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whose age appears to be compatible with the high rates of
post-rift cooling in the margin.

In the southern Canadian Rockies, limited evidence for
younger rifting has been reported from the Hamill Group west
of Golden*'? and from the McNaughton Formation near
Jasper'® (Fig.3). Both deposits underlie strata with early
Cambrian trilobites and overlie the Windermere Supergroup
(Fig. 4a), a widespread stratigraphical unit that was deposited
during rifting in late Proterozoic time (refs 2, 3, 10, 11). Both
the Hamill Group and McNaughton Formation contain
distinctive thick sequences of feldspathic sandstones and
conglomerates'>'® (Fig. 4a). In the Hamill Group west of
Golden (Fig. 3), shallow-marine sediments pass abruptly into
deeper marine deposits that contain resedimented sandstones,
pillowed lavas and mafic volcaniclastic debris'>'>'®, These
facies changes are regarded as evidence of syn-depositional
faulting accompanied by extrusion of mafic rocks'? Similarly,
near Jasper, abrupt changes in thickness in the McNaughton
Formation have been interpreted as evidence of syn-depositional
faulting'®. Strata of the Hamill Group and the McNaughton
Formation pass gradationally upwards into the lower Cambrian
mature quartz sandstones with Skolithos that are part of the
early post-rift strata of the margin (Fig. 4a). Neither, however,
is overlain by post-rift strata that are suitable for quantitative
analysis, and their precise stratigraphical postion relative to a
rift to post-rift transition cannot be inferred from subsidence
data.

Recent field work in areas east and south of the exposures of
the McNaughton Formation and Hamill Group (between 51°45'
and 52°30’, Fig. 1) has indicated that at least two of the sections
analysed, SF and MtWi, and probably HL7b and GL as well
(Fig. 3), are underlain conformably by a rift-like deposit that is
at least 500 m thick. This deposit forms a distinctive basal unit

of the Gog Group and is broadly correlative with the
McNaughton Formation and at least the lower part of the Hamill
Group'” (Fig. 4a). The exact stratigraphical relation of this
deposit to formally recognized strata in the region is not yet
established, however, and we refer to it informally as a basal
conglomeratic unit of the Gog Group.

A rift origin of the basal conglomeratic unit is suggested by
a striking succession of cross-bedded, poorly sorted arkosic to
subarkosic sandstones and conglomerates interbedded with thin
layers of red shales and siltstones in the lower two-thirds of the
unit (Fig. 4a). The sandstones and conglomerates contain ~30-
80% quartz, 15-50% feldspar, more than half of which is a
distinctive pink alkali feldspar as much as 2 cm across, and
5-20% rock fragments consisting mainly of quartzite, chert and
granitic clasts. A total of 219 measured orientations of trough
axes and large-amplitude (50 cm to 2 m) cross-beds, corrected
for tilting, indicate mainly unimodal westerly current flow. The
coarse grain size, arkosic composition, abundance of red shales
together with westerly palaeocurrent directions suggest a fluvial
or alluvial fan environment and a strongly uplifted source in
crystalline basement to the east. An easterly provenance in
crystalline basement has also been suggested for the
McNaughton Formation based on palaeocurrent measurements
and sandstone compositions'*'®, The abrupt terminaton of the
conglomeratic unit between Mt Chephren and Bow Pass (Figs
3, 4a) could reflect deposition against a fault scarp or hinge
zone flanking the easterly basement source. The conglomeratic
unit of the Gog Group grades upward into mature quartz
sandstones with Skolithos, which are correlative with the post-rift
deposits in the upper part of the McNaughton Formation and
in or above the upper part of the Hamill Group (Fig. 4a). These
Skolithos-bearing strata form the base of the sections used in
subsidence analyses.
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Fig. 3 Distribution, on a palinspastic restora-
tion, of the uppermost Proterozoic to lowest
Cambrian strata that are interpreted to record
the final rifting and the transition to post-rift
subsidence in the southern Canadian Rockies.
Large filled circles, solid circles, solid circles
with cross, solid squares, open circles and solid
triangles mark localities examined in the field.
Open circles west of Banff are the Gog Group
and south of Golden are the Cranbrook Forma-
tion. Stippled area is the amount of shortening
between thrust panels that are unpatterned. The
shortening in the shale basin has not been deter-
mined from balanced sections and is assumed
here to be equal to the amount of shortening
in the carbonate bank (a factor of 2). The dis-
placement on thrusts west of the shale basin
has not been estimated. [talic letters correspond
to analysed sections shown in Fig. 1. WiPt, SF,
MitWi, GL are at locality D, Fig. 1; HL8c, HL7¢,
HL7a, HL7b are atlocality E, Fig. 1, and LMC-
D, Medb and Ba3a are at locality F, Fig. 1.
Lines A’, B' and C' are lines of palinspastic
restoration which are control for restored posi-
tions of thust plates®® 2. The dashed line is the
approximate position of the southeastern edge
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In the McNaughton Formation, the change from coarse
feldspathic sediments to mature, marine quartz sandstones,
which we assume is approximately correlative with the end of
final rifting and the transition to post-rift subsidence, occurs in
the lower part or below the early Cambrian Fallotaspis trilobite
zone'® (Fig. 4a). The transition to post-rift subsidence, therefore,
lies near the base of the Atabanian Stage or in the Tommotian
Stage. These stages are not well dated but are thought to range
from slightly younger than 570 Myr to ~590 Myr (ref. 20). If
the correlation of the McNaughton Formation with the basal
conglomeratic unit and the Hamill Group suggested in Fig. 4a
is even approximately correct, there is excellent agreement
between the stratigraphical position of the rift to post-rift
transition and the age of that transition inferred from the
subsidence data.

