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Abstract

The need to predict accurately the volume, timing and location of sediments that are
transported from an erosional source region into a basin-depocentre sink is important for
many aspects of pure and applied sedimentological research. In this study, the results of
three widely used methods to estimate sediment flux in ancient sediment routing systems
are compared, using rich input datasets from two systems (Eocene South Pyrenean Foreland
Basin, Spain and late-Pleistocene-to-Holocene Gulf of Corinth Rift Basin, Greece) for which
mapped, dated sediment volumes provide an independent reference value of sediment
accumulation rates. The three methods are: (1) the empirical BQART model, which uses
values of drainage basin area, relief, temperature, lithology and water discharge; (2)
empirical scaling relationships between characteristic geomorphological parameters of
sediment-routing-system segments; and (3) the “fulcrum” model, which uses the
palaeohydrological parameters of trunk river channels to estimate downsystem sediment
discharge. The BQART model and empirical geomorphological scaling relationships were
originally developed using modern sediment routing systems, and have subsequently been
applied to ancient systems. In contrast, the “fulcrum” model uses hydrological scaling
relationships from modern systems, but was developed principally for application in ancient

systems.

Our comparative analysis quantifies the sensitivity of the three methods to their input
parameters, and identifies the data required to make plausible estimates of sediment flux
for ancient sediment routing systems. All three methods can generate estimates of

sediment flux that are comparable with each other, and are accurate to at least one order of



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Christopher Brewer Sediment Flux Manuscript Imperial College London

magnitude relative to independent reference values. The BQART model uses palaeoclimatic
and palaeocatchment input data, which are accurate for sub-modern systems but may be
highly uncertain in deep-time systems. Corresponding estimates of sediment flux are most
sensitive to the accuracy with which the palaeocatchment area is constrained and to
palaeoclimatic parameters that reflect temperature and precipitation. The “fulcrum” model
uses palaeohydrological input data; its sediment-flux estimates are sensitive to
palaeochannel dimensions and, in particular, the duration of bankfull discharge, which is
invariably difficult to constrain accurately in deep-time sediment routing systems. This
uncertainty can give rise to large potential ranges of sediment-flux estimates.
Geomorphological scaling relationships offer comparable, order-of-magnitude accuracy for
both sub-modern and deep-time sediment routing systems in which geomorphological
segments can be identified, but when used on relatively small sediment routing systems the

ranges of sediment volumes deposited can vary greatly, limiting the utility of the technique.

We suggest that methods to estimate sediment flux should be chosen for a particular
sediment routing system based on the types and uncertainty of available data. Where input
parameter values are highly uncertain, such as in deep-time systems, Monte Carlo
simulation is an effective tool to calculate probability distributions of estimated sediment

flux.

1. Introduction

Estimation of sediment flux is an important step in linking net-erosional source regions
where sediment is generated, to net-depositional basin-depocentre sinks (Fig. 1A). In
modern sediment routing systems, sediment flux can be measured at multiple locations,
typically over short timescales (10°-10* yr), and integrated to generate a sediment budget
(e.g., Goodbred and Kuehl, 1999; Clift and Giosan, 2014). In ancient systems, sediment
volumes can be mapped in appropriate chronostratigraphic context using outcrop and/or
subsurface (e.g., seismic) data, and these volumes can then be used to calculate net-
depositional sediment fluxes over long timescales (10°-10’ yr) (e.g., Liu and Galloway, 1997;
Goodbred and Kuehl, 1999; Walford et al., 2005; Galloway et al., 2011; Clift and Giosan,
2014; Michael et al., 2014a, b; Hampson et al., 2014; Helland-Hansen et al., 2016; Watkins
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et al., 2019). Sediment volumes and accumulation rates in basin-depocentre sinks can be
compared with eroded volumes and denudation rates in source regions to construct long-
term sediment budgets (e.g. Rouby et al., 2009; Guillocheau et al., 2012). Such approaches
can be used to constrain sediment supply controls (e.g., tectonic or climatic drivers) on
stratigraphic architecture, lithology distribution and palaeogeography (e.g., Michael et al.,
20144, b), with potential application to the prediction of earth resources (e.g., as part of a
source-to-sink approach to hydrocarbon exploration; Martinsen et al.,, 2010) and to the
assessment of sedimentary archives of palaeoclimatic and tectonic change (e.g., Watkins et
al., 2019; Fernandes et al., 2019; Lodhia et al., 2019). However, it is typically impossible to
map in full the morphology of ancient source-region catchments and the volume of
sediment deposited in associated depocentres, due to incomplete preservation and limited
age constraints. Instead, proxy-based methods must be used to estimate sediment flux and

sediment budgets in ancient sediment routing systems.

To date, three main methods have been used to estimate sediment flux over large spatial
and temporal scales in ancient sediment routing systems: (1) The empirical BQART model,
which uses values of drainage basin area, relief, temperature, lithology and water discharge
to estimate suspended load sediment fluxes (Syvitski and Milliman, 2007) (Fig. 1B). This
method was originally developed for modern systems, where it has been widely used, but
has subsequently been adapted for application to ancient sediment routing systems (e.g.,
Eide et al., 2017; Liu et al., 2019). (2) Empirical scaling relationships between characteristic
geomorphological parameters of sediment-routing-system segments, which have been
developed for modern systems and have also been applied to seismically imaged ancient
systems to constrain sediment fluxes (Séemme et al., 2009; Nyberg et al., 2018) (Fig. 1C). (3)
The “fulcrum” model, which uses the palaeohydrological parameters of trunk river channels
to estimate down-system sediment discharge (Holbrook and Wanas, 2014) (Fig. 1D). Each of
these three methods is based on different assumptions and uses different input data to
estimate sediment flux over the timescale of interest. However, it is currently unclear which
of these methods, and in what circumstances, produce the most reliable estimates of time-
integrated sediment supply, in comparison to independently mapped and dated sediment

volumes.
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The aims of this paper are threefold: (1) to review the three methods, listed above, that are
currently used to estimate sediment flux in ancient sediment routing systems; (2) to
compare the sediment-flux estimates generated by the three methods for two data-rich
sediment routing systems; and (3) to use this comparison to establish recommendations for
best-practice use of the three methods. The reference for comparison is provided by
independent values of sediment accumulation rates calculated from mapped, dated
sediment volumes of the two sediment routing systems selected as case studies. The first
case study is of a deep-time sediment routing system, from Eocene strata of the South
Pyrenean Foreland Basin, Spain, which has been characterised quantitatively using outcrop
data (Michael et al., 2013, 20144, b). The second case study is of an array of sub-modern,
late-Pleistocene-to-Holocene sediment routing systems that supplied sediment to the Gulf
of Corinth Rift Basin, Greece, which have been characterised quantitatively using a
combination of seismic mapping in the depositional sink and geomorphological mapping of
source catchments (Watkins, et al. 2019, 2020). The use of palaeo-sediment routing systems
of different ages as case studies allows the effects of different input data types, distributions

and resolutions on the sediment-flux estimation methods to be assessed.

2. Sediment-flux estimation methods

In the following section, we summarise briefly the three methods that are increasingly being
used to estimate sediment flux in sediment routing systems. Figure 1B-D and Table 1
present the parameters for which input data are required for each method, and introduces
the symbols that are used for these parameters throughout the paper. Three mechanisms of
sediment transport are commonly considered when estimating sediment flux; bedload,
suspended load, and dissolved load. The BQART model explicitly considers suspended load,
while geomorphological scaling relationships and the “fulcrum” model consider both
bedload and suspended load. Thus, dissolved load is not accounted for in any of the
estimation methods considered herein. Globally, the dissolved load of rivers is
approximately one quarter of the suspended load, and bedload is smaller still (e.g., Milliman

and Meade, 1983; Meybeck, 1987).
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2.1. BQART model

Estimation of sediment fluxes from terrestrial sources was initially approached by Syvitski et
al. (2003) as the ART model (where A = catchment drainage area; R = catchment relief; T =
catchment-averaged temperature), which then evolved into the BQART model (Q = water
discharge; B = anthropogenic, glacial and lithological contribution) (Syvitski and Milliman,
2007). The BQART model is empirical and uses topographic and climatic characteristics of
the catchment area, which can be measured directly in modern systems, as input data (Fig.
1B). By parameterising the BQART model using a global database of the suspended load of
488 modern river systems, Syvitski and Milliman (2007) established that it can account for
96% of data variance in the short-term record (100—101 yr) contained in the database. The

