Lead isotopic 
ratios were measured directly in centrifuged, decanted, 
and diluted bulk leachate solution on a Perkin Elmer 
Nexion quadrupole inductively coupled plasma mass 
spectrometer (quad ICP-MS) at Acme and, with addition 
of HNO3, on a Thermo Scientific Finnigan ELEMENT 
2 high-resolution, double focusing magnetic sector field 
inductively coupled plasma mass spectrometer (HR-
ICP-MS) at Actlabs. Lead isotopic ratios for 14 selected 
samples were also measured on a Nu Plasma multi-
collector inductively coupled plasma mass spectrometer 
(MC-ICP-MS) after leachate Pb purification by ion-
exchange column separation at the Pacific Centre for 
Isotopic and Geochemical Research (PCIGR), University 
of British Columbia. Both leachate and digested residue 
were analyzed from a basalt standard JB-3 (Kimura et al., 
2006). All Pb isotopic data were corrected for isobaric 
interference. Weis et al. (2006) provided analytical details 
for Pb isotopic measurements on MC-ICP-MS at PCIGR. 
The measured Pb isotopic ratios were corrected online for 
instrumental mass fractionation using 205Tl/203Tl ratio and 
normalized offline to the correct NIST SRM 981 values 
of Galer and Abouchami (1998) using a standard sample 
bracketing method (Albarède and Beard, 2004). The 
HR-ICP-MS data were also normalized to a Pb isotopic 
standard by Actlabs, whereas the quad ICP-MS data were 
not normalized by Acme.

Reproducibility and accuracy of the analyses were 
monitored by duplicates of <0.063 mm fraction of till 

samples and international geological standards. Relative 
difference for the duplicates is given as follows.

where X1 and X2 are duplicate results, and X is the 
average of duplicate pair. Average relative difference 
uncertainties for concentrations based on 4 duplicate 
pairs are estimated to be <10% for most determinations 
by XRF, fusion-ICP-ES/MS, and aqua regia-ICP-MS. 
Elements with concentration levels near the minimum 
detection limits have <40% uncertainty (Appendices 
5-7). Reproducibility of the INAA results is <30% for 
most elements, except Ba, Ce, Cr, Eu, Nd, Rb, Th, U, 
and Zn (32-94%; Appendix 8). Scatterplots of till field 
duplicates and quality controls for selected elements are 
given in Appendices 10-13.

For the MC-ICP-MS results, based on 40 analyses of 
NIST NBS 981 carried out with the samples, 2σ errors 
are 0.010% for 206Pb/204Pb and 207Pb/204Pb, 0.013% for 
208Pb/204Pb, 0.008% for 207Pb/206Pb, and 0.011% for 
208Pb/206Pb. Table 2 lists the estimated reproducibility 
for Pb isotopic ratios measured by different instruments 
based on average relative difference from duplicates (for 
details, see Appendix 9). Appendices 14-16 show Pb-Pb 
isotopic plots for leachates from till duplicate samples 
and for leachate-residue and bulk-dissolution results from 
geological standards. In summary, as expected, MC-ICP-
MS results are more precise than HR-ICP-MS which are 
more precise than quad ICP-MS.

5. Results
5.1. Elemental abundances

Elemental concentrations for all samples are listed in 
Appendices 5–8. Tills and country rocks from Chehalis 
valley have very similar chemical compositions (Figs. 8 
and 9), indicating local bedrock sources for the tills. The 
volcanic rocks of the Harrison Lake Formation and diorite 
of the Mt. Jasper pluton range from basaltic andesite 
to rhyolite and show a volcanic-arc affinity (Fig. 8). 
Normalized rare earth element (REE) and multi-element 
spider plots (Fig. 9) are also consistent with a subduction-
related origin (Mahoney et al., 1995). Total REE contents 
(49-81 ppm) are about 20–30 times chondritic values, 
with the REE patterns indicating light rare earth element 
(LREE) enrichment (Lan/Ybn = 2.3-8.5; Lan/Smn = 1.4-
3.1), weak negative Eu anomalies, and flat heavy rare 
earth element (HREE) distributions (Fig. 9a). These REE 
patterns, coupled with Rb, Ba, K, and Th enrichment 

Lead isotopes in till for mineral exploration
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Table 1. Minimum detection limits (DL) and percentage of results at or below DL.
Analyte Unit INAA LICP AICP GRAV LECO PXRF

SiO2 wt % — 0.01 (0%) — — — —
Al2O3 wt % — 0.01 (0%) — — — —
Fe2O3 wt % — 0.04 (0%) — — — —
MgO wt % — 0.01 (0%) — — — —
CaO wt % — 0.01 (0%) — — — —
Na2O wt % — 0.01 (2%) — — — —
K2O wt % — 0.01 (0%) — — — —
TiO2 wt % — 0.01 (2%) — — — —
P2O5 wt % — 0.01 (7%) — — — —
MnO wt % — 0.01 (0%) — — — —
Cr2O3 wt % — 0.002 (2%) — — — —
LOI wt % — — — 0.1 (0%) — —

Total C wt % — — — — 0.02 (44%) —
Total S wt % — — — — 0.02 (73%) —

Ag ppm 5 (93%) — 0.1 (78%) — — —
As ppm 0.5 (7%) — 0.5 (11%) — — 2 to 3 (12%)
Au ppb 2 (84%) — 0.5 (31%) — — —
Ba ppm 50 (36%) 1 (0%) — — — —
Be ppm — 1 (91%) — — — —
Bi ppm — — 0.1 (80%) — — —
Br ppm 0.5 (73%) — — — — —
Ca wt % 1 (93%) — — — — —
Ce ppm 3 (7%) 0.1 (0%) — — — —
Cd ppm — — 0.1 (53%) — — —
Cu ppm — — 0.1 (0%) — — 7 to 13 (9%)
Co ppm 1 (24%) 0.2 (0%) — — — —
Cr ppm 5 (9%) — — — — —
Cs ppm 1 (87%) 0.1 (11%) — — — —
Dy ppm — 0.05 (4%) — — — —
Er ppm — 0.03 (2%) — — — —
Eu ppm 0.2 (29%) 0.02 (0%) — — — —
Ga ppm — 0.5 (0%) — — — —
Gd ppm — 0.05 (0%) — — — —
Fe wt % 0.01 (0%) — — — — —
Hf ppm 1 (13%) 0.1 (0%) — — — —
Hg ppm 1 (100%) — 0.01 (18%) — — —
Ho ppm — 0.02 (4%) — — — —
Ir ppb 5 (100%) — — — — —
La ppm 0.5 (0%) 0.1 (0%) — — — —
Lu ppm 0.05 (7%) 0.01 (0%) — — — —

