
Stratigraphic, structural and U-Pb geochronologic
investigation of Lower Paleozoic eugeoclinal strata in the

Kootenay Arc, NE Washington and SE British Columbia

Item Type text; Dissertation-Reproduction (electronic); maps

Authors Smith, Moira Tracey

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:00:27

Link to Item http://hdl.handle.net/10150/187553

http://hdl.handle.net/10150/187553


INFORMATION TO USERS 

The most advanced technology has been used to photograph and 

reproduce this manuscript from the microfilm master. UMI films the 

text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any 
type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleed through, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

U-M-I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 9111468 

Stratigraphic, structural and U-Pb geochronologic investigation 
of J.ower Paleozoic eugeoclinal strata in the Kootenay Arc, NE 
Washington and SE British Columbia 

Smith, Moira Tracey, Ph.D. 

The University of Arizona, 1990 

U·M·I 
300 N. Zeeb Rd 
Ann Arbor, MI 48106 





NOTE TO USERS 

THE ORIGINAL DOCUMENT RECEIVED BY V.M.I. CONTAINED PAGES WITH 

PHOTOGRAPHS WHICH MAY NOT REPRODUCE PROPERLY. 

THIS REPRODUCTION IS THE BEST AVAILABLE COPY. 





STRATIGRAPHIC, STm:C1tJRAL.AND U-PB ~C 

IN 'lBB I<rX7l'QlAY ARC. HE WASHDDIm AND SE 

BRITISH ootJ.JMBIA 

by 

Moira Tracey Smith 

A Dissertation SUbmitted to the Faculty of the 

DEPARlMENl' OF GEOSCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

OOCl'OR OF PHILOSOPHY 

In the Graduate College 

'mE UNIVERSI'IY OF ARIZONA 

1 9 9 ({7 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

2 

As members o~ the Final Examination Committee, we certify that we have read 

the dissertation prepared by ____ ~M~o~i~r~a~T~.~S~m~i~th~ ______________________ __ 

entitled STRATIGRAPHIC, STRUCTURAL, AND U-PB GEOCHRONOLOGIC INVESTIGATION 
---------------------------

OF LOWER PALEOZOIC EUGEOCLINAL STRATA IN THE KOOTENAY ARC, NE 

WASHINGTON AND SE BRITISH COLUMBIA 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

9/26/90 
Date 

9/26/90 

Date 

9/26/90 

Date 

9/26/90 

Date 

!dti?rt~£ ~R. Dickinson 

9/26/90 

Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

9/26/90 
Dissertation Director George E. Gehrels Date 



3 

grATEMEN!' BY AIJrfK)R 

This dissertation has been subnitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona 8.'1d is 
deposited in the University Library to be made available to borrowers 
under rules of the library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source is 
made. Requests for permission for extended quotation from or 
reproduction of this manuBcript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
When in his or her judgment the proposed use of the material is in the 
interests of scolarship. In all other instances, however, pennission 
must be obtained from the author. 



4 

Thanks gC) to my advisor, George Gehrels, who provided ideas, 
rronetary support, laboratory facilities and instuction, critical 
reviews, and supervision throughout every phase of the project. P. 
Coney, W.R. Dickinson, C. Chase, and R. Butler read and made 
suggestions for improvements on this dissertation, and added to my 
knowledge of various aspects of regional geology and tectonics 
through enlightening discussions. 

Funding was provided primarily through a grant fran the National 
Science Foundation (FAR-8715773 to G. Gehrels). Additional funds 
were provided by grants fran the Geological SOciety of America, Sigma 
Xi, Washington Division of GeolOffi' and Earth Resources, University of 
Arizona Graduate Student Development Fund, and standard Oil. This 
project would not have been possible without their generous support. 

Many individuals and organizations are thanked for field and 
la1:x>ratory support, including: the Washington State Division of 
Geology and Earth Resouces (conodont and. geochemical analyses, map 
cx::mpilation, etc. h Nancy Joseph, Wa. OOER, who ac.."CC1llp8l1ied me in the 
field on murerous occasions and provided access to much needed 
information; anployees of the Lake Roosevelt National Recreational 
Area, who provided me with a place to stay and. store rocks; Linda and 
Mike McColltun, who accanpmied me in the field and provided maps and 
information on the Roberts Mountains allochthon: Banks Upshaw, Erik 
Hansen, John Meuchler and Jennie Dechant, who provided field 
assistance and canpanionship: John Einarsen, for a place to stay (and 
shower); the Kaslo campground: Trygve Hoy and others at the B.C.D.M. 
who provided logistical support and great field excursions; and Bob 
Roback and the folks in Trout Lake, especially Ed Bushby, who 
enriched nw field experience in a variety of ways. 

Valuable discussions with the people listed above, and J .0. 
Wheeler, Jim Pyles, Gerry Ross, Tim Wallin.. Randy Parrish, Lauret 
Savoy, Jan Einarsen, Janes Sevigny, E. Mountjoy, Phil SinDny, Bob 
Roback, Bill McClelland, Jay Jackson, Chris Sucze'k, Dave Klepacki, 
and many nore individuals enriched the project and gave it new and 
scrnetimes unexpected directions. 

Throughout it all, I thank my parents, Jim and Connie Smith and 
Chris and reve Towne, and my families, for encouragement and 
E!ITOtional support. I also thank my friends in Tucson and elsewhere 
who provided canpanionship and colla1:x>ration in the pursuit of 
dangerous(?) recreational activities. 

--- -1 



5 

uS'!' OF n(;(J'RES. • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • .11 

uS'!' OF ~ •••••••••••••••••••••••••••••••••••••••••••••••••• 16 

~.o •••••••••••••••••••••••••••••••••••••••••••••••••••••• 17 

IN'I'JOX.JCI'ICItJ. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 19 

amP.l'ER 1: STRATIGRAPHY AND llB!ltNIC SIGNIFICAR:E OF 

la-mR PALFDZOIC cnn'.lNEN'I2\L Ml\R;IN STRATA (~ G1DJP) 

m~~. 

Stmtnary ••••••••••••••••••••••••••••••••••••••••••••••••••••• 24 

Introouction •••••••••••••••••••••••••••••••••••••••••••••••• 25 

Tl1.e Covada Group •••••••••••••••••••••••••••••••••••••••••••• 31 

Introouction and definition of included units •••••••••••• 3l 

Butcher Mountain Fonnation ••••••••••••••••••••••••••••••• 43 

.Da.isy FontlC1tion •••••••••••••••••••••••••••••••••••••••••• 43 

Bradeen asserIDlage •••••••••••••••••••••••••••••••••••••••••• 59 

IntrOOuction ••••••••• 41 ••••••••••••••••••••••••••••••••••• 59 

unit descriptions •••••••••••••••••••••••••••••••••••••••• 60' 

Regional distribution and age •••••••••••••••••••••••••••• 65 

Provenance and tectonic setting •••••••••••••••••••••••••• 67 

Correlations with other units in the Kootenay Arc ••••••••••• 68 

Echo Valley •••••••••••••••••••••••••••.••••••••••••••••••• 69 

Nortl1,lXlrt area ••••••••••••••••••••••••••••••••••••••••••• 72 

I..a.r'deau Group •••••••••••••••••••••••••••••••••••••••••••• 74 

Regional correlations and tectonic setting •••••••••••••••••• 75 



6 

SllITITlClrY. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 77 

Intr'oouction •••••••••••••••••••••••••••••••••••••••••••••••• 79 

Planar fabric elements •••••••••••••••••••••••••••••••••••••• 79 

Folds •••••••••• 0 •••••••••••••••••••••••••••••••••••••••••• a • -D80 

~lesoscopic folds ••••••••••••••••••••••••••••••••••••••••• 8e 

Meg'ascx:>pic folds ••••••••••••••••••••••••••••••••••••••••• 82 

Microscopic folds •••••••••••••••••••••••••••••••••••••••• 83 

other linear fabric elements ••••••••••••••••••••••••••••• 83 

Faults •••••••••••••••••••••••••••••••••••••••••••••••••••••• 83 

Faults within the Oovada Group and Bradeen assemblage •••• 84 

Faulted contact between the Bradeen assemblage and 
mie>geoc-linal strata •••••••••••••••••••••••••••••••••••••• 86 

Metarrorphism ••••••••..••••••.••••••••••••••••••••••••••••••• 87 

Regional ntetannrphism •••••••••••••••••••••••••••••••••••• 87 

Contact metanorphism ••••••••••••••••••••••••••••••••••••• 88 

Timing of de £Ormation and metannrphism ••••••••••••••••••• 89 

GIUJP EAST OF 'lKXlT lAKE, BRITISH <XlLUMBIA. 

S1.nl111a.rY". • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 91 

Intrcxiuction •••••••••••••••••••••••••••••••••••••••••••••••• 92 

Study area ••••••••••••••••••••••••••••••••••••••••••••• ' ••••• 96 

stratigraphy •••••••••••••••••••••••••••••••••••••••••••••••• 96 



7 

Index Far,mation ••••••••••••••••••••••••••••••••••••••••• 100 

Triune, Ajax, and Sharon Creek formations ••••••••••••••• 101 

JOIIett Formation •••• ' ••••••••••••••••••••••••••••••••• to' •• 1C?J3 

Broadview FOr.mation ••••••••••••••••••••••••••••••••••••• 104 

Intrusive units ••••••••••••••••••••••••••••••••••••••••• l~6 

Regional distribution of the r~deau Group ••••••••••••••••• 107 

Inferred stratigraphic sequence •••••••••••••••••••••••••••• 108 

Tectonic interpretation •••••••••••••••••••••••••••••••••••• 109 

Structural relations ••••••••••• o ••••••••••••••••••••••••••• 1ll 

Silvercup Ridge ••••••••••••••••••••••••••••••••••••••••• lll 

r.1ount Wagner Ridge •••••••••••••••••••••••••••••••••••••• 116 

Structures along and adjacent to the Badshot contact •••• lIS 

Structural s1.lll1l1C1rY •••••••••••••••••••••••••••••••••••••• 121 

Timing and regional significance of deformation •••••••••••• 122 

D1 •••••••••••••••••••••••••••••••••••••••••••••••••••••• 122 

D2 •••••••••••••••••••••••••••••••••••••••••••••••••••••• 125 

Post-D2 ••••••••••••••••••••••••••••••••••••••••••••••••• 127 

Displacement history of the Lardeau Group ••••••••••••••• 130 

COnclusions •••••••••••••••••••••••••••••••••••••••••••••••• 132 

ClJAPl'ER 4: I>E'l'RI'I2\L ZIRaN GEXXHIUIlUlGY OF UPPER PKtl'ER1lDIC 'ID 

IDWER PALEX>ZOIC aN.l'INENrAL MARGIN STRATA IN 'mE I<l'XJ.l'mAY ARC: 

IMPLICATI<ES FOR 'mE EARrN PALEDZOIC 'l'EX!'ICNIC ~ OF 'mE 

EAS'l"E:m CANADIAN CDRDIU.ERA. 

Slll1111arY. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 134 



In'troouction ••••••••••••••••••••••••••••••••••••••••••••••• 135 

Geologic setting ••••••••••••••••••••••••••••••••••••••••••• 139 

Nortllern I<ocrt:.enay Arc ••••••••••••••••••••••••••••••••••• 139 

Southern I<ocrt:.enay Arc ••••••••••••••••••••••••••••••••••• 143 

U-Pb de'trital zircon study ••••••••••••••••••••••••••••••••• l45 

Sample selection and preparation •••••••••••••••••••••••• l45 

zir~n rrorpholO9'Y ••••••••••••••••••••••••••••••••••••••• 147 

Selection of zircons for analysis ••••••••••••••••••••••• l48 

Analytical methods and results •••••••••••••••••••••••••• 149 

Discussion of results •••••••••••••••••••••••••••••••••••••• 159 

s~ and oonclusions •••••••••••••••••••••••••••••••••••• 167 

amP.I'ER 5: STRATIGRAPHIC OORRELM'ICE OF !£MER PALFDZOIC 

EIXIDXLINAL STRATA IN 'lBE ~ ARC, s:vmEl\ST BRITISH CDUJMBIA 

AND mRl'HE'AST WASJIliDlm, Wl'IH 'l1JE K>BERl'S KIJNTAINS ALUX:HlHE, 

~. 

S\Jl'TI1la.ry. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • .1 7 flJ 

IntroollCtion ••••••••••••••••••••••••••••••••••••••••••••••• 171 

stratigraphy .••••••••••••••••••••••••••••••••••••••.••••••• 175 

Roberts Mountains allochthon •••••••••••••••••••••••••••• l75 

Kc:x::>"t.anay Arc •••••••••••••••••••••••••••••••••••••••••••• 179 

Bcisal t geochesnistry' •••••••••••••••••••••••••••••• · •••••••••• 186 

Provenance ••••••••••••••••••••••• ft ••••••••••••••••••••••••• 188 

Point C'Ount data •••••••••••••••••••••••••••••••••••• ' •••• 188 

U-Pb detrital zircon geochronolO9'Y •••••••••••••••••••••• 190 

8 



Evidence of Devono-Mississippian tectonism ••••••••••••••••• 198 

Roberts Mountains allochthon •••••••••••••••••••••••••••• 198 

Kootenay Arc •••••••••••••••••••••••••••••••••••••••••••• 199 

Discussion and tectonic models ••••••••••••••••••••••••••••• 202 

Coarse clastic rocks •••••••••••••••••••••••••••••••••••• 203 

volcanic rocks •••••••••••••••••••••••••••••••••••••••••• 205 

Tectonic environment •••••••••••••••••••••••••••••••••••• 205 

The Antler Orogeny •••••••••••••••••••••••••••••••••••••• 206 

Comparison to adjacent areas ••••••••••••••••••••••••••••••• 208 

Idaho ................................................. Q .................................................. 208 

Adams I...ake ............................................................................................ 209 

Caril::xx> ~untains .............................................................................. 209 

Cbnclusions ................................................................................................ 210 

aJAPl'ER 6: 

PALEDZOIC E\1OUJTIOO' OF 'mE OORlHElti CANADIAN (DRDILLERAN 

MARGIN. 

St.mrna..ry.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. • • • • • • • • • • • • • • • • • • • • • • • • • 212 

Intr"oouction •••••••••••••••••••••••••••••••••••••••••••• ~ .213 

caril::xx> ~tains ••••••••••••••••••••••••••••••••••••••••• 215 

Selwyn basin and cassiar platDorm ••••••••••••••••••••••••• 218 

Northern Yukon and northeastern Alaska •••••••••••••••••••• 222 

Discussion of evidence fOr extension •••••••••••••••••••••• 224 

IDeal sediment sources ••••••••••••••••••••••••••••• ., ••• 225 

Lack of compressional structures ••••••••••••••••••••••• 226 

9 



10 

Alkalic volcanic rocks with rift chemistry ••••••••••••• 226 

widespread sedimentary-exhalative (Sedex) barite 
del,JC)si ts ••••••••••••••••••••••••••••••••••••••••••••••• 227 

Syndel,JC)sitional normal faults •••••••••••••••••••••••••• 228 

The case for mid-Paleozoic contractional orogeny in 
the northern OOrdillera ••••••••••••••••••••••••••••••••••• 229 

(~AOCOHPANY ~ 1 AND 2) .••••••.••••••••..•.••.••..••••••• 231 

_ .••.•.•.•••.••••.........• .•••••.•••.•..•.•••.•.•.•.• 248 

------- -- --I 



11 

LIS'I' OF FIGURES 

Figure 1.1 Simplified geologic map of the Kootenay 
Arc region, showing major tectonic elements •••••••••••••••••• 26 

Figure 1.2 Map of the Washington State p::>rtion of the 
Kootenay Arc, showing the extent of the covada Group 
and Bradeen assemblage, as well as correlative units 
in the Echo Valley and NDrtbp::>rt areas ••••••••••••••••••••••• 28 

Figure 1.3 Map of the area containing the type 
localities of the Daisy and Butcher Mountain 
fonnations .........................•................•........ 30 

Figure 1.4 Diagrammatic stratigraphic column of the 
Oovada Group and Bradeen assemblage •••••••••••••••••••••••••• 33 

Figure 1.5 Stratigraphic colurm of the measured section 
fran the type locality of the Butcher Mountain Fonnation ••••• 36 

Figure 1.6 Discrimination diagrams for mafic volcanic 
rocks in the Oovada Group. A: Zr vs. zr/Y plot ••••••••••••••• 42 
B: Ti-Zr-Y ternary diagram. 

Figure 1.7 Stratigraphic column representing the measured 
section fran the type locality of the Daisy Fonnation •••••••• 45 

Fi(jllre 1.8 Stratigraphic colUIm representing the measured 
section fran the Hunters reference locality of the Daisy 
Fbnnation .•.•.•••.•..•..•..•..•...••••••.•.•••••••.•..••••••• 49 

Figure 1.9 Qrn-F-Lt ternary diagram snowing Oovada Group 
and Bradeen assemblage data f~ this study, and field 
of Oovada Group data from B.L. Smith (1982) •••••••••••••••••• 54 

Figure 1.18 Photomicrograph of a typical Covada Group 
sl.lba.rkose • • • • • • • • • • • • • • • • • • • • • • • • •••••••••••••••••••••••••••• 56 

Figure 1.11 Photomicrograph of chert-quartz arenite fran 

----------



12 

the sandstone and siltstone unit in the Bradeen 
assemblage •.....•..•.•••••..••.•••••.•..••.•..••••..••..••••• 63 

Figure 1.12 Photanicrograph of mature quartz arenite 
fram the Bradeen assemblage •••••••••••••••••••••••••••••••••• 64 

Figure 1.13 Qrn-F-Lt ternary diagram showing roodal analyses 
fram many correlative units fran the Kootenay Arc region, 
plotted over fields for the Covada Gro~ and Bradeen 
assemblage ....••...•.•....••....••..•.••••..••.••••••.•.••... 70 

Figure 2.1 Stereonet plots of structural data for the 
COvada Group ••••••••••••••••••••••••••••••••••••••••••••••••• 81 

Figure 3.1 Simplified geologic map of the Kootenay Arc 
region, showing the major tectonic assemblages ••••••••••••••• 93 

Figure 3.2 Geologic map of the region east of Trout Lake ••••••••• 97 

Figure 3.3 Structural cross section of the Trout Lake 
study area •••••.••••••••••••••••••••••••••••••••••••••••••••• 98 

Figure 3.4 Diagrammatic stratigraphic columns of the 
Lardeau Group and related strata in northeastern 
Washington. 3A: conventional Lardeau Group stratigraphy, 
after Pyles and Eastwcod (1962). 3B: Inverted Lardeau 
Group stratigraphy. 3C: Covada Gro~ stratigraphy •••••••••••• 99 

Figure 3.5 Qrn-F-Lt diagram showing roodal analyses of 
Broadview and Ajax FOrmation sarnples •••••••••••••••••••••••• 105 

Figure 3.6 A. pi diagram of S2 fOliation attitudes in 
the sil vercup Ridge area. B. L2 Lineation directions 
in the Silvercup Ridge area (includes small fold axes, 
mineral, and stretching lineations). C. Pi diagram of 
S2 fOliation attitudes in the Wagner/Aldridge area. 
D. L2 orientations in the Wagner Ridge area. E. 
F3 orientations, Wagner Ridge area ••••••••••••••••••••••••• 112 

Figure 3.7 Photanicrograph of folded canpositional 

... ---------



13 

layering (S1) with axial planar cleavage (S2)' 
Broadview Far.mation ••••••••••••••••••••••••••••••••••••••••• 114 

Figure 3.8 Gross truncations of structural trends in the 
lower Index Fbnna.tion along the Badshot contact. View 
is to the southeast ••••••••••••••••••••••••••••••••••••••••• 119 

Figure 3.9 MilfOrd Group conglomerate, showing randomly 
oriented, fOliated clast derived fram the Broadview 
Fonna.tion ••••••••••••••••••••••••••••••••••••••••••••••••••• 123 

Figure 3.UJ Conoordia diagram of U-Pb isotopic analyses 
fram fOliated intrusive unit in the lower Index Fonna.tion ••• l29 

FiCjUre 4.1 Regional map of the Kootenay Arc region, showing 
major tectonic asseffiblages •••••••••••••••••••••••••••••••••• 136 

Figure 4.2 Diagramnatic stratigraphic columns of Upper 
Proterozoic to lower Paleozoic strata in the northern 
and sout:hern Kootenay Arc •••• 0 •••••••••••••••••••••••••••••• 140 

Figure 4.3 Simplified tectonic maps showing sample 
localities in the following units: (1) Broadview 
Fonna.tiom (2) Ajax Fbrmation; (3) Hamill Group,. 
(4) Horsethief Creek Group; (5) Covada Group •••••••••••••••• l46 

Figure 4.4 Concordia diagrams of detrital zircon (single 
and multi-grain) data ••••••••••••••••••••••••••••••••••••••• 155 

Figure 4.5 Plot of detrital zircon ages versus geologic 
un.i ts •.•.•.••••••••••••••••••••••••••••••••••••••••••••••••• 160 

Figure 4.6 Simplified map of Precambrian basement U-Pb 
age provinces in western North America.; •••••••••••••••••••• l63 

Figure 5.1 Simplified tectonic map of western North 
America, showing lower Paleozoic platform and 
miogeoclinal strata and lower Paleozoic transitional 
and eugeoclinal strata •••••••••••••••••••••••••••••••••••••• 172 

... _--------



Figure 5.2 Map of Nevada showing significant exposures 
of l~r Paleozoic eugeoclinal strata, the approximate 
extent of Antler foreland basin deposits, and the 

14 

approximate trace of the Roberts Mountains thrust ••••••••••• 174 

Figure 5.3 Diagrammatic stratigraphic columns for the 
RMA and Kootenay Arc. Dashed lines' show possible 
stratigraphic correlations •••••••••••••••••••••••••••••••••• 176 

Figure 5.4 Simplified geologic map of the Kootenay Arc, 
showing important tectonic assemblages •••••••••••••••••••••• 18l 

Figure 5.5 Compilation of geoChemical data for the RMA 
and Kootenay Arc on trace element discrimination 
diagrams. A: Zr versus Zr/Ti. B: Ti-Zr-Y ternary diagram ••• 187 

Figure 5.6 canpilation of nodal analyses for significant 
sandstone units in the Kootenay Ar.c und RMA .•••••••••••••••• 189 

Figure 5.7 Concordia diagrams of U-Pb analyses for the 
Valmy and Harmony for.mations •••••••••••••••••••••••••••••••• 196 

Figure 5.8 Diagrammatic stratigraphic columns comparing 
miogeoclinal strata in the Banff area with distal 
deposits of the Antler foreland basin ••••••••••••••••••••••• 200 

Figure 6.1 Map of the eastern Canadian Cordillera showing 
locations discussed in text ••••••••••••••••••••••••••••••••• 2l4 

Figure 6.2 Diagrammatic cross section illustrating 
stratigraphic relationships in the Guyet and Black 
Stuart nor.mations ••••••••••••••••••••••••••••••••••••••••••• 217 

Fi(jUl:'e 6.3 Regional extent of the Earn Group, with 450 
kIn of JIDVement on the Tintina Fault restored •••••••••••••••• 219 

Figure 6.4 Stratigraphic colunn for the Earn Group in the 
SUJ11Tli t Ia.ke area •••••••••••••••••••••••••••••••••••••••••••• 221 



15 

Plate 1 Geologic map of the Old Copper Hill - Butcher 
Mountain area, stevens County, washington •••••••••••••••• Pocket 

Plate 2 Geologic strip map of the Ninemile Creek -
Wil.Jront Creek - Hunters area, Ferry and 
Stevens counties, Washington ••••••••••••••••••••••••••••• Pocket 



16 

LIST OF IJ2\BLES 

Table 1.1 Geochemical data for covada Group greenstones •••••••••• 40 

Table 3.1 U-Pb isotopic data and apparent ages, felsic 
dike in the lower Index Fbrmation ••••••••••••••••••••••••••• 128 

Table 4.1 U-Pb (detrital zircon) isotopic data and 
apparent ages, Kootenay Arc ••••••••••••••••••••••••••••••••• 1Sl 

Table 5.1 U-Pb (detrital zircon) isotopic data and 
apparent ages, Roberts Mountains allochthon ••••••••••••••••• 193 



'ABSTRI\C1' 

The Kootenay Arc in northeastern Washington and southeastern 

British Colunbia is transitional between: (1) lower Paleozoic 

autochthonous miogeoclinal strata and Paleozoic to Mesozoic 

eugeoclinal terranes of uncertain paleogeographic affinity (e.g., 

the Quesnel terrane): and (2) areas where Devon<>-Mississippian 

tectonism was of a canpressional nature (Antler Orogeny in central 

Nevada), and areas in northern British Columbia and southern Yukon 

Territory where ooeval defonnation was evidently of an extensional 

nature. 
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The nature of these transitions was addressed by study of lower 

Paleozoic eugeoclinal strata canprising the portions of the Kootenay 

terrane, the most inboard of the terranes in the Canadian Cordillera, 

and it I S contact relations with miogeoclinal strata. Stratigraphic, 

structural, and U-Pb geodhronologic studies focussed primarily on 

portions of the Lardeau Group in the Trout Lake area in the northern 

Kootenay Arc and the Covada Group in the southern Kootenay Arc. 

As a result of these studies, the following concepts are 

proposed: (1) lower Paleozoic eugeoclinal strata can be correlated 

along the length of the Arc: (2) these strata are in fault contact 

with miogeoclinal strata along the length of'the Arc: (3) a 

contractional event of pre-Mississippian and perhaps Devon<>

Mississippian age is recorded in the Kootenay Arc: (4) despite 

faulted oontacts, the eugeoclinal strata are parautochthonous and 
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derived fran adjacent portions of North J.\merica7 and (5) structures 

and stratigraphy in the Kootenay Arc are broadly correlative with 

those in the Roberts Mountains allochthon in central Nevada. 

Two important tmplications of this study, requiring revisions to 

theories regarding the nore general problem of Cordilleran accr£:'tion 

are that: (1) through a series of stratigraphic linkages it can be 

derronstrated that the Quesnel terrane, a Mesozoic arc-related 

assemblage often regarded on the basis of faunal evidence to be 

"exotic", is parautochthonous7 and (2) the Antler Orogeny, often 

regarded as a localized disturbance, affected at least 1200 kIn of the 

Cordilleran margin, and perhaps the entire cordilleran margin. 
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The Kootenay Arc in northeastern Washington and southeastern 

British COluni:>ia ccmprises a westward-younging, roughly hc:rooclinal 

sequence of assemblages of continental margin, oceanic, and arc 

affinity, which record the fundamental transition between 

autochthonous passive margin strata of the Cordilleran miogeocline 

and outboard accretionary terranes of uncertain paleogeographic 

affinity. In addition, the Kootenay Arc is transitional between 

central Nevada, where DeVOno-Mississippian tectonic activity was 

canpressional in nature, and northern British Colurribia and southern 

Yukon Territory, where Devono-Mississippian tectonic activity, 

represented pr:i.rnarily by structural and stratigraphic relations in 

the Earn Group, is interpreted as extensional in nature. The primary 

objective of this. dissertation was to characterize the nature of 

these transitions by study of assemblages of lower Paleozoic 

eugeoclinal strata in the Kootenay Arc, which collectively make up 

the lrost inboard of the "accretionary" terranes (Kootenay terrane). 

This dissertation reflects three seasons of sumner field work. 

After thorough reconnaissance, the Trout r..ake area in the northern 

Kootenay Arc and two sites in the southern Kootenay Arc were chosen 

for mapping, geochanical sampling, and stratigraphic and structural 

study, to: (1) characterize the nature of the boundary between 

miogeoclinal and eugeoclinal strata: (2) search for evidence of mid

Paleozoic tectonism; and (3) characterize the tectonic setting of 

deposition of this strata. In addition, U-Pb detrital zircon 
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and eugeoclinal units, to determine provenance ages and draw 

oorrelations between eugeoclinal strata and basement and supracrustal 

rocks of North American affinity. Reconnaissance studies, including 

U-Pb analyses, were also carried out in the Roberts Mountains 

allochthon in Nevada, to assess the degree of oontinuity of rocks and 

structures along a larger area of the oontinental margin. 

Eugeoclinal strata in the Kootenay Arc canprise, fran south to 

north: (1) the Covada Group and Bradeen asseni:>lage: (2) various 

infonnally named t.ectonic assenblages in the central Kootenay Arc7 

and (3) the Lardeau Group. Work in the Covada Group has lead to 

important revisions in the stratigraphy and nanenclature of this 

unit, with wide-ranging implications with regard to the structure 

and stratigraphy of the Lardeau Group. The COvada Group is here 

divided into a lower unit of quartzo-feldspathic turbidites (Daisy 

Fonnation), and an upper unit of alkalic pillow basalt, tuff, and 

limestone of Early Ordovician age (Butcher Fontation). The Bradeen 

assemblage, fonnerly included in the Covada Group but here assigned 

to a separate unit, includes chert, argillite, quartz and chert

quartz arenite, phyllite, and greenstone of Middle Ordovician(?) to 

Devonian(?) age. The Lardeau Group ocmprises quartzofeldspathic 

sandstone, alkalic pillow basalt and tuff, cherty argillite, quartz 

arenite, phyllite, and limestone, and is lik~ly oorrelative with the 

Covada Group and Bradeen assemblage. This oorrelation iInplies that 

the stratigraphic sequence of the Lardeau Group, as traditionally 

defined, is instead inverted. 

Rocks in both the northern and southern Kootenay Arc are in 
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high-angle fault contact with miogeoclinal strata, the former along a 

broad zone of ductile shear, here t('Jt'1'l1Iad the "Lardeau shear zone", 

and the latter along a narrower zone of discrete anastomosing faults. 

Evidence for pre-Mississippian tectonism in the Kootenay Arc, while 

lacking along the important boundaries mentioned above, is present in 

the fom of foliated clasts of Lardeau Group lithologies in overlying 

Mississippian oonglCJT\erate of the Milford Group, and in the fom of 

an earlyoanpositional layering in the Lardeau Group not present in 

the overlying Milford Group. Evidence fran areas adjacent to the 

Kootenay Arc suggests that this event nay have taken place during 

Devono-mississippian time. 

U-Pb detrital zircon geochronologic studies were carried out on 

significant units in the Lardeau and Covada Group, and on two 

adjacent miogeoclinal units. Source areas of .7, 1.7-2.0, 2.1-2.3 

and 2.5-2.7 Ga are indicated by analysis of single zircons and small 

multi-grain fractions. These ages are consistent with derivation of 

all units fran adjacent portion of the Alberta craton and fran 

rocks exp:>sed in Tertiary extensional canplexes that now lie to the 

west of the Kootenay Arc. 

Reconnaissance studies, including field work and U-Pb 

geochronology, were also carried out in a ffM areas of the Roberts 

Mountains allochthon in central Nevada, to assess the degree of 

similarity between the two areas. On the basis of this study, it is 

concluded that the facies and structures preserved in the Kootenay 

Arc are broadly correlative with those in Nevada, and thus represent 

--------- - -~ 



a northward continuation of Antler-style facies and tectonics into 

the southern canadian Cordillera. Examination of evidence for 

DevonO-~fississippian defonnation in the northern Cordillera suggests 

that these structures may reflect local extension in a foreland basin 

setting adjacent to a contractional ~en. 

The nost wide-ranging implications of this study deal with the 

two transitions mentioned in the abstract and the first paragraph of 

this section. If the Kootenay Terrane is parautochthoncuo and not 

far-travelled in nature, stratigraphic linkages between it and the 

Quesnel terrane, established by Klepacki (1983), require that the 

Quesnel terrane be parautochthonous as well. Any "exotic" fragments 

in the Canadian Cordillera must thus lie outboard of this terrane. 

The results of thj.s study also indicate that the Devono-Hississippian 

Antler Orogeny extended at least as far north as the southern 

canadian Cordillera, and suggest that a reevaluation of evidence for 

the nature of Devono-Mississippian tectonism in areas to the north of 

the 'f"-oot.enay Arc may be in order. 

The dissertation is organized primarily as a series of 

manuscripts, corresponding to chapters 1, 3, 4, and 5. They are 

presented nore or less in the fonn in which they were suhnitted for 

review, thus there is necessarily sane redlmdancy, particularly in 

introductory passages, etc. The chapters are arranged as follows: 

(1) definition of units in the southern Kootenay Arc: (2) structural 

developnent of the southern Kootenay Arc: (3) stratigraphic and 

structural history of the northern Kootenay Arc: (4) U-Pb detrital 
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zircon geochronology of the Kootenay Arc,. (5) stratigraphic and 

structural oc:Itlplrison of rocks in the Kootenay Arc and Roberts 

Mountains allochthom and (6) desc:r.dption and tectonic :implications 

of Devono-l-!ississippian structural and stratigraphic elements in the 

northern Canadian Cordillera. 



aD\Pl'ER 1: 

STRATIGRAPHY AND TECl(JfiC SIGNIFI~ OF UlWER PAIa::>ZOIC 

CDJ'I'INmTAL MAlGIN STRATA (00\TAJll\ GIOJP) IN mRJ.HF.ASTJmN ~ 

smH\RY 
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IDwer Paleozoic eugeoclinal strata in the Kootenay Arc in 

northeastern Washington and southeastern British Columbia oamprise 

quartzo-feldspathic wacke and arenite, mafic volcanic rocks, 

limestone, chert, shale, phyllite, quartz arenite, lithic arenite, 

and chert pebble conglanerate. These rocks are transitional between 

autochthonous lower Paleozoic miogeoclinal strata and outboard arc 

terranes of uncertain paleogeographic affinity, and provide a record 

of lower Paleozoic continental margin depositional and tectonic 

processes oceanward of the continental shelf. The southernm:>st 

stratigrap11ic unit, called the Covada Group, is here described in 

detail and divided into two formations, the sedimentary Daisy 

Fbnnation, and the volcanic Butcher Hountain Formation. An 

additional unit, fonnerly included in the Covada group, is separated 

and infonna.lly named the Bradeen assemblage. The Daisy Formation 

comprises a progradational mid-fan sequence of arkosic and sUbarkosic 

wacke and arenite. The overlying Butcher Mountain Formation of Early 

Ordovician age canprises alkalic pillow basalt and tuff of within

plate affinity. The Bradeen assemblage is cauprised of chert, chert

quartz and quartz arenite, pebble conglanerate, shale, and basalt. 

----------- ----
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The Covada Group and Bradeen assemblage record: (l) deposition 

of continentally derived sediments in a subnarine fan setting; (2) 

relatively quiescent starved basin conditions; (3) local faulting; 

and (4) intennittent periods of alkalic volcanism, perhaps reflecting 

an extensional tectonic environment. The Covada Group and Bradeen 

assemblage can be correlated with other units in the Kootenay arc and 

with units as far north as the Sel~ Basin in northern Canada and as 

far south as the Roberts Mountains allochthon in central Nevada. 

INTR:>IX.JC.l'ICE 

The lower Paleozoic Covada Group is a diverse assemblage of 

quartzo-feldspathic wacke and arenite, mafic volcanic rock, 

limestone, and fine-grained clastic rock that underlies a large area 

along lake Roosevelt (Colunbia River) in northeastern Washington. It 

is present in the southern portion of the Kootenay Arc, a westward

younging, arcuate structural belt formed during the Jurassic and 

Early Cretaceous Colunbian orogeny (Fig. 1.1). The Kootenay Arc 

encompasses the fundamental transition from autochthonous Proterozoic 

- lower Paleozoic passive margin strata to outboard arc terranes of 

uncertain paleogeographic origin (e. g ., the Quesnel terrane). The 

COvada Group and related strata in southeastern British Colunbia (the 

Lardeau Group) are in a position transitional between these two 

tectonic provinces and thus provide a fairly unique opportunity to 

examine the lower Paleozoic record of tectonic events outboard of the 

miogeocline. 
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Fig. 1.1. Simplified geologic map of the Kootenay Arc region, 
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The Covada Group was named by Pardee (1918) for exposures of 

greywacke, greenstone, phyllite, limestone, quartzite, and chert on 

the COlville Indian Reservation (Fig. 1.2). He assigned it a 

Carboniferous age based on plant fossils reported fran near the 

Sil verleaf mine south of the town of Incheliwn. A recent search for 

these fossils or a written record of them has failed to turn up any 

evidence of their existence (Joseph, 1990a, in press). 
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Moderately large tracts of the Covada Group were mapped in the 

1960 I s by Campbell and Raup (1964) and Becraft (1966), the fonner 

extending the Covada Group to include exp::>sures in the Hunters area 

east of the COlumbia River. CaJt1!±lell and Raup (1964) interpreted the 

stratigraphic sequence to young westward, with chert and greenstone 

at the bott..an of the sequence giving way to greywacke higher in the 

section. This convention was followed by all subsequent 

investigators. Campbell and Raup (1964) also mapped a fault-bounded, 

fine-grained sequence ocmprising slate, siltite, and chert lying 

between the Covada Group (to the west) and miogeoclinal strata (to 

the east). This sequence, which also includes quartz arenite, chert

pebble oonglanerate, chert-quartz arenite, and pillow basalt" was 

included in the Covada Group by Snook and others (1981), Snook 

(1990), and B.L. Smith (1982). eovada Group wackes extend many tens 

of ki1aneters west of the C01unbia River and may be gradational 

eastward into a regionally extensive limestone unit present 

imnediately east of the Keller graben (Atwater and Rinehart, 1984). 

These same authors also included in the covada Group eXIX>sures of 

---------- - ----- -- -------- -- ---- -------- --- ------ -- -l 
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Fig. 1.2. Map of the washington State portion of the Kootenay 

Arc, showing the extent of the cavada Group and Bradeen asserrblage, 

as well as correlative units in the Echo Valley and Northport areas. 

Map is cx:mpiled fran a nunber of sources, including Atwater and 

Rinehart (1984), Joseph (1990a, in press), Mills (1985a and b), M. 

Smith (unpublished mapping), Yates (1964, 1970, 1976), and Snook, 

(1989) • 



quartz-rich wacke and phyllite mapped by Staatz (1964) west of the 

Republic graben. 
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Snook and others (1981, 1982) reported the first reliable fossil 

age for the Covada Group and were the first to oc:mnent on its 

tectonic setting and significance. The fossils were recovered fran a 

study area northeast of Daisy (Fig. 1.3) and include megafauna 

preserved in a tuff bed and conodonts recovered fran an adjacent 

limestone lens, both of Early Ordovician age. These ages are in part 

coeval with those of adjacent miogeoclinal strata (the Ledbetter 

Slate, which ranges fran Lower to Middle Ordovician in age). Snook 

and others (1981) noted that the fault which separates the two 

packages of similar ages and dissimilar facies must have had 

substantial offset, and postulated that it was most likely a 
Mesozoic (1) thrust fault akin to the Golconda thrust in Nevada. 

Our field, geochronologic, and stratigraphic studies in the 

Kootenay Arc suggest that the Covada Group may be correlative with 

the Lardeau Group in the northern Kootenay Arc, and units in the 

Roberts Mountains allochthon in Nevada (including the HCllTIOny and 

Va~ formations) (smith and Gehrels, 1988: 1989). 

