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ABSTRACT

The Baja British Columbia hypothesis holds that a large segment of the western edge of
northern North America (Baja B.C.) was situated alongside California and northern Mexico
in middle Cretaceous time, was displaced northward in the Late Cretaceous and Paleocene by
north-oblique convergence of the Kula plate with North America, and arrived near its present
location by the early Eocene. A consistent body of paleomagnetic data supports this hypothe-
sis. However, doubt persists, and various crucial tests of a geologic nature have been proposed.
One such test concerns the provenance of zircons in Cretaceous sedimentary basins of Baja
B.C. In this paper we use both paleomagnetic data and zircon occurrences to reconfirm the
Baja B.C. hypothesis. We first argue that the only truly crucial tests yet performed have been
paleomagnetic, and that all such tests have been positive. Second, we show that detrital-zircon
data from the Upper Cretaceous Nanaimo Group, although not a crucial test, provide valuable
paleogeographic information. Available data demonstrate a change in detrital-zircon prove-
nance in the Nanaimo Group that closely matches the position of these rocks predicted by the
Baja B.C. hypothesis. Detrital zircons in the Nanaimo Group suggest a change from a south-
western North American source rich in Grenville and 1.4-1.5 Ga rocks to an increasing con-
tribution from older parts of the craton such as the Wyoming province. Together, detrital zir-
cons and paleomagnetic inclinations allow us to assemble a detailed schedule of northward
tectonic transport of the Baja B.C. terranes.

INTRODUCTION inclusive approach utilizing paleomagnetic, platdive different laboratories have published 14 such
Geology includes diverse subdisciplines withmotion, paleontological, and geologic evidencgaleomagnetic crucial tests since 1973. No such
which to address complex questions. Taken septhat together can provide a comprehensive evalsteep inclination has ever been fodnd.

rately, results obtained from any of geology’sation of terrane translation. Mahoney et al. (1999) reported Archean zir-
subdisciplines may lead to erroneous or conflict- cons in several Baja B.C. rock units and inter-
ing interpretations. The ongoing controversy reSOME TESTS ARE MORE CRUCIAL preted this find as a failed crucial test. Such inter-
garding the Baja British Columbia (Baja B.C.)THAN OTHERS pretations of zircon provenance are limited by the

hypothesis is an illustration of conflicting inter- The key question for models of latitudinal ter-distribution of potential zircon sources (including
pretations arising from clashing geological subrane transport involves paleolatitude. Based asediment recycling and igneous inheritance) and
disciplines. first principles, there are two means to determineteansport path length. Such complications make

The Baja B.C. hypothesis holds that the Insurock’s original latitude. Paleomagnetism, follow-interpretations of latitudinal dependence of detri-
lar superterrane and associated Coast Mountaiing the geocentric axial-dipole hypothesis, protal zircon ages highly empirical, and thus un-
orogen were ~3000 km south of their present loAdes specific estimates of paleolatitude. The othékely to yield a crucial test such as Cowan et al.
cations during the middle to Late Cretaceous angay to determine paleolatitude is to utilize latitu{1997) proposed. We agree with Gehrels et al.
were displaced northward along the margin adinally dependent climatic zones, especially indi¢1995, p. 834), who pointed out that detrital zir-
North America between 90 and 50 Ma (Beckgators of equatorial or polar climates, expressed @on provenance studies are best used “in con-
1976; Irving, 1985; Umhoefer, 1987). Using geovarious ways in the rock record. Paleogeographjanction with biogeographic, paleomagnetic,
logic correlations, some workers have rejectereconstructions combining these two methodhostratigraphic, and geochemical arguments.”
this hypothesis, proposing displacement olfiave been very successful (e.g., Irving, 1956).
<1000 km (Price and Charmichael, 1986; Ma- Baja B.C. dates from publication of the origi-TESTING THE SUPPORTING EVIDENCE
honey etal., 1999). Cowan et al. (1997) proposathl Mount Stuart paleomagnetic results (Beck A means of refuting the Baja B.C. hypothesis
several crucial tests of this hypothesis based @md Noson, 1972). Because the hypothesis ris-to propose interpretations of paleomagnetic
geological correlation, sedimentology, and strucguires that any middle or Upper Cretaceous rocktata that do not entail poleward transport. Possi-
tural geology. Cowan et al. (1997) recognizedh these terranes formed at latitudes approprialde alternatives include tilting plutons, inclination
that the Baja B.C. hypothesis is founded on palée California and northern Mexico, to disproveshallowing in sediments, and remagnetization of
omagnetic data and that further paleomagnet®aja B.C. simply has required that a steep meas——— o
studies also are crucial tests. The geologic testlination in an appropriate rock unit be encoun GSA Data Repository item 99100, Summary of the