Rukhlov and Ferbey
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Table 1. Continued.
Analyte Unit INAA LICP AICP GRAV LECO PXRF

Mo ppm 1 (82%) — 0.1 (13%) — — 2 to 3 (72%)
Na wt % 0.01 (0%) — — — — —
Nb ppm — 0.1 (0%) — — — —
Nd ppm 5 (56%) 0.3 (2%) — — — —
Ni ppm 20 (100%) 20 (93%) 0.1 (0%) — — —
Pb ppm — — 0.1 (2%) — — 2 (0%)
Pr ppm — 0.02 (0%) — — — —
Rb ppm 15 (89%) 0.1 (0%) — — — 0.6 (0%)
Sb ppm 0.1 (16%) — 0.1 (27%) — — —
Sc ppm 0.1 (0%) 1 (4%) — — — —
Se ppm 3 (100%) — 0.5 (64%) — — —
Sm ppm 0.1 (2%) 0.05 (0%) — — — —
Sn ppm 200 (100%) 1 (89%) — — — —
Sr ppm 500 (100%) 0.5 (0%) — — — 0.8 (0%)
Ta ppm 0.5 (100%) 0.1 (13%) — — — —
Tb ppm 0.5 (100%) 0.01 (0%) — — — —
Th ppm 0.2 (22%) 0.2 (4%) — — — —
Tl ppm — — 0.1 (82%) — — —

Tm ppm — 0.01 (2%) — — — —
U ppm 0.5 (80%) 0.1 (0%) — — — —
V ppm — 8 (0%) — — — —
W ppm 1 (100%) 0.5 (62%) — — — —
Y ppm — 0.1 (0%) — — — —

Yb ppm 0.2 (7%) 0.05 (0%) — — — —
Zn ppm 50 (71%) — 1 (0%) — — 3 (0%)
Zr ppm — 0.1 (0%) — — — 1 to 24 (7%)

Footnotes:
Percentages of results at or below DL (in parentheses); total 45 samples analyzed.
Method codes: INAA = instrumental neutron activation analysis; LICP = lithium methaborate-tetraborate fusion 
with a combination of inductively coupled plasma emission spectrometry (ICP-ES) and inductively coupled plasma 
mass spectrometry (ICP-MS) finish; AICP = aqua-regia extraction at 90oC with ICP-MS finish; GRAV = gravimetric 
determination of loss-on-ignition (LOI) after ignition at 1000oC; LECO = LECO combustion; PXRF = energy-
dispersive X-ray fluorescence spectrometry on hand-pressed, 32 mm-diameter samples (>10 g), covered with 4 µm-thick 
polypropylene film.
Units: ppb = parts per billion; ppm = parts per million; wt % = weight per cent.

relative to mid-ocean ridge basalts (Bevins et al., 1984) 
and relative Ta, Nb, and Ti depletion (Fig. 9b), are 
characteristic of island-arc magmatism (e.g., Ryerson and 
Watson, 1987). Depletion in Ni is consistent with olivine 
fractionation, and moderate depletion in Sr of the volcanic 
rocks, coupled with slightly negative Eu anomalies, may 
indicate plagioclase fractionation (Mahoney et al., 1995). 
Diorite of the Mt. Jasper pluton has lower Rb, Ba, K, Ta 
and Zr contents and higher Sr, P, and Ti contents than 
those of volcanic rocks of the Harrison Lake Formation. 

Mineralized samples from Seneca VMS deposit contain 
up to 19.4 wt.%  Ba, 9.2 wt.%  Zn, 4.4 wt.%  Cu, and 0.2 
wt.%  Pb, which are about 10 to 1000 times greater than 
those of local country rocks (Fig. 9c).

Trace-element patterns of tills are generally similar to 
those of Harrison Lake Formation volcanic rocks and 
diorite of the Mt. Jasper pluton. Elevated metals values 
(e.g., As, Au, Cu, Pb, and Zn) in some till samples are 
bracketed by whole rock values from the Seneca VMS 
deposit and the country rocks (Fig. 9; Appendices 5-8).
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Instrument 1 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 207Pb/206Pb 208Pb/206Pb
MC-ICP-MS 0.10 0.01 0.04 0.09 0.06
HR-ICP-MS 0.6 1.2 0.6 0.6 0.4

Quad ICP-MS 3.1 3.4 1.8 1.5 3.4

1 MC-ICP-MS = multi-collector inductively coupled plasma mass spectrometer; HR-ICP-MS = high-resolution, double 
focusing magnetic sector field inductively coupled plasma mass spectrometer; Quad ICP-MS = quadrupole inductively 
coupled plasma mass spectrometer.