The Covada Group has undergone less intense brittle deformation 

than strata in the Roberts Mountains allochthon, and less intense 

penetrative strain and metamorphism than the Lardeau Group. Thus, 

the better preservation of the Covada Group makes it an excellent 

choice for study to gain insights into the early Paleozoic .evolution 

of the ancient Cordilleran continental margin. Although studied by 

. _ .. - .... ---.-. -----------
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within them. The map also includes the area fl:an which IIDst of the 

descriptive material for the Bradeen assemblage was drawn. 
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scores of geologists over the years, a coherent picture of the 

stratigraphic sequence, age, depositional setting, tectonic 

significance, areal extent, and definition of included units has been 

slow to energe. This paper is a preliminary attempt to define the 

geographic, stratigraphic, and lithologic boundaries of the Covada 

Group and related strata, including the proposal of two new 

formations. It is hoped that this study will set the stage for 

further investigations of the Covada Gro~. 

'IHE CDVAJll\. GlUJP 

Introduct.i.al and Definit:i.al of Included Units 

This paper reflects napping during parts of three field seasons 

(1987-1989), and includes: (1) 1:24,000 napping of an approxinate1y 

90 square mile tract across the Covada Group at the latitude of 

Hunters (Fig. 1.2b (2) 1:12,000 mapping of 10 square miles of an 

area northeast of Daisy which includes the Snook and others (1981) 

fossil locality (Fig. 1. 3 ); and (3) numerous reconnaissance traverses 

throughout the Covada Group, including the Republic graben exposures 

and the reported Carboniferous fossil locality. In addition, rocks 

of similar nature, present in areas to the north of the Covada Group 

(Echo Valley, Flagstaff Mountain and Grass Mountain areas), were 

mapped in reconnaissance for canparison purposes. Laboratory 

analyses included petrography (including point counts), geochemistry, 

U-Pb detrital zircon geochronology (Chapter 4), and unsuccessful 

attempts at conodont recovery fran limestones. 

- ------ -- ---- ------ ------------
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On the basis of this and past efforts described above, the 

geographical extent of the Covada Group is outlined in Fig. 1.2. It 

is here defined to include only the (daninantly) greywacke and 

greenstone sequences. The fine-grained, chert-rich sequence included 

in the Covada Group by Snook and others (1981) is here excluded fran 

the COVada Group based on lithologic and preswned age differences, 

and is assigned the infonnal name Bradeen assemblage (Fig. 1.4). 

sane cx::currences fonnerly assigned to the Covada Group on the 

Colville Resarvation, including much of that mapped by Fullmer (1986) 

in the Twin Lakes area, are also included in the Bradeen assemblage. 

Additional exposures northeast of the town of Kettle Falls are here 

correlated with the Bradeen asserrblage and Covada Group and are 

discussed below. 

It is proposed that the Covada Group be divided into two 

fonnations: the Butcher Mountain Formation, canprising nostly rrafic 

volcanic rocks and limestone, and the Daisy Fonnation, canprising 

nostly quartzo-feldspathic wacke and arenite. In contrast to 

previous reports, careful mapping and examination of facing 

indicators in the type lcx::alities Dor these Donnations indicates that 

the volcanic unit is the younger of the two fonnations and that the 

package as a whole youngs eastward. The type localities for the 

Butcher Mountain and Daisy fonnations, as well as the locality fran 

which IlOst of the descriptive material for the definition of the 

Bradeen assemblage is taken, all cx::cur in an area napped at 1:12,00"· 

northeast of the town of Daisy (Fig. l. 3) • 

--.- ... __ ._-- I ---- ----- -- -l 
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Fig. 1.4. Diagrammatic stratigraphic column of the Covada Group and 

Bradeen assanblage, compiled primarily from mapping in the area 

illustrated in Fig. 1.3. 

---------_. --
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Rocks are evel:'ywhere metam:>rphosed to at least low 9l"eenschist 

facies, and in same locations to amphibolite facies, but retain most 

protolith features. Thus the modifier "meta" should be inserted 

before all lithologic types. 

But:cher MJuntain Fomat.:ia1 

Definitial. The nam:! Butcher Mountain Fonnation is applied to the 

sUbstantial thicknesses of mafic volcanic rock and limestone that 

occur primarily east of the Colunbia River. A single layer adjacent 

to the Bradeen assBlIDlage (which contains the type locality) can be 

traced continuously for most of the exp:>sed length of the COvada 

Group. other lenses occur within the Daisy Fonnation to the west of 

this one and may represent different stratigraphic horizons and/or 

the same horizon repeated by faulting or folding. The character of 

the volcanic rocks is similar in all cases, and thus the name is 

applied to all significant exposures. 

The type locality chosen includes the top of Butcher Mountain 

ridge (Fig. 1.3). The locality was chosen for adequate exp:>sure and 

proximity to the Ordovician fossil localities, as the horizons that 

contain the fossils can be traced along strike into the section. 

Rocks exp:!sed in this area strike north to northwest and dip 

noderately to steeply east. Township and Range coordinates are 

approximately the EI/2, NEI/4 of Section 3, and the Nl/2, NWl./4 and 

Wl/2, SN1/4 of Section 2, T33N, R37W. A 550-m-thick section was 

measured within this locality using tape and Jacob staff methods and 

- -- ----------------- -------_.------ .------------_ .. _--- ---
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is sunmarized in Fig. 1.5. The bottan of the fonnation is defined as 

the contact between clastic rocks and minor limestone and the first 

occurrence of volcanic rocks. The contact is frequently marked by a 

thin limestone lens at the top of the sedimentary sequence. The top 

of the fonnation in the type locality is defined as the contact 

between the volcanic rocks and overlying chert and siliceous 

argillite of the Bradeen assanblage. The upper contact is not 

exposed in the type locality due to heavy vegetative and surficial 

cover, however it is described as conformable 8 Jan to the south (B.L. 

Smith, 1982). Exposures of the Butcher Mountain Fonnation in other 

,localities to the west have covered contacts and occur primarily as 

fault slivers. 

Field Descript.i.a1. The Butcher Mountain F'onnation in the type 

locality consists primarily of coarse tuff, pillow basalt, massive 

f101.11S, and limestone. Tuffaceous rocks and tuff breccia predaninate 

in the lower 125 m of the section. These are nostly massively bedded 

lapilli or lapilli/block tuff layers with sparry calcite cement and 

notable lack of fine interstitial volcaniclastic material. Clasts 

are typically green, aphanitic, and very angular. Very coarse layers 

are crudely channelized. Finer grained ash and lapilli-ash layers 

(including the one containing the Ordovician megafossil locality) are 

fine to medium bedded. An additional fossil locality containing 

nolds of trilobites and brachiopods was found imnediately south of 

the first megafossil locality (Fig 1.3), by M.T. Smith and others, 
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Fig. 1.5. Stratigraphic column of the measured section from the ~ 

locality of the Butcher Mountain Formation • 

. _-_._------------ -.-.--. -- ._ ... __ .- ... _------_ ... _--- - .. -. 



and tentatively assigned an Early Ordovician (Arenigian) age by R. 

Ross, Jr. (ci ted in Joseph, 1990a, in press) • 
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The tuff is overlain by pillow basalt and pillow breccia, which 

is typically vesicular or amygdaloidal and aphanitic. Pillows 

typically have dark rims, lighter oores and sparry calcite inter

pillow fillings. They are not extensive or particularly well 

preserved in the type locality. Excellent exp:>sures are located 

immediately east of Highway 25, north of Hunters (Section 6, T30N, 

R37E) • 

Pillow basalts are overlain at m 140 (Fig. loS) by a limestone 

lens ranging fran 0-30 m thick. It is relatively featureless with 

weak platy layering, medium gray on weathered surface, light gray to 

tan on fresh surface, and tredium-grained. Along strike to the south 

it contains the Ordovician conodont locality (Snook and others, 

1981). This in turn is overlain by blue-gray, massive volcanic rock 

which is generally vesicle-free and ranges f~ aphanitic to pyroxene 

porphyritic. 

The massive volcanic section gives way at meter 200 to a unit 

comprising mostly tuffaceous rocks that are generally finer grained 

than volcaniclastic rocks lower in the section (ash, lapilli-ash and 

lapilli tuff). This in turn is overlain by a thick (48 m in the line 

of the section) limestone lens which is medium bedded, medium 

grained, and otherwise featureless. The upper portion of the section 

is poorly exp::>sed and consists mostly of fine-grained, foliated 

greenschist of unknown protoli th type. 
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An additional unit not present in the type locality, but present 

in the Hunters area to the south, is a curious unit CUig;:osed of 

irregular layers and lenses ("'I an thick) of intercalated calcareous 

and fine-grained volcanic material. Protolith type of this unit is 

uncertain. It is present as the highest unit in the section in the 

Hunters area. In the Gifford area, north of Hunters, tuff and minor 

flow rocks are interbedded with massive, lahar-like deposits, 

canprising large clasts of volcanic rock, limestone, and rare 

argillite in abundant muddy, poorly sorted matrix. 

Proportions of volcaniclastic versus volcanic roCk and limestone 

vary widely along strike in the Butcher Mountain Fonnation. In 

general, pillow basalt daninates the section in the Hunters area, 

grading to nore volcaniclastic rocks and limestone to the north. A 

rrore or less continuous lens of volcanic rock exposed on the west 

side of the Colunbia River contains nostly pillow basalt to the 

north, becaning thinner and nore tuffaceous in nature and pinching 

out altogether to the south (Plate 1). The high degree of 

heterogeneity and rapid facies changes within the Butcher Mountain 

Fonnation are probably controlled by the distribution of volcanic 

centers. 

Pet.J:ogr:apw. 'lbe Covada Group has everywhere undergone regional 

metaJrorphism to at least low greenschist facies7 this is reflected in 

the mineral assenblagea present in the greenstone. A typical basalt 

sample contains phenocrysts of pyroxene (titaniferous augite) and 

._--_._-- -- --.. --- - ... - .... _---------- .. --- -.-~ 
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minor hornblende, partially replaced by actinolite, and other 

phenocrysts totally replaced by serpentine, perhaps derived fran 

primary olivine. Rare plagioclase phenocrysts are albitized. The 

matrix is very fine grained and recrystallized, and oonsists 

daninantlyof albite, actinolite, chlorite, calcite, epidote, opaque 

minerals and quartz. Tuffaceous rocks in the type locality are of 

slightly more intermediate oamposition. Clasts typically oontain 

abundant snall albitized plagioclase laths, and pyroxene phenocrysts 

are relatively rare. Ash tuffs are very well preserved in sane 

localities, with clasts ccmprising angular devitrified glass shards, 

plagioclase laths and pumice fragments. Mineral oonstituents of 

tuffs include chlorite, calcite, albite, epidote, quartz, and opaque 

minerals. 

Geodtemi.stry. Eight samples were selected for major, minor, and 

. trace element geochemistry using XRF techniques (Table 1.1). The 

samples are from greenstones throughout the Oovada Group and include 

pillowed and massive basalt, a clast f~" a lapilli-block tuff 

(analysis n\llTi)er 7), and a pre-metarrorphic gabbroic intrusive rock 

(analysis mmber 2). Three (nunbers 6, 7, and 8) are fran the type 

locality (Fig. 1.3). 

Si02 values indicate that the rocks are indeed basaltic in 

canposition, except for the gabbro sample and one volcanic sample, 

Which are basaltic andesite in composition, and the clast ~le, 

which is closer to andesitic in canposition (57% Si02). More mobile 
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IJ2WLE 1.1: ~ OF CXJ\1A.M GREIHmIiIES 

SAMPLE 1 2 3 4 5 6 7 8 

MAJOR ELEM!NTS, NORMALIZED, WEIGHr % 

Si02 52.47 55.95 56.08 48.98 47.56 50.30 57.36 44.49 
Al203 17.88 14.68 13.91 13.61 12.34 15.46 16.04- 17.23 
TiOi 2.558 1.797 1.317 2.620 3.063 4.367 .949 4.380 
Feo 9.67 10.77 8.25 12.25 14.38 12.44 7.38 15.39 
Mn> 0.128 0.135 0.121 0.173 0.242 0.120 0.150 0.105 
cao 4.88 8.71 9.85 9.05 10.43 7.68 7.23 6.76 
MgO 5.52 5.75 5.99 9.17 7.55 5.45 5.51 8.05 
K20 1.26 0.88 0.03 1.02 0.96 0.70 1.83 0.64 
Na20 5.12 1.13 4.29 2.81 2.76 2.56 3.10 1.95 
P205 0.502 0.202 0.153 0.317 0.716 0.919 0.446 1.003 

TRACE ELEMEMrS, PPM 

Ni 51 40 260 184 126 25 54 90 
Cr 18 42 361 360 334 14 147 206 
Se 17 26 24 31 26 20 25 33 
V 189 188 140 287 240 281 176 302 
Ba 2804 446 55 787 500 311 936 478 
Rb 24 30 2 14 13 16 40 14 
Sr 538 156 293 256 463 246 673 184 
Zr 201 104 85 168 314 382 172 353 
Y 21 22 12 27 34 33 25 39 
Nb 61.2 18.7 12.1 31.6 105.3 150.3 20.3 178.4 
Ga 20 17 21 18 17 22 13 21 
cu 23 33 56 49 35 48 32 65 
Zn 89 86 73 101 121 127 87 132 
Pb 6 10 5 
Ia 83 46 101 
Ce 139 82 180 
Th 9 10 9 

* Total Fe expressed as FeO 

Major elements normalized an a volatile-free basis 

Analyses perfonned at the Washington State University XRF Laboratory 
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elements (K, Na, Sr, Rb, etc.) ShCM wide variations in concentration 

and probably do not reflect original abundances. Ti, Zr, Y and Nb 

are relatively .i.nm::>bile and have been used by Pearce and Cann (1973) 

to discriminate affinity and plate tectonic setting in altered 

greenstones such as those in the Cavada Group. An alkalic affinity 

for these rocks is suggest€..a(i by the following: (1) relatively high Ti 

values [fran 0.9% (for the andesitic sample) to 4.4%]~ (2) Nb/Y 

ratios which generally exceed 1 [0.8 (for the andesitic sample) to 

4.6] ~ and (3) high overall trace element abundances (Pearce and Cann, 

1973 ~ Pearce and Norry, 1979). Trace element discrimination diagrams 

fran Pearce and Cann (1973) and Pearce and Norry (1979) utilizing Ti, 

Zr, and Yabundances indicate a within-plate affinity for these 

rocks. A Zr versus zr/Y plot (Fig. 1.6A) clearly indicates a within

plate setting for these basalts. A Ti-Zr-Y ternary plot (Fig. 1.6B) 

is nore ambiguous, with sane samples falling outside any recognized 

field and others plotting in the low-K tholeiite field. Clearly, 

hc::1,.rever, geochemistry of the basalts is not consistent with arc 

origin, and they nost closely resEftble rocks of wi thin-plate 

affinity. 

Tect:a1ic Envi.I:aInent. Volcanic rocks in the Butcher Mountain 

Fonnation were erupted in a continental margin setting, proximal to a 

su1:marine fan. The presence of limestone in the section and large 

vesicles in sane pillCM basalts indicate that at least sane, if not 

all, of the section was extruded into relatively shallow water, 

---------- ---------- - ------ - ---- -------
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Fig. 1.6. Discrirninatioo diagrams for mafic volcanic rocks in the 

Covada Group. Nunbers correspond to analyses in Table 1.1. A: Zr 

vs. Zr/Y plot, fields fran Pearce and Norl:y (1979). B: Ti-Zr-Y 

temary diagram, fields fran Pearce and cam (1973). 
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perhaps in an outer shelf setting. Abundant coarse volcaniclastic 

rocks may represent either talus shed off fault scarps or primary 

aquagene tuffs. The latter interpretation is favored because: (1) 

the tuff is relatively well sorted and lacks non-volcanic material: 

(2) the tuff is of slightly different (nore intennediate) ClCIIIfOsition 

than the basalt, based on petrographic and geochemical 

considerations, and cannot therefore be derived fran it: and (3) much 

of the section lacks sedimentary structures. An exception is in the 

Gifford area, where volcaniclastic rocks include likely mud flow 

deposits. In light of the tectonic setting in which the rocks were 

extruded, they are likely floored by transitional continental crust 

or ocean floor. Geochemistry is consistent with a partial rift or 

otherwise extensional tectonic regime. 

Daisy FomBt.:i<n 

Definit..iaJ.. The name Daisy Fonnation is applied to the eXtensive 

exp:>sures of quartz-rich and quartzofeldspathic wacke and arenite and 

interbedded slate and phyllite that comprise the bulk of Oovada Group 

exposures. The type locality is designated as the west-facing slope 

of Butcher Mountain, including portions of the following sections 

(all T33N, R37E): Section 10: El/2 Section 9: Sl/2 Section 3: and 

SWl/4, SWl/4, SWl/4 Section 2. The type locality was chosen for: (1) 

proximity to rocks of known age: (2) the presence of a range of 

sediment types, including all those observed within the fonnation: 

(3) adequate exposure; and (4) relatively little obvious structural 

----------.. -.-.- .. -... -.-------... ---- --1 
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disruption. The name is derived fran the nearby township of Daisy. 

Due to the wide geographic extent and variations of facies within the 

formation, a reference locality canprising sanewhat finer-grained 

rocks was chosen near Hunters, and is discussed below. 

I believe the Daisy Formation to young eastward, based on 

examination of several dozen graded beds and rare cross-beds in the 

lower "'650 meters of the measured section (Fig. 1.7). No facing 

indicators were noted closer to the Butcher Mountain Formation 

cx>ntact. The top of the Daisy Formation is defined as the base of 

the Butcher Mountain Formation. While the contact is l'lOWhere 

exposed, it is interpreted as depositional in the type locality due 

to a lack of evidence for structural disruption, and by marker units 

in the upper Daisy Fonnation that are continuous over a distance of 

several kIn or nore. These include: (1) a thin limestone layer 

adjacent to the Butcher Mountain Formation contact~ (2) an abundance 

of green slate , indicative of volcanic input in the area adjacent to 

the contact~ and (3) an overall fining of the sedimentary sequence as 

the contact with the volcanic package is approached. The bottan of 

the formation is not exposed. The formation is nonotonous in 

character, structurally disrupted, and lacks significant marker beds, 

thus the stratigraphic order and total thickness are not known. 

Previous thickness estimates (e.g., Becraft, 1966) are on the order 

of 20,000 feet (6500 m) I although this may be an overestimation due 

to structural repetition. The measured section described below 

cx:::mprises roughly 1500 meters, and at least an additional 1000 meters 

- -- -.. --- --~ 
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fran the type locality of the Daisy Fol:ma.tioo. 
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of section lie :irrmediately to the west. 

Strat.i.grapb;y in "the Type IncaJj:ty. A section within this area was 

measured fran a north-trending road in the NWl/4, NEl/4 of section 10 

to the oontact with the Butcher Mountain Fonnation in the SWl/4, 

SWl/4, SWl/4 section 2 (Fig. 1.7: see Fig. 3 for location of 

section) • The bottan 690 m of the section cc::mprise rrostly thick

bedded coarse sandstone to granule oonglanerate (in keeping with 

local oon"ention, this rock type will be referred to as "grit" or 

"gritty sandstone" where granule-sized clasts are present). sane 

granules are ccmprised of '~lue quartz", a oonstituent of the 

adjacent Windermere Group of Late Proterozoic age. The beds are 

separated by thin partings or thin to meditml beds of fine sandstone, 

siltstone, or slate. Thick beds are generally massive, although the 

coarser beds are frequently nonnally graded, fran gritty sandstone to 

coarse or rooditml sandstone. The top ffM an of these beds are often 

reverse-graded, and thin pebble oonglaoerate lenses may rarely be 

present at these horizons. Cross beds and other sedimentary 

structures are extremely rare. Thicker beds (> 2 m) are lens shaped 

and are massive or canprised of amalgamated thick to rnediwn beds. 

Structure in the finer interbeds is lacking either due to a lack of 

primary structures or rrore likely to obliteration of features ~ 

metanorphic cleavage. The measured section may shOW' a bias tcMard 

coarser grain sizes, as poorly exposed and covered areas are 

generally underlain by finer-grained rocks. The section as described 
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is fairly continuous to 690 m, whereupon poorlyexp:>sed, interlayered 

fine-grained clastic rocks, limestone, and moritic to gabbroic sills 

are present in the section. This portion of the section starts at 

730 m after· a oovered interval of 40 m. Up to five limestone and 

shale intervals may be present in this upper unit. Limestone is 

typically thin to medium bedded, and interbedded with green and gray 

slate. Portions of a given limestone and slate interval may range 

fran 0 to 100% slate, and average 50%. Much of the large oovered 

interval on the maasured section is probably underlain by this unit, 

based on observation of outcrops along strike to the north. 

Thin sills of sheared dioriUc to gabbroic and rare ultramafic 

rock are associated with the Slate/limestone intervals. The rocks 

are pre-metamorphic in age and conceivably may represent feeder sills 

for the volcanic unit, or may be unrelated. 

The limestone and slate units are interlayered with channelized 

lenses of thick-bedded grit and gritty sandstone. The thickest 

bedded and coarsest rocks in the Daisy Formation may occur in this 

upper package at 1310-1325 m, apparently interbedded with the finer 

grained rocks. 

outcrops west of the measured section extend alm::>st to the 

Colurrbia River. This section ccmprises a nonotonous sequence of 

medium- to ooarse-grained, thick-bedded, greenish-weathering 

sandstone, with beds separated by thin partings to medium beds of 

siltstone and shale. A fining-upNard cycle within this package 

occurs northwest of Jennings Creek. 

---------- _ .. --



A gradual decrease in grain size and bed thickness occurs fran 

the Daisy area, where the coarsest rocks in the Covada Group are 

found, to the Hunters area, where gritty sandstone is ccmparatively 

rare. 
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HmIt:ers Reference looaUty. The Hunters reference locality was 

chosen to illustrate the character of the finer-grained and I1Dre 

thinly bedded rocks in the Covada Group (Fig. 1.8). While the 

section is only 103 m thick, this roadcut provides much fine detail 

not evident in nost lichen-covered, poorly exposed natural exposures. 

The Hunters section is located on the Hunters-Springdale road in the 

51/2, SEl/4, SWl/4 Section 4, T30N, R37E (Fig. 1.2). The measured 

section starts approximately 30 m fran the east end of the praninent 

roadcut on the south side of the road, at the first "clean" 

exposures. Tight folds are in evidence in this area; these are 

accounted for on the section. Small normal faults also cut the 

section and are· so noted. This section canprises nostly medium- to 

coarse-grained, medium- to thiCk-bedded, nonnally graded sandstone 

beds with thin to rneditml interbeds of laminated fine sandstone, 

siltstone, and shale. Portions of the section (e.g., 22-34 m) 

contain nostly thick-bedded coarse sandstone with fine partings, 

while others contain "'3-rn-thick sections of laminated to thin-bedded 

sandstone, siltstone and shale with occasional meditml beds of medium

grained sandstone. 

Graded beds are eamon, with thick, coarse sandstone fining, in 

... _ ... ---.. _-_ ... _--_ .. ---_. - .. -.. ._.- -------
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for section location). 
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the last several an, to fine wavy sandstone and siltstone to 

laminated shale. Rare small-scale cross-beds are present in the fine 

siltstone and sandstone layers. 

Regiooa1 Di.st.ri.butial am Nature of the Daisy FbmBt:kln. Gritty 

rocks are less ocmn:>n on the west side of the Colurrbia River" as 

shown by a mapping transect across the Covada Group at the latitude 

of Hunters (Figure 2). Daisy Fonnation eXfOsures near the CoIUlTbia 

River (west side) canprise thick-bedded, green to olive weathering, 

medium- to coarse-grained sandstone with slaty interbeds. The 

section becanes gray weathering with infrequent mediwn grit beds 

westward. Rocks on Gold Mountain Ridge are brown weathering and 

muddy in appearance, and are nore poorly sorted than those fran 

exposures to tile east. A section comprising approximately 300 m of 

mostly thin-bedded slate occurs along the Wilrront Creek Road in 

sections 31 and 36, T31N and R34E and R3SE. Gritty rocks becane nore 

oc::mron in the section again west of Gold Mountain Ridge, where 

exposures comprise mostly gold and gray mica sChist, apparently 

grading through fine-grained strata into a thick, regionally 

extensive sequence of limestone near the Keller graben. The latter 

mayor may not be part of the Covada Group - poor exposure hampers 

interpretations in this area. Daisy Fonnation exposures west of the 

Keller graben ccrnprise mostly biotite-grade roof pendants in 

Cretaceous and Tertiary plutonic rocks. More extensive exposures 

mapped by Staatz (1964) on the northwest side of the Republic graben 

._---- --- -1 
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(Fig. 1.2) canprise light gray-green weathering, quartz-rich, poorly 

sorted, medium- to coarse-grained (rarely gritty), thick-bedded 

sandstone, slate, and gritty phyllite. 

outcrops of probable Dai~ Formation are also present northeast 

of Kettle Falls, and oanprise IlOstly medium- to coarse-grained, 

greenish, thick-bedded quartz-rich sandstone with minor slate. Rare 

tuff beds are present throughout the Daisy Formation west of the 

Colunbia River. They are generally <30 an thick. 

Facies Analysis of the Daisy Formatial. The following discussion is 

based on Walker and Mutti's (1973) facies classification, starting 

with the coarsest rocks. 

No conglanerate with clasts larger than 2 an is found in the 

type locality; nest are granule sized. Granule conglanerate beds are 

generally 20 an to 2 m in thickness, lenticular in shape, massive or 

nonnally graded, and camonly amalgamated. sand:shale ratios greatly 

exceed 10: 1. These beds fit the A3 and A4 disorganized and organized 

pebbly mudstone categories of Walker and Mutti (1973). 

Facies B massive sand beds, characterized by medium- to coarse

grained sandstone (sane very coarse and gritty), lenticular beds to 2 

m in thickness and greater, and sand:shale ratios >10:1, with sane 

amalgamation of beds, are the IlOst camon exposed lithology in the 

type locality. Dish structures were not noted, such that the beds 

best fit Walker and Mutti' s (1973)" facies B2 (massive sand without 

dish structures). 
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Facies C, classic proximal turbidites, is Characterized ~ 

sand:shale ratios of approximately 5:1, medium to fine sand, silt, 

and mud, with laterally oontinuous beds 10 an to 1 m in thicJmess, 

and by the Bourra sequence AE. The finer-grained portions of the 

measured section in the type locality below the first limestone 

occurrence, nest of the rocks exposed west of the measured section to 

the Coltmbia River, and much of the strata in the reference locality 

best fit the description of facies C. Sand:silt ratios in these 

areas generally exceed 5: 1 and grain size may range to coarse 

grained, such that these rocks may also be transitional to facies B2. 

Facies D distal turbidites, facies E overbank deposits, and 

facies F olistostranal deposits were not noted within the measured 

section, perhaps due in part to poor exp::>sure of fine-grained strata. 

Interbedded shale and limestone, with interbedded lenses of thick

bedded grit and gritty sandstone, which characterizes the upper 

portion of the measured section, may be facies G hemipelagic deposits 

and A3 disorganized pebbly mudstones. 

The lower portion of the measured section is dcminated by facies 

B2, C, and minor A4. These facies are associated with a middle fan 

setting, either as mid-fan channel deposits or suprafan deposits. No 

consistent fining-upward or coarsening-upward cycles could be 

discerned, which may be indicative of deposition in braided suprafan 

channels. upsection, the association of coarse A3 amalgamated gritty 

mudstone and sandstone with facies G(1) is unusual and may be 

indicative of outer shelf or slope facies with incised channels. The 

--------_ ... _.. _. "'-"-' .. _ .. __ .... .-...... __ ._---
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finer grained nature and predaninance of Walker and Mutti's (1973) 

facies C proximal turbidites in the sequence underlying the measured 

section suggests a non-channelized mid-fan environment nore distal 

than that wi thin the measured section. 

OVerall, the section fran the COl\.llIDia River to the contact with 

the Butcher Mountain Fonnation within the type locality is sug;estive 

of a prograding sul:Inarine fan sequence. 

The Hunters reference section contains nestly facies C classic 

prox.unal turbidites (Bouma sequence ADE is carm:m), and facies B2 

massive (channelized) sandstone fran 23 to 34 m in the section. 

Facies not noted in the Daisy section but present in the Hunters 

section include facies D distal turbidites, oamprising thin to medium 

beds of fine sandstone, siltstone, and shale, represented by Bouma 

sequences BE or CDE. Medium-bedded medium-grained sandstone beds 

with wavy upper surfaces may be facies E overbank deposits. 

OVerall, the Hunters section represents a nore distal portion of 

a subnarine fan than does the Daisy section. Reconnaissance in areas 

between the two measured sections, characterized by gradual northward 

ooarsening of sediments, suggests that the two sections may be part 

of the same fan system. 

Pet.rograpty. Petrographic analysis of 4eJ thin sections, with point 

oounts of 12, provided data for this sumnary. Point count data is 

sumnarized in Fig. 1.9. 22 point counts of COvada Group lithologies 

by B.L. Smith (1982) are also plotted. 400 mn-matrix grains were 
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E) COY ADA GROUP 

I:] BRADEEN ASSEMBLAGE 

FIELD OF 22 COVADA 
GROUP SAMPLES COUNTED 
BY B.t. SMITH (1982) 

F~-------------------L--________________ -lLt 

Fig. 1.9. ()n-F-Lt ternary diagram ~ 0JYada Group and 

Bradeen assemblage data fran this study, and field of covada Group 

data fran B.L. Smith (1982). Fields fran Pettijohn and oth~s 

(1972). 



c:x>unted for each determination, following the methods of Dickinson 

(1970). Sandstones fran the Daisy Fonnation range fran poorly to 

rroderately poorly sorted, fran wacke to arenite (averaging 

approximately 15% matrix), and fran arkose to quartz arenite in 

OClllpOsition, averaging a subarkose (Fig. 1. 9) • 

Clasts range fran angular to subrounded (averaging subangular) 

and canprise (in approximate descending order of abundance) 

rronocrystalline quartz, albite, plagioclase, muscovite, ,POtassium 

feldspar, sedimentary lithic grains (chert and argillite), biotite, 

zircon, tounnaline, and rare metarrorphic and volcanic lithic grains 

(Figure 1.10). Granule-sized clasts are canprised either of 

ltDnocrystalline quartz, canp::>sites of several quartz and/or feldspar 

grains, or rarely albite. 
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Quartz grains are generally inclusion-free, range fran well 

rounded to angular, and canprise roughly 68 to 96% of the clasts. 

Albite is present as large, untwinned, inclusion-rich grains. 

Plagioclase is albitized, and occurs as small grains. Muscovite is 

abundant (up to 5%) in sane slides, and occurs as large grains, often 

bent around other grains. Orthoclase and rnicrocline are locally 

abundant (up to 25% of total feldspar) but lacking fran ltDst slides. 

Likewise, biotite is also present in sane but not ltDst slides. 

Lithic grains, primarily chert and argillite, are rare in ltDst slides 

(cx::mprising a feM percent) but locally abundant, i.e., in the 

reference locality, were rocks range to sublitharenite in 

ClCI11p::>sition. Accessory tounnaline is green and brOlm zoned, and 
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Fig. 1.10. Photanicrograph of a typical Covada Group subarkose. 

Field of view is approximately 3.2 x 2.2 mm. 
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accessory zircon is pink or purple and ranges fran round and abraded 

to nearly euhedral in habit. 

Matrix constituents reflect lOW' greenschist facies metanorphism 

and include fine-grained chlorite, muscovite, biotite (in relatively 

high-grade rocks), quartz, albite, sphene, calcite, and opaque 

minerals. It cxxnprises fran 5 to over 40% of an average section, 

averaging approximately 15%. True arenites are medium-to fine

grained, quartz-rich samples fran east of the Coluni:Jia River. The 

highest-matrix samples are gritty, feldspar rich, and generally fran 

localities west of the Colurribia River. High matrix values in part 

reflect a high degree of recrystallization of rocks in same 

localities, particularly west of the Columbia River. 

ProYenance. The overall clast composition and textural immaturity 

of Covada Group sedimentary rocks indicate that the sediments are 

dominantly first cycle and derived from a nearby high-grade gneissic 

or plutonic source terrane of quartzo-feld~thic composition. 

Alternatively, it is conceivable that the sediments are recycled fran 

the Late Proterozoic Windermere Group, which contains sediments of 

nearly identical texture and rn::xlal composition. Derivation may be 

frem both, as detrital grains (particularly quartz and zircon) 

exhibit variable degrees of rounding, reflecting different transport 

histories. 

Preliminary U-Pb geochronology on single grains and small 

fractions of morphologically sirndlar detrital zircons fran the Covada 
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Group (Chapter 4) has yielded 207 Pb/206pb ages of between 1.7 and 2.3 

Ga and 2.5 Ga. This range of ages is consistent with data obtained 

fran basement cores fran southern Alberta, fran the Windermere Group, 

and fran orthogneiss in the Mcxlashee Canp1ex (Parrish and others, 

19891 Ross and Bowering, 1989). 
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Introduct.ial. 

The Bradeen assemblage oamprises a diverse assemblage of fine

grained clastic strata, chert pebble conglanerate, pillow basalt, 

limestone-clast breccia, chert, siliceous argillite, and quartz 

arenite. The section varies widely in oanposition along strike due 

to rapid facies changes and tectonic thinning of the unit. All of 

the elements listed above are present in the Old Copper Hill area 

.inmediate1y northeast of the Butcher Mountain Formation type locality 

(Fig. 1.3, including sections 25 and 36, T34N, R37E), and the 

fbI lowing descriptions primarily reflect field occurrences in this 

area. The name is derived fran Bradeen Hill, a feature 8 kIn south of 

the present study area, where the unit was described in detail by 

B.L. Smith (1982). The stratigraphic order of the units is sanewhat 

uncertain (Fig. 1.4). Detailed mapping indicates that the assemblage 

depositionallyoverlies the Butcher Mountain Formation, thus 

siliceous argillite oamprises the lowest member. Limestone clast 

breccia fbnms a horizon above the first siliceous argillite 

~currence. The assemblage is cut by an east-dipping low-angle fault 

that places chert pebble conglanerate over these and other units. . 

Rare facing indicators (grading in fine sandstone beds) suggest that 

strata east of the fault young westward. Thus, the chert pebble 

cong1cxnerate may be structurally and perhaps depositionally the 

highest unit in the assemblage exposed in the map area in Figure ~.3. 
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All other units appear to be depositionallyand/or structurally 

interleaved. The lithologic elements that cx:mprise the Bradeen 

asserrblage are described below in approximate ascending stratigraphic 

order. 

Unit Descr.iptials 

Siliceous AJ:9illite and 01ert. The basal unit that overlies the 

Butcher Mountain Formation cxrnprises > l~0 m of gray to black chert 

and siliceous argillite. The unit as mapped also oontains slaty 

lenses. Chert and argillite are typically fine to medium bedded with 

slaty partings, and rarely massive. The unit is thennally 

lretanorphosed to a light gray oolor on the east end of Old Copper 

Hill. Petrographit:ally, the argillite canprises strained quartz, 

White mica, and black opaque material. Radiolarian ghosts are CCIIITOn 

in the nore siliceous and better preserved layers. Chert and 

siliceous argillite are present throughout the assemblage up to the 

chert pebble conglanerate horizon, either as interbedded lenses or 

perhaps as fault slivers (poor exposure precludes differentiation 

between the two alternatives). 

Mafic Volcanic lb::k. Associated with the chert and argillite unit 

on both sides of the low-angle fault are lenses of pillow basalt, 

essentially indistinguishable in appearance fran those in the Butcher 

Mountain Formation. The largest lens in the map area is 

approximately 2~ m thick, but the pillow basalt thickens along strike 

-----------------------------
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to ~ise approximately 30% of the total Bradeen assemblage section 

approximately 3 kIn to the north. Contacts are covered. 

Limesta:ae Clast Breccia. OVerlying the siliceous argillite unit 

west of the l~angle fault is a distinctive unit ~ising flat or 

elongate limestone clasts floating in a phyllitic or argillaceous 

matrix. This unit is well preserved imnedi.ately east of the crest of 

Butcher Mountain, where limestone clasts are well bedded, "'1 an thick 

and 5-10 an in length. Nearby outcrops consist of calc-silicate 

hornfels consisting of alternating l-~thick beds of argillite and 

limestone. Thus the limestone clasts are likely intrafonnationally 

derived fran an originally bedded sequence. This unit is not present 

in the nap area east of the chert-pebble conglanerate contact. 

Sandst:ale am Siltsta!e. OVerlying and interlayered with the chert 

and argillite unit are fine- to medium-grained sandstone, siltstone 

and slate. The sandstone and siltstone are laminated to thin or 

medilDll bedded, with medium- to coarse-grained, thick-bedded sandstone 

occurring in a band across 3569T and 3558T. Thin beds are 

occasionally graded with tops to the west, indicating that the 

section is in part overturned. The sandstones are rooderately well

sorted chert-quartz arenites in oanposition, based on point counts of 

six samples (Fig. 1. 9), ccmprising 45-80% nnnocrystalline quartz, 19-

54% lithic clasts, dominantly siliceous argillite and Chert (with 

locally abundant clasts ccmposed entirely of chlorite, which nay be 
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volcanic in origin), and 2% feldspar. Quartz grains range fran 

subangular to well rounded (Fig. 1.11). The sandstone is 

petrographically indistinguishable fran sarXlstone that !anna the 

matrix of much of the chert pebble conglanerate: a feM medium beds of 

chert pebble conglanerate are present in the coarser horizoos of this 

unit. 

Quartz Arenite. Within the coarse-grained portion of the sandstone 

unit described above are several thick beds of gray quartz arenite. 

The largest of these is up to 5 m thick and is mapped as a separate 

unit. The quartz arenite is medium to dark grey , massive in 

character, and extensively quartz veined. Well-rounded quartz grains 

canprise "'99.98% of clasts, with rare tounnaline and zircon grains 

comprising the rest. Quartz grains ShCM a bi.Jroda.l size distribution, 

with "'2117% larger clasts. Matrix is a black opaque material 

canprising approximately 5% of total points counted (Fig. 1.12). 

Chert Pe1:i>le catglaoerate. The sandstone and siltstone unit is 

gradational over several meters into the chert pebble oonglanerate 

unit. This unit consists in large part of massively-bedded, matrix

supported pebble conglanerate. Chert and siliceous argillite 

cx:mprise up to 95% of the total clast population, with vein quartz, 

quartzo-feldspathic sandstone, quartz arenite, siltstone, shale and 

rare volcanic clasts canprising the rest. Clasts are subangular to 

subrounded, and reside in a matrix of lithic arenite identical in 



Fig. 1.11. Photanicrograph of chert-quartz arenite fran the 

sandstone and siltstone unit in the Bradeen assemblage. Field of 

view is approximately 3.2 x 2.2 mn. 
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Fig. 1.12. Photanicrograph of mature quartz arenite fran the 

Bradeen asserrblage. Field of view is approxina.tely 3.2 x 2.2 nm. 