BQART model predicts average suspended sediment load, Qs (in units of Mt/yr) as:
Q,= wBQ, *'A**RT for T2 2°C (1a)
Qs=2wBQ, *'A%R for T<2°C (1b)

where wis a constant, 0.0006 (giving Qs in units of Mt/yr), Q, is water discharge (in units of
km3/yr), A is catchment drainage area (in units of km?), R is maximum catchment relief (in
units of km), T is long-term catchment-averaged temperature (in units of °C), and B is

defined by:
B =IL(1-T{)E, 2)

where | is a glacial erosion factor (21), L is a catchment-averaged lithology factor, T¢ is the
trapping efficiency of lakes and reservoirs (<1), and Ej is a human-influenced soil erosion
factor (Syvitski and Milliman, 2007). In modern sediment routing systems, B can be
estimated for individual catchments (e.g., Table 7.1 in Allen, 2017) or as a global average
(e.g., Table A41.1 in Allen and Allen, 2013). It is reasonable to assign a value of B =1 in
applications of the BQART model to non-glaciated catchments in deep-time systems, as in
our case-study analysis of two sediment routing systems below, given the lack of glacial
erosion (/ = 1); the global mean value of lithology factor (L = 1; Syvitski and Milliman, 2007);
the low degree of sediment trapping in catchments not influenced by human activity (Tr =
0); the absence of human influence (E, = 1); and to avoid a potentially arbitrary assignment

of differing L values at the catchment level. In modern systems for which detailed
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calculation is possible, values of B vary between 0.3 and 7 (e.g., Kettner et al.,, 2010;
Restrepo et al., 2015); however, the BQART model still accounts for 68% of the variation in

sediment load between modern rivers using a value of B = 1 (Syvitski and Milliman, 2007).

The accuracy of the BQART model has been demonstrated in specific modern systems,
based on comparison of its sediment-flux predictions with the values of time-averaged
sediment flux derived from water balance models and high-resolution digital elevation
models, in conjunction with measured sediment concentrations (e.g., Liquete et al., 2009;
Kettner et al., 2010). The BQART model has also been applied to ancient sediment routing
systems (e.g., Weight et al., 2011; Allen et al., 2013; Sgmme et al., 2013; Zhang et al., 2018).
In these deep-time applications of the BQART model, A is constrained by sedimentary
provenance analysis, plate tectonic reconstructions, and geomorphological analyses. R can
be estimated using structural restoration, thermochronology, palaeobotanical data,
numerical modelling of landscape evolution, paleoaltimetry, and tectonic analogues. T can
be estimated using oxygen isotope geochemistry, palaeontological data, palaeosol analysis,
and palaeoclimate models. Q, (in units of m3/s) can be estimated using an empirical
relationship with A (in units of km?) derived by Milliman and Syvitski (2007) for their

database of modern rivers:
Q, = 0.075 A®® (3)

However, estimates of Q, can also be refined by accounting for precipitation variations
across palaeoclimate zones (Davidson and North, 2009; Eide et al., 2018). B is either equal
to 1 (e.g., Allen et al., 2013) or is calculated using appropriate values of /, L and T that
account for glacial erosion, catchment lithology, and sediment trapping efficiency for a
particular ancient sediment routing system (e.g., Zhang et al., 2018). In our analyses below,

we report values of sediment flux derived using the BQART model in units of km3/Myr.

An obvious uncertainty in applying the BQART model to ancient sediment routing systems is
that it only accounts for suspended sediment load (Syvitski and Milliman, 2007), and does
not include bedload. Sediment flux may therefore be systematically underestimated. In
addition, the influence of high-amplitude, low-frequency discharge events, which are
infrequently sampled by the recent data used to develop the model, may be

underestimated. More speculatively, soil erosion, which is represented by the value of Ej,
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may have varied in deep time due to evolution of vegetation and grazing fauna, rather than

human influence (e.g., Gibling et al., 2012).

2.2. Geomorphological scaling relationships

Empirical scaling relationships between the dimensions of four geomorphological segments
(catchment, shelf, slope, basin floor) of sediment routing systems (Fig. 1C) were first
developed by Sgmme et al. (2009) using data from 29 modern continental-margin systems,
and then refined by Nyberg et al. (2018) using an expanded database of 69,586 modern
systems that are also predominantly from continental margins. Their analyses derived
empirical scaling relationships, with the form of a power law, between parameters that
describe the dimensions of different segments (Semme et al., 2009; Nyberg et al., 2018).
Many of the scaling relationships are similar for both the smaller, older dataset and the
larger, newer dataset (Nyberg et al., 2018). The segment-based method allows the
morphological parameters of up-system segments (e.g., catchment) to be linked to the
morphological parameters of down-system segments (e.g., basin-floor fan), and vice versa.
The up-system segments of ancient sediment routing systems are typically poorly
preserved, and this method allows their dimensions and morphology to be estimated from

the geometrical characteristics of down-system segments.

In the two case studies presented below, we use two of the geomorphological scaling
relationships presented by Sgmme et al. (2009) to estimate basin-floor fan volumes: (1)
length of main (trunk) river channel vs. slope length; and (2) slope length vs. basin-floor fan
volume. Nyberg et al. (2018) caution against using slope length as a parameter in
geomorphological scaling relationships, because the limits of the slope segment are difficult
to define in modern sediment routing systems in their expanded dataset, and because slope
morphology likely reflects multiple, potentially interacting sedimentological and tectonic
controls. Despite these caveats, we have used the relationships of Semme et al. (2009),
which are valid for their smaller dataset. Basin-floor fan volumes could alternatively be
estimated using different data inputs (e.g., catchment drainage area, A, and fluvial-
palaeochannel slope, S; Table 1) and combinations of scaling relationships. However, these

alternative methods would use a larger number of scaling relationships to estimate basin-
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floor fan volume, long-term fan deposition rate, or riverine sediment load in the two case

studies presented below, and thus lead to an increased range of uncertainty.

Our approach also uses basin-floor fan volume in the passive-margin systems considered by
Sgmme et al. (2009) as a proxy for the sediment volume deposited by the sediment routing
system. In many sediment routing systems, sediment is sequestered either temporarily or
permanently in geomorphological segments up-system of the basin floor (e.g., Hinderer,
2012). Temporary storage of sediment in up-system segments reflects intermittent, short-
term availability of accommodation (e.g., on the shelf during relative sea-level highstands),
and such sediment may be deposited ultimately on the basin floor if sufficiently long
timescales (e.g., one or more complete relative sea-level cycles) are considered (e.g., Blum
et al., 2009; Hinderer, 2012). Permanent storage of sediment in up-system segments occurs
where tectonically subsiding depocentres are located in those up-system locations (e.g.,
Strong et al., 2005; Hinderer, 2012; Paola and Martin, 2012). The sediment routing systems
in both case studies presented below are associated with permanent storage of sediment
before the basin floor (e.g., in alluvial, fluvial, deltaic, and/or slope deposits), and these
deposits are therefore included in our estimates of sediment volume. The sediment volume
deposited by the sediment routing system (as approximated by basin-floor fan volume in
the geomorphological scaling relationships of Semme et al., 2009) is then divided by the
duration of deposition to estimate net-depositional sediment flux. Since the
geomorphological scaling relationships have been derived from modern systems, we
assume that the sediment volume and related net-depositional sediment flux do not include

significant compactional effects (i.e. they are decompacted).

Although the scaling methodology is powerful in allowing predictions based on scaling
between different segments of the sediment routing system, and it can be applied to
ancient systems whose morphology is imaged in seismic data (e.g., Semme et al., 2013), the
scatter of data around each scaling relationship is large. Additional uncertainty is introduced
by the use in our analysis of slope length as a scaling parameter, and of basin-floor fan
volume as a proxy for sediment volume. The resulting uncertainty is such that
geomorphological parameters can be predicted only within one-to-three orders of

magnitude.
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2.3. “Fulcrum” model

The “fulcrum” model uses the palaeohydrological parameters of trunk-river channels to
estimate downsystem sediment flux in ancient sediment routing systems, by assuming that
the sediment mass transported through a cross-section of the trunk channel (i.e. the
“fulcrum”) is balanced by the sediment mass eroded upsystem and deposited downsystem
(Holbrook and Wanas, 2014) (Fig. 1D). The model relies on preservation of the trunk-river
palaeochannel, which links the up-system catchment segment to the down-system slope
and basin-floor segments. The position and dimensions of the trunk-river palaeochannel are

assumed to be fixed during the period over which sediment flux is estimated.

