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ABSTRACT
Ancient fluvial deposits typically display repetitive changes in their depositional architecture
such as alternating intervals of laterally-stacked, high-amalgamation (HA) channels, and
floodplain-dominated intervals with vertically-stacked, low-amalgamation (LA) channels.
Such patterns are usually ascribed to slow and high rates of base-level rise respectively, but
“upstream” factors such as water discharge and sediment flux have also been recognized for
their potential role in controlling stratigraphic architecture but have not been tested in
ancient fluvial systems. Here, we use palaeohydraulic reconstructions to document riverbed
gradient evolution within three middle Eocene (~40 Ma) fluvial HA-LA sequences in the
Escanilla formation in the south-Pyrenean foreland basin. We show, in an ancient fluvial
system, that river slope was primarily driven by climate-controlled water discharge variations
rather than base-level changes as commonly assumed. These results have fundamental
implications for the interpretation of the fluvial stratigraphic record and for our ability to
reconstruct ancient hydroclimates.
INTRODUCTION
An assemblage of fluvial deposits such as vertically stacked isolated channels and laterally
extensive amalgamated channels reflects the complex interplay of various factors such as
climate, tectonics, and base-level fluctuations [Dalrymple et al 1998; Hajek et al. 2010; Straub
et al. 2020]. In theory, both “downstream” i.e., base-level changes which in its simplest form
is relative sea level and represents the joint effect of eustasy and tectonics (local subsidence
rates), or a stratigraphic reference level above which sub-aerial erosion prevails [Schumm

1993], and “upstream” factors i.e., sediment flux, sediment size, and water discharge, have
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been recognised for their ability to determine patterns of channel-floodplain sequential
arrangements [Wright & Marriot 1993; Shanley & McCabe 1994; Heller & Paola 1996; Gibling
et al. 2011; Hajek et al. 2012; Armitage et al. 2015]. For instance, in the downstream sectors
of a fluvial system, the historical approach involving stratigraphic base-level [Wright &
Marriott 1993; Shanley & McCabe 1994; Dalrymple et al. 1998; Posamentier & Vail 1988]
considers the interplay of two rates — the rate of change of accommodation space, hereafter
referred to as ‘A’, i.e., the space available for sedimentation and the rate of sediment supply,
hereafter referred to as ‘Sq’, and the resulting balance in the form of ‘A/ S as the
predominant factor controlling sediment depositional architecture [Schlager, W. 1993]. In
practice, changes inthe stacking pattern of conglomerates and sandstone are often
interpreted as changes in A/ Sq (Fig. 1a) with laterally stacked strata interpreted as being
deposited under low A/ S4 (High Amalgamation (HA) intervals) while vertically stacked strata
are interpreted as being deposited under high A/ Sq¢ (Low Amalgamation (LA) intervals)
[Armitage et al. 2015]. Similarly, Wright & Marriott (1993) in their sequence stratigraphic
model proposed the deposition of multistorey sand bodies under low ‘A’ while vertically
stacked isolated channels encased into thick floodplain deposits would form during periods
of increasing ‘A’. Although the role of ‘Sq’ in sequence stratigraphy has now been better
acknowledged [Catuneanu et al. 2009], sequence stratigraphic interpretations are often
based on the primacy of base-level controlled ‘A’, due to the inherent difficulties in

reconstructing ‘Sq’ [Martinius et al. 2014].
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a. Fluvial architecture as a function of Accommodation (A)/Sediment supply (S,) ratio

Low-Amalgamation (floodplain dominated),
low gradient fluvial channels AS, Slope

High accommodation relative to supply

2 (alluvial slope decreases upward)
S 7 — 1 ‘\ Retrogradation
N/ Floodplain

)
£
= Final concave upward
/" longitudinal river profile . X
VY g VWV Low accommodation relative to supply
2 (alluvial slope increases upward)
High-Amalgamation (channel dominated), Initial concave upward 1 . Progradation

high gradient fluvial channel deposits longitudinal river profile

b. Fluvial architecture as a function of upstream water discharge Q,)

Low-Amalgamation (floodplain dominated),
high gradient fluvial channels Q. Slope > Decreasing discharge and sediment accumulation upstream
5 (alluvial slope increases upward)

