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Abstract

Trunk rivers transport the bulk of the sediment in a source-to-sink (S2S) system, and total mass passing through any cross section (i.e.,
fulcrum) of a trunk river over geologic time should allow matching of source area sediment delivery budgets, to the downstream sediment
volumes deposited in the basin. We analyze the paleohydrology of ancient trunk channels and linked downstream deltaic strata of Allomember
E of the Cretaceous Dunvegan Formation in the Western Canadian Sedimentary Basin to test the total mass balance fulcrum approach.
Bankfull channel depth and width, grain size, paleoslope, velocity, and discharge are derived from outcrop, core, and well logs. Some
parameter estimates use multiple methods providing a range of values and serving as a cross check of independent methods. Annual flood
frequency and paleodischarge estimates, associated with long-term geologic time estimates, are derived from chronostratigraphic analysis and
allow cumulative sediment discharge calculation. Isopach maps are used to estimate sink area sediment volumes. The results indicate that the
trunk river of Allomember E was 10-20m deep and 150-250m wide, carried fine to medium-grained (average 180 microns) sand and flowed
over a low-gradient paleoslope of 10°. Annual total sediment discharge is estimated to range from 2.6x106 to 8.4x106 m®. Within 70,000 to
100,000 years, the river is estimated to have transported 1.83 x 1011 m®— 8.39 x 1011 m® of sediment into the basin. This is consistent with the
1.1x1011 m?® of sediment documented in the sink area. However, the upper range estimate of sediment delivered into the sink is up to 8 times
the measured sediment volumes, which, if accurate, suggests significant sediment escape. This supports the hypothesis that in Dunvegan time,
mud was widely dispersed southward, along the Alberta Foreland Basin by geostrophic currents associated with storm processes and
counterclockwise oceanic gyres in the Cretaceous Seaway.
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Figure 12. Cross section of the S2S system and mass balance diagram. AA’ profile is sketched cross sectional view of trunk river lon-
gitudinal profile of Parasequence E1 in Allomember E, referred to inset map of Parasequence E1 paleogeography. The trunk river
serves as a fulcrum connecting source and sink. The estimated sediment volume delivered and passed through the fulcrum is ca.
130 - 300 km3, while the documented sediment volume transported through the trunk river and accumulated in the sink area is
about 100 km3. The sediment budget and accumulation volumes are in the same order of magnitude, which indicates a total mass
balanced within the S2S system, while the upper range estimate of sediment delivered into the sink is up to 3 times the measured
sediment volume, which is expected as the effects of sediment transient storage along sediment routing system, as well as a sedi-
ment post-deposition escape.

The Mass Balance

The upper range estimate of sediment delivered from the source is 3
times the measured sediment volume in the sink area, which if accurate,
would suggest significant sediment escape (Bhattacharya et al., 2016).

This supports the hypothesis that in Dunvegan time, mud was widely
dispersed southward along the Alberta Foreland Basin by geostrophic
currents associated with storm processes and counterclockwise ocean-
ic gyres (see Plint et al., 2009).
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Figure 13. Block diagram of paleogeographic map of Parasequence E1 in Allomember E, Dunvegan Formation with oceanic circulation initiat-
ed Gyre flows and storm-driven geostrophic flows illustrates the mud dispersal mechanisms along the shelf, which interpreted the potential
sediment escape and a larger sediment volume from source area than the measured sediment volume preserved in the sink. The block dia-
gram is based on the paleogeographic map in Bhattacharya and MacEachern (2009).

Paleodischarge and Sediment Volumes Estimations

Paleodischarge of the ancient trunk river was estimated to be in the range
of 1.5 — 3.5 x 10° m?¥/s and this is in agreement with the discharge of the Rhine
River (approximately 3.5 x 10® m3/s), which represents a likely modern ana-
logue for the Dunvegan trunk river as is also suggested by Davidson and
North (2009).

The bedload in the trunk river of Allomember E is about 3 % of the total sed-
iment load, suggesting low shear stress due to the low gradient. This may also
indicate that a significant amount of sandy sediments were transported as
suspended load.

The correlations between estimated drainage basin area and sediment load
and sediment yield suggests that the Dunvegan E1 trunk fluvial system may
be categorized as a moderate-sized mountain river drainage system(Milliman
and Syvitski, 1992).

Table 2. Estimated drainage basin areas, sediment loads, and sediment yields for the trunk river of Allomember E

Channel Drainage Basin Area Sediment discharge Sediment Load |Sediment Yield DA
(x108 km?) (x108 m3/s) (Mt/yr) (t/km?/yr)
Moderate-sized
E1l 0.14-0.18 5.2-11.9 12.5-28.6 89.3 —-158.9 L
mountain river
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Figure 14. A. Sediment load vs. basin area; B. Sediment yield vs. basin area of the global river database. Note the strongly normal trend between
sediment load and basin area, whereas the generally inverse relationship between yield and basin area (modified Milliman and Syvitski, 1992).