5.2. Lead isotopic ratios
5.2.1. Leaching versus bulk dissolution

For Pb isotopic analysis, we have adopted a 
conventional leaching (i.e. 2.5N HCl at room temperature) 
which Simonetti et al. (1996) found to be effective in 
enhancing Pb isotopic contrast between mineralized and 
background till samples. For a detailed discussion of 
the leachate-residue and bulk dissolution experiments, 
we refer the reader to Simonetti et al. (1996). Because 
conventional leaching has been applied successfully in 
previous Pb isotopic studies (e.g., Simonetti et al., 1996; 
Hussein et al., 2003), we analyzed leachate-residue for 
selected geological reference materials to compare with 
the literature leachate-residue and bulk dissolution data. 
A comparison between Pb isotopic ratios measured for 
geological reference materials on leachates and residues 
using the 2.5N HCl extraction in this study and bulk-
dissolution results from the literature (Kimura et al., 2006; 
Weis et al., 2006; Chauvel et al., 2011) indicates that the 
extraction technique is effective for labile Pb such as 
sulphide mineralization, thus enhancing the Pb isotopic 
contrast between the mineralization and background 
(see data in Appendix 9 and Pb-Pb isotopic plots in 
Appendices 14-16). Leachates for all rock reference 
materials in this study have lower 208Pb/204Pb values than 
those of corresponding residues and bulk-dissolution 
determinations (Kimura et al., 2006; Weis et al., 2006). 
The 206Pb/204Pb values for leachates are similar to, or 
slightly lower than, those for residues and bulk-dissolution 
values, and are similar to some leachate values of Weis et 
al. (2006). All rock reference materials have consistent 
leachate-residue and bulk dissolution 207Pb/204Pb ratios, 
except rhyolite RGM-1 reference material, which has 
a lower bulk-dissolution 207Pb/204Pb value (Weis et al., 
2006). For basalt JB-3 reference material, leachate has 
lower 208Pb/206Pb and 208Pb/204Pb values than those of the 
residue, which has a Pb isotopic composition similar to 
bulk-dissolution values of Kimura et al. (2006). Leachate 

for a lake sediment reference material (LKSD-1) has 
206Pb/204Pb, 207Pb/204Pb, and 207Pb/206Pb values similar 
(within the analytical uncertainty) to bulk-dissolution 
values of Chauvel et al. (2011) but higher 208Pb/204Pb and 
208Pb/206Pb ratios.

Overall, leachates in this study tend to have a less 
radiogenic Pb isotopic composition than the corresponding 
residues and bulk-dissolution analyses thus confirming 
the effectiveness of the 2.5N HCl extraction for enhancing 
isotopic contrast between anomalous ('ore-like') and 
background (more radiogenic) till samples (Simonetti et 
al., 1996).

5.2.2. Lead isotopic ratios in tills and rocks 
The Pb isotopic results for 2.5N HCl leachates from 

Chehalis valley tills (<0.063 mm fraction), and VMS 
mineralization and the surrounding background rocks 
are given in Appendix 9 and shown in Figures 9–12. 
For MC-ICP-MS results on selected samples, the data 
in Pb-Pb isotopic plots form near-linear arrays over 
a wide range of values. Similar findings were reported 
for tills associated with VMS deposits from Chisel 
Lake, Manitoba (Bell and Franklin, 1993; Bell and 
Murton, 1995); Buchans, Newfoundland (Bell and 
Murton, 1995); Manitouwadge, Ontario (Simonetti et 
al., 1996); and Bathurst, New Brunswick (Hussein et al., 
2003). Samples of VMS mineralization have the lowest 
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios, and the 
highest 207Pb/206Pb and 208Pb/206Pb ratios, all very similar 
to the isotopic composition of galena from the Seneca 
deposit (Godwin et al., 1988). Diorite from the Mt. Jasper 
pluton has the most radiogenic values (Fig. 10). Lead 
isotopic ratios for tills are continuously distributed over 
a range of values from the isotopic signature of the VMS 
mineralization towards more radiogenic compositions 
(206Pb/204Pb = 18.33–18.73; 207Pb/204Pb = 15.53–15.58; 
208Pb/204Pb = 37.93–38.33; 207Pb/206Pb = 0.832–0.848; 
208Pb/206Pb = 2.045–2.069). Also shown in these diagrams 
for reference are present-day isotopic compositions of 

Table 2. Reproducibility of Pb isotopic ratios (%) based on average relative difference from duplicates.
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depleted MORB mantle (DMM) end-member (Hart, 
1988), and upper continental crust and “orogene”, 
considered to be a mixture of both upper mantle and 
continental crust (Zartman and Doe, 1981). The VMS ore 
has more radiogenic 206Pb/204Pb and 207Pb/204Pb but lower 
208Pb/204Pb ratios than those of DMM. More radiogenic 
isotopic ratios from tills approach the present-day 
isotopic composition of the 'orogene' (Zartman and Doe, 
1981), whereas diorite of Mt. Jasper pluton shows much 

higher 206Pb/204Pb and 208Pb/204Pb ratios, which are more 
radiogenic than the present-day isotopic composition of 
upper continental crust (Zartman and Doe, 1981).

The leachate data for all till and whole-rock samples 
by the HR-ICP-MS show more scatter than the MC-
ICP-MS results for selected samples on Pb-Pb isotopic 
diagrams (Figs. 11 and 12). Although some of the scatter 
is certainly due to the larger uncertainties of the HR-ICP-
MS measurements (~40-100 times MC-ICP-MS), the 

