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Palacomagnetic evidence bearing on the evolution of the
Canadian Cordillera

By E.Irving, F.R.S., anD P. J. WyNNE

Pacific Geoscience Centre, Geological Survey of Canada, Box 6000, Sidney,
o British Columbia, Canada V8L 4B2

Palaeomagnetic data from Permian, Triassic and Jurassic bedded rocks, to which
attitudinal corrections can be applied, yield palaeolatitudes concordant with those of
ancestral North America, but very large predominantly anticlockwise rotations
about vertical axes. Data from Cretaceous rocks yield apparent palaeolatitudinal
displacements that increase westward. Small or negligible displacements are obtained
from the Omineca Belt. Intermediate displacements (1000-2000 km) from the
Intermontane Belt, are based on data from Cretaceous bedded sequences. Further to
the west in the Coast Belt, larger apparent displacements (greater than 2000 km)
have been obtained from plutons for which no attitudinal control is yet available.
Data from Eocene rocks are concordant.

Possibilities to consider are as follows: (a) little or no displacement and tilting to
the southwest at about 30°; (b) large (greater than 2000 km in the Coast Belt)
northward displacement since mid-Cretaceous time preceded by southward
displacement of comparable magnitude in Juro-Cretaceous time; (c) lesser
(1000-2000 km) overall displacement coupled with variable and lesser tilts to the
south and southeast of plutons of the Coast Belt. Under hypothesis (a) the western
Cordillera was formed and has remained in approximately its present position
relative to ancestral North America; data from bedded volcanics of the Intermontane
Belt are not consistent with this hypothesis. From the evidence currently available we
favour hypotheses () or (¢), although more data from bedded sequences are required.
It is noteworthy that hypotheses (a) and (¢) predict tilt directions that differ by about
90° and hence ought to be distinguishable by geological studies.
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1. INTRODUCGCTION

Our purpose is to review the palacomagnetic evidence that bears on the evolution of the Pacific

Northwest sector of the North American Cordillera. We are concerned mainly with data from
British Columbia, Yukon and adjacent areas of Alaska and Washington, but we review also
Cretaceous data from California and Baja California.

Palaeopoles calculated from the directions of magnetization (palaeodirections) observed in
rock-units laid down contemporaneously on the craton of North America and in the Cordillera
should agree if both have formed in their present relative positions. If they do not, and if post-
depositional tilting of the rock-units can be estimated, then the palaeolatitudinal displacement
and rotation relative to the craton of the Cordilleran locality can be calculated. The accuracy
of determinations depends on the accuracies with which cordilleran and cratonic reference
palaecopoles can be positioned and dated. The errors are such that displacements less
than about 500 km and rotations less than 5° are unlikely to be identified. Relative
palaeolongitudinal displacements cannot be determined by this method.
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Terranes and belts

The Western Cordillera in British Columbia and adjacent areas of northern Washington and
Alaska comprise several morpho-geologic belts which trend general NNW to SSE (figure 1).
Within each belt are several fault-bounded terranes (figure 2). Some terranes are confined
within a single belt, others are not. For example, the Wrangellia terrane straddles the boundary
between the Intermontane and Coast belts, and Quesnellia occurs on both sides of the
boundary between the Intermontane and Omineca belts (compare figures 1 and 2).

THFr+++++I\ ]

T
1400, Tt 120°W

INSULAR |
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INTERMONTANE
OMINECA
FORELAND

‘Soolv

0 500km

L

FiGure 1. Morpho-geological belts showing sampling localities in Cretaceous and Lower Tertiary rocks. Arrows at
localities of Cretaceous plutons in the Coast and Intermontane belts indicate the direction and magnitude of
tilting required to explain their anomalous palaeodirections. Localities labelled as in table 2. NRMT and
SRMT are the northern and southern sections of the Rocky Mountain trench.

The concept of terranes, as it applies to the Canadian Cordillera, relates to the formation and
subsequent amalgamation of geologically distinct and tectonically separate rock assemblages,
processes that happened mainly during Triassic through early Cretaceous time (Monger et al.
1982). Belts, on the other hand, are defined largely on the basis of physiography, and have been
produced by the accretion of terranes to North America and their subsequent deformation.

Although the accretion of some young westerly terranes (the Crescent Terrane for example)
occurred in the Eocene and overlapped in time the processes that created the morpho-geologic
belts, the distinction between an earlier period of terrane formation and amalgamation, and
a later period during which belts were established is valid for most of the Canadian sector of
the Cordillera. Hence, we consider palaecomagnetic data from older rock-units (Permian
through Lower Jurassic) in the terrane context, and data from younger rock-units (mid-
Cretaceous through Eocene) in the context of the distribution of belts.
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FiGURE 2. Major terranes with sampling localities in Permian, Triassic and Jurassic rocks.

Themes

Discussions of Cordilleran palacomagnetism have centred about four main themes, beginning
with the discovery of large rotations about vertical axes. These were first observed as aberrant
declinations in bedded Eocene volcanic rocks (Cox 1957), although not at the time recognized
as indicative of tectonic rotations (Cox 1980). Subsequent work has shown rotations to be
common, typically clockwise in Cretaceous and Palaeogene rocks, and often anticlockwise in
older sequences (Beck 1976, 1980; Monger & Irving 1980; Irving & Yole 1987).

The second theme concerns the apparent displacement from the south of some elements of
the Cordillera by as much as 2000 km since mid-Cretaceous time. The idea that such late
displacements could have occurred emerged from the work of Beck & Noson (1972) on the
Mount Stuart batholith of the northern Cascade Mountains of Washington (MS of figure 1),
and of Tiessere & Beck (1973) on the Peninsular Batholith of southern California (SA of figure
5). Both intrusions are approximately 100 Ma old, and both yielded anomalously low
inclinations (i.e. low palaeolatitudes). Several years later similar discordant magnetizations
were observed in the Cretaceous Axelgold intrusion, a body which is located in the eastern part
of the Intermontane Belt of British Columbia (Monger & Irving 1980). This and other
evidence led Monger & Irving (1980) and Irving et al. (1980) to propose that about two-thirds
of British Columbia and adjacent parts of Washington and Alaska (a region which later was
referred to as Baja British Columbia (Irving 1985)) had been displaced from the south in latest
Cretaceous and Palaeocene time. The concept of Baja British Columbia, (or Baja B.C.) was
developed from the work of Packer & Stone (1974), and from Atwater’s study of the northward
motion of Baja California (Atwater 1970). However, the term ‘Baja B.C.’ is meant to imply
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490 E.IRVING AND P.J. WYNNE

only that the region formerly had a lower or more southerly position, and that the motions
which brought it into its present position was predominantly in a coastwise sense, like that of
Baja California today, but no specific mechanism of transport is implied.

The third theme concerns data from older sequences (Permian, Triassic, Jurassic) which
have yielded apparent displacements that are very much less than those obtained from
Cretaceous rocks. Initially, these data indicated motions from the south in excess of 1000 km
(Symons 1971 4; Irving & Yole 1972, 1980; Hillhouse 1977), but revisions of the timescale (for
example by Harland et al. 1982) have forced a recalibration of the apparent polar wander path
for cratonic North America, causing a decrease in estimates of displacement to the point that
many of them may not be significant (Gordon et al. 1984; May & Butler 1986). These
discoveries of large net displacements from younger rocks and small net displacements from
older rocks has led to two divergent discussions in the palaecomagnetic literature. In one,
workers have entertained the possibility that the terranes of the Pacific Northwest sector of the
Cordillera first moved south er bloc by 1000 km or more, and then north by as much as 2000 km
(Irving et al. 1985 ; Beck 1990; Irving & Wynne 1990). In the second discussion, the small or
negligible net displacements estimated from older rocks is deemed the more important
discovery, and the larger displacements determined from younger rocks are explained by
appealing to systematic tilt, thus denying large latitudinal displacements (May & Butler 1986
Butler ¢t al. 1989) From the latter has emerged a conservative ‘fixist’ view of the tectonics of
the Cordillera by which terranes of the Pacific Northwest are believed to have formed
essentially where they are now, and to have moved no more than small distances in a
latitudinal sense.

