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Abstract

:

The domain of Chantilly (Oise, France) includes a castle and a garden, both dating from the eighteenth century, which are seen as important legacies of France’s history. Nowadays, the 2.5 km canal that runs through the domain is subject to the phenomenon of silting, leading to the accumulation of sediments within the canal linked to the proliferation of algae, which has a dissuasive effect among visitors. HEC-RAS software (Hydrologic Engineering Centers River Analysis System, US army corps of Engineers, Washington, D.C., USA) was used to model and understand sediment accumulation within the canal. This model is widely used in the literature tackling sediment transport and accumulation, and allows the forecasting of which stretches of the canal are most susceptible to sediment accumulation. The simulation results highlight an accumulation of sediment near the entrance of the Nonette stream into the canal and a propagation through the canal. The total accumulated volume assessed by the model between 2001 and 2010 equals 3901 m3, when the reconnaissance of the catchment showed the sediment was not a limiting factor. However, the volumes determined are underestimated, as matter brought by vegetation or other systems different from the river (e.g., wind, rainfall) is not considered in the calculation. The quantity of sediment is also subject to uncertainties, as the bathymetry of the canal is not available.
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1. Introduction


Many European castles with parkland and artificial water features, such as canals, moats and water mirrors, have been affected by sediment accumulation for centuries, as well as in recent decades. Dredging and maintenance operations for these small infrastructures cannot benefit from the costs negotiated for the extraction of very large volumes of sediments, such as those contained in seaports, river ports and waterways, which also benefit from proportionally higher operating revenues than those of tourist castles. The modelling of sediment flows and sedimentation rates in the aquatic infrastructures of castles is essential knowledge for the implementation of management plans for these infrastructures. Many castles are connected to rivers by discharge arms to take the necessary quantities of water, to maintain the water levels in their hydraulic infrastructures.



The domain of Chantilly (Oise, France) is made up of a castle and a garden. The castle was completely rebuilt during the nineteenth century and the Grand Canal (GC), which is the masterpiece of the garden, is one of the few infrastructures that has not undergone any changes. Preserving this historical heritage is of the utmost importance for Chantilly Castle’s conservation. As a matter of fact, the GC is the longest canal dating from this period, even surpassing the one from Versailles Castle in length. Nowadays, the GC greatly contributes to Chantilly’s tourism and therefore contributes to Chantilly’s economics. For the past several years, the Chantilly estate manager has reported that the canal problems have been attributed to a loss of income due to aesthetic impact. The quantity of sediment in the canal has increased and the proliferation of algae during the summer period has decreased the quality of the boat-rowing experience. The problem of the algae’s uncontrolled growth also impacts on an annual sporting event, which takes place at the end of August every year. The triathlon is part of a series of events involving several castles across north-western Europe. Turbid waters and algae growth devalue the sporting conditions of the Chantilly event. This has contributed to a reduction in the number of registrations for the triathlon, as the manager of the triathlon told the authors, and therefore, is an additional loss of income for the castle. The loss of income from tourists and in relation to activities on the canal is a problem for the maintenance of the domain, whose overall budget is difficult to balance. Additionally, the cost of dredging the canal is a problem that cannot be compensated by the income from visits to the domain alone.



In order to report the behaviour of sediment accumulation in the GC in the domain of Chantilly, it was decided to run the one-dimensional (1D) Hydrologic Engineering Center’s River Analysis System (HEC-RAS model) [1]. One-dimensional numerical models, such as 1D HEC-RAS, are easily implementable as (1) the calculations involved are comparatively simple, (2) calibration and validation require a limited amount of hydrological data and (3) they allow for fast computation [2,3].



In the literature, HEC-RAS has proven useful in diverse sediment transport studies and examples of its application are numerous [4,5,6,7]. HEC-RAS is suitable for use in a wide range of environments and permits the study of the transport of all types of sediments where little data are available.



This present article is a case study of the sediment accumulation within the GC in the domain of Chantilly. First, a reconnaissance study performed at catchment scale is proposed, based on diverse geosciences, in order to contextualize the sediment availability tackled in the second part of this article. In this second part, the geometry of the GC has been digitalized and used in the HEC-RAS model. It aims to assess the accumulation dynamics of suspended sediment (SS) and to give an order of magnitude of the quantity of accumulated sediment within the canal for the domain’s caretakers to better comprehend this issue and conduct appropriate canal maintenance works (such as dredging).




2. Hydrogeomorphological Reconnaissance at Catchment Scale


2.1. Hydrology


The Nonette catchment lies 40 km north of Paris and about 7 km west of Senlis. It comprises three main rivers (Nonette, Launette and Aunette (Figure 1)), which eventually flow into the Oise River.



The Nonette River’s discharge has been observed for 41 years (1968–2008) at Courteuil, near its confluence with the Oise River [8] and this observation is reproduced in Figure 2. In this database, the Nonette catchment’s area is 338 km2 and the modulus of the river equals 1.66 m3/s.



Flow discharges’ seasonal fluctuations are very low, as generally observed in parts of the Seine catchment, areas near Normandy and the Somme catchment. The Nonette streamflow is fairly regular throughout the year, although the mean flow discharge is more important between December and May, with a maximum discharge in March. Starting in June, the flow discharge decreases and reaches a flat/threshold between August and October, with a minimum discharge in September.



Flooding is not factor, as each year, the probability of a 3.7 m3/s flood is 50% and the probability of a 4.2 m3/s flood is 20% (4.5 m3/s flood probability is 10%; 4.8 m3/s flood probability is 5%; and 5.3 m3/s flood probability is 2%).