Fig. 8. Geochemical discrimination diagrams for Chehalis valley till (<0.063 mm fraction) and whole-rock samples. a) Total alkali 
(Na2O + K2O) vs. SiO2 (anhydrous wt.% ) classification for volcanic rocks, showing the fields of andesite (A), basalt (B), basaltic 
andesite (BA), basaltic trachyandesite (BT), dacite (D), foidite (F), phonolite (P), phonotephrite (PT), picrobasalt (PB), rhyolite 
(R), tephriphonolite (TP), tephrite and basanite (T/B),  trachyandesite (TA),  trachybasalt (TB), and trachyte and trachydacite (T) 
after Le Bas et al. (1986). b) (Y + Nb) vs. Rb and c) Yb vs Ta tectonic discrimination diagrams for granitoids after Pearce et al. 
(1984); dash line shows boundary between granites from anomalous ocean ridges and within-plate granites.
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range of values is significantly greater than our quoted 
reproducibility for the analyses. Generally, the Pb isotopic 
ratios measured directly in bulk leachate solution using 
the HR-ICP-MS are consistent with those using state-of-
the-art MC-ICP-MS. In both modes of measurement the 
VMS mineralization has the lowest 206Pb/204Pb and the 
highest 207Pb/206Pb ratios, similar to those of galena in the 
Seneca deposit (Godwin et al., 1988). For the HR-ICP-
MS results, the Pb isotopic ratios for leachates from the 
volcanic rocks of the Harrison Lake Formation hosting the 
Seneca deposit and from diorite of the Mt. Jasper pluton 
show considerable variation (206Pb/204Pb = 18.46–20.01; 
207Pb/204Pb = 15.13–16.18; 208Pb/204Pb = 36.78–39.89; 
207Pb/206Pb = 0.787–0.844; 208Pb/206Pb = 1.94–2.09). In Pb-
Pb isotopic ratio diagrams, data from these rocks define 
envelopes, scattering from less radiogenic compositions, 
approaching those of the mineralized samples, perhaps 
reflecting their genetic relationship to the VMS ore, 
to highly radiogenic 206Pb/204Pb values at variable 

207Pb/204Pb and 208Pb/204Pb, typical of continental crust 
(Fig. 11). Leachates from tills and country rocks show 
similar patterns (Fig. 11) except that the tills show more 
restricted variations, ranging from the least radiogenic 
values similar to those of the VMS mineralization to more 
radiogenic compositions, but not as extreme as those of 
the country rocks. The direct-leachate measurements by 
quad ICP-MS (uncorrected for mass fractionation) show 
the widest range of values due to much larger analytical 
uncertainties (~3-9 times) than HR-ICP-MS (Fig. 12).

The measured range of Pb isotopic ratios from tills 
(3–7% difference) is 40%–80% of the overall Pb 
isotopic contrast between the VMS mineralization and 
the surrounding background rocks from Chehalis valley. 
This range is 2-3 orders of magnitude greater than the 
uncertainties of the state-of-the-art MC-ICP-MS analyses 
using purified Pb solution and 5-10 times greater than 
those of the direct-leachate analyses on HR-ICP-MS but 
is within, or only slightly exceeds, the reproducibility 

Fig. 9. Spider diagrams for Chehalis valley till (<0.063 mm fraction) and whole-rock samples. a) Chondrite-normalized rare 
earth element plot, using normalization of Boynton (1984). b) Mid-ocean ridge basalt (MORB)-normalized spider plot, using 
normalization of Bevins et al. (1984). c) Average granodiorite-normalized spider plot, using normalization of Levinson (1974).
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of the quad ICP-MS results. Because the variations 
of Pb isotopic ratios are much greater than analytical 
uncertainties, both MC-ICP-MS and HR-ICP-MS are 
useful to identify VMS anomalies in tills.

6. Summary and discussion
6.1. Mixing of Pb from local heterogeneous sources

Lead isotopic ratios in tills (<0.063 mm fraction) near 
the Seneca deposit reflect contributions from both VMS 
mineralization and surrounding country rocks. This is 
shown by near-linear arrays in Pb-Pb isotopic ratio plots 
for the MC-ICP-MS results, where one end corresponds 
to the isotopic signature of VMS mineralization (with the 
lowest 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios, and 
the highest 207Pb/206Pb and 208Pb/206Pb ratios) similar to that 
of galena from the Seneca deposit (Godwin et al., 1988; 
Fig. 10) and the other to the surrounding country rocks. 
A similar linear relationship was documented by Bell and 
Franklin (1993), Bell and Murton (1995), Simonetti et 
al. (1996), and Hussein et al. (2003) in their Pb isotope 
studies of tills at Chisel Lake, Buchans, Manitouwadge, 
and Bathurst. Although the HR-ICP-MS data for all 
samples are more scattered than the MC-ICP-MS data 
for selected samples and define broad envelopes in Pb-
Pb isotopic diagrams, the least radiogenic ratios from 
the tills are still similar to those of the ore samples and 
galena from Seneca deposit (Fig. 11). The till data range 
between the isotopic signature of the ore and the more 
radiogenic compositions of the surrounding country rocks, 
suggesting that most of the Pb was derived from local 
heterogeneous bedrock sources via glacial dispersion. 
Furthermore, the close multi-element similarity between 
tills and rocks from Chehalis valley (Fig. 9) is consistent 
with local derivation.

The apparent variation in 207Pb/204Pb ratio for a given 
206Pb/204Pb ratio (Fig. 11a) measured by HR-ICP-MS 
could be due to the larger analytical uncertainty for the 
207Pb/204Pb ratio than those for other Pb isotopic ratios 
measured on HR-ICP-MS. Alternatively, if the variation 
in 207Pb/204Pb ratio for a given 206Pb/204Pb ratio in the 
volcanic rocks and related VMS deposit is real, it would 
suggest a contribution of Pb from an ancient source such 
as the sub-continental lithosphere. The large variations in 
208Pb/204Pb ratio for a given 206Pb/204Pb, well in excess of 
the analytical uncertainty, indicate that the scatter in the 
206Pb/204Pb versus 208Pb/204Pb diagram reflects the variable 
Th/U ratio in the Seneca deposit and the surrounding 
country rocks or the time-integrated Th/U ratio in their 
source (Fig. 11c). This is not surprising, given that 
variations of ~3% in 208Pb/206Pb and ~4% in 207Pb/206Pb, 

well outside of analytical errors (0.1–0.2 %), were 
reported for a single crystal of galena from the Buick 
Mississippi Valley-type deposit, Missouri, covering the 
range of values found for the whole of the mineralized 
area (Hart et al., 1981).

