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Introduction

Thisstudy focusesonthe QUEST (QUesnelliaExploration
STrategy) Project, launched by Geoscience BCin 2007. Its
goal wasto stimulate explorationinterest and investment in
the underexplored region between Williams Lake and the
District Municipality of Mackenzie, in part to help diver-
sify the local forestry-based economies impacted by the
mountain pine beetle infestation. Geoscience BC initially
funded the re-analysis of 5000 archived regional geochem-
ical samples and the collection of 2200 new geochemical
samples, plustwo large-scale airborne geophysical surveys
(Geotech Limited, 2008; Jackaman, 2008a, b; Sander Geo-
physics Limited, 2008). The raw data was made available
to the public starting in 2008, at which point Geoscience
BC also commissioned a number of follow-up, value-
added projects that were released in subsequent years
(Barnett and Williams, 2009; Fraser and Hodgkinson,
2009; Geotech Limited, 2009; Barlow et al., 2010;
Owsiacki and Payie, 2010), providing theindustry with an-
nouncements and data to continue to attract exploration to
thearea. Asindicated in the preliminary paper for thispro-
ject (Reichheld, 2013) it is felt that the QUEST Project,
withitsyearsof dataand devel opment, now hasasufficient
track record to produce quantifiable and meaningful
results.

Thispaper detail stheresearch completed in order tolay out
aframework for reviewing and assessing the impact of this
and any public exploration initiative. To ensure the method
remains repeatable into the future, only public sources of
information are used.

Method

The study area encompasses the greater QUEST area, in-
cluding all or partsof NTS map areas 093A, B, G H, J, K,

Keywords: QUEST Project, mineral exploration, grassroots, pub-
lic funding, SEDAR, assessment reports, MINFILE, investment
capital, data release

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat” PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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N, O and 094 C, D. Exploration datawas presented in GI S
shapefiles, or in Excel® spreadsheets with co-ordinates at-
tached to georeference the datasets. Each dataset used was
clipped to the nearest 1:50 000 NTS map area around the
QUEST areato maintain equal datasets. ArcGIS 10.2 was
used asaplatformfor working with much of the data. Stock
market index and price charts were created using
MetaStock Pro software.

The framework for this project includes assimilating rele-
vant data from Minera Titles Online (MTO), the Assess-
ment Report Indexing System (ARIS), MINFILE and eval-
uating anecdotal sources including corporate press
releases, financial statements, share offerings and stock
price data for companies listed on the TSX Venture
Exchange.

Theperiod covered is 2007-2010to ensurethat alarge por-
tion of the data is publicly available. In 2005, changes in
claim staking techniques from on-ground to online meth-
ods using MTO and internet staking led to a surge that po-
tentially distortsthe true extent of operator participationin
the field. As a baseline, only data from 2005 to 2006 are
used to offer perspective on developmentsleading up tothe
study period.

The MTO claim staking has been used as a general indica-
tor of successwithinagivenregion, but whilethisapproach
has merit, it must be considered carefully. For QUEST area
staking, the presence of large, long-established claims, op-
erating minesand known past anomalies can haveatrickle-
down effect ontheactivity statisticsbecauselarge blocksof
surrounding land may be staked asacombination of ground
inventorying, pre-emptive staking or claim jumping, but
not necessarily for speculative purposes. Determining
which staking is genuinely motivated by exploration is a
complex task. Rather than break down what could be called
‘defensivestaking’, with regardsto locking up high-poten-
tial lands before they can be worked on by the owner, the
merits of mineral titleswere used to analyze actual on-the-
ground activities. By considering length of tenure, fre-
guency of new claims staked and work submitted on the
land through assessment reports, a truer relationship of
claim use can be distinguished. ArcGl Swas used to exam-
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ineland tenuresto find total land tenure for each year, new
land tenure for each year and to determine under what
category of tenure assessment reports were submitted (BC
Ministry of Energy and Mines, 2013).

The second major source of information, assessment re-
portsfor the study period, isjust now becoming availableto
the public (BC Geological Survey, 2013). Assessment re-
portsfoundin ARISwereexamined using ArcGl Sto evalu-
ateimportant variablesincluding expenditures, yearly sub-
missions and exploration location. Given rising demand
and commodity prices during this period, arisein overall
exploration spending in theregionis at least partly indica-
tive of increased exploration throughout British Columbia.
To differentiate this spending from overall totals that may
be somewhat misleading, assessment reports were exam-
ined using ArcGI Stofind the number of assessment reports
submitted for each year within the study area, the total re-
ported dollars spent and their locations on newly tenured or
previously tenured land. Expenditures could then be bro-
ken down into yearly data from which totals and trends
within the region could beidentified. Questionsto ask are:
just how successful has the $5 million investment by
Geoscience BC been asareturn for the province? Istherea
noticeable difference in total activity in general, and in
generating new exploration specifically?

Factors often considered peripheral to in-the-field explora-
tion and development, such as the performance of a com-
pany’ssharesin the stock market, can beinstrumental toits
success. The ability to raise new investment capital each
year is an important part of the mine cycle, and investors
frequently base their buying decisions on financial perfor-
mance. How well an enterprise performsin the stock mar-
ket isoften abellwether toitslong-term successinthefield.
A fundamental question then is: does participation in
Geoscience BC projects like QUEST endow companies
with superior prospects on public stock exchanges?

Evaluating the financial component includes analysis of
the trading record of stock prices and share volumesto as-
certain whether individual companies involved in the
QUEST Project enjoyed increased market activity, and at
an industry level, whether mining stocks in general per-
formed well in the market during the study period. Most
firms studied here are micro- and small-cap companies
trading onthe TSX Venture Exchange. The S& P/TSX Ven-
ture Composite Index wastracked asaproxy for observing
theindustry’s performance during the study period. Itisde-
scribed in the exchange' sown literatureas* ...abroad mar-
ket capitalization-based index which is designed to mea-
sure the performance of securities listed on the TSX
Venture Exchange, Canada’s primary venture equity
market” (TSX Inc., 2013).

Next, a ‘mini’ index, herein named the QUEST venture
stock index, comprising eight publicly listed companies
with propertiesin the QUEST Project area, was created for
this study using Equis MetaStock Pro and its FIRE add-on
(Figure 1). The eight companies range from less than
$1 million in overall exploration projects to tens of mil-
lions. The index incorporates the shares of the following
companies (using namesasthey appeared during the period
of study): Alpha Gold Corp., Amarc Resources Ltd.,
Barker Minerals Ltd., Dajin Resources Corp., Fjordland
Exploration Inc., Happy Creek Minerals Ltd., Richfield
Ventures Corp. and Serengeti Resources Corp.

The S& P/ITSX Venture Composite and the mini QUEST
venture stock indices were charted in MetaStock Pro (Fig-
ure 2).

Theresearch also took an anecdotal 0ok into several larger
public companies operating within the QUEST area using
ARISand SEDAR (system for electronic document analy-
sisand retrieval; 2013), the latter of which provides access
to public securities documents and information filed by
public companies and investment funds. Here, important
avenues for research include press releases, corporate fi-
nancial statements and annual reports. Using SEDAR and
ARIS, company pressrel eases and assessment reportswere
sampled to get an indication of how frequently, or infre-
guently, Geoscience BC data and the QUEST Project
received mention in the media.

Although financial reports and news releases are valuable
sources of information, they offer it in a labour-intensive
format. Company name changes, mergersand acquisitions,
joint venturesand partnershipsall tend to muddy thewaters
of research and hamper understanding of an operator’s
business. A stock exchange-listed company offersthewid-
est scope for research, but navigating annual reports can be
a limiting factor, requiring interpretation in light of
accepted accounting principles.

Results

Mineral tenuresweredivided into two groups: total ground
tenured within each year and newly tenured ground within
each year (Figure 3). Both groups peaked in 2007, with to-
tal ground staked at 2 916 922 hectares (ha) and newly
staked ground at 1 428 387 ha. Evaluating the staking of
ground can be difficult dueto ‘dead staking’, which isevi-
dent to the eye when examining the large areas of tenure
that were allowed to lapse and then return as fresh tenures
the following year (Figure 4). With that caveat, land ten-
ured averaged 2 477 037 ha, an increase of more than 35%
fromits‘ pre-QUEST’ 2006 value of 1 834 055 ha. Newly
staked land averaged 919 823 ha during the same period.

In contrast to the interpretive challenges arising from prac-
ticeslike dead staking and the complexitiesof claimowner-
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Figure 3. Changes in mineral title tenure for the greater QUEST (QUesnellia Exploration STrategy) area: a) 2005; b) 2006; c) 2007;
d) 2008; e) 2009; f) 2010.
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Figure 4. QUEST (QUesnellia Exploration STrategy) mineral title tenures issued from 2005 to 2010. The blue
line indicates area of new claims issued. The red line shows total tenured land. The increase in tenure is indica-

tive of sustained interest in the area.

ship, assessment reports represent basic, quantifiable re-
sults of exploration in terms of monetary expenditure. For
the reporting period of 2007—2010, there were 501 assess-
ment reports submitted on the ground within the QUEST
Project footprint (Figure 5). In the baseline years 2005 and
2006, there were atotal of 153 assessment reports submit-
ted in the same area, indicating an average of 125 per year
during the QUEST Project compared to 76 per year before
the QUEST Project. Reported expenditures for the study
period totalled $79,106,618.97 (BC Geologica Survey,
2013a). The average yearly expenditures for the two years
prior to the QUEST Project amounted to $10,910,220,
compared to the four-year QUEST Project average of
$19,776,655—arise in overall reported spending activity
for the area of nearly 100%. Although these numbers
clearly reflect a significant increase in exploration within
the QUEST area, they do not specifically point to an in-
creasein new exploration development. Onland previously
untenured before the study period, assessment reportsindi-
cateatotal of $15,508,622.51 was spent. Further, asacom-
parison to work completed on previously tenured land, this
data was examined temporally as a proportion of total
yearly expenditures. The percentage of exploration work
undergone on post-announcement land staked has steadily
increased in the QUEST area, to nearly 40% of the total
reported exploration expenditures (see Figure 6).

Anecdotal Results

Anecdotal evidencefor theimpact of exploration activities
generated by Geoscience BC data publicationsis harder to
identify because companies are neither motivated by com-
petition (in staking and devel oping land before other com-
panies) nor by economics (maintaining claims by regis-
tered exploration) to acknowledge government-related
organizations within technical documents. A review of 50

assessment reports did not find any explicit mention of
Geoscience BC, athough a number of times descriptors
such as’ historical BC Geological Survey data,” or ‘ govern-
ment data’ were used.

Asatool to generate new investor interest and raise capital,
however, Geoscience BC could be used as alightning rod.
News releases accessed through SEDAR show several
companies crediting Geoscience BC and related work. For
example, a Fjordland Exploration Inc. press release from
August 1, 2007, announced their ‘QUEST JV’, ajoint ven-
ture with Serengeti Resources Inc. in anticipation of the
Geoscience BC program to be released the following year.
They go onto explain what they describeasa‘ mini-staking
rush,” with more than 400 000 ha of new lands registered
with MTO. Notably, plans to complete a 3600 line-kilo-
metre airborne geophysics survey wereincluded in the re-
port as an initial start to the program (Schroeter, 2007).

Similarly, Rimfire Minerals Corp. announced adding hold-
ingstoitsclaimsinthe Quesnel Trough, and the addition of
airborne geophysical surveysto work with the coming geo-
physical and geochemical data from Geoscience BC, in
their September 13, 2007 press release (Caulfield, 2007).

Richfield Ventures Corp. (now New Gold Inc.) reported in
their February 7, 2008 pressrelease, “the QUEST program
covered the entire 250 000 acre land package of Richfield
Ventures, and it appears to have yielded encouraging re-
sults.” Explorationfor thefollowing summer inthe QUEST
area included preliminary drilling at two properties
(Bernier, 2008).

Stock Market and Share Issuance

Increased activity within the QUEST area during 2005—
2010 suggests that the project has stimulated financial ac-

Geoscience BC Summary of Activities 2013
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Figure 5. Greater QUEST (QUesnellia Exploration STrategy) area, comparing the increase in exploration activity (via assessment re-
porting) from prior to the QUEST Project (2005-2006) to during the QUEST Project (2007-2010).
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ti\;]i_tly Zﬂd promoted if;]dlftry QTZIWtIh, Percentage of expenditures on new claims
while also mirroring the financial cli- in the QUEST area
mate of the time. Thislatter aspectis | 100% -
an interesting artifact of the data. 90%
80%
The two venture indices, the ‘mini’ 70% -
QUEST venture stock index of eight — _ |
companies created for this study and ik 4 _ | | ) T ——
the S& P/ITSX Venture Composite In-
. L 40% E QUEST tenures
dex, chart compellingly similar paths -
despite being vastly different in size 209; | _ ) _ _ B
(Figure 2; the S& P/TSX Venture soi
Composite Index includes nearly 400 o'}:
issues valued at close to $20 billion), ! . v ' A
suggesting that financial imperatives il e il g

prevail irrespective of scale. Itisalso
evident from the price chart of the
QUEST venture stock index that av-
erage share trading volumes on the Toronto Venture Ex-
change during the critical years of the QUEST Project
tended to bemuch higher than thoseimmediately preceding
the start of the study period (2005), especially late 2006 to
late 2008, and then again mid-2009 to 2010, when average
trading volumesweretriplethose prevailing in 2005. Early
2008 witnessed the largest spike of trading volume in the
period, coinciding with the public release of geochemical
results and airborne electromagnetic survey data by
Geoscience BC. While thisincrease in the publicly traded
sharevolume of the QUEST index (and itsconstituent com-
panies) cannot be attributed entirely to the heightened pro-
file associated with the QUEST Project, a cursory
examination of the chart strongly suggests a relationship.

Similarly, the QUEST venture stock index witnesses apar-
allel progression of price increase accompanied by in-
creasesin proceedsfrom new shareissuesand arising level
of expenditures on properties in the QUEST area, atrend
that continued until the market downturn of 2008. Notably,
the QUEST venture stock index almost immediately began
apricerecovery fromthat low andin 2010 saw alargesurge
in the value of new share issues.

This pattern also scales down to individual companies, as
analysis of news releases on private placements of shares
and securitiesarchived in SEDAR shows. Asone example,
Alpha Gold Corp. issued news rel eases concerning private
placements of its shares and securities starting in August
2005 with the closing of a $600,000 private placement of
nearly 1 million units comprising shares, flowthrough
sharesand stock warrants (Figure 7). In 2006, it announced
private placements totalling $1.4 million, with the bulk of
the proceedsused to “... fund the ongoing exploration pro-
gram at the Company’s 100% owned L ustdust Property in
central B.C.” (Newswire, 2006).

Figure 6. Gradual increase in proportional spending on land staked from 2007 to 2010 within
the QUEST (Quesnellia Exploration STrategy) area.

Figure 7 shows the amounts raised" (in thousands of dol-
lars; in green), amounts spent? (in thousands of dollars; in
red) and share volumes® (in hundreds). Bluelinesarelinear
regression lines reflecting average volumes traded before
Geoscience BC started the QUEST Project and then during
thecritical 2007 and 2008 years. From 2005 to 2006, share
volumestraded on the exchange are approximately 160 000
per month; by 2007 this had tripled to 500 000.

In June 2007, it closed private placementstotalling $4 mil-
lionfor useinitsexploration programs (CanadaNewswire,
2007) and in 2009 announced that its drilling program for
the year was estimated at $1.3 million, with $3 million in
the company’s treasury (Canadian Newswire, 2009).

The monthly stock chart of Alpha Gold Corp. (now ALQ
Gold Corp.) from 2005 to 2010 showsthat according to the
company’saudited financial reports, it raised $440,000 and
$470,000 in 2005 and 2006, respectively, from the pro-
ceedsof shareissues. Beginning midway through 2006 and
extending to 2009, a period coinciding first with anticipa-
tion in the markets of Geoscience BC's proposed project,
its official announcement in 2007 and the public rel ease of
large amounts of datafrom geochemical and airborne geo-
physics surveys in 2008, share volumes of Alpha Gold
Corp. traded on the TSX Venture Exchangetripled froman
average of 160 000 shares per month in 2005 and 2006 to

! Amounts raised are the proceeds raised from the issuance of
company shares, taken from the audited annual financial
statements of Alpha Gold Corp. for 2005-2010 (http.//
www.sedar.com, statements of cash flows under Financing
activities, Proceeds on issuance of shares, Net of issue costs).

2 Amounts spent are estimates (similar to amounts raised)
derived from the section under Investing Activities, Investment
in and expenditures on exploration properties.

*Share volumes reflect the trading activity of Alpha Gold Corp. s
shares (trading symbol ALQ) on the TSX Venture Exchange in
Toronto.
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500000 sharesin 2007 and 2008. During acrucial period of
the QUEST Project, Alpha Gold Corp.’s heightened pro-
file, reflected by large trading volumes on the stock ex-
change, enabled it in 2007 to raise three times as much
funding as in previous years ($1.4 million) and in 2008,
more than ten times as much ($4.9 million) from private
placementsasin 2006—despitewatching itspublicly listed
share price drop to historic lowsin concert with the market
downturn of 2008.

Conclusions

The QUEST initiative has enjoyed success and this is
readily revealed in the public sources of information.
Marked increases in fundraising and expenditures on new
exploration and devel opment by companiesworking in the
QUEST area strongly supports arguments justifying the
initial $5 million that Geoscience BC committed to the pro-
ject. Operatorsand mining companiesenjoyed aclear boost
in visibility in public financial markets and were able to
raise much greater levels of funding than would otherwise
have been the case in the absence of a*great story’ like the
QUEST Project and the tangible contributions of a
government-backed incentive program.

The method used here to characterize and measure these
successes, based onreadily avail able public sources, makes
it repeatable and suggests that similar analytical projects
could be undertaken and expanded upon using this prelimi-
nary study as aworking basis.
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Foreword

Geoscience BCispleased to present resultsfrom several of our ongoing geoscience projectsand surveysinthis, our seventh
edition of the Geoscience BC Summary of Activities. Thevolumeisdivided into two sections, ‘ Minerals and ‘ Oil and Gas',
and contains a total of 14 papers.

The‘Minerals' section contains 11 papersfrom Geoscience BC mineral sprojectsthroughout the province. Inthefirst paper,
Geoscience BC'sQUEST (QUesnelliaExploration STrategy) Project, amineralsresearch project launched in 2007, isused
as a case study to measure investment in the province based on Geoscience BC—funded research. Reichheld addresses the
success of Geoscience BC's investments as a return for the province from 2007 to 2010, using readily available public
sources to ensure repeatability for similar analytical projects in the future.

The next three papers describe activities of Geoscience BC's newest major project, TREK (Targeting Resources through
Exploration and Knowledge). Clifford and Hart provide an overview of 2013 activities, focusing on the TREK airborne
magnetic survey and the purchase of proprietary industry airborne magnetic data. Sacco et a. describe the regional geo-
chemistry program and basal-till potential mapping methods, and Lett and Jackaman detail the geothermal sampling
program undertaken around the Nazko cone.

The papersfollowing the TREK Project papers present interim results from three smaller Geoscience BC partnership pro-
jectsin the same region of the province. Bordet et al. present a three-dimensional thickness model for the Chilcotin and
Nechako plateaus; Celiset al. describe continued work on porphyry indicator mineralsfromalkalic porphyry Cu-Au depos-
its, including M ount Polley, Mount Milligan and Copper Mountain; and del Real et al. present new work on the paragenesis,
alteration and mineralization at two of the porphyry deposits on the Woodjam property.

Moving to southern BC, the paper by Mortensen presents U-Pb ages, geochemistry and Pb-isotopic compositions of intru-
sions and associated mineralization in the southern Quesnel terrane. Webster and Pattison build on their project on the
southern Kootenay Arc with new U-Pb agesto help constrain the area’s geological evolution and associated mineralizing
events. Clifford providesan update on Geoscience BC's SEEK (Stimulating Explorationinthe East K ootenays) Project and
summarizestwo projectsundertaken during 2013: an updated East K ootenay Gravity Database plus newly acquired gravity
datain the St. Mary River area (released November 2013); and a paleomagnetic study that involved the collection of sam-
ples this past field season, with final results expected by summer 2014.

Thelast paper inthis section describesresearch into aresource new to Geoscience BC'sproject portfolio. Derry et al. detail
the creation of a database and heat favourability maps to quantify the resource potential for BC's geothermal power.

Inthe‘Qil and Gas' section of thisyear’s volume, we present three papers. Salas and Walker provide an update on the re-
gional seismograph network in northeastern BC. Following thisisadescription of anew subsurface aquifer study, recently
undertaken by Hayes and Costanzo in the Liard Basin of northeastern BC to support unconventional oil and gas devel op-
ment. Inthelast paper of thissection, Salaset al. give an update on the three-year surface-water monitoring programin the
Horn River Basin, now entering its final year.

Readers are encouraged to visit our website for additional information on all Geoscience BC—funded projects, including
project descriptions, posters and presentations, previous Summary of Activities or Geological Fieldwork papers, and final
datasets and reports. The website also contains information on many of Geoscience BC's other activities, including work-
shops and student scholarships. All papersin thisand past volumes are available for download through Geoscience BC's
website (www.geosciencebc.com). Limited print copiesof past volumesareal so avail ablefromthe Geoscience BC office.

Geoscience BC Publications 2013

In addition to this Summary of Activities volume, Geoscience BC releases interim and final products from our projects as
Geoscience BC reports. All Geoscience BC data and reports can be accessed through our website at www.geoscience
bc.com/s/DataRel eases.asp. Geoscience BC datasets and reports released in 2013 are:

e 14 technical papersin the Geoscience BC Summary of Activities 2012 volume

e Heliborne High Resolution Aeromagnetic Survey: Northern VVancouver Island, BC, by Geo Data Solutions (Geo-
science BC Report 2013-02)
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Heliborne High Resolution Aeromagnetic Survey: QUEST-Northwest Project Area, BC, Block 3, by Geo Data So-
lutions (Geoscience BC Report 2013-03)

Lardeau (NTS 082K) Sample Reanalysis (ICP-MS), by W. Jackaman (Geoscience BC Report 2013-04)

Iskut River Area Geology, Northwest BC (104B/08, 09, 10 & partof 104B/01,07/11), by P.D. Lewis(GeoscienceBC
Report 2013-05)

McLeod Lake (NTS 093J) Sample Reanalysis (INAA), by W. Jackaman (Geoscience BC Report 2013-06)
Burrell Creek Map, by T. Hoy and W. Jackaman (Geoscience BC Report 2013-07)

Ice Flow Patternsin NTS 093G, H (west half) & J, and Detailed Ice Flow History for NTS 093J/05, 06, /11, /12, /13
& /14, by D.A. Sacco, B.C. Ward and D.E. Maynard (Geoscience BC Report 2013-08)

Nelson (NTS 082F) Sample Reanalysis (ICP-MS), by W. Jackaman (Geoscience BC Report 2013-09)

New Terrain Maps in the McLeod Lake Map Area (NTS 093J), British Columbia, by D.A. Sacco, B.C. Ward,
M. Geertsema and D.E. Maynard (Geoscience BC Report 2013-10)

Regional Stream Sediment and Water Geochemical Data, Northern Vancouver Island, British Columbia, by
W. Jackaman (Geoscience BC Report 2013-11)

Northern Vancouver Island Till Sample Reanalysis (ICP-MS), by W. Jackaman (Geoscience BC Report 2013-12)
Leveraging Earth Science Standards to Enhance Mineral Exploration Success in British Columbia: Seeking the
Efficiencies of Order, by C. Smyth (Geoscience BC Report 2013-13)

Linking Porphyry Deposit Geology to Geophysics via Physical Properties: Adding Value to Geoscience BC Geo-
physical Data, by D.E. Mitchinson, R.J. Enkin and C.J.R. Hart (Geoscience BC Report 2013-14)

Drift Prospecting for Porphyry Copper-Gold, Volcanogenic Massive Sulphide Mineralization and Precious and
Base Metal Veins within the QUEST Project Area, Central British Columbia (NTS 093J), by B.C. Ward, M.I. Ley-
bourne, D.A. Sacco, R.E. Lett and L.C. Struik (Geoscience BC Report 2013-15)

Geochemical Techniques for Detection of Blind Porphyry Copper-Gold Mineralization under Basalt Cover,
Woodjam Property, South-Central British Columbia (NTS 093A/03, 06), by T. Bissig, D.R. Heberlein and
C.E. Dunn (Geoscience BC Report 2013-17)

Examining Present and Future Water Resources for the Kiskatinaw River Watershed, British Columbia, by Uni-
versity of Northern British Columbia (Geoscience BC Report 2013-19)

Use of Organic Media in the Geochemical Detection of Blind Porphyry Copper-Gold Mineralization in the
Woodjam Property Area, South-Central BC (NTS 093A/03, /06), by D.R. Heberlein, C.E. Dunnand B. MacFarlane
(Geoscience BC Report 2013-20)

Geology of the Mount Polley Intrusive Complex (Draft Version), by C. Rees, G. Gillstrom, L. Ferreira, L. Bjornson
and C. Taylor (Geoscience BC Report 2013-21)

A Geo-Exploration Atlas of the Endako Porphyry Molybdenum District (Draft Version), by F. Devine, M. Pond,
D.R. Heberlein, P. Kowalczyk, W. Kilby and F. Ma (Geoscience BC Report 2013-22)

Stimulating Exploration in the East Kootenays (SEEK Project): The Updated East Kootenay Gravity Database
(EKGDB) and the 2013 St. Mary Gravity Survey, by T. Sanders (Geoscience BC Report 2013-23)

All rel eases of Geoscience BC reportsand dataareannounced through our websiteand e-mail list. If you areinterestedinre-
ceiving e-mail regarding these reports and other Geoscience BC news, please contact info@geosciencebc.com.

Andrea Clifford

Project Co-ordinator & Communications Manager
Geoscience BC

WWW.geosciencebc.com
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BC, Report 2014-1, p. 1-12.

Introduction

Thisstudy focusesonthe QUEST (QUesnelliaExploration
STrategy) Project, launched by Geoscience BCin 2007. Its
goal wasto stimulate explorationinterest and investment in
the underexplored region between Williams Lake and the
District Municipality of Mackenzie, in part to help diver-
sify the local forestry-based economies impacted by the
mountain pine beetle infestation. Geoscience BC initially
funded the re-analysis of 5000 archived regional geochem-
ical samples and the collection of 2200 new geochemical
samples, plustwo large-scale airborne geophysical surveys
(Geotech Limited, 2008; Jackaman, 2008a, b; Sander Geo-
physics Limited, 2008). The raw data was made available
to the public starting in 2008, at which point Geoscience
BC also commissioned a number of follow-up, value-
added projects that were released in subsequent years
(Barnett and Williams, 2009; Fraser and Hodgkinson,
2009; Geotech Limited, 2009; Barlow et al., 2010;
Owsiacki and Payie, 2010), providing theindustry with an-
nouncements and data to continue to attract exploration to
thearea. Asindicated in the preliminary paper for thispro-
ject (Reichheld, 2013) it is felt that the QUEST Project,
withitsyearsof dataand devel opment, now hasasufficient
track record to produce quantifiable and meaningful
results.

Thispaper detail stheresearch completed in order tolay out
aframework for reviewing and assessing the impact of this
and any public exploration initiative. To ensure the method
remains repeatable into the future, only public sources of
information are used.

Method

The study area encompasses the greater QUEST area, in-
cluding all or partsof NTS map areas 093A, B, G H, J, K,

Keywords: QUEST Project, mineral exploration, grassroots, pub-
lic funding, SEDAR, assessment reports, MINFILE, investment
capital, data release

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat” PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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N, O and 094 C, D. Exploration datawas presented in GI S
shapefiles, or in Excel® spreadsheets with co-ordinates at-
tached to georeference the datasets. Each dataset used was
clipped to the nearest 1:50 000 NTS map area around the
QUEST areato maintain equal datasets. ArcGIS 10.2 was
used asaplatformfor working with much of the data. Stock
market index and price charts were created using
MetaStock Pro software.

The framework for this project includes assimilating rele-
vant data from Minera Titles Online (MTO), the Assess-
ment Report Indexing System (ARIS), MINFILE and eval-
uating anecdotal sources including corporate press
releases, financial statements, share offerings and stock
price data for companies listed on the TSX Venture
Exchange.

Theperiod covered is 2007-2010to ensurethat alarge por-
tion of the data is publicly available. In 2005, changes in
claim staking techniques from on-ground to online meth-
ods using MTO and internet staking led to a surge that po-
tentially distortsthe true extent of operator participationin
the field. As a baseline, only data from 2005 to 2006 are
used to offer perspective on developmentsleading up tothe
study period.

The MTO claim staking has been used as a general indica-
tor of successwithinagivenregion, but whilethisapproach
has merit, it must be considered carefully. For QUEST area
staking, the presence of large, long-established claims, op-
erating minesand known past anomalies can haveatrickle-
down effect ontheactivity statisticsbecauselarge blocksof
surrounding land may be staked asacombination of ground
inventorying, pre-emptive staking or claim jumping, but
not necessarily for speculative purposes. Determining
which staking is genuinely motivated by exploration is a
complex task. Rather than break down what could be called
‘defensivestaking’, with regardsto locking up high-poten-
tial lands before they can be worked on by the owner, the
merits of mineral titleswere used to analyze actual on-the-
ground activities. By considering length of tenure, fre-
guency of new claims staked and work submitted on the
land through assessment reports, a truer relationship of
claim use can be distinguished. ArcGl Swas used to exam-


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

Gedgscience BC

ineland tenuresto find total land tenure for each year, new
land tenure for each year and to determine under what
category of tenure assessment reports were submitted (BC
Ministry of Energy and Mines, 2013).

The second major source of information, assessment re-
portsfor the study period, isjust now becoming availableto
the public (BC Geological Survey, 2013). Assessment re-
portsfoundin ARISwereexamined using ArcGl Sto evalu-
ateimportant variablesincluding expenditures, yearly sub-
missions and exploration location. Given rising demand
and commodity prices during this period, arisein overall
exploration spending in theregionis at least partly indica-
tive of increased exploration throughout British Columbia.
To differentiate this spending from overall totals that may
be somewhat misleading, assessment reports were exam-
ined using ArcGI Stofind the number of assessment reports
submitted for each year within the study area, the total re-
ported dollars spent and their locations on newly tenured or
previously tenured land. Expenditures could then be bro-
ken down into yearly data from which totals and trends
within the region could beidentified. Questionsto ask are:
just how successful has the $5 million investment by
Geoscience BC been asareturn for the province? Istherea
noticeable difference in total activity in general, and in
generating new exploration specifically?

Factors often considered peripheral to in-the-field explora-
tion and development, such as the performance of a com-
pany’ssharesin the stock market, can beinstrumental toits
success. The ability to raise new investment capital each
year is an important part of the mine cycle, and investors
frequently base their buying decisions on financial perfor-
mance. How well an enterprise performsin the stock mar-
ket isoften abellwether toitslong-term successinthefield.
A fundamental question then is: does participation in
Geoscience BC projects like QUEST endow companies
with superior prospects on public stock exchanges?

Evaluating the financial component includes analysis of
the trading record of stock prices and share volumesto as-
certain whether individual companies involved in the
QUEST Project enjoyed increased market activity, and at
an industry level, whether mining stocks in general per-
formed well in the market during the study period. Most
firms studied here are micro- and small-cap companies
trading onthe TSX Venture Exchange. The S& P/TSX Ven-
ture Composite Index wastracked asaproxy for observing
theindustry’s performance during the study period. Itisde-
scribed in the exchange' sown literatureas* ...abroad mar-
ket capitalization-based index which is designed to mea-
sure the performance of securities listed on the TSX
Venture Exchange, Canada’s primary venture equity
market” (TSX Inc., 2013).

Next, a ‘mini’ index, herein named the QUEST venture
stock index, comprising eight publicly listed companies
with propertiesin the QUEST Project area, was created for
this study using Equis MetaStock Pro and its FIRE add-on
(Figure 1). The eight companies range from less than
$1 million in overall exploration projects to tens of mil-
lions. The index incorporates the shares of the following
companies (using namesasthey appeared during the period
of study): Alpha Gold Corp., Amarc Resources Ltd.,
Barker Minerals Ltd., Dajin Resources Corp., Fjordland
Exploration Inc., Happy Creek Minerals Ltd., Richfield
Ventures Corp. and Serengeti Resources Corp.

The S& P/ITSX Venture Composite and the mini QUEST
venture stock indices were charted in MetaStock Pro (Fig-
ure 2).

Theresearch also took an anecdotal 0ok into several larger
public companies operating within the QUEST area using
ARISand SEDAR (system for electronic document analy-
sisand retrieval; 2013), the latter of which provides access
to public securities documents and information filed by
public companies and investment funds. Here, important
avenues for research include press releases, corporate fi-
nancial statements and annual reports. Using SEDAR and
ARIS, company pressrel eases and assessment reportswere
sampled to get an indication of how frequently, or infre-
guently, Geoscience BC data and the QUEST Project
received mention in the media.

Although financial reports and news releases are valuable
sources of information, they offer it in a labour-intensive
format. Company name changes, mergersand acquisitions,
joint venturesand partnershipsall tend to muddy thewaters
of research and hamper understanding of an operator’s
business. A stock exchange-listed company offersthewid-
est scope for research, but navigating annual reports can be
a limiting factor, requiring interpretation in light of
accepted accounting principles.

Results

Mineral tenuresweredivided into two groups: total ground
tenured within each year and newly tenured ground within
each year (Figure 3). Both groups peaked in 2007, with to-
tal ground staked at 2 916 922 hectares (ha) and newly
staked ground at 1 428 387 ha. Evaluating the staking of
ground can be difficult dueto ‘dead staking’, which isevi-
dent to the eye when examining the large areas of tenure
that were allowed to lapse and then return as fresh tenures
the following year (Figure 4). With that caveat, land ten-
ured averaged 2 477 037 ha, an increase of more than 35%
fromits‘ pre-QUEST’ 2006 value of 1 834 055 ha. Newly
staked land averaged 919 823 ha during the same period.

In contrast to the interpretive challenges arising from prac-
ticeslike dead staking and the complexitiesof claimowner-
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tive of sustained interest in the area.

ship, assessment reports represent basic, quantifiable re-
sults of exploration in terms of monetary expenditure. For
the reporting period of 2007—2010, there were 501 assess-
ment reports submitted on the ground within the QUEST
Project footprint (Figure 5). In the baseline years 2005 and
2006, there were atotal of 153 assessment reports submit-
ted in the same area, indicating an average of 125 per year
during the QUEST Project compared to 76 per year before
the QUEST Project. Reported expenditures for the study
period totalled $79,106,618.97 (BC Geologica Survey,
2013a). The average yearly expenditures for the two years
prior to the QUEST Project amounted to $10,910,220,
compared to the four-year QUEST Project average of
$19,776,655—arise in overall reported spending activity
for the area of nearly 100%. Although these numbers
clearly reflect a significant increase in exploration within
the QUEST area, they do not specifically point to an in-
creasein new exploration development. Onland previously
untenured before the study period, assessment reportsindi-
cateatotal of $15,508,622.51 was spent. Further, asacom-
parison to work completed on previously tenured land, this
data was examined temporally as a proportion of total
yearly expenditures. The percentage of exploration work
undergone on post-announcement land staked has steadily
increased in the QUEST area, to nearly 40% of the total
reported exploration expenditures (see Figure 6).

Anecdotal Results

Anecdotal evidencefor theimpact of exploration activities
generated by Geoscience BC data publicationsis harder to
identify because companies are neither motivated by com-
petition (in staking and devel oping land before other com-
panies) nor by economics (maintaining claims by regis-
tered exploration) to acknowledge government-related
organizations within technical documents. A review of 50

assessment reports did not find any explicit mention of
Geoscience BC, athough a number of times descriptors
such as’ historical BC Geological Survey data,” or ‘ govern-
ment data’ were used.

Asatool to generate new investor interest and raise capital,
however, Geoscience BC could be used as alightning rod.
News releases accessed through SEDAR show several
companies crediting Geoscience BC and related work. For
example, a Fjordland Exploration Inc. press release from
August 1, 2007, announced their ‘QUEST JV’, ajoint ven-
ture with Serengeti Resources Inc. in anticipation of the
Geoscience BC program to be released the following year.
They go onto explain what they describeasa‘ mini-staking
rush,” with more than 400 000 ha of new lands registered
with MTO. Notably, plans to complete a 3600 line-kilo-
metre airborne geophysics survey wereincluded in the re-
port as an initial start to the program (Schroeter, 2007).

Similarly, Rimfire Minerals Corp. announced adding hold-
ingstoitsclaimsinthe Quesnel Trough, and the addition of
airborne geophysical surveysto work with the coming geo-
physical and geochemical data from Geoscience BC, in
their September 13, 2007 press release (Caulfield, 2007).

Richfield Ventures Corp. (now New Gold Inc.) reported in
their February 7, 2008 pressrelease, “the QUEST program
covered the entire 250 000 acre land package of Richfield
Ventures, and it appears to have yielded encouraging re-
sults.” Explorationfor thefollowing summer inthe QUEST
area included preliminary drilling at two properties
(Bernier, 2008).

Stock Market and Share Issuance

Increased activity within the QUEST area during 2005—
2010 suggests that the project has stimulated financial ac-

Geoscience BC Summary of Activities 2013
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prevail irrespective of scale. Itisalso
evident from the price chart of the
QUEST venture stock index that av-
erage share trading volumes on the Toronto Venture Ex-
change during the critical years of the QUEST Project
tended to bemuch higher than thoseimmediately preceding
the start of the study period (2005), especially late 2006 to
late 2008, and then again mid-2009 to 2010, when average
trading volumesweretriplethose prevailing in 2005. Early
2008 witnessed the largest spike of trading volume in the
period, coinciding with the public release of geochemical
results and airborne electromagnetic survey data by
Geoscience BC. While thisincrease in the publicly traded
sharevolume of the QUEST index (and itsconstituent com-
panies) cannot be attributed entirely to the heightened pro-
file associated with the QUEST Project, a cursory
examination of the chart strongly suggests a relationship.

Similarly, the QUEST venture stock index witnesses apar-
allel progression of price increase accompanied by in-
creasesin proceedsfrom new shareissuesand arising level
of expenditures on properties in the QUEST area, atrend
that continued until the market downturn of 2008. Notably,
the QUEST venture stock index almost immediately began
apricerecovery fromthat low andin 2010 saw alargesurge
in the value of new share issues.

This pattern also scales down to individual companies, as
analysis of news releases on private placements of shares
and securitiesarchived in SEDAR shows. Asone example,
Alpha Gold Corp. issued news rel eases concerning private
placements of its shares and securities starting in August
2005 with the closing of a $600,000 private placement of
nearly 1 million units comprising shares, flowthrough
sharesand stock warrants (Figure 7). In 2006, it announced
private placements totalling $1.4 million, with the bulk of
the proceedsused to “... fund the ongoing exploration pro-
gram at the Company’s 100% owned L ustdust Property in
central B.C.” (Newswire, 2006).