; - - P - crucial paleomagnetic studies, is available on request

outlined in Cowan et al. (1997) have been utet_ére(_j. A steep |ncI|nat|or_1 would indicate Magn€q o pocuments Secretary, GSA, P.O. Box 9140,
by some (e.g., Mahoney et al., 1999) as a separditgation at about the unit's present relative latigoulder, CO 80301, editing@geosociety.org, or at
and definitive test of Baja B.C. We advocate atude. Several score of investigators working imww.geosociety.org/pubs/drpint.htm.

Data Repository item 99100 contains additional material related to this article.

Geology;December 1999; v. 27; no. 12; p. 1143-1146; 3 figures. 1143



gebretson, 1982; Beck et al., 1982). Thus, posdrarallon, Kula, and Pacific plates. According to
ble rotation must have occurred soon after thiheir model the paleolatitude of Vancouver Island
rocks formed. at 90 Ma and at 50 Ma both constrain the paleo-
Baja B.C. provides a simple explanation fotatitude of the Nanaimo basin during transport
both the Mount Stuart and Nanaimo poles. AFig. 2). Utilizing that model and the ideas of
“motor” exists to drive the process, in the form ofCowan et al. (1997), we make several predictions
known plate interactions. To explain the Mountor the Nanaimo Group. (1) The 50 Ma arrival
Stuart and Nanaimo data (as well as the 12 othiame of Vancouver Island relative to North Amer-
published Baja B.C. studies) without large disica, along with the rate of oblique motion between
placement requires a chance conjunction of threlee Kula and North American plates, limits the
unrelated processes: tilt, compaction, and verticaimount of Baja B.C. displacement. Given these
axis rotation. There are good reasons to doubbnstraints, the basal sediments of the Nanaimo
that either large-scale tilting or significant com-Group should not have been deposited much
paction has occurred. We conclude that Occamésuth of 35°N. (2) A primary magnetization in the
razor strongly favors the Baja B.C. concept.  Nanaimo Group would record a “transport mag-
netostratigraphy” reflecting changes in magnetic
TESTING POLEWARD MOTION OF field polarity corresponding to the age of the rocks
BAJA B.C. and a pattern of increasingly steep inclinations
To evaluate possible poleward transport ofvith decreasing age. The inclinations should ap-
Baja B.C., we must constrain the time and latiproximate the predicted paleolatitudes in Fig-

Figure 1. Paleomagnetic poles for Mount Stu-
art batholith (MS) and Nanaimo Group (N) are
plotted as solid triangles. Octagons show mid-

dle Cretaceous (Km) (Van Fossen and Kent,
1992) and Upper Cretaceous (Ku) (Gunderson

and Sheriff, 1991) poles for North American
craton. Sampling locations for these studies
are shown by X. Arrow shows trajectory of

tude at which poleward motion commenced, agre 2. (3) The sediments of the Nanaimo Group
well as the time and latitude at which it endedshould also display a transport stratigraphy re-
The Eocene (50 Ma) Flores Volcanics (Irving andlecting a change in the component of sediments

pole due to inclination shallowing alone. Brandon, 1990) indicate that Vancouver Islanderived from the craton during translation.