The large variations in the Pb isotopic ratios in the tills 
reflect both the initial Pb isotopic variations and added 
radiogenic Pb produced by in situ decay of U and Th in 
the bedrock sources. Galena has U/Pb and Th/Pb ratios 
of 0; country rocks have U/Pb ratios that range from 0 
to 7, and Th/Pb ratios that range from 0 to 14. Because 
galena contains most of the Pb in VMS deposits (Fig. 
9c), till samples containing Pb derived mainly from VMS 
deposits will have less radiogenic Pb isotopic ratios, 
approaching those of galena, than tills derived mainly 
from country rocks.
 Linear arrays have been interpreted as either relict 
secondary isochrons (e.g., Bell and Franklin, 1993; 
Simonetti et al., 1996) or binary mixing lines with or 
without geochronologic significance (e.g., Bell and 
Murton, 1995; Simonetti et al., 1996; Hussein et al., 2003). 
Bell and Franklin (1993) attributed a similar linear array 
in the 206Pb/204Pb vs. 207Pb/204Pb diagram for glacigenic 
sediments derived from the Chisel Lake VMS deposit, 
Manitoba to a relict secondary isochron associated with 
Amisk Group volcanic rocks (Paleoproterozoic) and 
related ores. These authors suggested that the glacigenic 
sediments at Chisel Lake preserved the secondary isochron 
due to incomplete mechanical mixing of materials 
derived from the ores and enclosing country rocks of 
the same age. The interpretation of the Pb-Pb arrays as 
relict secondary isochrons was later extended to a similar 
linear relationship for tills at Manitouwadge, Ontario 
(Simonetti et al., 1996). Alternatively, Bell and Murton 
(1995), Simonetti et al. (1996), and Hussein et al. (2003) 
interpreted similar linear relationships for tills at Chisel 
Lake, Manitowadge, and Bathurst in terms of binary 
mixing of leads from the VMS ores and the surrounding 
country rocks. In the present example, if interpreted as a 
secondary isochron, the slope of the linear array (n = 13; 
excluding diorite analysis from Mt. Jasper pluton) in the 
207Pb/204Pb vs. 206Pb/204Pb diagram (Fig. 10a) corresponds 
to an age of 2131±180 Ma (95% confidence), with the 
lower intercept of the Stacey and Kramers (1975) growth 
curve at 2271 Ma. The mean square of the weighted 
deviation of 28 indicates that not all of the data points fit 
a straight line within the estimated uncertainties. This age 
is much older than the age of the Seneca VMS deposit 
and the related volcanic-arc rocks (Middle Jurassic). If 
the linear array has a geochronological significance, it 
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would imply that both the Seneca VMS deposit and the 
enclosing volcanic-arc rocks contain Pb derived from a 
closed-system, Paleoproterozoic source with a variable 
time-integrated U/Pb ratio, such as the sub-continental 
lithosphere. However, this conclusion is contradicted by 
geochemical and Nd and Sr isotopic evidence that the 
Harrison Lake Formation records juvenile arc magmatism 
(Mahoney et al. 1995). Hence we interpret that the linear 
arrays reflect simple mixing of two isotopically distinct 
end-members and that tills from Chehalis valley contain 
a mixture of leads derived from the VMS ores and 
isotopically heterogeneous country rocks (Fig. 11).

Hyperbolic data arrays in the Pb abundance versus 
Pb isotopic ratio diagrams for the MC-ICP-MS results 
are best explained as binary mixing of debris from the 
Seneca deposit and background country rocks (Fig. 13; 
for mixing formulation see Langmuir et al., 1978). The 
Seneca end member has the lowest 206Pb/204Pb, 207Pb/204Pb, 
and 208Pb/204Pb ratios, and the highest 207Pb/206Pb and 
208Pb/206Pb ratios and Pb contents. The background end 
member (i.e. country rocks) has the highest 206Pb/204Pb, 
207Pb/204Pb, and 208Pb/204Pb ratios, and the lowest 
207Pb/206Pb and 208Pb/206Pb ratios and Pb content. Similar 
hyperbolic relationships were documented by Bell and 
Murton (1995) and Hussein et al. (2003) for tills at Chisel 
Lake, Buchans, and Bathurst. The HR-ICP-MS and quad 
ICP-MS results for all samples show more scattered Pb 
isotopic ratios from tills and rocks with decreasing Pb 
concentrations, indicating isotopically heterogeneous 
country rocks (Figs. 14–15). These data are consistent with 
the model that Chehalis valley tills represent mixtures of 
debris from the local bedrock sources and have variable 
proportions of Pb derived from the isotopically distinct 
VMS mineralization in keeping with the findings from 
other VMS deposits (Bell and Murton, 1995; Simonetti et 
al., 1996; Hussein et al., 2003).

6.2. Elemental abundances and glacial dispersion 
Abundances of Pb, Zn, Cu, and Ba display different 

dispersion patterns down-ice of the Seneca VMS deposit 
(Fig. 16). Till samples directly above and within ~1 km 
of known VMS occurrences contain elevated Pb and Zn, 
which fall to background levels farther away. Copper and 
barium contents in till samples directly overlying Seneca 
pit are clearly anomalous (>98th percentile) relative 
to average till in the area but samples within ~1 km of 
other known VMS occurrences are indistinguishable 
from background values. Elevated Cu and Ba in some 
till samples away from known VMS occurrences indicate 
sources unrelated to known bedrock occurrences of the 

ores. Although there is an expected decrease in elemental 
values away from Seneca VMS deposit, down-ice 
dispersal is not well defined, probably due to low sample 
density, geographically restricted sample site locations 
and/or the possibility of two ice-flow events (south-
southeast and west).

