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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 10-5. Annual total sediment discharge is estimated to range from 2.6×106 to 8.4×106 m3. Within 70,000 to
100,000 years, the river is estimated to have transported 1.83 × 1011 m3 – 8.39 × 1011 m3 of sediment into the basin. This is consistent with the
1.1×1011 m3 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.
References Cited
Bhattacharya, J.P., 1993, The expression and interpretation of marine flooding surfaces and erosional surfaces in core; examples from the
Upper Cretaceous Dunvegan Formation, Alberta foreland basin, Canada: Sequence stratigraphy and facies associations, p. 125–160.
Bhattacharya, J.P., P. Copeland, T.E. Lawton, and J. Holbrook, 2016, Estimation of source area, river paleo-discharge, paleoslope, and

sediment budgets of linked deep-time depositional systems and implications for hydrocarbon potential: Earth-Science Reviews, v. 153. p. 77–
110.
Bhattacharya, J.P., and J.A. Maceachern, 2009, Hyperpycnal rivers and prodeltaic shelves in the Cretaceous Seaway of North America: Journal
of Sedimentary Research, v. 79, p. 184–209.
Davidson, S.K., and C.P. North, 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 M.A. Wolinsky, 2012, Simplified process modeling of river avulsion and alluvial architecture: connecting models and field
data: Sedimentary Geology, v. 257–260, p. 1–30.
Hay, W.W., and S. Floegel, 2012, New thoughts about the Cretaceous climate and oceans: Earth-Science Reviews, v. 115, p. 262–272.
Holbrook, J., and H. Wanas, 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 Cretaceous of Egypt: Journal of Sedimentary Research,
v.84, p. 349–372.
Meybeck, M., L. Larochea, H.H. Dürra, and J.P.M. Syvitskib, 2003, Global variability of daily total suspended solids and their fluxes in rivers:
Global and Planetary Change, v. 39, p. 65–93.
Milliman, J.D., and J.P.M. Syvitski, 1992, Geomorphic/Tectonic Control of Sediment Discharge to the Ocean: The Importance of Small
Mountainous Rivers: The Journal of Geology, v. 100, p. 525–544.
Plint, A., and J. Wadsworth, 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., A. Tyagi, M.J. Hay, B.L. Varban, H. Zhang, and X. Roca, 2009, Clinoforms, paleobathymetry, and mud dispersal across the
western Canada Cretaceous Foreland Basin: evidence from the Cenomanian Dunvegan 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.,
Proceedings of the Conference on Management of Landscapes Disturbed by Channel Incision, p. 1–11 .
Rubin, D.M., and D.S. McCulloch, 1980, Single and superimposed bedforms: a synthesis of San Francisco Bay and flume observations:
Sedimentary Geology, v. 26, p. 207–231.

Slingerland, R., L.R. Kump, M.A. Arthur, P.J. Fawcett, B.B. Sageman, and E.J. Barron, 1996, Estuarine circulation in the Turonian western
interior seaway of North America: Geological Society of America Bulletin, v. 108, p. 941–952.

Estimation of Source-To-Sink Mass Balance by a Fulcrum Approach Using Channel Paleohydrologic
Parameters of the Cretaceous Dunvegan Formation, Canada
Wen Lin & Janok P. Bhattacharya (Susan Cunningham Research Chair in Geology), McMaster University
Introduction

Methodology
Bankfull
Depth
Paleoslope

Bankfull
Width

Trunk
Channel
Dimensions

Paleo
discharge

Bedload
Sediment
Discharge

Grain Size

Suspended
load
Sediment
Discharge

Annual
Sediment
Discharge

Sediment
Budgets

Fig. 4

Figure 6. Paleovalley of the Dunvegan Formation characterization and architecture correlation from outcrop indicating valley fill
elements and individual channel fill thickness (Plint and Wadsworth, 2003).
)LJXUH  &RUH GHVFULSWLRQ RI$OORPHPEHU ( LOOXVWUDWHV PXOWLSOHVWRUH\ IOXYLDO DUFKLWHFWXUH DQG VHGLPHQWDU\ VWUXFWXUHV ZLWKLQ
valley fill succession. Single channel depth can be estimated to be about 10m. Cross-set is about 0.5m thick (modified after Plint
and Wadsworth, 2003).
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Paleodischarge Estimation

Trunk River Bankfull Depth:
Measured in outcrops, cores or well logs with a small correction for compaction;
Sedimentary structures - dune-scale cross-bedding and bar
accretion deposits.