The first step in applying the “fulcrum” model is to estimate the wetted perimeter of the
trunk-river palaeochannel, and to sample representatively its bedload grain size (Holbrook
and Wanas, 2014). Typically, palaeochannel wetted perimeter is estimated as the product of
averaged bankfull depth, Hu, and bankfull width, By, which assumes a rectangular
palaeochannel (Holbrook and Wanas, 2014), although it can be measured directly in modern
channels and well-preserved palaeochannels. Palaesochannel depth can be approximated
from the measured thickness of a palaeochannel-fill storey (e.g., using the criteria of Bridge
and Tye, 2000), which is then decompacted (e.g., Ethridge and Schumm, 1978), or estimated
from cross-set thickness (e.g., Leclair and Bridge, 2001; Ganti et al., 2019), although it
should be noted that the averaged bankfull depth of a palaeochannel is smaller than its
thalweg depth. Palaeochannel width can be either directly measured, if data are available
(e.g., at outcrop), or estimated using one or more empirical relationships linking channel
depth and width in modern rivers (e.g., Bridge and Mackey, 1993). Some combinations of
bankfull palaeochannel width (By) and averaged bankfull depth (H.s) are inconsistent with
input data. To identify such combinations, and remove them from our analysis, we estimate

palaeochannel hydraulic radius, Ry, and use it as a filtering parameter:
Res = (Bos Hp)/ ( Bos + 2Hpy) (4)

Median bedload grain size, Dsq, can be approximated by the grain size of dune-scale cross-

bed sets in the lower part of a palaeochannel-fill storey (Holbrook and Wanas, 2014).



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

Christopher Brewer Sediment Flux Manuscript Imperial College London

The second step is to estimate bankfull discharge of water and sediment through the
palaeochannel (Holbrook and Wanas, 2014). This requires estimation of palaeochannel
slope, S. Channel slope can be measured directly in modern channels, or estimated, as in the

original version of the fulcrum approach, by:
50 = (Hpr S)/(ps-w Dso) (5)

where t¥y55 is the bankfull Shields stress (dimensionless shear stress) for the entrainment of
sand or granules (which is taken to be 1.86 after Parker, 1978) at median grain size and ps.,,

is the dimensionless value of submerged density of bedload sediment grains:

Ps-w= (ps /pw) -1 (6)

where p; is the density of bedload sediment grains and p,, is the density of water. ps.,, has a
value of 1.65 for quartz. While gravel bed rivers have Shields stresses which are typically of
the order of 0.06, and suspension dominated systems have Shields stresses of the order of
10, the use of t*,0 ~ 2 would be consistent with mixed load systems (Dade and Friend,

1998). Channel bankfull discharge, Qyy, is estimated using:
Cr [(Quf )/ (Bof Huf)l = g Hee S (7)
CY% = 8.32 (Hpf / ki) (8)

where G is the dimensionless Chezy friction coefficient, and ks = H,y/8 (after Leclair and
Bridge, 2001). Bankfull discharge of suspended load is estimated according to the method of

Van Rijn (1984). Consequently, total bedload discharge, Quq, is estimated as:
Qtof = Bof (0s-w 9 Do) Dsp ¢ (s T*pps0 - T*)™ (9)

where g is the acceleration due to gravity (9.81 ms™) and, from the estimation of Engelund
and Hansen (1967) for sand-bed rivers, a; = ag/Cr, agy = 0.05, ny = 2.5, s = 1, t*. = 0.
Finally, the total mean annual sediment volume discharged through the channel, Qp.s, is

given by (Holbrook and Wanas, 2014):

Qmas = Qpts (tbd) b (10)

where Qs is the average total bankfull sediment discharge rate (combining bedload
discharge, Q:, and suspended load), tp, is the year-averaged bankfull duration, and b is a

dimensionless multiplier expressing the inverse of the proportion of the total annual
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sediment load carried over the year-averaged bankfull duration — this can also be referred
to as the intermittency of sediment transport (e.g., Parker et al., 1998; Singh et al., 2009). It
is important to note that there is wide variability in the proportion of time for which rivers
are at bankfull discharge in modern systems, which is when the majority of sediment
transport is assumed to occur (e.g., Meybeck et al., 2003), but a value of 2% (i.e., 7.3 days
per year) is taken to be a default value for t,, in the original form of the fulcrum approach
(Holbrook and Wanas, 2014). The calculated value of Qs represents the annual mean
sediment flux through the trunk-river palaeochannel, and is multiplied by the duration of
the time interval under investigation to give the volume of sediment transported through

the palaeochannel.

In principle, the “fulcrum” model allows the use of sparse, high-resolution datasets that
intersect trunk-river palaeochannels and sample representatively their palaeohydrological
archive (e.g., core or outcrop data through a palaeochannel axis) to reconstruct sediment
flux. There are multiple sources of potential error and uncertainty in each step of applying
the “fulcrum” model to ancient sediment routing systems, including misidentification of the
trunk river palaeochannel, incorrect measurement of palaeochannel dimensions (Hys, By)
due to incomplete preservation, approximations in each of the palaeohydraulic and
sediment transport equations (which become compounded as multiple equations are used),
and underestimation or overestimation of year-averaged bankfull duration (ts,s). To date,
this method has been tested on three ancient sediment routing systems: the outcropping
Cretaceous Bahariya Formation, Egypt (Holbrook and Wanas, 2014) and Cretaceous Ferron
Sandstone, USA (Sharma et al., 2017), and the Cretaceous Dunvegan Formation, Canada,
using a combination of well-log, core and outcrop data (Lin and Bhattacharya, 2017). In
these cases, comparison with mapped sediment volumes in down-system locations suggests
that the “fulcrum” model generated a robust order-of-magnitude estimate of sediment flux.
In our analyses below, we report values of sediment flux derived using the “fulcrum” model

in units of km?/Myr.

2.4. Errors and uncertainty
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As outlined above, each of the three sediment flux estimation methods has multiple sources
of error, arising from measurement accuracy, and uncertainty, arising from the use of
sparse data distributions. Three approaches have been taken to characterise error and

uncertainty in using the different estimation methods.

Where mathematical models between input and output parameters are simple, such as in
the power-law geomorphological scaling relationships of Semme et al. (2009) and Nyberg et
al. (2018), then uncertainty can be propagated using an appropriate mathematical
relationship. In our analysis, we use the graphical expression of the geomorphological
scaling relationships presented by Semme et al. (2009) for: (1) length of main (trunk) river
channel vs. slope length; and (2) slope length vs. basin-floor fan volume to estimate basin-
floor fan volume as a proxy for sediment volume, which is equivalent to multiplying the
fractional uncertainty in the length of the trunk river channel by the product of the two
power-law coefficients. The best-fit trendlines for graphs of the scaling relationships (from
figure 15 of Sgmme et al., 2009) were used to derive most likely estimates of, first, slope
length and then, second, basin-floor fan volume. Trendlines defining the 90% confidence
envelope for each scaling relationship (from figure 15 of Sgmme et al., 2009) were used to
derive minimum and maximum estimates of slope length and thus basin-floor fan volume,
to define uncertainty in the predicted volumes. The resulting uncertainty is large, because
the 90% confidence envelope for each scaling relationship encompasses one-to-three
orders of magnitude, and because the range of uncertainty in basin-floor fan volume has
been propagated from two scaling relationships. The resulting estimates of basin-floor fan
volume have been divided by a single value for the duration of deposition of the sediment
routing system, which does not account for uncertainty in age dating, to give estimates of

net-depositional sediment flux.