6.3. Lead isotopes as glacial dispersion indicators
As emphasized by Bell and Franklin (1993), Bell and 

Murton (1995), Simonetti et al., (1996) and Hussein et 
al. (2003), lead concentrations alone cannot identify 
the source of tills derived from eroded VMS deposits. 
Because radiogenic Pb is produced by decay of U and Th 
in country rocks but not in galena or other Pb-bearing ore 
minerals that lack U and Th, an isotopic contrast between 
country rocks and ores is generated. Up until now the use 
of Pb isotopes in glacial till has been largely restricted to 
Early Paleozoic and older deposits, but it is clear from 
our study that VMS deposits as young as Middle Jurassic 
can be pinpointed using inexpensive modern ICP-MS 
instrumentation. This may also be true for other Pb-rich 
deposits such as SEDEX, Pb-Zn skarn, and porphyries. In 
addition, Pb isotopic ratios are partly independent of Pb 
abundances, as shown by significant isotopic variations 
in the tills with low Pb contents (Fig. 14). Thus sediment 
consisting mainly of debris derived from Pb-rich deposits 
may have a distinct Pb isotopic signature fingerprinting 
the ore source (Bell and Franklin, 1993; Bell and Murton, 
1995; Simonetti et al., 1996; Hussein et al., 2003). 

In Figures 17–19, Pb isotopic ratios for leachates from 
till samples (<0.063 mm fraction) are given as δ values 
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Fig. 13. Plots of Pb isotopic ratios by MC-ICP-MS vs. Pb concentrations for leachates from Chehalis valley till (<0.063 mm 
fraction) and whole-rock samples showing binary mixing models (after Langmuir et al., 1978) calculated using PetroGraph 
programme (Petrelli et al., 2005). Ticks on the model curves mark 10% increments. Lead concentrations are by aqua regia 
extraction-ICP-MS. Uncertainties are smaller than the size of the symbols.
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Fig. 14. Plots of Pb isotopic ratios by HR-ICP-MS vs. Pb concentrations for leachates from Chehalis valley till (<0.063 mm 
fraction) and whole-rock samples showing binary mixing models (after Langmuir et al., 1978) calculated using PetroGraph 
programme (Petrelli et al., 2005). Ticks on the model curves mark 10% increments. Pb concentrations are by aqua regia extraction-
ICP-MS. Uncertainty bars for isotopic ratios show average relative difference from till <0.063 mm-fraction duplicates. Average 
relative difference for Pb concentrations in the duplicates is smaller than the size of the symbols
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Fig. 15. Plots of Pb isotopic ratios by quadrupole ICP-MS vs. Pb concentrations for leachates from Chehalis valley till (<0.063 
mm fraction) and whole-rock samples showing binary mixing models (after Langmuir et al., 1978) calculated using PetroGraph 
programme (Petrelli et al., 2005). Ticks on the model curves mark 10% increments. Pb concentrations are by aqua regia extraction-
ICP-MS. Uncertainty bars for isotopic ratios show average relative difference from till <0.063 mm-fraction duplicates. Average 
relative difference for Pb concentrations in the duplicates is smaller than the size of the symbols.
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(in %) calculated relative to the Seneca VMS values as 
follows.

 

where
•	 (206Pb/204Pb)S, (208Pb/204Pb)S, (207Pb/206Pb)S, and 

(208Pb/206Pb)S are the isotopic ratios of the till 
sample

•	 (206Pb/204Pb)VMS and (208Pb/204Pb)VMS are the 
lowest 206Pb/204Pb and 208Pb/204Pb ratios of whole 
rock analyses from the Seneca VMS deposit

•	 (207Pb/206Pb)VMS and (208Pb/206Pb)VMS
  are the 

highest 207Pb/206Pb and 208Pb/206Pb ratios of whole-
rock analyses from the Seneca VMS deposit.

Similar to the notation used for stable isotopes, the 
δ values relate Pb isotopic ratios measured in tills to 
those in the VMS ore. Bell and Murton (1995) first 
used δ notation for Pb isotopic results from tills at 
Chisel Lake and Buchans. In our modified notation, 
a δ value of 1% for 206Pb/204Pb and 208Pb/204Pb ratios 
shows that the till has an isotopic ratio identical to the 
VMS deposit, whereas values <1% indicate that the 
till has a more radiogenic Pb isotopic composition. 
For 207Pb/206Pb and 208Pb/206Pb ratios, a δ value of 
0% indicates a VMS-like isotopic signature, and 
negative δ values mark till samples having more 
radiogenic ratios.

Spatial patterns of δ values for the MC-ICP-
MS results from Chehalis valley highlight tills 
containing mainly material derived from known 
VMS occurrences (Fig. 17). The highest δ values 
(~0.9 for δ206Pb/204Pb and δ208Pb/204Pb, ca. -0.1 for 

δ207Pb/206Pb, and ~0 for δ208Pb/206Pb), approaching the 
Pb isotopic signature of the VMS deposit, as would 
be expected, are from till directly above the Seneca 
pit. This till also has the highest Pb content (~120 
ppm) of all till samples in this study. Till samples 
>1 km away from known VMS occurrences show 
more radiogenic (i.e. lower) δ values, indicating 
dilution by Pb derived from background country 
rocks. For the direct-leachate HR-ICP-MS results, 
the δ206Pb/204Pb and δ207Pb/206Pb values highlight 
dispersal down ice from the Seneca VMS deposit, 
consistent with the MC-ICP-MS results (Figs. 18a 
and c). However, the δ208Pb/204Pb and δ208Pb/206Pb 
values show more complex areal patterns (Figs. 
18b and d), perhaps reflecting variations due to the 
chemical differences of U and Th or the natural 
isotopic heterogeneity of country rocks (Fig. 11) and 
poor analytical resolution, particularly for 208Pb/204Pb 
ratios. For the quad ICP-MS results, the δ values 
show no systematic areal patterns because of the 
resolution of the method (Fig. 19).

In summary, our findings demonstrate that Pb 
isotopic ratios for 2.5N HCl leachates from <0.063 
mm fraction of tills can detect Middle Jurassic VMS 
deposits from Chehalis valley and can be used as a 
robust tool to explore for a broad range of concealed 
Pb-rich mineral deposits in the Canadian Cordillera.