N/ 1 m Retrogradation

N/
N/ Floodplain

Time

Increasing discharge and sediment transport downstream
AN SB VMV » (alluvial slope decreases upward)

. . ) ! e Progradation
High-Amalgamation (channel dominated),

low gradient fluvial channels
Fig 1 Conceptual figure explaining fluvial architecture as a function of the Accommodation (A) to Sediment

supply (Sq) ratio and water discharge (Qu). a. Low A/ Sq results in the deposition of high gradient fluvial channels

with a high degree of amalgamation and an overall progradation of the system. Under high A/ Sq, low gradient

fluvial channels with a low degree of amalgamation are deposited with an overall retrogradation of the system
b. As Q, increases, low gradient channels with a high degree of amalgamation are deposited with an overall
progradation of the system while as Q,, decreases, high gradient channels with a low degree of amalgamation
are deposited with an overall retrogradation of the system. Although there is rising base-level in this scenario, it

is primarily driven by the differential rates in local subsidence.

While many historical approaches consider downstream factors fundamental in controlling
the long profile and sedimentary record of alluvial rivers, several studies [Blum 1993; Shanley
& McCabe 1994; Holbrook et al. 2006; Wang et al. 2020] have demonstrated that upstream
factors have an influence over much of the river profile. For alluvial rivers, where base level
variations are not the only dominant control on creation of ‘A’, one must consider the
resulting equilibrium profile [Dalrymple et al. 1998]. For instance, the early work of fluvial
geomorphologists such as Lane (1955) and Leopold & Bull (1979) has indicated that the

equilibrium river profile and thus channel slope is a function of upstream boundary conditions
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of sediment flux, sediment size, and water discharge. Experimental studies such as numerical
modelling and sedimentary forward modelling studies too have recognised the role of
upstream factors in modifying the river profile [Sun, Paola, Parker, & Meakin, 2002; Van den
Berg Saparoea & Postma, 2008; Simpson and Castelltort 2012; Wang et al. 2020]. Through a
series of numerical experiments, Simpson and Castelltort (2012) highlighted the evolution in
slope of a river profile under sinusoidal water flux variations such that river profile gradient
increases as water flux decreases and the gradient decreases as water discharge increases. In
terms of stratigraphic architecture, this could be seen as low gradient higher amalgamation
“HA” intervals being deposited under high water discharge while higher gradient lower
amalgamation “LA” intervals are deposited under low water discharge (Fig. 1b). Field based
studies in the past [Olsen 1990, 1994] have documented water discharge variations under
orbital forcing parameters as the primary control on varying thicknesses of fining upward
sequences in the Devonian-aged fluvial section from East Greenland, while more recent
studies such as Noorbergen et al. (2020) have pointed at enhanced discharge and sediment
supply during seasonal conditions under increasing eccentricity in affecting fluvial
architecture and sedimentation patterns in continental settings [Noorbergen et al. 2020].

Channel slope evolution in this framework depends on whether the sequences are ‘A’
controlled or ‘S¢’ controlled. In ‘A’ controlled sequences, the “LA” stacking pattern has lower
slope while the “HA” stacking pattern has higher slope (Fig. 1a). ‘Sq’ controlled sequences on
the other hand have “LA” intervals with higher slope while “HA” intervals have lower slope
(Fig. 1b). Channel slope evolution may thus be seen as a potential diagnostic tool to
distinguish between upstream palaeo-environmental drivers on the stratigraphic record
relative to a base level control. An outstanding research challenge in this field, therefore, lies

in deciphering the factors controlling these changes in observed fluvial architecture at a range
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of temporal and spatial scales. Field-based work such as Foreman et al. (2012) and Lyster et
al. (2021) along with empirical studies based on flume experiments and modern river systems
[Leclair & Bridge 2001; Trampush et al. 2014] have demonstrated the ability to meaningfully
guantify palaeohydrological parameters, including channel gradients, from the rock record.
These include the development of tools to estimate palaeoslope [Paola & Mohrig 1996;
Trampush et al. 2014], and other palaeohydrological parameters such as flow velocity, water
discharge and sediment flux.