The fourth theme concerns the attenuation and dispersal of crustal elements in the
Cordillera. This was first noted in Wrangellia, when localities now 1500 km apart yielded
similar palaeolatitudes (Hillhouse 1977; Yole & Irving 1980) indicating that localities, once
close together, have since been pulled apart. Other instances have been discussed for tectonic
units situated inboard of Wrangellia (Irving ef al. 1985; Irving & Monger 1987; Umhoefer
1987). ) .

Some difficulties

Although the principle is the same as that used in the 1950s to test Wegener’s hypothesis of
continental drift, the practice is more difficult for several reasons. Firstly, the apparent relative
displacements are 2-5 times less than those among continents so that some studies have been
made at the limits of resolution of the method. Secondly, in orogenic regions it is difficult to
obtain accurate, well-dated records of the palaeofield, because thermal, structural and
diagenetic histories of rocks which control their magnetization, are complex and only partly
understood ; magnetic overprinting often occurs at times that are ill defined relative to
deformation, making the separation of pre-, syn- and post-tilting magnetizations an ever-
present and sometimes insoluble problem. The third difficulty concerns the interpretation of
data from plutonic rocks in orogenic belts. In stable cratons, plutons generally have not
undergone post-emplacement tilting and serve as excellent recorders of the palaeofield, but in
orogenic zones it is generally difficult to determine post-emplacement tilt, so the interpretation
of palacomagnetic data from them can be ambiguous. Hence, discordant data from plutons
indicate either displacement or post-emplacement tilt, or some combination of the two (Beck
et al. 1981). However, sufficient detailed studies have now been made to allow these problems
to be addressed although not yet settled.

[ 34 ]


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

PALAEOMAGNETIC EVIDENCE OF CANADIAN CORDILLERA 491

"(2g61) Suraz] 3 Surai] ur sajodosered ¢ Jo urdW ‘D {61 =y H ;096 N o£'8F
srodosered Pm g = “0 THZ = ¥ .6 F— ‘,L'88] ST (8861) 00A 1P UBA % NAA UT SIS G Jo ura Durey Jo suojnid (e [zg) snonuawredy pue (eJy 823) 10qqy 2y
£(9L61 00A 19p UBA 3 SqqNID) (8 = “F ‘T ,G'GH ‘N oG'GG SUTWOAA Jo UrTUIE]) PUE UBLION ‘UOnEWIO] 95Ty 0dod | (6861 1U2Y 3 MIM) o8F = “F 59101 ‘N o9'€S
dnoiSiodng yremon jo (suoneurioj oeissed pue Suoleydor] ‘U0IYI01g) SOOI UBLION A[Ied 01 ueruley) J[PPIA :BIEp 92143 SUIMO[[O} JO UBdW Y] ST ‘J (2861 Prug
R 4£3100(7) &L = *F ‘T o6'€8 ‘N o1'99 ‘®IN G61 ‘SAp Juowpayq { (6L61 torwmoN B YNWS) 8T = “°F Y oG'Z8 ‘N oI'€9 CIN 16 ‘PURAIC]N PUL INONOIUUOY) §3001
aalsnnur jo uoneznsuew Surpojead ¢ (6461 19prug B 190g 3P) 0T = °F ‘A oL8 ‘N 089 “BIN €61 ‘S001 A3[[ep mdNd3UU0Y) ¢ (8861 nsiekeyy R YIApoH) 11 = *y
‘T o6 TL ‘N o799 BN 161 102G BAON ‘si[eseq urelunofy yuoy :siuridiono owssein[ a[ppIy Aq paroagyeun usdq aaey Jey syoor dnossiadng sremoN Surmof[oy woy
paAlap ‘f ¢ (gg61) Sutal] 3 uewIdqoln) ( ¢ (gg61) urWLIaqO[D) % sbiepy ) ¢ (0861) v 72 uasqode[ ‘g ¢ (0661) uopurlg ¥ SUIAI] Y QI9YMIS]3 UIALS U39 2ABY ) pue
‘A ‘D ‘g WV "MO[3q parre1dp st g pue q sajodosered Jo uonealsp Yy, ‘g 9[qed Ul Pale[nd[ed U] IABY SUONLIOL PUE SIUIUIIR[ASIP YOIYm IO SITUN-YI0I UBIS[IPIOD
9y} $9AIS uwnjod 1se[ Y[, "(Mmo[ ‘T ‘areropouwr ‘W ‘ySry ‘) Apiqeral jo arewnsa ue Aq pamoj[oj are (G('() = J) siolrd pue ssjodosrreg "(£g61) Jawi[ed Jo S[edsIWN
9y) woy parewrnsa safe [eourownu Aq pamofpoj AqredryderSnens poururralop jr saSels [esrSo[oad Aq pue ‘A[[EOLIIAWOTPEI PIUTUWLIAIIP JI SISQUINU UL ‘SUWIN[OD PITY)
PU® PU0D3s 3y} UI UIAIS e 'iep 2Andadsal jo sueds 98y -eId[[Ip10d pue uoleId Y10q WO I[qe[leAR I LIep YIIYM I0J saSe SIAIS uwn[od ISIJ T 279D 40f sajoN

(92—0L2) uerjsuniy

SV H (%) 611 ‘OF Apeo—uenreWIYES Y] GGG—G8% ueruiag A[ed O
(g2g—2cg) uenoN (8030€2)

IN XY ‘LS W (L) 860 ‘€S Apes—uerurpe] e UeTUIE))-UBLION orsseri], el

(L81-%02)
79 ‘ZH W (¥) 280 ‘99 UBDIEO | ~UBLINWUIG 161-G61 ossean( Ages g

SN ‘dd ‘dS ‘SO D
‘dS XV VS ‘SS OS H (g) 961 ‘1L G6—021 G8-9¢71 $N02dBIAID-PI (I
uﬁouOudﬂdm ._uﬁd
(o) 1 (8) 98T ‘8L oL £€9-€L SNOEIID ISNT[ D
\%e) T (9) ¢81 ‘18 (86—99) 2uad0vereq 29-L9 ouadodered g
14 dS VI @) H (€) 9L1 ‘€8 8p-G¢ 8F—¥¢ dud0y Y
1 (%p) d oSuor ‘N el eI2[[IPI0D (BN) L uoyen (e) L

SATOdOIVIVd IDNTYIITE NOLVY)) ' d1dV ],

W ALIIDOS ¢\onscsnval Y/ ALIIDOS 1

/@\ TVAOY dH L 1vDIHAOSOTIHd Y TVAOYU IH.L 1vDIHdOSOT1IHd

SNOILDVSNVYL

[ 35 ]


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

E.IRVING AND P.J. WYNNE

492

13! 0
LOF 10—
60 FEY—

90F 92—
LOF 63—

LOF 65—
60+ 01
11+62—
60+91

0T +2v—
€e+81—
60F€0
PI+10

60F9¢—
g1 F8e—
1188~
€1 F 05—
12F LS~
e
PIF 67—
12F 60—
21 F99—
CIF8e—
21 Fe9—
08 F 20—
T1F 91
LIFLI-

$1+00

80+9%—
61+90—
¥1+30—

qd

0T +¢3
SO+ 1T
80+ 1%
90+ L3
90+ 62
LOF99

P0F 91
90F 91

90+ 321
LOF 60—
60+F2I1
LOF 61

80+ 01
ST+€0
90+90
60+ 90

90+ 3¢
60+ L3
LOF €2
L0+ 08
91 +9¢
80+ 7€
60+ 93
60F 71
LOF91
LOF 971
90+ L3
LOF 80
90+ 10—
80F 10—

60F 60—
80+ 00
SO+ 10—
0T +90—
80+ 00

adyd

LOF 8%
“0+9¢
90+ 90
$0+¥2
$0+ 12

Ioomca

OFFI- —

10F 92
€0F €2

€0+ 62
S0+ ¢¢
80+ 1€
90+ LZ

90+ LE
ST+ LY
PO+ €¥
LOFL¥

$0+ LG
60+S¢
90+8¢
90+ L¢
ST+1¢
LOF €
80+ ¥
90+ ¢¢
90+ 9%
90+ €S
SO+ 1%
90F¢<9
$0+09
80+ 09

0T+18
80+ €S
$0+ 23S
01 +6¢
80+ €¢

d

oV

Y/ ALFIDOS

R/
Y
v

<+ N

= X © ©r~ -S5O ™M

—

SIS ©OVI~VOSH P~ =10
—

—

1T
o1
9

al
071

6
o

60€ ‘92
¢¥E€ ‘89
610 ¥¢

120 ‘€8
€10 ‘€8

9¥¢ ‘c8
LTE 08
9¢¢ ‘18
6¥1 ‘8¢

32¢ ‘L
922 ‘18
GLT ‘CL
LLY ‘€L

Gg0 ‘89
SPe ‘€9
L10 ‘G9
09¢ ‘L9
9¢¢ ‘68
130 ‘L9
16€ ‘3L
60T ‘28
12€ ‘%9
L3E ‘9L
8%¢ ¥9
3LT ‘9L
61 99
91Z ‘8L

N
J]
N
]
N
o)

o)
N

ou
o)
N
N

ueruiduie A ‘mpeseq Ajunoy) uLrey ‘DN

$91TpIqIN] snoaddelaxy) 1addn ‘wiy ewere[ ‘y[
$911pIqIny snoadelary) radd py eoronSiy ‘g
SN022®2I)-PIUI QUOISIWITT BId[E)) “TN)