7. Conclusions
Elemental abundances and Pb isotopic ratios for 

2.5N HCl leachates from till (<0.063 mm fraction) 
and whole-rock samples from Chehalis valley 
indicate that the tills represent mixtures of debris 
derived from isotopically heterogeneous volcanic 
rocks and related VMS deposits. Concentrations of 
Pb, Zn, Cu, and Ba from the Seneca VMS deposit 
are 10 to 1000 times greater than typical crustal 
values and local country rocks (Fig. 9c). Compared 
to results derived from bulk dissolution (Kimura et 
al., 2006; Weis et al., 2006), results from relatively 
inexpensive 2.5N HCl leachates increase the Pb 
isotopic contrast between anomalous, 'ore-like', and 
background samples, enhancing the mineralized 
signal to guide exploration (Simonetti et al., 1996). 
Despite the relatively young age (Middle Jurassic) of 
the VMS deposit and surrounding country rocks, Pb 
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isotope ratios show significant spread, with 206Pb/204Pb 
from 18.30 to 20.00, 207Pb/204Pb from 15.13 to 16.18, 
208Pb/204Pb from 36.78 to 39.89, 207Pb/206Pb from 0.79 
to 0.85, and 208Pb/206Pb from 1.98 to 2.07. In Pb-Pb 
isotopic ratio diagrams (Figs. 10–12), data from the 
tills form broad envelopes, with values continuously 
distributed from the least radiogenic compositions 
identical to those of the VMS ore and published 
galena Pb isotopic ratios at Seneca (Godwin et al., 
1988) towards more radiogenic 206Pb/204Pb at variable 
207Pb/204Pb and 208Pb/204Pb ratios, characteristic of 
isotopically heterogeneous country rocks. Consistent 
with findings from previous Pb isotopic studies of 
tills at Chisel Lake, Manitouwadge, Buchans, and 
Bathurst (Bell and Franklin, 1993; Bell and Murton, 
1995; Simonetti et al., 1996; Hussein et al., 2003), 
hyperbolic data arrays in Pb abundance vs. Pb 
isotopic ratio diagrams (Fig. 13) are best interpreted 
as binary mixing curves that reflect derivation from 
background country rocks and the Seneca deposit, 
with the tills containing variable proportion of Pb 
(up to ~10%) derived from the latter.

Direct-leachate HR-ICP-MS and quad ICP-MS 
results for all samples are consistent with mixing 
of leads in tills derived from the isotopically 
heterogeneous country rocks and the isotopically 
distinct VMS mineralization (Figs. 14–15). The 
relatively wide range in Pb isotope compositions 
displayed by the tills, therefore, reflects both initial 
Pb isotopic variations and added radiogenic Pb 
produced by in situ decay of U and Th in the bedrock 
sources. Because galena lacks measurable U and Th 
but contains Pb values that are orders of magnitude 
greater than those of country rocks, till samples 
containing Pb sourced mainly from VMS deposits 
have Pb isotopic compositions similar to that of 
galena (Bell and Franklin, 1993; Bell and Murton, 
1995; Simonetti et al., 1996; Hussein et al., 2003).

Concentrations of Pb, Zn, Cu, and Ba are highest 
near the Seneca VMS deposit but show inconsistent 
areal patterns of glacial dispersion (Fig. 16). Whereas 
Pb and Zn contents fall to within background range 
in tills >1 km away from known VMS occurrences, 
some distal tills contain elevated Cu and Ba (Figs. 
16c and d), indicating bedrock sources unrelated to 
known occurrences of ores. The least radiogenic Pb 

isotopic ratios, approaching those of ore samples 
and galena (Godwin et al., 1988), highlight till 
anomalies within ~1 km down-ice from the Seneca 
VMS occurrence. Tills away from known VMS 
occurrences, containing Pb mainly derived from 
background country rocks, show more radiogenic 
Pb isotope compositions (Fig. 17). Hence, unlike the 
distribution patterns of elemental concentrations, Pb 
isotopic ratios from till fingerprint the source of Pb 
and provide a way to target mineral exploration (Bell 
and Franklin, 1993; Simonetti et al., 1996; Hussein 
et al., 2003).

Although our findings mimic those of Bell and 
Franklin (1993), Bell and Murton (1995), Simonetti 
et al. (1996), and Hussein et al. (2003) in delineating 
VMS deposits, their use of solid-source mass 
spectrometry (TIMS) is more time consuming 
and costly. The relatively inexpensive method 
of measuring Pb isotopic ratios directly in bulk-
leachate solution on HR-ICP-MS instrumentation 
provides the resolution needed to define isotopic 
contrasts, particularly for 206Pb/204Pb and 207Pb/206Pb 
ratios, and produces results consistent with the 
state-of-the-art MC-ICP-MS measurements (Figs. 
18a and c). However, results from quadrupole 
ICP-MS (uncorrected for mass fractionation) show 
no systematic areal patterns (Fig. 19) due to high 
analytical uncertainties for tracing <10% isotopic 
contrast. 

Our findings demonstrate that Pb isotopic ratios for 
2.5N HCl leachates from <0.063 mm fraction of tills 
effectively trace glacial dispersion from relatively 
young (Middle Jurassic) VMS deposits in Chehalis 
valley. This method can serve as a robust exploration 
tool for a broad range of concealed Pb-rich mineral 
deposits in the Canadian Cordillera and elsewhere.
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Explanation of headings:
ID Sequential order of data records

Field ID Unique ID number for each data record 

NTS National Topographic System (NTS)1:50,000
scale mapunderlying sample site

Zone Site location UTM zone

UTM83 Easting Site location UTM easting (NAD83)

UTM83 Northing Site location UTM northing (NAD83)

Latitude NAD83 latitude (decimal degrees)

Longitude NAD83 longitude (decimal degrees)

Elevation Site elevation (asl, metres)

Year Year of observation

Date Day\month of observation

Indicator Type of ice-flow indicator

Azimuth Azimuth of ice-flow

Dip Dip of ice-flow indicator

Dip Azimuth Dip azimuth of ice-flow indicator

Plunge Plunge of ice-flow indicator

Plunge Azimuth Plunge azimuth of ice-flow indicator 

Description Description of ice-flow indicator

Bedrock Lithology Bedrock lithology underlying site

Rock Unit
Geology map unit after Monger (1970),
Arthur et al (1993), Monger and Journeay (1994),
and Mahoney et al (1995)

Surficial Unit Surficial geology map unit

Aspect General direction of site surface face

Slope General slope angle of site overlying surface

Topography General position on topographic feature

Exposure Site exposure type

Depth Depth of site from original surface (centimetres)

Bedrock Observed bedrock outcrop

Notes Site stratigraphy

Rukhlov and Ferbey
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Explanation of headings:
Sample ID Unique ID for each data record.