The Nonette stream is not abundant, as the annual depth of runoff is 155 mm, which is very low compared to other French catchments (e.g., 240 mm for the Seine catchment). It leads to a low Qsp of 4.9 l/s/km2.



Given these data, it appears that the sediment transport is limited by the hydrological activity of the Nonette River.




2.2. Geology


The Nonette catchment belongs to the Paris basin. This basin is a typical example of an intra-cratonic basin whose subsidence has been linked to thermal subsidence due to the Permian extension [9]. There is a recorded history of this in western Europe between Trias (262–201 My) and Miocene (23–5.3 My). The study of sedimentary and tectonic records and eustatic sea level have shed light on the basin’s deep structure [9], thermal subsidence [10], intraplaque domain deformations recordings, and eustatic sea level changes [11,12,13].



Only a part of this history is relevant for the Nonette catchment, for the earlier geological units recognized there are from Ypresian, with the latest from Rupelian (Figure 3). An extensive description of the lithologies is presented in [14], and can be constrained to limestones, marls, pebbles and sands. On top of the bedrock, an assemblage of different Quaternary deposits made of alluvium, colluvium, dunes sand, clay with silex and loess and silts is found. Concerning quaternary deposits, their thicknesses are not reported, although their extents, which are presented in Figure 1, are mainly concentrated in the upper parts of the catchment.



It appears that the material making up the local geology is weak; the presence of Quaternary deposits is substantial, and therefore, sediment availability seems not to be limited by these lithologies.




2.3. Geomorphology


Based on Figure 4, the Nonette catchment’s geomorphology permits the recognition of three different units: an upper plateau, a floodplain with the riverbed, and a zone of steeper (than the two former units) slopes that represent the contact between the floodplain and the plateau. Usually, these slopes are associated with the upper surface, as between two fluvial terraces, but it was decided in this paper to distinguish between them in order to emphasize the different geomorphological units. It is to be noted that these slopes tend to create geological escarpments.



	
The plateau is found throughout the south-eastern part of the catchment, to the east, and bordering the northern boundary (in red in Figure 4a);



	
A zone of steeper slopes is where the contact between two fluvio-geomorphological units is generally found. In Figure 4b, most of the steep slopes mark the contact between the plateau and the floodplain, which are in the order of 20–25° and in orange in Figure 4a. Depending on fluvial erosion, this contact can be slightly hilly or present a (more-or-less abrupt) ridge. For instance, from Figure 4a, the southwestern edge of the contact between the plateau and the floodplain (very limited in space, so red and green are very close) and the northern part (where red and green areas are well marked with orange) are quite different; the southwestern part is not hilly (presence of ridge), whereas the northern half is;



	
The scale of Figure 4 is not realistic in distinguishing between riverbed and floodplain. Riverbed is where water is flowing unceasingly, and floodplain is water flow when the bed can no longer manage the flow. Schematically, the floodplain is visible near the outlet when the bed is not. Near headwaters, the floodplain is non-existent. This is why the river seems to be made up of minute streams in the headwaters and larger ones near its outlet. The contact between the zone of steeper slopes and floodplain is again interpreted as following another set of steep slopes, this time more or less following the river. Additionally, at a local scale, the presence of fluvial terraces along the river is likely (although invisible in Figure 4, due to the scale).






The presence of a zone of steep slopes is an argument in favour of a source of sediment capable of covering the soil and merging with river transport, with consequences in terms of excess sedimentation within the territory, as seen in the GC.




2.4. Morphometry


Morphometrical data of the Nonette catchment presented in Table 1, is obtained thanks to the digital elevation model (from which the slope raster was also determined) provided [15], which expresses the landscape with a 25 m resolution, and the use of the Spatial Analyst tool (zonal statistics as table and zonal geometry as table) of ArcGIS 10.7 (ESRI, Redlands, CA, USA) [16].



Table 1 highlights the parameters gathered by the GIS together with units, equations and the entity to which the parameters have been determined. Area, perimeter, maximum, minimum and mean elevation, mean slope, length, Melton ratio, form factor and basin elongation constitute these parameters.



The Nonette catchment is a fourth-order catchment when using Strahler’s ordination system [17]. The catchment’s area is equal to 393 square kilometres (km2) with a perimeter of 138 km. The catchment’s minimum elevation equates to 25 m above sea level (m asl) near Gouvieux and the maximum elevation reaches 222 m asl (mean elevation equal to 93 m asl). Concerning slopes, a mean value of 1.66 degrees (°) was found, with the maximum value reaching 29.7°.



The Nonette stream has also been studied following the same logic used for the catchment. Its length is 279 km. The maximum elevation is 222 m asl; the mean elevation is 93 m asl; and the minimum elevation is 25 m asl. The mean slope equates to 1.66° with a maximum of 29.69°.



Moreover, it has been possible to determine a series of fluvial ratios (Table 1), able to characterize the hydrological surface and behaviour of catchments: the Melton ratio, form factor and basin elongation. The Melton ratio is an index of a surface’s rugosity. The higher the ratio, the higher the surface’s rugosity. For the Nonette catchment, this value equates to 0.01; the rugosity of the catchment is low; therefore, the catchment is rather smooth and flat. Form factor and basin elongation both allow the apprehension of fluvial dynamics. Form factor, which cannot be attributed a greater value than 0.7854 in the case of a perfectly circular catchment, expresses the roundness of a catchment. Catchments with a form factor value approaching zero (0) account for elongated catchments; catchments with a form factor value approaching 0.7854 account for circular catchments. In terms of fluvial dynamics, the shape of a catchment influences the shape of the hydrograph at its outlet. For a given amount of rainfall, an elongated shape tends to create low peak discharge. The Nonette catchment’s form factor equates to 0.5; the Nonette catchment is rather circular. Peak discharge is important given the little time required for the water to travel to the outlet.