64 
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appearance to that in the sandstone and siltstone unit. Sandstone 

matrix ranges fran 15% to over 90%. The chert pebble conglanerate 

unit is remarkably devoid of sedimentary structures except for a feR 

meters of strata adjacent to the sandstone and siltstone unit 

contact, which are relatively fine grained and exhibit mediwn to 

thick bedding. 

Regiooal Di.stributi.<X1 am 1\ge 

The Bradeen assemblage exhibits considerable heterogeneity along 

strike, due to rapid facies changes and tectonic thinning. Exposures 

a few kIn to the north of the study area consist a.l.most entirely of 

pillow basalt, chert and siliceous argillite, and chert-pebble 

conglanerate. The conglanerate unit thins abruptly south of the map 

area, to a layer approximately 10 m thick on Bradeen Hill, where it 

is present between chert and sandstone units (B.L. Smith, 1982). It 

is <1 m thick and/or absent in ITOst localities to the south. The 

quartz arenite unit is over 50 m thick in the Bradeen Hill area (B.L. 

Smith, 1982), but thins southward and northward. The entire section 

in the Hunters area consists only of Chert and siliceous argillite 

and slate with a few medium interbeds of chert pebble conglanerate 

locally present. However, sane of this apparent facies Change may be 

due to tectonic thinning, as the Bradeen assenblage is reduced to 

less than 30 m of brecciated chert in sane localities, and is absent 

in others. 

The Bradeen assenblage probably underlies portions of the Twin 

- - -------------- -------------. _._.-_.' ._------------
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Lakes area west of the ColUllbia River mapped by Fullmer (1986) as 

Covada Group. In the Twin Lakes area, the Daisy Formation is 

overlain by a sequence consisting of 200-300 In (or less) of quartz 

arenite, 120-200 m of calc-silicate hornfels (limestone clast 

breccia?), 300-500 m of greenstone, and variable annunts of slate and 

phyllite (700-l000 m), same of the latter containing fine sandstone 

and siltstone (Fullmer, 1986). 

The Bradeen assemblage may also underlie the west bank of the 

Columbia River at the latitude of Hunters, Where a unit of sheared 

phyllite with thin lenses and interbeds of limestone, chert, 

greenstone, and dark gray quartz arenite underlies a thin greenstone 

unit (Butcher Mountain Fonnation) and sandstone of the Daisy 

Fonnation. This unit continues nortllward until it is pinched out 

along a fault. 

The age of this unit is not known, but it may be Ordovician to 

Devonian or perhaps f\lississippian in age. It is probably post-Early 

Ordovician in age, as it appears to depositionally overlie the 

Butcher Mountain Fonnation of kna.m Early Ordovician age, and 

quartzo-feldspathic sandstone clasts in the Chert pebble conglomerate 

unit are identical to Daisy Fonnation lithologies and are likely 

derived fran it. A Devonian age is suggested for part of the section 

by canparison with a similar assemblage of (in part) kna.m Devonian 

age in the ECho Valley area north and east of Kettle Falls (Fig. 

1.2). A section mapped by Greenman and others (1977) overlying 

miogeoclinal strata in the Metaline area 25 kIn east of Northport 

- -------_._------------



incl udes chert-quartz pebble and granule conglanerate and sandstone 

of Late Silurian age, which may possibly be correlati.ve with the 

chert pebble conglanerate and chert-quartz arenite units in the 

Bradeen assemblage. 

PJ:ovenanoe am Tectalic Setting. 

Chert and siliceous argillite, sane with radiolarian ghosts, 

\'Jere likely deposited in a relatively quiescent, deep water 

environment with very low sediment input. overlying limestone clast 

breccia may be indicative of shallower water conditions and perhaps 

large-scale slumping within an originally bedded argillite and 

limestone sequence. The rhythmic nature of the latter is consistent 

with deposition by turbidites. 
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pillow basalt lenses within the section are similar in nature to 

the Butcher Mountain Fonnation, and may represent a continuation of 

the pattern of intennittent alkalic volcanism established in the 

Lower Ordovician rocks. 

The sandstone and siltstone lenses include thin massive, 

laminated and graded beds, with sand: shale ratios of 1: 1 or greater, 

consistent with Walker and Mutti' s (1973) facies D distal turbidite 

classification. Shale intervals are perhaps facies G hemipelagic 

rocks. The coarsest portion of the sandstone and shale unit at 3569T 

contains medium to thick beds of medium- to ooarse-grained, massively 

bedded sandstone, with sand: shale ratios of 5: 1 or greater, 

corresponding to facies C proximal turbidites. The coarser sediments 
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are of limited extent, and not present south of Bradeen Hill. Two 

sediment sources are suggested by the point count data (Fig. 1.9). 

Chert and argillite clasts are IOOstlyof intraformational origin, 

whereas the quartz arenite (and rounded quartz grains within the 

chert-quartz arenite unit) are derived from a polycyclic source such 

as quartz-rich cambrian or Ordovician strata of the western North 

American platfonn or miogeocline. 

The chert pebble conglanerate unit, canprised primarily of chert 

and argillite, vein quartz, and quartzofeldspathic sandstone is ITDst 

likely derived from the underlying units in the Bradeen assemblage 

and fran the Covada Group. The presence of a large, coarse, and 

geographically restricted unit of this nature suggests derivation 

fran nearby fault scarps, and accumulation in a basin that may be in 

part tectonically controlled. 

OORRELATICE OF UNITS wrm: OJJIERS m '!HE I<DC:7l'Um.Y ARC 

The Covada Group and Bradeen asseniblage have not been formally 

recognized north of Kettle Falls, but the structural stratigraphy 

and/or distinctive lithologic types preserved in several areas to the 

north offer canpelling evidence for correlations. Three areas are 

discussed: (1) the Echo Valley area northeast of Kettle Falls, where 

the stratigraphic sequence is similar enough to suggest inclusion of 

this strata in the Covada Group and Bradeen asseniblage: (2) the 

Northport area, including portions of the Flagstaff Mountain and 

Grass Mountain sequences of Yates (1964, 1971,1976h and (3) the 



Lardeau Group in the central and northern Kootenay Arc (e.g., Fyles 

and Eastwood, 1962; smith and Gehre1s, 19gec, in review) (Figs. 1.1 

and 1.2). 

Ec,h) Valley 
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Portions of the Covada Group and Bradeen asserrblage are present 

in the Echo Valley area, the former in tectonically abbreviated form. 

The Echo Valley area has been mapped in detail by Mills (1985a, 

1985b) and Mills and others (1985), who did not fonnally name or 

correlate any units. 

Rocks of Permian age immediately north of Kettle Falls are in 

fault contact to the east with medium-grained subarkosic wacke, which 

is medium- to thick-bedded and contains fine-grained slaty interbeds. 

Petrographically, the rocks are identical to those in the Daisy 

Fonnation, showing poor sorting and clasts that are subangular to 

subrounded. Modal canposition of one sample fran this unit falls 

within the field defined by the Daisy Fonnation (Fig. 1.13). This 

uni t is in tum in fault (?) contact with a north-trending band of 

sheared green pillow basalt, tuff, and limestone. At least one thick 

bed of mature quartz arenite is present in the unit several 

kilaneters north of Kettle Falls. Volcanic rocks are also present in 

the Echo Mountain area east of Echo Valley, where a very thick 

succession of pillow basalt is capped by several tens of meters of 

limestone. In the area immediately east of Kettle Falls, the sheared 

greenstone sequence is bounded by a zone containing sheared lenses of 



Fig. 1.13. Qrn-F-Lt ternary diagram showing rnXIal analyses fran 

many correlative mdts fran the Kootenay Arc region, plotted over 

fields for the Covada Group and Bradeen assenblage derived fran 

Figure 9. Units include the Flagstaff Mountain and Grass Mountain 

sequences, strata fran the Echo Valley area, and the Lardeau Group. 

See text for descriptions. 

~ FIELD OFCOVADA GROUP 
~ SAMPLES IN FIGURE 9 

rmTI FIF.LDOF BRADEEN 
IIJIIJ ASSEMBLAGE SAMPLES 

IN FIGURE' 

a ECHO VALLEY 

.A FLAGSTAFF MOUNTAIN 
SEQUENCE 

Q GRASS MOUNTAIN 
SEQUENCE 

G) BROADVIEW FORMATION 

F~ __________________ *-__________________ ~L. 
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chert and argillite, faulted against a thin, poorly exposed unit of 

limestone clast breccia, consisting of flattened limestone clasts in 

a rratrix of black phyllite. This unit in turn is in uncertain 

cxmtact with a thick lens of chert pebble conglanerate. The 

oonglanerate is rratrix supp:>rted and rrassive in character, with a 

rratrix of chert-quartz arenite. This unit grades downsection into a 

unit of thin- to medium-bedded chert-quartz arenite. East of Echo 

Valley, the greenstone sequence described above is in probable fault 

oontact to the east with sandstone, slate, limestone clast breccia, 

and chert pebble conglanerate, which in turn are in oontact with nore 

pillow basalt (likely an infold or fault sliver of the basalt unit 

exposed to the west). The pillow basalt unit is in fault oontact 

with a unit of chert and siliceous argillite that pinches out 

northward into a unit canprising sandstone and slate. Sandstones are 

thin- to medium-bedded, fine- to medium-grained chert-quartz arenite 

(two nodal analyses, Fig. 1.13). The unit is relatively nonotonous 

except for a single lens of pillow basalt in the middle of the unit 

and a few thick beds of chert pebble conglanerate in the proximity of 

the chert and siliceous argillite unit contact. At the northeast end 

of Echo Valley the sandstone and shale unit is bounded on the east by 

a thin unit ocmprising barite, chert, greenstone, limestone, and 

argillite of Devonian ag~ (Mills, 1985; Mills and others, 1985). 

This unit in turn is in contact with a unit of fine-grained shale, 

argillite, and minor sandstone. 

The quartzo-feldspathic wacke and arenite unit is interpreted to 

.-.. --- ... -. -_.- ....... __ ._-----
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be a fault-bounded lens of the Daisy Formation. The pillow basalt, 

tuff, and limestone unit is interpreted as a northward continuation 

of the Butcher Mountain Fonnation. All units to the east of the 

volcanic sequence are interpreted as units in the Bradeen assemblage, 

occurring in roughly the same stratigraphic and structural order as 

preserved in the Old Copper Hill area. The barite unit containing 

the Devonian fossils has not been identified in the latter area, 

however it is in de,!;X>sitional contact with the sandstone and 

siltstone unit, and is thus considered to be part of the assemblage. 

At the north end of Echo Valley, a sequence of chert, 

limestone, siltstone, and argillite is mapped by Yates (1976) as the 

"ex" unit of presumed carboniferous age. This may be a continuation 

of the units present in the Echo Valley area, although no 

stratigraphic order has been deciphered. 

Nortbpart Area. 

Yates (1964, 1971, 1976) mapped three infonnally named fault

bounded packages in the North,!;X>rt area tenned the Flagstaff Mountain, 

Grass Mountain, and Pend Oreille sequences. 

The Flagstaff Mountain sequence as mapped by Yates (1971, 1976) is 

a diverse assemblage comprising phyllite, greenstone, limestone, 

argillite, slate, and minor sandstone, present on the west side of 

the COl\.IIl'bia River. Recent mapping efforts indicate that the 

Flagstaff Mountain sequence is a mix of several units of different 

ages (R.e. Roback, personal carmunication, 1989). Northwestern 

-------------- ---- ---------------
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exposures are slate and argillite with interbedded, relatively well

preserved limestone lenses that have yielded Early Triassic conodonts 

(A.G. Harris, cited in Joseph, 1990b, in press). A central section 

of ITOstly liIDestone, argillite, phyllite, and stratafonn barite has 

yielded conodonts of Early and Middle Devonian age (Webster and Beka, 

1980; Adekoya, 1983). Thus, this central portion of the section may 

be equivalent to that preserved in the eastern portion of Echo 

Valley. An eastern section of relativelybigh-grade rocks comprises 

phyllite, argillite, greenish quartzo-feldspathic schist, and minor 

sandstone and greenstone. Sandstone is generally thin to medium 

bedded with rare thick beds, and is present in a section ccmprising 

ITOstly fine-grained slate and phyllite. The sandstone is a poorly 

sorted subarkosic wacke that strongly resembles the Daisy Fonnation 

in petrographic aspects (one nodal analysis, Fig. 1.13), and perhaps 

represents a ITOre distal portion of the su1:marine fan facies mapped 

to the south. Outcrops of quartzo-feldspathic schist strongly 

resemble portions of the Broadview Formation, a unit mapped in the 

northern Kootenay Arc that is probahly equivalent to the Daisy 

Formation (see below) • 

The Grass Mountain sequence is a poorly exposed un! t mapped on 

the east side of the Colllfli:>ia River northeast of Northport (Fig. 

1.2), and is primarily ocrnposed of siltstone, shale, argillite, 

phyllite, and sandstone (Yates, 1964). Exposures of the Grass 

Mountain unit in roadcuts northeast of Northport contain fine, 

medium, and rarely thick beds of fine- to (rarely) coarse-grained 

-------------- ----



sandstone. The sandstone is a noderately well sorted chert-quartz 

arenite, petrographically indistinguishable fran sandstone in the 

Bradeen asserrblage (one nodal analysis, Fig 13). Near the top of 

Grass Mountain, a several-rn-thick unit of texturally mature quartz 

arenite (one nodal analysis, Fig. 1.13) is interbedded with a 

sequence of thinly bedded shale, siltstone, and fine-grained 

sandstone. The two distinctive sandstone types and their field 

occurrences closely reserrble portions of the Bradeen asserrblage and 

are thus correlated. 

The Pend Oreille sequence may also oontain lithologies similar 

in aspect to the Covada Group or Bradeen asserrblage, however it has 

not yet been evaluated in that respect. 

Lardeau Group 

74 

The Lardeau Group of presumed early Paleozoic age underlies much 

of the central and northern Kootenay Arc (Fig. 1.1). Fran a faulted 

oontact with miogeoclinal strata, it is canprised, fran east to west 

and structurally lowest to highest, of rnetam::>rphosed: (1) black 

phyllite, green phyllite, limestone, tuff, pillow basalt, and rare 

quartz arenite and quartzofeldspathic sandstone (Index Fonnation); 

(2) siliceous black argillite and chert (Triune Formation); (3) 

texturally mature quartz arenite (Ajax Fonnation); (4) siliceous 

black argillite (Sharon Creek Fonnation); (5) pillow basalt and tuff 

(Jo.-rett Formation); and (6) thick-bedded subarkosic wacke with 

phyllitic interbeds (Broadview Fornation) (pyles and Eastwood, 1962; 

-----------_._ .. _._._ .. _- ... _-
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Smith and Gehrels, in review, 199m». Broadview Formation sandstone 

resembles the Daisy Formation in field and petrographic aspects (Fig. 

13). Likewise, the Jowett Formation resembles the Butcher Mountain 

Fbnnation in field and petrographic aspects (Smith and Gehrels, 

1988). The Triune, Ajax, and Sharon Creek formations, and perhaps 

parts of the Index Formation resemble portions of the Bradeen 

assenblage, and may also be correlative units. 

RmletmL OORRErATICR; AND 'lOOlUlIC SE'1'I'UG 

In addition to resembling units within the Kootenay Arc, strata 

in the Covada Group and portions of the Bradeen assemblage also 

strongly resemble units in the Roberts Mountains allochthon in Nevada 

(Gehrels and Smith, 1987: Smith and Gehrels, 1989) and the outer 

Selwyn Basin in northern British Columbia and southern Yukon. 

In the Roberts Mountains allochthon, the Upper Cambrian (?) 

Harnony Fonnation, canprising nestly medium to coarse-grained, 

medium- to thick-bedded subarkosic arenite and wacke and slate 

(Suczek, 1977), is nearly identical in many respects to the Daisy 

Fonnation. Lenses of alkalic pillow basalt of within-plate affinity 

(Madrid, 1987) are present throughout the section in the Roberts 

Mountains allochthon, including Lower Ordovician strata (Valmy 

Formation), and are thus in part coeval with that in the Butcher 

Mountain Fonnation. Chert, argillite, and quartz arenite are 

constituents of both the Valmy Formation and Bradeen assemblage. 

Stratiform barite of Devonian age is another aspect OCI'I1ll:>n to both 



regions. While exact correlations are speculative in nature, given 

the lack of age oontrol in the northeastern Washington region, the 

large nunber of stratigraphic elements CCIlIll)n to ~ areas are 

suggestive of s~lar early Paleozoic tectonic settings. 
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A sequence of rocks s~lar to the Covada Group and Bradeen 

assemblage is present in the Selwyn Basin, described by Gordey and 

others (1982, 1987) and Turner and others, 1989. The sequence 

includes quartz-rich sandstone, limestone, and fine-grained clastic 

strata of the Cambrian and Lower O~ovician Rabbitkettle Formation 

and Kechika Group, chert and argillite of the Ordovician to Silurian 

Road River Fonnation, and Devonian to Mississippian rocks of the Earn 

Group, canprising chert pebble conglanerate, chert-quartz arenite and 

wacke, shale, localized alkalic basaltic rocks and exhalative 

mineralization. A correlative sequence is present in the cariboo 

Mountains in southeastern British Columbia, comprising argillite, 

chert pebble conglanerate, and basalt of the Ordovician to 

Mississippian Black Stuart F~tion and Guyet Conglomerate (Struik, 

1981) • 

Gordey and others (1987) interpret an extensional setting for 

the Earn Group based on: (1) local derivation of coarse sediments 

fran underlying units; (2) alkalic basaltic rocks with rift 

chemistry; (3) exhalative deposits; (4) structural evidence for 

syndepositional high-angle faulting and structural control of basin 

geanetry in the conglomerates; and (5) no evidence of canpressional 

structures in the area. In a broader sense of tectonic setting, 

------------ - -- ... _-_. __ ._--- ------------. _ .. 
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these and other workers relate extension to: (1) continental rifting 

and separation (Tempelman-Kluit, 1979); (2) extensional basins 

related to strike-slip faulting (suggested by Eisbacher, 1983): or 

(3) extension in the foreland of a contractional orogen. While field 

evidence for syn-sedimentary structures in the Bradeen asseniblage is 

lacking, lithologic similarities suggest a correlation with the Earn 

Group, and thus it too may be of extensional origin. 

S(Jl.Ml\Ry 

The Covada Group is herein divided into two fonnations: the 

Daisy Fonnation, a prograding su1::ma.rine fan sequence canprising 

subarkosic wackes and arenite, slate, and limestone, and the 

overlying, !...ower Ordovician Butcher Mountain Fonnation, a sequence of 

alkalic pillow basalt, massive flows, tuff, and limestone, erupted in 

an intraplate setting. The Daisy Fonnation was derived primarily 

fran nearby uplifted basement blocks of Early Proterozoic age. The 

younger Bradeen asseniblage, canprising chert, argillite, fine-grained 

chert-quartz arenite, slate, pillow basalt, and conglanerate reflects 

rrostly distal fan and basin plain deposition of sediment derived both 

intrafonnationallyand fran recycled quartzites of cratonal or 

miogeoclinal affinity. The chert pebble conglanerate is indicative 

of active faulting or uplift in a nearby source area, and may, based 

on regional correlations, be of Late Silurian or Devonian age. 

Lithologic correlations can be made between strata in the Covada 

Group and Bradeen assenIDlage and other units throughout the Kootenay 

--_._-------_._---_ .. _--- .. --... ----- ------_ .. _-- -- -



Arc, including the Lardeau Group, Flagstaff and Grass Mountain 

sequences, and strata in the Echo Valley area. These strata in turn 

reserrO:>le rocks in the Roberts Mo\IDtains allochthon in Nevada. and in 

the Selwyn basin in northern British Col\.lItbia. 

Additional work may establish units in all three areas as part 

of an extensive continental slope and basin plain sequence 

accumulating outboard of the Cordilleran miogeocline during cant>rian 

through Early Mississippian time. 
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ClfAP'.mR 2: 

:INl'IOXa'I<E 

The OOvada Group and Bradeen assemblage are complexly defOrmed, 

met.anorphosed to low greenschist to amphibolite facies, and intruded 

by syn- to post-kinematic granitic rocks. Structural interpretation, 

particularly on the map-scale, is hampered by poor exposure, thus 

interpretations are tentative. A single episode of penetrative 

deformation and met.anorphism, characterized by west- vergent north

to northeast- trending folds, accounts for many of the observed 

structural features. Bedding- and foliation-parallel faults are both 

syn- and post-kinematic in nature. Structural and rnetaJrorphic ele

ments are discussed below, with reference to specific localities and 

map units described in Appendix 1 and illustrated in Plates 1 and 2. 

PLl\NAR FABRIC ELEJ.fEN.l'S 

All lithologies of the COvada Group and Bradeen assemblage, with 

the exception of sane massive volcanic rocks and coarse sedimmtary 

layers, possess a slaty or phyllitic cleavage (generally in fine

grained sedimentary rocks) or fOliation, the latter defined by 

parallel orientation of met.anorphic pllyllosilicate minerals and less 

commonly by flattened volcanic or lithic clasts or amygdules (S1)' 

Foliation is here defined to include a weak flattening fabric present 

in ITOst sandstones, and is so designated on the maps. Foliation 

-- ---_. - ------------



gradually becanes very pronounced (schistose) in the $'1 portion of 

Plate 2, adjacent to the Manila Creek intrusion. 
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Cleavage and Db1iation refraction are frequently observed in 

bedded sedimentary rocks, with Dbliation at relatively high angles to 

bedding in sandstone, and cleavage nearly parallel to bedding in 

slaty interbeds, thus naking accurate rneasurerrents of 51 difficult. 

Foliation in rrost areas strikes approximately NNE-SSE, with Iroderate 

to steep dips a1 temating between west- and east-dipping danains 

(Fig. 2.1). 

There is a fair anount of variability in the orientation of 51 

in the SW portion of Plate 2, where dips tend to be Iroderate to 

shallow. Rocks in this area strike roughly E-W, and confonn in a 

general sense to the margins of the Manila Creek intrusion. 51 fenns 

an axial planar cleavage in megascopic folds mapped NW of Coyote 

Creek. 

A weak 52 axial planar cleavage is developed in association with 

snell kink and crenulation folds in fine-grained rocks. 52 

orientations are typically steep and of variable strike direction. 

tfescscxpic Folds 

The Covada Group is Dblded on a mesoscopic scale (Le., 

wavelengths on the order of 10 I s to 100 I s of meters), but the precise 

geanetry (and in many cases even the existence of these Dblds) is 

difficult to elucidate due to poor outcrop and lack of top indicators 

---.--------------- ---------------- ----



A 

c 

• + .: . . . I. 
I I. ·"~I\..': .. 

: .. ,' ~.~. . 
• •• 1 .' "" • ,tt' •• ' ., ,,' . ... .:., 

, 

• 

Na105 

FOLIATION AmTUDES, PLATE 1 

o. 
o • 

. .. • 
.1 • '" • 

I,. II • • • . ,.. :'.... .+ . 
~, '., ~ -.... 

.. ' I • ·h,''!.· •• • • . :, ..... ~ .~ .. ~.: ", . " '" . ...... . 
• o. ~"""'... 

II 'i'." ,. 'If\'" • ' • .:.1 -.: • 
.VI ~. 
•••••• 
,1.,-

FOLIATION ATTITUDES, 
CENTRAL PORTION PLATE 2 

B 

D 

• • • . : ;. . . I. ..' .. 
'. ' + • 

. , 

• 

• 

• • 

•• + 
•• lilt • 

": .". 
-:~"', .. , 

Nt • 

l·' •• , . 
• • • , 

• 
• 

• 

" 

• 

FOLIATION ArnTUDES, WESTERN 
PORTION PLATE 2 

81 

Fig. 2.1. Foliation attitudes in the C?vada Group, A-B, foliation 

attitudes from east of the Columbia River; C-D, west side of the 

Columbia River. Foliation attitudes generally reflect folding around 

axes trending from ~ to ENE, but the canPlex pattern observed in Fig. 

2.lc is evidence of additional deformation. 
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in nost lithologies. Fold axial areas are rarely seen and generally 

must be inferred fran changes in dip directions of 81 • Folds are 

best eX,I;X>sed along the ridges north of Hunters Creek and northwest of 

Coyote Creek (Plate 2). In the fonner locality, and in a south

facing cliff near location 2539T south of Hunters Creek, fold axes 

are occasionally visible, and indicate that folds in this area are 

generally open to tight with angular fold closures. Fold axes range 

fran nearly horizontal to gently north-plunging, and trend north to 

NNE. Axial planes are vertical to steeply inclined, and generally 

verge westward. Folds in the Coyote Creek area have similar 

geanetries, and in the finer grained lithologies, 81 cleavage is 

developed in an axial planar rranner. Thus these N to NNE trending 

folds, and by association other N to NNE trending folds in the area, 

are interpreted to have fonned during the main defonnation. 

In a fetJ locations, folds are tight to isoclinal in nature and 

overturned • 

Megascqrl.c Folds 

Megascopic folds are developed on a regional scale, and have the 

same approximate geanetry and orientation as the folds described 

above. These folds divide the covada Group into a series of panels 

or domains with foliation attitudes alternately dipping west or east. 

For example, nost foliation attitudes immediately east of 

approximately the R34E-R35E line dip to the west, whereas rocks are 

predaninantly east-dipping west of this line. These folds may have 
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developeQ late during the main defonnation. 

MiCl' ItiC ''Ide Folds 

Folds on a hand sample to microscopic scale are primarily of the 

kink and crenulation type, developed only in relatively fine-grained 

lithologies. They have a range of orientations, but predaninantly 

trend E-W, nearly orthogonal to the axes of larger folds. They are 

sporadically develo,Ped throughout the region. They are interpreted 

to have formed under slightly m::>re brittle conditions, perhaps during 

pre-Eocene unroofing of the COvada Group. 

Other Linear Fabric Elements 

Stretching and mineral lineations are well developed in 

lithologies with schistose foliation in the SW portion of the map 

area but are generally lacking fran other areas. Large quartz and 

feldspar clasts in coarse gritty lithologies assume elongate habits, 

and metaJrorphic biotite, muscovite, chlorite, and tourmaline c::x:mronly 

fonn mineral lineations. This lineation consistently trends E-W to 

NE-SW. 

FAULTS 

Faults are difficult to recognize in the field due to poor 

exposure and their apparent bedding- or foliation-parallel nature, 

and must generally be inferred based on unlikely juxtapositions of 

different lithologies, age discrepancies, and unusual geomorphologic 

._.-._ .... _----------_ .. _-_._-.-



features ( i. e., Wlusually linear, steep-walled valleys, etc.). 

Faults within the Covada Group and Bradeen AsSA"b1age 

Two faults with significant offset are illustrated in Plate 1. 

The westernnost is a NNE-striking fault which places the wacke 

sequence against the volcanic sequence. At least sane of the offset 

is right-lateral in nature, based on offsets of lithologies, 

contacts, and one or perhaps two folds. 

The second fault is a moderate east-dipping fault placing the 

chert-pebble conglanerate unit against other units of the Bradeen 

assenblage and the Covada Group to the west. The younger-over-older 

relationship of units along this fault suggests that it may be a 

nonnal fault, but no kinematic indicators were observed. The 

structure is probably older than (cut by) the NNE-striking fault 

mentioned above. 

In addition, foliation-parallel shears are oammon throU~10ut 

the area of Plate 1, indicative of many small bedding-parallel 

faults. The magnitude of displacement and kinematic significance of 

these faults are not known. 

In the area of Plate 2, there is limited evidence that sug:yests 

the volcanic unit may be in thrust contact with the sedimentary 

84 

unit in the region northeast of Hunters. In this region, contacts 

are covered but abrupt, foliation and bedding attitudes in both units 

appear to trend into each other, no volcanics are present within the 

sedimentary unit, and no sedimentary rocks are present within the 



85 

overlying volcanic rocks. Thus the contact is interpreted to be a 

younger-over-older thrust fault. 

West of the ColUITbia River, the contact between 

Phyllite/greenstone package and overlying sandstones was ~eviously 

interpreted as a high-angle fault by Becraft (1966). Mapping for 

this study indicates that the the contact is a shear zone that is 

noderate to low angle jn nature, and wraps around fran N-S to nearly 

E-'il in orientation in the southenl portion of its mapped extent. It 

places the Covada Group over the Bradeen assert'blage and may thus be a 

thrust fault. 

High angle faults were mapped by Becraft (1966) in the valley of 

W.ilnont Creek, in Coyote Creek, and trending northeastward across the 

top of Gold Mountain Ridge. Faults are here inferred to exist in 

Wilnont and Coyote creeks, in the former because of shear fabrics 

developed in ~ks on the east side of Wilmont Creek in section 4 and 

on the sw side of Wilnont Creek in section 15, and in the latter 

primarily because of the ood configuration and drainage pattern in 

Coyote Creek. No evidence for the faults previously mapped across 

Gold Mountain Ridge could be found. The faults are of a brittle 

nature and are likely Eocene or younger in age. 

In the western portion of the map area, the carbonate unit is 

inferred to be in fault contact with the Covada Group to the south 

based on trends of bedding attitudes (the fault is noWhere exposed), 

but the oontinuation of the fault to the NE cannot be mappe<;1 with 

certainty due to poor exp::lSure. It is oonceivably related to the 

- ----_._-----------_._-------_. __ . -----------_.---_._. 
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Gibson Creek thrusts mapped by Atwater and others (1985) to the NE. 

A high angle, post-Eocene, N-S trending fault juxtaposes Eocene 

volcanic rocks of the Keller Graben against Covada Group lithologies 

along the extreme western margin of the map area. 

Faulted cxnt:.act between the Brede en assenblage and mingeocl ina! 

strata 

In the eastern portions of the areas of Plates 1 and 2, a 

relatively consistent structural stratigraphy can be mapped, but 

units vary profoundly in thickness over short distances along strike, 

and are absent in sane areas. Units in the Bradeen assemblage are 

good markers, varying from a cumulative thickness of several km in 

sane areas and thinning to less than 100 m north of the Hunters

Springdale road. The volcanic sequence in the Covada Group is in 

part Early Ordovician in age in the area of Plate 1, with the younger 

Bradeen assent>lage to the east. In the Hunters area (Plate 2), 

canibro-ordovician (?) limestone is present to the east of the 

(extremely abbreviated) Bradeen assemblage, which is in turn in 

contact with Middle Ordovician rocks of the Ledbetter Slate. 

Devonian limestone is present between the cambro-Ordovician limestone 

and the Ledbetter Slate at one locality along the Hunters springdale 

road, thus clearly indicating fault imbrication of units. In 

addition, where units are thinned they are sheared and/or brecciated. 

In light of the above evidence, the eastern margin of the Covada 

Group is inferred to be in fault contact with other l~r Paleozoic 

_. . .. ------.---
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units and the Ledbetter Slate along a high angle, anastan::>sing shear 

zooe of regional extent. Foliation is disrupted in sane areas, 

indicating that latest novement on this zone is post-foliatioo and 

thus post-Jurassic, but no evidence precludes the possibility of 

earlier (pre-Jurassic) novement. Reliable kinematic indicators are 

lacking fran this fault zone. 

MF:l'AK>RPHISM 

Rocks in both map areas have undergone early low-grade regional 

metaItorphism and later contact met:.aIrorphism. 

Regiooal. Met:anDqilism 

The Covada Group is everywhere elevated to at least the 

greenschist facies of dynarrothennal metam:::>rphism, and is locally 

aJ11.I.i1ibolite grade. The regional event is barely discernible in much 

of the sedimentary part of the section, except in rocks adjacent to 

the Manila Creek intrusion, but imparts a green color and/or 

schistose fabric to all volcanic rocks, which contain the low 

greenschist facies assemblage albite + chlorite + quartz + epidote + 

calcite + sphene +/- actinolite. These minerals are present as fine

grained groundmass material and as chlorite and actinolite replacing 

pyroxene phenocrysts. Matrix material in sandstones consists 

primarily of fine-grained albite, chlorite, quartz, and white mica, 

with biotite, kyanite, and garnet constituents of schists ~djacent to 

the Manila Creek intrusion. 

. .. _---_ .... _ .. - ._ ..• - .. - -"'--"- ...• _ .. ---------_. 
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Q:mtact MetaIrrlqili.sm 

Contact rnetarrorphic effects in the area of Plate 1 are 

restricted to the areas adjacent to the granitic intrusion and affect 

mainly the Bradeen assemblage on the southeast end of Old Copper 

HilL Rocks in this area are statically recrystallized, with dark 

chert upgraded to white to light gray hornfels, and the, limestone 

clast conglomerate to a calc-silicate hornfels, etc. In thin 

section, ITOst of the original sedimentary features of these rocks are 

obliterated by recrystallization. 

Contact metanorphic effects are present in the SE area of Plate 

2, where rocks are in near proximity to a large intrusive body of 

Cretaceous age, which outcrops imnediately to the south and east of 

the map area. Rocks along the E-trending ridge SE of Hunters are 

generally black, fine-grained, and very hard, and primary features, 

particularly in the basalts, are difficult to resolve. Small 

car1x>nate bodies that occur on the ridge are marblized, and cherts 

are a light gray color, in contrast to black chert to the north. 

Large (5-10 an) andalucite crystals are developed in pelitic rocks. 

Effects of this contact metanorphic event are not seen north of 

Hunters Creek, and becane progressively less well-developed westward 

along the ridge in the sedimentary unit, where primary features are 

remarkably well preserved. The approximate limits of the area 

affected by contact metam::>rphism are outlined on Plate 2. , 
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Timing of DefonIatia1 and Met:atJDrPdsm 

Timing of defonnation and rnetaImrphism is only broadly 

constrained by geologic relations within the map area (post

Ordovician and pre-late cretaceous) but is likely to be ·Jurassic or 

early to middle Cretaceous based on regional considerations. 

Relationships within the map areas suggest that the main met.alrorphism 

and deformation are synkinematic with emplacement of the Manila Creek 

intrusive body and predate emplacement of Cretaceous plutonic rocks. 

The former relationship is based on the relatively high grade of 

metamorphism and defonnation adjacent to the Manila Creek intrusive, 

and the concordance of foliation directions in the Covada Group near 

the margins of the intrusive and the foliation developed within the 

intrusive. If the intrusive predated rnetaroorphism, the rnetaJrorphic 

grade would probably be relatively constant: likewise, if the 

intrusion postdated metamorphism and defonnation, static metaJrorphic 

effects would be visible in the surrounding rocks. The deformation 

and metamorphism clearly predate intrusion of Eocene dikes, as 

evidenced by their undefonned nature, and Cretaceous intrusive rocks 

present in the eastern portions of the map areas are undefOX'Jl¢ as 

well. 

The folded thrust fault near Hunters and the low-angle fault in 

the Old Copper Hill area may be pre-kinematic with respect to 

the main deformation, and provide the only possible evidence for a 

pre-Mississippian structural event in the Covada Group. otherwise, 

all observed features could be accounted for by Mesozoic and younger 

---_ ... __ ... - - .--.--- -- --.. _-_._-
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deformation. 



CfmPl'ER 3: 

STRATIGRAFHY AND STR.JC1URAL REU\TIctm IN 'mE IARDElW 

GRaJP EAST OF 'DUJ'l' LN<E, BRrl'ISi CXlUJMBIA 

Bmf.lZ\RY 
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The Lardeau Group is a heterogeneous asseniblage of lower 

Paleozoic eugeoclinal strata present in the Kootenay Arc in 

southeastern British ColUITbia. In the Trout Lake area, it is 

canprised of quartzo-fe1dspathic wacke and phyllite (Broadview 

Fonnation), alkalic pillow basalt, breccia and tuff (Jowett 

Fonnation), siliceous argillite and phyllite (Sharon Creek and Triune 

fonnations), gray massive quartzite (Ajax Fonnation) and green and 

gray phyllite, argillite, limestone and rare pillow flows (Index 

Formation). The Lardeau Group evolved adjacent to the continental 

margin, in a relatively deep water, starved basin and submarine fan 

setting with inte~ttent volcanism. 

The Lardeau Group was deformed and metanorphosed prior to mid

Mississippian time. Regional constraints indicate possible Devono

r.1ississippian timing of orogeny, and juxtaposition of the Lardeau 

Group over miogeoclinal strata at this time. Further ductile 

deDormation during the Jurassic Columbian orogeny produced large 

folds with horizental axes and persistent NW-striking Doliation. 

Deformational fabrics in a granitic dike that yields a U-Pb age of 

143+/-15 Ma suggest that deformation continued into Early Cretaceous 



time in the Trout Lake area. Regional constraints suggest an 

eastward-younging trend to defonnation. Post-Early Cretaceous 

defonnation include~ localized dextral strike-slip and nonnal 

faulting. 
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The r..ardeau Group preserves a record of early to middle 

Paleozoic tectonic events analogous to that preserved in the Roberts 

Mountains allochthon in Nevada. 

nmDXJCTICN 

The Kootenay Arc is an arcuate structural belt present in 

northeastern Washington and southeastern British Colunbia. It is a 

westward-younging, haooclinal sequence which encanpasses the 

transition from mid-Proterozoic to lower Paleozoic autochthonous 

passive margin strata to outboard Paleozoic to Mesozoic terranes of 

eugeoclinal affinity and uncertain paleogeographic origin (Fig. 3.1). 

In addition, it is transitional between the Roberts Mountains 

allochthon in Nevada, a site of Devono-Hississippian canpressional 

tectonism (Roberts and others, 1958) and the Selv.yn basin, where 

Devono-r.1ississippian tectonism is thought to be extensional in nature 

(Gordey and others, 1987). 

The Kootenay Arc encanpasses: 1) Upper Proterozoic to Ordovician 

and rniltor Silurian and Devonian strata of the North American 

miogeocline: 2) carribrian(?) to Devonian eugeoclinal strata (including 

the Lardeau and covada groups): 3) Mississippian to Pennian 

siliciclastic and volcanogenic rocks (Milford and Kaslo groups): and 

_____________ - ______ --_0-
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Fig. 3.1. Simplified geologic map of the Kootenay Arc region, 

showing the major tectonic assemblages. 

,--,------ ----------------- ---- ---- -------------_. ---
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4) lower Paleozoic to mid-Mesozoic rocks of the Quesnel terrane, 

which contains Penman fauna of non-North American affinity, and is 

thus suspected to be far-travelled in nature (Nelson and Nelson, 

19851 Orchard, 1989). Depositional links have been established 

across much of this transition. Shelf carbonates of the Lower 

Canbrian Badshot Formation are confonnable over Upper Precarrbrian -

Lower Cambrian quartzite of the Hamill Group, regarded as the basal 

unit of the lower Paleozoic Cordilleran Miogeocline (Bond and Kaninz, 

1984) • The boundary between the Lardeau Group and the Badshot 

Formation was interpreted as a sheared depositional contact by Fyles 

and Eastwood (1962), thus representing a temp:>ral change fran a 

shallow water, passive rrargin to a deeper water, nore dynamic 

tectonic environment. The boundary between the Lardeau Group and the 

overlying Milford Group is a well-established unconformity (Read and 

Wheeler, 1976). Depositional links between the Quesnel terrane and 

the underlying Milford and Kaslo groups have been established by 

Klepacki (1983) on the basis of careful analysis of field relations 

and provenance links. 