$a11p1qIn] snoadelary) radd) ‘wrg jurog uoasiy ‘qd
URIUBWOUd)—UeRIq[y ‘98 dU0Isawry a[rauolfey ‘I

‘gD eleg ‘uvonewro] ouesoy 14 ‘YA

"e) efeg ‘sarpiqum ‘wiy dreA ‘AA
e)) eleg pue

‘e) ‘yirjoyreq saSuey] Iensurudg ‘YJ

‘gD eleg ‘wy eloy euedoq ey ‘g

&) eleq ‘wy sousy IV

"e) ‘SPas swif SWel[Ip pue ppeT VS

ep) ‘voinid sSuudg Aaqrep reag ‘Ag
‘AN ‘suoinid ‘uondagep eulN ‘QIA
‘gD ‘suoinid epeAdN] BIIRIG ‘NS

‘158 ey) ‘9ouanbos Lafre A 1IIH I

gD eM (eI 001) WIoYIeq Jeng JUnoy ‘S
g0 (2N 001) uomnd neariog ‘14

gD (8N $01) uoinid wnzzndg ‘gs

gD ‘pauiquod uoinid 1500 2IY], ‘S

40 (eN 9¢1) uoind puers] 19 ‘€SH

40 (e 01) uoinid puersy suaydarg gsD

4D (2N 601) uoinyd aa0) surerder) Y80

qINT ‘uoynx sorued[oa ‘(ejy () dnoin sydeuure) ‘3D

qINI (BN $071) sotuedjoa ‘dnoiry aSpug saouadg ‘g
GINI (BN 06-02T) 01qqesd ‘uosnnur ploSpxy ‘TXV
gINI (BN 06-031) 01qqeS ‘uorsnnur plospPxy ‘IXV
q0 Jzﬁego ‘Qu0ISaWI| URTWId ‘XS

O (BN $07) }0o01g mumng ‘gg

40 (eI g6) WPIOYEq ¥221D) A[PYS DS

(uoiBurysep| pue AI0JLLIDJ, UOYNX ‘BIqUIN[OD) YSHILIY) ISOMYIION OYIoed

G6T ‘0L
88T ‘18
G0S ‘6L
322 ‘18
LBT ‘S8

q ., 8uol ‘N 1l %%p

8 L% ‘8LO 8'221 ‘0'8¢
€ ¥ 920 7021 ‘0%¢
18! 31 ‘€20 0037 ‘0°¢¢
— — €331 ‘g'LE
< LE G331 ‘T'LE
— — 9'€21 ‘e'6€
IUIOJI[BY) UIIISIA
g g% ‘C00 €911 ‘¢'1g
¥ 0% ‘900 SFIT ‘CLET
€ 8% ‘900 0°GIT ‘008
9 28 ‘210 0911 ‘008
8 0¢ ‘010 G917 ‘CI€
L % ‘3¢ 0'LIT ‘CHE
('V'S'N pue 0o eruIoyen) eleg
9 96 ‘330 €811 ‘T'gg
17 $9 ‘9cg €817 ‘G'8¢
— — 0617 ‘CLE
9 69 ‘8€¢ L'331 ‘€ 0¥
ePpRAJN BIIJIG-SUTRIUNOIA Yleure[s|
< S ‘010 0121 ‘S’L¥
6 $S ‘160 3'€el ‘g6v
9 LG ‘1€0 S 181 ‘¥'6%
9 9¢ ‘230 L'621 ‘e'eg
LI 09 ‘620 3’631 ‘€S
< €S ‘€10 9'0€T ‘T'#S
L 19 ‘120 $'631 ‘3¢S
S IL— ‘L9T g'Ger ‘T19
g $9 ‘680 0’121 ‘6'6%
< 69 ‘G20 1921 ‘39S
¥ 09 ‘2€0 1921 ‘398
¥ LL ‘832¢ 6'621 ‘7'6S
€ ¥L81¢ LYY ‘T'6%
9 PL ‘6%€ g91T ‘e6%
msouoduqu
G 68— ‘I 8'8%1 ‘9°¢9
L 69 ‘0S¢ G621 ‘0°6%
¥ 69 ‘910 G'8TT ‘G'8%
L €L ‘geg €121 ‘018
9 69 ‘2S¢ L6171 ‘6°6¥
JudSoserey
of 0 M oBUON 3¢
CM—ANV\.- ATWNI I T TTAINT NN T ITTAW T
SNOILDVSNVYL

TVAOY dH L 1vDIHAOSOTIHd

o)
%
2

od

‘Jol

BYse[Y (BJN 19) SOTUBI[OA ‘UOTIIBULIO] [[PMIUEB)) ‘YD)
ANI (BN 1) soruedoa sa1o[] 11

GINT “eM (eI 8F—€G) sotued[oa [rodueg ‘A

qINI (eIN 6F) sotuedfoa ‘dnoisy sdoojwesy “v3[
AINT (BIN G) SOTUed[oA BUMOPT ‘Y

jrun-320x

ALIIDOS ¢\ 6115vsnval

TVAOYU IH.L 1vDIHdOSOT1IHd

[ 36 ]