Where mathematical models between input and output parameters are complicated and
there is large uncertainty in the input parameters, such as in deep-time applications of the
BQART or “fulcrum” models, then Monte Carlo simulation is appropriate for uncertainty
propagation (e.g., Hammersley and Handscombe, 1964), as demonstrated elegantly for the
BQART model by Zhang et al. (2018). Ranges and an associated distribution of values for
each input parameter in the BQART or “fulcrum” models (e.g., rectangular, triangular,

normal, log normal) were chosen for the parameter values, to quantify uncertainty in input
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parameters, and then uncertainties were propagated using Monte Carlo simulation. This
resulted in probability distribution outputs of estimated sediment flux. It is assumed that
there is no uncertainty in the formulation of the BQART or “fulcrum” models, such that the
multipliers and power law coefficients assigned to input parameters are held constant in the
Monte Carlo simulation. For example, constant values of the multiplier (@) and power law
coefficients assigned to Q, (0.31), A (0.5), B, R, and T (1) are used in our Monte Carlo
simulation of the BQART model. A sufficiently large number of simulated samples, or trials
(10,000 runs, as per convention, in our analysis), must be generated to assess uncertainty in

sediment flux.

Where a probabilistic approach to sediment-flux estimation is inappropriate, because there
is negligible measurement error and input parameters do not exhibit continuous
distributions, then it may be appropriate to develop multiple deterministic scenarios to
characterise uncertainty. Watkins et al. (2019) used a scenario-based approach in their
application of the BQART model to sub-modern sediment routing systems, in which
catchment characteristics were subject to negligible measurement error and a small number
of discrete age models (with corresponding climate characteristics) was considered. Below,
we adopt a similar scenario-based approach to applying the “fulcrum” model to the same
sub-modern sediment routing systems, since input hydrological parameters have little

measurement error (e.g. channel wetted perimeter).

3. Application to Eocene sediment routing system of the South Pyrenean Foreland Basin

3.1. Geological setting

The first sediment routing system investigated in this study — the Escanilla sediment routing
system — is upper Eocene in age, and developed in the wedge top of the South Pyrenean
Foreland Basin system, in the present-day Tremp-Graus, Ainsa, and Jaca basins (Fig. 2) (e.g.
Michael et al., 2013; Allen et al., 2013). Provenance analyses and geologic mapping show
that the upstream source catchments of the sediment routing system lay in the Pyrenean

Axial Zone, from which sediment was routed southward through the Gurb-Pobla, Sis and
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Santa Orasia palaeovalleys into the west-to-east-trending wedge top (Michael et al., 2014b)
(Fig. 2). From east (up-system) to west (down-system), the deposits of the sediment routing
system comprise: (1) alluvial conglomerates in the palaeovalley fills; (2) fluvial gravels,
sandstones, siltstones and mudstones in the Tremp-Graus and Ainsa basins; and (3) deltaic,
slope and basin-floor sandstones, siltstones and mudstones in the Jaca Basin. The footprint
or “fairway” of the Escanilla sediment routing system has been reconstructed via integration
of a range of methods, including detailed mapping, sedimentological logging, sedimentary
provenance analysis, biostratigraphic correlation, thermochronological data, and analysis of
grain-size patterns, using extensive exposures of late Eocene strata in the Southern
Pyrenees (Whitchurch et al., 2011; Whittaker et al., 2011; Parsons et al., 2012; Michael et
al., 2013, 20144, b; Armitage et al., 2015).

Michael et al. (20144, b) identified three time intervals within the Escanilla sediment routing
system (Escanilla Formation and time-equivalent strata). The upper part of the system was
the most areally extensive and was deposited in a 2.6 Myr period, from 36.5 to 33.9 Ma
(interval 3 of Michael et al.,, 2013, 2014a, b), based on biostratigraphic and
magnetostratigraphic data with a temporal resolution of 0.5 Myr. This latter time interval is
the one considered in our analysis below. Palaesocatchment area, A, and relief, R, are
estimated to be between 4,000-19,000 km? and 1-5 km, respectively (Table 2), based on
sedimentary provenance analysis, regional bedrock mapping, and exhumation rates
constrained by fission track analysis (Michael et al., 2014a). The length of the Escanilla
trunk-river palaeochannel is estimated at 80-140 km (Table 2), from mapping of the
sediment routing system “fairway” (Michael et al. (2013, 2014b). Channelized fluvial
sandbody widths and thicknesses have been measured using geo-referenced LIDAR and
high-resolution photographic data, supplemented by direct field measurements, in the
southern part of the Ainsa Basin (Fig. 2) (Labourdette, 2011). The internal architecture of
the channelized sandbodies indicates that they generally record deposition from multiple-
thread, braided-rivers, in which multiple channels were active at the same time (Dreyer et
al., 1993; Labourdette, 2011). Palaeochannel-fill storeys comprise mainly coarse- to
medium-grained, cross-bedded sandstones, which overlie basal gravels (Labourdette, 2011).
Palaeoclimate is reconstructed to have been warm, dry and seasonal, using a combination

of palaeobotanical data, oxygen isotope proxies, and climate model predictions (Cavagnetto
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and Anadon, 1996; Zachos et al., 2001, 2008; Scheibner et al., 2007; Pound and Salzmann,
2016; Inglis, et al. 2017).

Michael et al. (2014a) calculated the volume of the Escanilla sediment routing system
deposits in the interval of interest (their interval 3) to be 1750 + 157 km?* after burial and
compaction. The uncertainty in this volumetric estimate accounts for projection of sediment
volumes between mapped outcrops. Given the estimated 2.6 Myr duration of this interval,
the estimated accumulation rate of compacted sediment is 682 + 61 km>/Myr (Michael et
al., 2013, 2014b). An additional volume of c. 80 km? is estimated to have been removed by
localised erosion at the overlying base-Oligocene unconformity; incorporating this volume
results in an estimated value of 713 + 61 km>/Myr for the accumulation rate of compacted
sediment (Michael et al., 2014b). The reported sediment volumes and accumulation rates
include an estimated average porosity of 13% (Michael et al., 2014a). Assuming an initial
porosity at surface of 55% (e.g., Sclater and Christie, 1980; Watkins et al., 2019) gives a
decompacted sediment accumulation rate of 1380 + 118 km?/Myr. The budget of the
sediment routing system is not completely closed during the interval of interest, because
the routing system “fairway” likely extends beyond the down-system (westward) limit of

outcrop control (Michael et al., 2013, 20144, b).

3.2. Application of BQART model

The value ranges and distributions of five input parameters (B, Q,, A, R, and T) are
estimated in applying the BQART model to estimate sediment flux in the Escanilla sediment
routing system (Equation 1a; Table 2, based on published constraints outlined above). These

distributions were then combined using Monte Carlo simulation.

Catchment area, A, is assigned a rectangular distribution with a range of 4,000-19,000 km?
to indicate high uncertainty. The maximum catchment relief, R, is assigned a triangular
distribution with the range 1-5 km and a mode of 2.5 km. The estimated range of
catchment-averaged temperature, T, is 19-25 °C, and a triangular distribution is assigned
with a mode of 22 °C. Water discharge, Q,, is estimated to have a rectangular distribution
with the range 1.0-6.4 km3/Myr, using the empirical relationship between Q,, and A derived

by Milliman and Syvitski (2007) (Equation 3). B represents the effects of anthropogenic,
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glacial and lithological influence on Qs (Equation 2), and is assigned a value of 1. This is
consistent with the lack of evidence for glacial erosion in the Axial Pyrenean Zone during the
Eocene (i.e., I = 1), the evident absence of anthropogenic influence (i.e., E, = 1, T¢ = 0), and
global compilations of catchment-averaged lithology factor (i.e., L = 1; cf. Table A41.1 in
Allen and Allen, 2013). The globally averaged value of L = 1 is consistent with a mixture of

hard and soft bedrock lithologies (Syvitski and Milliman, 2007).

3.3. Application of geomorphological scaling relationships

The Escanilla trunk river palaeochannel is assigned a length of 80-140 km (Table 2), which
gives an estimated, decompacted terminal sediment volume of 146-2790 km®. A single value
of duration (2.6 Myr) was then used to calculate the range of sediment-flux estimates that
correspond to this range of sediment volumes. The reported values of sediment-flux
estimates form a triangular distribution with a modal value that represents a trunk-river
channel length of 110 km, the best-fit trendline for trunk-river channel length vs. slope
length, and the best-fit trendline for slope length vs. basin-floor fan volume. The minimum
value of the triangular distribution represents a trunk-river channel length of 80 km, the
lower 90%-confidence-envelope trendline for trunk-river channel length vs. slope length,
and the lower 90%-confidence-envelope trendline for slope length vs. basin-floor fan
volume. The maximum value of the triangular distribution represents a trunk-river channel
length of 140 km, the upper 90%-confidence-envelope trendline for trunk-river channel
length vs. slope length, and the upper 90%-confidence-envelope trendline for slope length

vs. basin-floor fan volume.