Figure 6. Gradual increase in proportional spending on land staked from 2007 to 2010 within
the QUEST (Quesnellia Exploration STrategy) area.

Figure 7 shows the amounts raised" (in thousands of dol-
lars; in green), amounts spent? (in thousands of dollars; in
red) and share volumes® (in hundreds). Bluelinesarelinear
regression lines reflecting average volumes traded before
Geoscience BC started the QUEST Project and then during
thecritical 2007 and 2008 years. From 2005 to 2006, share
volumestraded on the exchange are approximately 160 000
per month; by 2007 this had tripled to 500 000.

In June 2007, it closed private placementstotalling $4 mil-
lionfor useinitsexploration programs (CanadaNewswire,
2007) and in 2009 announced that its drilling program for
the year was estimated at $1.3 million, with $3 million in
the company’s treasury (Canadian Newswire, 2009).

The monthly stock chart of Alpha Gold Corp. (now ALQ
Gold Corp.) from 2005 to 2010 showsthat according to the
company’saudited financial reports, it raised $440,000 and
$470,000 in 2005 and 2006, respectively, from the pro-
ceedsof shareissues. Beginning midway through 2006 and
extending to 2009, a period coinciding first with anticipa-
tion in the markets of Geoscience BC's proposed project,
its official announcement in 2007 and the public rel ease of
large amounts of datafrom geochemical and airborne geo-
physics surveys in 2008, share volumes of Alpha Gold
Corp. traded on the TSX Venture Exchangetripled froman
average of 160 000 shares per month in 2005 and 2006 to

! Amounts raised are the proceeds raised from the issuance of
company shares, taken from the audited annual financial
statements of Alpha Gold Corp. for 2005-2010 (http.//
www.sedar.com, statements of cash flows under Financing
activities, Proceeds on issuance of shares, Net of issue costs).

2 Amounts spent are estimates (similar to amounts raised)
derived from the section under Investing Activities, Investment
in and expenditures on exploration properties.

*Share volumes reflect the trading activity of Alpha Gold Corp. s
shares (trading symbol ALQ) on the TSX Venture Exchange in
Toronto.
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500000 sharesin 2007 and 2008. During acrucial period of
the QUEST Project, Alpha Gold Corp.’s heightened pro-
file, reflected by large trading volumes on the stock ex-
change, enabled it in 2007 to raise three times as much
funding as in previous years ($1.4 million) and in 2008,
more than ten times as much ($4.9 million) from private
placementsasin 2006—despitewatching itspublicly listed
share price drop to historic lowsin concert with the market
downturn of 2008.

Conclusions

The QUEST initiative has enjoyed success and this is
readily revealed in the public sources of information.
Marked increases in fundraising and expenditures on new
exploration and devel opment by companiesworking in the
QUEST area strongly supports arguments justifying the
initial $5 million that Geoscience BC committed to the pro-
ject. Operatorsand mining companiesenjoyed aclear boost
in visibility in public financial markets and were able to
raise much greater levels of funding than would otherwise
have been the case in the absence of a*great story’ like the
QUEST Project and the tangible contributions of a
government-backed incentive program.

The method used here to characterize and measure these
successes, based onreadily avail able public sources, makes
it repeatable and suggests that similar analytical projects
could be undertaken and expanded upon using this prelimi-
nary study as aworking basis.
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Targeting Resources through Exploration and Knowledge (TREK):
Geoscience BC’s Newest Minerals Project, Interior Plateau Region,
South-Central British Columbia (NTS 093B, C, F, G)

A.L. Clifford, Geoscience BC, Vancouver, BC, clifford@geosciencebc.com

C.J.R. Hart, Mineral Deposit Research Unit, University of British Columbia, Vancouver, BC

Clifford, A. and Hart, C.J.R. (2014): Targeting Resources through Exploration and Knowledge (TREK): Geoscience BC's newest miner-
als project, Interior Plateau Region, central British Columbia (NTS 093B, C, F, G); in Geoscience BC Summary of Activities 2013,

Geoscience BC, Report 2014-1, p. 13-18.

Introduction

Geoscience BC's newest multiyear regional minerals pro-
jectiscalled the TREK Project, which standsfor Targeting
Resources through Exploration and Knowledge. The
TREK Project is focused on British Columbia’s northern
Interior Plateau region and covers more than 25 000 km?,
extending south from Fraser Lake and Vanderhoof to
Anahim Lake, and west from Quesnel to the eastern edges
of Entiako and Tweedsmuir South provincial parks (Fig-
urel). Theproject areaincludesthe active Blackwater gold
district and isconsidered highly prospectivefor mineral re-
sources. Itischaracterized by thick overburden and ispres-
ently considered to be underexplored dueto the difficulties
caused by its complicated and poorly understood bedrock

geology.

The $3.9 million in funding for the TREK Project was an-
nounced by Geoscience BC in March 2013. First-year
TREK activities, undertaken in summer 2013, included an
airborne geophysical survey, aregiona geochemical sur-
vey (stream, lake, soil and till sampling) and local biogeo-
chemical and geothermal sampling programs (Geoscience
BC, 2013). Details of the geochemical program are out-
lined in Sacco et al. (2014). The results of the new geo-
chemical sampling programswill bereleased in late spring
2014. Details of the geothermal program are presented in
Lett and Jackaman (2014).

Geophysical Program

The 2013 TREK geophysical program consisted of a re-
gional aeromagnetic survey and acquisition of proprietary
industry data. In May 2013, Geoscience BCissued apublic
request for proposals for a high-resolution, regional air-
borne magnetic survey, which was subsequently awarded

Keywords: airborne magnetics, aeromagnetic data, TREK Pro-
Jject, northern Interior Plateau region

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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to Aeroquest Airborne Ltd. In addition to the acquisition of
new regional aeromagnetic data, Geoscience BC purchased
high-resolution, proprietary, industry airborne magnetic
datafrom three expl oration companiesoperating withinthe
TREK Project area: Amarc Resources Ltd. (Amarc), Dev-
eron Resources Ltd. (Deveron) and RIK Explorations Ltd.
(RIK).

Airborne Magnetic Survey

Theregional survey wasflown by two CessnaGrand Cara-
van C208B short take-off and landing (STOL ) aircraft (Fig-
ure 2). Approximately 104 000 line-km of aeromagnetic
data were acquired over a24 000 km? area from August to
November 2013. Flight lines were flown east-west with a
250 m line spacing. North-south tie lines were flown with
an average spacing of 2 500 m. A minimum terrain clear-
ance of 100 m was maintained using a preplanned drape
surface. The aircraft had three magnetometers and mea-
sured both total magnetic intensity and horizontal gradi-
ents.

The aeromagnetic system used provides bidirectional hori-
zontal-gradient information using wing-tip magnetometers
inadditionto atail-mounted stinger magnetometer. Thelat-
eral-gradient measurement reduces the effective line spac-
ing and assi stswith mapping of small magnetic sources, |o-
cating the termination of magnetic sources between lines
and identifying small structure-induced offsets in linear
magnetic sources. Thethree magnetic sensorsmeasuretotal
magnetic intensity as well as lateral and longitudina gradi-
ents, allowing a greater understanding of the magnetic struc-
tureinthesurvey area(Aeroquest Airborne Ltd., pers. comm.,
2013). Thisgradiometer system provided resolution of mag-
netic anomalies equivalent to that of asingle-sensor system
flown at aline spacing of less than 200 m.

The data acquisition on a preplanned drape surface with
STOL aircraft allows the economical collection of high-
quality datain steep terrain while maintaining asafeground
clearance and minimizing the effect of differing aircraft
flight altitudes going uphill and downhill on adjacent flight
lines. Dataacquisition on asmooth drape surfaceal so facil-
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l-. Geophysical survey outline

Geochemical survey outline

.| Park

Figure 1. Geoscience BC’s TREK Project area in the Interior Plateau region of central British Columbia, with regional project activities out-
lined. Data from GeoBase® (2004), Natural Resources Canada (2007) and DataBC (2008).

itates spatial filtering and the cal culation of derivative pro-
ducts from the magnetic dataset.

Purchase of Proprietary Industry Data

Simpson et a. (2013) described Geoscience BC's imple-
mentation of a program to purchase proprietary, industry
geophysical data, which was modelled after the Ontario Geo-
logical Survey’s‘Request for Data— Purchase of Propriet-
ary Airborne Geophysical Data . In December 2012, Geo-
science BC issued a Request for Expressions of | nterest for
the sale of proprietary industry airborne magnetic datasets,
with theintention of integrating and compiling the datafor
public release. The request specified that only digital data
meeting the following criteriawould be considered:

o collected within the Interior Plateau region of BC
o helicopter or fixed-wing airborne magnetics
e collected at aline spacing of 250 m or less

e survey areagreater than 200 km? (smaller areas consid-
ered under special circumstances)

14

e survey well documented and supported by logistics re-
ports, flight logs, data-archive descriptions and calibra-
tion files

Figure 2. Aeroquest Airborne Ltd. Cessna Caravan C208B used to
fly the TREK survey over the Interior Plateau region of south-cen-
tral British Columbia. Photo courtesy of Aeroquest Airborne Ltd.
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e digital data not publicly available, although maps and
images already within public domain that had been de-
rived from the data would be considered acceptable

Data Sale Agreements were successfully executed with
three exploration companies, all of which have properties
within the TREK Project area (Figure 3). Helicopter air-
borne magnetic datawere purchased from each of thethree
companies. All survey dataunderwent athorough technical
assessment, after which they were valued based on the fol-
lowing factors: survey method (a higher factor was as-
signed to helicopter versus fixed-wing acquisition), num-
ber of line-kilometres, age (newer survey data are more
valuablethan older data), and quality and assessment credit
(surveysthat had never been submitted for assessment were
assigned a higher factor).

Airborne magnetic data purchased from Amarc Resources
Ltd. were from their Galileo and Hubble properties. The
combined area of these two properties was 1340 km?, and
the acquisition of these data facilitated an increase in the
areaof theoriginally planned regional TREK aeromagnetic

survey. Thesurvey purchased from Amarc wasflown using
aline spacing of 200 m. The Amarc data, collected during
electromagnetic (EM) survey work, had a typical sensor
height of 49 m, whereas surveys flown using a helicopter-
stinger system have atypical sensor height of 103 m.

The aeromagnetic data purchased from both RIK Explora-
tions Ltd. and Deveron Resources Ltd. covered signifi-
cantly smaller areas than the Amarc surveys. RJK’s Black-
water East and West claim blocks together totalled 138 km?,
and Deveron’s Nechako property 137 km? Although the
survey areas did not meet al outlined criteriafor purchase
(i.e., >200km?), both were closeto New Gold’sBlackwater
Davidson deposit (i.e., an areaof highinterest) and, for this
reason, thedatamerited procurement. Thesurvey datafrom
both the RJK and Deveron are of high quality, both surveys
having been flown at a flight-line spacing of 100 m.

The aeromagnetic data purchased from Amarc, Deveron
and RIK will be merged with the regional fixed-wing
TREK survey data collected by Aeroquest. Public release
of all datais anticipated in early 2014.
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Geochemical Program

Thefirst year of the TREK geochemical program was com-
pleted during summer 2013 and involved the collection of
684 till samplesthat will be analyzed for major, minor and
traceelements(Saccoetal., 2014). The TREK geochemical
sampling program is focused on regions that have not pre-
viously been sampled, using basal-till potential maps cre-
ated in advance of the summer field program. The collec-
tion of new samplesisexpected to taketwoto threeyearsto
complete. The geochemical work is being done by Noble
Exploration Services Ltd. in partnership with the BC Geo-
logical Survey (BC Ministry of Energy and Mines). In addi-
tion to new sampling, Geoscience BC, in co-operation with
the BC Geological Survey and the Geologica Survey of
Canada, hasrecovered from archive storage approximately
1800till samplesfor reanalysisto the same standard asthat
of the new surveys. Full details of the 2013 geochemical
program are outlined in Sacco et a. (2014). Release of the
new sampling results is expected in spring 2014.

Geothermal Program

In support of local First Nations' interest in potential geo-
thermal resources, Geoscience BC included a geothermal
component as part of the TREK Project. Gas seepagesfrom
the soil, travertine deposits and carbon-enriched surface
water all occur near the Nazko vol canic cone, together sug-
gesting amagmatic and possibly geothermal sourcefor the
phenomena. Lett et al. (2014) describethe geothermal sam-
pling program undertaken during summer 2013. Ground-
water, surface water and soil in the Nazko bog and sur-
rounding area were sampled to study the geochemical
signature associated with the carbon-dioxide gas seepages.

Geology and Integration Program

The TREK geology and integration program phases will
commence after a review of the first year activities. The
geochemical and airborne geophysical datawill be used to
inform the planning of new geological mapping and min-
eral deposit studiesto be conducted by the Mineral Deposit
Research Unit at the University of British Columbia.

The geology component of TREK is intended to improve
geological understanding of the Interior Plateau region. A
series of enhanced geological map products will be pro-
duced using new and existing lithological, lithogeochem-
ical, structural, gravity and age data, and products from
Geoscience BC's Nechako Seismic Project (http://
www.geosciencebc.com/s/NechakoSeismic.asp). The re-
sults are expected to generate new geological and thematic
maps that will be field tested and updated throughout the
life of the TREK Project.

The integration component of TREK will include new
TREK data. An updated geological framework for the area
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will incorporate the new geophysical and geochemical lay-
ersand their integration and subsequent interpretation with
available geological information. These products will add
value to the regional aeromagnetic and geochemical sur-
veys. A new geology map and various related geological
map products, including structural maps, metallogenic
maps, geochronological maps, digital databases and GIS
layers, are expected products of this program.

Summary

The TREK Projectisamultidisciplinary, integrated project
located in aregion with high potential for new mineral dis-
coveries. The first-year TREK Project activities included
the acquisition of new airborne magnetic survey data, com-
pletion of the first year of a new two- to three-year geo-
chemical survey, plus geothermal and biogeochemical
sampling. Geoscience BC purchased proprietary industry
airbornemagnetic datawithinthe TREK airborne magnetic
survey, adding areas of especially high-resolution informa-
tion to the project area. These new data, in combination
with compilation of past geological mapping efforts, will
be used to guide geological studies that will commence in
2014. TREK Project data will be made available on Geo-
science BC's website (http://www.geosciencebc.com/s/
TREK .asp) beginning in early 2014. Results from the pro-
ject will provide relevant geoscience information to assist
mineral exploration effortsin the region.
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D.A. Sacco, Consulting Quaternary Geologist, New Westminster, BC, saccoda@gmail.com
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Sacco, D.A., Jackaman, W. and Ferbey, T. (2014): Targeted geochemical and mineralogical surveysinthe TREK Project area, central Brit-
ish Columbia (parts of NTS 093B, C, F, G); in Geoscience BC Summary of Activities 2013, Geoscience BC, Report 2014-1, p. 19-34.

Introduction

The Targeting Resources for Exploration and Knowledge
(TREK) Project isfocused on providing a new geological
understanding of the central part of British Columbia’sIn-
terior Plateau through theintegration of surficial geochem-
istry, airborne geophysicsand geology data(Figure 1). The
project isfocused on an area of Stikine terrane that hasthe
potential to host avariety of mineral deposit types, includ-
ing porphyry Cu, porphyry Mo and epithermal Au deposits
(e.g., Prosperity, Endako, Blackdome). In addition, the re-
cent discovery of the Blackwater-Davidson Au deposit in
the TREK Project area has identified another deposit type
with significant economic potential. Explorationin thisre-
gion hasbeen hindered by Neogene Chilcotin Group basalt
flows and extensive glacial drift, which obscures
underlying and prospective bedrock units.

Asapart of the TREK Project, asurficial geochemistry pro-
gram is currently underway that aims to provide compre-
hensive geochemical dataset for the project area. Presented
here are the program details and results from the first year
of the two- to three-year program.

The TREK geochemistry program consists of three compo-

nents:

e compilation of historical datafrom previous geochemi-
cal surveys,

e collection of new geochemica and mineralogical data;
and

e reanalysis of archived till samples.

A combination of lake and stream sediment and till geo-
chemical and biogeochemical dataexist for various parts of
the project area, with no one dataset covering the entire re-
gion. Typically, geochemical data from these mediatypes
are not comparable due to different methods of transport

Keywords: TREK, till geochemistry, regional geochemistry, basal
till potential mapping, Quaternary geology

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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and accumulation. Lake sediment and till geochemical
data, however, have been shown to be correlative (Cook et
al., 1995; Rencz et al ., 2002). Thesurvey discussed heretar-
gets basal till, a common material throughout the region,
whichiswell suited to assessing themineral potential of ar-
eas covered by glacial drift (McClenaghan et al., 2000;
Levson, 2001, 2002; Lett et al., 2006). Basal till potential
maps (BTPMs) were produced and used to assist in the
planning and execution of this ambitious survey. Where
basal till could not be sampled, higher order bedrock deriv-
atives, such aslakeor stream sedimentsthat arecomparable
to the historic geochemical data, were collected. Till geo-
chemical data from previous surveys will be integrated
with new data from this survey. Different analytical meth-
ods were used to produce these older data and so available
archivedtill sampleswill bereanalyzed using modernlabo-
ratory techniques to produce a directly comparable master
till geochemical dataset for the project area.

Project Area

Theproject areaislocated intherelatively low relief areaof
the Interior Plateau (Mathews, 1986), south of Vanderhoof
and approximately 60 kmwest of Quesnel. It occupiesparts
of NTS 093B, C, F and G and covers more than twenty-
eight 1:50 000 scale NTS map areas, a total of approxi-
mately 25 000 km? (Figure 1). Accessisthrough anetwork
of forest service roads in the Vanderhoof, Quesnel, Chil-
cotin and Central Cariboo forest districts.

Theproject areaincludes partsof the Nechako Plateau, Fra-
ser Plateau and the Fraser Basin physiographic regions
(Holland, 1976; Figure 1). The Nechako Plateau haslow to
moderate relief between 900 and 1200 m above sea level
(asl) and includes the Nechako and Fawnie mountain
ranges, which have peaks over 1600 and 2000 m adl, re-
spectively. The Fraser Plateau has moderate to low relief
between 1000 and 1500 m and includes the llgachuz and
Itcha mountain ranges, which have peaks over 2200 m asl.
Thick surficial deposits composed dominantly of till ob-
scuremost bedrock exposureson plateau surfaces. TheFra-
ser Basin is characterized by low relief between 675 and
1000 m asl. Thick glaciolacustrine units occur over large
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areas of the Fraser Basin. The project areais dissected by
several major riversincluding the West Road (Blackwater),
Baezaeko, Clisbako, Chilcotin and Clusko. Most large
rivers have incised the plateau surface, exposing combina-
tionsof till, glaciofluvial and glaciolacustrine sediments, or
bedrock. M gjor watershedsare the Nechako and West Road
rivers systems that drain into the Strait of Georgia viathe
Fraser River, and the north coast rivers system that drains
the southwest corner of the TREK Project area into the
Pacific Ocean (Figure 1).

Bedrock and Economic Geology

The regiona geological framework was initialy estab-
lished by Tipper (1969), and then compiled by Massey et al.
(2005) and recompiled with regional revisions by Riddell
(2006) that focused on oil and gas exploration. Bedrock
mapping at 1:50 000 scale has been completed for parts of
NTS 093F (Diakow and Webster, 1994; Diakow et al.,
1997), NTS 093B (Metcalfe et al., 1998) and NTS 093C
(Mihalynuk et a., 2008, 2009). Provided hereisageol ogi-
cal summary of the project area from these sources (Fig-
ure 2). Basement rocksincludethe Devonianto Jurassicarc
complex of the Stikineterrane, and in the northeast corner,
theMississippianto Early Jurassic accretionary complex of
the Cache Creek terrane (Monger et a., 1991). The oldest
rocks in the project area belong to the Permian to Jurassic
Cache Creek Complex and the Vanderhoof metamorphic
complex. Theintrusive Triassic to Jurassic Brooks diorite
complex is found in the north-central part of the project
area. Jurassic rocks are dominant in the northeastern quad-
rant of the project area. Theseinclude vol canic rocks of the
Entiako, Naglico and Nechako formations of the Hazelton
Group; Fawnie volcanics and Ashman Formation of the
Bowser Lake Group; intrusive rocks of the Stag Lake
plutonic and Francois L ake suites of the Endako batholith;
and the Laidman batholith. The Eocene Frank Lake pluton
occursin the northeast. Units from the Cretaceousinclude
the Kasalka Group volcanic rocks in the northwest, the
Capoose pluton in the west-central region, and unnamed
andesitic volcanic rocks in the southwest. The north and
southwest are composed largely of Eocene to Oligocene
vol canic rocks of the Nechako Plateau Group including the
Endako and Ootsa Lake formations. The magjority of the
project areaisoverlain by Mioceneto Pleistocene Chilcotin
Group volcanic rocks. Thellgachuz and Itcharangesinthe
southwestern part of the project area are composed of the
Miocene to Pleistocene Anahim volcanics.

Therearefivedevel oped prospects, seven prospectsand 39
mineral showings in the TREK Project area (Figure 2).
Four of the five developed prospects contain Au, Ag, Zn,
Pb and Cu mineralization and include the Blackwater-
Davidson intermediate sulphidation epithermal Au-Ag de-
posit (NTS 093F/02; MINFILE 093F 037; BC Geological
Survey, 2013), the Capoose subvolcanic Cu-Ag-Au (As-

Geoscience BC Report 2014-1

Sb) and porphyry-related Au deposit (NTS 093F/06;
MINFILE 093F 040), and the 3Ts polymetallic Ag-Pb-
ZnxAu veins (NTS 093F/03; MINFILE 093F 068) and
low-sulphide epithermal Au-Ag-Cu deposit (NTS 093F/
03; MINFILE 093F 055). Thefifth devel oped prospect, the
CHU deposit, hosts porphyry Mo (low F-type) mineraliza-
tion (NTS 093F/07; MINFILE 093F 001).

The Baez (NTS 093C/16; MINFILE 093C 015), Clisbako
(NTS 093C/09; MINFILE 093C 016), Trout (NTS 093F/
10; MINFILE 093F 044) and Wolf (NTS 093F/03;
MINFILE 093F 045) prospects all host low sulphidation
epithermal Au-Ag mineralization. In contrast, the April
Au-Ag-Zn prospect has been classified as high
sulphidation epithermal Au-Ag-Cu mineralization (NTS
093F/07; MINFILE 093F 060). At the Laidman prospect
(NTS 093F/03; MINFILE 093F 067), Au, Ag, Pb and Zn
occur within Au-quartz veins whereas at the Bob prospect
Au, Ag, As, Sb and Hg occur within carbonate-hosted and
disseminated Au-Ag mineralization (NTS 093B/13;
MINFILE 093B 054).

Quaternary Geology

The Quaternary geology of the project area was first de-
scribed by Tipper (19714, b) during reconnaissance glacial
and geomorphological mapping in the Interior Plateau.
Soils and terrain mapping at a 1:50 000 scale was con-
ducted from the 1970s to the 1990s by the BC Ministry of
Environment; these references are too numerous to list
here, but can be accessed through their website (http://
www.env.gov.bc.caltei/access _terrain.html). Quaternary
stratigraphic framework, glacial history and surficial geol-
ogy mapping for the Nechako Plateau map area (NTS
093F) can be found in Giles and Levson (1994, 1997),
Levsonand Giles(1994), Levson et a. (1994), Weary et al.
(1997) and Plouffe et al. (2001). Levson and Giles (1997)
discussthe Quaternary geology for the Nechako and Fraser
plateaus. Giles and Kerr (1993) and Proudfoot (1993) dis-
cuss the Quaternary geology for parts of NTS 093C, and
Ferbey (2009), Ferbey et al. (2009) and Vickersand Ferbey
(2009) discussthe Quaternary geology south of the project
areain NTS 093B.

Through the Quaternary, BC has repeatedly been covered
by amass of interconnected glaciers collectively known as
the Cordilleran Ice Sheet (CIS; Armstrong et al., 1965;
Flint, 1971; Clague, 1989). Sediments of the most recent
glaciation, the Fraser Glaciation, are ubiquitous within the
project area; sedimentsdeposited prior tothisarerare(e.g.,
Giles and Kerr, 1993; Plouffe and Levson, 2001). During
the Fraser Glaciation, thick units of till were deposited be-
neath the CI Sthat flowed from the Coast M ountains across
the project area. Ice-flow indicators compiled for BC by
Ferbey et al. (2013) indicatethat flow directionswere dom-
inantly to the northeast in the northern part of the project
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area, toward the north in the southeastern region, and to-
ward the southeast in the south (Figure 3). Sparse south-
east- and northeast-directed ice-flow indicators in the
southwest could be the products of alate-glacial readvance
through the Anahim L akeregion fromthe Coast Mountains
tothewest (Tipper, 1971b). Ice-flow featuresfromthe gla-
cial maximum may have been destroyed during this re-
advance, or covered by ablation and melt-out tillsastheice
stagnated.

Deglaciation was likely a combination of frontal retreat in
the northern and eastern regions of the project area (cf.
Fulton, 1991) with widespread stagnation in the southwest
(Gilesand Kerr, 1993). During thistime, largeglacial l1akes

£
&

g / Averaged ice flow (direction known, unknown)

formed in major drainages that were impeded by ice (e.g.,
Clague, 1989; Plouffe, 1997), and locally in tributary val-
leys. Subglacial meltwater channels and eskers developed
under theiceand glaciofluvial sand and gravel were depos-
ited in channels and outwash plainsin front of theice.

Surficial Geology

Till isthedominant surficial material inthe project areaand
occurs mostly as basal and ablation till facies. A strict defi-
nition for basal till is used here: an unsorted diamicton de-
posited by lodgment or melt-out processes at the base of a
glacier with little or no reworking by water (Dreimanis,
1989; Benn and Evans, 2010). Basal till istypically adense,

124"W

Datum: NAD 83
Projection: UTM Zone 10

/ Streamlined landform

Figure 3. Ice-flow directions indicated by streamlined landforms (black symbols; com-
piled by Ferbey et al., 2013) for the project area in central British Columbia; generalized
ice-flow arrows were produced by averaging azimuth values of streamlined landforms
within an 8 km grid cell based on unidirectional (yellow symbol) and bidirectional (red sym-
bol) features. The sizes of the generalized arrows are a function of the density of original
streamlined landform data. Digital elevation model from Canadian digital elevation data

(GeoBase®, 2007).
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overconsolidated, matrix-supported diamicton. It gener-
ally conforms to the underlying topography with thick-
nesses varying from less than one metre at high elevations
and in areas of high relief to tens of metresin areas of low
relief. In the northern portion of the TREK Project area, it
forms drumlinized and fluted terrain, indicating ice flow
toward the northeast.

Ablation till is deposited during deglaciation and consists
dominantly of far-travelled supraglacial and englacial ma-
terial (Benn and Evans, 2010). Ablation till is found in
areally small deposits in depressions or basins throughout
the project area, and is widespread to the north and west of
thellgachuz and Itchamountain ranges. Ablation till isdif-
ferentiated from basal till by its lack of density and high
sand content inthe matrix. It isgenerally matrix supported,
shows some stratification, and contains sand or gravel
lenses, but can also be clast supported or massive. Ablation
till typically exhibits a hummocky or undulating surface
expression, but inthe project areait was observed conform-
ing to the underlying topography near deposit margins.

Other glacial sedimentsoccur withinthe project area. Well-
sorted glaciofluvial sand and/or gravel units are found
within meltwater channelsand on the upper terraces of ma-
jor rivers. Less sorted glaciofluvial depositsare commonly
spatially associated with ablation till. Arealy extensive
glaciolacustrine deposits occur within the Fraser Basin in
the northeastern part of the project area and in the north
coast riverswatershed in the southwest. L ess extensive de-
positsoccur withintributary valleysadjacent to ablationttill
and ice-contact glaciofluvial deposits. Glaciolacustrine
sediments in the project area vary from laminated silt and
sand to unsorted diamicton. Glaciolacustrine diamicton is
particularly common near the limits of glacial Lake Fraser
(generally confined by the Fraser Ba-
sin; Figure 1) in the northeastern part

geochemical data are summarized in Table 1 and depicted
in Figure4. Pinetree bark wastargeted for biogeochemical
sampling. The bark was reduced to ash and analyzed for
multiple elements by instrumental neutron activation anal-
ysis (INAA), and inductively coupled plasma—emission
spectrometry (ICP-ES) following an aqua-regia digestion
(Dunn and Hastings, 1998, 1999, 2000). Many archived
lake and stream sediment sampleswererecently reanalyzed
by Jackaman (2006, 2008a, b, 20093, b). Reanalysisof lake
sedimentswasby INAA (25 elements) and inductively cou-
pled plasma—mass spectrometry (ICP-MS; 35 elements)
following an aqua-regia digestion. Lake sediments were
also analyzed for fluoride by specific ion electrode (SIE)
analysis, and organic content by loss-on-ignition. Archived
till samples were originally analyzed by INAA for total
gold determinations plus 34 elements.

Till Geochemical and Mineralogical Survey

Basal till iswell suited to assessing mineral potential of an
areabecauseitisafirst derivative of bedrock (Shilts, 1993)
and therefore has a similar geochemical signature. It was
eroded, transported and deposited under ice, thusitstrans-
port history isrelatively simple and can be determined by
reconstructing ice-flow histories. Furthermore, it produces
ageochemical signaturethat isareally more extensive than
the bedrock sourceand potentially easier tolocate (L evson,
2001). Basdl till inthe project areaisamassive, dense, dark
brown, matrix-supported diamicton. In most exposures, it
exhibits subhorizontal fissility and vertical jointing result-
ing in ablocky appearance (Figure5). Thematrix composi-
tionintheproject areavaries; generaly, inthenorthitissilt
to sandy silt and in the south it has a higher sand content.
The matrix proportion varies from 70 to 85% with amodal
clast size of small pebble and ranges up to boulder.

Table 1. Previous geochemical sampling conducted in the project area, central British

of the project area and are interpreted  Columbia.
as undermelt diamicton (Cf Graven.or Survey year NTS map area Type Sample sites’ Reference
etal., 1984). These deposits can bedif- 1996 O93F/09. 1D, 15, 15 Tree bark 224 D d Hastings, 2000
. o . . 3 \ X rea barl unn and Hastings,
f;]CUH to disti I’IlgUISh f;lom bisal till aals 1097 093FHM13, 114, 12 Tree bark 100 Dunn and Hastings, 1998
they commonly part along .OI’IZOI’lt 1998 093K/02, /03 Tree bark 2 Dunr and Hastings, 1998
planes. In contrast to basal t|||§, how- | oap 1ess? 0934 B.G.H J.K N, O Stream 470 Jackaman, 20085
ever, they typically lack density and 2005  093C,F Stream 86 Jackaman, 2006
have a matrix composed almost en- 2008 093E. F, G J K LMNO  Steam a2 Jackaman, 2009b
tirely of silt. Aeolian depositsare com- 1993 093F Lake 380 Jackaman, 2009a
mon around |arger g|acio|acustrine 2005 093C, F Lake 1324 Jackaman, 2006
and g'am ofluvia deposns They occur 2007 093G, H J K.N, O Lake a9 Jackaman, 20080
as veneers (<1 m tthk) and extensive 1002 Q93C/08, 116 Till 176 Lett et al.. 2008
. . 1963 093FMN3 Tall 171 Levson et al.. 18984,
dune fields, such as in the southeast Plouffa ot al, 2001
corner of NTS 093G/05. 1994 DO3FA7 il 143 Weary etal. 1697;
Plouffe et al , 2001
. . . 1954, 1998 093F Till 202 Ploufte et al, 2001
Historic Geochemical Data 1956, 1997  093F il 314 Ploutfe and Willams, 1998:

Plouffe et al., 2001

Previously published biogeochemical,
lake and stream sediment, and till
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'Anly sample silas within 1he sludy area ars listed
2Zamples reanalyzed in 2007,
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Historic sample type
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¢ Stream sediment

|| Parks and protected areas
Daturn; NAD 33
(1] Projection; UTM Zone 10 40 km
[ e

Figure 4. Distribution of archive till (red circle), lake (light blue cross) and stream (dark blue diamond) sedi-
ment geochemical data and biogeochemical (pine bark) data (yellow triangle), central British Columbia.
See text for references. Digital elevation model from Canadian digital elevation data (GeoBase®, 2007).

Basal Till Potential Mapping

Basal till potential maps delineate areas where basal till is
likely to occur and identify the most likely locations for
basal till sample collection (Figure 6). Conversely, BTPMs
highlight regions where it may be necessary to implement
different geochemical sampling protocolsor consider alter-
native sample media due to alack of basal till.

Drift exploration potential and applicability maps have
been produced in the past to assist with geochemical survey
design in drift-covered terrain (e.g., Meldrum and
Bobrosky, 19944, b; Huntley and Bobrowsky, 1995; Proud-

Geoscience BC Report 2014-1

foot et al., 1995). These derivative maps rely on existing
surficial geology mapping and can be limited by the detail
and scope of the original mapping. A classification scheme
is applied to the existing surficial mapping and the classi-
fied polygons are symbolized on the map (i.e., origina
surficial geology polygonslabelsare not included). In con-
trast to this, BTPMsincorporate existing surficial geology
mapping and also include a significant component of new
mapping. Thisnew mappingisfocused in areaswhere map-
ping detail can beimproved upon or whereinsightsinto till
facies or genesis can be gained using, for example, newer,
higher resolution, digital imagery.

25



>

Gedscience BC

Figure 5. Exposures of basal till from different regions of the project area, central British Columbia. Note characteristic horizontal fissility in
a) and b) and resulting blocky appearance in c) and d). Till colour and composition vary with the local bedrock units.

The BTPMsused for the TREK Project were created using
DAT/EM’s Summit Evolution photogrammetry software
(DAT/EM Systems International, 2012) and Esri’s ArcGIS
(Esri, 2012). On a PC workstation, digital airphotos are
viewed in stereo in Summit Evolution. By interfacing with
ArcGIS, shapefiles of existing surficial geology contacts
can be superimposed onthedigital airphoto stereopairsand
be edited. New surficial geology linework can be added to
existing or newly created shapefiles. Polygon labels are
based on the terrain classification system for British Co-
lumbia(Howes and Kenk, 1997). During the production of
BTPMs, emphasis was placed on differentiating basal till
from ablationtill, thelatter of whichisnot suitablefor geo-
chemical sampling. Areas with limited indication of basal
till are left unmapped.

Similar to drift exploration potential and applicability
maps, a classification schemeis applied to the mapping to
highlight areas (using colours) where basal till is likely to
occur and therefore identify the most likely locations for
basal till samplecollection. A polygon’spotential islargely
determined by the areal extent of basal till within the poly-
gon and its association with other surficial materials and
their depositional environments (Figure 6). For example, a
polygon containing only basal till would be assigned high

26

potential asasampler would have agood chance of collect-
ing abasal till sample anywhere within that polygon. Con-
versely, apolygon containing ablation till and glaciofluvial
deposits would be assigned low potential, in part because
basal till hasnot been mapped (althoughitisunder theabla-
tion till), but also because these surficial materials can be
associated with ice-stagnation (conducive to deposition of
sand and/or gravel units) and not activeice. Unlikedrift ex-
ploration potential and applicability maps, BTPMsinclude
theoriginal surficial geology polygon label (surficial mate-
rial and surface expression). This allows the user to better
understand how the classification was applied and to gain
some insight into the spatial and genetic associations be-
tween different surficial material typesand surface expres-
sions. Ice-flow indicatorsfrom Ferbey et al. (2013) arealso
included on the maps to illustrate dominant transport
directionsin basal till.

This process of ‘soft-copy digitizing' significantly in-
creasesthe speed and efficiency of map production by elim-
inating the need for transferring linework from hard-copy
aerial photographsto thedigital environment and theinevi-
table corrections associated with the digitization process.
Soft-copy digitizing producesfilesthat can beimmediately
transferred to any Gl Sfor planning or useinthefield. Basal

Geoscience BC Summary of Activities 2013
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till potential maps were completed for sixteen 1:50 000
scale map areas during a four month period. Extensive
ground-truthing was conducted during sampling traverses
throughout the 2013 field season.

Field Methods

The 2013 field season focused on regionsthat have not pre-
viously been sampled. Six hundred and eighty-four till
samples (2-3 kg) were collected for mgjor-, minor-, and
trace-element geochemical analyses (Figure 7). At each
sample site, 50 stones, of large pebbleto small cobble size,
were collected for lithological studies. At approximately
every other site, a10-12 kg sample was collected for min-
eral separation and gold grain counts (336 samplesintotal).
Wherearchive sampledensity waslow, infill sampling was
conducted. Because most archived samples do not have
mineralogical data, 10-12 kg samples were collected at
nearly every infill sitein an effort to produce an equivalent
till dataset for the entire project area.

Sampling locations are based on a 2 km, staggered grid,
aligned with ice flow (see Levson, 2001). These locations,
however, are restricted in some areas due to lack of access
or exposure. For example, large regionsin NTS 093C/10,
/11, /14, /15 and 093F/01 have no road access. Natural or
anthropogenic exposures (>1 m) weretypically required to
obtain in situ basal till; till which had not been atered by
soil-forming processes or biological activity. These expo-
sures occurred dominantly as roadcuts and, in some cases,
borrow pits or river and lake cuts. Soil pits were dug in
some situations, although usually avoided because of time
constraints.

The largest hindrance to sample collection was the lack of
basdl till. In large drainage networks, basal till has mostly
been eroded by (glacio) fluvial processes. Some valleys,
however, do have exposed stratigraphic sections from
which till can be sampled. In the northeast, thick glacio-
lacustrine units were deposited up to an elevation of 875 m
adl (Figure 8). Basal till is only found at surface where the
relief is higher than the lake limit. Extensive units of abla-
tion till were deposited by stagnating ice in the southwest,
whereas areally smaller deposits of ablation till occur
locally throughout the project area.

A backhoewas used to test if basal till could be accessed in
areas mantled by athin layer of ablation till. Four test sites
werechosen based onthelocal surfaceexpression. Thefirst
two siteswerelocated in aclearcut that exposed acomplex
of hummocky ablationtill and glaciofluvial deposits. Hum-
mocksherehaveamaximumrelief of 4m. A5mwidemelt-
water channel incised the deposit. The first pit was exca-
vated in a hollow between large hummocks. Bedrock was
reached at 1 m below surface through asandy diamict. The
second pit was 2.5 min depth and adjacent to the channel in
an area of 1-2 m high hummocks. Exposed from the top
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down wereinterbedded sand and gravel, silt and sand lami-
nations, and massive silt and sand. Basal till was not
reached at this location. The third and fourth sites were
spaced about 1.5 km apart and were situated near the con-
tact between basal till and ablation till deposits. The surface
expression was undulating, with relief of <1 m. Two pits
wereexcavated to adepth of 2.5 mexposing 2 mof ablation
till over at least 0.5 m of basal till. In both pits, the contact
was gradational over about 10 cm and was highlighted by a
brown to grey colour change and a significant increase in
density and silt and clay content in the matrix of the basal
till (Figure9). Thesetest pit results demonstrate that it may
be possibleto reach basal till at areasonable depth near the
contact with ablation till deposits, and that mechanized
sampl e collection methods can be effectivein certain situa-
tions.