Yet, to our knowledge, the evolution of river slope across fluvial sequences in relation to
documented cyclical changes in stratigraphic architecture has never been explored at high
resolution. In this work, we address this problem using the well-documented middle Eocene
Escanilla formation in Spain [Kjemperud et al. 2004; Labourdette & Jones 2007; Labourdette
2011] as an exceptional natural laboratory to explore the drivers of such cyclicity and the
environmental factors they record. We estimate channel slope evolution, along with
estimating channel-belt widths and identifying channel-belt style (sheet or ribbon), flow
velocity, water discharge and sediment flux, across several stratigraphic cycles, each
containing a “HA” and “LA” interval (Fig. 3). Our palaeohydraulic estimates show a systematic
increase in discharge and sedimentary fluxes during “HA” intervals, thereby pointing towards
upstream driven climate control that we discuss in relation to the Earth’s orbital cycles.

The Escanilla sediment routing system as a natural laboratory. The Escanilla system is an
ancient sediment routing system of late Lutetian to late Priabonian age, approximately 42 -
36 Ma, and deposited in the south-Pyrenean foreland basin, Spain [Bentham & Burbank
1996]. The Escanilla formation was mainly sourced from the Pyrenean central massif through
large valleys filled with transverse alluvial fans, such as the fan system of the Sis palaeovalley

[Allen et al. 2013] and the Gurb escarpment [Michael et al. 2014] further east (Fig. 2a). The
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maximum preserved thickness of the Escanilla formation within the Ainsa basin is
approximately 1000 m [Labourdette & Jones 2007], and is subdivided into two informal
members, the Mondot and Olson members [Dreyer 1993] with a basin-wide extending
conglomeratic channel-complex, here named the ‘Olson sheet’ at the transition between the
two members (Fig. 2b, 2c). Kjemperud et al. (2004) subdivided the Escanilla formation into
three units based on changes in alluvial geometry which are further subdivided into seven
unconformity bound sequences. Similar alternating sequences have also been identified by
[Labourdette & Jones 2007; Labourdette 2011] as basin-wide, laterally extensive
amalgamated channels and vertically stacked isolated channels. We focus on exposures near
Olson, where the gullied landscape and exceptional outcrop preservation allow a detailed
documentation of stratigraphic architectural changes across three sequences, which
correspond to sequencess 2, 3 and 4 by Kjemperud et al. (2004) and sequences 1, 2 and 3 by
Labourdette & Jones (2007) and Labourdette (2011). Based on the local magnetostratigraphy,
the studied sequences represent a few hundred thousand years of deposition at

approximately 40 Ma (Fig. 2c).
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151 Geological setting of the south-Pyrenean Foreland basin containing the Escanilla sediment routing fairway. Red
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arrows mark the sediment transport direction of the Escanilla system from the source regions of Sis and Gurb.
Map modified from Kjemperud et al. (2004) b. Geological map of the southern Ainsa basin encompassing the
Escanilla formation around the village of Olson where the study area lies. Sampling stations are displayed along
with flow directions with respect to the sampled sequences. The ‘Olson sheet’ is marked in red as a basin wide,
laterally extensive amalgamated channel body lying in-between the Mondot and Olson members of the Escanilla
formation. c. Lithostratigraphic framework [Bentham et al. 1992; 1993] of the Escanilla formation at Olson
consists of two main members — the Mondot and Olson member with the ‘Olson sheet’ lying at the transition
between the two members. Also displayed is the magnetostratigraphic correlation [Vinyoles et al. 2020] and the
schematic stacking pattern along the studied section. It is noteworthy that the thickest normal magnetozone
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Systems Tracts (LAST) classification used by Labourdette (2011).
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channel base lying over floodplain deposits c. A 3D model of an outcrop containing a channel plug and lateral
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in the Low Amalgamation (LA) interval of sequence 4. Several different stratigraphic features such as the
different stories, accretion surfaces, storey bounding surface, bar bounding surface and floodplain relic are

marked.