There is also evidence, from work in progress, for syn-deposi-
tional rifting in the western United States, in uppermost Pro-
terozoic and lower Cambrian rocks that are broadly correlative
with the succession in the southern Canadian Rocky Mountains
(Figs 1, 4b). The principal evidence for rifting is the occurrence
of feldspathic sandstones and conglomerates, relatively abrupt
lateral facies and thickness changes, regionally variable
palaeocurrent directions and the presence of mafic volcanic
flows and volcaniclastic conglomerates. Few chemical data are
available for the volcanic rocks, but the rocks appear to be of
tholeiitic to alkalic affinities, consistent with continental rift-
ing"?'. The feldspathic sandstones and conglomerates occur
sporadically, but in places constitute units several hundred
metres thick?>?, Sequential changes in mineralogical maturity
and grain size are locally abrupt, consistent with episodic uplift
and exposure of crystalline basement. In Utah, for example,
medium- to fine-grained, well-sorted, shallow-marine (?) quart-
zite of the upper Browns Hole Formation is overlain with sharp
contact by arkosic, poorly sorted fluvial (?) conglomerate of the
Geertsen Canyon Quartzite”® (Fig. 4b). In general, the occur-
rence of lateral facies and thickness changes tends to be obscured
by formational nomenclature which emphasizes the regional
persistence of gross stratigraphical units. However, in one well-
documented example, the middle member of the Wood Canyon

Formation in southeastern California?®, strata thicken and
coarsen to the north-east and contain south-west-directed
palaeocurrents, whereas associated stratigraphical units thicken
to the west or north-west, and yield west- to north-directed and
polymodal palaeocurrents®***.

The inferred rift deposits in Utah and Nevada overlie strata
that are thought to be correlative with the Windermere Super-
group in the Canadian Cordillera***’, and they pass upward
into lower Cambrian mature quartz sandstones with Skolithos
that lie at the base of the post-rift strata from which the sub-
sidence data were collected (Figs 1, 2, 4b). In the Delamar area
of eastern Nevada, lithostratigraphical correlation with a section
in the White-Inyo Mountains, California, suggests that the
transition upward into post-rift mature quartz sandstones occurs
near the base of or below the Fallotaspis trilobite zone?®*®. In
the Wah Wah®® and East Tintic*® sections, the transition to
post-rift strata is not well dated but seems to occur at about the
same stratigraphical level relative to the base of the middle
Cambrian as in the Delamar area®®. In the Huntsville section®*?’,
the transition may be slightly lower stratigraphically but is
probably broadly correlative with that to the south. In the
western United States, therefore, as in the southern Canadian
Rockies, the stratigraphical position of the final rifting to post-
rift transition is in good agreement with the age of that transition
inferred from the subsidence data.