Helicopter-supported lake sediment and lakewater geo-
chemical sampling was conducted on the east side of the
project area, where basal till exposures were limited and
lake sediment samples were not previously collected. Sur-
vey protocolswere based on established guidelinesin Cook
(1997). A total of 280 samples were collected from 264
lakes (Figure 7). Lake sites were accessed using a float-
equipped Bell 206 helicopter. Sediment samples were col-
lected from the deepest part of the lake using a torpedo-
styleHornbrook sampler. L ake sediment samplesgenerally
represent a 35 cm section of material obtained from below
the water-sediment interface. Samples typically consisted
of organic gelswith varying amountsof inorgani c sediment
and organic matter. Water samples were collected from the
surface in 250 ml bottles.

Sample Analysis

Till and lake samples collected for geochemistry were sent
to Acme Analytical LaboratoriesLtd. (Vancouver, BC) for
preparation. Tillswere dried, an archive of the original till
sample was generated, and the remaining material was
sieved to produce splits of the silt plus clay-sized
(<0.063 mm) fraction. Lake sediments were dried and
milled with aceramic ball to <0.0177 mm. Organic content
was determined by loss-on-ignition (LOI). The 10-12 kg
till sampleswere sent to Overburden Drilling Management
Limited (Nepean, ON) where mineral concentrates (0.25—
2.0 mm) and gold grain (<2.0 mm) concentrates were pro-
duced using a combination of gravity tables and heavy
liquids.

New till samples were analyzed for minor and trace ele-
ments by |CP-M S following aqua-regia digestion (53 ele-
ments), major and minor elements by ICP-ES following a
lithium borate fusion and dilute acid digestion (11 major
oxides and 8 elements), and total gold determinations plus
34 elements by INAA. Reanalysis of the archived till
samples was done by ICP-MS and for selected samples,

Geoscience BC Summary of Activities 2013
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123737'W

53736'N
N 9E.ES

123°37°'W Minimum extent of
glacial lake

Forest Service rd.

® 2-3kg till sample
@ 1012 kg till sample

Figure 8. Digital elevation model (from Canadian digital elevation
data [GeoBase®, 2007]) of the northeast corner of NTS 093G/12.
The maximum level of glaciolacustrine sediments (875 m above
sea level) delineates the minimum extent of one large, or several
smaller glacial lakes. Within the extent of the lake, till samples were
collected from islands above 875 m elevation and in natural or
anthropogenic exposures, which provided access to basal till that
was under the glaciolacustrine sediments.

| CP-ES. L ake sedimentswere analyzed for minor and trace
elementsby | CP-M Sfollowing aqua-regiadigestion (53 el-
ements), fluorideby SIE analysis, and total gold determina-
tionsplus 34 elementsby INAA. Conductivity and pH were
determined for lakewater samples. All geochemical analy-
ses were completed at Acme Analytical Laboratories Ltd.
(Vancouver, BC), except INAA, which was conducted at
Becquerel Laboratories Inc. (Mississauga, ON). See Ta-
ble 2 for analytical methods used for each sample type.

Ablation till

------'-ﬂ

Basaltill

Figure 9. Gradational contact between basal till and
overlying ablation till exposed in a 2.5 m deep pit. Ab-
lation till is less dense and slightly oxidized with con-
centrations of sand and gravel (white arrow). Scale in
centimetres.

Quality Control

Quality control for analytical determinations includes the
use of field duplicates, analytical duplicates, reference
standards and blanks and is based on established protocols
(Spirito et al., 2011). For each block of 20 samples, one
field duplicate (taken at arandomly selected sample site),
one analytical duplicate (a sample split during the prepara-
tion process), and one reference standard was included in
geochemical analyses. Reference standards are CANMET
till Land 4, TREK till standards A and B, and NV | standards
1, 2,3and 4. TREK and NVI standards were produced by
homogenizing and sieving till with aknown range of ele-
ment values and elevated key metal values (e.g., Cu, Au,
Mo). Duplicate samples determine sampling and analytical
variability and reference standards measure the accuracy
and precision of the analytical methods. Blanks are intro-
duced throughout the sampl e stream to determineif thereis
any cross-contamination between samples.
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Table 2. Sample media and analytical methods used for this program. Abbreviations: ICP-ES, inductively coupled
plasma—emission spectrometry; ICP-MS, inductively coupled plasma—mass spectrometry; INAA, instrumental
neutron activation analysis; SIE, specific ion electrode.

Sample type  ICP-MS ICP-ES INAA SIE  pH Conductivity
(53 elements) (11 oxides, 8 elements) (35 elements) {flouride)
Till . . .
Archived till . »'
Lake sediment » . .
Lakewater . .

T
Belect samples

Geoscience BC Summary of Activities 2013
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Future Work

Asamultiyear program, future TREK Project geochemical

activities will include the assembly of recently acquired

survey data plusthe further development of geosciencein-

formation required for additional field surveys planned for

the second year. The project action plan includes the fol-

lowing:

e evaluateand compileanalytical resultsandfield datafor
new basal till and pebble samples;

e evaluate and compile new lake sediment and lakewater
analytical results and field data;

e evaluate and compile analytical data determined from
the reanalysis of archived samples,

e update existing BTPMs based on field survey ground-
truthing exercises; and

o assessalternate geochemical datacollection techniques,
such as treetop biogeochemical surveys and mechani-
cally assisted methods that can be used to cover areas
with challenging access or limited availability of other
target media types.

Generating acomprehensivecollection of high quality geo-
chemical analytical dataand field informationisa primary
objective of the geochemical component of the TREK Pro-
ject. Thisis being accomplished through the collection of
new samples, the reanalysis of samples collected during
previous surveys and the development of BTPMs, which
supports both field survey work and follow-up exercises.
When packaged and rel eased to the public, this dataset will
become an important tool that will be used in the explora-
tion for and discovery of new mineral occurrences.
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Nazko Cone, Central British Columbia (NTS 093B/13)
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Lett, R.E. and Jackaman, W. (2014): Geochemical expression in soil and water of carbon dioxide seepages near the Nazko cone, central
British Columbia (NTS 093B/13); in Geoscience BC Summary of Activities 2013, Geoscience BC, Report 2014-1, p. 35-42.

Introduction

Travertine deposits, soil gas see-
pages, organic soil mixed with cal-
cium carbonate mud and pools of
stagnant or slow-flowing water are
among surface features observed in
two wetlands, informally called the
North and South bogs, near the
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preliminary geothermal exploration
conducted at these wetlandsin 2012,
Alterra Power Corp. detected carbon
dioxide with traces of methane and
helium in the seepage gas (C. Hick-
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son, pers. comm., 2013; N. Vigour-
oux, pers. comm., 2013). The isoto-
pic composition (d13C between —6.2
and —6.9 per mil Pee Dee Belemnite
[PDB]) of the gases suggests that
they are magmatic in origin (G. Wil-
liams-Jones, pers. comm., 2013).

Analysis of the carbonate mud in the
bogs reveals a dominance of aragon-
ite (66%), with equal partsremaining
of calcite and dolomite, precipitated
from the carbon-enriched surface
water. Although the surface water temperature istypically
below 12°C, the carbon dioxide seepages, travertine depos-
itsand the nearby Nazko conetogether suggest amagmatic,
possibly geothermal, source for the gas, similar to the set-
ting described by Fouke et al. (2000) at Mammoth hot
springs, Wyoming (Yellowstone) and at the Mt. Etna vol-
cano, Italy (D’ Alessandro et al., 2007). Magmatic carbon
dioxide discharging into the near-surface environment
forms ‘thermogenic’ travertine that is predominantly cal-

Columbia.
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Figure 1. Location of the Nazko Geothermal Project area, near the Nazko cone, central British

citeand aragoniteenrichedin **C and *®0 (Pentecost, 1995;
Ford and Pedley, 1996).

Even though the cool surface waters do not suggest an ac-
tive near-surface geothermal source beneath the Nazko
wetlands, springwater temperatures in other areas of Can-
ada where there are travertine deposits can be as low as
20°C, such asat the Rabbitkettle spring, Northwest Territo-
ries (Fouke et al., 2000). The springwater chemistry in
these areas typically shows elevated Ca, dissolved CO,, Li
and B. At the Starlite mineral occurrence (MINFILE
082K SWO074; BC Geological Survey, 2013) near the vil-
lage of Hills, BC, travertine deposits on Arthur Creek are
associated with warm springs.

This paper includes a description of groundwater, surface
water and soil sampling in the Nazko bogs and the sur-
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rounding area to study the geochemical signature associ-
ated with carbon dioxide gas seepages. This study isbeing
supported by Geoscience BC as part of the 2013 TREK
Project and was designed to complement earlier investiga-
tions on the potential for geothermal occurrencesin there-
gion (G Williams-Jones, pers. comm., 2013) and support
local community interest in geothermal resources.

Geology and Surface Environment

The North and South bogs lie within the Anahim volcanic
belt, an east-trending belt of Pleistocene—Holocene volca-
noesthat includethe Nazko cone(Cassidy et a., 2011; Rid-
dell, 2011). Eocene Ootsa Lake Group, Miocene Endako
Group and Pleistocene—Holocene volcanic and sedimen-
tary rocks underlie the area. Souther at al. (1987) tenta-
tively estimated that the Nazko vol canism began during the
Fraser glaciation, forming apyroclastic mound beneath the
Cordilleran Ice Sheet. A subaerial, flow-layered, non-
vesicular basalt buried by more recent tephraand till isthe
earliest eruptive rock. This unit is partially covered by a
later, blocky, highly vesicular basalt and tuff brecciaform-
ing the western part of the cone. Postglacial deposition of
red pyroclastic ash, lapilli and vol canic bombs g ected from
vents in the cone created the present-day edifice. During
this eruption event, two olivine basalt lava streams flowed
for several hundred metres from the volcano to the south
and west. In 2007, an earthquake swarm occurred a few
kilometres to the west of the Nazko cone (Hickson et al.,
2009).

Glacia deposits in the area include till and glaciofluvial
sediments (as eskers) that extend from the base of the cone
into the wetlands. Souther et al. (1987) described sampling
a 6 m vertical profile in the ‘volcano bog’ (probably the
North bog) northwest from the Nazko cone. Sediments
sampled here were a mix of gravel and mud overlain by
gyttjaand more than 5 m of peat interbedded with atephra
layer. This ash layer was interpreted by Souther et al.
(1987) to have been deposited by an eruption fromthe cone
at an estimated 7200 years BP.

Parts of the North and South bogs are covered by sedge and
scattered wetland shrubs; calcium carbonate—rich mud;
stagnant poolsor slow-moving streams; small, i solated out-
crops of travertine; forest-dominated bogs and meandering
streams flowing through the wetlands. In the carbonate-
mud—dominated parts of the bog, carbon dioxide can be ob-
served as bubbles seeping through the bottom sediment of
stagnant ponds and a cal cium-carbonate (possibly aragon-
ite) precipitate often occurson thewater surface (Figure 2).
Two streams draining uplands to the east and south flow
west though the bogs into Fishpot Lake (Figure 3). Luvi-
solic and brunisolic soils exist on the better drained
hillslopes above the wetlands, whereas gleysolic soilshave
formed along the bog margin where the water tableisclose
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to the land surface. Peat mixed with calcium-carbonate
mud is the most common organic bog soil.

Travertine is typically a rusty to white coloured rubble
forming small, isolated and el evated areasin thebogs. Near
the northern edge of the North bog, thereisasmall, 35 cm
high inverted cone-shaped travertine deposit conceal ed by
undergrowth. This cone encloses a partially submerged
vent from which there is a steady flow of carbon dioxide.
Thereisalessactive carbon dioxide seep from another vent
on arusty travertine mound close to the east edge of the
South bog. Figure 4 shows the wetland surface featuresin-
cluding the location of the two carbon dioxide discharging
vents.

Fieldwork

In July and August 2013, fieldwork in the North and South
bogs and surrounding area completed the following:

e Bog surface features, such as gas discharge vents and
travertine deposits, were mapped.

e Groundwater was sampled from shallow dug pits,
springs and gas vents. Water pH, temperature, salinity
and conductivity were measured on-site with an Oakton
PCSTestr 35 multimeter. Detailsof thesite such aswater
flow rates, water table depth and presence of discharg-
ing carbon dioxide were recorded.

e Surface water was sampled in bog pools, streams flow-
ing into and out of the wetland and from Fishpot Lake.
Water pH, temperature, salinity and conductivity were
measured and site detail ssuch aswater flow rates, chan-
nel width and depth were recorded. Channel sediment
was also collected at several stream sites.

e Bog and well-drained soil and travertine deposits were
sampled.

Sample Preparation and Analysis

Three water samples were collected in high-density poly-
ethylene (HDPE) bottles at each site. The samples under-
went the following analyses:

e Within 12 hoursof collection, one samplewasanalyzed
for Nawith a HANNA model pHep® pocket meter and
total alkalinity and dissolved carbon dioxide were mea-
sured with Hach® field test kits.

e A second sample was filtered through a Phenex™
polyethersulfone (PES) 0.45 um membrane, and stored
at 4°Cfor later analysisby ALS Global (Vancouver) for
hardness, total alkalinity, bicarbonate alkalinity and
hydroxyl akalinity by titrationand for Br,CI", F, NOs,
NO, and SO, by ion chromatography.

« A third sample was filtered through a Phenex™ poly-
ethersulfone (PES) 0.45 um membrane, acidified with
ultrapure nitric acid to pH 1 and later analyzed by ALS
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Figure 2. Photograph of the North and South bogs and Fishpot Lake to the west.
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Figure 3. Streams draining from the Nazko cone area through the North and South bogs into Fishpot Lake.
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Global for Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs,
Cu, Fe, Ga, K, Li,Mn,Mo, Na, Ni, P, Pb, Rb, Re, Sh, Se,
Si, Sn, Sr, Te, Th, Ti, TI, U, V, Y, Znand Zr by high-reso-
[ution mass spectrometry. Threedistilled, deionized wa-
ter sample blanks and two samples of the National Re-
search Council Canada (NRCC) river water standard,
SLRS 3, were analyzed with the field samples to moni-
tor data accuracy and precision.

Sediment sampleswere dried at below 60°C, sieved to
—80 mesh (<0.177 mm) and the —80 fraction was ana-
lyzed at Acme LaboratoriesLtd. (Vancouver) for trace
and minor elements including Ag, Al, As, B, Ba, Be,
Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, Hg, K, Li, Mn, Mo,
Na, Ni, P, Pb, Rb, Re, Sb, Se, Si, Sn, Sr, Te, Th, Ti, TI,
U, V, Y, Zn and Zr by aquaregia digestion and induc-
tively coupled plasma—mass spectrometry (ICP-MS);
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Figure 4. North and South bog surface features and distribution of water samples.

3 Woosery

maj or oxides by lithium borate fusion-ICP-MS; C and
Shy Leco analysis; loss on ignition (LOI) by sintering
at 1000°C; and B by sodium peroxide sinter—| CP-MS.

Water Geochemistry: Preliminary Results

Table 1 lists element detection limits, the mean measured
valuefor water standard SLRS 3, the percent relative stan-
dard deviation (%RSD) calculated fromtwo SLRS 3 analy-
sesand an element valuefor the SLRS 3 standard wherere-
ported by NRCC. Analysesof filtered water blanksreveals
that only Li, Sr and Ca are detected in concentrations that
arelessthan twicethedetectionlimit. Only Beand Li inthe
water standard SLRS 3 have %RSD values that are more
that 10%. Where the NRCC reports avalue for an element
in SLRS 3, the detected concentration iswithin 10% of the
recommended value.

Geoscience BC Summary of Activities 2013
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Table 1. Analytical detection limits and results of National
Research Council Canada river water standard SLRS 3 duplicate
analysis. Abbreviations: NRCC, National Research Council
Canada; RSD, relative standard deviation; SLRS 3, river water
standard.

Analyte PO pean RS 3 %RSD NRCC SLRS 3
Br (ppm) 005
Cl {ppm} 0.5
F {ppm) 0.02
NO, (ppm)  0.003 392 0.4
NO, (ppm) 0.001 —0.05 0
50, (ppm) 05 -25 0
Al (ppb) 1 33 05 3
Sb {ppb) 0.0 017 08 0.12
As (ppb) 0.05 0.84 1.9 0.72
Ba (ppb) 0.1 14.1 1.5 134
Be {ppb} 0.005 0.0096 28.0 0.005
Bi (ppb) 0.05 -0.05 0.00
B (pphb} 500 870 10.2
Cd (ppb) 0.005 0.0148 6.2 0.013
Ca (ppm} 0.076 5 505 42 8
Cs {ppb) 0.005 0.0084 0.0
Cr (ppb) 0.5 =05 0.0 0.3
Co (ppm} 0.05 —0.05 0.0 0.027
Cu (pph) 0.2 1.52 23 1.35
Ga (ppb) 0.05 -0.05 0.0
Fe {ppb) 30.0 100.0 7.1 100
Pb (ppb} 0.08 0.072 1.0 0.068
Li {ppb) 02 0.5 251
tAg {pprm) 01 16 76 18
Mn {ppb} 02 410 049 3.9
Mo {ppb) Q.05 0224 03 0.19
Ni {ppb) 02 D.84 1.7 0.83
P (ppr} 0.3 -0.3 0.0
K {ppmj 2 -2 0 0.7
Re (ppb) 0.005 -0.005 0.0
Rb (pph) 0.02 1.70 3.0
Se (ppb) 02 02 0.0
Si (ppm} 0.05 166 30
Ag {ppb) 0.005 -0.005 0.0
Na (ppm} 2 25 57 23
Sr{ppm) 0.001 0.0319 249 0.028
Te (ppb} 0.010 =0.01 0.0
Tl {pph} 0.002 0.007 1.0
Th (ppb} 0.005 0.014 1.5
Sn (ppb) 0.2 -0.20 0.0
Ti {pph) 02 070 8.1
W (ppb} 0.01 —-0.01 0.00
U (pph} 0.002 0.041 0.69 0.045
V (ppb) 0.05 0.220 20 0.3
Y {ppb) 0.005 0128 33
Zn {ppb) 1.00 180 0.00 1.04
Zr (ppby 0.05 0.08 8.7

Geoscience BC Report 2014-1

Comparison of surface- and groundwater geochemistry
statistics listed in Table 2 reveals the following:

Surface water has a higher pH than groundwater.
Streams flowing into the wetlands have a pH above 8.
Vesicular basalt outcrops along the bank of one stream
has abundant calcite in the vesicles and dissolution of
this calcite may explain the alkaline streamwater. The
highest pH value detected (9.26) isfrom awater sample
from Fishpot Lake.

Groundwater has a higher mean dissolved carbon diox-
ide value than surface water, reflecting the active flow
of carbon dioxide from seepsinto the groundwater and
precipitation of calcium carbonate mud.

Mean groundwater temperature is slightly lower than
surface water. The lowest water temperature (5.6°C)
wasmeasured inwater fromtheactivegasflow fromthe
travertine cone vent in the North bog.

M ean element concentrationsare higher in groundwater
compared to surface water. Water that has accumul ated
inthetravertine conevent in the North bog hasthe high-
est detected levels of dissolved As, Cd, Fe and Ni.

Future Work

Completion of this project will involve

preparation and geochemical analysis of the soil and
rock samples for major oxides, loss on ignition, minor
and trace elements;

statistical analysis and interpretation of water, soil and
sediment data; and

final reporting, which is scheduled to be published in
spring 2014.

Summary

Geology, surfacefeatures, carbon dioxide seepagesand an-
ecdotal evidence of athermal anomaly beneath the Nazko
bogs and surrounding area (such as snow-free wetland ar-
eas in winter), combined with the preliminary results from
thisand other recent studies, support the existence of ageo-
thermal source. Clear evidence for geothermal activity,
such as the presence of thermal springs, may be absent,
however, because of masking by the wetland geochemistry
and sediments and possibly because of the amount of re-
charge/groundwater flow inthe area. It isalso possiblethat
any thermal anomaly, such as hot water, is lost to deeper
aquifers, which would explain the presence of cold,
noncondensabl e gases only at the surface. Additional field
studies intended to better detect evidence for concealed
geothermal activity could include resampling groundwater
in the bogs where high levels of carbon dioxide have been
recently detected in soil gas, *°0/*®0 isotope analysisof the
groundwater near seeps and **C/*°C isotope analysis of the
seepage gas. Further soil sampling and soil gas flux moni-
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Table 2. Mean, median, 3" quartile (quart.) and maximum statistics calculated from data for 11 groundwater and 20 surface water samples;
Ag, Bi, CI', Ga, P, Re, Sn, Tl, and were not included because most values are below the detection limit. Hardness and alkalinity are reported in
parts per million CaCOg3. Abbreviations: bicarb, bicarbonate; Cond, conductivity; GW, groundwater; SW, springwater; TDS, total dissolved
solids; Temp, temperature.

Analyte Mean GW Median GW 3rd quart. GW Max. GW Mean SW Median SW 3rd quart. 3W Max. SW
pH (Field) 6.61 559 5 745 703 76 773 815 926
Temp (field) 12.2 13.5 14.4 14.8 13.7 14 156 23
Gond (118, field) 2907 3390 3635 4380 1000 333 1670 4450
Na (ppm: field) 208 160 235 450 127 70 138 900
Salintty (ppm:; field) 1606 1740 1800 2460 488 155 735 2250
TDS (ppm; field) 2355 2520 2740 3380 552 206 499 3080
Alkalinity (ppm: field) 2364 2400 2800 3000 763 160 1850 3000
CO, (ppm: field) 414 400 525 750 149 38 194 850
Hardness (ppm) 1617 1570 1745 2570 548 148 874 2500
';:E:'r'; ';;‘pm) 2218 2410 2490 3260 708 165 1275 3230
Total Akalinity (pprm) 2218 2410 2450 3260 708 165 1275 3230
F (ppm) 047 0.47 0.505 054 0.241 01715 04 059
NO, (ppm) 01 01 01 011 01 0.02 01 044
NO, (ppm) 0.02 0.02 0.02 0.02 0.01 0.001 0.02 0.089
S0, (ppm) 15 16 18 29 66 28 10.125 32
Al (ppb) 1.79 2 2.05 3.8 10.59 3.05 16.15 49.3
Sb (ppb) 0.029 0.02 0.0365 0.066 0.093 0.043 0.0508 0618
As {ppb) 08 0.1 0.68 256 a5 0.53 07 085
Ba (ppb) 175 182 202 234 62 53 67.3 204
Be (pph) 0.016 0.005 0.025 0.059 0.0133 0.005 0.016 0.045
B (ppb) 376 380 446 37 89 1.4 207 430
Cd (ppb) 0.0245 0.0171 0.0238 0.0916 0.026 0.005 0.0061 0.203
Ca (pprm) 221 220 235 383 74 29 68 358
Cs (pph) 2 047 208 2 625 318 0.535 0.0139 0.745 303
Cr {ppb) 0.64 05 0.75 1 05 0.5 0.5 0.5
Co (pprm) 11 0.114 1.221 6.73 0.132 0.077 0.206 0.44
Cu (ppb) 031 0.21 0.4 064 071 0.405 07 3.05
Fe (ppb) 566.4 147 4305 3920 282.9 88.5 352 1290
Pb (ppb) 0.07 0.05 0.1 0.137 0.05 0.05 0.05 0.057
Li {ppb) 335 341 379.5 475 105.4 5.06 231.5 547
Mg {ppm) 259 247 307 303 88 18 170 360
Mn {ppb) 225 193 203.5 657 83 356 125 278
Mo (ppb) 0.221 0.13 0.341 0.574 0.725 0.655 11975 1,64
Ni (ppb) 12.96 2.42 2257 44 228 1.015 2.035 134
K (ppm) 306 315 35.5 414 10.64 3.95 171 411
Rb (ppb) 391 40.1 4555 524 12.86 3415 24.1 56.1
Se (pph) 0.3 0.2 03 0.4 07 0.2 0.4575 3,26
Si (ppm) 122 123 152 16.8 137 1365 1513 18.7
Na (ppm) 267 281 3025 412 69 925 157 5 31
Sr (ppm) 86 7.68 8.725 15 2,479 0.249 258 15.9
Ti (ppb) 0.106 0.004 01895 0.429 0.045 0.002 0.006 0.487
Th ippb) 0.006 0.005 0.0075 oo 0.0072 0.005 0.008 0.018
Ti (ppb) 0.36 0.35 04 064 1.08 0.36 134 428
W {pob) 0.013 0.01 0.015 0.02 0.014 0.01 0.01 0.042
U {ppb) 014 0.061 0.1165 0.687 0.081 0.079 0.108 0.242
V (ppb) 0.513 0.157 0.66 236 1387 1.22 1.68 5.73
Y (ppb) 0.1404 0.0464 01717 064 0.238 0.081 0.458 0.927
Zn (ppb) 55 36 9.85 128 24 1 1575 10.3
Zr (ppb) 1,303 0.55 2.08 467 0.727 0.51 0.96 479
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toring could map the carbon dioxide seeps. Over a wider
areaaround the Nazko cone, additional work could find ev-
idencefor thermal water in other springs and seepages. For
example, aself-potential geophysical survey may be useful
for detecting structures capable of transporting thermal
water into the bogs.

Acknowledgments

Inthefield, assistancefrom J. Constable, H. Paul, T. Clem-
ent and D. Sacco with sample collection, sample analysis
and data collection was very much appreciated. G. Wil-
liams-Jones and B. Ward, from Simon Fraser University,
C. Hickson, from Alterra Power Corp., and N. Vigouroux
from Douglas College, generously provided information
about the Nazko wetlands and loaned sampling equipment.
A. Rukhlov, from the BC Ministry of Energy and Mines, is
thanked for alowing the use of water testing equipment
from the BC Geological Survey laboratory. Critical re-
views of this paper by T. Ferbey, from the BC Geological
Survey, by N. Vigouroux, from Douglas College, and
G. Williams-Jones, from Simon Fraser University, arevery
much appreciated. Funding is being provided by Geo-
science BC as part of the 2013 TREK Project.

References

BC Geological Survey (2013): MINFILE BC mineral depositsda-
tabase; BC Ministry of Energy and Mines, BC Geological
Survey, URL <http://minfile.ca/> [November 2013].

D’ Alessandro, W., Giammanco, S., Bellomo, S. and Parello, F.
(2007): Geochemistry and mineralogy of travertine deposits

Geoscience BC Report 2014-1

of the SW flank of Mt. Etna (Italy): relationship with past
volcanoes and degassing activity; Journal of Volcanology
and Geothermal Research, v. 165, p. 64-70.

Cassidy, J.F., Balfour, N., Hickson, C., Kao, H., White, R., Caplan-
Auerbach, J., Mazzotti, S., Rogers, GC., Al-Khoubbi, 1.,
Bird., A.L., Esteban, L., Kelman, M., Hutchinson, J. and
McCormack, D. (2011): The 2007 Nazko, British Columbia,
earthquake sequence: injection of magma deep in the crust
beneath the Anahim volcanic belt; Bulletin of the Seismo-
logical Society of America, v. 101, no. 4, p. 1734-1741.

Ford, T.D. and Pedley, H.M. (1996): A review of tufaand traver-
tine deposits the world; Earth Science Reviews, v. 41,
p. 117-175.

Fouke, B.W., Farmer, J.D., Des Marais, D.J., Pratt, L., Sturchio,
N.C., Burns, PC. and Discipulo, M. (2000): Depositional fa-
cies and agueous-solid geochemistry of the travertine-de-
positing hot springs (Angel) Terrace, Mammoth hot springs,
Yellowstone National Park, U.S.A.; Journal of Sedimentary
Research, v. 70, p. 565-585.

Hickson, C.J., Kelman, M., Chow, W., Shimamura, K.,
Servranckx, R., Bensimon, D., Cassidy, J., Trudel, S. and
Williams-Jones, G. (2009): Nazko region volcanic hazard
map; Geological Survey of Canada, Open File 5978.

Pentecost, A. (1995): Geochemistry of carbon dioxidein six trav-
ertine-depositing springs of Italy; Journal of Hydrology,
v. 167, p. 263-278.

Riddell, J. (2011): Lithostratigraphic and tectonic framework of
Jurassic and Cretaceous intermountain sedimentary basins
of south-central British Columbia; Canadian Journal of
Earth Sciences, v. 48, p. 870-896.

Souther, J.G, Clague, J.J. and Mathews. R.W. (1987): Nazko cone:
a Quaternary volcano in eastern Anahim belt; Canadian
Journal of Earth Sciences, v. 24, p. 2477-2485.

41


http://minfile.ca/

42

Gedscience BC

Geoscience BC Summary of Activities 2013



Gedascience BC

Three-Dimensional Thickness Model for the Eocene Volcanic Sequence,
Chilcotin and Nechako Plateaus, Central British Columbia
(NTS 0920, P,093A,B,C,E,F, G K, L)

E. Bordet, Mineral Deposit Research Unit, University of British Columbia, VVancouver, BC, ebordet@eos.ubc.ca

M.G. Mihalynuk, Geological Survey and Resource Development Branch, BC Ministry of Energy and Mines,

Victoria, BC

C.J.R. Hart, Mineral Deposit Research Unit, University of British Columbia, Vancouver, BC

M. Sanchez, Mineral Deposit Research Unit, University of British Columbia, Vancouver, BC

Bordet, E., Mihalynuk, M.G,, Hart, C.J.R. and Sanchez, M. (2014): Three-dimensional thicknessmodel for the Eocene vol cani ¢ sequence,
Chilcotinand Nechako plateaus, central British Columbia(NTS0920, B, 093A, B, C, E, F, G K, L); in Geoscience BC Summary of Activi-

ties 2013, Geoscience BC, Report 2014-1, p. 43-52.

Introduction

Eocene volcanic rocks in the Chilcotin and Nechako pla-
teaus of central British Columbiaare mapped over ~26 400
km? (Figure 1; Massey et al., 2005). The original extent of
these volcanic rocks, deposited during a short-lived epi-
sode of continental magmatism (~55-46 Ma; Bordet et al .,
in press), is presumed to have been much greater. Region-
aly included in the Ootsa Lake Group (OLG; Figure 2),
these widespread, dominantly felsic sequencesdisplay sig-
nificant lateral thickness variations. In particular, Eocene
vol canic successions>3000 mthick arepreserved in exten-
sional basins, characterized by north-trending half-grabens
in southern BC (Church, 1973, 1985; Ewing, 1981; Thor-
kelson, 1988; Souther, 1991), with similarly thick sections
inferred in central BC (Hayward and Calvert, 2011; Bordet
et a., 2013, work in progress).

Eocene OL G strata host low-sulphidation epithermal Au-
Ag occurrences (Figure 2; BC Geological Survey, 2013)
and also overlie Mesozoic volcanic and sedimentary suc-
cessions containing mineral and hydrocarbon resources.
For example, Late Cretaceous magmatic rocks host the
Blackwater Au-Ag epithermal deposit (8.6 million oz. Au;
Portmann, 2013; Figure 2a), and abelt of Early Cretaceous
Skeena Group sedimentary rocks has hydrocarbon-reser-
voir potential (Figure 2b; Ferri and Riddell, 2006; Riddell,
2011). Mesozoic hydrocarbon and mineral resources
capped by Eocene volcanic sequences may be further ob-
scured by overlying discontinuous Neogene Chilcotin

Keywords: Nechako Plateau, Chilcotin Plateau, thickness model,
Eocene, Ootsa Lake Group, mineral exploration, hydrocarbon ex-
ploration

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://'www.geosciencebc.com/s/DataReleases.asp.
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Group flood basalt (CGB; Figure 2; Dohaney et al., 2010)
and by athick and continuous cover of glacial till (Fulton,
1995).

In order to better define the distribution of Eocene volcanic
rocks in this region, a three-dimensional (3-D) thickness
model for the OLG in the Chilcotin and Nechako plateaus
(Figure 1) is developed and presented in this paper. This
model is generated from geological constraints, including
field maps, cross-sections and stratigraphic columns, and
interpreted geophysical-survey data (Figure 2, Table 1).
Objectives of thismodel areto 1) image regional thickness
variations of the OLG where it has been mapped previ-
ously; 2) identify areas of eroded or covered Eocenevolca-
nic rocks; 3) investigate the spatial and temporal correla-
tion between Eocene volcanic rock accumulations and
fault-bounded basins; 4) generate new surface and volume
estimates for the Eocene volcanic event; and 5) correlate
and extend OLG intervals containing known mineraliza-
tion into regions covered by CGB and glacial till, with
implications for mineral exploration.

Regional Geology

Three main lithostratigraphic packages are represented in
the Chilcotin and Nechako plateaus of central BC, a high-
standing (~800—1600 m) region with subdued topography
(Figures1, 2a; Holland, 1976). They are Stikine and Cache
Creek terrane basement rocks, Ootsa Lake Group (OLG)
volcanic rocks, and younger cover rocks that include the
Neogene Chilcotin Group basat (CGB).

Basement rocks include accreted terrane successions of
the Stikine (volcanic arc) and Cache Creek terranes (sub-
duction-related accretionary complex; Figure 1; Coney et
al., 1980), as well as postaccretion Jurassic to Cretaceous
rock packages. In particular, Lower to Middle Jurassic
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Figure 1. Distribution of Eocene volcanic and intrusive rocks in the Chilcotin and Nechako plateaus of
central British Columbia with respect to Cordilleran accreted terranes and major faults. The thickness
model covers the Chilcotin and Nechako plateaus, as well as the Williams Lake area east of the Fraser
fault. Geology polygons, faults and terranes are after Massey et al. (2005). Map projection UTM

Zone 10, NAD 83.

strata of the Hazelton Group (Stikine terrane) occur in the
Chilcotin Plateau west of Nazko (Figure 2b; Tipper, 1959),
whereasthick beds of Cretaceous chert-pebble conglomer-
ate and sandstone of the Aptianto Albian SkeenaGroup are
exposed for ~150 km along the Nazko River (Figure 2b;
Riddell, 2011).

Eocene volcanic rocks of the OLG (Figure 2; Duffell,
1959) comprisemainly rhyolite and dacitelavas, and minor
pyroclastic and reworked volcaniclastic deposits, locally
capped by andesitic lavas (Bordet et al., work in progress).
New isotopic datesindicate arange of 55-46 Ma(Bordet et
al., in press). A Paleocene vol caniclastic sequence that was
identified in a hydrocarbon-exploration well (B-16-J; Fig-
ure 2b) is inferred to overlie Cretaceous basement rocks
(Riddell, 2011) and is combined with the OL G for the pur-
pose of this study.

Cover rocks of the Neogene CGB (Figure 2; Bevier, 1983;
Mathews, 1989) unconformably overliethe OL G and are of
variable thickness but mostly less than 25 m (Mihalynuk,
2007; Andrewset d., 2011). Holocene volcanoes of the Ana
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him belt (Souther, 1986) occur to the west of the study area
(Figure 2).

Eocene Structure

TheCretaceousto Early Cenozoic structural architecture of
the study areais characterized by aseries of north-trending
horsts and grabens that occupy a region between two re-
gional-scale northwest- and north-trending dextral strike-
dlipfaults, the Yalakom and Fraser faults, respectively (Fig-
ures 1, 3). Thethickest OLG sections are preserved mainly
within Eocene grabens, while Mesozoic rocks are exposed
along exhumed horst blocks, as established from strati-
graphicinvestigations(Bordet et al., work in progress), hy-
drocarbon-exploration drilling (Riddell, 2011) and geo-
physical surveys(e.g., Hayward and Calvert, 2011; Talinga
and Calvert, work in progress).

Province-wide transtensional deformation in the Eocene
was concentrated al ong north- and northwest-trending dex-
tral strike-slip fault systems, in some cases reactivating
crustal-scale faults such as the Fraser and Yalakom faults
(Figure 3; Souther, 1970; Ewing, 1980; Struik, 1993),

Geoscience BC Summary of Activities 2013
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along which several tens to hundreds of kilometres of dis-
placement are inferred (Eisebacher, 1977; Ewing, 1980;
Umhoefer and Schiarizza, 1996). Early Eocene, steeply
dipping northwest-trending faults (e.g., Yalakom fault) ac-
commodated dextral transtension. This fault motion was
kinematically linked to secondary, northeast-trending, syn-
volcanic extensional faults (Figure 3, inset map; Struik,
1993) that formed pull-apart basinsin which OL G strataac-
cumulated and were preserved. Late Eoceneto Early Olig-
ocene, north-trending, en échelon dextral faults (e.g., Fra-
ser fault) areinferred to be coeval with northwest-directed
extension (Struik, 1993). The exhumation of metamorphic
core complexes (Figure 3, inset map) in central and south-
ern BC occurred coevally with regional extensional defor-
mation and Eocene volcanism (e.g., Struik, 1993).

Methods and Model Constraints
Thickness Model

An Eocenethicknessmodel wascomputed for theregion of

Eocene OL G distributioninthe Chilcotin and Nechako pla-

teaus(Figures1, 2) using Manifold ™ GI S software. Meth-

odologies used here are adapted from Mihalynuk (2007)

and detailed in Bordet et al. (2011). The modelling

workflow includes the following steps:

1) Generate input points from surface, section and
point datasets (Table 1): Eocene and Neogene cover
thickness and elevation information attributed to each
point is either obtained from direct measurements or
calculated.

2) Organize input data points into two datasets: a) post-
Eocene cover sequence (Chilcotin Group basalts and
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Figure 2. Datasets used to constrain the thickness model: a) simplified geology of the study area, showing Cenozoic volcanic rocks super-
imposed on a digital elevation model (Centre for Topographic Information, 1997); b) extent of the detailed interpretation. Eocene volcanic
rock distribution after Massey et al. (2005), and updated from recent mapping by Dohaney et al. (2010) for the Chilcotin Group basalt,
Mihalynuk et al. (2008, 2009) and this study. Eocene mineral occurrences (compiled from BC Geological Survey, 2013): AL, Allin; AP, April;
BA, Baez; BB, Big Bar; BD, Blackdome; CL, Clisbako; ES, Equity Silver; FG, Free Gold; GA, Gaul; GR, Grubstake; LO, Loon; PM, Poison
Mountain; Sl, Silver Island; SQ, Silver Queen; TR, Trout; UL, Uduk Lake; WO, Wolf. Other: BW, Blackwater deposit. Map projection

UTM Zone 10, NAD 83.
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Table 1. Datasets and sources used for building the thickness model of the Eocene volcanic sequence,
Chilcotin and Nechako plateaus.