These interpretations require the Quesnel terrane to be 

parautochthonous with respect to North America (Klepacki and Wheeler, 

1985) • However, our reconnaissance \\IOrk in the Trout Lake area 

suggests the presence of a wide shear zone separating the Lardeau 

Group fran adjacent miogeoclinal strata (Gehrels and Smith, 1987). 

Study of related strata in Washington (Covada Group) revealed an 

overlap of faunal ages in adjacent packages of miogeoclinal and 
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eugeoclinal strata, apparently necessitating a relatively large 

separation of the two packages during early Paleozoic time (Snook and 

others, 1981). In addition, recent JTDdels of cordilleran accretion 

suggest that the Lardeau Group may have undergone large aITDunts of 

northward lateral transport during Late Cretaceous time (UItihoefer, 

1987: Lanbert and Chamberlain, 1988). 

Eugeoclinal strata of early Paleozoic age are also found in the 

outer Selwyn basin (Turner and others, 1989: Gordey and others, 

1987), in the Cariboo Mountains (Struik, 1986), and in the Roberts 

Mountains allochthon (RMA) in Nevada (Fig. 3.1). Turner and others 

(1989) correlate lower Paleozoic strata in the Selwyn basin with 

those of the RMA. However, while Devono-Hississippian tectonism was 

ccmpressional in nature in the RNA, it was apparently extensional in 

nature in the Selwyn basin (Gordey and others, 1987). 

With regard to the -transitions outlined above, three fundamental 

questions that this paper addresses are: (1) What is the tectonic 

setting of the Lardeau Group and is it exotic to North America?: (2) 

What are the extent and nature of Devono-Mississippian tectonism in 

the Kootenay Arc?: and (3) to what extent has the Lardeau Group been 

altered/displaced by post-rrdd-Paleozoic deformation? These questions 

are addressed by considering the stratigraphic and structural 

relations in the Lardeau Group in the region northeast of Trout Lake, 

southeastern British Coluni:>ia, and canparison of these relations with 

the tectonic evolution of the region. 

_._----_. '--"'- ... _ .. __ . __ .,_. __ .. - --" .. _--_ .. _-----



STUDY AREA 

The study area canprises roughly 200 knf in the Selkirk 

Mountains, and encanpasses portions of two NW-SE trending ridges: 
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Silvercup Ridge, which bounds Trout Lake to the northeast, and the 

nore easterly Badshot Range, hereafter referred to as the Wagner 

Ridge (Fig.3.2) (see also Smith and Gehrels, 1990a). Broadly, 

structures in the area canprise, fran west to east, the west-vergent 

Silvercup anticline, the Finkle Creek syncline, the east limb of 

which fonus the Wagner ridge, and a steeply dipping, faulted contact 

with miogeoclinal strata (Fig. 3.3a and 3.3b). The map area ties 

together regions mapped by Pyles (1964) to the south (Duncan Lake) 

and by Pyles and Eastwood (1962) to the north (Ferguson area). 

STRATIGRAPHY 

The Lardeau Series of Walker and Bancroft (1929) was divided 

into a group and several formations by Pyles and Eastwood (1962) in 

the Ferguson area. It was interpreted by Pyles and Eastwood (1962) 

as conformable over the Badshot Fonnation (although they acknowledged 

that the contact was considerably disrupted), thus representing a 

temporal change fran shallow to deeper-water conditions. The 

fonnations ccmprising the Lardeau Group, all interpreted as 

conformable, include (fran east to west and structurally lowest to 

highest) the Index, Triune, Ajax, Sharon Creek, Jowett, and Broadview 

fonnations (Fig. 3.4a). Pyles and Eastwood (1962) interpreted this 

to be the stratigraphic sequence as well, although the lack of facing 
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Fig. 3.2. Geologic map of the region east of Trout Lake, after 

Smith and Gehrels (199~a) and Read and Wheeler (1976). 
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Fig. 3.3. Structural cross-sections of the study area (see Fig. 

3.2 for location of cross section lines). Patterns are keyed to Fig. 

3.2. After Smith and Gehrels (l99~a). 
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Fig. 3.4. Diagrammatic stratigraphic columns of the Lardeau Group 

and related strata in northeastern Washington. 3.4a: conventional 

Lardeau Group stratigraphy, after Fyles and Eastwood (1962). 3.4b: 

Inverted Lardeau Group stratigraphy, which closely matches the 

stratigraphic sequence (Fig. 3.4c) in the correlative Covada Group and 

Bradeen assemblage (after Smith and Gehrels 1990c, in review). 

BL=Badshot, I=Index, T=Triune, A=Ajax, S=Sharon Creek, J=Jowett, 

B=Broadview, M=Milford, C=Covada, Ba=Bradeen. 
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indicators and the presence of faulted contacts in the study area 

prevent verification of this assunption, and evidence fran other 

areas is contradictory (see below). 

Imex FaDlBtial 

The Index Formation is a thick sequence of gray, green and black 

phyllite, limestone and calcareous phyllite, tuff, tuffaceous 

greywacke, pillow basalt, and rare quartzite and quartzo-feldspathic 

gritty sandstone. It is characterized by rapid facies changes and 

structural disruption, and thus lacks an obvious internal 

stratigraphy. Adjacent to the Badshot contact, the Index Fonnation 

everywhere canprises a broken formation of disrupted black phyllite 

and argillite, containing tectonic lenses (megaboudins) of limestone, 

quartzite, greenstone, and green phyllite. This is gradational over 

a few tens to a few hundreds of meters into green, gray, and blue

green phyllite and tuff or tuffaceous graywacke, which are 

interbedded on all scales ranging fvam fine laminations to thick 

beds. Occasional em- to m-scale light green quartzite beds are 

interbedded with the volcaniclastic strata. North of Mount Wagner, 

an isoclinally fiolded marble lens ap~oximately 50 to 103 meters 

thick is interbedded with the green phyllite unit. Above the marble 

lens, well-~eserved, pillowed, pyroxene basalt flows cap the Index 

Formation. The marble lens and basalt flows are absent fran the 

(structurally abbreviated) section in the Mount Aldridge area to the 

south, where the Index Formation is capped by tectonic lenses of 

.. _---------------_. __ ._ .. _ .. ----- ------------_ .. -. 
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green phyllite, siliceous argillite, and quartzo-feldspathic 

sandstone, which may represent another facies of the Index Formation 

or perhaps tectonic inclusions of the overlying Triune and B:roadview 

Fonnations. 

In the Si! vercup Ridge area, the Index Fonnation is exposed in 

the core of the sil vercup anticline and thus the section is 

incanplete. The Index Fonnation on Silvercup Ridge can be divided 

into the following units, roughly fran structurally lowest to 

highest: l} limestone and calcareous phyllite; 2} green, gray, and 

black phyllite, interbedded on all scales but predominantly thin beds 

and laminations; 3} green phyllite and tuff, ranging to lapilli and 

rarely larger clast sizes; and 4) black and gray phyllite and 

argillite. Although map units on both Silvercup and Wagner ridges 

are the same, it is difficult to correlate stratigraphy fran one 

ridge to the other. 

Triune, Ajax, and Shanln Creek FoI:mat.i.oos 

The Index Fonnation is overlain by a conformable asseniblage of 

black siliceous argillite, gray quartzite, and black siliceous 

argillite known respectively as the Triune, Ajax, and Sharon Creek 

fonnations. A likely depositional contact with lapilli tuff at the 

top of the Index Fonnation is exposed in a cliff face on the 

northeast side of Silvercup Ridge, otherwise the contact is 

everywhere faulted or covered. 

The Triune Fonnation oanprises laminated to medium-bedded, 

... _----_.-. __ ....... _ ..• - .. __ ..•. __ . - ..• _ ... ------------ .. ---. --... -
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monotonous, gray to black phyllite, slate and siliceous argillite. 

In places the Triune Formation is gray, thin to meditun bedded and 

very resistant, resembling chert. It typically has a flat foliation 

that is parallel to bedding. 

The Ajax Formation is a very distinctive marker unit in the 

region, canprising light to dark gray, extensively veined, massive 

quartz arenite. In outcrop, the Ajax Formation ranges fran thin 

bedded to massive (featureless beds up to 10 I s of rreters thick). 

Interbeds of black siliceous argillite or phyllite are locally 

ccmron. Primary sedimentary structures are exceptionally rare, and 

generally comprise only faint laminations and graded beds. 

In thin section, the Ajax quartzite is a texturally and 

canpositionally mature quartz arenite. Monocrystalline quartz 

grains, which OOOtprise nearly 100% of the detrital grains, are well 

rounded and show a bi.m:xlal size distribution. The cement OCII1PI'ises 

silica (rarely calcite) and fine-grained black material. other 

clasts include argillite chips, zircon, and tourmaline. 

U-Pb detrital zircx>n studies indicate Middle and Early 

Proterozoic and latest Archean (1.9 - 2.7 Ga) source areas for the 

Ajax Formation (Chapter 4). 

The Sharon Creek Formation comprises black to gray slate or 

Phyllite and siliceous argillite and chert, and is essentially 

indistinguishable fran the Triune Formation except by stratigraphic 

. position. It contains rare lenses of pebbly phyllite, with. the 

pebbles mostly of quartz, volcanic rock, and phyllite • 

.. --. - .. -- •. -----------
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The three fonnations are gradational into one another in the 

vicinity of Triune Mountain, and reach a cumulative thickness of 

approximately 2000 rn in this area. The contacts with the overlying 

Broadview/Jowett package are known or suspected faults everywhere 

wi thin the map area. 

JO#1et.t P'm:rIB.tial 

The Jowett Formation is a volcanic unit present at the base of 

and/or within the lower Broadview Fonnation. It is CXl11pt'ised of 

mafic pillow basalt, breccia, tuff, and, where bulk strain and 

metarrorphic grade are elevated, greenschist and calcareous 

greenschist. 

Well preserved examples of the Jowett Formation crop out in 

roadcuts near the southwest end of Trout Lake, and in a cliff face 

northeast of Mount Wagner. Pillowed to massive flows of pyroxene

p::>rphyritic amygdaloidal basalt, minor breccia, and tuff with clasts 

to cobble size predaninate in these areas. The basalt is virtually 

indistinguishable fran basalt in the Index Fornation. The Jowett 

Formation also forms a thin, continuous unit within the lower p:>rtion 

of the Broadview Formation along the top of Silvercup Ridge, where it 

is a foliated greenschist (metatuff?) or calcareous greenschist that 

lacks primary features. 

The Jowett Formation is typically highly strained and 

recrystallized. Relict pyroxene grains are replaced by actinolite, 

with O~ler grains, originally olivine(?), replaced by talc or 
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serpentine. Lapilli often contain relict. plagioclase lathes. 

Geochemical analysis of 13 samples, ranging fran tuff to pillow 

basalt, indicates that the JONett Fonnation and basalt in the Index 

Formation are of alkalic affinity and were likely erupted in a 

within-plate tectonic setting (J. Einarsen, personal ccmnunication, 

1990) • 

Broadview FomBtia.'l 

Coarse clastic strata of the Broadview Fonnation oanprise the 

flDst extensive unit in the Lardeau Group and in the map area, 

underlying the west half of Silvercup Ridge and the sunmits and west 

ridges of rrounts Wagner and Aldridge. 

The predaninant lithology in the Broadvievl Fonnation is gray to 

green, gritty quartz wacke or subarkosic wacke with gray to black or 

green slate or phyllite interbeds. Rare limestone, tuff, and basalt 

flows are also present. Sandstone ranges fran medium to thick 

bedded, and fran massive, to foliated with phyllitic partings, to 

phyllitic grit. Coarse, gritty sandstone contains white to gray or 

bluish quartz granules and less COlI'OOn feldspar granules. Nonnal 

grading is ccmron, with amalgamated graded beds noted in a several 

locations. other primary sedimentary structures are rare. 

In thin section, medium to ooarse sandstone of the Broadview 

Fonnation is poorly sorted, with clasts subangular to subrounded, and 

ranges from quartz wacke to subarkosic wacke (Fig. 3.5). 

Monocrystalline quartz and o::lllpJsi te quartz grains canprise fran 60 
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Fig. 3.5. ~F-Lt diagram showing modal analyses of Broadview and 

Ajax Formation samples. Each data point represents at least 400 non

matrix grains. 
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to 96% of the clasts, follO'v.'ed in order of abundance by 

polycrystalline quartz (may be recrystallized nonocrystalline 

grains), large untwinned albite grains, plagioclase, musoovite, and 

locally metaJrorphic lithic grains and K-spar. Comon accessory 

minerals include ziroon and tourma.line. The matrix ocmprises nostly 

recrystallized quartz, albite, sericite, musoovite, biotite, 

chlorite, sphene, and opaque minerals. Preliminary U-Pb 

geochronology on detrital ziroons from this unit indicates a mixed 

provenance, with a range of ages fran 1. 7 to 2.3 Ga, and one 7((JflJ Ma 

grain (Chapter 4). 

Intrusive Units 

'IW:I sets of intrusi va rocks are present in the Lardeau Group in 

the stuc'ly area: a diorite, gabbro, and ultramafic unit restricted 

primarily to the Index Formation along the east side of Silvercup 

Ridge, and a felsic intrusive unit, restricted primarily to exposures 

of the Index Formation near the Badsnot oontact. 

The f.:>nner cxxnprises medium to dark green, coarse- to medium

grained pods, lenses, sheets .. and small stocks with sheared margins. 

coarse hornblende-pyroxene gabbro is the daninant lithology. Along 

the east slope of Silvercup Ridge, the unit includes large pods of 

ultramafic rock, including pyroxenite, serpentinite and other 

asbestiform minerals (massive and in veins), and talc schist. 

Felsic dikes present in the lower Index Formation adjacent to 

the Badshot oontact east of I'fount Wagner are up to a feM meters 

------------------------ --_.- ------------.------ ----
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thick, isoclinally folded, canpletely recrystallized, and oontain a 

gently plunging lineation. The dikes are canprised nestly of 

albitized feldspar, quartz, actinolite, and pyrite. 

Regiam.l. Dist:ribut.i.al of the La%deau Group 

The Lardeau Group undergoes rapid facies changes to the north 

and south of the study area. The Broadview Fonnation is finer 

grained to the south, where it contains appreciable thicknesses of 

black and green phyllite and argillite (Read, 1973). The Jowett 

Fonnation reaches its greatest thickness in the Ferguson area, and 

thins to the north and south. The Index Fonnation undergoes a facies 

change into grit and gritty phyllite northwest of the study area 

(Read, 1975), and loses rrost of its VOlcanogenic canponent northward. 

The Ajax, Sharon Creek, and Triune Fonnations are not recognized past 

approximately 10 kIn south of the study area, and the Ajax Formation 

is reduced to a thin siltite layer at the latitude of Revelstoke 

(Zwanzig, 1973). In general, the Lardeau Group to the north is 

canprised primarily of black and gray phyllite, argillite, calcareous 

argillite, and minor sandstone, and to the south black and green 

phyllite are the daninant constituents. Coarser sedimentary facies 

and volcanic flows are not abundant in the section again until a ffM 

hundred Jon south, in the correlative Covada Group. 

Mafic and ultramafic rocks of the type found in the study area 

are present at least as far north as Revelstoke (Zwanzig, 1973: 

Sears, 1979), and are also present in the' correlative Covada Group • 

. _--- ------------_._----- ------------
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Inferred Stratigraprlc Sequence 

The structural stratigraphy outlined above is the accepted 

stratigraphic order in the Lardeau Group. However, evidence fran the 

correlative Covada Group and Bradeen assemblage in northeastern 

Washington (Chapter 1), if applicable to the Lardeau Group, sug;ests 

that the established stratigraphic order outlined above may be 

inverted (Fig. 3.4b and 3.4c). 

The Covada Group and Bradeen assemblage collectively possess a 

structural stratigraphy similar to that of the Lardeau Group, 

canprising (fran west to east): (1) thick-bedded, gritty, imnature, 

quartz~feldspathic wacke and arenite (Daisy Formation): (2) alkalic 

pillow basalt, tuff and limestone (Butcher Formation), of in part 

Early Ordovician age (Snook and others, 1981h and (3) a diverse unit 

comprising black siliceous argillite and chert, quartz arenite, 

phyllite, pillow basalt, fine-grained sandstone and chert pebble 

conglanerate of post-Early Ordovician and perhaps in part Late 

Silurian or Devonian age (Bradeen assemblage) (Chapter 1). These are 

in fault oontact with miogeoclinal strata ranging to Middle 

Ordovician in age. Careful mapping and examination of facing 

indicators indicate that the quartz~feldspathic unit is the oldest 

unit in the Covada Group (thus pre-late Early ordovician), and 

sedimentological evidence and regional correlations sug;est that the 

Bradeen assemblage is the youngest (Chapter 1). 

Specific correlations are made between the: (1) Broadview 

___ • ________ ·· ___ ·_···_00 ___ . ________ 0. _______ . 
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Fonnation and Covada Fo:rmation (based on petrography, nodal analyses, 

stratigraphic facies relationships, and U-Pb detrital zircon 

geochronology) ~ (2) the Jowett Fonnation and Butcher Mountain 

Formation (based on facies relationships and geochemistry): and (3) 

the Triune, Ajax, Sharon Creek, and perhaps part of the Index 

Formation with the Bradeen assemblage (based on similar lithologic 

oonsituents). This oorrelation implies that the Lardeau Group 

stratigraphy as originally defined is overturned, with the Broadview 

Formation the oldest unit and the Index Fbrmation the youngest. 

Tect:.arlc Interpretat.ial 

Inmature textural characteristics and quartzo-feldspathic 

composition suggest that the Broadview Formation is derived from 

nearby uplifted basement blocks of felsic plutonic affinity, and may 

also be partially canprised of recycled coarse-grained strata of the 

Upper Proterozoic Windermere Group. Disruption due to metanorphism 

and deDormation precludes a rigorous analysis of sedimentary facies, 

however coarse, thick- bedded, graded sandstones are consistent with 

turbidite deposition in a mid-fan environment. 

Layers and lenses of alkalic pillow basalt of within-plate 

affinity (Jowett Formation) present in a section with continentally 

derived sandstones are perhaps indicative of an extensional regime, 

as in a partial rift, back arc or marginal basin, or transtensional 

setting. 

Relatively stable, deep water, starved basin conditions 

------.- .. _ .... _---------_ ... _-_. --.-
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prevailed during deposition of the Triune and Sharon Creek 

fonnations, punctuated by deposition of the Ajax Formation. The Ajax 

Fonnation was likely derived from recycled quartz arenites from the 

North American craton '(Chapter 4), and may, by analogy with similar 

quartzites in the Roberts Mountains allochthon in Nevada (Miller and 

Larue, 1983), be correlative with widespread middle Ordovician 

quartzite deposition on the shelf and platfonn. Lack of grading and 

other sedimentary structures associated with turbidites suggests that 

the Ajax Fonnation may have been deposited by grain flows rather than 

turbidity currents. 

Fine-grained green and black phyllite in the Index Fonnation is 

indicative of deep water conditions with abundant volcanic input. 

Alkalic volcanism continued through this period as well • 

.... _------_ ... __ . __ .-._ .. ------------
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Silvercup Ridge 
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The daninant structural trends in the Si! vercup Ridge area are 

defined by a strong northwest-trending foliation (designated S2) with 

a noderate to steep dip to the east, rolling over on the west side of 

Silvercup Ridge to nore shallow dips (Fig. 3.6a). It is 

approximately axial planar to the Silvercup anticline, a structure 

Which plunges gentlyNW and duplicates the section on both sides of 

the ridge (Fig. 3.3a and 3.3b). Smaller, km-scale tight folds, 

parallel and perhaps parasitic to the sil vercup anticline, were 

mapped by Read (1973) on the west side of Silvercup Ridge within the 

Broadview/Jowett package (Fig. 3.2). The foliation and folds 

overprint an earlier deformation (I"l) which imparted a ccmpositional 

layering (S1) approximately parallel to bedding (S0)' In outcrop, S2 

is usually approximately parallel to Sl and thus obscures this 

earlier fabric, but Sl is visible in fold hinge areas, particularly 

in the Broadview Formation, where it is defined by folded phyllitic 

partings and CCJnJ.X>sitional layers (Fig. 3.7). It is also prese.tved 

in tightly folded Cla'IlpOsitional layers in the Index Fonnation in the 

axes of larger F2 folds. 

Small F2 folds are abundant in the Broadview and Jowett 

formations, to the extent that a strong, northwest-trending, 

subhorizontal lineation defined by fold axes is locally the daninant 

fabric element. No consistent sense of fold vergence was noted. 

The Triune, Ajax, and Sharon Creek formations are generally not 



Fig. 3.6. A. pi diagram of 52 foliation attitudes in the Silvercup 

Ridge area. B. L2 Lineation directions in the Silvercup Ridge area 

(includes small fold axes, mineral, and stretching lineations). C. Pi 

diagram of S2 foliation attitudes in the wagner/Aldridge area. D. L2 

orientations in the Wagner Ridge area. E. L3 orientations, mostly 

defined by small kink and crenulation folds in the Wagner Ridge area. 
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Fig. 3.7 •. Photanicrograph of folded a::mpositional layering (81) 

with axial planar cleavage (82), Broadview Formation. Field of view 

is approximately 3.2 x 2.2 nm. 

--------1 
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folded on an outcrop scale, although the two fine-grained units 

typically contain microscopic folds and a gently north dipping, rod

like (intersection?) lineation nore or less parallel to the fold axes 

developed in other lithologies. Mineral lineations, such as those in 

nore recrystallized portions of the Jowett Fonnation, also follow 

this trend (Fig. 3.6b). 

Several generations of faults are present, which range fran 

brittle to ductile in nature, and are typically sub-parallel to 

bedding or foliation. 

'I\\O late(?) kinematic fault systems with unknCMn aJOOunts of 

displacement are present on Silvercup Ridge. The first of these 

thins and eventually pinches out the Triune-Ajax-Sharon Creek 

assemblage southward. The fault rolls over where the foliation rolls 

over to the west along the west side of Sil vercup ridge. An unusual 

geanetry associated with this fault system is present on the west 

ridge of Payes Peak, where a low-angle splay places a flap of the 

Triune-Ajax-Sharon Creek assemblage westward over the Broadview 

Fonnation. 

Another fault system can be traced southward along strike on the 

east side of Silvercup Ridge (CUp Creek fault zone of Pyles and 

F..astwood, 1962). These faults are roughly foliation-parallel, but 

cut or otherWise disrupt it in places, and are accanpanied by 

hydrothennal alteration, iron staining, and/or accumulation of red

weathering calcium carbonate lenses along the fault zones. This 

fault system is spacially associated with the zone of mafic and 
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ultramafic intrusive rocks described earlier. 

In addition, late brittle faults can be observed in cliff faces 

on the east side of Sil vercup Ridge as steep, down-to-the-east 

listric normal faults, with displacements on the order of less than 

10 meters. 

Mount Wagner Ridge 

The Wagner Ridge area exhibits a nore canplex pattern of 

deformation than the Silvercup Ridge area, including nore late (post 

D2 ) defonnation. Structural interpretation is canplicated because 

primary bedding is rarely visible in outcrop except in same coarse

grained sandstone and tuff, and nllJTerous isoclinal folds and 

foliation-parallel faults duplicate and remove section in oamplex 

patterns. 

82 Doliation in this area dips steeply to moderately southwest, 

decreasing in angle away fram the near-vertical Badshot contact (Fig. 

3 .6c). The foliation, particularly in the Index Fonnation adjacent 

to the Badshot contact, is profoundly disrupted. The sncoth, 

relatively planar foliation generally present in the Index F~tion 

in the Silvercup Ridge area is replaced in this area by a scaly, 

mylonitic(?) fabric. This disrupted fabric is developed 

intermittently up to the Broadview contact. 

Canplex fold patterns reflect contrasting rock rheologies and 

later defonnation. As on 8ilvercup Ridge, early folds associated 

with the 82 event generally have horizootal to m:xIerately plunging 

--- ..•. _--_ .. -_ ... _. ....._ .. - --------
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fold axes (Fig. 3 .6d), range fran open to isoclinal, and fran a ffM 

em to 100 I s of m in wavelength. The foliation is axial planar to 

these folds, WhiCh fold a previously-existing compositional layering, 

and is strongly refracted through contrasting sandstone and phyllite 

layers. Folds in the coarse grained sections of the BroadvifM 

FOrmatiorl often have a Chevron geometry and generally verge eastward, 

and are perhaps parasitic to the Finkle Creek syncline whiCh occupies 

the valleys of Lardeau and Healy creeks. The Ajax F'ormation is 

isoclinally folded, and in places a single thick quartzite layer is 

repeated up to three times. A fold axial area is visible in the 

north face of Mount Aldridge. 

A later fold set (F3 )is also present, Characterized by steep 

fold axes which form a lineation in the plane of S2' and nore brittle 

nature. These folds are best ~eveloped in phyllite close to the 

Badshot contact. They canprise rrostly kink and crenulation folds, 

generally with wavelengths of 10 an or less. Axial orientations are 

nore variable than in the early fold set, but generally trend 

approximately NE-SN and plunge steeply SN in the plane of S2 (Fig. 

3.6e) • 

Early, bedding-parallel faults, apparently syn- or in sane cases 

perhaps pre-kinematic with respect to D2, dramatically thin sane 

parts of the section and rerrove other parts entirely (Le., NE of 

Mount Wagner, where the Ajax Formation is in contact with the upper 

Index Formation). South of Mount Aldridge, the stratigraphic section 

is reduced to sheared, map-scale boudins of quartzite, argillite, 

----------_. --. 
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with .... 50 Ma K-Ar cooling ages". 

These constraints suggest the possibility that deformation and 

metanorphism were not everywhere synchronous, perhaps ceasing in the 

western Kootenay Arc earlier than in the eastern Kootenay Arc. This 

possibility is discussed below with reference to age constraints fran 

the vicinity of the map area. 

A set of felsic intrusive dikes (~eviously described) is 

present in the lower Index FOrmation, in the area southwest of Mount 

Tempelman. The dikes are discontinuous, range fran 0-3 meters in 

thickness, are strongly foliated and isoclinally folded. They 

possess the low-plunging fold axes and mineral lineation parallel to 

other early folds, and are fully recrystallized. Structure and 

mineralogy thus indicate that the dikes are pre- to syn-kinernatic 

with respect to D2' 

A 50 kg sample fran one of the larger dikes was collected for U

Pb analysis (Fig. 3.2). Zircons were separated using standard 

wechanical, gravity, and magnetic techniques, washed in wann, dilute 

HN03 , sieved into size fractions and hand picked in alcohol (see 

Gehrels (1990) for explanation of laboratory techniques). sm;nples 

were dissolved following the methods of Parrish (1987), then 

aliquoted and spiked with 208pb/235u tracer. Isolation of uranium 

and lead followed the ~ocedure of Parrish and others (1987). 

Fractions were analyzed using a VG 354 multi-collector mass 

spectraneter equipped with six Faraday collectors and a Daly detector 

system. 
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greenstone, and sandstone interlayered in a ocmplex, anastarosing 

fashion (Fig. 3.3c). Late brittle faults in the Index Fonnation 

adjacent to the Badshot oontact cut the shear fabric and are 

characterized by mineralized quartz veins. The latest fault set in 

the region trends ENE, al.m:>st orthogonal to the foliation. These 

faults typically eXhibit dip-slip and/or dextral offset of less than 

10 meters. 

Structures Alcmg ancl Adjacent to the Badsbot Qmtact 

In addition to the structures described above, an additional set 

of structures is developed in the Index Fbrmation along the Badshot 

contact, indicative of a major shear zone aC<XlIUooating several 

periods of ITOvement. The Badshot Formation oontains a near-vertical 

foliation and abundant upright, map-scale to cm-scale isoclinal folds 

with nearly horizontal fold axes. Near the contact, dolcmitized 

areas are ooudinaged and streaked out subhorizontally in the 

foliation. Late-stage, brittle, mineralized breccia zones are also 

present near the oontact. Structural trends in the Index Fbrmation 

are truncated against the Badshot oontact (Fig. 3.8). 

The precise contact area between the Badshot and Index 

formations is usually talus-oovered. Where exposed, it is structural 

in nature, although in sane locations the Badshot Fonnation is 

gradational over one to several m into black calcareous argillite 

before the structural oontact with sheared phyllite is reached. 

Small infolds of black to gray, calcareous or siliceous argillite and 

- ._ ... __ .--- _ .... _.-.. - .. "'" ----------
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Fig. 3.8. Gross truncations of structural trends in the Index 

Fonnation along the Badshot oontact. View is to the southeast, toward 

f\bunt Abbott. 
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phyllite are present along the Badshot contact, and a very large 

infold (km-scale) is present in the vicinity of Mount Tempelman. We 

interpret these infolds to represent deposition of a deeper-water 

miogeoclinal facies over the Badshot Formation, while the Index 

Formation represents a separate entity. 

More typically, the contact area is sheared: in several 

locations, a sheared and silicified breccia zone is developed, 

incorporating am-sized clasts of black argillite fvam the overlying 

Index Formation into a limestone matrix over a distance of a few 

meters. These shears are apparently related to other (late) D2 

structures, as a faint, subhorizontal linear fabric is present. 

A persistent but unevenly developed zone of hydrothermal 

alteration up to several hundred meters wide is present in the Index 

Fonnation between approx.irnately .5 and 2 kIn west of the contact. It 

is manifested by low-grade sericitic alteration, and abundant pyrite. 

The zone is most extensively developed along the east ridge of Mount 

Aldridge, where the Index Formation is thinnest and nost highly 

deformed. The zone is nore diffuse to the north and south. It has 

been traced as far south as Howser Ridge, approximately 10 Jan 

distant, and north as far as the edge of the map area. 

An intermittent zone of small, dextral shears exists from the 

contact to approximately 2 krn west of it, overlapping the zone of 

hydrothermal alteration. These shears resemble an S-C fabric in 

scale and distribution, but may also postdate the original S-surfaces 

The shear fabric is sub-parallel to the foliation, dips westward, and 

. - ---_ ...• _--- -.. ----- _._-. - .--... _---------



121 

has an angular discordance of N2eP with respect to the contact. 

An additional feature along the contact is large (up to 100 m 

long), isolated, lens-shaped boudins of limestone, quartz arenite and 

greenstone within the sheared phyllite. These lithologies apparently 

fonned continuous sedimentary horizons in the Index Fonnation, and 

their present distribution is evidence of extreme thinning and 

disruption of the section. 

The preceding structural evidence is used to define a shear zone 

in the lo.rer Index Formation along the Badshot contact, termed the 

Lardeau shear zone. 

structural StImBry 

The structural style in the study area is characterized by 

approximately 6 structural events: 

(l) Dl : canpressional defonnation and metam::>rphism, which 

imparted a canpositional layering (S1) parallel to S0. 

(2) D2: canpressional defonnation, characterized by the daninant 

NW-striking foliation (S2) and horizontal to shallOlN'-plunging fold 

axes and lineations, and faulting and thinning of the section. 

(3) D3 (?) defonnation characterized by shear disntption of the 

lower Index Fonnation and overlying units, small kink and crenulation 

folds with steep dips, brecciation along the Badshot contact, zones 

of right lateral shears and hydrothennal alteration, extreme 

boudinage of limestone and other lithologies near the Badshot 

contact, and additional thinning of the section. Sane or all may be 

----- ---------------- -- -----. - ---- ---------._-_. _._-
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late synkinematic with respect to D2. 

(4) D4: high-angle, foliation-parallel brittle faults, host to 

ndneralized quartz and calcite veins. 

(5) Ds: listric normal faults (may be coeval with D4). 

(6) D6: high-angle joints and small faults that trend ENE. 

Structural evidence suggests the presence of a large shear zone 

(Lardeau shear zone) in the Index Fonnation adjacent to the Badshot 

contact. 

A cryptic, pre-mid-Mississippian compressional defonnation is 

recognized in the Lardeau Group primarily by oanparison with the 

unconfonnably overlying Milford Group. Randanlyoriented, foliated 

clasts of Lardeau Gro~ lithologies are present in the basal 

conglcmerate and conglanerates low in the Milford section (Wheeler, 

1968) (Fig. 3.9). Large, refolded, recurrbent nappe structures in the 

Lardeau Group in the Kootenay Lake and Duncan Lake region (e.g., Hoy, 

1980; Pyles, 1964) are not recognized in the Milford Gro~, and thus 

may predate it. If the Lardeau stratigraphic section is overturned 

as suggested above, this event must also have taken place prior to 

deposition of the Milford Gr~. In addition, the Lardeau Group 

contains a rnetanorphic fabric associated with an early greenschist 

facies rnetanorphism not present in the Milford Group (Read, 1976). 

The latter is present in the study area as, for example, folded 

.... _--_ .... _ .... _--_._._ .. _ ..... _----------



Fig. 3.9. Milford Group oonglanerate, showing randanly 

oriented, foliated clast fran the Broadview Formation. 
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phyllitic partings and CCl1l];X)sitional layers (Sl)in the Broadview 

Fonnation. 

Constraints on the exact timing of this defonnation are few in 

the Kootenay Arc. HO'w'ever, a mmber of pieces of evidence fran around 

the region are indicative of Devono-Mississippian tectonic activity. 

Within the Kootenay Arc, conglomerates in the Mississippian MilDord 

Group and the najor unconfonnity at the base of the Milford Group are 

suggestive of tectonism of this age. outside of the Kootenay Arc, 

miogeoclinal strata in the Rocky Mountains preserve a record of: (l) 

rifting and thennal subsidence during Canibro-Ordovician time (Bond 

and Kaninz, 1984); (2) non-deposition and erosion during mid-

Devonian (?) tiJre, leaving an erosional surface beneath ITOst late 

Devonian strata; (3) carbonate deposition in Late Devonian (Frasnian 

to Farnnenian) time; followed at the Devono-Mississippian boundary by 

(4) the Exshaw Fonnation, a thin, regionally extensive shale unit 

(MacQueen and Sandberg, 1970). The Exshaw Fonnation contains 

microfauna suggestive of an anoxic (restricted basin?) setting, minor 

subfeldspathic arenite (Savoy, 1988), and layers of felsic tuff, 

indicative of volcanic activity at the time of deposition. The 

Exshaw Fonnation is overlain by the Banff Fonnation, a thick, 

recessive unit ~ising shale, siltstone, cherty argillite and 

impure carbonate (e.g., Price and Mountjoy, 1972), recording a 

gradual return to aerobic conditions (Savoy, 1988). This unit is 

overlain by thick Upper Mississippian carbonate. The clastic influx 

at the Devono-t-1ississippian boundary was accanpanied by a rapid 
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decline in the elevation of the basement surface as evidenced by 

subsidence curves (Price and others, 1985). We suggest that the 

miogeocline may thus preserve the distal deposits of a foreland basin 

(analogous to the Antler foreland basin) which formed in response to 

regional overthrusting in the Kootenay Arc region. Additional 

evidence of tectonic activity includes plutons, gneissic bexlies, and 

volcanic rocks of Middle to Late Devonian age, present to the north 

and west of the Kootenay Arc (Okulitch and others, 1975: Okulitch, 

1985: Schiarizza and Preto, 1987), and alkalic intrusive rocks of 

latest Devonian or Early Mississippian age ("'368 Ma) in the western 

Rocky Mountains (Parrish and others, 1987a). 

The timing of the main defonnation and metanorphism in the 

Kootenay Arc region (D2 in the map area, manifested by the prcminent 

NNW-striking foliation and low plunging folds) is generally accepted 

as Jurassic in age, although a conflicting range of ages have been 

proposed based on a n\.ll1ber of geologic relations: (1) Read and 

~Jheeler (1976) restrict de£onnation to 178-164 Ma, with the older age 

fran the core of the pre- to syn-tectonic Kuskanax Batholith and the 

younger age fran the post-tectonic northern portion of the Nelson 

Batholith and Mount Carlysle stock: (2) Reesor (1973) brackets the 

defonnation and metarrorphisrn between 164 Ma (Mount Toby stock, which 

is recrystallized) and the 97 f.fa Fry Creek. Batholith, which is 

largely undefonned. Hoy (1980) also cites this minimum age, along 

------------- ---- -------------- -- ---
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with N50 Ma K-Ar cooling ages. 

These oonstraints suggest the possibility that defonnation and 

metarrorphism were not everywhere synchronous, perhaps ceasing in the 

western Kootenay Arc earlier than in the eastern Kootenay Arc. This 

possibility is discussed below with reference to age constraints fran 

the vicinity of the map area. 

A set of felsic intrusive dikes (previously described) is 

present in the lower Index FOnnation, in the area southwest of Mount 

Tempelrnan. The dikes are disoontinuous, range fran 0-3 Ireters in 

thickness, are strongly foliated and isoclinally folded. They 

possess the low-plunging fold axes and mineral lineation parallel to 

other early folds, and are fully recrystallized. Structure and 

mineralogy thus indicate that the dikes are pre- to syn-kinematic 

with respect to D2 • 

A 50 kg sample fran one of the larger dikes was oollected for u

Pb analysis (Fig. 3.2). Ziroons were separate.>d using standard 

mechanical, gravity, and magnetic techniques, washed in wann, dilute 

HN03 , sieved into size fractions and hand piCked in alcohol (see 

Gehrels (1990) for explanation of la1:x>ratory tec'hniques). Samples 

were dissolved following the methods of Parrish (1987), then 

aliquoted and spiked with 20Bpb/235u tracer. Isolation of uranilDll 

and lead followed the procedure of Parrish and others (1987). 

Fractions were analyzed using a VG 354 rnul ti-oollector mass 

spectraneter equipped with six Faraday collectors and a Daly detector 

system. 
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Results are compiled in Table 1 and shown graphically in Fig. 

3.10. Points are slightly ("'5%) to greatly ("'30%) discordant, 

reflecting a high degree of inheritance of older zircon. An upper 

intercept age of 1871+/-95 Ma is interpreted as an average 

inheritance age, consistent with ages obtained fran detrital zircon 

fractions frcm underlying Upper Proterozoic to lower Paleozoic strata 

(Chapter 4). The lower intercept is interpreted as a crystallization 

age of 146+/-15 Ma. Thus IlOst of the deformation must be younger 

than "'146 Ma, post-dating the constraints cited by Read and Wheeler 

(1976). Petrographic analysis of rocks collected fran west of Trout 

Lake, however, show a static recrystallization, IlOst likely 

reflecting thermal disturbance as a result of intrusion of the 170 

Ma, post-kinematic Mount Hadow stock (Roback, 1990). Roback (1990) 

also cites a 192 Ma age from a syrikinematic dike associated with the 

Kuskanax batholith. These ages, and others fran around the Kootenay 

Arc region, suggest that deformation was not everyWhere synchronous, 

but nay have proceeded fran west to east, spanning a wide interval of 

Jurassic to earliest Cretaceous time. 