3.4. Application of “fulcrum” model

We infer that the Escanilla sediment routing system was supplied by three trunk channels
that drained the Gurb-Pobla, Sis and Santa Orasia catchments (Fig. 2). A cross-section
through the trunk channel downstream of the confluence between the Gurb-Pobla and Sis
tributaries was treated as the fulcrum, since the contribution from the Santa Orasia

tributary was relatively small (c. 16% of sediment discharge; Michael at al., 2014b). We
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assume that the channelized fluvial sandbodies characterised by Labourdette (2011) are
representative of the trunk palaeochannel downstream of this confluence. Values of
palaeochannel bankfull width, B, and averaged bankfull depth, Hp, are taken to be
identical to the widths and thicknesses of single-storey channel bodies and multilateral
channel belts reported by Labourdette (2011). After decompacting by 8%, consistent with
the clean, sandstone-dominated character of the palaeochannel fills (Scherer, 1987; Lander
and Walderhaug, 1999), values of By, and Hys are estimated to be 40-390 m and 3-20 m,
respectively (Table 2), with modal values of 150 m and 10 m and with triangular
distributions. Palaeochannel hydraulic radius, Ryy, is calculated for the single-storey channel
bodies and multilateral channel belts reported by Labourdette (2011), with a range of 2.5-
17.9 m and a triangular distribution (mode of 9.9 m). Median bedload grain size, Dsy, is
estimated to be 0.4-0.8 mm (Table 2) with a rectangular distribution, based on the

descriptions of Labourdette (2011).

A range of estimated values for palaeochannel slope, S, is calculated using Equation (5), our
estimated ranges of Hy and Dsp, and assuming a triangular distribution of values for
submerged density of sediment grains, ps.,, with a range of 1.60-1.70 and mode of 1.65, and
bankfull Shields number for dimensionless shear stress, ™50 (1.86, after Parker, 1978)
(Table 2). A range of estimated values for channel bankfull discharge, Qu;, and bedload
discharge, Qq is calculated using Equations (7), (8) and (9). We do not know the
intermittency of sediment transport within the upper Eocence Escanilla formation, so we
have used a triangular distribution of values for year-averaged duration of bankfull
conditions, tpy, with a range of 0.1-120 days and mode of 7.3 days (corresponding to the
default value of Holbrook and Wanas, 2014) (Table 2). Using Equation (10) and the various
parameter values above, the estimated range of total mean annual sediment volume

discharged through the trunk-river palaeochannels, Qqs, is calculated.

The parameters listed above, and summarised in Table 2, reflect uncertainty in the
palaeohydraulic parameters used to estimate sediment flux in the “fulcrum” model. These
parameter ranges and distributions were combined using Monte Carlo simulation to give a

probability distribution of sediment-flux estimates (Fig. 4).
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3.5. Results of sediment-flux estimation methods

The results of the three sediment-flux estimation methods and the independent reference
value of sediment flux for the Escanilla Formation are displayed in Figure 5. All three
methods generate ranges of sediment-flux estimates that are wide, over 1-3 orders of
magnitude, but they do include the reference value. The geomorphological scaling
relationships generate the smallest range of values (146-2790 km3/Myr), and the median
value (1100 km*/Myr) gives the closest match to the reference value. The “BQART” and
“fulcrum” models generate larger ranges of values (308-9050 km?®/Myr and 21-111,000
kma/Myr, respectively), indicating greater uncertainty in the input parameters for these
estimation methods, and have higher median values (1790 km?/Myr and 11,600 km*/Myr,
respectively). Using only a single value for year-averaged duration of bankfull conditions, tyq,
of 7.3 days (i.e. the default value of Holbrook and Wanas, 2014) greatly reduces the range of
values (114-8370 km?/Myr) and median value (2330 km?/Myr) generated by the “fulcrum”

model.

The large ranges of predicted sediment-flux values for each estimation method are clearly
due to the significant uncertainties in the input parameter values. For the geomorphological
scaling relationships, this uncertainty is reflected in the large width of 90% confidence
envelope surrounding the best-fit trendlines, which are propagated in our calculations. In
our application of the “BQART” model, uncertainty principally resides in catchment area, A
(51%), and catchment relief, R (33%), rather than palaeoclimatically controlled parameters
Qu (8%), which reflects precipitation, and T (7%) (Fig. 6). In our application of the “fulcrum”
model, uncertainty in estimated sediment flux is principally associated with year-averaged
bankfull duration, t,; (56%), but there are significant contributions from bankfull
palaeochannel width, By (22%), and grain size, Dsp (19%) (Fig. 7). Averaged bankfull
palaeochannel depth, Hy;, palaeochannel hydraulic radius, Ry, and submerged density of
bedload grains, ps., contribute little to uncertainty in sediment flux (2%, 1% and 0%,

respectively (Fig. 7).
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4. Application to late-Pleistocene-to-Holocene sediment routing systems of the Gulf of

Corinth Rift Basin

4.1. Geological setting

The Gulf of Corinth Rift Basin is an active, asymmetrical, West-East-trending basin in
southern central Greece that is undergoing rapid North-South-directed extension (5-15
mm/yr) (e.g., Bell et al., 2008; Taylor et al., 2011; Ford et al., 2013; Nixon et al., 2016) (Fig.
8). Basin rifting initiated in the early Pliocene, at <5 Ma (e.g., Ori, 1989; Ford et al., 2013;
Nixon et al., 2016).The basin depocentre is occupied by the Gulf of Corinth, a nearly fully
enclosed marine inlet of the lonian Sea located between mainland Greece and the
Peloponnese peninsula (Fig. 8). The Gulf of Corinth has a surface area of c. 2500 km?, is 135
km long (West-East extent), is up to c. 30 km wide (North-South extent), and reaches a
maximum depth of c. 860 m (Fig. 6) (Nixon et al., 2016). A large number of catchments (73
with area >5 kmz; Watkins et al., 2019, 2020) drain into the Gulf of Corinth depocentre.
Effectively the Gulf represents a closed basin, bounded by the Rion sill at a water depth of
60 m at its western end during interglacials, and forming an isolated lake during glacial
times (Nixon et al., 2016). The late Pleistocene (c. 130 ka) to Holocene sediment routing
systems that supply the Gulf of Corinth depocentre have been characterised by Watkins et
al., (2019) using geomorphological analysis of a 30-m-spatial-resolution Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital elevation model
(DEM) and field mapping of their subaerial components (cf. catchment and shelf segments
of Sgmme et al., 2009), and high-resolution seismic mapping of their subaqueous
components (cf. slope and basin-floor segments of Sémme et al., 2009). Seismic data do not
fully cover the subaqueous shelf. The shelf sedgment was estimated to contain only a small
proportion (c. 6%) of the total sediment volume via extrapolation of the seismically mapped
Holocene isopach, and sediment volumes mapped for the slope and basin-floor segments
were then scaled accordingly (Watkins et al,. (2019). The resulting analysis has constrained
sediment volumes in the depocentre, and estimated sediment fluxes from the associated

catchments using the BQART model (Watkins et al., 2019).
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Based on seismic-stratigraphic mapping of the Gulf of Corinth depocentre, time-to-depth
conversion of seismic-stratigraphic volumes, seismic-well ties to establish stratal ages, and
decompaction using the porosity-depth relationships of Angevine et al. (1990) and Nixon et
al. (2016), Watkins et al. (2019) calculated the decompacted sediment volumes supplied by
all sediment routing systems during the Holocene (0-12 ka; time interval 1 of Watkins et al.,
2019) and late Pleistocene (12-130 ka; time intervals 2 and 3 of Watkins et al., 2019) to be
16 and 114 km®, respectively. Each volume is divided by the duration of the relevant time
interval, to give sediment accumulation rates of 1330 km3/Myr for 0-12 ka and 970 kma/Myr
for 12-130 ka.