Input data Sources

IMassey et al. {2008)

2 Bocene geology polygons b nuk et al. (2008, 2009)
o
%\ CGE polygons Interactive Chilcotin Database (Dohaney et al., 2010}
- — - - )
Digital Elevatian Model Centre for Topographic Information {1997}
Geological cross-sections Mihalynuk et al. {2008, 2009}, field sections (this study)
Magnelotelluric profiles A. B, ot and Graven (2011), Spratt et al. (2012)
C.D.GH
oy
_5 Tomography madels lines 5, Smithyman {2013}, Smithyman et al. (2014)
g 10.15and 6 Talinga and Calvert (2014}
@
Canadian Hunter seismic Intarpreted lines by Hayward and Calvert {2011) after reprocessing by
lines Arcis Gorporation
Geoscience BC vibroseis Reprocessed lines by WesternGeco MDIC {2010)
) Compiled thicknesses from Bordet et al. (2011}, after Riddell (2011} and
Qil and gas wells ) .
previous drilling reports
Water wells Interactive Chilcotin Database (Dohaney et al., 2010}
Stratigraphic sections Bordet et al. {in press}
(]
_‘g Mineral exploration drill hole logs as recorded in ARIS (BC Ministry of
& Energy and Mines, 2013) and linked to MINFILE {BC Geological Survey,

2013}, Drilling depths at Eocene prospects rarely exceed 150 m and
represent minimum thicknesses. Maximum drilled thicknesses of Eocene
are reported for Blackdome (400 m; Faulkner, 1988} and Equity Silver

Mineral occurences

(460 m; Cyr etal,, 1984).

Field stations

Field rmapping {this study)

Holocene volcanoes); and b) Eocene sequence (gener-
ally anything between the basement and cover).

3) Generate a base elevation model for the cover se-
guence and for the Eocene + cover sequence. All ele-
vation surfaces are generated using 1 by 1 km cell size,
10 neighbours and the Kriging interpolation method.

4) Generate a thickness model for the cover sequence
and for the Eocene + cover sequence by subtracting
the corresponding base elevation models from adigital
elevation model (DEM).

5) Generate an Eocene thickness model by subtracting
the thickness model of the cover sequence from the
thickness model of the Eocene + cover sequence.

The resulting model was tested by comparison with a sur-
face directly generated from thicknesses assigned to indi-
vidual points, and by interpolating these thicknesses over
themodel area. Results obtained from the two methods are
similar, with only minor differencesoccurringin areaswith
fewer constraints, such as the Nechako Plateau.

Structural Interpretations

Structures and lineaments for the Chilcotin and Nechako
plateaus were interpreted (Bordet et al., 2013) from pro-
cessed aeromagnetic data (Geological Survey of Canada,
1994) and digital topographic data(Centrefor Topographic
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Information, 1997; Figure 3, inset map). These interpreta-
tions were refined (Figure 4) using seismic-reflection data
(WesternGeco MDIC, 2010; Hayward and Calvert, 2011),
tomographic models (Smithyman, 2013; Smithyman et al .,
work in progress; Talinga and Calvert, work in progress)
and magnetotelluricinversion models(e.g., Spratt and Cra-
ven, 2011; Spratt et al., 2012), which utilize contrasting
electromagnetic properties at depth to illustrate the lateral
continuity of lithological packages.

Results

A model of OLG thickness in central BC is presented in
Figure 3 (regional model) and Figure 4 (focused model).
The OLG volcanic successions are generally 100-500 m
thick within the previously mapped boundaries of Eocene
rocks. The thickest accumulations of OLG rocks range
from >1000 to >2000 m and are imaged in the Chilcotin
Plateau southwest of Nazko (Figure 3), where numerous
geophysical, field and well data are available to constrain
and validate the model (Figure 2b). To the north, in the
Nechako Plateau, thicknessvariations are only constrained
by the previously mapped Eocene boundaries, by a few
stratigraphic sections and by shallow-drilling information
from mineral prospects distributed within these boundaries
(Figure 2a, Table 1). Notably, the model extrapolates OLG
thicknessesbel ow the expected base of the CGB (Figure 3).

Geoscience BC Summary of Activities 2013
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The focused model area (Figure 4a) displays
rectangular domains with OLG thicknesses of
greater than ~1000 m separated by areas of 100—
500 m thickness. Areas of thinner OLG are typi-
cally proximal to, and include, mapped basement
exposures (e.g., Cretaceous conglomerate of the
Nazko River valley and Jurassic exposures west
of Nazko; Figure 2b), or occur where field con-
straints or geophysical sections were not avail-
able (e.g., ~20 km south of Nazko; Figure 2b).
The OLG can attain thicknesses of >3000 m in
the better constrained areas, such as at hydrocar-
bon-exploration well sites B-22-K and B-16-J
(Figure 4a), along magnetotelluric and tomo-
graphic sections, and along seismic lines repro-
cessed from the 1980s Canadian Hunter data
(Hayward and Calvert, 2011) and 2008 Geo-
science BC vibroseis surveys (WesternGeco
MDIC, 2010).

Discussion
Limitations of the Model

Data sources at variable scales of observation
were integrated to evaluate the thickness and
structural patternsfor the Eocene volcanic rocks
inthe Chilcotin and Nechako plateaus. Consider-
ing the heterogeneity in the distribution of the
available datasets and variable confidence levels
of thickness estimates made from these disparate
data, the following limitations of the resultant
thickness model should be considered:

e Thebasal contact of Eocenerocksis exposed
only at afew locations. Therefore, for most ar-
eas, the basal contact depth is inferred from
interpretation of geophysical data.

e Ambiguities exist in the age determinations
made on cuttings from hydrocarbon well B-
22-K (Bordet et al., in press, work in prog-
ress). These potentially largeerrorsareampli-
fied when propagated to interpreted seismic
and tomographic sections, which rely on
thickness constraints from the well.

Figure 4. Interpreted structural lineaments in the focused
model area draped over a) Eocene thickness model,
b) reduced-to-the-pole (RTP) magnetic anomaly (Geo-
logical Survey of Canada, 1994), and c) gravity anomaly
(Ferri and Riddell, 2006). Interpretations are developed
from integration of magnetic and topographic lineaments
(from the RTP and DEM), seismic reflectors (after Hay-
ward and Calvert, 2011) and tomographic models
(Smithyman, 2013; Smithyman et al., work in progress).
Two Eocene epithermal prospects are within the transfer
zone located on Figure 3. Map projection UTM Zone 10,

NAD 83.
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e The distribution of water wells used to constrain the
thickness of Chilcotin Group basalt is of sufficient den-
sity only in the southeast corner of the study area (NTS
092P, 093A, B; Figure 1). Basalt layersareconfirmedto
cap sectionsin two other areas where intersected by oil
and gas wells, but isotopic dates to confirm correlation
with Neogene Chilcotin Group are lacking. Such uncer-
tainties are compounded during Eocene thickness cal-
culation, becausethecal culationinvolvessubtraction of
post-Eocene unit thicknesses from the depth to the base
of the Eocene.

e Thesharp gradients of modelled Eocene accumulations
(Figure 4a) may be avisual bias of the model dueto the
uneven distribution of input constraintsthat producear-
tifactsinthe Kriging method employed. However, some
of these boundaries may be real and are interpreted as
faults (see below).

Distribution and VVolume of the Eocene
Vol canic Sequence

Eocene igneous rock units are currently interpreted to ex-
tend over ~26 400 km? within the area modelled and over
60 700 km? in total in BC (33 400 km? of volcanic rocks,
27300 km?of intrusiverocks; Table2; Massey etal., 2005).
However, these are erosional relicts of originally more
areally extensivedeposits, and any volume calculationsare
conservative on this basis.

Isolated Eocene erosional remnants occur locally in areas
dominated by Mesozoic basement (Figure 3), and are em-
phasized by the distribution of mineralized prospects, such
asin the Nechako Plateau. Using a buffer of 10 km around
these Eocene remnants (corresponding to half the average
distance between isolated polygons) and generating a new
surface corresponding to merged buffered polygons, an
‘eroded Eocene surface’ of ~26 500 km? is generated
(Table 2).

A partly transparent fill is applied to the extensive CGB
cover toreveal significant thicknessof Eoceneunder cover,
such as to the west of well B-22-K and northwest of
Chilanko Forks (Figure 3). This ‘ covered Eocene surface’
is estimated at ~5 200 km? (Table 2).

Mapped, eroded and covered extents of Eocene volcanic
rocks for the modelled area total ~58 000 km? (Table 2).
This is more than double the original estimate, and in-
creases the total Eocene volcanic extent for BC to
65 100 km?. The corresponding volume of Eocenevolcanic
rocksfor themodelled areaiscal culated at ~12 000 km?®, an
estimate that does not consider vertical erosion of the
original volume.

Structural Controls on Regional Variationsin
Thickness

The focused OL G thickness model (Figure 4a) highlights
the spatial correlation between areas of significant Eocene

Table 2. Surface-area calculations for the Eocene volcanic sequence, for British Columbia and the thickness model area.
Calculations are based on summation of polygon areas using Manifold™.

Surface area

Area Name Polygon source
estimate (ki) ¥y
Eccene - volcanic 33412
British Columbia Eocene - intrusive 27 316 Massey et al. (2005)
Eocene - voleanic + intrusive 650 728
Existing Eocene - volcanic 26 355 Massey et al. (2005)
Masseay et al, (2005), Buffer araund Eocene polygons
Eroded + existing Eccene - 52 892 that display surface area less than or equal to 200 k'
valcanic within the basement surface extent. Union of buffer
polygons defines surface of eroded Eocene
Modelled area
{total surface Eroded Eocene - volcanic 26 467 Calculated
2.
100 000 k') Thickness model. 100 m thickness contour defines
) . polygan of Eocene extent. Coverad Eocene
Covered Eocene - Volcanic 9237 corresponds to intersection of this polygon with the
Chileotin Group basalt
Combined existing + erO(EIed + 58 059 Calculated
covered Eocene - volcanic
Combined existing + new
British Columbia estimate for Eccene valcanic 65 116 Calculated

rocks only
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accumulation and large structures interpreted from mag-
netic anomalies (Figure 4b). The orientation and kinemat-
ics of the interpreted structures are in agreement with a
transtensional regime (Struik, 1993). In this context, north-
west-trending thickness discontinuities are interpreted as
dextral strike-slip faults, and north-trending lineamentsare
cospatial with normal faults interpreted from seismic-re-
flection data and from tomographic and seismic-velocity
models (Figure 4). Within this strain system, east-trending
lineaments may correspond to thrusts (Figure 4). West of a
north-trending ridge of Cretaceous basement in the central
part of the detailed study area, a series of north- to north-
east-trending lineaments correl ates with shallow-angle re-
flectors that are interpreted as thrust faults on the seismic
reflection profiles (Figure 4). These structures are inter-
preted to result from pre-Eocene tectonic shortening and
were possibly reactivated as extension faults during the
Eocene.

Thethickest Eoceneaccumulationinthevicinity of well B-
22-K isinferred to have developed in an extensional trans-
fer zone, where the deformation is accommodated mainly
by extensional displacements between large dextral faults.
Thistransfer zone also correlates with areas of low gravity
that replicate the shape and orientation of north-trending
extensional basins (Figure 4c). Interestingly, this area also
hoststwo of theknown Eocene epithermal prospectswithin
the region investigated here (Figure 4).

These structural interpretations are consistent with coeval
eruption of Eocene volcanic rocks during extensional de-
formation and with the preservation of remnant Eocene se-
guences within extensional basins.

Implications for Exploration

Eocene mineral prospects and deposits occur within areas
of known rock exposure (e.g., Wolf, Free Gold; Fig-
ures 2a, 3, Table 1). This OLG thickness model providesa
new perspective on areaswhere Eocenerocks may be pres-
ent beneath cover. Stratigraphic investigationsby Bordet et
al. (2013, work in progress) suggest that Eocene mineral-
izationishosted inrhyolitelavasand brecciasthat form the
lowest OLG stratigraphic levels. The identified structural
domains seem to strategically control the distribution of
known mineralization. The spatial correlation of a fault
transfer zone, which links the Yalakom and Fraser faults,
andtheoccurrenceof epithermal-style Aumineralization at
the Blackdome mine (Figure 3) suggest alocal structural
control on Eocene mineralization. Similarly, the Baez and
Clishbako epithermal Au prospects (Figure 2b) are located
inadomain interpreted as an extensional transfer zone be-
tween large dextral faults (Figures 3, 4). Finally, the new
Eocene thickness and structural framework provides in-
sights into areas where hydrocarbon-rich Cretaceous
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basins may have been deformed or thermally affected by a
thick Eocene volcanic cover.

Acknowledgments

Thisprojectispartly funded by aGeoscience BC grant. Ad-
ditional support was provided through a Natural Sciences
and Engineering Research Council of Canada Industrial
Postgraduate Scholarship, in partnership with Golder As-
sociates Ltd. The senior author aso thanks Endeavour Sil-
ver Corp. for granting agraduate scholarship, and D. Mitch-
inson for her constructive review of the paper.

British ColumbiaGeol ogical Survey contribution2013-2.

References

Andrews, GD.M., Plouffe, A., Ferbey, T., Russell, JK., Brown,
S.R. and Anderson, R.G. (2011): The thickness of Neogene
and Quaternary cover across the central Interior Plateau,
British Columbia: analysis of water-well drill records and
implications for mineral exploration potential; Canadian
Journal of Earth Sciences, v. 48, p. 973-986.

BC Geological Survey (2013): MINFILE BC minera depositsda-
tabase; BC Ministry of Energy and Mines, URL <http://
minfile.ca/> [November 2013].

BC Ministry of Energy, and Mines (2013): ARIS assessment re-
port indexing system; BC Ministry of Energy and Mines,
BC Geological Survey, URL <http://aris.empr.gov.bc.ca>
[November 2013].

Bevier, M.L. (1983): Regiona stratigraphy and age of Chilcotin
Group basalts, south-central British Columbia; Canadian
Journal of Earth Sciences, v. 20, p. 515-524.

Bordet, E., Hart, C.J.R. and Mihalynuk, M.G. (2013): A strati-
graphic framework for Late Cretaceous and Eocene Au-Ag
mineralization in central British Columbia; SEG 2013
Meeting, Whistler, BC, September 2011, poster presenta-
tion.

Bordet, E., Hart, C.J.R. and Mitchinson, D. (2011): Preliminary
lithological and structural framework of Eocene volcanic
rocksinthe Nechako region, central British Columbia; Geo-
science BC, Report 2011-13, 80 p.

Bordet, E., Mihalynuk, M.G,, Hart, C.J.R., Mortensen, JK., Fried-
man, R.M. and Gabites, J. (in press): Chronostratigraphy of
Eocene volcanism, central British Columbia; Canadian
Journal of Earth Sciences.

Centre for Topographic Information (1997): Digital elevation
model for NTSareas093B, 093C, 093G, 093F, 092N, 0920,
North American Datum of 1983; Natural Resources Canada,
Centre for Topographic Information, Canadian Digital Ele-
vation Data, Level 1 (CDEDL1).

Church, B.N. (1973): Geology of the White Lake Basin; BC Min-
istry of Energy and Mines, Bulletin 61, 141 p.

Church, B.N. (1985): Volcanology and structure of Tertiary outli-
ersin south-central British Columbia, Trip 5; in Field Guides
to Geology and Mineral Depositsin the Southern Canadian
Cordillera, D.J. Tempelman-Kluit (ed.), GSA Cordilleran
Section meeting, Vancouver, BC, p. 5-1-5-46.

Coney, PJ., Jones, D.L. and Monger, JW.H. (1980): Cordilleran
suspect terranes; Nature (London), v. 288, p. 329-333.

Geoscience BC Summary of Activities 2013


http://minfile.ca/
http://minfile.ca/
http://aris.empr.gov.bc.ca

Gedascience BC

Cyr, JB., Pease, R.B. and Schroeter, T.G. (1984): Geology and min-
eralization at Equity silver mine; Economic Geology, v. 79,
p. 947-968.

Dohaney, J., Andrews, GD.M., Russell, JK., and Anderson, R.G.
(2010): Distribution of the Chilcotin Group, Taseko Lakes
and Bonaparte L ake map areas, British Columbia; Geologi-
cal Survey of Canada, Open File 6344 and Geoscience BC
Map 2010-2-1, 1 sheet, scale 1:250 000.

Duffell, S. (1959): Whitesail Lake map-area, British Columbig;
Geological Survey of Canada, Memoir 299, 119 p.

Eisbacher, GH (1977): Mesozoic-Tertiary basin models for the
Canadian Cordilleraand their geological constraints, Cana-
dian Journal of Earth Sciences, v. 14, p. 2414-2421.

Ewing, T.E. (1980): Paleogene tectonic evolution of the Pacific
Northwest; Journal of Geology, v. 88, no. 6, p. 619-638.

Ewing, T.E. (1981): Regional stratigraphy and structural setting of
the Kamloops Group, south-central British Columbia; Ca-
nadian Journal of Earth Sciences, v. 18, p. 1464-1477.

Faulkner, E.L. (1986): Blackdome deposit; in Geological Field-
work 1985, BC Ministry of Energy and Mines, Paper 1986-
1, p. 107-111.

Ferri, F. and Riddell, J. (2006): The Nechako Basin project: new
insights from the southern Nechako Basin; in Summary of
Activities 2006, BC Ministry of Energy and Mines, p. 89—
124.

Fulton, R.J. (1995): Surficial materialsof Canada; Geological Sur-
vey of Canada, Map 1880A, scale 1:5 000 000.

Geological Survey of Canada (1994): Magnetic residual total
field, Interior Plateau of British Columbia; Geological Sur-
vey of Canada, Open File 2785.

Hayward, N. and Calvert, A.J. (2011): Interpretation of structures
in the southeastern Nechako Basin, British Columbia, from
seismic reflection, well log and potential field data; Cana-
dian Journal of Earth Sciences, v. 48, p. 2000-1020.

Holland, S.S. (1976): Landforms of British Columbia: a physio-
graphic outline; BC Ministry of Energy and Mines, Bulle-
tin 48, 138 p.

Massey, N.W.D., Macintyre, D.G, Degardins, PJ. and Cooney,
R.T. (2005): Digital geology map of British Columbia:
whole province; BC Ministry of Energy and Mines,
GeoFile 2005-1.

Mathews, W.H. (1989): Neogene Chilcotin basalts in south-cen-
tral British Columbia: geology, ages, and geomorphic his-
tory; Canadian Journal of Earth Sciences, v. 18, p. 1478—
1491.

Mihalynuk, M.G. (2007): Neogene and Quaternary Chilcotin
Group cover rocksinthe Interior Plateau, south-central Brit-
ish Columbia: apreliminary 3D thicknessmodel; in Geolog-
ical Fieldwork 2006, BC Ministry of Energy and Mines,
Paper 2007-1, p. 143-148.

Mihalynuk, M.G, Orovan, E.A., Larocque, J.P, Bachiu, T. and
Wardle, J. (2009): Geology of the Chilanko Forksand south-
ern Clusko River map areas (NTS 093C/01 and 09 south);
BC Ministry of Energy and Mines, Open File 2009-6, scale
1:50 000.

Geoscience BC Report 2014-1

Mihalynuk, M.G,, Peat, C.R., Orovan, E.A., Terhune, K., Ferby, T.
and McKeown, M.A. (2008): Chezacut area geology (NTS
093C/08); BC Ministry of Energy and Mines, Open File
2008-2, scale 1:50 000.

Portmann, H. (2013): New Gold announces increased gold re-
sourcesat Blackwater project; New Gold Inc., pressrel ease,
April 4, 2013, URL <http://www.newgold.com/files/
documents_news/Blackwater%20Resource%20update
%20vFinal.pdf> [October 2013].

Riddell, J.M. (2011): Lithostratigraphic and tectonic framework of
Jurassic and Cretaceousintermontane sedimentary basins of
south-central British Columbia; Canadian Journal of Earth
Sciences, v. 48, p. 870-896.

Smithyman, B.R. (2013): Developments in waveform tomogra-
phy of land seismic data with applications in south-central
British Columbia; Ph.D. thesis, University of British Co-
lumbia.

Souther, J.G. (1970): Volcanism and its relationships to recent
crustal movements in the Canadian Cordillera; Canadian
Journal of Earth Sciences, v. 7, no. 2, p. 553-568.

Souther, J.G. (1986): The western Anahim Belt: root zone of a
perakaline magma system; Canadian Journal of Earth Sci-
ences, v. 23, p. 895-908.

Souther, J.G. (1991): Volcanic regimes, Chapter 14 in Geology of
the Cordilleran Orogen in Canada, J. Gabrielse and
C.J. Yorath (ed.), Geological Survey of Canada, Geology of
Canada, no. 4 (also Geological Society of America, Geology
of North America, v. G-2), p. 457—490.

Spratt, J.E. and Craven, J.A. (2011): Near surfaceand crustal-scale
images of the Nechako Basin, British Columbia, Canada,
from magnetotelluric investigations, Canadian Journal of
Earth Sciences, v. 48, p. 987-999.

Spratt, J.E., Welford, JK., Farquharson, C. and Craven, JA.
(2012): Modelling and investigation of airborne electro-
magnetic data, and reprocessing of vibroseis data, from
Nechako Basin, BC, guided by magnetotelluric results;
Geoscience BC, Report 2012-14, 93 p.

Struik, L.C. (1993): Intersecting intracontinental Tertiary trans-
form fault systemsin the North American Cordillera; Cana-
dian Journal of Earth Sciences, v. 30, p. 1262-1274.

Thorkelson, D.J. (1988): Eocene sedimentation and volcanism in
the Fig Lake graben, southwestern British Columbia; Cana-
dian Journal of Earth Sciences, v. 26, p. 1368-1373.

Tipper, H.W. (1959): Geology, Quesnel, Cariboo district, British
Columbia; Geological Survey of Canada, Map 12-1959,
scale 1:253 440.

Umhoefer, PJ. and Schiarizza, P. (1996): Latest Cretaceous to
early Tertiary dextral strike-slip faulting on the southeastern
Yalakom fault-system, southeastern Coast Belt, British Co-
lumbia; Geological Society of America Bulletin, v. 108,
p. 768—785.

WesternGeco MDIC (2010): 2-D land joint inversion of seismic,
magnetotelluric and gravity for prestack depth migration
imaging: Nechako Basin, British Columbia, lines05, 10 and
15; Geoscience BC, Report 2010-16, 49 p.

51


http://www.newgold.com/files/documents_news/Blackwater%20Resource%20update%20vFinal.pdf
http://www.newgold.com/files/documents_news/Blackwater%20Resource%20update%20vFinal.pdf
http://www.newgold.com/files/documents_news/Blackwater%20Resource%20update%20vFinal.pdf

52

Gedscience BC

Geoscience BC Summary of Activities 2013



Gedascience BC

Petrographic Characteristics of Porphyry Indicator Minerals from Alkalic Porphyry
Copper-Gold Deposits in South-Central British Columbia (NTS 092, 093)

M.A. Celis, Mineral Deposit Research Unit, University of British Columbia, Vancouver, BC, mcelis@eos.ubc.ca

F. Bouzari, Mineral Deposit Research Unit, University of British Columbia, VVancouver, BC

T. Bissig, Mineral Deposit Research Unit, University of British Columbia, VVancouver, BC

C.J.R. Hart, Mineral Deposit Research Unit, University of British Columbia, Vancouver, BC

T. Ferbey, British Columbia Geological Survey, Victoria, BC

Celis, M.A., Bouzari, F, Bissig, T., Hart, C.J.R. and Ferbey, T. (2014): Petrographic characteristics of porphyry indicator minerals from
alkalic porphyry copper-gold depositsin south-central British Columbia(NTS092, 093); in Geoscience BC Summary of Activities 2013,

Geoscience BC, Report 2014-1, p. 53-62.

Introduction

The occurrence of resistate minerals such as apatite, titan-
ite, garnet and rutile in the surficial environment proximal
to mineralized and altered portions of British Columbia's
alkalic porphyry copper deposits suggeststhat these miner-
als can be utilized as exploration tools, especialy in ter-
rains covered by glacial till (Bouzari et a., 2011). Before
such minerals can be utilized for exploration, the physical
and chemical propertiesof these porphyry indicator miner-
als(PIMs) must first be established. Thispaper will charac-
terize the occurrence, type, relative amount and composi-
tion of selected PIMs at the Copper Mountain, Mount
Polley and Mount Milligan porphyry deposits(Figure1),in
order to elucidateimportant PIM signaturesand then evalu-
atethese signaturesin proximal tills, stream sedimentsand
heavy mineral concentrates. This paper presentstheresults
of aproject that evaluates PIMsthat are directly associated
with alkalic porphyry deposits, and builds upon
information previously presented (Celis et al., 2013).

A detailed petrographic study of 60 samples representing
various hostrocks, and alteration and mineralization as-
semblages from the Copper Mountain, Mount Polley and
Mount Milligan deposits, was undertaken using transmit-
ted and reflected light microscopy, aswell asscanning elec-
tron microscopy (SEM). In addition, heavy mineral sepa-
rates derived from bedrock (16 samples) and from till
sediments (14 samples), covering the Mount Polley and
Mount Milligan deposits, were collected and are currently
under investigation. This paper summarizes the results of

Keywords: alkalic porphyry deposits, indicator minerals,
petrographic characteristics

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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the petrographic study, characterizing PIMs occurring
within the porphyry deposit.

Resistate Minerals in Alkalic Porphyry
Deposits

Resistate minerals occur as rock-forming minerals in
alkalic intrusions and are modified or precipitated during
the hydrothermal processes that result in the formation of
porphyry copper deposits. The occurrence and some key
characteristics of resistate minerals such as apatite, magne-
tite, garnet, rutile and zircon have been previously de-
scribed for porphyry deposits (e.g., Bouzari et a., 2011).
Primary magmatic apatite in hostrock and in early potassic
alteration can record a history of dissolution and precipita-
tion during subsequent hydrothermal alteration. Magnetite
can form aresistate phase when aggregated with rutile, ti-
tanite and quartz. Magnetite with a uniform pinkish-grey
colour inreflectedlight (RL) indicatesahigh Ti content and
probable magmatic origin. Rims of hematite and titanite
around magnetiteindicate an increasein the oxidation state
of the latest crystallizing melt. Garnet can occur at the pe-
ripheriesof porphyry depositsand can display mineral zon-
ing, dissolution and changesin chemical compositioninre-
sponse to hydrothermal evolution. In potassically atered
rocks, rutile occurs as relicts of altered biotite, ilmenite,
titanomagnetite and amphibole. Titanite is commonly
magmatic, occurring within the host intrusion, and displays
a characteristic blonde colour in transmitted light (TL;
Bouzari et al., 2011).

M agnetite and titanomagnetite are common oxide phasesin
alkalic plutonic rocks. During the magmatic processes, the
occurrence and composition of the Fe-Ti oxides is deter-
mined by the composition of themelt fromwhich they crys-
tallized and also by re-equilibrium reactions between the
oxides and the silicates in the hostrock.
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Hydrothermal fluids may partially or totally modify the
original physical properties of these resistate minerals,
which can ultimately result in the precipitation of anew hy-
drothermal mineral phase. For example, small (<100 um),
euhedral, colourless and uniform-textured magmatic apa-
tite crystals are commonly regrown and modified to show
subhedral to anhedral habits, and display a distinctive
cloudy, highly porous texture. Some of the processes and
reactions responsible for the generation of resistate miner-
als by magmatic and hydrothermal reactions are listed be-
low (Table 1).
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Analytical Methods
Petrography and SEM

Petrographic analysis of 60 thin sections from Mount
Polley, Mount Milligan and Copper Mountain was per-
formed using TL and RL microscopy, as well as scanning
electron microscopy (SEM). Mineralogical and textural
characteristics of different alteration assemblages were
documented first. This was followed by the characteriza-
tion of resistate minerals occurring within the fresh
hostrock, as well as within representative samples of each
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Figure 1. Digital elevation map showing Triassic and Early Jurassic Quesnel and Stikine terranes of
south-central British Columbia and location of selected deposits (modified from Tosdal et al., 2008). Figure
compiled using digital elevation data from GeoBase® (2004) with postprocessing by K. Shimamura (Geo-
logical Survey of Canada); MINFILE database (porphyry occurrences; BC Geological Survey, 2013); and
the tectonic assemblage map of the Vancouver area (Journeay et al., 2000).
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Table 1. Summary of magmatic and hydrothermal reactions that generate resistate minerals.

An Increase In the oxldation state of the magma during cooling results In the formation of limenlte and
magnetite as exsolution lamellae after titanomagnetite {Lindsley 1991}
6Fe,TiO, + O, = 6FeTi0; + 2Fe;0,
{titanomagnetite = iimenite + magnetite}

During K-feldspar alteration, interaction between titanomagnetite/ilmenite and sulphur-rich fluids form
rutile and sulphide phases (Lindslay 1991).

2(H,S. Cu™) + 2FeTiO.fFe,TiO, = FeS,/CuFeS, + TiO,
{fluid + imenite/titancmagnetite = pyritefchalcopyrite +rutile)

Hydrothermal fluids interacting with Ti-bearing mafic phenocrysts form rutile and sulphides
{Lindsley 1991).

2(H,S, Cut") + 2K{Fe, Ti)yAlSi;01,(OH), = CuFeS, + (Fe, Ally(Si Al),O{OH); +
K (Al Fel{SiAl04{OHLnH,D + TIO,
{fluid + Ti-biotite = chalcopyrite + chlorite + sencite + rutile)

Titanite is a common Ti-bearing resistate mineral in alkalic hostrocks. During early magmatic processes,
titanite can form after augite and ilmenite {Xirouchakis and Lindsley 1998).
3CaFeSi,0y + 3FeTiO, = 3CaTISIO, + Fe, 0y + 98I0,
{augite + iimenite = titanite + magnetite + guartz)

A similar reaction accompanying K-feldspar alteration forms titanite and sulphide phases
(Lindsley, 1991).

3CaFesi:0, + 3FeTiOy + (HyS Cu) = 3CaTISI0, + 6FeS,/CuFes, + 95i0,
{augite + iimenitg + fluid = titanite + pyrite/chalcopyrite + quartz)

Hydrothermal fluids interacting with carbonate mineral phases result in the formation of mineral phases
such as andraditic garnet {Dasqupta and Supratim, 2005}

3Si0, + 3CaC0, + CaAl{Fe,+Al(SI0,)(Si,0:)0(0H) = CasFe,+2(3i0,); + 3CO,
{guartz + calcite + epidote = andradite)

alteration assemblage. The PIMs were then characterized
within each alteration according to their paragenesis and
physical properties such as colour, habit, texture and grain
size.

Geology and Alteration

Copper Mountain

The Copper Mountain depositiscentred ontwo Late Trias-
sic intrusions, composed predominantly of pyroxene
dioriteto monzonite and syenite, and hosted within the Tri-
assic Nicolavolcanic sequence (Stanley etal., 1992). Alter-
ation assemblagescomprisean early stage of hornfelsalter-
ation, overprinted by sodic and potassic alteration.

Potassic alteration is characterized by pink K-feldspar re-
placing plagioclase, locally crosscuts zones of pre-existing
sodic-calcic alteration, and is widely distributed through-
out the deposit (Stanley et al., 1992). Magnetite-
chalcopyrite and titanite-chal copyrite assemblages are
common within the potassic alteration zone. Magnetite oc-
curs as coarse subhedral to anhedral grainsup to 500 um.
Titanite grainsdisplay characteristic wedge-shaped crystal
habit and show a distinctive brownish colour in TL.

Geoscience BC Report 2014-1

Sodic alteration is characterized by abundant albite that is
confined to the central portion of the deposit and typically
expressed asbleached, pale greyish-green or mottled white
alteration of the hostrock (Stanley et al., 1992). Augite and
titanite are common within sodic alteration. Rhombohedral
titanite grains up to 300 um display characteristic colour-
less to pale brown colour. Partial replacement of mafic
phenocrysts and titanite grains by small anhedral rutile
grainsis also common.

A dark to light green chlorite+actinolite+epidotet pyritet
calcite alteration assemblagetypically occursat the periph-
ery of the deposit, but also may occur in the central part
along with potassic alteration (Stanley et al., 1992). Mag-
netite and titanite grainswithin this alteration zone are less
abundant and smaller in size. A magnetite-titanite assem-
blage replacing mafic phenocrysts is typical within this
alteration.

Apatite is ubiquitously distributed and occurs as coarse
(500 pwm) subhedral to anhedral colourless grains with a
cloudy appearance and highly porous texture. Small
(<10 um) monazite inclusions may occur.
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Mount Polley

TheMount Polley deposit iscentred within and around sev-
eral diorite to monzonite intrusions of Upper Triassic to
Lower Jurassic age hosted in the Triassic Nicola volcanic
sequence (Fraser et a., 1995). Alteration at Mount Polley
consists of three concentrically zoned alteration assem-
blages (Fraser et a., 1995): apotassic core surrounded by a
constrained garnet-epidote zone and an outer propylitic
zone. The potassic core has been further divided into three
distinct zones: biotite (100 m wide), actinolite (250 m
wide), and K-feldspar—al bite zone (1 km wide; Hodgson et
al., 1976; Bailey and Hodgson, 1979). Magnetite is the
dominant Fe-oxide mineral in the potassic alteration zone
and commonly occurs as vein material and disseminated
grains. Rhombohedral - to wedge-shaped titanite grainsare
commonly associated with chalcopyrite, whereas less
abundant small (<50 um) anhedra rutile replaces biotite
phenocrysts. Garnet occursasvery coarse (>1000 um) pale
yellow grains in the garnet-epidote zone. The outer ‘green
alteration’ propylitic zoneincludesamineral assemblage of
albite, epidote, chlorite with calcite veins and variable
amounts of disseminated pyrite. Replacement of mafic
phenocrysts by epidotettitanite is common. Titanite typi-
cally occursasrhombohedral - to wedge-shaped grainswith
adistinctive pale brownish colour in TL. Apatiteis ubiqui-
tously distributed and occurs as coarse (500 pum) subhedral
to anhedral colourless grains with a cloudy highly porous
texture.

Mount Milligan

Mount Milligan consists of three main monzonite stocks of
Middle Jurassic age (MBX, South Star, Rainbow dike)
hosted within the Late Triassic Takla Group volcanic se-
guence (Sketchley et al., 1995; Jago and Tosdal, 2009).
Two principal alteration patternsarerecognized, thefirst of
which is azone of intense potassic alteration consisting of
biotitet+K -feldspartmagnetite that lies between the MBX
stock and the Rainbow dike. The secondisalower tempera-
ture ‘green alteration’, consisting of chlorite+epidote+
calcite that typically occurs below the footwall of the
monzonitic Rainbow dike where it overprints potassic al-
teration in volcanic hostrocks (Jago et a., 2009).

In potassic alteration, magnetite typically occurs as coarse
(200—400 pm) subhedral grains with homogeneous to
lamellar texture. Mafic phenocrysts replaced by magne-
tite-pyrite are common. Generally, magnetite is less com-
mon in Mount Milligan relative to Mt. Polley and Copper
Mountain.

Small (<50 um) anhedral to acicular rutile crystals com-

monly occur within magnetite, titanite and mafic pheno-
crysts. Titaniteat Mount Milliganisrareandin TL displays
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acharacteristic pale brown colour and anhedral to wedge-
shaped hahits.

Apatite is ubiquitously distributed and occurs as coarse
(500 um) subhedral to anhedral colourless grains with
cloudy highly porous texture.

Characterization of Selected PIMs

Mineral paragenesis and their physical properties such as
habit, colour, texture and size are the key parameters used
to characterize PIMsin akalic porphyry systems. PIMsare
divisible into four types: 1) those that crystallized from
magma (magmatic); 2) those magmatic minerals that have
been physically or chemically modified by hydrothermal
fluids (altered); 3) those that exsolved from previously
crystallized minerals (exsolved); and, 4) those that precipi-
tated directly from a hydrothermal fluid (hydrothermal).
Some examples of magmatic PIMs are rock-forming min-
erals such as olivine, pyroxenes, amphiboles, K-feldspar,
plagioclase and opaque minerals such as magnetite and ti-
tanite. Altered PIMs are most typically magmatic minerals
that have undergone compositional change because of hy-
drothermal fluid interactions. Variation in the chemistry of
apatiteor the conversion of magnetite to hematite represent
two examples of hydrothermally altered PIMs. Exsolved
PIMs are those forming as lamellae and in exsolution tex-
turessuch asin many Fe-Ti oxides. Hydrothermal PIMsare
those grains newly precipitated either as flooding,
disseminationsor veins, and include secondary K-feldspar,
secondary biotite, chlorite, actinolite and magnetite.

Magnetite

Magmatic magnetite typically displays euhedral cubic
grains, from 100 to 300 um in size with abundant ilmenite
lamellar texturesat all three studied deposits (Figure 2a, b).
In potassically altered rocks at Mount Polley and Copper
Mountain, hydrothermal magnetite grains are commonly
coarse (>500 um), show subhedral to anhedral habit with
uniform texture and are distributed within the K-feldspar
groundmass. M agnetite occurrences can bemassivetovein
type with common magnetite-chal copyrite assemblages
(Figure 2c, d). In the propylitic zone at all three deposits
magnetite is less abundant and tends to preserve its
subhedral to anhedral habit and homogeneous texture, but
its size tends to decrease (<200 um), and massive to vein-
type occurrences are absent. Magnetite-pyrite replacing
mafic phenocrysts (Figure 2e) is common within
propylitic-altered rocks of Mount Milligan. Some diagnos-
tic characteristics of magnetite are: euhedral to subhedral
cubic habit, light grey colour in RL with lamellar texturein
least-altered hostrocks (magmatic magnetite), and
subhedral to vein habit, pinkish-grey colour in RL and uni-
form texture in potassically altered rocks (altered magne-
tite).

Geoscience BC Summary of Activities 2013



Gedascience BC

Figure 2. Photomicrographs of magnetite, south-central British Columbia: a) scanning electron microscope (SEM)
backscattered image of euhedral magnetite, 400 um grain size, with abundant ilmenite lamellae and exsolution texture
of least-altered rocks, Copper Mountain, sample from south access to mine road (UTM 681500N, 5468302E, NAD 83,
Zone 19; CMT-13); b) SEM backscattered image of magnetite, subhedral habit, 100 um size, with abundant ilmenite
lamellae and exsolution texture, in least-altered rocks, Mount Polley, sample from road to the tailings (UTM 5822071N,
592687E; P-10); c) magnetite with homogeneous texture, subhedral habit, 100-200 um size, containing chalcopyrite
bodies in K-feldspar alteration, Mount Polley, sample from Springer pit (P-1); d) magnetite with homogeneous texture,
subhedral to anhedral habit, 100 um size, intergrown by chalcopyrite in K-feldspar alteration, Copper Mountain, sample
from Alabama pit (CM12AB12_65.5m); e) magnetite with homogeneous to lamellar texture, subhedral habit, 200 pm
size, intergrown with pyrite replacing a mafic phenocryst in propylitic altered rocks containing green clay illite, Mount
Milligan, sample from 66 zone (07992_81.5m).

Geoscience BC Report 2014-1
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Titanite

Titanite is the most abundant titanium-bearing mineral in
the studied deposits. Copper Mountain and Mount Polley
contain up to 3% titanite, and Mount Milligan contains|ess
than 1%.