Field ID Unique field ID for each data record.

NTS National Topographic System (NTS) 1:50,000 scale map underlying site.

Year Year of sample collection.

Date Day\month of sample collection.

Zone Site location UTM zone.

UTM83 Easting Site location UTM easting (NAD83).

UTM83 Northing Site location UTM northing (NAD83).

Latitude NAD83 latitude (decimal degrees).

Longitude NAD83 longitude (decimal degrees).

Elevation Site elevation (asl, metres).

Geology Name of geologic unit after Monger (1970), Arthur et al. (1993), Monger and Journeay (1994),
and Mahoney et al. (1995).

Map Unit Geology map unit after Monger (1970), Arthur et al. (1993), Monger and Journeay (1994),
and Mahoney et al. (1995).

Rock Class General rock classification.

Rock Name Petrographic name of rock.

Description Petrographic description of sample.

Alteration Description of alteration in sample.

Lead isotopes in till for mineral exploration
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Appendix 8. Continued.
Sample 

ID Type1 Status2 W 
(ppm)

Yb 
(ppm)

Zn 
(ppm)

Mass 
(g)

62445 Till Dup1-1 <1 2.2 <50 1.04
62446 Till <1 3.2 <50 1.24
62447 Till <1 2.5 190 1.03
62448 Till Dup1-2 <1 2.5 230 1.17
62450 Till <1 2.3 <50 1.32
62451 Till <1 3.1 <50 1.10
62452 Till Field Dup1-1 <1 2.9 <50 1.05
62453 Till Field Dup1-2 <1 2.7 <50 1.04
62454 Till Dup2-1 <1 3.3 <50 1.14
62455 Till Dup2-2 <1 3.0 <50 1.30
62457 Till <1 2.9 <50 1.03
62458 Till <1 3.0 <50 1.08
62459 Till <1 3.8 280 1.04
62460 Till Field Dup2-1 <1 2.7 <50 1.03
62461 Till Field Dup2-2 <1 3.3 <50 1.06
62462 Till Dup3-1 <1 2.7 <50 1.18
62463 Till <1 2.6 <50 1.14
62464 Till <1 3.3 <50 1.05
62465 Till <1 2.6 <50 1.14
62466 Till Dup3-2 <1 2.4 <50 1.20
62468 Till Field Dup3-1 <1 2.8 <50 1.01
62469 Till Field Dup3-2 <1 3.4 <50 1.05
62470 Till <1 2.6 450 1.05
62471 Till <1 2.5 <50 1.06
62472 Till <1 2.9 <50 1.17
62473 Till <1 2.6 760 1.10
62474 Till <1 2.2 <50 1.10
62475 Till Dup4-1 <1 2.6 980 1.10
62476 Till Dup4-2 <1 2.6 1140 1.04
62478 Till <1 3.2 <50 1.10
62479 Rock <1 <0.2 38400 1.56
62480 Rock <1 <0.2 92100 1.56
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Appendix 8. Continued.
Sample 

ID Type1 Status2 W 
(ppm)

Yb 
(ppm)

Zn 
(ppm)

Mass 
(g)

62481 Rock <1 2.2 680 1.28
62482 Rock <1 3.3 <50 1.13
62483 Rock <1 2.6 <50 1.06
62484 Rock <1 1.5 <50 1.19
62485 Rock <1 1.9 <50 1.07
62486 Rock <1 2.3 <50 1.30
62487 Rock <1 1.3 120 1.27
62488 Rock <1 2.1 <50 1.33
62489 Rock <1 <0.2 66100 1.16

Relative difference (%) for <0.063 mm-fraction duplicate pairs:
Dup1 (%) 0.0 12.8 128.6
Dup2 (%) 0.0 9.5 0.0
Dup3 (%) 0.0 11.8 0.0
Dup4 (%) 0.0 0.0 15.1
Average (%) 0.0 8.5 35.9

Relative difference (%) for sample-site duplicate pairs:
Field Dup1 (%) 0.0 7.1 0.0
Field Dup2 (%) 0.0 20.0 0.0
Field Dup3 (%) 0.0 19.4 0.0
Average (%) 0.0 15.5 0.0

CCRMP LKSD-1 standard:
This study <1 1.5 300 1.04
Certified (Lynch, 1990; 1999) <4 2 331

CCRMP TILL-2 standard:
This study <1 2.8 <50 1.11
Certified (Lynch, 1996) 5 3.7 130

USGS BCR-2 standard:
This study <1 3.0 <50 1.51
Certified (Wilson, 1997) 3.5 127
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Appendix 10. Scatterplots of till field duplicates, till <0.063 mm-fraction duplicates, and certified reference materials for 
selected elements by portable XRF.
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Appendix 11. Scatterplots of till field duplicates, till <0.063 mm-fraction duplicates, and certified reference materials for 
selected elements by lithium metaborate-tetraborate fusion with ICP-ES (major and minor oxides) and ICP-MS (trace 
elements) finish.
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Appendix  12. Scatterplots of till field duplicates, till <0.063 mm-fraction duplicates, and certified reference materials for 
selected elements by aqua regia extraction with ICP-MS finish.
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Appendix 13. Scatterplots of till field duplicates, till <0.063 mm-fraction duplicates, and certified reference materials for 
selected elements by INAA.
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