4.2. Application of BQART model

Watkins et al. (2019) document in detail the application of the BQART model to late
Pleistocene (c. 130 ka) to Holocene sediment routing systems in the Gulf of Corinth Rift
Basin, via the use of three scenarios with different age models for mapped seismic-
stratigraphic units. Subsequently, age data collected by International Ocean Drilling
Programme (IODP) Expedition 318 (McNeill et al., 20194, b) indicate that only scenario 1 of
Watkins et al. (2019) remains valid, and only this scenario is considered below. Values for
catchment drainage area, A, and maximum catchment relief, R, were measured from the
high-resolution DEM for all 73 large catchments (area >5 km?) that drain into the Gulf of
Corinth Rift Basin. A and R were assumed to have remained identical to the present during
the last 130 kyrs, except that the value of R was increased by 60 m during the Last Glacial
Maximum (12-70 ka), when sea level fell below the Rion sill (Watkins et al., 2019)/ As these
measurements of A and R are very well constrained and have little error, no uncertainty was
assigned to them. Values of long-term catchment-averaged temperature, T, and water
discharge, Q., were derived, respectively, from mean annual temperatures for the Gulf of
Corinth Rift Basin and from mean annual precipitation for each catchment. Watkins et al.
(2019) generated multiple estimated values of T and Q,, for different time intervals of the
last 130 kyrs (their Table 2). For time interval 1 (Holocene, 0-12 ka), catchment-specific
values of modern T and mean annual precipitation (544-880 mm/yr) were taken directly

from the high-resolution WorldClim datasets for 1950-2000 (Hijmans et al., 2005). An
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uncertainty of 10% was applied to these values. For time interval 2 (12-115 ka), values of T
and catchment-specific mean annual precipitation were estimated using combinations of
three different global climate models for the Last Glacial Maximum (12-70 ka) and the
WorldClim datasets (Watkins et al., 2019); the possibility that rainfall was reduced by 200
mm/yr was also modelled based on palynological studies that suggested drier conditions
prevailed at some times during the last glacial cycle. For time interval 3 (115-130 ka), the
value of T (15 °C) was modified from the World-Clim datasets to account for a possibly
warmer climate than the current interglacial, and values of catchment-specific mean annual
precipitation (544-880 mm/yr) were taken directly from the WorldClim datasets, assuming
the Holocene is representative of the period (Watkins et al., 2019). B is assigned a value of
1, consistent with the absence of glacial erosion (i.e., / = 1), anthropogenic influence (i.e., E,
=1, Tr = 0), and global compilations of catchment-averaged lithology factor (i.e., L = 1; cf.
Table A41.1 in Allen and Allen, 2013). As noted previously, the globally averaged value of L =
1 is consistent with a mixture of hard and soft bedrock lithologies (Syvitiski and Milliman,

2007).

4.3. Application of geomorphological scaling relationships

The length of the trunk river channel in all 73 large catchments (area >5 kmz) was measured
from the high-resolution DEM. These lengths range from 1.8 km to 38.6 km. All resulting
estimates of terminal sediment volume have been divided by the duration of the time
interval 0-130 ka to give a triangular distribution of net-depositional sediment-flux
estimates for each sediment routing system. The modal value for each triangular
distribution represents the trunk-river channel length of a specific catchment, the best-fit
trendline for trunk-river channel length vs. slope length, and the best-fit trendline for slope
length vs. basin-floor fan volume. All net-depositional sediment-flux estimates assume that

all sediment eroded from the catchment was bypassed to the basin-floor fan.
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4.4. Application of “fulcrum” model

The “fulcrum” model was applied to each of the 73 sediment routing systems with large
catchments (area >5 km?), using direct field measurements. Values of channel bankfull
width, By, and averaged bankfull depth, Hy;, (3.1-126.2 m and 0.5-2.7 m, respectively),
channel wetted perimeter, channel slope, S, and median bedload grain size, Dsp, (0.2-229
mm) were measured at the mouth of each catchment (Watkins et al., 2020). Channel
bankfull discharge, Quy, is calculated for each catchment using Equations (7) and (8), and
measurements of channel wetted perimeter and S. Total bedload discharge, Qi is
estimated for each catchment using Equation (9), measurements of By and D5, assumed
values of ps.,, (1.65 for quartz) and ¥z (1.86, after Parker, 1978), and estimated values of
other parameters for sand-bed rivers (agy = 0.05, n; = 2.5, @s = 1, t*. = 0; Engelund and
Hansen, 1967). The year-averaged bankfull duration, t,4, of all catchments is estimated to be
4 hours per year from the WorldClim datasets (Watkins, 2019). Using Equation (10) and the
various parameter values derived as stated above, the estimated total mean annual
sediment volume discharged through the trunk-river palaeochannel, Q.s, is calculated for
each catchment (Fig. 9, reported in km>/Myr). Fewer than c. 10% of the catchments (7 of 73)
supply c. 70% of the sediment flux to the Gulf of Corinth depocentre (Fig. 9). We assume
that field measurements of By, Hp, channel wetted perimeter, S, and Dsp are accurate and
representative, and that they can be applied to all three time intervals of Watkins et al.
(2019). There is negligible error arising from direct field measurements in our estimates of
sediment flux generated by the “fulcrum” model, but we apply a standard uncertainty of
10% that is consistent with the uncertainty in Watkins et al.’s (2019) application of the
BQART model.

4.5. Results of sediment flux estimation methods

The results of the three sediment flux estimation methods and the reference value of
sediment flux are displayed in Figure 10. Corresponding sediment volumes are reported in
Table 3, for time intervals 0-12 ka and 12-130 ka. The “BQART” model generates sediment
flux values (1600-1950 km3/Myr and 1340 km3/Myr, respectively, for time intervals 0-12 ka

and 12-130 ka) that are comparable to the reference values of sediment accumulation rate
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(1330 and 970 km>3/Myr for time intervals 0-12 ka and 12-130 ka) (Watkins et al., 2019). The
“fulcrum” model generates similar sediment flux values (730-890 km>/Myr for time interval
0-130 ka). The hydraulic, topographic and climatic input parameters for both “BQART” and
“fulcrum” models can be measured directly for each of the 72 sediment routing systems
(Fig. 8), assuming that these are representative for the time interval of interest. The
geomorphological scaling relationships generate much larger, but less certain, estimates
(range of 150-8,060,000 km?/Myr and median value of 12,100 km?*/Myr for time interval 0-
130 ka). This distribution of values is undoubtedly too high, given the geological constraints
on the actual depositional volumes. However, the sediment routing systems measured in
the Gulf of Corinth Rift Basin are much smaller than those in the datasets of Semme et al.
(2009) and Nyberg et al. (2018), which focus on large systems developed at continental
margins. Accordingly, the empirical scaling relationships may benefit from further

calibration to small, climatically arid systems, such as those in the Gulf of Corinth Rift Basin.

5. Discussion

5.1. When is it appropriate to use each sediment flux estimation method?

Our analysis of the Escanilla and Gulf of Corinth sediment routing systems indicates that the
BQART model, geomorphological scaling relationships and the “fulcrum” model are all
capable of generating estimates of sediment fluxes for ancient sediment routing systems
that are accurate, at least to one order of magnitude, compared to independent estimates
of sediment accumulation rate derived from mapped, dated sediment volumes (Figs. 5, 10).
The choice of method should therefore depend on the types of input data available and the
uncertainty in these data, which will likely reflect the age and preservation of the sediment

routing system being examined.

Where accurate palaeoclimatic and palaeotopographic data are available for individual or
multiple catchments, then the BQART model is appropriate. This approach is relatively
simple to apply and does not depend on a range of palaeohydraulic and sediment transport

equations that may be difficult to calibrate from sparse outcrop or subsurface data.
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However, the accuracy and availability of palaeoclimatic and palaeotopographic data is far
greater for sub-modern systems (e.g., Gulf of Corinth sediment routing systems; Fig. 10),
and the uncertainty associated with such data increases significantly for deep-time settings,
for which palaeocatchment dimensions and relief may be difficult to estimate (e.g., Escanilla

sediment routing system; Figs. 5, 6).

In cases where accurate palaeohydraulic data can be reliably reconstructed from outcrop
studies for a trunk river(s) (e.g., Holbrook and Wanas, 2014; Sharma et al., 2017; Lin and
Bhattacharya, 2017), then the “fulcrum” model is appropriate. In sub-modern sediment
routing systems, identification of trunk-river channels is straightforward (e.g., Gulf of
Corinth sediment routing systems; Fig. 8), but this may not be the case in deep-time
sediment routing systems, particularly in the absence of extensive outcrop and 3D seismic
data. However, our analysis of the Gulf of Corinth Rift Basin implies that, at the basin scale,
it is sufficient to characterise the trunk rivers of the largest sediment routing systems, which
account for most of the sediment flux (Fig. 9). The “fulcrum” model is particularly sensitive
to uncertainty in the proportion of time for which rivers are at bankfull discharge (Fig. 7),
which is poorly constrained in modern rivers (e.g., Meybeck et al., 2003) and even more
uncertain in deep-time settings. This uncertainty could be reduced, to an extent, by
consideration of catchment size and palaeoclimate, which both influence discharge

variability (Meybeck et al., 2003).