had its current relative position by 50 Ma, at a pa-
volcanic rocks. Such alternatives are illustratelbolatitude of 53°N. Corrected for tilt by geo-DISCUSSION OF THE NANAIMO GROUP
by two studies; the Mount Stuart batholith (Beclarometry (Ague and Brandon, 1996), the Mount The paleomagnetic data of Ward et al. (1997)
etal., 1981) and the Nanaimo Group sedimentaStuart paleomagnetic data of Beck et al. (198Hre the only published paleomagnetic results
rocks (Ward et al., 1997). Observed paleomagdndicate that these rocks were located at 30°N fibm the Nanaimo Group. Two formations were
netic poles for these units are farther from the3-84 Ma. The Mount Stuart results were sesampled, the lower to middle Campanian Pender
sampling sites than are the reference poles, as lected because these rocks are linked to terrarfesrmation and the upper Campanian to lower
flected in their shallow inclinations of remanenbf the San Juan Islands (e.g., Brandon et aMaastrichtian Spray Formation. Both formations
magnetization. The observed poles also are to thi688). (Using the pole from the Mount Tatlowhave polarities consistent with the magnetic po-
right of the reference poles, indicating clockwiseyncline [Wynne et al., 1995] similarly places thdarity time scale. The inclination of the Nanaimo
rotations (Fig. 1). Insular superterrane at 35°N at 90 Ma.) The sediediments places the basin almost 30° south of

The Baja B.C. hypothesis explains the mislomentary rocks of the Upper Cretaceous Nanaintheir expected location on the North American
cation of these poles by supposing that a block @Group link the San Juan—North Cascades thrustargin. The mean inclination of the two units is
crust including both sampling areas was dissystem to Vancouver Island. These sedimenéessentially identical (42° vs. 41°), leading Ward
placed northward along the edge of North Amemere deposited during the period of proposeet al. (1997) to conclude there was no detectable
ica. This interpretation accounts for their shallovpoleward translation (Mustard, 1994), and ovemrmotion between deposition of the Pender and
inclinations and clockwise rotation (Beck, 1989)lie older terranes on the San Juan Islands agpray Formations.

Rejection of Baja B.C. requires that MountVancouver Island. Comparison between observed and predicted
Stuart has been tilted 35° downward toward the Debiche et al. (1987) predicted displacemergaleolatitudes (Fig. 2) shows that the Ward et al.
southwest. This possibility was mentioned byaths of terranes moving along western Nortfl1997) results place the Nanaimo Group too far
Beck et al. (1981), proposed by Butler et alAmerica as a result of oblique convergence of theouth relative to North America to permit their
(1989), and investigated by Ague and Brandon
(1996). Ague and Brandon (1996) concluded that
the batholith has been tilted ~8° toward the soutFigure 2. Paleolatitude of

65
North American margin

L R ; point on North American ]
east, ret.su.ltlnlg |nt.no significant change in palecmargin that is currently at 60 ]
magnetic inclination. 48°N (solid ovals) and 55

To explain the Nanaimo Group pole while re:Nanaimo Group (solid rec-
jecting Baja B.C. requires compaction enougtangles), according to
to shallow the inclination by nearly 30°, plusp:aggmig‘;;je,\'ﬂoz'ﬂebmhe et

) . o Ao S al. . Model assumes
clo_ckw_lse rotation of 35°-40 ..Ir_lcllnatlon fIaF- 100% coupling of Baja
tenlng.ls well known, although it is not fognd INB.C. to Kula plate from 85
all sedimentary rocks. In magnetite-bearing siltto 50 Ma. Paleomagnetic
stones, 10°—15° of shallowing seems to be typresults from Mount Stuart
cal (Kodama, 1997) and Mount Tatlow con- ) )