In a GIS environment, the hydrographical network has been divided as proposed by [17]; first-order, second-order, third-order and fourth-order catchments have been determined. The same series of parameters, as mentioned above, have been gathered for each catchment and stream (Table 1). The results are proposed in the following Table 2, Table 3 and Table 4.



Regarding the 26 second-order catchments, the area’s mean value equates to 9.4 km2. And the perimeter is 18.1 km.



From Table 2 and concerning the 122 first-order catchments, the average first-order catchment is 2.3 km2, with a perimeter of 9.2 km. The crest line peaks at 127 m asl and the outlet is to be found 50 m lower (almost 77 m asl). This composite catchment has no slope greater than 10.6° and the mean slope over the whole catchment is 1.7°.



The elevation spans from (maximum to minimum) 147.9 to 70.6 m asl. The slope’s maximum does not exceed 4° and the mean value is less than 1°.



The four third-order catchments have an area mean value of 70.6 km2 and a perimeter of 57.8 km. The mean maximum and minimum elevations are, respectively, 173 and 53 m asl. The maximum slope reaches 18° and the mean slope is equal to 2°.



Table 3 addresses the streams found within each sub-catchment. On average, a first-order stream is 385 m long, whereas a second-order stream is 5.9 km long and a third-order stream is almost 50 km (49.6).



A first-order stream flows from 86 to 76.6 m asl (with a mean elevation of 81.2 m asl). It has no slope greater than 2.53° (mean value closing 1°) and at the outlet the slope is on average 0.17°.



A second-order stream starts at 95 m asl and the outlet is found at 70.6 m asl (the mean value of 82.3 m asl). This stream has no maximum slope greater than 4°, with a mean value approaching 1° (0.93°).



A third-order stream initiates at 110 m asl and its outlet is found at 53 m asl (with a mean value of 80 m asl). No portion of the stream has a slope greater than 9° and the mean slope along the stream is 1°.



Table 4 highlights three morpho-fluvial ratios associated with catchments.



Regarding the Melton ratio, a trend appears: value decreases as order increases. As order increases, the catchments become less steep and smoother (flatter). This behaviour is typically recognized in other networks. However, it is to be noted that the values are very low.



Concerning the form factor, it appears that first-order catchment values span the whole range of values and as the order increases, the range diminishes. First-order catchments can be quite different from one catchment to another, ranging from a rather rounded shape to a rather elongated shape, while third-order catchments are overall slightly rounded. It should be noted that mean values of form factor are close between orders.



The basin elongation acts in the same way as the two aforementioned ratios: the range of values decreases with increasing order, highlighting another constraint on the catchments’ shape as the order increases (less variability of shape for high-order catchments).



The form factor is a revealing factor that is often overlooked in erosion-related investigations. In the case of the Nonette catchment, it appears that the morphometric heterogeneity of the basins does not explain past flooding on the scale of fourth-order catchments. That being said, on the scale of first-order catchments, this heterogeneity indicates the presence of catchments where such morphometric characteristics could explain past flood episodes. Indeed, a round shape (a form factor close to the maximum, i.e., 0.750) favours flood dynamics. In other words, first-order catchments show a predisposition to flooding, while the fourth-order basin tends to lose this predisposition. Past flood events as experienced by local communities would not be related to the shape of the basin.




2.5. Climatology


The climate of Chantilly is similar to the southern Hauts-de-France region. It is best described as a mixture of an oceanic climate and continental climate. Rainfall is generally relatively light (under 700 millimetres per year), but heavy rainfall is not scarce in the spring and autumn, a common situation for oceanic climates. The continental climate is represented by stormy conditions of a continental variety.



Average temperatures are typical of oceanic climates, with temperatures increasing from winter to summer and decreasing from summer to winter [18]. The annual average high temperature reaches 15.2 °C and the average low reaches 6.7 °C.



Winds are typical of oceanic climates, with a strong SW–NE component (wind coming from the Atlantic Ocean). In terms of velocity, winds are stronger in the winter and are at their minimum during the summer.



The average wind direction generally follows the direction of flow of the Nonette River in its upstream segment, which can have an influence on the transportation of its sediments by “stimulating” it, whether the transport is by river or wind.



Based on meteoblue.com data, it appears that there are interesting directions in the prevailing winds when compared to the course of the streams in the Nonette catchment. In fact, the wind and river directions in the southern part of the basin are very close, and the same observation can be transposed to the north-western part of the same basin. The consequence is that the directions of the movement of water and of eroded material are combined, which could tend to exacerbate this transport.




2.6. Soil Use


To study the soil use of the Nonette’s first-order catchments, the Corine land cover (CLC) [19] was compared to the first-order catchments’ polygons (Figure 5) and statistics were extracted.



It appears that the 122 first-order catchments comprise a total of 17 different CLC classes, which can be found in Table 5. The choice to constrain the soil use analysis to first-order catchments only is driven by the fact that these surfaces are more likely to have a low anthropogenic development (historically, places of agriculture, as opposed to urbanism) and are hotspots for surficial erosion. Moreover, the total surficial extent of these catchments accounts for 73% of the total area of the Nonette catchment.



Regarding Table 5, it can be said that on average, a first-order catchment in the Nonette catchment is covered by 10% artificial surfaces, 56.6% agricultural areas, and 35.11% forest and seminatural areas.



On the scale of the (fourth-order) Nonette catchment, the percentages of soil cover vary only slightly. In fact, the class of artificial areas covers a total of 10.5%, with agricultural areas covering 58.1% and forest and semi-natural areas covering 31.4%. It should be noted that the CLC provides information on a small area, classified as a body of water, at the confluence with the Oise, which is, however, negligible in terms of area occupied (0.005%).