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

PALAEOMAGNETIC EVIDENCE OF CANADIAN CORDILLERA 493

*(4g61) 198uo B Sural] ‘QY ¢sanieoo] xis (Yg61) swuroln) B snoy[y ‘O[Sueipens) A3[esl B SIATH N
GIN - $o11[ed0] 2211 (LL61) asnoypry ‘O[Sueipend) ApreDo VIN $IYSom jun says (0g61) v 12 ziemydg pue (0g61) Sural] 3 9[0x woij parendores dnei§ gNN
eX 3 ‘dnoi8 MN TX 3 ‘X ¢ (0g61) Sutai] 3 1Suopy ‘dnoisy epje, Apouwwiof (1§ ¢(Lg61) 20 % 3 Suiai] ‘Aq ¢(og61) Sural] 3 J9Suoy ‘ZH ¢ (¥g61) surworsy ‘O
<(9861) v 12 uordwreyy) ‘y[ ¢ (2g61) [PMOY % SWeNIMII ‘1 ¢ (S861) 7w 12 ounpre], (S861) v 2 10[INOY) “7) ¢ (+861) 70 22 uordureyn) ‘qq ¢ (9g61) 7w 12 ounpue],
‘(0861) *v 1 zoxeATy “T7 (6861) JYurayosiry] @ JoWL] Y ¢ (S861) ‘7w 12 wnnsSepy (£L61) yoog R 21ass ], ‘YJ ¢ (S861) 7w 72 wnnsSery ‘IA pue ‘qT “TV {(Sg61)
‘12 A1 VS (2861) swen[IMON B 19uey ‘Ag ¢ (¥g61) 12 uewssn) ‘qA ‘suoinyd inoj jo ueow (9g61) 191 (S961) [[LLIOI B qwwolr) ‘(¥g61) v 72 LI ‘NS
$(2861) 7w 32 [rassnyg ‘N[ ¢ (2861) umi] 2 usunjueN ‘NI ¢ (1861) 7w 12 93¢ ‘SIN ¢ (SL61) yag ‘ST ‘yreiox % Sural] jo eyep paysiqndun pue (Sg61) ‘v 2 Suraig jo
eyep (Sg61) ‘77 72 SuIAI] Ul LN (Jy) JUIBULNS ISOW Y [[Y[NJ YOTYM $IIIS IAY WOY suoneznauSew (Jw g Uey) 1932215) 20.10§ 2A1I00 YSIy (Do €G1) 2amyeradurdy
Surporqun ySry uo paseq uonid nearrod ‘1q (S861) v 12 Sutaz] ‘S ¢ (0661) uospyIoyl B Sural] ‘gg ¢ (LL61) suowikg ‘gD £(S§g61) v 12 Suonsurry ‘(og61)
Sutai] 1 18uoy XV £ (8861) /v 12 1apng ‘xS ¢ (0661) prequypry % Suiai] ‘Sg pue NS ¢ (2861) wworn R ISnoY[IH ‘v ‘(0661) uopuelrg p Surarf g ((Sg61)
30g 3 X0 ‘dS ¢ (6861) Sur[opy % suowkg ‘v ¢ (6861) SuraI] R xnopleg ‘I3 :SMO[[O] Se 1T SIVUINAI YT, ] I[qe} w0} paje[ndfed A[Ipeal 9q ued Ing ‘paisi[ Jou
are uondo uayInos 10 sanfe ‘uondo uraypIou Y3 I0j T [qed jo sapododered 2dULIYRL 2 O) IATIR[I Y10q ¢(ISIMYIO[D JI 2A1ESIU) UONLIOI AY) WA PuUE ‘(pIEMYIIOU
st uonour oYy i 2antsod) Juswraderdsip reurpninelosered 2ane[dl 3y st add “Aedo] Suydures o) jo apnineloseled oY) ST Sy "20UIPYUOD JO AI Y JO SNIPEI ST ST
‘s pue s[odoaered oy sure3uod xis uwN(O)) ‘(€Y = ) UIPYUOD JO DIV Y3 JO SNIPEI I ST 6% ‘UONELZNIUSEUW JUIULWIAL JO UOTIIIIP UL 1) Jo uoneurpur pue
uoneurpap ay) are J ‘7 ‘uonedo] Juridures oy s3A18 22111 UWIN[OY) "SUOTIIILIOD OU DU ‘UONI21109 [enised od ‘uo11991100 [e303 23 ‘parjdde suonda1100 [eUIpNINIE Y3 SIALS
UWM[0D PUODIG 'SIULLII] [PFUBIA [ M PUE 1033 L QUING LS {$1[2q Ise0D) gD) PUE ‘eddunu() gO ‘OUeIuounIaiu] ] SMO[[0] st (pa3ayorlq) aUr1Ia) 10 3[3q d1U03I3)
A ‘epeue]) Ul UGYM ‘puE ‘(BIqUIN{O) YSHLIG WO} I PABUSISIPUN 350Y}) UISHIO Jo arels 10 dursoid ‘afe Dureu JIUN-YO0I Y} SIAIS UWIN[0D ISIL] 'g 9]q07 40f Saj0AT

90F90 SO0FF¥0 FOF €z g €31 ‘0% 8 0F— ‘631 9931 ‘L°9¢ 2 (LS) 1d ‘sieseq ‘dnoin) eypsy ‘SV
(erqumoy ysnug) ueruisg

18F¥08 08FT1e  6I1FCI ¢4 882 ‘0 — 6% LZ— ‘611 SHFI ‘189 2 (IM) AV ‘soruedfoa 1e[odIN ‘6IN
IT¥F¥%€  Oo1F61  80F91 01 00€ ‘35— €1 08— ‘01 PFPI 169 ” (IM) AV ‘sotuedfoa 1e[odIN ‘RIN
80FE¢HF LOFEE CS0FEO0 9 30€ ‘¢0— L LO— ‘60 6°CPT ‘€9 2 (LM) v ‘somred[oa refodrN ‘LIN
60F€S 80F92 90FOI1 8 ¢1¢ ‘L0— gl 03— ‘¥80 €9¥1 ‘2’89 2 (IM) AV ‘sotuedfoa 1e[odIN ‘9IN
60FT10 80F61  90FSI 8 G9g ‘LE— 1T gE&— ‘8¢1 T'L¥1 ‘T'€9 2 (LM) v ‘sotued[oa re[odrN ‘GIN
OTFE0T SOF8I  80FS8I 6 8€¢ ‘F0— 6 £€— ‘090 LPT ‘T°E9 2 (IM) AV ‘sotuedfoa 1e[odIN ‘FIN

— LOF2Z  FOFFI — — — — — 2 (IM) vV ‘pourquod g5 ‘sotuedjoa Te[OdN ‘GIN
CITSy BIT92 IIF80 I 90€ ‘01— LT ST— ‘60 8'2¥1 ‘G'19 2 (LM) v ‘sotuedjoa re[odIN ‘€IN
80FG01 LOFSE  20F60 L €€ ‘€0 8 81— ‘690 6'2%1 ‘919 2 (LM) TV ‘sotued[oa re[odIN ‘GIN
90F¥#9 G0Fge  20Fal 4 G3¢ ‘C0— €  €— ‘LLO 2P L19 2 (IM) v ‘sotuedfoa 1e[odIN ‘TIN
60F€SI— 80F €&  €OFOI g 9¥1 ‘20 9 03— FLO eZP ‘919 27 (ILM) nIL YV ‘paurquiod g—J so1Ued[oA Te[odIN ‘VIN
LOF 62— LOFIO SOFSIT 9 390 ‘€2 9  €€— ‘€00 9°GZ1 ‘6'6¥ % (LM) niL ‘pauIquiod UONeuLIo] ussinwrey ‘X
LOFIPT  90F00  F0F 6T g %0 ‘03 g $E— ‘€10 9'CZ1 ‘6'6¥ 2 (IM) iy, ‘uonewio] ussinuuey X
80FLLT 80F90 90FEl 8 080 ‘¥ 6 Pg— ‘LgS 9'CZ1 ‘6'6¥ 2 (IM) naL ‘s[Iis ‘sea®| ‘uonewIo] UISINULIEY ‘TX ]

— 60F20 L0FEE — — — ¥ — G931 ‘L9G 2 (1S) nuL, ‘paurquod sotuedfoa ‘dnorn) murynig ‘1§
60FIS 60F€0 LOTFIZ 6 991 ‘¥5 L 8¢ ‘183 G'921 ‘998 2 (1S) niL ‘dnoxn wumymg ‘LS
0TF3%€ 60FT10— 80F92 01 €eT ‘8¢ 9 ¥ ‘00€ $'921 ‘L°9G 2 (1S) niy, ‘dnoin uumymg ‘1 1S

(evse[y pue BIqQUIN[O) YsOLIY) JISSELL],

31F61— QIFLE TOFI0  ¥1 8L0 ‘6¢ 8T 10— ‘¥¥¢ 8331 ‘C'8¥ el (1@ eM ‘nf ‘sanpiqiny ‘wg pueys] sowref ‘I[°
LOFIL  LOFF0  90FGC 8 $GT ‘2 9 eb ‘9Lz 1'821 ‘¢'0¢ 3 (IM) I ‘sorredpoa ‘dnoisy ezueuog ‘Ag

— 91F 10— 91FG¢  — — — 3G — 9°921 ‘0°9S 2 (18) 1 ‘sotuedpoa ‘dnoisy uoipzey ‘ZH
61F3I— LIFEO— 91F9¢ 61 LSO ‘OL 91 96 ‘69¢ $'9%1 ‘9°6S 2 (18) 1 ‘dnoxny uoyppzey ‘gzZH
36T S0T 6IFP0— SIFLE 3% G8T ‘LI 61 9G ‘z¥e 9'9%1 ‘8°6S 2 (LS) 1[ ‘dno1n uopzeyy ‘gZH
68Fe GSeT10 PeFee 0g 2 a1iZ G 88— FII 8921 ‘G'9¢ % (18) 1f ‘dno1n uopzey ‘1ZH

(uoiBurysepy pue erqunioy) ysnug) orssen[
h db 4 40 40
ALIIOOS SNOILDVSNVYL ALIIOOS SNOILDVSNVYL

TVAOY dH L 1vDIHAOSOTIHd

TVAOY dH.L 1vDIHAOSOTIHd

[ 37 ]


http://rsta.royalsocietypublishing.org/

A
A

A
y A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

\\‘\

\

//
A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

494 E.IRVING AND P.J. WYNNE

We consider only data from rocks that are well dated, and for which there are good reasons
to assume that they record the palaeofield at, or soon after, deposition. With one exception (SY
of table 2), we do not consider magnetizations that could be overprints because they generally
lack an adequate time basis for tectonic discussions. Finally, only data from rock-units that may
be expected to have averaged out palaeosecular variation are included. Data that has not been
accepted are listed in the appendix. Data available in abstract are noted, but are not integrated
into the analysis.