RESULTS

Grain size, bankfull depth and palaeoslope evolution. We measured the coarse grain size
fraction (> 4 mm) (methods, Fig. 5) at 180 stations distributed across the study interval. We
find that the coarse grain size fraction in channel bodies has a range of grain sizes from 6 + 2
[mm] to 30 £ 2 [mm] over the studied interval (Fig. 5), indicating a clear variation in the calibre
of material supplied to the system. At the scale of individual sequences, “"HA” intervals have
a grain size of 19 + 1 [mm] (average value * standard error, N = 77), while ”"LA” intervals have
a grain size of 17 + 1 [mm] (N = 103), indicating that channel body grain size is only 2 mm
(~10%) larger in channels with a high degree of amalgamation. Although relatively small, this
difference is nevertheless statistically significant at the 95% confidence level (t-value = 2.98,
p-value = .003, power = 0.91, dof = 178). It is noteworthy that the bulk grain size of "LA”
intervals is significantly lower due to the greater preservation of fine-grained floodplain
material (50 — 70 % of “LA” intervals).

Bankfull depths based on preserved storey thickness (methods, Fig. 5) reveal a trend of higher
depths in the "HA” intervals and substantial decrease in the "LA” intervals. "HA” intervals
have depths of 5.0 + 0.4 [m] (average value * standard error, N = 45) while ”“LA” intervals have
depths of 3.5 £+ 0.3 [m] (N = 49), i.e., an increase of 40 % during deposition of the "HA”
intervals. These field observations suggest that the palaeohydrology of channels comprising

the "HA” and ”"LA” intervals is not the same. A t-test on bankfull depth data rejects the null
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hypotheses that "HA” and ”"LA” intervals have the same average values at the 95% confidence
level (t-value = 6.83, p-value = .8e™, power = 0.67, dof = 92).

Our palaeoslope estimates, obtained using the equation proposed by Trampush et al. (2014)
(equation (1), are consistently lower in the “"HA” intervals and markedly increase into the "LA”
intervals (Fig. 5). Palaeoslope estimates based on averaged field grain size and channel depth
data of 7 storeys within “HA” stratigraphic intervals (77 grain size sampling stations wherein
100 — 200 clasts were counted per station, and 45 channel depth estimates) have a
palaeoslope of 5 x 104 + 5 x 10 [m/m] (average value * standard error, N = 7), equivalent to
0.03°, while 11 storeys within “LA” stratigraphic intervals (103 grain size sampling stations
and 49 channel depth estimates) have a palaeoslope of 8 x 104 + 6 x 10 [m/m] (N = 11),
equivalent to 0.05°, and representing a 60% increase in slope in the "LA” interval. A t-test on
palaeoslope estimates (t-value = -4.02, p-value =.001, power = 0.16, dof = 15) rejects the null
hypotheses that “"HA” and ”LA” intervals have the same average values at the 95% confidence
level. Although absolute palaeoslope values are different when using other palaeoslope
estimators such as the Shields stress inversion approach [Paola and Mohrig, 1996], they

nevertheless give similar trends (supplementary material Fig. 1).
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Fig. 5 Grain-size, flow depth and palaeoslope evolution. Stratigraphic log of the studied section depicting three
fining upward sequences, each containing a High-Amalgamation (HA) interval at the base overlain by a floodplain
dominated Low-Amalgamation (LA) interval. The stratigraphic log has been correlated to the geomagnetic
polarity timescale 2016 [Vinyoles et al. 2020; Ogg et al. 2016]. At the right of the log are shown the grain size,
Dso [mm] evolution across the section followed by the bankfull depth, Hys [m] and finally the palaeoslope, S

[m/m] estimates.

Channel-belt width estimates and channel body geometry. Channel-belt widths are crucial
in estimating total discharge and flux, e.g., the recent work of Greenberg et al. (2021) and
Lyster et al. (2021). Despite the excellent outcrop conditions in our study area, fully preserved
channel cross-sections required to measure width in the field, are nevertheless rarely
preserved. To circumvent this limitation, we estimate channel-belt widths using the
relationship proposed by Bridge & Mackey (1993) which is based on modifications proposed
to the computer simulation model of Bridge & Leeder (1979) (methods and supplementary
material Fig. 3) and compare them to width measurements of channel plug and lateral
accretion deposits where preserved (supplementary material Fig. 2). Our results suggest that