Alth h ’ lock ) . . strain position of Nanaimo ' j i j ' ' '

though clockwise rotation is COMMON G615 prior to translation, 0 70 60 50 40 30 20 10 O
throughout the westernmost Cordillera (Beckand results from Flores Time (Ma)
1989), lower Tertiary rocks surrounding theVolcanics constrain time
Nanaimo basin have not been rotated Signifa”d latitude at which relative poleward motion ceased. N+10 and N+15 are latitudes for Nanaimo

cantly (Iving and Brandon, 1990; Beck and EnGroup corrected for 10° and 15° of inclination shallowing.
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being in place at 50 Ma. Although Ward et al
(1997) concluded that inclination flattening is no
likely, some flattening (10° of inclination for the
Pender Formation and 15° for the Spray) woul
bring both the paleomagnetic data and the pr
dicted location of the Nanaimo Group into clos¢
agreement (Fig. 2). The existing paleomagneti
data from the Nanaimo Group seems consiste
with our predictions. Additional studies of
Nanaimo Group paleomagnetism and potenti
inclination shallowing need to be made in orde
to perform more detailed tests.

Mahoney et al. (1999) presented U-Pb ages:
detrital zircons from the Protection and De
Courcy Formations (with fewer [<20] results
from the younger Geoffrey and Gabriola Forma
tions). Mahoney et al. (1999) stated that ther
was no significant difference in the distribution
of ages of detrital zircons, so the sedimer
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constant. They also concluded that the source 5 6 2' 3to 2’ 1 Ga
the detrital zircons could not have been in th * 4 et Archean
A 2 j
southwestern part of North America. Therefore : M 1.6 to 1.7 Ga Mazatzal

according to Mahoney et al. (1999), Baja B.C E 1500 2000 2500 300
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From the detrital-zircon ages (Mahoney et al.
1999; Mustard et al., 1995) (Fig. 3) we observ:
the following. (1) In the Protection Formation,
Grenville age zircons are most abundant relativ
to the younger units. (2) Zircons older than 2.0 G
are rarest in the oldest units and are more comm
in the younger units. (3) The peak of the zircol
age distribution (ignoring ages of <200 Ma) i51989), we propose the following explanation foare also found in Paleozoic sedimentary rocks
1.5-1.6 Ga in the Protection Formation andhe data shown in Figure 3. As suggested byom Sonora and Nevada, but not in southern
1.6-1.7 Gain the DeCourcy, Geoffrey, and Gabricowan et al. (1997), abundant Grenville age ziBritish Columbia (Gehrels et al., 1995). We con-
ola Formations. (4) In the Protection Formationcons are expected if the basal units of thelude that the existing detrital zircon data are
detrital zircons with ages between 1.3 and 1.5 Qdanaimo Group were located as in Figure 3. Theonsistent with a transport stratigraphy in the
are very common. Zircons of this age are presedécline in abundance of Grenville age zircons iNlanaimo Group reflecting Late Cretaceous mar-
but less common in the DeCourcy Formation antthe upper units reflects movement of Baja B.Qgin-parallel transport.
are absent in the Geoffrey and Gabriola Formaorth, away from Grenville crust in southwestern Late Proterozoic and Archean zircons are more
tions. Thus these data show a change in detrifdbrth America. In Arizona and New Mexico, thecommon in the DeCourcy Formation, which, ac-
zircon source with age in the Nanaimo GroupMazatzal orogeny produced abundant 1.6—1.7 Garding to the Baja B.C. model, would have been
The key question then becomes how best to emretamorphic and igneous rocks. Farther to theithin 1500 km of the Archean Wyoming prov-
plain this change in terms of provenance. northwest, the Yavapai orogeny produced igince. Crust with Nd model ages of 2.1-2.3 Ga oc-