2. CRATONIC REFERENCE PALAEOPOLES

Data from the Pacific Northwest fall into four main (Eocene, mid-Cretaceous, early Jurassic,
late Triassic) and three subordinate (Palaeocene, latest Cretaceous, Permian) groups. Reference
palaeopoles have been obtained by selecting data from the craton which span each of these
seven time intervals (table 1). In this way errors in time correlation between craton and
cordillera are minimized. The rationale for using this, rather than other procedures (see, for
example, Gordon et al. 1984) has been given by Irving & Yole (1987). Only the reference
palaeopoles for the Eocene, mid-Cretaceous and early Permian can be regarded as of high
reliability. Others are based on fewer, often less well-based data.

3. TERTIARY

Many studies of Neogene rock-units have yield palaeopoles that agree with the present
geographic pole and with palaeopoles from the craton (reviewed Irving & Wynne 1990).
Three studies of Eocene rocks from British Columbia (FL, KA, KE) yielded results that are
concordant with the craton (figure 3). Data from eastern Washington (SV) gave a concordant
palaeolatitude, but a clockwise rotation. Data from the Cantwell Formation (CA) give very
high palaeolatitudes with a mean displacement of 9°, which is marginally significant. Note,
however, that the reference palaeopole for the Palaecocene is based on only a single

INSULAR INTERMONTANE
O~ eea |l 7 — ~ 1000
g
g

Sy &
g g
S0 3
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& S
E

0 - {1000

WEST EAST A

FIGURE 3. Apparent palacolatitudinal displacement relative to ancestral North America estimates from Palacocene
and Eocene rocks. Labelled as in table 2 and figure 1. Recent data from Eocene rocks of central Intermontane
Belt similarly yield no palaeolatitudinal displacement (Vandall & Palmer 1988).
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determination (table 1). In these and other analyses of table 2 and figures 4, 7 and 8, 959,
errors are given, so that if departures are found they must be regarded as statistically
significant. It is important to note that these errors are not ranges but are probability
distributions. The probability is highest at, or close to, the mean and diminishes away from it.
For this reason error bars are shown not as lines of equal thickness, but as outwardly directed
arrow heads signifying the fall in probability with distance from the mean. The data of figure 3
show that the major elements of the Pacific Northwest sector of the Cordillera were essentially
in place by 50 Ma.

4. CRETACEOUS DATA FROM THE PAcIiFic NORTHWEST

Apparent displacements estimated from Cretaceous rocks of British Columbia and
Washington are shown in figure 4. Data are grouped according to the degree of attitudinal
control. Apparent displacements increase from east to west, and rotations are predominantly
clockwise (figure 5).

COAST |INTERMONTANE
o—_ 7T
1000
1o —— — — —
an
5
> g
: >
g 2000 &
o
& 20 g
& °
=}
3000
4000
WEST EAST
40
INTRUSIONS OVERPRINT
‘ BEDDED WITH Q WITH (O INTRUSIONS
ROCKS ATTITUDINAL ATTITUDINAL

INDICATORS INDICATOR

Ficure 4. Apparent palaeolatitudinal displacements estimated from Cretaceous rocks.
Labelled as in table 2 and figure 1.

In the south, data from the eastern Omineca Belt, not far to the west of the Southern Rocky
Mountain trench (SS and SC of figure 1), show no latitudinal displacement. These data are
from plutons, but corrections for tilts have been made using bathozonal information (Irving &
Archibald 1990). Evidently this region has remained nearly fixed to the margin of ancestral
North America since mid-Cretaceous time.

In the north, the Slide Mountain terrane, which is situated west of the Northern Rocky
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Mountain Trench fault, has yielded an apparent displacement of 800+ 850 km (SY, figure 1
and table 2). This is marginally significant, but is, nevertheless, consistent with geologically
based estimates of displacement of at least 750 km on the Tintina and northern Rocky
Mountain Trench and associated faults, which are located to the east of the sampling locality
(Gabrielse 1985). SY is derived from an overprint observed in Permian limestones of the Slide
Mountain Terrane. This magnetization is presumed to be contemporaneous with that of the
nearby mid-Cretaceous Cassiar batholith, and the sub-horizontal thrust that underlies the
sampling area indicates that post-intrusion tilting has been negligible. This datum is, therefore,
accepted as a reasonable indicator of modest displacement.

Displacements estimated from the Spences Bridge and Carmacks Groups, both stratified
volcanic units in the Intermontane Belt, are significant, and are in mutual agreement. It should
be noted, however, that the Carmacks Group was laid down in the latest Cretaceous (70 Ma)
at a time when the cratonic reference field is not well known and may have been changing
rapidly (table 1). Both studies include data from beds which yield a positive tilt test, indicating
that the magnetization was acquired before deformation. The Spences Bridge has rotated
clockwise. The young Carmacks has not undergone significant rotation. Displacements
obtained from bedded sequences also are in good agreement with that estimated for the
Axelgold intrusion after correction to its prominent planes of layering (Monger & Irving
1980). If Axelgold magnetizations are considered to have been acquired after the layers were
tilted, then the estimated displacement approaches 3000 km (table 2).

All data from the Coast Belt are from plutonic rocks. Mount Stuart, in the northern Cascade
Mountains of Washington, has the largest apparent displacement, exceeding 3500 km.
Alternatively, it may have been tilted down by about 33 at 210° E (figure 1). Three coastal
plutons in the Prince Rupert area, detailed separately in figure 1 and table 2, have a mean
apparent displacements of over 3000 km, or a mean apparent tilt of down 28° at 223°. The
Spuzzum and Porteau plutons in the southern Coast Ranges give displacements of about
2600 km, or mean apparent downward tilts of 29° at 238° E and 32° at 240° E respectively. All
apparent displacements exceed those observed from the Intermontane Belt, and all apparent
rotations are about 60° clockwise (table 2 and figure 5). The question is, have the plutons been
tilted or have they been displaced latitudinally?

Irving & Thorkelson (1990) have attempted an answer by comparing data from the bedded
volcanics of the Spences Bridge Group of the Intermontane Belt, and the nearby Spuzzum
pluton of the Coast Belt. The apparent displacement of the former is just significantly less than
that of the latter (figure 4). The two mid-Cretaceous units are separated by a series of dextral
strike—slip faults, which delineate the belt boundary, and which were active in late Cretaceous
and early Tertiary times. Monger (1990) and Umbhoefer ¢t al. (1989a) have estimated a total
displacement of between 300 and 400 km along them. Adding 350 km to the displacement of
1750 £800 km estimated for the Spences Bridge Group, produces a total expected
displacement of the Spuzzum pluton of about 2100+ 800 km. This is not significantly different
from the displacement estimated from the untilted pluton itself (26004700 km, table 2).
Hence, it appears that most but not necessarily all of the apparent displacement observed from
the Spuzzum pluton is a real latitudinal offset, and is unlikely to have been caused entirely by
30° tilting to the southwest as depicted in figure 1.

Displacements estimated for the Prince Rupert and Mount Stuart intrusions are larger
(about 3000 km). Hence, the total offset elsewhere on faults between the Coast and
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Intermontane belts either has been larger than estimated, or these intrusions have been tilted
relative to Spuzzum as well as translated. The tilting about a horizontal axis required to bring
the palaeodirection from the Coast (CS) plutons into accord with that from Spuzzum is 6° + 6°
at 157°, that for the Porteau Pluton is negligible, and that for Mount Stuart is 18°+7° at 142°.

Alternatively one may argue that all differences between apparent displacements from the
Intermontane and Coast belts are caused by tilting generally to the south or southeast. The tilts
required to bring data from the plutons of the Coast Belt into agreement with data from bedded
volcanics of the Spences Bridge Group in the Intermontane Belt are as follows: coastal plutons
(CS) down 12° at 168, Porteau plutons (PT) 8° at 194°, Spuzzum pluton (SP) 08° at 176°,
Mount Stuart batholith (MS) down 25° at 154°.