“HA” channel-belts are typically twice wider, 171 + 22 [m] (average value * standard error, N
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= 45) than “LA” channel belts, 86 + 11 [m] (N = 49). A comparison to width and depth of
modern rivers having similar grain size ( 5 mm to 45 mm) and flow depth (2 m to 7.5 m) (Fig.
6) suggests active flow widths within “HA” channel belts were more likely near a central value
of 180 meters, in a range of 60 m to 400 m while “LA” channel belts were more likely near a
central value of 90 meters, in a range of 30 m to 200 m. These are less than the “geobody”
widths estimated by Labourdette & Jones (2007) and so represent conservative values. A
cross plot between depth and width estimates implies more sheet-like channel geometry

during "HA” intervals while "LA” intervals have a more ribbon-like channel geometry (Fig. 6).

Thickness, Labourdette & Jones (2007) [m]

1 2 3 4 3] 10
1000 1000
@ “HA” channel data (this study)
o @ “LA” channel data (this study)
[‘HA” interval data [this study]] s F A Channel plug data
[] Lateral accretion data

Iodern rivers [Church and Rood, 1983]
® Modem rivers [Kefly, 20086]

+ Channel storey data [Kelly, 2006]
@ Labourdette & Jones (2007) “LA” data
@ Lahourdette & Jones (2007) “HA" data

1004

Width, estimated [m]

10 o

1 2 3 i 6 7 o
Depth, field data [m]

Fig. 6 Comparison of modern river channel width and depth to estimates from this study. Modern river data
collected from the Church and Rood (1983) catalogue and Kelly (2006). A range of possible widths is obtained
for rivers having similar flow depths allowing us to estimate the uncertainty on our estimated widths.
Comparisons are also made to field measurements from this study and storey data by Kelly (2006). A prediction

of the fluvial style of the High Amalgamation (HA) and Low Amalgamation (LA) channels is also made.

Hydrodynamics and sediment transport. Plausible flow velocities, deduced across all field

data using Manning’s equation (equation (2)), have an average value (* standard error) of 2.1
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+ 0.4 [m s (N = 94) (supplementary material, Fig. 3). Multiplying flow velocity by estimated
depths, we estimate unit discharge in "HA” intervals to be 11 + 2 [m? s!] (mean value *
standard error, N = 45) and 7 + 1 [m? s'!] (N = 49) in ”LA” intervals (supplementary material
Fig. 4). Multiplying unit discharge by channel-belt width estimates would imply a total
discharge rate of 2200 + 550 [m3 s!] (average value * standard error, N = 45) in "HA” intervals,
and a discharge rate of 700 + 200 [m3 s!] (N = 49) in the "LA” intervals (Fig. 7; equation (3)).
This amounts to a 3-fold increase of volumetric channel-forming discharge during “HA”
intervals. We obtain conservative discharge estimates when using channel plug and lateral
accretion width estimates such that ”"HA” intervals have discharge rates of 700 + 150 [m3 5]
(average value * standard error, N = 45) while ”“LA” intervals have a total discharge of 200 +
50 [m3 s'] (N = 49). Nevertheless, the cyclical pattern of higher discharge rates in “HA”
intervals and lower discharge rates in “LA” intervals does not change upon using the different
width estimates (Supplementary material Fig. 5).

Unit bedload sediment flux estimated using the Meyer-Peter and Muller equation (equation
(4)), is estimated to be 1.7 + 0.2 [kg m'1s] (average value * standard error, N =45) and 2.0 +
0.1 [kg mts?t] (N =49) for "HA” and ”LA” intervals respectively (supplementary material Fig.
4). Multiplying unit flux by channel-belt width estimates would imply total sediment flux
(equation (4)) for "HA” intervals to be at 300 + 50 [kg s!] (average value + standard error, N =
45), equivalent to 0.3 + 0.05 [m3 s!], and for ”"LA” intervals to be at 200 + 20 [kg s*] (N = 49),
equivalent to 0.2 £ 0.02 [m®s], i.e., a 1.5-fold increase in bedload sediment flux during "HA”
intervals (Fig. 7). When considering the additional preservation of floodplain material during
”LA” intervals compared to "HA”, the results above predict a marked increase in the export

of clastic material out of the Escanilla fluvial system during “"HA” intervals.
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Fig. 7 Palaeoslope, total water discharge and total bedload sediment flux estimates. Sequence wise
palaeoslope evolution have been shown along with estimates of water discharge and bedload sediment flux. It
is important to note the relationship and cyclical pattern between the three parameters such that river slope is

lower when discharge and flux are higher while river slopes are higher when discharge and flux are lower.