Post-D:2 
Dextral shears and other evidence of structural disruption of 

the foliation along the Badshot contact must post-date the "'146 Ma 

emplacement of the dike, but nay follow closely, at slightly higher 

structural levels. It is also possible that the dextral shears are 

synchronous with IlOvement on other large transform faults throughout 

- -- ',----' ~',,~"-'"'---. -- ,,----, -'-
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Table 3.1: U-Pb zi.nxn isotopic data and ~ ages :for £elsie dike in l.ower ID1ex FaDIBti.al 
87GK61 (UT1.l 148- W, 500Jg1458 N) 

IOOIDPIC crMroSITIOO *APPARENr ~ * WEIGH!' SIZE MAG CDNGN'l'RATION 206pb ~b 206pb 206pb 207 207pb 
(ng) (p) U Pb 204pb 207Pb 208pb 2380 23~ WEiPb 

1.08 45-30 NM 591.9 25.55 953(3) 10.386(8) 8.975(6) 271.1 (1.2) 400.4(2.1) 1237(3) 
.65 45-63 NM 577.9 26.10 600(10) 9.456(4) 6.074(4) 277.9(1.3) 413.4(3.6) 1263(9) 
.27 63-83 NM 495.2 72.88 818(3) 7.929(5) 7.576(5) 858.5(4.3) 1167(7) 1796(6) 

1.57 63-80 NM 459.1 38.36 3270(00) 9.426(4) 8.088(7) 495.8(1.8) 765.3(3.1) 1662(2) 
.72 00-100 NM 354.3 28.00 389(1) 7.757(2) 4.6363(5) 468.8(2.3) 693(5) 1499(8) 
.77 100-125 NM 314.1 38.95 633(1) 7.924(2) 5.9282(7) 718.8(3.7) 1011(7) 1713(7) 
.36 45-30 M 552.6 44.50 1123(8) 8.863(10) 7.958(10) 486.3(2.9) 748(5) 1638(4) 
.23 63-80 M 678.3 68.93 1440(1) 8.853(2) 8.132(4) 604.4(2.6) 890.7(4.3) 1690(2) 

Notes: 
NM = nomagnetic at 1.7 cmps, 2° side slope, and 10° forward slope on a Frantz 

isodynamic separator. 
M = na.gnetic at 1.65 cr.tpS, 5° side slope, and 15° forward slope. 
* = radiogenic lead 
Constants used: 2380 = 1.55125x1ra-13: 2350 = 9.8485xIra-13: 2380/2350 = 137.88 
Uncertainties (in parentheses) in isotopic ratios and apparent dates are reported at 95%-leve1. 
Isotopic canp:>sitions listed al::ove have not been adjusted. In 
calculating ooncentrations and 

apparent dates the IIEaSured isotopic ratios are adjusted as follows: 
(1) Mass dependent correction factors of: .14 +/- .06 %/m.; for Ph, .33 +/-.12 % for U, 

and .27 +/-.11 % fur 002 • 
(2) ~7ratirQ§ have been correctedJQr .~+/- .325 lJ3 blank, with: 2~b/~ = 18.6+/-.30, 

Pb/~ = 15.5+/-.3, and QJ%/ Pb = 38.0+/-.8. 
(3) U aliquot has been oorrected for .m +/- .005 lJ3 blank. 
(4) AddiU~~radiogenic lead ~ as~ to be initial lead, ~ assir~ed a cullfOSition 

of QJ~/ Pb = 17.9 +/- 2.0, 7Pb/ Pb = 15.58 +/- .3, and 8pb/~ = 37.8+/-2.0, 
oonsistent with stacey and ¥.ramers (1975). 
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the Cordilleran region during Late Cretaceous to early Tertiary time 

(e.g., Gabrielse, 1985). Listric nonnal faults may be synchronous 

with Eocene normal faulting in the adjacent Monashee Canp!ex. The 

late, cross-cutting features post-date this event but their timing 

and tectonic significance are not known. 

DisplaC'Elnenl History of the LaJ:deau GJ:oup 

Structural and stratigraphic evidence fran the map area and fran 

around the region suggests substantial :t-lE-SW shortening and NW-SE 

extension of the Lardeau Group, as well as significant movement along 

the Lardeau shear zone. 

Features described above define the Lardeau shear zone, but 

provide few direct constraints on the magnitude of movement. 

possible constraints cane fran the southern portion of the Kootenay 

'Arc, where the correlative COvada Group and Bradeen assemblage are in 

fault contact with miogeoclinal strata as evidenced by overlapping 

faunal ages (Early Ordovician in the Covada Group versus Middle 

Ordovician in adjacent miogeoclinal strata) (Snook and others, 1981) 

and structural disruption along the contact. OVerlapping faunal ages 

in rocks of very unlike facies (outer shelf versus deeper water 

submarine fan/volcanic environment) suggest that the fault must have 

accanrodated appreciable novement (on the order of tens or perhaps 

hundreds of kIn). A potential analogue is the Roberts Mountains 

allochthon in Nevada, which contains a sequence of sedimentary and 

volcanic rocks of oceanic affinity akin to that preserved in the 

---------- ----



131 

Lardeau Group (Smith and Gehrels, 1989) juxtaposed over miogeoclinal 

strata, with estimates of roughly 10.0-150 Jan of displacement nonnal 

to the continental margin (Roberts and others, 1958). 

By analogy, the Lardeau Group must have formed far enough fran 

the miogeocline to allow for a separation of tectonic elements, as it 

is fundamentally oanprised of relatively deep water and sul:Jnarine fan 

deposits that likely accumulated in a continental slope, rise, or 

abyssal plain environment, but close enough to the continental margin 

for sediments to have been derived from the continent. Thus on the 

order of at least 100 kin of rrovement nonnal to the contact is 

inferred for the Lardeau shear zooe, of which sane may be Devono

Hississippian in age. 

In addition to rrovement nonnal to the continental margin, the 

Lardeau shear zone and ductile strain wi thin the Lardeau Group 

acccmrodated rrovement parallel to the contact. Kinematic indicators 

associated with the Jura-Cretaceous defonnation include fold axes and 

mineral and stretching lineations. All are subparallel to each other 

and to the Badshot contact, and have shallow axes or elongation 

directions. No consistent pattern of fold vergence is noted in the 

map area. Fold orientations indicate pronounced ENE-WNW shortening, 

While lineations indicate elongation in the opposite direction 

(orogen-parallel), features noted by rrost previous workers. Ellis 

(1986) suggests that the orogen-parallel nature of linear elements in 

the Kootenay Arc is indicative of highly oblique convergence as the 

Intenrontane superterrane was emplaced over the continental margin. 

-----------_. - ... -- .. ----- -------_._--_. -- .-
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Later dextral shears and steeply dipping £Old axes are indicative of 

additional localized strike-slip motion. Magnitude of orogen

parallel displacement is uncertain, although estimates of bulk strain 

by Ellis (1986) suggest at least several hundred percent elongation 

in units such as the Lardeau Group, exclusive of discrete planes of 

novement such as the Lardeau shear zone. 

cnc:nslCES 

Structural and stratigraphic evidence fran within the map area 

and adjacent regions are consistent with the following conclusions: 

1. The I.ardeau Group is canprised of relatively deep water 

submarine fan and basinal deposits, reflecting deposition adjacent to 

the continental margin in an intermittently extensional environment. 

Sediments are principally derived fran uplifted basement blocks and 

recycled quartzite of continental affinity. The stratigraphic 

sequence is correlative to the Oovada Group and Bradeen assemblage in 

northeastern Washington, and is thus interpreted to be inverted. 

2. Pre-mid-Mississippian tectonism resulted in: (I) inversion of 

the stratigraphic sequence; (2) development of a compositional 

layering; and (3) folding of the Lardeau Group. Regional evidence 

suggests that this event occurred during Devonian to Early 

Mississippian time, and involved emplacement of the Lardeau Group 

over miogeoclinal strata. 

3. The Oolunibian orogeny was relatively protracted, and .may have 

progressed fran west to east in the Kootenay Arc. Defomation in the 

.. _._----.--------_. __ .-. - ... - ..... _--,.---------
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map area lasted into earliest Cretaceous time. 

4. The Lardeau shear zone accuillOOated several periods of 

Irovement, both nonnal and parallel to the continental margin. 

Orogen-nonnal contraction on the order of .... 100 :km is necessary to 

account for juxtaposition of deep-water Lardeau Group rocks over 

shelf facies. These and the Quesnel terrane were further emplaced 

eastward over miogeoclinal strata during mid-Mesozoic time. Likewise 

parallel extension on the order of at least several hundred percent, 

and minor dextral strike-slip faulting are indicated by structures 

wi thin the Lardeau Group and along the Lardeau shear zone. 

This shear zone does not record accretion of far-travelled tectonic 

fragments, however, because the Lardeau Group was stratigraphically 

linked with inboard miogeoclinal strata prior to mid-Paleozoic time 

(Smith and Gehrels, 1990b, in review), and the Quesnel terrane has 

apparently always been in stratigraphic continuity with the Lardeau 

Group (Klepacki, 1983; Klepacki and Wheeler, 1985). Hence, both the 

Lardeau Group and Quesnel terrane are parautochthonous with respect 

to North America. 
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IMPLICATIOOS FOR '!HE FARIN PAL'EDZOIC IJ'EX!l(N.[C DE'\.1EOOPMFNl' OF '!HE 

FASTElti CANADIAN OORDIUERA 

stJl.H\RY 

The Kootenay Arc in northeastern ~Tashington and southeastern 

British COIUJ'TUjia contains the fundamental transition between 

autochthonous Upper Proterozoic to lower Paleozoic miogeoclinal 

strata and outboard Paleozoic to Mesozoic eugeoclinal terranes of 

uncertain paleogeographic affinity. To better understand the nature 

of this transition, U-Pb detrital zircon geochronologic studies were 

carried out on significant Upper Proterozoic and lower Paleozoic 

sedimentary units in the Kootenay Arc, including miogeoclinal strata 

of the Horsethief Creek and Hamill groups and eugeoclinal strata of 

the Broadview and Ajax formations (Lardeau Group) and Daisy Formation 

(Covada Group). The results indicate that all units sampled are 

derived fran source terranes of "'700 Ma and of "'1. 7 to 2.7 Ga, with 

notable populations of 1.76 - 1.85, 1.9 - 2.1 and 2.5 - 2.7 Ga 

zircons. These results are consistent with derivation of the 

miogeoclinal and lower Paleozoic eugeoclinal units fvam adjacent 

portions of the southern Alberta craton. This extends the western 

limit of supracrustal rocks of known North American affinity, fonned 

--.... -.----. -_ .. -._.-. - .---.. ----.-------
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approximately in situ in the southern canadian Cordillera, to 

outboard of the lower Paleozoic eugeoclinal strata in the Kootenay Arc. 

lNI'OOOOCI'ICN 

The Kootenay Arc is an arcuate structural belt of Jurassic age 

present in southeastern British Columbia and northeastern Washington. 

Contained wi thin an overall westward-younging sequence of Upper 

Proterozoic to Jurassic rocks is the fundamental transition between 

autochthonous, lower Paleozoic passive margin strata and outboard 

arc-related terranes of uncertain paleogeographic affinity (Fig. 

4.1). 

Autochthonous strata include the Upper Proterozoic Horsethief 

Creek Group, the Lower cambrian Hamill Group, and the Lower cani>rian 

Badshot Formation. These units are overlain by the lower Paleozoic 

Lardeau Group, canprising argillite, quartzo-feldspathic wacke, 

quartz arenite, mafic volcanic rock, phyllite, and limestone. Pyles 

and Eastwood (1962) interpreted the Lardeau Group to lie 

depositionally over miogeoclinal strata of Early Cambrian age, thus 

reflecting a temp:>ral change fran shallow water to deeper water, nore 

active tectonic conditions. 

More recently, additional field evidence has cast doubt on this 

interpretation. The bounding structure between the Lardeau Group and 

the miogeocline is interpreted as a fault (Gehrels and Smith, 198'7; 

Chapter 3). Correlative eugeoclinal strata (Covada Group) in 

northeastern Washington are also in fault contact with miogeoclinal 

strata, based on the juxtaposition of two different stratigraphic 

----- -- --------- ---- - --- ----------- ~- ---
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Fig. 4.1. Regional map of the Kootenay Arc region, showing major 

tectonic assemblages. (After Wheeler and McFeely (l987), and references 

cited therein.) Note locations of sample areas shown in Fig. 4.3. 

------_ .. _--, - .. -. 
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sequences with overlapping faunal ages. This evidence suggests that 

there was originally a sizable distance between the Lardeau/Covada 

depositional basin and the miogeocline. In addition, sane plutonic 

rocks in the northwestern portion of the Kootenay Arc have yielded 

Ordovician 207pb/206pb ages, leading to speculation that the Lardeau 

Group may have had a westerly, arc-derived source of this age 

(Oku1itch, 1985). 

Same tectonic maps and models of Cordilleran accretion also 

imply an allochthonous origin of the Lardeau Group. Based on 

dissimilarities with adjacent miogeoclinal strata, The Lardeau Group 

and Badshot Formation were included in a "suspect terrane" (Eastern 

Assemblage) by Coney and others (1980). More recently, the Lardeau 

and Covada groups have been included in the Kootenay terrane by 

Wheeler and others (1988). The Lardeau Group is also reported to lie 

outboard of major sutures separating autochthonous strata fran 

allochthonous terranes in models of Cordilleran accretion advanced by 

Chamberlain and I.arrbert (1985), Lambert and Chamberlain (1988), and 

Umhoefer (1987), which favor up to 1500 krn of northward latitudinal 

transport for the Lardeau Group and other outboard terranes. 

The Lardeau Group was deformed and metanorphosed prior to being 

overlain by mid-t-1ississippian to Pennsylvanian strata of the Milford 

Group (Read and Wheeler, 1976). The presence of foliated Lardeau 

Group clasts in the basal cong1arerate of the Milford Group (Wheeler, 

1968) constrains the timing of the early defonnation and also serves 

as a depositional link between the two groups. The Milford Group is 

--.- ----------
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in turn depositionally linked to the Permian Kaslo Group volcanic 

rocks and Triassic Slocan Groqp black argillite, the latter belonging 

to the Quesnel terrane (Klepacki, 1983). The Quesnel terrane 

contains Permian fauna of both Tethyan (non-North American) and North 

American affinity, suggesting formation in a location in part 

geographically or otherwise separated fran the North American 

continental margin (Nelson and Nelson, 1985: Orchard, 1989). 

Emplacement of the Quesnel terrane over the continental margin is 

thought to have taken place during the Middle Jurassic to Early 

Cretaceous Columbian Orogeny (r-1onger and others, 1982), which 

imparted the notable arcuate structural grain to the Arc and 

subjected most of the region to oampressional deformation, 

greenschist to amPhibolite facies metamorphism, and plutonism. 

If these links between strata of the Kootenay terrane and rocks 

of the Quesnel terrane are valid, the structural boundary between the 

Kootenay terrane and miogeoclinal strata thus becanes the most likely 

site for a suture separating allochthonous terranes fran North 

American strata (if such a structure exists). The significance of 

this boundary is examined by ocmparing detrital zircon data fran the 

deep water, eugeoclinal Covada and Lardeau groups with data fran 

adjacent miogeoclinal strata, to discern whether the ages of source. 

regions for miogeoclinal strata (prestmlably derived fran adjacent 

portions of North America) and eugeoclinal strata are the same or 

different. This infonnation is then used to examine three questions : 

(l) \'hat was the original paleogeographic setting of lower Paleozoic 
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eugeoclinal strata in the Kootenay Arc (exotic to or derived fran 

North America)? (2) If derived fran North America, has the Kootenay 

Arc· undergone significant northward transport parallel to the 

continental margin? and (3) Does geochronologic data support the 

hypothesis of a westerly derived source of Ordovician age for the 

Lardeau Group? This infonnation can in turn be used to place 

constraints on the westward l.imit of strata of North American 

affinity in the southern Canadian COrdillera. 

Narthem Kootenay Arc 

Autochthonous strata in the northern Kootenay Arc canprise the 

Upper Proterozoic Windennere Group, the uppenrost Proterozoic(?) to 

Lower Carrbrian Hamill Group, and the Lower Carrbrian Badshot Fbnnation 

(Fig. 4.2). The 850 - 600 Ma Windennere Group (locally Horsethief 

Creek Group) canprises mafic volcanic rock, coarse, gritty quartzo

feldspathic wacke and arenite, and finer grained sandstone and shale. 

The Windennere Group has been interpreted as marking the inception of 

a protracted episode of rifting between western North America and an 

unknown western landmass (Stewart and Suczek, 1977). Thennal 

subsidence as a result of a more well-established rift event at N560 

Ma is marked by the ubiquitous presence in the eastern Cordillera of 

a westward-thickening wedge of quartz-riCh clastic strata known as 

the Hamill Group in the Kcx:>tenay Arc (locally: Mohican and Marsh 

Adams fonnations) (Bond and Kaninz, 1984). The distal portions of 

...... _-----
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Fig. 4.2. Diagramnatic stratigraphic colunns of Upper 

Proterozoic to lower Paleozoic strata in the northern and southern 

Kootenay Arc. The Lardeau Group is shown with the stratigraphy 

inverted relative to the conventional. stratigraphy, based on 

correlations with the Covada Group in the southern Kootenay )\.rc. See 

Chapter 3 fOr additialal. discussion. 
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the Hamill Group contain (in addition to quartzite) shale, quartz~ 

feldspathic sandstone, limestone, and mafic volcanic rocks (Devlin, 

1989). The overlying, archaeocyathid-bearing Badshot Fonnation is a 

regionally extensive carbonate unit ranging to several hundred meters 

in thickness. 

Eugeoc1ina1 strata make up the Lardeau Group, which is 

traditionally inte~reted as a westward-younging, oon£or.mab1e 

stratigraphic sequence canprised of the Index, Triune, Ajax, Sharon 

CreeJ<:, Jowett, and Broadview fonnations (Pyles and Eastwood, 1962). 

The Index Fonnation includes a structurally lower member of 

disrupted black phyllite, and an upper manber of green phyllite, 

1:iJnestone and tuff (ranging fran ash tuff to 1api11i and rarely 

larger grain sizes), with local basaltic pillow flows at the top of 

the unit. Thin layers of quartz~fe1dspathic sandstone and quartz 

arenite are locally present. 

The Triune, Ajax, and Sharon Creek fonnations canprise, fran 

structurally lowest to highest, a tripartiate assemblage of black to 

dark gray, laminated to medi~bedded siliceous argillite and chert, 

gray quartz arenite, and black to dark gray siliceous argillite and 

chert. Ajax Formation quartz arenite is canprised of nearly 100% 

nonocrystalline quartz showing bi.trodal sorting, and is otherwise 

texturally very mature. It ranges fran massive to thin-bedded, and 

exhibits few primary sedimentary structures. 

The Jowett Fonnation structurally overlies the Sharon Creek 

Fonnation and is in part interbedded with the Broadview Fonnation. 

-----.. - -.---- _.'-' ---_ .. - --_ ... ---------



It is daninantly canprised of alkalic pillow basalt and tuff of 

within-plate affinity (J. Einarsen, written c:x::mmmication, 1990). 
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The Broadview Formation is the thickest and most regionally 

extensive unit in the Lardeau Group, and is daninated by medium to 

thick, massive to nonnally graded beds of medium- to coars~grained, 

gritty, subarkosic wacke and gritty phyllite. Facies are consistent 

with deposition in mid-fan channels or suprafan lobes. The sandstone 

cxmtains 60 to 97% nonocrystalline or polycrystalline quartz and 2 to 

30% feldspar, primarily untwinned albite, arrall, twinned plagioclase 

grains and locally orthoclase. Muscovite and rare sedimentary lithic 

grains are other constituents. Sandstone is texturally .il11nature, 

exhibiting poor sorting and subangular to subrounded clasts. 

Petrographic study suggests derivation from a nearb¥ source of 

felsic, high-grade gneissic or plutonic rock. The Broadview 

Fonnation is similar enough to the Horsethief Creek Group in outcrop 

and petrologic aspects to have once been interpreted as an 

allochthonous thrust sheet of Horsethief Creek Group emplaced over 

the rest of the Lardeau Group (Wheeler, 1968). 

In contrast to the stratigraphy proposed b¥ Pyles and Eastwood 

(1962), recent work in the correlative and less-deformed COVada Group 

in the southern Kootenay Arc suggests that the sequence outlined 

above may be inverted. Hence, as shown in Fig. 4.2 and discussed in 

Chapter 3, we suggest that the Broadview Formation may be the oldest 

unit and the Index Formation may be the youngest unit in the Lardeau 

Group. Relations with the unconfonnably overlying Milford Group 

.. -_ ... _---------_ .. __ ._---_ .. __ . ----------



suc:gest that the Lardeau Group sequence was inverted during mid

Paleozoic time (Chapter 3). (see below, and Fig. 4.2). 

SOUthern Kootenay Arc 
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In the southern I".ootenay Are, autochthonous strata include 

correlatives of the Windermere Group, Hamill Group, and Badshot 

Fonnation, known respectively as the Huckleberry, Addy, and Maitlen 

fonnations. Additional miogeoclinal units include the Middle and 

Upper Cambrian Metaline Formation (shale and limestone) and the Lower 

and Middle Ordovician Ledbetter slate (slate, siltite and limestone). 

Silurian and Devonian limestone and coarse clastic strata are 

conformable over this sequence in the vicinity of the international 

border (Greenman and others, 1977). 

Eugeoclinal strata canprise the Covada Group and Bradeen 

assemblage and various, probably correlative, units described by 

Yates (1976) in the vicinity of the international border. (The 

latter were not sampled for U-Pb geodhronology and will not be 

discussed further.) 

The Covada Group strictly defined (Chapter 1) contains the 

Daisy Formation and Butcher Mountain Formation. Fine-grained chert

rich strata, fonnerly included in the Covada Group, are designated a 

Geparate unit, the Bradeen assemblage (Fig. 4.2). 

The Butcher Mountain Far.mation comprises pillowed and massive 

alkaline basalt, tuff breccia, ash and lapilli tuff, lahar deposits 

and limestone. The age of the Butcher Mountain Fonnation near our 
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prop::>sed type locality is Early Ordovician (Snook and others, 1981). 

The Dai~ Formation is a regionally extensive unit ~ising 

llOstly medium- to thick-bedded, massive to normally graded, medium

to coarse-grained subarkosic wacke and arenite, with interbedded 

slate and rare limestone. The Daisy Formation in the type locality 

may represent mid-fan channel and suprafan lobe dep::>sits that are 

part of an east-derived, prograding fan system. 

The sandstone is noderately to poorly sorted wacke and arenite, 

with clasts that are subangular to subrounded and daninantly 

canprised of m:mocrystalline quartz, with lesser prop::>rtions of 

untwinned albite, pla9ioclase, microcline, orthoclase, muscovite, 

biotite, and sedimentary lithic grains. Large plutonic fragments are 

canTOn in the very coarse lithologies, suggesting derivation fran a 

nearby felsic plutonic source terrane. The Daisy FOrmation is 

interpreted to be older than and depositionally overlain by the 

Butcher Mountain Formation, based on detailed field studies (Chapter 

1) • 

The Bradeen assemblage comprises siliceous black argillite and 

chert, quartz arenite, pillow basalt, chert pebble conglanerate, 

thin- to medium-bedded chert-quartz arenite and slate, and limestone 

clast breccia. The assemblage resembles an unnamed sequence of rocks 

to the north that are in part of Devonian age (Mills, 1985: Mills and 

others, 1985). 

Age constraints fran the Covada Group and Bradeen assemblage, 

canbined with correlation of the Broadview Formation with the Daisy 

---------------- - ----- ------------------- -----
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Forma.tion, the Butcher Mountain Forma.tion with the JCMett Forma.tion, 

and perhaps portions of the Bradeen assE!t'blage with the Triune, Ajax, 

and Sharon Creek forma.tions and portions of the Index Fonnation 

(Chapter 2) suggest that the Lardeau Group section is inverted 

relative to the sequence described by pYles and Eastwood (1962) and 

Read and Wheeler (1976). OUr oorrelations and hypothesized inverted 

stratigraphy are shown in Fig. 4.2. 

U-Pb DE.l'RITAL ZIRaE S'lUDY 

Sanple Selectico am Preparatico 

Two samples were collected fran the Lardeau Group, including 

quartz arenite fran the Ajax Fonnation in Healy Creek and coarse, 

gri tty, subarkosic wacke fran the Broadview Forma.tion near the ITOUth 

of Lardeau Creek (Fig. 4.3). One sample of coarse, gritty, 

subarkosic wacke was collected fran the Daisy Fonnation a fEM 

kilometres northwest of the proposed type locality. For comparison 

purposes, samples fran a quartz arenite unit in the Hamill Group and 

fran a coarse, gritty, subarkosic wacke unit in the lower Horsethief 

Creek Group were collected from localities immediately east of the 

Lardeau Group sample localities. Sample sizes averaged a~ximately 

50 kg. 

Samples were cleaned of all vein and alteration material in the 

field, then crushed and separated using a jaw crusher, roller mill, 

Wilfley table, heavy liquids and Franz isodynamic separator. The 

resulting non-magnetic separates were washed for 20 minutes in wann 
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dilute HN03 to rerove pyrite and organic material, then sei ved into 

size fractions using disposable nylon screens • Individual fractions 

were hand-picked in alcohol. 

Zirc:xn M:n:fbology 

Nonmagnetic zircons in the Broadview Formation sample range fran 

colorless to dark purple, averaging pale purple, and are nostly clear 

and free of inclusions. Less than 1% are white or gray and milky or 

opaque in aspect, and up to a few percent contain dark cores. 

Zircons range fran round and heavily pitted and abraded to euhedral 

with sharp corners and srrcoth crystal faces. Broken or subhedral 

grains intennediate in aspect canprise a large majority of grains. 

The shapes of rounded grains range from spherical to elongate cigar 

shapes. Euhedral grains range fran stubby tetragonal (aspect ratio 

1:1 to 4:1) to shiny, multi-faceted alm:::>nd shapes. Larger zircons 

tend toward rore rounding of the euhedral shapes, as expected fran 

transport and deposition in a water-laid medium. The diversity of 

norphological types in the Broadview population indicates a mixed 

source derived predaninantly fran primary igneous rocks and to a 

lesser degree from recycled supracrustal rocks. 

The range of color and norphology of zircons in the Covada Group 

is identical in nearly all respects to that of the Broadview 

Fbrmation, except for the presence of a slightly greater percentage 

of euhedral shapes. 

Nonmagnetic zircons in the Ajax Fbrmation range fran colorless 

--- - ------ -- ---------------- ----- --------------- -- --
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to deep purple, well-rounded spherical to cigar-shaped grains, 

although numerous subhedral grains with original tetragonal aspect 

are present in the smaller size fractions. Most are clear and free 

fran inclusions or dark cores. Grain rrorphology in the Ajax 

Fonnation reflects a rrore mature source of dcminantly recycled 

supracrustal rocks. 

The range of size, color, and rrorphological types of zircons in 

the Hamill Group sample is nearly identical to that of the Broadview 

and Covada groups, although rrore rounded and abraded grains are 

present, and euhedral grains tend to be slightly rounded and abraded 

in appearance, perhaps reflecting a daninantly recycled (second

cycle) source. 

The Horsethief Creek Group nonmagnetic population also contains 

the same size, color, and rrorphological groups as the preceding 

units, in roughly the same proportions as the Covada Group, but 

contains rrore shiny, faceted alIrond-shaped grains, and very few well

rounded grains. 

Select:i..al of Zi.ra:ms for Analysis 

Detrital zircon populations generally reflect a plurality of 

sources, manifested by zircons of different agesr thus an attempt 

must be made to isolate zircons reflecting the various source 

terranes. This is done IlDst effectively by dating single zircons, or 

by dating very small populations of zircons that are rrorphologically 

identical (Gaudette and others, 1981; Scharer and Allegre, 1982). If 

.~-... __ .- ~.---.------ ._--------_ .. _--_. ---
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a nurrber of discordant, norphologically similar grains or fractions 

fall on a chord (or if they can be made, through abrasion or other 

methods to be concordant), an age for that particular norphological 

group can be inferred. 

For this analysis, both single zircons and sub-milligram-size 

multi-grain fractions representing distinct norphological groups were 

picked fran the various size fractions in the nomnagnetic splits for 

each sample. Morphological groups were chosen such that all or saoo 

could be reliably isolated fran each sample. These include the 

following groups: 1) round and rounded cigar-shaped1 2) euhedral

tetragonal 1 and 3) shiny, faceted, alm::md shaped, each of which was 

further divided into colorless and purple fractions. The Ajax 

Fonnation sample yielded only the well-rounded norphological groups, 

and sane subhedral grains. A majority of the single grains were air

abraded with pyrite for 3 to 12 oours. 

Analytical Met:bods and Results 

See Gehrels (1990) for a detailed description of sample 

preparation and analytical nethods used. Samples were dissolved in 

HF»HN03 in Teflon microcapsules loaded in a Teflon-lined acid 

digestion bamb, evaporated to dryness and redissolved in Hel, 

following the nethods of Parrish (1987). Multi-grain fractions were 

aliquoted and spiked with a 20Bpb-235u tracer. Single grains were 

spiked with a 205pb-233u_235u tracer. Chemical isolation of uranium 

and lead followed procedures outlined by Parrish and others (1987). 

-------------------
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Samples were analyzed on a VG-354 six-collector mass spectrometer 

equipped with Faraday cups and Daly detector system. Multi-grain 

fractions were run with U (as the oxide, 002 ) and spiked Pb aliquot 

on the same filament, with Pb ionizing at a slightly lower 

temperature. 002 and Pb were run separately in single grain 

analyses. 

Resu1 ts are tabulated in Table 1 and shown graphically in Fig. 

4.4. Multi-grain fractions are moderately to severely discordant, 

most likely reflecting lead loss during greensChist-facies 

metaJrorphism. Abraded single grains range fran concordant to 

moderately discordant. 207pb/206pb ages are interpreted as 

approximate rrdnimum ages of crystallization £Or the single grains. 

207pb/206pb apparent ages for multi-grain analyses from the 

Covada Group (Daisy Formation) (Fig. 4.4a) and Broadview Formation 

(Fig. 4.4b) range from N1745 to 2255 Ma. 207pb/206pb ages of 

euhedral fractions range from 1745 to 2000 Ma, and fran 1845 to 2255 

Ma for rounded fractions, indicating mixed provenances for both 

groups. Single grain analyses reveal a sirrd1ar range of ages from 

1762 to 2094 Ma for euhedral grains and from 1810 to 2549 Ma for 

rounded grains. Not specifically detected in the multi-grain 

fractions is a N703 Ma population in the Broadview Formation, 

represented by a single euhedra1 grain. Such grains could, however, 

be present in the multi-grain analyses, in whiCh case they would 

contribute to their discordance. While grains of this age were 

not apparent in the Covada Group, ages of euhedral, multi-grain 

------------- ------------ ---



marE 4.1: lJ-PB (DRl'RI'I2\L ZIR:XN) IOOlOPIC DATA AND APPARfNl' AGm 

cnNC.(PPM) rSOl'OPIC <n-iP. APPARENI' AGES 

WEIGHl' SIZE M:>RPH 206Pb 206Pb 206Pb 206Pb* 2~b* 2tiJ7Pb* --(ng) VA) U Pb* 204Pb 2ff7Pb 208Pb 238U 235U W6Pb* 

GK67 BROADVIEW FORMM'IOO (1170:31'35"W. 500:39'22"N) 
1.14 W3-125 CE 103.75 28.31 850(13) 7.683(6) 4.746(5) 1419(5) 1611(8) 1872(6) 

.33 l{iJ{iJ-125 PE 386.38 89.66 1504(26) 8.648(5) 6.446(4) 1268(4) 1457(6) 1744(4) 

.11 1tiJ3-125 CR 132.17 40.73 278(1) 5.350(ltiJ) 2.824(4) 1486(12) 1822(18) 2231(17) 

.33 103-125 PR 241.62 88.43 4130(20) 6.886(1) 5.372(1) 1798(4) W21(4) 2255(2) 

.55 63-80 FE 300.52 72.42 723(1) 7.829(3) 5.450(20) 1306(9) 1499(12) 1785(6) 

.16 63-00 PR 324.56 97.34 1455 (ltiJ) 6.879(3) 5.992(1) 1551(6) 1840(8) 2184(3) 
l.tiJ3 45-63 PR 272.11 68.53 2930(120) 8.529(1) 6.736(2) 1356(8) 1559(W) 1845(4) 

S 145-175 PR 395.95 147.94 3550(120) 8.613(15) 5.405(10) 1859(7) 1860(8) 1800(4) 
S 145-175 PE 612.74 67.37 91tiJ(2tiJ) 12.97tiJ(7) 5.770(W) 651.6(2.7) 663.2(5.6) 7tiJ2.8(4.7) 
S 145-175 PE 238.74 67.97 2340(40) 8.970(20) 7.420(40) 1535(6) 1634(7) 1764(5) 
S 145-175 CR 103.~ 29.66 865(W) 8.212(25) 9.616(4) 1612(7) 1700(W) 1810(8) 

IfltiJ4 OOVNJA GROUP (118e>r0 '15 ''W. 48~6 'IS ''N) 
2.65 83-100 BUll< 194.26 57.00 1174(23) 7.285(5) 5.370(5) 1536(4) 1763(7) 2045(5) 
1. 82 ltiJ3-125 CE 51.66 15.66 719(W) 7.265(2) 4.837(5) 1566(5) 1735(8) 1944(6) 

.15 100-125 CR 146.47 54.42 1233(9) 6.833(6) 4.758(2) 1824(W) 1994(11) 2175(3) 

.26 1000-125 PE 456.29 127.79 987(5) 7.726(4) 5.533(3) 1477(13) 1658(12) 1896(5) 

.40 100-125 PEe 319.97 86.92 769(8) 6.987(3) 5.399(3) 14W(6) 1691(9) 2044(6) 

.23 83-100 (l.1 86.28 25.54 1087 (39) 7.398(3} 6.332(1} 1560(8} 1797(8) W84(3} 

.33 80-100 PE 232.73 64.2tiJ 1959(9) 8.217(5) 5.00tiJ(7) 1450(9) 1634(11) 1800(4) ..... 
\J1 ..... 



.16 000-11313 CR 91.63 28.93 485(2) 6.3313(3) 3.917(1) 1586(8) 1816(11) 209~(9) 

.44 63-00 PE 196.22 54.11 11361(4) 7.658(3) 5.403(2) 1448(9) 1655(11) 1929(4) 

.48 63-80 PM 217.94 66.81 31134(15) 7.218(4) 6.591(1) 1587(7) 1849(9) 2158(2) 
1.97 45-63 PE 183.26 52.96 1202(5) 7.463(2) 5.484(1) 15133(7) 1723(8) 2002(4) 

s 145-175 PE 85.14 25.00 1695(25) 8.750(2) 6.441(4) 1561(6) 1649(8) 1762(4} 
S 145-175 CE 315.87 139.313 136t3(40) 7.3213(13) 4.111(2) 2068(8) 2081(11) 2094(7} 
S 145-175 PR 271.86 121.38 1500 (5(3) 7.800(113) 2.844(3) 1955(7) 1974(113) 1993(6} 
S 145-175 CR 200.50 115.98 1365(17) 5.753(8) 3.765(5) 2499(12) 2527(13) 2549(10) 

t.mJ7 ~ OOARI'ZITE (117"I.3 'lt3''W, 5e03s' 50 t1N) 
.7 ALL BULK 175.24 47.88 73013(146) 7.7313(2) 5.673(2) 1409(9) 1694(11) 21317(2) 

1.8 100-125 CR 100.77 29.74 2817(28) 7.538(4) 4.556(3) 1472(7) 1737(8) 2073(2) 
.76 100-125 PR 276.68 92.83 7200(11313) 7.4813(4) 6.094(3) 1700{l(3) 1900{1l) 2125(2} 
.98 100-125 PS 163.36 51.74 853(213) 7.322(2) 4.493(1) 1599(9) 1768(11) 1973(2) 
.69 63-80 CR 1139.71 27.82 6400(300) 7.712(4) 4.963(2} 1295(5) 1618(7) 2068(2) 
S 175-3513 CR 96.35 45.35 1789(00) 5.451(6) 5.156(2) 2185(9) 2425(11) 2633(6) 
S 175-3513 PR 212.19 86.34 7430(60) 7.739(3) 5.500{l7} 1991(7) 2t331(8} 2072(2) 
S 175-3513 PR 212.56 135.58 2320(40) 5.325(7) 3.8813(213) 2691(17) 2688(18) 2686(4) 
S 175-350 CR 69.39 32.17 31315(65) 6.772(4) 4.325(15) 2139(8) 2217(9) 2291(2) 
S 175-3513 CR 313.613 19.57 1193(23) 5.340(213) 3.224(113) 2622(12) 26613(16) 2690(11) 

Ml'05 ~ ADAMS FURMM'IOO (HAMILL GROUP) (116"55' 30"w, ~8' 20''N) 
.24 100-125 CE 124.39 38.98 1620(16) 7.970(5) 4.975(5} 1593(31) 1738(4) 1917(3) 
.36·1130-125 PR 438.49 139.44 55213(22) 8.536(3) 9.370(5} 1712(11) 1788 (12) 1878(2) 
.71 125-145 CE 165.29 56.97 7100(200) 7.596(2) 6.177(2) 1741(8) 1910(9) 2098(2) 
.65 100-125 PE 284.32 87.51 5410(11313) 8.5513(3) 7.935{3} 1643(7) 1746(7) 1874(2) .... 

I.n 
~ 



.70 100-125 CR 121.94 40.02 4150(200) 6.379(2) 5.214(3) 1616(6) 1982(8) 2390(3) 

.79 63-813 PE 3471.9 1042.0 13880(140) 8.685(2) 9.099(3) 1619(10) 1731(11) 1870(1) 
S 175-350 PE 175.96 55.14 3096(30) 9.033(15) 5.034(3) 1593(6) 1668(7) 1762(3) 
S 175-350 PR 333.15 110.87 9000(500) 9.195(15) 6.188(2) 17l7(7) 1739(8) 1764(3) 
S 175-350 PR 1689.8 550.32 17460(500) 9.198(6) 11.880(30) 1780(7) 1776(7) 1772(2) 
S 175-350 PR 923.22 318.05 9800(~) 9.050(20) 7.410(5) 1801(14) 1798(15 ) 1795(4) 
S 175-350 PS 324.16 99.82 1632(30) 8.672(30) 6.610(30) 1635(7) 1692 (10) 1764(8) 

MNJ6 IDRSEmIEF CREEK GRa.JP (WINDERMERE GOOUP) (116044 IW, 5e035 1 35"N) 
.57 100-125 PE 188.27 62.95 322(15) 5.737(4) 3.459(3) 1658(13) 1887 (18) 2149(14) 
.36 100-125 Q.1 99.64 35.07 364(1) 4.998(1) 4.052(3) 1735(11) 2118(14) 2514(12) 
.28 100-125 PR 234.16 77.52 261(1) 5.244(1) 3.398(1) 1602(14) 1899 (19) 2241(17) 
.52 63-00 PE 219.76 70.50 241.5(.3)5.251(2) 3.116(7) 1597 (15) 1866 (22) 2181(19) 
S 175-350 PE 242.33 91.98 3490(25) 8.618(3) 3.425(6) 1766(8) 1001(8) 1841(2) 
S 175-350 CF 56.27 18.98 864(8) 8.000(20) 6.110(25) 1772(7) 1796{liJ) 1824(7) 
S 175-350 PS 387.87 126.09 13300(600) 9.163(2) 11.860(20) 1777(6) 1777(7) 1777(1) 

Notes: 

* = radiogenic Pb 
P = prrp1e, C = oolorless, M -: multifaceted, E = euhedral-tetragonal, R = rounded, S = single (in 

grain size oolurm), or subhedra1 (in I\'Drpho1ogy oolurm). 
All ziroon fractions are non-nagnetic at 1.75 cmps, 2° side slope and 10° forward slope on 

a Frantz isodynamic separator. 
Constants used: 2380 = 1.55125xla-10: 253u = 9.84859~10: 2380/2350 = 137.88 
Uncertainties (in parentheses) in isotopic ratios and apparent dates are reported for the least 

significant figures at the 95% confidence level. ..... 
lJ1 
W 
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Isotopic <Xlllpositions listed above have not been adjusted. In calculating concentrations and apparent 

dates the treasured isotopic ratios are adjusted as follows: 
(1) Mass-dependent rorrection factors of: .14 +/- .06 %/NID for Ph, .f!J7 to .12 +/- .11 %/NID for 002. 
(2) Ph ratios have been rorrected for a total of .02 +/- .01 to .05 +/- .025 n:J blank in multigrain 

fractions and .008 +/- .004 n:J bla'lk in single grain fractions, with W6pb/2~ = 18.6T/-.3, 
207pb;204pb = 15.5+/-.3, and 20Bpb;2°4pb = 38.0+/-.8. The proportion of this blank Pb 
in the unspiked and spiked aliquots has been determined by balancing 206pb;207 Pb ratios 

(multigrain analyses only). 
(3) U aliquot has been rorrected for .005+/-.003 blank (multi-grain analyses) and .0003 (single 

grain analyses). 