We may summarize now the three possible explanations of the Cretaceous data of figure 4:
(a) regional tilting to the west and southwest by about 30° (figure 1); (4) real displacements
increasing westward to over 2000 km; (¢) real displacement of about 1500 km, the additional
aberrancies of the Coast Belt being caused by variable tilt of plutons to the south and southeast.
Data presently available from bedded rocks of the Spences Bridge group are inconsistent with
(a). It should be possible to test the validity of (a) or (¢) using geological studies because the
required tilts are in directions approximately 90° apart.

If hypothesis () is correct, then there must have been not one but many fault systems along
which transcurrent motion occurred. Moreover, the clockwise rotations commonly observed
(table 2 and figure 5) show that some of the apparent strain may have been accommodated
by block rotation. Therefore, to make quantitative geological tests of palacomagnetically
estimated displacements, it is necessary to determine displacements on all late Cretaceous and
Palacocene faults and all the associated block rotations that have occurred to the west of the
Rocky Mountain Trench in the north, and west of the boundary between the Omineca and
Intermontane belts in the south. It is not a sufficient test to analyse a few fault systems, as Price
& Carmichael (1986) have done. It is noteworthy that where such comparisons have been
made in juxtaposition to palaecomagnetically estimated displacements, notably along the
Northern Rocky Mountain and the Fraser—Yalakom fault systems, the displacements obtained
are broadly consistent with the palacomagnetic data, as described above.

4. CRETACEOUS RESULTS, CALIFORNIA AND Baja CALIFORNIA

It should be possible to integrate the data of figure 4 with that from mid-Cretaceous rocks
elsewhere in the Cordillera, and an attempt at integration might help to distinguish among the
three possibilities identified above. We now attempt to do this by reviewing data from
California and Baja California (table 2). For space reasons, Cretaceous data from terranes
north and west of Wrangellia are not considered.

In figure 5, the data are arranged in four regional groups, the Pacific Northwest (just
described), the Klamath Mountains and Sierra Nevada, Baja California, comprising Baja
California and the adajacent Peninsular Ranges batholith of southern California, and Western
California, comprising California west of the Great Valley sequence. Palaeolatitudes are
plotted against the modern west coast of North America whch runs approximately north-south
on the mid-Cretaceous cratonic reference grid. Rotations are shown in insets. All
magnetizations, like those further north, have positive inclinations and can be ascribed to the
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Ficure 5. Mid-Cretaceous rocks of the Cordillera grouped by region of derivation. Alaskan data not included.
Dots (Pacific Northwest), triangles (Klamath-Sierra Nevada), diamonds (Baja California) and stars (Western
California) are sampling localities labelled as in table 2. Arrows are the corresponding estimated
palaeolatitudes. The grid is drawn relative to the mid-Cretaceous cratonic palacopole of table 1. Rotations
relative to cratonic North America are shown in insets, the convention being that if rotation were zero the line

Cretaceous Normal Superchron (Harland et al. 1982). Consequently, all regions, except
possibly parts of Western California, were in northern palaeolatitudes in the Cretaceous.
Palaeolongitude is indeterminate, so localities marked in figure 5 could have lain anywhere to
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would be along the vertical axis.

the west within the palaeolatitudinal belts indicated.

One datum (KM) is from bedded rocks and attitude corrections have been applied. Three
data are from intrusive rocks and no corrections have not been made. Except for BV, which

Klamath Mountains—Sierra Nevada
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is from the southern end of the Sierra Nevada, they all are in good agreement, and all
displacements are small (table 2, figure 5). Rotations are negligible or small and clockwise. BV
shows the largest displacement, although barely significant at the 959, confidence level;
Kanter & McWilliams (1982) ascribe the 45° apparent rotation to bending of the southern end
of the Sierra Nevada in response to dextral shear along the proto-San Andreas transform.
Tilting to the southwest also could have been responsible for part of the divergence of BV.

Baja California

All apparent displacements of about 15° are from the south and are in good agreement.
Rotations are variable. Of the six determinations, five are from bedded sequences and attitude

corrections have been applied. The sixth, is based on extensive studies of the Peninsular Range
batholith.

Western California

Data from the Franciscan Complex and ‘Salinia’ block of western California yield very large
and generally variable displacements from the south. One, from the Laytonville Limestone (LL
of figure 5 and table 2), in which age, top-direction, and bedding attitudes are well known, and
whose magnetization has been subject to detailed study, implies a displacement exceeding 60°.
Northward displacement of about 24° is inferred from studies of the Calera Limestone (CL)
which, like the Laytonville Limestone, is a knocker in the Franciscan Complex. Apparently the
Laytonville Limestone was deposited in the Southern Hemisphere, and the Calera in the
Northern Hemisphere. According to the palacomagnetic evidence the Franciscan Complex
and Western California generally, is unlike the other three regions, and, contains rocks that
have come from very different places. Some rock-units are from Cretaceous oceanic assemblages
(e.g. Laytonville Limestone, Pigeon Point Formation) that may have been transported on
oceanic plates from considerable distances. It is noteworthy that very recently data has been
obtained from the Jurassic James Island Formation of the Deatur Terrane of the San Juan
Islands, which indicate net displacement from the south in excess of 20° (Bogue ¢t al. 1989).
Although situated much further north at present, the Decatur Terrane (the San Juan Islands
are just southeast of Vancouver Island) is an oceanic assemblage with many resemblances to
the Franciscan Complex.

5. RECONSTRUCTING THE MID-CRETACEOUS CORDILLERA

A major uncertainty in the interpretation of data from the western Cordillera is in the
determination of the horizontal plane at the time of remanence acquisition (Beck et al. 1981;
Irving et al. 1985). In the Sierra Nevada and Klamath region and Baja California, there is good
agreement among data from intrusive and bedded sedimentary rocks (table 2, figure 5). In the
Pacific Northwest, when due account is taken of transcurrent motions along faults separating
palacomagnetically studied bedded rocks and intrusions, there is also a fair measure of
agreement. It could be argued that these agreements are fortuitous. For example the plutons
could have been tilted and the inclinations in the bedded sedimentary sequences could have
been flattened at deposition (the inclination error of King (1955)) or by later compaction,
yielding palaeolatitudes that are too low in both rock types. This is unlikely in the Pacific
Northwest where the bedded sequences studied are for the most part massive lava flows
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(Marquis & Globerman 1988; Irving & Thorkelson 1990). Hence, the agreements between
different rock-types, constitute good evidence that the estimates of palaeolatitude are correct
within the errors stated.

Data from western California indicate large and internally variable displacements. In
contrast, data from the other three regions of the western Cordillera yield post-mid-Cretaceous
displacements that differ from region to region, but within each region they are generally
in good internal agreement (figure 5). Cretaceous intrusions from these three regions are
subduction related, and the sedimentary and volcanigenic rocks are all of shallow-water or
terrestrial origin. It is unlikely, therefore, that these assemblages were formed far from the
margin of cratonic North America. Hence it would seem that the terranes into which they were
intruded or upon which they were deposited, had by then been accreted to North America, but
not, according to the evidence of figure 5, in their present relative positions. It is as if the three
regions were not formed in their present order. Instead, during the early Cretaceous, the Pacific
Northwest was interposed between the Klamath Mountains—Sierra Nevada and Baja
California blocks. In latest Cretaceous and earliest Tertiary time, the southerly elements of the
margin moved north, not as a whole, but differentially, the Pacific Northwest, or Baja British
Columbia as we may now call it, being carried outboard of the Klamath Mountains and
southern Sierra Nevada to achieve its present position by Eocene time, and Baja California
moving northwards to abut against the southern Sierra Nevada. During the mid-Tertiary,
western and northern elements of Baja B.C. were displaced northwards forming the present
Wrangel block (block 1A of figure 6).