Mahoney et al. (1999) cited the Belt Superneous and metamorphic rocks of 1.7-1.8 Ga ageurs in the American southwest (Mojavia of Ben-
group (Ross et al., 1992) as the probable source™froughout the southwestern part of Nortmett and DePaolo, 1987). Rocks with similar ages
Proterozoic zircons for the Nanaimo sediment#merica, 1.3-1.5 Ga anorogenic volcanic rockare found in Mojavia (i.e., 2.0-2.3 Ga Turtle
stating that there is no identified source o&lso occur. The Protection Formation has Blountains Gneiss; Reed, 1993). Late Proterozoic
1.5-1.6 Ga zircons in western North America. Th&.5-1.6 Ga peak in zircon ages, consistent witlo Archean inherited zircons occur in igneous
Belt data presented by Ross et al. (1992) haderivation from both the Mazatzal orogeny andocks such as the Independence dikes (Chen and
abundant 1.4-1.8 Ga zircons and several Grenvillee anorogenic volcanic rocks. The slightly oldeMoore, 1979). Taken separately, Archean zircons
age zircons. Although the range in zircon ages gak in zircon ages in the DeCourcy is consisteirt the Nanaimo Group are not very diagnostic of
similar to that reported from the Nanaimo Groupwith a change to a source that includes more pfovenance. Taken as a whole, and integrated with
the distribution of ages is dissimilar (e.g., the Belthe Yavapai orogeny, with continued contributioresults from paleomagnetism and plate motion
peak is 1.7 Ga). More important, there is no conby the anorogenic volcanic rocks. Both formastudies, the zircon data provide valuable evidence
pelling explanation for the observed change in zitions have detrital-zircon ages consistent with af the time table of tectonic transport of part of
con ages shown in Figure 3 if the Belt Group rockgosition near the southwestern margin of Nortlwvestern North America and are in full accord with
are the source of the Precambrian zircons andAfmerica, and with progressive translation norththe Baja B.C. hypothesis.
the Nanaimo Group has remained stationary relasard along this part of the margin. The younger
tive to North America during its deposition. formations (Geoffrey and Gabriola) are lackingCONCLUSIONS

North American geology includes many po4n 1.3-1.5 Ga zircons, suggesting movement Although many in the geological community
tential sources for the zircons in the Nanaimaway from a source in the southwest. Age distrnow regard the Baja-B.C. problem as insoluble,
Group. By using the compilation of Hoffmanbutions similar to those of the Nanaimo Grouphis problem can be solved, given some willing-