Geomorphological scaling relationships offer comparable, order-of-magnitude accuracy for
both sub-modern and deep-time sediment routing systems (e.g., Figs. 6, 8), provided that
geomorphological segments can be identified effectively in available data. The accuracy of
this method is determined by the large intrinsic uncertainty of the scaling relationships,
which follow a power law and exhibit one-to-three orders of magnitude range between 90%
confidence limits. This large uncertainty is a poor match to the high accuracy and extensive
distribution of available data for many sub-modern sediment routing systems (e.g., Gulf of
Corinth sediment routing systems; Fig. 10), but is likely to be more appropriate for their
data-poor, deep time counterparts (e.g., Escanilla sediment routing system; Fig. 5). In deep-
time systems, identification of geomorphological segments requires seismic and/or large-

scale outcrop data, and the absence of major post-depositional structural deformation.
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Where available data allow more than one of the three estimation methods to be applied,
then estimates can be cross-checked against each other (e.g., Figs. 5, 10) to increase
confidence in the results. Such cross-checking is valuable in mitigating the effect of errors
and uncertainty specific to the BQART model, geomorphological scaling relationships and

“fulcrum” model.

5.2. What are the key sensitivities for each sediment-flux estimation method?

In applying the BQART model to the catchments of sediment routing systems in deep time,
when anthropogenic influence was absent, palaeoclimatic parameters related to
temperature and precipitation (7, Q,) provide one source of uncertainty; catchment palaeo-
topography and area provide the other (4, R) (e.g., Fig. 6). Sediment flux estimates are
linearly proportional to T and R, so these two parameters are particularly important.
Catchment palaeo-topography can be constrained by a combination of sedimentary
provenance, structural restoration, thermochronometric data that constrain spatio-
temporal denudation variations, stable isotope data that constrain palaeoaltimetry, and
tectonic analogues (e.g. Rowley and Garzione, 2007; Fan et al., 2014; Michael et al., 2014b).
However, the catchments of deep-time sediment routing systems are only rarely preserved,
and sediment-flux estimates may be highly sensitive to catchment palaeo-topographic
parameters even in systems with robust geological constraints on A and R (e.g., Escanilla
sediment routing system; Fig. 6). Palaeoclimate can be estimated using oxygen isotope
geochemistry, palaeontology of flora and fauna, palaeopaedology, and palaeoclimate
models (e.g., Hays and Grossman, 1991; Wolfe, 1995; Sheldon and Tabor, 2009). Both
palaeoclimatic and catchment-palaeotopographic parameters can also be constrained to
some extent by sedimentological facies-architectural analysis of outcrop data that aid

screening for modern analogues (e.g., Davidson and North, 2009).

The “fulcrum” model is highly sensitive to year-averaged bankfull duration (t,,), and to a
lesser degree to palaeochannel dimensions (B, Hyf) and bedload grain-size characteristics
(Dso) (e.g., Fig. 7). Bedload grain size can be directly measured in outcrop and core, or
estimated from wireline-log proxies such as porosity, and is thus likely to be relatively well

constrained in both sub-modern and deep-time sediment routing systems. Palaeochannel
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dimensions can be reconstructed from sedimentological facies-architectural analysis of
outcrop data, or approximated using core and wireline log data in combination with
empirical relationships linking channel width and depth in modern rivers (e.g., Hampson et
al. 2013), but with greater uncertainty in deep-time systems than in sub-modern systems.
The duration of bankfull discharge, when most suspended load and bedload was
transported, reflects palaeoclimate and palaeohydrology, and is far harder to constrain in
deep time than palaeochannel dimensions and bedload grain size. This parameter also
varies significantly in modern rivers, from a few hours per year in ephemeral rivers
developed under arid and semi-arid climates (e.g., Gulf of Corinth; Watkins, 2019) to over
100 days per year in perennial rivers developed under humid climates (e.g., Mississippi
River; LMRFC, 2019). These extreme values differ by up to three orders of magnitude from
the default value of 7.3 days per year proposed by Holbrook and Wanas (2014). The
duration of bankfull discharge therefore has a much greater impact on estimated sediment
flux than palaeochannel depth, palaeochannel width or bedload grain size. For example,
using the default value of 7.3 days per year for the Gulf of Corinth sediment routing
systems, rather than the estimate of 4 hours per year from the WorldClim datasets (Watkins
2019), results in over a 40-fold increase in estimated sediment flux. Consideration of
palaeoclimate may allow values of t,y to be estimated with greater accuracy using modern
analogues, rather than using the default value. Each of the input parameters for the
“fulcrum” model (By;, Hps, Dso, toe) may also vary through time, such that it may not be
straightforward to establish average values of these parameters over the time scale of

interest.

Geomorphological scaling relationships inherently carry large uncertainty, as reflected in
their wide 90% confidence envelopes (Semme et al., 2009; Nyberg et al., 2018). Such large
uncertainty is appropriate in analysing poorly preserved deep-time sediment routing
systems, but means that other methods are better equipped to provide accurate and
reasonably constrained estimates of sediment flux in sub-modern systems that are rich in
palaeoclimatic, palaeohydraulic and catchment-palaeotopographic data. As noted earlier in
applying this estimation method to the Gulf of Corinth sediment routing systems, these
scaling relationships could also potentially be further refined, thereby reducing uncertainty,

by screening for system size, climate and tectonic setting (cf. Nyberg et al., 2018). For
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example, the tectonic setting, size and morphology of the small sediment routing systems in
the Gulf of Corinth are very different from the large systems on passive margins from which

the methodology was developed.

6. Conclusions

Three methods for estimating sediment flux are compared using data from the deep-time
Escanilla sediment routing system (Eocene South Pyrenean Foreland Basin, Spain) and sub-
modern Gulf of Corinth sediment routing systems (late-Pleistocene-to-Holocene Gulf of
Corinth Rift Basin, Greece). The empirical BQART model uses input parameters linked to
palaeoclimate and catchment palaeotopography to estimate suspended sediment flux.
Empirical geomorphological scaling relationships between sediment routing system
segments (catchment, shelf, slope, basin-floor fan) are used to estimate net-depositional
sediment volumes and flux. The “fulcrum” model uses the palaeohydrological parameters of
trunk river channels to estimate down-system sediment flux. Where input parameter values
for a particular method are highly uncertain, Monte Carlo simulation can be used to
calculate probability distributions of sediment flux. Where input parameter values are
tightly constrained or exhibit discontinuous distributions, one or more deterministic

scenarios can be used to generate sediment flux estimates.

All three methods can generate plausible ranges of estimated sediment flux that are
comparable with each other, and are accurate to at least one order of magnitude relative to
independent reference values of net-depositional sediment flux derived from mapped,
dated sediment volumes in the studied sediment routing systems. Sediment flux estimates
generated by the BQART model are most sensitive to catchment palaeotopographic
parameters, which are tightly constrained in sub-modern systems but highly uncertain in
deep-time systems, but they are also influenced by palaeoclimatic parameters. Sediment-
flux estimates derived from geomorphological scaling relationships have significant inherent
uncertainty, resulting in a broad distribution of values over one-to-three orders of
magnitude, for both sub-modern and deep-time sediment routing systems. Sediment flux

estimates generated using the “fulcrum” model are most sensitive to the duration of
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bankfull discharge, which is highly uncertain in deep-time systems, and to a lesser degree to
trunk-river palaeochannel dimensions and bedload grain-size characteristics. The types of
data available and uncertainty in these data should be used as the basis to select an
appropriate estimation method(s), and multiple methods should be employed to check the

plausibility of sediment flux estimates.
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Figure 1. (A) Conceptual model of the sediment routing system, from net-erosional source
to net-depositional sink (Allen and Heller 2011, their figure 6.2). (B-D) Simplified versions of
the conceptual model highlighting key parameters in red used to estimate sediment flux in
sediment routing systems (Table 1) using: (B) the BQART model (Syvitski and Milliman,
2007); (C) geomorphological scaling relationships (Semme et al., 2009); and (D) the “fulcrum’
model (Holbrook and Wanas, 2014).
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Parameter BQART model Geomorphological “Fulcrum”
scaling relationships model

catchment drainage area (A) X

maximum catchment relief (R)

catchment-averaged temperature (T)

catchment-averaged lithology (L)

glacial erosion factor (/)

trapping efficiency of lakes and reservoirs (T¢)

human-influenced soil erosion factor (Ey)