The age of the final rifting episode can also be estimated from
stratigraphical relations at several localities in the miogeocline.
Near Jasper, in the southern Canadian Rockies, the uppermost
500m of the underlying Windermere Supergroup (Miette
Group, Fig. 4a) contains the trace fossils Platysolenites and
Didmaualichnus and a microbiota with Campitius and Vol-
borthella spp."*?!. These are reported to occur in the Tommotion
Stage (~570-590 Myr) and possibly younger stages of the early
Cambrian'**?, but their range is not well established. The rift
deposit clearly lies above the Windermere Supergroup and only
a short distance beneath probable earliest Cambrian strata,
suggesting a latest Proterozoic age for the deposit. Simlarly, in
Utah and Nevada, the mafic volcanic rocks and feldspathic
deposits occur a short distance below the Fallotaspis zone in
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Fig. 4 a, Respresentative sections of the basal conglomeratic unit of the Gog Group and its probable equivalents in the McNaughton
Formation and the Hamill Group. Columns show the transition of these strata to post-rift deposits of the miogeocline. These strata are
interpreted as evidence of post-Windermere rifting and latest Proterozoic to earliest Cambrian transition to the post-rift phase in the margin.
The Horsethief Creek Group and the Miette Group compose the Windermere Supergroup west and east of the Rocky Mountain Trench,
respectively. Dash-dot lines are approximate boundaries between trilobite zones. The base of the middle Cambrian (uppermost dash-dot line)
is the reference datum of the sections. The sections are located in Fig. 3 as follows: 1, Red Earth Creek; 5, Bow Pass; 7, Mt Chephren; 12,
Mt Kerkeslin; 14, McBride-Jasper area; 17, 18, Selkirk Mts. Sources: Red Earth Creek, Bow Pass and Mt Chephren from G.C.B., Ma and
M.A K. (field work 1982 and 1983); Mt Kerkeslin from refs 13, 43; Selkirk Mts from ref. 16. Faunal zones are from ref. 19. b, Representative
sections from Utah and Nevada indicating inferred final rift deposits and the transition to post-rift strata for comparison with similar successions
in the southern Canadian Rockies. Dash-dot lines are approximate boundaries between trilobite zones. The ages in the Delamar section are
based on lithostratigraphical correlation with biostratigraphically dated strata in the White-Inyo Mountains of California, about 300 km to
the west. The upper part of the Stirling Quartzite is correlated with strata assigned a Tommotion age in California; the base of the Tommotion
stage has not been established in the western United States®*. Sections located in Fig. 1 and sources as follows: 11, Delamar®®; 12, Wah Wah?’;
7, East Tintic®’; 6, Huntsville?*?".

strata that are probably Tommotion in age (Fig. 4b), which,
together with the 580-Myr Ar/Ar age from the volcanic rocks
in northern Utah®', suggests that rifting occurred in the latest
Proterozoic and/or earliest Cambrian. Finally, in Mexico, post-
rift carbonate rocks and quartz sandstones of early Cambrian
age pass gradationally downward into nearly 300 m of strata
containing mafic lava and mafic volcaniclastic rocks. These
volcanic deposits seem to be correlative with, or slightly older
than, the lower part of the Fallotaspis zone**3*,

Large parts of the Cordilleran miogeocline from Canada to
Mexico, therefore, contain evidence of late Proterozoic rifting
events that led to the formation of an extensive proto-Pacific
passive margin. These events began perhaps as early as 800-
900 Myr but appear to have terminated in a final, distinct and
short-lived phase near the Cambrian-Precambrian boundary.
The age is compatible with ages for the final rifting and rift to
post-rift transition inferred from quantitative subsidence data.
The results of the subsidence analyses were fundamental to this
research, not only focusing on the problem of the ages for rifting,
but also in predicting the stratigraphical position where the final
rift deposit and the transition to post-rift strata should occur.
This greatly facilitated the search for these deposits in the field.
We have now identified these deposits in a large region in the
southern Canadian Rockies and in an even larger area between
southeastern Idaho and southeastern California (indicated by
the dotted lines in Fig. 1). It seems that final rifting along a
large portion of the proto-Pacific margin of western North
America occurred at about the same time as rifting in the early
Palaeozoic miogeocline in Arctic Canada and along an extensive
portion of the lapetus margin in the US Appalachians and
Newfoundiand’. The contemporaneity of these events support
recent arguments for rifting around nearly all of the perimeter