We have seen above that the morphometry of the Nonette catchment alone cannot explain the flood phenomena observed in the past. However, the land cover on this territory tells us that artificial (urban) and agricultural areas account for more than half of the surface area of the catchment area, which induces excessive runoff and favours the transport of sediment.




2.7. Openfield Soil Erosion


As seen above, 54% of the Nonette catchment is covered with non-irrigated arable land. These open fields are mainly found on the plateau or near the zone of steep slopes, which render them susceptible to erosion. Visible surface erosion activity has been mapped over the whole catchment (Figure 6). These marks left on the surface have been obtained through the digital reconnaissance of first-order catchments’ surface in Google Earth. To determine what marks were to be considered, information from Table 6 was used. During the survey, rills, gutter and ravines have been recognized; if present, claws remained invisible, probably due to their size, and no little ravines were observed. When a trace was visible within the limit of a first-order catchment, a small sign was added (in yellow in Figure 6) approximately where the trace was seen. If a catchment proved to have a mark, no further marks were sought, and the survey resumed. The aim of the survey was not to look for all the marks but to determine in which catchments these marks are found. For this reason, we do not provide an inventory here but a list of reactive catchments—catchments that have “responded” to an “excess” of erosion by the development of distinctive erosional forms on the surface.



Distinguishing between human-made tracks and visible surface erosion marks can prove difficult. The survey undertaken for this study has followed a simple methodology based on two criteria. The first is the use of multitemporal aerial pictures from Google Earth. In fact, if a mark was visible on pictures from different years, it was likely that the mark was human-made. The second criterion was the shape of the mark, together with its relation to the natural talweg determined in the pictures. If a mark was straight, it is likely that the mark was human-made; if the mark ran against the natural slope of the landscape, again, the mark could actually be human-made.



Out of the 122 Nonette first-order catchments, 40 catchments exhibit surficial silent witnesses of erosional activity (Figure 6). From Figure 6, one can see that reactive catchments are preferably encountered in the south-eastern and the northernmost parts of the catchment. In terms of geology, contact between the quaternary and the Bartonian seems to gather a great part of the reactive first-order catchments.



The specific degradation is the annual weight of alluvium carried by the water flow at the surface of the hydrographical basin, which integrates the whole load. This, however, is more particularly representative of volumes of suspended and dissolved matter, knowing that the bedload represents a tiny fraction of the total quantity of alluvium.



Generally, this value is comprised between one and over 50,000 tonnes per square kilometre per year (t·km−2·yr−1) [23]. For European rivers, this value ranges from 30 to 80 t·km−2·yr−1 [24]. Based on this assumption, the specific degradation of the Nonette catchment ranges between 11,790 and 31,440 t·yr−1.



However, this value can be further refined. Specifically, this range of value is coherent if the whole surface of the catchment contributes equally to the input of material into the stream. Based on Figure 6 and Table 6, this is not the case for the Nonette catchment, as about 50% of the headwaters’ catchments are covered by agriculture areas (in fact, after calculating the whole fourth-order catchment, this value nears 55%) One could argue that semi-agricultural land and forests could be considered too, but these areas’ roles are linked to the sinking and burial of material, rather than enhancing its mobility. Therefore, our assumption regarding the specific degradation of the Nonette catchment can be divided by 2, leading to a value ranging from 5895 to 15,720 t·yr−1.



We can assume that the whole load of material is uniformly distributed along the drainage line. In that case, between 21 and 56 t of material are accumulated for every kilometre of drainage line. This value is purely speculative, but can provide an estimate of the maximum quantity of material along a kilometre-long reach of the river.



Furthermore, the estimate made above is justified by the fact that few data, able to be extrapolated to the Nonette catchment, exist. In fact, after a bibliographical review, it appears that the Paris basin has mainly been studied (from the point of view of specific degradation) in its western part [25], and that the values given are 16 and 21 t·km−2·yr−1 for the Austreberthe and Andelle basins. In France, for the Royeau basin (Le Mans region), this value has been evaluated at 57 t·km−2·yr−1 [26], whereas the Caux country [27] presents values that vary between 140 and 240 t·km−2·yr−1. In Lower Normandy, the Traspy basin is given an average value of 60 t·km−2·yr−1 [28].



In view of the different specific degradation values encountered during this research, it appears that this value is dependent on geological substratum [29], anthropic activity [30] and climate [31], but also on catchment size (Table 1 in [25]); the differences from one catchment to another can be significant [32]. In order to refine the value of the specific degradation of the Nonette catchment, it is strongly recommended that an experimental study be carried out in situ, which in the long term could account for the erosive activity witnessed within the catchment and make it possible to quantify the annual material passing through the GC.





3. Numerical Modelling on a Local Scale


3.1. Material and Methods


3.1.1. Hydraulic System Description


The numerical model represents the GC of the Chantilly domain. The Nonette River is divided into two streams upstream of this domain by distribution work situated between the municipalities of Avilly-Saint-Léonard and Vineuil-Saint-Firmin, directly upstream from Avilly-Saint-Léonard’s former nail factory. This distribution work function was to manage the Nonette’s flow. Nowadays, the flow avoids the nail factory and reaches the Nonette River through an intermediary spillway. Further away, the Nonette flow gathers in the Hexagon. GC water flows toward the Manse Pavilion through a valved threshold equipped with a grid. The old locks have been condemned.



The hydraulic peculiarities found along the GC are identified in Figure 7. The model only represents the GC of the Chantilly domain. The Canal des Morfondus and the secondary canals of the English garden and the English–Chinese garden are not modelled.