Bankfull paleodischarge (Qbf), bedload sediment discharge
(Qtbf), suspended load sediment discharge (Qss):
Cf [(Qbf2)/(Bbf2Hbf2)]=gHbfS --------------------------------------------(3)
where Cf is the dimensionless Chezy friction coefficient, estimated by Equation (3a).
Cf

=(8.32)(Hbf/ks)

-1/2

1/6

-----------------------------------------------(3a)

where ks = 3Ds90ǻ ±Hࣜ DQGǻ EHGIRUPKHLJKW 
HbfDQGࣜ ǻȜZKHUHȜLVEHGIRUPZDYHOHQJWK +bf (after
Van Rijn 1984).
Qtbf= Bbf qtbf=Bbf(RgD50)1/2D50Įt>ĳsĲ

Paleoslope:
Ĳ bf50=(HbfS)/(RD50)=constant ----------------------------------------(1)
Backwater length: Lb=Hbf/S

Average Flow Velocity:
ǋ &z(RS)1/2 -------------------------------------------------------------(2)

Annual Sediment Discharge Estimation

Figure 2. Regional cross section across the Alberta Foreland Basin, illustrating the allostratigraphic interpretation of the Upper Cretaceous Dunvegan
Formation (Bhattacharya and MacEachern, 2009).

Qmas= Qtbs × D/b -------------------------------------------------------(10)

Figure 1. Cretaceous Cenomanian paleogeographic map of North America
showing delta complexes of the Dunvegan Formation in Alberta (modified
after Bhattacharya and MacEachern, 2009).

where Qmas is annual discharge, Qtbs is bankfull discharge, D is
peak flood duration (days), and b represents the percentage of
total sediment transported during peak flood.
The flood duration and the proportion of sediment volume
transported during flood events were estimated by reconstructing paleoclimate conditions and classifying paleoclimate regimes, compared to the Köppen-Geiger climate classification
for modern systems.

bf50

Ĳ c]nt

-------------------(4)

Įt ĮEH/CfĮEH=0.05, nt ĳs Ĳ c=0
where R is hydraulic radius, calculated by Equation (5).
R=A/P=(wc X dm)/(2 X dm+wc)
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Figure 11. Plot of percentage of total suspended load discharged within 2% time of a year by rivers with various
drainage areas and in different climate regimes (modified after Meybeck et al. 2003).

Annual Sediment Discharge Estimation

Qmas=Qtbs × 7.3 / 25 %

Depositional Duration

The calculated annual bedload discharge is
1.65 - 2.53 × 105 m3, and the calculated
annual suspended load discharge is 5.03 ×
105 - 1.17 × 106 m3.

Trunk river width should be a small fraction of valley width.
Single thread meandering characteristics and a low gradient suggest the entrenchment ratio should be greater than 2.2
5RVJHQ DQGDFFRUGLQJO\WKHFKDQQHOZLGWKVKRXOGEHOHVVWKDQP

Discharge Estimation
Table 1. Paleohydrologic parameter and discharge esƟmates from the Dunvegan FormaƟon Allomember E

Trunk river must be somewhat wider than upstream tributary channels (100 - 150 m wide; Plint and Wadsworth, 2003) .

3DOHRVORSHVHVWLPDWHGIURPWKHHTXDWLRQDUHî-5
Microtidal to low mesotidal regime and the bayline limit of Allomember E (the order of 10’s of km) suggests the same
order of paleoslope estimate.

Channel

Tidal backwater length also suggests estimated paleoslope should be on the order of 10-5.
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Sediment Accumulation in the Sink and Mass Balance

Cumulative Sediment Load
Total depositional duration of individual parasequences of
Allomember E was estimated by previous sequence stratigraphic analysis.

Sediment Accumulation in the Sink
The total sediment volume deposited downstream of the
trunk river was estimated using previous maps of Allomember E.

Bhattacharya et al. (2016) estimated
the tributary channel of the Allomember
E trunk river to be about 16m deep and
150 m wide, based on lateral accretion
bar heights from outcrop.
a

Fig. 11

where wc is channel width and dm is channel depth.
qs )ǌGmca -------------------(6); Qss=qs (wc  
ZKHUH)LVWKHVXVSHQVLRQIDFWRUǌLVPHDQIORZYHORFLW\Gm is
mean bankfull flow depth, and ca is the concentration of suspended sediment at the reference depth.

In outcrop, Inclined Heterolithic Stratification (IHS) of point bar deposits within
the valleys indicates a 12 m deep channel that is about 100 - 150 m wide (Plint
and Wadsworth, 2003).

c

Dunvegan

Estimated trunk river channel width to range from 150 - 230 m:

------------------------------------(5)

Results
Fig. 5

The trunk river may transport 10 – 40 % (average 25 %) of the total
suspended sediment within 2 % of the discharge time.

Compilation of these mean channel depth values, estimated from multiple methods, suggests mean bankfull
channel depth values of about 10 - 15 m.

Figure 4. Work flow for fulcrum analysis.

Core and thin section data

Figure 3. Paleogeographic map of valleys and lowstand deltas in
Allomember E of the Dunvegan Formation (modifed after Bhattacharya and MacEachern, 2009 and Plint and Wadsworth, 2003).

Channel depth within the Allomember E valley was estimated to be 10 m as measured from core.