Magmatic titanite grains have typical rhombohedral habit,
uniform texture and are colourless to pale brownish colour
in TL with sizes ranging from 100 to 300 um. Typical
augite-titanite assembl ages can befound within sodic alter-
ation at Copper Mountain (Figure 3a). Hydrothermal titan-
ite typically occurs within the potassic-altered rocks at all
three deposits. These grains are rhombohedral, wedge
shaped to anhedral in habit, with serrated edgesand display
amorebrownish colour in TL than magmatic titanite. Typi-
cal occurrences of hydrothermal titanite at Copper Moun-
tain aretitanite-chal copyrite clusters (Figure 3b) and rutile
replacements (Figure 3c)

Titanite within propylitic-altered rocks tends to have
smaller grain size (100 um) and lower modal abundance
(1%). Titanite with awedge-shaped crystal habit, together
with chlorite and epidote is common. In addition, a titan-
ite-magnetite assemblage (Figure 3d) replacing mafic
phenocrysts occurs locally.

Diagnostic characteristics of magmatic titanite include
rhombohedral- to wedge-shaped habit, colourless to pale
brownish colour and high relief in TL, dark grey colour in
RL and uniform texture.

Apatite

Apdtite is a rock-forming accessory mineral that crystal-
lizes late from residual magma, occupying interstitial
spaces within the groundmass of intrusive hostrocks or ad-
jacent to mafic phenocrysts. Its diagnostic characteristics
include euhedral prismatic colourless crystals of small size
(<100 pm) and uniform texture (Figure 4a). Hydrothermal
apatite is typically coarse (300—1000 pum), colourless,
subhedral to anhedral habit, and displays a characteristic
cloudy, highly poroustexture (Figure4b, c). Hydrothermal
apatite is ubiquitously distributed in all studied deposits
and itsrelative abundanceis significantly higher (2%) than
magmatic apatite (<1%).

Garnet

Garnet occurs exclusively within a transitional garnet-
epidote alteration zone between the potassic core and the
outer propylitic zone at the Mount Polley deposit. Garnet
typically occurs as very coarse (>1000 um) subhedral to
anhedral grainsof yellow colour in TL (Figure4c). Massive
garnet veins (Figure 4e) and epidotetgarnet assemblages
suggest a hydrothermal origin. The diagnostic features of
garnet are its brown to honey-brown colour and high relief
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in TL, isotropy under cross-polarized light (XPL),
subhedral cubic to vein habits and fractured texture.

Table 2 summarizes characteristics of the selected por-
phyry indicator minerals. Classification is on the basis of
their origin and characteristic physical properties within
least-altered and altered rocks from alkalic porphyry
deposits.

Discussion

Detailed petrographic characterization of apatite, garnet,
magnetite and titanite from the Copper Mountain, Mount
Polley and Mount Milligan deposits, confirmed high abun-
dances of magnetite (10%) and titanite (>4%) in potassic-
ally altered akalic plutonic rocks. Also, exsolution lamel-
lae and replacement textures are consistently found in
euhedral to subhedral magmatic magnetite grains. These
mineral ogical features represent alate magmatic stage of a
porphyry-type intrusion as Fe-Ti oxides re-equilibrated
during cooling.

Subseguently, rhombohedral titanite is the dominant tita-
nium-bearing mineral in the studied deposits and mainly
originates from the augite-titanomagnetite (oxide-silicate)
equilibrium during cooling.

As hydrothermal fluid-rock interaction developed within
thestudied alkalic porphyry systems, anew precipitation of
magnetite and titanite took place. Hydrothermal magnetite
typically occurs as disseminated medium to coarse grains
and local veins. Magnetite together with chalcopyritet+
bornite is a common assemblage in potassically altered
rocks, whereas magnetitetpyrite replacement of augiteand
other mafic minerals is characteristic in propylitic alter-
ation. Generally, magnetite distribution and grain size tend
to decrease from the centre (1000 um) to the periphery
(<100 pum) of each deposit.

Hydrothermal titanite precipitated together with chal copy-
ritetbornite and displays subhedral to anhedral habit with
serrated edges and a characteristic brown colour in TL.
Also, titanite interacting with CO,-rich fluids may havere-
sulted in precipitation of very small (<50 um) subhedral to
acicular rutile grains. The very small size of rutile makesit
animpractical PIM duetoitslow preservation and recovery
potential in porphyry-derived sediments. Generally, titan-
ite and rutile abundance tends to be higher in the potassic
centre of adeposit and gradually decreases outward to the
propylitic zone.

Garnet occurs exclusively in atransitional garnet+epidote
alteration zone between the potassic and propylitic alter-
ation zones at the Mount Polley deposit as very coarse
(>1000 um) anhedral grainsto veins. Its coarse-grained to
massive occurrence, honey-brown colour, high relief in
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Figure 3. Photomicrographs of titanite taken using both transmitted light (left) and reflected light (right):
a) titanite, rhombohedral habit, colourless to pale brown, 200 pum size grains in association with larger
augite phenocryst in sodic alteration zone, Copper Mountain, sample from Pit 2 (CM12AB19_181.5m);
b) titanite, anhedral habit, colourless to pale brown, 100—-200 um size grains with chalcopyrite inclusion in
K-feldspar alteration zone, Copper Mountain, sample from Pit 2 (CM12P221_241m); c) titanite,
subhedral to anhedral habit, pale brownish, 300 um size grains with rutile exsolution texture in K-feldspar
alteration, Copper Mountain, sample from Pit 2 (CM12P221_144.5m); and d) titanite, subhedral habit,
brownish, 100 pm size grains in association with small subhedral magnetite grains in propylitic alteration
zone, Copper Mountain, sample from Virginia pit (CMT-1).
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Figure 4. Photomicrographs of apatite and garnet, south-central British Columbia: a) apatite, colourless, uniform texture,
euhedral prismatic habit, 100 um size crystals intergrown with large augite phenocrysts in sodic alteration zone, Copper
Mountain, sample from Pit 2 (CMT-6); b) apatite, colourless, cloudy, highly porous texture, anhedral habit, 400 um size
crystal adjacent to anhedral magnetite grains in K-feldspar alteration, Mount Polley, sample from Springer pit (Polley-1);
C) apatite, colourless, cloudy, highly porous texture, subhedral habit, 200 um size crystals adjacent to chlorite after biotite
phenocrysts in propylitic alteration, Mount Milligan, sample from 66 zone (07992_81.5m); d) garnet, pale yellow,
subhedral to anhedral habit, very coarse grain size (1500 pum), intergrown with epidote in garnet-epidote alteration zone,
Mount Polley, sample from Springer pit (Polley-4); and e) garnet, pale yellow, very coarse grain size (1500 um) within a
vein in the garnet-epidote alteration zone, Mount Polley, sample from Whight pit (Polley-9).

TL, and its isotropic property under XPL, are diagnostic ~ and highly porous texture, demonstrate magmatic origin
characteristics of garnet. that has been modified by hydrothermal alteration. Mag-

matic apatite isless common and occurs as small (100 um)
Apatite is ubiquitously distributed throughout all three  euhedral prismatic grainsthat occupy interstitial spaces of
studied deposits. Its common, very coarse (500-1000 um),  the silicate matrix, as well as spaces adjacent to mafic
anhedral grainswith acharacteristically cloudy appearance  phenocrysts.
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To summarize, hydrothermal magnetite and titanite phases
interacting with chalcopyritetbornite in potassic-altered
rocks from all three deposits suggest an important link to
Cu-Au mineralization. Further detailed characterization of
hydrothermally formed magnetite and titanite is necessary
to determine selected PIMs that can be effectively used as
prospecting tools for alkalic Cu-Au porphyry deposits.

Future Work

Further work will include adetailed classification and char-
acterization of PIMsfrom mineral separates obtained from
rock samples by electric pulse selective fragmentation
(SELFRAG) method. A correlation between petrographic
observations and mineral separates made from rock sam-
plesisrequired in order to confirm the PIMs physical pa-
rametersthat hel p diagnose hydrothermal activity inalkalic
porphyry systems. Thiswill befollowed by chemical char-
acterization using amineral liberation analyzer (MLA) and
laser ablation—inductively coupled plasma—mass spec-
trometry (LA-ICP-MS). Finally, adetailed comparison be-
tween physical properties and chemical composition of se-
lected mineral separates and till mineral separates will be
explored to determine the feasibility of PIMsas a potential
exploration tool for alkalic porphyry deposits in covered
regions.
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del Redl, |, Hart, C.JR., Bouzari, F., Blackwell, J.L., Rainbow, A. and Sherlock, R. (2014): Relationships between calcalkalic and alkalic
mineralization styles at the copper-molybdenum Southeast Zone and copper-gold Deerhorn porphyry deposit, Woodjam property, central
British Columbia; in Geoscience BC Summary of Activities 2013, Geoscience BC, Report 2014-1, p. 63-82.

Introduction

Porphyry deposits of Late Triassic to Middle Jurassic age
(216t0 183 Ma) occur inthe Quesnel and Stikineterranesin
British Columbia (McMillan et a., 1995). They are subdi-
vided into calcalkalic and alkalic types on the basis of their
hostrock chemistry and styles of alteration and mineraliza-
tion(Langetal., 1995; McMillanet al., 1995). Alkalic por-
phyry deposits such as Mount Milligan, Mount Polley and
Lorraine, and calcalkalic porphyry deposits such as Bren-
da, Highland Valley and Gibraltar, among others, are exam-
plesof thesetwo classes. These porphyry deposits common-
ly occur asclustersof several porphyry centres. Themetal rat-
ios, alteration assemblages and hostrock intrusive textures
of each porphyry deposit can vary within each cluster (e.g.,
Casselman et al., 1995; Fraser et al., 1995). Such differen-
ces are commonly attributed to emplacement at different
crustal depths of the now spatially related porphyry stocks
(e.g., Panteleyev et al., 1996; Chamberlainetal., 2007). Re-
cently, porphyry clusters such as Red Chris (Norris, 2011)
and Woodjam (Figure 1) displaying both alkalic and calc-
alkalic features have been recognized. However, the ge-
netic and spatial links between the various depositsin each
camp, especially with contrasting assemblages (i.e., calc-
alkalic and alkalic) are not well understood.

The Woodjam property hosts several discrete porphyry de-
posits, including the Megabuck (Cu-Au), Deerhorn (Cu-
Au), Takom (Cu-Au), Southeast Zone (Cu-Mo) and Three
Firs (Cu-Au; Figure 2). These deposits display various

Keywords: alkalic porphyry, calcalkalic porphyry, Woodjam
property

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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styles and assemblages of alteration and mineralization.
Whereas the Southeast Zone Cu-Mo deposit is hosted in
guartz monzonite intrusive units and displays alteration
and mineralization comparableto calcalkalic porphyry de-
posits, the nearby Deerhorn Cu-Au deposit is associated
with narrow (<100 m) monzonite intrusive bodies and
hosts mineralization similar to akalic porphyry deposits.
These differences have resulted in the separation of the
Southeast Zone (SEZ) from the Megabuck and Deerhorn
deposits as a different mineralization event (Logan et al.,
2011). However, similar ages of the host intrusive rocks
(197.48 +0.44 Mafor SEZ and 196.35 +0.19 Mafor Deer-
horn; Rainbow et al., 2013) and characteristicsof alteration
and mineralization suggest that deposits within the Wood-
jam property may be genetically related.

Recent exploration at the Deerhorn Cu-Au deposit has
shown two contrasting alteration assemblages of K-feld-
spar+magnetite, typical of alkalic systems, and illite (xtour-
maline) and Mo mineralization typical of calcakalic sys-
tems. The SEZ, located |ess than 4 km from the Deerhorn
deposit, displays some features not typical of calcalkalic
deposits, such asinfrequent quartz veining. These observa
tions suggest that temporal and paragenetic relationships
between the two deposits may exist, thus providing a
unigue opportunity to study the relationship between
alkalic and calcalkalic depositsin BC.

Thus, aresearch project wasjointly initiated in 2012 by the
Mineral Deposit Research Unit at the University of British
Columbia, Gold Fields Canada Exploration and Geoscience
BC. Thefocus of this project isto increase the understand-
ing of the paragenesis and alteration of the variable calc-
alkalic and alkalic deposits and the magmatic evolution in
the Woodjam property. Results of this investigation will
have important implications for the understanding of the
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Figure 1. Major tectonic terranes and associated Mesozoic porphyry deposits of the Canadian Cordillera

in British Columbia (from McMillan et al., 1995).

formation of porphyry clusters and the exploration of new
targetsin known mineralized districtsin BC and similar re-
gions worldwide.

Fieldwork focused on the SEZ and Deerhorn deposits and
was carried out in summer 2012 and June 2013. A total of
seven drillholes for the SEZ and ten for the Deerhorn de-
posit weregraphically relogged (Figures 2, 3) and sampled.
Hostrock texture, alteration assemblages and intensity,
vein types and crosscutting relationships, sulphide ratios
and shortwave infrared spectroscopy (SWIR) sampling
were recorded and form the basis for ongoing detailed pet-
rographic and chemical analyses. Paragenesis and alterat-
ion relationships were previously discussed on the basis of
2012field observations(del Real etal., 2013). Inthispaper,
results of the 2013 fieldwork, detailed geology and alter-
ation cross-sections, petrography of the hostrocks and al-
teration assemblages, SWIR analysisand preliminary geo-
chemical analyses are presented.

64

The Woodjam property is located in the Cariboo Mining
Division, central British Columbia, approximately 50 km
east-northeast of WilliamsLake (Figure 1). The property is
owned by Gold Fields Horsefly Exploration (51%) and
Consolidated Woodjam Copper Corporation (49%). The
Southeast Zone is the only deposit with a public pit-con-
strained resource estimated to be 146.5 Mt at 0.33% Cu
(Sherlock et al., 2012).

Tectonic Setting

Much of BC comprises tectonic blocks that were accreted
onto the western margin of ancient North America during
the Mesozoic. Three of these accreted terranes, the Ques-
nel, Stikine and Cache Creek terranes, form most of the
Intermontane Belt that occupies much of central BC (Fig-
ure 1; Monger and Price, 2002). The Stikine and Quesnel
volcanicarcterraneshavesimilar compositionsand stratig-
raphy, and areinterpreted to haveoriginally been part of the
same arc that was folded oroclinally, enclosing the Cache
Creek terrane (Mihalynuk et al., 1994). Within the Quesnel
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Figure 2. Geology of the Woodjam property. Cross-section lines of drillholes relogged in this study are shown (red line) for the a) Southeast
Zone and b) Deerhorn deposits (from Gold Fields Canada Exploration, pers. comm., 2012).
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and Stikine terranes, the emplacement of pre- to
synaccretion of both alkalic and calcalkalic CutMozxAu
deposits, occurred between 216 and 187 Ma (McMillan et
al., 1995). The Woodjam porphyry cluster is hosted in the
Late Triassic to Early Jurassic arc in the central portion of
the Quesnél terrane.

Regional Geology

The Quesnel terrane consists of upper Paleozoic and lower
Mesozoic volcanic, sedimentary and plutonic rocks. The
Paleozoic components are unconformably overlain by the
LateTriassicand Early Jurassicisland arc vol canic and sed-
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Figure 3. a) Southeast cross-section along the line 613160E, 5788000N, NAD 83, UTM Zone 10 (28.5 m thickness) across the Southeast
Zone deposit; b) northeast cross-section along the line 611230E, 5792020N, NAD 83, UTM Zone 10 (62.5 m thickness) across the

Deerhorn deposit.
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imentary strataof the NicolaGroup and itsnorthern contin-
uation, the Takla Group (McMillan, 1995). The Nicola
Group iscomposed of submarine basaltic to andesitic aug-
itetplagioclase—phyric lava and volcaniclastic and sedi-
mentary units (Mortimer, 1987; Schiarizza et al., 2009;
Vaca, 2012). This sequence extends throughout south-
central BC.

These rocks were intruded by the Takomkane batholith, a
largely calcalkalic intrusion of monzodiorite to granitoid,
and locally quartz diorite, composition with a surface ex-
pression of approximately 40 by 50 km. The Woodjam
Creek unit of the Takomkane batholith occurs on the Wood-
jam property and iscomposed of granodiorite, monzogran-
ite and quartz monzonite (Schiarizza et al., 2009). The
Nicolaand Takomkane unitsare overlain by the Early Mio-
cene to Early Pleistocene basalt of Chilcotin Group.

Geology of the Woodjam Property

The Woodjam property is hosted by a succession of Trias-
sic-Jurassic Nicola volcanic and volcano-sedimentary
rocksthat areintruded by several Jurassic monzoniteto sy-
enitestocks. The Takomkane batholith occursintheeastern
and southern parts of the property (Figure 2) and mainly
consistsof light-grey to pinkishto whitehornblende-biotite
granodiorite, monzogranite, quartz monzonite and quartz
monzodiorite (Schiarizza et al., 2009). Nicola Group rock
unitscompriseasequenceof plagioclasetpyroxene—phyric
andesitic rocks, monomictic and polymictic vol canic brec-
cias, and volcanic mudstones and sandstones, all of which
dip moderately to the northwest (Rainbow et al., 2013).

Locally, extensive olivine-phyric basalt flows of the Chil-
cotin Group are characterized by dark grey, aphanitic and
vesicular basalt (Schiarizzaet a., 2009). Theseflowsrange
in thickness from less than 20 m to more than 100 m and
overlie the Nicola stratigraphy.

Several zones of porphyry-type mineralization occur with-
inand around porphyry stocksthat intruded the strataof the
NicolaGroup. The SEZ deposit ishosted entirely in quartz
monzonites of the Takomkane batholith, whereasthe Deer-
horn deposit ishosted by multiple monzoniteintrusionsand
volcanic rocks of the Nicola Group (Rainbow et al., 2013;
Sherlock et a., 2012).

Hostrock Geology
Southeast Zone Deposit

The Southeast Zone deposit is hosted by a series of textur-
aly variable quartz monzonite intrusive units that strike
~220° and dip ~65-80° to the northwest (Rainbow, 2010).
The quartz monzonites are divided texturally into fine-, me-
dium- and coarse-grained units(Figures 3a, 4a, b; Rainbow,
2010). Thereisno textural or mineralogical difference be-

Geoscience BC Report 2014-1

tween the coarse- and the medium-grained quartz
monzonite, only the grain size varies. Fine-grained quartz
monzonite cuts both medium- and coarse-grained intrusive
rocks. Small aplitedikes cut all quartz monzonite unitsand
the K-feldspar porphyry unit with sharp contacts. All
guartz monzonite units are largely equigranular, white-
grey to pink and comprise interlocking crystals of plagio-
clase (~40%), potassium feldspar (~15%) and quartz (~20%;
Figure 4a, b). Mafic minerasaretypically hornblende (~5%)
and less abundant fine-grained biotite (~2%). Quartz mon-
zonites are intruded by K-feldspar porphyry (FP) bodies
characterized by a phaneritic medium- to coarse-grained
groundmass, and large euhedral and elongated K-feldspar
phenocrysts (~15%) that occur sporadically throughout the
unit (Figure 4c). The FPforms awide (>250 m), dike-like
intrusionthat strikesnortheast (Rainbow, 2010; Sherlock et
al., 2012). It cutsthe quartz monzonite and hasachilled mar-
gin. All quartz monzonites were emplaced pre- to synmin-
eralization and are affected by intense alteration, whereas
the FPwas probably emplaced during final stagesof hydro-
thermal activity and is therefore typically weakly altered.
All these unitswereintruded by postmineralization plagio-
clase porphyry dikes and late mafic dikes (Figures 3a, 4d;
Rainbow, 2010; Sherlock et al., 2012).

Deerhorn Deposit

The Deerhorn deposit is hosted in both the vol cano-sedi-
mentary rocks of the Nicola Group and the monzonitic
rocksthat intrude the Nicolastrata (Figure 3b; Scott, 2012;
Rainbow et al., 2013). The host Nicola Group stratigraphy
consists of laminated to thickly-bedded volcaniclastic sand-
stone (Figure 4e), overlain by a plagioclase-hornblende—
phyric andesite that alternates between breccia and volca-
nic facies (Figures 3b, 4f; Rainbow et al., 2013). These
units dip ~25° to the north in the deposit area and were in-
truded by at least two monzonite bodies. Monzonite A oc-
curs as pencil-shaped intrusive bodies with irregular mar-
gins that intrude the volcano-sedimentary rocks of the
NicolaGroup (Figure 3b; Rainbow et al., 2013). Intense al-
teration obliterated much of the primary texture of monzon-
ite A but remnants of plagioclase and biotite phenocrysts,
alteredtoilliteand chlorite, respectively, arelocally recog-
nizable (Figure 4g). Monzonite D is characterized by
plagioclase (~35%), hornblende (~5%) and biotite (~5%)
phenocrysts (Figure 4h) and occurs as dikes with sharp
contacts that crosscut monzonite A and Nicola Group stra-
tigraphy (Scott, 2012; Rainbow et al., 2013). The highest
Cu and Au values occur in monzonite A and in the surround-
ing volcanic sandstone, wheregradesarelocally <1.5g/t Au
and <0.75% Cu (Blackwell et al., 2012). Mineralization in
monzonite D ismainly pyrite and subordinate chal copyrite
with Cu grades between 0.1 and 0.3% (Blackwell et al.,
2012). Postmineralization mafic and andesitic dikes cross-
cut al the Deerhorn hostrocks and phases of mineralization
(Rainbow et a., 2013).
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Alteration

Hydrothermal alteration in both the Deerhorn and SEZ de-
posits affected all hostrocks except for postmineralization
mafic and andesitic dikes. Several alteration assemblages
are recognized in each deposit (Figures 5, 6, 7, 8). Short-
wave infrared (SWIR) spectroscopy was used at both the
SEZ and Deerhorn deposits to better characterize clay and
white mica minerals and their distribution.

Southeast Zone

Potassium feldspar-biotite-magnetite is the earliest alter-
ation assemblageinthe SEZ deposit and typically occursas
pervasive alteration of K-feldspar replacing feldspar phen-
ocrystsand biotitewith magnetitereplacing mafic minerals
(Figures 5a, 6a, b). Potassium feldspar-biotite-magnetite
alteration is very intense (i.e., nearly all original minerals
and texture are destroyed) in the centre of the deposit,
where secondary K-feldspar can make up to ~25% of the
rock volume, biotite ~8% and magnetite ~7%. Weaker al-
teration at the margin of the deposit consists of secondary
biotite (1%) and K-feldspar (5%), and magnetiteislargely
absent. Albite-(epidote) alteration isrecognized at the nor-
thern extent of thedeposit, whereitisjuxtaposed against K -
feldspar—biotite-magnetite alteration by alarge northeast-
striking normal fault (Figures 3a, 8a). Albite alteration has
adistinct bleached appearanceand locally obliteratesorigi-
nal rock textures (Figure 5b). In the deepest segment of the
marginal areaof the deposit, where albite alteration dimin-
ishes (~350 m depth), the K-fel dspar—bi otite—-magnetite al-
teration assemblage appears and becomes more intense
with depth, accompanied by higher grades of mineraliza-
tion. Thealbitealterationisinterpreted ashaving formed at
the margin of the system, locally overprinting the K-feld-
spar—biotite-magnetitealteration. Thealbitealterationaso
occurs at the margin of the Takomkane batholith, near the
contact with the Nicola Group strata (Figure 2). Both K-
fel dspar—hiotite-magnetite and a bite-(epidote) alterations
are overprinted by epidote-chlorite-pyrite, illite and hema-
tite alteration assemblages (Figure 5c).

P

Chlorite alteration appears throughout the SEZ, replacing
secondary biotite and primary hornblende. Chlorite-epi-
dote-pyrite veins are denser at the margins of the deposit.
Epidote replaces plagioclase and occurs with hematite ha-
loes at the margins of the deposit.

Illite occurs as three visually and paragenetically distinct
types: dark greenillitethat replaces K -feldspar phenocrysts
(Figure 5a); whiteillite that replaces plagioclase and com-
monly occurs with smectite; and apple-green illite (Fig-
ure5c) that overprintsalbiteand K -feldspar alterations, and
occurs as flooding in the groundmass or as replacement of
plagioclase. Thewhiteillite occurs mainly in fracture zones,
together with hematite, and its distribution appears to be
structurally controlled. Together with fracture-controlled
whiteillite, hematiteflooding largely occursat shallow lev-
elswithinthedeposit (Figure8a) ashal oesto theepidotere-
placing plagioclase in the FP and as a pervasive alteration
replacing secondary K-feldspar. Hematite overprints most
of the previous alterations described above and also over-
prints(?) the plagioclase porphyry dike.

Deerhorn

Alteration assemblages at the Deerhorn deposit are strong-
ly controlled by the distribution of the monzonites (Scott,
2012). Potassium feldspar-biotite-magnetite alteration
(i.e., K-silicate) is very intense in monzonite A and in the
volcanic rocks immediately surrounding these intrusions
(Figures 5d, 8b). The intensity of the K-silicate alteration
becomes progressively weaker in the surrounding volcanic
rocks the farther it is from monzonite A. Monzonite D is
only moderately affected by K-feldspar—biotite-magnetite
alteration (Figure 6¢, d), indicating that it postdated much
of the main-stage alteration. The K-fel dspar—biotite-mag-
netite alteration is overprinted by epidote-chlorite-pyrite,
ankerite, calcite, illiteand clay alteration assemblages. The
epidote-chlorite-pyrite alteration occurs mainly in the sur-
rounding volcanic rocks (Figures 5e, 6e, f, 8b) and, with
less intensity, in monzonite D and in the plagioclase por-

<

Figure 4. Examples of hand samples, with corresponding thin-section photomicrographs (sample numbers represent drillhole numbers fol-
lowed by depth) of hostrocks of the Southeast Zone (a, @', b, b’, ¢, ¢’, d, d’) and Deerhorn (e, €', f, f, g, g’, h, h’) deposits showing: a) and a’)
medium-grained quartz monzonite with porphyritic texture; plagioclase phenocrysts are subhedral and up to 5 mm long; hornblende is
subhedral and up to 1 mm long; quartz is anhedral and up to 3 mm long; and K-feldspar is anhedral and up to 3 mm in length or diameter
(SE11-36;285.55 m); b) and b’) fine-grained quartz monzonite showing equigranular texture with subhedral plagioclase and hornblende
phenocrysts, and anhedral K-feldspar and quartz, with grain size between 0.5 and 1 mm (SE11-36; 276.59 m); c) and c¢’) K-feldspar por-
phyry, displaying porphyritic texture and characterized by abundant, large (up to 1 cm) K-feldspar, plagioclase (up to 0.7 cm) and quartz (up
to 0.7 cm) phenocrysts; K-feldspar and plagioclase phenocrysts are subhedral, whereas quartz is anhedral (SE11-24; 260.2 m); d) and d’)
plagioclase porphyry dike, with plagioclase (up to 4 mm) and rare hornblende (up to 3 mm) phenocrysts in a very fine-grained groundmass
(SE11-24; 285.55 m); e) and e’) volcaniclastic sandstone with very fine-grained texture and reworked subhedral plagioclase crystals
(DH12-40; 347.5 m); f) and f’) plagioclase-hornblende-phyric andesite with local clast-breccia facies showing porphyritic texture with
plagioclase phenocrysts (subhedral and up to 3 mm long); clast boundaries in the breccia facies are difficult to recognize (DH10-14;105.7
m); g) and g’) monzonite Awith very strong alteration making it difficult to recognize the texture and the original mineralogy of the rock, and
showing porphyritic texture with plagioclase phenocrysts up to 5 mm long mostly altered to illite; groundmass is altered to secondary K-feld-
spar (DH10-09; 79.5 m); h) and h’) monzonite D showing porphyritic texture with plagioclase (subhedral and up to 5 mm long), hornblende
(subhedral and up to 2 mm long) and biotite (subhedral and up to 2 mm long) phenocrysts; the groundmass is fine-grained plagioclase
(DH12-39; 178.9 m).
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Figure 8. Cross-section of the a) Southeast Zone and b) Deerhorn deposits showing main alteration assemblages.
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phyry dike. The alteration assemblage occurs as veins and
disseminations (Figure 8b). Chlorite alteration occurs ev-
erywhere in the deposit, replacing secondary and primary
biotite and primary hornblende.

Light greentowhiteilliteoccursasareplacement of plagio-
clase (Figure 6g, h) and as vein envelopes overprinting K-
feldspar haloes (Figure 5f).

Ankerite and calcite veinlets occur throughout all rock types
but commonly not together or inthe samevein paragenesis.
Ankerite occurs in the northeastern part of the area repre-
sented by the cross-section, whereas calcite occurs in the
centreand southwestern parts. The observed spatial separa-
tion between the ankerite and calcite veinlets could be re-
lated to the different hostrocks. Ankerite appearsrelated to
the northeastern intrusion body of monzonite A, whereas
calcite appearsto berelated to the other intrusive bodies of
monzonite A.

Methods

Shortwave infrared (SWIR) spectroscopy is based upon
reflectance and absorption patterns as light with wave-
lengths between 1300 and 2500 nm interacts with molecu-
lar bonds matching the specific wavel engthsfor molecul es,
such as OH, H,0, AIOH, MgOH and FeOH (Thompson et
al., 1999). Two instruments were used in this study: the
TerraSpec® high-resol ution spectrometer made by Analyti-
cal Spectral DevicesInc., which usesa6 nm resolution and
enhanced performancein SWIR 1 and 2 regionsto charac-
terize alteration assemblages, and the TerraSpec unit from
the University of British Columbia (UBC), which is also
used for characterizing alterations assembl ages, but which
isless portable.

Southeast Zone Deposit

Shortwave infrared spectra of the SEZ deposit were col-
lected in the field using the portabl e TerraSpec instrument.
M easurementsweretaken every 2 malongthedrill core, ex-
cept for hole SE11-36 and the first half of holes SE11-59
and SE11-54, where measurements were collected every
7m, mainly because sampleshadto be carried to Vancouver
for analysis. Samples were measured at UBC also using a
TerraSpec instrument. Resultswereinterpreted using spec-
tral features of the minerals, such aswavelength and depth.
Theseanalysesshow illiteand chlorite asthe most common
alteration(?) phases.

Chloritespectraat the deposit marginregistered arelatively
higher 2250 nm absorption feature (corresponding to the
FeOH feature) and is therefore more Mg-rich here (Fig-
ure 74). lllite can be divided into two major groups on the
basis of the AIOH absorption feature: thefirst group with a
signature of <2201 nm and the second, with a signature of
>2201 nm (Figure 7a). The first group corresponds to an

74

illite-(muscovite) assemblagewith aK -rich affinity and oc-
curs at the margins of the deposit surrounding the more
intense K-feldspar—biotite—magnetite alteration. The sec-
ond group correspondsto illitewith aslightly phengitic af-
finity that overprints the entire deposit, but is more wide-
spread in the central parts. These results correlate with
petrographic observations: SWIR data suggest that illite
with aphengitic affinity correspondsto thedark greenillite
that replaces plagioclase (Figure 5a) and the apple-green
illite (Figure 5c¢) corresponds to the illite-(muscovite).

Deerhorn Deposit

At the Deerhorn deposit, SWIR data were collected in the
fieldfrom coressamplesmeasuredindrillholesat 2 minter-
vals with the portable TerraSpec instrument. Analysis of
this data identified chlorite, illite, montmorillonite and
kaolinite. The SWIR technique was especially useful for
identifying montmorillonite and kaolinite, which were dif-
ficulttovisually identify during corelogging. SWIRresults
forillite, based on the shifts of the AIOH absorption feature
located at about 2200 nm, show the presence of K-rich af-
finity illite at the Deerhorn deposit, versus the illite at the
SEZ. The SWIR analysis results also show a higher pres-
ence of muscoviteinthe Deerhorn deposit relativetothatin
the SEZ (Figure 7b). Core samplesin the Deerhorn deposit
are dominated by the presence of montmorillonite and
kaolinite. Montmorillonite occurs in al the samples and
kaoliniteismorecommoninthenortheastern part of thede-
posit (Figure 7b) along amajor structure (Blackwell et al.,
2012). Therefore, distribution of the kaolinite appearsto be
structurally controlled, overprinting illite and muscovite.
This alteration seems to be part of a secondary alteration
processinvolving meteoric fluidsthat used the structuresas
conduits. This observation stems mainly from the fact that
the presence of kaolinite alteration was noted, along with
dusty hematite replacing magnetite and secondary chal-
cocite replacing chalcopyrite that likely formed during
supergene ateration.

Vein Types and Paragenesis

Southeast Zone Deposit

The earliest veins in the SEZ deposit are rare magnetite
stringers and quartz-chal copyrite-magnetite veins. These
veins occur locally in the core of the porphyry (Figure 5a;
Figure 9a). In the deep central and marginal areas of the
SEZ, fewer (two to eight veins per metre) quartz-chal copy-
rite-pyritetmolybdenitetanhydrite (£bornite) veins, lo-
cally with K-feldspar haloes, and chalcopyrite-pyrite
stringer veins occur (Figure 9b). Pyrite-epidote-chlorite
veins (Figure 9c), with epidotethematitetillite hal oes, are
the youngest veinsthat host pyrite with minor chal copyrite
and cut all earlier veins. Quartz-chal copyrite-pyritetmo-
lybdenitetranhydrite veins, with and without K-feldspar
hal oes, dominate areas with stronger K-feldspar—biotite—

Geoscience BC Summary of Activities 2013
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magnetite alteration but progressively become less abun-
dant toward the margins of the deposit. Pyrite-epidote-
chlorite veins occur most commonly at the margins of the
deposit, and are associated with the intense epidotetchlor-
itetpyrite alteration assemblage of the hostrocks. They are
rare to absent in the central parts of deposit. Pre- to syn-

mineralization veins such asmagnetite, quartz+magnetite+
chalcopyrite, and quartztanhydrite veins with sulphides,
and with and without K-feldspar haloes, commonly occur
inall quartz monzonite unitsbut arelessabundant in the K -
feldspar porphyry unit. This unit islargely cut by late py-
ritetepidotetchlorite veins, indicating that the K-feldspar

(b)

K-feldspar

‘N

Magnetite

1cm

Quartz Chalcopyrite

/
Anhydrite

N\

7/
Chalcopyrite Quartz

Quartz

Chalcopyrite \

§ N ﬂﬁ’fe-chl Oflte ‘

Magnetite

llite

\

Magnetite /
Pyrite

| o
o

Ankerite

(e)

Quartz

e

Figure 9. Schematic representation of vein assemblages in the Southeast Zone (a, b, c) and Deerhorn (d, e, f) deposits (sample numbers
represent drillhole numbers followed by depth): a) quartz-magnetite-chalcopyrite veins with very intense K-feldspar—biotite—magnetite al-
teration in the coarse-grained quartz monzonite (SE11-62; 185.08 m); b) quartz-chalcopyrite-molybdenite-pyrite-anhydrite vein with K-
feldspar halo in the medium-grained quartz monzonite with disseminated chalcopyrite occurring near mafic minerals (SE11-59; 278.49 m);
c) epidote-chlorite vein with illite halo (SE11-54; 54 m); d) magnetite stockwork and Au-bearing quartz-magnetite-chalcopyrite banded
veins in monzonite A (DH10-09; 79.5 m); e) magnetite stockwork cut by a quartz-magnetite vein (1), an illite-pyrite-hematite vein (2) and an
ankerite vein (3) in monzonite A (DH10-09; 263.2 m); f) pyrite-quartz-hematite vein with illite halo (1) cut by a pyrite-chlorite-epidote vein (2)
in hostrock (DH12-39; 178.19 m).
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porphyry unit is younger than the quartz monzonites and
postdates at |east part of the main phase of mineralization.
All these veins are cut by late carbonate veins.

Deerhorn Deposit

In the Deerhorn deposit, early magnetite stockwork and
banded, Au-bearing quartz-magnetite-chal copyritethema-
tite veins with sulphides (Figure 9d) commonly occur in
monzonite A and the adjacent vol canic hostrock. Monzon-
ite D cuts monzonite A and the early Au-bearing quartz-
magnetite veins with sulphides. Abundance and minera
proportion of early quartz-magnetitethematite veins with
sulphides vary from high-density and sulphide-rich in
monzonite A and the surrounding volcanic rocks to a pau-
city of sulphides and lower abundance of veins distally.
Similar relationshipswere observed for the early magnetite
stockwork. Quartz veinswith sulphides, and with and with-
out K-feldspar haloes, occur throughout all units and cut
the early quartz-magnetite veins with sulphides (Fig-
ure 9e). Locally, quartz veins with sulphides have an illite
overprint of a K-feldspar halo, which is interpreted as a
later event (Figure 9e). Pyrite-quartz£hematite+epidote
veins with white illite haloes, and in less abundance tour-
maline, occur throughout all rock units, cutting early veins
and being cut in turn by pyrite-chloritetepidotetcalcitex
ankerite veins (Figure 9f). Tourmaline was identified lo-
cally during this study (in hole DH10-09 at 150 m and
DH12-49 at 295 m) occurring in monzonite D or volcanic
hostrock near monzonite D. It occurs as a dark grey alter-
ation (Figure 10a) or as black subhedral crystals surround-
ing apyritevein (Figure 10b).L ate carbonate and hematite
veins occur throughout all hostrocks, including late mafic
dikes. These observationsindicate that pre- to synmineral-
ization veins such as the Au-bearing quartz-magnetite
veins with sulphides occur mainly in monzonite A and in
volcanic hostrock adjacent to it, whereas monzonite D is
commonly cut by late veins.

tourmaline

A summary of the various vein types and timing relation-
ships observed for each deposit is presented in Figure 11.

Mineralization

Copper, gold and molybdenum mineralization in the
Woodjam property are controlled by the hostrock, alter-
ation, density of veining and location (margins or central
area) within the porphyry system. In the SEZ deposit, Cu
occursdominantly in chal copyritewith subordinate bornite
disseminated but more commonly in veins (Figure 9a, b).
Molybdenite is observed mainly in veins. Sulphide miner-
als occur in quartz veins and chalcopyrite-pyrite stringer
veins as fine-grained and anhedral grains, whereas sul-
phide disseminationsin the hostrock areintimately related
to mafic mineral sites. Areas of high Cu grades (~0.5%;
Figure 12a) are characterized by dense stockworks of thin
veins and abundant disseminated chalcopyrite in the host-
rock. Copper grades decrease with depth (to <0.4% by
~300 m; Figure 12a) as chalcopyrite-pyrite stringer veins
become less abundant to absent and Cu mineralization be-
comes more concentrated in quartz veins (up to 2 cmwide)
with K-feldspar hal oes. Gold mineralization (lessthan 1 ppm,
rarely up to 4 ppm) may be associated with banded dark
guartz-magnetite-chal copyrite veins that occur in the core
of the porphyry deposit.