The dam downstream of the Hexagon was erected in 2007, during dredging operations. Its aim is to reduce the sedimentary deposits in the GC [33]. The scaling takes into consideration a 15 cm water slide above the dam’s crest in normal functioning conditions. This mark is retained for the building of the numerical model.



The general dimensions of the different parts of the GC have been obtained from available plans found at Chantilly Castle library and archives, as well as in documents brought to the attention to the authors by the Nonette Basin Management Plan Interdepartmental Union (Table 7).




3.1.2. Model Building


HEC-RAS was developed by the U.S. Army Corps of Engineers (USACE). It is free public domain software, and its executable code and documentation can be downloaded from the USACE’s website (https://www.hec.usace.army.mil/software/hec-ras/ accessed on 15 December 2019). This study uses HEC-RAS version 5.0.7, which was made available in March 2019. It allows a 1D modelling of a steady flow regime, the 1 and 2D modelling of an unsteady flow regime and the 1D modelling of sediment transport in rivers in a quasi-unsteady flow regime [34]. The quasi-unsteady flow regime represents a continuous hydrograph shaped as a succession of discrete steady flow regimes (histogram). Solid transport is calculated for each steady flow regime’s segment.



Water streams’ geometry representation in HEC-RAS is based on transverse profiles. Cartesian coordinates (x, y, z) of profile points can be imported as a comma-separated values (CSV) file, where the horizontal position is measured by the distance to the true left bank (Station) and the vertical position is measured by the elevation of the corresponding point.



Geometrical data extracted from the documents gathered from partners establish an ensemble of mathematical and parametrical relationships. They are implemented through a VBA code in order to calculate the point coordinates from the profiles in Microsoft ExcelTM. The global geometry obtained is presented in Figure 1. The hydraulic system path is divided into three segments (or reaches) (Table 8).



The walls of the GC are considered as vertical walls (Figure 8). Their rugosity is modelled by the Manning coefficient, which is fixed at 0.022 (standard value for canals with deposits or vegetation, or raw rubble stones assembled with cement [35]).



The last sediment-dredging operations were performed in order to leave a water depth of 1.21 m in normal conditions [37]. This depth has been retained for the initial water depth of the model, and the hydraulic facilities of the numerical model are configured accordingly (especially the weir coefficient at the exit of the GC).




3.1.3. Limits Conditions


Flow rate time series being used have been gathered from Banque Hydro [14]. First, the division of flow rates is determined between the two supply points of the system, namely the Hexagon and the Tête du Rond. This division is performed by the distribution work of the former nail factory. Accurate geometrical characteristics of the distribution work were not known when the study was carried out. Therefore, approximate dimensions are extrapolated from field observations. In order to propose a flow rate distribution usable for the modelling, a functioning hypothesis has been established on the basis of the dimensions of the three spillways participating in the water distribution in the GC. It is a simplified assumption which, due to a lack of more detailed information, does not account for the influence of the Neuve River. Table 9 presents the parameters used to calculate the flow rate distribution and its values.



The height of the crest of the Nonette spillway is 0.20 m higher than that of the crest of the nail factory spillway. The activation flow rate of the Nonette spillway is therefore assumed to be equal to that for which the height of the water level at the crest of the nail factory spillway corresponds to this difference in height. This flow rate is evaluated using a rectangular weir equation [38] applied to the nail factory spillway:


  Q = μ  C v    2 g    B c   h e   3 2    ,  



(1)




where Q = flow rate (m3/s);  μ  = flow rate coefficient (-);    C v    = speed of approach coefficient (-);  g  = gravitational acceleration (9.81 m/s2);    B c    = nail factory spillway crest width (m);    h e    = effective water height (m).


  μ =  2 3    0.602 + 0.075    h 1   p    ,  



(2)




where    h 1    = water depth above the weir crest in free (unsubmerged) conditions (m); p = height between spillway base and crest (m), considered as equal to 1 m.


   C v  =        H 1     h 1         3 2    ≈ 1 ,  



(3)




where    H 1    = water depth above the weir crest in submerged conditions (m).


   h e  =  h 1  +  K h  ,  



(4)




where    K h   , generally around 1 mm, is a correction made to take into account the effects of viscosity and surface tension. Applying Equation (1) to the spillway of the nail factory gives a weir flow rate value of Qweir = 1.051 m3/s. The flow rates going through the spillways of the Tête du Rond, the nail factory and the Nonette, respectively QR, Qc et QN (m3/s), are evaluated by means of a proportional relationship between the widths of the crests:


   Q R  =        Q t     B R     B R  +  B c        i f    Q t  ≤  Q  threshold   ,        Q t     B R     B R  +  B c  +  B N        i f    Q t  >  Q  threshold   ,        



(5)






   Q c  =        Q t     B c     B R  +  B c        i f    Q t  ≤  Q  threshold   ,        Q t     B c     B R  +  B c  +  B N        i f    Q t  >  Q  threshold   ,        



(6)






   Q N  =      0    i f    Q t  ≤  Q  threshold   ,        Q t     B N     B R  +  B c  +  B N        i f    Q t  >  Q  threshold   ,        



(7)




where BR, Bc and BN are the widths of, respectively, the spillways of the “Tête du Rond”, the nail factory and the Nonette River (m); Qt is the total flow rate of the Nonette River at the entrance of the distribution work (m3/s), gathered from Banque Hydro [14].



The flow rate into the Tête du Rond is therefore equal to QR, and the flow rate into the Hexagon is equal to Qc + QN.



In order to represent complete hydrological cycles, each simulation represents one year of operation. HEC-RAS represents the flow rate in a quasi-unsteady regime, in the form of histograms of 100 values at most. Standard years are therefore represented as a series of 73 values of mean flow rate over 5-day periods, and leap years as 61 values of mean flow rate over 6-day periods.