(4) CCJmDn Ph renain.ing after rorrection for blank Pb is asSUIIEd to be initial Ph and assigned 
a c:x:rnp::>sition depending on age. <1000 Ma: 206pb/ 2~ = 17.5 +/- 1.5, 207Pb/204pb = 

15.56 +/- .30, 200m,/~ = 37.2 +/- 2.0. 1000-2500 Ma: 206pb/204pb = 15.2 +/-1.5, 
207pb/204pb = 15.2 +/- .3, and 208Pb;204pb = 34.8 +/- 2.0. >2500 Ma: 206pb/204pb = 
13.7 +/- 1.5, 207pb/204pb = 14.7 +/- .3, am 20~/204Pb = 33.3 +/- 2.0 (after Stacey 
and Kramers 1975). 

CCInp.ltation of blank c:>rrections, errors, and error-rorrelations after Ludwig (1982,1983). 

..... 
IJ1 
~ 
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Fig. 4.4. Concordia diagrams of detrital zircon (single and 

multi-grain) data: A. Covada Group, with >2.5 Ga grain shown in 

insetr B. Eroacivie .... Forr:ation, with "'710 Ma grain shown in inset: C. 

Ajax Formation multi-grain analyses: D. Ajax Formation single grain 

. analyses; E. Hamill Group, with conOOJ:dant analyses shown in inset: 

F. Horsethief Creek Group, with single grain analyses shown in inset. 

Square = single euhedral, circle = single rounded, diarrond = single 

multi-faceted, triangle = multi-grain euhedral, polygon = multi-grain 

rounded, and inverted triangle = multi-grain multi-faceted fraction. 
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B. BROADVIEW FORMATION 

.!J 
1.1. 
~ 

.JS 

U .23 
N 

;t' 

.,,"~ .. 0 
.:r ... -:.~ 

.11' 

I;C=_/' G 
·····-0 

,& 

14CC ,t'..... I!:. 
, .. " /C. 

~. All:. 
/ 0 

.19a~··~·'"",,,,,,,,,,,,,,,,,,,,,,,,,,~,,,,,,,,,,,,,,,,,,,,~ 

::207Pb/235 U 

D. 

.52 

::J .49 
CD 
(T) 
l'\J .44 

" 
..c a. .40 

lO 
o 
C\.I 

AJAX FM (sINGLE GRAIN) 
---.-- . 

o 

7 9 II 13 
207Pb/235 U 

F. HORSETHIEF CREEK GROUP 
.4°rr===~~~~""'---T""'~n 

.38 

::J .36 
CD 
g] .3 .. 1-1-.......... --,-"...,..1 

" ..c .32 
Il. 
~ .30 

C\.I .28 

.26~--~~--~~--~~ __ ~ 
3.5 ... 5 5.5 6.S 7.5 

207pb/235U 

Fig. 4.4. Concordia diagrams of detrital zircon data. See 
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fractions from this unit closely resemble those from the Broadview 

Fonnation, suggesting that "'700 Ma detrital zircons may also be 

present in the Covada Group. 

207pb/206pb apparent ages fbr rounded multi-grain fractions in 

the Ajax FOIlIlation (Fig. 4.4c) range fran 2067 to 2125 Ma, 

overlapping with ages for the corresponding rrorphological types in 

the Covada and Broadview units. A 1973 r.fa apparent age for the 

subhedral fraction is indistinguishable in concordia space fran 

euhedral samples fran the Covada and Broadview units. Abraded single 

grains (Fig. 4.4d) produced a spread of 207pb/206pb ages, including 

2071, 2290, 2632, 2690 and 2686 ~fa, the latter being concordant. 

In contrast to the above, rounded mUlti-grain fractions provided 

the oldest (2389 Ma) and youngest (1878 Ma) 207pb/206pb apparent ages 

in the Hamill Group (Fig. 4.4e). The young age is confirmed by 

analyses of three round purple grains which produced dates of 1764, 

1772 and 1795 Ma, the latter two concordant. A subhedral single 

grain produced a similar 207 p~206pb age of 1764 Ma, and euhedral 

grains produced ages of 1762 and 1841 Ma. No older single grains 

were analyzed, although a 2389 Ma minimum age for a round fraction 

suggests the existence of a > 2.5 Ga source area. 

Unabraded Horsethief Creek Group fractions nearly all suffered 

fran ananalously low 206pb/204pb values, such that uncertainties in 

age detenninations are quite high. The Horsethief Creek Group 

sample yielded the single highest multi-grain 207pb/206pb age - 2514 

Ma - for a colorless, faceted alrrond-shaped fraction, and a 2374 Ma 

------_ .. _-_. _ .. -
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age for a colorless rounded fraction. However, single grain analyses 

produced only 1824-1854 and 1776 Ma 207pb/206pb ages (Fig. 4.4f). 

In sumnary, the following important generalizations can be made: 

(1) 1763-1776 and 1824-1861 ages are ocmron to all units except 

the Ajax Fonnation. (The occurrence of multi-grain ages younger than 

single grain ages suggests, however, that grains of this age may 

occur in the Ajax Formation, but are evidently not CCIllron.) 

(2) Zircons of >2.5 Ga are present in the Ajax Fonnation, Covada 

Group, and Horsethief Creek Fonnation, and are likely to be present 

in the Broadview Fonnation and Hamill Group as well. 

(3) Round grains are generally older than euhedral grains. 

(4) Only three single grain ages (2291 and 2072 Ma fran the Ajax 

Fonnation and 2094 fran the Covada Group) are between 1994 and 2548 

Ma. 

(5) The Broadview Formation contains grains of "'703 r1a. Grains 

of this age may also be present in the Covada Group. 

-- .. -.-.'" ---------



rocks into the eastern Cordillera as fault-bounded eXJ;Osures in the 

Rocky Mountain trench and as culminations in extensional canplexes. 

The ages are not consistent with deri vatj.on fran basement rocks in 

the western United States, nor fran a postulated lower Paleozoic arc 

terrane to the west. The following conclusions are thus indicated: 

(1) lower Paleozoic eugeoclinal strata in the Kootenay Arc are 

parautochthonous in nature, derived fran rocks of North American 

affinity. 
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(2) lo.rer Paleozoic eugeoclinal strata likely fonned rrore or 

less at their present latitude, and did not undergo significant 

northward latitudinal displacement during Mesozoic time. (Deposition 

of these strata a substantial distance to the south should be 

reflected by the presence of .... 1.4 Ga zircons and lack of an Archean 

ccmlxment, as is the case in correlative units in the Roberts 

Mountains allochthon). This dem:::mstrates that rocks of the Kootenay 

terrane in southeastern British Columbia and northeastern Washington 

are not far-travelled and that their paleoposition with regard to 

North America is not suspect. 

(3) Although a western source of sediment in the Lardeau and 

Covada groups cannot absolutely be ruled out, the data do not require 

one, and do not support speculations of a western arc terrane of 

early Paleozoic age. 

(4) If stratigraphic ties between the Milford, Kaslo, and Slocan 

groups are valid (Inepa.cki 1983°), our geochronologic data dem::mstrate 

that the Quesnel terrane is also parautochthonous with respect to 

---------_. __ .. _-_.- . .. ----_.,. _. __ ._------_._--- --.-
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DISCUSSlCU OF RBSm..'15 

The nost serious canplication of multi-grain analyses is the 

p:Jssibility that mixed source terranes may produce grains of 

identical norphology, thus producing a mixing curve. 'Ibis problem 

has been denonstrated, even for very small samples, by Scharer and 

Allegre (1982), a conclusion also supported by the data fran this 

study. However, the data also illustrate that at least sane degree 

of discrimination can be achieved by the use of this technique, at 

least for populations containing a rrdx of norphological types, such 

that it is useful as a first order approximation of the range of 

provenance ages (Fig. 4.4). Multi-grain analyses produced roughly 

the same span of ages as produced by the single grain analyses (1745-

2514 versus 1762-2690 Ma), correctly predicted that the euhedral 

grains are generally younger than rounded grains, and that at least 

some purple round grains were of the same age as the majority of the 

euhedral grains. The 703 Ma population could not be detected, 

however, and abraded single grains were the nest useful for 

pinpointing ages of source terranes (particularly in the round 

fractions, which are nest likely to contain a I'lix of grains of 

various ages) (Figure 4.5). 

The COVada Group and Broadview Fonnation samples produced nearly 

identical age ranges, thus: (1) suggesting similar (if not in part 

identical) source terranes ~ and (2) supporting correlations based on 

._---_ .. _-_._. --.. 
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Fig. 4.5. Plot of U-Pb age ranges versus geologic unit. Dots 

represent single zircon ages for Kootenay Arc data, specific ages 

cited in published papers for other data. Rectangular areas 

represent ranges of ages based on multi-grain data for Kootenay 

Arc samples, and age ranges in given in published papers (where 

specific ages are not given). 

------_ ..... -_._ ... _.- .-_._.---
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lithologic, petrographic, and geochemical constraints (Chapter 3). 

Similar sets of age ranges are present in the Hamill Group and 

Horsethief Creek Group. These canparisons of detrital zircon ages in 

miogeoclinal and eugeoclinal strata, in addition to field and 

petrographic evidence, strongly suggest that the coarse clastic units 

in the Lardeau and COvada groups were: (1) largely derived fran the 

same sources as miogeoclinal strata: and/or (2) 'Were partly derived 

fran the miogeoclinal strata itself. The Ajax Fonnation primarily 

contains only rounded zircons of older age, suggesting derivation 

fran sane but not all of the sources that contributed detritus to the 

other units. 

The observation that quartzo-feldspathic units of miogeoclinal 

and eugeoclinal origin nay be derived in large part fran the same 

sources does not, in itself, shed light on the actual source of 

sediment, and thus does not rule out the possibility of large-scale 

latitudinal transport of both miogeoclinal and eugeoclinal units 

parallel to the continental margin as proposed by Larribert and 

Chamberlain (1988). Ccmparison of this data with existing data for 

the basement of western North America helps provide these constraints 

(Figs. 4.6). 

Ross and others (1989) conducted a U-Pb geochronologic study of 

drill cores fran the Alberta basanent, augmented by aeranagnetic 

data, and found numerous NE-SW-trending age dcm:dns in southern 

Alberta. These include (fran SE to NW): (1) a belt of Archean age 

(2.715 to 2.586 Ga)i (2) the 1.83 to 1.78 Ga Rimbey Arci and (3) the 
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Fig. 4.6. Simplified nap of Precant>rian basement U-Pb age 

provinces in western North .America, after COOdie (1982), Ross and 

others (1989), Hedge and others (1986), Evans and Zartman (1900), 

Evans and Fischer (1986), Parrish and Ross (1900), and McDalough and 

Parrish (1990). Stippled areas deoote occurrences of lower Paleozoic 

eugeoclinal strata in the Kootenay Arc and Roberts ~ 

allochthon. Areas shaded black denote extensional CXII1plexes in the 

Kootenay Arc region • 

.. - .......•. - --.--_ ..•. _._---._- . __ . -.. _ ... _--- -_ •.. _--_._ ...... - ------_ .. _-_. _.-
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2.0 - 2.4 Ga Thorsbey ma.gnetic lCM and Wabalnlm accreted terrane. 

Basement terranes in northern Alberta (north of the Wabamun accreted 

terrane) range in age fran 1.8 to 2.4 Ga. 

The Kootenay Arc is bounded to tlle west by basement-cored 

extensional canplexes (Monashee, Valhalla, Grand Forks, Kettle and 

Okanogan danes, etc.) (Fig. 4.1). Palinspastic restoration of 

thrust-inibricated strata in the Rocky Mountains suggests that strata 

in the Kootenay Arc formed at least 200 kilanetres west of their 

present location (Price, 1981), and thus west of these canplexes. 

The Honashee canplex contains basement rocks including tlle Frenchmans 

Cap orthogneiss (2.07 Ga) and Thor Odin Pinnacles (1.96 Ga), intruded 

by 1.86 Ga orthogneiss (Parrish and Ross, 1990). Metamorphosed 

supracrustal rocks in tlle Monashee COnplex have yielded ages of 1.75 

to 2.0 Ga, 1990 +/- 10 Ma and 650 Ma (Parrish and others, 1989). 

The older rocks are intruded by tlle 740 Ma MolUlt Copeland syeni tic 

gneiss (Parrish and Scamnel, 1988). To the south, the core of the 

Valhalla Dane contains rocks of >2.5, 1.8 and 1.43 Ga (Parrish and 

others, 1989). Because of the similarities between ages of gneissic 

rocks in tlle extensional canplexes and Rocky Mountain trench and 

rocks of the Alberta craton, Parrish and Ross (1990) interpret the 

former to be derived fran the North American craton and thus not 

allochthonous. 

Relatively little U-Pb isotopic work has been done on 

extensional canplexes in the southwestern Kootenay Arc. To the east 

of the soutllern Kootenay Arc, augen gneiss in tlle Priest River 

- ... ----.~ 
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oanplex in northeastern Washington and northern Idaho has yielded a 

207pb/206pb age of 1576 Ma (Evans and Fischer, 1986). 

Basement gneisses are also exposed as fault-botmded assemblages 

in the southern Rocky Mountain trench, northeast of the Kootenay Arc, 

and include the 1.866 to 1.873 Ga Bulldog and Yellowjacket gneisses, 

and the 1.99 Ga Malton Gneiss (McDonough and Parrish, 1990), intruded 

by N750 Ma granitic intrusive rocks (Parrish and Ross, 1990). 

Basement terranes in the western United States include (fran 

north to south): (1) the Wyaning Province (Condie, 1969), oanprising 

2.8-2 .6 Ga igneous rocks intruding a basement of older Archean rocks 

dating to perhaps 3.6 Ga (Hedge and others, 1986h and (2) three 

major age provinces of 1.72 - 1.80, 1.65 - 1.72, and 1.1 - 2.2 Ga 

(Condie, 1982). Archean rocks probably underlie much of Idaho and 

northern Nevada and utah, and are not present to the south (Armstrong 

and others, 1977). The four age danains listed above are intruded by 

"'1300 - 1500 Ga "anorogenic" granitic rocks, including ""1370 Ma 

granitic rocks in the Salm:::m River Arch in central Idaho (Evans and 

Fischer, 1986~ Evans and Zartman, 1990). 

If the Upper Proterozoic to lower Paleozoic strata of the 

Kcx:>tenay Arc were derived fran the Wyaning/Idaho area, we might 

expect to see zircons of IOOstly Archean age (>2.6 Ga) and 1. 3 - 1.5 

Ga. South of the Wyaning/Idaho area, although 1.7 - 1.8 basement 

ages are carm:>n, Archean zircons would be uncarm:>n and "'1.4 Ga 

zircons would persist. This is supported by detrital zircon studies 

by Wallin (1987, 1989) in the 1a.-Jer Paleozoic Ha.rnony Fonnation, a 



quartzo-feldspathic turbidite unit in the Roberts Mountains 

allochthon in central Nevada, which is likely correlative to the 

Broadview Formation and Covada Group. Single and multi-grain 
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207 /206 ..... Pb Pb ages of .7, 1.0 - 1.2, 1.34, and 1.7 - 1.9 Ga, with no 

evidence of an Archean ccmponent, characterize this unit (Wallin, 

1989) • 

Thus, of the North American basement age provinces, the three 

provinces comprising the southern Alberta craton, the nearby 

extensional terranes, and the fault bounded basement gneisses provide 

the best fit to the Kootenay Arc data. The range of 1. 76 to 1.85 Ga 

ages in the detrital units is consistent with derivation fran the 

R:ilrbey Arc, and the 2.5 - 2.7 ages fall within the range of Archean 

rocks in the southern Alberta subsurface. A scattering of grains with 

2.0 to 2.4 ages could reflect derivation from basement terranes to 

the north of the Rimbey Arc. Alternately, all of the ages except the 

2.29 Ga age from a grain in the Ajax Formation could be produced fran 

the extensional terranes and Rocky Mountain trench gneisses, and 

seems likely for zircons of N .7, 1.99 I and 2.07 Ga (the 1435 Ma age 

from the Valhalla dane is apparently not reflected in the KoQtenay 

Arc units). Lack of a significant 1.76 to 1.85 Ga canponent in the 

Ajax Formation suggests a provenance history different from that of 

the other units, with derivation in large part fran the Archean 

portion of the southern Alberta craton, and fran units to the north 

of the Rimbey Arc. 

Data frcm this study are consistent with studies of detrital 

------------- ----



167 

zircons in other portions of the Windennere Group by Ross and J3a...7ring 

(1989) and in the Belt Supergroup (Ross and Parrish, 1990), where 

207pb/206pb detrital zircon ages are generally grouped fram 1.65 -

2.09 and >2.5 Ga, with a distinct lack of 2.1 to 2.5 Ga ages. 

The presence of a source area to the west of the Lardeau 

depositional basin is difficult to evaluate, although a lack of 

detrital zircons of early Paleozoic age in the Lardeau and Covada 

groups casts doUbt on the idea of a cryptic early Paleozoic arc 

terrane shedding detritus fran the west. 

Because the Mississippian - Pennsylvanian Milford Group is 

depositional over the Lardeau Group and in part derived fram it, it 

too is of North American affinity. Thus the boundary between rocks 

of North American affinity and allochthonous terranes must lie 

outboard of the Milford group, and, if depositional ties between the 

~fi1ford Group and Quesnel terrane are valid, outboard of the Quesnel 

terrane, implying that the latter is parautochthonous rather than 

allochthonous with respect to North America. 

~ J\ND <DalJSICNS 

U-Pb geochronologic analysis of detrital zircons in significant 

Upper Proterozoic to lower Paleozoic miogeoclinal and eugeoclinal 

units in the Kcx:>tenay Arc indicates that all the units were derived 

fran source terranes of .7, 1.76-1.86, 1.99-2.07, "'2.3, and 2.5 to 

2.7 Ga. These results are consistent with derivation of all units 

fran the southern Alberta craton and probable continuations of these 
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rocks into the eastern Cordillera as fault-bounded exposures in the 

Rocky Mountain trench and as culminations in extensional canplexes. 

The ages are not consistent with derivation fran basement rocks in 

the western United States, nor fran a postulated lower Paleozoic arc 

terrane to the west. The following conclusions are thus indicated: 

(1) lower Paleozoic eugeoclinal strata in the Kootenay Arc are 

parautochthonous in nature , derived fran rocks of North American 

affinity. 

(2) lo.-rer Paleozoic eugeoclinal strata likely fonned nore or 

less at their present latitude, and did not undergo significant 

northward latitudinal displacement during Mesozoic time. (Deposition 

of these strata a substantial distance to the south should be 

reflected by the presence of "'1.4 Ga zircons and lack of an Archean 

canponent, as is the case in correlative units in the Roberts 

Mountains allochthon). This deronstrates that rocks of the Kootenay 

terrane in southeastern British Columbia and northeastern washington 

are not far-travelled and that their paleoposition with regard to 

North America is not suspect. 

(3) Although a western source of sediment in the Lardeau and 

Covada groups cannot absolutely be ruled out, the data do not require 

one, and do not support speculations of a western arc terrane of 

early Paleozoic age. 

(4) If stratigraphic ties between the Milford, Kaslo, and Slocan 

groups are valid (Klepacki 1983), our geochronologic data denonstrate 

that the Quesnel terrane is also parautochthonous with respect to 

- .. -----.. ~ 
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North America and has undergone little or no northward latitudinal 

transport. 

Palinspastic restoration of Kootenay Arc strata places it at 

least 200 kIn to the west of its present position relative to cratonal 

North America. Basement rocks of the Monashee terrane, which it 

overlies, may have been displaced up to 100 kIn eastward along a 

Mesozoic thrust system (Brown and others, 1986), implying additional 

displacement of the oover rocks. Thus continentally-derived 

sediments apparently extended nearly as far west as the present-day 

continental margin during early Paleozoic time. 
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aJAPlER 5: 

STRATIGRAPHIC CX>RRm:m'I<E OF IDNER PALB>mIC lDMlCLINAL 

S1'RATA IN '!HE I<OaJ:'BNAY ARC, BE BRITISH <XlUlMBIA .AND NE ~, 

wrm 'IHE lO3ERJ.'S KXJNrAINS ALIlXHl'fIE, NEVADJ\. 

SlJl.H\RY 

Lower Paleozoic eugeoclinal strata in the Kootenay Arc strongly 

resemble those preserved in the Roberts Hountains allochthon in 

central Nevada. strata in both areas canprise: (l) ooarse-grained, 

inrnature, subfeldspathic wacke and arenite of likely Late cambrian 

age, reflecting derivation fran adjacent Proterozoic and Late Archean 

continental basement terranes and deposition in a sul:ma.rine fan 

setting; (2) variable am::>unts of chert, siliceous argillite and 

phyllite; (3) alkalic pillow basalt and tuff of within-plate affinity 

and in part of Early Ordovician age; (4) quartz arenite of post

Early Ord. age, derived fran recycled supracrustal rocks containing 

zircons of rrostly 1.8-2.7 Ga; and (5) bedded barite of Devonian age. 

The Roberts Mountains allochthon and strata in the Kootenay Arc 

accumulated in relatively deep water conditions adjacent to North 

America, west of the so-called passive margin, in a probable 

extensional or trans-tensional environment, which persisted into Late 

Devonian time. Both areas were subjected to canpressi ve defonnation 

and emplaced over miogeoclinal strata during Devono-t-1ississlppian time. 

Recognition of Roberts Mountains allochthon-correlative strata 

.. _--_.-.... -----------
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and Antler-age deformation in the Kootenay Arc extends central 

Nevada-style facies and tectonics north fran Nevada to the canadian 

Cordillera. 

lNl'lDXJCTIQl 

The Antler orogeny is manifested by thrust emplacement of lower 

Paleozoic eugeoclinal strata over coeval miogeoclinal strata during 

DevonO-Mississippian time (Roberts and others, 1958). The Antler 

Orogeny and Roberts t-1ountains allochthon (RMA) are important to 

models of Cordilleran evolution because they record the first 

evidence of a landmass lying to the west of the lower Paleozoic 

Cordilleran miogeocline. Roberts and others (1958) recognized three 

distinct facies associations in the Roberts Mountains in central 

Nevada: "miogeosynclinal" (passive margin) stratar "eugeosynclinal" 

strata (deep water facies interbedded with volcanic rocks) 1 and 

"transitional" strata (of deep water affinity but lacking interbedded 

volcanic rocks); and noted that the eugeosynclinal and transitional 

strata were imbricated and emplaced over rrdogeosynclinal strata along 

a low angle fault (Roberts Mountains thrust) (Fig. 5.1). They 

estimated a minimum of 140 kIn of east-directed transport on the 

thrust based on exposures of rrdogeoclinal strata in structural 

windows. In response to this tectonic event, a wedge of westward

thickening, Devono-Mississippian strata accumulated over rrdogeoclinal 

strata to the east. It is interpreted as a foreland basin deposit, 

shed off the advancing allochthon (e.g., Poole, 1977). 

------------- ----
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Fig. 5.1. Map of Nevada showing significant exposures of lower 

Paleozoic eugeoc1ina1 strata (in black), the approximate extent of 

Antler foreland basin deposits (circle pattern), and the approxtmate 

trace of the Roberts Mountains thrust. Numbers refer to Mountain ranges 

mentioned in text: (1) Battle Mountains; (2) Sonoma Range; (3) COrtez 

Mountains; (4) Roberts Mountains. Inset: Detail of Battle Mountains 

area showing locations of U-Pb sample localities: CA) Harmony Formation; 

(B) Valmy Formation. Light stipple = lower Paleozoic eugeoclinal 

strata; dark stipple = upper Paleozoic strata. After Speed and Sleep 

(1982), Oldow (1983), and Roberts (1964). 

- ------.------------------ ----
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With 30 years of additional study, these basic observations and 

conclusions have changed relatively little (Nilsen and Stewart, 1980) 

although tectonic models describing the early Paleozoic evolution of 

the RMA and the causes of the Antler orogeny are numerous, and 

continue to evolve, based on modern plate-tectonic theory and an 

abundance of new studies (e.g. Dickinson, 1977; Speed and Sleep, 

1983; Johnson and Pendergast, 1982, etc.). popular ideas generally 

involve: (1) collapse and obduction of a behind-the-arc marginal 

basin; (2) obduction of a subduction canplex; (3) incipient 

subduction; or (4) transpressive faulting. The first two 

alternatives, involving numerous pennutations on a theme of arc

continent collisions, suffer from a lack of evidence for a lower 

Paleozoic arc terrane in the geologic record. 

Despite its :importance, the Antler orogeny is often thought to be 

restricted to central Nevada, particularly after a possible northern 

equivalent, the "Cariboo Orogeny" (Sutherland-Brown, 1963) was 

largely discounted (Struik, 1981). 

The search for RMA-equi. valent strata and defonnation has ranged 

south of central Nevada to the southern Sierra Nevada (Dunne and 

others, 1988) and north to central Idaho (e.g., Nilsen, 1977) (Fig. 

5.2). Recently, ~-equivalent strata were rea::>gnized in the outer 

Selwyn Basin in northern British Columbia and southern Yukon (Turner 

and others, 1989). The idea that Antler-orogen lithologies and 

structures might extend north of the Columbia Plateau to northeastern 

Washington and southeastern British coll.1l1bia is not a new one (e.g., 

-----------_. _._-
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Fig. 5.2. Simplified tectonic map of western North America, showing 

lower Paleozoic platform and miogeoclinal strata (light stipple) and 

lower Paleozoic transitional and eugeoclinal strata (dark stipple). 

After Turner and others (1989) and Smith and Gehrels (1999a, in review). 

-------1 
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Nilsen and Stewart, 1980), ho.'19ver it had not been formally proposed 

until quite recently (Gehrels and Smith, 1987; Smith and Gehrels, 

1989). Lower Paleozoic eugeoclinal strata are also described from 

the Adams Lake (Schiarizza and Preta, 1987) and cariboo Mountains 

(Struik, 1986) areas, and may also be related ta ru.1A strata. 

This paper details stratigraphic, petrographic, geochemical, 

geochronologic, and structural canparisons between central Nevada and 

the Kootenay Arc. Tectonic nodels developed to explain the evolution 

of the RMA can be applied to the Kootenay Arc, leading to a broader 

picture of the evolution of the continental margin during early 

Paleozoic time. 

STRATIGRAPI« 

Rdlerts fbmtains a11oc:htlol 

Lower Paleozoic eugeoclinal strata present in the ~ comprise 

fine- to coarse-grained siliciclastic strata, pillCM basalt, tuff, 

volcanic breccia, Chert, argillite, limestone, and barite ranging 

fran Early Cambrian to Late Devonian in age. Elucidation of 

stratigraphic relations has progressed slCMly due to structural 

complexity, rapid facies Changes, a relative paucity of Dossil 

evidence, and repetition of facies throughout the section. A 

ccrnpilation of stratigraphic columns after Madrid (1987) is presented 

in Fig. 5.3. Most of the names and descriptions presented belCM are 

fran the north-central Nevada area (Sonana, Battle, Shoshone, and 

Cortez nountains, Fig. l). 

------------ ---
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Gehrels (19gea and b, in review). 



The oldest unit recognized in the RMA is the Lower to Middle 

Cambrian Shwinn Formation, canprising argillite, chert, limestone, 

siltstone, and minor basalt flows. Upper and lower contacts are 

structural (Madrid, 1987). 

strata of Late cambrian age include the COmus Formation 
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( limestone) and the regionally extensive Hanrony Formation. The 

Ha.rrn::>ny Formation cx:mprises nostly arkosic and subarkosic wacke and 

arenite (Suczek, 1977). The sandstone typically fonns medium to 

thick, massive to normally graded beds with slaty interbeds. 

Detailed analysis by Suczek (1977) shows these rocks to ccmprise 

nestly facies B and A of Walker and Mutti (1973), consistent with 

deposition in mid-fan channels and suprafan lobes of a large 

suhnarine fan canplex. In hand sample, abundant large feldspar and 

bluish quartz granules are visible in coarser rocks. Sandstones are 

typically poorly sorted, with clasts subangular to subrounded, and 

canprised of nonocrystalline quartz, albite, orthoclaf!e, microcline, 

plagioclase, muscovite, and biotite. The age of the Hanrony 

Formation is uncertain. It contains a resedimented limestone 

cong1anerate which contains fossils of Middle cambrian age, and was 

assigned a Late Cambrian age by suczek (1977). Madrid (1987) also 

assigned a Late cambrian age based on provenance relations with other 

units. Alternatively, McCollum and others (1988) assign the Harm::my 

Fonnation a Silurian age, correlative with the Elder Formation, 

al though the concensus opinion is for the cambrian age. The Hanocmy 

Formation is canpletely fault-rounded, and fonns the highest 

... --- .. -- .. ---------
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structural entity everywhere in the RMA. 

The Ordovician Valmy Fonnation oanprises chert, mafic pillow 

basalt, argillite, massive gray quartzite, and minor barite of 

exhalative origin, with qucu:tzo-feldspathic sandstone a significant 

oonstituent in sane areas (e.g., Madrid, 1987). The quartzite is 

rrostly Middle to Late Ordovician in age, thin to thick bedded, 

interbedded with argillite and chert, and massive in character, 

displaying ffM sedimentary structures. Miller and larue (1983) 

interpreted the Valmy Fonnation quartzite as grainflows. In thin 

section, the quartzite is relatively poorly sorted, but otherwise 

texturally and mineralogically mature. 

Gilluly and Masursky (1965) described significant thicknesses of 

chert-quartz sandstone and chert-rich granule oonglanerate in the 

Valmy Fonnation fran the Cortez Mountains. 

Volcanic rocks in the Valmy Formation include pillow basalt, 

typically pyroxene and olivine normative, volcanic breccia, and tuff. 

Detailed study by Watkins and BrcMn (1989) suggests that the Valmy 

Fbnnation represents a subsiding seamount oamplex developed in a 

oontinental rise setting, grossly analogous to the nodern-day Grand 

Banks. 

The vinini Fonnation, canprising JIDstly thin to medium bedded 

quartz-rich siltstone, sandstone, and shale, is a coeval unit present 

in sane localities that probably represents a finer-grained facies of 

the Valmy Fonnation (Gilluly and Hasursky, 1965). 

The Silurian Elder Formation comprises mostly subfeldspathic, 
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lithic, and quartz arenite and wacke and sublitharenite (Girty and 

others, 1985) interbedded with siltstone and locally chert and 

argillite. Sandstone typically is poorly sorted, with clasts angular 

to subangular. Monocrystalline quartz, lithic fragments (carbonate, 

argillite, cbert, and quartzite), and feldspar are the daninant 

constituents. Minor basaltic volcanic rocks are scattered throughout 

the section (Madrid, 1987). Another Silurian unit, the Founnile 

Canyon Fonnation, ccmprises rrostly chert, siltstone, argillite, and 

shale, and may be a finer-grained facies equivalent of the Elder 

Formation. 

The Middle to Upper Devonian "Slaven Chert" canprises cbert, 

argillite, mafic volcanic rocks, limestone, and strata form barite 

deposits. Quartzo-feldspathic sandstone is locally an important 

constituent of this unit (Madrid, 1987). A study by Dube (1989) 

describes a sequence of argillite, chert, fine-grained clastic 

strata, mafic flows, and pyroclastic deposits, lampropbyric intrusive 

rocks, and Fammenian sedimentary-eXhalative barite deposits, the 

latter deposited in block-faulted basins. 

Kootenay Arc 

Introduct:.i<Xl. Lower Paleozoic eugeoclinal strata in the Kootenay Arc 

are broadly divisible into three danains: a northern danain 

cx:xnprising the Lardeau Group; a southern danain OCIllprising the COvada 

Group and Bradeen assemblage; and a centr$il danain, in the vicinity 

of the canadian border, canprising n\lIl'erous informally named tectonic 

... --.-..... _.--_ .. _- -~ 
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assenblages (Fig. 5.4). Eugeoclinal strata are in structural contact 

with miogeoclinal strata that range fran late proterozoic to Early 

Cambrian in the northern Kootenay Arc and to Middle Ordovician 

in the southern Kootenay Arc. The Lardeau Group was defonned, 

Iretanorphosed, and unconfonnably overlain by Mississippian to 

Pennsylvanian strata of the Milford Group (e.g., Read and Wheeler, 

1976) • Evidence of this cryptic early defomation is largely 

obscured by the Jura-Cretaceous Co1unbian orogeny, a oanpressiona1 

event which imparted the arcuate shape to the Kootenay Arc. 

Stratigraphic units throughout the Kcotenay Arc are likely 

correlative (Smith and Gehre1s, 1988; 19901>, in review) but are 

discussed separately below. 

Narthem Koot:enay AEc. The Lardeau Group oanprises eugeoclinal 

strata of presl.Dlled early Paleozoic age lying to the north of the 

south end of Kootenay Lake (Fig. 5.4). Un! ts are described below in 

the order defined by F'yles and Eastwood (1962) north of Trout Lake, 

Which, fran structurally lowest to highest, includes the Index, 

Triune, Ajax, Sharon Creek, Jowett, and Broadview fomations. (For a 

nore ccmp1ete description, see Chapter 3). 

The Index Formation includes a lower structural unit of 

disrupted black phyllite, and an upper unit of green phyllite 

(probably fine-grained tuff), limestone and calcareous phyllite, 

coarse (lapilli) tuff, and rare pillow basalt and quartzite. In sane 

localities, the Index Formation consists nostly of black phyllite and 

----------. ---
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argillite, and in others contains abundant qu~fe1dspathic 

sandstone (Read and Wheeler, 1976). 
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The Triune, Ajax, and Sharon Creek fonnations form a 

conformable, tripartiate assemblage of siliceOus argillite and chert, 

gray massive quartz arenite, and siliceous argillite. The u.wer and 

lower units range fran black to gray and are IlDst1y thin bedded with 

slaty partings, and are in part interbedded with the quartzite, which 

is typically medium gray, extensively veined, and thin bedded to 

massive in character. In thin section, the quartzite is birrodally 

sorted and texturally and mineralogically mature. 

The Jowett Fonnation comprises pillow basalt, tuff, and breccia, 

in part interbedded with the Broadview Fonnation. Basalts range fran 

massive to pyroxene-porphyritic and are extensively recrystallized. 

The Broadview Fonnation is a thick, regionally extensive unit 

c::x:rnprising IlDstly subarkosic wacke, slate, and phyllite. The 

sandstone typically forms tredium to thick, nassi ve to nonnally graded 

beds with thin slaty interbeds, consistent with deposition in a mid

fan setting. Sandstone is often coarse, with bluish quartz granules 

and less ccmron feldspar granules visible in hand sample. In thin 

section, the sandstone is poorly sorted, grains subangular to 

subrounded, with quartz, untwinned albite, orthoclase, muscovite and 

plagioclase the dominant clast types. 

Southern Kcot:enay Are. The Covada Group is a little-studied 

assemblage that underlies much of the Columbia River basin in 
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northeastern Washington. As defined by a nuni:>er of studies, the 

Covada Group contains quartzo-feldspathic wacke and arenite, mafic 

volcanic rock, limestone, quartz arenite, argillite, chert, slate, 

and conglomerate (e.g., Pardee, 19187 campbell and Raup, 1964; Sncx:>k 

and others, 19817 B.L. Smith, 19827 Fullmer, 1986; Sncx:>k, 1990, in 

press). The units were regarded as structurally ~d 

stratigraphically interleaved, and younging westward, with fine

grained strata, conglanerate and quartz arenite ccmprising the oldest 

units, the wacke unit canprising the youngest, and volcanic rocks 

(in part of known Early Ordovician age; Snook and others, 1981) of 

intennediate age. Recent detailed field work suggests that the 

stratigraphy is inverted, with an older wacke unit (Daisy Fonnation) 

and a younger volcanic unit (Butcher Mountain Formation). The 

easterruoost units are the youngest, and are tentatively assigned to a 

separate unit, informally referred to as the Bradeen assemblage 

(Chapter 1) (Fig. 5.3). 

The Daisy Formation COMprises mostly sUbfeldspathic wacke and 

arenite, slate, and minor limestone. Sandstone is very coarse- to 

medium-grained and fonns massive to nonnally graded, medium to thick 

beds, with laminated to medium-bedded slaty interbeds. Field 

observations are consistent with deposition of the sedimentary unit 

in mid-fan channels or suprafan lobes. A distinguishing 

characteristic of this unit is the presence of visible bluish quartz 

and feldspar granules in the coarser lithologies. The sandstone is 

poorly sorted, with clasts sUbrounded to sUbangular, and canp't'ised 
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nostly of nonocrystalline quartz, untwinned albite, microcline, 

orthoclase, plagioclase, muscovite, and biotite. The age of the unit 

is not constrained by fossil evidence. However, it is apparently 

confonnably(?) overlain by Lc:mer Ordovician volcanic rocks and thus 

may be Late cambrian in age. 

The Butcher Mountain Formation, comprising pillow basalt, 

massive flows, ash to lapilli and block tuff and breccia with 

interbedded limestone lenses overlies the Dai~ Formation and occurs 

as lenses within it. Basalt is aphanitic to pyroxene porphyritic and 

in places ablUldantly vesicular or amygdaloidal. Tuff, nostly lapilli 

size, is massive to crudely bedded and contains angular, aphanitic 

clasts. Locally abundant volcaniclastic deposits resembling lahars 

or mudflows are muddy and poorly sorted and contain several percent 

limestone and argillite clasts. 