X | X | X | X [X [X |X|X

water discharge (Q,)

fluvial-palaeochannel length

slope length

basin-floor fan volume

X | X | X | X

duration of deposition, derived from age
model

fluvial-palaeochannel averaged bankfull depth X
(Hyg)

fluvial-palaeochannel bankfull width (B,,)

palaeochannel hydraulic radius (Rpy)

median bedload grain size (Dsp)

submerged density of bedload grains (p;..,)

X | X | X [ X [X

bankfull Shields number for dimensionless
shear stress (t*pss0)

fluvial-palaeochannel slope (S) X

x | X

year-averaged bankfull duration (ty,)

Table 1. Parameters for which input data are potentially required for each sediment-flux
estimation method. Different combinations of geomorphological scaling relationships,
which thus require different input parameters, can be used to estimate sediment flux.
Fluvial-palaeochannel bankfull width (Bp) and averaged bankfull depth (Hy) are used to
estimate hydraulic radius (Rpf). Some combinations of By and Hys are inconsistent with input
data; Rysis used as a filtering parameter to remove such combinations.
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Figure 2. Location of the Late Eocene Escanilla sediment routing system in the wedge top
(Tremp-Graus, Ainsa and Jaca basins) of the South Pyrenean Foreland Basin system. Three
transverse catchments (Gurb-Pobla, Sis and Santa Orasia) developed in the Pyrenean Axial
Zone, and formed source areas for the axial Escanilla sediment routing system (shown in
red). The positions of the trunk river and intra-catchment drainage networks are shown
schematically. The “fulcrum” (red dot) shows the study area of Labourdette (2011), where
channelised sandbodies representative of the trunk river were characterised. The inset map
shows the present-day position of Escanilla sediment routing system deposits using Google
Earth satellite imagery.
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Parameter

BQART model

Geomorphological
scaling relationships

“Fulcrum”
model

catchment drainage area (A)

4-19 x 10° km?

not required

maximum catchment relief (R)

1-5 km

catchment-averaged temperature (T)

19-25°C

catchment-averaged lithology (L)

1

glacial erosion factor (/)

1

trapping efficiency of lakes and reservoirs (T¢)

0

human-influenced soil erosion factor (Ey)

1

water discharge (Q,)

1.0-6.4 m’/s

fluvial-palaeochannel length

80-140 km

slope length

scaled from fluvial-
palaeochannel length

basin-floor fan volume

scaled from slope
length

duration of deposition, derived from age

model

2.6 Myr

fluvial-palaeochannel averaged bankfull depth
(Hpg)

3-20m

fluvial-palaeochannel bankfull width (B,y)

40-390 m

palaeochannel hydraulic radius (Rpy)

2.5-17.9 m

median bedload grain size (Dsg)

0.4-0.8 mm

submerged density of bedload grains (p;..,)

1.60-1.70

bankfull Shields number for dimensionless
shear stress (t*pss0)

1.86

fluvial-palaeochannel slope (S)

not required

calculated from
Hep, Dso, R, T*pgs0

year-averaged bankfull duration (t,q)

0.1-120 days/yr

Table 2. Parameter values used to estimate sediment flux in the Escanilla sediment routing

system (Fig. 2).
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Figure 3. Probability distribution of sediment-flux estimates for the Escanilla sediment
routing system generated using 10,000 Monte Carlo simulated realisations of the BQART
model (Equations 1, 2), input parameter-value ranges listed in Table 2, and associated
parameter-value distributions (see section 3.2 for details). The distribution shows 9872
realisations that lie within the mean value of sediment flux + 8 standard deviations.
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Figure 4. Probability distribution of sediment-flux estimates for the Escanilla sediment
routing system generated using 10,000 Monte Carlo simulated realisations of the “fulcrum”
model (Equations 4-9), input parameter-value ranges listed in Table 2, and associated
parameter-value distributions (see section 3.4 for details). The distribution shows 9840

realisations that lie within the mean value of sediment flux £ 8 standard deviations.
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Figure 5. Box-and-whisker plots of sediment flux for the Escanilla sediment routing system
(Fig. 2) generated by the BQART model, geomorphological scaling relationships, and
“fulcrum” model estimation methods, compared to reference value of decompacted
sediment accumulation rate based on mapped, dated sediment volumes. Each box-and-
whisker plot shows the base-case value (red horizontal line; defined by the modal value of
each input parameter), median value (white horizontal line), interquartile range (black box)
and full range (defined by whiskers). Where the base-case value lies outside of the
interquartile range, this arises from strong skew in the distribution of values assigned to one
or more input parameters. Note that sediment flux is shown with a logarithmic scale.
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Figure 6. Plot showing the sensitivity of sediment-flux estimates for the Escanilla sediment
routing system to input parameters of the BQART model. The plot uses 10,000 Monte Carlo
simulated realisations of the BQART model (Equations 1, 2), input parameter-value ranges
listed in Table 2, and associated parameter-value distributions (see section 3.2 for details).
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Figure 7. Plot showing the sensitivity of sediment-flux estimates for the Escanilla sediment
routing system to input parameters of the “fulcrum” model. The plot uses 10,000 Monte
Carlo simulated realisations of the “fulcrum” model (Fig. 4), based on the range of-values
(Table 2) and distributions (section 3.4) assigned to these parameters.
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Figure 8. Location of the modern Gulf of Corinth Rift Basin, Greece and the 73 relatively
large (catchment area >5 km?) sediment routing systems that drain into the closed Gulf of
Corinth depocentre (after Watkins et al., 2019). The 200 m and 850 m depth contours within
the Gulf are shown.
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Figure 9. Sediment flux estimated for each catchment in the Gulf of Corinth Rift Basin (Fig.
8) using the “fulcrum” model and data from Watkins (2019). Catchments are numbered as
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in Figure 8, but for clarity only numbers for selected catchments (with sediment flux >20

Cumulative Sediment Flux (km¥Myr)

km3/Myr) are shown. Data are plotted as sediment flux for individual catchments (blue bars)

and as cumulative sediment flux (red line). Sediment flux is dominated by the contributions

from a few catchments.



Christopher Brewer Sediment Flux Manuscript Imperial College London

8,060,000 (maximum)
w12 100 (median)
2000 —

s

=

£ 1500 Reference

< ____ (0-12 ka)

=

(N

é 1000

£ Reference

?; (12-130 ka) E

k5

£ 500 -

£

17

Lu ——

0

BQART Geomorphological Fulcrum
Scaling

Figure 10. Box-and-whisker plots of sediment-flux ranges for sediment routing systems in
the Gulf of Corinth Rift Basin (Fig. 8) generated by the BQART model, geomorphological
scaling relationships, and “fulcrum” model estimation methods, compared to reference
value of decompacted sediment accumulation rate based on mapped, dated sediment
volumes. Each box-and-whisker plot shows the median value (horizontal line) and full range
(defined by whiskers). Note that sediment flux is shown with a linear scale, but the median
and maximum values of sediment flux for the geomorphological scaling relationships are not
shown to scale. Reference values and estimates generated by the BQART model are shown
for two time intervals (0-12 ka in red and 12-130 ka in green, both with small range),
whereas estimates for the geomorphological scaling relationships and “fulcrum” model are
shown for a single time interval (0-130 ka).
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Method 0-12 ka | 12-130 ka
Reference: seismically mapped volume (kmg) 16 114
BQART model: estimated volume (km3) 21 159
Geomorphological scaling relationships: estimated volume (km3) 150 1400
“Fulcrum” model: estimated volume (km3) 10 108

Table 3. Sediment volumes for sediment routing systems in the Gulf of Corinth Rift Basin
(Fig. 8) generated by the BQART model, geomorphological scaling relationships, and
“fulcrum” model estimation methods, compared to reference values of decompacted,
mapped sediment volumes (Watkins et al., 2019). Median volumes are reported for time

intervals 0-12 ka and 12-130 ka.