Sulphide zoning at the SEZ consists of a chal copyritexbor-
nite (xpyrite; hole SE11-62) assemblage in the core of the
deposit, which changes upward and outward to chal copy-
ritetmolybdenitetpyrite (holes SE11-59 and SE11-36) and
finally, a pyrite-dominated assemblage in the periphery of
the deposit (holes SE10-18, SE11-24, SE12-74 and SE11-
54). The pyrite:chalcopyrite (py:cpy) ratio defines zones
with an approximately southwest orientation similar to the
trend of the basalt and andesite porphyry dikes (Fig-
ure 12a). In the northwestern part of the deposit, where the
FPintrudes, chalcopyriteisless abundant but still shows a

()

tourmaline

|

illite halo,

/py_rit‘é %

Figure 10. Pyrite-quartzthematitetepidotezillite halo (xtourmaline halo) vein examples with tourmaline halo, showing a) dark grey
anhedral tourmaline surrounding a pyrite veinlet (DH10-09; 150 m) in monzonite D; b) black subhedral tourmaline surrounding a pyrite vein
with an illite halo in volcanic hostrock (DH12-49; 295 m). Sample numbers represent drillhole numbers followed by depth.
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py:cpy ratio of <0.1; thisisattributed to the FPbeing alate-
mineralization intrusion. The southeastern portion of the
deposit hasapy:cpy ratio of >5andislocally barreninthe
shallower and middle portions of the drillcore from this
area of the deposit (Figure 12a). This barren portion isre-
lated tointensealbitealteration. Inthe deeper part of thede-
posit (350 m or more), chalcopyrite increases (py:cpy = 1)
and albite alteration diminishes. This area of the depositis
interpreted as having been originally shallower in the por-
phyry system and later displaced by a normal fault.

Mineralization in the Deerhorn deposit differsfrom miner-
alization in the SEZ deposit in that it has significantly
higher Au grades associated with Cu mineralization (up to
<1.5 ppm Au and <0.75% Cu; Figure 12b). Mineralization
is hosted dominantly in monzonite A (Figure 6d) and the
adjacent vol canic hostrocksand occurseither asdissemina
tions or in the early quartz-magnetite-chalcopyrite veins
and later quartz veins with sulphides. Monzonite D hosts
lower grades of Cu mineralization (~0. 1-0.3%; Figure 12b)
but does not host significant Au. Trace amounts of molyb-
denite have been observed in the later-stage quartz veins
with sulphidesin monzonite D. Sulphideratios are affected
by hostrocks: monzonite A and immediate surrounding vol-
canic rocks have apy:cpy ratio of <0.1, whereasthe rest of
the deposit is dominated by a py:cpy ratio of >5 (Fig-
ure 12b). Sulphideratios, and Cuand Au gradesvary in dif-
ferent bodies of monzonite A. For example, the monzonite
A body in the southwestern part of the cross-section (Fig-
ure 12b) has a py:cpy ratio of <0.1, whereas the other two
monzonite A bodies have py:cpy ratios of <1. A similar re-
lationship can be seen for Au grades (Figure 12b).

Discussion

The characteristics of the hostrock, alteration and mineral-
ization of the SEZ and Deerhorn depositswere documented
on the basis of field and petrographic observationsin order
to understand their similarities, differences and possible
genetic relationships.

The SEZ deposit is hosted in texturally variable quartz
monzoniteintrusive rocksthat areinferred to be part of the
Takomkane batholith. Alteration is zoned from intense K-
feldspar—biotite—magnetite in the centre, which becomes
weaker toward the margins and is laterally surrounded by
albite alteration at the margins of the deposit. Epidotet
chloritexpyrite alteration overprints the K-feldspar—bio-
tite—magnetite alteration and is locally intense at the mar-
gins of the deposit, but is weak to absent in the core.
Chlorite replaces primary and secondary mafic minerals.
[llite alteration occurs as an overprint of K-feldspar and
plagioclase. Mineralization is zoned from chalcopyrite-
bornite mineralization anomalousin Au (~0.2 ppm) to py-
rite-dominated mineralization at the margins. However, the
low abundance of quartz veining is not atypical feature of
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calcalkalic deposits. Alteration and sulphide-ratio zoning
suggest that the deposit has been tilted approximately 25°
to the southeast, which coincideswith the orientation of the
basaltic dikes and the andesitic porphyry dike.

The Deerhorn deposit is hosted in a series of narrow
(<100 m) monzonite intrusions that have ‘ pencil’ geome-
tries. Nomodal quartzisobserved inthevolcanic hostrocks
or the monzonite intrusions. The lack of modal quartzisa
common characteristic of akalic porphyry systemsin BC
(Lang et a., 1995). Alteration is characterized by intense
K -feldspar—bi otite-magnetite in monzonite A and adjacent
volcaniclastic rocks and is moderate to weak in monzonite
D. Potassium fel dspar-biotite-magnetite alteration is over-
printed by epidote+chlorite+hematite+pyritealteration and
a later illite alteration that replaces plagioclase and over-
prints K-feldspar vein haloes. Calcitet+ankerite+pyrite
veinsoverprint earlier alterations. Late kaolinite alteration
occurs along amain structure together with dusty hematite
replacing magnetite and chal cocite replacing chal copyrite.
These observations suggest that kaoliniteisasupergene al-
teration product(?). Mineralization is hosted in two vein
stages: 1) a very dense banded and sheeted network of
guartz-magnetite-hematite-chal copyrite veins that is
strongly developed in monzonite A and the adjacent volca-
nic hostrocks, and 2) later quartz-chal copyrite-pyriteveins
that crosscut all the hostrocks at the Deerhorn deposit, in-
cluding monzonite D. The K-feldspar—biotite-magnetite
alteration assemblage and the vein stages observed at the
Dearborn deposit are consistent with characteristics of Cu-
Au calcakalic porphyry systems (Sillitoe, 2000, 2010).
Occurrence of tourmaline alteration (Figure 10) and minor
molybdenite in monzonite D are additional features repre-
sentative of amore calcalkalic system. However, the ‘ pen-
cil’-shape intrusive hostrock lacking modal quartz and
laminated quartz-magnetite veins with sulphidesis consis-
tent with characteristics of Cu-Au quartz-saturated alkalic
porphyry systems (Holliday et al., 2002). These observa-
tionsindicate that the Deerhorn deposit has characteristics
of both alkalic and calcalkalic systems; similar to those at
the Red Chris deposit in northwestern BC, where the
hostrock is a quartz-poor monzonite and mineralization is
hosted in banded quartz veins (Norris et al., 2011).
Similarly, the Skouriesdepositin northern Greece occursin
a syenite that hosts Cu mineralization in banded quartz
veins (Frei, 1995).

The SWIR analysisconducted inthe SEZ and Deerhorn de-
posits distinguished different alteration mineralization
styles and complemented petrographic observations. Illite
was the main mineral observed in the SEZ and was classi-
fied into two major types. Thefirst typeisanillite-(musco-
vite) assemblage with a K-feldspar affinity that occurs at
the margins of the deposit. This illite alteration is inter-
preted as having formed above the K-feldspar—biotite—
magnetite alteration assemblage and is commonly associ-
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ated with a higher concentration of pyrite. In petrographic
terms, this alteration occurs as an apple-greenillite replac-
ing plagioclase and groundmass flooding. Theillite-(mus-
covite) alteration and the K -fel dspar—bi otite—-magnetite al -
teration assemblage are overprinted by a second type of
illite alteration with more phengitic affinity. The phengitic
illite alteration occurs as dark greeniillite replacing plagio-
claseandisinterpreted as having formed at lower tempera-
tures. Therefore, separating and mapping the varioustypes
of illitecanvector toward theK -silicatealteration and high-
er grades. Theseresultsare comparableto thealteration ob-
served at the Pebble porphyry deposit, Alaska (Harraden et
al., 2013), inwhich alower temperatureillite alteration (rep-
resented as an absorption feature >2200 nm using SWIR)
overprints illite-(muscovite) of the quartz-sericite-pyrite
alteration assemblage with the K-rich affinity (absorption
feature <2200 nm).

Theresultsof SWIR analysisidentified kaoliniteand mont-
morillonite ateration at Deerhorn. The kaolinite alteration
isstructurally controlled and occurstogether with dusty he-
matite replacing magnetite and chalcocite replacing chal-
copyrite.

The next stage of this project will focus on determining the
geochemistry and magmatic-hydrothermal evolution of
thesedepositsin the Woodjam property and gaining abetter
understanding of the genetic relationship between the in-
trusive units of both deposits. Understanding the link be-
tween thetwo depositswill provideinsight into thepossible
existence of a genetic relationship between alkalic and
calcalkalic deposits worldwide, and will have important
implicationsfor exploration targetsin the areaand in other
areas of BC containing intrusive bodies similar to the
Takomkane batholith.
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U-Pb Ages, Geochemistry and Pb-Isotopic Compositions of Jurassic Intrusions, and
Associated Au(-Cu) Skarn Mineralization, in the Southern Quesnel Terrane,
Southern British Columbia (NTS 082E, F, L, 092H, I)

J.K. Mortensen, University of British Columbia, VVancouver, BC, jmortensen@eos.ubc.ca

Mortensen, J.K. (2014): U-Pb ages, geochemistry and Pb-isotopic compositions of Jurassicintrusions, and associated Au(-Cu) skarn min-
eralization, in the southern Quesnel terrane, southern British Columbia(NTS082E, F, L, 092H, 1); in Geoscience BC Summary of Activi-

ties 2013, Report 2014-1, p. 83-98.

Introduction

Mesozoic and Cenozoic intrusive rocks constitute a major
component of the Quesnel terrane in southern British Co-
lumbia (Figure 1). Early and Middle Jurassic intrusionsin
this region are of particular interest because of their in-
ferred linkages with avariety of styles of intrusion-related
mineralization. World-class Au and Au-Cu skarnsthat are
interpreted as being temporally and geneticaly related to
Jurassic intrusions in the region include the Nickel Plate
mine in the Hedley—A pex Mountain area, which produced
atotal of 71 tonnes of gold from 13.4 million tonnes of ore
(Ray et al., 1996), and the Phoenix minein the Greenwood
area, which produced 28.3 tonnes of gold and 235.7 tonnes
of copper from 13.1 million tonnes of ore (Figure 1;
MINFILE 082ESE020; BC Geological Survey, 2013). In
addition, the currently operating Buckhorn Mountain
(Crown Jewel) mine, located ~5 km south of the BC-Wash-
ington border and approximately 28 km west-southwest of
Greenwood (Figure 1), isaAu-bearing skarn deposit, with
past production and current resources of 30.1 tonnes of
gold, that isalso associated with Jurassic intrusive rocks (Scor-
rar, 2012). Despite the clear economic significance of Ju-
rassic intrusions and their associated mineralization in this
region, thesebodieshave beenthesubject of relatively little
detailed study. An investigation of Jurassic intrusive rocks
between Hedley and Osoyoos was undertaken as part of a
larger study of Paleozoic basement rocks and superim-
posed Mesozoic magmatism in the southern Quesnel ter-
rane(Mortensenetal., 2011). Locationsand brief litholog-
ical descriptions of the samples that were included in this
study aregivenin Table 1. Uranium-lead zircon agesarere-
ported herefor atotal of eight intrusions. The geochemical
compositions of these bodies are also compared with Early
and Middle Jurassic intrusions in the Greenwood area
(Boundary Creek mineral district) and the Buckhorn
Mountain areain northern Washington. Inaddition, Pb-iso-

Keywords: Quesnel terrane, Jurassic intrusions, Au-Cu skarn, U-
Pb geochronology, Pb isotopes, lithogeochemistry

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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topic compositionsarereported for al of theintrusiverocks
and for Au-Cu skarn mineralization from the areas of the
Nickel Plate and Phoenix mines. The implications of these
results are discussed in terms of constraints on the tectonic
evolution of the region and the age(s) of the Au-Cu skarns
present.

Regional Geology

The basement of the southern Quesnel terrane in southern
BC comprises a variety of metamorphosed volcanic and
sedimentary assemblages of middle and late Paleozoic age
(Figure 1). These assemblages are unconformably overlain
by mainly Late Triassic volcanic, clastic and carbonate
rocks of the Nicola Group, and have been subsequently in-
truded by several suites of Jurassic, Cretaceous and Pal eo-
gene plutons (Figure 1). Middle Jurassic and mid-Creta-
ceous volcanic rocks are also present, particularly in the
region west of Osoyoos. Paleogene vol canic and sedimen-
tary rocks, commonly closely associated with high-level
intrusions, occur throughout the region.

Geology of the Hedley—Apex Mountain Area

TheHedley—Apex Mountain area(Figure2) isunderlain by
metasedimentary and mafic metavolcanic rocks of the
Apex Mountain Complex of Ray and Dawson (1994; com-
prising parts of the Independence, Bradshaw, Old Tom and
Shoemaker assemblages of Bostock, 1940). The overlying
Nicola Group strata in this area are dominantly sedimen-
tary, and have been subdivided into at least six separate
rock units (Oregon Claims, French Mine, Hedley, Chuchu-
wayha, Stemwinder and Whistle formations) by Ray and
Dawson (1994) and Ray et al. (1996) based on lithofacies
and, to someextent, onfossil ages. Theseauthorsalsoiden-
tified fivedistinct intrusive phases of known or inferred Ju-
rassic agesin the areathat they interpreted as representing
two separate pulses of magmatism. These intrusive units
were distinguished based on modal composition and on a
limited number of relatively imprecise U-Pb and K-Ar
crystallization ages. The Hedley intrusions, which consist
of several irregular stocks (Aberdeen, Stemwinder and To-
ronto) and avery large number of sillsand dikeswithin the
Nicola Group units (Figure 2), wereinterpreted as the old-
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Table 1. Locations and brief lithological descriptions of samples used in the study.

Sample . - . UTMm
Rock unit Litholo Location Datum
noe. unt ! i : Easting  Morthlng .
10-M-04 Bromley hatholith Hornbhlende granodiorite Road west from Apex Mountain resprt 288431 5476152 NADZ7
10-M-05 Lookout Mtn. pluton Biotote-hornblende quartz Logging road west of Nickle Plate 284467 5475853  NAD27
maonzonite Lake
10-M-06 Offshoot of Toronto  Fine- to medium-grained diorite Old access road toward Nickle Plate 714558 5471320 NAD27
stock mine
10-M-07 Offshoot of Toronto Fine- to medium-grained diorite Old access road toward Nickle Plate 714828 5471134  NAD2Z7
stock mine
10-M-08 Cahill Creek Stock Biotite quartz monzonite Main road from Hedley up to Masecat 715091 5468977 NADZT
wine
10-M-10 Olalla pluton Massive syenite Road up Olalla Creek 292745 5461717  NADS3
10-M-33 It Riordan pluton Massive quartz diorite Road on west side of Apex Mountain 287928 5476012  NAD27
resort
TOKL-111 Kruger syenite Coarse-grained syenite Roadeut on north side of Highway 3 304834 5432930  NAD27Y
10KL-115  Bromley batholith? Hornblende granodiorite East side of Apex Mountain resort ZBO672 5475444  NADZY

access road

est plutonsin the area. The Hedley intrusions are metalum-
inousand predominantly mafic to intermediatein composi-
tion (gabbro to diorite). Four younger intrusive phases, of
mainly intermediate composition, are also recognized,
these include eastern extensions of the Bromley batholith,
as well as the Lookout Ridge pluton, the Mount Riordan
stock and the Cahill Creek pluton (Figure 2). Isotopic-age
determinations reported by Ray and Dawson (1994) indi-
cated that crystallization ages for these units that ranged

fromca. 194 to 168 Ma. Middle Jurassic subaerial volcanic
rocks of the Skwel Peken formation overlie the Nicola
Group stratain asmall area~2 km north of the Nickel Plate
mine, and a variety of mainly felsic dikes and plugs of
uncertain age crosscut most rock unitsin the area.

Skarn Au(+Cu) mineralization in the Hedley—A pex Moun-
tain area is mainly developed within limestone of the
French Mineformation and cal careoussiltstone of the Hed-
ley Formation. Skarn development ismost prominent where

49°%50 Washington 120*
[ Cretaceous and Paleogene plutons
EE Triassic/Jurassic plutons
[ Triassic/Jurassic volcanic and sedimentary

rocks (Nicola Group)
Paleozoic strata (Quesnel terrane basement)
Highway

“"FRevelstoke

118°
Boundary district

Buckhorn Mountain
Au deposit

10 km

Figure 1. Distribution of Paleozoic basement units and Early and Late Mesozoic intrusions in
the Quesnel terrane of southern and south-central British Columbia. Star outside the map
border shows the location of the Buckhorn Mountain (Crown Jewel) Au-bearing skarn de-
posit. Location of Figure 2 is shown as the white box. White circles marked 1 and 2 are the lo-
cations of the Olalla pluton and Kruger syenite, respectively.
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these unitsare cut by Hedley intrusions, and Ettlinger et al.
(1992) and Ray et al. (1996) suggested that this close asso-
ciation provides evidence that the Hedley intrusions were
likely the main causative intrusions responsible for skarn
formation in this area.

U-Pb Geochronology

Individual samplesweighing from 5-10 kg each were col-
lected from surface exposures from eight different plutons.
Zircons were separated from the samples through conven-
tional crushing and grinding operations, and using Wilfley
table, heavy liquids and Frantz magnetic-separator tech-
niques. Zircons were analyzed by |laser-ablation multiple-
collector inductively coupled plasma—mass spectrometry
(LA-MC-ICP-MS) at the Pacific Centre for Isotopic and
Geochemical Research, University of British Columbia,
Vancouver, BC. The methodology for zircon selection,
mounting and analysis for the U-Pb age determinations by
LA-MC-ICP-MSareasdescribed by Tafti et al. (2009) and
Beranek and Mortensen (2011). Zircons recovered from
the various samples typically comprised stubby to elon-
gated euhedral prismswith no evidencefor inherited cores.
Twenty zircon grainswere analyzed from most of the sam-
ples, except for the Olalla pluton sample, which yielded
only ninezircon grainsof sufficiently high quality for anal-
ysis. Analytical results are presented in Table 2 and are

=
X
o

3
=}
(=
=}
=

shown graphically in Figures 3 and 4. The individual data
sets are interpreted below.

Sample 10M-06 (Toronto Stock)

A sample of fine- to medium-grained hornblende diorite
was collected from asill ~3 mthick near the southern edge
of the Toronto stock (Figure 2). A total of twenty zircon
grainswereanalyzed (Table2; Figure3a, b). All of theanal -
yses were concordant and fifteen grains yielded a calcu-
lated weighted-average 2°Pb/?®U age of 195.5 +1.2 Ma
(mean square of weighted deviates[M SWD] = 0.27; proba-
bility of fit=1.0), whichisinterpreted asthe crystallization
age of the sample. Five grains gave a cluster of dlightly
ol der ages (average of ca. 202 Ma) that appearsto represent
adistinct and separate popul ation from the other analyses.
These grains are interpreted as xenocrysts that were incor-
porated into the magma, possibly entrained from Late Tri-
assic Nicola Group units, and the five analyses were ex-
cluded from the final calculation of the crystallization age
of the sample.

Sample 10M-04 (Bromley Batholith)

Twenty zircon grainswere analyzed from asample of very
fresh hornblende granodiorite from the Bromley batholith,
located north of the Apex Mountain ski resort (Figure 2).
All analyses were concordant and eighteen analyses

Bromley
batholith

Mt. Riordan
stock

Apex Mtn.
resort

2
g

@ Cold skarn deposits:
1. Nickel Plate
2. Canty
3. Good Hope
4. French

O Mt. Riordan garnet skarn

+ U-Pb geochronological sample
10M-06 Toronto stock
10M-08 Cahill Creek pluton
10M-05 Lookout Ridge pluton
10M-04 Bromley batholith
10M-33 Mt. Riordan stock
10KL-115 Bromley batholith

[] Quaternary deposits
1 Mid-Jurassic Skwel Peken Formation volcanic rocks

[ Late Triassic Nicola Group volcanic and sedimentary rocks
[ Apex Mountain Coemplex metamorphic rocks

71 Mt. Riordan stock

[ Cahill Creek pluton

[l Bromley batholith

[l Lookout Ridge pluton 0 1
Il Hedley Intrusions km

,+* Provincial Highway 3

Figure 2. Simplified geology of the Hedley—Apex Mountain area (modified from Ray and Dawson, 1994). Locations of samples of the Olalla

pluton and Kruger syenite are not shown on the map.
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Weighted average = 196.7 +4.9 Ma
(MSWD = 0.39; prob. of fit = 0.99)

Weighted average = 196.7 +1.0 Ma
(MSWD = 0.59; prob. of fit = 0.85)
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Figure 3. Conventional concordia diagrams and plots of weighted-average 2°®Pb/?*®U ages for zircons from intrusive
rock units in the Hedley—Apex Mountain area (part 1). Error ellipses on concordia diagrams and weighted-average
205pp/?38Y age plots are shown at the 2c uncertainty level. Analyses shown as red bars on weighted-average age

plots were used in the age calculations; those shown as blue bars were rejected.
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Figure 4. Conventional concordia diagrams and plots of weighted-average 2°*°Pb/?*®U ages for zircons from in-
trusive rock units in the Hedley—Apex Mountain area (part 2). Error ellipses on concordia diagrams and
weighted-average 2°°Pb/?*®U age plots are shown at the 2 uncertainty level. Analyses shown as red bars on
weighted-average age plots were used in the age calculations; those shown as blue bars were rejected.
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yielded a calculated weighted-average 2°Pb/>*®U age of
194.5+0.9Ma(MSWD =0.63; probability of fit=0.87; Ta-
ble 2, Figure 3c, d), which isinterpreted as the crystalliza-
tion ageof thesample. Onegraingaveaslightly ol der 2*°Pb/
28 age and is interpreted as a xenocryst, and one grain
gave a younger age, reflecting the effects of minor post-
crystallization Pb loss.

Sample 10KL-115 (Bromley Batholith)

A second hornblende granodiorite sample was collected
from an exposure of what isinterpreted asan eastern exten-
sion of the Bromley batholith, on the northern side of the
Apex Mountain accessroad, approximately 1.25 km east of
the Apex Mountain ski resort (Figure 2). The zircons from
this sample were similar in appearance to those from the
previous sample; however, the analyses were somewhat
less precise, yielding a calcul ated weighted-average “°Pb/
28 ageof 196.7 +4.9 Ma(MSWD =0.39; probability of fit
=0.99; Table 2, Figure 3¢, f). Thisrather imprecise age de-
terminationisin agreement with that obtained fromthe pre-
vious sample (10M-04).

Sample 10M-05 (Lookout Ridge Pluton)

Twenty zircon grains were analyzed from a sample of mas-
sive, very fresh, biotite-hornblende quartz monzonite col-
lected from an arealocated northwest of Nickel Plate Lake
(Figure2). Sevengrainsgaveacluster of slightly older ages
(average of ca. 202 Ma); however, theremaining 13 grains
gave ayounger cluster of ageswith a calculated weighted-
average “®*Pb/*®U age of 196.7 +1.0 Ma (MSWD = 0.59;
probability of fit = 0.85; Table 2, Figure 3g, h), whichisin-
terpreted as the crystallization age of the sample. Aswith
the Toronto stock sample, thisolder cluster of agesisinter-
preted as reflecting the presence of a significant older
xenaocrystic zircon population in the sample, and these an-
alyseswerenot included in the cal culation of the weighted-
average age for the sample.

Sample 10M-33 (Mount Riordan Stock)

A sample of medium-grained quartz diorite of the Mount Rior-
dan stock was collected at a site located approximately
1 km northeast of the summit of Mount Riordan (Figure 2).
Twenty zircon grainswere analyzed (Table 2; Figure 4a, b)
and the results showed two distinct clusters of ages: an
older cluster gave ages of ca. 202 Ma, whereas the younger
cluster of nine grains gave a calculated weighted-average
206pp/238Yy age of 195.1 +1.6 Ma(MSWD = 0.08; probabil-
ity of fit = 1.0). The presence of aca. 202 Mapopul ation of
zircons appears to be common within intrusions in this
area; hence, the age calculated for the younger cluster of
grainsisinterpreted asthecrystallization age of thesample.

92

Sample 10M-08 (Cahill Creek Pluton)

Nineteen of twenty zirconsrecovered fromasample of bio-
tite quartz monzonite of the Cahill Creek pluton, collected
onthemineaccessroad east of Hedley (Figure2), yielded a
calculated weighted-average *°°Pb/?*®U age of 162.9
+0.9 Ma(MSWD = 0.59; probability of fit=0.91; Table 2,
Figure4c, d). Thisisinterpreted asthecrystallization age of
the sample, and asingle zircon grain that yielded aslightly
older age is considered to have been a xenocryst.

Sample 10M-10 (Olala Pluton)

Only a small amount of zircon was recovered from this
sampl e of medium-grained trachytic syenite of the compos-
ite Olallapluton collected along the OlallaCreek road. The
nine zircons analyzed (Table 2; Figure 4e, f) gave a calcu-
lated weighted-average ®Pb/”®U age of 192.8 +2.9 Ma
(MSWD = 0.07; probability of fit = 1.0), which is inter-
preted as the crystallization age of the sample.

Sample 10K L-111 (Kruger Syenite)

Twenty zirconswere analyzed fromthissample of massive,
coarse-grained, biotite quartz monzonite from aroadcut on
the northern side of Highway 3 (Figure 2). Nineteen of
these yielded a cal cul ated wei ghted-average ?*°Pb/**®U age
of 169.7 +0.7 Ma (MSWD = 0.24; probability of fit = 1.0;
Table 2, Figure 4g, h), which isinterpreted asthe crystalli-
zation age of the sample. One zircon is slightly discordant
and gaveasdlightly younger age, reflecting the effectsof mi-
nor postcrystallization Pb loss.

Discussion

Theresults of the dating study indicate that most of thein-
trusive rocks in the vicinity of skarn mineralization in the
Hedley—Apex Mountain area, including both the Hedley
intrusionsand the other intrusive unitsthat wereinterpreted
by Ray et a. (1996) to be somewhat younger, were em-
placed during theinterval between ca. 197 and 195 Ma. The
Cahill Creek pluton, with an emplacement age of 162.9Ma,
is confirmed to be substantially younger than the other in-
trusionsin the area. The composite Olallapluton, farther to
the east, is slightly younger than most of the intrusionsin
the Hedley—Apex Mountain area, at 192.8 Ma. The Kruger
syenite was expected to give an age similar to that of the
Olallapluton; however, it isactually more similar in ageto
the Cahill Creek pluton.

Uranium-lead zircon agesof 179.9+3.8Maand 171.6 £2.3Ma
were reported by Massey et al. (2010) for the Greenwood
stock near Greenwood and the Gidon Creek porphyry body
approximately 8 km south of Greenwood, respectively,
both of which are in the Boundary Creek mineral district.
Three other intrusive phases in the western part of the
Boundary district havea soyielded Jurassic U-Pb crystalli-
zation ages, these include the Myer’s Creek stock (157.0

Geoscience BC Summary of Activities 2013



Gedscience BC

+1.2 Ma), the Mount Baldy granodiorite (168.5 +1.4 Ma)
and the Ed James orthogneiss (187.7 +1.4 Ma; Massey et
al., 2010). The relationship between various intrusive
phases and skarn Au-Cu mineralization in the Boundary
district is unknown.

A number of U-Pb zircon ages have been reported by Scor-
rar (2012) for variousintrusive phases from the vicinity of
the Buckhorn Mountain (Crown Jewel) Au-bearing skarn
deposit immediately south of the BC-Washington border
(Figure 1). A diorite body that isinterpreted as coeval with
at least some of the mafic volcanic rocks near the deposit
gavean age of 193.5+1.2 Ma; however, with the exception
of much younger bodies that are Paleogene in age, most
other intrusions in the area gave crystallization agesin the
range of 172—-165 Ma(Scorrar, 2012). Dating by the Re-Os
method of molybdenite from the Buckhorn skarn deposit

gaveagesof 165.5+0.7 Maand 162.8 £0.7 Ma, confirming
that skarn mineralization in the Buckhorn Mountain areais
related to much younger intrusions than had been inter-
preted by Ray et al. (1996) for very similar skarn depositsin
the Hedley—Apex Mountain area. Thisisdiscussed in more
detail in alater section.

Igneous Geochemistry

Major, trace and rare-earth element concentrations were
determined for samples of each of the rock units that were
dated in thisstudy. Dataare givenin Table 3 and are shown
on a series of geochemical and tectonic discriminant plots
in Figure 5. Results of sample analysesfrom Jurassic intru-
sive rock units in the Boundary district near Greenwood
(from Massey et al., 2010) and from the Buckhorn Moun-
tain areain northern Washington state (from Gaspar, 2005)
are also shown for comparison.

Table 3. Whole-rock geochemical analyses for Early and Middle Jurassic intrusive rock units from the Hedley—Apex Mountain area.

Sample Major elements (wt. %} LOI Total
SI0, Ti0, ALO, Fe,0, MnO Mg0 Ca0 Na,0 KO P,0; (wt %) (wt %)
10M-04 (Bromley batholith) 6370 052 1620 644 011 236 580 333 170 014 1.00 10148
10M-05 {Lookout Ridge pluton} 7290 024 1400 260 009 053 165 397 425 Q009 Q7% 10129
10M-08 (Toronto stock} 6140 053 1535 655 012 281 483 371 225 0.14 1.1 99.07
10M-07 (Toronto stock) 5730 047 1855 859 011 307 800 408 087 014 138 100.74
10M-08 (Cahill Creek plulon) 61.20 064 1730 640 013 203 541 415 229 023 098 10095
10M-10 {Glalla pluton) 6400 031 1600 400 007 121 407 319 415 014 217 99.65
10M-33 (Mt. Riordan stock) 65.20 045 1580 509 011 201 528 3196 231 0.1 117 100.H1
10KL-111 (Kruger syenite) 6710 033 1540 439 012 120 373 394 351 017 108 10122
10KL-115 (Bromiley batholith} 6010 056 1635 673 012 285 575 319 224 045 202 10026
Sample Trace and rare-earth elements {ppm)
Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho La Lu Nb
10M-04 (Bromley batholith) 1270 253 30 2.51 3 188 08% 184 247 24 0.62 126 03 36
10M-05 (Lookout Ridge plutory 1300 48.8 10 4982 316 207 07 158 336 49 0.54 321 038 83
10M-06 (Toronto stock} 1535 274 60 454 273 167 096 134 3 2.9 0.57 13.9 025 36
10M-07 (Toronto stock} 8§92 148 30 3e8 197 119 078 185 214 13 04 72 017 1.6
10M-08 (Cahill Creek pluton) 1320 40 20 189 4493 297 14868 212 535 49 1 187 044 72
10M-10 (Malla pluton) 2420 257 20 086 203 132 07 187 241 23 043 143 023 55
10M-33 (Mt. Riordan stock) 1350 248 30 188 264 167 079 178 267 2.8 0.54 13 023 38
10KL-111 {Kruger syenitg) 932 457 10 2.4% 2% 171 11% 181 353 3.6 0.59 27.5 0.3 9.8
10KL-115 (Bromley batholith} 1580 22 30 248 273 187 094 183 3 2.3 0.55 108 025 32
Sample Trace and rare-earth elements {ppm)
Nd Pr Rb Sm Sr Ta Th Th  Tm v ¥ ¥b Z2r
10M-04 (Bromley hatholith) 121 3.07 641 2.86 382 0.3 043 304 03 154 148 18.5 1.86 85
10M-05 {Lookout Ridge plutory 211 5.02 1405 3¢ 1895 0.9 052 1615 033 407 25 203 227 182
10M-06 (Toronto stock} 127 329 B80S 299 473 0.3 045 463 026 244 166 15.9 1.53 96
10M-07 (Toronto stock} 8 1.9 255 199 653 01 033 153 018 0.78 157 111 112 45
10M-08 (Cahill Creek plulon) 224 524 692 542 468 04 083 708 047 2862 122 296 286 182
10M-10 {alla pluton) 107 287 1135 2.2 590 04 032 4289 021 27 105 12.5 142 82
10M-33 {Mt. Riordan stock) 11.3 288 755 257 371 04 043 51 027 218 128 16.3 1.73 91
10KL-111 (Kruger syenite) 183 499 1315 374 662 0.9 05 115 028 2862 86 17 182 118
10KL-115 (Bromley batholith} 114 277 798 288 4386 02 045 294 026 155 174 154 166 80
Analyses done at ALS Chemex, Wancouver, BC. Major elements determined using ICP-AES methods following lithium-metaborate fusion {ALS analytical
package ME-ICFOS), and trace and rarc-sarth slements using ICP-M5 methods fallowing lithiom-metabarate fugion (ALS analytical packags ME-M581}
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Onthetotal alkalisversussilicadiagram (Figure5a) of Le  ton fals just into the syenite field. All of the samples are
Baset a. (1986), two samples of the Toronto stock plotas  subalkaline in composition according to the alkaline-
diorite, whereas most of the remaining samplesfall inthe  subalkaline discriminant diagram (Figure 5a) of Irvineand
granodiorite/quartz diorite field. The Lookout Ridge plu- Baragar (1971). There is considerably more scatter in the
ton sampleyieldsagranitecomposition, and theOlallaplu-  whole-rock geochemical analyses from the Boundary dis-
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Figure 5. Whole-rock geochemistry of Early and Middle Jurassic intrusive rock units from the Hedley—Apex Mountain area, together with
data from intrusions in the Greenwood area (from Massey et al., 2010) and intrusions associated with the Buckhorn Au-bearing skarn in
northern Washington state (from Gaspar, 2005). Greenwood and Buckhorn Mountain intrusive samples are shown in pale green and blue
symbols, respectively, in part (e). References for the various discriminant plots are a) Irvine and Baragar (1971) and Le Bas et al. (1986); b)
Maniar and Piccoli (1989); c) Winchester and Floyd (1977); d) Pearce et al. (1984); e) Sun and McDonough (1989).
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trict and the Buckhorn Mountain area, for which samples
ranged from diorite to granite, with several samples plot-
ting well into the syenite field (Figure 5a). Only one of the
samples, from the Buckhorn Mountain area, yielded an al-
kaline composition according to the Irvine and Baragar
(1971) discriminant plot.

Samplesanalyzed inthisstudy fall inarelatively tight clus-
ter on arevised Winchester and Floyd (1977) immobiletrace-
element ratio plot (Nb/Y versus Zr/TiO,; Figure 5b). The
composition of the Hedley intrusions plots as gabbro to
diorite, whereas most of the remaining samplesfall in the
diorite field, with asingle sample plotting slightly into the
granite/granodiorite/quartz dioritefield. Aswith the previ-
ous plot, much more compositional scatter was displayed
by the Jurassic intrusive rocks from the Boundary district
(Greenwood area) and Buckhorn Mountain area.

All of the samplesfrom thisstudy fall well withinthe meta-
luminous field on a Shand-type plot (Maniar and Piccoli,
1989; Figure 5c¢). Thereismuch more scatter in the Bound-
ary district and Buckhorn Mountain sample suites, with
several samples showing peraluminous compositions. It is
unclear whether this represents the original geochemistry
or may, in part, be an artifact of superimposed hydrother-
mal alteration on some of the samples.

All samples from this study, as well as those from the
Boundary district and Buckhorn Mountain area, fall within
the volcanic-arc field on a Rb versus Y +Nb discriminant
plot of Pearce et al. (1984; Figure 5d).

On spider diagrams depicting ratios of high-field-strength
and rare-earth element concentrationsto primitive-mantle—
normalized trace-element values (Sun and McDonough,
1989; Figure 5€), samples from this study show a limited
amount of scatter, with all samplescharacterized by Nb and
Ti troughs that are typical of subduction-related magmas.
Patterns for samples from the Boundary district and Buck-
horn Mountain area are generally similar to those in the
study area, although they show a somewhat greater degree
of scatter.

Despite their considerable age range, geochemical signa-
turesof JurassicintrusiverocksintheHedley—Apex Moun-
tain area, and areasto the east that wereinvestigated in this
study, show a surprisingly narrow compositional range.
Analyses of the syenite phase of the Olalla pluton and the
Kruger syenite showed that, in fact, these bodies are, at
best, only weakly alkaline. Combined with geochemical
analyses of well-dated igneous rocks from the Boundary
district and Buckhorn Mountain area, the new analytical re-
sultsappear to indicatethat Jurassic intrusionsin the south-
ern Quesnel terrane of southern BC and adjacent parts of
northern Washington state reflect sporadic magmatismwith-
inacontinental magmatic-arc setting over aperiod of approx-
imately 40 million years.

Geoscience BC Report 2014-1

Pb-lIsotopic Studies of Intrusions and Skarn
Mineralization

Lead isotopes can be an effective tool for evaluating the
source(s) of metals contained within various styles of min-
eral deposits. This approach can be particularly useful for
intrusion-related mineralization, because one can deter-
mine the Pb-isotopic composition of any magmatic fluids
that might have been generated during crystallization of the
magmaby analyzing igneousfeldspar (which incorporates
significant concentrations of Pb but no U or Thduring crys-
tallization, and hence preserves the initial magmatic Pb-
isotopic ‘signature’). The Pb-isotopic signature can be es-
tablished for intrusions of variousagesand compositionsin
the study area, and then compared to the Pb-isotopic com-
positions of sulphides in the mineralization being investi-
gated (asthese sul phides al so concentrate Pb but little or no
U or Th, and thus preserve the isotopic composition from
the time of formation). Ideally, there should be a close
match between the Ph-isotopic composition of the mineral -
ization and the causative intrusion(s). In the absence of di-
rect-age information for the mineralization, this can pro-
videindirect information regarding the age of mineralization
and also identify the specific intrusion, or intrusive suite,
that is preferentially associated with the mineralization.
However, there are numerous factors that complicate this
simple model. Hydrothermal fluids that precipitate
sulphidesin vein-style mineralization may not interact sig-
nificantly with wallrocks during fluid flow and therefore
commonly (but not always) yield Pb-isotopic compositions
that are close to those of the source reservoir(s). However,
intrusion-related mineralization that involves a significant
amount of wallrock replacement, such as skarns, mantos or
high-sulphidation epithermal veins, commonly shows an
array of Pb-isotopic compositions that reflects variable
mixtures between the magmatic Pb component and Pb de-
rived from the wallrocks themselves. The nature of these
mixing arrays depends on several factors, including the Pb
contents and extent of compositional ranges between the
mineralizing fluids and the wallrocks that are being
replaced.

L ead-isotopic compositions were determined for all but
one (Olallapluton) of the intrusive phases that were dated
inthisstudy, aswell asfor asuite of sulphide samplesfrom
the Nickel Plate mine and other skarn depositsin the Hed-
ley—Apex Mountain area, and from the Phoenix minein the
Greenwood area. Analytical data are listed in Table 4 and
are plotted on *®Pb/”®Pb versus *’Pb/*®Pb, and *°’Pb/
20%ph versus *°Pb/?**Pb plotsin Figure 6. Two analyses of
very scarce galenafrom the Nickel Plate minethat werere-
ported by Godwin et al. (1988) are also plotted.