Umbhoefer (1987) and Umbhoefer ¢t al. (19894) have developed a model that reconciles the
above evidence with the motions of oceanic plates to the west (figure 6). Their model is based
on the suggestion by Beck et al. (1981) that terranes were moved northwards by the short-lived
Kula Plate (Atwater 1970). They assume that between 85 and 66 Ma that Baja B.C. was

(a) 85-74Ma 66-61Ma

%
- 3 70
T
P
2
7 ul 60
2
z
- 9 Lso A,
3
z
B =40
- BCa || —4—4- Subduction -30
Baja British —— Ridge
Columbia

<— Transform

Ficure 6. Plate model of Umhoefer (1987) and Umhoefer et al. (19895) for evolution of the Cordillera in the
interval 85-56 Ma. KN is the Klamath-Sierra Nevada; CP, Colorado Plateau; BCa, Baja California; WR,

" Wrangel Block; SP and SB, Spuzzum and Spences Bridge localities separated by transcurrent faults (Irving &
Thorkelson 1990); RMF, Rocky Mountain Fault.
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coupled to the Kula Plate. Plate reorganization at 66 Ma resulted in dextral oblique
convergence between the Kula and North America plates west of Baja B.C. In the interval
66-55 Ma, Baja B.C. became detached from the Kula Plate continued to move northward
relative to cratonic North America along inboard dextral faults. It was finally coupled to North
America by 55 Ma.

6. PErMIAN, TRIASSIC, JURASSIC

Determinations from bedded, palaeontologically well-dated, early Permian, late Triassic and
early Jurassic rocks from Wrangellia and Stikinia are listed in table 2. In Triassic and Jurassic
rocks, reversals occur, and their frequency is such that polarity zones cannot be related to the
global timescale. Hence, from a palaecomagnetic datum it is not possible to determine whether
the rock-unit was north or south of the palacoequator. However, there are several reasons for
believing that the palaeolatitudes, like those for Cretaceous rocks, are all northern. Firstly,
Jurassic ammonite forms of the Canadian cordillera are boreal in character (Tipper 1981,
1984; Taylor ¢t al. 1984; Cameron & Tipper 1985). Secondly, the Lower Permian Asitka
Group (AS of table 2) has predominantly negative inclinations, the polarity expected for
Northern Hemisphere localities in a geomagnetic field of reversed polarity, such as existed in
the early Permian (Irving & Monger 1987). The third argument makes use of the fact that,
with the exception of data from the Nicolai volcanics which have probably been moved
northward during Tertiary coastwise motion (see below), the net displacements for the
northern option are in excellent agreement with one another, differing by no more than 5°,
which is not significant (figure 7). For the southern option they differ by as much as 30°. The
Triassic and Jurassic rock-units from both Wrangellia and Stikinia are in stratigraphic
sequence one above the other. That rock-units in stratigraphic continuity should have been
separated by such large distances is most unlikely. Hence, the northern is the favoured option.

WRANGELLIA STIKINIA

displacement/deg
distance/km

WEST V EAST 1
® NORTHERN OPTION ® SOUTHERN OPTION

80

Ficure 7. Relative palaeolatitudinal displacements of Lower Permian, Upper Triassic and Lower Jurassic localities
from Wrangellia and Stikinia. Localities labelled as in table 2. Recent data from Lower Jurassic of central
Stikinia confirms the displacements given here (Vandall e al. 1989).
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Excluding data from the Nicolai, the net displacements do not differ significantly from zero.
Apparently Stikinia and Wrangellia were close together in the late Triassic and early Jurassic,
and were near their present latitudes relative to ancestral North America. However,
palaeolongitude is indeterminate and positions westward in the Pacific are permissible.

The results of figure 7, although they agree in broad terms with other recent studies (Gordon
etal. 1984; May & Butler 1986; Irving & Yole 1987; Irving & Wynne 1990; Beck 1990), differ
from them in detail, as these studies do from one another. This arises because of the present
unsatisfactory state of knowledge of the details Triassic and Jurassic APW path. Displacement
estimates have not stabilized because data-selection and analytical procedures, adopted by
different authors to establish cratonic reference data, differ substantially. Until choices are
limited by more and better cratonic data, this somewhat unsatisfactory situation will persist.
Nevertheless there seems little doubt that displacements are small, just how small remains to
be seen. Changes are most likely to affect the displacement scale of figure 75, whereas the
relative positions of points probably will not be grossly affected. In other words, the good
agreement now found amongst palaeolatitude estimates for Lower Permian, Upper Triassic
and Lower Jurassic rocks from Stikinia and the Vancouver Island segment of Wrangellia, is less
vulnerable to future revisions than the net displacement values themselves.

We now must ask, how this good agreement was preserved while the later apparent
displacements of figure 4 were occurring. Because of the uncertainty in the estimates of the
early Mesozoic cratonic reference field, it is perhaps premature to attempt to answer, but one
solution is to assume that the difference between the apparent displacements of the Coast and
Intermontane belts was caused by variable tilting of plutons in the former (hypothesis (¢)
above).

Consider now the displacement of the Nicolai volcanics of Alaska which is about 20°
(figure 7). They are essentially coeval with the Karmutsen Formation of Vancouver Island
which yields zero net displacement. Palaeolatitudinally the two, however, are in close accord
(figure 8). The corresponding rotations are very large (almost 180° in the case of Vancouver
Island) and variable. Evidently, in the late Triassic, Wrangellia was a compact terrane that
was later fragmented and the Alaskan element moved north along the western margin of North
America.

The rotations required are large, variable and well documented. The geometrical
relationship of locality and apw path is such that estimates of rotations are essentially
independent of selections used to derive cratonic reference palaeopoles. It is important to note
that although the net rotations are well established, the magnitude and, to a degree, the sense
of post-depositional pre-mid-Cretaceous rotations estimated are much less certain, because
they depend on the amount of the post-mid-Cretaceous dextral rotation assumed for the
localities in question. It has not yet proved possible, and may never be possible because of the
structural complexity of Western Cordillera, to measure both the early sinistral and later
dextral rotation in the same uninterrupted sequence.
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Ficure 8. Palaeolatitudes from Upper Triassic rocks of Wrangellia compared. Details in table 2. Note that the error
zones are shaded densely near the mean and with the density diminishing outwards to the limit (P = 0.05).
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Ficure 9. Apparcht rotations of Lower Permian, Upper Triassic and Lower Jurassic localities, Northern
Hemisphere option. Localities labelled as in table 2. Large anticlockwise rotations have recently been reported
from Lower Jurassic rocks of central Stikinia (Vandall et al. 1989).
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7. CONCLUSIONS

Consider again the three processes invoked to explain data from Cretaceous rocks of the
Pacific Northwest: (a) general 30° tilt to the southwest, () displacement from the south
increasing from east to west, greater than 2000 km in the west, and (¢) lesser (1000-2000 km)
displacement from the south, and within the Coast Belt, lesser tilts to the south and southeast.
The displacement estimates obtained from a wide variety of bedded rocks of Permian through
Jurassic age are in full agreement with hypothesis (a), and together they indicate that the
Cordillera of the Pacific Northwest was formed initially more or less where it is now. Data from
bedded volcanics of the Intermontane Belt are inconsistent with hypothesis (a), but provide
support for hypotheses (4) and (¢). Strong support for the process of coast-wise displacement
in general is provided by Cretaceous palacomagnetic data from Baja California (figure 5) and,
of course, by the present motions of western and Baja California relative to North America;
although these have no direct bearing on the tilt-displacement problem in the Pacific
Northwest, they do show that coast-wise displacements of the margins of North America are
not isolated phenomenon.

(a) (6)
STIKINE -
TERRANE
NAC WA
%
COAST ////
PLUTONIC
< COMPLEX
WRANGELL /4
TERRANE [/2
o ||DZ DEFORMED
INTER- ZONE
4 ‘ MONTANE | |wR WRANGELL
1] 224 COAST BLOCK
EARLY JURASSIC|| BAJA BC L— INSULAR ||V VANCOUVER
LATE TRIASSIC PALAEOCENE ISLAND
(AND PERMIAN?) || MID-CRETACEOUS EOCENE POST-EOCENE

Ficure 10. Speculative scheme for evolution of the allochthonous terranes of Western Canada. NAC is the North
American craton. DZ is the deformed zone consisting of Omineca and Foreland belts with the possibility that
there may have been some involvement of the inner part of the Intermontane Belt. The heavy arrows in the
centre two panels represent diagrammatically the directions of palaconorth that were systemmatically rotated
during attenuation and differential northward movement. The northward slivering of the Wrangel block in the
right-hand panel is meant to represent the final attenuation of the Insular Belt in the Tertiary (see figure 9).