The Bradeen assemblage is a stratigraPhically complex unit that 

lies east of the volcanic unit, and is in fault contact with 

miogeoclinal strata. It ccmprises the following, in approximate 

stratigraphic order fran lowest to highest: black chert and siliceous 

argillite (present at a nlll1i>er of horizons throughout the sequence), 

pillow basalt, phyllite, limestone clast breccia, thin- to medi~ 

bedded chert-quartz arenite and slate, quartz arenite, and chert 

pebble conglomerate. The sequence varies widely in thickness and 

COI'TlfOsition along strike. Quartz arenite is gray, massive, birrodally 

sorted, and is texturally and mineralogically mature. The Bradeen 

assemblage is undated but contains clasts of the Oovada sedimentary 
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units, nay confonnably overlie the Lower Ordovician volcanic unit, and 

resembles an unnamed sequence napped to the north and described by 

Mills (1985) and Mills and others (1985), which contains a stratifonn 

barite deposit (associated with chert, greenstone and argillite) of 

Devonian age. Chert-quartz arenite and chert pebble conglanerate 

resemble descriptions of Silurian strata present to the northeast 

(Greemnan and others, 1977). Thus the age of the unit is suggested 

as Middle Ordovician to Silurian or Devonian. 

Lithic correlations between units in the Covada Group and 

Lardeau Group are proposed, including the Broadview Fonnation with 

the Daisy Fonnation, the JOt\Iett Fonnation with the Butcher Mountain 

Formation, and the Triune, Ajax, Sharon Creek and perhaps part of the 

Index Fonnation with the Bradeen assemblage. If these correlations 

are valid, it implies that the traditional stratigraphy in the 

Lardeau Group as originally defined by Fyles and Eastwood (1962) is 

overturned (Smith and Gehrels, 1990b, in review). 

Central Kootenay Arc. units in the central Kootenay Arc canprise 

mostly infonnally named tectonic assemblages consisting of fine

grained equivalents of the Covada and Lardeau groups, including 

quartzo-feldspathic rocks, chert-quartz arenite, quartzite, shale, 

argillite, chert, greenstone, lirriestone of Devonian age, and, in two 

localities, stratifonn barite deposits of known or possible Devonian 

age (Webster and Baka, 1980: Yates, 1976; Mills, 1985). 

------- -----------
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BMALT GfJ. ifFMIS'l'RY 

A systematic study of the geodhemical oamposition of basalts in 

the RMA was undertaken by Madrid (1987) to discriminate tectonic 

setting and to test for changes in magma type Oller the nearly 3((10 

million year interval of intermittent volcanism. Thirty-eight 

greenstone samples fran the Rr-1A. were anal.yzed by Madrid 

(1987). All but a few samples with rcore tholeiitic trends were 

alkalic in nature with high OIIerall abundances of incanpatible 

elements and Ti02 • I.J::M Zr /Nb (2.8-7.2), high Nb/Y (1. 2-2.9), and low 

zr/P205 «.((16) ratios also characterize these greenstones as alkalic 

in affinity. Ti-Y-Zr and Zr versus Zr/Ti plots (Fig. 5.5) indicate a 

.wi thin-plate affinity for these rocks. High trace element abundances 

and rare earth element patterns suggest derivation fran undepleted 

mantle sources. Three samples reported by Watkins and Brown (1989) 

also fell within this trend. Three samples fran relatively deep

water facies reported by Wrucke and others (1978) have a tholeiitic 

trend and MORS-like affinity. 

Eight greenstone samples fran the Covada Group and 13 greenstone 

samples from the Index and JCMett fonnations were analyzed (Smith and 

Gehrels, 199((1a, in review~ J .M. Einarsen, written ccmnunication, 

1990), including tuff, pillow basalt, massive flows, and gabbroic 

intrusive rocks. In the COIIada Group, high Ti values (up to 4.4%) 

and high OIIerall abundances of incanpatible elements, as well as low 

Zr/Nb «7), High Nb/Y (up to 4.6) and low Zr/P205 «.((16) ratios 

suggest an alkalic affinity for most of the samples. Ti-Y-Zr and Zr 

------------_. -_ .. --
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(unpublished data). 

- ------------.. - ---------. __ . - --_ .. -._-------



188 

versus Zr/Ti plots (Fig. 5.5) suggest that the volcanic rocks in the 

Kootenay Arc formed in a within-plate tectonic setting. 

PRJVENl\NCE 

Point oount data 

Fields representing point count data for the Harmony Fonnation, 

Elder Formation, and for all quartzose and quartzofeldspathic units 

in the RMA are plotted in Fig. 5.6, along with data fran the COvada 

Group, Bradeen assemblage, and Broadview and Ajax fonnations. Point 

counts all represent 300-400 ron-matrix points, and utilize the 

Gazzi-Dickinson method (Dickinson, 1970). Point counts of wackes and 

arenites of fine to coarse grain size are included in the figure. 

The quartz-rich nature of sandstone fran l:x:rt:h areas is 

inmediate1y obvious, as is the overlap of fields for quartzo

feldspathic strata of the COvada Group, Broadview Fonnation and 

Hanrony Formation. In these units, feldspar is daninantly albitized 

plagioclase, with fran 0 to 30% p:>tassium feldspar. The Elder 

Fonnation, containing nore quartz and lithic fragments, is thought by 

Hadrid (1987) to be derived in part fran the Harnony Formation. 

There is overlap between the Elder Formation, units classified by 

~fadrid (1987) as "other" (non-quartzo-feldspathic), and the Bradeen 

assemblage, with those units nostly classified as lithic and 

sublithic arenite. Lithic fragments fran these units are daninantly 

sedimentary in nature. Quartzite units, including the Valmy and Ajax 

fonnations and quartz arenite in the Bradeen assemblage are also 

--- - ------- -- -- ------- - --'-" ------------
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Fig. 5.6. Compilation of modal analyses for significant sandstone 

uni ts in the Kootenay Arc and RMA. Data from B.L. Smith (1982; 22 

analyses from the Covada Group), Smith and Gehrels (1990a; 14 analyses 

from the Covada Group and related units, and 9 analyses from the Bradeen 

assanblage and related units), Smith and Gehrels (1990b; 8 analyses from 

the Broadview and Valmy formations), Girty and others (1985; 51 analyses 

from the Elder Forrnation), Suczek (1977; 80 analyses from the Harmony 

Formation), and Madrid (1987; 57 analyses of quartzo-feldspathic and 

other significant units in the RMA). 
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indistinguishable on the basis of petrography and nDdal canposition. 

U-Pb detrital z:i.rcxn geoChIalal.ogy 

U-Pb detrital zircon geochronology is a relatively new tool in 

the analysis of provenance of sedimentary rocks. Analysis of small 

multi-grain and single grain samples allows fOr definition of a range 

of ages of source terranes (e.g., Gaudette and others, 1981). Data 

sets for the RHA and Kootenay Arc are sUl1l11arized below. Individual 

references should be consulted for additional infOl~tion. 

Kootenay Arc. Smith and Gehrels (1990c, in review [Chapter 4]) 

analyzed single grains and small multi-grain fractions fram the 

Daisy, Broadview, and Ajax fonnations. Zircons range fran well 

rounded and abraded in the Ajax Fonnation, reflecting a mature, 

recycled source, to a mix of euhedral, subhedral, and well-rounded 

grains in the Broadview and Covada units, indicative of a mixed 

provenance comprising dominantly first-cycle detritus. A range of 

207pb/206pb ages was obtained, including populations of .7, 1.76-

1.85, 1.9-2.1, and 2.5-2.7 Ga, with zircons in the Ajax FOnnation 

generally older than 1.9 Ga. These ages are consistent with 

derivation of the units from basement exposures in adjacent 

extensional terranes, adjacent portions of the southern Alberta 

craton, and gneisses that crop out in the Rocky Mountain trench 

(Chapter 3; Parrish and Ross, 1990; Ross and others, 1989). 

.--- --1 
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~ Mountains al..l.ocht'hal. Girty and others (1985) analyzed 

relatively large multi-grain fractions from the Elder Formation and 

obtained 207 Pb;206pb ages averaging approx.iJnately 2.1 Ga. Analyses 

are highly discordant, and likely represent a mixure of grains of 

Early Proterozoic age and grains of 1.1-1.3 Ga, which are cx:mn:>n in 

the Hanoony Formation (see below). 

Wallin (1989) analyzed quartzo-feldspathic sandstone fran the 

Hanoony Formation, quartz wacke fran the Vinini Fonnation and Slaven 

Chert, and quartzite from the Palmetto Fonnation, the latter a Valmy

equivalent quartzite unit in southern Nevada. Single and multi-grain 

analyses produced the following sets of ages: (1) Hanrony Fonnation, 

207pb/206pb ages of N691, 1077-1132, ~1336, and 1735-1836 Ma~ (2) 

Vinini Formation, ~1485, 1726-1788 and ~2279 Ma~ (3) Palmetto 

Formation, 1916-2315 Ma~ and (4) Slaven Chert, 1885-2944 Ma. These 

ages are roughly consistent with derivation from adjacent portions of 

the North American craton, with two inconsistencies: (1) the closest 

areas with 1077-1132 Ma basement ages are the Pikes Peak area in 

Colorado and in northern Mexico~ and (2) the Palmetto Fonnation did 

not yield any grains of Archean age, a canponent present in the 

coeval Eureka Quartzite, a unit present on the platfonn and 

miogeocline (Wallin, 1989). 

For canparison purposes, samples of the Valmy and Hanrony 

fonnations were collected for this study and analyzed using the same 

techniques applied to Kootenay Arc samples. Two approx.iJnate1y 30 kg 

samples were obtained, including quartz arenite from the Valmy 

.. ---~ 
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Fonnation near the nouth of Galena Canyon, and subfeldspathic arenite 

fran the Harm:my Fonnation fran near the head of Cottonwood canyon in 

the Battle Mountains (Fig. 5.1). 

Samples were crushed and separated using jaw crusher, roller 

mill, Wilfley table, heavy liquids, and Franz isodynarnic separator, 

further purified with a Wig-L-Bug vibrator, and washed for 20 minutes 

in dilute HN03 (see Gehrels (1990) for details). Non-magnetic 

fractions yielded zircons ranging fran colorless to medium purple and 

of euhedral-tetragonal, shiny-nul ti faceted, subhedral, and round

abraded norphologies. Mostly euhedral and subhedral grains were 

present in the Hanrony Formation sample, whereas only rounded grains 

were present in the Valmy Fonnation sample, as expected from 

petrologic study. 

Single zircons and sub-milligr~size multi-grain fractions 

representing the above color and Jrorphological groups were dissolved 

in HF in Teflon microcapsules loaded in a Teflon-lined acid digestion 

l:x:mb, evaporated to dryness and redissolved in HCl, following methods 

of Parrish (1987). Multi-grain fractions were aliquoted and spiked 

with a 208pb/235u tracer. Single grains were spiked with a 

205pb/233u_235u tracer. Chemical isolation of uranium and lead 

followed procedures outlined by Parrish and others (l987a). Samples 

were analyzed on a VG 354 six-oollector mass spect.rcmeter equipped 

with Faraday cups and Daly detector system. 

Results are canpiled in Table 5.1, and plotted on concordia 

diagrams in Fig. 5.7. Three sets of ages are indicated by the 

--- - .. - ._-_. __ ... _---------



~ 5.1: tJ-PB TImUPIC DM2\. AND APPARfm' AGm 

SIZE wr IDRPH <nNe. (H?ID) ISOTOPIC COMPOSITION APPARENT AGES 

(~) (~) U Pb* 206Pb 206Pb 206Pb 206Pb* 237Pb* 207Pb* 
204Pb 207Pb 208Pb 238U 235U 206Pb* 

88IMf1 VAIn{ RDm"ICU (l1"lOs 152"E 4ftln 14e"N) 
109-125 .32 PR 90.75 35.04 1620(19) 7.168(liJ) 4.472(4) 1866(9) 1989(liJ) 2119(4) 
liJeJ-125 .58 CR. 72.09 27.28 1300(14) 7.017(40) 4.177(3) 1817(8) 1973(15) 2141 (14) 
100-125 .44 PR 319.91 121.26 2300(20) 7.350(10) 6.791(8) 1928(11) 2015(12) 2105(4) 

80-100 .48 CR. 88.38 34.40 1834(6) 6.598{2} 4.604(1) 1868(7) 2074(9) 2285(3) 
80-liJ0 .13 PR 456.68 174.43 6058(150) 7.336(2) 6.035(1) 1899(9) '..029(10) 2163(2) 

175-350 S PR 122.93 90.60 2390(25) 5.335(4) 2.133(3) 2693(liJ) 2965(liJ) 2697(3) 
175-350 S PR 138.12 57.21 699(liJ) 7.460(25) 3.175(20) 1900(8) 1916(11) 1926(7) 
145-175 s COO 286.00 128.46 4$~(25~) 7.6%(8) 3.425(7) 2020(8) 2048(9) 2075(4} 
175-350 S PR 283.45 52.19 604e(66) 13.210(10) 6.145(2) 1032(4) liJ35(4) 1041(1) 

8800.5 ImlKm':roIMn'ICIl (11 'tl6 145"E 4e036 115-) 
liJ0-125 .57 PE 78.42 16.42 1515(30) liJ.355(30) 5.375(15) 1144(5) 1226(8) 1373(6} 
100-125 .42 CR. 101.89 23.39 670(5) 8.760(10) 3.819(3) 1195 (10) 1311 (13) 1504(7) 
100-125 .22 PR 445.32 100.28 2064(8) 8.500(1) 8.54e(2) 1261(9) 1477(11) 1802(2) 
100-125 .49 CRD 132.76 26.01 715(3) 10.15(10) 4.673(2) 1000(5) 1112(7) 1175(6) 
10eJ-125 .44 PE 156.33 36.22 2527(HJ) 9.412(6) 5.657(3) 1244(6) 1399(7) 1643(2) 
175-350 S PR 643.29 126.52 5303(250}12.530(40) 8.596(4) 1134(7) 1136(8) 1139(4) 
175-350 S PR 990.97 127.22 6710(110)13.240(liJ) 26.00{liJ) 815.6{3.2) 876.5(4.0)liJ34(1) 

..... 
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175-350 S PRO 103.73 24.27 940(15) 10.410(7) 6.606(1) 1309(5) 1316(8) 1328(5) 

175-350 S PR 711.70 240.35 18890(503) 9.340(3) 6.524(10) 1749(8) 1747(8) 1744(1) 

175-353 s CR 136.21 26.02 002(5) 11.140(10) 5.165(5) 1064(4) 1074(5) 1093(5) 

145-175 S FE 627.57 115.86 2460(250)12.320(20) 10.280(30) 1094(4) 1098(10) 1106(9) 

NJTES: 

* = Radiogenic Pb 

P = p.np1e, C = colorless, E = euhedral, R = rounded, RD = rounded rod-shaped, S = single grain 
All zircon fractions are non-magnetic at 1.75 anp;, 20 side slope, and 100 forward slope on a 

Frantz isOO~c separator. 
COnstants used: 2380 = 1.55125xl~13: 235u = 9-.8485xill10: 2380;2350 = 137.88 

Uncertainties (in parentheses) in isotopic ratios and apparent dates are reported at the 95%
level. 

Isotopic ccmp:>sitions listed above have IX>t been adjusted. In calculating concentrations and 

apparent dates the JOOaSured isotopic ratios are adjusted as follows: 

(1) Mass-dependent correction factors: .14+/-.e6 %/PMU for Pb; .11+/-.9 for 002' 
(2) Pb ratios have been corrected for a total of .05 +/- .025 rg blank (multigrain analyses) 

and .008 +/- .004 rg blank (single grain analyses), with: 206pb/~ = 18.6 +/- .3, 
207Pb/2~ = 15.5 +/- .3, and 208Pb/~ = 38.0 +/- .8. 

(3) U aliquot has been corrected for .005 +/- .003 rg (nrultigrain analyses) and .003 +/- .0015 
ng (single grain analyses) blank. 

(4) camon Pb renaining after correction for blank pb is interpreted to be initial Ph and 
assigned a cx:allposition of: 206Pb;204pb = 15.2 +/- 2.0, 207Pb;204pb = 15.2 

+/- .3, and 20~/2~ = 34.8 +/- 2.0, after Stacey and Kramers (1975). 

I-' 
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single-grain analyses of the Harrrony Formation (Fig 0 50 7a), including 

1034-1139, "'1330, and "'1745 Mao This is consistent with the multi

grain analyses, which probably represent mixtures of the above 

groups, and with Wallin I s (1989) data 0 Analyses fran the Valmy 

Fonnation (Fig. 5.7b) indicate that llDst grains are >1.9 Ga in age, 

although one single-grain analysis yielded a 1041 age, consistent 

with the Hanrony Formation, and another grain is concordant at "'2697 

Ma. 

Interpretation of the source (s) of the Hanrony Formation is 

ambiguous due to the presence of the 1034-1139 age set, however N1330 

Ma grains could be derived from central Idaho, where a N1370 granitic 

terrane is present (Evans and zartman, 1990). 1700-1800 Ma basement 

ages are canron in adjacent portions of the craton (Condie, 1982). 

The Late Archean age fran the Valmy Formation provides a link between 

it and: (l) the coeval Eureka Quartzite fran the miogeocline7 and (2) 

the adjacent Wyatrlng Province, a basement terrane of Archean age 

(Condie, 1969). 
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Fig. 5.7. Concordia diagrams of U-Pb analyses for the Valmy and 

Harmony formations. Circle = single round grain, square = ~ingle 
euhedral grain, oval = single rod-shaped grain, polygon = multi-grain 

round, diamond = multi-grain euhedral, and triangle = multi-grain rod

shaped fraction. 
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HARMONY FORMATION 
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Fig. 5.7 (cont.). See previous page for explanation. 
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The timing of the Antler orogeny is relatively well constrained 

by the invol vcment of rocks of at least Late Devonian and perhaps 

Early Mississippian age, which are unconfonnablyoverlain by a 

relatively undefonned overlap sequence of Pennsylvanian and Pennian 

age in the Battle Mountains (Roberts, 1964). 

Prior to the onset of the Antler orogeny, Famnenian (Upper 

Devonian) strata in the RMA record extensional tectonism, manifested 

by eXhalative barite deposits, alkalic basalt, lam~ophyre dikes, and 

evidence of ~depositional block faulting (DUbe, 19891 Madrid, 

1987) . 

The Antler orogeny is manifested by roughly east-to-west 

directed thrust imbrication of eugeoclinal and transitional facies 

strata and emplacement of these rocks over the miogeocline along a 

low angle thrust (Roberts Mountains thrust1 e.g., Roberts and others, 

19581 Stewart and Poole, 19741 Speed and Sleep, 1982). Recent 

detailed kinematic studies (e.g., 01dow, 1984) support this general 

interpretation. netri tus shed eastward fran the advancing orogenic 

highland accumulated in a flexurally controlled, asynrnetric trough 

(Antler foreland basin), developed over miogeoclinal and platfomal 

facies (e.g., Poole, 1974). The base of this assemblage is marked by 

turbiditic calcareous and siliciclastic strata that grade eastward 

into nomal shelf carbonates (Speed and Sleep, 19821 Poole and 

Sandberg, 1977). Turbidites are gradually superceded by shallow 



marine deltaic and subaerial fluvial conditions (Harbaugh and 

Dickinson, 1981). Antler foreland basin deposits are present as far 

east as central utah, where they canprise rostly shale, chert, and 

phosphatic rocks (Sandberg and Guts chick , 19791 Poole and Sandberg, 

1977) (Fig. 5.8). Although a ff'M recent studies partially refute 

this scenario ,(e.g., Ketner and Smith (1984), who favor a Mesozoic 

age of emplacement of the allochthon, and McCollum and McCollLm1 

(1989), who favor a transpressional tectonic model), thrust 

emplacement during DevonO-Mississippian time remains the most 

plausible interpretation (Nilsen and Stewart, 1980). 

There is general agreement on approximately 75-150 km of overlap 

of the RMA onto miogeoclinal strata (e.g., Roberts and others, 1958; 

Madrid, 1987), based on observations of miogeoclinal strata in 

structural windows and facies relations. 

Kootenay Arc 

Evidence of pre-mid-l-fississippian defonnation in the Kootenay 

Arc is restricted to the northern Kootenay Arc, although recent 

evidence may point to this event in the southern Kootenay Arc as well 

(R.C. Roback, oral canmmication, 1989). OVerprinting by penetrative 

Mesozoic structures is severe. Thus this early defonnational event 

has gone relatively unnoticed. Nevertheless, several lines of 

evidence point to pre-mid-Mississippian ~essional deDonnation of 

the r..ardeau Group, and evidence fran other areas suggests that the 

age of defonnation may be coeval with the Antler Orogeny (latest 

199 
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Fig. 5.8. CQnparative stratigraphic oolurms for Upper Devonian to 

Mississippian strata in the Alberta Rockies and western Utah. Rocky 

Mountain oolurm after Ziegler (1969). Utah oolurm depicts distal 

deposits of the Antler foreland basin (after staatz and carr, 1964; other 

tmpublished data cx:mpiled in Poole and Sandberg, 1977) 
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Devonian to Early Mississippian). 

As in the RMA, late Devonian tectonic activity in the Kootenay 

Arc region was likely extensional in nature, as evidenced by the 

presence of bedded barite deposits of the appropriate age, and by the 

presence of Upper Devonian volcanic and coarse clastic rocks in the 

Purcell Mountains to the east, which record syndepositional normal 

faulting and volcanism (Root, 1988). 

The existence of pre-Mississippian compressional deformation is 

confinned by the presence of conglanerates in the lower portion of 

the Milford Group which contain clasts, up to boulder-sized, of 

foliated Lardeau Group lithologies (Iilyllite and metasandstone) 

(Wheeler, 1968; Read and Wheeler, 1976; Chapter 3). Lardeau Group 

rocks also contain an early greenschist facies metanorphic fabric and 

large, recumbent nappe features not present in the Milford Group 

(Read, 1976; Hoy, 1980; FYles, 1964). If the Lardeau section is 

indeed overturned, this too must have happened prior to Mil£Ord time. 

t'lhile this evidence constrains the latest age of deformation (mid

Mississippian), no direct evidence constrains the earliest age. 

Evidence fran other portions of the Kootenay Arc supports a latest 

Devonian to Early Mississippian orogenic event, and is sunmarized 

below (see Smith and Gehrels, 1990b, in review, £Or a nore in-depth 

suntnary) : 

(1) An abundance of Middle to latest Devonian gneissic, 

plutonic, and volcanic rocks crop out to the north and west of the 

Lardeau Group (Okulitch and others, 1975; Okulitch, 1985; Schiarizza 

~~ ~-.-----~-~ .. ~----------.. _--- --. ~ 
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and Preto, 1987) and locally to the east (Parrish and others, 1987b), 

suggestive of the presence of a magmatic belt and/or tectonic 

activity of that age. 

(2) Paleozoic miogeoclinal strata in adjacent parts of the 

Rockies record a cryptic disturbance during DevonO-Mississippian time 

(Fig. 5.8). Thick Upper Devonian carbonate units are followed at the 

DevonO-Mississippian boundary by a thin, regionally extensive shale 

layer (Exshaw Formation) reflecting deposition in an anoxic basin 

with restricted circulation (savoy, 1988). In addition, the Exshaw 

Formation contains layers of felsic tuff and quartzo-feldspathic 

detritus (savoy, 1988). The Exshaw Formation is overlain by a thick, 

recessive shale, siltstone, chert, and impure carbonate unit of Early 

Mississippian age (Banff Formation). carbonate deposition resumed in 

mid-Mississippian time. 

3) Subsidence curves (Price and others, 1985) show an abrupt 

drop in the elevation of the basement under the Rockies at the 

Devono-Hississippian boundary. 

The preceding evidence, although largely circumstantial, offers 

canpelling. evidence of an orogenic event in the Kootenay Arc region 

during DevonO-Mississippian time. 

DISClJSSICtl AND "J.H!larrC M:lDELS 

r.o..rer Paleozoic eugeoclinal rocks in the RMA and Kootenay Arc 

include: (1) thick-bedded subarkosic wacke and arenite of likely pre

Ordovician age: (2) alkalic pillow basalt and tuff, in part of Early 



ordovician age; (3) chert, argillite, and shale, interbedded with 

mature quartz arenite and chert quartz arenite; and (4) stratiform 

barite deposits of Devonian age. Thus lithic, and to sane extent 

temporal, correlations can he r.ade between the two reg:i.ons. General 

correlations may be drawn between the Hanrony Fonnation and the 

Broadview and Daisy fonnations, between basalts in the Valmy 

Formation and the Butcher Mountain and Jowett fonnations, between 

quartz arenite and chert in the Valmy Fonnation and the Ajax, Sharon 

Creek, and Triune fonnations and Bradeen Hill assemblage, and between 

Devonian barite deIX>sits in both regions. These correlations are 

explored in lTOre detail below. These distinctive facies 

associations, taken collectively, are indicative of similar tectonic 

processes operating in both areas during early Paleozoic time. 

coarse clastic units 

The Hanrony, Broadview, and Daisy formations all reflect 

deIX>sition of immature quartzo-feld~thic detritus in relatively 

proximal su1::marine fans. Petrographic study and nodal analyses 

indicate derivation fran nearby uplifted plutonic terranes that 

contain abundant quartz, feldspar (daninantly albite), muscovite and 

biotite. The relative lack of lithic grains, inmature textural 

characteristics, and the presence of canposite plutonic clasts in 

these units argues against large scale derivation fram supracrustal 

rocks, although sane may be derived fran underlying Windennere age 

strata, which they strongly resemble. These conclusions are 
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supported by U-Pb ages of detrital zircons, which largely reflect 

derivation fran nearby, relatively localized source areas (the 

source of the 1.1 Ga detritus in the Harnony Fonnation remains 

problenatic) (Chapter 4; Wallin, 1989). Depositional characteristics 

and provenance of these units suggest the presence of uplifted fault 

blocks, perhaps the result of a rifting or transtensional event. 

The Valmy quartzite, Ajax Fonnation, and portions of the Bradeen 

assemblage, along with associated chert, argillite, and shale, 

reflect periodic influxes of recycled quartzite into a deep water{?) 

starved basin setting. Detrital zircon ages fran the Valmy and Ajax 

formations are similar to each other and consistent with derivation 

fran the Wyaning Province and fran surrounding basement terranes, 

reflecting a relatively well-rrdxed cratonal source as opposed to 

localized derivation. The lack of sedimentary structures in these 

units may be indicative of deposition by grain flCMS, or of an 

extremely uniform sediment source. 

Chert quartz arenite in the Valmy Fonnation and Bradeen 

assemblage is probably derived fran both intrabasinal sources and 

recycled quartz arenite fran a cratonal source. 

Thus provenance studies link eugeoclinal terranes to adjacent 

portions of North America, suggesting that they are parautochthonous 

rather than allochthonous, and have not undergone significant 

latitudinal transport parallel to the continental margin. In no 

instance is there evidence of sediment input fran a westerly-situated 

arc terrane of early Paleozoic age. 

- ---------------------- .---- ----



Volcanic rocks 

Volcanic rocks in both areas are alkalic in nature and of 

within-plate affinity, and share similar field relations and 

characteristics, suggesting similar environments of deposition. 

Basalt in the Valmy Fonnation and Butcher r.1ountain Fonnation is in 

part coeval, with episodic volcanism continuing in both areas. 

Geochemistry is consistent with eruption in an intraplate setting, 

and with extensional conditions, as might be encountered in a back 

arc or marginal basin setting. 

Tect:alic envitUiilt!ilt 
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While the facies preserved in the RMA and Kootenay Arc are 

consistent with deposition in a deep-water setting outboard of the 

continental shelf, the overall tectonic environment is difficult to 

ascertain with certainty. The observed facies are consistent with 

fonnation in a rift to marginal basin setting, or a marginal basin 

behind a fringing arc, which would account for extensional features, 

basalt geochemistry, and derivation of strata fran the continent. 

While no lower Paleozoic arc-derived rocks are present in either 

area, nearby plutonic and gneissic bodies have yielded ages 

consistent with such an interpretation. Ordovician dates have been 

obtained fran orthogniess intruding Kootenay-equivalent rocks fran 

north of the Kootenay Arc (Okulitch, 1985), and fran plutonic rocks 

in central Idaho (Evans and Zartman, 1989). Devonian dates are 

------_ .. _--_. ----
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conm::>n frcm volcano-plutonic rocks to the west of both areas, leading 

RUbin and others (1990, in review) to postulate the existence of a 

fringing arc, floored by oceanic and extended oontinental crust, 

outboard of the oontinental margin at this time. Thus RMA and 

Kootenay Arc strata may have accumulated in extending basins behind 

this arc, far enough rerroved fran it such that no arc-derived 

detritus accumulated in them. Another alternative is that the RMA 

and strata in the Kootenay Arc represent rift-related deposits. 

However, the location and nature of the other side of the rift is 

problematic, particularly if the margin was previously rifted during 

latest Precambrian to Early cambrian time (Stewart and Suczek, 1977), 

presumably leaving open ocean to the west. Lastly, the m::x'iern-day 

Grand Banks, an intra-plate setting characterized by little tectonic 

acti vi ty, have been proposed as a nodel for deposition of the Valmy 

Formation. However, it is not clear hOll a strictly passive margin 

setting oould generate post-rift related extensional structures or 

hOW' the Antler orogeny would subsequently be initiated. Thus the 

marginal/back arc basin model may be a plausible one, particularly 

with respect to the Devonian history of the area. 

'lhe Antler OJ:ogeay 

The Antler Orogeny is fairly well docLU1lented in cent:ral Nevada 

as a oampressional event of Devono-Mississippian age involving thrust 

enplacement of the RMA over the passive margin, with detritus shed 

off the allochthon into a foreland basin. Evidence fran the Kootenay 

... _------_. --------- .. ----- -.~ 
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Arc is less conclusive and nore fragmentary, however we propose that 

the Antler Orogeny may manifest itself in much the same way in the 

Kootenay Arc. Pre-Missippian defonnation in the Kootenay Arc is 

oanpressional in nature, as in the RMA., but apparently reflects 

burial to deeper structural levels and metanorphism to greenschist 

facies. The DevonO-Mississippian Banff and Exshaw fonnations in the 

Alberta miogeocline may represent the distal deposits of a foreland 

basin (analogous to the Antler foreland basin in Nevada), which 

fonned as a result of regional overthrusting in the Kootenay Arc. 

Lack of coarse, proximal foreland basin deposits in the Kootenay Arc 

region might be due to erosion of strata of the appropriate age in 

the intervening Purcell anticlinorium. This nodel would account for 

the presence of this otherwise ancmalous interval in the miogeoclinal 

section, for the presence of quartzo-feldspathic detritus in the 

Exshaw and Banff fonnations, and for the rapid subsidence of the 

miogeocline during this time interval. 

Tectonic nodels for the Antler Orogeny are many. If the RMA 

represents basinal deposits behind a fringing arc, partial closure of 

these marginal basins and obduction of the RMA. and related strata 

over the miogeocline due to oanpressive forces at the plate margin 

may be a plausible nodel. Burchfiel and Royden (1989) liken the 

Antler Orogeny to the nodern-day Ag;>erllne - East carpathian orogenic 

system, where convergence and subduction have fonned thrust belts 

with corresponding regions of extended crust in the hinterland (the 

latter perhaps analogous to Upper Devonian strata in the Kootenay Arc 



and rare coeval strata in th Havalla sequence in western Nevada) • 
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Idaho 
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Between northern Nevada and northeastern Washington lie large 

tracts of post- and pre-Paleozoic rocks (including the Snake River 

Plain, Idaho batholith, Belt Group strata and Priest River canplex). 

However, limi ted ~vidence suggests that RMA and Antler foreland basin 

facies are represented in this area. Churkin (1963) mapped the Phi 

Kappa and Trail Creek formations in the Pioneer Mountains in central 

Idaho, canprising argillite and quartzite of late Early to Middle 

Ordovician age, and argillite and siltstone of Middle Ordovician to 

Early Silurian age. These units are thus in part lithologic and 

temporal equivalents of the Vininni Fonnation. The Upper Devonian 

Milligan Formation contains argillite, limestone turbidites, quartz

rich sandstone, and quartz-chert granule conglanerate (Paull and 

others, 1972: Turner and otto, 1988: Dover, 1981). Mississippian 

~ks include the Copper Basin Formation, comprising relatively 

proximal su1:rnarine fan deposits, grading eastward into finer-grained 

deposits of the McGowan Creek Fonnation. These are oorrelated with 

Antler foreland basin deposits in Nevada (Nilsen, 1977). 

Structural complexities ~sed by later deformation largely 

preclude correlations based on structural evidence. However, 

lithologic evidence suggests that the Kootenay Arc and RMA. can be 

linked by facies relationships in central Idaho. 
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Adams Lake 

Thrust-imbricated strata of the Eagle Bay assemblage, present in 

the Adams Lake area northwest of the Kootenay Arc and Monashee 

COmplex (Fig. 5.2), include units of quartzo-feldspathic sChist, 

pillowed greenstone, phyllite, chert, and limestone of presumed post

Early Cambrian to pre-Middle Devonian age (SChiarizza and Preto, 

1987). These units may be correlative with the Lardeau Group. In 

addition, a unit of felsic volcanic rock is dated by U-Pb 

geochronology at 387 Ma, indicating volcanic activity of Middle 

Devonian age. These units are overlain by Mississippian slate, 

phyllite, sandstone, and granule to pebble conglanerate analogous to 

the Milford Group. Thus, units in the Kootenay Arc appear to extend 

north and west to the Adams Lake region. 

cariboo fobmtains 

In the Cariboo Mountains, struik (1986) correlated quartzo

feldspathic strata, greenstone, and limestone of the upper Snowshoe 

Group with the Lardeau Group. To the east of this assemblage lie 

Ordovician and Middle to Upper Devonian deep water chert, argillite, 

mafic volcanic rock, chert-quartz arenite, and chert pebble 

conglanerate of the Black Stuart and Guyet fonnations. The Guyet 

Fbnnation, canprising nestly Upper Devonian to Lower Mississippian 

conglanerate and sa.ndstone, was interpreted by Sutherland-Brown 

(1963) and Camp:,ell (1973) as foreland basin deposits shed off an 

._--_. __ ... _._- .. __ .. . ... ---------_ ... _--_._ .. _-



210 

allochthon analogous to the RMA. This interpretation is refuted by 

stroik (1981) based on a lack of structural evidence for Devono

Missippian tectonism. The Guyet conglanerate is thought by Gordey 

and others (1987) to be correlative with the Earn Group in southern 

Yukon and of extensional origin. Nevertheless, it is apparent that: 

(1) lower Paleozoic eugeocUnal strata in the cariboo Mountains can 

be correlated with strata to the south: and that (2) a tectonic event 

of Devono-r.1issippian age did take place in the cariboo Mountains 

area. 

aH:UJSlCES 

stratigraphic, structural, geochemical, and geochronologic 

evidence suggests that lower Paleozoic eugeoclinal strata in the 

Kootenay Arc represent a continuation of RMA-type facies and 

tectonics northward into the southern canadian Cordillera. Evidence 

presented and discussed above is consistent with the following 

oonclusions: 

(1) The RMA and lower Paleozoic eugeoclinal strata in the 

Kootenay Arc are generally correlative, and record: (1) pre-Early 

Ordovician (Late cambrian?) deposition of subarkosic wacke and 

arenite derived fran adjacent uplifted basenent blocks in a proximal 

su1:Jnarine fan setting: (2) episodic (in part Early Ordovician) 

eruption of alkalic pillow basalt and tuff; (3) episodic deep water, 

starved basin conditions, Characterized by Chert and argillite 

deposition: (4) post-Early Ordovician deposition of mature quartz 

- --- -- --.---------- -----------_ ..• --- --. 



arenite derived fran recycled supracrustal rocks, perhaps as 

grainflows or suanarine fan depositsT and (5) stratifonn barite 

deposits of, in part, Devonian age. 
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e 2) Strata in the Rr-1A and Kootenay Arc were deposited adjacent 

to the continental margin, were JOOst likely derived fran N:>rth 

America, and have not undergone significant latitudinal transport. 

Zircon ages fram quartzo-feldspathic units suggest relatively 

localized derivation fran nearby basement terranes, whereas ages fran 

quartzite units reflect a JOOre distant and well-mixed source. 

e 3) Both areas experienced extension in Late Devonian time, 

followed by compressional defonmation recorded by deposits in the 

Antler foreland basin, and by equivalent strata in the Rocky 

Mountains, the Devono-Mississippian Exshawand Banff fonnations. 

e 4) The RMA and strata in the Kootenay Arc may have evolved in 

an extensional, behind-the-arc marginal basin setting, and were 

subsequently obducted over the continental margin. A modern day 

analogy may be the carpathian-A~ne orogenic system. 

(5) Correlative lower Paleozoic eugeoclinal strata are found in 

central Idaho, in the Adams Lake area, and in the cariboo Mountains, 

thus fbrming a relatively continuous stratigraphic belt over 1500 km 

in length. Evidence of canpressional defbnnation is fbund over JOOst 

of that length, suggesting a reevaluation of the cariboo Mountains 

area for evidence of the Antler orogeny. 

- ---------- ----------
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Stratigraphic evidence fram Devono-Mississippian coarse clastic 

strata along the ancient continental margin in northern British 

Columbia, YUkon Territory, and northeastern Alaska preserves a 

record of tectonic activity roughly coeval with the Antler orogeny in 

Nevada. According to many recent studies, these deposits are 

characterized by: (l) local sediment sources; (2) lack of 

compressional structures; (3) alkalic felsic volcanic rocks with rift 

chemistry; (4) sedimentary-exhalative barite deposits; and (5) 

syndepositional normal faults. This evidence has been used to 

support interpretations of an extensional origin related to a rift 

event or transtensional faulting, in contrast to evidence for a 

compressional origin of the coeval Antler foreland basin deposits in 

Nevada. Critical evaluation of the literature suggests that 

assertions (1) and (3) above may be incorrect, or are at least 

subject to other interpretations, (4) may occur in other than 

extensional settings, and that (2) and (5) are features c:x::mron to 

foreland basins worldwide. other relationships in these areas are 

consistent with deposition in a foreland basin setting. This 

interpretation raises the possibility that the entire continental 

-----------. --. 
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r.1ississippian time. 

INTRDJCl'ICN 

Evidence discussed in previous chapters suggests that lower 

Paleozoic eugeoclinal strata fonned a semi-continuous belt fran 

Nevada through central Idaho to the Kootenay Arc, and that 

correlative strata also lie to the north in the Adams Lake and 

Cariboo Mountains areas. In addition, Turner and others (1989) have 

described stratigraphic links between lower Paleozoic eugeoclinal 

strata in the Selwyn basin and the Roberts Mountains allochthon, thus 

tying together belts of lower Paleozoic eugeoclinal strata along the 

entire North American Cordilleran continental margin (Fig. 5.2). 