DISCUSSION

Our results provide new insights into how palaeoslopes and palaeohydrology of the middle
Eocene Escanilla system evolved during transitions between “HA” and “LA” type channel
architecture. Importantly, palaeoslopes vary in relation to total water discharge and total
bedload sediment flux such that palaeoslopes increase into the “LA” interval where a
decrease in total discharge and total sediment flux is documented. The opposite is true for
“HA” intervals wherein lower palaeoslopes correspond to higher water discharge rates and

sediment flux. Notably, unit discharges (supplementary material Fig. 5) are not constant in
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time and document an increase in “HA” intervals which substantially decreases into the “LA”
interval. Since unit discharges are width independent, our results highlight the role of

upstream factors in modulating water discharge variations.

Upstream forcing can be either due to tectonic (10 — 102 years) or climatic changes (10° — 108
years), which are the two allogenic factors primarily influencing depositional systems in the
continental domain [Armitage et al. 2011; Tofelde et al. 2019]. Although these two factors
influence sediment flux, tectonic activity mainly influences sediment flux without altering
water discharge unless the drainage network is affected. Climatic changes on the other hand
primarily affect water discharge along with a change in the sediment volume and grain size
due to a modification of the sediment transport capacity [Romans et al. 2016; Tofelde et al.
2019]. The main driver of accommodation space is often attributed to basin subsidence
and/or hinterland uplift [Fisher et al. 2013]. For example, the vertical trends in stratigraphic
arrangement at Olson could be the result of tectonic movements in the Ainsa piggy-back basin
[Labourdette & Jones 2007], although these would have had to have taken place over
timescales of 10° years to explain the stacking patterns observed (Fig. 2c). Variations in
climate on the other hand are known to have a significant impact on fluvial architecture due
to variations in water discharge, sediment supply, and sediment size [Parrish 1998; Blum &
Tornqvist 2000; Bridge 2003; Allen et al. 2014]. Climatic fluctuations between wetter and
dryer periods control variation in water discharge and thus the competence of rivers and the
sediment calibre. Climatic changes also influence the volume of sediments produced and
released from the hinterland area [Leeder et al. 1998; Densmore et al. 2007; Armitage et al.
2011]. Thus, a better explanation for the fining upward trend of each sequence is as a result
of decreased precipitation and sediment discharge from the catchment areas supply to the

study area. A change in palaeoslope and discharge from “HA” to “LA” intervals therefore
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implies that these rivers were responding to changes in climate in the hinterland region. Since
the cyclical trend of the three fining upward sequences indicates a recurrence of pattern of
the controlling factor(s), our finding of cyclical variations in water discharge and sediment flux
implies that climate cyclicity is the main driver of stratigraphic architecture in the Escanilla
formation at Olson. Our conclusion of climate influence is consistent with the findings of a
numerical modelling study [Armitage et al. 2015] on the Escanilla sediment routing system,
which predicted increased sediment flux due to increased precipitation in the catchment area
during the Middle Eocene Climatic Optimum (MECO), approximately around 40 Ma, an
enigmatic global warming event that lasted for around 500 kyr [Sluijs et al. 2013].

What drove climate variations? Several outcrop studies in the Spanish Pyrenees have pointed
to Milankovitch cyclicity as an important factor controlling depositional processes [Cantalejo
et al. 2020]. For instance, a cyclo-stratigraphic study in the Eocene marine deltaic rocks, coeval
with the Escanilla formation, deposited in the Jaca Basin proposed orbitally induced changes
in magnetite content due to increased terrigenous input delivered by a fluvial source during
periods of increased precipitation at times of eccentricity maxima [Kodama et al. 2010].
Orbital changes have also been shown to influence depositional style through control on
siliciclastic sediment supply to the deep-marine Ainsa basin [Heard et al. 2008; Cantalejo &
Pickering 2014, 2015]. To explain our marked changes in discharge from the “HA” to “LA”
intervals, we hypothesise that eccentricity-modulated water discharge variations to in-turn
drive palaeoslope changes from “HA” to “LA” intervals. This is based upon the physical
rationale that in general, eccentricity maxima promote the largest precession/insolation
amplitudes which are more likely to trigger intense, extreme events (either wet or dry) [Zeebe
et al. 2017]. This would result in increased mobilization of sediments due to high weathering