of North America close to the Cambrian-Precambrian
boundary’.
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Direct measurements of secondary
currents in a meandering sand-bed river
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Natural channels often adopt a meandering course. Water flow in
meander bends is three-dimensional, consisting of primary
velocities which are tangential to the bend, and secondary velocities,
which are in the radial plane. The pattern of secondary flow strongly
affects the distribution of primary velocities. This in turn affects
the distribution of erosion and deposition in the bend and the way
in which the channel shifts and changes shape. Measurements of
primary and secondary flows in a meandering gravel-bed river'”
show that, in addition to the widely recognized main secondary
circulation driving surface water outwards and bed water inwards,
there can be a small cell of reverse rotation at the outer bank.
Further data have been collected in a sand-bedded river at low,
intermediate and high discharges. The results confirm the existence
of the main and outer bank cells but also indicate that in some
bends the main cell does not extend to the inner bank. In fact,
secondary flow at the inner bank of wide, shallow bends is directed
radially outwards over the whele flow depth at all in-channel flows.
This indicates that some models of bend flow and channel develop-
ment may be significantly in error.

Secondary currents are defined as currents that occur in a
plane normal to the axis of primary flow®. In meander bends,
they develop by skewing of cross-stream vorticity into a long-
stream direction®“. The resulting skew-induced secondary circu-
lation carries fast surface water towards the outer bank and
slower bed water towards the inner bank.

At the outer bank, the primary flow, secondary circulation,
and bank interact to produce a small cell of reverse rotation to
the skew-induced cell. This cell occupies the channel to a dist-
ance one or two times the bank height away from the bank.
Although this is a small proportion of the cross-section in most
rivers, the outer bank cell is still important because it strongly
affects the distribution of boundary shear stress, thereby
influencing bank erosion processes™S.

In the central part of the channel, helical skew-induced flow
produces inward velocities near the bed, which sweep bedload
towards the inner bank. Sediment accumulation as a point bar
at the inner bank gives the channel an asymmetrical cross-
section. The balance between the transverse, upslope component
of fluid drag on a bedload particle, and the transverse, down-
slope component of particle weight has been used as the basis
for models of bed topography in bends’*®. This view of secondary
flow-point bar interaction has been challenged recently’.
Dietrich and Smith suggest that secondary flow above the point
bar is directed radially outwards over the whole flow depth and
that the helical skew-induced cell is confined to the deepest, or
thalweg, portion of the cross-section. Sediment accumulation is
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Fig.1 Upstream bend apex, discharge: 4,1.7m?>s™; b,4.0m’s™".

Dashed channel section represents that at the previous measure-
ment section, ~6 m upstream.

then concentrated on a steep transverse slope called the point
bar face, between the upper point bar (point bar platform) and
the thalweg, where near bed flow converges and there is strong
upwelling. Bridge'® suggests that this pattern of flow and point
bar building is a characteristic of point bar emergence at flows
below about two-thirds bankfull. He suggests that at such low
stages the point bar topography causes flow convergence at the
bend entrance, but that such patterns are replaced by helical
flow at formative (that is, bankfull) discharge.

To help to resolve this discussion, data were collected in this
study over a range of discharges in meander bends of the Fall
River in Rocky Mountain National Park, Colorado. The reach
studied has a bankfull capacity of about 4m®s™" and well
developed meanders with a sinuosity of 2.2. The annual hydro-
graph is dominated by snowmelt runoff, resulting in long periods
of almost steady bankfull flow in May, June and July. The
gradient is ~0.1%. The bed material is sand, Ds,=1.0 mm,
moving in dunes, ripples and as suspended load. Sediment
availability has been greatly increased by erosion associated
with the failure of Lawn Lake Dam on the Roaring River (an
upstream tributary) on 15 July 1982. As a result, the bed is
mobile at all discharges and point bars in the bends respond
quickly to changes in flow stage.

Measurements were made at low, intermediate and bankfuil
stages, corresponding to discharges of 1.7, 2.8, and 4.0 m>s™".
Long and cross-stream velocities were measured using an elec-
tromagnetic current meter capable of measuring two mutually
perpendicular velocity components with an accuracy of
+3mms~'. All measurements were made from temporary
bridges aligned at right angles to the outer bank, and care was
taken to work only over dune crests, avoiding separation zones
on the lee side of dunes. Data were collected at 18 sections
evenly spaced along the channel through two consecutive bends.
The complete data set is available'!"'? but because of limitations
of space, only data for the intermediate and high flow at the
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