Q_=0.02BQ"*'A’°RT, and B = IL(1-T_)E_ (Syvitski and Milliman, 2007)
Q - discharge, A - drainage area, R - relief, T - temperature

| - glacier erosion factor (I 2 1), L - average basin-wide lithology factor, T_ -
trapping efficiency of lakes and man-made reservoirs, E,_ - human-influenced
soil erosion factor

The estimated sediment discharge using the BQART formula ranges from 5.2 to
7.6 x 10° m3/s, the lower end of which is the same as the lower range of the
annual sediment discharge estimated by the fulcrum method, and the upper
limit is about 60 % of the upper range estimate using the fulcrum method, which
may be ascribed to the use of an underestimated temperature (20°C) (Slinger-
land et al.,1996).

Errors and Uncertainties

The fulcrum approach involves a number of uncertainties, including field
measurements, numerical assessments used to estimate paleohydrologic pa-
rameters, paleomorphodynamics derived from stratigraphic records, applicabil-
ity of empirical equations, chronologic estimates, and modern analogue data
selection. The integration of these variables constrain the accuracy of sediment
volume estimation to at worst, one order of magnitude (see discussion in Hol-
brook and Wanas, 2014; Hajek and Wolinski, 2012; Bhattacharya et al., 2016).

The most sensitive error is related to annual discharge estimate, and can
show an error of an order of magnitude.

Acknowledgement

Funding for this project was generously supplied by NSERC Discovery
Grant RPG IN05780-14 to Dr. Bhattacharya and sponsors of the McMaster Uni-
versity Quantitative Sedimentology Laboratories (QSL) including BP and
Inpex. We would also like to appreciate the discussion with Dr. John Holbrook
and the inspiration from his research. Thank Dave Kynaston for the help on
ArcGIS mapping.

References

Bhattacharya, J.P., 1993. The expression and interpretation of marine flooding
surfaces and erosional surfaces in core; examples from the Upper Creta-
ceous Dunvegan Formation, Alberta foreland basin, Canada: Sequence stra-
tigraphy and facies associations, p. 125-160.

Bhattacharya, J.P., Copeland, P., Lawton, T. E., and Holbrook, J., 2016, Estima-
tion of source area, river paleo-discharge, paleoslope, and sediment bud-
gets of linked deep-time depositional systems and implications for hydro-
carbon potential: Earth-Science Reviews, v. 153. P. 77-110.

Bhattacharya, J.P., and Maceachern, J.A., 2009, Hyperpycnal rivers and prodel-
taic shelves in the Cretaceous Seaway of North America: Journal of Sedi-
mentary Research, v. 79, p. 184-209.

Davidson, S.K., and North, C.P., 2009, Geomorphological regional curves for
prediction of drainage area and screening modern analogues for rivers in
the rock record: Journal of Sedimentary Research, v. 79, p. 773-779.

Hajek, E.A., and Wolinsky, M.A., 2012, Simplified process modeling of river
avulsion and alluvial architecture: connecting models and field data: Sedi-
mentary Geology, v. 257-260, p. 1-30.

Hay, W.W., and Floegel, S., 2012, New thoughts about the Cretaceous climate
and oceans: Earth-Science Reviews, v. 115, p. 262-272.

Holbrook, J., and Wanas, H., 2014, A Fulcrum Approach To Assessing
Source-To-Sink Mass Balance Using Channel Paleohydrologic Paramaters
Derivable From Common Fluvial Data Sets With An Example From the Creta-
ceous of Egypt: Journal of Sedimentary Research, v.84, p. 349-372.

Meybeck, M., Larochea, L., Diirra, H.H., and Syvitskib, J.P.M. 2003, Global vari-
ability of daily total suspended solids and their fluxes in rivers: Global and
Planetary Change, v. 39, p. 65-93.

Milliman, J.D., and Syvitski, J.P.M., 1992, Geomorphic/Tectonic Control of Sedi-
ment Discharge to the Ocean: The Importance of Small Mountainous Rivers:
The Journal of Geology, v. 100, p. 525-544.

Plint, A., and Wadsworth, J., 2003, Sedimentology and palaeogeomorphology
of four large valley systems incising delta plains, western Canada Foreland
Basin: implications for mid-Cretaceous sea-level changes: Sedimentology,
v. 50, p. 1147-1186.

Plint, A.G., Tyagqi, A., Hay, M.J., Varban, B.L., Zhang, H., and Roca, X., 2009,
Clinoforms, paleobathymetry, and mud dispersal across the western
Canada Cretaceous Foreland Basin: evidence from the Cenomanian Dun-

vegan Formation and Contiguous Strata: Journal of Sedimentary Research,
v. 79, p. 144-161.

Rosgen, D., 1997, A geomorphological approach to restoration of incised
rivers: in S.S.Y. Wang, E.J. Langendoen and F.D. Shields, Jr. eds., Proceed-
ings of the Conference on Management of Landscapes Disturbed by Chan-
nel Incision, p. 1-11.

Rubin, D.M., and McCulloch, D.S., 1980, Single and superimposed bedforms: a
synthesis of San Francisco Bay and flume observations: Sedimentary Geol-
ogy, V. 26, p. 207-231.

Slingerland, R., Kump, L. R., Arthur, M. A., Fawcett, P. J., Sageman, B. B., and
Barron, E. J., 1996, Estuarine circulation in the Turonian western interior

seaway of North America: Geological Society of America Bulletin, v. 108, p.
941-952.