rates in the source area and enhanced transport of coarser sediments (higher Dso) and/or
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higher water depths. Contrary to this, eccentricity minima are periods of low seasonality with
rather stable climates [Cheng et al. 2016].

Implications and conclusion. Our findings have several fundamental implications for classical
sequence stratigraphic predictions, sedimentary landscape evolution over geological
timescales, the prediction of ancient hydroclimates during greenhouse forcing, and for
industrial applications in resource exploration. Firstly, our findings illustrate the dominant
role of sediment supply (i.e., ‘S¢’ in ‘A/ S¢’) and the resulting stratigraphic architecture instead
of the dominant role of ‘A’ as is often assumed [Wright & Marriott 1993; Shanley & McCabe
1994]. Secondly, our results support the prediction of higher sediment flux during “HA”
intervals. This is in excellent agreement with sequence stratigraphic predictions in which “HA”
intervals are formed during low A/ Sq4 (base-level fall) and thus greater transport of sediments
to the deep sea and marine environments. This work is also fundamental for our ability to
reconstruct ancient hydroclimates from the sedimentary record and compare it to numerical
model predicted response of the hydrologic cycle to warming conditions. For instance,
modelling studies of the Palaeocene-Eocene Thermal Maximum (PETM) have suggested an
intensification of the hydrological cycle on a global scale in response to greenhouse gas levels
[Rush et al. 2021]. Our results are also consistent with the findings of Barefoot et al. (2021)
where high discharge variations during the hyperthermal PETM increased channel mobility.
During the middle Eocene greenhouse conditions, “HA” intervals therefore represent periods
of increased channel mobility under increasing water discharge rates while “LA” intervals
represent low channel mobility under decreasing water discharge rates.

Our framework of palaeoslope and palaeohydrological reconstruction across three fining
upward sequences in the middle Eocene aged Escanilla formation, for the first-time,

documents lower river slope during higher water discharge and sedimentary flux with the
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deposition of river channels having a high degree of amalgamation, and higher slope during
lower water discharge and sedimentary flux with the deposition of river channels having a
low degree of amalgamation. The studied fining upward sequences together with our finding
of cyclic variations in water discharge and sediment flux represents a major paradigm shift by
suggesting climate may have controlled the entire sedimentary landscape evolution during
the middle Eocene greenhouse conditions instead of eustatic variations, and with
palaeohydraulic reconstructions to test different options without the need of an independent
eustatic curve.

METHODS

Field observations. We focus on 3 fining upward sequences. Each fining upwards sequence
consists of a thick and laterally extensive channel-dominated High-Amalgamation (HA)
interval at the base, above which lies a much thinner, less laterally extensive floodplain-
dominated Low-Amalgamation (LA) interval which progressively thins towards the top of the
sequence. The thickness of each such fining upward sequence is 35-45 m.

Data collection. Palaeohydrological field data were collected from channel fill deposits
particularly channel basal gravels for grain size distribution and storey thicknesses as flow
depth estimates. This data along with uncertainties associated with individual measurements
were propagated through a quantitative framework to reconstruct hydrological parameters
such as flow depths, palaeoslope, flow velocities, water discharge rates, bedload sediment
flux.