The hydrological years can be qualified according to the size of the overall flow transferred by the Nonette River. Banque Hydro [14] provides results of the statistical analysis of the flow rates, including quantiles. Three types of hydrological years are distinguished:




	
Standard year, whose average flow rate is closest to the median of average annual flow rates;



	
Dry year, with the lowest average flow rate;



	
Wet year, with the highest average flow rate.








Figure 9a shows the values of average annual flow rates available in Banque Hydro [14]. Typical years identified from these data on the basis of the above criteria are:



	
Standard year: 1987;



	
Dry year: 2010;



	
Wet year: 2001.






HEC-RAS models the sediment input in the form of a rating curve representing the TSS (Total Suspended Solids) concentration as a function of river flow at each point of entry into the hydraulic system. To establish this curve, data from measurements of the SS concentration in the Nonette River at Courteuil provided by [39] are used. The flow rate corresponding to each date of SS concentration measurement has been obtained from Banque Hydro [14]. These values are represented by the graph in Figure 9b. The scatter plot thus obtained is approximated by a linear regression, which is applied in HEC-RAS to model the concentration–flow rating curve.



The available data on the latest dredging operations indicate that 90% of the sediment has a diameter less than 50 μm [40]. A linear particle size distribution is extrapolated from this information and translated into HEC-RAS for modelling. The translation of this distribution in the HEC-RAS interface is shown in Figure 10.





3.2. Results


3.2.1. Sensibility to Time Discretization


The entry hydrogram time step for an annual simulation is 5 days. In order to evaluate the sensitivity of the calculation of the volume of sediment accumulated in the GC to the value of this time step, the result of the simulation of a 5-day period with a constant flow rate equal to the mean flow is compared to the result of the detailed simulation of the same period with a 2 h step. The period considered is 21–25 October 2001. Figure 11 shows the flow rate histogram with a 2 h time step over this period, used for the detailed simulation. The mean flow rate over this period is 3.87 m3/s.



The simulation of the average flow rate leads to an accumulated volume of material of 24.6 m3, with the simulation of the detailed flow rate to a volume of 25.9 m3. The latter results in an increase of 5.4% compared to the simulation of the average flow rate.




3.2.2. Typical Years


Figure 12 shows the calculated longitudinal profile of the deposition height upstream of the GC as of 6 January 1987 (blue line). This result indicates the formation of an initial deposition zone corresponding to the accumulation of material at the entrance of the Neuve River in the Tête du Rond. This accumulation is favoured by the decrease in flow velocity due to the widening of the channel section in the Tête du Rond.



Figure 12 also shows the calculated longitudinal profile of the deposition height upstream of the GC at the end of 1987 (red line). This result indicates that a secondary deposition zone has formed upstream of the initial deposition zone, due to additional material gathered from events following the formation of the initial deposition and the loss of flow energy caused by the initial deposit.



These results indicate that most of the material brought by the Neuve River is deposited in the Tête du Rond. Only a small part of it is transported to the Hexagon.



Figure 13 shows the calculated longitudinal profile of the deposition height downstream of the GC as of 31 December 1987. The maximum height of deposit is 7.5 cm at the entrance of the Nonette River into the Hexagon (not shown in Figure 13). This result shows the influence of the hydraulic singularities of the GC on the deposit. Graphs (a), (b) and (c) in Figure 13 show details of the deposition height profile in the vicinity of these singularities. Sudden changes in the cross-section of the flow cause irregularities: a slight scouring, followed by an increase in deposition. A reduction in deposition is observed immediately upstream and downstream of the dam (Figure 13a). The narrowing of the flow cross-section at the bridge over the D924 road causes an acceleration of the flow, hence resulting in less sedimentation (Figure 13c).



These results indicate that a large part of the material is deposited between the entrance of the Nonette River into the Hexagon and the Channel.



The volume accumulated in the GC at the end of the 1987 simulation is 368 m3.



The calculated deposit longitudinal profile is similar to that in 1987. The volume accumulated in the GC at the end of the 2001 simulation is 1352 m3.



The volume accumulated in the GC at the end of the 2010 simulation is 145 m3. These results show the significant variability of material transport depending on the hydrological regime.




3.2.3. 10-Year Modelling


Figure 14 shows the annual volumes of sediment accumulated in the GC obtained by simulating 10 years of the system’s functioning. The period 2001–2010 is chosen because it is the most recent complete decade of flow rate data, with the hydrometric data from 2011 to 2020 being incomplete.



Figure 15a,b show the longitudinal profile of the sediment deposition height upstream and downstream of the GC, respectively. These results are consistent with those in Figure 12a and Figure 13, obtained for a single standard year, in that the deposition heights calculated at the end of the decade are approximately 10 times higher than those of a single year.



The total accumulated volume obtained from the simulation from 2001 to 2010 is 3901 m3. The value corresponds to a volume of dry sediment and does not take into account, in particular, materials contributed by vegetation, by direct runoff into the GC, by discharges from rainwater networks, or by wind transport.






4. Conclusions


The aim of this study was to constrain the quantity of sediment that enters the GC of the domain of Chantilly. The authors performed a geoscientific reconnaissance at catchment scale and ran a numerical simulation (HEC-RAS) of the sediment transport within the GC. The domain of Chantilly is a French historical heritage site of international fame. The castle was rebuilt during the nineteenth century while its garden has remained mostly unchanged. Nowadays, the GC, which is of the utmost touristic importance for the domain, is confronted with a deterioration of its water quality, which has been enhanced by the uncontrolled proliferation of algae, due to an excess of sediment present within the GC. This problem, which has had consequences on the income of the domain, needed to be addressed and is the subject of a scientific contribution for the first time.