Most of the igneous feldspar samples clustered reasonably

well on both of the Pb/Pb plots, although several analyses
yielded relatively radiogenic compositions, especially in
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207pp/2ph versus?°Pb/?*Pb space (Figure 6b). Thislikely
reflectsacombination of fractionation error and ***Pb mea-
surement error. Thislatter source of error is not present in
the 2®Pb/*Pb versus 2"Pb/*®Pb plot (Figure 6a), which
shows atighter clustering of analysesfor theigneousfeld-
spar samples. The Toronto stock feldspar analysisis some-
what more radiogenic than most of the other feldspar sam-
ples. Thismay be because thisisthe only samplefor which
plagioclase was analyzed rather than K-feldspar (K-feld-
spar was not present in the sample). Igneous plagioclase
typically has substantially lower Pb contents than K-feld-
spar. Therefore, plagioclase analyses are more susceptible
to significant disturbance caused by the addition of even
minor amounts of radiogenic Pb resulting from radiogenic
ingrowth from minor contained U and/or Th.

Most of the Nickel Plate sulphides (particularly thetwo ga-
lena samples) yielded Pb-isotopic compositions that are
closeto those from feldspar samples collected in the vicin-
ity of thedeposit; however, two of the samplesyielded con-
siderably more radiogenic compositions, probably as are-
sult of mixing with radiogenic Pb contained within the
hostrocks. All of the sulphides from the Phoenix mine at
Greenwood yielded compositions that are substantially

more radiogenic than those of feldspar samplesfrom any of
theJurassicintrusionsintheregion that have been analyzed
thus far. There are no likely causative intrusions in the vi-
cinity of the Phoenix skarn deposit, so fluids responsible
for forming the skarn may havetravelled somewhat farther
from the source and/or interacted more extensively with
hostrocks containing a higher concentration of radiogenic
Pb than in the Hedley—Apex Mountain area. Alternatively,
the mineralizing fluids responsible for formation of the
Phoenix skarn may have contained lower concentrations of
Pb and therefore would have been more strongly modified
by mixing of radiogenic Pb from the wallrocks. However,
the measured Ph-isotopic compositions of sulphidesin the
Nickel Plate and Phoenix skarn deposits are consistent, in
general, with the deposits having formed through interac-
tion between metalliferous magmatic fluids that evolved
from the Jurassic intrusions and various calcareous host-
rocks. Unfortunately, the Pb-isotopic compositionsof igne-
ous feldspar samples from the variousintrusive units were
not sufficiently distinct to providea' fingerprint’ that could
be used to determine which intrusion (or intrusive suite)
was genetically related to the mineralization.

Table 4. Results of Pb-isotopic analyses for intrusive rock units from the Hedley—Apex Mountain area and sulphide minerals from
the Nickel Plate mine (Hedley-Apex Mountain area) and Phoenix mine (Greenwood area).
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Sample no. Mineral Occurrence Source WppRMpL 15 (%)
Hedley-1 Arsenopyrite+pyrite Disseminated sulphides in massive diopside- 1 19.172 0.08
garnet skarn, Hedley north pit
Hedley-2 Pyrrhotite Disseminated and vein sulphides in massive 1 18.785 0.04
diopside skarn, Hedley glory hole
Hedley-Sunny-side-1 Arsenopyrite Massive arsenopyrite in skarn, Sunnyside 1 18.710 0.03
deposit
Hedley-Sunny-side-2 Arsenopyrite Massive arsenopyrite in skarn, Sunnyside 1 18.782 0.01
deposit

Hedley-2-8N stope Arsenopyrite Massive arsenopyrite, Hedley 8N stope 1 18.928 0.04
Phoenix-1 Chalcopyrite+pyrite Lower ore zone 1 19.207 0.06
Phoenix-2 Chalcopyrite Chalcopyrite in quartz, southeast end of open pit 1 19.251 0.08
Phoenix-3 Chalcopyrite Chalcopyrite-hematite-quartz ore 1 22.022 0.05
Phoenix-4 Pyrite High-grade skarn 1 19.207 0.02
Phoenix-5 Chalcopyrite High-grade skarn 1 19.468 0.01
Phoenix-6 Pyrite Upper ore zone, east side of Phoenix open pit 1 19.000 0.01
30302-002 * Galena Nickel Plate skarn 2 18.724 0.01
30302-003 * Galena Nickel Plate skarn 2 18.731 0.03
10-M-07 Feldspar Offshoot of Toronto stock 3 19.001 0.35
10-M-06 Feldspar Offshoot of Toronto stock 3 18.970 0.05
10-M-04 Feldspar Bromley batholith 3 18.807 0.28
10-M-05 Feldspar Lookout Ridge pluton 3 18.731 0.03
10-M-05 Feldspar Lookout Ridge pluton 3 18.782 0.01
10-M-33 Feldspar Mount Riordan pluton 3 18.736 0
10KL-115 Feldspar Bromley batholith? 5 19.184 0.09
10KL-115 (repl.) Feldspar Bromley batholith? 3 18.712 0.12
10-M-08 Feldspar Cahill Creek stock 3 18.729 0.04
10KL-111 Feldspar Kruger syenite 3 18.711 0.01
10-M-10 Feldspar Olalla pluton 3 19.081 0.3

Sample and data sources: 1, University of British Columbia mineral deposit sample collection (exact locations uncertain); 2, Godwin et al.

(1988); 3, this study.
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Implications for Timing of Magmatism and
Skarn Formation in the Southern Quesnel
Terrane

Results of this study, together with those of previous work
done in the Boundary Creek mineral district by Massey et
al. (2010) and the Buckhorn Mountain area by Gaspar
(2005) and Scorrar (2012), demonstrate that magmatismin
this part of the southern Quesnel terrane occurred sporadi-
cally over an extended period of at least 40 m.y. (from ca.
197 to 157 Ma). Geochemical compositions of these intru-
sions are consistent with all of this magmatism having oc-
curred within acontinental or continental-margin volcanic-
arc setting. The Jurassic intrusions were emplaced into an
older arc assemblage (the Nicola Group), which itself was
built on middle and late Paleozoic metasedimentary and
metavol canic basement rocks. The age of the formation of
Au and Au-Cu skarn mineralization in the Hedley—Apex
Mountain area and the Boundary district remains unre-
solved by direct dating methods. Scorrar (2012) has shown
that the Buckhorn Au skarnin the Buckhorn Mountain area
formed between 168 and 162 Ma. Although there are close
similaritiesbetween the Buckhorn skarn and depositsinthe
Hedley area, Ray et a. (1996) provided compelling evi-
dence, based on field observationsin the Hedley area, that

Table 4 (continued)

skarn deposits there are considerably older than the Buck-
horn deposit and are likely related to the 196 Ma Toronto
stock. Itisunclear whether the Mount Riordan garnet skarn
(Figure 2) formed at the same time asthe better-studied Au
skarns in the area. Developing a more robust exploration
model for new Au-Cu skarn deposits in this area will re-
quirefurther work in both the Hedley and Boundary Creek
mineral district areas to better constrain the age of the
skarnsand identify the specificintrusive eventswith which
the skarn deposits are associated.
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Figure 6. Lead-isotopic compositions for sulphide minerals from
the Nickel Plate mine in the Hedley—Apex Mountain area and the
Phoenix mine in the Greenwood area, as well as for igneous feld-
spar samples from dated Early and Middle Jurassic intrusive rocks
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Introduction

This paper presents new U-Pb zircon dates for igneousin-
trusions belonging to the Nelson and Bayonne magmatic
suites between Creston and Salmo in southeastern British
Columbia. This area experienced magmatism, metamor-
phism and deformation from the Early Jurassic through to
the Eocene (Archibald et al., 1983, 1984; Brown et al.,
1995; Moynihan and Pattison, 2013; Webster and Pattison,
2013). Determining the age of these intrusions provides
constraints on the tectonometamorphic evolution of the
area and associated mineralization events.

Regional Geology

The region between Nelson, Salmo and Creston in south-
eastern BC straddles the tectonic interface between the an-
cestral North American margin and pericratonic rocks (in-
cluding Quesnellia) that formed outboard of the margin to
thewest (Monger et al., 1982; Unterschutz et al., 2002; Fig-
ure 1). The accretion and juxtaposition of these rocks oc-
curred during Cordilleran orogenesis from the Early Juras-
sic through to the Eocene. Three structural domains meet
within thisarea: the Purcell Anticlinorium, the Priest River
Complex and the Kootenay Arc (Figure 1). The Purcell
Anticlinoriumisalarge, northerly plunging, Mesozoicfold
structure comprising rift-related sedimentary rocks from
the Mesoproterozoic Belt-Purcell and Neoproterozoic
Windermere supergroups (Price, 2000). The K ootenay Arc
occurs on the western flank of the Purcell Anticlinorium
and isanarrow arcuate structural feature that is character-
ized by an increase in metamorphic grade and structural
complexity, and adecreasein stratigraphi c age compared to
the Purcell Anticlinorium (Warren, 1997). The Priest River
Complex (PRC) is an Eocene metamorphic core complex
that exposes midcrustal rocksand Archean basement. It oc-

Keywords: U-Pb LA-MC-ICP-MS, Nelson plutonic suite, Bayonne
magmatic suite, Kootenay Arc, Purcell Anticlinorium

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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cursmainly in Idaho and Washington, but its northerly ter-
mination occursin the study area. The PRC is bounded by
two normal fault systems. the west-dipping eastern New-
port fault and east-dipping Purcell Trench fault (Rhodes
and Hyndman, 1984; Doughty and Price, 1999, 2000;
Figure 1).

Thebedrock geology of the study areaconsists primarily of
deformed and metamorphosed sedimentary strata.
M esoproterozoic Belt-Purcell Supergroup strataoutcropin
the eastern portion of the study area. To the west they are
unconformably overlain by the Neoproterozoic Winder-
mere Supergroup (Devlin and Bond, 1988; Warren, 1997,
Figure 1). The two supergroups are dominantly composed
of clastic, rift-related sedimentary rocksin addition to mi-
nor mafic volcanic rocks and sills. Unconformably overly-
ing the Windermere Supergroup, and exposed in the west-
ern part of the study area, are early Paleozoic coarse clastic
and carbonate rocks.

Numerous granitoid intrusions intrude all of these sedi-
mentary rocks (Figures 2, 3). They rangein age from Mid-
dle Jurassic to Eocene and are part of larger intrusive suites
that extend across southeastern BC (Ghosh, 1995a). Intru-
siverocks of the Nelson suite (Nelson batholith, Kuskanax
batholith, Bonnington pluton, Trail pluton, Mackie pluton,
Mine and Wall stocks) were emplaced between ca. 179 and
159 Ma (Ghosh, 1995a; Evenchick et al., 2007). Therocks
of theNelson intrusivesuitearel-type granitoidsthat range
in composition from tonalite to granite (Figure 1; Little,
1960; Ghosh and Lambert, 1995). The Middle Jurassic in-
trusions typically have staurolite-bearing contact aureoles
and were emplaced at depths ranging from 12 to 18 km
(Ghent et al., 1991; Pattison and Vogl, 2005). These intru-
sivesuitesformed inamagmatic arc, above an east-dipping
subduction zone (Ghosh, 1995b).

Quesnel Lake (Figure 1; Quesnel Lake is situated 300 km
northwest of Salmon Arm, BC; Logan, 2001). The
Bayonne suite is primarily peraluminous, containing two-
micagraniteswith lesssignificant subalkalic granodiorites,
aplites and pegmatites (Logan, 2001). Cordierite-bearing
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Quaternary — Late Cretaceous Paleogene
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Triassic - Jurassic
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Paleogene intrusions

Paleozoic (shelf/slope)
1]

Paleozoic (basinal)
[ Quesnel and Slide Mountain terranes
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metamorphic core complexes —

- Paleoproterozoic basement
(Laurentian) | Mesoproterozoic (Purcell Supergroup)

Neoproterozoic (Windermere Supergroup)

Figure 1. Regional geology of the southeastern Canadian Cordillera. Eocene core complexes are labelled on the map as Priest River,
Okanagan, Grand Forks, Monashee and Valhalla. The study area is highlighted by the white dashed square. Map modified from Moynihan
and Pattison (2013), originally after Wheeler and McFeely (1991).
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contact metamorphic mineral assemblages found adjacent
to plutons of the Bayonne suite suggest emplacement
depths of lessthan 12 km (Archibald et al., 1983; Webster
and Pattison, 2013). What is referred to as the ‘Bayonne
batholith’ (Figure 2) comprises multiple phases: the Mount
Skelly pluton, the Shaw Creek stock, Heather Creek pluton,
Drewry Point pluton and Steeple Mountain plutons
(Leclair, 1988). Existing geochronology by Davis (1995)
and Brown et al. (1999) have shown that individual phases
range in age from 99 (Steeple Mountain) to 76 Ma (Shaw
Creek).

Description of Granitoid Intrusive Rocks
and their Tectonic Setting

Porcupine Creek Stock

The Porcupine Creek stock (PCS) is situated between the
tail of the Nelson batholith and the Jurassic Mine and Wall
stocksand occupies approximately 15 km? (Figures 2, 3). It
was emplaced into the Ordovician Active Formation and is
bounded on the east and west sides by the Porcupine Creek
and Oxidefaults, respectively (McAllister, 1951; Einarsen,
1994). The Porcupine Creek fault is a westward-verging
thrust fault that dips steeply to the east and strikes north-
northeast, and is likely a continuation of the Black Bluff
fault. The Oxide fault is an overturned, eastward-verging
thrust fault that dips steeply to the east and strikes north-
northeast, and is an extension of the Argillite fault to the
southwest (Einarsen, 1994).

ThePCShasno discernibletectonicfabric and crosscutsre-
gional Jurassicfold structures (Figure 2). Theintrusion and
its contact aureole also appear to have been unaffected by
Cretaceous deformation and Barrovian metamorphism in
the footwall of the Midge Creek fault (Webster and
Pattison, 2013). The PCS has developed a low pressure
(~3.0-3.5 kbar) cordierite-andal usite-biotite contact aure-
ole, similar to the southern part of the Nelson batholith
aureole (Pattison and Vogl, 2005).

The sample is composed of a K-feldspar—phyric, biotite-
hornblende quartz monzodiorite (Figure 4a). Plagioclase
lathsand K-feldspar crystalsaretypically 3-7 mmand form
subhedral to anhedral grains. The feldspars are typically
intergrown with quartz and the mafic phases, with individ-
ual quartz crystalstypically <1 mmin size. Abundant bio-
titeand hornblendeform ragged crystalsupto 2 mminsize.
Clinopyroxene crystals are sparse and typically less than
1 mm in diameter. Accessory magnetite and apatite are
common, with abundant ~1 mm size titanite crystals.
Sericitization of feldspar, and minor alteration of biotite
and hornblendeto chlorite, iscommon in thismonzodiorite
and other intrusive rocks in this study.

102

Baldy Pluton

TheBaldy plutonisan elongateintrusive body that isparal-
lel to the regional structural trend and is situated in the
footwall of the Midge Creek fault, adjacent to thetail of the
Nelson batholith (Figure 2). It occupies approximately
35 km? and was emplaced into regionally metamorphosed
Cambrian to Ordovician strata. It formed prior to, or dur-
ing, penetrative deformation (Leclair et al., 1993). Thein-
trusion isfoliated and has astrong mineral lineation that is
paralel to those in the adjacent metamorphosed sedimen-
tary rocks. The pluton consists of a coarse-grained, K-
feldspar—phyric, biotite-clinopyroxene granodiorite with
fine-grained recrystallized quartz, plagioclase and second-
ary epidote defining a strong lineation. The K-feldspar
phenocrystsarelocally megacrystic, anhedral and typically
haveacrystal size between 2 and 5 mm (Figure 4b). Biotite
and secondary muscovite crystals are typically 1 mm in
size. Accessory magnetite and titanite are common.

Mount Skelly Pluton

The Mount Skelly pluton is the eastern most phase of the
Bayonne batholith and occurs on the eastern side of
Kootenay Lake, occupying approximately 300 km? It is
situated in the hangingwall of the Purcell Trench fault
(PTF) and has intruded the middle and upper Belt-Purcell
Supergroup. The pluton has imparted a low pressure
cordierite-andalusite-biotite contact aureole on the sur-
rounding metasedimentary rocks (Webster and Pattison,
2013). Theintrusion hasno discernibletectonic fabric. The
rock sampled isan equigranular, biotite-muscovite granite.
The K-feldspar and plagioclase crystals are anhedral to
euhedral and are typically 2-5 mm (Figure 4c). Abundant
primary biotite and muscovite grains are 1-2 mm and com-
prise approximately 25% of therock. Quartz grainsare nor-
mally <1 mm but some larger grains exist (2-3 mm).

Summit Stock

The Summit Stock is exposed over approximately 5 km? at
the top of Kootenay Pass (Figure 2) and has intruded into
coarse clastic rocks of the Neoproterozoic Three Sisters
Formation. Thisintrusion and the Lost Creek pluton to the
west have imparted a low pressure contact aureole on the
surrounding low-grade country rocks. The mineral assem-
blage zonal sequenceiscordierite, andalusite+cordierite and
sillimanitet+K-feldspar (Bjornson, 2012). The contact au-
reole envelopes both intrusions, with the highest grade
mineral assemblages found between them, implying that
the two intrusions may be connected at depth. The Summit
stock hasno tectonic fabric and isabiotite-muscovite gran-
ite (Figure 4d). Euhedral to subhedral plagioclaselathsare
up to 3 mm in size and occasionally show oscillatory zon-
ing. The K-feldspar crystals are subhedral to anhedral and
aretypically 3-5 mm. Biotite and primary muscovite crys-
tals are euhedral and are typically about 1 mm. Quartz

Geoscience BC Summary of Activities 2013
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Figure 4. Field pictures of the various igneous intrusive rocks found throughout the study area: a) monzodiorite of the Porcupine Creek
stock (PCS); b) lineated, granodiorite from the Baldy pluton; c) two-mica granite of the Mount Skelly pluton; d) biotite-muscovite granite of
the Summit stock; e) biotite granite of the Emerald stock with mineralized quartz vein.
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grains are typically 1-2 mm in size. There is accessory
magnetite throughout the intrusion.

Emerald Stock

The Emerald Stock crops out over approximately 0.4 km?
and has intruded into the sedimentary rocks of the Cam-
brian Laib and Reno formations and also the Ordovician
Active Formation, within the historic Salmo mining camp.
The carbonate sedimentary rocks (Laib Formation), in con-
tact with the Emerald stock, aretypically atered, with rock
types ranging from coarse marble to garnet-pyroxene
skarn. The skarns are host to Mo-W mineralization, which
was mined from the past-producing Emerald and Dodger
mines (1.6 million tons grading 0.76% W, Giroux and
Grunenberg, 2009; Figure 2). The intrusion is an
undeformed, equigranular biotite-granite. Plagioclase and
K-feldspar crystals are subhedral to anhedral and are typi-
cally about 1 mm (Figure 4€). Biotite phenocrysts are rag-
ged and typically 2-3 mm in diameter, although they have
been almost compl etely replaced by chlorite, with second-
ary rutile. Accessory magnetite occurs throughout the
intrusion.

Analytical Techniques

Onesamplefrom eachintrusion wascollected for U-Pb zir-
con isotopic age dating at the Radiogenic | sotope Facility
(RIF) in the Department of Earth and Atmospheric Sci-
ences, at the University of Alberta. Zircon grainswere sep-
arated from samples using standard magnetic and heavy
liquid separation techniques at the Apatite to Zircon Inc.
laboratories (Viola, 1daho). The zircon separates were
mounted in 1 cm? epoxy pucks that were subsequently
ground down to expose theinternal structure of the zircon,
before being polished for analysis. The puckswerewashed
in 5.5M HNO; at 21°C for 20 seconds to minimize surface
Pb contamination.

Prior to U-Pb dating, cathodoluminescence (CL) images
were obtained using a Gatan MonoCL 4 Elite detector at-
tached to a FEI Quanta 250 FEG field emission scanning
el ectron microscope at the Department of Geoscience, Uni-
versity of Calgary. Laser-ablation inductively coupled
plasma—mass spectrometry (LA-ICP-MYS) analyses were
acquired with aNew Wave UP-213 Nd: YAG laser ablation
systemin conjunction with aNu Plasmamultiple-collector,
inductively coupled plasma—mass spectrometry (M C-1CP-
MS) instrument. The latter is equipped with a collector
block including 12 Faraday collectors and 3 ion counters
(Simonetti et al., 2005) allowing static collection of both U
and Pb isotopes. Thelaser diameter was 30 um with alaser
frequency of 4 Hz and ~3 Jcm? energy density. Datawere
collected over a30 second cyclein 1 secondincrements. An
in-house monazite standard from Madagascar with a**®Pb/
28 age of 517.9 Mawas used asa primary calibration ref-

Geoscience BC Report 2014-1

erence. This has been dated by isotope dilution—thermal
ionization mass spectrometry (ID-TIMS; Heaman,
unpublished data) and isthe same asthat used by Simonetti
et a. (2006).

Results

The U-Pb isotopic data are shown in Table 1 for five
plutonic rocks from the study area. Isotopic ratios are un-
corrected for common Pb, and errors are reported at the 2¢
level. Inherited coreswere observed in al five samplesand
they consistently yielded older dates that hindered the de-
termination of thecrystallization age (Figure5). Asaresult
of this common feature, multiple analyses were excluded
from each sample. Analyses containing high common Pb
values, highly discordant ages and obvious outliers were
discarded. After data reduction, weighted mean 2*Pb/>%U
ages and Tera-Wasserburg U-Pb concordia plots (Teraand
Wasserburg, 1972) were calculated using Isoplot v. 3.0
(Ludwig, 2003).

Porcupine Creek Stock

Sample EW11PCO01 from the Porcupine Creek stock con-
tainszircongrainsthat aretypically euhedral, prismatic and
50-100 um long (Figure 5a). The grains display well-
developed oscillatory zoning, with some grains displaying
acomplex internal structurethat ispossibly inherited or de-
trital in origin. The cores yielded significantly older ages
and were disregarded from future consideration. Twenty-
six analysesfrom 25 zircon grainsyiel ded an average **°Pb/
28 age of 162.6+1.3 Ma(Mean Square Weighted Devia-
tion, MSWD = 1.15), interpreted to be the age of crystalli-
zation (Figure 5¢).

Baldy Pluton

Sample EW12BP01 from the Baldy Pluton contains zircon
grainsthat areeuhedral, prismatic and typically 75-100 um
inlength (Figure5b). Thecrystalshave well-devel oped os-
cillatory zoning and resorbed, anhedral coreswith complex
internal structures (Figure 5b). Four spots ablated through
the well-zoned rim and likely partly analyzed the complex
internal core, yielding significantly older ages. These anal-
yses were excluded from the calculations. Twenty-five
analyses from 23 zircon grains yielded an average *°Pb/
28 age of 117.5 +1.3 Ma (MSWD = 1.13; Figure 5d).

Mount Skelly Pluton

Sample EW11SC07 from the Mount Skelly pluton of the
Bayonne batholith contains zircon grains that are typically
euhedral to subhedral, with the latter showing evidence of
partial resorption (25—75 um long; Figure 6a). Most of the
grains display oscillatory zoning and have complex,
resorbed, internal cores. As a result of the smaller size
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range and large internal detrital cores, 13 spots were ex-
cluded from the cal cul ations. Fifteen spot analysesfrom 14
zircon grains produced an average 2°°Pb/**®U age of
108.8 £1.2 Ma(MSWD = 1.5; Figure 6c).

Summit Stock

Zircon crystals from sample EW12SS01, taken from the
Summit stock, are typically anhedral, display well-
developed oscillatory zoning and fall in the size range 50—
100 pum long (Figure 6b). The majority of the zircon crys-
tals have complex, resorbed cores that appear bright in the
CL images. Six spots yielded significantly older ages and
were excluded from the calculations. Twenty-three analy-
ses from 23 zircon grains produced an average *°Pb/*®U
age of 111.83 +0.86 Ma (MSWD = 0.58; Figure 6d).

galg-point error ellipses are 2q
010 - e :
EWIL1PCOI Mean = 162.6+1.3 [0.82%] 95% conf.
| 0086 Wid by data-pt errs only, 0 of 27 rej.
o009 b MSWD = 1.15, probability = 0.27

me}me

Emerald Stock

Sample EW12ER11 from the Emerald stock yielded
anhedral zircon grainsthat display well-developed oscilla-
tory zoning and are typically 50-100 um in length (Fig-
ure 6€). Seven spots yielded significantly older cores and
were removed from the calculations. Seventeen analyses
from 16 zircon grains yielded an average *°Pb/**U age of
101.7+2.2Ma(MSWD = 3.5; Figure6f). ThelargeMSWD
of 3.5indicatestherearelikely two populations of zircons.
Thismay betheresult of aprolonged crystallization period
or multiple pulses of magmatism.

Discussion

The five new zircon U-Pb dates, from granitic intrusive
rocks in the Creston-Salmo area, provide improved age

« EWIZBPO1

data-point error ellipses are 2o
oo | [Mean = 117.5813 [1.1%] 95% canf.]

012

EW12BP0I

Wtd by data-pt errs only, 0 of 25 rej.
MSWD = 1,13, probabiity = 0.30

L

100

0.04

ZSEU I!UG Pb

a 20 40 &0 a0
238y 2%8pp

Figure 5. a) Cathodoluminescence images of select zircon grains from the Porcupine Creek stock. The red circles represent the location of
the laser spot when acquiring analysis. The associated values are the ?°°Pb/**®U ages and corresponding 2c errors.
b) Cathodoluminescence images of select zircon grains from the Baldy pluton. c) Tera-Wasserburg U-Pb concordia plot for sample
EW11PCO01. The analyses corresponding to the red error ellipses were used in determining a date for the intrusion, the black error ellipses
were discarded. This is the same for all of the Tera-Wasserburg U-Pb concordia plots. d) Tera-Wasserburg U-Pb concordia plot for sample

EW12BPO1.
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Figure 6. a) Cathodoluminescence images of select zircon grains from the Mount Skelly pluton. The red circles represent the location of the
laser spot when acquiring analysis. The associated values are the 2°Pb/**®U ages and corresponding 2c errors. b) Cathodoluminescence
images of select zircon grains from the Summit stock. c) Tera-Wasserburg U-Pb concordia plot for sample EW11SCO07. d) Tera-
Wasserburg U-Pb concordia plot for sample EW12SS01. e) Cathodoluminescence images of select zircon grains from the Emerald stock.
f) Tera-Wasserburg U-Pb concordia plot for sample EW12ER11.
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constraints for magmatism and deformation in this region
of southeastern BC. TheU-Pb zircon date of 162.6 +1.3Ma
for the Porcupine Creek stock isinterpreted asthe crystalli-
zation age. Ages obtained by Ghosh (1995a) for the nearby
Nelson plutonic suite (172-161 Ma) overlap with this age,
suggesting the Porcupine Creek stock is part of the Nelson
suite.

Thelow pressure cordierite and andal usite contact aureole,
adjacent to the Porcupine Creek stock (163 Ma), formed at
alower pressurethan the staurolite-bearing contact aureole
around the older (171 and 167 Ma) Mine and Wall stocks
(Figure 3; Webster and Pattison, 2013). This implies that
the crust in this area was being eroded or tectonically
unroofed during the Middle Jurassic. The granitoid and its
surrounding contact aureole were unaffected by subse-
guent deformation and regional metamorphism (Webster
and Pattison, 2013).

The deformed Baldy pluton yielded a U-Pb zircon date of
117.5 +1.3 Ma, interpreted as the crystallization age. This
ageisconsistent with, and overlaps within, the uncertainty
of the 117 +4/-1 MaU-Pb (combined titanite and allanite)
age of Leclair et a. (1993). Because the Baldy pluton con-
tains the same deformation fabrics as those in the envel op-
ing metamorphic rocks, the new date constrains the upper
limit of penetrative deformation in the footwall of the
Midge Creek fault to approximately 118 Ma (D,/M,, of
Leclair et a., 1993 and Moynihan, 2012; Figure 3). The
Baldy pluton crosscuts the band of deformed Barrovian
metamorphism, implying that it postdates peak meta-
morphism (Figure 3).

TheMidge Creek stock (MCS) issituated between the Nel-
son and Bayonne batholiths (Figure 2) and cutsthe penetra-
tive structures and regional metamorphic isograds at the
northern end of the Baldy pluton. It is undeformed, except
at its northern tip, where the dominant foliation parallels
the regional trend (Leclair, 1988). Leclair et al. (1993) in-
terpreted the crystallization age of theMCSto be 111 +4 Ma
(mid-Cretaceous) from U-Pb (allanite) analyses. If thisin-
terpretation is correct it indicates that the MCS was
emplaced during the latest stages of regional metamor-
phism and deformationinthearea, with peak conditionsoc-
curring prior to 111 Ma. Combined with the work of
Moynihan and Pattison (2013) to the north, and the new
118 Maage of the deformed Baldy pluton, the age of defor-
mation and regional metamorphismisconstrainedto thein-
terval 143-111 Ma (Figure 3).

The postkinematic Summit stock yielded a U-Pb zircon
date of 111.8+0.8 Ma, whichisinterpreted to be the age of
crystallization. The similar mineralogy and age of both the
Midge Creek stock and Summit stock confirm they are part
of the Bayonne magmatic suite. Low pressure (staurolite
free) andal usite-bearing contact aureoles, adjacent to both

Geoscience BC Report 2014-1

the Summit stock and the MCS, imply that they were
emplaced at 7-11 km (Webster and Pattison, 2013; Fig-
ure 3). Biotite and hornblende K-Ar cooling ages for these
stocks (102 and 109 M a, respectively) are only several mil-
lion years younger than the crystallization ages, implying
that they crystallized, cooled and remained at atemperature
below ~300°C, (i.e., at shallow depth), following their
emplacement (Archibald et al., 1984).

Thenew U-Pbzirconageof 101.7+2.2 Mafor thecrystalli-
zation age of the Emerald stock is also the timing of miner-
alization. Drillholeresultsand underground mineworkings
show that the Dodger and Emerald stocks are connected at
depth, and are therefore of the same age (Lawrence, 1997).
The new U-Pb ageisin agreement with aK-Ar biotite age
of 100 +3 Mafromthe Dodger stock (Dandy, 1997). These
two results are within error of each other, implying that the
mineralizing system and intrusion quickly cooled to below
~300°C following crystallization.

Thenew age of 108.8+1.2 Mafor theMount Skelly pluton,
combined with existing ages, requires a reinterpretation of
the Bayonne batholith. The intrusive rocks that comprise
the Bayonne batholith crystallized over an extended period
of time, ca. 30 m.y. The plutons have different composi-
tions, structural histories and varying depths of emplace-
ment, confirming the Bayonne batholith is a composite
body.

The cordierite-andalusite contact aureole around the
Mount Skelly pluton is hosted in regionally metamor-
phosed lower-greenschist—facies Belt-Purcell Supergroup
rocksin the hangingwall of the Purcell Trench fault (Web-
ster and Pattison, 2013). The intrusion and surrounding
strata in the hangingwall of the Purcell Trench fault are
characterized by older K-Ar and Ar-Ar cooling ages (99—
70 Ma) than the rocks in the footwall of the fault (60—
46 Ma; Archibald et al., 1984). Based on the new U-Pb
date, thermochronology and pressure and temperature esti-
mates of contact metamorphism of the Mount Skelly con-
tact aureole, the intrusion remained below 300°C after
crystallization (i.e., at 7-11 kmor higher inthe crust). This
contrasts with the geological history in the footwall of the
Purcell Trench fault, south of the Bayonne batholith. Fol-
lowing the crystallization of the Mount Skelly pluton at 7—
11 kminthecrust, therocksinthefootwall of the PTF were
later buried (ca. 80 Ma) to approximately 20 km, undergo-
ing deformation and middle-amphibolite-facies
metamorphism (Webster and Pattison, 2013).
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analyses and C. Debuhr for his help on the SEM. Thanks
also to J. Bjornson and C. Richardson for their excellent
field assistance, and to W. Matthews for additional help.
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Southeastern British Columbia (parts of NTS 082F, G, J, K)

A.L. Clifford, Geoscience BC, Vancouver, BC, clifford@geosciencebc.com

Clifford, A.L. (2014): SEEK Project update: stimulating exploration in the East Kootenays, southeastern British Columbia (partsof NTS
082F, G, J, K); in Geoscience BC Summary of Activities 2013, Geoscience BC, Report 2014-1, p. 115-118.

Introduction

The East Kootenay region has along successful history of
mineral exploration and mining. One of theworld’slargest
Pb-Zn deposits, the former Sullivan mine, sustained the
economy of Kimberley and the East Kootenay region for
almost 100 years. In November 2011, Geoscience BC, in
partnership with the East K ootenay Chamber of Mines, an-
nounced the SEEK Project (Stimulating Exploration in the
East Kootenays; Geoscience BC, 2011). The SEEK Project
was initiated to capitalize on the region’s rich exploration
history through the compilation of existing mineral pros-
pect and exploration information, primarily by capturing
knowledge from local prospectors and exploration geolo-
gists. Thislocal knowledge representsinvaluableinforma-
tion that the SEEK Project aimsto compileand releaseinto
the public domain. Hartlaub (2013) presented a review of
the geology, metallogeny and mineral potential of the
SEEK Project areawithintheBelt-Purcell Basin (Figure1).

The SEEK Project recently extended funding to help create
the new East Kootenay Chamber of Mines Core Library.
This core library collects, restores and catal ogues a selec-
tion of historically important core from the region, includ-
ing corefrom the Sullivan sedimentary exhalative (SEDEX)
deposit and surrounding areas. Individuals or companies
engaging in mineral exploration in the area are able to ex-
amine type sections of both mineralized and nonmineral-
ized strataof the Belt-Purcell Basin. The contents of thisli-
brary are available to individuals, companies and research
institutions.

A second SEEK project, completedin 2012, wasacompila-
tion of ground-station gravity data from the region (San-
ders, 2012). The majority of gravity data in the database
were obtained from data listings in assessment reports on
the Assessment Report Indexing System (ARIS) website
(BC Ministry of Energy and Mines, 2013).

Keywords: SEEK Project, gravity survey, East Kootenay Gravity
Database, paleomagnetic study, Hughes Range

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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Figure 1. Outline of Geoscience BC's SEEK Project area in rela-
tion to the Belt-Purcell Basin. Data from United States Department
of the Interior (2005).

2013-2014 SEEK Project Activities

Two separate SEEK projectswere granted funding in 2013
and field activities for each project are complete. One pro-
ject focused on acquiring new ground-station gravity data
inthe East Kootenay region and updating the East K ooten-
ay Gravity Database (EKGDB) with additional ARIS data
that recently became public. The second project will use
new paleomagnetic datato help unravel the movement his-
tory of faults in the Hughes Range. Understanding fault
movement in this mountain range is critical, as the area
hosts several Pb-Zn deposits, including the past-producing
Kootenay King and Estella mines.

Updated East Kootenay Gravity Database and
St. Mary Gravity Survey

The EKGDB wasfirst compiled by SEEK project proponent
T. Sanders and released through Geoscience BC's website
in December 2012 (Sanders, 2012; Figure 2). The datare-
lease consists of the EKGDB in Excel format and a report
that describes the collection of the ground-station gravity
data, themajority of whichwereobtained from datalistings
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in assessment reports on the Assessment Report Indexing
System (ARIS) website (BC Ministry of Energy and Mines,
2013). Other sources included 1) contributed data from
gravity surveysnot availableonthe ARISwebsite, 2) asub-
set of the Geological Survey of Canada (GSC) database,
and 3) adigitized Bouguer gravity anomaly map (obtained
from an ARIS file that did not contain raw data). The
EKGDB contains 27 fields of levelled and reprocessed
gravity data, andincludesraw and reduced Bouguer gravity
anomaly values for al stations using three rock densities.

In 2013, T. Sandersundertook additional work to add to the
2012 version of the EKGDB. A new gravity survey was
conducted, called the St. Mary Gravity Survey, and addi-
tional gravity datawere added from ARISfilesthat had re-
cently become nonconfidential. The St. Mary Gravity Sur-
vey acquired 217 new ground gravity stations during July
and September, which werelaid out to complement gravity
data already compiled within the EKGDB (Sanders, 2013;
Figure 2). The entire updated EKGDB now contains re-

cordsfor morethan 5300individual ground gravity stations
from the following sources:

e 217 newly acquired ground gravity stations (2013 St.
Mary Gravity Survey)

e 202 gravity stations contributed by B. Kostiuk (col-
lected in October 2011 and recently became nonconfid-
ential)

o 485 stations acquired between 1954 and 1979 that were
extracted from the GSC Gravity Database

e 3686 stations from 18 individual ARIS files

e 735 stationsfrom adigitized map of tied Bouguer grav-
ity anomaly values

According to Sanders (2013), the acquisition of new grav-
ity datain the St. Mary River area, in combination with the
previously compiled EKGDB, could help revitalize explo-
rationinterestinthearea. The St. Mary Gravity Survey was
conducted primarily over areas underlain by Aldridge For-
mation that previously had no gravity data. The station
spacing was tight enough to highlight information from

Ground gravity stations HEBow
#2013 S5t Mary survey
© 2013 compilation

2012 compilation
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Figure 2. Ground gravity stations that constitute the East Kootenay Gravity Database (EKGDB). Data from GeoBase® (2004), Natural Re-
sources Canada (2007), DataBC (2008) and Massey et al. (2005).
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shallower sources (i.e., potential shallow-sourced density
contrastsrelated to mineralized areas) but not tight enough
to provide specific detail. The survey data allowed for in-
terpretation of closure to a gravity anomaly (low) in the
same location as the Matthew Creek metamorphic zone
(MCMZ) and pegmétite stock. The anomaly infers that a
granitic intrusion with a negative density contrast to the
surrounding metasedimentary rocks exists beneath the
MCMZ and could be the source of the M atthew Creek peg-
matite stock and the domed structure. Results from the
gravity survey suggest that the Hellroaring Creek pegma-
tite stock (12 km southwest of the Matthew Creek stock) is
larger than previously considered, yet they revealed no
deep-sourced gravity anomaly associated with the Hell-
roaring Creek stock as there is with the Matthew Creek
stock. Thisinformation will change afew concepts of, yet
add to the tectonic story presented by, McFarlane (1997)
and McFarlane and Pattison (2000). It will also further the
regional geological understanding and thereby potentially
promote exploration investment in the search for new
SEDEX depositsin the area.

Hughes Range Paleomagnetic Study

The northern Hughes Range, a subrange of the Rocky
Mountains, is directly east of the Rocky Mountain Trench
(RMT), approximately 30—40 km east of Kimberley, BC
(Figure 3). The Sullivan mineat Kimberley isin the Purcell
Mountainsand west of the RMT. The Estellaand K ootenay
King mines, also past Pb-Zn producers, arein the northern
Hughes Range. A series of low-angle faults has been
mapped and inferred in the northern Hughes Range by Hoy
(1978), Ransom (1991) and Thompson (2010). Normal
faults at the Sullivan mine dip steeply west and are called
‘Sullivan-type’ faults. Similar faults are found in regional
mapping extending from east of the Sullivan mine to the
limit of outcrop on the west side of the Rocky Mountain
Trench. There are no steep Sullivan-type faults known in
the Hughes Range.