DeposiƟonal
DuraƟon

Grain Size:

Allomember E:
The clearest linkage between the tributary drainage system and its lowstand
delta deposit;
Fluvial-dominated delta system, with
minimal tidal influence and limited
wave reworking;
Previous mapping of the well-developed lowstand river-dominated delta volumetric estimation of the downstream sediment accumulation.
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Measured from outcrops oriented perpendicular to the flow direction.
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Fig. 1

Isopach
Maps

Flood DuraƟon
& Sediment
transport
Intensity

Trunk River Width:

Fig. 2

StraƟgraphy
&
Chronology

Paleoclimate

Percentage of suspended load
discharged in 2% Ɵme of a year (%)

The total sediment volume produced from the catchment should match
the volume accumulated in downstream sinks in an ideally closed
Source-To-Sink (S2S) system.
The total mass passing through any cross section over a given time
should match both the sediment delivered from the catchment and the
sediment volume passing forward to the sink.
The cross section in the sediment routing system acts as a ‘fulcrum’.
The largest-scale incised trunk rivers and serve as key fulcrum points.
The fulcrum approach requires calculating the instantaneous paleodischarge and other paleohydraulic parameters of trunk rivers and integrating this over the durations of the associated stratal record of a given
S2S system.
This approach does not require knowing source area properties and
does not require a closed downstream basin; it enables estimates of
catchment areas and relief, amount of sediment transported in the systems, and the volume of sediment accumulation in the basins.
This research estimated total mass balance through fulcrum analysis of
trunk river deposits, and downstream sediment accumulation in the
Upper Cretaceous Dunvegan Alloformation, in the Alberta Foreland
Basin, Canada using a combination of outcrop and subsurface data.

Fig. 7

Figure 5. Large bar-scale lateral accretion observed from outcrops allowing facies bedding
analysis, which can further infer channel dimensions (Bhattacharya et al., 2016).

Figure 8 Sediment grain size distribution. It is plotted based on the core data from 21 wells presenting Parasequence E1 of Allomember E.
Figure 9. Bedform phase plot illustrating correlation between flow velocity and flow depth for various bedforms
under certain sediment grain size (0.13-0.25 mm). The estimated grain size of the Dunvegan trunk river is in
the range of 0.15-0.25 mm. The estimated bankfull flow depth of 10-20m, coupled with dune bedforms interpreted from cross-bedding sedimentary structure, approximated the Dunvegan velocity into the range of
0.9-1.4 m/s (modified after Rubin and McCulloch, 1980).
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Climate zones of the Cenomanian Age: Northern mid-latitude warm humid belt (NMW)- equivalent to the warm
temperate fully humid warm summer (Cfb) climate zone
in the Köppen-Geiger climate classification.
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Fig. 10

Figure 10. The global climate zone classification of the Cenomanian
period. The Dunvegan deltaic complex was located in the Northern
mid-latitude warm humid zone (NMW) (modified after Hay and Floegel,
2012).

Figure 12. Isopach map of Allomember E in the Dunvegan Formation, Alberta, Canada. This well
depicts depositional configuration and progradational characteristics of Allomember E. The
map is used for volumetric assessment of sediment accumulation down-dip to the fulcrum
point. Dash lines were extended to close contours based upon geometric trend (modified after
Bhattacharya, 1993).

Figure 13. Isolith map of Parasequence E1 in Allomember E, Dunvegan Formation.
The map well portrayed the lobate feature of river-dominated deltaic deposition.
Sand-prone distributary system and deltaic lobes are depicted from the map. The
map also allows sandy sediment volume calculation of the Dunvegan delta deposited in Parasequence E1. Dash lines were extended from original contours based upon
deltaic lobate geometric trend (modified after Bhattacharya, 1993).
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Paleodischarge and Sediment Volumes Estimations

A’

Paleodischarge of the ancient trunk river was estimated to be in the range
of 1.5 – 3.5 × 103 m3/s and this is in agreement with the discharge of the Rhine
River (approximately 3.5 × 103 m3/s), which represents a likely modern analogue 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 sediment 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).

BB

AA

Fig. 12

Dunvegan
Dunvegan

Dunvegan
Dunvegan

Figure 12. Cross section of the S2S system and mass balance diagram. AA’ profile is sketched cross sectional view of trunk river longitudinal 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 sediment post-deposition escape.

Discussion

Fig. 14

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 oceanic gyres (see Plint et al., 2009).

Oshore mud
dispersal by stormdriven geostrophic
ows

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).

Comparison to BQART Method

Qs = 0.02BQ0.31A0.5RT, and B = IL(1-TE)Eh (Syvitski and Milliman, 2007)
Q - discharge, A - drainage area, R - relief, T - temperature
 
          E trapping efficiency of lakes and man-made reservoirs, Eh - human-influenced
soil erosion factor
The estimated sediment discharge using the BQART formula ranges from 5.2 to
7.6 × 106 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 (20oC) (Slingerland et al.,1996).
Errors and Uncertainties

Long-term
circulaon

Fig. 13
Figure 13. Block diagram of paleogeographic map of Parasequence E1 in Allomember E, Dunvegan Formation with oceanic circulation initiated 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 diagram is based on the paleogeographic map in Bhattacharya and MacEachern (2009).

The fulcrum approach involves a number of uncertainties, including field
measurements, numerical assessments used to estimate paleohydrologic parameters, paleomorphodynamics derived from stratigraphic records, applicability 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 Holbrook 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.
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