At the scale of the Nonette catchment, marks of erosion are found throughout its surface, and it was shown that sediment is not a limiting agent of the erosional activity. It was estimated that between 5895 and 15,720 tonnes of sediment reach the Nonette River every year. It directly contributes to the amount of sediment that is deposited into the GC, but the authors have yet to determine in what proportions. Moreover, the estimates need to be better refined and induce more catchment studies (from the Nonette catchment and other regional catchments). For these reasons, the authors suggest that studies tackling local specific degradation should be undertaken, and encourage these future studies to focus on the Basin of Paris catchments, as few data are available for this region.



At the scale of the GC, the numerical simulation showed that the deposition of sediment is favoured between the Tête du Rond and the Channel of the GC. Over the 2.5 km GC, it was found that 3901 m3 of sediment was deposited between 2001 and 2010.



This volume of sediment does not take into account the material brought in by vegetation, by direct runoff, by discharges from rainwater networks, nor by wind transport. An estimate of the flows corresponding to these inputs would make it possible to better represent the behaviour of the system and strengthen our estimates. Additionally, the model estimates the flow rate’s distribution between the Tête du Rond and the Hexagon inlets based on simplifying assumptions. Better knowledge of the operation of the nail factory’s distribution work, in particular a law of structural behaviour, would allow a more accurate estimation of this distribution. This knowledge could be obtained from hydrometric, limnometric and bathymetric measurements within the distribution structure, possibly supported by 3D modelling using numerical fluid mechanics tools. Finally, bathymetric measurements in the GC would make it possible to compare the modelling results with actual deposition heights.



The objectives of the study have been achieved, focusing on the problem at a local scale and considering the bigger (environmental) picture at a catchment scale. The authors suggest that such a combination should be the base of similar studies, regardless of the study area. Additionally, an understanding of the environment at local scale is essential; for this study, the local organizations proved useful in answering the questions the authors came across. The authors can only encourage the involvement of local organizations in such studies. Ultimately, the outcomes of studies similar to the one presented herein, are a valuable source of information for these organizations and can play a role in future management plans, at both local and catchment scale.
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Figure 1. Nonette catchment with the three main rivers: Nonette, Aunette and Launette. C refers to Chantilly domain and S to the city of Senlis. 
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Figure 2. Mean monthly flow rate calculated over a 41-year period at Courteuil hydrological station, after [8]. 
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Figure 3. Geological map of the Nonette catchment. 
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Figure 4. (a) Digital elevation model of Nonette catchment; (b) slope raster of Nonette catchment. 
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Figure 5. Soil use based on CLC [19] visualized together with the 122 1st-order catchments within the Nonette catchment. 
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Figure 6. (a) Surficial silent witnesses on the scale of Nonette catchment; (b) zoom on the type of surficial silent witnesses distinguished from aerial pictures (Google Earth) survey. 
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Figure 7. Situation of Chantilly domain (Google Earth); bird’s-eye view from the GC; geometry represented in HEC-RAS and hydraulic peculiarities along the GC. 
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Figure 8. Structural scheme of GC walls, reproduced after [36]. 
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Figure 9. (a) Yearly mean flow rates from 1969 to 2016 [13]; red crosses show the typical years used for modelling. (b) Suspended solid concentrations as a function of the flow rate (values from [14,38,39]); linear regression used for modelling. 
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Figure 10. HEC-RAS granulometric distribution; grain size in mm on the x-axis and sieve in percentage (%) on the y-axis. 
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Figure 11. Flow rate histogram between 21–25 October 2001, with a 2 h time step. 
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Figure 12. Calculated longitudinal profile of the deposition height upstream of GC on 6 January 1987. 
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Figure 13. Calculated longitudinal profile of the deposition height downstream of the GC on 31 December 1987. (a) Details of the calculated longitudinal profile between the Hexagon exit and the dam. (b) Details of the calculated longitudinal profile in the vicinity of the Channel. (c) Details of the calculated longitudinal profile at the bridge. 
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Figure 14. Annual sediments volumes accumulated in GC and obtained from the 10-year modelling. 
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Figure 15. Calculated longitudinal profile of the deposition height at the end of 2001–2010 decade. (a) Upstream of the GC; (b) downstream of the GC. 
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Table 1. Morphometrical parameters chosen for the Nonette catchment’s characterization with unit, the equation, if it is applied to the catchment or the stream and the results; C stands for catchment; S for stream. To be noted that « L » defined for the form factor corresponds to the length of the best-fitted ellipsoid calculated through the zonal geometry as table tool in the geographic information system (GIS).
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	Parameter
	Unit
	Equation
	Applied to
	Results (C/S)





	Area
	km2
	(-)
	C
	393.8



	Perimeter
	km
	(-)
	C
	180



	Elevation max
	m asl
	(-)
	C/S
	222/138



	Elevation min
	m asl
	(-)
	C/S
	25/25



	Elevation mean
	m asl
	(-)
	C/S
	93.30/77.71



	Slope max/min
	degrees
	(-)
	C/S
	29.69/0/16.16/0



	Slope mean
	degrees
	(-)
	C/S
	1.66/1.07



	Length
	km
	(-)
	S
	278.9



	Melton ratio
	(-)
	     d H    A      
	C
	0.01



	Form factor
	(-)
	    A   L 2      
	C
	0.50



	Elongation
	(-)
	     2  A    L  π      
	C
	1.60
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Table 2. Morphometrical results associated with catchments and encompassing area (km2), perimeter (km), elevations (m asl) and slopes (°). Results are to be understood as follows: minimum/maximum/mean.
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	Parameter
	1st-Order Catchments
	2nd-Order Catchments
	3rd-Order Catchments