SEEK project proponent P. Ransom proposes that the low-
anglefaultsand steeper bedding dips on the east side of the
Hughes Range resulted from significant rotation caused by
east-side-down normal faulting on alistric fault. Determi-
nation of the paleomagnetic signature of postfolding,
100 Ma intrusions (dikes and stocks) may indicate how
much rotation there has been.

Eight sets of 7—12 oriented core samples were collected
from different locations in and adjacent to the northern
Hughes Range during the 2013 field season (Figure 3). The
study will compare paleomagnetic measurements from
several of the Cretaceous granitic and monzonitic intru-
sions, including related dikes, to determine the relative
amount of rotation during postmagmatic cooling.

Geoscience BC Report 2014-1

A hand-held gasoline-powered drill, designed for paleo-
magnetic studies, was used to collect core sampl es approxi-
mately 10 cm long. Orientation of each sample was mea-
sured with a hand-held Brunton compass and, on sunny
days, solar azimuth was measured and compared to the
‘MrSun’ app (Amber Digital, 2010). A new state-of-the-art
paleomagnetic laboratory is presently being established at
Okanagan College by T. Day. Thislab will be used to ana-
lyze the samples collected as part of this study. Project de-
liverableswill include a spreadsheet of raw data, afinal re-
port that will contain an expanded account of the geol ogical
setting in relation to paleomagnetic results, and graphical
representation of the paleomagnetic information that
compares the different signatures obtained.

Summary

Since announcement of the SEEK Project two years ago,
Geoscience BC has provided funding for the East K ooten-
ay Chamber of Mines core-storage facility; creation of the
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Figure 3. Paleomagnetic sample locations in relation to the past-
producing Sullivan, Estella and Kootenay King mines: A, Nivlac
(originally called Lussier north); B, Estella stock; C, East Wild
Horse stock; D, Saugum Canyon dike; E, Sully dike; F, Innis
Springs dike; G, Reade Lake stock; H, Bull River stock. Data from
MINFILE 082FNE052, 082GNWO008, 082GNW009 (BC Geological
Survey, 2013); Massey et al., 2005; GeoBase®, 2004; DataBC,
2008.
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East Kootenay Gravity Database (EKGDB), plus subse-
guent updating and dataacquisition for the EK GDB by pro-
ponent T. Sanders; and a recently commenced paleomag-
netic study by proponent P. Ransom. The 2013 paleomagnetic
samples will be analyzed in the newly established lab at
Okanagan College. Geoscience BC will consider for fund-
ing under the SEEK Project umbrellafuture project propos-
alsthat aimto add geoscienceinformation to the East Koot-
enays and promote economic activity and investment
related to mineral exploration in and around the Belt-
Purcell Basin by acquiring, compiling and adding value to
public- and private-sector mineral explorationinformation.
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Introduction

Recently, BC Oil and Gas Commission (BCOGC) released
areport titled Investigation of Observed Seismicity in the
Horn River Basin (BC Oil and Gas Commission, 2012).
The report noted that during the study period from April
2009 to December 2011, along with the routine microseis-
micity created by hydraulic fracturing (fraccing), 250 low
magnitude seismic eventsweretriggered by fluid injection
while fraccing. It was additionally noted that over 8000
high-volume hydraulic fracturing completions were con-
ducted since 2007 with no associated seismicity. None of
these events caused any injury, property damage or was
foundto poseany risk to public saf ety or theenvironment.

As aresult of the study, BCOGC recommended augment-
ing the existing Canadian National Seismograph Net-
work’s(CNSN) coveragein northeastern British Columbia
to better track the effects of completions/fluid injection and
induced seismicity. Enhancements to the seismograph net-
work would increasethe understanding of induced seismic-
ity and its relationship to oil and gas operations, such as
fraccing and injection of disposal fluids. Natural gaspolicy
makers and regulators, the natural gas industry, communi-
ties and First Nations have a common interest in learning
more about this issue to support the responsible devel op-
ment of BC's natural gas resources. The improvement to
this seismograph array network would increase the
understanding of the relationship between multistage
fraccing and induced seismicity.

In mid-2012, a consortium headed by Geoscience BC,
along with the Canadian Association of Petroleum Produc-
ers (CAPP), BCOGC and Natural Resources Canada
(NRCan), initiated aproject to add six seismograph stations
to complement the two pre-existing CNSN stations in
northeastern BC. The state-of-the-art stations were in-
stalled by late March 2013 and fully integrated into the
CNSN by August 2013.

Keywords: seismicity, unconventional gas, seismograph, fraccing

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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Background

The BCOGC report was commissioned in response to pub-
lic and regulatory concerns with respect to induced seis-
micity associated with hydrofracturing operations in the
Horn River Basin. The study looked at seismic events oc-
curring in the Horn River Basin between April 2009 and
December 2011, during which time 38 low-level seismic
events were recorded by the CNSN’s two stations near
Hudson’s Hope and Fort Nelson (Figure 1). These events
ranged in magnitude between 2.2 and 3.8 on the Richter
scale. Thelargest event wasrecorded on May 19, 2011, and
wasfelt onthesurface, although no damageor injurieswere
reported. The last seven events occurred during the period
between December 8 and December 13, 2011. Prior to
April 2009, the seismograph network had not detected any
seismicity in the Horn River Basin. The seismograph sta-
tions can only detect events as low as approximately
2.4 Richter; hence it was not possible to demonstrate
whether smaller level events occurred during this time pe-
riod. Seismiceventsintherangeof 0.5-2.0 Richter arevery
common and are termed micro-earthquakes whereas those
between 2.0-3.9 Richter are called minor earthquakes.
Those events within the lower end of the range (i.e.,
2.0 Richter) are rarely felt whereas those within the upper
range (i.e., 3.9 Richter) are often felt, but rarely cause
damage.

The CNSN had several technical limitationswhen used for
the study of induced seismicity (BC Oil and Gas Commis-
sion, 2012). The first shortcoming was due to the limited
station coverage, which resulted in a 5-10 km uncertainty
of the epicentre’ slocation while carrying an evenlarger un-
certainty of thefocal depth. Secondly, although the instru-
ment’s minimum magnitude detection is approximately
2.4 Richter, calibration with an oil and gas industry—
operated seismic array found that it had failed to detect 15
events of >2.4 Richter during a two-month period. There-
fore, itislikely that eventsinthe2.0-3.0 Richter rangehave
been historically under-reported.

Using CNSN'’s data, along with help from industry,

NRCan, the University of BC and the Alberta Geological
Survey (AGS), BCOGC noted thelow-level seismic events
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Figure 1. Location of Canadian National Seismic Network (CNSN) seismograph stations and anomalous induced
seismic events recorded between February 2000 and November 2011, northeastern British Columbia.

were centred on the Etsho and Tattoo areas of northeastern
BC (Figure 1). Additional densearray dataprovided by op-
erators conducting completion operations captured an ad-
ditional 212 anomalous seismic events(>2.0 Richter) inthe
greater Etsho area. The BCOGC's study concluded that
these events were synchronous with fraccing operations
and occurred at approximately the same depths as the frac
stages. Furthermore, it was surmised that the anomal ousin-
duced seismicity recorded over the period between April
2009 and December 2011 wastheresult of fault movement
due to fluid injection during hydraulic fracturing.

Inaddition, BCOGC stated that during the study period, the
low level seismic eventsdid not incur any property damage
or injuries, nor did these events pose any risk to public
safety or the environment.

Based on the study, BCOGC made seven recommendations

in their report, namely

e improve accuracy of CNSN with respect to induced
seismicity in northeastern BC;

e perform geotechnical assessments to identify pre-
existing faulting;

e establish proceduresand requirementsfor identification
of induced seismicity;
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e place ground motion sensors in selected northeastern
BC communities;

e BCOGC to study use of mobile dense arrays,

e require submission of microseismic reports; and

e study therelationship between fraccing and seismicity.

In response to BCOGC'sfirst recommendation, aresearch
consortium was created between Geoscience BC, CAPP,
BCOGC and NRCan to help improve the accuracy of the
CNSN. A memorandum of understanding (MOU) was
signed between the partnersin July 2012 with amandateto
collect, interpret and make public, the data collected from
theinstallation of six new seismograph stationsto comple-
ment the pre-existing CNSN network. The project has
$1 million in funding from 50/50 equity partners
Geoscience BC and CAPP (through Science Community
Environmental Knowledge Funding) with in-kind support
from BCOGC and NRCan. The project has a mandate to
monitor induced seismic activity for atotal of five years
(until June2017) with aninterimreview scheduled for June
2014 to assess the project’s performance.

Theproject ismanaged by joint steering and technical com-
mitteeslargely comprising representativesfrom each of the
partners. There are four membersfrom each of the partners

Geoscience BC Summary of Activities 2013
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in the steering committee, and itsroleisto oversee general
project direction and execution with respect to the MOU
and to provide financial guidance to the technical commit-
tee. A communication plan has been drafted by the steering
committee to aid in regular stakeholder communication
along with missivesthat may be necessary in responseto an
anomalous induced seismic event. At present, all events
registered by the network are published on the Earthquakes
Canada (NRCan) website (http://www.earthquakescanada.
nrcan.gc.calindex-eng.php).

Thetechnical committee’'s mandate isto oversee operation
and maintenance of the seismographs and review and ad-
vise on al technical aspects relating to the project. The
technical committee comprises seven individuals: three
from industry, one academia and three from government
agencies (NRCan, BCOGC and AGS). During the initial
installation and testing stages, both committeesare meeting
on aquarterly basis.

Summary of Activities

In early January 2013, the final locations of the stations
were approved by the technical committee. Their place-
ment allowsfor strategic coverage of theLiard, Horn River
and Cordova basins along with the Montney gas play.

The lead technical partner, NRCan, recommended the use
of the Nanometrics-made Trillium 120PH broadband seis-
mometer, as it is a state-of-the-art unit. The recommenda-
tion was based on technical criteria such as

e continuous data transmittal with minimal power con-
sumption (6 W or less, anecessary requisite given they
are solar powered);

e ability for placement in any kind of terrain, such asin
soil and/or gravel or directly on bedrock;

e hightilt tolerance (i.e., tolerant of the angle the holeis
drilled at);

e tolerance of very cold temperatures,

o excellent reliability, with a solid worldwide reputation;
and

o compatibility with CNSN.

Given the outlined points, adecision was made by the part-
nersto sole source the instruments and their installation to
Nanometrics Inc.

Installation of the seismometers began in February 2013
and was completed by mid-March 2013. At four of the six
locations, the seismographs were mounted on screw-piled,
5 by 5 m pads, set to adepth of approximately 10 m. These
sites typically used pre-existing well pads. The other two
seismographs were mounted directly on bedrock. All sta-
tionswent ‘live’ by the end of March (Figure 2) and were
fully incorporated into the CNSN by mid-August 2013.

Geoscience BC Report 2014-1

Figure 2. Installed seismograph near Fort Nelson, northeastern
British Columbia.

Datacollected by the stationsare sent viasatellite (acentral
site VSAT System) to NRCan's Pacific Geoscience Centre
in Sidney, BC, where the data are processed by an Apollo
server (a seismic-specific software package), which con-
verts it to CNSN-compatible format. The data stream is
then redirected to both the AGS and the Geol ogical Survey
of Canadawhereit is processed with datafrom the CNSN.
Routine analysis of seismic eventsisnot doneinreal time,
unlessthe seismic event is>4.0 Richter. Inthis case, analy-
seswould bereportedinreal time. Thereistypically aone-
to two-day delay between when the data arrives and when
the interpretation of the seismic event is posted. The inter-
preted seismic events are posted on the Earthquakes
Canada webpage.

Since the stations came online in late March, events have
been recorded in three general areas: Altares and Graham,
Fort St. John and Septimus, and Beg (Figure 3).

Between March 31 and November 8, 2013, the areaaround
Altares and Graham experienced 23 low magnitude events
(<2.5 Richter) whereas the area around Fort St. John and
Septimus recorded six events; one event measured on May
27 was interpreted as a 4.2 Richter event, and was felt on
surface in Fort St. John (11 km north of the epicentre). No
damage or injuries were reported. There were two subse-
guent aftershocks of 2.8 and 2.5 Richter on May 28 and
June 2, respectively. Subsequent work by NRCan has put
the focal depth of the original event at approximately 3 km
below surface. The Beg areahasnoted 10 events, all within
a5 km radius suggesting good epicentre resolution.

Additional Work

The network is continuously being reviewed by the techni-
cal partnersto ensurethat the best accuracy and precisionis
achieved. Theinitial five months of operation have demon-
strated epicentre accuracy that appearsto beinthe2—15km
range. Epicentre resolution, although inconsistent, has
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been steadily improving with additional calibration to in-
dustry, high density, microseismicarrays, andisnow gener-
ally estimated to be within 5 km. Epicentre resolution also
seemsto vary spatially acrosstheregion. Minimum magni-
tude resolution has been estimated to be 1.5-2.0 M (local
magnitude). Further technical work is necessary to opti-
mize and calibratethe systemfor it to reach its expected po-
tential. A technical plan is currently being devised to
further improve magnitude and epicentre resol ution.

The data collected by the network is currently being used
by BCOGC, not only for monitoring induced seismicity,
but also for the devel opment of protocols necessary for re-
sponsible hydrofracturing operations.

It isexpected that NRCan and BCOGC in conjunction with
the University of BC, among others, will publish studies
based on data collected from the consortium’s seismic
network.

At the end of thefive-year project, several outcomes could
ensue;

e termination of the project,

e additional funding for more monitoring,

e transferal of the stations to the CNSN or
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e decommissioning of the network.

Conclusion

The consortium’s regional seismograph network was in-
stalled mid-March and has been fully integrated into the
CNSN asof August 2013. Epicentre and magnitude resolu-
tion have been improved greatly since installation of the
network. Thetechnical committee will continueto look for
ways to optimize the network.

The network has noted low magnitude events concentrated
inthe Beg, Altaresand Graham, and Fort St. John and Sep-
timusareas. Thedatacollected by the network isbeing used
by BCOGC to develop the needed protocol sfor responsible
fraccing and fluid disposal operations. It is expected the
collected data will initiate future academic studies into
fraccing and fluid disposal induced seismicity.
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Introduction

TheLiard Basinin northeastern British Columbiaishighly
prospective for unconventional gas and oil development
(Figure 1). Stacked, regionally extensive, unconventional
reservoirs have great potential for long-term development,
which will eventually encompass large continuous areas.
Validation of this potential in northeastern BC occurred in
2012, when both Apache Corporation (Apache) and Para-
mount ResourcesL td. announced major shalegasdiscover-
iesin the Liard Basin (Macedo, 2012; Adams, 2013).

Industry has had great success in developing unconven-
tional reservoirs elsewhere in northeastern BC using hori-
zontal wells stimulated by multiple hydraulic fractures, or
frac jobs. Each frac requires large amounts of water, de-
pending upon the particular frac design. Stimulated reser-
voirseventually flow back much of thefrac fluid, contami-
nated by various chemicals used in the frac process and by
naturally occurring materials from the reservoir. Compa-
nies developing unconventional hydrocarbon resources
thusrequirewater sourcescapableof delivering largewater
volumes at high rates, and water disposal zones capabl e of
accepting comparable volumes and rates.

Although surfacewater or shallow aquifersmay besuitable
locally for source water, deeper aquifers with brackish or
salinewatersoffer optionsto avoid conflictswith other wa-
ter consumers and possible negative environmental im-
pacts. In addition, only deep subsurface aquifers are suit-
able for water disposal, to avoid contamination of potable
water supplies at surface or in shallow aquifers.

Petrel Robertson Consulting Ltd. (PRCL) has recently
completed a comprehensive six-month study of deep sub-
surface aquifersin the Liard Basin for Geoscience BC, in
support of systematic sourcing and disposal of frac waters
for unconventional hydrocarbon development.

Keywords: Liard Basin, shale gas, aquifer, Bovie fault zone,
Mattson Formation, Fantasque Formation, Rundle Group,
Dunvegan Formation, Chinkeh Formation

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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Figure 1. Liard Basin, northeastern British Columbia (from Ferri et
al., 2011).

Regional Setting

The Liard Basin is a structurally bounded segment of the
Western Canada Sedimentary Basin in northeastern BC,
and extendsinto the Northwest Territoriesand Yukon (Fig-
urel). It hostsarelatively undeformed sedimentary section
measuring several thousand metres thick (Figure 2). Mor-
row and Shinduke (2003) described the Liard Basin as a
late Paleozoic and Cretaceous depocentre bounded on the
east by the Bovie fault zone, along which several stages of
movement have occurred. Extensional faulting during the
Carboniferous and Early Cretaceous provided accommo-
dation space for abrupt westward thickening of the Upper
Carboniferous (Mattson Formation) and Cretaceous sec-
tions(Figure 2). Morrow and Shinduke (2003) al so noted at
least two episodes of contraction during the late Paleozoic
and thelatest Cretaceous L aramide orogeny, both of which
contributed to structural complexity and conventional hy-
drocarbon trapping opportunities in the Bovie fault zone.
Structural elevationsdrop 1000 m or morefrom east towest
across the highly complex Bovie fault zone, which cannot
be adequately characterized without detailed seismic
control (McLean and Morrow, 2004).
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Figure 2. Schematic west-east cross-section, Liard Basin, northeastern British Columbia (from Morrow and Shinduke,
2003; published with permission of the Canadian Society of Petroleum Geologists).

Study Methodology

Relevant well data were collected across aquifer intervals
from public and proprietary sources and supplemented
with regional geological mapping and information from
outcrop. Consistent regional correlations were created by
constructing agrid of regional stratigraphic cross-sections
tied to core and sample cuttings data; these formed the
foundation for picking a stratigraphic database focused on
potential aquifer intervals.

Regional grossisopach maps of each potential major aqui-
fer unit were produced, and net porous reservoir isopach
mapswere prepared where sufficient supporting datacould
be assembled. Hydrogeological characterization was un-
dertaken, drawing on awell test database comprising 256
tests from 157 well entities. Formation permeabilities and
reservoir pressures were interpreted from drillstem tests
screened for adequate data quality. Pressure-elevation
graphs were used to characterize regional aguifer systems.
Formation water samples from drillstem test recoveries
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were geochemically analyzed and the data summarized for
each regional aquifer unit.

Mattson Formation

Four aquifer intervals were investigated in detail: Missis-
sippian platform carbonate rocks (comprising the Rundle
Group, including the Debolt Formation; the younger
Fantasque Formation isincluded in this aquifer interval as
well), Mattson Formation sandstone, Lower Cretaceous
sandstone (Chinkeh and Scatter formations) and Upper
Cretaceous Dunvegan Formation sandstone and conglom-
erate (Figure 2).

Geological mapping in the Liard Basin is constrained by
scarce and irregularly distributed well control (see Figure
3). Regional stratigraphic cross-sections demonstrate that
major stratigraphic unitscan becarried acrossthebasin, but
that finer scale subdivisions are difficult to correlate be-
tween widely spaced wells. Abrupt thinning of the entire
section at the eastern margin of the basin near the Bovie

Geoscience BC Summary of Activities 2013
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Figure 3. Depth to formation map, Mattson Formation, northeastern British Columbia.

fault zone makes correlations challenging in that area, even
though well control is generally denser here.

Analysis of the Mattson Formation, the most prospective
aquifer interval, is summarized in this paper as arepresen-
tative example of the work completed. Conclusions for all
four investigated intervals are presented at the end of this

paper.
Regional Geology
Inthe Liard Basin, the top of the Mattson Formation lies at

depths varying from <500 m along the Bovie fault zone to
>3000 m near thebasin centre (Figure 3). Subsurface distri-
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bution in the west is complicated by structural elements,
and very scant well control in central and western areas
makes burial depth uncertain over most of the basin.

The Mattson Formation grades upward from marine shale
of the Golata Formation below, and is overlain unconform-
ably by the Fantasque Formation or Kindle Formation suc-
cession of younger rocks.

At its type section in Yukon, the Mattson Formation con-
sists of coarsening- and sandier-upward prodeltaic fine
clastic rocks, overlain by deltaic to fluvial and floodplain
strata. Richards et al. (1993) interpreted the Mattson For-
mation to have been deposited as fluvially dominated,
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wave- and tide-influenced deltas of lobate form. In the east
and north, thick braided-stream sandstone occurs
interbedded with finer grained and coaly deltaplain depos-
its. Southward, the Mattson Formation grades to a fully
deltaic section and in northeastern BC, passesinto prodelta
clastic rocks and equivalent basinal shale.

Figure 4, a gross isopach map of the Mattson Formation,
shows it to thicken abruptly westward from the eastern
isopach zero edge and into the Bovie fault zone. North-
westward, toward the deltaic depocentre in Yukon and
NWT, it thickensto >800 m. Southward and away from the
source area, it thinsto an apparent isopach zero edgein the
southern Liard Basin. Presence of the Mattson Formation

intwo wellsin NTS 094K /09 is rather problematic; these
sections are difficult to correlate, and may relate more to
time-equivalent Stoddart Group deposition to the south. If
thisisthe case, there may belittle Mattson Formation rock
south of NTS 0940/04 and N/O1.

Well control is not sufficient to break out clear subunits or
depositional trends within the Mattson Formation, but
clean, thick, reservoir-quality sandstone is common in
many wells. Mattson Formation sandstone is typicaly a
guartzarenite; minor framework componentsinclude chert,
phosphate and detrital carbonate grains. Silicais the pri-
mary cement, mostly in the form of quartz overgrowths.
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Figure 4. Gross isopach map, Mattson Formation, northeastern British Columbia.
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Reservoir Quality

Reservoir quality ranges from very poor in very fine
grained rocks and tightly cemented sandstone to excellent
in well-sorted quartz sandstone. Porosities locally exceed
20%, and permeabilities range into the hundreds of
millidarcies (mD). Porosity is primarily intergranular, aug-
mented by secondary solution of chert and carbonate
grains.

Sample cuttings from the eastern Liard Basin wells docu-
ment thicker, sand-dominated, variably cemented Mattson
Formation sections. To the west, samples indicate a much
poorer quality Mattson Formation reservoir. Natural frac-
turing was observed, particularly in more tightly cemented
intervals, and islikely related to tectonic activity along the
Bovie fault zone.

Reviewing drillstem test data and the porosity-permeabil -
ity crossplot from available core analysisdata (Figure 5), a
porosity of 10% (equivalent to about 3 mD permeability)
was selected as the net porous sandstone cutoff value. Net
porous sandstone values were calculated from all wells
with adequate logs, using a clean gamma-ray cutoff of
60 API unitsand the 10% porosity value on sandstone den-
sity logs. A net porous sandstone isopach map (Figure 6)
shows total thicknessesranging up to 18 m. The most con-
sistent porosity development is in the relatively shallow
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sections along the Bovie fault zone, although several wells
on the Beaver River structure and southward exhibit sub-
stantial porous sections as well. Wells in the central and
southern parts of the basin exhibit limited or no net porous
sandstone.

Hydrogeol ogy

Seventy-nine drillstem tests have been conducted in the
Mattson Formation in 41 wells, four of these straddling
other formations. Tests are focused along the Bovie fault
zone, where many Mattson Formation tests have been
drilled pursuing structural trap objectives. Twenty-one
valid water testsin 16 wellswereidentified, and relatively
high permeabilities are common.

The Mattson Formation produces gas from a number of
areally small, conventionally trapped, structural closures
associated with the Boviefault zone. Itisin hydraulic com-
munication with the Fantasque Formation and Rundle
Group. True formation water is found within a relatively
consistent range, from 12 497 to 34 095 mg/L.

Water Wells in the Liard Basin

Examination of existing water source and disposal/
injection wells can assist in assessing the characteristics of
deep saline aquifers. No water source wellsin deep saline
aquifers were identified in the Liard Basin.

1000

100

10

Permeability (Kmax, mD)

0.1

0.01 +

15% 20% 25% 30%
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Figure 5. Porosity-permeability crossplot from core analysis data, Mattson Formation, northeastern British Columbia. Abbreviation: mD,

millidarcies.
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Figure 6. Net porous sandstone isopach map, Mattson Formation, northeastern British Columbia.

Eight water disposal zonesin six wellswereidentified. In-
jection zones are Rundle Group (two zones), Mattson For-
mation (three zones), Fantasque and/or Mattson Formation
(two zones) and Sikanni Formation (one zone).

Analyzing water well performanceusing only injection sta-
tistics entails some uncertainty, as injection rates and vol-
umes arelikely controlled by volumes available and not by
the capacity of the zone being injected. However, the fol-
lowing observations can be made:

e Thick sand-rich Mattson Formation sections at Beaver
River Field are capabl e of accepting high water volumes
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and rates; these waters were probably produced from
gas wells with high water to gas ratios in the Beaver
River Field.

The Rundle Group can accept more modest water vol-
umesin the Boviefault zone areawith appropriate stim-
ulation. At least some of the water capacity appears re-
lated to matrix porosity development in dolomite.

The Sikanni Formation, although not addressed in this
study, has been used for water disposal by Apacheinthe
east-central part of the basin. It is speculated that
Apache needed this capacity to handle produced waters
from its new shale play wellsin the area.

Geoscience BC Summary of Activities 2013
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Summary and Conclusions

Conclusions regarding subsurface aquifer potentia in the

Liard Basin are tempered by the limited distribution of

wellbore data, particularly as many of thewellsin morere-

motepartsof thebasinweredrilled asexploratory tests sev-
eral decades ago.

e Mattson Formation sandstone offersvery good to excel-
lent water source and disposal zone potential in the
northern and northeastern portions of the Liard Basin.
Depth of burial isquite shallow in the Bovie fault zone,
but increases rapidly southward and westward. Waters
are modestly saline. Crossformational connectivity of
Mattson Formation tests with Rundle Group and
Fantasque Formation tests indicates potential for very
large aquifer volumes.

o Dunvegan Formation sandstone and conglomerate offer
very good to excellent water source potential in the
north-central part of the basin. Depth of burial is very
shallow, making water sourcing attractive but likely
precluding any water disposal potential.

¢ Rundle Group and Fantasque Formation rocks exhibit
moderate reservoir potential in somewellbores, but res-
ervoir quality appearsto be substantially poorer thanin
the Mattson Formation. Tighter, morebrittle rocksdom-
inate both sections—carbonate rocks in the Rundle
Group and siliceous sedimentary rocksin the Fantasque
Formation, with relatively isolated better reservoir in
dolomitized intervals, sandstone and fractured
intervals.

e Chinkeh Formation sandstone exhibits moderate to
poor aquifer potential. To the northeast, just east of the
Bovie fault zone, a thick basal Cretaceous sandstone
package on logs appears to have very good reservoir

Geoscience BC Report 2014-1

quality and water saturations. Combined with the sub-
stantial Mattson Formation potential, thisareamay have
the best subsurface water source and disposal potential
in the region.

e Scatter Formation sandstone exhibits poor aquifer po-
tential in Liard Basin.
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Introduction

Water availability playsapivotal roleinthedevelopment of
the Horn River Basin; however, the available hydrological
and climate information in the basin is very limited.
Geoscience BC and the Horn River Basin Producers Group
(HRBPG), the Fort Nelson First Nation and the Fort Liard
First Nation (Acho Dene Koe) al have a strong commit-
ment to effective water management in the area. In order to
meet this commitment, the Horn River Basin Water Project
wasinitiated in 2008 to study the deep, shallow and surface
water components. The deep and shallow water compo-
nents of the study are complete, and work on the surface
water aspect of the study is ongoing. The objectives of the
study are to 1) understand water quantity in the region,
2) determine water quality, 3) use alternate biomonitoring
methodology (benthic sampling) to evaluate environmen-
tal health, and 4) build First Nation capacity in water
management.

Aspart of Phasell of the project, athree-year program was
started in the late spring of 2011 to study the regional sur-
face water system. This program included the installation
of seven hydrometric stations and three climate stations to
help provide the baseline water quantity information
needed (Figure 1).

Thisyear provided thefirst full season of environmental in-
formation. Information collected from this project is now
available from the Geoscience BC website (http://
www.geosciencebc.com/s/HornRiverBasin.asp). Water
quality sampling was initiated this year with the benthic
sampling.

A new important component to the study was initiated this
year by the Cold Regions Research Centre (CRRC;

Keywords: hydrometric station, climate station, Horn River Basin,
slickwater, fraccing, stage-discharge curve, SDR, biomonitoring,
benthic sampling, snow pillow

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC
website: http://www.geosciencebc.com/s/DataReleases.asp.
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B. Quinton and J. Baltzer, Wilfred Laurier University;
E. Johnson, BC Ministry of Natural Gas Development;
M. Hayashi, University of Calgary). They will examinethe
water balancein areas of muskeg and discontinuous perma-
frost along with temporal variations in discontinuous
permafrost.

Background

The Horn River Basin covers an areaof 11 000 km?, much
of it covered in muskeg, and spans 42 major watershedsin
northeastern BC. It also has an estimated mean case of
448 tcf of gas-in-place ultimate potential reserves (BC
Ministry of Natural Gas Devel opment and National Energy
Board, 2010), making it one of the richest gas basins in
North America. Unconventional gas development in the
basin iswater intensive with an average well using upward
of 80 000 m® of water (Johnson, 2012) in slickwater com-
pletions (i.e., high volume of water with alow concentra-
tion of sand and friction reducers). In 2011, 133 wellsused
7 million m® of water from the basin for oil and gas activi-
ties.

The HRBPG recognized the need for awater management
plan that would enable sustainable and responsible devel-
opment of unconventional gasin the Horn River Basin. In
late 2008, the HRBPG, along with Geoscience BC, and the
BC Ministry of Natural Gas Development, initiated the
Horn River Basin Water Project, which would aid in re-
sponsible development of the gas resource. Phase |l of this
project isthe Horn River Basin Water Study, part of which
isthe study of the deep, shallow and surface water compo-
nents. The deep and shallow groundwater components of
the study have been finished, and currently, the research
consortium is on the second year of athree-year regional
surfacewater study, managed by K err Wood L eidal Associ-
atesLtd. (KWL), whichisfocusing on collecting datawith
respect to water quality and quantity. The Fort Nelson and
AchoDeneKoeFirst Nationspartnersare providing people
who are being trained as water monitors.

Additionally, in order to better understand surface-shallow
groundwater interactionin areasof muskeg and discontinu-
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monitoring, 2) water quality and bi-
ological monitoring, and 3) data
management and reporting. Al-
though not part of theenvironmental
monitoring network per se, the ac-
quisition of the scientific dataneces-
sary for the understanding of the
muskeg groundwater-surface water
interaction and itsimpact on thewa-
ter balancein areas of discontinuous
permafrost will be very important in
resolving the water balance
question.

094P11 |
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094P763
U94H14

Hydrometric and Climate
Monitoring Program

Seven hydrometric monitoring sites
were installed by afield team (sup-
ported by First Nation water moni-
toring trainees; Table 1) and were
placed in time to capture the spring
freshet of 2012—four of these sta-

Figure 1. Location of hydrometric and climate stations, Horn River Basin, northeastern British

Columbia. Abbreviations: OGC, BC Oil and Gas Commission.

ous permafrost, and to properly understand the water bal-
ance in these complex areas, an additional study has been
undertaken by CRRC. Research into this subject will not
only give abetter understanding as to water availability in
these regions but also provide important information with
respect to temporal variations in the discontinuous perma-
frost—critical information that is necessary when building
infrastructure in these areas.

Objectives of Surface Water Component

The primary objectives of the surface water component of

the Horn River Basin Water Study are

1) tocollect accurate water flow, water quality and climate
data, which will allow the characterization of baseline
conditions and provide better accuracy and reliability
for water use;

2) to train First Nations representatives in al aspects of
water monitoring;

3) to aid and support the sustainable planning and use of
water in unconventional gas development; and

4) to provide the necessary dataneeded for informed deci-
sions by the HRBPG and the BC Oil and Gas Commis-
sion.
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tions capture real-time data. The
dataisuploaded (viasatellite) every
six hours and transmitted to a pro-
prietary website housing a hydrometric program
(FlowWorks), which isowned and operated by KWL. This
data can be accessed and downloaded through the
Geoscience BC website (http://www.geosciencebc.com/s/
HornRiverBasin.asp).

The real-time stations consist of adatalogger fixed inside
an enclosure and placed afew metresfrom the stream bank
above flood level (stage). Stage (depth) data from the
streams are collected using pressure transducers encapsu-
lated within metal sleeves inserted into the stream bed/
bank. Discharge is not measured directly, thus stage-
dischargerelationships (SDR) are created by measuring in-
stantaneous discharge at different water levelsand relating
them to afixed staff gauge. The pressure transducer mea-
sures stage (water level) every 15 minutes. Discharge
(flow) isthenrel ated to the stage measurementsthrough the
SDR developed over time. This SDR isused to convert the
stage measurements recorded by the pressure transducer
into discharge valuesfor the creation of ahydrograph. The
discharge measurements collected under this baseline pro-
gram generally meet ‘ Class A’ hydrometric data standards
and are typically given an uncertainty value of +7%.

Geoscience BC Summary of Activities 2013
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Three climate stations were installed shortly after the hy-
drometric stationsin June 2012 (Table 1). All of theclimate
stations capture real-time data. Each climate station con-
sistsof adatalogger and transmitter with various sensors, a
5 m tower for the wind sensors, a telemetry antennaand a
3 mdiameter snow pillow, which liesadjacent to the station
collecting snowpack information (Figure 2). Each climate
station collects information on barometric pressure, dew
point temperature, precipitation, relative humidity, solar ra-
diation, snow-water equivalent, temperature (minimum
and maximum), wind speed and direction.

Water Quality Program

Five watersheds were chosen for the surface water pro-
gram: Dilly Creek, Kiwigana River, Sahtaneh River,
D’ Easum Creek and Stanolind Creek. The locations of the
water sampling sites correspond to the seven hydrometric
station sites. Each standard sampling trip consists of water
sampl e collection for laboratory analyses and recording of
field parameters such as temperature, dissolved oxygen,
pH, conductivity, salinity, total dissolved solidsand turbid-
ity. Analytical parameters for laboratory analyses include
general water chemistry, mgjor ions, nitrogen speciation,
metals (total and dissolved), volatile organic compounds
(benzene, toluene, ethylbenzene, xylene), and extractable
petroleum hydrocarbons (EPH). A standard quality
assurance—quality control program used trip blanks and
field blanks to ensure data quality. All sampling was con-
ducted using nitrile gloves to avoid contamination and
samples were shipped to the lab within 72 hours of
collection.

Benthic Program

The intent of the benthic biomonitoring program is to use
an alternate biomonitoring methodology (benthic sam-
pling) to evaluate environmental health.

A large set of reference site data comprising 30 or more
samplesfrom the Horn River region is being devel oped by
Environment Canada. Five benthic biomonitoring sites

Table 1. Name and UTM location for hydrometric and climate sta-

tions, Horn River Basin, northeastern British Columbia.

Site Station type  Easting™ Northing *
rEasum Creek (real tme) Hydrometre 484055 8625320
Delkpay Creak Hydrometric A96840 6524083
Dilky Creek {real time) Hydrometric 858226 [laraiists
Kiwigana River (real time; Hydrometnc 4912332 BHB7TEY
Kormie Creek Hydrometric 584187 6570824
Sahtaneh Creek (real tima) Hydrometrig 571884 8530452
Stanolind Creek Hydrometric 491929 5551504
Twr Island Lake [real time) Climatea H01981 BOH7E887
Kiwigana River {real time} Climate 494843 6567568
Sierra {real time) Climate 592552 86523137

T Zone 10
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were selected and sampled in 2011 for the dataset. These
were all candidate reference sites. A kick net method was
employed to collect the benthic invertebrates at each site.
Thekick net was placed on the bottom of acreek, and aper-
son kicked up rocks (for three minutes) in front of it so the
net captured alarge sample of benthic invertebrates float-
ing within the water. The invertebrates were collected in
sample bottles, preserved and sent to the lab for analyses.
Benthic invertebratesin the samples are being categorized
in the lab and reported into the database. In 2012, six sites
were selected and sampled, all of which were test sites.
Oncethe set of reference sitedataisfinalized, thenindivid-
ual test sites can be compared against the reference data to
determine if the water quality at the test site is impaired.

Initial Program Results

To date, seven open water measurements of discharge have
been collected from each hydrometric monitoring site—
excluding Dilly Creek, which has six open water measure-
ments of discharge. Generally, BC hydrometric standards
recommends a minimum of ten discharge measurements
well distributed through the range of flowsto develop arat-
ing curve. Therefore, the SDRs devel oped to date are con-
sidered preliminary. However, the manual measurements
of discharge collected to date are very well distributed and
thusthereisahigh degree of confidenceinthe SDRs. A rep-
resentative SDR and accompanying hydrograph from the
Kiwigana River station is shown in Figure 3. It is antici-
pated that by the end of 2013, ten or more manual readings
of dischargewill have been collected, enabling thefinaliza-
tion of the SDRs. It should also be noted that the recom-
mended upper limit of applicability for each SDRisamea-
sure of how far the curve can be confidently extrapolated
beyond the highest discharge measurement.

Figure 2. Photograph of Kiwigana River climate station, northeast-
ern British Columbia. The white object on the ground, to the right of
the climate station, is a snow pillow. Photo courtesy of B. Ortman,
Peace Country Technical Services Ltd.
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Figure 3. Preliminary stage-discharge curve for hydrometric station on Kiwigana River (northeastern British Columbia) with corresponding
hydrograph (produced by Kerr Wood Leidal Associates Ltd.). The stage-discharge curve has been estimated by the method of maximum
likelihood. In the rating curve equation, Q is the discharge and h is the gauge height.

Data collected from all the stations show very low base
flows after the 2012 freshet. Based on the limited hydro-
metric data record presented here, the ability to withdraw
water from the Horn River Basin streams is greatest, and
most predictable, during the spring freshet. The use of real -
time stationsto monitor stream-flow conditionsand thecli-
mate variables (precipitation and temperature, in particu-
lar) allow better prediction of possible limitations to near-
term water withdrawals.

Three official water quality sampling events have been
completed, and benthic sampling has also been initiated;
however, until alarger dataset i s collected comparisons be-
tween sites cannot be made.

Data from the climate stations indicate that warmest and
coldest recorded temperatures occurred at the Kiwigana
station (+33.1and—37.9°C). Precipitation datacollected by
the climate stations also corroborates the drought condi-
tions (50-70 mm over the summer months) seen from the
hydrometric stationsduring the summer of 2012. The use of
real-time climate stations, which allow monitoring of pre-
cipitation events, in conjunction with an enhanced under-
standing of surface-groundwater interflow may allow for
better water-use practices in the future.

Conclusion

As part of the Horn River Basin Water Project, the second
year of the three-year study of surface water is being com-

138

pleted. Coreto the study has been the installation of seven
hydrometric and three climate stations to help determine
baselinewater quantity. Additionally, water quality isbeing
studied through traditional water chemistry techniques and
less traditional biomonitoring programs. A separate study
has been initiated thisyear to increase the understanding of
surface-shallow groundwater interaction in areas of mus-
keg and discontinuous permafrost.
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