Grain size measurements were collected using the Wolman sampling procedure [Wolman
1954]. The longest axis was measured as a proxy for the intermediate b axis on 100 - 200
grains per sampling station. The procedure was performed on photographs taken with a

Canon EOS 2000D camera of 24.1Mpixels resolution on an outcrop area of 1 x 1 m2. Grains
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were measured at the nodal intersection of a virtual grid such that a repeat count of grains is
avoided. Measurements were made using ImageJ2 version 2.3.0/1.53f. The data obtained is
normalized using the (psi) scale, a logarithmic scale with base two, to perform statistical
analyses and obtain the 50t percentile (Dso) of the grain size distribution.
Flow depth estimates are based on preserved storey thicknesses, channel-plug, and bar-scale
clinoform heights measured using a laser range finder (TruPulse model 200) and following the
procedure outlined in Mohrig et al. (2000) and Kelly (2006). It is important to note that while
preserved thicknesses are lower than the original flow depths, preserved thicknesses do not
severely underestimate the original depth [Paola & Borgmann 1991; Paola & Mohrig 1996].
Quantitative paleohydrology. Palaeoslopes were estimated using the empirical equation
proposed by Trampush et al. (2014) (equation (1)). We use this equation as our grain size
measurements in a few instances are less than the 8 mm threshold required to use the Shields
stress inversion approach [Paola and Mohrig 1996].

logS = ay + ay log Dsg + oy log Hy (D)
It is anempirical equation, motivated by theoretical considerations, and provides
a relationship between the channel slope (S), median grain size (Dsg), and bankfull depth
(Hpf). ap, 0y  and a, are three  empirical coefficients with  values of -2.08 + 0.0015
(mean % standard error), 0.2540 £ 0.0007 and -1.0900 + 0.0019, respectively. An average
palaeoslope (+ standard error) value has been estimated, per interval, using average median
grain size values and average bankfull depths along with their respective standard errors.
Average palaeoslope estimates are presented in [m/m], for example, a palaeoslope value of
0.001 represents aggradation of 1 m per 1000 m.
Channel-belt width W can be estimated using empirical scaling relations when direct

measurements are not possible on the field. We estimate channel-belt widths using the
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relationship, W = 8.8Hp®2 [Bridge & Mackey 1993]. Where possible, channel plug widths
were estimated in the field using a laser range finder (TruPulse model 200) while widths from
lateral accretion deposits was estimated using the procedure outlined in Greenberg et al.
(2021).

Flow velocity, U was calculated using Manning’s equation (equation (2)) where n = 0.03 +
0.005 is the Manning’s coefficient, R is the hydraulic radius approximated by channel flow

depths and S is slope.

1
U= _R*3S1/2 (2)

Total water discharge @Q,, was calculated using equation (3)
Qw =UXHpr xW 3
For unit water discharge, W = 1.
Total bedload sediment flux Qs was calculated using the Meyer-Peter and Muller equation
(equation (4)).
Qs = ps (8pgD3)"* C(x — )32 x W (4)
Where, sediment density p, = 2650 kg /m3, buoyant density Ap = 1.6, constant C = 8,

Hbe
ApDsq’

critical sheer stress 7, = 0.047 and shear stress 7* =
For unit bedload sediment flux, W = 1 and 1000 kilogram per second = 1 cubic meter per

second.

Statistical tests. Uncertainty on results reported in this study consist of the standard error of

the mean (SE) calculated as SE = \S/—% , Where SD is the standard deviation and n is sample
number. Uncertainty propagation was carried out using the uncertainties package on Python
(Spyder version 4.0.1). Statistical analyses were performed on Python (Spyder version 4.0.1).

To check for data normality, the Shapiro-Wilk test was performed using the
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‘scipy.stats.shapiro’ package. The null hypothesis that the data is normally distributed cannot
be rejected when the p-value is greater than .05 at the 95% confidence level. To check for
statistical significance, a two-sided t-test was performed for normally distributed data using
the ‘scipy.stats.ttest_ind’ package for the null hypothesis that two independent samples have
an identical average value. For non-normally distributed data, a Kruskal-Wallis test was
performed using the ‘scs.kruskal’ package for the null hypothesis that the median value of all
groups is similar. The null hypothesis can be rejected when the p-value is less than .05 at the
95% confidence level. The degree of freedom (dof) was estimated as ‘(nx+ny) — 2" where ‘nx’
and ‘ny’ are the lengths of the two independent parameters. Power analysis of t-tests was
performed, using ‘pingouin.power_ttest2n’, to detect Type Il errors. Pingouin is an open-
source package written in Python 3 [Vallat 2018].
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