	Area
	1.01/8.3/2.3
	3.24/21.8/9.4
	17.2/102/70.6



	Perimeter
	4.7/23.8/9.2
	9.7/31.8/18.1
	27/75.9/57.8



	Elevation max
	58/222/127.1
	66/222/147.9
	110/222/173



	Elevation mean
	44/154.1/96.7
	56/125.2/98
	61/110/94



	Elevation min
	28/116/76.7
	35/100/70.6
	40/64/53



	Slope max
	2/25.3/10.6
	1.3/11.6/4
	9/25/18



	Slope mean
	0/5.17/1.70
	0.4/1.38/0.93
	1/2/2



	Slope min
	0/0/0
	0/0/0
	0/0/0
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Table 3. Morphometrical results associated with streams and encompassing length (km), elevations (m asl) and slopes (°).
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	Parameter
	1st-Order Streams
	2nd-Order Streams
	3rd-Order Streams





	Length
	0.175/0.95/0.385
	1.5/15.6/5.9
	9.6/71.7/49.8



	Elevation max
	30/138/86
	44/138/95
	64/138/110



	Elevation mean
	29/120.5/81.2
	38/112.6/82.3
	53/93/80



	Elevation min
	28/116/76.8
	35/100/70.6
	40/64/53



	Slope max
	0/10.1/2.53
	1.3/11.6/4
	4/16/9



	Slope mean
	0/6.3/1
	0.4/1.38/0.93
	1/1/1



	Slope min
	0/6/0.17
	0/0/0
	0/0/0
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Table 4. Morphometrical results associated with catchments that encompass Melton ratio, form factor and basin elongation.
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	Parameter
	1st-Order Streams
	2nd-Order Streams
	3rd-Order Streams





	Melton ratio
	0.01/0.1/0.04
	0.01/0.05/0.03
	0.01/0.017/0.015



	Form factor
	0.2/0.75/0.4
	0.3/0.66/0.47
	0.347/0436/0.394



	Basin elongation
	0.98/1.96/1.42
	1.2/1.84/1.54
	1.330/1.491/1.416
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Table 5. Details of the CLC classes found within Nonette’s 122 1st-order catchments.






Table 5. Details of the CLC classes found within Nonette’s 122 1st-order catchments.





	CLC Label
	CLC Class
	Coverage Percentage





	112
	Discontinuous urban fabric
	5.23



	121
	Industrial or commercial units
	1.00



	122
	Road and rail networks and associated land
	0.36



	124
	Airports
	0.09



	131
	Mineral extraction sites
	0.18



	132
	Dump sites
	0.08



	133
	Construction sites
	0.13



	142
	Sport and leisure facilities
	3.01



	211
	Non-irrigated arable land
	54.01



	222
	Fruit trees and berry plantations
	0.11



	231
	Pastures
	1.56



	242
	Complex cultivation patterns
	0.65



	243
	Land principally occupied by agriculture
	0.26



	311
	Broad-leaved forest
	24.08



	312
	Coniferous forest
	4.56



	313
	Mixed forest
	5.92



	324
	Transitional
	0.55



	112
	Discontinuous urban fabric
	5.23
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Table 6. Distinctions between soil erosion forms as a function of their size [20,21,22].






Table 6. Distinctions between soil erosion forms as a function of their size [20,21,22].





	Forms
	Shape
	Length
	Width
	Slope
	Situation





	Claw
	Sinuous
	<1 m
	<10 cm
	>1%
	Hillside



	Rill/inter-rill
	Straight
	~100 m
	10–20 cm
	>3%
	Hillside



	Gutter
	Sinuous
	~10 m
	5–80 cm
	>3%
	Hillside/Talweg



	Ravine
	Slightly sinuous
	~100 m
	50 cm–100 cm
	<6%
	Talweg



	Gully
	Slightly sinuous
	~100 m
	>50 cm
	<6%
	Talweg
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Table 7. General dimensions of the hydraulic system used in HEC-RAS.






Table 7. General dimensions of the hydraulic system used in HEC-RAS.





	Main Hydraulic System Parts
	Dimensions





	Length of the GC
	2677 m



	Mean slope of the GC
	0.0027%



	Wall height
	2 m



	Tête du rond radius
	59 m



	Maximum breadth of the Hexagon
	218 m



	Maximum breadth of the Channel
	318 m



	Breadth of GC Segments 1 and 2
	63 m



	Breadth of GC Segment 3
	56 m
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Table 8. Description of the three hydraulic system segments modelled.






Table 8. Description of the three hydraulic system segments modelled.





	Name of Reach
	Description





	GC—upstream
	Portion of the stream between the Neuve River arrival into the Tête du Rond and just upstream of the entry of the Nonette River into the Hexagon



	Nonette
	Segment of the Nonette River inlet into the Hexagon



	GC—downstream
	Portion of the stream between just downstream of the entry of the Nonette River into the Hexagon and the GC outlet
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Table 9. Parameter values used to assess the flow rate distribution between the Hexagon and the Tête du Rond.






Table 9. Parameter values used to assess the flow rate distribution between the Hexagon and the Tête du Rond.










	Parameter
	Value
	In Equation (1)





	Width of the nail factory spillway
	1.7 m
	B



	Width of Nonette River spillway
	7.3 m
	



	Difference in elevation between nail factory spillway crest and Nonette River spillway
	+0.2 m
	h1



	Width of Tête du Rond spillway
	4.7 m
	



	Height between GC bottom and nail factory spillway crest
	1 m
	p
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