Hypothesis (a) is summarized in figure 10. The various terranes that now constitute the
Insular, Coast and Intermontane belts were originally situated close together, and not far from
where they are at present relative to ancestral North America. This choice is arbitrary to a
degree, because the indeterminacy of longitude allows positioning farther west. Uncertainties
in the cratonic reference field are such that they could have been situated several hundred
kilometres to the north or south. Presumably Wrangellia and Stikinia in the late Triassic and
early Jurassic were, in large part, a succession of island-arcs, seamounts, etc. They moved
southward together, became amalgamated and attached temporarily to North America in

[ 48 ]


http://rsta.royalsocietypublishing.org/

y
A A

A
%

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

AN

A \
amn

|

yan \

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

PALAEOMAGNETIC EVIDENCE OF CANADIAN CORDILLERA 505

Jurassic through early Cretaceous time. Large rotations, predominantly anticlockwise,
occurred. In mid-Cretaceous time they were intruded by the Coast Plutonic Complex and Baja
B.C. was formed. In the latest Cretaceous and earliest Tertiary (90-50 Ma), Baja B.C. moved
northward along the margin of North America to its present position and clockwise rotations
commonly occurred. Finally the Wrangel block was displaced as a sliver 20° northward.

The displacement hypothesis of figure 10 depends, perhaps to a disproportionate degree, on
the systematic nature of the westerly increase in apparent displacements estimated from mid-
Cretaceous (120-102 Ma) plutons, and the displacement estimated from the stratified mid-
Cretaceous (104 Ma) Spences Bridge Group (figure 4). Clearly very much more data are
required from this time interval before the thesis of figure 10 can be considered as other than
tentative. The displacement estimate from the latest Cretaceous (70 Ma) Carmacks Group
(Marquis & Globerman 1988) also is consistent with this thesis, but as already noted, is based
on an as yet uncertain reference field. However, the Carmacks datum is not critical, because
the northward movement of Baja B.C. may have been partly or even largely accomplished by
this time.

APPENDIX

Data from Mesozoic rocks, other than those listed in table 2, are available from the Pacific
Northwest but have not been included in our analysis for reasons given below.

The Cretaceous plutons of Howe Sound (Symons 19734) have been shown to contain
substantial Tertiary overprints (Irving et al. 1985; E. Irving & C. J. Yorath, unpublished
work). Cretaceous rocks of the Methow—Pasayten trough have syn-deformational mag-
netizations that cannot be related confidently to palaeohorizontal (Granirer ef al. 1986). Late
Cretaceous sedimentary rocks of McColl Ridge (Panuska 1985) of the Wrangel Block,
although providing a positive tilt test from two localities, are based on only a few sedimentary
rock samples which may have been affected by inclination error (Coe et al. 1985). Data from
the Topley intrusions (Symons 197354, 1983a) of Stikinia are affected by early Tertiary
overprinting (Monger & Irving 1980) in our opinion. Despite their shortcomings, these data,
if accepted at their face-value, would all yield southerly displacements, broadly consistent with
interpretation given above.

Data from the Albian Crowsnest Formation are not considered because the unit probably
represents a single eruption insufficient to average the palaeosecular variation (Irving et al.
1986).

The Triassic Hound Island volcanics (Hillhouse & Grommé 1980) from the Alexander
terrane have been restudied by Haeuseller et al. (1989), who report that the earlier
determination was affected by Cretaceous overprinting, and that detailed demagnetization
yields magnetizations with inclinations concordant with the contemporaneous Nicolai
volcanics.

Upper Triassic volcanics and Lower Jurassic intrusions of south central British Columbia
(Quesnellia) have yielded magnetizations directed towards the northeast (GBT, GBA, CMT,
CMA, NA of figure 11) with positive inclination. Similar palaeodirections, known to be
overprints, have been observed in nearby Norian to Hettangian volcaniclastics (QL). On
Vancouver Island, comparable palaeodirections have been observed from the Jurassic West
Coast Complex and Island Intrusions (WI), and as overprints from the Karmutsen Formation
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E 8 Ficure 11. Examples of magnetizations in Triassic and Jurassic rock-units that are interpreted as entirely or in part

of mid-Cretaceous age. Directions plotted on stereogram are recalculated to the town of Kamloops (50.6° N,
120.4° W) for comparison. All directions with respect to present horizontal except SB. WI, West Coast
Complex and Island intrusions (Symons 1984a); CMT (Symons & Litalien 1984), CMA (Symons 1973a),
Copper Mountain intrusion derived from thermal and alternating field demagnetization studies; GBA
(Symons 19714), GBT (Symons 1983 ), Guichon Batholith derived from alternating field and thermal studies;
KY, Karmutsen Formation (Yole & Irving 1980); NA, Nicola volcanics (Symons 19844); QL, Quesnecl
lake volcaniclastics overprint (Rees e al. 1985); SP and SB, Spuzzum pluton and Spences Bridge Group from

table 2. Expected mid-Cretaceous palacodirection (K,,,) calculated from data of table 1.
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(KY). All are broadly similar to known Cretaceous palaeodirections (SB, SP). The sampling
area in south-central British Columbia has been the focus of extensive mid-Cretaceous
volcanism and intrusion. Although statistically significant differences occur among the
palaeodirections of figure 11, the overall agreement is such that we feel justified in concluding
that these rock-units have been partly or completely remagnetized in mid-Cretaceous time,
and hence, cannot be used confidently for earlier tectonic reconstructions. Note, however, that
all are markedly different in direction from the expected Cretaceous palaeofield.
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Discussion

P. F. HorrmaN (Geological Survey of Canada, Ottawa). Granitic rocks deform by dislocation creep
at temperatures well below the Curie temperature. How, then, does one determine the local
palaeohorizontal for palaecomagnetic purposes?

E. Irving, F.R.S. Within the regional groups of figure 5, the remanence directions in plutons
are in good agreement with one another and with those of bedded rocks where available. We
argue that this consistency observed between rocks of very different origins rules out local
processes, such as dislocation creep or tilting, as major causes of the aberrances observed in
figure 4. Under favourable circumstances, local palaeohorizontal for individual plutons can be
obtained by estimating the tilt of bathozones in their vicinity, as noted in the text.

A. TrRENcH (Department of Earth Sciences, Unwersity of Oxford, U.K.). Professor Irving
demonstrated that palacomagnetic anomalies in both inclination and declination exist between
the terranes of the Western Canadian Cordillera and coeval strata on the North American
craton. Clockwise declination anomalies are linked to dextral movements in the plate
boundary zone whereas anti-clockwise anomalies are found to accompany sinistral movements.
To what extent do intra-terrane declination variations exist within the Cordillera? If present,
do these record temporal evolution of rotation or do they result from local tectonic rotations
within a given terrane?

A. H. F. RoBERTSON (Grant Institute of Geology, Edinburgh, U.K.). Is there any evidence of small-
scale block rotations within the transported terranes, especially near the bounding strike—slip
faults, or do they behave as relatively coherent units?
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E. Irving, F.R.S. Apparent dextral rotations of 40-70° observed in Cretaceous rocks are
always associated with apparent northward displacement (figure 5). The hypothesized
northward movement of Baja B.C. attached to the Kula Plate would produce an en bloc dextral
rotation relative to North America of about 20°. Additional rotations could have been caused
by local block rotations (Umhoefer 1987), but the structures defining these have not been
identified.

Variable but predominantly sinistral net rotations occur in Upper Triassic and Lower
Jurassic rocks. Because these have all been observed from bedded rocks, they are the best
established and in some ways the most intriguing palaecomagnetic results from the Cordillera.
Their common occurrence indicates that they are present throughout the terranes involved,
and are not just a marginal phenomenon (figure 9). For example, in Stikinia the bunching of
observations near the eastern margin appears to be a sampling artifact, because recently
Vandall et al. (1989) have reported, in abstract, variable net sinistral rotations of 20 to 110°
from Lower Jurassic rocks of central Stikinia. The timing of rotations observed from Triassic
and Jurassic rocks, is poorly constrained but they are so widespread that I am inclined to
believe that they occurred soon after deposition as a consequence of rifting in a transcurrent
or transpressive environment.
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IGURE 8. Palaeolatitudes from Upper Triassic rocks of Wrangellia compared. Details in table 2. Note that the error
zones are shaded densely near the mean and with the density diminishing outwards to the limit (P = 0.05).
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