Figure 3. Histograms of U-Pb ages of detrital zircons from Mahoney et al.
(1999) and Mustard et al. (1995), and basement ages of North America modi-
fied from Hoffman (1989). Gray circles denote positions of Nanaimo Group
relative to margin of North America (taken from Fig. 2). Arrows denote loca-
tions of Nanaimo basin during deposition of units for which detrital zircon
ages are available.
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ness on the part of specialists across the geologeck, M., Burmester, R., and Schoonover, R., 1981, Pa- 1999, Archean zircons in Cretaceous strata of
cal spectrum to integrate their results with those I’\jonéagnetli)smhalng t?c\;\(/)niﬁ_s of theTCretrlclc_eous guec whesterrr: Car;a(ljian Cordilllera: Tge ‘I‘Baja
il : t. Stuart batholith of Washington: Translation .C.” hypothesis fails a “crucial test”: Geology,
of other subdisciplines. An open mind and the or tilt?: Earth and Planetary Science Letters, V. 27, p. 195-198.
courage to embrace unexpected results are re- | g6 336-342. Mustard, P. S., 1994, The Upper Cretaceous Nanaimo
quired. We are as blinkered by our specialty (p@eck, M., Burmester, R., and Schoonover, R., 1982,  Group, Georgia Basim Monger, J. W. H., ed.,
leomagnetism) as anyone else. To us the paleo- Tertiary palehomagnetism ?]f the ll\lorth Cashcade Geology ancri] geological haf;e\rdsI oft?e Vanc?uver
; ; ; ; Range, Washington: Geophysical Research Let-  region, southwestern British Columbia: Geologi-
magn.etllc eV|derl10e IS .SOIId’ and attempts to ters, v. 9, p. 515-518. cal Survey of Canada Bulletin 481, p. 27-95.
explain '.t awfay with mulltlple, ‘?‘d hoc hypOthese%ennett, V. C., and DePaolo, D. J., 1987, ProterozoiMustard, P. S., Parrish, R. R., and McNicaoll, V., 1995,
seem misguided. One impediment to acceptance  crustal history of the western United States as de-  Provenance of the Upper Cretaceous Nanaimo
of Baja B.C. sized northward transport may be  termined by neodymium isotopic mapping: Geo- Group, British Columbia: Evidence from U-Pb
the lack of a readily identified fault capable of ac- Io%igil_ GSS%CiEty of America Bulletin, v. 99, ;nalysgs '\c;If de(tjritalszircqris,Dr?robelj, S.L., ??d
: : : p. . oss, G. M., eds., Stratigraphic evolution of fore-
commodatlng the displacement. Hol!lster an% andon, M. T., Cowan, D. S., and Vance, J. A., 1988, land basins: SEPM (Society for Sedimentary Ge-
Andronicos (1997) proposed a candidate, and  The Late Cretaceous San Juan thrust system, San  ology) Special Publication 52, p. 65—76.
other likely possibilities have been suggested  Juan Islands, Washington: Geological Society oPrice, R. A., and Charmichael, D. M., 1986, Geometric
(Cowan et al., 1997; Umhoefer, 1998; Tikoff and America Special Paper 221, 81 p. test for Late Cretaceous—Paleogene intraconti-
it tler, R., Gehrels, G., McClelland, W., May, S., and nental transform faulting in the Canadian
de S.a'”t. Blanquat, 1998). We ha.lve shown that! Klepacki, D., 1989, Discordant paleomagnetic Cordillera: Geology, v. 14, p. 468—471.
detntal_zwcon data from the Nanaimo Group, far poles from the Canadian Coast Plutonic ComReed, J. C., Jr., 1993, Precambrian rocks of the conter-
from disproving Baja B.C., actually support it. plex: Regional tilt rather than large-scale dis- minous United State® Reed, J. C., Jr., et al.,
Are there no truly crucial tests left? One way to  placement?: Geology, v. 17, p. 691-694. eds., Precambrian: Conterminous U.S.: Boulder,
disprove Baja B.C. is to find a “bomb-proof” Chen, J. Ic—jl anddl\_/ll(oore,J. G., 1979, La}t:e I\_]furagsi(gndle— Color?ﬂlo, C;(ii)logi_cal Socc:iezty (I)f Anluerica, Geol-
i ag . - pendence dike swarm in eastern California: Geol-  ogy of North America, v. C-2, plate 1.
steep paleomagnetic inclination in the right 0 55"0 550" 55 Ross, G. M., Parrish, R. R., and Winston, D., 1992,
rocks. Perhaps a fossil flora or fauna known onliowan, ., Brandon, M., and Garver, J., 1997, Geo-  Provenance and U-Pb geochronology of the
from northern (or southern) climatic zones may logic tests of hypotheses for large coastwise dis-  Mesoproterozoic Belt Supergroup (northwestern
also prove crucial. This possibility depends upon placements—A critique illustrated by the Baja United States): Implications for the age of depo-
a firm understanding of Late Cretaceous to British Columbia controversy: American Journal sition and pre-Panthalassa reconstructions: Earth
. . - of Science, v. 297, p. 117-173. and Planetary Science Letters, v. 113, p. 57-76.
Eocene climate Zon?s in the eastern F)ac'flﬁebiche, M. G., Cox, A., and Engebretson, D., 1987Tikoff, B., and de Saint-Blanquat, M., 1998, Sunda-
Other tests are possible. However, we suspect  The motion of allochthonous terranes across the  style tectonics and magmatic arc processes: Eos

that only after data from all the relevant subdisci-  North Pacific basin: Geological Society of Amer- (Transactions, American Geophysical Union),
plines of geology are fully integrated into aco 'Cla Sgeé'a'DP_allz_er 207&'9'{3- Ross. G. M. Stewl hV- ?51%522129-87 Northward translation of ‘Bai
: . __(Gehrels, G. E., Dickinson, W. R., Ross, G. M., StewUmhoefer, P. J., , Northward translation of “Baja
herent pfittern WI”.the bulk of the geological art, J. H., and Howell, D. G., 1995, Detrital zir- British Columbia” along the Late Cretaceous to
community be convinced. con reference for Cambrian to Triassic miogeo-  Paleocene margin of western North America:
clinal strata of western North America: Geology, Tectonics, v. 6, p. 377-394.
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