Likewise, evidence of Devono-Mississippian tectonism is present along 

nest of the length of this margin, in association with the lower 

Paleozoic eugeoclinal strata. Devono-Mississippian tectonism was 

canpressional in nature in the RMA, and evidence presented in 

previous Chapters fOr the Kootenay Arc suggests that it too 

experienced Devono-r.1ississippian canpressional deformation. North of 

the Kootenay Arc, however, sequences of Upper Devonian to 

Mississippian coarse clastic strata in the Cariboo Mountains (Guyet 

conglanerate), Selwyn Basin and cassiar platfOnn (Earn Group), and 

Arctic Yukon, District of MacKenzie and northeastern Alaska (Nation 

River and Dnperial formations) (Fig. 6.1) have been recently 

interpreted as deposits in an extensional (continental rift or 

strike-slip) reg.ime {e.g., Eisbacher, 1983~ Tempelman-Kluit, 1979~ 

. -----_ .. -----------
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Fig. 6.1. Map of the Canadian Cordillera showing locations of 

areas discussed in text. Ruled areas are significant outcrops of Earn 

Group strata (modified slightly from Gordy and others, 1987). 
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Gordey and others, 1987). Gordey and others (1987) conclude that 

the "Antler orogeny" may thus be canpressional in the south and 

extensional in the north, or that the ccmpressional story in the 

south should be reevaluated in light of evidence fran these northern 

areas. 

This chapter summarizes stratigraphic and structural evidence 

for the nature of mid-Paleozoic tectonism in these northern areas, 

and applies this evidence to discussion of an alternative tectonic 

model for their evolution, namely that of a ccmpres8io~al orogen 

present along the continental margin, with accumulation of Devono

r.tississippian coarse clastic rocks in a foreland basin on the 

continent side of the contractional orog-en. This idea is not new, 

having been raised by Gabrielse (1967) over two decaqes ago, but has 

not seen serious consideration in recent years. This tectonic nodel 

raises the possibility that the entire continental margin was locally 

tmder ccrnpression during Devono-t-1ississippian time. 

The geologic setting and evidence for Devono-t-1ississippian 

tectonism in each of the areas listed above is discussed below, with 

a discussion of evidence for the nature of DevonO-Mississippian 

tectonism fOllowing. 

aumn:>~ 

The Cariboo Mountains area contains five fault-bounded 

"terranes" (Struik, 1986). These canprise, fran east to west: (1) 

the Rocky Mountain terrane (Upper Proterozoic to lower Paleozoic 

.. _-----_. -_._------
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miogeoclinal strata) 7 (2) the cariboo terrane (Upper Proterozoic to 

upper Paleozoic outer miogeoclinal strata 7 (3) the Selkirk terrane 

(strata in part equivalent to the Lardeau Group) 7 and (4) the Slide 

Mountain and Quesnel terranes, canprising upper Paleozoic and 

Mesozoic eugeoclinal strata. 

The cariboo terrane consists of Upper Proterozoic to cambrian 

miogeoclinal strata, including quartz grit, shale, limestone, and 

quartzite, overlain by Ordovician to Devonian basinal strata (chert 

and limestone with local dolanite breccia, black pelite and 

sandstone) of the Black stuart Group (Struik, 1981; Fig. 6.2). The 

Devonian to Penman Guyet Group overlies and interfingers with the 

Black Stuart Group. A lower volcanic member (Waverly Fonnation) 

comprises flows, pillow basalt and volcaniclastic rock of probable 

Late Devonian age. The Guyet conglc:merate, of nestly early 

Mississippian age, contains rounded clasts of chert, pelite, basalt, 

limestone, and sandstone. This is capped by the Mississippian to 

Perrrdan Greeriberry limestone. 

Sutherland-Brown (1973) proposed a canpressional event (cariboo 

orogeny) of Devono-Mississippian age resulting in defonnation and 

netamorphism of Upper Precambrian to Lower Cambrian continental 

margin strata, based on perceived differences in metamorphic grade 

between lower and upper Paleozoic rocks. He postulated that the 

Guyet conglomerate formed as a result of uplift and erosion of this 

orogen. Carrq:bell and others (1973) interpreted the Guyet 

conglomerate as a fOreland sequence deposited adjacent to an 

-------... ---- _ .. -
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Fig. 6.2. Schematic cross section through Middle Devonian to 

Pennian strata in the cariboo Mountains re:gion, showing relationships 

between the Guyet and Black Stuart formations. 
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allochthon cx:mprised of the lower Paleozoic eugeoclinal strata. 

Struik (1981) identified rocks of upper Paleozoic age 

(Slide Mountain terrane) in the upper structural levels of the 

"allochthon", and thus argued that defonnation must post-date 

deposition of this terrane. Furthe.noc>re, he found no defini ti ve 

structural evidence for a pre-Mesozoic cam~essional event. Gardey 

and others (1987) argue for an extensional origin of the Guyet 

Fonnation, based on similarities between it and the coeval Earn Group 

clastic sequence to the north, and on the likelihood of local 

derivation of clasts. No syndepositional extensional structures are 

noted fran this section. 

SErw.lN BASIN AND CASSIAR PlATFORM 

Coarse clastic strata of the Upper Devonian to Mississippian 

Earn Group, long thought to be the signature of a cryptic 

defonnational event in the northern Cordillera, underlies large areas 

of the Selwyn basin and cassiar platfo~ in northern British Columbia 

and southern YUkon, extending to the south on both sides of the 

Tintina fault to the Warneford River area (Fig. 6.1). Assuming that 

areas west of the Tintina fault restore at least 450 km to the south 

(Gabrielse, 1985), the Earn Group once fonned a linear belt along 

much of the Canadian Cordilleran margin (Fig. 6.3). The Earn Group 

and related strata overlie Upper Proterozoic to Middle Devonian 

basinal, platform and miogeoclinal strata of the Selwyn basin, Pelly

cassiar platform and Cordilleran miogeocline, including quartz-rich 
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Fig. 6.3. Regional extent of the Earn Group (small circles) and 

the Imperial and Tuttle formations (large circles), afte.r resoration of 

450 km of motion along the Tintina fault (modified slightly after Gordey 

and others, 1987). 

.-----. -. ·-1 



grit, shale, limestone, quartzite, and deeper water, eugeoclinal 

facies similar to the Lardeau Group. 

220 

The Earn Group as described by Gordey (1981), and Gordey and 

others (1982; 1987) in the Sunrnit Lake, Indigo Lake, and Macmillan 

Pass areas in the Selwyn basin canprises 500 to 1500 meters of shale, 

sandstone, and conglanerate (Fig. 6.4). A lower member canprises 

nostly slate and siltstone, with minor lenses of coarse clastic 

strata and alkalic volcanic rock. An upper member is daninantly 

canposed of chert pebble conglanerate, chert quartz arenite and 

wacke, and pebbly mudstone. Clastic detritus is daninated by chert, 

with lesser amounts of quartz grit, volcanic rock, quartzite, and 

quartz, all lithologies that could be derived fran erosion of 

underlying miogeoclinal and basinal strata. Clasts range fran 

angular to well-rounded, to predaninantly well rounded in coarser 

lithologies. Sedimentary structures include rhythmic bedding, graded 

bedding, and sole marks, suggestive of turbidite deposition. 

Paleocurrent directions indicate derivation fran the north and west. 

Syndepositional normal faults are mapped in these areas, Which 

influence sediment thickness and dispersal patterns. 

In the Pelly Mountains area (Gordey, 1981), conglanerate and 

sandstone are relatively rare, and interbedded with chert and shale. 

Sandstone is noderately well sorted, and nodal analyses fall within 

the lithic arenite field, with chert the daninant clast type. Upper 

Devonian barite deposits occur in the upper portion of the clastic 

unit, Which is overlain by Mississippian felsic volcanic rocks with 

-.. - - ----_._---_._-_ .. _---------_ .. _---_. --.-
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Fig. 6.4. Stratigraphic column for the Summit Lake area, showing 

the upward coarsening Earn Group lying unconfo~ly over basinal strata 

of the Road River Fo~tion (modified from Gordey, 1979). 

-------------- ----



strongly alkaline geochemistry (Mortensen, 1982). 

Gordey and others (1987) interpret an extensional environment 

for the Earn Group, citing (1) local sediment sources: (2) lack of 

canpressional structures; (3) alkalic volcanic rocks with "rift" 

chemistry; (4) widespread sedimentary-exhalative (sedex) barite 

deposits; and (5) syndepositional high angle faults that control 

sediment depositional patterns. 

NOwfllM\l 'YllI«N AND mRJHEAS'.l"ER) AlASKA 
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Coarse clastic strata of the Devono-Mississippian Nation River 

and Imperial formations underlie a large area of northern YUkon and 

northeastern Alaska. As with the Earn Group, these rocks overlie 

platfonn, basinal, and miogeoclinal strata of Late Proterozoic to 

Middle Devonian age consisting of quartz grit, quartzite, liJrestone, 

dhert and black shale. 

The western of the two units (Nation River Formation), canprises 

1000 - 2000 m of shale, mudstone, siltstone, and coarse-grained strata 

(sandstone and conglanerate). The latter canprise approximately 25% 

of the section, and are sparsely interbedded with fine-grained strata 

elsewhere (Nilsen and others, 1976). The 10\Ner portion of the 

section is dated as Late Devonian by plant fossils (Churkin and 

Brabb, 1967). Sandstone contains nostly subangular to subrounded 

chert, quartz, and quartzite. Clasts are of like canposition but 

well. rounded in the conglomerate. 

Nilsen and others (1976) interpret the fine-grained strata to 
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represent mid-fan and distal fan turbidite deposits, and the coarse

grained strata as mid-fan channel deposits. Paleocurrent directions 

determined fran flute casts indicate sediment transport to the west 

and northwest. 

The Nation River Fonnation is "most clearly related 

stratigraphically, sedimentologicallyand tectonically to that of the 

Imperial Fonnation and unnamed shale of the adjacent Yukon Territory" 

(Nilsen and others, 1976). The Upper Devonian Imperial Fonnation 

oarnprises up to -2000 meters of gritty sandstone, shale, siltstone, 

and poorly sorted, angular conglanerate, with clasts of chert, 

siliceous shale, quartz and limestone (Gabrielse, 1967: Martin, 

1959) • The Imperial Fonnation oarnprises nostly coarse sandstone and 

siltstone in its northern exposures, fining to mostly siltstone and 

shale in its southern extent. The unit is time transgressive, with 

the top of the unit of mid-Famennian age in the north and Early 

~1ississippian in the south (Pugh, 1983). Nilsen and others (1976) 

interpret the Imperial Fonnation to represent turbidite deposition in 

a relatively proximal area of a sul::marine fan. Paleocurrent 

indicators and basin geanetry suggest a source to the north or 

northeast. 

The Imperial Fonnation is overlain in the Richardson Mountains 

by up to 900 meters of chert pebble conglanerate, chert quartz 

sandstone, siltstone, shale, and quartzite of the uppenrost Devonian 

- Lower lvlississippian Tuttle Fonnation. The Tuttle Fonnation 

conforr,lablyoverlies and may interfinger with the Imperial Formation, 

- _._----._-_._------
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and is also time transgressive, younging to the south. It may be of 

fluvio-deltaic origin, derived fran the north (pugh, 1983). 

The Nation River and Imperial formations were regarded as 

related to Devono-f.1ississippian oc:mpressional tectonism and 

plutonism, with detritus shed off an uplifted highland area to the 

northeast (Nilsen and others, 1976; Gordey and others, 1987). 

Sediment facies patterns, including the trend fran deep to shallow 

water facies and time-transgressive nature of the units, is 

a::msistent with normal patterns of foreland basin sedimentation. 

~ver, a recent interpretation by Howell and wiley (1987) relates 

these strata and related deposits in the BrooKS Range to a rift 

event. 

No Syndeposi tional faults are known fran the Imperial and Nation 

River sequences. However, much of the available data is fran drill 

cores and well logs, making interpretation of these features 

difficult. The strata were gently folded after deposition by the 

Early Mississippian Ellsmerian orogeny. 

DISCUSSIal OF ~ :mR EKTENSIal 

Field evidence and tectonic m:xlels presented above present an 

interesting scenario: Upper Devonian to Lower Mississippian ooarse 

clastic strata present along the continental margin fran Nevada to 

the Arctic Ocean, with sane originating fran erosion of a 

cx>ntractional orogen and sane apparently of extensional origin. 

Because the Antler flysch and Earn/ Nation River/ Imperial/Guyet 
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sequences are strikingly similar in many respects, it is worth 

evaluating the Earn Group in tenns of a oontractional orogen/foreland 

basin nodel, using evidence workers such as Gordey and others (1987) 

ci te. Their assertion that the Earn Group evolved in an environment 

of localized extension may be sound, however the evidence should be 

evaluated with respect to the tectonic environment that might have 

caused this extensional environment. The five interpretive points 

raised by Gordey and others (1987) in support of a rift or 

transtensional nodel (local sediment sources, lack of canpressional 

structures, alkalic volcanic rocks with rift chemistry, sedex barite 

deposits, and synsedimentary high angle faults) are discussed below 

with respect to a foreland basin roodel for deposition of the Earn 

Group and related strata. 

Local Sediment Sources 

Gordey and others (1987) argue that the clast canl,X>sition is 

oonsistent with derivation from localized source areas in underlying 

rocks. However, chert, quartz grit, volcanic rocks, shale, and 

quartzite underlie Il'Dst of the continental margin, and petrologic 

evidence, including high degree of rounding of the clasts, does not 

preclude derivation from distances on the order of several hundreds 

of kIn (W.R. Dickinson, written ccmnunication, 1990). Indeed, Gordey 

and others (1987) note that an abundance of well rounded quartz 

grains in the Earn Group sandstone are from an extrabasinal source. 

Modal analyses (e.g., Gordey, 1981) resenible those from foreland 

... -----. --------
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basins and "recycled orogens" worldwide, including the Antler 

foreland basin (Dickinson, 1983). In addition, paleocurrent 

indicators suggest derivation from a western source, consistent with 

a foreland basin model. 

Lack of Ccltpressiooal St.ructures 

Except in the nest proximal portions of sane foreland basins 

Where deposits are inbricated and t:h.rust over the foreland dut'ing 

protracted defonnation, ccmpressional structures are generally 

lacking fran foreland basins (including the Antler foreland basin). 

Alkalic Volcanic ax:ks with Rift ChEmi.stry 

While Mortensen (1982) concluded that major and rrdnor element 

geochemistry of alkalic volcanic rocks associated with the Earn Group 

is consistent with an extensional setting, he also states that 

"major element abundances do not disqualify the rocks fran being 

alkalic members of a volcanic arc suite II (r.t>rtensen, 1982). The 

rocks in question suffered fran clay and caroonate alteration, and 

offered "abundant textural evidence for small-scale chemical 

nebili ty" • Sr initial ratios were ananalously high, leading to 

speculation that they had been reset (t-brtensen, 1982). The rocks 

were also subjected to alteration fran circulating seawater. Thus 

interpretations based on geochemistry should be viewed with healthy 

skepticism. Mortensen concluded that the rocks were metaluminous to 

peralkaline in nature, a trait nostly restricted to extensional 
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settings in continental areas. To interpret these rocks as 

"volcanics with rift chemistry" (Gordey and other, 1987) appears to 

require same overinterpretation of the data. 

Alkalic rocks of Early Mississippian age are not unocmron in the 

canadian Cordillera, and are known fran the canadian Rockies east of the 

Kcotenay Arc (Parrish and others, 1987b), where coeval tectonism may be 

o:mpressional in nature (Chapter 3). Alkalic volcanic rocks are not 

a. normal feature in foreland basin settings, hONever they are known 

fran the rJllne graben area, where volcanism is coeval with a Tertiary 

collisional orogen and foreland deposition. Sengor and others (1978) 

consider the Rhine graben to be an "irnpactogen" or collisional rift -

one of a class of graben-like structures that fom in forelands 

adjacent to collisional orogens - perhaps in response to sUbduction 

of irregular-shaped margins. 

Widespread Sedimentary-Exhalative (Sedex) Barite Deposits 

Sedimentary-eXhalative barite deposits are relatively common in 

rifted oceanic environments (mid-ocean ridges, etc.) but are 

ananalous in a continental margin setting. The tectonic implications 

of sedex deposits in such a setting are questionable. It is possible 

to imagine a nodel where mineralized waters are derived fran shales 

in the deep portions of a basin, rising to the surface along normal 

faults. Such a nodel does not require rifting and is consistent with 

fonre.tion in a foreland basin setting .(W.R. Dickinson, written 

oomrnunication, 1990). 

--_._---- -- -- ._--------- --------- ---- - ~ 
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~lQSitiooal. Namal Faults 

There is general agreement that foreland basins fonn as a result 

of flexure of the lithosphere in response to loading by emplacement 

of an ananalous mass (an allochthon). Addition of this load causes a 

basin to fonn, coupled with an up.orcup or forebulge at the point of 

greatest flexure. In the foreland basin area of a contractional 

orogen, stresses are extensional in nature in the region of maximum 

flexure of the plate (forebulge region), catm:)n1y leading to 

syndepositional normal or growth faults parallel to the basin 

margins, with dO\<lrl-to-the-basin stepped or graben-style geanetry. 

Syndepositional normal faults are imaged by seismic methods in 

foreland basins worldwide, including the Arkana and Val Verde basins 

(Houser-Jlecht and others, 1985 ~ Wuellner and others, 1987), the 

Cenozoic Molasse basin (Bachmann and others, 1987), the Arabian 

continental margin (Searle and others, 1983) and the nodern day 

Taranto basin in the southern Appenines (Pescatore and Senatore, 

1986). The Arkana basin is perhaps the type example of a faulted 

foreland, where dO\<lrl-to-the-south novement on a series of faults with 

cumulative displacement of over 6000 feet exerted considerable 

control on sediment delX'sition, with abrupt facies changes, localized 

deep marine conditions, and orogen-parallel sediment dispersal 

patterns (Zachary and others, 1983~ Houseknecht, 1986). 

Synsedimentary normal faults are predicted by flexural nodels of 

foreland basin formation, and are canronlyobserved, such that they 

---------_ .. _ ... -' ....... . " ... ' .. '--_._--



should be regarded alrrost as diagnostic features of foreland basin 

settings. 

'!BE CASE R>R MID-PAIml'DIC a:N.l'RACTICEAL 0RJGFl!1Y IN '!HE R>Rl'fJEm 

roRDILLERA 
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As the preceding discussion indicates, all features noted in the 

Earn Group and ascribed an extensional origin related to rifting or 

transtensional faulting (Gordey and others, 1987) are either subject 

to reinterpretation or are consistent with formation in a foreland 

basin setting. With respect to the Earn Group and Guyet 

Conglanerate, evidence that can be used in support of a rrodel of 

foreland basin deposition includes: (1) westerly paleocurrent 

directions~ (2) syndepositional normal faults~ (3) sedimentary facies 

resembling those in other faulted foreland basins~ (4) genetic 

relationship to the Antler foreland basin: and (5) clast canposition 

that resembles many other foreland basins, including the Antler 

basin. Up.o.rard shoaling fran sul:marine fan to fluvio-del taic 

environments and tirne-transgressi ve sedimentation patterns in the 

Imperial and Tuttle Formations are further evidence for a foreland 

basin setting. 

The present location and nature of a source for foreland basin 

deposits in the northern Cordillera is unknown, ~ver the magnitude 

of post-Paleozoic deformation, overthrusting and regional translation 

of units outboard of the F~ Group is probably sufficient to 

conveniently remove any evidence of a Devono-Mississippian orogen. 



230 

However, metaroorphosed eugeoclinal strata of similar age and affinity 

to the RHA and Lardeau Group underlie large portions of Alaska and 

northern British Col\.1l1bia, including portions of the Yukon-Tanana 

terrane. 

Thus the possibility exists that the entire continental margin 

of North America may have been the site of contractional orogeny and 

foreland basin sedimentation during Late Devonian to Early 

Mississippian time. 

_._---- _. . -...... --.-----. -.------



APPENDIX 1: 

R\P UNITS IN '.lHE CXJVAIlA GIOJP AND NEARBY' aJ'.l'CRlPS 

('10 .l\aXHlANY PlATES 1 AND 2) 

sur-MARY 1\ND EXPI..ANATICE 
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The map areas are daninantly underlain by units of the Covada 

Group, canprising 1) quartzofeldspathic wacke and arenite and 2) 

volcanic rock and limestone. Both packages are distinctive, mutually 

excl usi ve, and underlie large areas at predictable stratigraphic 

horizons. The two packages are here refered to infonnally as the 

Butcher Mountain Fonnation (volcanic package) and the Daisy Fonnation 

(sedimentary package) (a fonnal pUblication is in preparation). The 

eastern chert-argillite-conglamerate-volcanic assemblage is 

petrographically distinct fran and probably younger than the Covada 

Group (see below) and is thus not included with the Covada Group. It 

is here designated (infonnally) the Bradeen Hill assemblage. 

Locations of the two map areas are shown in Fig. 1.2. Plate 1 

contains the type local! ties of the Daisy and Butcher Mountain 

formations;, units are designated Oc due to their proximity to the 

lower Ordovician fossil locality. units in Plate 2 are probably 

correlative, but correlations becane more tentative west of the 

Columbia River, thus Covada Group units are designated lPc. 

MAP UNITS 
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MI03I!XY'!I' ·INE 

Ols LEDBETrER SLATE 

On Mm'ALINE FORMATION 

ca ADDY FORMATION 
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Os ~ SURFICIAL DJ.SllCSl'I'S 

This unit ocmprises all appreciable thicknesses of 

unconsolidated sediments, including till, outwash, fluvial and 

lacustrine deposits and alluvium. surface deposits in the area 

between Wilm:>nt Creek and Lake Roosevelt are largely after Becraft 

(1966), and comprise mostly glacial till an hillslopes. 

M '.l'ERl'IARY DIKES 1\ND SIlLS, tH>nHmENl'IATEI> (Plate 2) 

This unit includes at least three separate intrusive suites, 

which are broadly described below: 

1) Leucocratic granite, aplite and pegmatite dikes and sills. 

The granite is in general heavily weathered, and cut by more 

resistant aplite and pegmatite layers. 

2) Porphyry dikes and sills, which encanpass a wide 

compositional range from light grey, quartz-plagioclase po~hyry to 

dark grey hornblende-plagioclase po~hyry. In the map area, these 

dikes are correlated with the 47-50 Ma (K-Ar) Hypabyssal Intrusive 

Suite of Cody Lake of Atwater et al (1984) 7 

3) Greenstone dikes, sparsely distributed, designated gs where 

differentiated. Larger dikes (and those encountered an foot 

traverse) are designated on map. 
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The general area affected by dike swanns of the first two types 

is designated by a light stippled pattern on Plate 2. 



Ts SNiD?OD:. VOICANICS (Plate 2) 

Pink-brown, plagioclase-hornblende dacite flows and flow 

breccia, present on the east side of Lake Roosevelt and along the 

extreme 'Western border of the map area. The age of these rocks is 

approximately 48-50 Ma (Atwater and others, 1984) based on K-Ar 

dating of correlative rocks. 

'Ib OBRIEN CREEK FORMM'ICfi (Plate 2) 

236 

Light colored, plagioclase, quartz, and biotite-bearing 

rhyodacite tuff. K-Ar age approximately 54 ma (Atwater et aI, 1984). 

pgm ~c GlWD>IORrlE OF Ml\NIIA CREEK (Plate 2) 

In the map area, this unit is primarily a two-mica granite. 

Coarse, felsic pegmatites are abundant along margins with Covada 

Group and cross-cut the main granitic phase. Medium-grained granite 

within the map area has a moderately well-developed lineation and 

foliation which roughly parallels the foliation in the Covada Group. 

The contact with the Covada Group is extremely irregular, and 

nLUrerous screens of Covada Group schist are present within the main 

body of granite. The unit is undated, although regional relations 

suggest it is probably pre-60 Ma (Atwater and others, 1984) and is 

here inferred to be of Jurassic or Early Cretaceous age. 

Kg CRE".I.'J\CIDJS GlWD)IORrlE (Plate 1) 

Undeformed 1eucocratic granitic rocks intrude the SE portion of 

---------- ----------



the map area. The contact with host rocks is extremely irregular, 

with sills of granitic material extending over H~0 meters into the 

surrounding rocks. Rocks within the study area are coarse-grained 

biotite quartz nonzonite. Intrusion has resulted in contact 

metanorphisrn of the surrounding country rocks. 

b} (Plate 1) am ds (Plate 2) PALFD'lDIC(?) DIORITIC MID GABB1DIC 

INTRIJSIVE KlCKS 

237 

This unit comprises dark green, fOliated, sill-like to lensoid 

bodies ranging fran .5 to 15 meters in thickness and up to several 

hundred meters in length. They are ocmn::mly spacially associated 

with the limestone/slate unit in Plate 1. The sills range fran 

altered plagioc1ase/hornblende diorite to coarse, hornblende/pyroxene 

gabbro or ultramafic rock to fine-grained mafic rocks resembling 

flows or very shallow intrusive rocks. The rocks are sheared and 

contain the same metanorphic assemblage as the Covada Group and are 

thus interpreted to be pre-rnetarrorphic in age. 

BRADEI!N HIIL ASSIHnME (Plates 1 & 2) 

The Bradeen Hill assemblage lies between the Covada Group and 

exposures of miogeoclinal strata. It is of presumed lower Paleozoic 

age but may be as young as Mississippian. It is an assemblage of 

fine-grained clastic rocks, chert-quartz arenite, volcanic rocks, 

quartz arenite, limestone clast breccia, and chert pebble 

conglcmerate, included in the Covada Group by Snook (1981: 1989 in 

------- ----- ----
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press). It is here divided out as a separate unit due to the chert

rich nature of the sediments and it I S presumed younger age, but is 

nonetheless linked to the Covada Group by provenance and other 

characteristics. The presence of gritty quartz-rich sandstone clasts 

within the oonglanerate unit suggests derivation fran the Covada 

Group, and establishes the unit as younger than the Covada Group. 

Another link to the Covada Group is the presence in the assenblage of 

pillow basalts identical to those in the volcanic sequence of the 

Covada Group. See text for additional discussion of age oonstraints. 

The map units canprising the Bradeen asserrblage are described 

below in possible stratigraphic order fran youngest to oldest. 

Peg PAUDZOIC ~ 

This unit canprises ITOstly thick, massively bedded, matrix

supported pebble conglanerate, which ranges fran a pebbly sandstone 

to clast-supported oonglanerate. Pebbles are daninantly well-rounded 

to subangular grey to black and rarely white or greenish chert and 

siliceous argillite, with lesser anounts of sandstone (in part 

derived fran the Covada Group wacke sequence), shale, and vein 

quartz. Matrix sandstone is cherty lithic arenite, with quartz, 

chert, argillite, siltstone, sandstone, plagioclase, and rnicrceline 

clasts in decending order of abundance. Strata along the eastern 

contact are bedded, and gradational into the Pa unit • 

. _._--_ .... _---------
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Ps PALPDZOIC SANOO'.lQm AND SlL'lnm 

Thin- to medium-bedded fine to medium grained sandstone, 

siltsone, and shale ccmprise the Ps unit. Sandstone is largely 

chertly lithic arenite identical in cx:mposition and texture to the 

matrix of the oonglanerate, with lesser anounts of quartz arenite. 

Clast distribution in the lithic arenites is approximately 45-80% 

quartz and 19-54% chert and siliceous argillite, with 2-5% other 

clasts, nestly lithic fragments. Sedimentary structures in addition 

to bedding are rare, although grading in thin sand-silt oouplets was 

observed in a few localities. 

Pqa PALmZOIC ~ ~ 

Although quartz arenite is a constituent of the Ps unit, a 3-5 m 

thick, laterally oontinuous bed is mapped as a s~ate unit in Plate 

1. The quartz arenite is medium to dark grey, massive, featureless, 

and oontains abundant white quartz veins. In thin section, the unit 

is thoroughly recrystallized, but under pane-polarized light grain 

outlines are defined by opaque minerals. Grains are well-rounded, 

with biIroda.l size distribution. 

Pal PALIDZOIC SlATE 

This unit is daninantly ccmprised of sheared, dark grey to black 

slate and phyllite. it is gradational into the Ps and Pch units and 

probably represents a number of different horizons. 

-.-.---.... _._._------
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Pv PIlUltl Bl\SALT 

A thin, N-S trending lens of pillow basalt is present in Plate 

1. The basalt is sparselyamygdaloidal and porphyritic, with sparry 

calcite filling between pillows. Additional thin volcanic lenses are 

present to the SE of the first and along the west flank of Old Copper 

Hill. 

PIc LIMES'l\:liIE CIA9l' aJSGUJotERATE 

This distinctive unit mostly oamprises elongate, cigar or 

pancake-shaped limestone blebs typically 1-2 an thick and several on 

long floating in a matrix of black to grey, fine-grained phyllitic or 

argillitic material. In one locality imnediate1y east of 3374T, 

thinly bedded limestone is interbedded with argillite on a on scale, 

thus the limestone clasts are probably intrafbrmationally derived. 

Pcb P.AI.IDZOIC amRl' RID SILICID1S ARGIILITE 

This unit is canposed of thin- to medi~bedded black to grey 

siliceous argillite and chert. Beds are typically separated by thin 

shaley partings. The unit as mapped contains black shale and 

phyllite horizons. The unit appears to be the lowest in the section, 

but is either interbedded or structurally interleaved with the units 

described above up to the Ps unit. 

~GlOJP 

The Covada Group as here defined includes a sequence of volcanic 

.... ---.-.••... _._-----
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and volcaniclastic rock and limestone (Butcher Mountain Fonnation) 

and a sequence of quartzofeldspathic wacke and arenite, slate, and 

minor limestone (Daisy Formation). In contrast to previous studies, 

the COvada Group in the map area is interpreted to young eastward, 

with the Butcher Mountain Fonnation the younger of the two units (see 

structure section). 

va:cl\NIC SEXJJI!RE (Bl1lUlER tDJNrAIN P01M\TICN) 

Ocv (Plate 1): lPcvl and lPcv2 (Plate 2): vtLCANIC AND 

VOLCANICU\S'l'IC HlCK 

Volcanic rocks ~ise pillow basalt, massive flow rocks, and 

undifferentiated greenschist. The fonner is usually medium to dark 

green, aphanitic, and abundantly vesicular and/or amygdaloidal with 

calcite- or chlorite-filled amygdules. Pillow rims are darker than 

the cores, and sparry calcite c:xmronly fills spaces between pillows. 

FlCMS may have a ropy or brecciated texture and may be pyroxene

porphyritic. Massive volcanic flows range fran medium to dark green 

to grey-blue in color, typically lack vesicles or ~ules, and 

range fran aphanitic to pyroxene-porphyritic. In thin section, the 

pyroxene is largely replaced by chlorite. Sane grains are entirely 

replaced by serpentine and may have been olivine grains. The 

southeastern exposures of this unit are a foliated greenschist for 

which protolith type is uncertain. 

Volcaniclastic rocks ranging from ash tuff (less CCJIJtOn) through 

lapilli and lapilli-block tuff (nore CCIlIOOn) fonn large thicknesses, 

. ---_. __ .-_._------
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ITOst notably in the western (oldest) part of the sequence. The nost 

cammon lithology is a massively bedded lapilli tuff ~ising 

angular clasts in a sparry calcite matrix. Petrographic analysis 

reveals the clasts to be l10Stly fine-grained aphanitic or 

plagioclase-porphyritic basalt or andesite(?), with the fine-grained 

material canposed of albite, chlorite, epidote, sphene, and calcite. 

The volcaniclastic rocks generally appear to be nore intermediate in 

composition than the mafic flow rodks th~ are spacially associated 

with. Although metamorphosed, glass shards are preserved in sane ash 

tuff samples. Coarser layers appear to be channelized, and finer

grained examples display weak thin to IredilDll bedding, otherwise 

bedding is massive. 

lPcv3 (Plate 2) CAI.CARJDJS GREENS'1Qm 

Well-foliated black to dark green rock with calcite stringers 

and very striking weathering pattern. 

Ocvl (Plate 1): lPoc (Plate 2): LIMES".OC'NE 

Limestone layers in the volcanic sequence are typically 

lensoidal in nature, and may exceed 50 meters in thickness and 

several hundred meters in length. Th~ are massive to weakly 

foliated, IredilUl'l- to coarse-grained and recrystallized, rnedilUl'l-gr~ 

on weathered surface and rnedilUl'l-grey to white or tan on fresh 

surface. No megafossils have been recovered fran these limestones, 

although a single conodont locality constrains one lens to lower 

-------- ---------------- ------------------ -----
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Ordovician in age (Snook and others, 1981). 

Ocs (Plate 1) 

The sedimentary sequence on Plate 1 consists daninant1y of 

thick-bedded medium to coarse-grained subarkosic wacke and arenite 

with finer-grained interbeds. The unit west of Jennings Creek (Plate 

1) consists of an overall eastward-fining sequence of medium-grained, 

thiCk-bedded subarkosic arenite. Maiium-grained subarkosic arenite 

is present east of Jennings Creek to the first praninant break in 

slope, where the sandstone becanes coarser, gritty, and nore poorly 

sorted and fe1dspathic in nature. This unit fines eastward and is 

interbedded with units Ocsl and Ocss (limestone and slate: see below) 

near the contact with the volcanic unit. Thick beds of coarse sand 

typically display nonnal grading, with reverse grading in the upper 

fet/ on. Coarser sediments appear channelized in outcrop: very thick 

bedded (>2 rn), coarse beds are generally well-exposed and may 

represent channels, while areas of poor exposure mal' be underlain by 

finer-grained rocks representing overba.nk deposits. Walker and 

Mutti IS (1973) subnarine fan facies A, B, and C (rrostly mid-fan 

Channel and classic proximal turbidites) dominate the section exposed 

in the map area. 

!Pes1, lPcs2, 1Pcs3 (Plate 2) 

coarse sedimentary rocks are divided on Plate 2 into three units 

-.-_. ---- -' ---_ .. -.---- .... _ .. _.- -------_._-- _ .. 
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by color and grain size, including grey-buff sandstone (unit lPcsl) 

"t9 green with green or grey slaty interbeds (unit lPcs2). Sane 

danains are predaninantly (>50%) dark grey slate and siltite, 

designated lPcs3. Wackes predaninate to the west (notably west of 

Willront Creek), and nore well-sorted, quartz-rich rocks and grit to 

the east. Biotite is a matrix constituent in higher grade rocks in 

the western portion of the map area. True bedding attitudes are 

extremely difficult to decipher in the lPcs unit across much of the 

central portion of Plate 27 sandstones are massively bedded and 

poorly exposed, and possess a potentially misleading flattening 

fabric. The lPcsl unit is hornfelsed in the vicinity of Cretaceous 

intrusive rocks (SE portion of map area), and is upgraded to a 

garnet-kyanite schist near the contact with the Manila Creek 

intrusive unit (ffiv portion of map area). lPcs3 unit rocks are 

upgraded to silver-grey semi schist and biotite sChist and blaCk, 

tourmaline-bearing schists in the vicinity of this intrusive. 

Ocss GREEN AND GREY sr.ATE (Plate 1) 

Slate is CCIlTIOn throughout unit Des as beds < 2 m thick, however 

medium to dark grey slate occurs as thicker layers rrostly adjacent to 

the Ocs unit in the eastern exposures of the sedimentary sequence. A 

persistent cleavage obscures original bedded in rrost cases, however 

thin beds and laminations were observed in a feR locations. Probably 

equivalent in part to lPcs3. 

---- - -------------- ----------
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Ocsl LIMFSImE (Plate l) 

Limestone units in the eastern portion of the sedimentary 

sequence are generally fine-grained and dark-grey on fresh surface. 

They are thin- to medium-bedded, rarely thick bedded, and usually 

interlayered with grey and green slate. Total thickness of a typical 

limestone/slate package is up to 2fl1 ro, and the units are laterally 

persistent along strike for distances of at least a few hundred 

meters. 

lPoc CARIOIATE (Plate 2) 

This unit encanpasses carbonate of differing ages and 

affinities, including the following types~ 

1) Limestone lenses, generally fran 1-10 meters thick, which are 

present in the eastern portion of Plate 2. The limestone is 

typically rredium grey and recrystallized, occasionally sandy, with 

phyllitic partings. It is generally present along margins between 

volcanic and sedimentary packages, and is equivalent to Ocsl on Plate 

1. 

2) White to grey marble and grey to greenish calc-silicate rock, 

present in a horizon adjacent to the Manila creek intrusive body. 

3) A regionally extensive unit rna,PPed in the NN portion of the 

map area which ranges fran relatively pure, medium grey limestone and 

dolostone (western exposures) to calcareous phyllite (eastern 

exposures). Small gastropod fossils have been recovered fran one 

locality, which may provide clues to its age and identity. The 

------------- -----



contacts with adjacent portions of the Covada Group are not well 

constrainedr It is probably in fault contact to the south, but may 

sit depositionally over the Covada Gro~ unit lPcs3 and/or 

interfinger with it. Additional work will be necessary to resolve 

this question. 

lPch amRl' BRECX:IA (PlATE 2) 
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A reddish chert breccia unit appears as a possible sedimentary 

horizon within the regionally extensive carbonate unit. 

UNITS OF ~ AFFINI'lY (l'U\.m 2) 

Dc DE\1tIm\N CARIDlATE 

Medium grey, fossiliferous, imp.lre limestone is present in a 

single readcut adjacent to the Greenwt:X>d Cenetery in the eastern 

portion of the map area. This carbonate unit is in fault contact with 

older rocks to the east and west, and the depositional relationship 

of this unit to other units in the area is not known. 

0Cl I.IMES'lam OF LAm CN4BRIAN OR FARLY omxJ\T.ICIAN ME 

This unit ccmprises medium grey slate and fine- to medium

grained platy limestone with slaty partings. The nost southerly 

outcrop, a readcut on the Hunters-Springvale Road, has yielded 

conodonts of Late cambrian or perhaps Early Ordovician age (Nancy 

Joseph, personal carmunication). Other outcrops are assigned to the 

unit based on their structural position in the overall sequence, 



being present ever:ywhere at the western margin of the Ledbetter 

Slate. 

MICGFJ a,INE 

Ols LFDBET'lER SlATE 
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The Ledbetter Slate canprises medium to dark grey, finely 

laminated to thin bedded slate and siltite, and minor silty 

limestone. it is present in the easterrnoost portion of the map area, 

is poorly exposed, and unfossiliferous within the map area. Nearby 

outcrops have yielded Middle Ordovician gra~lites. 

an Ml\I'.lt.EN EORMl'a'ICN 

The Mai tlen Fonnation in the· map area consists of medilml to dark 

grey, fine- to medium-grained platy limestone, occasionally sooty in 

character. 

cae?) ADDY EOm-JATICN(?) 

Grey, calcite-cemented (rarely silica cemented) quartz arenite 

found in association with the Maitlen limestone in the extreme 

eastern portion of the map area may be Addy Fonnation. The quartz 

grains are well rounded and well sorted, with rare larger argillite 

chips present in sane samples. The arenite is generally massive in 

outcrop. 

- ----_._--------- ._-----------
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PLATE 1: 
GEOLOGIC MAP OF THE OLD COPPER HILL - BUTCIiER MOUNTAIN AREA, STEVENS COUNTY, WASHINGTON 
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PLATE 2: 
GEOLOGIC STRIP MAP OF THE NINEMILE CREEK-
WILMONT CREEK- HUNTERS AREA, FERRY AND 

STEVENS COUNTIES, WASHINGTON 
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